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Extended Abstract

The safety of transportation infrastructure systems is essential for the economic and so-

cial development of modern countries and the resilience of populated contexts concern-

ing natural hazards. The research activity oriented to the understanding and reduction

of disaster risk for people and assets, such as transportation infrastructure systems,

is indeed explicitly promoted in the Nations (2015) within the Transforming our World:

The 2030 Agenda for Sustainable Development (A/RES/70/1) (2015) by the United Na-

tions. Particularly, the structural vulnerability of bridges and viaducts, which are key

components of the roadway or railway infrastructure, is of strong concern for trans-

portation authorities and other stakeholders. In earthquake-prone countries, most of

the existing bridges were designed in the past decades without appropriate anti-seismic

regulations and can induce important direct or indirect losses if subjected to severe

seismic ground shaking. The main challenges in the extensive seismic risk assessment

of existing bridge portfolios are related to the large number of existing structures to be

inspected and the limited available resources (e.g. time and cost) to deal with it. In this

context, this dissertation investigates efficient (i.e. low time and cost demand) method-

ologies for data collection and probabilistic seismic assessment algorithms for bridges

to be used for calculating seismic risk metrics within portfolio analysis.

The first Chapter aims to propose low-demanding data collection approaches to deal

with the lack of knowledge data on existing bridges and lack of resources to perform ac-

curate on-site surveys. Methodologies for multi-source data collection and integration

suitable for structural (and particularly seismic) vulnerability assessment of bridge port-

folios are presented. The applicability of remote-sensing data is discussed, analysing
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the potentials of different data sources in populating bridge inventories. Recommen-

dations for performing observation-based data gathering utilizing street-view images

and appropriate data forms are listed. A methodology to adopt Remotely Piloted Air-

craft Systems (RPAS) coupled with photogrammetry techniques to retrieve exhaustive

geometric/constructive information of bridges is described. These data collection ap-

proaches are applied to eight case-study bridges part of the Basilicata road network.

For one of these, an RPAS-based data collection methodology is illustrated.

The second and third Chapters investigate bridge-specific seismic performance assess-

ment procedures which represent a trade-off between accuracy and simplicity to be

used for large portfolio analysis. Analytical displacement-based assessment (DBA) ap-

proaches, coupled with the capacity spectrummethod (CSM) for multi-span bridges are

investigated. The second Chapter deals with reinforced-concrete (RC) continuous-deck

bridges. After describing the modal analysis-based DBA procedure proposed in the lit-

erature, a static analysis-based alternative is proposed. Moreover, an extension of the

procedure is proposed to derive the force-displacement curve of the investigated bridge.

Both the DBA versions are applied through simplified mechanical models. The effective-

ness of these algorithms is discussed through a main parametric analysis (36 case-

study bridges up to six spans, varying the height of the piers and the deck transverse

stiffness). Additional sensitivity analyses (24 case studies) are performed to investi-

gate the accuracy of the DBA approaches considering ”long” bridges (up to 12 spans),

the amount of longitudinal reinforcement in the piers and different pier typologies. The

results are compared to other nonlinear static procedures and nonlinear time-history

analyses. Based on the outcomes, practical recommendations for the applicability of

DBA approaches depending on the structural characteristics of the investigated bridge

are provided. In the third Chapter, the effectiveness of the DBA and CSM is tested for

historical steel truss railway bridges with supporting steel tower. These bridges, al-

though built in the first part of the 20th century, are currently in service on the European

railway networks and their seismic performance is poorly discussed in the literature. An

effective equivalent viscous damping formulation is proposed for the performance as-

sessment of steel towers via the CSM. Subsequently, algorithms based on the DBA and

CSM for the direct seismic performance assessment of hyperstatic steel truss bridges



under a given seismic action are presented. These are applied on case-study bridges

generated via a parametric analysis using a real archetype bridge. Nonlinear time-history

analyses are used for benchmarking the accuracy of the simplified approaches.

The fourth Chapter investigates the use of the CSM for fragility analysis of structures.

Specifically, the application of the CSM with real (i.e. recorded) ground-motion spectra

(as opposed to code-based conventional spectra) to explicitly consider record-to-record

variability in fragility analysis is evaluated. The CSMwith real spectra is combined with a

cloud-based approach (Cloud-CSM) to derive fragility relationships. The study focuses

on single-degree-of-freedom systems, intending to provide an essential basis for future

multi-degree-of-freedom system applications. A case-study database of 2160 inelas-

tic oscillators is defined through parametric backbones with different elastic periods,

(yield) base shear coefficients, values of the ductility capacity, hardening ratios, resid-

ual strength values and hysteresis rules. The considered parametric case studies are

representative of bridge components (e.g. RC-piers and bearing devices), but also of

other structural typologies. These case studies are analysed through 100 real ground

motions. The effectiveness of the proposed Cloud-CSM is discussed through extensive

comparisons with nonlinear time-history analyses, the code-based N2 method, and a

simple method involving an intensity measure as a direct proxy for the performance

displacement.

The final Chapter of this dissertation proposes a framework for seismic risk assessment

of bridges combining a multi-source data integration, and efficient seismic assessment

approaches including the above-mentioned simplified methodologies (i.e. DBA and

Cloud-CSM). Fragility functions and seismic risk metrics are calculated accounting for

the influence of knowledge-based uncertainties associated with incomplete data collec-

tion. The proposed approach can be used for risk-based prioritisation within portfolio

analyses, and to target refined inspections on structures where a relevant impact on

seismic risk is expected, optimising the involved resources. The approach is based

on the statistical generation of a population of index-bridges, which are analysed via

analytical seismic performance assessment approaches and the Cloud-CSM. A popu-

lation of fragility curves for the index-bridge dataset is calculated and used to quantify

the fragility/risk of the main bridge and the influence of epistemic uncertainty by ex-



tracting appropriate fragility percentiles. The proposed approach is applied on eight

simply-supported RC bridges of the Basilicata national road network. The influence of

the knowledge-based uncertainty on both the fragility and the seismic risk (i.e. mean

annual frequency of exceeding a limit state) is discussed depending on specific bridge

structural features. The bias involved by this simplified approach is evaluated through

a comparison with nonlinear time history analyses on refined numerical models.

Keywords
RC bridges, steel truss bridges, seismic risk, fragility analysis, capacity spectrum

method, nonlinear time history analysis, pushover analysis, displacement-based as-

sessment, cloud analysis



Sommario Esteso

La sicurezza delle infrastrutture di trasporto è essenziale per lo sviluppo economico e so-

ciale dei Paesi moderni e la resilienza dei contesti popolati rispetto ad eventi catastrofici

naturali. La ricerca orientata alla comprensione e riduzione dei rischi legati a disastri da

causa artificiale o naturale sull’ambiente costruito, e quindi le infrastrutture di trasporto,

viene esplicitamente promossa dal Nations (2015) nell’ambito del documento Transfor-

ming our World: The 2030 Agenda for Sustainable Development (A/RES/70/1) (2015)

emessa dall’Assemblea Generale delle Nazioni Unite. La vulnerabilità strutturale di pon-

ti e viadotti, componenti chiave dell’infrastruttura stradale o ferroviaria, è di crescente

interesse per le autorità di trasporto e vari portatori di interesse. Nei paesi soggetti a for-

te sismicità, i viadotti esistenti possono indurre importanti perdite dirette o indirette se

sottoposti a forti scosse sismiche, poiché queste strutture sono state per lo più proget-

tate in passato senza adeguate normative antisismiche. Le sfide principali nell’estesa

valutazione del rischio sismico di portoflios di viadotti esistenti sono legate all’elevato

numero di strutture da ispezionare e alle limitate risorse disponibili (e.g. tempi e costi).

In questo contesto, questa tesi indaga metodologie efficienti (bassa domanda di risorse

impiegate) per la raccolta dei dati e la valutazione sismica probabilistica dell’analisi di

portoflios di viadotti da utilizzare per il calcolo di misure di rischio sismico.

Il primo capitolo propone approcci di raccolta dati efficienti per affrontare il problema

della mancanza di dati di conoscenza sui viadotti esistenti e di risorse per eseguire in-

dagini accurate in loco. Vengono presentate metodologie multi-sorgente per la raccolta

dei dati adatte alla valutazione della vulnerabilità strutturale (e in particolare sismica) di

portfolios di viadotti. Viene discussa l’applicabilità dei set di dati acquisiti con tecni-



che di telerilevamento, analizzando le potenzialità di diverse fonti nel popolamento degli

inventari dei viadotti. Sono proposte raccomandazioni per eseguire la raccolta di dati

basata sull’osservazione utilizzando immagini di street view emoduli appropriati. Inoltre,

viene descritta una metodologia per applicare sistemi di aeromobili a pilotaggio remoto

(RPAS) accoppiati a tecniche di fotogrammetria per recuperare informazioni geometri-

che/costruttive esaurienti. Questi approcci vengono applicati a otto viadotti casi-studio

che fanno parte della rete stradale della Basilicata. Per uno di questi, viene illustrata una

metodologia di raccolta dati basata su RPAS.

Il secondo e il terzo capitolo esaminano procedure analitiche semplificate di valutazione

delle prestazioni sismiche (o di domanda sismica) di viadotti da utilizzare in analisi di

portfolio. Vengono studiati approcci analitici di valutazione basata sullo spostamento

(DBA), accoppiati con il capacity spectrum method (CSM) per viadotti multi-campata.

Il secondo capitolo tratta di viadotti a travata continua in calcestruzzo armato. Dopo

aver descritto la procedura DBA basata sull’analisi modale proposta in letteratura, viene

proposta un’alternativa basata sull’analisi statica. Inoltre, viene proposta un’estensione

della procedura per derivare la curva forza-spostamento dell’opera indagata. Entrambe

le versioni DBA vengono applicate tramite modelli meccanici semplificati. L’efficacia

di questi algoritmi viene discussa attraverso un’analisi parametrica principale (36 casi

studio viadotti fino a sei campate, variando l’altezza del pilastro e la rigidezza trasversale

dell’impalcato). Ulteriori analisi di sensibilità (24 casi di studio) vengono eseguite per

indagare l’accuratezza degli approcci DBA considerando viadotti ”lunghi” (fino a 12

campate), la quantità di rinforzo longitudinale nelle pile monofusto e diverse tipologie di

pila. I risultati vengono confrontati con altre procedure statiche non lineari e analisi time-

history non lineari. Sulla base dei risultati, vengono fornite raccomandazioni pratiche per

l’applicabilità degli approcci DBA a seconda delle caratteristiche strutturali del viadotto

studiato. Nel terzo capitolo viene testata l’efficacia del DBA e del CSM per i viadotti

ferroviari storici a traliccio in acciaio con sottostruttura composta da torri tralicciate

in acciaio. Questi viadotti, sebbene costruiti nella prima parte del XX secolo, sono

attualmente in servizio sulle reti ferroviarie europee e le loro prestazioni sismiche sono

scarsamente discusse in letteratura. Viene proposta una formulazione di smorzamento

viscoso equivalente efficace per la valutazione delle prestazioni delle torri in acciaio



tramite il CSM. Successivamente, vengono presentati algoritmi basati su DBA e CSM per

la valutazione diretta delle prestazioni sismiche di viadotti reticolari iperstatici in acciaio

sotto una data azione sismica. Questi vengono applicati su un set di casi studio generati

tramite un’analisi parametrica basata su un caso archetipo. Analisi time-history non

lineari vengono utilizzate per valutare l’accuratezza degli approcci semplificati.

Il quarto capitolo studia l’uso di approcci semplificati basati sul CSM per analisi di fra-

gilità. In particolare, viene valutata l’applicazione del CSM con spettri di risposta reali

(i.e. registrati) (al contrario degli spettri convenzionali basati su forme ”liscie” da codi-

ce) per considerare esplicitamente la variabilità da record a record nell’analisi di fragilità.

Il CSM con spettri reali è combinato con un approccio basato su cloud (Cloud-CSM)

per derivare funzioni di fragilità. Lo studio si rivolge a sistemi a un grado di libertà, con

l’intenzione di fornire una base essenziale per le future applicazioni di sistemi a più gradi

di libertà. Un database di casi studio di 2160 oscillatori inelastici è definito attraverso

backbones parametriche aventi diversi periodi elastici, coefficienti di taglio alla base (di

snervamento), valori di duttilità, rapporti di incrudimento, valori di resistenza residua

e legge ciclica di isteresi. I casi studio parametrici considerati sono rappresentativi di

componenti strutturali di viadotti (es. pile in c.a. e dispositivi di appoggio), ma anche di

altre tipologie strutturali. Questi casi studio vengono analizzati utilizzando 100 registra-

zioni di scuotimenti al suolo reali. L’efficacia del Cloud-CSM proposto viene discussa

attraverso confronti con analisi time-history non lineari, il metodo N2 basato su codi-

ce e un metodo semplice che usa una misura di intensità come proxy diretto per lo

spostamento di domanda.

Il capitolo finale di questa tesi propone un quadro per la valutazione del rischio sismico

dei viadotti che combina una raccolta dati efficiente e approcci analitici di valutazione

di domanda e rischio sismico, comprese le metodologie semplificate di cui sopra. Le

funzioni di fragilità e le misure di rischio sismico sono calcolate tenendo conto dell’in-

fluenza delle incertezze basate sulla conoscenza associate ad un eventuale raccolta dei

dati incompleta. L’approccio proposto può essere utilizzato per la prioritizzazione basata

sul rischio all’interno delle analisi di portfolio e per mirare a ispezioni raffinate su strut-

ture in cui è previsto un impatto rilevante del processo conoscitivo sul rischio sismico,

ottimizzando le risorse coinvolte. L’approccio si basa sulla generazione statistica di una



popolazione di viadotti indice, che vengono analizzati tramite approcci analitici di valu-

tazione di domanda sismica e Cloud-CSM. Una popolazione di curve di fragilità per il

dataset di viadotti indice viene calcolata e utilizzata per quantificare la fragilità/rischio del

viadotto principale. L’influenza dell’incertezza epistemica è rappresentata da percentili

estratti dalla popolazione di funzioni fragilità. L’approccio proposto è applicato su otto

viadotti in c.a. a travata semplicemente appoggiata, esistenti sulla rete stradale naziona-

le della Basilicata. L’influenza dell’incertezza basata sulla conoscenza, sia sulla fragilità

che sul rischio sismico, viene discussa in base alle caratteristiche strutturali specifi-

che dell’opera. Il bias indotto dall’approccio semplificato viene valutato attraverso un

confronto con un approccio di modellazione raffinato e analisi time-history non lineare.

Parole chiave
viadotti in C.A., viadotti tralicciati in acciaio, rischio sismico, analisi di fragilità, capacity

spectrummethod, analisi dinamica non lineare, analisi statica non lineare, displacement-

based assessment, analisi cloud
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Chapter 1

Introduction

1.1. Seismic assessment of bridges: background

The safety of transportation infrastructure systems is essential for the economic and so-

cial development. The existing transportation networks are affected by obsolescence,

inadequacy to current traffic conditions and natural hazard-induced actions. In this con-

text, the structural vulnerability of bridges and viaducts, which are key components of

highway or railway infrastructure, is of increasing concern for users and, particularly,

for the transportation authorities. In Italy, a large number of these structures was built

in the 1950-1990 period and exhibits structural deficiencies caused by different fac-

tors. As an example, these structures show severe degradation conditions due to the

absence of adequate theoretical design knowledge on the durability of construction ma-

terials. Moreover, bridges and viaducts were designed according to regulatory codes

less demanding in terms of design traffic load with respect to the the current service

demand. These structures were designed and built without an appropriate awareness of

the effects of natural hazards such as earthquakes, floods or landslides. Additionally, a

general lack of consistent maintenance plans, necessary to ensure a reliable structural

performance during the design life of these structures, is registered. Tragic experiences

such as the recent failures of several bridges in Italy, e.g. (Bazzucchi et al. 2018) (Fig-

ures 1.1 and 1.2), and other countries (Figure 1.3), prove that extensive assessment

and intervention plans are urgently required.

In earthquake-prone areas, recent seismic events (e.g. 2010 Chile earthquakes, Figure

1.4) showed the inadequacy of the seismic performance of the construction heritage

which was designed without or with low-demanding anti-seismic requirements. The

seismic response of bridges and viaducts is decisive for the resilience of entire popu-

lated contexts since these strategic structures determine the post-event serviceability of
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Figure 1.1: Collapse of the Polcevera bridge in Genova (Italy), 14th August 2018

Figure 1.2: Collapse of a bridge in Albiano Magra (Massa-Carrara, Italy), 8th April 2020

critical transportation networks affecting an appropriate management of the emergency.

The first specific guidelines for seismic assessment and retrofit of bridges followed post-

earthquake damages related to disastrous seismic events. The first experiences are the

San Fernando (Housner & Jennings 1972) and Loma Prieta (Housner & Thiel 1990)

earthquakes in 1971 and 1989, respectively, in the United States. After these events,

the Federal Highway Administration (FHWA) published the first guidelines about seis-

mic assessment and retrofit of bridges: the Retrofitting guidelines for Highway Bridges

(ATC 1983) and the Seismic Retrofitting Manual for Highway Structures (FHWA 1995),
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Figure 1.3: Collapse of a metro bridge in Mexico City (Mexico), 4th May 2021

currently updated in (FHWA 2006).

In Italy, the issue of the seismic vulnerability of strategic structures and bridges was

firstly addressed by theOrdinanza del Presidente del Consiglio dei Ministri n. 3274/2003

(OPCM 2003) which required a mandatory structural assessment on the strategic struc-

tures in five years from its adoption. The first advanced Italian structural design codes,

i.e. the NTC2008 (Ministero delle Infrastrutture e dei Trasporti 2008), (but also the cur-

rent NTC2018 (Ministero delle Infrastrutture e dei Trasporti 2018)), mainly focused on

the seismic design and assessment of the building heritage and exhibit general short-

ages of specific prescriptions for bridges and viaducts. This could be a consequence

of the lack of damages registered on these structures after the Italian earthquakes in the

last 40 years, which mainly occurred in geographical regions in which the construction

of transportation network was still in progress (ReLUIS 2009). In Italy, the first appro-

priate guidelines for seismic assessment and retrofit of bridges, Linee guida e manuale

applicativo per la valutazione della sicurezza sismica e il consolidamento dei ponti es-

istenti in c.a. (ReLUIS 2009) were developed within the ReLUIS Rete dei Laboratori

Universitari di Ingegneria Sismica research project in the 2005-2008 period.

Currently, transportation authorities need to include structural vulnerability data in their
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Figure1.4:FailuresofroadwaybridgesduringtheChileanearthquakes2010https://www.flickr.
com/photos/38631801@N07/4404042277andhttp://learningfromearthquakes.org/2010-02-27-chile/
images/2010_02_27_chile/

Figure1.5:Damagesonhighwaybridges,SanFernandoearthquake,1971https://www.nbclosangeles.
com/news/earthquakes/1971-sylmar-san-fernando-earthquake-california/3104/

bridgemanagementsystemstoaddressregularin-situinspections,timelymaintenance

processandretrofitwhereneeded.Thefeasibilityofthisprocessiscriticallyaffected

bytheinadequateknowledgeontheexistingbridges.Asanexample,inItalyanim-

portantre-organizationofthenationalroadnetworkinducedageneralconfusioninthe

managementofhighwaybridges(Borzietal.2014).Thisprocessresultedinlostorun-

availabledesigndocumentsandblueprintsandagenerallackofknowledgedataabout

bridgesthatchangedtheproperowner.Theprocessofpopulatingelectronicdatabases

onlyrecentlystartedandimpliestheneedforextendedsurveysonthenetworksand

diagnosticteststobecarriedoutduringthein-situinspections.

Recently,theItalianMinistryoftheInfrastructureandTransportationapprovedthenew

guidelinesLineeGuidaperlaClassificazioneeGestionedelRischio,laValutazione
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Figure1.6:CypressViaductcollapse,LomaPrietaearthquake,1989byUSGShttps://www.usgs.gov/
media/images/cypress-viaduct-0

dellaSicurezzaedilMonitoraggiodeiPontiEsistenti(MinisterodelleInfrastrutturee

deiTrasporti2020),whichisaimedataddressingthemanagementoftheItalianbridge

heritage.

Theseguidelinesproposeaninnovativeapproachforthesafetyassessmentofbridges

basedonmultilevelevaluationstoidentifythemostcriticalstructureswithinagiven

portfolioandoptimisethemanagementofavailableresources.Theproposedproce-

dureconsidersstructuralvulnerabilityundertrafficconditiontogetherwithvulnerability

tonaturalhazards.Thismultilevelapproachissupposedtosupporttransportationau-

thoritieswhichcurrentlydealwithahugenumberofstructureswithlimitedtimeand

financialresources.Thisisbasedondifferentlevelsofassessmentcharacterisedby

incrementalaccuracyandresourcedemand.Level-by-levelitispossibletoidentifythe

structurescharacterisedbythemostseveredeficienciesand,thus,toaddressaccu-

rateinspectionorretrofittingwhereneeded.Inthisway,theroadorrailroadmanagers

canfocustheireffortsoncriticalstructuresavoidinglossofresourcesandimproving

effectivelythesafetyofthetransportationnetworkswithtimelymaintenanceorretrofit.

Theseguidelinesinvolveafirstscreening(namedlevel-0)ofallthestructuresofinterest

aimedatcollectingthemainstructuraldataanditscollocationintheroadnetwork.This

datacollectionisessentialforcreatingdigitalbridgemanagementsystemsincluding

allavailabledataaboutthedesign,resultsofinspections,materialtesting,structural

assessmentprocessesetc.ofallthestrategicstructures.Thisisconsistentwiththe

D.M.n.430-8/10/2019(MinisterodelleInfrastruttureedeiTrasporti2019),whiches-
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tablished the definition and population of a National open-access database of public

strategic constructions named Archivio Nazionale delle Opere Pubbliche. The execu-

tion of the second level of screening on a bridge portfolio (named level-1) should be

reasonably planned based on the data collected in the level-0. The level-1 consists

of visual-based surveys performed using appropriate data forms suitable for the ver-

ification or the completion of the previously collected (geometrical and constructive)

data and detection of evident structural deficiencies. Subsequently, the level-2 analy-

sis is aimed at the definition of an Warning Class to each investigated bridge based

on three well-known factors: hazard, vulnerability and exposition. A seismic Warning

Class should be defined at this stage. Five classes of seismic hazard are considered

based on the peak ground acceleration (PGA) having 10% probability to be exceeded in

50 years and soil category. The seismic vulnerability is assigned based on five classes

based on the structural scheme (i.e. isostatic or hyperstatic structure), length of the

spans, materials, degradation condition and design period. The seismic exposition is

also defined through five exposition classes, depending on the importance of the bridge

in the network, its role in the post-event phase and other parameters such as the mean

daily traffic and the traffic typology. The seismicWarning Class contribute to the global

Warning Class together with the hydrogeologicalWarning Classes. Based on the results

of level-1 and level-2 further levels of structural evaluations are described by the guide-

lines. In short, level-3 deals with a preliminary evaluation of the structural capacity of

the bridge in terms of traffic loads depending on the design code; level-4 requires an

accurate structural assessment according to the current reference code requirements

for existing structures.

1.2. Framework for seismic risk analysis

This dissertation specifically focuses on the seismic risk of bridges, which, together with

the risk related to other natural hazards and to the current traffic condition, strongly con-

tributes to the definition of comprehensive structural risk indicators for existing bridges.

In earthquake-prone contexts, transportation authorities are strongly interested in includ-

ing seismic vulnerability and risk information in bridge management systems. These

allow for producing seismic risk maps and calculating expected (direct and indirect)
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losses in a given period (time-based risk analysis, Federal Emergency Management

Agency (2012)) or for a given earthquake scenario (scenario-based risk analysis). These

information datasets are essential for managing the emergency of the post-earthquake

phase and addressing policies of financing for retrofitting interventions.

The conventional flowchart for seismic risk calculation of structures is shown in Figure

1.7. The initial step in Figure 1.7 consists of a data collection about the structure/s

to be analysed. If a single structure is analysed, on-site surveys with an appropriate

diagnostic tests can be performed to obtain a satisfying knowledge level. However, if

multiple structures are analysed, a refined data collection can be unaffordable in terms

of time and cost and the knowledge-based (i.e. epistemic) uncertainties affecting the

seismic risk calculation increase.

After the data collection, the fragility analysis phase is carried out. Fragility functions

express the probability of damage given a proxy of the intensity of the seismic exci-

tation. Fragility relationships can be calculated based on post-earthquake damage re-

ports. However, the feasibility of this approach is strictly linked to the availability of

damage data representative of the investigated structure and site. The lack of such

data makes this approach unfeasible. For this reason, analytical fragility analysis ap-

proaches are commonly adopted. These approaches resort to the simulation of the

structural response employing a numerical/analytical model of the structure subjected

to earthquake-induced excitation. The results of the simulation (i.e. seismic demand

data) are elaborated and compared to the structural capacity to carry out a probabilistic

seismic assessment and derive fragility relationships. Several simulation techniques are

proposed in the literature involving a different level of accuracy. High accuracy generally

corresponds to higher modelling and computational demand for the analyst. Therefore,

this latter should accept a compromise in terms of accuracy and effort demand, de-

pending on the available resources, the target of the analysis (e.g. single structure or

portfolio of structures) and the amount of considered uncertainties.

For the quantification of seismic risk, also a model of the expected hazard intensity at the

investigated site is needed. Hazard curves are adopted to this aim expressing the annual

frequency of exceedance of a given intensity of the ground shaking. A probabilistic

seismic hazard analysis is commonly adopted to calculate hazard curves.
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Figure1.7:Syntheticflowchartforseismicriskassessmentofstructures.

Theseismicriskcanbecalculatedbyintegratingfragilityandhazardfunctions.Note

thattheproposedflowchartconsiderstime-basedriskassessment(FederalEmergency

ManagementAgency2012),wheretheriskismeasuredintermsofmeanannualfre-

quencyofreachingastructuralfailurecondition(Cornelletal.2002).Otherriskmetrics

canbeused,suchastheexpectedannuallosseswhichentailotherinputinformation

suchasconsequencemodelsusefultocalculatevulnerabilitycurvesrelatingtheex-

pected(e.g.economic)lossesgiventheseismicintensitymeasure.

1.3.Researchmotivations

Theresearchonstructuralvulnerabilityassessmentandriskreductionofassetssuchas

transportationinfrastructuresystemsisatimelytopicaccordingtotheNations(2015)

promotedwithintheTransformingourWorld:The2030AgendaforSustainableDe-

velopment(A/RES/70/1)(2015)bytheUnitedNations.Thefutureoftransportation

infrastructuremanagement,particularlyconcerningbridges,willbecharacterisedby

thepopulationofdigitaldatabases,incorporatinganextendedamountofknowledge

dataaboutthewholelifeofthestructures,andintelligentalgorithmsaimedatefficient

structuralsafetyandriskanalysisforaneffectivemanagementofsurveysandretrofits.

Thesedevelopmentswillleadtoasafertransportationinfrastructureandtoanoptimisa-

tionoftheemployedresources.Inthiscontext,technologicalinnovationandscientific

researchareneededtoovercomethestronglimitationsoftraditionalapproaches.
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As an example, the conventional process of data collection on bridges can be very time-

and cost-consuming. Conventional inspections are carried out by trained operators that

visually assess the condition of the bridge, manually draw up inspection documents

or perform diagnostic destructive or non-destructive testing. These may also require

the employment of provisional structures that increase the inspection time and demand

traffic limitations with service disruptions. These approaches are unaffordable if deal-

ing with urgent structural safety evaluations at network-scale. In this context, the recent

research pushes towards the application of intelligent paradigms for data collection and

structural assessment of bridges. A huge potential is represented by the big databases

of geospatial data which can be used to retrieve census information and approximate

geometrical/constructive features of structures. Moreover, remote sensing non-contact

techniques, such as Remotely Piloted Aircraft Systems (Chan et al. 2015, Duque et al.

2018) can be used to perform accurate low-cost surveys increasing the safety condi-

tions for the operators. These technologies allow quick data collection and automatic

allocation in digital databases in terms of Geographical Information Systems or Building

Information Modelling. Moreover, given that the data are allocated in a codified format,

automatic algorithms for data interpretation can be used for structural analysis, vulner-

ability and risk assessment purposes. Unfortunately, at the current state-of-the-art, the

incompleteness of available knowledge data could prevent performing accurate numeri-

cal analyses. Moreover, even if necessary data was available, numerical analyses could

require too high computational effort if wide bridge portfolios (or other structural typolo-

gies) are to be analysed. These factors push towards the employment of simplified

analysis and assessment approaches, possibly included within a multilevel framework

as proposed by the new Italian guidelines.

The prediction of the seismic risk/vulnerability of large portfolios of existing bridges was

frequently faced in the last decades via the adoption of typological approaches. These

require the identification of homogeneous classes of bridges having similar typological

features (e.g. structural scheme, geometrical or constructive characteristics) within a

given portfolio of structures and assume that the performance of bridges belonging to

the same class is similar. One or more index-structures, representative of each typolog-

ical class, are identified and analysed probabilistically to achieve class fragility curves.
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These express the probability to reach or exceed a determined damage state for a given

earthquake-induced shaking intensity. Class fragility curves could be calculated ana-

lytically accounting for geometric and material variability within the class. The HAZUS

model (FEMA 2003) is a well-known reference within the field of analysis of bridge

portfolios (and other types of structures). The HAZUS approach was developed in the

U.S. context and propose seismic fragility curves for typological classes of bridges

defined considering the seismic design approach, number of spans, span length, struc-

tural scheme continuity and bent type. The fragility curves are calculated via simplified

nonlinear static analysis-based approaches neglecting material and constructive feature

variability within the class.

Typological approaches such as HAZUS are strictly linked to the typical characteristics

of the bridge portfolios of the analysed context. In the European context, the RISK-UE

methodology (Mouroux & Le Brun 2006) were developed retracing the fundamentals of

the HAZUS approach. In this latter, different typological classes more representative of

the European context are indeed adopted.

Moreover, various literature studies focused on typological fragility analysis through

more refined analysis methodology or class definition, accounting for geometrical and

constructive variability (Choi et al. 2004, Avşar et al. 2011, Moschonas et al. 2009,

Nielson 2005). However, the accuracy of the typological approaches is strictly linked

to the classification scheme (i.e. taxonomy) adopted, usually defined on a judgemental-

empirical basis, that could not be directly related to the expected seismic performance

(Mangalathu et al. 2017). Furthermore, as evidenced by Stefanidou & Kappos (2019),

these approaches, even if based on a refined classification, neglect structure-specific

characteristics which could be crucial for the performance of bridges belonging to the

same class (e.g. deck and pier geometry, deck-pier connection). To overcome the

shortcomings of the typological approaches, the ongoing research investigates simpli-

fied analytical procedures aimed at structure-specific fragility and vulnerability analysis

(Stefanidou & Kappos 2017) which could be used with poor data and resort to simplified

modelling and analysis methodologies.
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Figure1.8:Syntheticflowchartforseismicriskassessmentofstructuresandframingoftheobjectives
ofthepresentdissertation-DBA:displacement-basedassessment,CSM:capacityspectrummethod-.

1.4.Objectives

Thepresentresearchisaimedtoprovidecontributionsinthefieldoftheseismicrisk

assessmentofbridgeswithinthescopeoflargeportfolioanalysis.Thisdissertationis

organisedinseveralstudiesinvestigatingspecificphaseswithinthemainseismicrisk

assessmentframework.Theproposedstudies(correspondingtodifferentChapters)

arefocusedonspecificobjectives(SO)asshowninFigure1.8.

•SO1:Multi-sourcedatacollectionforbridges

Thepotentialofinnovativeremote-sensingapproachesfordatacollectiononex-

istingbridgeportfolioswithintheframeworkofseismicriskanalysisisdiscussed.

Theapplicabilityofopen-sourceorlow-costdataprovidersisevaluated.More-

over,aprocessfortheuseofRemotelyPilotedAircraftSystemstogetherwith

tridimensionalphotogrammetryisdiscussedwithadvantagesandshortcomings.

Chapter2focusesonthistopic.

•SO2:DBAforbridgesandCSMforfragilityanalysis

Thestudyaimstoinvestigateandproposesimplifiedalgorithmsforseismicper-

formanceassessmentandfragilityanalysisofbridges.Thesealgorithmsare
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efficient since can be applied with programming routines rather than resorting

to numerical models and dynamic analyses. To this purpose, recently proposed

displacement-based assessment (DBA) algorithms and the capacity spectrum

method (CSM) are presented, extended and combined to calculate fragility curves.

Particularly, the effectiveness of these approaches is discussed referring to multi-

span RC continuous-deck and steel truss bridges. Appropriate references are

also provided, for the application of DBA and CSM for other widespread bridge

typologies (e.g. simply supported RC bridges).

This SO is composed of three sub-objectives:

– SO2.1: DBA for continuous-deck bridges
DBA approaches applied together with the CSM for multi-span continuous-

deck RC bridges are investigated. A static analysis-based DBA approach

is proposed. A strategy to extend the DBA algorithms to calculate capacity

curves enabling the seismic demand calculation via the CSM is described.

The effectiveness of the approach is discussed varying deck cross-section,

layout of the sub-structure, bridge length and pier typology. This study is

reported in Chapter 3.

– SO2.2: DBA for steel-truss bridges
The applicability and accuracy of DBA and CSM approaches is evaluated

for the seismic performance assessment of steel truss bridges. Differ-

ent strategies for calculating the equivalent viscous damping are investi-

gated. The accuracy of the performance displacement prediction via a di-

rect DBA+CSM approach is discussed. This study is reported in Chapter

4.

– SO2.3: Cloud-CSM for fragility analysis
The use of the CSM for fragility analysis is evaluated. The Cloud-CSM is pro-

posed to perform fragility analysis considering record-to-record variability

via the CSM. The approach is tested for single-degree-of-freedom systems.

This study is reported in Chapter 5.
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The main findings of the above-mentioned studies lead to a proposal for an efficient

methodology for seismic risk assessment of bridges to be used for regional-scale port-

folio analyses and perform risk-based prioritisation, which is the general objective (GO)

of this dissertation.

GO: Efficient methodology for seismic risk assessment of bridges considering epis-
temic uncertainty
Based on the previously described findings on the DBA and CSM algorithms for seis-

mic performance and fragility analysis and multi-source data collection and integration,

a complete framework for seismic risk assessment on existing bridges is proposed in

Chapter 6. The presented procedure allows for quantifying the uncertainty linked to

incomplete data collection with low modelling/computational effort. It can be applied

within a multi-level data collection framework since the accuracy of the results depends

on the completeness of the acquired knowledge level.

1.5. Outline of the dissertation

Considering the objectives listed in the previous section, the present study is composed

as follows.

• Recommendations to perform a multi-source data collection for bridge portfolios

are reported in Chapter 2. Part of this Chapter refers to Nettis et al. (2020).

– The applicability of remote-sensing datasets is discussed, analysing the
potentials of different data sources in populating bridge inventories. Rec-

ommendations for performing observation-based data gathering utilizing

street-view images and appropriate data forms are listed.

– Amethodology to adopt Remotely Piloted Aircraft Systems (RPAS) coupled
with photogrammetry techniques to retrieve exhaustive geometric/constructive

information of bridges is described.

– A multi-source data collection and integration procedure is applied to eight
case-study bridges part of the Basilicata road network. For one of these,

an RPAS-based data extraction methodology is illustrated.
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• Chapter 3 is focused on DBA algorithms coupled with CSM for the seismic per-

formance assessment of continuous-deck RC bridges. The contents of Chapter

3 refer to recent literature studies by the author (Gentile, Nettis & Raffaele 2020,

Nettis et al. 2019b,a).

– It investigates the effectiveness of state-of-the-art displacement-based per-
formance assessment approaches for continuous-deck RC bridges and

proposes suitable extensions which can be used for fragility analysis.

– A first parametric analysis is carried out to test the DBA coupled with the
CSM for 36 case-study bridges, varying the pier layout and the deck cross-

section. Additional parametric analyses are performed to evaluate the ef-

fectiveness of these algorithms for long bridges, variation in longitudinal

reinforcements and varying pier typology.

– Two real case studies are finally analysed with the investigated methodolo-
gies.

• Chapter 4 evaluates the applicability of the DBA approaches for historical steel

truss railway bridges with supporting steel towers, typically built between the end

of the 19th and the beginning of the 20th century in Europe.

– An effective equivalent viscous damping formulation is proposed for the
performance assessment of steel towers via the CSM.

– Algorithms based on the DBA and CSM for the direct seismic performance
assessment of hyperstatic steel truss bridges under a given seismic ac-

tion, are presented. These are applied on case-study steel truss bridges

generated via a parametric analysis using a real archetype bridge.

• Chapter 5 proposes the CloudCSM, a methodology for performing fragility analy-

sis considering record-to-record variability via the CSM. A case-study database

of 2160 inelastic oscillators is used, represented by parametric backbones with

different elastic periods, (yield) base shear coefficients, values of the ductility

capacity, hardening ratios, residual strength values and hysteresis rules. The
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contents of Chapter 5 refer to recent literature studies by the author (Nettis, Gen-

tile, Raffaele, Uva & Galasso 2021).

– The application of the CSM with real (i.e. recorded) ground-motion spectra
(as opposed to code-based conventional spectra) is evaluated. Simple cri-

teria to solve the issue of multiple CSM solutions (i.e., two or more points

on the backbone satisfying the CSM procedure) are proposed and tested.

– The effectiveness of the proposed Cloud-CSM in fragility analysis is dis-
cussed through extensive comparisons with nonlinear time-history analy-

ses, the code-based N2method, and a simple method involving an intensity

measure as a direct proxy for the performance displacement.

• Chapter 6 discusses a framework for seismic risk assessment of existing bridge

portfolios. The contents of Chapter 6 are partially included in the study by (Nettis,

Raffaele & Uva 2021)

– The algorithm for seismic risk quantification is presented. It is characterised
by simplified mechanics-based approaches for performance assessment

and a cloud-based approach for performing fragility analysis. It is designed

to consider the uncertainty associated with incomplete initial knowledge.

– The proposed approach is applied on a dataset of eight simply-supported
bridges of the Basilicata national road network. The influence of knowledge-

based uncertainty on both the fragility and the seismic risk is discussed

depending on the bridge constructive features.

– A validation of the adopted algorithms is carried out by means of a compari-
son with nonlinear dynamic analyses based on a refined modelling strategy.
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Chapter2

Multi-sourcedatacollectionforseismicvulnerabilityofbridge

portfolios

Abstract

InthisChapter,anoverviewoninnovativemethodologiesformulti-sourcedatacollec-

tionsuitabletostructural(andseismic)vulnerabilityassessmentofbridgeportfolios

isreported.Theapproachesandtoolsusedinrecentliteraturestudiesrelatedtovul-

nerabilityanalysisatregional-scaleforportfoliosofgenericstructuresarepreliminary

described.Theapplicabilityofremotesensingapproachesisdiscussed,analysingthe

effectivenessofdifferentdatasourcesinpopulatingbridgeinventories.Recommen-

dationsforperformingobservation-baseddatagatheringofexistingbridgesutilizing

suitablespreadsheetsfordataintegrationarelisted.ThesecondpartofthisChapter

isaimedatdiscussingthepotentialsofinnovativeRemotelyPilotedAircraftSystems

whichcouldrepresentabreakthroughwithinin-situsurveys,particularlyifcoupled

withphotogrammetrytechniquestoretrievegeometric/constructiveinformation.Afi-

nalcase-studysectionisreportedtoillustratetheapplicabilityoftheabove-mentioned

approaches.

Figure2.1:ObjectiveofthisChapter(SO1)andframingintheflowchartforseismicriskcalculation.



CHAPTER2. MULTI-SOURCEDATACOLLECTIONFORSEISMICVULNERABILITYOFBRIDGEPORTFOLIOS

2.1.Multi-sourcedatacollectionforlargebridgeportfolios

Thepopulationofexposureinventoriesisthemaininputstepforvulnerabilitymodelling

andriskassessmentoflargecontexts. Mostofthestate-of-the-artstudiesdescribe

applicationsinwhichonlythevulnerabilitydataonthebuildingheritageareconsidered.

However,theresilienceofpopulatedcontextsandtheirresponseunderanearthquake

scenarioconsideringdirectandindirectlossesisalsoconsiderablyaffectedbythevul-

nerabilityofinfrastructurenetworks.Inthiscontext,thevulnerabilitydatacollection

aboutbridgesandviaductswhichrepresentcriticalcomponentsoftransportationnet-

worksisadecisivestep.Currently,inadequateknowledgeonexistingbridgesisregis-

teredasanticipatedintheIntroduction1.1.Thisiscausedbygeneralinefficientmanage-

mentandstorageofpaperdesigndocumentsandblueprintsofthepast.Anotherissue

isrepresentedbythedifferencesintheinfrastructuremanagementapproachesadopted

bydifferentauthoritiesoperatinginthesamegeographicalcontext.Thisincreasesthe

difficultiesindatacollectionforcontextswhereroadnetworksmanagedbydifferent

authoritiesarepresent.

Theprocessofpopulatingdigitaldatainventoriesrecentlystartedanddemandsex-

pensiverefinedsurveysorextendeddigitalisationofdataavailableinpaperform.In

Italy,theMinistryofInfrastructuresystemsjuststartedtheactivityforthepopulation

ofaNationaldigitaldatabasecontainingpublicinfrastructuredata,namelyArchivio

NazionaledelleOperePubbliche(MinisterodelleInfrastruttureedeiTrasporti2019),

accessibleathttps://ainop.mit.gov.it/.Itaimstoincludedataaboutthedesign,geom-

etry,constructivefeatures,degradationconditionofinfrastructurecomponents.An-

otherground-breakingexampleisrepresentedbytheIBRID(ItalianBRidgeInteractive

Databaseproject)http://ibrid.dic.unipd.it/archivebytheUniversityofPadovaspecific

forcollectingbridgedataoftheVenetoregion.

Differentmethodologiesofdatagatheringcanbeadoptedforcharacterisingsuchdigital

databasesandexposuredatainventories.Itiseasilyintuitablethattraditionalrefined

surveysareveryburdensome,thustherecentresearcheffortspushtowardsquick

andefficientmethodologies.Inthefollowingsubsections,potentialsofremotesensing

techniquesarediscussedtogetherwithrecommendationstoeffectivelyperformstreet-
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based surveys.

2.1.1. Remote-sensing methodologies

Remote sensing technologies are aimed at collecting and measuring data of an inves-

tigated area/object without direct contact. In the case of bridges, remote sensing tech-

niques could help, with a sustainable amount of resources, in gathering data about

geometry, period of construction or their current degradation condition. Each remote

sensing technique implies specific advantages and shortcomings concerning the field

of application. However, since these tools allow for collecting data without any con-

tact, their use increases the safety of the operators and the users, involving no need for

service interruption (or only short-term) or special temporary structures.

Different sensors are used in remote sensing technologies. These are sensitive to dif-

ferent wavelengths of the electromagnetic spectrum and thus can be adopted to catch

specific physical features. As an example, optical sensors are sensitive to the visible

wavelengths, while radar sensors are sensitive to microwaves and can be used to mea-

sure the source-object distance.

Dealing with regional-scale data collection of construction heritage, satellite and air-

borne remote sensing approaches allow for collecting data in large areas with a single or

few images. It is worth mentioning that the correct use of these techniques requires an

appropriate understanding of the elaboration/interpretation of imagery considering the

corresponding (spatial and temporal) resolution of the adopted sensors. For instance,

capabilities in post-processing raw satellite images are needed to retrieve suitable data

for populating exposure databases.

Most of the applications of satellite or airborne high-resolution optical imagery are aimed

at the characterisation of the urban environment with a specific focus on buildings. Ap-

plications in the field of regional-scale vulnerability assessment of building are reported

in Mueller et al. (2006), Ehrlich & Tenerelli (2013). Optical imagery suits for detecting ex-

posure data such as footprints and area of the buildings, urban density, roof typologies

or building use (Dell’Acqua et al. 2011). With reference to the infrastructure systems,

optical imagery is used to detect the geospatial layout of roads (Abraham & Sasikumar

2014) and the location and footprint of bridges(Soergel et al. 2007, Nolte et al. 2011).
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ThesedataareveryusefulformappingandpopulatingexposuredatabaseswithinGeo-

graphicalInformationSystemsapplications(Borzietal.2011),particularlyifcomputer-

aidedvisual-basedalgorithmsareadopted(Gambaetal.2009).Thesealgorithmsallow

forthe(automaticorsemi-automatic)interpretationandclassificationoftheavailable

imageryanalysisoflargeareasinashorttime.Forthesepurposes,imagerieshaving

aspatialresolutionfrom1x1mto10x10marerequired(Tenerelli&Crowley2013a).

Thechoicebetweenairborneandsatelliteimagesdependsontheavailablefunding

andthespecificapplications.Airborneimagesexhibitusuallyhigherspatialresolu-

tionwithrespecttosatelliteonesbutaremoreexpensive.Theformercan,indeed,

beadoptedalsoforconditionassessmentofroadsurfaces(e.g.detectionofcracking

anddefectsofthesurfaces)(Liuetal.2009).Conversely,satellitedataarecheaper

andavailablewithcompleteglobalcoveragebydifferentdataproviders(e.g.https:

//discover.digitalglobe.com/,https://earth.esa.int/eogateway/).However,thetechnol-

ogyofsatellite-basedsensorsisquicklydevelopingand,currently,themostadvanced

satellitesallowsforimageshavingaresolutionlowerthan0.5m,suchasGeoEye-1or

WorldView2and3(panchromaticband)(Vaghefietal.2012).

High-resolutiondataallowsalsoperformingmulti-temporalchangedetectionoftheur-

banenvironment.Withthisapproach,thedesignyear/periodoftheinvestigatedstruc-

turescanbeestimated.However,theapplicabilityofthisapproachdependsonthedata

sourcesadopted.Asanexample,usingsatelliteimageryalimitedtimeperiodcanbe

analysed,sincethefirstavailablesatellite-basedhigh-resolutionimages(IKONOSsatel-

lite)arefrom1999(Tenerelli&Crowley2013a).However,multi-temporalanalysesare

veryusefulforperformingquickpost-earthquakedamagedetectionataregionalscale

(Menderesetal.2015,Syifaetal.2019).

Heightattributesofbuildingsofbridgesareveryusefuldealingwithexposureinventory

forvulnerabilityassessmentpurposes.Toretrieveheightattributes,stereo-typeimages

(i.e.twoimagesofthesameareatakenattwodifferentangles)canbeused.Partic-

ularly,thistypeofimagescanbeelaboratedbyphotogrammetrytechniquestoobtain

3Ddigitalsurfacemodels(well-knownasDSM).Theheightattributescanberetrieved

bycomparingtheDSMwiththedigitalterrainmodel(DTM)whichincludestheeleva-

tiondataoftheterrain.Satellite-basedstereo-typeimageriesarecommonlyavailable
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but have a low resolution with respect to normal acquisitions. In this case, airborne

imageries which also exhibit various imaging angles, are more suitable for photogram-

metry elaboration and represent a better choice. Oblique aerial imagery could be also

directly used to extract height information, together with other useful attributes which

can be retrieved by ground surveys.

To achieve geometric attributes of the terrain and the building heritage also LiDAR (Light

Detection And Ranging) and RADAR (Radio Detection and Ranging) data sources could

be used. Both of them work on the same basic principles but use different wavelengths.

LiDAR is an optical remote-sensing technique based on LASER light. It is used for retriev-

ing the distance and angle of targets on the terrain measuring the time period between

the emission and the return of the laser pulse of the sensors. Through this technique,

high-precision position data represented by dense point clouds of the terrain or of the in-

vestigated structures can be obtained. LiDAR sensors (LASER scanners) are generally

used on airborne platforms. LiDAR applications are very suitable for bridge condition

assessment as described by Harris et al. (2016). To populate exposure databases, this

technique could be used to achieve surface elevation profiles and thus detecting the

height attributes of buildings and bridges or other civil constructions 2.2.

Figure 2.2: Digital Surface Model for the city of Bisceglie (Italy) obtained by using LiDAR data.

