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Abstract

The prediction of the seismic vulnerability of bridges is a challenging task for road managers
which need to include structural risk prioritisation in their Bridge Management Systems. The
large number of bridges designed without anti-seismic requirements and the uncertainties
resulting from the lack of knowledge data (e.g. design documents and blueprints), strongly
affect the feasibility of this process. A simplified approach for performing fragility analysis
considering the epistemic uncertainty associated with an incomplete knowledge level is
described. Uncertainties are considered through the statistical generation of a population of
index-bridges, which are analysed utilizing a simplified modelling approach and the capacity
method spectrum method applied with real ground-motion spectra. The proposed approach is
applied on a case-study simply supported-girder RC bridge of the Basilicata provincial road
network. The modelling and the influence of the epistemic uncertainty on the fragility are
discussed for two knowledge levels corresponding to different data collection strategies.
Finally, a validation of the proposed approach is carried out through a comparison with a
refined modelling approach and non-linear dynamic analyses.
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1 INTRODUCTION

Improving the safety of road networks is a challenging task for transportation infrastructure
managers in natural-hazard-prone countries. In the aftermath of strong earthquakes, an
inadequate seismic response of bridges may provoke direct and indirect losses, e.g. structural
damages, economic losses or issues in managing post-event emergency. In most of the
developed countries, the majority of the roadway/railway bridges were designed according to
old regulatory codes lacking adequate anti-seismic design recommendations. For instance, in
Italy, a high amount of bridges was built during the ‘60s and ‘70s decades [1] when most of the
Italian territory was not considered an earthquake-prone zone. Therefore, road managers have
to deal with risk prioritization of large bridges portfolios, to identify structures that could exhibit
poor performance in the aftermath of a seismic event. Low cost- and time-demanding analytical
approaches for calculating fragility relationships and quantifying the risk of bridges are required.

In this context, many literature studies investigated the adoption of typological fragility
assessment approaches for bridges (e.g. [2-5]). The HAZUS model [6] is a well-known
reference on this topic. These simplified methodologies, based on a typological classification
[7,8] assume that the performance of bridges belonging to the same class is similar. One or
more archetype structures, representative of each typological class, are identified and analysed
to achieve class fragility curves, possibly considering the variability of geometrical/constructive
characteristics within the class. The accuracy of these approaches is strictly linked to the
classification scheme adopted, usually defined on a judgemental-empirical basis, that could not
be directly related to the expected seismic performance [9]. Furthermore, typological
approaches neglect structure-specific components and geometrical features that could be crucial
in the vulnerability of bridges belonging to the same class (e.g. specific geometry, deck-pier
connection type) [10].

On the other hand, recent studies focus on structure-specific approaches. Among them,
simplified displacement-based assessment (DBA) algorithms are proposed and tested. Sadan et
al. [11] proposed a simplified DBA approach for multi-span continuous girder RC bridges,
which is recently refined by Gentile et al. [12,13] and Perdomo et al. [14]. Cardone [15]
proposed displacement-based damage state thresholds for bridge components to be used within
the DBA algorithm. These DBA approaches were also extended for simplified fragility function
calculations by Cademartori et al. [16]. Stefanidou and Kappos [17] presented a hybrid
methodology for bridge-specific fragility analysis suitable for bridge portfolio applications,
using simplified elastic analysis. A different approach is adopted by Borzi et al. [18], that, by
using a comprehensive database to store bridge data, developed an automated tool to build
refined finite element models and to perform nonlinear time history analysis (NLTHA)-based
fragility analysis for probabilistic seismic assessment within bridge portfolio applications.

Generally, within both a typological or structure-specific probabilistic seismic assessment
framework, aleatory and epistemic uncertainties should be considered. These are respectively
associated with the random nature of the seismic action or to the knowledge limit about
mechanical properties (geometry, material etc.), modelling assumptions or capacity models.
Epistemic uncertainties are modelled as random variables and appropriate statistical
distribution. These are generally considered by statistical sampling techniques for generating a
population of structures representative of the main one. This process burdens considerably the
whole assessment procedure since multiplies the number of required analyses. A preliminary
adequate knowledge level of the structure(s) being analysed could beneficially limit the number
of uncertainties. However, a refined data collection phase may be unaffordable: on-site
diagnostic inspections are time- and cost-consuming and bridge databases are lacking design
data and blueprints which mostly were lost by management authority operators or stored into
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inaccessible archives. In the case of wide epistemic uncertainty, refined numerical models and
analysis techniques are not a feasible solution and simplified fragility analysis methodologies
should be applied.