Synthetic Aperture Radar sensors use radio waves and, like LiDAR, is suitable to collect

position data represented by dense point clouds of the investigated target. These sen-
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sors are placed on satellite and aerial platforms. Given the high accuracy, this technique

is adopted for monitoring ground displacements and for studying phenomena such as

landslides and subsidence. In this latter case, multi-temporal interferometric methodolo-

gies of stable Permanent Scatters are used (Bovenga et al. 2005, Crosetto et al. 2016).

Within the field of regional-scale vulnerability analysis, these data source could be used

for extraction of geometric characteristics of buildings and roads (Gamba et al. 2009).

However, the employment of raw data requires high specialisation in radar data pro-

cessing and thus are rarely used. Examples of building and road extraction using radar

or optical data, with reference to the SYNER-G European project (Tenerelli & Crowley

2013b) are shown in Figures 2.3 and 2.4.

Figure 2.3: Optical and radar data on Messina city adopted during the SYNER-G project (Tenerelli &
Crowley 2013b).

2.1.2. Street view-based surveys

Traditionally, in-situ surveys are performed by the specialised operators of the road/railroad

authorities to collect information (e.g. images, measurements, notes) useful to popu-

late bridge management databases. As an example, dealing with condition assessment,

in-situ surveys are carried out periodically to evaluate the time trend of degradation

phenomena. In these cases, paper forms, digital cameras or applications for digital de-

vices are used to collect images and operators’ notes which are directly allocated, via
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Figure2.4:Radardata,roadandbuildingextractiononViennaadoptedduringtheSYNER-Gproject
(Tenerelli&Crowley2013b)

appropriatestorageprotocols,indigitaldatabases.

Street-viewdatacanbecollectedexploitingthepubliclyavailablestreet-viewservices

offeredbythemaindataproviderssuchasGoogle(www.maps.google.com)orBing

(www.bing.com/maps)whichgatherimagesthroughdigitalcamerasmountedonmov-

ingvehicles.AnexampleisshowninFigure2.5.Thisdatasourceallowscollecting

dataonlargeareasinashorttime.Itsapplicationforconditionratingpurposeswas

describedbyVaghefietal.(2012).Street-viewsurveysdatacanbeusedtosupport

andfurtherclassifypreliminarydatacollectedbyremotesensingoravailableinbridge

managementdatabaseswithinseismicriskassessmentpurposes.Thisdatatypeal-

lowsforretrievingvariousstructuralcharacteristicswhicharenotvisiblefromremote

sensingimages.Applicationswithintheseismicriskassessmentframeworkwerepro-

posedbyMisra&Padgett(2019)andCostaetal.(2020),inwhichstreet-viewdataby

GooglewereusedtointegrateavailablecensusdatasetsforbridgesinU.S.andbuild-

ingsinItalyrespectively.Itisworthmentioningthattheavailabilityofstreet-viewstyle

imagesforbridgesisstrictlylinkedtothepossibilityofthecamera-equippedvehicles

reachingtheinvestigatedbridge.Thesetypeofdataarecommonlyavailableforbridges

overpassing(ornear)otherroadsbutcannotbeavailableinmountainouscontexts

onbridgesoverpassingnaturalobstaclessuchasvalleyorrivers(Vaghefietal.2012).

Rarelystreet-viewdataareavailableforrailwaybridges.
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Figure 2.5: Street-view imagery for a case-study bridge

An inventory dataset can be built associating the data collected by different data sources.

If the inventory dataset is defined using Geographical Information Systems (GIS) tools,

the images should be elaborated or interpreted by the analysts defining (text, numeric

or logic) specific-field attribute to be added to the geospatial location information to the

single bridge.

2.1.3. RPAS-based surveys and photogrammetry

Remotely Piloted Aircraft Systems (RPASs), generally labelled as drones, represent

a breakthrough in in-situ inspections of infrastructure systems. These are small au-

tonomous flight vehicles equipped with low-cost RGB cameras or other more sophisti-

cated sensors (e.g., multispectral and thermal cameras, LiDAR technologies). Several

research studies investigated robust methodologies to perform effective RPAS-based

inspections on bridges or civil structures (Ayele & Droguett 2020, Barrile, Candela, Fo-

tia & Bernardo 2019). These are aimed at collecting precise and targeted details to be

integrated with other information measured on-site. In the U.S. context, the issue of the

structural safety of existing bridges has been widely faced in the last decade and vari-

ous departments of transportation are promoting several research projects to exploit the

entire potential of RPASs for inspecting civil structures (Duque et al. 2018). In the field

of visual-based inspections, Chan et al. (2015) proposed a review on the advantages

and shortcomings of RPAS-based inspections on bridges, analysing different aspects,

such as the minimum technical requirements of the drones, restrictions of the regu-

latory codes and cost-benefits analyses. They claim that an RPAS-based inspection

can significantly reduce the time and cost of the survey. Moreover, RPAS can strongly
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increase the safety of the operators which usually deal with problematic boundary con-

ditions linked to the traffic or the environment of the bridge. Seo et al. (2018) evaluated

the effectiveness of a drone-based inspection on a three-span timber bridge, analysing

the image quality and the potentialities in damage identification, comparing the results

with a conventional visual inspection. (Otero 2015) discussed the influence of different

RPAS features, e.g. manoeuvrability, payload, size, adaptability, that are decisive for an

accurate field inspection.

High advantages in the geometrical survey of bridges derive from the employment of

drones together with computer-vision algorithms for photogrammetry, namely the Structure-

from-Motion (SfM) techniques, capable of providing accurate 3D point clouds and, thus,

3D geometrical models suitable for virtual ex-situ inspection and BIMmodelling. Various

literature applications indeed investigated the extraction of geometrical data and the au-

tomatic classification of bridge components via photogrammetry. The study by Khaloo

et al. (2018) was aimed at testing 3D photogrammetry techniques to build a 3D dense

point cloud of a pedestrian timber truss bridge located in Alaska, starting from drone

imagery. The authors stated that the obtained model outperforms (in terms of accuracy

and completeness of the details) the one achieved by means of terrestrial laser scanning

inspections. Recently, Morgenthal et al. (2019) proposed a comprehensive and auto-

mated framework for the condition assessment of bridges based on high-resolution 3D

models built using RPAS-based imagery.

Ongoing research efforts focus on algorithms for automatic creation of numerical me-

chanical models (i.e. finite elements models) from 3D point cloud or geometrical mod-

els, in order to directly perform numerical analysis, quantify the structural performance

to further evaluate remaining service life (Castellazzi et al. 2015, Lubowiecka et al. 2009)

which is of particular interest for transportation authorities. These algorithms aim at

performing a simplification of the point cloud model, extracting the features useful to

finite element modelling. However, this task is challenging for bridge modelling, since

these structures, although characterized by a simple structural scheme, are composed

of members having particularly different mechanical behaviour (e.g. bearing devices,

shear keys).
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2.1.4.Multilevelapproaches

Amultilevelapproachfordatacollectionandintegrationorientedtostructuralassess-

mentisaconvenientsolutiontobuildlevel-by-leveldatainventories,asadoptedwithin

therecentlycompletedINFRA-NATIncreasedResilienceofCriticalInfrastructuretoNat-

uralandHuman-InducedHazardsproject(O’Reillyetal.2019)(http://www.infra-nat.

eu/)andsuggestedbythenewItalianguidelines(MinisterodelleInfrastruttureedei

Trasporti2020).Thegeneralframeworkofamultilevelapproachisdescribedinthe

followingandTable2.1withspecificreferencetothedatacollectionprocess.

Commonly,themultilevelapproachesstartwithalowknowledgelevelanalysis(Cen-

susLevelinTable2.1andusuallycalledLevel0),whichisalsodefinedascensuslevel,

inwhichapreliminaryscreeningaboutnumberandlocationofstructuresintheinves-

tigatedcontextiscarriedout.Opendatasourcesorremote-sensingapproachessuit

thistask.Asanexample,OpenStreetMap(www.openstreetmap.org/)providesopen-

accessgeospatialdata,containingbasicinformationaboutthebuilt-upenvironment,

readilydownloadableinGIS-friendlyformat(i.e.shapefiles).Also,GoogleEarth(earth.

google.com/)andBing(www.bing.com/maps)providesuitabledataforfreedownload

(low-costiflargeamountofdownloadsareneeded).Localrepositoriesofdigitaltech-

nicalcartographies(e.g.regionaldatabases)couldalsobeavailabledependingonthe

analysedcontext.InItaly,theMinistryofEnvironmentoffersopen-access(orlow-cost)

geospatialdataavailableviatheGeoportaleNazionale(http://www.pcn.minambiente.it/)

whichcanbedownloadedanddirectlyusedinGISenvironment.Thisfirstlevelof

knowledgehasthescopeofapreliminaryevaluationofthenumberofstructurestobe

assessed.Noinformation(orveryrough)aboutthevulnerabilityofthestructurescan

benormallyretrievedatthisstage.

Thesecondknowledgelevel(LowLevelinTable2.1)isaimedatgatheringthemain

characteristicsofthestructures,suchasdesignperiod,generalgeometricaldata,the

materialofconstructionorstructuraltypology.Thislevelrequiresaquickstructure-

specificdatacollectionwhichcanbecarriedoutviatraditionalfastin-situinspections

orinnovativeapproaches.AsindicatedwithintheINFRA-NATproject,thistaskcould

beperformedusingstreetviewdataprovidedbyGoogle(www.maps.google.com)or
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Bing(www.bing.com/maps),ifavailable.Itisworthmentioningthattheavailabilityof

streetviewdatasourceisstronglydependentontheanalysedcontextandlocationof

thebridgeasindicatedinSection2.1.2.The3DdataprovidedbyGooglemaybeapplied

forthesepurposes.Moreover,thedesignyeariscommonlyabasicinformationthat

isusuallyavailablebytransportationauthorities.However,ifnotavailable,itcanbe

retrievedbycomparinghistoricalcartographiesorsatellite/aerialimagerycollectedin

differentperiodsasreportedinSection2.1.1.Itisworthmentioningthattheconstruc-

tionperiodofmainhighwaysorrailways(andtherelatedbridges)canbeeasilyretrieved

viasimplehistoricalresearches.Atthisknowledgelevel,thevulnerabilityassessment

canbeperformedonlywithindirectmethodsresortingtoatypologicalapproach.As

anexample,theHAZUSorRISK-UEmodels(FEMA2003,Mouroux&LeBrun2006)or

moreadvancedfragilityrelationshipsretrievedbytheliteraturecouldbeused.

Thefurtherknowledgelevels(MediumLevelinTable2.1)involveamorerefinedstructure-

specificdatagatheringapproach.Theseknowledgelevelsrequirevisual-basedinspec-

tionsandgeometricalmeasurementsperformedusingappropriatedataformssuitable

fortheverificationorcompletionofthepreviouslycollected(geometricalandconstruc-

tive)data. Moreover,theseareaimedatevaluatingthestructuralcondition,detect-

ingdegradation,significantcrackingphenomenaoncriticalstructuralcomponentsand

otherfactorsthatmaypotentiallyaffectthestructuralsafety.Thesedatacanbere-

trievedbytraditionalrefinedin-situsurveysorwiththeuseofinnovativetechnologies

whichenablethecollectionofimagessuchasRemotelyPilotedAircraftSystems(RPAS)

equippedwithopticalsensors(i.e.RGBcameras).Thedatacanbealsoobtainedby

exploitingparticularlysuitablestreetviewdata(2.1.2).Thedataform(i.e.spreadsheet)

adoptedinthisstudytocollectgeometricandconstructiveinformationisreportedin

Figure2.10and2.10.Itisaspreadsheetcomposedofdifferentsections:identifica-

tion,generalstructural,deck,piers,abutments,bearingsandmaterials.Eachsection

includesdifferentfieldstobefilledoutwithtextualornumericalattributeswhichcan

bedirectlyincludedinshape-filestobeusedwithinaGISenvironmentorsimplepro-

grammingroutineswhichallowanalyticalriskcalculations(6).Simplifiedmechanical-

basedassessmentproceduressuitthisknowledgelevel.Asanexample,analytical

displacement-basedassessmentapproaches,possiblybasedonsimplifiedmechanical
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models, are particularly suitable according to Cademartori et al. (2020) for investigating

the fragility and risk of analysed bridges at this knowledge level. It is worth mentioning

that at this stage, further data could be necessary for performing mechanical modelling

or analytical assessment. These can be assumed by engineering judgement (assump-

tions for constructive features or detailing, or simulated design approaches) or modelled

by statistical distributions, if available, related to the investigated portfolio of structures.

As an example, Zelaschi et al. (2016) proposed statistical data on Italian bridges suitable

for modelling the uncertainty of incomplete knowledge.

Within a multilevel framework, the high-level knowledge (Table 2.1) should be applied to

the most critical structures identified within the previous level. It requires a refined data

gathering phase to achieve complete knowledge, as far as possible. As an example, to

detect the detailing of the structural components or to investigate the material mechan-

ical properties, non-destructive and destructive diagnostic tests should be performed,

following the recommendations of the reference regulatory framework. Once satisfying

knowledge is achieved, numerical modelling and refined analysis approaches should be

used to calculate fragility and risk.

2.2. Methodology for RPAS-based photogrammetry for structural data gathering of
bridges

In this section, an RPAS-based approach for the data collection on existing bridges is

proposed. This strategy allows collecting RGB images that are used to perform pho-

togrammetry and create 3D models of the investigated bridge. First, recommendations

to perform an in-situ survey via RPAS equipped with optical sensors are proposed con-

sidering the environmental condition and the regulatory codes. The process of retrieving

geometric data via photogrammetry is also described. The final subsection is focused

on further developments on the application of these techniques for automatic structural

assessment purposes.

2.2.1. Recommendations for RPAS-based survey

RPASs equipped with optical sensors are used to collect a large number of images of a

surveyed structure overcoming various challenges affecting the bridge data collection
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process e.g. scarcity of time and cost resources, inaccessibility of sites and safety of

operators. The acquired images can be used to perform visual-based inspections and

retrieve constructive features, but also allow measuring geometry, particularly using

photogrammetry techniques.

Currently, in developed countries, the use of drones is subjected to regulatory codes

which define appropriate limitations in terms of safety within the definition of flight paths.

As an example, the use of drones in the Italian airspace is governed by the ENAC Reg-

ulations Issues No. 3 dated 11 November 2019 (ENAC 2020) which implements the

European Commission Regulation (EU) 2019/947 of 24 May 2019 ( OJ).

RPAS-based surveys of structures, generally, require an accurate planning phase aimed

at identifying environmental constraints and airspace limitations, assessing the potential

disturbance of the weather condition. This phase is strictly linked to the geographical

location of the investigated structures.

In general, multi-copter drones are adopted for bridge inspection, possibly equipped

with a Global Navigation Satellite System (GNSS) receiver and a suitable infrared sen-

sor system capable of keeping obstacles at a safe distance (Darby et al. 2019). This is

very important for bridge inspections since infrared no-impact sensors allow the drone

for flying in limited spaces and inspecting small-size structural components (e.g. bear-

ing devices, joints). Another solution to detect small components, avoiding undesired

impacts connected to turbulent effects of the wind near and under the bridge, is acquir-

ing images in hovering mode (i.e. keeping the drone flying in a stable position), using

the zoom function to keep the vehicle at a safe distance. For the survey below the deck,

the drone should be equipped with a zenithal camera for the intrados inspection. In

these cases, the drone may experience loss of GNSS signal and should be able to fly in

Real-Time Kinematic (RTK) mode connected via a radio link to a master station nearby.

The survey can be performed in manual or automatic flight mode, depending on the fea-

tures of the structure itself and its environment (e.g. presence of natural obstacles). In

automatic flight mode, regular and repeatable flight paths with low battery consumption

optimizing inspection time can be planned. It is worth mentioning that, dealing with the

collection of images for photogrammetry, an automatic flight mode has a beneficial ef-

fect on the final accuracy results. Indeed, the flight path, which strongly depends on the
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morphology of the territory, may be based on single or double grids in which the drone

acquires images having a given percentage of longitudinal and lateral overlap (between

70% and 80%) to optimise the photogrammetric process while avoiding redundant ac-

quisitions (Pan et al. 2019). Multiple images of the same target point, varying the grip

angle, allow emphasising the altitude differences and recreating complicated geometries

in the photogrammetric process. The route speed of the drone should be consistent with

the onboard GNSS frequency and the lens shutter speed to avoid distortions and lack

of sharpness. The flight altitude should be calibrated depending on the desired spatial

resolution, defined in terms of Ground Sample Distance (GSD).

During the survey, a topographic network materialization can be of support to the pho-

togrammetric elaborations, facilitating the roto-translation, scaling and georeferencing

of the model during the orientation phase. The use of non-removable targets is effective

for multi-temporal acquisition for change detection analysis. The topographic network

can be materialized by georeferencing the position of artificial/natural targets in the in-

vestigated area which can be easily identifiable through automatic search techniques in

the adopted photogrammetric software package. This task can be performed via total

stations and GNSS receiver technologies, depending on the expected accuracy.

2.2.2. Structure-from-Motion techniques for 3D modelling

Structure-from-Motion techniques are aimed at retrieving 3D point cloud models using

2D images of a given scene. Currently, various open-access or commercial software

packages are available, but the technical skills of the operator in interpreting the input

and output products are essential for achieving accurate results. The employment of

these techniques together with drones is very effective to dramatically reduce the time

and cost of the surveys even in large and inaccessible areas. The different phases

composing SfM algorithms are independent of the adopted software package and are

described in Saponaro et al. (2020) and shown in Figure 2.6.

A preliminary step is the calibration of the camera model parameters, which can be per-

formed via a manual approach or self-calibration based on the acquired dataset. The

lack of this step can induce multiple distortions and affects the accuracy of the final

results. Tie points are searched and counted among the collected images via the use
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Figure2.6:Generalstepsofaphotogrammetricprocessalgorithm.

ofScaleInvariantFeatureTransform(Lowe2004)algorithms.Thesepointsarechar-

acterisedbylowsensitivitytochangesinscale,orientation,andbrightnesswithinthe

imagedatasetandthuscanbeconsistentlyrecognisedinmostoftheimages.The

adoptedsoftwarepackagecanestablishgeometricrelationshipsamongthetiepoints

detectedinalltheimages.Throughtheseoperations,supportedbyanygeo-tagsregis-

teredintheimages,thesoftwarecanextractasparse-pointcloud,whichisaprimitive

3D-pointcloudmodelcomposedofthepointswhoserecognitionamongtheimagesis

morerobust.

Atthisstage,thesparse-pointcloudshouldbecorrectedandfiltered.Asanexample,

somepoints,affectedbyhighre-projectionerrorscanbeidentifiedandneglected(Barba

etal.2019)allowingthesoftwareitselftore-calculatetheorientationofthedifferentim-

ages.Moreover,toreachhigh(e.g.centimetric)accuracy,whichisdesirableinstruc-

turalmechanicalmodelling(Barrile,Candela,Fotia&Bernardo2019,Lee&Park2019),

furthercorrectionsarerequired(BundleBlockAdjustment),utilisingtheorientationand

calibrationparametersofthecamera,thegeo-referencedpointsacquiredon-siteand

theimagepositionsdirectlyacquiredbythedroneduringtheflight.Asanticipated,a

givennumberofground-controlpointssurveyedon-siteisessentialforindirectgeoref-

erencingoperationstobetterestimatethepositionandorientationoftheimagedataset.

Theorientationofeachimageisthuscorrectedandthere-projectionerrorsarereduced.

Thegeneralaccuracyofthepointcloudmodeldeterminestheaccuracyofthefollowing

geometryextractionsandcanbecalculatedviasomeerrormeasuressuchastheRoot

MeanSquaredErrors(RMSE).

Denseimagematchingalgorithmsarethusappliedtothecorrecteddatasetofimages

toachieveadensepointcloudmodelwhichsuitsgeometricalmodelextraction.Inthis

case,theaveragedistanceamongthepointisreducedto1/40withrespecttothesparse

pointcloud.
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2.2.3. Further applications of 3D models by RPAS-based photogrammetry

The 3D point cloud model leads to various applications in the context of the management

of infrastructure systems. An obvious application consists in performing conventional

visual inspection carried out in- and ex-situ by analysing the RPAS-based dense point

cloud (eventually processed in a textured mesh). If multi-temporal surveys are carried

out, visual inspections of models collected in a different time period of the life of the

structure allow detecting the occurrence and evolution of degradation phenomena.

Moreover, it is possible, through segmentation and classification of parts of the point

cloud, to identify the different structural components and achieving metric and material

information which is essential for populating bridge databases and for subsequent vul-

nerability/risk assessment. This approach is very desirable by transportation authorities

since it facilitates the creation of digital models, named digital twins, representative of

the structure, that are also comprehensive of heterogeneous information types collected

in a single or multi-temporal inspection (i.e. Building Information Models).

The extraction of geometrical data about the different structural components from a

3D point cloud model can be performed automatically, using Scan-to-BIM algorithms,

or via manual tracking and visual interpretation (Conde-Carnero et al. 2016, Riveiro

et al. 2016). The former approach allows a strong reduction of time and modelling

effort and, currently, are subjected to very active research efforts (Wang et al. 2015,

Yang et al. 2020). This process is composed of two phases: the segmentation which

involves grouping portions of the point cloud into multiple homogeneous regions with

similar properties (such as geometric, radiometric) and the classification, requiring the

assignment of points to specific classes, called labels.

Another automatic approach is based on machine-learning 2D-image analysis (Barrile,

Candela & Fotia 2019) for segmenting the different components. Accordingly, the point

cloud is classified, yielding to the recognition of the different structural components

within the point cloud model. Consequently, the segmented point cloud parts are trans-

formed into 3D polygons.

Contrarily, conventional manual approaches require the operator directly to recognise

the different structural components within the point cloud and re-create 3D geometri-
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calmodels,involvingalargeramountoftimewithrespecttotheautomaticapproach.

Itisworthmentioningthattheautomaticapproachesarecurrentlyunderdevelopment

andnoteasilyappliedinthecommonpractice,particularlyconcerningexistingbridges.

Inthesecases,indeed,themanualapproachisapreferablesolutionsincethetrained

operatorcanrecognizedifferentstructuralcomponentssuchasbearings,joints,shear

keyswhichexhibitwidevariabilityintypologywithspecialreferencetoexistingbridges

designedinthelastcentury.Currently,althoughliteratureworksareaimedattheclas-

sificationofcomponentssuchasdeckandpiers(Barrile,Candela&Fotia2019),to

theauthor’sbestknowledge,noliteratureapplicationsinvestigatetheautomaticchar-

acterizationofothersmallbutlikewisecriticalstructuralcomponentssuchasbearing

devices.

2.3.Casestudy:applicationofmulti-sourcedatacollectionandintegration

ThisSectionshowstheapplicationofthedatacollectionmethodologieswithreference

tocase-studybridgesdetectedintheBasilicataroadnetwork(whicharealsoanalysed

inthefollowingChapters).Theconsideredgeographicalcontextisselectedasoneofthe

mostseismichazard-pronegeographicalcontextsofSouthernItaly.Thedata,extracted

withinnovativefastapproaches,isallocatedbyhandintoappropriatespreadsheets.In

thisway,theintegrationofmulti-sourcedataisperformed.Thespreadsheetsrepre-

sentasuitableinputforgeospatialanalysiswithinaGISenvironmentorcanbedirectly

adoptedasinputforprogrammingroutinesaimedatseismicriskcalculation.

2.3.1.Screeningandcase-studyidentification

Thefirststepofdatacollectionisascreeningoftheexistingbridgesofthecontext.

Aspreviouslydiscussed,thistaskcanbeaccomplishedbyconsultingthegeospatial

datasetsdevelopedbyglobalandlocaldataproviders.Inthiscase,theopen-access

OpenSteetMapdatarepository(https://www.openstreetmap.org/)includinggeospatial

dataaboutthetransportationassets,canbeused.Thesecanbeeasilydownloaded

asshape-filesandusedwithinaGISenvironment.Inthisstudy,QGIS(https://www.

qgis.org/),anopen-sourceGISsoftwarepackage,isutilisedtodownloadandmanage

thisdataset.Itisworthmentioningthatopen-accessgeospatialdataontheregional
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infrastructuresystemsarealsoprovidedbytheBasilicataRegion(athttp://dati.regione.

basilicata.it/).

Figure2.7:SpatiallayoutoftheBasilicataroadnetworkandscreeningofthebridges(redmarkers).

Thegeospatiallayoutoftheprimaryroadnetworkoftheconsideredgeographicalregion

isextracted,consideringonlyextra-urbanroads,andshowninFigure2.7.Atotalof

1389bridgesisdetected.ThepreliminarystatisticsreportedinFigure2.8showsthat

single-spanbridgesrepresentapercentagebetween15%and30%(assumingjudge-

mentallythatsingle-spanbridgesexhibitamaximumlengthof40meters).Assuming

thatthepercentageofarchorcable-stayedbridgesisnegligible,longmulti-spangirder

bridgeshavinglengthhigherthan200metersrepresentabout20%ofthetotal.The

wholedatasetisfilteredtoidentifymulti-spanbridgeshavingamedium-shortlength

(lessthan200meters).Faststreetviewsurveysareperformedwithintheconsidered

roadnetworkandeightcase-studybridgesareselected.Thesearemulti-spanisostatic

RC-bridgeswithsingle-shaftpiers.Onlythisbridgetypologyisconsideredinthisstudy.

Clearly,thedescribeddatacollectionapproachcanbecarriedoutregardlessofthecon-

sideredtypology.Thegeographicalpositionofthecase-studybridgesisindicatedin
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Figure 2.8: Distribution of bridges in Basilicata related to their length.

Figure 2.9: Location of the selected case-study bridges.

Figure 2.9.

For each bridge, the data gathering is performed via the adoption of the developed

spreadsheet shown in Figure 2.10 and 2.11. The spreadsheet includes the necessary

data for directly performing the seismic risk assessment algorithm described in Chap-

ter 6. For this purpose, each field should be filled in accordingly with the indications

reported in the commentary. Each field is completed with textual or numerical (single
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orinvector-format)variables,identifiedwithasimplecode(firstcolumninthespread-

sheet),whichcanbealsoallocatedinaGISenvironment,bysimplyconvertingthe

spreadsheetincomma-separated-valuesfileand,inturn,inshape-fileformat.

Figure2.10:Spreadsheetfordatagathering(Part1).

Abriefdescriptionofthespreadsheetishereinreported.Thefirstsection(Location,

Figure2.10)includessomegeneralfeatureswhichcorrespondtoacensuslevelknowl-

edge.Thesecond(Generalstructural,Figure2.10)comprisestypologicalandglobal

constructivefeaturesaboutthebridge.Particularly,thispartincludesdesigndata,such

astheyear(orperiod)ofdesign,togetherwiththetrafficandseismicdesigncategories

accordingtothedesignreferencecode.Thethirdpart(Deck,Figure2.10)refersto

typologicalandgeometricalfeaturesofthesuperstructureandsuperimposedgravity

loads.Atthisstateofdevelopment,thespreadsheetsuitsforhyperstatic(continuous)
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andsimply-supported(isostatic)girderbridgesonly.

Figure2.11:Spreadsheetfordatagathering(Part2).

ThesectionsdesignatedPiersandAbutments(Figure2.11)areaimedatcharacterising

thetypologicalandgeometricalfeaturesofthepiersandabutments,respectively,and

thedegreeoftranslational/rotationalfixitybetweenthesuperstructureandthesubstruc-

turemembers.Sometypologicalfeaturesaboutthebearingdevicesshouldbeinserted

intothefollowingBearingssection(Figure2.11).Finally,theMaterialsandConstructive

detailssectionscomprisedataaboutconcreteandsteelstrengthandsteelreinforce-

ments.Itisworthnotingthatdesigndata,suchasdesignconcreteandsteelstrengths

andYoung’smodulus(e.g.fromP12toP15),orstructuraldetailssuchasbearingtype
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(e.g. P02-P05 or A01-A05 or the data within the Bearing section), the deck-abutment

gap dimension (A05) or the data required within the Materials and Constructive details

parts are hardly detectable without refined surveys or diagnostic testing. Since the sim-

plified seismic risk assessment algorithm in Chapter 6 is designed to perform a data

completion, the unknown field should be left empty.

Note that the spreadsheet is designed for incorporating all the necessary data used by

the algorithm to perform the seismic risk assessment of RC girder bridges with single-

shaft piers. As the algorithms will be developed, extensions of the spreadsheet could

be required. For example, data about multi-column piers or the degradation conditions

of the bridge components can be included.

2.3.2. Data acquired on case-study bridges

Eight case-study bridges are selected. The bridges from B1 to B6 are characterised by a

medium-level seismic hazard expressed by the Peak Ground Acceleration (PGA) having

the 10% probability of occurrence in 50 years (Figure 2.12). Conversely, the bridges B7

and B8 are located in a high (expected PGA exceeds 0.225g) and a low (expected PGA

lower than 0.100g) seismic hazard zone, respectively. The seismic hazard is charac-

terised according to the Italian regulations ((Ministero delle Infrastrutture e dei Trasporti

2018)). Information on the soil category is retrieved by the study of Forte et al. (2019).

A brief description of the bridges is reported as follows. The spreadsheets, appropriately

completed with the case-study data, are extensively reported in Appendix A.

• BRIDGE 1 (B1)

The bridge (Figure 2.13) is located along the provincial road SP Matera-Grassano

and overpasses a strip of the San Giuliano’s lake. The first Google Street View in-

spection allows identifying the isostatic scheme, the number of spans (5 spans)

and the pier typology (single-column piers). However, incomplete Google Street

View data are available for this bridge, given the absence of a road underneath or

sufficiently close reporting street view data. Therefore, some street view photos

are additionally collected during a fast on-site inspection. The pier heights and

other geometric characteristics are measured using the digital elevation model
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Figure 2.12: Seismic hazard map of the analysed area expressed in PGA [g = 9.81m/s2].

provided by Google Earth and simple photo measurements. It is worth men-

tioning that also LiDAR data from the Geoportale Nazionale suits this purpose.

Information on the connection system between the deck and the substructure is

not detectable at this stage.

• BRIDGE 2, BRIDGE 3, BRIDGE 4, BRIDGE 5 (B2-B3-B4-B5)

These bridges are part of the national road SS658 and exhibit very similar typo-

logical and constructive features (Figures 2.14,2.15, 2.16, 2.17). Since these

bridges overpass some secondary roads from which street view data are col-

lected, an exhaustive amount of knowledge data can be retrieved by Google Street

View. All these bridges are isostatic girder bridges with circular cross-section

single-column piers. Five precast girders characterise the deck of B2, while four

are present in the other bridges in the group. B2, B3 and B5 are three-spans

bridges while B4 is four-span. The pier heights are measured using the digital

elevation model provided by Google Earth and photo measurements of street

view images. The street view images allow characterising the deck-substructure
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connection which consists in neoprene bearings. The bridges have shear keys

placed at the extreme boards of the pier caps which are aimed to prevent deck

unseating in the transverse direction.

• BRIDGE 6 (B6)

The bridge B6 (Figure 2.18) is located along the national road SS658 and over-

passes a secondary provincial road. Street view data collected from the road

underneath the bridge allows a comprehensive geometrical and constructive char-

acterisation. The bridge is a three-span isostatic deck bridge with single-column

piers having a circular cross-section. The deck is composed of four precast gird-

ers. Even in this case, the pier heights are measured using the digital elevation

model provided by Google Earth and photo measurements of street view images.

The deck-substructure connection typology consists of neoprene bearings with

shear keys placed at the extreme boards of the pier caps.

• BRIDGE 7 (B7)

The bridge B7 (Figure 2.19) is located along the national road SS598 and over-

passes a secondary rural road. street view data collected from the overpassed

road is available for exhaustive data gathering. The bridge is a two-span isostatic

deck bridge with single-column piers having squared cross-section and spans

having a length equal to 33 m. The deck is composed of six precast girders.

Even in this case, the pier heights are measured using the digital elevation model

provided by Google Earth and photo measurements of street view images. The

deck-substructure connection typology consists of neoprene bearings only.

• BRIDGE 8 (B8)

The bridge B8 (Figure 2.20) is located along the national road E80-SS106 and

overpasses a road intersection between secondary suburban roads. Street view

data collected from the overpassed road is available for data gathering. The bridge

is an isostatic deck bridge with six spans and single-column piers having a circu-

lar cross-section. The deck is composed of three precast girders and 40 m-long

59



CHAPTER2. MULTI-SOURCEDATACOLLECTIONFORSEISMICVULNERABILITYOFBRIDGEPORTFOLIOS

spans.Eveninthiscase,thepierheightsaremeasuredusingthedigitalelevation

modelprovidedbyGoogleEarthandphotomeasurementsofstreetviewimages.

Thedeck-substructureconnectiontypologyconsistsoffixedandfreebearings.

Figure2.13:GoogleEarthdataonthecase-studyB1(topviewfromGoogleEarthandGoogleStreetView
image)

Figure2.14:GoogleEarthdataonthecase-studyB2(topviewfromGoogleEarthandGoogleStreetView
image)

2.3.3.ApplicationofRPAS-basedsurvey

2.3.3.1.Dataacquisition

GiventhelackofsuitablestreetviewdatatocharacterizetheB1bridge,anRPAS-based

surveyiscarriedout.TheadopteddroneisalightweightRPASquadcopterDJI(Dà-Jiang

Innovations,Shenzhen,China)Mavic2Zoomofabout905g,equippedwitha20mpx

RGB-sensorwithafocallengthvaryingfrom24–48mmbutsetat24mm.Twoflights
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Figure 2.15: Google Earth data on the case-study B3 (top view from Google Earth and Google Street View
image)

Figure 2.16: Google Earth data on the case-study B4 (top view from Google Earth and Google Street View
image)

Figure 2.17: Google Earth data on the case-study B5 (top view from Google Earth and Google Street View
image)

at 30m above ground level are planned. The first flight is carried out with a nadiral view

of the camera, while the second is carried out with 45° oblique camera in front of each

side of the deck. The first flight is performed with a longitudinal overlap and side-lap

rate of 80% were, while 75% for the second. A dataset of 97 images along the main axis

of the bridge is collected within the first flight in approximately six minutes. The second
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Figure 2.18: Google Earth data on the case-study B6 (top view from Google Earth and Google Street View
image)

Figure 2.19: Google Earth data on the case-study B7 (top view from Google Earth and Google Street View
image)

Figure 2.20: Google Earth data on the case-study B8 (top view from Google Earth and Google Street View
image)

flight is completed in 14min approximately collecting 190 symmetrical images. Both

of these image datasets are characterised by an average Ground Sampling Distance of

1.68cm/pixel.

To improve the accuracy of the expected results, the geospatial position of eleven ar-

tificial targets is materialized. These are homogeneously distributed in the study area.
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Nineoftheselatterareconsideredasgroundcontrolpoints(GCP)forthegeoreferenc-

ingphase,whiletheremainingareindependentcheckpoints(ICP)forthefinalaccuracy

verification.Theseareplacedatthejointsbetweenthedecksofthebridge,varyingthe

sideforeachspan(Figure2.21).AGCPisalsoplacedatthebaseofthecentralpier,

whilethetwoICPsaremeasuredinthemiddleoftheroadway.Thepositionofthesetar-

getsismeasuredinnetworknRTKmodewithaLeicaGeosystemGS08Plusreceiverin

aWGS84/UTMzone33NReferenceSystem,connectedtothelocalpermanentstation

oftheNationalDynamicNetwork(RDN2008)oftheContinuouslyOperatingReference

Stations.Theaccuracyofthemeasurementsisabout2cmalongthethreeaxesX,Yand

Z(consistentlywiththelimitsoftheadoptedmeasurementtechnique).Usingtheopen-

sourceItaliansoftwarepackageConveRgo(ConversionidicoordinateperleRegioni),

thealtimetricmeasurementsareconvertedfromellipsoidaltoorthometricaltitude.

Furthermore,aclose-rangevisualinspectioniscarriedoutemployinganotherdrone,

DJIPhantom4Proquadcopterwitha20mpxRGB-sensor.Thisflighthastheaimof

collectingsomeclose-rangeimagesondeterminedbridgecomponents(e.g.jointsand

neoprenepads)viaamanualflight2.21accordingtotherecommendationsofSubsec-

tion2.1.3(Figure2.22).

Figure2.21:Densepointcloudmodelanddistributionof(ground/independent)controlpoints
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Figure 2.22: Image collection of neoprene bearings in hovering flight mode

2.3.3.2. Data Processing

According to the suggestions of Section 2.2.2, Agisoft Metashape (v.1.5.4.8885) is

adopted for carrying out photogrammetric operations on the acquired image datasets.

Firstly, some parameters are defined to allow the elaborations. The adopted coordinate

system is specified, together with the accuracy of the on-board RPAS receiver and the

accuracy of the position of the GCP (named markers in the software) when acquired

in-situ and in the software environment. The self-correction of the camera parameters

is performed according to the metadata belonging to each image.

The first step of the process involves the camera alignment, in which the position of

the cameras and the collected images are calculated, performing the operating steps

reported in Section 2.2.2. The elaboration time usually depends on the number of im-

ages, pixel and the size of the sensors. In this case, it lasts around 5min and produces a

sparse cloud of 275,687 points with an average Reprojection Error (RE) of 0.744pixels

and approximately 23pts/m2.

According to Section 2.2.2, this sparse point cloud is subjected to a refining process

that involves filtering the points having a RE above 0.40. The refined sparse point cloud

is thus composed of 59,086pts, with an average RE of 0.373px.

Moreover, the coordinates of the control points acquired in-situ are imported. Each

target (both GCPs and ICPs) is selected in each of the images of the dataset and the

point cloud model is again adjusted with roto-translation transformation and scaling,
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considering the newly imported GCP position. Conversely, the coordinates of the ICPs

are used to check the corrected point cloud model at the end of the process. The

software evaluates the difference between the ICP position acquired on-site and in the

refined model. In this case, a total error of 0.026 m is obtained, which is satisfying for

the scope of this study.

Finally, the algorithm for achieving the dense point cloud model allows obtaining a point

cloud of 61,933,130pts reported in Figure 2.21 in three hours and 20 minutes.

2.3.3.3. Geometric extraction and storage

Given the dense point cloud, the geometry of the structural components of the bridge is

extracted. The spreadsheet described in Section 2.3.1 is filled in with text and numeric

variables retrieved by measurements performed on the point cloud model.

Furthermore, a digital model of the bridge is built within a BIM environment utilising

the Autodesk Revit 2020 software package. A manual approach is used for this task, to

adequately identify the qualitative and quantitative characteristics of minor size structural

components such as the neoprene bearings.

The point cloud model is imported within the software environment and each structural

component is visually recognised within the point cloud and converted into a geometric

solid block which is assigned to a specific family of elements (Figure 2.23).

Figure 2.23: Drawing BIM solid blocks from the point cloud
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Figure 2.24: Drawing BIM solid blocks from the point cloud

The BIM environment allows for assigning knowledge data to specific components such

asmaterial properties, reinforcement amount, damage, degradation together with a wide

variety of information sources such as inspection reports and images collected on-site.

In this way, each object (and the whole model itself) becomes a container of several

types of information. This is a key potential for the adoption of the BIM tool in data

storage for the management of existing infrastructure systems.

2.4. Summary

In this Chapter, an overview of multi-source approaches for creating inventory datasets

in the framework of structural vulnerability analysis of infrastructure assets is provided.

Firstly, the potential of different remote-sensing data sources is described according

to an extended literature review. The advantages and shortcomings of using these ap-

proaches are specifically described. A special focus on innovative Remotely Piloted

Aircraft Systems (RPAS) is provided to the reader, reporting advantages of the employ-

ment of RPAS for on-site image gathering and surveys, and describing the fundamentals

of a photogrammetric approach for image elaboration.

The described multi-source approach is framed within a multilevel framework that suits
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analysing large portfolios of structures, optimising time and cost efforts.

The methodology adopted in this dissertation for retrieving and integrating multi-source

data on some case-study bridges, analysed in the following Chapters is described. The

case studies are detected bymeans of street view data within the Basilicata road network.

For seven case-study bridges, the street view images allow a satisfying characterisation

of the bridges consistently with a medium level knowledge level. One of the case-study,

whose street view data are not complete, is surveyed by means of an RPAS-based

approach. The images collected are used to perform a photogrammetry process which

produces a 3D dense point cloud model. This latter allows for retrieving constructive

and geometric data on the analysed case study.
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Chapter 3

Effectiveness of the displacement-based seismic performance

assessment for continuous RC bridges and proposed extensions

Abstract

The displacement-based assessment (DBA) represents a satisfactory trade-off between

simplicity and accuracy for seismic performance assessment of existing bridges. Af-

ter describing a modal analysis-based DBA procedure proposed in literature, a static

analysis-based alternative is proposed in this Chapter, considering its strengths and

limitations. Moreover, an extension of the procedure is proposed to derive the force-

displacement curve of the investigated bridge (pseudo-pushover capacity curve) which

coupled with the capacity spectrum method (CSM) allows for performance displace-

ment calculation. The effectiveness of the DBA is discussed through parametric analy-

ses to address its practical applications. The DBA approaches, both modal and static, is

herein adopted for the transverse analysis of a set of 36 reinforced concrete continuous-

deck bridges up to six spans, with pier height in the range 8-20m and two different values

of the deck transverse stiffness. Additional sensitivity analyses (24 case studies) are

conducted to investigate the accuracy of the two approaches considering: 1) the length

of the bridge, 2) the amount of longitudinal reinforcement in the piers; 3) different pier

typologies. The results are compared to numerical pushover and time-history analyses

using three suites of 10 scaled, natural ground motions respectively consistent with

low-, medium- and high-hazard sites. For the majority of the case studies, the result-

ing performance assessments fall within one standard deviation of the results of the

time-history analyses. The last part of this Chapter investigates the applicability of the

above-mentioned approaches for two real existing case-study bridges.



CHAPTER3.EFFECTIVENESSOFTHEDISPLACEMENT-BASEDSEISMICPERFORMANCEASSESSMENTFORCONTINUOUSRC
BRIDGESANDPROPOSEDEXTENSIONS

Figure3.1:ObjectiveofthisChapter(SO2.1)andframingintheflowchartforseismicriskcalculation.

3.1.Introductionandmotivation

Inhighearthquakeriskcountries,theseismicassessmentofbridgesisparticularly

importantsinceoftensuchstructuresrepresentcrucialnodesofthetransportationnet-

worksandhavestrategicfunctions.Thisisdemonstratedbyfieldobservationsintheaf-

termathofmajorearthquakes,e.g.theMw=7.8,2016Kaikouraearthquake(Palermo

etal.2017).Moreover,inmanycountries(e.g.Italy),manyoftheexistingbridgesare

designedwithnon-seismicmethods,ratherthanadvancedtechniques(Priestleyetal.

1996),thusincreasingtheneedforanevaluationoftheirseismicbehaviour.

Nonlineartime-historyanalysis(NLTHA)isarguablythemostrefinedavailabletoolto

performaseismicperformanceassessment,providedthatsignificantcomputational

effortisspent,andtime/skillsareavailabletosetupthenumericalmodelofthebridge

andinterpretitsresults.Similardifficultiescanariseadoptingadvancednonlinearstatic

procedures(NSPs),suchastheadaptivepushover.Basedonpreviouswork(Elnashai

2001,Gupta&Kunnath2000),force-basedanddisplacement-basedadaptivepushover

(FAPandDAP)techniqueswereproposed(Antoniou&Pinho2004,Antoniouetal.

2004).Theserepresentimprovementsoftheconventionalinvariantpushoversince

theyallowtoaccountfortheeffectthatprogressivestiffnessdegradationmighthave

onthedistributionofseismicforces.BoththeFAPandDAPweretestedonreinforced

concrete(RC)bridgesprovinghighaccuracy(Pinhoetal.2007,Cardone2014).

Partoftheabove-mentioneddifficultiesinnonlinearnumericalmodelsisovercomeus-

ingtheDisplacement-BasedAssessment(DBA),whichrepresentsasatisfactorytrade-

offbetweensimplicityoftheanalysisandaccuracyoftheresults.Suchfeaturesrender

DBAalsosuitablefortheanalysisoflargeportfolios,possiblycoupledwithsimplified

methodsforthecharacterisationofstructuralmembers(Cosenzaetal.2011,Gentile
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et al. 2018a, Gentile & Raffaele 2018).

The DBA derives from its design counterpart (Priestley et al. 2007), which was firstly

proposed for bridges by Kowalsky (2002). Extensions to the procedure that include

the effects of higher modes in the design were proposed (Adhikari et al. 2010, Kappos

et al. 2013). The DBA procedure for bridges was proposed by Şadan et al. (2013) for

continuous-deck configurations with pinned abutments and involves the modal analysis

of the bridge based on secant stiffness properties for the piers, i.e.the effective modal

analysis by Kowalsky (2002). The DBA was extended by Ni et al. (2014) to include soil-

structure interaction. Further work by Cardone (2014) aimed at proposing performance

displacement profiles correspondent to a limit state in various members of the bridge

(i.e. piers, abutments, joints, bearing devices and shear keys). In such cases, the full

capacity curve of the bridge is not derived, but rather the performance displacement of

the bridge in component-based limit state condition.

After describing the existing DBA procedure based on modal analysis, this Chapter pro-

poses an alternative procedure based on static analysis. Moreover, it is proposed an

extension of the DBA procedures, both modal and static, to calculate the full pseudo-

pushover capacity curve of bridges. Reference to an open-access application suitable

for the above calculations is provided. Since a relatively less-complex model and analy-

sis type are used, the static-based DBA is deemed to be easier in practical applications,

for example allowing to utilise an electronic spreadsheet (possibly validated against the

provided application) instead of a numerical computer model. Using a static rather than

modal analysis is an attempt to render the procedure “practice-oriented” as much as

possible, aiming at the adoption of simple mechanical models constructed by the user,

while building refined numerical ones only for the final validation (and vice versa). This

could potentially reduce (or avoid) the “black-box” effect due to the adoption of highly-

refined models.

The above-mentioned modal and static approaches are based on the repeated applica-

tion of the DBA for increasing values of a control node displacement and are herein

called Displacement-Based Pseudo Pushover (DBPP). The concept is similar to what

done for RC buildings by proposing the Simple Lateral Mechanism Analysis (SLaMA)

method (NZSEE 2017, Gentile, del Vecchio, Pampanin, Raffaele & Uva 2019, Gentile,
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Pampanin, Raffaele & Uva 2019a,b,c). The DBPP allows obtaining a pseudo-pushover

curve of the bridge, for which the term ”pseudo” refers to a series of linear analyses

using secant rather than tangent stiffness properties for the members (NZSEE 2017).

Using such a curve within a capacity spectrum-based assessment approach allows for

calculating a variety of engineering demand parameters (for one or more spectra). This,

in turn, allows performing fragility analysis and risk assessment.

The scope of this Chapter is mainly related to the transverse analysis of continuous

deck bridges. The longitudinal analysis of such bridges is deemed to be a less-complex

application of the proposed solution since it is based on a much simpler static scheme

(piers in parallel which are forced to the same top displacement). Moreover, multi-span

simply-supported bridges are not considered since in this case each deck-substructure

subassembly can be modelled as a Single Degree of Freedom (SDoF) system, both in

the transverse and longitudinal directions. An in-depth discussion for isostatic bridges

in reported in Chapter 6. Finally, although the main case-study dataset (Section 3.3.1)

refers to RC continuous-deck bridges with single-column piers, straightforward modi-

fications in characterising the simplified structural model allow to consider other deck

typologies, pier-to-deck connections, and pier typologies (some of which are herein

considered in an additional sensitivity analysis).

The effectiveness of the DBPP approach is analysed by means of the application to

a dataset composed of 36 RC bridge case studies with continuous deck, comprising

wide ranges for the number of spans (2-6), the height distribution of the piers (8-20m),

the force-displacement response of the piers and the moment of inertia of the deck

(flexure in the transverse direction of the bridge). Firstly, the results are compared with

refined numerically-based pushover analyses using two different force profiles. The

capacity spectrum method (CSM, Freeman 1998a) is applied using such curves to

derive a performance point. The results are critically compared with the average of

NLTHA using three suites of 10 scaled, natural ground motions respectively consistent

with low-, medium- and high-hazard sites. Finally, additional sensitivity analyses are

conducted to investigate the accuracy of both analytical approaches in relation to the

bridge length, the amount of longitudinal reinforcement in the piers and different pier

typologies. Based on the obtained outcomes, some applicability limits are suggested
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to address a practical and appropriate use of these DBA methodologies.

3.2. Description of the DBA for bridges and proposed extensions

The DBA procedure for bridges aims at the identification of their displacement capac-

ity (for a given limit state) expressed in terms of equivalent SDoF properties. The as-

sessment is performed comparing the displacement capacity and demand at the corre-

sponding limit state, which depends on effective structural period and equivalent viscous

damping of the SDoF system.

An initial knowledge phase is required to define the geometry and detailing of the in-

vestigated bridge. Subsequently, limit displacements (or drifts) should be defined for

each member composing the bridge (e.g. piers, abutments, bearings). The DBA allows

to identify the displacement profile, and related base shear, associated with the limit

displacement/drift for one or more members in the bridge.

3.2.1. Overview of the DBA procedure based on modal analysis

The DBA procedure based on modal analysis (Şadan et al. 2013) is described herein.

Firstly, the force-displacement characterisation of the deck-pier and -abutment sub-

assemblies should be provided. This means that each subassembly should be rep-

resented by the force-displacement curve of an equivalent SDoF system or equivalent

cantilever. While an elastic behaviour is often appropriate for the abutments, the non-

linear force-displacement curve of the piers is needed. Also, the linear/nonlinear con-

tribution of other significant components (e.g. bearing devices, shear keys), if present,

should be included (see Chapter 6). The study in this Chapter considers only the con-

tributions of piers and abutments in the equivalent cantilevers, assuming fixed bearings

and non-sacrificial shear keys.

For RC single-column piers, the equivalent cantilever can be calculated based on the

study by (Priestley et al. 1996) accounting for the mass distribution along the pier height,

the mass of the the pier cap and a tributary portion of the deck. The model choice

(with particular reference to the shear span of the pier) can change depending on the

boundary conditions at the deck connection (Priestley et al. 1996). The heightH of the

equivalent cantilever can be calculated according to Equation 3.1, whereHp andHd are
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respectively the height of the pier and the deck centre of mass. The equivalent cantilever

massm involves the mass of piermp, the pier capmpc and the deck portion between

two mid-spansmd. Alternatively, the height of the equivalent cantilever can be set equal

to the height of the deck centre of mass. If a high degree of deck torsional restraint is

present, a different formulation (Priestley et al. 2007) of the equivalent cantilever height

should be chosen.

H = (mpc + 0.3mp)Hp + mdHd

m
where m = 0.3mp + mpc + md (3.1)

The force-displacement characterisation of each equivalent cantilever requires the (bi-

linear) moment-curvature relationship for the base section of the pier. This can be cal-

culated with simplified formulations (Gentile et al. 2018b, Gentile & Raffaele 2018) or

numerical approaches such as the computer code CUMBIA (Montejo & Kowalsky 2007).

The force-displacement curve can be calculated with Equations 3.2 to 3.7 (Priestley

et al. 2007), in which φY and φU are the yielding and ultimate curvatures,MY andMU

are the yielding and ultimate moments, ∆Y and ∆U are the yielding and ultimate dis-

placements. LSP is the strain penetration length, fy and fu are the yielding and ultimate

steel stresses and dbl is the mean bar diameter in the pier. It is worth mentioning that

alternative failure modes should be considered, such as lap-splice (Priestley et al. 1996)

or buckling (Berry & Eberhard 2005) of the longitudinal bars or shear failure (Kowalsky

& Priestley 2000). If one or more alternative failure modes anticipates (or prevents) the

flexural hinging, the force-displacement relationship of the piers should be modified in

the pre-processing phase, before using it in the analysis.

FY/U =
MY/U

H + LSP

(3.2)

∆Y = φY (H + LSP )2

3
(3.3)

∆U = ∆Y + ∆P = ∆Y + (φY − φU)LP H (3.4)
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LSP = 0.022fydbl (3.5)

LP = kH + LSP (3.6)

k = 0.2(fu

fy

− 1) ≤ 0.08 (3.7)

The so-called structural component modelling approach by Priestley et al. (1996) is

used to create a simplified mechanical model of the bridge. For analyses in the trans-

verse direction, such scheme (Figure 3.2) is composed by an elastic beam (the deck) on

spring supports (deck-pier and deck-abutment subassemblies, simply quoted as pier or

abutments hereafter). In the longitudinal direction, the bridge can be modelled consid-

ering springs in parallel which are forced to the same displacement. Each subassembly

in multi-span simply-supported bridges is calculated as above.

The DBA procedure based on modal analysis (Figure 3.2) starts with the individuation

of the member that controls the considered limit state, which in turn allows to select a

”control node” in the structural model of the bridge, and to set its displacement (∆c).

An initial guess of the displacement shape is scaled in such a way that the displacement

of the control node is equal to∆c. This allows to calculate the displacement shape∆i.

The shear force in each pier or abutment (Vi) is derived using the appropriate force-

displacement curve, and the secant stiffness (ki) is calculated according to Equation

3.8. A first modal (eigenvalue) analysis is carried out, deriving the first transverse modal

shape (ϕi) and its participating mass (M∗
1 ). The first modal shape is scaled according

to Equation 3.9 to derive a new displacement profile (∆′
i), which is compared to the pre-

vious guess (∆i). The secant stiffness is updated (Equation 3.8) and a new eigenvalue

analysis is performed until the calculated displacement profile stabilises. It is worth

mentioning that, using a reasonable value of the tolerance (e.g. 0.001), three or four

iterations are usually sufficient.

ki = Vi

∆i

(3.8)
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∆′
i = ∆c

ϕi

ϕc

(3.9)

If the participating mass of the first vibration mode is less than a given threshold (e.g.

70%), the effect of higher modes should be taken into account in each iteration. This

can be done calculating the Effective Mode Shape (EMS) (Kowalsky 2002), considering

a number of vibration modes such that the cumulative participating mass is equal or

greater than 90%. The performance displacement for each considered mode j is calcu-

lated according to Eq. 3.10, where Γj and Tj are the modal participation factor and the

period of vibration of mode j. Moreover, Sd(Tj) is the displacement demand calculated
with an hazard-specific 5% damped elastic spectrum. The final displacement profile∆i

is finally obtained with a modal combination method such as the Square Root of the

Sum of the Squares (SRSS) or the Complete Quadratic Combination (CQC).

∆i,j = ϕi,jΓjSd(Tj) (3.10)

The final step of the procedure is the characterisation of the equivalent (effective) SDoF

system of the bridge in limit state condition. This is done consistently with the approach

by Priestley et al. (2007). The effective displacement (∆eff ) and effective mass (meff )

are computed according to Equations 3.11 and 3.12. The effective damping of the

system is calculated accounting for the contribution of all the bridge members, including

their elastic and possible hysteretic contributions. Equations 3.13 and 3.14 allow to

calculate it considering 5% elastic damping for the abutments and 2% for the deck. In

such equations, ∆ab and Vab are the displacement and shear of one abutment, ∆pier,k

and Vpier,k are the displacement and shear of the kth pier and µk = ∆pier,k/∆Y pier,k.

The seismic assessment can be performed comparing the displacement capacity of the

SDoF with the displacement demand calculated on an hazard-compatible displacement

spectrum.

∆eff =
∑

mi∆2
i∑

mi∆i

(3.11)
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Figure 3.2: DBA procedure based on modal analysis.

meff =
∑

mi∆i

∆eff

(3.12)

ξeff =
∑ 0.05∆ab,lVab,l + 0.02∆eff (Vab,1 + Vab,2) +∑

ξpier,k∆pier,kVpier,k∑ 0.05∆ab,lVab,l + ∆eff (Vab,1 + Vab,2) +∑∆pier,kVpier,k

(3.13)

ξpier,k = 0.05 + 0.444(µk − 1)
µkπ

(3.14)

3.2.2. Proposed alternative DBA procedure based on static analysis

To provide a more practice-oriented tool, an alternative DBA procedure is proposed

which is based on static analysis (Figure 3.3). It starts with the definition of a control

node, which is related to the subassembly that controls the considered limit state. A

guess of the displacement shape is defined and it is scaled in such a way that the

displacement of the control node is equal to ∆c. The displacement of each member

(∆i) is used to interpolate the force-displacement curve of the sub-structure members

and derive the shear (Vi) and, in turn, the secant stiffness (ki).
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Figure 3.3: Proposed alternative DBA procedure based on static analysis.

The distribution of inertia forces is calculated with Equation 3.15, where VB is the base

shear. A static analysis is performed, and the calculated displacement profile (∆′
i) is

compared with the initial guess to check for convergence. A new static analysis is

conducted, after updating all the involved parameters, until the displacement profile

stabilises. The characterisation of the SDoF system and the final check against the

seismic demand are performed according to the same steps described in Section 3.2.1.

The displacement profiles by Priestley et al. (2007) or Cardone (2014) could be adopted

to select the initial guess. Nevertheless, a sensitivity analysis in this work demonstrated

that the initial guess does not affect the achievement of the convergence for the case

studies herein analysed. In fact, regardless of the initial guess, three of four iterations

of the analysis are normally sufficient if a tolerance of 1mm is adopted. In the specific

case of this study, a parabolic displacement pattern is assumed as initial guess for all

the analysed bridges.

Fi = mi∆i∑
mi∆i

VB (3.15)
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3.2.3. Analytical displacement-based pseudo pushover

Both the modal (Section 3.2.1) and the static (Section 3.2.2) DBA procedures are

conceptually simple and they can be performed using electronic worksheets or code

routines, using analytical static schemes rather than finite element numerical models.

Therefore, with the aim of fully exploiting the potentiality of the DBA approaches, it is

proposed to extend them to derive the full capacity curve of the bridge. Such process

is herein referred as displacement-based pseudo pushover (DBPP). An open access,

stand-alone application is provided for these calculations (Gentile 2019). The basic

idea is to repeat the modal or static DBA procedure for increasing displacements, al-

lowing to have a thorough information on the behaviour of the analysed bridge with

a particularly small increase in computational cost. This allows to calculate, for in-

creasing displacements, the properties of the SDoF system (∆eff ,meff , ξeff ) and the

Engineering Demand Parameters (EDP) for each single member (displacements of the

deck, shear in the abutments, shear and base moment of the piers, etc.). Finally, it is

possible to plot the base shear vs effective displacement curve.

The capacity curve deriving from this process is based on series of linear analyses

(modal or static) of a system whose members are characterised by the secant stiffness

compatible with increasing levels of displacement. Such idea is similar to the (more

familiar) concept of a pseudo pushover analysis, which refers to a series of linear elastic

analyses of a computer model based on secant stiffness. Such approach, also allowed

in international seismic guidelines (NZSEE 2017), theoretically allows to achieve the

same results of a standard pushover analysis.

Similarly to a numerical analysis, the number of needed steps (or the size of each step)

depends on the “smoothness” of the capacity curve required by the user and on the

adopted force-displacement relationships of the members (e.g. piers, abutments, bear-

ings, shear keys). If the member capacity curves are multi-linear,
∑m

i=1 bi analysis steps

are needed, wherem is the number of nonlinear members and bi is the number of linear

branches of the capacity curve of member i. In such case, guidance by Cardone (2014)

can be adopted to define the displacement profiles for each analysis step. If the process

is implemented in a routine or electronic spreadsheet, it could be less-demanding to run
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the analysis for equally-spaced displacement increments (using a sufficiently-small step

size) and to derive the relevant limit state displacement profiles by post-processing the

results. On the other hand, if smooth capacity curves are adopted for the members (e.g.

fibre-based force-displacement analysis for the piers), the latter approach is suggested

using a relatively-small step size (e.g. 1 to 5mm).

From the practical point of view, the DBPP starts with the (arbitrary) definition of a control

node in the static scheme of the bridge. It is suggested to select the top of a relatively-

central pier as control node, although the resulting capacity curve is independent from

such choice. The displacement of the control node is set and the modal (Figure 3.2) or

static (Figure 3.3) DBA is carried out. The process is repeated for an arbitrary number

of times, checking for each step if one or more members in the system have exceeded

their displacement capacity. By definition, each analysed step refers to an independent

displacement profile and equivalent SDoF system which are compatible with the related

secant stiffness, i.e. the procedure is ”adaptive”. In the context of the DBPPm, if the

EMS is needed in the elastic range (M∗
1 < 70%), it should be carried out in the non-

linear range regardless of the participating mass of the effective first mode (i.e. even if

M∗
1 > 70%).

Finally, once the DBPP curve is obtained (Figure 3.4), the seismic assessment evalua-

tion can be performed with an Acceleration-Displacement Response Spectrum (ADRS)

method such as, the CSM (Freeman 1998a). The defined Performance Point (PP) is

compared with the displacement capacity of the system to perform the final assess-

ment.

Apart from the intrinsic simplicity of the method, the adoption of the DB nonlinear curves

allows the possibility to investigate the behaviour of the bridge in a ”what if” fashion,

which can be particularly useful for the design of retrofit options. In other words, by in-

dividuating the response of the structure in correspondence of successive performance

limits of the members, it is possible to take into account the redundancy of the bridge

and/or design redundant retrofit strategies.
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Figure 3.4: Flowchart for calculating the displacement-based pseudo pushover.

3.2.4. Overview of the capacity spectrum method

The CSM aims to identify the performance of a structure under a given seismic input rep-

resented by a response spectrum. (ATC 1996) originally proposed three different CSM

methodologies (A, B and C). The procedure A is considered the most convenient for

simple spreadsheet/programming routine implementation. It is outlined in this section

and applied in this study. The CSM requires the computation of a force vs displacement

relationship (i.e. pushover curve or the above-mentioned DBPP) for the investigated

structure subjected to a monotonic load profile simulating the effect of a dynamic ex-

citation. The pushover curve is converted into a “capacity spectrum” related to an

equivalent SDoF system of the structure, expressed in an acceleration vs displacement

format. For conventional numerical pushover curve, Equation 3.12, 3.11 should be

applied to calculate the equivalent SDoF mass and displacement. For both numerical

pushover and DBPP, the conversion in acceleration-displacement space can be simply

performed by dividing VB formeff .

The CSM involves an iterative graphical procedure aimed to determine the PP in an

acceleration-displacement plane through the use of overdamped spectra. First, a ten-

tative performance displacement is assumed. In the conventional CSM approach, a

bilinearisation of the capacity spectrum up to the tentative performance displacement

is carried out. The equivalent yielding displacement is thus obtained and the ductility

demand corresponding to the tentative performance displacement is calculated by sim-

ply dividing the target displacement for the yielding one. At this stage, the overdamped
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demand corresponding to the tentative performance displacement is computed by mul-

tiplying the elastic (5%-damping) demand spectrum ordinates (conventionally a code-

based smooth spectrum is used) for a spectral reduction factor (η, Equation 3.16).

This latter is derived from the ductility-based equivalent viscous damping coefficient (ξ)

which expresses the reduction of the elastic demand given the hysteretic dissipation.

In this study, this step (bilinearisation and equivalent viscous damping calculation) is

not performed, since the equivalent viscous damping is known for each load step by

Equation 3.13. The same formulation can be applied also by using a pushover curve,

provided that the displacement profile is calculated for each loading step. This approach

is also described by Casarotti & Pinho (2007).

η =
√

0.07
0.05 + ξ

(3.16)

A new target performance displacement is identified at the intersection between the

overdamped demand and capacity spectra. If the calculated performance displacement

is sufficiently close to the initial guess (within an arbitrary tolerance assumed by the

analyst), the algorithm is completed and the performance point is identified. This latter

expresses the compatibility between the damping associated to both the overdamped

demand and the ductility demand of the structure. Otherwise, the newly calculated

performance displacement is used as the new tentative target one, and another iteration

is carried out. The process continues until the convergence is achieved.

3.3. Assumptions for the parametric analysis

3.3.1. Description of the case study bridges

The dataset of case studies for this parametric analysis is composed of 36 RC, continuous-

deck, straight bridges with pinned deck-pier and deck-abutments connections (Figure

3.5). Two deck typologies are considered. The first (J50) has a moment of inertia (for

transverse flexure) equal to 52.5m4 and is composed of three V-shaped 1.8m-high pre-

cast beams and a 11.5m-wide slab (0.3m-deep). For the second deck typology (J100),

the moment of inertia is equal to 104.1m4, the number of 1.8m-high beams is equal
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to four and the slab width is equal to 14m. The dimensions of the pier caps related to

each deck typology are indicated in Figure 3.5.

For each deck typology, 18 different bridge geometries are considered, with two, four or

six 35m-long spans. Pier heights of 8m, 15m and 20m are adopted to define regular

and irregular geometric configurations (Figure 3.5). As an example, the case study

labelled as B132 is a four-span bridge with a 8m-, 20m- and 15m-high piers. The

pier cross section, assumed to be equal for all the piers, is circular with 3m diameter.

The longitudinal reinforcement is composed of 63ϕ26 bars (with ratio ρl = 0.47%)
while the transverse reinforcement is composed of 100mm-spaced ϕ10 bars (with
volumetric ratio ρt = 0.1%). The shear strength Kowalsky & Priestley (2000) of the
piers is considerably higher than the corresponding flexural one, even for the shortest

pier.

The considered unconfined concrete strength is fc = 20MPa while the steel yield stress
is fy = 450MPa. Both the seismic masses and gravity loads (seismic load combina-
tion) are calculated based on a concrete density equal to 25kN/m3 and a uniform deck

load equal to 185kN/m (230kN/m for the J100 sub-set) to consider both self weight

and superimposed gravity loads.

The elastic dynamic behaviour of the selected bridges is dominated by the first mode.

Indeed, the first mode participating mass ranges between 74% and 84%. The elastic

(secant-to-yielding) first mode period of the bridges (shown in Figure 3.7) is observed

in the range [0.25s, 1.45s]. On the other hand, the first mode period of the bridges

calculated adopting the secant-to-performance point stiffness (CSM-based) falls within

the range [0.25s, 1.63s] (also shown in Figure 3.7).

The regularity of the case-study bridges is measured with the relative stiffness index

(Dwairi & Kowalsky 2006) (RS, Eq. 3.17), which quantifies - with a degree of approxi-

mation - the ratio between the (elastic) stiffness of the superstructure and the substruc-

ture. In such equation, EJdeck and Ldeck are the transverse flexural stiffness and the

total length of the deck, respectively. Greater values of RS indicate high regularity of the

bridge and low importance of higher modes (Kappos et al. 2013). The RS is calculated

using both the elastic, RSe, and secant stiffness,RSpp, of the piers (at the CSM-based

performance point) to investigate the regularity of the response for increased seismic
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Figure3.5:Geometricalconfigurationofthe36selectedcasestudies.ρl,ρt:longitudinalandtransverse
reinforcementratios.

intensity.

RS=

384EJdeck
5L3
deck

ikpier,i
(3.17)

3.3.2.Assumptionsforanalyticalandnumericalanalyses

Bothnonlinearstaticprocedures(NSPs)andNLTHAareperformedinthisstudy.The

consideredNSPsinclude:staticandmodaldisplacement-basedpseudopushover(DBPPs

andDBPPm);numericalpushoveranalysisconsideringaninvariantforceprofilepro-

portionaltothefirstvibrationmode(PUSHm);uniformforceprofilepushover(PUSHu).

TheseNSPsarecoupledwithCSM(subsection3.2.4)tocalculatethePP.

Forboththeanalyticalandnumericalanalyses,thebi-linearmoment-curvaturerelation-

shipofthebasesectionofthepiersisadopted.Thisiscalculatedusingthesoftware
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CUMBIA (Montejo & Kowalsky 2007). Moment-curvature is carried out adopting the

model by Mander et al. (1988) for confined concrete, the model by King et al. (1986)

for the steel reinforcement and considering the gravity axial load on the piers. It is worth

mentioning that the upper bounds for concrete and steel ultimate strains are set to 0.02

and 0.06, respectively (NZSEE 2017). No strength degradation is considered, since the

aim of this work is the analysis of the effectiveness of analytical procedures, rather than

capturing strength degradation effects.

The DBPPs and DBPPm procedures are implemented in an ad-hoc Matlab (MATLAB

2018) script, allowing for simple and fast calculations. To this aim, the so-called struc-

tural component modelling approach by Priestley et al. (1996) is used, considering the

transverse response only. In such analytical model (Figure 3.2), the continuous deck is

modelled as an elastic beam while the equivalent cantilevers of piers and the (pinned)

abutments are represented by elastic springs. The springs referring to the piers are

characterised by a force-displacement curve. This is based on the calculated moment-

curvature and adopting Equations 3.2 to 3.7, in which the strain penetration length is

neglected. Seismic masses are lumped in the main nodes of the deck, summing the

tributary deck mass, the mass of the pier cap and one-third of the pier.

The numerical pushover and NLTHA are performed using the nonlinear finite element

software Ruaumoko 3D (Carr 2016). The modelling strategy (Figure 3.6) is based on

a lumped plasticity approach in which the deck is an elastic frame member based on

uncracked stiffness. In correspondence of each pier, the deck node is part of a body

constraint along with mass-less nodes for each girder. Those are connected to the

elastic pier cap member through a rigid link and elastic springs representing bearings.

Among those, one is modelled as a pinned connection while the others are sliders. A

similar approach is adopted for the abutments. Piers are modelled by means of mono-

dimensional Giberson elements (Sharpe 1976). The nonlinear behaviour of the (fully-

fixed) base section of the piers is set consistently with their bi-linear moment-curvature

relationship. The cyclic response of the section is modelled with the revised Takeda

model (Saiidi & Sozen 1979), using 0.5 and 0 for the unloading and reloading stiffness

factors, respectively. The deck mass is distributed on five nodes for each span. The

mass of the piers is assigned to four nodes along their height, while three nodes are
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Figure 3.6: Adopted modelling strategy for numerical NLTHA and pushover analyses.

adopted for pier caps. In the pushover analyses (PUSHm and PUSHu), each node

assigned with a mass is part of the lateral load pattern. P-∆ effects are considered in
both the displacement-control pushover analyses and NLTHA. For the NLTHA, a tangent

stiffness proportional damping is selected as suggested by Priestley et al. (2007) and

a constant 5% damping is assigned to all the principal modes of the bridges.

3.3.3. Seismic demand

Three ground-motion Intensity Measures (IM) are considered in this study, referring to

low-, medium- and high-seismicity zones (Calcata, Montesilvano and Cosenza, Italy).

Figure 3.7 shows the related 5%-damped acceleration response spectra provided by

the Italian code (Ministero delle Infrastrutture e dei Trasporti 2018), related to a return

period equal to 450 years, soil type C (shear wave velocity Vs,30 = 180−360m/s) and

an importance factor equal to 1.5. The Peak Ground Acceleration (PGA) is respectively

equal to 0.25g, 0.32g and 0.42g. Such spectra are adopted to apply the CSM for both

the DBPP curves and the numerical pushover ones. The equivalent SDoF conversion

related to the numerical pushover curves is applied as per the DBA procedures (Sec-

tion 3.2.1), for consistency. NLTHA are carried out adopting three suites of 10 natural

ground motions selected from the European Strong-motion Database (ESD), using the

tool REXEL (Iervolino et al. 2010) (Figure 3.7). Such ground motions are linearly-scaled

in amplitude to achieve the compatibility with the above-mentioned target spectra (maxi-
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Figure 3.7: Elastic acceleration (a) and displacement (b) spectra of the scaled selected ground motions.

mum scale factor equal to 5). Spectrum compatibility is ensured in the bandwidth [0.1s,

2s], selected to include the values of elastic (secant-to-yielding) first mode period of

the analysed bridges, also shown in Figure 3.7. The observed period shift allows to

confirm the appropriateness of the record selection for the NLTHA. Indeed, all the first

mode effective periods (secant-to-performance point) fall within the adopted matching

bandwidth.

3.4. Results of the parametric analyses

3.4.1. Calculation of the capacity demand ratio and the bridge index

The analysis results for each case-study bridge are represented by two parameters:

the Capacity Demand Ratio (CDR) and the Bridge Index (BI). Those respectively refer

to the seismic performance of a given bridge with respect to the demand, and to the

accuracy of the predicted displacement profile with respect to the NLTHA, herein taken

as a benchmark. Similarly, the error on the CDR (NSP −T H
T H

) is introduced to have a

systematic comparison of the parametric analysis results and the evaluation of DBPP

procedure.

For all the considered analysis methods, it is assumed that the first pier that reaches the

Ultimate Limit State (ULS) causes the bridge ULS. For the NSPs, referring to pushover

or DBPP, the CDR is defined by post-processing the results according to Eq. 3.18. The

displacement capacity of each pier (∆Upier,k, where k indicates the piers) is compared

to the displacement demand at the performance point (∆P P
pier,k). These refer to the
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displacement profile consistent with the performance point calculated with the CSM. To

calculate the CDR of the NLTHA for a suite of records (Equation 3.19), the displacement

capacity of each pier is compared to the average response for the considered ground

motion suite (∆T H
pier,k).

It is worth mentioning that, since no strength degradation is considered in this study, an

hardening behaviour is registered in the force-displacement curves after the attainment

of the ULS, and this also affects the calculation of the performance point for bridges that

do not meet the criterion CDR ≥ 1. Clearly, other members in the bridge (abutments,
bearings, etc.) should be considered in the calculation of the CDR. However, this is

outside the scope of this study and only the piers are herein considered.

CDRNSP = min
(∆Upier,k

∆P P
pier,k

)
(3.18)

CDRT H = min
(∆Upier,k

∆T H
pier,k

)
(3.19)

The BI, proposed by Pinho et al. (2007), and adapted by Kohrangi et al. (2015b), is

herein adopted as an indicator of the bias of the NSPs with respect to the NLTHA results

in terms of deck displacement profile (∆i). In particular, the maximum response of

each NLTHA run is used to calculate the equivalent SDoF displacement. The average

of such displacements for the considered ground-motion suite is calculated (∆T H
SDoF ).

The corresponding displacement profile (∆NSP
i ) is extracted from the database of a

NSP, and the BI is calculated with Eq. 3.20, where Nsub is the number of sub-structure

members. Clearly, BI values close to one indicate the accuracy of a NSP in approaching

the NLTHA results.

BI = 1
Nsub

Nsub∑
i=1

∆NSP
i

∆T H
i

(3.20)

3.4.2. Detailed results for selected bridge case studies

This section presents the detailed results of three selected case studies. This allows

to better interpret the overall results presented in Section 3.4.3. Note that a complete
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extensive collection of results is reported in Appendix B.

The first selected case study is a four-span bridge (J100 B222) showing high regularity

in the seismic response (RSe = 1.26, RSpp = 1.32). Figure 3.8.a shows the NSP-
related curves (PUSHm, PUSHu, DBPPm and DBPPs), representing the effective SDoF

displacement versus the total base shear. Both the CSM-based performance points (for

the three considered IMs) and the ULS are indicated. Moreover, three indicators show

the average response of the NLTHA (10 runs for each considered suite). In particular, the

displacement and shear profiles for each ground motion record are enveloped, before

taking their average. An SDoF approximation (displacement and base shear) is derived

based on such average profiles. To have a measure of the NLTHA response dispersion,

the related confidence ellipses are also shown. Those represent the standard deviation

of the effective SDoF displacement and the total base shear, including their correlation.

Figure 3.8a indicates that the DBPPs curve is particularly similar to the PUSHm, while

the DBPPm predicts a slightly-higher base shear (less than 6% over-estimation through-

out the entire curve). The worst prediction is provided by the PUSHu, for which a 16%

base shear over-estimation at ULS is observed with respect to the PUSHm. In this case,

using a uniform force profile introduces a higher shear force directly transferred to the

abutments, thus increasing the total base shear. The DBPPs, DBPPm and PUSHm per-

formance points are particularly close to the average NLTHA response, proving the accu-

racy of the corresponding procedures. For IM3, the error for the displacement is equal to

-1.0%, -2.8% and -0.5%, respectively for DBPPs, DBPPm and PUSHm (+8.3%, +5.4%

and +9.7% for IM1). However, a slightly-higher over-prediction is observed for the IM2

performance-point displacement (respectively +14.0%, +11.6% and +14.7%). This

is possibly related to the damping assumption in the CSM, which may be less accurate

in the branch of the capacity curve where the highest stiffness change is registered.

For this case study, the accuracy of the NSPs based on the first modal shape is evident,

since the corresponding capacity curves are particularly close to the average NLTHA

response for the three analysed IMs, and within the corresponding standard deviation.

Moreover, the DBPPs curve is practically identical to the PUSHm one, demonstrating

the reliability of the simplified method for first mode-dominated bridges.

The ULS of the system is predicted consistently by using all the NSPs. The CDR based
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Figure 3.8: J100 B222 bridge: a) capacity curves and NLTHA response, b) displacement profiles calcu-
lated at∆T H

SDoF .

on NLTHA is equal to 1.25 at IM3, while its relative error with respect to the NLTHA is

equal to +1.1%, +3.1% and +0.7%, respectively for the DBPPs, DBPPm and PUSHm.

Considering the simplicity of the proposed methods with respect to the NLTHA, such

error trends are deemed to be satisfactory.

Figure 3.8b shows the displacement profiles from the NLTHA (average± standard devi-
ation), for each IM. The displacement profiles predicted by each NSP are shown for an

SDoF displacement equal to the NLTHA average (∆T H
SDoF defined in Section 3.4.1). It is

worth mentioning that a cubic interpolation is adopted herein, to somehow reflect the

topology of the elastic deformation of the continuous deck. The yielding and ultimate dis-

placements of each pier are also shown, thus allowing to interpret each stiffness change

in the capacity curves. For each IM, the displacement profile of the bridge is effectively

captured by all the adopted NSPs (with respect to the NLTHA). This is confirmed by the

BI, which is always smaller than 1.001.

The second selected case study is the J50 B12321, whose response is more affected

by the piers rather than the deck (RSe = 0.05, RSpp = 0.11). Figure 3.9a shows that
the DBPPs and DBPPm are affected by a negligible error with respect to the PUSHm,

while the PUSHu consistently over-estimates the base shear (max 23% with respect

to PUSHm). The CSM performance point is closely matching the average NLTHA re-

sponse, especially for IM1 and IM3 (e.g. the DBPPs base shear error is respectively

equal to +12.0% and -3.0%). A higher error is registered for IM2 (15.9%), although
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Figure 3.9: J50 B12321 bridge: a) capacity curves and NLTHA response, b) displacement profiles calcu-
lated at ∆T H

SDoF . For each pier, a light- and dark-grey markers show their yielding and ultimate displace-
ments.

the CSM performance point is within one standard deviation from the NLTHA average.

In fact, close to this displacement level, the highest stiffness change is registered in

the capacity curve(s), and the record-to-record variability has a higher influence on the

NLTHA response (increasing its dispersion). As an example, the yielding of piers 2 and

4 is dependent on the considered ground-motion record (Figure 3.9b). Such results are

reflected in the calculation of the CDR. At IM3, this is equal to 0.84, 0.85, 0.87 and 0.79,

respectively for DBPPs, DBPPm, PUSHm and NLTHA.

Figure 3.9b shows that the displacement profiles calculated with the NSPs are in good

agreement with the average NLTHA results. The BI (IM3) related to the PUSHm is equal

to 0.978, while a better performance is observed for the DBPPs and DBPPm (0.999 and

1.002, respectively).

The last selected case study (J100 B1) is a two-span bridge with a 8m-high pier which

is clearly dominated by the deck response (RSe = 6.44, RSpp = 6.44). It is worth
repeating that it is herein chosen to define the ULS of the bridge only according to the

piers (not considering bearings, abutments, etc.). For this short bridge, the vast majority

of the lateral load is directly carried by the abutments. Therefore, the estimation of the

ULS according to the piers (only) leads to particularly high displacement values (outside

the limits of the plot in Figure 3.10a). Clearly, this is reflected on the CDR.

The results of the analyses show that the bridge remains in the elastic range for all
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Figure 3.10: J100 B1 bridge: a) capacity curves and NLTHA response, b) displacement profiles calculated
at∆T H

SDoF . For each pier, a light- and dark-grey markers show their yielding and ultimate displacements.

the considered ground motion IMs. The DBPPs is practically coincident to the PUSHm,

since both are based on a force profile proportional to the first modal shape. Again,

this confirms the reliability of the structural component modelling approach. It is worth

mentioning that the DBPPm capacity curve is slightly different from the two previously-

mentioned approaches since this is based on a shear profile (rather than force profile)

proportional to the first modal shape. Indeed, using the response of the structure rather

than the applied forces (shear rather than force profile) allows to better consider the influ-

ence of the deck, whose properties affect the shear distribution on the piers/abutments.

For this reason, the DBPPs provides equivalent accuracy with respect to the PUSHm and

the DBPPm better captures the average NLTHA response (displacement error equal to

-12.9%, -6.0% and -8.6%, respectively for IM1, IM2 and IM3). The NSPs performance

points (for the three IMs) are observed on the plateau of the target spectra. Therefore,

the above-mentioned errors are likely caused by the discrepancy between the average

ground-motion spectrum and the target one, which is highest in the plateau region (Fig-

ure 3.7).

For this case study, and all the two-span case studies, the BI is equal to 1 regardless of

the considered method. Indeed, for such simple bridge configurations, the BI depends

solely on the maximum displacement of the pier, and does not provide any added value

in the interpretation of the results.
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3.4.3. Discussion of the results considering the entire dataset

The results for the entire dataset are discussed herein, including the accuracy of the

DBPPs and DBPPm. Considering the NLTHA as a benchmark, Figure 3.11 shows the

error on the CDR while Figure 3.12 shows the BI. Table 3.1 shows the CDR values for

IM3. Finally, Figure 3.13 summarises all the conducted analyses.

Considering RSe index, the case-study dataset can be split in three groups. Consider-

ing the J50 cases, the two-span bridges (3.24 ≤ RSe ≤ 38.20) are dominated by the
deck response; for the six-span bridges (0.02≤ RSe ≤ 0.28), the piers are much more
likely to govern the response; the four-span bridges (0.13 ≤ RSe ≤ 1.59) represent
intermediate cases which can be dominated either by the deck or the piers. Clearly, the

RSe for the J100 sub-set are double with respect to the J50 ones. RSpp = RSe for

the two-span bridges (elastic response). For the six-span case studies, the small dif-

ferences between RSpp and RSe (∆RS = 0.28 maximum) indicate that the regularity
in their response generally remains unchanged. The response of the four-span case

studies is considerably more regular in the inelastic range (∆RS = 0.61 maximum).
Indeed, the stiffness degradation for the piers leads to a deck-dominated behaviour.

Figure 3.11 shows that the DBPPs provides a similar level of accuracy of the DBPPm.

In particular, for all the four-spans and six-span case studies, negligible differences

in the CDR error are observed. On the other hand, for two-span case studies such

differences are higher, indicating a greater accuracy of the DBPPm. This confirms the

discussion in Section 3.4.2, including the higher accuracy of the DBPPm with respect

to the PUSHm for two-spans bridges. To validate the assumed equivalent cantilever

height in the DBPP approaches, the pier bending moment profiles (PUSHm) are used to

provide ”numerically-based” estimates of their equivalent height. Repeating the DBPPs

using these new height estimates leads to negligible differences in the capacity curve,

thus proving the low influence of the deck torsional stiffness.

Considering the four- and six-span case studies, the capacity curve estimation by both

the DBPPs and DBPPm closely match the results of the PUSHm (Figure 3.13). Moreover,

the response of all the case studies is dominated by the first vibration mode. The partic-

ipating mass is always greater than 74% and therefore the EMS is not necessary (only
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the first mode is considered). Slightly higher discrepancies are observed for the most

irregular configurations in the dataset, i.e. J50 B32123 (RSe = 0.08, RSpp = 0.25),
J50 B211 (RSe = 0.19, RSe = 0.39), J50 B311 (RSe = 0.20, RSe = 0.81), where
the PUSHm provides the highest base shear, since a non-adaptive approach fails to

capture the abrupt stiffness change after the yielding of the shortest piers. The ULS

displacement is captured with a relative error (with respect to the PUSHm) equal to

3.3% and 3.4% (average of absolute values), respectively for the DBPPs and DBPPm

approaches. On the basis of these results, it can be stated that for a wide range of

bridge configurations both the DBPPs and DBPPm allow to estimate capacity curves

with a level of accuracy particularly similar to a PUSHm.

The CSM is adopted, in conjunction to the DBPPs and DBPPm curves, to assess the

seismic performance of the bridges. The resulting performance points are compared to

the analogous values obtained with the PUSHm. The relative DBPPs vs PUSHm error

is equal to 1.9% and 2.6% (average of absolute values considering the three IMs), re-

spectively for displacement and base shear. On the other hand, 5.7% and 2.6% average

errors are respectively registered for the DBPPm. The relative errors with respect to the

average NLTHA are equal to 12.4% and 8.4% for the DBPPswhile 10.6% and 9.3% for the

DBPPm. This indicates that both methods provide reasonable results when compared

to NLTHA analyses, with the DBPPm being slightly better. As shown in Figure 3.13,

for the the majority of the case studies the DBPPm and DBPPs performance points fall

within the confidence ellipses of the NLTHA. For IM3, the coefficient of variation of the

NLTHA analyses is reported in the range [16%;33%] for the effective displacement and

[7%;30%] for the total base shear.

Figure 3.11 shows the calculated CDR for each analysis approach. It can be firstly stated

that, in estimating the seismic performance, the DBPPs provides a similar accuracy if

compared to the PUSHm. By referencing to NLTHA, the average CDR error is equal to

11.0% and 8.7% respectively for the DBPPs and the PUSHm. The DBPPm allows for a

slightly better accuracy (8.2% average error), since the analyses are based on a shear

(rather than force) profile proportional to one or more modal shapes. Finally, the error

trends are not sensitive to the moment of inertia of the deck. Indeed, by disaggregating

the results for J50 and J100 configurations, amaximum1% shift in the above-mentioned
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average errors is registered. Overall, based on the data in Figure 3.11, it can be further

stated that both the DBPPs and DBPPm approaches provide fairly-accurate seismic

performance assessments, if compared to NLTHA analyses.

The PUSHu results greatly over-estimate the base shear capacity for all the case studies

(Figure 3.13). For this reason, the predicted displacement at the performance point is

systematically lower than for the PUSHm, DBPPm and DBPPs. With respect to the other

NSPs, this causes a higher estimated CDR for the entire dataset, and therefore a higher

relative error with respect to NLTHA. In particular, the CDR error falls within the range

[-12.8%; +68.3%]. For some case studies (e.g. J50 B121, B211, B311), the PUSHu

CDR error is particularly close to zero. However, this does not correspond to a better

accuracy of the PUSHu approach. An example is shown in Figure 3.8 (IM1 and IM2),

where the performance point displacement of the PUSHu is particularly similar to the

NLTHA one. Although this leads to a low relative error on the CDR, it is clear that the

response predicted using the PUSHu is not satisfactory, i.e. the PUSHu performance

point falls outside the confidence ellipse of the NLTHA.

Figure 3.11: Error of the CDR for the entire dataset relatively to NLTHA.

The accuracy in determining the displacement profile is finally measured calculating the

BIs, which are shown in Figure 3.12.The BIs for the two-span case studies are practically

equal to one, and they are not shown in the figure. It is evident that the DBPPs and
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Figure 3.12: BIs for the entire dataset.

DBPPm are equivalently accurate for all the analysed bridges (1.01 average BI for both

approaches). For the PUSHm and PUSHu, the observed BIs are generally furthest from

1.00, especially for the less regular bridges (e.g. J50 B211, B311, B12321). This is

respectively due to the above-mentioned non-adaptive nature of these approaches and

the inadequacy of the uniform force profile. The BIs values are partially governed by the

stiffness of the deck, which affects the force redistribution after each stiffness change

in the nonlinear static response. Indeed, the J100 BIs are considerably closer to 1.00

and they show less dispersion.

3.4.4. Sensitivity analysis for long bridges

An additional parametric analysis is conducted to investigate the accuracy of the DBPPs

and DBPPm for longer bridges (8 or more spans). The adopted analysis approaches

are the same of the main parametric analysis. The dataset of case studies is composed

of six bridges: four having 8 spans and different pier height distribution along the deck

(B2222222, B1223221, B3332211, B2131332); two bridges having 10 and 12 spans

with 15m-high piers. The J50 deck configuration is provided for all the cases, yield-

ing to 0.01 < RSe < 0.035 for the 8-span bridges and RSe < 0.01 for 10- and
12-span ones. Only the highest seismic intensity is considered (IM3). Given the low

RSe, the seismic response would be likely governed by the piers. This also increases

the sensitivity of higher modes (in both linear and nonlinear ranges) to the pier-height

distribution.

Figure 3.14a investigates the influence of the bridge length only (for a uniform pier-
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Table 3.1: Capacity Demand Ratio (CDR) for the entire case study dataset, calculated at IM3.

J50

DBPPs DBPPm PUSHm PUSHu

B1 2.53 3.27 2.68 4.34

B2 5.10 6.58 5.08 8.23

B3 8.44 10.89 8.40 13.60

B111 0.75 0.77 0.78 0.96

B222 1.19 1.22 1.19 1.33

B333 1.58 1.62 1.57 1.76

B121 0.88 0.91 0.90 1.03

B123 0.78 0.79 0.84 0.89

B132 0.71 0.73 0.77 0.82

B212 0.57 0.58 0.58 0.68

B211 0.66 0.68 0.69 0.80

B311 0.65 0.67 0.69 0.79

B11111 0.62 0.62 0.65 0.78

B22222 0.90 0.91 0.89 1.02

B33333 1.14 1.15 1.12 1.26

B12321 0.84 0.85 0.87 0.92

B12223 0.98 0.99 0.95 1.12

B32123 0.40 0.41 0.43 0.46

J100

DBPPs DBPPm PUSHm PUSHu

B1 3.47 4.49 3.58 5.80

B2 8.00 10.32 7.98 12.91

B3 13.65 17.61 13.61 22.03

B111 0.75 0.77 0.76 0.90

B222 1.27 1.29 1.26 1.39

B333 1.77 1.81 1.76 1.94

B121 0.89 0.92 0.90 1.02

B123 0.79 0.81 0.82 0.90

B132 0.74 0.76 0.77 0.87

B212 0.59 0.61 0.60 0.69

B211 0.67 0.69 0.69 0.80

B311 0.67 0.69 0.69 0.80

B11111 0.58 0.58 0.60 0.71

B22222 0.89 0.90 0.89 1.00

B33333 1.18 1.19 1.17 1.30

B12321 0.76 0.77 0.78 0.85

B12223 0.79 0.80 0.90 0.87

B32123 0.38 0.39 0.40 0.44
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Figure 3.13: Results of the analyses for the entire case study. The thin curves and the small markers are
associated to J50 deck, while the thick curves and the big markers refers to J100. First-mode periods,
calculated with elastic (secant-to-yielding) and effective (secant-to-performance displacement, CSM-
based) stiffness, are indicated.
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height distribution), by showing the capacity curves of the bridges having 15m-high

piers. Figure 3.14b, instead, shows the influence of pier-height distribution for the 8-

spans cases only (B1223221, B3332211 and B2131332). The DBPPs and PUSHm

provide similar capacity curves (as for the shorter bridges), while DBPPm diverges

considerably, and tends to the PUSHu. This is caused by the EMS calculated in the

DBPPm, since the participating mass of the first mode is smaller than 70%. Confirming

the results by Pinho et al. (2007), for long bridge case studies, the NSPs based on the

first mode only predict a lower total base shear with respect to the NLTHA. The PUSHu

and DBPPm respectively show -15.1% and -16.4% average relative errors in terms of

base shear. Therefore, they respectively outperform the PUSHm and DBPPs, that yield

-38.2% and -40.1% errors. These results are further explained by Figure 3.15, that

reports the displacement profiles at ∆T H
SDoF for the B2131332 and the 12 span-bridge.

In the former case, the PUSHu and DBPPm better mimic the TH-based displacement

profile, if compared to the first mode-based analysis techniques (PUSHm and DBPPs).

Indeed, the PUSHu and DBPPm provide BIs of 1.10 and 0.96, outperforming the PUSHm

and DBPPs respectively (BI equal to 0.67 and 0.71). For the 12-span bridge, the DBPPs

and PUSHm fail in capturing the displacement profile (BI < 0.67), as reported for
the 8-span case studies. Even if it considers a combination of vibration modes, the

DBPPm is not able to approximate the NLTHA (BI = 0.71). A similar condition is
registered for the 10-span case study. Possibly, this relates to the way the significant

vibration modes are combined (i.e. SRSS), which may be inappropriate for bridges

with 10 spans or more. Further investigations are required to confirm such hypothesis.

On the other hand, a better accuracy is given by the PUSHu (BI = 0.92), which better
mimics the NLTHA response. The CDR for these bridges are generally smaller than 20%,

as reported in Figure 3.16 in Section 3.4.5. Although such errors are not excessively

high, those mainly refer to the response of the critical pier (on which the CDR is entirely

based). Since the accuracy related to the displacement and shear profiles is lower

(as demonstrated above), NLTHA is suggested for bridges with 10 spans or more (in

conjunction with a nonlinear static approach). Based on this sensitivity analysis, the

DBPPs and DBPPm procedures are deemed appropriate for the considered bridges up

to six spans (approximately RSe > 0.035). For the considered 8-spans case studies
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Figure 3.14: Bridge length sensitivity analysis (capacity curves): a) uniform pier height cases; b) irregular
pier height cases.

(approximately RSe > 0.01), the DBPPm may still be adopted while the DBPPs is
inadequate. For bridges with 10 spans or more (approximately RSe < 0.01), NLTHA is
suggested. For practical applications, the applicability of the DBPPs and DBPPm may

be based on both the number of spans andRSe, whichever is most stringent. However,

special attention should be given if RSe is particularly close to the indicated threshold

of 0.01.

3.4.5. Further sensitivity analyses

Two sensitivity analyses are conducted to investigate the effectiveness of the displacement-

based approaches to: 1) the amount of pier reinforcement; 2) the pier typology. A first

dataset of 15 case studies is defined changing the amount of pier longitudinal reinforce-

ment of the J50 B222, B311, B12223, B22222 and B32123 bridges. For each geomet-

rical configuration, the pier reinforcement is set equal to ρl = 0.35% (LR), ρl = 0.47%
(MR) and ρl = 0.70% (HR). Only the highest intensity subset of ground motions (IM3)
is considered. Figure 3.17.a shows the capacity curves of the B222 bridge, for which

the above-mentioned errors (on both displacement and base shear) are in the same

order of magnitude, regardless of the pier reinforcement. The relative errors (NSPs vs

NLTHA) on the CDRs reported in Figure 3.16 confirm this outcome. It is evident that the

discrepancy of the DBPPs and DBPPm with respect to the NLTHA is not sensitive to the
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Figure 3.15: Bridge length sensitivity analysis (displacement profiles): a) B2131322 case study; b) 12-
span case study. For each pier, a light- and dark-grey markers show their yielding and ultimate displace-
ments.

Figure 3.16: Relative errors on the CDRs for the case studies in the sensitivity analyses.

pier longitudinal reinforcement.

For the last sensitivity analysis, three additional case studies are considered, which

have six spans and different pier typologies: two-column framed-piers; single-wall piers;

and single-column piers with hollow-squared cross section (Figure 3.17b). The force-

displacement capacity of such piers is derived analytically according to SLaMA (Gentile,

del Vecchio, Pampanin, Raffaele & Uva 2019), and their overall behaviour is flexural. It

is worth noting that, shear failures can be likewise considered in the displacement-

based procedures by appropriately reducing the displacement capacity of the members

and/or modifying their capacity curve accordingly. The PUSHm, DBPPs and DBPPm

curves are particularly similar for these case studies, while the PUSHu consistently

overestimates the base shear. The capacity curves reported in Figure 3.17b prove that
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the pier typology does not affect the consistency between the NSPs (PUSHm, DBPPs

and DBPPm) and the NLTHA, which is instead affected by the stiffness of the piers (and

consequently a lower accuracy is expected for bridges with low RS). Consistently with

the previously-considered parametric analyses, the relative error on the displacement at

the performance point with respect to the NLTHA is higher for the case studies with lower

RSe. Considering the DBPPm as an example, the relative errors on the CDRs are equal

to +3% for the framed-pier case (RSe = 0.07), -21% for the case study with hollow-
squared piers (RSe = 0.02) and -35% for the wall-piers bridge (RSe = 0.012). This
error trend agrees with the previously-discussed applicability conditions of the DBPP

approaches. Indeed, the higher error for wall-piers bridge is expectable, since its RSe

value is particularly close to the suggested threshold of 0.01.