In this study, a bridge-specific fragility analysis approach accounting appropriately for
aleatory and epistemic uncertainties is proposed. The method adopts simplified mechanical
models and capacity spectrum method (CSM) algorithms to perform cloud-based fragility
analysis. The methodology aims to consider the uncertainty connected to the initial knowledge
that particularly affects the seismic assessment of RC bridges when the input data are limited.
Other types of epistemic uncertainties are neglected.

A refined description of the procedure, which currently is developed for multi-span isostatic
(simply-supported) reinforced concrete (RC) bridges, is reported in Section 2. In Section 3, the
procedure is applied to a case-study RC bridge for illustrative purpose. Preliminary validation
of the simplified seismic performance assessment algorithm for fragility analysis is also
provided using NLTHA as a benchmark.

2  DESCRIPTION OF THE METHODOLOGY

The simplified methodology to perform fragility analysis of bridges considering aleatory and
incomplete-knowledge-based (hereinafter simply knowledge-based) uncertainties is described
in this section. It resorts to simplified mechanical models, which are commonly used for the
seismic analysis of isostatic multi-span bridges. A population of index-models is generated to
consider the knowledge-based uncertainties, while the aleatory ones are represented by an
appropriate suite of ground motions. The fragility analysis is performed by using a cloud
approach for each index-model. A population of fragility curves representing the fragility of
the main bridge can be thus generated and be used for simplified indicators of seismic risk. A
synthetic flowchart is reported in Figure 1.

1) Data Collection and allocation in the spreadshest ﬁ'

2) Modelling epistemic uncertainties by statistical
distribution from literature

Selection of a
suite of natural
l ground-maotion
records

3) LH3 for the generalion of index-bridges

Definition of
damage 4) Simplified modelling and analysis: evaluation of |
state global DCR for each index-bridge N

thresholds

|

5) Population of probabilistic seismic demand models
and fragility curves

Figure 1: Flowchart of the proposed methodology

2.1 Uncertainty modelling

The first step of the methodology involves a data-collection process (Figure 1, step 1) that
can be performed through fast in-situ inspections supported by innovative remote-sensing
technologies such as drones equipped with optical sensors and photogrammetry algorithms. An
example of how these new tools can be applied to effectively and quickly retrieve geometric
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and constructive data on bridges is reported in [19]. The completeness of the data collection
can be affected by environmental constraints around the investigated bridge or by the proper
constructive characteristics (e.g. inaccessible areas for natural obstacles or inability to collect
images underneath the deck).

After this process, the knowledge-based uncertainties to be considered in the probabilistic
seismic assessment can be identified (Figure 1, step 2). Geometry parameters, mechanical
properties of the materials or the structural members, structural details, which are not assumed
“deterministic”, can be modelled as uncertainties and represented by random variables with
appropriate statistical distributions. The latter can be identified based on literature studies.
Zelaschi et al. [20] and Nielson et al. [21] proposed sets of statistical distributions to model
appropriately the geometric parameters and the material properties of subclasses of highway
bridges in Italy or the US, respectively. If literature references are not available, lacking data
should be assumed based on engineering judgement. Furthermore, if more than one bridge is
analysed within the same road network, lacking data on one bridge can be assumed for
similarity with respect to the other bridges of the same typology within the same road network.
Note that only engineering-relevant epistemic uncertainties should be modelled to avoid
undesired burdening of the process. As anticipated, other types of epistemic uncertainty (e.g.
the capacity models or for the definition of damage state thresholds), which are not considered
in this study, can be similarly represented.

Epistemic uncertainties are usually modelled by introducing the random generation of a
population of models (herein named index-bridges) “deterministically” characterised by
variables selected from the corresponding statistical distributions by using statistical sampling
techniques (Figure 1, step 3). To this aim, the standard or Latin Hypercube Sampling (LHS)
Monte Carlo methodologies are generally used. The LHS [22] is widely used in literature for
the probabilistic seismic analysis of both single or portfolios of bridges (e.g. [23,24]) and is
usually preferred over the standard Monte Carlo technique since it requires less computational
effort. In the LHS framework, the cumulative distributions of the random variables X; are
divided into N equal probability intervals (stratification of the input), where N is the target
number of realizations, and a single value is randomly extracted from each interval. The output
samples are N vectors of size j, in turn, composed by values randomly paired under the
assumption that these belong to different intervals. At the end of the sampling process,
convergence in statistics should be checked to reach a number of models being representative
of the real distribution and convenient in terms of computational effort. At the end of the
simulation process, a set composed of N bridge realizations is obtained. Each realisation is
“deterministically” characterised and can be directly analysed.