Figure 3.17: a) sensitivity analysis involving the pier longitudinal reinforcement; b) sensitivity analysis
involving the pier typology.

3.5. Application to real continuous-deck bridges

To further test pros and cons of the DBPP(s) in the common practice, two real ex-

isting continuous deck RC-bridges having different regularity features were selected.

The results of the DBPP(s) are again compared with conventional pushover analyses

performed with uniform (PUSHu) and modal (PUSHm) invariant load profile and time-

history analyses (NLTHA).
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3.5.1. Description of the case-study bridges

Both the selected cases are continuous deck straight multi-span bridges, having single

column piers and pinned connections between the deck and the substructure. The first

case (indicated as Bridge 1) is one of the bridges analysed in the guidelines for existing

bridges assessment and retrofit proposed by RELUIS consortium (ReLUIS 2009). It is a

relatively short viaduct with 30m-long 6 spans. The deck is composed of two steel gird-

ers 1.60m-high and a 0.3m wide-RC slab. The single column piers exhibit a transverse

3m-diameter hollow circular cross section with two layers of 44ϕ26 longitudinal bars
and 200mm-spaced ϕ12 hoops. The height of the piers ranges between 8 and 19.50m
as shown in Figure 3.18. The second case (indicated as Bridge 2) is a 10-spans viaduct

located in Sala Consilina (SA). The external bays measure 38m, while the internal 35m.

The deck is composed of 3 precast RC-girders 2m-high linked by a 0.3m wide slab. The

piers present an octagonal hollow cross section with two layers of 44ϕ26 longitudinal
bars and 100 mm spaced ϕ12 hoops. The horizontal dimensions of the cross section
are equal to 3.31m with a 0.5m wall-thickness. The height profile shows that the height

of the piers varies between 6.75 and 10m.

3.5.2. Modelling strategy and analysis assumptions

Concerning the DBPP(s), the procedure is performed using the simplified beam ana-

lytical model implemented in a MATLAB routine described in Section 3.3.2. The force-

displacement laws of the piers are calculated using moment-curvature analysis of the

base-section of the piers, performed via the software KSU-RC (Esmaeily & Peterman

2007) which allows for analysing RC members with hollow cross-sections. No strength

degradation is considered, and the Ultimate Limit State is identified in the post-processing

phasewhen the first pier reaches its ultimate displacement capacity. Numerical pushover

and NLTHA are performed using CSiBridge software (Computer and Structures INC

(CSI) 2017). A similar modelling approach to the one proposed in Section 3.3.2 is

adopted. The deck and the pier caps are considered via elastic frame with uncracked

stiffness, whereas effective stiffness at yielding is assigned to piers modelled as mono-

dimensional frames with a fixed base. A lumped-plasticity strategy is used, plastic
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Figure 3.18: Geometrical and constructive features of the existing case studies

hinges are concentrated at the base of the piers equipped with moment-rotation laws

and a Takeda hysteresis law (Saiidi & Sozen 1979) for cyclic response. A 3m-refined

mass discretization is used for the deck and piers. To be consistent with the assump-

tions of the simplified model, bearings and abutments are modelled with two-joints links

that fix the displacement in the transverse directions, allowing for free relative rotations.

Amass-proportional and a first-mode load profile are used for numerical pushover analy-

ses. Even in this case, the assessment is carried out using the CSM strategy in Section

3.3.2 and step-by-step equivalent SDoF systems are characterized, to be consistent

with the DBPP. Two different 5%-damped demand spectra are calculated, correspond-

ing to the specific hazard conditions of the selected bridges for a return period of 475

years. Peak Ground Acceleration (PGA) values are 0.34 and 0.43 g for the short and

long bridge respectively. NLTHA are carried out with 10 natural scaled ground motions

selected from the SIMBAD (Smerzini et al. 2014) database using REXEL (Iervolino et al.

2010). The accelerograms are selected according to the soil-type of the site and scaled

in amplitude to satisfy spectrum-compatibility criteria with 10%-lower and 20%-upper

bounds in the period range between 0.2-2.0s (Figure 3.19).

104



Andrea Nettis

Figure 3.19: Code and mean 5%-damped spectra in terms of spectral acceleration (a) and displacement
(b)

3.5.3. Eigenvalue analysis

Eigenvalue analyses (Figure 3.20) are performed to identify the modal proprieties of the

selected cases and to better interpret the results. According to the literature (Priestley

et al. 1996, Isakovic 2006), the regularity in the seismic response of a bridge is linked

to the influence of higher modes in the undamaged state and it increases proportionally

to the ratio between the transverse stiffness of the deck and the total lateral stiffness

of the piers. According to this statement, the 6-span bridge exhibits regular behaviour

since its dynamic response is governed by the first mode in the transverse direction.

About the long bridge, the high lateral stiffness of the short piers concerning the long

flexible superstructure induces a strongly irregular dynamic behaviour. The shape of the

first transversal mode is determined by the lower stiffness of the piers in the right part

with respect to the left shorter columns. Differently, the second mode involves higher

displacement in the left part of the bridge. It is expected that both the modes strongly

influence the seismic behaviour since the participating mass values are 42% and 34%

respectively.

3.5.4. Discussion of the results in transverse direction

The seismic response of the selected bridges is analysed via both the version of DBPP.

It is worth noting that the DBPPs considers only the first mode behaviour, while the

DBPPm accounts for higher modes when the participating mass of the first mode in the

transverse direction is lower than 70%. Consequently, analysing bridge 2, the EMS is
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Figure 3.20: Results of modal analysis (a) bridge 1 (b) bridge 2

activated. The results are presented in terms of capacity curves and performance points

related to equivalent SDoF systems. With reference to the NLTHA, the equivalent SDOF

transformation is executed step-by-step for each ground motion, the maximum effective

displacement is calculated, and the corresponding base shear is derived. The average

values of effective displacement/base shear of the 10 ground motions are reported as

the NLTHA performance point. Moreover, the envelope of the maximum demands in

terms of displacement and shear is calculated for each member and the average results

of the 10 ground motions are extracted. For bridge 1 (Figure 3.21), the differences be-

tween the DBPP and the PUSHm curves are negligible, while the PUSHu predicts higher

base shear values. This is due to the higher value of loads applied to the stiffer external

part of the bridge, almost entirely transferred to the abutments. Since the predicted re-

sponse is stiffer, the displacement demands in the piers are underestimated using the

uniform load pattern. On the contrary, performance points and performance displace-

ments of the DBPPm, DBPPs and PUSHm are consistent with the average response of

the NLTHA. The relative error about performance effective displacement predicted with

respect to NLTHA is -4.8%, -4.1% and -3.9% for PUSHm, DBPPm and DBPPs respec-

tively. Generally, the results confirm the above-mentioned accuracy (Section 3.4.3)of

a first mode-based nonlinear static method dealing with regular bridges. The results for

bridge 2 (3.22) emphasize the inadequacy of using nonlinear static procedures for long

irregular bridges. Even though the capacity curves predicted by PUSHm and DBPPs

are consistent, these fail in predicting the global base shear, underestimating it with a

relative error of 26.8% and 29.0% compared to the NLTHA. The displacement demand
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is strongly underestimated in the stiffer part of the bridge. This is because these ap-

proaches consider only the first mode influence on the seismic response. Referring

to the displacement demand, the PUSHm and DBPPs vs NLTHA average relative error

(accounting for all the members) are 49.8% and 39.4%. Higher modes contribution is

considered by the DBPPm through the EMS that accounts for the three modes reported

in Figure (3.20). Since the modal periods are similar, the complete quadratic combi-

nation is used. The DBPPm outperforms the previously discussed modal procedures

better predicting the displacement demand of the left side of the bridge, including the

second mode contribution. In this case, the average DBPPm-vs-NLTHA relative error is

4.9%. Furthermore, the shear demand is accurately predicted, even if a strong overesti-

mation of the shear absorbed by the right abutment is recognised. It is worth noting that

the deformed profile predicted of the DBPPm is not a “real” deformed configuration, but

it is calculated through the statistical combination of the contribution of the significant

modes. Since the NLTHA-based performance point is related to a specific time step,

there is an inconsistency comparing these performance points. Thus, a dummy perfor-

mance point is associated with the envelope of the NLTHA displacement-shear values.

There is good agreement between the DBPPm-based performance point and the latter

proving that in this case the former provides accurate predictions. Finally, the PUSHu

fails in catching the demand on the left side of the bridge, while yields good results in the

most deformable part: the relative error between PUSHu and TH measures an average

of 7.9% and 4.9% on the critical pier. This indicates the PUSHu a better solution than

PUSHm when dealing with long bridges.

3.5.5. Analysis in longitudinal direction

In this final section, the DBPP procedure is adopted to perform the seismic analysis in

the longitudinal direction. This task is deemed to be easier than the transverse direction

since, referring to continuous deck multi-span bridges, the deck can be considered ax-

ially rigid. Thus, the simplified model is composed of one or more structural member

acting in parallel in absorbing inertia forces. Even in this case, the structural members

can be modelled with their force-displacement relationship. These latter are different

from the force-displacement laws used in the transverse direction since the effective
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Figure 3.21: Bridge 1 results in terms of capacity curves and performance points, displacement and
shear demand for each substructure member

height of the piers changes considering the variation of to the contra-flexure point whose

position depends on the degree of fixity at column top. If all the nodes of the deck are

constrained to the same longitudinal displacement, the deformed shape is known in ad-

vance. Thus, no iterations are needed, and any choice of the control node is equivalent.

Given a pre-determined target displacement of a generic node of the deck (the same for

all the nodes), the shear stresses in each structural member can be achieved by inter-

polating the corresponding force-displacement laws and summed up to calculate the

global base shear. The equivalent SDoF transformation can be performed and a point is

defined on the pseudo-pushover curve. The final capacity curve is the combination of

the force-displacement relationships of the shear-bearing members. It is worth specify-

ing that the influence of other factors like abutment-backfill interactions or joint closures

are relevant and, generally, should be accounted for. In this case, only the contribution

of piers is considered for simplicity in testing the procedure. Both the case studies were

analysed under the longitudinal direction assuming fixed bearings or shock transmitters

on the piers and free abutments. Capacity curves are presented in Figure 3.23 for DBPP

and PUSHm. The comparison proves good accuracy with some differences detected

against the NLTHA possibly related to damping contributions.
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Figure 3.22: Bridge 2 results in terms of capacity curves and performance points, displacement and
shear demand for each substructure member

Figure 3.23: Capacity curves along the longitudinal direction and performance points: (a) bridge 1, (b)
bridge 2.

3.6. Conclusions

This Chapter deals with the seismic performance assessment of continuous-deck RC

bridges using DBA procedures. After describing the modal analysis-based DBA proce-

dure, a static-based alternative is proposed in this study, which is deemed to further

increase the simplicity of the DBA approach. Moreover, it is proposed an extension of

the DBA procedures, both modal and static, which allows deriving the displacement-

based pseudo-pushover curve of the bridge. The basic idea is to repeat the modal or

static DBA procedure for increasing displacements, deriving thorough information on

the behaviour of the analysed bridge with a particularly small increase in computational
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cost. The CSM is finally adopted to assess the bridge performance.

The displacement-based pseudo pushover, both modal (DBPPm) and static (DBPPs),

are herein adopted for the transverse analysis of a set of 36 reinforced concrete continuous-

deck bridges with two, four or six, 35m-long spans, two values of the deck moment of

inertia (transverse direction) and different combinations of 8m-, 15m- and 20m-high

single-column piers. The resulting performance assessments are compared with those

calculated by means of pushover (with force profile proportional to the first vibration

mode, PUSHm, or uniform, PUSHu) and time-history analyses using three suites of 10

scaled, natural ground motions respectively consistent with low-, medium- and high-

seismicity sites. Three additional datasets of (24) bridges are adopted to investigate the

accuracy of the DBPPs and DBPPm for 1) increasing length of the bridge; 2) amount

of pier longitudinal reinforcement; 3) different pier typologies. The results can be sum-

marised as follows:

• For the analysed bridge configurations up to six spans, the DBPPs and DBPPm

approaches allow estimating the bridge capacity curve with a level of accuracy

particularly similar to the PUSHm. On the other hand, the PUSHu provides a

systematic and considerable over-estimation of the base shear;

• Both the DBPPs and DBPPm (coupled with the CSM) provide fairly-accurate seis-

mic performance assessments, measured in terms of capacity-demand ratio

(CDR), with the modal approach being slightly better. For the vast majority of

the cases up to six spans, the performance points fall within one standard devia-

tion from the average of the time history analyses, both in terms of displacement

and base shear of the equivalent SDoF system. The DBPPm allows for better

accuracy: the improvement is substantial for two-span bridges and only slight

for the four- and six-span ones. The error trends are not sensitive to the moment

of inertia of the deck and to the amount of pier longitudinal reinforcement;

• The applicability of the DBPPs and DBPPm may be based on both the number

of spans and the relative stiffness index in the elastic range (RSe), whichever is

most stringent. The DBPPs and DBPPm procedures are deemed appropriate for
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the considered bridges up to six spans (approximately RSe > 0.035). For the
considered 8-spans case studies (approximatelyRSe > 0.01), the DBPPm may
still be adopted while the DBPPs is inadequate. For bridges with 10 spans or more

(approximately RSe < 0.01), NLTHA is suggested. However, special attention
should be given if theRSe is particularly close to the indicated threshold of 0.01;

• Additional pier typologies are considered: two-column framed-piers; single-wall

piers; and single-column piers with hollow-squared cross-section. The pier ty-

pology does not affect the consistency between the NSPs (PUSHm, DBPPs and

DBPPm) and the NLTHA;

• Two additional case-study bridges are analysed to confirm the accuracy and the

shortcoming observed within the parametric analysis.
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Chapter 4

Displacement-based seismic performance assessment for

multi-span steel truss bridges

Abstract

The seismic vulnerability of bridge portfolios is of increasing concern for transportation

system authorities which need extensive surveys and assessment aimed at risk-based

prioritisation. Various research efforts in the last decades were oriented to the devel-

opment of simplified seismic performance assessment approaches for bridges to be

applied for evaluating a large number of structures in short time requiring low com-

putational cost and time. The study presented in this Chapter is aimed at discussing

the effectiveness of nonlinear static analysis and analytical displacement-based assess-

ment (DBA) approaches, together with the capacity spectrum method (CSM) for perfor-

mance displacement assessment, for historical steel truss railway bridges with sup-

porting steel tower. These bridges, although built in the first part of the last century,

are currently in-service along the European railway networks and their seismic perfor-

mance was poorly discussed in the literature. The first part of this study focuses on the

seismic performance assessment of steel towers, investigating an effective equivalent

viscous damping formulation to be used within the CSM of these structural components.

The second part focuses on testing DBA and CSM approaches for steel truss bridges.

Six case studies are generated having different substructure regularity and two to four

spans. These are analysed via nonlinear static procedures and two direct DBA algo-

rithms. Nonlinear time history analysis is used for benchmarking the accuracy of the

simplified approaches.
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Figure4.1:ObjectiveofthisChapter(SO2.2)andframingintheflowchartforseismicriskcalculation.

4.1.Introductionandmotivations

Theseismicvulnerabilityofbridgeportfoliosisofincreasingconcernfortransportation

systemauthorities.Themainissuesinthisfieldarerelatedto1)anexpectedinade-

quacyintheseismicresponseofthesecriticalstructures,mostlydesignedinthepast

withoutanti-seismicrequirements,and2)tothehighamountofexistingstructurestobe

inspectedandassessed.Inthiscontext,refinedmodellingandhighlyaccurateanalysis

methodologies,suchasnonlineartime-historyanalysis(NLTHA),arehardlyapplicable

fortheirlargedemandoftimeandcomputationaleffortinvolved.Variousresearchef-

fortswereorientedtothedevelopmentandtestingoffastersimplifiedseismicanalysis

approacheswhichcanbeappliedforevaluatingbridgeportfolios.

Nonlinearstaticproceduresrepresentasimplifiedalternativeapproachwithrespectto

NLTHA.Thesearebasedontheresponseoftheanalysedstructuresunderanincre-

mentalloadpatterninordertoachieveapushovercurverelatingthetotalbaseshear

withthedisplacementofacontrolnode.Thepushovercurveisconvertedinanequiva-

lentsingle-degree-of-freedom(SDoF)capacityspectrumwhichcanbecomparedtothe

seismicdemandrepresentedbyresponsespectra.Variouscapacityspectrum-based

methodologiescanbeappliedtoidentifytheperformanceoftheequivalentSDoFsystem.

Amongthese,itisworthmentioningtheCapacitySpectrumMethod(CSM)(Freeman

1998b)(whichisdescribedinsection3.2.4)andtheN2method(Fajfar1999)which

arecurrentlyincludedinguidelinesandcodessuchastheATC-40(ATC1996)andthe

EC8part3(CEN2005).

Theapplicabilityofseveralnonlinearstaticapproachesforbridgeswaswidelyinvesti-

gatedinthelastdecades(Isakovic2006,Isakovićetal.2008,Pinhoetal.2007,2009,

Paraskevaetal.2006,Paraskeva&Kappos2010,Perdomoetal.2017,Kohrangietal.
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2015a). Conventional pushover analysis with an invariant first mode-based load pattern

can be successfully applied for regular bridges, according to the outcomes of Chap-

ter 3. For irregular bridges, whose seismic response is typically affected by higher

modes or by high variability of modal shapes involved by damaging and inelasticity in

the members, some modifications of the conventional algorithm for pushover analysis

are proposed in the previously mentioned studies (e.g. multi-modal or adaptive force-

or displacement-based load patterns).

Based on early studies about direct displacement-based design and assessment by

Priestley et al. (2007), various research efforts focused on proposing displacement-

based assessment (DBA) approaches for predicting the displacement profile of bridges

under a given seismic action, if coupled with the CSM, or in a given damage state (DS)

condition (Şadan et al. 2013, Cardone 2014, Cademartori et al. 2020). In Chapter 3, an

alternative static analysis-based algorithm for performing the DBA of continuous girder

bridges analysed in the transverse direction is provided and discussed through compar-

isons with the modal analysis-based algorithm proposed by Şadan et al. (2013) and

conventional pushover performed with first mode-based a uniform load patterns. Sim-

plified DBA approaches represent a convenient analysis methodology for the purposes

of network-scale analysis of bridge portfolios. As done in Chapter 3 and by Perdomo &

Monteiro (2020), these can be applied by resorting to simplified elastic beam modelling

and by developing simple programming routines.

However, it is worth noting that all the aforementioned studies focus on the response

of RC-girder bridges which is arguably the most spread typology of roadway bridges

in the European context. To the author’s best knowledge, there are no literature studies

which concern testing of these simplified methodologies for steel truss bridges which

is a common typology of railway bridges in Europe. These are mainly historical bridges,

built during the construction of the transportation network in Europe between the sec-

ond half of the 19th century and the first decades of the 20th Pipinato (2018). A high

number of these old bridges is currently in-service and should be subjected to struc-

tural assessment with respect to the current code prescriptions (e.g. traffic and natural

hazards) and, if necessary, retrofitted. Most of these bridges are characterised by a

considerable historical value which deserves to be preserved.
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The guidelines Seismic retrofitting guidelines for complex steel truss highway bridges

MCEER (2006) provides recommendations for seismic analysis and retrofitting of this

bridge typology, referring to the US context. According to the classification reported

in this document, this typology includes bridges whose superstructure and (option-

ally) substructure components are truss structural systems composed of axially-loaded

straight steel members connected together forming triangular patterns. The superstruc-

ture is commonly composed of two truss girders connected by bracing systems and

floor beams supporting stringers and the railroad plane. The truss girders are com-

posed of two longitudinal (upper and lower) chords connected by diagonal and vertical

frames (forming triangles). The two truss beams are connected by (secondary) bracing

systems in the horizontal planes, resisting seismic and wind loads, and in the vertical

ones (in the cross-section of the superstructure) preventing in-plane sway distortions

of the truss cross-section.

Multi-span truss bridges are characterised by simply-supported adjacent trusses (i.e.

isostatic superstructure) or a continuous (hyperstatic) truss girder superstructure. The

truss superstructure is connected via one (for continuous superstructure) or two (for

isostatic structural scheme) lines of bearing devices on steel-braced towers or unrein-

forced masonry/RC wall piers. Steel towers are composed of four steel legs connected

by a bracing system consisting of diagonal and horizontal steel elements.

Literature studies on this bridge typology are few and mainly deal with the fatigue re-

sponse of truss spans characterised by riveted connections. Pipinato et al. (2009,

2011), Silva et al. (2021), Buitrago et al. (2021) described experimental campaigns

performed on dismantled steel truss spans, particularly analysing the fatigue response

of the systems and, particularly, of the riveted connections under cyclic loading. The

study by Pipinato (2018, 2019) discussed strengthening solutions for improving the

traffic bearing capacity and extending service life of existing steel truss bridges. To

the author’s best knowledge, Yilmaz & Çalayan (2018) is the only recent study which

investigates the seismic fragility of a multi-span steel truss railway bridges. It analy-

ses a case-study bridge in Turkey, performing fragility analysis via NLTHA discussing

the efficiency of different intensity measures. Pollino & Bruneau (2008, 2007) investi-

gates experimentally the performance of steel truss pier retrofitted by using a controlled
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rocking approach.

This study focuses on the seismic performance assessment of multi-span steel truss

bridges with steel braced towers. An existing case study, an historical bridge of the

Valencian (Spain) railway network, is identified as an archetype structure and it is used

to perform a typology-based study via a parametric case-study bridge generation.

The first part of this Chapter examines the seismic performance assessment of steel

braced towers. It investigates the use of the CSM for carrying out the performance

assessment of bridge truss piers.

The second part of this Chapter focuses on testing simple pushover and DBA approaches

for continuous-truss bridges. Some case studies are generated having different sub-

structure layout and different number of spans. These are analysed with two numerical

pushover procedures with a modal (first-mode) and a uniform load pattern and two DBA

approaches based on static and modal analysis. NLTHA is used as a benchmark.

4.2. Description of the archetype bridge

A historical steel truss bridge is selected as an archetype structure to introduce the

typological study. This is a multi-span truss deck bridge, built between 1913 and 1915,

which currently is still in-service within the Spanish railway network.

The superstructure is a continuous truss having 42m-long spans and consisting of two

lateral Pratt-type truss girders measuring a height equal to 4m from the top of the bear-

ings to the top of the upper chords. The upper and lower chords exhibit a T-shape built-

up cross-section as shown in Figure 4.3. The cross-section of diagonals and verticals

is cross-shaped, composed of four angles (i.e. L-shaped cross-section steel frames).

Two steel braced towers constitute the substructure system. The first is 18.60m-high

and the X-bracing system is arranged in five panels, while the second has a height

equal to 11.88m and three panels (Figure 4.3). The diagonals exhibit a T-shaped cross-

section composed of coupled angles, while the horizontal braces are battened members,

composed of two pairs of coupled-angles with steel plates as battens. At the top of

the steel towers, 0.75m-high beams are placed to absorb the gravity loads from the

bearings. The legs are battened members: two built-up C-shaped parallel chords are

connected by steel plates, one per 0.85m, creating an open-box cross-section. Rivets
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Figure 4.2: On-site photographies of riveted steel braced towers

are used to connect the different steel elements in each built-up member and for the

connections between the members (e.g. the bracing systems to the gusset plates and

legs). At the bottom of the steel towers, steel anchor bolts attach the legs to the masonry

foundations. Figure 4.2 reports two photos of the steel braced towers collected on-site.

The bearing devices were recently replaced during a recent retrofit intervention. Pot

bearings (i.e. confined elastomeric bearings) are placed on the top of the steel towers

and the masonry abutments, preventing relative displacement between the deck and the

substructure members in the transverse direction. Shock transmitters are also present

to ensure the transmission of seismic forces from the deck to the piers. Further infor-

mation about the analysed case-study are reported in Bertolesi et al. (2021), Buitrago

et al. (2021).

4.3. Seismic performance assessment of steel braced towers

In this section, the seismic response of steel braced supporting towers is discussed.

The steel towers of the archetype bridge described in the previous section are analysed.
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Capacity curves in terms of equivalent SDoF displacement and base shear are calculated

by using numerical pushover analysis and a by-hand analytical approach recommended

as a simplified seismic analysis methodology in international guidelines.

The effectiveness of the CSM for seismic performance assessment is discussed. Sev-

eral state-of-the-art approaches for calculating equivalent viscous damping coefficients,

which lead to the calculation of overdamped spectra, are compared to NLTHA to identify

the most accurate strategy suitable for calculating the seismic demand of steel towers.

4.3.1. Description of the modelling strategy

In this sub-section, the adopted modelling strategy for the steel towers is described. The

numerical models of the steel towers are created using the SAP2000 software package

(Computer and Structures INC (CSI) 2018). The legs and the top beams are represented

by linear frame elements. Fixed restraints are placed at the base of the legs neglecting

soil-foundations interactions. The diagonal and horizontal braces are modelled via two-

node nonlinear link elements.

The tributary seismic mass of the truss deck (i.e. the gravity loads plus a portion of

the train loads) is lumped in a node placed on the top of the tower, at the height of the

centroid of the truss deck. It is connected to the top nodes of the towers by rigid links.

The masses of the members are lumped in their end nodes (i.e. no mass discretisation

along the members).

Considering the top beams and the legs, a lumped-plasticity strategy is adopted and

plastic hinges are placed at the ends of these members. Plastic hinges equipped with

axial load-flexure interaction strength domains are used for the legs, while simple flexural

plastic hinges are assigned to the top beams. Also, shear hinges are placed in themiddle

length of the frames modelling the legs.

Considering the recommendations by Eurocode 3 (EC3)-part 1 (CEN 2009) and by

MCEER (2006) and the width-to-thickness ratios of the different plates and angles, the

cross-sections of the built-up members can be classified as ”compact” (Class 1 of the

EC3). This allows for excluding local buckling phenomena which can induce strength

reduction during the plastic response until the reaching of the ultimate rotational capac-

ity.
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Figure 4.3: Geometric and constructive features of the archetype bridge.
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A simplified approach is applied for calculating the axial load-flexure interaction domains

for battened members (i.e. the legs) accounting for lateral buckling. The compression

strength Nc of the battened members is calculated considering the global buckling and

the local buckling of the profiles between the battens. For the former, a value of effective

slenderness accounting for the shear flexibility, which is relevant for battened members,

is used. The tensile strength Nt is calculated using the net section area (i.e. the gross

cross-section area excluding the rivet holes) of the longitudinal profiles only.

Subsequently, the axial load domain is discretised in several intervals [Ni; Ni+1] be-

tween the maximum (tension, Nt) and minimum (compression, Nc) strength capac-

ity. Varying Ni, the corresponding flexural strength is calculated according to the AISC

(2010). For each compressiveNi, the minimum between the moment causing buckling

of the single longitudinal C-shaped profile and the plastic moment of the cross-section

is used as ultimate strength. This calculation is performed in both the flexure directions

of the cross-sections.

The document by MCEER (2006) suggests adopting appropriate limitations for the ul-

timate ductility capacity of built-up steel members if no experimental tests or refined

finite-element modelling plastic analysis are performed. In this study, a maximum rota-

tional ductility equal to 2 is used (i.e. severe damage in MCEER (2006)). This value is

linearly reduced, from 2 to 0, for axial load ratio included in [0.5Asfy, Asfy] where As

is the gross area of the cross-section, fy is the steel yielding strength (Lee & Bruneau

2008a,b).

Shear hinges are also modelled considering the minimum between the ultimate plastic

shear strength of the whole member and the shear inducing axial buckling or yielding

in the battens. For both battens and longitudinal profiles, shear buckling failures are

excluded according to the criteria reported in Eurocode 3 (CEN 2009).

It is worth noting that experimental tests on the cyclic response of battenedmembers are

reported in literature (Sarkar & Sahoo 2016, Della Corte & Landolfo 2017). However, a

general lack of specific capacity models to be used for numerical analyses is evidenced

considering the current regulatory codes. In this study, the cyclic response of the legs

is neglected (further clarifications are reported in 4.3.3).

A pinned connection between the legs and the bracing members is considered in the
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numerical model. An axial load-induced nonlinear response is associated with the diag-

onal and horizontal bracing members. The compression strength is calculated as the

critical buckling load, which is largely lower than the plastic compressive stress, given

the high slenderness ratio of the members. The tensile strength is calculated consider-

ing the net section. The cyclic response of the bracing members is modelled according

to the study by Georgiev et al. (2017) which compare the hysteretic response of steel

braces achieved by numerical analyses performed in SAP2000 to experimental tests.

The pivot hysteresis rule (α1 = 100, α2 = 0.1, β1 = 0.02, β2 = 0.4, η = 0) is
selected for the two-nodes-link modelling the braces.

It is worth mentioning that a more accurate modelling strategy can be adopted as in

literature studies related to the cyclic response of concentrically braced systems (Hsiao

et al. 2012, Hammad & Moustafa 2020). As an example, a refined modelling approach

can be appropriately utilises a fibre-based modelling of the braces with initial out-of-

plane geometric imperfections for a refined calculation of the cyclic response of the

braces considering buckling. In this case, the nonlinear contribution of the gusset plate,

placing rigid end zones in the overlapping parts between the legs and the gusset plate,

should be also considered. Such a refined modelling strategy should be adopted within

experimental test campaigns, but can considerably burden the assessment process if

complex structures, such as truss bridges, are subjected to computational-consuming

analysis, such as NLTHA.

It is worth mentioning that a strength-based verification of the critical components, such

as the riveted connections between the members or the anchorage devices connecting

the legs to the foundation, should be performed to prove the validity of the modelling

strategy adopted. This can be performed following the recommendations of MCEER

(2006) post-processing the seismic analysis results.

4.3.2. Seismic analysis procedures

The numerical models of the steel towers are subjected to pushover analyses and NLTHA.

The pushover analyses are performed using an invariant load pattern tracking the shape

of the first vibration mode. A control node on the top of the tower is selected. The

NLTHA is performed adopting scaled natural ground-motion records described in the
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following subsection. For NLTHA, a tangent-stiffness damping strategy is selected and

an elastic damping equal to 3% is assigned to all the vibration modes.

In addition to the numerical pushover analysis, a simplified analytical procedure is also

used in this study to validate the pushover results and provide to the users a simple

method based on by-hand calculations for achieving capacity curves of steel braced

towers. This method does not resort to a nonlinear numerical model and can be ap-

plied with fast programming routines. The procedure mimics the steps of the pseudo-

pushover analysis proposed in the NZSEE (2017) for the seismic assessment of existing

buildings.

This simplified analysis approach is described in the flowchart shown in Figure 4.4.

The method is based on a series of linear static analyses performed on an elastic model

which is updated during the process. The adopted two-dimensional model represents

the front of the tower. The three-dimensional effect is neglected. The model is com-

posed of the legs (fully fixed to the foundations), the top beam, the horizontal and ten-

sile diagonal braces (selected considering the pushing direction), which respond to axial

load only (i.e. working as truss or cable members). The compression braces are ne-

glected in the model, due to their low buckling load and expected scarce influence on the

total base shear. In this simplified model, all the tributary seismic mass of the system

is placed on the top of the tower and it is equal to the tributary mass of the superstruc-

ture calculated considering the superimposed gravity loads and, where appropriate, a

portion of the total railroad traffic load.

The bracing members are characterised by a bilinear axial stress-displacement back-

bone, whereas the legs are characterised by bilinear moment-rotation backbones where

the yielding moment (i.e. plastic moment) varies depending on the axial load accord-

ing to the corresponding interaction domain. Only elastic perfectly plastic or positive-

hardening backbones can be used in this simplified procedure, neglecting softening

effects. In this study, the top beam is considered elastic, given its high flexural strength

and its nonlinear response is expected to occur after the reaching of the ultimate tower

capacity.

Firstly, the elastic stiffness is assigned to the different members of the model. A static

analysis is performed with a force of arbitrary intensity placed at the top simulating the
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seismic action. To consider the effect of the eccentricity of the seismic mass of the

deck with respect to the top of the tower (if relevant), the force can be coupled with a

moment equal to the force multiplied by the distance between the top of the tower and

the deck cross-section centroid.

At this stage, the axial/flexural stress of eachmember can be registered and compared to

the corresponding capacity computing a strength-based Capacity Demand Ratio (CDR).

In this case, the CDR considers an axial response of the braces (assuming a pinned

connection to the gusset plates), and the axial-flexural interaction of the legs. Note that

the influence of the gravity loads should be considered by assigning a quarter of the total

gravity load to each leg (i.e. half of the total to each two-dimensional model and half of

this latter to each leg). Also, the displacement profile of the tower (i.e. top tower dis-

placement and horizontal displacement of all the horizontal braces) which corresponds

to the top displacement of each panel ∆panel,k is extracted.

The member characterised by the minimum of the calculated CDRs is assumed to reach

the yielding before the others at the considered analysis step. The total base shear at

this step Vb,k and∆panel,k is calculated by multiplying the counterpart read by the static

analysis for the minimum CDR.

If the ultimate capacity of the tower is reached, the analysis stops. In this study, the

ultimate capacity condition corresponds to the occurrence of one of the following local

conditions:

• reaching of the axial ductility capacity of the tensile bracing member;

• reaching of the flexural ductility capacity of the legs;

• axial buckling of the horizontal braces.

This latter is a fragile mechanism that can induce an important redistribution leading to

a loss of global tower strength. Also (considering that the buckling load of the diagonal

braces is very prematurely reached), the failure of the horizontal braces implies a large

increase in the effective length of the legs reducing its critical buckling load.

If the ultimate capacity is not reached, another step is performed. In this latter case,

the model is updated, assigning to the critical member its post-elastic stiffness and
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a new static analysis is performed. The newly calculated stresses are added to the

stresses calculated in the previous step, the following critical element is identified and,

accordingly, another value of Vb,k and ∆panel,k is achieved.

Figure 4.4: Flowchart of the analytical pseudo-pushover for steel towers.

4.3.3. Damage states and seismic response of steel towers under monotonic load-
ing

The seismic response of the analysed towers under an incremental load pattern is dis-

cussed in this subsection. Three DS thresholds are identified on the obtained capacity

curves following the recommendations of the guidelines by (MCEER 2006) based on
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the local nonlinear response of the steel members. The DSs of the steel towers are sup-

posed to determine the global performance level of the bridge. The DS1 corresponds

to minimal post-earthquake damages which can slightly affect the bridge serviceability

and the global seismic capacity. In this case, the structural repairing, if needed, can in-

volve service limitations. The DS2 includes repairable damages on the steel members,

but not affecting the gravity load safety of the tower, keeping an adequate residual ca-

pacity to seismic loading. The DS3 reflects a near-collapse condition, with fragile failure

modes and severe damages on steel members. The repairing interventions can require

large efforts in terms of time and cost. The following Table 4.1 defines the DS adopted

in this study. The axial buckling of the compression diagonal braces is not considered

to define the tower DS since it occurs in the very first steps of the analysis. Top beam

damages are also excluded as stated in Section 4.3.1.

Table 4.1: Damage state descriptions for the steel towers

Damage State Description

DS1 Yielding of the tensile diagonal braces (minimal damages, µd ≥ 1)
Flexural yielding of the legs (minimal damages, µl ≥ 1)

DS2 Large plastic rotation of the legs (repairable damages, µl ≥ 1.5)

DS3 Ultimate flexural ductility on legs (severe damage, µl ≥ 2)
Buckling of a longitudinal profile of the battened legs

Shear failure of the legs

Axial buckling of horizontal braces

Figure 4.5 shows the capacity curves for the steel towers (named T1 and T2) calculated

via the previously described strategies. The consistency between numerical pushover

and pseudo-pushover evidences the accuracy of the simplified approach for the anal-

ysed cases. This proves the validity of the assumptions of the simplified method (i.e.

neglecting compression diagonal bracing members and the three-dimensional effect).

The capacity curves related to the longitudinal direction (i.e. longitudinal axis of the

bridge) show a ductile response: the yielding of the (at least one) tensile diagonal braces

(which determines the DS1) anticipates the nonlinear response of the legs. The plas-
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tic rotation at the top of the legs determines the reaching of DS2. No shear failure is

detected. The DS3 corresponds also to the ultimate plastic rotation at the top of the

legs.

Contrarily, a fragile response is observed in the transverse direction, where the axial

buckling of the horizontal braces represents induce a near-collapse DS3, anticipating

other ductile failure modes. This is because of the reduced effective length of the hori-

zontal braces with respect to the longitudinal direction, which reduces the critical buck-

ling load.

Figure 4.5: Pushover and pseudo-pushover curves of the analysed steel towers.

For studying the nonlinear response in the transverse direction, a retrofitted version

of the steel towers is introduced. The cross-section area of the horizontal braces is

increased until a ductile response of the tower is activated, simulating a retrofit inter-

vention aimed at increasing the critical buckling load. The capacity curves in Figure 4.5

for the retrofitted cases shows that the hierarchy of strength is consistent with the one

observed in the longitudinal direction. In the following sections, the retrofitted towers

are indicated as T1r and T2r.
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4.3.4. Seismic action

A suite of ten natural spectrum-compatible ground-motion records is selected. The

normalised elastic response spectrum proposed by the EC8-part 1 (CEN 2004) Type

1 for site class C (i.e. shear wave velocity Vs,30 = 180 − 360m/s) is adopted. This

spectral shape is scaled to a PGA value of 0.4 g and it is used as a target spectrum for the

record selection. The records are selected via the MATLAB-based tool REXEL (Iervolino

et al. 2010) from the European Strong Motion Database (Ambraseys et al. 2004). This

tool allows the analyst for an automatic selection of a suite of ground-motion records

which are linearly scaled in amplitude to achieve compatibility with respect to the target

spectrum within a given range of period.

In this case, the spectrum compatibility is ensured in the bandwidth [0.15 s, 1.5 s],

selected to include the values of elastic (secant-to-yielding) first mode period of the

analysed steel towers and (a tentative value of) the period elongation associated to the

stiffness degradation during the seismic response. The maximum adopted scale factor

is equal to 3.5 avoiding large scaling which can jeopardise the reliability of the record

selection.

Finally, the dataset of spectrum-compatible records and target spectrum is again scaled

for PGA values corresponding to 0.3 g and 0.2 g obtaining three suites of ground mo-

tions having different seismic intensity.

Figure 4.6: Target and mean 5%-damped spectra in terms of spectral acceleration (a) and displacement
(b)
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4.3.5. Equivalent viscous damping strategies for seismic performance assessment
of steel towers

4.3.5.1. Performance assessment and selected strategies for equivalent viscous damp-

ing

The CSM is applied to calculate the performance displacement using the numerical

pushover and the pseudo-pushover curves under a given seismic action. The CSM

algorithm is aimed at identifying the performance point which is the intersection be-

tween the capacity spectrum and an over-damped response spectrum accounting for

the reduction in the demand given the hysteretic response of the structure. The ca-

pacity spectra refer to the relationship between the displacement and acceleration of

an equivalent SDoF system of the tower and it is calculated according to the approach

by Casarotti & Pinho (2007) and section 3.2.4. Considering the numerical pushover

curve, for each pushover load step, the equivalent SDoF displacement, ∆eff , and the

acceleration are calculated. The acceleration is obtained by using the effective mass of

the tower. The refined mass distribution of the model can be effectively approximated

with a mass equal to the tributary seismic mass of the deck placed at the top node of

the tower, neglecting the mass of the tower itself. In fact, the total mass of the tower

is about 1/20 of the deck mass. Therefore, ∆eff can be approximated as the displace-

ment registered at the top node of the tower. This assumption is also applied in the

simplified pseudo-pushover (Section 4.3.1).

The equivalent viscous damping coefficients (identified as ξeff ) are used to calculate

spectral reduction factors and reduce the 5%-damping elastic response spectrum. ξeff

is equal to the sum of the elastic ξel and hysteretic ξhyst damping which depends on

the hysteretic rule.

Several formulations for computing ξeff calibrated for different structural typologies are

proposed in the literature and tested (e.g. (Casarotti et al. 2009)) within a displacement-

based assessment framework. However, no recommendations are explicitly reported

for steel towers.

Consequently, the effectiveness of several literature formulations for ξeff is evaluated

in this study concerning the seismic performance assessment of steel towers. The
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performance points selected via the considered equivalent viscous damping strategies

are compared to NLTHA to identify the ”best” formulation.

To perform a preliminary literature-based selection of suitable equivalent viscous damp-

ing formulations, a qualitative analysis of the cyclic behaviour of steel towers is needed.

The steel towers can be studied as concentrically braced structural systemswith slender

diagonal braces arranged in different panels. The hysteretic dissipation of concentrically

braced structural systems is mainly associated with the cyclic nonlinear response of the

diagonal braces which are subjected to axial buckling in compression and yielding in

tension. This is consistent with the cyclic response of the analysed steel towers which,

in the case of a ductile response (Figure 4.5), is governed by the dissipative response of

the diagonal bracing systems. In this study, the dissipation of the legs, which yield after

the diagonal braces in the analysed cases, is neglected for the following reasons. First,

this source of dissipation can not be modelled with the lumped-plasticity numerical mod-

elling strategy adopted which considers axial load-flexure interaction. Instead, it could

be modelled using refined fibre-based modelling of the cross section of the legs. Also,

the dissipation associated with the legs is supposed to be lower (and also negligible)

than the one associated with the bracing systems since 1) the first leg yielding is reg-

istered on the last part of the capacity curve, approaching the near-collapse condition

(Figure 4.5) and 2) the amount of seismic force absorbed by the legs is negligible with

respect to the portion absorbed by the diagonal braces. These hypotheses are assumed

in this study. Further research developments can contribute to clarify this issue.

Normally, for steel structures ξel is fixed at 0.02-0.03. The conventional approach for

calculating the hysteretic damping, ξhyst, is the area-based approach proposed in the

study by Jacobsen (1960) (and also quoted by Priestley et al. (2007)) about substitute-

structure analysis. It establishes that ξhyst can be calculated according to Equation 4.1

where Ah is the area measured in a steady-state cycle, Fm and ∆m are the maximum

force and the target displacement. The equivalent viscous damping to be assigned to the

substitute structure having linear behaviour and secant-stiffness in target displacement

condition is equal to the energy absorbed during a hysteretic steady-state cycle at the
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given displacement demand.

ξhyst = Ah

2πFm∆m

(4.1)

Goggins & Sullivan (2009) proposed a displacement-based designmethodology for con-

centrically braced frame systems. To this purpose, they compared the ξhyst calculated

with the area-based approach based on experimental test results on a concentrically-

braced panel, to literature ξhyst formulations. These are the formulation by Kwan &

Billington (2003) and the equivalent viscous damping models by Priestley et al. (2007)

calibrated on Flag-Shaped, Ramberg-Osgood and Takeda-Thin hysteresis rules. They

stated that the Flag-Shaped (β = 0.35) relations (Equation 4.2, where Cevd = 0.186)
proposed by Priestley et al. (2007) is consistent to the experimental area-based ξhyst

(steady state response). However, a strong overestimation of the design displacement-

demand was detected after comparison with shake table tests and the authors con-

cluded that Equation 4.2 where Cevd = 0.186 underestimates the hysteretic dissipa-
tion. The authors recommended to adopt the Takeda-Thin formulation by Priestley et al.

(2007) (Equation 4.2 where Cevd = 0.444) for calculating the ξhyst of concentrically-

braced structures. This is also consistent with the displacement-based design approach

developed by Della Corte & Mazzolani (2008) for concentrically-braced systems.

ξhyst = Cevd
µ − 1

πµ
(4.2)

Besides these studies, Wijesundara et al. (2011) proposed formulations to calculate

ξhyst for the displacement-based design for concentrically-braced frames. Several single-

storey frames having decoupled diagonal braces (including a middle column) and X-

shaped diagonal braces are analysed. The authors calculated the ξhyst according to

the area-based approach and perform additional calibrations based on NLTHA results

(using natural ground motions). They calibrated ξhyst for varying ductility (from 1 to 7)

and non-dimensional slenderness ratio (λ from 0.41 to 0.83) of the diagonal braces and

proposed a final analytical equation to support displacement-based design applications.

However, the proposed equation is not applicable for very high values of the slender-

131



CHAPTER 4. DISPLACEMENT-BASED SEISMIC PERFORMANCE ASSESSMENT FOR MULTI-SPAN STEEL TRUSS BRIDGES

ness of the bracing systems which characterise the structural typology analysed in this

study.

Given the aforementioned synthetic state-of-the-art, some strategies are selected and

tested for computing ξhyst,p for steel towers. These strategies analyse the dissipation

of the single braced panels of the steel towers.

The first follows the fundamentals of the area-based approach by Jacobsen. Several

case-study panels having parametric non-dimensional slenderness of diagonal braces

are subjected to cyclic pushover analysis to calculate the steady-state response. The

ξhyst,p is calculated according to Equation 4.1 for different values of ∆m, [2.5 3.5 4.5

5.5], corresponding to ductility equal to [1.5, 2, 2.5, 3, 5, 6.5, 8]. Nonlinear regression

with a surface model is performed via the least square method to achieve a synthetic

equation (Equation 4.3) relating the ξhyst,p to µ and λ. The process is described in

Figure 4.7.

ξhyst = (λ0.132 − 1) µ − 1
µ1.5 + 0.5

(4.3)

Figure 4.7: Cyclic pushover analysis on the single panel (a) and fitting of the nonlinear surface model (b)

The second strategy considers the outcomes of the study by Wijesundara et al. (2011).

It is indicated as X-CBF formulation. The calibrated equivalent viscous damping data

which refers to the bracing systems with coupled diagonals are adopted to fit another
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nonlinear model via the least square method (Equation 4.4) The dependency on the

non-dimensional slenderness is neglected.

ξhyst = 0.218 µ − 1
µ − 0.76

(4.4)

The third and fourth strategies refer to Equation 4.2 using Cevd equal to 0.186 and

0.444, according to Goggins & Sullivan (2009) and Della Corte & Mazzolani (2008),

respectively.

Finally, the ξeff related to the tower is computed aggregating the elastic ξel and the

ξhyst,p of the panels according to the approach proposed by Grande & Rasulo (2013)

for multi-storey concentrically braced frames. This latter is tailored for steel towers

in Equation 4.5 where Ehyst and Eel are the hysteretic energy and the elastic energy

associated to the response of a linear substitute SDoF system representing the tower

in target displacement condition. The numerator of Equation 4.5 can be rewritten us-

ing the yielding steel strength fy, the cross-section area of the tensile brace Ad,p and

its axial deformation εp. The denominator is equal to the product of the top displace-

ment ∆top and the total base shear Vb. This formulation implicitly assumes that all the

seismic mass (and seismic force) is placed at the tower top and neglects the mass

distribution along the height of the tower. Therefore, the equivalent SDoF of the tower

is straightforwardly calculated.

ξeff = ξel + ξhyst = ξel + Ehyst

4πEel

= 0.03 +
∑N

p=1 ξhyst,pfyAd,pεp

∆topVb

(4.5)

Figure 4.8 compares the equivalent viscous damping calculated via the selected strate-

gies. Figure 4.8.a refers to the top panel (λ = 3.00) of the T2r tower parallel to the
longitudinal direction (i.e. x direction) of the bridge. It is observed that the Flag-Shaped

and Jacobsen’s strategies strongly underestimate the ξhyst,p of the specific panel with

respect to the other strategies (ξhyst,p
∼= 0.05 at µp = 7), the X-CBF provides the

maximum value of ξhyst,p (ξhyst,p = 0.21 at µp = 7), while Takeda-Thin provides in-
termediate results (ξhyst,p = 0.13 at µp = 7). The same results are approximately
obtained for the other panels (i.e. varying λ). Figure 4.8.b shows the ξeff aggregating
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Figure 4.8: Comparison between the equivalent viscous damping strategies associated with a single panel
(a) and to the whole system (b) considering the tower T2r analysed in Y direction via numerical pushover
analysis.

the ξel and ξhyst,p according to Equation 4.5. In this case, the geometry of the tower and

the displacement profile calculated for each load step influence the step-by-step value

of ξeff . The ξeff calculated according to the X-CBF strategy stabilizes around 0.15 for

large inelastic demand.

4.3.5.2. Effectiveness of the selected strategies for equivalent viscous damping

The performance displacement calculated according to the CSM adopting the selected

four equivalent viscous damping strategies is compared to the NLTHA performance dis-

placement. The relative errors are calculated between the results of the CSM and the

NLTHA. These are graphically reported in Figure 4.9 where different markers distinguish

the adopted strategies. Also, the numerical results are listed in Table 4.2. The results

are calculated for the two steel towers (i.e. T1r and T2r), analysed in both longitudinal

and transverse direction (i.e. X dir and Y dir, respectively) using the seismic action de-

scribed in subsection 4.3.4 by means of the numerical pushover and pseudo-pushover

procedures.

The outcomes are particularly consistent with the aforementioned literature studies de-

scribed in subsection 4.3.5.1. Indeed, the Flag-Shaped and Jacobsen’s area-based
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formulations are too conservative and provide a consistent overestimation of the NLTHA

performance displacements. The errors increase as the intensity of the seismic action

increases. This evidences the need for NLTHA-based calibration if Jacobsen’s approach

is adopted for structures where calibrated equivalent viscous damping formulations are

not available. The Takeda-Thin formulation provides errors between [+12;+50]% en-

dorsing the outcomes by Della Corte & Mazzolani (2008).

The strategy based on the results by Wijesundara et al. (2011) outperforms the other

approaches providing errors generally lower than +10%. The maximum error is equal

to +22% and +20% corresponding to the case-study T2r-x analysed via numerical

pushover and pseudo-pushover, respectively. It is worth noting that in this case, the

effectiveness of the formulation seems to be not sensitive to the intensity of the seismic

action.

In conclusion, these results can be used for identifying an accurate equivalent viscous

damping formulation to be used for the seismic performance assessment of steel tow-

ers. These outcomes can be directly applied for the seismic performance assessment

of isostatic steel truss bridges with steel towers, where the Individual Pier Model can

be applied (Cardone 2014). Conversely, the proposed formulation can be included in

DBA algorithms or can be used within the CSM after pushover analyses if hyperstatic

continuous truss bridges are investigated.

Figure 4.9: Relative error between the performance displacement calculated via the selected equivalent
viscous damping strategies and NLTHA.
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Table 4.2: Performance displacement calculated via NLTHA and the CSM performed via the selected
strategies.

Jacobsen X-CBF Takeda-Thin Flag-Shaped

Tower ag NLTHA Push Pseudo Push Pseudo Push Pseudo Push Pseudo

T1r 0.2g 0.074 0.094 0.091 0.083 0.079 0.091 0.090 0.098 0.098

x 0.3g 0.113 0.150 0.145 0.111 0.102 0.133 0.135 0.162 0.166

0.4g 0.157 0.242 0.227 0.146 0.139 0.187 0.195 0.250 0.263

T2r 0.2g 0.032 0.044 0.044 0.038 0.038 0.043 0.043 0.047 0.049

x 0.3g 0.049 0.078 0.078 0.055 0.052 0.071 0.072 0.087 0.089

0.4g 0.071 0.120 0.121 0.075 0.073 0.101 0.103 0.134 0.139

T1r 0.2g 0.073 0.092 0.090 0.074 0.070 0.089 0.089 0.105 0.107

y 0.3g 0.109 0.165 0.163 0.109 0.106 0.142 0.149 0.189 0.202

0.4g 0.149 0.295 0.284 0.160 0.165 0.215 0.233 Coll Coll

T2r 0.2g 0.037 0.051 0.051 0.040 0.038 0.050 0.050 0.059 0.060

y 0.3g 0.057 0.091 0.093 0.060 0.059 0.081 0.084 0.108 0.114

0.4g 0.084 0.159 Coll 0.091 0.092 0.125 0.133 0.179 Coll

4.4. Displacement-based assessment of continuous truss deck bridges

This Section focuses on the effectiveness of displacement-based assessment (DBA) ap-

proaches, applied together with the CSM, for the seismic performance assessment of

continuous-truss bridges supported by steel towers. In this Chapter, direct algorithms

for performing displacement-based performance assessment are proposed, by combin-

ing the conventional DBA approaches and the CSM. These are compared to numerical

pushover analyses (together with the CSM) to estimate the seismic performance dis-

placement and NLTHA. The archetype bridge is used to generate six case-study bridges

for evaluating the influence of the number of spans (from 2 to 4 spans) and the distribu-

tion of the towers on the longitudinal axis on the bridge on the accuracy of the investi-

gated approaches. The DBA algorithms discussed in this section are aimed at analysing

the case-study bridges in the transverse direction only. The analysis in longitudinal di-

rection is not performed for the following reasons: 1) the study in Chapter 3 (3.5.5)

showed that DBA algorithms in longitudinal direction degenerate in studying the bridge

as a parallel system and are not worthy of further validation; 2) the response in trans-

136



Andrea Nettis

verse direction can be considered the most critical one for continuous-superstructure

bridges (Perdomo et al. 2020).

4.4.1. Description of the analysis approaches

The study performed in this Chapter extends the outcomes proposed in Chapter 3, where

the effectiveness of two DBA approaches is discussed via comparisons with pushover

analyses and NLTHA for continuous-deck RC bridges.

The original version of DBA approach is based on iterative modal (eigenvalue) and was

proposed for continuous-deck RC bridges by Şadan et al. (2013) (described in Section

3.2.1). This methodology is slightly modified in Section 3.2.2 by replacing the modal

analysis with simpler static analysis. Both the approaches are used for the seismic re-

sponse analysis of bridge with hyperstatic superstructure in transverse directions where

two load paths (i.e. the seismic actions is absorbed by the deck-abutment system and

by the piers) combine.

Basically, within both the basic DBA versions, an iterative approach based on an equiv-

alent linear analysis is adopted to calculate the displacement profile of a hyperstatic-

superstructure bridge given a pre-determined target displacement (e.g. limit state thresh-

old) of a specific substructure member. Then, the corresponding equivalent SDoF sys-

tem of the bridge in target displacement condition can be characterised and compared

to the demand expressed in terms of over-damped response spectra.

The application of the DBA in the longitudinal direction is straightforward for multi-span

bridges whose deck can be assumed axially rigid. The system response can be repre-

sented by the parallel actions of the substructure members which absorb the seismic

force (i.e. the bearings are longitudinally fixed). No iterations are required to define the

displacement profile in target displacement condition.

The basic DBA algorithm is extended in Section 3.2.3 for calculating a displacement-

based pseudo pushover (DBPP), enabling the calculation of the displacement demand

under a given seismic action via the CSM. In this Chapter, the entire DBPP+CSM pro-

cedure is compressed in direct displacement-based seismic performance assessment

approaches described as follows. These approaches can be applied to identify, via an

iterative procedure, the equivalent SDoF system in performance displacement condition
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under a given seismic action. The performance displacement profile can be calculated

based on iterative static (DBAs) or modal analysis (DBAm).

The static analysis-based approach is described in Figure 4.10. A tentative displace-

ment profile is defined in the first step. In this study, a parabolic shape is assumed

and scaled such that the critical substructure member (which is judgementally identi-

fied) reaches the ultimate capacity. It is worth mentioning that an incorrect choice of

the control node does not affect the result of the DBA algorithm, but can only involve a

slight increase of the required iterations. Subsequently, the shear profile Vi correspond-

ing to the assumed ∆i is calculated by interpolating the force-displacement relation-

ships of the substructure members. Also the secant-to-target-displacement stiffness

(ksec,i = Vi/∆i) is assigned to the support of the simplified beam model. At this stage,

a static analysis is performed using the force profile Fi indicated in Equation 4.6 and a

new displacement profile ∆′
i is calculated which is compared to ∆i. If the differences

of |∆i − ∆′
i| calculated for each i − th member are minor than a pre-determined toler-

ance value the convergence is reached, the process continues. If not, another iteration

should be performed using ∆′
i as a tentative displacement profile. Assuming that the

convergence is reached, the equivalent SDoF system corresponding to the structure in

∆i condition can be completely characterised in terms of effective displacement ∆eff

(Equation 4.7), base shear Vb (Equation 4.8), effective mass meff , (Equation 4.9), ef-

fective period Teff (Equation 4.10). The equivalent viscous damping is calculated via

Equation 4.4 and 4.5.

Also, the over-damped displacement demand Sξ
d(Teff ) is calculated by multiplying the

5% spectral demand displacement S5%
d (Teff ) for the corresponding spectral reduction

factor ηeff (Equation 4.12). The displacement profile ∆′′
eff corresponding to a ∆eff

equal to Sξ
d(Teff) should be calculated and compared to ∆′

eff . At this scope, ∆′′
eff

is calculated via Equation 4.13 where ϕ′
i is obtained by a normalisation of ∆′

i. If ∆′′
i

does not converge with respect to ∆′
i another iteration is performed where ∆′′

i is used

as tentative displacement to be stabilised in the first iteration and checked with respect

to the corresponding value of spectral reduction factor. A displacement tolerance of 1
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mm is suggested to achieve convergence in three or four iterations.

Fi = Vb
mi∆i∑
mi∆i

(4.6)

∆eff =
N∑

i=1

mi∆2
i

mi∆i

(4.7)

Vb =
N∑

i=1
Vi (4.8)

meff =
∑N

i=1 mi∆i

∆eff

(4.9)

Teff = 2π

√
meff

keff

where keff = Vb

∆eff

(4.10)

ξeff = 0.05∆1V1 + 0.05∆NVN + 0.02∆eff (V1 + VN) +∑N
i=2 ξi∆iVi

∆1V1 + ∆NVN + ∆eff (V1 + V2) +∑N
i=2 ∆iVi

(4.11)

ηeff =
√

0.07
0.02 + ξeff

(4.12)

∆′′
i = ϕ′

iΓSξ
d(Teff ) (4.13)

The DBAm is proposed by proposed by Perdomo & Monteiro (2020). This modal

analysis-based DBA is performed according to the following description and Figure 4.11.

The first preliminary step is again the calculation of the force-displacement relationships

to be assigned to the supports of the equivalent beam model. A first modal analysis

is performed assuming a tentative value of the stiffness of the supports ksec,i. The

secant-to-yielding stiffness can be used as initial assumption. The significant modes,

which are deemed to significantly contribute to the performance displacement profile,

are selected. It is suggested to select all the modes having more than 5% of participating
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Figure4.10:Flowchartoftheproposedstaticanalysis-basedDBAapproach

mass.Thedisplacementprofiles∆i,jcalculatedforeachmodejviaEquation4.14,

areusedtocalculatethecorrespondingshearprofileVi,jassociatedtothej−th

mode. Moreover,themodalsuperpositionisperformedviatheCompleteQuadratic

Combination,obtainingthebridgeperformancedisplacement∆i.

∆i,j=ΓjS
5%
d (Tj)ϕi,j (4.14)

Atthisstage,thefirstiterationiscarriedout.TheequivalentSDoFsystemrelatedtoeach

modejiscalculatedintermsofeffectivedisplacement∆eff,j(Equation4.7repeated

foreachj−thmode),baseshearVb,j(Equation4.8),effectivemassmeff,j,(Equation

4.9),effectiveperiodTeff,j(Equation4.10).Theequivalentviscousdampingforeach

modejiscalculatedviaEquation4.11.

Theover-dampeddisplacementdemandrelatedtoeachmodeSξd(Tj)iscalculated

bymultiplyingthe5%spectraldemanddisplacementS5%d (Tj)forthecorresponding

spectralreductionfactorηj(Equation4.12).Thisallowsforarecalculationoftheper-
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Figure4.11:Flowchartoftheproposedmodalanalysis-basedDBAapproach

formancedisplacementprofiles∆ξi,jtobeassociatedwitheachmodeaccountingfor

specific-modedamping.Anewglobalperformancedisplacementprofile∆ξiisalso

obtainedbycombining∆ξi,jviatheCQCcombination.Thisiscomparedtothefirstten-

tative∆i,checkingtheconvergenceaccordingtoapre-determinedvalueoftolerance.

Iftheconvergenceissatisfied,theprocessiscompleted;ifnot,otheriterationsshould

beperformed.

ThesetwoanalyticalDBAmethodologiesareadoptedtoanalysecontinuous-trussmulti-

spanbridges.Additionally,twonumericalpushover-basedanalysisapproachesare

applied,byusingmodal(PUSHm)anduniform(PUSHu)loadpatterns. Withinthese

methodologies,theequivalentSDoFpushovercurveofthebridgeiscalculatedandsub-

jectedtotheCSMtodeterminetheperformancepointunderagivenresponsespectrum,

andtherefore,theperformancedisplacementprofile.

4.4.2.Casestudybridgesandmodellingassumptions

Adatasetofsixcase-studycontinuous-trussbridgesisgeneratedstartingfromthe

geometric/constructivefeaturesofthearchetypebridge(subsection4.2).Thebridges,
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showninFigure4.12,differentiateinthenumberofspansandgeometriclayoutofthe

supportingsteeltowers.Itisassumedthatthebearingsplacedonthesubstructure

memberspreventtransversedisplacements.Thenonlinearresponseofthebearing

devicesisnotconsideredinthefollowinganalysis.Thelengthofthespanis42m

accordingtothearchetypebridge.

Figure4.12:Parametriccase-studybridges.

ThenumericalpushoveranalysesareperformedbyusingtheSAP2000softwarepack-

age(ComputerandStructuresINC(CSI)2018)followingthestrategypresentedinFig-

ure4.13.ThesteeltowersaremodelledaccordingtothestrategydescribedinSection

4.3.1,whileaspinemodelisadoptedforthelongitudinaltrusssuperstructure.Atthis

scope,thesuperstructureismodelledasanelasticframewhoseflexuralinertiacharac-

teristicsarecalculatedconsideringacross-sectioncomposedoftheupperandlower

chordsofthetrussbeams(thecontributionofthebracingmembersofthedeckisne-

glected).Theothermechanicalcharacteristicsarecalculatedconsideringanequivalent

rectangularhollowcross-section(CEN2009),whosethicknessiscalculatedbasedon

themechanical/geometricfeaturesofthebracingsystem.

TheDBAsandDBAmareappliedusingasimplifiedmodellingstrategywherethetruss

superstructureismodelledasanequivalentbeammodelandthesteeltowersarerepre-

sentedbyinelasticsupports.Themechanicalfeaturesoftheelasticbeamareconsistent

withthespinemodelinSAP2000.Theforce-displacementlawscalculatedbyusingthe

pseudo-pushoveranalysis(sub-section4.3.2)areassignedtotheinelasticsupports.

SimpleprogrammingroutinesaredevelopedinMATLAB(MATLAB2018)toapplythe

DBAsandDBAmwithverylowmodelling/computationaleffort.

Thethreegroundmotionsuitesshowninsub-section4.3.4areusedtoanalysethe
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Figure4.13:ModellingstrategyinSAP2000(ComputerandStructuresINC(CSI)2018).

case-studybridgesanddiscusstheaccuracyoftheproceduredescribedinsubsection

4.4.1withrespecttoNLTHA.

4.4.3.Resultsoftheparametricanalysis

4.4.3.1.Modalanalysisandrelativestiffnessindex

Apreliminaryfocusontheregularityintheseismicresponseinthetransversedirec-

tionofthecase-studybridgesisproposed.Aregularresponsemeans:1)lowin-

fluenceofhighermodesinelasticstateand2)slightmodificationofthesignificant

modalshapesforincreasingnonlineardemand.Accordingtoliteraturestudiessuchas

Isakovic(2006),Isakovićetal.(2008),Pinhoetal.(2007),Kohrangietal.(2015b),the

degreeofregularitystronglyinfluencestheaccuracyofnonlinearstaticprocedures.

TheregularityindexesadoptedaretheparticipatingmassofthefirstmodeandtheRel-

ativeStiffnessindex(RS).ThislatteriscalculatedwithEquation4.15andcompares

thestiffnessinthetransversedirectionofthesuperstructureandsubstructure.Asevi-

dencedinChapter3,thehigheristheRS,thehigheristheinfluenceofthesuperstruc-

tureinredistributingtheseismicactionamongthesubstructuremembers,reducing

thevariabilityofthemodalshapesforincreasinginelasticdemandsofthesubstructure
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members.

RS =
384EJdeck

5L3
deck∑

ktowers

(4.15)

The results of a preliminary modal analysis are shown in Figure 4.14. All the modal

shapes characterised by a participating mass higher than 5% (which are also used in

the DBAm calculation) are shown. The RS index is also indicated in this Figure.

Figure 4.14: Significant modal shapes (participating mass higher than 5%) of the case-study bridges

It is observed that the first modal shape of B2, B3a and B4a (RS equal to 0.262, 0.0389

and 0.00835, respectively) corresponds to a participating mass higher (M∗) than 80%,
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which is supposed to govern the seismic response with low higher-mode contributions.

Differently than the B3a, the B3b (RS = 0.0266), which exhibits an asymmetric lay-
out of the supporting towers, is characterised by an irregular response withM∗

1 equal

to 0.62. Indeed, the first modal shape slightly differs from the regular ”simple beam”

vibration mode which means a regular response according to Calvi et al. (1993). Also,

the modal shapes of the B4b and B4c are strongly influenced by the presence of short

towers (T2r). The first two modes are associated separately with the vibration of the

T1r and T2r exciting a participating mass included in the range 41-52%. In these cases,

the distribution of stiffness of the towers along the bridge length governs the global

deformed shapes rather than the stiffness of the superstructure.

4.4.3.2. Performance displacement evaluation

In this subsection, the accuracy of the considered nonlinear static approaches (PUSHm

and PUSHu) and DBAmethodologies (DBAs and DBAm) is discussed adopting the same

strategy used in Chapter 3. The capacity demand ratio (CDR) and bridge index (BI) are

introduced to this purpose. The first is the ratio of displacement-based capacity (∆p
U,t)

and demand (∆p
t ) related to the critical supporting tower. It is calculated with reference

to all the simplified approaches and NLTHA via Equation 4.16 where the index p refers to

PUSHm, PUSHu, DBAm, DBAs, NLTHA and t to the single supporting tower

of the analysed bridge. Note that the ultimate displacement capacity differs for analytical

(DBA) and numerical methods (PUSH and NLTHA). Indeed, the capacity of the towers

(∆j
U,t) is calculated through the simplified pseudo-pushover within the DBA, while via

the (local) numerical pushover for both the global numerical pushover strategies and

NLTHA.

CDRj =
Ntow

min
t=1

(∆p
U,t

∆p
t

)
(4.16)

Furthermore, the BI is related to the accuracy of each simplified analysis approach

in predicting the performance displacement profile concerning NLTHA. It is calculated

via Equation 4.17 where Ntow is the number of supporting towers. The BI adopted
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Figure 4.15: CDR and BI for the case-study dataset.

in this Chapter is slightly modified with respect to the BI of Chapter 3 to avoid error

compensation due to over/underestimation of displacement demand along the bridge.

BI = 1
Ntow

Ntow∑
t=1

∣∣∣∣∣∣∆
DBA/P USH
t

∆NLT HA
t

− 1

∣∣∣∣∣∣ (4.17)

Figure 4.15a shows the relative errors of the CDR calculated via the DBA and PUSH to

NLTHA, while the BI are reported in Figure 4.15b. To better understand these results,

the displacement demand profiles predicted by the considered analysis approaches are

shown in Figures 4.16 and 4.17. In these Figures, each column refers to a single case

study, while each row corresponds to a different ground motion suite. The results of

the NLTHA are shown in both average response and corresponding standard deviation.

Considering the ”regular” cases indicated in the previous sub-section (i.e. B2a, B3a,

B4a), it is observed a general accuracy of all the adopted simplified strategies. Indeed,

the corresponding relative errors on the CDR with respect to NLTHA, is included in the

range [-20; +20]% and the BI are lower than 20%. However, some inaccuracies are

related to the DBAs. Particularly, for case B2, this latter underestimates the CDR calcu-

lated with NLTHA, providing errors equal to -26% and 23% for ag equal to 0.3 and 0.4

g, respectively. This effect is caused by both an overestimation in the displacement de-

mand (Figure 4.16), first column) and an underestimation of the ultimate capacity on the
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Figure 4.16: Displacement profiles calculated with PUSH, DBA and NLTHA.

tower T1r provided by the simplified pseudo-pushover (Figure 4.5). Moreover, the BIs

associated with the DBAs and the case B4a exceed the 40%. This is explained by Figure

4.16 which shows that the DBAs fails in predicting the deformed shape overestimating

the demand of the central tower and underestimating it on the lateral towers. This ev-

idences that the DBAs algorithm updates the pushing force profile in a non-consistent

way with respect to NLTHA.

The accuracy of the PUSHm and DBAs importantly decreases for the ”irregular” cases

(i.e. B3b, B4b, B4c). For the bridge B3b and B4b, although the PUSHm and DBAs

errors on the CDR are lower than 20% (excluding the DBAs results for ag = 0.4g on

B4b), the BIs exceed the 40%. The plots in the third column of Figure 4.16 show that
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Figure 4.17: Displacement profiles calculated with PUSH, DBA and NLTHA.

PUSHm well-predicts the displacement demand on the tallest tower, which is the criti-

cal one, and consequently provides an accurate estimation of the CDR with respect to

NLTHA. However, the PUSHm dramatically underestimates the displacement demand

on the shortest supporting tower regardless of the intensity of the seismic action. The

DBAs provides similar results to the PUSHm for low and medium intensity, while, for

the high seismic intensity, it successfully mimics the NLTHA displacement demand pro-

viding a BI lower than 20%. This is because the DBAs successfully updates the force

and displacement profiles when the short tower reaches its yielding displacement. The

inaccuracies of the PUSHm and DBAs are connected to their negligence in considering

higher-mode contribution. The same comments can be extended to case B4b. Both the
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DBAs or the PUSHm fail in predicting the displacement demand on the short supporting

towers of the bridge B4c which is the most ”irregular”. Indeed, the BI for both DBAs

and PUSHm exceeds the 100% regardless of the intensity of the seismic action. Note

that these first-mode-based analysis approaches provide inaccuracies, even though the

analysed cases are consistent with the limitations for the applicability of DBA and non-

linear static approaches for RC bridges.

The PUSHu, thanks to its tendency to envelope the contribution of higher modes with a

uniform load profile, outperforms the previously discussed strategies. Particularly, the

corresponding error on the CDR is generally less than 20%, while the BIs are included in

the range [10;20]%. Also, the DBAm successfully combines higher-mode contribution

to predict the NLTHA displacement demand. Indeed, for all the ”irregular” analysed

cases the DBAm provides an absolute value of the CDR errors lower than 18% and BIs

lower than 17%.

The outcomes of this parametric analysis show that the limitations proposed in Chap-

ter 3 for the applicability of nonlinear static procedures and DBA methodologies on RC

bridges, can be extended for multi-span steel truss bridges. Generally, since higher

mode-contributions can considerably affect the nonlinear response of this bridge typol-

ogy, DBAm and PUSHu are recommended instead of PUSHm and DBAs. According

to Chapter 3, the DBAs can be applied for 2-span steel truss bridges with first-mode-

dominant dynamic response. Conversely, the adopted DBAm is particularly promising

for steel truss bridges even if values ofRS ≤ 0.01 are observed. It is also suggested to
use NLTHA for cases where higher irregularity is expected with respect to the analysed

cases (e.g. longer bridges). It is worth noting that these results can guide an analyst

in investigating the response of other bridges having high flexibility of the continuous

superstructure (e.g. truss bridges supported by masonry/RC wall piers).

4.5. Conclusions

The study proposed in this Chapter is aimed at discussing the effectiveness of nonlin-

ear static procedures and displacement-based assessment (DBA) approaches for the

seismic analysis of multi-span steel truss bridges supported by steel towers.

The first part of this study refers to the seismic response of steel towers to identify an ef-
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fective equivalent viscous damping formulation to be used within the capacity spectrum

method. The results of several equivalent viscous damping strategies proposed in the

literature are compared to NLTHA displacement demand. The seismic action is repre-

sented by a suite of ten ground-motion excitations which are scaled for three increasing

levels of intensity. An accurate equivalent viscous damping strategy is proposed based

on the study by Wijesundara et al. (2011) and by Grande & Rasulo (2013).

The second part focuses on testing these approaches for the seismic performance

prediction of hyperstatic multi-span steel truss bridges. Six case-study bridges are

generated via a parametric analysis, having different substructure layout and two to

four spans. These are analysed via two pushover analysis approaches, adopting a

first mode-based and uniform load profile, coupled with the CSM, and two direct DBA

algorithms for performance displacement prediction based on equivalent modal and

static analysis. Nonlinear time history analysis is used for benchmarking the above-

mentioned methodologies. The effectiveness of the considered analysis approaches

is discussed adopting two indexes: the capacity demand ratio and the bridge index,

which refers to the performance of the critical substructure members and the whole

performance displacement of the bridge. The results evidence that the higher-mode

contribution to the seismic response is significant. Consequently, the modal version

of the DBA approach and the pushover analysis with a uniform load profile should be

used for this bridge typology with a limited number of spans. Conversely, the first-

mode-based methodologies, even though result accurate in predicting the performance

of the critical tower, present an unsatisfying bias in estimating the demand on all the

substructure members.
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Chapter 5

Cloud-CSM: including record-to-record variability in fragility

analysis using the capacity spectrum method

Abstract

This Chapter investigates the use of the capacity spectrum method (CSM) in fragility

analysis of structures. As opposed to code-based conventional spectra, the CSM is

applied with real (i.e., recorded) ground-motion spectra to explicitly consider record-to-

record variability in fragility analysis. The study focuses on single-degree-of-freedom

systems, which is a modelling strategy commonly adopted for the performance predic-

tion within the framework of displacement-based or conventional nonlinear static pro-

cedures (see Chapters 3, and 4). This study is aimed at providing an essential basis for

future multi-degree-of-freedom system applications. A case-study database of 2160

inelastic oscillators is defined through parametric backbones with different elastic peri-

ods, (yield) base shear coefficients, values of the ductility at peak strength, hardening

ratios, residual strength values and hysteresis rules. The considered parametric case

studies are representative of bridge components, but also other structural typologies.

These case studies are analysed using 100 real ground motions.

An efficient algorithm to perform the CSM with real spectra is proposed, combined with

a cloud-based approach (Cloud-CSM) to derive fragility relationships. Simple criteria

to solve the issue of multiple CSM solutions (i.e., two or more points on the backbone

satisfying the CSM procedure) are proposed and tested. It is demonstrated that the

performance point selection can be performed based on a particularly efficient inten-

sity measure detected via optimal intensity measure analysis. The effectiveness of the

proposed Cloud-CSM in fragility analysis is discussed through extensive comparisons

with nonlinear time-history analyses, the code-based N2 method, and a simple method

involving an intensity measure as a direct proxy for the performance displacement. The
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Cloud-CSMprovideserrorslowerthan±20%inpredictingthemedianfragilityinmost

oftheanalysedcases,andoutperformstheotherconsideredmethodologiesincalcu-

latingthedispersion.

Figure5.1:ObjectiveofthisChapter(SO2.3)andframingintheflowchartforseismicriskcalculation.

5.1.Introductionandmotivation

Inseismicvulnerabilitymodellingandprobabilisticriskassessmentapplications,fragility

relationshipsforaconsideredstructureorstructuraltypereporttheprobabilityofvi-

olatingadamagestate(DS)givenavalueoftheearthquakeground-shakinginten-

sity.Numerical(oranalytical)methodologiestoderivefragilityrelationshipsarecur-

rentlywidespreadandpreferredtoempiricalapproachesbecauseofthescarcityof

post-earthquakedamagedataforvariousearthquake-proneregions.Suchnumerical

approachesgenerallyarebasedonaprobabilisticseismicdemandmodel(PSDM)cal-

ibratedonadatasetofengineeringdemandparameter(EDP)vsearthquake-induced

shakingintensitymeasure(IM)pairs.VariousEDPsofinterestcanbecalculatedvia

refinednonlineardynamicorsimplifiednonlinearstaticanalysismethodologies.Non-

lineardynamicapproachesenablethepredictionofstructure-orstructuralcomponent-

specificEDPsforanappropriatelyselected(andeventuallymodified)suiteofground-

motionrecordsthroughnonlineartimehistoryanalyses(NLTHA)ofanumericalstruc-

turalmodel.Contrarily,nonlinearstaticprocedures(NSPs)analysethestructuralcapac-

ityofanequivalentsingle-degree-of-freedom(SDoF)systemofastructurecase-study

underincrementalloadpatterns,enablingthepredictionoftheseismicperformance(in

termsofEDPs)throughdemand-spectrum-basedapproaches.Theformerapproachis

themostadvanced/accuratebutgenerallyrequireshighmodellingefforts,apartfrom
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being more computational-demanding than NSPs. The latter approach is simpler, but it

generally results in biased EDP estimates due to the various assumptions in the method,

such as the selection of an appropriate load pattern representative of the effects of a

dynamic excitation or the definition of an equivalent SDoF system (Silva et al. 2014).

The analysis approaches used in Chapter 3 and 4 belong to this second category.

Dealing with regional-scale applications (e.g. evaluating the seismic performance or

the risk of bridge portfolios in a network), an analyst should find a trade-off between

computational efforts and assessment accuracy, for instance concerning the adopted

number of archetype structures to represent structural class and the considered seismic

analysis approach Silva et al. (2019). For example, depending on the availability of

computational and modelling time and skills, an analyst may consider a large population

of structures analysed through NSPs, trying to capture the class variability (Gentile &

Galasso 2020); or 2) few archetype structures to be analysed via nonlinear dynamic

procedures.

NSPs involve approximate approaches for the nonlinear performance displacement pre-

diction of SDoF systems and can be divided into two groups. The first includes meth-

ods which estimate the inelastic demand by modifying the displacement demand of

an equivalent secant-to-yielding-period linear system. As an example, the N2 method

(Fajfar & Gašperšič 1996, Fajfar 1999) uses an elastic-perfectly plastic SDoF transfor-

mation of refined pushover curves (in terms of global base shear and displacement

of a control node) which is consequently used to calculate the nonlinear equivalent

SDoF performance displacement. In the N2 original version, the nonlinear performance

displacement is calculated via NLTHA of the equivalent SDoF. Currently, a code-based

simplified approach (Eurocode 8 part 3 CEN (2005)) adopts a simplified strategy using

ductility-based modification factors and demand-spectra.

The second group refers tomethods that calculate the performance displacement of non-

linear systems as the over-damped response of elastic SDoF systems having secant-to-

target-displacement stiffness. The Capacity SpectrumMethod (CSM) Freeman (1998a),

which is applied in this dissertation, belongs to this category. It was implemented in

different guidelines (e.g. ATC (1996), Federal Emergency Management Agency (FEMA)

(2012)). It is conceptually based on overdamped spectra calculated through equivalent
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viscous damping coefficients expressing the reduction of seismic demands caused by

the inelastic response of the structure under investigation. Starting from a bilinear ide-

alisation of pushover curves, aimed at identifying a global yielding displacement, the

CSM involves an iterative procedure to identify a performance point (PP) corresponding

to the equivalent SDoF target displacement of the structure.

Several studies carried out in the last decades proposed formulations which can improve

the estimation of equivalent SDoF target displacement within both the categories (e.g.

Ruiz-García & Miranda (2003), Lin & Chang (2003), Ruiz-García & Miranda (2007), Lin

& Miranda (2008)).

According to Silva et al. (2019), NSPs usually do not account for record-to-record vari-

ability since the seismic demand is represented by conventional smooth code-based

design spectra. This approach is, indeed, used in Chapter 3 and 4. In this way, only a

central value of the fragility relationship can be estimated (e.g., the IM associated to a

50% probability of reaching/exceeding a DS of interest, if a lognormal model is used).

In this case, conventional values of variance, calibrated for different structural types,

can be usually introduced for describing the lognormal probabilistic model (Silva et al.

2019).

Hybrid methodologies based on pushover analysis of MDoF systems together with

NLTHA performed on sets of equivalent SDoF systems were recently proposed (Dolšek

2012, Rossetto et al. 2016). Vamvatsikos & Cornell (2006) proposed a semi-empirical

analytical approach for approximating (16%, 50% and 84% fractiles of) incremental dy-

namic analysis curves based on multi-linear backbones ok equivalent SDoF systems.

This study is aimed at analysing the use of NSPs and, particularly the CSM, with real

(i.e. unsmoothed, record-specific) response spectra for estimating record-to-record

variability in fragility analysis explicitly. To the authors’ knowledge, only a few studies in

the literature analysed the application of NSPs with real response spectra to predict non-

linear seismic performance. In the Global Earthquake Model guidelines D’Ayala et al.

(2013), an approach to derive a PSDM using the N2 method is described for fragility

analysis of low/mid-rise buildings. Silva et al. (2014) investigated the effectiveness of

several NSPs applied with real response spectra for fragility analysis and risk/loss esti-

mations for a class of typical Turkish RC-framed buildings. A stripe-based approach is
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used in Gentile, Galasso & Pampanin (2020) for estimating fragility relationships via the

CSM for existing reinforced concrete (RC) frames. No literature study on this topic refers

to bridges. Although this dissertation specifically focuses on the seismic response of

bridges, this Chapter focuses on simple inelastic SDoF systems representative of var-

ious structural types (including bridges). This study is considered the basis for more

elaborated algorithms for bridge application, which are illustrated in the following Chap-

ter 6. A database of 2160 case-study systems defined through parametric multi-linear

backbones and several hysteresis rules is defined. Also, a suite of 100 ground motions

selected from the Selected Input Motions for displacement Based Assessment and De-

sign (SIMBAD) database (Smerzini et al. 2014) is adopted.

Findings from this study can also directly support fragility analysis applications where

the SDoF idealisation (in secant-to-yielding or target displacement state) of the anal-

ysed structures is performed such as the displacement-based approaches illustrated in

Chapter 3 and 4.

In the first part of this study, the effectiveness and shortcomings of the CSM applied

with real spectra is discussed. An algorithm to effectively adapt the CSM for applica-

tion with specific-record spectra is described. Different strategies to select the PP in

multiple-solution cases are proposed, based on simplistic assumptions or efficient IM

parameters. These are identified via an optimal IM analysis. Moreover, a cloud-based

approach to compute PSDMs via the CSM (and other NSPs) is described. In the second

part of this study, the effectiveness of the afore mentioned strategies is discussed with

reference to both single ground-motion record and fragility analysis. In the final part,

the accuracy of the Cloud Capacity Spectrum Method (Cloud-CSM) for fragility analysis

is investigated. To this aim, the main parameters of the fragility curves calculated by

means of the Cloud-CSM are compared to the results related to the N2 method applied

with real spectra, a simple method involving an intensity measure as a direct proxy for

the performance displacement, and NLTHA.

5.2. Methodology

In this section, the case-study database of inelastic SDoF systems and the ground-

motion suite is described. Also, the proposed CSM algorithm suitable for the use with
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real spectra is presented. Moreover, to select the PP when multiple CSM solutions are

retrieved, different strategies are defined. The strategies are based on both simplistic as-

sumptions and on a particularly efficient IM parameter which is identified via an optimal

IM analysis. Also, other NSP-based methodologies used for benchmarking the Cloud-

CSM are described. Finally, an overview of the cloud-based methodology to perform

fragility analysis through NSPs is illustrated.

5.2.1. Considered SDoF case-study database and seismic action

The database of case-study includes simple inelastic SDoF oscillators with different non-

linear (monotonic and cyclic) behaviour, represented by a multi-linear backbone curve

(in pseudo acceleration-displacement format) and several hysteresis rule. The adopted

hysteresis rules are selected with the aim to simulate the seismic response of differ-

ent structural types. Two different types of Modified Takeda hysteresis rules (Priestley

et al. 2007, Otani 1974) are used (Figure 5.2a). The “thin” version (hereafter MTt) is

appropriate for the cyclic behaviour of structures subjected to high axial stress (such

as bridge piers, structural walls, or masonry structures), while the “fat” type (hereafter

MTf) is used in the case of ductile RC frames (Priestley et al. 2007). Particularly, the

MTt is adopted in Chapter 3 and 6 to simulating the cyclic response of RC single-column

piers.

Moreover, a bilinear (BIL) and an elastic-perfectly-plastic (EPP) hysteresis laws (Figure

5.2b) are used to represent the cyclic flexural response of steel structures (neglecting

the Bauschinger effect in the members) or seismic isolated structures (such as elas-

tomeric bearings or friction pendulum systems). As an example, an EPP hysteresis rule

is, indeed, adopted in the following Chapter 6 for the cyclic response of old neoprene

bearings.

A flag-shaped (FS) law is adopted (Figure 5.2c), for the cyclic behaviour of hybrid pre-

stressed structures. The parameters defining the backbones are listed in Figure 5.2 and

are the elastic period Tel (related to the secant-to-yielding stiffnessKel), the base shear

coefficient Fy (yield base shear strength normalised by the total weight), the ductility

at peak strength µ, the hardening ratio r and the normalised residual strength Fr. The

assumed values related to each varying parameter are listed in Table 5.1. Note that the
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softening and residual strength branches are not considered within the FS subgroup

since no strength degradation may be considered for low-damage structures. In this

case, µ is only used to define the DS thresholds. In the case of BIL, EPP and FS no

cyclic stiffness degradation is adopted (kinematic hardening behaviour). In summary,

720 (i.e., eight values of Tel× five ofFy × three of µ× three of r× two Fr) oscillators

are associated to the MTt, MTf; 240 correspond to the BIL subgroup (where r = 10%)
and for the EPP (where r = 0% by definition); a total of 240 oscillators are associated
to the FS subgroup.

The 2160 SDoF oscillators are subjected to a suite of 100 unscaled ground motions

selected from the SIMBAD database. This latter includes 467 tri-directional records

related to 130 worldwide seismic events (shallow crustal earthquakes) with moment

magnitudes between 5 to 7.3 and epicentral distance lower than 35 km. In this study,

100 records are selected by first ranking the 467 records in terms of their PGA values

(by using the geometric mean of the two horizontal components) and then keeping the

component with the largest PGA value. This record selection strategy is compatible with

the adopted cloud-based approach for fragility analysis. This latter approach is suitable

when a large number of structures is analysed since it does not require a hazard-specific

record selection. Clearly, the lack of specific record selection considering the hazard of

the site can create a bias in the analysis results, which, however, may be mitigated after

running the response analysis (Haselton et al. 2011). The peak ground accelerations of

the selected ground-motion records range between 0.29g and 1.77g.

In summary, a total of 216000 NLTHA (100 records × 2160 SDoF systems) is per-

formed using the nonlinear finite element software RUAUMOKO3D (Carr 2016) using

nonlinear spring models equipped with appropriate multi-linear backbones and cyclic

behaviour. As suggested by Priestley et al. (2007), a constant 5% tangent stiffness

proportional damping is selected for all the frequencies.

5.2.2. Proposed CSM algorithm for real spectrum application

The CSM aims to identify the performance of a structure under a given seismic input

represented by a response spectrum. (ATC 1996) originally proposed three different

CSM methodologies (A, B and C). The procedure A is considered the most convenient
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Figure 5.2: Parametric backbones and selected hysteresis rules

Table 5.1: Values adopted for each backbone parameters

MTt MTf BIL EPP FS

Tel 0.25-0.5-0.75-1.00-1.25-1.50-1.75-2.00 s

Fy 0.1-0.2-0.3-0.4-0.5

µ 1.5-3.0-4.5

Fr 0.6Fy-0.3Fy No softening

r 0-5-10% 10% 0% 0-5-10%

for simple spreadsheet/programming routine implementation and it is outlined in this

section. The CSM requires the computation of a force vs displacement relationship (i.e.

pushover curve) for the investigated structure subjected to a monotonic load profile sim-

ulating the effect of a dynamic excitation (i.e. pushover analysis). The pushover curve is

converted into a “capacity spectrum” related to an equivalent SDoF system of the struc-

ture, expressed in an acceleration vs displacement format. The CSM involves an iterative

graphical procedure aimed to determine the PP in an acceleration-displacement plane

through the use of overdamped spectra. First, a tentative performance displacement is

assumed and a bilinearisation of the capacity spectrum up to the tentative performance

displacement is carried out. The equivalent yielding displacement is thus obtained and

the ductility demand corresponding to the tentative performance displacement is cal-

culated by simply dividing the target displacement for the yielding one. At this stage,

the overdamped demand corresponding to the tentative performance displacement is

computed by multiplying the elastic (5%-damping) demand spectrum ordinates (con-

ventionally a code-based smooth spectrum is used) for a spectral reduction factor (η).
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This latter is derived from a ductility-based equivalent viscous damping coefficient (ξ)

which expresses the reduction of the elastic demand given the hysteretic dissipation.

A new target performance displacement is identified at the intersection between the

overdamped demand and capacity spectra. If the calculated performance displacement

is sufficiently close to the initial guess (within an arbitrary tolerance assumed by the

analyst), the algorithm is completed and the PP is identified. The PP expresses the

compatibility between the damping associated to both the overdamped demand and

the ductility demand of the structure. Otherwise, the newly calculated performance

displacement is used as the new tentative target one, and another iteration is carried

out. The process continues until the convergence is achieved.

In this study, the CSM algorithm is slightly modified for the use with real demand spec-

tra. Note that multiple solutions could be obtained when using real spectra (Federal

Emergency Management Agency (FEMA) 2012, Casarotti & Pinho 2007, Chopra & Goel

1999). Obviously, multiple solutions have not a physical meaning since the PP repre-

sents the response of the structure under a given earthquake-induced shaking. Thus,

to adapt the CSM for the use with real spectra, a final additional step to select the PP, in

case of multiple solutions. Note that such an iterative process could be unstable in case

of multiple solutions (Chopra & Goel 1999). Consequently, an alternative algorithm is

herein proposed to easily identify the candidate solution(s). It is graphically represented

in Figure 5.3. It is worth mentioning that other non-iterative approaches for performing

the CSM were proposed. As an example, the algorithm proposed by Lin & Miranda

(2008) is based on a direct closed-form estimation of the secant-to-target period, which

avoids multiple-solution. The secant-to-target-period depends on the strength ratio be-

tween an equivalent elastic response and the actual one. However, this approach is

developed for EPP hysteretic response only and, to the authors’ best knowledge, have

not been tested for other hysteresis rules, which are deemed to influence the intensity

of the period elongation and consequently affect the accuracy of the approach.

In the proposed algorithm, a preliminary task is the identification of the yielding point

of the capacity spectrum of the structure by means of an equivalent bilinear or multi-

linear relationship. De Luca et al. (2013) provide recommendations to perform the

bi- or multi-linearisation. Obviously, if the 5%-damping spectrum intersects the elastic
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Figure 5.3: Graphical representation of the proposed CSM algorithm

branch of the capacity spectrum, an elastic response of the SDoF system is registered,

and the PP can be straightforwardly identified. If no elastic solutions are detected, the

capacity spectrum is discretized in displacement intervals ∆i of small amplitude d∆
from the yielding point to the ultimate displacement capacity. Each ∆i corresponds to

a different damping level (ξi). The amplitude of d∆ is arbitrarily selected by the analyst
and corresponds to the accuracy of the final result (in this study d∆ = 0.001m). An

equivalent elastic SDoF oscillator can be associated with each∆i, characterised by an

effective period (Teff,i), an equivalent viscous damping (ξi) and a spectral reduction

factor (ηi). Teff,i is calculated via Equation 5.1 where µi is the ductility demand at ∆i.

There is an extended research literature on the approaches for the calculation of ξ and

η, adapted for various specific structural typologies (Ceballos C & Sullivan 2012, Khan

et al. 2016, Pennucci et al. 2011). In this study, the approach proposed by Priestley et al.

(2007) is used, which is suitable for displacement-based design and is based on simple

ductility-based formulations calibrated for different hysteretic behaviour (Equations 5.2

and 5.3). The adopted coefficients Cevd vary depending on the considered hysteresis

rule and are reported in Table 5.2.

For each i − th equivalent SDoF system, the acceleration-displacement components of

the elastic demand at the corresponding effective period Teff,i are retrieved by linear in-
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terpolation and are multiplied by ηi, generating the overdamped demand at Teff,i. Thus,

a “variable-damping spectra” is obtained by collecting the acceleration-displacement

pairs of the overdamped demand calculated for each value of Teff,i and ηi. The CSM so-

lution(s) are the intersections between the capacity spectrum and the variable-damping

spectra. If no intersections are found, the structure is unable to sustain the applied

seismic input. Figure 5.4 presents three sample ground motions selected for illustrative

purposes. The ground-motion records #3 and #6 produce one solution (elastic and

inelastic, respectively), while the record #10 leads to multiple solutions.

Figure 5.4: Graphical representation of single- and multiple-solution cases

Teff,i =
√

µi

1 + r(µi − 1)
(5.1)

ξi = 0.05 + Cevd
µi − 1

πµi

(5.2)

ηi =
√

7
2 + ξi

(5.3)
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Table 5.2: Values of Cevd related to adopted hysteresis rules

MTt MTf BIL EPP FS

Cevd 0.444 0.565 0.519 0.670 0.186

5.2.3. Optimal IM analysis for PP selection

The efficiency of an IM parameters is related to its relevance for indicating damage po-

tentials and it is measured by the correlation to the EDPs of interest (such as the ductility

demand or target displacement). The optimal IM analysis performed in this subsection

discusses the efficiency of different IM parameters. The efficient IM(s) are used to

define strategies for selecting the PP in multiple-solutions CSM cases. Only spectral

shape-dependent IMs, that can be easily extracted by the response spectrum within the

CSM algorithm, are considered. Integral IM (e.g. duration-based) are neglected since

can not be used in the CSM process.

The candidate IMs are listed as follows. The first is the spectral displacement at the

elastic period, Sd(Tel). The second candidate IM is the displacement demand at cor-
ner period (Sd(TD)), corresponding to 90% of the maximum displacement demand, ac-
cording to Calvi et al. (2018). It is well-recognized in the literature that efficient spectral

shape-based IMs should consider the spectral demand in the period elongation range,

when an inelastic response is required. According to this statement, the third IM is a

displacement-based version of the IM proposed by Cordova et al. (2001) (SdC), cal-

culated via Equation 5.4 which considers the ratio of the spectral demands calculated

at the elongated (cTel) and at the elastic periods. Cordova et al. (2001) recommend a
value of c = 2. Recent studies (Minas & Galasso 2019, Kohrangi et al. 2016) investi-
gated the efficiency of IMs based on the geometric average of the spectral accelerations

over an appropriate range of periods (usually named AvgSa). In this study, since the

displacements are of interest, an IM based on the geometric average of the spectral dis-

placements is added in the candidate IM dataset. This latter is calculated via Equation

5.5) by defining appropriate value of period elongation kTel. Values of period lower than

Tel which are associated with higher modes in dynamic response of MDoF structures,

are not considered in Equation 5.5, since this study focuses on SDoF systems. Kat-

sanos & Sextos (2015) analyse the period elongation of SDoF systems and evidence
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that kTel ranges from 120% to 250% of Tel, being strongly affected by the ratio between

the yielding displacement with respect to the elastic displacement demand at the first

period. Therefore, two versions of AvgSd are considered, setting k equal to 1.5 and 2

(respectively indicated as AvgSd1.5 and AvgSd2 hereafter). Finally, another version

of AvgSd is proposed (AvgSdk), defining a more advanced strategy for period elon-

gation. The range of significant periods affecting the inelastic response is defined on a

specific-record basis and is related to a proxy of the likely ductility demand expressed in

Equation 5.6 (Mehanny 2009). Ten equally spaced periods are used to compute AvgSd

Minas & Galasso (2019).