In addition to the knowledge-based uncertainty, the (aleatory) uncertainty linked to the
random nature of the seismic action (i.e. record-to-record variability) should be modelled
(Figure 1, step 4). In the proposed procedure, a cloud-based approach [25] is adopted to perform
fragility analysis. To this aim, a wide suite of earthquake-induced ground motions
representative of the seismic hazard condition of the site is needed. The selection of ground
motions should be addressed reflecting the soil classification of the site and mean values of
magnitude and distance of likely seismic events provided by an appropriate hazard de-
aggregation for the site of interest. Additional recommendations for the record selection are
reported by Jalayer et al. [25].

2.2 Simplified approach for seismic performance assessment

In the following sub-section, the process for calculating the performance of the index-bridges
under specific earthquake-induced ground motions, is described. Based on the fundamentals of
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nonlinear static procedures, equivalent single-degree-of-freedom (SDoF) capacity curves are
attained analytically (in both longitudinal and transverse direction) and subjected to a capacity
spectrum-based approach performed with real (un-smoothed) response spectra. Some
assumptions of the proposed methodology are reported hereafter. Only the nonlinear response
of the substructure members and the deck-substructure connection systems is considered, while
the deck is supposed to respond elastically during the earthquake excitation. At this stage of the
development, the foundations are modelled as fully-fixed constraints at the pier base according
to [18,26]. However, the proposed procedure can be extended to account for soil-structure
interactions following the methodology by Ni et al. [27]. The bi-directional effects of the
seismic shaking are also neglected and each index-bridge is analysed separately in the
transverse and longitudinal directions.

To reduce the necessary computational effort in analysing the index-bridges, a simplified
seismic performance assessment strategy should be used within the procedure. The strategy
proposed in this study is based on a simplified mechanical modelling approach suitable for
multi-span isostatic bridges: the Individual Pier Model (IPM). However, it is worth mentioning
that the general scheme of the proposed methodology (Figure 1) can be applied to other bridge
typologies if suitable simplified modelling approaches are available (e.g. [28] for continuous-
deck bridges). The IPM is a simplified strategy to analyse the seismic response of isostatic
bridges with adjacent independent simply supported deck analysed in the transverse direction
[1,15,16]. This approach is valid if relative rotations between the deck and the piers along the
vertical axis are allowed. The seismic behaviour of each deck-pier/abutment subassembly can
be analysed separately and can be represented by an equivalent SDoF multi-linear force-
displacement law. This latter is obtained by combining the force-displacement relationships of
the connection system (e.g. bearing devices, shear keys) and of the piers, assuming that these
components act as a series system.

The force-displacement behaviour of single-column piers can be calculated according to
[29,30]. To this aim, bilinear moment-curvature analyses are used, calculated by means of
simplified surrogate meta-models [31,32] or programming routines [33]. The force-
displacement law of framed piers can be achieved via simplified analytical methods based on
mechanism analysis [34] or by simply aggregating the force-displacement laws of the columns
acting in parallel in double-bending condition. If the flexibility of the bearings is negligible (i.e.
fixed bearings) these can be assumed rigid and only the nonlinear behaviour of the pier is
considered in the IPM. However, in most of the existing simply-supported bridges, the
behaviour of the bearing devices should be considered. As an example, old fixed bearings (e.g.
steel hinges or pin bearings) could experience brittle shear failures, followed by a pure friction
(concrete-concrete) behaviour until deck-unseating phenomenon. Moreover, neoprene bearings
were widely used in Italy between 1960 and 1990 [35] and can considerably affect the
displacement profile of the IPM given their high deformability. Their shear strength is governed
only by friction between rubber and concrete surfaces. The slipping of this type of bearings
implies a nonlinear behaviour of the subassembly with large relative displacements between
the deck and the pier. If present, the contribution of shear keys should be considered. Multilinear
force-displacement laws for the mechanical characterisation of bearing devices and shear keys
are reported in Cardone [15]. The cumulative force-displacement law of the deck-pier
connection system can be attained by the sum of contribution of the bearing devices acting in
parallel (i.e. the total base shear is the sum of the shear absorbed by the different devices
subjected to the same top displacement).

The capacity curve of the equivalent SDoF representative of each subassembly can be
calculated in a simplified way, assuming that its effective mass (my,;,) is entirely lumped in the
centre of mass of the deck. Under the assumption of a series system, for a given value of the

3393



Andrea Nettis, Domenico Raffaele, Giuseppina Uva

base shear (1), the effective displacement of the equivalent SDoF system (Ag,;) is given by
the sum of the displacements of the pier (A,;) and bearing system (Apeqr), obtained by
interpolating the respective constitutive laws at V.

To identify the performance of each subassembly under a specific ground-motion record the
CSM [36] is applied. Particularly, the algorithm proposed by the authors [37] to apply the CSM
with real spectra for fragility analysis is adopted. To this aim, the equivalent SDoF force-
displacement law is converted in a capacity spectrum. The equivalent viscous damping of the
subassembly (&g, ) associated with each value of Ag,;, can be computed by Equation (1)
aggregating the equivalent viscous damping of the pier (pse) and the deck-pier connection
system (&peqr)- For each &g, the spectral reduction factor 7, can be calculated to compute
overdamped spectra and to identify the performance point (PP). To calculate &y ;e and §peqr
the ductility-based formulations by Priestley et al. [29] can be applied. At the end of this process,
the seismic performance of each subassembly under a given seismic action can be calculated.

_ Apierfpier + Abear Ebear
sub —

(1)

Asub

The IPM can be used to analyse the response of the bridge in the longitudinal direction if the
width of the expansion joints between adjacent decks allows for relative displacement between
the subassemblies. This approach is usually suitable for bridges where the expansion joints
between the independent decks are seismically designed: each subassembly responds
independently until the closure of the joints is reached. In this case, the tributary seismic mass
of each subassembly is strictly influenced by the type of bearing devices (fixed or free) and
their capacity to transfer shear forces.

Conversely, if a premature closure of the joints is expected (e.g. non-seismically designed
joints, designed for thermal dilatations only) or in presence of shock-transmitters, the bridge
subassemblies act as a parallel system. In this case, the subassemblies resist a portion of the
global seismic action depending on the proper (secant-to-top-displacement) stiffness. If the
closure of the deck-abutment joint is expected, the abutment-backfill interaction should be
appropriately considered in the simplified model [5]. The force-displacement relationships
related to an equivalent SDoF of the entire bridge is calculated: the force-displacement laws of
each deck-pier subassembly are aggregated, assuming that all the subassemblies are subjected
to the same deck displacement (only one degree of freedom) which is axially rigid. Given a pre-
determined target displacement of the deck, the shear force in each subassembly can be
achieved by interpolating the corresponding force-displacement laws. These are summed up to
calculate the total base shear. Repeating this process for incremental control node displacement,
the equivalent SDoF capacity curve is obtained. For each step, the equivalent viscous damping
($efr) 1s calculated via Equation (2) where N is the total number of i subassemblies. The
capacity curve is thus subjected to the CSM [37] to calculate the PP.

N

N Ve

S;eff — 1—115511[1;,1 sub,i (2)
i=1 Ysub,i

2.3 Methodology for fragility analysis

After the calculation of the performance demand for each index-bridge subjected to each of
the selected ground-motion records, the fragility analysis is performed. Fragility curves express
the probability to reach or exceed a damage state (DS) conditioned to a given value of seismic
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intensity. Note that fragility analysis of complex systems, like bridges, composed of multiple
components, is not a straightforward task, since, the DS of the bridge is related to the DS of the
different members (e.g. piers, bearings, abutments). The proposed procedure requires the
analyst to define DS thresholds for each bridge member depending on the number of limit states
of interest. Recommendations for defining DS thresholds for RC components, bearing devices,
shear keys, etc are reported by Cardone [15]. Deterministic DS thresholds are defined in this
procedure. However, the uncertainty on the DS thresholds should be easily accounted for
according to e.g. [3,23].