Sdc = Sd(Tel)

√√√√Sd(cTel)
Sd(Tel)

(5.4)

AvgSd(Tel − kTel) =
(

N∏
i=1

Sd(Ti)
) 1

N

with Ti ∈ [Tel; kTel] (5.5)

k =

√√√√Sd(Tel)
∆y

(5.6)

The optimal IM analysis is performed with reference to the results of NLTHA which leads

to an inelastic response. Indeed, in case of an elastic response, no multiple solutions

can be retrieved via the CSM, and the displacement demand and Sd(Tel) coincides as
shown in Figure 5.4.

Considering the NLTHAmaximum displacement of the SDoF system, a power-lawmodel

(EDP = aIM b) is fitted to the “cloud data” in the transformed log IM − log EDP

plane (Jalayer et al. 2017). The parameters a and b are estimated through regression

analysis resorting to the least square method. As confirmed byMinas & Galasso (2019),

an inverse proportionality relationship exists between the efficiency of the IM and the

standard deviation (σ) of the observed edpgm − imgm pairs in their transformed state

with respect to the linear statistical model. This logarithmic standard deviation (or dis-
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persion) is quantified via Equation 5.7 where N is the number of ground motions.

σ =

√√√√∑N
gm=1(ln edpgm − ln a · imb

gm)2

N − 2
(5.7)

Figure 5.5: Results of the optimal IM analysis

To systematically analyse the results, all the SDoF systems are grouped by Tel and hys-

teretic behaviour; the average value of σ is estimated for each subgroup and for each
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candidate IM. Figure 5.5 shows the results for all the hysteresis subgroups. Sd(Td) is
the least efficient IM being totally independent of structure-specific dynamic features.

Sd(Tel) is a particularly efficient for high-period oscillators that exhibit a low nonlin-
ear demand such as high-period cases. AvgSd1.5 provides a low average(σ) for low-

period SDoF systems, where a strong inelastic demand is usually registered and the

influence of the spectral shape in the period elongation range is significant. Noticeably,

AvgSd1.5 outperforms AvgSd2 proving that k = 1.5 is likely a better choice than
k = 2 with reference to the average features of these case studies. Sdc provides com-

parable efficiency to the results of AvgSd2. The most efficient IM is AvgSdk which

exhibits the lowest average(σ) for all the considered subgroups. This advanced IM

adapts the period elongation range depending on the spectral shape joining the advan-

tages ofAvgSd and Sd(Tel). The comparison between the several adopted hysteresis
rules in Figure 5.5 evidences that these results are weakly affected by the cyclic dissipa-

tion. Further analyses could be carried out to appropriately calibrate the discretisation

of the period range in which AvgSd is calculated (Minas & Galasso 2019, Kazantzi &

Vamvatsikos 2015) or the c parameter for Sdc, possibly with reference to a narrower

subgrouping of the case-study dataset (e.g., grouped using the base shear coefficient).

However, this task is deemed not consistent with the purposes of this study.

5.2.4. Candidate strategies for PP selection

Six candidate strategies are defined to select the PP handling multiple-solution cases.

To this purpose, it is assumed that these strategies should be simple enough to enable

a fast, possibly automatized, selection of the PP within a fragility analysis framework

dealing with a high number of ground motions.

• The first strategy (S1) is the most refined one. A preliminary regression analysis

is performed to provide a simple relation between the NLTHA-based ductility de-

mand, µT H and two predictors linked to both the ground-motion spectrum and

the SDoF backbone parameters. These are the ratio between AvgSdk and the

yielding displacement of the specific SDoF, ∆y, and the elastic period Tel. The

pairs of ground motion-SDoF system characterised by inelastic demand are used
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to perform the nonlinear regression according to the power model proposed in

Equation 5.8 via the least square method. The values of the parameters [a,b,c,d],

calculated for the different hysteresis subgroups, together with the correspond-

ing coefficient of determination R2 are presented in Table 5.3. According to this

strategy, the PP is the CSM solution whose ductility demand best agrees with the

results of the proposed regression model.

µT H = (aTel + b) ·
(

AvgSdk

∆y

)cTel+d

(5.8)

• The second strategy (S2) assumes that, for a specific ground motion, the PP is

the solution that minimizes |AvgSdk − ∆P P |.

• The third (S3) and fourth (S4) strategies assume that the first and the last solu-

tions, respectively, on the backbones are the PP. These strategies are proposed

to evaluate if it is worth performing a more accurate selection according to S1

and S2.

• The last strategy (S5) foresees that the record-specific displacement performance

can be approximated by the arithmetic average of the displacements provided by

the various solutions.

Table 5.3: Parameters for the power model in Equation 5.8 depending on the hysteresis rule

MTt MTf BIL EPP FS

a -0.03 -0.028 -0.021 -0.036 -0.055

b 1.059 1.033 1.098 1.082 1.095

c 0.023 0.034 0.017 0.017 0.056

d 0.86 0.831 0.876 0.751 0.685

R2 0.8156 0. 8275 0.8643 0.7487 0.8008

5.2.5. N2method for application with real spectra and proposed IM-based approach

In this Chapter, other NSPs are introduced to discuss the effectiveness of the CSM. The

first is the widespread code-based version of the N2 method as included in Eurocode
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8 part 3 (CEN 2005) and modified in D’Ayala et al. (2013) for its application with real

spectra to compute fragility functions. The N2 method is a pushover-based methodol-

ogy like the CSM. It is based on capacity spectra and, differently from the CSM, exploits

displacement modification factors for approximating the inelastic SDoF displacement,

corresponding to the PP on the capacity spectrum.

Within the N2 method, the capacity spectrum is simplified in an elastic-perfectly plastic

law to determine Tel and∆y of the investigated structure. The PP is estimated depend-

ing on the relation between the Tel and the corner period of the adopted elastic (usually

code-based) spectrum (Tc) which is the period at the end of the constant-acceleration

part. If Tel is higher than Tc, the equal-displacement rule is applied, and the target dis-

placement (∆P P ) is equal to the spectral displacement at the elastic period Sd(Tel).
On the other hand, if Tel is lower Tc, two conditions may occur. If the spectral acceler-

ation is lower than the yielding acceleration capacity of the system, an elastic response

is expected, and the Sd(Tel) equals the ∆P P , again. In contrast, the formulation by

Vidic et al. (1994) is applied, and the target displacement is calculated with Equation

5.9 where qu is the ratio between the spectral acceleration at the elastic period and the

yielding acceleration. Note that k of Equation 5.6 is a displacement-based version of

qu.

∆P P = Sd(Tel)
qu

(
1 + (qu − 1) Tc

Tel

)
≥ Sd(Tel) (5.9)

This methodology is usually applied with smooth code-based spectra, where the inter-

val of periods related to the constant acceleration section of the spectrum, from Tb to

Tc (which are the upper and lower limits of the constant acceleration part), is known.

Since this interval is not defined for real unsmoothed spectra, the strategy proposed by

Calvi et al. (2018) for the calculation of Tc of real spectra is adopted. Tc can identified

in the spectral acceleration vs period plane, at the intersection between an horizontal

line at 90% of the maximum spectral acceleration and the response spectrum ordinates.

If more than one intersection occur, the lowest period should be chosen. It is worth

mentioning that, in this study, the simplified code-based N2 method is applied to calcu-

late the performance of multi-linear SDoF systems in which the elastic branch is known.
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Therefore, the MDoF-SDoF conversion strategy is not applied and the bilinearisation is

directly carried out neglecting the hardening and the softening.

Finally, to further benchmark the CSM, another NSP-based methodology is proposed.

Thus approach is identified herein as IM-based method. It is used to select the perfor-

mance displacement dealing with record-specific spectra and it is based on the results

of the optimal IM analysis. It foresees that the performance displacement of an SDoF

system under a given ground-motion input is simply equal to the value of AvgSdk cal-

culated through Equation 5.5 and 5.6. This approach requires the knowledge of the Tel

and the k-factor calculated with Equation 5.6.

It is worth noting that both the N2 and IM-based methods are less computational-

demanding than the CSM. The comparison among these methodologies is aimed at

evaluating whether it is worth performing a more accurate and computationally demand-

ing CSM algorithm.

5.2.6. Cloud-based approach for fragility analysis

A cloud of EDP vs IM points is obtained for each specific SDoF system using NLTHA,

the CSM, the N2 method and the proposed IM-based approach for performance dis-

placement prediction. The adopted reference IM for fragility analysis is the geometric

average of the spectral accelerationsAvgSa, whose efficiency is previously discussed

in subsection 5.2.3 for the case-study database. Also, desirable IM properties such as

efficiency, sufficiency and hazard computability of AvgSa are extensively evaluated in

recent literature studies for fragility analysis of various structural types. Given the opti-

mal IM analysis, AvgSa is computed in the interval between Tel and 1.5Tel and it can

be calculated via Equation 5.5, by replacing Sd(Ti) with Sa(Ti) and k = 1.5.
Three ductility-based DS thresholds (indicated in Figure 5.2) are defined, corresponding

to the yielding point (µds1 = 1), the peak strength point (µds2 = µ) and at the middle

of the softening branch (µds3 = 1.5µ).

The cloud data are initially divided into “collapse” and “no-collapse” categories. Col-

lapse herein corresponds to a global dynamic instability within NLTHA or at the ex-

ceedance of a conventional displacement threshold for the NSPs. This latter threshold
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is equal to the reaching of the residual strength branch (µcollapse = 2µ).

P (EDP ≥ edpds|IM) = P (EDP ≥ edpds|IM, NoC)(1 − P (C|IM))+

P (EDP ≥ edpds|IM, C)P (C|IM) =

(1 − ϕ

(
ln edpds − ln aimb

σNoC

)
)(1 − P (C|IM)) + P (C|IM)

(5.10)

Equation 5.10 shows the generic analytical form used in this study for a given fragility re-

lationship, where the probability of violating a given DS threshold,P (EDP ≥ edpds|IM),
is calculated by applying the total probability theorem. This equation aggregates the

probability of reaching or exceeding the DS for the non-collapse cases, P (EDP ≥
edpds|IM, NoC), and the probability that the collapse occurs, P (C|IM) (Jalayer
et al. 2017).

Note that since all the collapse cases certainly exceed the DS threshold, P (EDP ≥
edpDS|IM, C) is equal to 1. The fragility model related to the non-collapse cases only
is expressed by the normal cumulative distribution function ϕ(·) based on the power
model-based PSDM for non-collapse cases. The coefficients a, b and the dispersion

σ are calculated as described in subsection 5.2.3. A logistic regression model is fitted

to ”no collapse-collapse” data to calculate the P (C|IM). The PSDM represents the
median EDP (having the 50% probability of being reached, edp50) given IM and it can

be calculated with Equation 5.11.

edp50 = a · imb exp
(

σNoC

[
0.5

1 − P (C|IM)

])
(5.11)

For analysing the results, P (EDP ≥ edpds|IM) is approximated with a lognormal
cumulative distribution function, whose median (α) and dispersion (β) are adopted for

comparing the large number of SDoF fragility curves calculated for all the SDoF dataset

(four ds x 2160 SDoF systems).

α represents the value of IM corresponding to a 50% probability to be reached or ex-

ceeded of a given edpds and it is calculated via Equation 5.10 by setting P (EDP ≥
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edpds|IM) equal to 0.5. β expresses the “slope” of the fragility curve and is approxi-

mated as half of the difference between the logarithmic values of IM corresponding to

the 84% and 16% exceedance probability (P (EDP ≥ edpds|IM) equal to 0.84 and
0.16).

5.3. Discussion on selection strategies for multiple CSM solutions

This Section discusses how to handle multiple CSM solution. The effectiveness of the

previously described strategies to identify the PP is assessed. Therefore, the influence

of the percentage of multiple-solution cases detected within the NLTHA database for a

given case-study on the fragility analysis is evaluated.

5.3.1. Effectiveness of the proposed strategies for PP selection

In this section, only the combinations of SDoF oscillator-record for which multiple CSM

solutions are detected are considered. In these cases, the PP is selected considering

the various strategies (from S1 to S5). The accuracy of the single strategy is assessed

comparing the chosen PP with a benchmark strategy, named S0, that implies the man-

ual selection of the PP, which best mimics the NLTHA result. This is assumed as the

theoretically best solution (benchmark PP). Note that the cases in which the benchmark

PP is a collapse case are excluded. Moreover, the cases characterised by multiple so-

lutions, which are all detected beyond the collapse threshold are excluded and directly

considered as collapse cases (rather than multiple solution cases).

A preliminary discussion about the influence of significant backbone parameters and

expected equivalent viscous damping on the occurrence of multiple solutions is needed

to understand the following outcomes.

Figure 5.6 relates the percentage of multiple-solution cases (calculated as the number

of SDoF-record pairs producing multiple solutions divided by the total number of the cor-

responding subgroup) varying Tel, µ and Fy for the considered hysteresis subgroups

(representative of high- and low-dissipation). The results of Figure 5.6 are related to the

oscillators having Fr and r equal to and 0.6Fy and 0% respectively (selected for illus-
trative purposes). It is worth mentioning that the outcomes shown in Figure 5.6 could

be influenced to the amplitude and frequency content of the specific ground motions
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Figure 5.6: Percentage of multiple-solution cases on varying significant backbone parameters for the
adopted hysteresis rule subgroups (Fr = 0.6Fy and r = 0%).

adopted in this study. Thus, these could not be valid for other studies if other ground

motion suites are adopted.

It is evident that the number of multiple solutions decreases as the elastic period in-

creases. This outcome is influenced by the higher number of elastic responses detected

for increasing periods. The cases having Tel higher than 1.00 s are not considered in

the figure since they exhibit a negligible number of multiple solutions (less than 5%). It is

shown that the 0.25 s-period cases exhibit the highest percentage of multiple solutions.

This percentage increases as Fy and µ increase, with a maximum of 39% for Fy equal

to 0.5 and µ of 4.5 for MTf. For the FS, the number of multiple-solution cases strongly

decreases within the Tel = 0.25s subgroup, with a maximum of 15% for the case with

Fy equal to 0.5 and µ = 3. In this case, the number of intersections between the
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variable-damping spectra and the backbone decreases. This may be caused by the low

cyclic dissipation capacity and the absence of the softening branch which induce a low

number of intersections between the capacity and demand spectra. For the Tel = 0.50s

subgroup the maximum is 20% for the case MTt with Fy = 0.3 and µ = 2. For the
groups having 0.75 s the percentage of multiple-solution cases is generally lower than

15%, while for the and 1.00 s (and higher) is lower than 10% regardless on the strength

and ductility at peak strength.

It is worth mentioning that the results are only slightly sensitive to the hardening and

residual-strength values (variations less than 5% within each Tel-Fy-µ subgroup are

registered).

To discuss the effectiveness of the proposed strategies in selecting the PP for a single

ground-motion response, the results are grouped by elastic period and hysteretic be-

haviour. The effectiveness of each strategy is evaluated introducing the R̂ index, which

is the mean of the ratios between ∆S0
j and ∆Si

j which are the performance displace-

ments respectively corresponding to the benchmark S0 and the generic i − th strategy,

for the j − th record-SDoF pair showing multiple solutions. R̂ is calculated through

Equation 5.12 whereNms measures the total amount of multiple-solution cases for a de-

termined Tel-hysteresis subgroup of oscillators. The effectiveness of the i−th strategy

increases as the corresponding R̂ approaches one.

R̂Si = 1
Nms

Nms∑
j=1

∆Si
j

∆S0
j

(5.12)

Figure 5.7 synthetically shows the indexes R̂ for all considered subgroups. Different

marker shapes differentiate the strategies, while the variation of colours corresponds to

different hysteresis rules. The effectiveness of S1 is evidenced by the corresponding

R̂ which is included in the range [0.94;1.08], demonstrating the accuracy of the re-

gression models described in Section 5.2.4. The accuracy of S2 is particularly evident

for low/medium-period (Tel ≤ 1.25s) oscillators (0.99 ≤ R̂ ≤ 1.04), while a loss
of effectiveness is registered for high-period cases (Tel ≥ 1.50s) having EPP or BIL

hysteresis rule (R̂ ≥ 1.08). Although its simplicity, S3, which implies the selection of
the solution associated to the lowest performance displacement, provides a satisfactory
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accuracy with respect to S0: an overestimation of the performance displacement in the

range [2%; 14%] (0.86 ≤ R̂ ≤ 0.98) is observed, with the maximum error registered
for EPP at Tel = 0.50s. Contrarily, if the last PP (largest displacement) is chosen (i.e.

S4), an important bias is registered and a displacement overestimation higher than 50%

(R̂ ≥ 1.50) is generally expected regardless of the elastic period and hysteresis rule.
The strategy S5 leads to values of R̂ included in the range [1.2;1.4] for the FS subgroup

and higher for other hysteresis rules. Particularly, S5 provides R̂ higher than 1.5 for

low-period cases (Tel ≤ 0.75s) for MTt, MTf, EPP and BIL hysteresis rules.

Figure 5.7: R̂ of the candidate PP selection strategies for all the period-hysteresis subgroups.

5.3.2. Effect of multiple-solution cases in fragility analysis

The discussion of the previous sub-section is limited to single ground-motion response

analysis. Therefore, further tests are needed to definitively assess the accuracy of the

different strategies in fragility analysis which is the main target of this study.

The fragility relationships for DS1, DS2 and DS3 are computed for all the considered

SDoF systems in the database according to the procedure outlined in subsection 5.2.6,

selecting the PP according to the previously described strategies. It is worth mentioning

that if the selected PP exceeds the collapse threshold, it is classified as collapse within

the PSDM calculation. The strategy S0 is again taken as a benchmark. Note that the
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oscillators characterised by at least one ground-motion record producing multiple solu-

tions are selected to perform this task (approximately 75% of the SDoF systems; only

extremely high-period high-strength cases are excluded). Figure 5.8 helps the reader in

understanding the expected effect of the multiple-solution records in the fragility analy-

sis. It shows the cloud data (∆P P − AvgSa where the collapse cases are indicated

with squared markers beyond the collapse threshold) and the PSDMmodified power-law

model of two sample cases having Tel equal to 0.25 s and 0.75 s with 45% and 13%

of multiple solutions, respectively. The medians of the fragility curves are the AvgSa

values corresponding to the intersections between the PSDM and the horizontal line at

the DS thresholds. Only the results for the candidate strategies S2, S3, S4 and S0 are

reported. In both cases, it is evident that the pair of ∆P P − AvgSa chosen according

to S2 and S3 generally overlap with the corresponding one estimated by S0, so that the

associated power-law models are similar, with increasing differences approaching the

DS3 threshold. In Figure 5.8a, several of the∆P P − AvgSa points associated with S4

differ with respect to the other strategies producing different estimations of the power-

law models. Since in this case, S4 overestimates the ∆P P , it provides lower values of

the median fragility at all the three DSs. As expected, this effect is less evident in the

case shown in Figure 5.8b, where the percentage of multiple solutions is lower than the

previous one.

Figure 5.8: CSM-based probabilistic seismic demand models for two sample SDoF cases (MTt subgroup)
having different amount of multiple-solution records
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To systematically investigate the effectiveness of the different selection strategies, the

relative error between themedian fragility (α) and the dispersion (β) estimated bymeans

of the i− th strategy (Si) and S0 is calculated for each SDoF oscillator. Each calculated

error is related to the percentage of multiple solutions detected for the corresponding

case. Therefore, the error data are grouped in intervals depending on the associated

percentage of multiple-solution (each interval has 10% amplitude), and piece-wise trend

lines are calculated (through the least square method).

The results are discussed in terms of relative error vs percentage of multiple solutions

within the 100 ground motions in Figure 5.9 which shows the error trend lines together

with the error data, indicated with markers having different shades of grey with reference

to DS1 (first column) and DS3 (second column).

For DS1, S1, S2 and S3 provide errors lower than 10% regardless of the percentage of

the multiple solutions and the adopted hysteresis rule. In contrast, the deficiencies of

S4 and S5 strongly increase with the number of multiple solutions leading to average

errors higher than 30%, tending to a percentage of multiple solutions equal to 40%. This

is valid for all the adopted hysteresis rule, but the FS hysteresis rule. In this last case,

the number of multiple solutions are lower than the other hysteresis rules (as discussed

in the previous subsection) and the trend lines are calculated for a maximum of 20%

percentage of multiple-solution cases.

For DS3, S2 and S1 are the most accurate strategies. As an example, these strategies

produce errors lower than +5 and +8%, respectively for MTf. S5 is the worst strategy

providing errors which increase from -18% to -35% for 30% to 40% percentage of mul-

tiple solutions. It is worth noting that S3, although its simplicity, provides errors lower

than +10% with a negligible increase for increasing percentages of multiple-solution

cases. For FS, the low number of multiple solutions implies that the average expected

error is lower than 15% independently of the selection criterion.

Finally, Figure 5.10 reports the relative errors in terms of dispersion β for DS3. Differ-

ences between the other DS are negligible as explained in the following Section 5.4.1. It

is evident that S4 considerably overestimates the dispersion from 10% to 50% approach-

ing 40% of multiple solutions for all the hysteresis rule subgroups but FS. Differently,

S1, S2 and S3 provide 5% errors on average.
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Figure 5.9: Errors on fragility medians (DS1 and DS3) depending on the adopted strategy for PP selection.

These outcomes extend the recommendations by Casarotti & Pinho (2007) suggesting

to select the PP corresponding to the largest displacement (i.e. S4 in this study) in
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Figure 5.10: Errors on fragility dispersion depending on the adopted strategy for PP selection.

multiple-solution cases as a conservative choice. It is shown that S4 (and also S5) may

considerably overestimate the fragility of the investigated structure with a noticeable

bias depending on the percentage of multiple solutions. Conversely, S1, S2 and S3

can consistently reduce the bias induced by the multiple solutions. However, although

providing a satisfying accuracy, S1 is the most demanding in terms of calculation effort

and does not involve consistent improvements with respect to S2 and S3. S3 is also

accurate, but its results could be not conservative. In conclusion, S2 is identified herein

as the best strategy, allowing a quick and accurate selection of the PP.
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5.4.Cloud-CSMforfragilityanalysis:Discussionofresults

ThisSectiondiscussestheresultsofthefragilityanalysisperformedforeachSDoF

systembyusingtheperformancedisplacementscalculatedviatheproposedalgorithm

fortheCSM(Section5.2.2),theN2method,theIM-basedmethod(Section5.2.5)and

NLTHA.TheS2strategy,whichinvolvestheselectionofthenearestsolutiontothe

proposedAvgSdkisusedtoselectthePPincaseofmultiplesolutionsoftheCSM

algorithm.Thefragilityanalysisfollowsthecloud-basedapproachinSection5.2.6.The

median(α)andthedispersion(β)areusedtosystematicallycomparethedifferences

infragilityfunctionscalculatedwiththedifferentapproaches.Toefficientlydiscuss

theresults,theoscillatorsaregroupedbasedonsignificantbackboneparametersand

hysteresisrulesandtheoutcomesarediscussedaccordingtoteflowchartpresented

inFigure5.11.

Figure5.11:StepsoftheanalysisofresultsabouttheeffectivenessoftheCSMinfragilityanalysis.

5.4.1.Influenceofthebaseshearcoefficientandcomparisonwithothernonlinear

staticapproaches

Thissub-sectiondiscussesthesensitivityoftheeffectivenessoftheCloud-CSMwith

respecttotheyieldbaseshearcoefficientFy,whichcanbeconsideredthemostcritical

backboneparameteraffectingtheinelasticresponse.Forclarity,theresultsfortheSDoF

systemshavingamediumvalueofductility(µ=3),amaximumvalueofresidual

strength(Fr=0.6Fy),nohardening(r=0%)andMTthysteresisrule(representative

ofmoderatehystereticdissipation)areselectedforillustrativepurposes.Notethatan

extensivecollectionofthefragilitycurvesisalsoreportedinAppendixC.
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Figure 5.12: Errors between NSPs and NLTHA on the median fragility (α) for the SDoF subgroup with MTt
hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%.

Figure 5.12 shows the relative errors on the median fragility α between the considered

NSPs and NLTHA ((NSP − NLTHA)/NLTHA) calculated at the reaching of the

three DSs (indicated with different markers) for all the considered oscillators grouped

by period. Figure 5.13 reports the PSDMs related to four sample cases, appropriately

selected to better understand the results of Figure 5.12. In Figure 5.13, the cloud data are

graphically differentiated in collapse (squaredmarkers) and non-collapse cases (circular

markers). The median values of the fragility curves are the abscissa-components of the

empty markers at the intersections between the modified power-law models and the

dotted horizontal lines which indicate the DS thresholds. As evidenced in Figure 5.12,

the cases with Tel = 0.25s and Fy ≤ 0.2, together with those with Tel = 0.50s and

Fy ≤ 0.1 are excluded from the result database, since more than half of the cloud data
exceed the collapse thresholds, thus obstructing a robust fitting of the PSDM according

to Jalayer et al. (2017).

In the remaining 0.25 s-period cases, the CSM and IM-based method lead to errors

included in the range [-20;10]%, while the N2method provides errors higher than+20%

at DS3. Indeed, Figure 5.13a reports a short-period high-strength oscillator in which the

CSM-based displacement demands overestimates the NLTHA resulting in lower values

of α with errors equal to -19% and -20% for DS2 and DS3, respectively. Contrarily,

the N2 method underestimates the NLTHA for the entire range of IM, thus resulting in
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Figure 5.13: NLTHA- and NSP-based cloud data and probabilistic seismic demand models for four SDoF
case-studies (MTt subgroup) selected for illustrative purposes

an error on the median fragility equal to +20% for DS3. Furthermore, the IM-based

method outperforms the N2 (the maximum error with respect to NLTHA is -10% for

DS2) proving (again) that in this case AvgSdk is a better proxy (higher efficiency) for

the inelastic response of the considered oscillators with respect to the simpler Sd(Tel),
accounting for the spectral demand in the range of period elongation.

In the majority of the cases with medium secant-to-yielding period, 0.50s ≤ Tel ≤
1.00s, the CSM provides good accuracy, with errors included in the range [-10;10]%,

outperforming the other methods.To better understand these results, Figure 5.13b re-

ports the cloud data and PSDMs for the oscillator having Tel = 0.75s and Fy = 0.2.
It is observed that the CSM-based modified power-law model nearly matches with the
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NLTHA-based one, providing amaximum error of 4% onα at DS3. The IM-basedmethod

underestimates α with a maximum error equal to -9% at DS2, whereas for the DS3 and

collapse thresholds, the PSDM estimated by the N2 strongly diverges from the other

methods. This further evidences that Sd(Tel) is less representative of the displacement
demand when strong inelasticity is required. This is also confirmed by the lower num-

ber of collapse cases (7) predicted by this method with respect to the CSM (11) and

NLTHA (13).

According to Figure 5.12, the accuracy of the N2 and IM-based methods increase with

increasing values of Fy and the resultant decreasing inelastic demand. This is also ev-

idenced by the results of high-period (Tel ≥ 1.25s) cases, where the N2 outperforms

the other considered CSM. Figure 5.13c and d represents the PSDMs of long-period

oscillators. The first exhibits period equal to a 1.25s and Fy = 0.3, while the second
oscillator has a long period (Tel = 1.50s) and low strength (Fy = 0.1). In this cases,
N2 provides the best accuracy with negligible errors with respect to the NLTHA-based

results. In Figure 5.13c, the accuracy of the CSM is comparable to the N2method, while

the IM-based method overestimates the NLTHA-based displacement demand, underesti-

mating the median fragility α. This outcome repeats for most of the analysed cases and

proves that the α associated to the IM-based method are on the safe side with respect

to NLTHA with errors lower than -20% regardless on the backbone parameters. These

errors decreases as the nonlinear demand decreases (i.e. yield base shear increases).

Conversely, in Figure 5.13d, The CSM significantly underestimates the displacement

demands for higher values of the considered IM, overestimating the value of α with

errors equal to +10%, +20% and +22% at DS1, DS2 and DS3 respectively. As shown

by Figure 5.12, a significant bias of the CSM is generally observed for all the oscillators

having Tel ≥ 1.25s and Fy = 0.1. However, the accuracy of the CSM consistently
increases for a higher value of yield base shear strength, producing errors lower than

20% when Fy ≥ 0.2. Also in this case, the IM-based method underestimates α with a

maximum error equal to -14% at DS3.

To further evaluate the divergences in the fragility analyses related to the NSPs and

NLTHA, the differences in the dispersion β are shown in Figure 5.14. According to the

procedure described in Section 5.2.6, the global dispersion for a given DS accounts
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for the contribution of the lognormal cumulative distribution function and the logistic

function modelling the probability of occurrence of collapse/no collapse. It is proved

in this study that the former term, which is linked to the residual errors of the cloud

data with respect to the power-law model and thus is by-definition constant among the

different damage states (D’Ayala et al. 2013), is the most significant contribution to β.

Consequently, slight differences are registered among the dispersions calculated at the

different DSs. For instance, with reference to the cases shown in Figure 5.13, βds1 and

βds3 are 0.26 - 0.24, 0.24 - 0.20 and 0.18 – 0.17 for the first (a), second (b) and fourth

(d) case, respectively (no collapses are registered for the third case). Therefore, the

following discussion is addressed to DS3 only.

Figure 5.14a shows the values of β calculated assuming AvgSa as an IM. It is ob-

served that the differences in calculating the dispersion using the different approaches

become negligible with increasing Fy and Tel. Particularly, in short-period cases, the

CSM overestimates the NLTHA-based dispersion. The results show that in these cases

the N2 outperforms the CSM providing negligible errors with respect to the NLTHA. The

dispersion provided by the IM-based method is always lower than 0.2 underestimat-

ing the one calculated by means of NLTHA. On the other hand, Figure 5.14b refers to

the fragility analysis carried out using Sa(Tel) as an IM. In this case, N2 produces a
very low dispersion compared to the NLTHA, while higher accuracy is evident for the

IM-based method. This low value of β is due to an increasing correlation between

EDP and IM. Indeed, when the equal-displacement rule is applied, the performance dis-

placement provided by the N2 is equal to Sd(Tel), which is perfectly correlated to the
Sa(Tel) used as IM (Sa(Tel) = (2π/T )2Sd(Tel)). It is observed that β of the N2

method gradually decreases for increasing elastic periods and increasing relevance of

the equal-displacement rule in the calculation of the cloud data. Similarly, the low dis-

persion of the IM-based method when the AvgSa is used as IM can be explained by

an increasing correlation between EDP and IM. This happens even though a different

range of periods is adopted to calculated AvgSa and AvgSdk. This outcome shows

that NSPs which calculate the seismic performance of the investigated structure based

on simple spectral ordinates, can strongly underestimate the effect of record-to-record

variability in the dispersion of fragility curves. It is worth noting that an underestimation
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of the dispersion means an underestimation of the probability of damaging for IM val-

ues lower than the median fragility and an overestimation for higher IM. Since the Eads

et al. (2013) proved that, within a seismic risk assessment process, the mean annual

frequency of exceeding a given DS, is more affected by the probability of damaging cal-

culated at low IM values, than at high IM values. Therefore, an underestimation of β

can result in potential underestimation of the seismic risk.

Figure 5.14: Dispersion (β) of the fragility curves calculated via the NSPs and NLTHA for the SDoF
subgroup with MTt hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%.

Conversely, the CSM-based performance displacement is not dependent on the adopted

IM type since this method resort to over-damped spectra to calculate the performance

displacement. Figure 5.14 illustrates a general overestimation of the NLTHA-based dis-

persion by the CSM, both if Sa(Tel) or AvgSa are used as IM. Particularly, with refer-

ence to Figure 5.14a, the registered overestimation decreases as Fy and Tel increase

(decreasing average inelastic demand within the analysis database). The errors with

respect to NLTHA are emphasized if a less efficient IM is adopted (such as Sa(Tel)) in
cases for which a considerable period elongation is expected. Note that, as explained

before, an increasing dispersion is on the safe side with reference to seismic risk cal-

culation. Consequently, this error can be considered an acceptable trade-off for the

reduction in computational effort involved by the CSM with respect to NLTHA.

183



CHAPTER 5. CLOUD-CSM: INCLUDING RECORD-TO-RECORD VARIABILITY IN FRAGILITY ANALYSIS USING THE CAPACITY
SPECTRUM METHOD

5.4.2. Influence of the hysteresis rule

The sensitivity of the effectiveness of the Cloud-CSM to the hysteretic behaviour is dis-

cussed in this sub-section. The evaluation of the influence of the adopted hysteresis rule

is is directly reflected in an evaluation of the accuracy in predicting the NLTHA-based

results of the different equivalent viscous damping coefficients (Cevd, Table 5.2). To

synthetically address this discussion, the results herein analysed refers to the oscilla-

tors having the intermediate value of ductility (µ = 3), the maximum residual strength
(Fr = 0.6Fy) and 0% hardening (except for the BIL subgroup where a hardening equal
to 10% is considered). Note that, differently than the CSM, the N2 and IM-based meth-
ods do not account for modifications in the seismic performance due to different hystere-

sis rules, thus providing the same target displacement regardless of the cyclic response:

the fragility curves calculated via these methods do not change among the considered

hysteresis subgroups. In this section, the results are synthetically discussed, while a

complete collection a fragility curves is reported in Appendix C.

Figure 5.15: Errors between NSPs and NLTHA on the median fragility (α) for the SDoF subgroup with MTf
hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%

Figure 5.15 and 5.16 reports the results for the MTf and BIL subgroups (which exhibit

comparable values of Cevd) and shows that the CSM generally provides good accuracy

for the cases with a short-medium elastic period leading to errors on α lower than 20%.

Furthermore, in these cases, a loss of accuracy is registered for low-strength cases with
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Figure 5.16: Errors between NSPs and NLTHA on the median fragility (α) for the SDoF subgroup with BIL
hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%

Figure 5.17: Errors between NSPs and NLTHA on the median fragility (α) for the SDoF subgroup with FS
hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%

high elastic periods. As an example, for the oscillator having Tel = 1.50s andFy = 0.1,
the CSM provides errors for DS3 equal to 22% and 27% for MTf and BIL, respectively.

These outcomes are consistent with the outcomes related to MTt (Figure 5.12, since

the hysteretic dissipation associated with MTf and BIL slightly differ to MTt (see Table

5.2). This also implies that the accuracy of the N2 and IM-based methods (not sensitive

to the hysteresis rules) registered for the MTt subgroup is generally confirmed for MTf
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Figure 5.18: Errors between NSPs and NLTHA on the median fragility (α) for the SDoF subgroup with
EPP hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%

Figure 5.19: NLTHA- and NSP-based cloud data and probabilistic seismic demand models for two se-
lected SDoF case-studies having EPP and MTt subgroup selected for illustrative purposes

and BIL.

Figure 5.17 and 5.18 reports the errors on α for the FS and EPP, which are characterised

by a considerably different hysteretic behaviour with respect to the cases previously

analysed. Referring to the FS, higher values of the CSM performance displacements are

expected given the low hysteretic dissipation (Cevd = 0.186). In this case, Figure 5.17
evidences that the CSM accurately predicts (errors included in the range [-18;12]%)

the NLTHA-based α for cases with Tel ≥ 0.50s. In contrast, the N2 systematically

overestimates it, with the error increasing for strong inelasticity. This evidences the

general accuracy of the equivalent viscous damping proposed by Priestley et al. (2007)
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Figure 5.20: Dispersion (β) of the fragility curves calculated via the NSPs and NLTHA for the SDoF
subgroup with EPP hysteresis rule, µ = 3, Fr = 0.6Fy , r = 0%.

for a FS hysteresis rule and the low reliability of the N2 method in using Sd(Tel) in
estimating the seismic performance of low-dissipation structures. Note that the IM-

based method provides high accuracy in predicting the median fragility of this type of

structures.

On the other hand, lower values of the CSM target displacements are expected for EPP,

because of the high value of Cevd associated (Cevd = 0.670). Figure 5.18 shows
that for Tel = 0.50s, the CSM generally overestimates the NLTHA-based α, since it

provides lower performance displacements with respect to the NLTHA. This can be
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caused by a too-high value of the EPP-basedCevd or by the high sensitivity to the record

duration of the response of SDoF systems characterised by an EPP hysteretic behaviour.

Further information about this latter phenomenon is reported in Priestley et al. (2007),

stating that long-duration ground motions could involve “crawling” displacement for

EPP systems. For instance, the PSDMs of the SDoF systems having Tel and Fy equal

to 0.50 s and 0.2 respectively, can be observed (Figure 5.19).

In this case, the NLTHA-based α for DS3 is equal to 0.55 g and 0.64 g if EPP or MTf

are respectively used. The higher fragility detected in the first case contrasts with the

corresponding higher value of Cevd which is a proxy of larger dissipation (implying

lower ductility demand) with respect to the MTf hysteretic behaviour. This explains the

loss of accuracy of the CSM in this case, which provides α equal to 0.7 g and 0.67 g

respectively for DS3.

For the sake of completeness, Figure 5.20 reports the values of the β for DS3 calcu-

lated through the NSPs and NLTHA for the MTf and FS subgroups adopting AvgSa as

IM. The results of the N2 and IM-based methods are not shown in the figure for the

reasons explained in the previous sub-section. Consistently with the MTt, it is evident

that the employment of the CSM induces an overestimation in the dispersion, which

is higher for a high inelastic response (for example caused by a low base shear co-

efficient). Moreover, higher CSM-vs-NLTHA differences in βDS3 corresponds to cases

where the accuracy CSM concerning the fragility medians decreases. This can be easily

observed for the oscillators having an elastic period equal to 0.25 s for all the hysteresis

subgroups.

5.4.3. Influence of other backbone parameters

The sensitivity of the effectiveness of the Cloud-CSM to the variation of significant back-

bone parameters is discussed in this sub-section. Figure 5.21 reports the errors on the

median fragility (α) at different DSs of the CSM with respect to the NLTHA for different

values of the ductility at DS2 (µ), the residual strength after the softening branch (Fr)

and the hardening ratio (r). For illustrative purpose, various subgroups of oscillators are

considered, which are identified in the legends of the subplots. Firstly, Figure 5.21a, b

and c aim to discuss the influence of varyingµ, comparing the errors onα for subgroups
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Figure 5.21: Errors between NSPs and NLTHA on the median (α) for variable ductility (a-c), residual
strength (d-e) and hardening ratio (g-i).

of oscillators having µ equal to 1.5 and 4.5 (Tel = [0.50 − 2.00]s, Fy = 0.3, Fr =
0.6Fy, r = 0%). Again, the results of the SDoF system having a period equal to 0.25 s
are excluded (Section 5.4.1). These outcomes evidence a low influence of the ductility

capacity on the results of the Cloud-CSM within the Modified Takeda subgroups. This

means that the Cevd adopted for the Takeda subgroup is efficient, providing a stable

accuracy even though the inelastic demand increases (increasing µ implies increasing
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DS thresholds). In this case, the maximum difference is detected for the SDoF with

Tel = 1.50s and MTf where the errors for the DS3 fragility median raise from 5% to

12%. In this case, the PSDMs related to µ = 1.5 and µ = 4.5 are very similar since
the backbones are practically identical and until the reaching of DS2 and therefore the

cloud data almost match: only the 6% of the ground motions push the former case

(low ductility) beyond the DS2 threshold. This means that the difference in the errors is

only linked to the propagation of the divergences between the NLTHA- and CSM-based

power-law models approaching the DS2 and DS3 thresholds which in the high-ductility

cases correspond to high inelastic response with respect to the low-ductility one. Figure

5.21c shows that the sensitivity of the CSM to the variation of the parameter µ increases

for the EPP rule. In this case, if the ductility capacity is low, the softening branch is pre-

maturely reached, and therefore, the inaccuracies discussed in the previous section are

emphasized.

Figure 5.21d, e and f show the sensitivity of the CSM-induced relative errors on α with

respect to NLTHA for SDoF systems with variable residual strength at collapse (Fr equal

to 0.6Fy and 0.3Fy) for MTf, BIL and EPP hysteresis rules. Note that again the results

corresponding to MTf are comparable to MTt. The decreasing Fr induces increasing

error in the cases with a short-to-medium elastic period where a significant number of

ground-motion records pushes the SDoF beyond the DS3 threshold. This inaccuracy

of the CSM is caused by a likely inadequacy of the Cevd coefficients which, being origi-

nally calibrated to serve Displacement-based Design approaches, may be less reliable in

considering the decreasing hysteretic dissipation in the softening and residual strength

branches. For this reason, when a consistent number of ground motions requires a per-

formance displacement higher than the displacement at DS2, the CSM underestimates

the NLTHA-based target displacement, overestimating α at the different DSs. For in-

stance, for MTf the errors at DS3 are 42% and 38% (out of bounds in the plot) for the

oscillators with Tel equal to 0.75 and 1.00 s (Figure 5.21d).

Figure 5.21g, h and i discuss the accuracy of the CSM on varying values of hardening

ratio (r equal to 0% and 10%) for MTt, MTf and FS subgroups. Note that an increasing

hardening ratio implies a decreasing hysteretic dissipation which is not considered by

the ductility-based equivalent viscous damping formulations. In other words, the CSM
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predicts the same displacement demand, neglecting the hardening ratio. Accordingly,

Figure 5.21g and h (MTf and MTt) indicate that, for hardening equal to 10%, the CSM

increasingly overestimates the median estimated by NLTHA with respect to hardening

equal to 0%. As an example, for the oscillator of Tel = 0.75s and MTt, the error at DS3

increases from 9% to 21%.

5.4.4. Influence of cyclic strength degradation

The cyclic strength degradation is neglected in the hysteretic behaviour of the oscillators

described in Section 5.2.1. However, a cyclic reduction of strength, which can affect

the seismic response of non-seismically designed structures, implies a reduction in the

hysteresis dissipation with the increasing of the load cycles. To evaluate the influence of

this effect in the effectiveness of the Cloud-CSM, an additional subset of SDoF systems

is generated. In this subset, only the MTt and MTf hysteresis rules are considered, the

adopted backbone parameters are those described in Section 5.2.1, whereas a 20%

cyclic strength degradation is fixed.

The effect of strength degradation is supposed to increase the NLTHA-based displace-

ment demand with respect to the CSM-based one that neglects this effect accounting

only for the spectral shape in performance displacement demand prediction. Figure 5.22

reports the results for MTt (a) and MTf (b) for a subgroup of SDoF oscillators having

Fy = 0.3, µ = 3, Fr = 0.6Fy and r = 0%. It proves that the influence of the cyclic
strength degradation is low for MTt in all the cases having elastic period equal or higher

than 0.5. For the MTf subgroup, the errors increases for the cases with period equal to

0.25-0.75 s. For instance, for the 0.75 s-period case the errors at DS3 reaches 17% if

20%-cyclic dissipation is adopted, while a 5% is attributed to 0%-cyclic degradation.

For higher periods, the inelastic demand is lower, therefore the effect of cyclic degrada-

tion is negligible.

5.5. Conclusions

In this Chapter, the effectiveness of the Capacity Spectrum Method in performing prob-

abilistic seismic assessment considering record-to-record variability is discussed with

application to a case-study database of 2160 SDoF systems and 100 natural recorded

191



CHAPTER 5. CLOUD-CSM: INCLUDING RECORD-TO-RECORD VARIABILITY IN FRAGILITY ANALYSIS USING THE CAPACITY
SPECTRUM METHOD

Figure 5.22: Errors between NSPs and NLTHA on the median (α) for variable cyclic strength degradation
(MTt (a), MTf (b), µ = 3, Fr = 0.6Fy , r = 0%).

ground motions. The SDoF systems are represented by multi-linear parametric back-

bone curves with variable elastic period, yield base shear coefficient, ductility at peak

strength, hardening ratio, residual strength. Five types of hysteresis rules are also

adopted: Modified Takeda Fat, Modified Takeda Thin, Elastic-Perfectly Plastic, Bilinear

and Flag-Shaped. An efficient algorithm to perform the CSMwith real, as-recorded spec-

tra is proposed, combined with a cloud-based approach (Cloud-CSM) to derive fragility

relationships. Simple strategies to select the Performance Point (PP), if multiple CSM

solutions are calculated, are proposed and tested. The effectiveness of the Cloud-CSM

in fragility analysis is discussed by means of comparisons with more refined nonlinear

time history analyses (NLTHA), the N2 method and a proposed simple method involving

an intensity measure, the geometric average of spectral displacement within a given

period range, as a direct proxy for the performance displacement. The results of this

study can be summarised as follows:

• The CSM applied with real spectra may produce multiple solutions which are

not physics-based. The effectiveness of different criteria (based on simplistic

assumption or efficient intensity measures) in selecting the performance point

is analysed. It is demonstrated that in multiple-solution cases the PP can be

identified as the solution whose associated displacement best mimics the geo-

metric average of the spectral displacements calculated in an appropriate range

of periods.
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• It is demonstrated that an incorrect choice of the PP may imply errors on the me-

dian fragility and dispersion higher than 20% if the percentage of multiple-solution

ground motions is higher than 20% of the total number of adopted records. The

adoption of an appropriate strategy for PP selection, involves a strong reduction

of the errors (lower than 5%) regardless of the number of multiple solutions.

• The Cloud-CSM provides errors lower than±20% in predicting themedian fragility.

Its accuracy reduces for cases with particularly low strength and long period or

if an elastic-perfectly plastic hysteresis rule is adopted (errors higher than 20%).

• The CSM and the proposed intensity measure-based method outperform the N2

method in predicting the median fragility for short-period oscillators. Moreover,

the N2 can provide large inaccuracies (errors higher than 20%) if flag-shaped or

elastic-perfectly plastic hysteretic behaviour is adopted.

• The N2 and the proposed intensity measure-based method for performance dis-

placement identification can strongly underestimate the dispersion in fragility

curves depending on the adopted intensity measure. Contrarily, the Cloud-CSM

can be applied regardless of the selected intensity measure. This latter implies

an increasing dispersion in the fragility relationships with respect to NLTHA, de-

pending on the efficiency of the adopted intensity measure.

Given the low computational effort required, the Cloud-CSM can accurately support

applications where a large number of analyses is generally involved, such as regional-

scale assessment of portfolios of structures for modelling epistemic uncertainties in

archetype structures. This method is adopted in Chapter 6 for applications on common

roadway bridges.
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Chapter 6

Seismic risk assessment of roadway bridges accounting for

knowledge-based uncertainty

Abstract

The prediction of the seismic vulnerability of bridges is a challenging task for road man-

agers which need to include structural risk prioritisation schemes in their Bridge Manage-

ment Systems to improve the resilience of road networks. The large number of bridges

designed without anti-seismic requirements and the uncertainties linked to the lack of

knowledge data, such as design documents and blueprints, strongly affect the feasibil-

ity of this process. A simplified approach for performing fragility analysis considering

knowledge-based uncertainties is described. The approach is based on the statistical

generation of a population of index-bridges, which are analysed by means of a simplified

modelling approach and simplified analytical methods providing capacity curves. The

capacity spectrum method is used to evaluate the performance of the index-bridges

under a specific earthquake record. The fragility of the main bridge is calculated aggre-

gating the fragility curves of the index-bridge populations. The proposed approach is

applied on a dataset of eight simply-supported bridges of the Basilicata national road

network. The influence of knowledge-based uncertainty on both the fragility and the

seismic risk is discussed depending on the bridge constructive features. Finally, a vali-

dation of the proposed approach is carried out by means of a comparison with refined

modelling approach and nonlinear dynamic analyses.

6.1. Introduction and motivations

In the aftermath of strong earthquakes, an inadequate seismic response of railway and

roadway bridges could provoke direct and indirect losses, such as structural damages,

economic losses, casualties or issues in managing the post-event emergency. In most
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Figure6.1:ObjectiveofthisChapter(GO)andframingintheworkflowforseismicriskcalculation.

ofthedevelopedcountries,manybridgeswerebuiltinthepastdecades,whenthe

oldregulatorycodesdidnotrequireanadequateanti-seismicdesign.Asanexample,

inItalyahighamountofbridgeswerebuiltduringthe60sand70sPinto&Franchin

(2010)whenthemajorityoftheItalianterritorywasnotconsideredearthquake-prone.

Consequently,transportationauthoritiesdealwiththeriskprioritizationofalargenumber

ofbridges.

Manyliteraturestudiesinvestigatedtheextensionoftypologicalapproaches,already

consolidatedforregional-scaleassessmentofbuildings,toassesstheseismicvulner-

abilityofbridgeportfolios(Choietal.2004,Avşaretal.2011,Moschonasetal.2009,

Nielson2005,Monteiroetal.2019).Thesesimplifiedmethodologiesarebasedonaty-

pologicalclassification,accordingtoproposedtaxonomies(Zelaschi&Monteiro2017,

Hancilar&Taucer2013),andassumethattheperformanceofbridgesbelongingtothe

sameclassissimilar.Oneormoreindex-structures,representativeofeachtypological

class,areidentifiedandanalysedtoachieveclass-fragilitycurves.Theseexpressthe

probabilitytoreachorexceedadeterminedlimitstateforagivenearthquakeintensity

ofabridgebelongingtoagivenclass.Classfragilitycurvescouldbecalculatedanalyti-

callyaccountingforgeometricandmaterialvariabilitywithintheclass.Theaccuracyof

theseapproachesisstrictlylinkedtotheclassificationschemeadopted,usuallydefined

onajudgemental-empiricalbasis,thatcouldbenotdirectlyrelatedtotheexpectedseis-

micperformance(Mangalathuetal.2017).Furthermore,asevidencedbyStefanidou

&Kappos(2019),typologicalapproachesneglectthecontributionofstructure-specific

componentsandgeometricalfeaturesthatcouldbecrucialinthevulnerabilityofbridges

belongingtothesameclass.

Ontheotherhand,recentstudiesturntosimplifiedstructure-specificapproaches.The
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study by Şadan et al. (2013) extended the displacement-based assessment proce-

dure for SDoF systems by Priestley et al. (2007) to multi-span continuous girder RC

bridges via the approach presented in 3. Cardone (2014) analysed the effectiveness

of displacement-based seismic assessment, i.e. simplified rational assumptions and

numerical nonlinear static approaches, for common Italian bridge typologies. Displace-

ment limits for different structural components are proposed and fragility analysis via

a simplified capacity spectrum-based methodology is also carried out. Both of these

were extended by Cademartori et al. (2020) for considering the contribution of different

bearing devices on the superstructure-substructure connection and to achieve analyt-

ical fragility functions. Stefanidou & Kappos (2017) presented a hybrid methodology

for bridge-specific fragility analysis to be used for both bridge portfolio, using simplified

elastic analysis, or refined single-bridge applications, via nonlinear time history analy-

sis (NLTHA) in a multi-stripe approach. Differently, Borzi et al. (2014), after proposing

a comprehensive database layout to store bridge data, developed an automated tool

aimed at building refined finite element models and performing multi-stripe analysis for

calculating fragility curves dealing with a high number of bridges.

Generally, within both a typological or structure-specific probabilistic seismic assess-

ment, aleatory and epistemic uncertainties should be considered. The aleatory uncer-

tainties are commonly related to the random nature of the variable to be modelled and

can not be reduced by the analyst. The epistemic uncertainties are related to a knowl-

edge limit about some properties e.g. structural (geometric and material) properties,

modelling assumptions or adopted capacity models. Epistemic uncertainties are mod-

elled as random variables characterised by appropriate statistical distributions modelling

their variability. Their consideration in the probabilistic seismic assessment requires sta-

tistical sampling techniques and burden considerably the process, especially if refined

modelling and analysis techniques are used. A preliminary adequate knowledge level

of the structure(s) being analysed could beneficially limit the influence of epistemic un-

certainties. However, such a refined data collection phase may be unaffordable, since

a common inadequate and not homogeneous knowledge about these structures is ev-

idenced by roadway and railway authorities. Currently, bridge databases are lacking

design data and blueprints which mostly were lost by management authorities or stored
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in inaccessible archives. Moreover, in-situ inspections with accurate diagnostic testing

may help the analysts, even though these require a high amount of time and economic

resources.

If the knowledge process is lacking, the necessary modelling effort and the required

number of analysis for considering the amount of epistemic uncertainties increases. In

this context, refined numerical models and analysis techniques are not a practical solu-

tion. This implies the need fore simplified fragility analysis methodologies to account for

both aleatory and epistemic uncertainties. In this study, a bridge-specific fragility analy-

sis approach accounting for aleatory and epistemic uncertainties via statistical sampling,

and based on a simplified mechanics-based assessment, is proposed. Simplified me-

chanical models and displacement-based assessment analytical procedures are used

within a cloud approach for fragility analysis. The methodology results in ”bundles” of

fragility curves which are used for simplified seismic risk calculations, quantifying the

effect of knowledge-based uncertainties.

This approach could be applied for the quick risk assessment of bridges within portfolio

analysis to identify bridges exposed to high seismic risk which should be retrofitted. It

can also be used for detecting the critical assets where the uncertainty mostly affect the

seismic risk, where refined inspections should be addressed to improve the knowledge

degree of the seismic risk of the network.

A refined description of the procedure, adapted to typical bridge structural schemes,

is reported in Section 6.2. In Section 6.3, the procedure is applied to eight existing

simply-supported RC bridges, part of the national road network of the Basilicata geo-

graphical region. The influence of the knowledge-based uncertainty on both the fragility

and the risk of the investigated bridges is quantified and discussed with reference to the

characteristics of the analysed bridges.

The case studies described in the previous Chapter 2 whose knowledge data are col-

lected based on street-view surveys are analysed via the proposed methodology. The

results are discussed analysing the influence of epistemic uncertainty on fragility and

risk. For one of the case-study the procedure is applied again after a more refined RPAS-

based data collection 2.3.3 which reduces the influence of epistemic uncertainty. This

last case is used to perform a validation of the simplified methodology for fragility anal-
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ysis using the results of refined numerical models analysed via NLTHA as a benchmark.

6.2. Description of the methodology

The simplified methodology to perform probabilistic seismic assessment of bridges

considering aleatory and epistemic uncertainties is described in this section and Figure

6.2. A population of index-models is generated to consider the epistemic uncertainties,

while the aleatory ones are represented by an appropriate suite of ground motions. A

fragility curve is calculated resorting to a cloud approach for each index-model, leading

to a population of fragility curves representing the fragility of the main bridge.

6.2.1. Modelling uncertainties in fragility analysis

Aleatory and epistemic uncertainties should be considered in the probabilistic seismic

assessment. The former are linked to inherently random processes and, in this study,

only the uncertainty in the seismic ground shaking is included in this group. This so-

called record-to-record variability is captured with an appropriate selection of ground

motions representative of the seismicity of the site. Epistemic uncertainties (indicated

also as knowledge-based hereafter), in this study, include geometry and mechanical

properties of the materials or structural details which can not be assumed as “deter-

ministic”. The knowledge-based uncertainties can be represented by random variables

and appropriate statistical distributions.Zelaschi et al. (2016) and Nielson & DesRoches

(2007) proposed sets of statistical distributions to appropriately model the geometric

parameters and the material properties of highway bridges, respectively for Italy and

the US. Within the probabilistic seismic assessment process, the epistemic uncertain-

ties are usually accounted for by means of the random generation of a population of

index-models (i.e. samples) characterised by variables retrieved from the correspond-

ing statistical distributions. In this process, statistical sampling techniques, such as the

standard or Latin Hypercube Sampling (LHS) Monte Carlo methodology, can be used.

The LHS (Olsson et al. 2003) is widely used in literature for the probabilistic seismic

analysis of both single or portfolios of bridges. As an example, Padgett et al. (2008)

and Tavares et al. (2012) resort to this methodology to model uncertainty of geometric

and constructive parameters within classes of typical US bridges. Monteiro (2016) ad-
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dresses various issues of the employment of LHS for probabilistic bridge assessment,

such as the evaluation of a robust sampling size evaluating the variability of the out-

comes. The LHS is usually preferred over the standard Monte Carlo technique since it

requires a lower number of samples and thus involving lower computational effort by

using stratification. In the LHS framework, the cumulative distributions of the generic

random variablesXj are divided into N equal-probability intervals, where N is the target

number of realizations. Then, a single value is randomly extracted from each interval.

The output samples are N vectors having a size equal to the number of uncertain vari-

Figure 6.2: Flowchart of the proposed procedure.
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ables. Each vector is composed of values randomly paired under the assumption that

these belong to different intervals (i.e. in the process of sampling each interval is taken

only once). At the end of the simulation process, a set composed of N bridge realisa-

tions (or index-models) is obtained. Each realisation is “deterministically” characterised

and can be analysed directly.

6.2.2. Damage states

The response of a bridge subjected to earthquake-induced ground shaking can be cate-

gorized in performance levels (or limit states) depending on the damage of the structural

components (e.g. piers and bearings). The DS thresholds are defined in terms of ap-

propriate engineering demand parameters (EDP) that measure the seismic demand of

each bridge component. In this study, three global DS levels are assumed, according

to Cardone (2014) and Cademartori et al. (2020), that propose DS thresholds tailored

for displacement-based assessment approaches.

• The DS1 is related to light damages that require minor repairs with no service

interruption. No significant variation in the stiffness and strength of the members

is expected.

• The DS2 identifies extensive damages that require expensive interventions and

traffic interruption. However, the structure retains adequate safety with respect

to structural collapse for seismic actions.

• The DS3 is related to a near-collapse limit state with severe damages that could

prevent the repairability of the structure. The structure should guarantee an ad-

equate gravity load-bearing capacity, whereas some aftershocks could cause

partial or total collapse.

In this study, the global DS is related to the ”local” DS thresholds of the different com-

ponents which are listed in Table 6.1. Further information on the process adopted for

defining the global DS based on local DS is described in Section 6.2.4.
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6.2.3. Simplified methodology for seismic demand evaluation

In the following sub-section, the simplified methodologies to calculate the performance

of the index-models of the generated population, under a specific ground-motion shak-

ing, is described. According to the basis of nonlinear static procedures (NSPs), equiv-

alent single-degree-of-freedom (SDoF) pushover curves of the analysed bridge are ob-

tained analytically in both longitudinal and transverse direction. These are subjected

to a capacity spectrum-based approach performed with real (un-smoothed) response

spectra to calculate the performance under a given ground motion.

The calculation of the pushover curves is based on simplified modelling approaches

adapted for typical Italian bridge structural schemes. Only the nonlinear response of

the substructure components (i.e. piers and abutments) and of the deck-substructure

connection systems are considered, while the deck is supposed to exhibit an elastic

response during the earthquake (Priestley et al. 1996). Also the nonlinear response

of the foundation systems is not considered, assuming fixed base condition for piers

and abutments. In fact, in past Italian design practice of bridges, the foundations were

generally conservatively designed as stated by (Calvi et al. 2013). In bridges designed

in the last decades, a premature failure of the substructure members or of the deck-

substructure connections with respect to the foundation components is expected. This

limits the shear forces transmitted to the foundations, preventing their damages (Borzi

et al. 2014). However, the proposed procedure can be extended to account for soil-

structure interactions following the methodology by Ni et al. (2014). Two different al-

gorithms to calculate capacity curves can be are adopted for simply supported bridges

and continuous-deck bridge structural schemes.

6.2.3.1. Simplified seismic demand calculation for simply supported bridges

According to Pinto & Franchin (2010), the Individual Pier Model (IPM) is a simplified

strategy to calculate the seismic performance of simply supported bridges with inde-

pendent adjacent decks. In this methodology, each structural subassembly composed

by the sub-structure member and the connection system of this latter to the deck can

be isolated and analysed separately. The equivalent SDoF pushover curve of each sub-
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assembly is calculated by combining the force-displacement relationships of the con-

nection system (e.g. bearing devices, shear keys) and of the pier/abutment that are

assumed to act as a series system. For RC bridges, the force-displacement behaviour

of single-shaft piers should be calculated according to the formulation proposed in Chap-

ter 3. For this task, a moment-curvature analysis is necessary and can be performed

via programming routines such as CUMBIA (Montejo & Kowalsky 2007) or surrogate

meta-models (Gentile et al. 2018b,a). The force-displacement relationship of RC framed

(i.e. multi-column) piers with high flexural stiffness of the pier cap can be commonly

calculated aggregating the force-displacement relations of the columns working as a

parallel system (i.e. assuming a shear-type behaviour). A more accurate evaluation

can be performed utilising the Simple Lateral Mechanism Analysis (SLaMA) described

in the NZSEE guidelines (NZSEE 2017) or the study by Gentile, del Vecchio, Pampanin,

Raffaele & Uva (2019). The force-displacement relationship of steel-truss piers can be

calculated according to Chapter 4.

The force-displacement relationship of the connection system between the deck and

the substructure is composed by the force-displacement response of the bearings or

shear-keys, if present. As an example, in most of the existing simply-supported bridges,

usually fixed bearing devices (e.g. steel hinges or pin bearings) are not seismically de-

signed and could experience brittle shear failures under strong seismic shaking and

displacement demand, followed by a pure friction (concrete-to-concrete) behaviour un-

til deck unseating. Differently, rubber bearings (e.g. simple neoprene pads), which

were widely used in Italy between 1960 and 1990, considerably affect the seismic re-

sponse of bridge subassemblies with their high flexibility (Tortolini et al. 2011). Indeed,

the shear strength of unbolted neoprene pads is governed only by friction between rub-

ber and concrete and likely affects the hierarchy of strengths in the subassembly. The

force-displacement relationship of the deck-pier connection system can be computed

by aggregating the contribution of the bearing devices acting in parallel. If present, the

contribution of shear keys should be also considered. Multilinear force-displacement

laws for the mechanical characterisation of bearing devices and shear keys are reported

in (Cardone 2014).

According to the IPM framework, the pushover curve of the equivalent SDoF represen-
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tative of each subassembly can be calculated in a simplified way, assuming that all the

mass (and the seismic force) is entirely lumped in the centre of mass of the deck. Once

the pushover curve of the subassembly is characterised, its performance displacement

under a given ground-motion record can be conveniently approximated adopting one of

the NSPs mentioned in Chapter 5. In this study, the adoption of a capacity spectrum

method (CSM) approach with real unscaled response spectra is proposed, exploiting

the non-iterative methodology described in Chapter 5.

Referring to a subassembly composed by the pier and its connection system to the

deck composed of bearing devices only, for a given value of the base shear (Vb), the

effective displacement of the equivalent SDoF system (∆eff ) is given by the sum of

the displacements of the pier (∆pier) and the connection system (∆bear), obtained in-

terpolating the respective constitutive laws at Vb (Figure 6.3). The equivalent viscous

damping of the pier and the connection system, subjected to a given displacement, is

calculated through the ductility-based formulation proposed by Priestley et al. (2007)

reported in Equation 6.1 where a 5% elastic damping is assumed and Cevd depends on

the cyclic response of the component. It can be defined as 0.444 for piers with Takeda
Thin-type hysteretic response and as 0.565 for neoprene bearing devices characterised
by an elastic-perfectly plastic cyclic response. Other coefficientsCevd can be computed

according to the procedure proposed in Priestley et al. (2007). The equivalent viscous

damping of the subassembly for a given ∆sub is computed by Equation 6.2 which as-

sumes that the effective damping of each component is proportional to the work carried

out during the seismic response, and consequently (since the shear is equal between

the components in the series system) to its displacement.

ξ = 0.05 + Cevd

(
µ − 1

πµ

)
(6.1)

ξsub = ∆pierξpierVpier + ∆bearξbearVbear

∆pierVpier + ∆bearVbear

= ∆pierξpier + ∆bearξbear

∆sub

(6.2)

For increasing values of base shear, the effective displacement and the equivalent vis-

cous damping of the subassembly is calculated, until the deck-substructure connection

or the pier reach the ultimate displacement capacity. If very high-stiffness bearings are
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Figure 6.3: Simplified calculation of force-displacement curve for deck-pier subassemblies

present, only the force-displacement behaviour of the pier/abutment is considered in the

subassembly pushover curve whose ultimate capacity should appropriately consider the

maximum strength of the bearings. The same process should be accomplished for the

characterization of the deck-abutment subassemblies. In this case, if fixed abutments

are assumed, the force-displacement relationship of the equivalent SDoF is represented

by the connection system only.

At this stage, a set of equivalent SDoF pushover curves is associated with the differ-

ent subassemblies of the analysed bridge. According to the IPM approach, each of

the equivalent SDoF pushover curves is converted in a capacity spectrum (in terms of

acceleration-displacement) by dividing the base shear for the corresponding effective

mass which is equal to the tributary seismic mass of the subassembly. Using the CSM

algorithm described in Chapter 5, the seismic performance under a given ground-motion

record is calculated for each subassembly and is compared to the corresponding ca-

pacity. The displacement profile of the bridge under the considered seismic actions is

composed of the performance displacement of each subassembly.

As anticipated, this approach can be adopted for analysing the seismic response of

simply-supported bridges characterised by an isostatic scheme in the transverse direc-

tion, if relative rotations between adjacent decks are allowed by the deck-substructure

connection systems. Cardone (2014) also claims that the IPM methods can be reli-

ably used when there is weak interaction (i.e. unlikely impacts) between the adjacent

decks and a global regular response of the bridge (i.e. high participating mass). These

conditions occur when the ratio of the effective periods of the adjacent deck-pier sub-
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assemblies is included between 0.50s and 2.00s. The average values of the periods

should also be included in the range [0.65; 1.50]s. It is worth noting that the IPM can

not be applied for analysing skewed bridges (skew angle higher than 15°). It is worth

noting that, in this study, the approach is described for subassemblies in which the pier

mass is negligible (lower than 10% Priestley et al. (1996)) with respect to the tributary

mass of the deck. If this condition is not satisfied, a two-mass model can be used

to characterise each subassembly, composed by the mass of the deck (lumped at the

height of the deck centre of mass) and the mass of the pier cap plus a portion of the

mass of the pier (placed at the centre of mass of the pier cap).

In the longitudinal direction, the IPM can be used depending on the width of the expan-

sion joints between adjacent decks. Under seismic shaking, each pier responds inde-

pendently until the closure of the joints is reached and impacts between adjacent decks

occur. The tributary seismic mass of each subassembly depends on the fixity condi-

tions of bearing devices (i.e. fixed or free) and their capacity to transfer shear forces. If

the expansion joints between the decks are seismically designed, their width is adequate

to avoid impacts and usually, the IPM approach could be applied for the response in the

longitudinal direction. On the contrary, for bridges with joints designed considering the

thermal deformations only, the premature closure of joints under seismic action gener-

ates a parallel system, in which the deck-pier and deck-abutment subassemblies resist

the seismic shear forces depending on the proper stiffness 6.4. This also occurs when

shock transmitters are placed on the piers. When the closure of the deck-abutment joints

is likely to occur, the abutment-backfill interaction should be appropriately modelled,

since it strongly affects the longitudinal seismic behaviour (Shamsabadi & Kapuskar

2010) and fragility. Guidelines for the modelling of the abutment-backfill interaction are

reported in Sextos et al. (2008) and Caltrans (2013).

If a parallel system composed of the different subassemblies is likely to be activated.

The capacity curve of the equivalent SDoF of the bridge could be calculated by ag-

gregating the force-displacement laws of each subassembly, assuming that these are

subjected to the same deck displacement. Given a pre-determined target displacement

of a generic node of the deck, the shear forces in each subassembly can be obtained by

interpolating the corresponding force-displacement laws and can be summed up for cal-
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Figure 6.4: Simplified calculation of force-displacement curve for bridges in longitudinal direction acting
as a parallel system (fixed bearings on the piers only are considered)

culating the total base shear. Repeating this process for incremental deck displacement,

the equivalent SDoF capacity curve is achieved. For each step, the equivalent viscous

damping of the equivalent SDoF system is calculated via Equation 6.3. The capacity

curve can thus be subjected to the CSM algorithm to calculate the performance point.

ξeff =
N∑

j=1

ξsub,jVsub,j

Vsub,j

(6.3)

6.2.3.2. Simplified seismic demand calculation for continuous-deck bridges

The seismic behaviour of continuous-deck (hyperstatic) bridges in the transverse direc-

tion is characterized by the coexistence of two load paths since a portion of the total

seismic loads is directly transferred by the deck to the abutments, while the remain-

ing part is resisted by the piers. The tributary seismic load related to the different load

path depends on the ratio between the stiffness of the deck and the piers for transverse

seismic action.

To calculate the capacity curve of this bridge typology, the process described in sub-

section 6.2.3.1 for the characterization of single subassemblies is nested in the pro-

cedure proposed by Şadan et al. (2013), Perdomo & Monteiro (2020) and extended

by the author and other colleagues in Gentile, Nettis & Raffaele (2020). This latter is

extensively described in Chapter 3. It resorts to simplified mechanical modelling and
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analysis which are consistent with the purposes of regional-scale analyses. The model

of the bridge is a simple elastic beam with an appropriate transverse moment of inertia,

placed on elastic springs equipped with effective stiffness in target displacement con-

dition which represent the deck-pier and deck-abutment subassemblies. The effective

masses are lumped in the main nodes of the deck corresponding to the substructure

members. The analysis approach is composed of a series of progressive iterative linear

(modal or static) analyses performed for incremental values of control node displace-

ment. The stiffness of the supports is updated step-by-step according to the increasing

ductility demand.

In the longitudinal direction, the capacity curve of the bridge is the aggregation of the

force-displacement laws of the subassemblies that absorb the seismic action. In exist-

ing bridges, a common old design strategy was based on the definition of a “fixed” pier

designed to resist the full seismic load, whereas the others were released from the deck

through roller bearings or sliders. In this case, the capacity curve of the bridge coincides

with the force-displacement relationship of the “fixed” subassembly. Contrarily, if more

subassemblies are designed to resist the seismic actions, the force-displacement laws

of these subassemblies should be aggregated as a parallel system (see sub-section

6.2.3.1).

6.2.4. Adopted methodology for fragility analysis

This section explains the cloud approach adopted for fragility analysis. It consists in

an extension of the Cloud-CSM approach presented in Chapter 5 dealing with (simply

supported girders) bridges. Fragility analysis of complex structural systems composed

by several members, like bridges, is not a straightforward task. Indeed, the global DS

of the bridge is related to the DS of different components. Commonly, fragility relation-

ships of bridges are calculated through a detailed probabilistic approach, involving an

appropriate correlation of the component-specific fragility functions (Choi et al. 2004,

Stefanidou & Kappos 2017, Tavares et al. 2012), or via a simplified approach in which

the bridge is seen as a series system where the ”weakest” member (i.e. the most dam-

aged component) determines the DS of the bridge at a given seismic intensity (Borzi

et al. 2014). This latter approach is considered suitable for simplified regional-scale
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analysis and is used in this study. The EDP which expresses the performance of a

generic bridge component subjected to a given (j − th) ground-motion shaking with

respect to a given DS (DSk), is a Demand Capacity Ratio (DCR) (Equation 6.4).

DCRDSk
ij = ∆ij

∆DSk
i

(6.4)

The global DCR for the analysed ground-motion record is the maximum of the DCRs

of the different components. As an example, if only the piers, the bearings and the

abutments are considered in the determination of the bridge DS, the global DCR is given

by Equation 6.5 where the p,b and ab subscripts indicate piers, bearing devices and

abutments respectively.

DCRDSk
j = max(DCRDSk

p1,j , ..., DCRDSk
pN,j,

DCRDSk
b1,j , ..., DCRDSk

bN,j , DCRDSk
ab1,j, DCRDSk

ab2,j) (6.5)

In this study, the fragility relationships express the probability of the bridge to reach or

exceed a unitary DCRDS for a given shaking intensity measure (IM).

Various literature studies focus on the definition of optimal IMs for probabilistic seismic

analysis of bridges. Particularly, the adopted IM should be chosen depending on its

efficiency, sufficiency, practicality and hazard computability (D’Ayala et al. 2013). A

wide description of these characteristics is proposed by Padgett et al. (2008). The

efficiency is a particularly important factor for fragility analysis since it expresses the

correlation between the IM and the EDP and it is measured by the amount of variation in

EDP for a given IM within a probabilistic seismic demand model. Padgett et al. (2008)

identified the Peak Ground Acceleration (PGA) as an adequate IM for fragility analysis

of bridge portfolios. Contrarily, dealing with isolated structures, IMs calculated based

on spectral pseudo accelerations/displacements corresponding to the modal period/s

of the investigated structure outperform PGA in terms of efficiency (Minas & Galasso

2019, Monteiro et al. 2019) As an example, it is commonly expected that the PGA, which

is not related to the vibration modes of the investigated structure, can be less efficient
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than the spectral acceleration at first mode.

Recently, O’Reilly et al. (2019) investigated the efficiency of AvgSa, defined as the

geometric mean of the spectral accelerations within a determined period range (also

used in Chapter 5). AvgSa can be successfully adopted for fragility analysis of specific

structures considering the period elongation during the seismic response, or higher-

mode contributions. Moreover, AvgSa suits for class fragility analysis if the period

range is calibrated depending on the modal properties of the structures within the class.

Fragility curves are calculated based on regression-based probabilistic seismic demand

models as proposed within the cloud analysis approach by Jalayer et al. (2017) and

adapted in the Cloud-CSM in Section 5. The results of the previous analyses are orga-

nized in couples of [EDP, IM], where the EDP is theDCRDS
j and the IM is the AvgSaj

which refers to each ground motion j (i.e. the “cloud data”). The probabilistic seismic

demand model is represented by a power-law model (DCR = aAvgSab) which de-

scribes the relationship between the median value of DCR (αDCR), and AvgSa. The

parameters [a, b] are estimated by fitting a linear model to the cloud data transposed in

the natural logarithmic space (Equation 6.6), via the Least Square Regression Method.

E[ln(DCR)|AvgSa] = ln(αDCR|AvgSa) = ln(a) + b ln(AvgSa) (6.6)

The dispersion of the demand around the median value estimated with the regression

model is assumed constant varying the value ofAvgSa and is given by Equation (Equa-

tion 6.6) where M is the number of ground motion records.

βDCR|AvgSa =

√√√√∑M
j=1 ln(DCRj) − ln(aAvgSab)

M − 2
(6.7)

Finally, the fragility function is represented by the probability of exceedance of the DS

given an IM value, P (DCRDS = 1|AvgSa), and can be calculated by Equation 6.8
where Φ(·) is the standard cumulative distribution function.

P (DCR > 1|AvgSa) = Φ
(

ln αDCR|AvgSa

βDCR|AvgSa

)
= Φ

(
ln aAvgSab

βDCR|AvgSa

)
(6.8)
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Within this approach, the seismic action should be modelled by a suite of natural ground

motions, representative of the seismic hazard condition of the site. Unscaled ground

motions can be adopted, although some limited amplitude-scaling could be required to

improve the robustness in fitting the power-law model. This approach is largely utilised

for the analysis of portfolios of structures, where a specific-structure record selection

is not convenient.

By using this procedure, several fragility curves (i.e. one for each DS) can be associ-

ated with each index-bridge, reporting its probabilistic response considering record-to-

record variability only.

To evaluate the influence of knowledge-based uncertainty on the main bridge at a given

DS, all the fragility curves calculated for the index-models can be analysed in a stack

of fragility curves which can be, in turn, resumed by significant percentiles (e.g. 10th,

50th, 90th) (Bradley 2010).

A synthetic fragility curve, expressing the probability to reach a DS, comprehensive of

both aleatory and epistemic uncertainty can be defined calculating themedian (αDS,bridge)

with Equation 6.9, being equal to the 50th percentiles of the population of the medians

of the index-bridges. N is the number of index-bridges of the population and αDS,k

is the median fragility related to the k − th index-bridge for a generic DS. The overall

dispersion (βDS,bridge) should account for both the dispersion of the fragility curves of

each index-model (βDS,k) and the dispersion around the medians. These contributions

are combined with the SRSS rule (Equation 6.10).

ln αDS,bridge =
(

N∑
k=1

ln αDS,k

)
/N (6.9)

βDS,bridge =

√√√√√( 1
N

N∑
k=1

βDS,k

)2

+ 1
N

(
N∑

k=1
ln αDS,K − ln αDSbridge

)2

(6.10)
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6.2.5. Risk quantification

The approach for quantifying the seismic risk is described in this sub-section. For this

purpose, hazard curves that express the mean annual frequency of exceedance of a

ground-motion IM for a given location are needed. These are calculated via probabilistic

seismic hazard analysis of the site of interest. Since, to calculate the seismic risk, the

integration between hazard and fragility should be performed, the adopted IM for hazard

curves should be consistent with the one used for fragility analysis. The suitability of an

IM to perform probabilistic seismic hazard analysis is expressed by the so-called hazard

computability which measures the amount of effort required to perform the probabilistic

seismic hazard analysis (Giovenale et al. 2004). PGA is a good choice in terms of hazard

computability, since it is used for proposing a wide variety of seismic hazard maps, it

is used in the codes and to develop ground motion prediction equations. It is worth

mentioning that ground-motion prediction models with low uncertainty are available for

”simple” IM, such as PGV or pseudo-spectral accelerations at given periods (Campbell

& Bozorgnia 2008). Recently, Kohrangi et al. (2018) proposed empirical ground-motion

prediction models also for AvgSa, estimating the seismic hazard with low uncertainty.

In this study, the seismic risk is calculated in terms of mean annual frequency of ex-

ceeding a determined DS and it is indicated with λDS . It can be estimated by Equation

6.11, where the first term, P (DS|IM), is the fragility relationship, while the second
term H(IM) is the hazard curve. In the second format of Equation 6.11,

∣∣∣dH(IM)
dIM

∣∣∣
expresses the slope of the hazard curve.

λDS =
∫ +∞

0
P (DS|IM) · |dH(IM)| =

∫ +∞

0
P (DS|IM) ·

∣∣∣∣∣dH(IM)
dIM

∣∣∣∣∣ dIM

(6.11)

Numerical approaches can be used to solve Equation 6.11. The approach used in this

study is described by Eads et al. (2013) and is expressed via Equation 6.12. If the

fragility and the slope of the hazard curves are divided in a high number of small intervals

(with amplitude ∆IM ), the Equation 6.11 can be re-written as in Equation 6.12. The

contribution to the risk of the i-th interval [IMi,IMi + ∆IM ] is calculated as the
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product of the amplitude of ∆IM multiplied by the average probability of reaching the

DS and (the absolute value of) the slope of the hazard curve in the considered interval.

The λDS is equal to the sum of the contributions of all the intervals.

λDS =
+∞∑
i=1

P (DS|IMi) ·
∣∣∣∣∣dH(IMi)

dIM

∣∣∣∣∣∆IMi (6.12)

An alternative simplified methodology to calculate the risk, by approximating the integral

in a closed-form formulation, is proposed by (Cornell et al. 2002).

In the proposed procedure, the λDS is calculated using the fragility curves correspond-

ing to the 10th, 50th and 90th percentiles with the aim to quantify the influence of

knowledge-based uncertainties in the determination of the seismic risk. The larger

is the range, the higher is the influence of epistemic uncertainty associated with the

bridge. The variation of seismic risk, if calculated for a consistent number of bridges

initially characterised depending on the proper knowledge level, suits for addressing re-

fined inspections only towards bridges where such a process could involve a significant

improvement in risk estimates.

6.3. Application of the framework on case-study bridges

The seismic risk assessment methodology described in Section 6.2 is applied to the

case-study bridges, part of the Basilicata National road network, described in Chapter

2. The case studies belong to the same typology, i.e. simply-supported girder RC

bridges with single-shaft piers, and are selected to test the applicability of the proposed

procedure within the same bridge class. As stated by Cardone et al. (2011), this is the

most spread typology of bridges in Italy.

The knowledge data on these bridges are collected via the ”desk” approach (i.e. with-

out in-situ surveys), the knowledge-based uncertainties are characterized after the data

collection process and a simulation of the incomplete data is performed. First, fragility

curves are calculated using AvgSa as IM. The robustness of the adopted statistical

method to generate the index-bridge population is checked varying the variation of the

outcomes for different sampling and different sizes of the dataset of generated popu-

lation. Furthermore, a discussion on the influence of the epistemic uncertainty within
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fragility analysis is reported.

Then, the simplified procedure for risk assessment accounting knowledge-based uncer-

tainties is applied. For this latter task, PGA is used as IM since hazard curves in terms

of PGA are easily retrievable in practical application.

Subsequently, a more refined data collection is addressed to one of these bridges and

the sensitivity of the fragility curves and risk to the different amount of the knowledge-

based uncertainty between the two knowledge levels is discussed. This latter case study

is also analysed by means of NLTHA in order to evaluate the approximations introduced

by the simplified methodology for the seismic performance assessment.

6.3.1. Data collection and modelling uncertainty for data completion

A description of the data collection approach performed for selecting the case studies

is described in Chapter 2. The described data form (2.3.1), suitable to allocate the

geometry and constructive data, is connected to an Excel-based spreadsheet which

is used as input for an appropriately developed MATLAB-based routine that performs

the risk calculation according to the proposed approach. The filled-in spreadsheets are

reported in A.

The main features of the case-study bridges (e.g. number and length of spans, height

and typology of the piers, connection system between the deck and the substructure

members) are reported in Figure 6.5.

Table 6.2 lists the uncertainties associated to the case studies which were defined in

terms of statistical distribution derived from literature studies (Nielson 2005, Nielson &

DesRoches 2007, Cardone et al. 2011, Zelaschi et al. 2016, Tavares et al. 2012, Mon-

teiro 2016, Soleimani 2020). If the statistical distributions are not available, uniform

distributions (continuous and discrete) defined only by the lower and upper bounds,

are used for simulating the maximum uncertainty as suggested by Celik & Ellingwood

(2010). Note that, in this study, statistical distributions defined by analysing bridge port-

folios from different geographical contexts are used. It is expected that more data about

Italian highway and railway bridges will be available in future, improving the reliability of

the proposed assessment process.

It is worth specifying that for the B1 bridge the typology of the deck-substructure con-
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Figure 6.5: Geometry and constructive characteristics of the case studies

nection system is unknown. Thus, a discrete categorical variability is assumed to vary

between two configurations: with fixed/free bearings and with neoprene rubber bearings

as done in Borzi et al. (2014). In the first configuration, the bearings are assumed to be

fixed in the transverse direction, while a fixed and movable bearing line is placed on the
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Table 6.2: Statistical characteristics of epistemic uncertainty parameters

Parameter Distribution Parameters/Values

Characteristic compressive strength of
concrete (fck)

Uniform (Discrete) [25 − 30 − 35] MPa

Characteristic tensile strength of steel
(fyk)

Uniform (Discrete) [375 − 440] MPa

Mean concrete compressive strength
(fc)

Normal µ = 1, σ = 0.18 Factor

Mean steel Tensile Strength (fy) Normal µ = 1, σ = 0.09 Factor

Transverse reinforcement volumetric ratio
(ρt)

Uniform (Discrete) 0.05 − 0.1 %

Abutment gap size1 Normal µ = 24.5, σ = 5 mm

Shear modulus of neoprene bearings
(Gneop)

Uniform l = 0.8, u = 1.2 MPa

Thickness of neoprene bearings2 (tb) Uniform l = 40, u = 70 mm

Abutment passive stiffness Uniform l = 0.5, u = 1.5 Factor

Mass variability (G1+G2) Uniform l = 0.9, u = 1.1 Factor
1the gap size of B9 was measured (150 mm), no variability is assumed
2the height of the neoprene bearing is fixed as 30 mm for B7

top of each pier in the longitudinal direction. In this way, the tributary seismic mass of

each pier is equal to the mass of a single span. This was a common old design strategy

in the Italian context.

Furthermore, since the cross-section of the deck is unknown, variability between three

and four devices per bearing line is empirically assumed by observing the other bridges

in the dataset having similar deck width. As shown in Table 6.2, since no original design

blueprints are retrieved, variability in the design class of the materials (fck and fyk) is

assumed for all the bridges. The mean and dispersion of the mean strength values (fcm

and fym) are calculated depending on the characteristic values as suggested by Borzi

et al. (2008), assuming a coefficient of variation of 0.09 and 0.18 for steel and concrete

respectively (Monteiro 2016).

It is recognized that the mechanical properties of the materials are strongly influenced

by preparation and manufacturing issues and are expected to vary depending on the

constructive methodology of the geographical context. In this case, no experimental
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values are available for the Basilicata region, and the values adopted are calibrated for

the Italian context.

The LHS is performed for each case-study bridge to generate a population of index-

models. All index-models are grouped for couples of design concrete and steel strengths

and the longitudinal reinforcement are calculated by means of a simulated design proce-

dure. An appropriate MATLAB routine is developed to perform the simulated design of

single-shaft piers according to Italian old regulatory codes for bridges. The procedure

automatically neglects the couples of design concrete and steel classes which yield an

incompatible design with respect to the old reference code. Furthermore, it is recognized

that, in the ’70-’90 decades, the design of transverse reinforcements of bridge columns

was dictated by constructive needs rather than mechanical because of the low seismic

design actions. Consequently, the volumetric ratio of the transverse reinforcement ρt

is modelled with a uniform distribution, as indicated in Table 6.2, and not calculated via

the simulated design. The minimum and maximum values are retrieved by the study of

Cardone et al. (2011). In Figure 6.5, the reference design codes are specified for all the

case studies. It is worth mentioning that the prescribed design seismic action was very

similar for the bridges from B2 to B8, considering that these are located in a medium-

level seismic zone, according to the old seismic classification. In fact, the Decreto

Ministro dei Lavori Pubblici (DM) 3 marzo 1975 -Approvazione delle norme tecniche

per le costruzioni in zone sismiche. (1975) and Decreto Ministro dei Lavori Pubblici

(DM) 24 gennaio 1986 - Norme tecniche relative alle costruzioni antisismiche. (1986)

stated that the seismic design force is proportional to the seismic mass multiplied by a

coefficient related to the seismic hazard zone. In addition to the previous Decreto Min-

istro dei Lavori Pubblici (DM) 3 marzo 1975 -Approvazione delle norme tecniche per

le costruzioni in zone sismiche. (1975), the Decreto Ministro dei Lavori Pubblici (DM)

24 gennaio 1986 - Norme tecniche relative alle costruzioni antisismiche. (1986) added

another coefficient to the seismic design force which considers the importance of the

designed structure.

Differently, the B1 is located in a low-level seismic zone, thus probably it is designed

with a lower level of seismic actions. It is worth mentioning that the B9 bridge is the only

one in which a seismically designed gap between the deck and abutments is recognized.
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In the other cases, since the width of the gap is very low and not measurable without an

in-situ inspection, it is assumed to vary as suggested by Tavares et al. (2012), Nielson &

DesRoches (2007) and as confirmed by Cademartori et al. (2020)] for not-seismically

designed Italian bridges.

The record-to-record variability is considered in fragility analysis through an appropriate

groundmotions suite. To this aim, a suite of 100 natural groundmotions is selected from

the SIMBAD database (Selected Input Motions for displacement-Based Assessment and

Design, Smerzini et al. (2014)) consistently with the characteristic of soil type, magni-

tude and distance of expected earthquakes in the investigated region. The magnitude

and distance de-aggregation is achieved using the software Rexel (Iervolino et al. 2010)

for all the bridges of the dataset. The soil type is collected thanks to the study by Forte

et al. (2019) and it is indicated in Figure 6.5. All the bridges are characterised by a soil

type B, but the B8 whose soil type C. A preliminary dataset of 176 ground motions com-

patible with the average required values of magnitude and distance within the analysed

bridge dataset and for soil type B is collected from the considered database. Then, the

100 records with the highest PGA are selected to perform the fragility analysis. The

PGA of the selected record varies between 1.77 and 0.16 g. The criteria proposed by

Jalayer et al. (2017) for the record selection to be used within a cloud approach were

also considered.

6.3.2. Warning Class definition according to the Italian guidelines on existing bridges

A preliminary evaluation the Seismic Warning Class as suggested by the Ministero delle

Infrastrutture e dei Trasporti (2020) is performed. The SeismicWarning Class expresses

a proxy of the risk associated to the single structure and it is defined according to the haz-

ard class, vulnerability class and exposure class. Both the final Seismic Warning Class

and the specific hazard/vulnerability/exposure classes are categorised as High-Medium

High-Medium-Medium Low and Low according to some structural/non-structural pa-

rameters. For the whole procedure, the reader is referred to the guidelines presented

by Ministero delle Infrastrutture e dei Trasporti (2020). The calculation of the above-

mentioned classes for the case-study bridges is presented in Table 6.3.

The hazard class is computed by using the PGA on rigid soil prescribed by the Italian
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Code (Ministero delle Infrastrutture e dei Trasporti 2018) having 10% probability to be

exceeded in 50 years (return period equal to 475 years), the topographic class and soil

type. According to Table 6.3, the bridges B2, B3 and B7 are associated to the highest

hazard class. The vulnerability class is associated to structural features determining the

response of the structure under the seismic action. It is defined based on: material of

the superstructure, static scheme, number of spans, maximum span length, presence

of critical components/features (e.g single-column piers, irregular height distribution of

the piers along the bridge length, skewed/curved bridges) and degradation condition of

the structure. This latter parameter is defined as a degradation index and requires an on-

site inspection based on the observation and judgemental evaluation of existing defects

or damages. In this study, it is neglected since the results of the on-site inspection are

not available. As shown in Table 6.3, all the case studies are characterised by a high

vulnerability class. Finally, the exposure class is based on the service loads (i.e. mean

annual traffic in terms of number of ordinary and commercial vehicles per day), the maxi-

mum span length, the presence of alternative routes in case of bridge inaccessibility, the

use class of the obstacle which is overpassed by the bridge and the importance of the

bridge for emergency use (i.e. if the road/bridge is recognised as a strategic structure

within emergency management plans). In this case, the traffic frequency information

is not available and it is neglected in the evaluation. All the case-study bridges, part of

the national road network, are characterised by medium-high or high exposure, while

the bridge B8 (associated to the provincial road network) corresponds to a medium-low

exposure class.

Because of the high vulnerability class, the Seismic Warning Class of the analysed

bridges results to be high. Therefore, according to the Italian guidelines (Ministero delle

Infrastrutture e dei Trasporti 2020), all the case studies are associated to the same de-

gree of seismic risk and can be defined as ”high priority” bridges in road authority’s

bridge management systems.

6.3.3. Modelling and analysis assumptions

The seismic assessment is performed according to the CSM-based procedure described

in Section 6.2.3.1 for simply supported bridges. To this aim, the moment-curvature
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laws of the piers are calculated using the MATLAB routine CUMBIA (Montejo & Kowal-

sky 2007). The mechanical behaviour of the different connection system typologies is

modelled as follows. An elastic perfectly-plastic behaviour is assigned to the neoprene

bearings, assuming a slipping failure between the neoprene and the concrete surfaces.

This failure mechanism is described by Cardone (2014) for low-thickness neoprene

bearings. The stiffness of neoprene bearings is equal to kb = GA/tb (Table 6.2) and

the yielding displacement ∆y,b is equal to the 150% of the thickness of the pad. When

the neoprene bearings are present together with shear keys, the parallel contribution of

this component should be calculated and the hierarchy of strength should be checked.

In these cases, it is assumed that the maximum strength of the piers is reached before

the connection systems and the contribution of the flexibility of the connection system

to the subassembly top displacement is neglected. The same consideration is applied

for subassemblies having fixed bearings. Finally, The abutment-backfill interaction for

seat type abutments is calculated as proposed in Caltrans (2013), Sextos et al. (2008).

The proposed approach provides for calculating a population of fragility curves to be

associated with the main bridges to capture the variability in seismic performance de-

pending on the specific uncertainties. To this aim, AvgSa is used as IM which is calcu-

lated within a period range calibrated considering the vibration modes of the analysed

bridges. A preliminary modal analysis of all the bridges is performed considering a sin-

gle model characterised by average values of the uncertainties. Two average models are

associated with B1 considering neoprene and fixed bearings. The results show that the

secant-to-yielding period of the first mode in longitudinal direction ranges between 0.7

and 1.5 s. In the transverse direction, the elastic periods of the subassemblies range

within a minimum of 0.5 s, (e.g. piers with fixed bearing or abutments with neoprene

bearings) and a maximum of 1.6s for the tallest piers (which is 20m-high pier of the

B1 bridge with neoprene bearings). Given this outcome, AvgSa is calculated for each

ground-motion record using a lower bound of 0.5 s, since higher modes with lower

periods are not accounted for in the simplified procedure, and an upper bound of 1.6 s,

expecting that the period elongation would affect mostly the subassemblies with high

stiffness (i.e. low elastic period).
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6.3.4. Sample size calibration

A preliminary step to provide for robustness in the LHS-based model generation is per-

formed. The aim of this step is to define a sample size that is a compromise between

computational effort and representativeness of the generated population. For this task,

only the B1 bridge is considered, which is deemed to be the case study with higher influ-

ence of uncertainty, according to Table 6.2. First, a population of 500 index-models is

generated, the set of fragility curves is derived and the 10th, 50th and 90th percentiles

of the median fragility calculated at DS3, αDS3, are extracted and assumed as optimal

estimations. Then, the process is repeated several times reducing the sampling size.

The stability of the outcomes reducing the sampling size is evaluated with respect to the

optimal values, calculating the relative errors between the percentiles calculated using

the reduced sampling size αDS3 and the optimal estimate. The results are reported in

6.6, which shows that errors within a range of±10% are achieved when a sample size
of 50 realisations is fixed in both longitudinal and transverse direction analysis.

Figure 6.6: Errors on the 10th, 50th and 90th percentiles of the median fragility for B1 and DS3 varying
the sampling size for B1.

6.3.5. Discussion on fragility analysis

Figure 6.7 shows the population of fragility curves at DS1 and DS3 for all the case

studies analysed in transverse direction. The IM adopted for fragility analysis isAvgSa.

The critical component which determines the reaching of a DS is extracted from all the

single analysis performed with a specific record and the most recurring one is identified
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for each index-bridge. In the Figure, the pattern of the single fragility curve reflects

the most recurring critical component selected among pier, deck-pier connection and

deck-abutment connection (as indicated in the legend).

As expected, the population of fragility curves of the B1 bridge shows considerably

more variation than the other cases since the connection system between the deck

and the substructure is modelled considering a fixed/free condition of the bearings or

neoprene bearings. As an example, the median at DS3 varies in a range [0.45-1.40]g.

In this case, at DS1 the population of the index-bridges can be divided in two groups

corresponding to different bearing systems. When the fixed/free bearings are present,

the median fragility is registered at AvgSa lower than 0.25 g. On the contrary, if there

are neoprene bearings, the DS1 is postponed beyond AvgSa equal to 0.25 g and the

deck-abutment connection in most of the cases represents the critical component. This

is because in these cases, the flexibility of the subassembly increases, the DS threshold

is postponed when the slipping between concrete and neoprene surfaces occurs. This

allows relative displacements between the deck and the piers and prevents the yielding

of the piers since the shear strength of the whole bearing system is generally lower than

the shear strength of the pier.

Clearly, the piers (flexural response) determine the reaching of both DS1 and DS3, for

the bridges where a failure of the connection system between the deck and the substruc-

ture is prevented by the shear keys. The population of fragility curves assigned to B7

shows that the DS1 can be reached for both slipping of the neoprene bearings placed

on the abutments and yielding of the pier, depending on the mechanical properties of

these components. Also, DS3 can be reached for both a deck-unseating mechanism

at the abutments or ultimate displacement capacity of the piers. In this case, neoprene

bearings imply a particularly beneficial effect on the median fragility at DS3 with respect

to the other cases. This is also enhanced by the lower seismic mass of the deck with

respect to the other cases.

Figure 6.8 shows the population of fragility curves calculated for the case studies anal-

ysed in longitudinal direction. The response of the bridges from B1 to B7 is governed by

the abutment-backfill system that absorbs most of the seismic actions when a displace-

ment of the deck equal to the gap width is reached. The abutment-backwall system
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prematurely reaches all the damage states with respect to the other subassemblies.

Differently, in the B8 bridge the piers are the critical members since the gap width is

major (i.e. seismically designed) and the impact between the deck and the abutment

is anticipated by the ultimate displacement of the piers. These outcomes underline the

need to model accurately the abutment behaviour dealing with seismic response as-

sessment of existing bridges. Indeed, as reported by Shamsabadi & Kapuskar (2010),

the embankment failure represents a common damage mechanism that involves traf-

fic closure in the post-earthquake phase. This failure mode is typical of the ’70-’80

Italian bridges whose deck-abutment gap is not adequately designed as observed by

Moschonas et al. (2009), Cardone et al. (2011), Cademartori et al. (2020).