The system fragility is defined based on the DS of the different components. In this study,
the bridge is simply considered a series system and the weakest member determines the DS of
the bridge [25]. The performance of each i-t4 bridge component (e.g. pier, bearing system,
abutment) under the j-t4 ground motion with respect to a given DS, is expressed by a Demand
Capacity Ratio (DCR) calculated with Equation (3). The global bridge DCR; related to the j-th
ground-motion record is the maximum of the DCR; ; of the different i-tA components. As an
example, if only the piers, the bearings and the abutments are considered as critical components,
the global DCR; is given by Equation (4) where the p, b and ab subscripts indicate piers,
bearings and abutments, respectively.

A
DCRP® = AIL’JS 3)

i
DCRP® = max (DCRY; ;, ..., DCRYY ., DCREY;, ..., DCRpR ;, DCRYS, ;, DCRYS, 4)

Various literature studies focus on the definition of optimal intensity measures (IM) for
probabilistic seismic analysis of bridges. The appropriate type of IM should be chosen

depending on the scope of the application with reference to its efficiency, sufficiency,
practicality and hazard computability. An in-depth study about this is reported in e.g. [21,38].

In this study, fragility functions represent the probability that (the “weakest” member of) the
index-bridge reaches a unitary DCR given a determined value of IM and are calculated via a
cloud analysis approach [28]. Firstly, the results of the previous analyses are organized in
couples of IM; — DCR; (i.e. the “clouddata” ). It is assumed that a power-law model (DCR =

alM?) best expresses the relationship between the structural demands and IM [39]. The
parameter [a, b] are estimated fitting a linear model to the cloud data transformed in the natural
logarithmic scale using the least square method. This is expressed by Equation (5) where
®pcrjim represents the median DCR (50% to be exceeded) conditioned to the IM value for a
given DS. The dispersion of the demand around the median estimated with the regression model
1s assumed constant varying the IM and is given Equation (6) where M is the number of ground
motion records. Once, apcrym and Bpcgim are calculated (simply a and § hereinafter), the
fragility function, P(DCR > 1|IM), and can be expressed by Equation (7) where ¢ (+) is the
standard cumulative distribution functions (CDF).

In(DCR) = Inapcgm = In(a) + b In(IM) (5)

_ |2L.(InDCR; — Ina(IM;)")
Bocrim = M—2 (6)

3395



Andrea Nettis, Domenico Raffaele, Giuseppina Uva

b
P(DCR > 1|IM) = & <ln%ﬂ> =d <M> 7)

Bocriim Bocriim

Following this approach, the obtained fragility function is calculated for each index-bridge
accounting for demand uncertainty only (i.e. record-to-record variability). The influence of the
knowledge-based uncertainty is represented by the variability within the entire dataset of
fragility curves related to the index-bridges. This population of fragility curves can be
synthesized using specific percentiles of the dataset of the medians and the dispersions [40].

A synthetic fragility curve comprehensive of both aleatory and epistemic uncertainty can be
defined by calculating the median a@j,;-;44, for a given DS as the median of the population of ay,
related to the k-zh index-bridges with Equation (7). The overall dispersion (fyiqge) should
account for both the dispersion of the fragility curves of the single index-models (f;) and the
dispersion around the medians. These contributions are combined with the SRSS rule.

For risk-based prioritisation purposes, the seismic risk and its variability linked to epistemic
uncertainty can be calculated. As an example, the simplified strategies by [41] can be used to
calculate the mean annual frequency of exceeding a determined DS (4p5).

N
In Apridge = (Zk—lln ak)/N (8)

2

IV VAN
.Bbridge = (Nzk=1.3k> + (ﬁzk:lln ai —In abridge) ©)

3 APPLICATION OF THE PROPOSED METHODOLOGY TO A CASE-STUDY
BRIDGE

The proposed framework is applied on a case-study bridge, part of the Basilicata provincial
road-network. Two time- and cost-saving approaches are used to perform the data collection,
leading to two different levels of knowledge about the geometrical and constructive features of
the bridge. The following sections describe the data collection approach, the modelling of
uncertainties and the results of the fragility analysis. This section aims to practically describe
how to apply the proposed algorithm dealing with real bridges and provide a preliminary
validation of the adopted simplified mechanical modelling strategy in fragility analysis.