Figure 6.9 and 6.10 reports in a synthetic way the values of αDS and βDS,i calculated

by means of the simplified fragility analysis. Particularly, the values corresponding to

the 10th, 50th and 90th percentiles of the fragility population of each single case study

are shown. It is evident in Figure 6.9 that in the bridges in which the abutment-backfill

system is critical (i.e. the gap size on the abutment is not-seismically designed) the lon-

gitudinal direction is weaker than the transverse with a lower value of median fragility.

Indeed, for bridges from B1 to B7, the values of the 50th percentile of αDS3 in the longi-

tudinal direction range between 0.25 g and 0.48 g and are lower than αDS3 calculated

in the transverse direction (0.62g and 1.45g). On the contrary, for bridge B8, whose

gap size is higher with respect to the other cases, similar values of αDS are estimated

in the transverse and longitudinal direction.

The 10th and 90th percentiles of the population of fragility curves are indicated in the

Figures by error bars to represent the range of variability due to the knowledge-based un-

certainties. Numerical values are also reported in Tables 6.4 and 6.4, where the param-

eters varα10th
DS and varα90th

DS represent the variability around the 50th percentiles and

are calculated as the relative difference between the 50th percentiles and the 10th/90th

percentiles. The variability of αDS increases according to the number of uncertainties

characterising the critical component. As previously mentioned, in the transverse direc-

tion, the variability of αDS for the bridge B1 is higher than the other cases given the

higher amount of uncertainties linked to the unknown bearing typology which induce

strong variations in the force-displacement relationships of the subassemblies. As an
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Figure 6.7: Populations of fragility curves in transverse direction. Different patterns of the fragility curves
indicate the most recurring critical component among all the records.

226



Andrea Nettis

Figure 6.8: Populations of fragility curves in longitudinal direction. Different patterns of the fragility curves
indicate the most recurring critical component among all the records.
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example, the 10th and 90th percentiles of the median fragility of bridge B1 correspond

to the [-40; +39]% and [-37; +44]% of the central value (i.e. 50th percentile) at DS1

and DS3 respectively. Considering the other bridges, the variation of the 10th and 90th

percentiles with respect to the 50th is generally lower than [-20; +20]% regardless of

the damage state. For instance, for the bridge B6 the variation is [-16; +15]% and [-16;

+18]% at DS1 and DS3, respectively.

The response of the B7 is governed by the neoprene bearings which are the critical

components. The beneficial effect of the neoprene bearings to the bridge fragility is

evident since the 50th percentiles of the median fragility is registered at 1.45 g and it is

higher with respect to the other cases. The variability expressed by the 10th and 90th

percentiles is lower than the other cases: [-8;+17]% at DS3 and lower than 5% at DS1

and DS2.

The results of Figure 6.9 for the bridges from B1 to B7 in longitudinal direction allow for

measuring the influence of the uncertainties of the abutment-backfill system in fragility

analysis. For bridge B1, the variability of αDS expressed by the 10th and 90th per-

centiles is included in the ranges [-36;+28]% and [-21;+30]% at DS1 and DS3, re-

spectively. Similar values are registered for the other bridges from B2 to B7. Contrarily,

the global damage states of B8 in the longitudinal direction are governed by the damage

state thresholds of the deck-pier subassemblies which vary depending mostly on the

mechanical uncertainties of the concrete and steel (no neoprene bearings are present)

and the detailing. In this case, the variability registered by analysing the 10th and 90th

percentiles is [-20; +55]% [-14;27]% because its global damage states are governed

by the damage states of the deck-piers subassemblies that, in turn, are considerably

affected by uncertainties on material properties and detailing.

The values of the dispersion βDS , reported in Figure 6.10, are affected by the correla-

tion between the adopted IM and the minimum DCR related to the critical components

detected varying the seismic actions. Note that within the cloud-based approach for

fragility analysis of deterministically characterised structures, the dispersion is calcu-

lated with reference to the fitted power-law model and it is assumed constant among

the different DS. In this study, this is valid in the cases where a low variability of the

critical component is detected where DCRs calculated at the different DS are equal to

228



Andrea Nettis

the same EDPs, scaled by different DS displacement threshold. For example, in the lon-

gitudinal direction analysis, the abutment backfill system is critical for the bridge from

B1 to B7 and the global DCRs are equal to the demand displacements of this compo-

nent divided for the three DS thresholds of the abutment-backfill subassembly. This is

registered also for bridge B8 analysed in the longitudinal direction.

The results registered in transverse direction analysis shows that if the critical member

changes depending on the considered damage state, the logarithmic dispersion slightly

varies among the performance levels.

Figure 6.10 shows that βDS is generally lower than 0.3, if the response is governed

by the abutment-backfill interaction. Note that the effective periods of the case-study

bridges when the abutment-backfill interaction is activated vary between 0.55 s and

0.65 s. Considering a period elongation of 100%, these period values are consistent

with the considered period range for AvgSa.

βDS slightly increases for B8 in the longitudinal direction where the DS is reached for

the ultimate capacity of the piers. In the transverse direction, βDS generally ranges

between 0.2 and 0.4. The maximum value of βDS is registered for B6 analysed in the

transverse direction and it means a lower efficiency of the AvgSa with respect to the

other cases.

However, generally, these results confirm the efficiency of AvgSa and, particularly, the

adequacy of the period range in which it is calculated for this bridge dataset. These

results agree with the conclusions by O’Reilly & Monteiro (2019) that evidence the ef-

ficiency of AvgSa for the fragility analysis of RC continuous deck bridges in the trans-

verse direction.

Even if a good efficiency of AvgSa is evidenced for the case studies herein analysed,

more refined analysis (i.e. NLTHA) should be performed to investigate the efficiency of

AvgSa for simply-supported bridges, possibly with comparisons with other spectral

shape-based IMs.

6.3.6. Simplified risk assessment

The procedure for the seismic risk assessment, expressed as the mean annual fre-

quency of exceeding a given limit state, is applied to all the case studies. Hazard curves
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Figure 6.9: Median of the fragility curve population: 50th percentile and corresponding range of variation
(10th-90th percentiles).

that report the mean annual frequency of exceedance of a given PGA are derived for

all the locations of the case-study bridges and used to compute the seismic risk with

the approach reported in Section 6.2.5. The hazard curves are retrieved by means

of the REASSESS platform proposed by Chioccarelli et al. (2019) applying the source

model by Meletti et al. (2008). It is worth noting that, according to Table 6.3, although

the investigated bridges are part of the same road network, B1 and B8 are located in

a medium-level seismic hazard area, while B2 to B7 are situated in a medium-high- or

high-level one with reference to the Italian guidelines on existing bridges (Ministero delle

Infrastrutture e dei Trasporti 2020). The seismic hazard curves are reported in Figure

6.11. Note that, the hazard curves for the bridges B2 to B6 are very similar since these

Figure 6.10: Logarithmic dispersion of the fragility curve population: 50th percentile and corresponding
range of variation (10th-90th percentiles).
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Table 6.4: Median fragility and corresponding variation (transverse direction).

α50th
DS1 varα10th

DS1 varα90th
DS1 α50th

DS2 varα10th
DS2 varα90th

DS2 α50th
DS3 varα10th

DS3 varα90th
DS3

[g] [%] [%] [g] [%] [%] [g] [%] [%]

B1 0.33 -40.39 39.02 0.60 -36.06 37.91 0.88 -36.53 45.36

B2 0.17 -15.22 29.48 0.40 -13.07 20.45 0.62 -16.21 18.73

B3 0.22 -14.10 16.30 0.52 -12.89 13.12 0.81 -12.15 17.69

B4 0.18 -19.75 33.27 0.44 -16.29 16.84 0.71 -20.04 16.52

B5 0.21 -14.19 27.93 0.50 -19.29 15.25 0.80 -21.94 13.87

B6 0.19 -16.34 15.42 0.64 -16.57 16.82 1.13 -16.20 18.57

B7 0.34 -12.96 7.00 0.85 -4.06 3.48 1.45 -6.69 10.04

B8 0.21 -17.20 46.56 0.49 -14.03 28.83 0.77 -16.14 25.69

Table 6.5: Median fragility and corresponding variation (longitudinal direction).

α50th
DS1 varα10th

DS1 varα90th
DS1 α50th

DS2 varα10th
DS2 varα90th

DS2 α50th
DS3 varα10th

DS3 varα90th
DS3

[g] [%] [%] [g] [%] [%] [g] [%] [%]

B1 0.15 -33.48 27.51 0.36 -17.97 24.25 0.39 -20.87 32.23

B2 0.14 -21.62 27.78 0.50 -16.48 33.21 0.54 -16.67 34.39

B3 0.14 -22.40 25.78 0.35 -13.55 23.46 0.37 -13.36 25.03

B4 0.14 -22.38 26.02 0.32 -12.56 32.41 0.34 -12.69 34.72

B5 0.14 -24.27 20.88 0.34 -16.78 37.50 0.36 -16.46 39.10

B6 0.14 -22.83 21.89 0.28 -16.30 22.28 0.30 -16.10 23.49

B7 0.16 -23.55 27.72 0.44 -11.77 20.74 0.47 -10.27 22.98

B8 0.20 -19.34 56.99 0.54 -14.84 32.32 0.90 -14.41 28.21

are geographically close. The highest PGA registered with a return period of 475 years

is 0.38g for the B7 bridge.

Fragility curves are computed for all the case studies using PGA as IM, which is deemed

to be more practical and user-friendly than AvgSa. Figure 6.12 shows the 50th per-

centiles of the median fragility within the populations and the corresponding variation.

Comparing these results with Figure 6.9, it is clear the beneficial effect of AvgSa in

reflecting the probability of exceedance with lower bias with respect to PGA when epis-

temic uncertainties are considered. As an example, for B1 analysed in transverse di-

rection, the variability of αDS expressed by the 10th and 90th percentiles is included

in the range [-41;+50]% at DS3 and it is slightly higher than the values reported in

sub-section 6.3.5. The median fragility values of the bridges B7 in transverse direction
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Figure 6.11: Hazard curves for the case studies.

are particularly higher than the other cases and confirm the outcomes by Borzi et al.

(2014) who evidenced the low seismic vulnerability of bridges with neoprene bearings.

In these cases, the neoprene bearings prevent damaging of the piers and allow relative

displacement between the deck and substructure over the friction shear. The collapse

(i.e. DS3) occurs for deck-unseating and the corresponding DS displacement threshold

depends only on the support length on the pier cap.

Figure 6.13 reports the values of the 10th, 50th and 90th percentiles of the logarithmic

dispersion βDS of the population of fragility curves. It is shown that the 50th percentiles

of βDS are included in the range 0.9-1.1 for both transverse and longitudinal direction

analysis, strongly exceeding the βDS associated to AvgSa. As stated by Minas &

Galasso (2019), the logarithmic dispersion is an index of efficiency of the adopted IM. As

expected, this result demonstrates that PGA is less efficient than AvgSa in correlating

the considered EDP to the intensity of the adopted ground-motion shaking.

The outcomes of this new fragility analysis are reported in Figures 6.14 and 6.15. It is

worth specifying that the fragility curves reported in these Figures are calculated as the

10th, 50th and 90th percentiles of the probability of exceedance of the three considered

DS described by the whole fragility populations. These do not exactly correspond to

the cumulative probability distribution functions (although being very similar) using the

values of αDS and βDS reported in Figures 6.12 and 6.13.

Each fragility curve of the population related to each bridge is numerically integrated
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Figure 6.12: Median of the fragility curve population using PGA as IM: 50th percentile and corresponding
range of variation (10th-90th percentiles).

Figure 6.13: Logarithmic dispersion of the fragility curve population using PGA as IM: 50th percentile and
corresponding range of variation (10th-90th percentiles).

with the corresponding hazard curve to calculate a population of mean annual frequency

of exceedance of a DS, λDS , which are adopted in this study, to express the seismic

risk. The λDS corresponding to the 10th, 50th and 90th percentiles are computed and

graphically shown in Figure 6.16. Furthermore, Tables 6.6 and 6.7 numerically list the

50th percentile of λDS and report the corresponding variation, varλDS computed as

the relative percentage error of the 50th percentile with respect to the 10th and 90th

ones. varλDS measures how much a refined data collection can change the seismic

risk evaluation. It is worth mentioning that the seismic risk calculation can be also

carried out directly using the 10th-, 50th- and 90th-percentile fragility curves (in place

of the whole population) increasing the practicality of the procedure with a lower number

of numerical integrations.
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Figure 6.14: Fragility curves in transverse direction (10th-50th-90th of the population).
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Figure 6.15: Fragility curves in transverse direction (10th-50th-90th of the population).
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Figure 6.16: Seismic risk (mean annual frequency of exceeding a given limit state) calculated for all the
bridges with the corresponding 10th-90th variability

These results allow discussing the influence of knowledge-based uncertainties on seis-

mic risk and showing how the simplified approach proposed can be of support in risk

mitigation strategies. Also, it is evident that this approach can be used to perform

a refined risk-based prioritisation respect to the Warning Class adopted by the Italian

Guidelines on existing bridges (Ministero delle Infrastrutture e dei Trasporti 2020) (see

sub-section 6.3.2).

Another clarification is needed. In this study, for the sake of simplicity, the fragility is

calculated by decoupling the transverse and longitudinal responses. It is suggested that

the risk calculated for the ”weakest” direction (i.e. the direction which the highest λDS

is associated to) is critical and the corresponding λDS can be adopted to indicate the

global risk of the bridge.

If the nonlinear response under bidirectional ground-motion records is of interest, more

refined numerical modelling and analysis techniques should be adopted strongly increas-

ing the effort demand to the analyst. This could jeopardise a fast application of the

procedure for analysing large bridge portfolios.
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Table 6.6: Seismic risk and corresponding variation (transverse direction).

λ50th
DS1 varλ10th

DS1 varλ90th
DS1 λ50th

DS2 varλ10th
DS2 varλ90th

DS2 λ50th
DS3 varλ10th

DS3 varλ90th
DS3

[10−3] [%] [%] [10−3] [%] [%] [10−3] [%] [%]

B1 0.56 -44.44 64.37 0.18 -62.51 90.03 0.07 -64.30 93.25

B2 3.54 -20.02 11.24 1.02 -17.58 12.68 0.44 -18.54 16.83

B3 3.33 -21.16 21.06 0.67 -23.48 24.98 0.25 -23.91 26.85

B4 3.02 -26.08 20.01 0.71 -14.18 8.69 0.28 -19.97 15.74

B5 3.01 -24.02 19.46 0.64 -25.12 27.86 0.24 -33.80 36.69

B6 1.63 -18.76 21.30 0.26 -25.85 30.90 0.08 -30.72 38.98

B7 2.68 -12.93 18.26 0.45 -5.46 5.43 0.12 -19.40 17.87

B8 0.60 -24.50 22.19 0.14 -3.61 2.76 0.05 -4.05 4.83

Table 6.7: Seismic risk and corresponding variation (longitudinal direction).

λ50th
DS1 varλ10th

DS1 varλ90th
DS1 λ50th

DS2 varλ10th
DS2 varλ90th

DS2 λ50th
DS3 varλ10th

DS3 varλ90th
DS3

[10−3] [%] [%] [10−3] [%] [%] [10−3] [%] [%]

B1 2.93 -42.10 58.17 0.38 -34.41 38.15 0.31 -43.40 48.82

B2 6.41 -29.23 32.55 0.64 -36.27 37.25 0.56 -37.52 38.14

B3 6.50 -28.48 34.60 1.22 -26.92 26.55 1.09 -28.68 27.52

B4 6.34 -30.09 35.45 1.29 -34.34 29.97 1.17 -36.59 31.29

B5 5.98 -27.64 34.45 1.20 -40.19 35.16 1.06 -41.81 36.70

B6 5.46 -27.37 33.37 1.58 -26.79 27.40 1.44 -27.76 27.95

B7 6.78 -27.43 28.91 1.37 -24.56 22.00 1.22 -25.25 21.75

B8 0.61 -30.86 21.03 0.08 -29.05 20.50 0.02 -34.98 28.34

Figure 6.16 allows for a direct comparison on the λDS associated with the different

case studies. Firstly, as expected, it is evident that the risk calculated with transverse

seismic action is lower with respect to the longitudinal direction for the bridge with not-

seismically designed deck-abutment gaps.

It is observed that the lowest λDS is registered for B1 and B8, because of the lower

hazard of their geographical location. Although presenting a strongly higher αDS with

respect to the other cases, the bridge B7 is characterised by a comparable value of λDS

considering the different DS. Tables 6.6 and 6.7 register a high influence of epistemic

uncertainty associated to the B1, due to the lack of knowledge data λDS . Indeed, the

variability measured by the 10th and 90th percentiles is included in [-42.10; 58.17]%,

[-34.41; 38.15]% and [-43.30; 48.82]% for DS1, DS2 and DS3, respectively. How-
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ever, Figure 6.16 shows that a refined data collection aimed at reducing this bias would

not change a risk prioritisation scheme since the bridges B3 to B7 would be anyway

characterised by higher λDS , meaning a high retrofit priority.

Consequently, the influence of epistemic uncertainty on B1 is negligible within a decision-

making framework based on risk prioritisation. Similar outcomes are related to B2: the

effect of epistemic uncertainties are supposed to be relevant for prioritising risk consid-

ering DS1, but less important at DS2 and DS3, resulting in lower λDS even if considering

a refining knowledge process of the bridge.

The bridges from B3 to B7 exhibit the highest λDS within the bridge dataset. It is ob-

served that a refined knowledge process can be useful to reduce the bias due to the

epistemic uncertainty and to accurately define a risk priority hierarchy.

6.3.7. Fragility analysis with a refined knowledge level and validation

A refined data collection (named second-level data collection) is performed for the

B1 bridge by means of a refined UAV-based inspection to appropriately reduce the

knowledge-based uncertainties. This process is deeply described in 2.3.3.

The objectives of this last section are: 1) illustrating the reduction of the uncertainty-

based bias in fragility analysis consequent to a refined data collection and 2) evaluating

the approximation introduced by the proposed simplified mechanic-based assessment

methodology with respect to refined NLTHA.

With respect to the knowledge data listed in sub-section 6.3.1 (identified as first-level

data collection in this sub-section), further data about this case-study bridge are re-

trieved: the connection system between the deck and the substructure is simply com-

posed of four neoprene bearings per line, having 4 cm-thickness; the gap size between

the deck and abutments is fixed at 2.5 cm. Negligible geometric variations with respect

to the geometry acquired with first-level data collection are registered. This case study

is analysed via the proposed methodology for fragility analysis and by means of NLTHA

performed in Opensees McKenna (2011) based on a refined numerical model. The

knowledge-based uncertainties linked to the concrete and steel design classes, con-

crete and steel mean strengths and shear modulus of the neoprene are modelled again

as reported in Table 6.2. The lumped-plasticity modelling strategy for NLTHA is adopted
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Figure 6.17: Adopted modelling strategy in Opensees for performing nonlinear time-history analysis

and described in Figure 6.17.

The piers are modelled with BeamWithHinges elements composed by an internal elas-

tic part and a nonlinear hinge at the base. The hysteretic material is used to model

the nonlinear cyclic behaviour of the plastic hinges expressed by means of a sectional

moment-curvature law. The deck and the pier caps are modelled with elastic beam

elements. TwoNodesLink elements are aimed at modelling the nonlinear response of

the bearing devices and the abutment-backfill interactions. As suggested by Nielson

(2005), the neoprene bearings are modelled with an elastic-perfectly plastic behaviour,

while an impact model is used for the longitudinal response of the abutments. A tan-

gent stiffness proportional damping is defined for NLTHA as suggested by Priestley et al.

(2007). Moreover, a 5% Rayleigh damping model is assigned.

Once the population of index-models is generated bymeans of the LHS, the performance

of each model is evaluated by means of the simplified CSM approach (sub-section

6.2.3.1) and NLTHA using the entire suite of ground motions. The EDPs are extracted

for each component and local and global DCRs are computed with Equation 6.4 and

6.5. The fragility curves are obtained by means of the Cloud-CSM described in Section

6.2.4 using the DCRs calculated via both the analysis strategies. The fragility curves are

calculated assumingAvgSa as IM. These are reported in Figure 6.18 for the transverse

and longitudinal direction and all the damage states. B11,CSM refers to first data col-
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lection and CSM approach, B12,CSM and B12,T H refer to second-level data collection

and CSM or NLTHA approach, respectively. These outcomes are reported numerically

in Tables 6.8 and 6.7.

Figure 6.18: Fragility curves for the bridge B1, calculated via the simplified CSM-based approach
(B11,CSM and B12,CSM for the first- and second-level data collection, respectively) and via NLTHA
(only second -level data collection, B12,T H ).

The comparison between the fragility functions calculated with first- and second-level

data collection approach shows that the influence of uncertainties (again quantified by
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the 10th and 90th percentiles of the probability of exceedance of a given DS conditioned

to AvgSa), is strongly reduced with this refined data collection as shown in Tables

6.8 and 6.9. This effect is noticeable for the transverse direction, while it is slighter

for the longitudinal. In fact, in this latter case, the reaching a DS is governed by the

abutment-backfill interaction, whose uncertainties are not reduced by the second-level

data collection approach. Contrarily, the second-level inspection allows for detecting

the presence of neoprene bearings which induces a beneficial effect on the fragility of

the bridge in transverse direction. In this case, the median fragility (at the 10th and 50th

percentiles) increase with respect to the previous one for all the damage states. As an

example, the 50th percentile of the median fragility increases by 16% at DS3. Figure

6.18 shows that there are some approximations related to the CSM-based simplified

procedure with respect ot the NLTHA. However, these are on the safe side in terms

of fragility for this case study. Particularly, in the transverse direction (Table 6.8), the

relative errors between the two approaches are higher than the longitudinal one (Table

6.9) and increase with the inelastic demand of the bridge and more severe damage

states. The highest relative error ((CSM − NLTHA)/NLTHA) on the median

fragility 50th percentile is registered at DS3 and is equal to -13.6%. This is probably

caused by the simplifying assumptions of the IPM that neglects the interactions between

the subassemblies and the bias produced by the adopted formulations for the equivalent

viscous damping. The inaccuracies of the simplified approaches propagate with the

rising of the nonlinear displacement demand.

Considering the high reduction in terms of computational effort of the proposed proce-

dure with respect to the refined NLTHA, the calculated errors are considered acceptable.

Moreover, it is deemed that applying the proposed procedure on bridge portfolios, the

systematic error linked to the approximations of the simplified procedure does not affect

the effectiveness in defining a reliable risk prioritisation scheme. However, it is worth

noting that the simplified CSM-based approach is accurate in predicting the amplitude

of the range of variability of the median fragility. A maximum difference of 3.6% is noted

for DS3 in longitudinal directions. This evidences that, in this case, the simplified ap-

proach well-quantifies the contribution of the uncertainty and provides a positive insight

for the application of this approach for portfolio analysis, selecting the bridges when the
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uncertainty influences more the seismic risk.

Table 6.8: Median fragility (50th, 10th and 90th percentiles) for seismic action in the transverse direction
(IM=AvgSa). B11,CSM refers to first data collection and CSM approach,B12,CSM andB12,T H refer
to second-level data collection and CSM or NLTHA approach, respectively.

α50th
DS1 α10th

DS1 α90th
DS1 α50th

DS2 α10th
DS2 α90th

DS2 α50th
DS3 α10th

DS3 α90th
DS3

B11,CSM 0.29 -41.84 41.08 0.54 -37.32 39.67 0.79 -37.60 47.97 [g]

B12,CSM 0.34 -20.24 11.26 0.66 -24.68 8.56 0.95 -26.35 13.36 [g]

B12,T H 0.37 -18.09 13.69 0.75 -22.01 7.90 1.10 -23.03 15.99 [g]

Table 6.9: Median fragility (50th, 10th and 90th percentiles) for seismic action in longitudinal direction
(IM=AvgSa).

α50th
DS1 varα10th

DS1 varα90th
DS1 α50th

DS2 varα10th
DS2 varα90th

DS2 α50th
DS3 varα10th

DS3 varα90th
DS3

B11,CSM 0.12 -34.96 29.13 0.31 -18.93 25.14 0.34 -21.86 34.28 [g]

B12,CSM 0.11 -5.76 4.30 0.28 -13.34 29.72 0.30 -13.85 31.17 [g]

B12,T H 0.11 -4.23 3.50 0.29 -11.73 33.89 0.31 -12.17 34.69 [g]

6.4. Final remarks

In this Chapter, a simplified methodology to perform fragility analysis of bridges directly

accounting for aleatory and epistemic uncertainties is described. The methodology is

feasible for the seismic risk assessment of bridges in case of lacking knowledge input

data. The uncertainties linked to the seismic actions are accounted for by a suite of

natural ground-motion record, whereas knowledge-based ones are modelled by means

of the statistical generation of a population of index-bridges. The seismic performance

analysis of the index-bridges is based on simplified modelling approaches, adapted for

different bridge structural schemes, and nonlinear static analysis methods. A capacity

spectrum method is used to evaluate the performance of index-bridges under a specific

ground-motion record. The performance of the single index-bridge is synthesized by a

set of Demand-Capacity ratios which is used to fit probabilistic seismic demand mod-

els and compute fragility curves. The fragility of the main bridge is represented by a

population of fragility curves. The influence of the knowledge-based uncertainty on the

fragility of the main bridge can be quantified by analysing the variability of the fragility
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curves around the central value. If hazard curves are integrated with the fragility curves,

the mean annual frequency of exceeding a damage state (both the central value and its

variability) can be also quantified. In this study, the 10th and 90th percentiles of the

fragility curve population are adopted for this scope.

This methodology can be of support for addressing risk prioritisation schemes for large

bridges portfolios, since it can be applied based on fast data collection processes. Also,

it can be used to perform a more refined risk-based prioritisation with respect to the pro-

cedure based on a Warning Class adopted by the Italian Guidelines on existing bridges

(Ministero delle Infrastrutture e dei Trasporti 2020). The methodology is applied on a

dataset of eight reinforced-concrete case-study bridges described in Chapter 2 which

are ”surveyed” by a ”desk” approach using open data. After the simplified data col-

lection is carried out, the knowledge-based uncertainties are modelled with statistical

distributions retrieved by the literature. The analysed uncertainties concern the mechan-

ical properties in concrete and steel, constructive details in the piers, bearing typology

and mechanical properties, gap size and abutment-backfill system.

After defining an appropriate sample size to generate a representative population of

index-bridges, the fragility analysis is carried out for all the case studies and the results

are critically discussed. A first set of fragility curves is calculated by using the geo-

metrical average of the spectral accelerations within a given period range as intensity

measure. The efficiency of this typology of intensity measure, already evidenced in other

literature studies for buildings and continuous deck bridges, is preliminary confirmed

for simply-supported bridges. However, further studies are needed to confirm this out-

come and address recommendations to fix the significant period range with an appropri-

ate discretization interval. It is observed that the response in the longitudinal direction

can be critical for the damage state of bridges whose deck-abutment gap size is not

seismically designed. In this case, the abutment-backfill system determines the reach-

ing of the damage states. Consequently, the employment of typological approaches

that neglect this component could involve severe inaccuracies in fragility estimations of

bridge portfolios. In the transverse direction, the bearing typology could considerably

affect the hierarchy of the strength between the substructure and the deck-substructure

connection system and affects the fragility of the investigated bridge. Particularly, a
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beneficial effect on the fragility in the transverse direction is registered for the bridges

whose neoprene bearings enhance the ductility capacity of the subassemblies.

The variability in fragility analysis due to the knowledge-based uncertainties is quanti-

fied. In the cases where the bearing typology is known, the variation between the 50th

percentile of the median fragility and the corresponding 10th-90th percentiles is, gen-

erally, lower than ±20% in transverse direction regardless of the considered damage

state. For the bridge whose bearing typology is unknown, this uncertainty is modelled

with fixed-free/neoprene bearing systems. In this case, the influence of the uncertain-

ties reaches the ±45%. In the longitudinal direction, the variation between the 50th
percentiles and the 10th/90th ones of the median fragility arises at ±30 − 40%, but it
is mainly related to the uncertainty of the properties of the abutment-backfill system.

A second set of fragility curves is calculated using the peak ground acceleration as

IM and it is used for computing the mean annual frequency of exceeding a damage

state which is commonly used as a seismic risk index. This latter is used to provide

an example of how the proposed approach can be used within the definition of a risk

prioritisation scheme, to identify the bridges to be retrofitted first and also the bridges

where a detailed in-situ survey can provide a more accurate evaluation of the seismic

risk.

Finally, one of the selected case studies is subjected to a more accurate data collection

and the effect of the reduction of epistemic uncertainties is evaluated on the fragility anal-

ysis. Moreover, the approximations introduced by the simplified methodology are briefly

evaluated by means of comparisons with non-linear time history analysis performed on

a refined numerical model. The errors involved by the simplifications in the modelling

approach and the analysis reach a maximum of 13% in terms of median fragility. These

are deemed to be acceptable if the procedure is used within the risk prioritisation frame-

work given the strong benefits involved in terms of computational efforts. Moreover,

a maximum difference of 3% is detected comparing the variability with respect to the

50th percentile of the median fragility calculated by means of the simplified and refined

approaches.
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Chapter 7

Conclusion

7.1. Overall conclusion and key findings

The structural safety of bridges and viaducts has a key role in ensuring the serviceabil-

ity of transportation infrastructure systems on the occurrence of earthquake events. In

seismic hazard-prone countries, existing bridges can induce important direct or indirect

losses if subjected to severe seismic ground shaking. In developed countries, such as

Italy, these structures were mostly designed in the past without appropriate anti-seismic

regulations. Therefore, transportation managers need methodologies for extensive seis-

mic risk assessment of existing bridges, in order to address refined inspections or spe-

cific retrofit interventions. The main challenges in this process are related to the large

number of existing structures to be inspected and the limited available time and financial

resources.

This dissertation investigates procedures for an efficient seismic risk assessment of

bridge portfolios based on low effort-demanding data collection and analytical seismic

assessment procedures.

• Chapter 2 describes a methodology for collecting and integrate multi-source data

for creating inventory datasets in the framework of structural vulnerability analy-

sis of infrastructure assets. Firstly, the potential of different remote-sensing data

sources is described according to an extended literature review, highlighting spe-

cific advantages and shortcomings. A special focus on innovative Remotely Pi-

loted Aircraft Systems (i.e. drones) for bridge inspection is provided to the reader.

A framework for the use of drones for on-site image gathering and use of pho-

togrammetric approaches for image elaboration and 3D modelling is described.

The described multi-source data collection/integration approaches are framed

within a multilevel framework that suits analysing bridge portfolios. These data
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collection methodologies are applied on eight case-study bridges. The knowl-

edge data are detected by means of street view data within the Basilicata road

network. For seven case-study bridges, the street view images allow a satisfying

characterisation of the bridges consistently with a medium level knowledge level.

One of the case-study, whose street view data are not complete, is surveyed by

means of a drone equipped with optical RGB sensors. The images collected are

used to perform a photogrammetry elaboration which produces a 3D dense point

cloud model. This latter allows retrieving constructive and geometric data on the

analysed case study with high (centimetric) accuracy.

• Chapter 3 deals with the seismic performance assessment of continuous-deck

RC bridges using displacement-based assessment (DBA) procedures and the ca-

pacity spectrum method (CSM). Starting from a state-of-the-art modal analysis-

based DBA procedure, an additional static-based alternative is proposed, which

is deemed to further increase the simplicity of the DBA approach. An exten-

sion of the DBA procedures, both modal and static, is proposed, to derive the

displacement-based pseudo-pushover curve of the bridge with a particularly small

increase in computational cost. The displacement-based pseudo pushover is

herein adopted for the transverse analysis of a set of 36 reinforced concrete

continuous-deck bridges with two, four or six, 35m-long spans, two values of

the deck moment of inertia (transverse direction) and different combinations of

8m-, 15m- and 20m-high single-column piers. Additional datasets of bridges

are analysed to investigate the accuracy of the DBA for relatively long bridges

(8 to 12 spans), different pier longitudinal reinforcements and pier typologies.

The resulting performance assessments are compared with those calculated by

means of numerical pushover (with force profile proportional to the first vibra-

tion mode or uniform) and nonlinear time-history analyses (NLTHA) using three

suites of 10 scaled natural ground motions. The CSM is used to identify the seis-

mic performance on the numerical pushover and displacement-based pseudo

pushover curves. For the analysed bridge configurations up to six spans, the

DBA approaches allow estimating the bridge capacity curve with a level of ac-
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curacy particularly similar to the first-mode-based pushover analysis. On the

other hand, the uniform-load pushover provides a systematic and considerable

overestimation of the base shear. The DBA approaches (coupled with the CSM)

provide satisfying accuracy in seismic performance assessment, measured in

terms of capacity-demand ratio. For the vast majority of the cases up to six

spans, the performance points fall within one standard deviation from the aver-

age of the time history analyses, both in terms of displacement and base shear

of the equivalent SDoF system. The error trends are not sensitive to the moment

of inertia of the deck and to the amount of pier longitudinal reinforcement. The

outcomes show that the applicability of the DBA should be based on both the

number of spans and a so-called relative stiffness index proposed in the litera-

ture (RSe), whichever is most stringent. The static and modal analysis-based

DBA procedures are deemed appropriate for the considered bridges up to six

spans (approximately RSe > 0.035). For the considered eight-spans case stud-
ies (approximately RSe > 0.01), the modal DBA may still be adopted while
the static DBA is inadequate. For bridges with 10 spans or more (approximately

RSe < 0.01), NLTHA is suggested.

• Chapter 4 discusses the effectiveness of DBA approaches and the CSM for the

seismic analysis of multi-span steel truss railway bridges supported by steel

towers. A steel truss bridge, part of the Valencian railway network, is used as an

archetype case study. The first part of this Chapter tests an analytical pseudo-

pushover procedure for two case-study truss steel towers and discusses the ef-

fectiveness of several equivalent viscous damping formulations to be used within

capacity spectrum-based assessment. The results of several equivalent viscous

damping strategies (to be used in the CSM) proposed in the literature are com-

pared to NLTHA-based displacement demand. The seismic action is represented

by a suite of ten ground-motion excitations which are scaled for three increasing

levels of intensity. An equivalent viscous damping strategy of fair accuracy is pro-

posed based on the study by Wijesundara et al. (2011) and by Grande & Rasulo

(2013). The second part applies the DBA and nonlinear static approaches for the
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seismic performance prediction on a set of six hyperstatic multi-span steel truss

bridges generated parametrically varying the number of spans and substructure

layout. These are analysed via two pushover analysis approaches, adopting a

first mode-based and uniform load profile, two direct DBA+CSM algorithms (a

synthetic version of DBA coupled with CSM) based on equivalent modal and static

analysis, and NLTHA. The outcomes evidence that the higher-mode contribution

to the seismic response is significant for such a bridge typology. Therefore, the

modal version of the DBA approach and the pushover analysis with a uniform load

profile should be used for this bridge typology with a limited number of spans.

Conversely, the first-mode-based methodologies, even though result fairly accu-

rate in predicting the performance of the critical tower, present an unsatisfying

bias in estimating the demand on all the substructure members.

• Chapter 5 studies the effectiveness of the CSM in performing probabilistic seis-

mic assessment considering record-to-record variability with application to a

case-study database of 2160 SDoF systems and 100 natural recorded ground

motions. The SDoF systems are represented by multi-linear parametric back-

bone curves with variable elastic period, yield base shear coefficient, ductility at

peak strength, hardening ratio, residual strength. Five types of hysteresis rules

are adopted: Modified Takeda Fat, Modified Takeda Thin, Elastic-Perfectly Plas-

tic, Bilinear and Flag-Shaped. An efficient algorithm to perform the CSM with

real, as-recorded spectra is proposed, combined with a cloud-based approach

(Cloud-CSM) to derive fragility relationships. The effectiveness of the Cloud-CSM

in fragility analysis is discussed by means of comparisons with NLTHA, the N2

method and a proposed simple method involving an intensity measure, the geo-

metric average of spectral displacement within a given period range, as a direct

proxy for the performance displacement. The first relevant outcome is related to

the issue of multiple CSM solutions which can be obtained if the CSM is applied

with real spectra. In multiple-solution cases, the performance point (PP) is the

solution whose displacement best mimics the geometric average of the spectral

displacements calculated in an appropriate range of periods (i.e. elastic to elon-
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gated period of the considered ground-motion excitation). An incorrect choice

of the PP may imply errors on the median fragility and dispersion higher than

20% if the percentage of multiple-solution ground motions is higher than 20%

of the total number of adopted records. The Cloud-CSM provides errors lower

than ±20% in predicting the median fragility. Its accuracy reduces for cases

with particularly low strength and long period or if an elastic-perfectly plastic hys-

teresis rule is adopted (errors higher than 20%). Moreover, the CSM outperform

the N2 and the proposed intensity measure-based method in predicting the dis-

persion of fragility curves. Indeed, N2 and the intensity measure-based method

can strongly underestimate the dispersion in fragility curves depending on the

adopted intensity measure. Contrarily, the Cloud-CSM can be applied regardless

of the selected intensity measure, implying generally an increasing dispersion

with respect to NLTHA.

• Chapter 6 proposes a framework for performing seismic risk assessment of

bridges directly accounting for epistemic uncertainties. The methodology is fea-

sible for the seismic risk assessment of bridges in case of lacking knowledge

input data. The uncertainties are modelled by means of the statistical generation

of a population of index-bridges. The seismic performance analysis of the index-

bridges is based on simplified modelling approaches, suitable for different bridge

structural schemes, and the Cloud-CSM. The fragility of the main bridge is repre-

sented by a population of fragility curves. The influence of the knowledge-based

uncertainty on the fragility of the main bridge can be quantified by analysing the

variability of the fragility curves around the central value. Fragility curves corre-

sponding to 10th and 90th percentiles are used to calculate the variability of seis-

mic risk given the knowledge-based uncertainty. The methodology is applied on

a dataset of eight reinforced-concrete case-study bridges described in Chapter 2.

After the simplified data collection is carried out, the knowledge-based uncertain-

ties are identified and are modelled with statistical distributions retrieved by the

literature. The outcomes of the study are related to the definition of an appropriate

sample size to generate a representative population of index-bridges for charac-
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terising the effect of epistemic uncertainty. It is observed that the response in the

longitudinal direction can be critical for the damage state of the bridges whose

deck-abutment gap size is not seismically designed. In this case, the abutment-

backfill system determines the reaching of the damage states. Consequently,

the employment of typological approaches that neglect this component could

involve severe inaccuracies in fragility estimations of bridge portfolios. In the

transverse direction, the bearing typology can considerably affect the hierarchy

of the strength between the substructure and the deck-substructure connection

system and, therefore, the fragility of the investigated bridge. Particularly, a bene-

ficial effect on the fragility in the transverse direction is registered for the bridges

whose neoprene bearings enhance the ductility capacity of the subassemblies.

The variability in fragility analysis due to the knowledge-based uncertainties is

quantified. In the cases where the bearing typology is known, the variation be-

tween the 50th percentile of the median fragility and the corresponding 10th-90th

percentiles is, generally, lower than ±20% in the transverse direction regardless
of the considered damage state. For the bridge whose bearing typology is un-

known, the influence of the uncertainties reaches the ±45%. In the longitudinal
direction, the variation between the 50th percentiles and the 10th/90th ones of

the median fragility arises at ±30 − 40%, but it is mainly related to the uncer-
tainty of the properties of the abutment-backfill system. A second set of fragility

curves is calculated using the peak ground acceleration as IM and it is used for

computing the mean annual frequency of exceeding a damage state which is

commonly used as a seismic risk index. Finally, one of the selected case studies

is subjected to a more accurate data collection and the effect of the reduction of

epistemic uncertainties is evaluated on the fragility analysis. Moreover, the ap-

proximations introduced by the simplified methodology are briefly evaluated by

means of comparisons with NLTHA performed on a refined numerical model. The

errors involved by the simplifications in the modelling approach and the analysis

reach a maximum of 13% in terms of median fragility. Moreover, a maximum

difference of 3% is detected comparing the variability with respect to the 50th

percentile of the median fragility calculated by means of the simplified and re-
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finedapproaches.Thesefindingsprovethattheadoptedsimplifiedprocedureis

promisingatleastforbridgessimilartotheinvestigatedcasestudies.

7.2.Futureresearch

Basedonthepresentedoutcomes,recommendationsforfutureresearchontheconsid-

eredtopicsareproposed.

•Theproposedmethodology(andalltheotherstate-of-the-artapproaches)for

seismicriskassessmentstronglyrelyontheavailabilityofknowledgedataabout

thestructure/stobeanalysed.Asevidencedinthisstudy,theinitialknowledge

isadecisivevariablefortheaccuracyoftheassessmentprocess.Infuture,the

availabilityofdataisexpectedtoincrease.Consistentlytothetechnologicalad-

vancesingeomatics,satelliteplatformswillprovideopen-accessorlow-cost

imagescharacterisedbyhighresolutionwithhighpotentialsindataextraction

forstructuralassessmentpurposes.Inthisprocess,expertisesingeomatics

andinformaticsfordataminingwillcontaminatetheconventionalstructuralen-

gineering.

Thedata-sharingshouldbeencouraged.InItaly,theinnovativeplatformAINOP

https://ainop.mit.gov.it/portale#/aimsatstoringandincreasingtheavailability

ofknowledgedataaboutpublicinfrastructures.Theplatformisdesignedtoallo-

catecontributionsbyprivateswhichcansignaldisruptionsordamagesinpublic

infrastructureassets.Thesharingofthedatawithresearchers,togetherwithpri-

vatestructuralengineers,willbeessentialtoincreasethesafetyofinfrastructure

systemsinthenameofthepublicinterest.

•TheadvancesabouttheapplicationofiterativeanalyticalDBAapproachesforthe

seismicperformancepredictionofbridgesenrichanextendedliteratureonthe

themeproposedinthestate-of-the-artpresentation.Furtherdevelopmentstoin-

creasetheapplicabilityoftheseapproachescanbeorientedtotheinclusionof

soil-structureinteractioncontributionsinthealgorithms.Preliminaryrecommen-

dationsarereportedinNietal.(2014).Also,theinclusionofthecontributionof

environmentaldeteriorationonRCcomponents,suchasthecorrosionofsteel
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reinforcements (e.g. Zanini et al. (2013)), should be considered in the modelling

the force-displacement curves in the RC members.

• The proposed methodology for calculating fragility curves via the CSM (Cloud-

CSM) is promising in fragility analysis of portfolio of structures. In this study,

its accuracy is assessed for single-degree-of-freedom systems. Further stud-

ies on the applicability of Cloud-CSM for multi-degree-of-freedom systems are

needed for quantifying the error sources associated to the transformation of the

refined MDoF pushover curve to the SDoF multi-linear one for different structural

typologies and the influence of higher-mode contribution varying the degree of

structural regularity. It is worth noting that the simple ductility-based coefficients

applied within the algorithm are originally proposed with displacement-based de-

sign purposes. Improvements on the accuracy of the method can be obtained

by developing more refined equivalent viscous damping formulation suitable for

structural assessment purposes considering secondary backbone parameters.

• The proposed seismic risk assessment approach is tested for the typology of

multi-span isostatic RC bridges. Its effectiveness should be evaluated for hy-

perstatic (e.g. continuous-deck) bridges. Furthermore, at this stage of the de-

velopment the algorithm calculates the risk in terms of mean annual frequency

of exceeding a damage state. According to Federal Emergency Management

Agency (2012) expected annual losses are more efficient risk metrics being di-

rectly connected to economic consequences or service downtime and facilitating

communication with stakeholders. Therefore, further developments of the pro-

posed methodology should consider the integration of consequence models in

the process to calculate vulnerability curves (loss ratio vs intensity measure) and

expected annual losses considering the associated uncertainty.

• The future of the management of existing infrastructure assets will be governed

by digital databases connected to automatic algorithms for the calculation of

structural risk/safety indexes. The data will be stored in terms of Geographi-

cal Information Systems and Building Information Models. Current research fo-
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cusesondevelopingalgorithmsfortheautomaticgenerationofFiniteElement

Modelswhichcanbedirectlyusedbytheanalyststoanalysethestructuralper-

formance.Theresearchproductsofthestudyarecompletelyconsistentwith

thisframework.Currently,theproposedalgorithmsforanalyticaldisplacement-

basedseismicperformanceassessmentandfragilityanalysisaredevelopedin

MATLABenvironment.However,simpleconversionscanbeperformedtorun

theprocedureinGISenvironment,fosteringtherepresentationofuser-friendly

riskmapsforaddressinginspectionsandretrofitinterventions.Basedonthepro-

posedroutines(andfuturedevelopmentsaimedattheapplicabilityforalarger

catalogueofbridgetypologies)simpleapplicationsorplug-inforstate-of-the-art

GIStoolscanbedeveloped.Alsoappropriatesoftwarepackagescanbedevel-

opedandimplementedwithinbridgemanagementsystems.Graphicalinterfaces

shouldbeassociatedtotheproposedroutinestofostertheadoptionofthese

algorithmsbythetransportationauthorities’operatorswhoarenotfamiliarwith

simpleprogramming.Anexampleofauser-friendlyapplicationforcontinuous-

deckbridgeassessmentisalreadyprovidedbytheauthor(andcolleagues)at

https://www.robertogentile.org/en/DBAb.
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Appendix A

Filled forms for data collection on real case-study bridges

In this Appendix, the data forms adopted to collect data for the case-study bridges anal-

ysed in Chapter 6 are reported. The following spreadsheets are developed in Microsoft

Excel and populated using the multi-source approach described in Chapter 2.
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Figure A.1: Data collected for case-study B1
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Figure A.3: Data collected for case-study B3
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Figure A.7: Data collected for case-study B7
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Figure A.8: Data collected for case-study B8
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Appendix B

Extended result collection of DBA and NSPs on parametric

multi-span continuous-deck RC bridges

In this Appendix, an extended collection of the results related to the parametric analysis

carried out in Chapter 3, Section 3.3.1 is provided.

The results are identified with the following code: XJ-Nbays-P where:

• X is 50 or 100 identifying the J50 and J100 subsets

• N is the number of spans

• P is the sub-code identifying the longitudinal pier distribution as indicated in Sec-

tion 3.3.1. As an example, the case study labelled as 132 is a four-span bridge
with a 8m-, 20m- and 15m-high piers.

The following figures show:

a) the equivalent SDoF base shear vs effective displacement relationships curves cal-

culated with the considered NSPs together with the corresponding performance points

and average NLTHA result and its ellipse of confidence for each adopted IM;

b) the displacement profiles from the NSPs and NLTHA (average ± standard deviation)
for each considered IM. The displacement profiles predicted by each NSP are shown for

an SDoF displacement equal to the NLTHA average (∆T H
SDoF defined in Section 3.4.1).

A cubic interpolation is adopted to somehow reflect the topology of the elastic deforma-

tion of the continuous deck. The yielding and ultimate displacements of each pier are

also shown with squared grey markers (light: yielding, dark: ultimate).
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Appendix C

Example dataset of fragility curves calculated with Cloud-CSM and

benchmark approaches

In this Appendix, the fragility curves associated to the results of Chapter 5, Section 5.4.1

and 5.4.2 are explicitly reported to allow the reader for a better comprehension of the

findings. The fragility curves calculated via Cloud-CSM, the N2 method, the proposed

IM-based method (distinguished by colours) and the NLTHA are calculated and shown

for DS1, DS2 and DS3 (reported with different line patterns).

The results are identified with the following code: Hyst−Tel −Fy −µ−r −Fr where:

• Hyst = [MTt, MTf, FS, BIL, EPP ] is the hysteresis rule;

• Tel = [0.25 − 0.5 − 0.75 − 1 − 1.25 − 1.5 − 1.75 − 2]s is the elastic period;

• Fy = [0.1 − 0.2 − 0.3 − 0.4 − 0.5] is the yielding base shear coefficient;

All the reported results refer to cases having ductility capacity µ = 3, hardening ratio
r = 0% and residual strength Fr = 0.6.
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