3.1 Description of the bridge, data collection approaches and uncertainties

The main features of the case-study bridge are reported in Figure 2. The bridge exhibits an
isostatic structural scheme with five 30 m-long spans. The superstructure is composed of simply
supported independent adjacent decks consisting of precast RC girders having a I-shaped cross
section. The height of the single-column piers, having circular cross section (diameter equal to
2.60 m) ranges between 6.6 and 13.6 m. Although the exact year of design is unknown, it is
assumed that the bridge was built between the 1980-1984 and designed according to the D.M.
3 marzo 1975 and D.M. 2 agosto 1980 [42,43] for seismic and bridge traffic loads, respectively.
Note that this information can be easily retrieved from road managers’ databases or, if necessary,
modelled as knowledge-based uncertainty as follows.

The data collection is performed according to two data collection methodologies. The first
exploits open-source Google Earth Street View data and a dataset of images collected on-site
and is indicated hereinafter as low-knowledge level (KL1). The geometry was characterized by
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means of image processing and measurements by GE data and images. The second data
collection approach uses imagery collected by a drone-based survey and photogrammetric
elaborations and is identified as high-knowledge level. Further information about this drone-
based data collection methodology is reported in [19]. A (Excel-based) data-form is used to
store the information in a suitable format to be directly used by a sequence of programming
routines developed in MATLAB [44]. These routines perform the statistical sampling for
modelling uncertainty and the simulated design of columns (sub-section 2.1) and the fragility
analysis according to the simplified mechanics-based approach (sub-sections 2.2 and 2.3).

150 e
30 30 30 30 30

10.5 —y

{ 040

1.70 D =260
»

Figure 2: Geometric and constructive characterization of the case-study bridge [19].

Table 1 lists the uncertainties defined via some statistical distributions derived from
literature studies [3,20,23,24,45] and engineering judgement. For parameters whose statistical
distributions are not available, the maximum uncertainty is assumed using a uniform
distribution (continuous or discrete) [40]. Although statistical distributions from different
contexts (e.g. United States) are used, it is expected that more data about Italian highway
bridges will be available in future, improving the reliability of such an approach. Table 1
differentiates the uncertainties associated with low- and high- knowledge levels (KL1 and KL2).
With reference to KL1, no information on the typology of the bearing devices placed between
the superstructure and the pier caps is detected. Therefore, in addition to the parameters listed
in the table, the variability of two configurations of bearing typology are assumed: fixed/free
bearings and neoprene bearings. In the first configuration, the bearings are assumed to be fixed
in the transverse direction, while a fixed and a movable bearing line is placed on the top of each
pier in longitudinal direction. Also, a variability between three and four devices per bearing line
(two lines in total) is assumed. The width of the expansion gaps is low and not measurable at
this knowledge level. It is assumed varying according to [3,23] and confirmed by [16] for not
seismically designed Italian bridges. Conversely, the KL2 allows for identifying that the deck
cross-section is composed of four precast girders (thus four devices per bearing line) and
neoprene bearings of 4 cm-thickness; the gap size between the deck and abutments is fixed at
2.5 cm.

The variability in the design class of the materials (f.x and fy)) is modelled. Mean and
dispersion of the mean strength values of concrete and steel (f¢, and fy ) are calculated

depending on the characteristic values assuming a coefficient of variation of 0.09 and 0.18 [24].
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The LHS is performed to generate the population of models. For each model, the longitudinal
reinforcement layout is calculated by means of a simulated design procedure. An appropriate
MATLAB routine was developed to perform this task according to Italian old regulatory codes
for bridges. The procedure automatically neglects the couples of design concrete and steel
classes which lead to an incompatible design with respect to the old reference code. Since 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 the
volumetric ratio of the transverse reinforcement (p,) is modelled with a uniform distribution
(Table 1).

The uncertainty about the seismic action is considered via an appropriate ground-motion
suite. A dataset of 100 natural ground-motion records is selected from the SIMBAD database
[46] consistently with the characteristic of soil type [47], magnitude and distance of expected
earthquakes in the site. The magnitude and distance de-aggregation is achieved using the
software Rexel [48]. The ground motions compatible with these requirements are firstly
collected (176 ground motions). Then, the 100 records with the highest PGA (geometric mean
of the two directions) were selected to perform the fragility analysis. The PGA of the selected
record varies between 1.77 and 0.16 g.

Parameter Knowledge Level Distribution Distr. Param.
Characteristic compressive KLI1-KL2 Uniform (Discrete) 25-30-35 MPa
concrete strength (fx)

Characteristic tensile steel KLI1-KL2 Uniform (Discrete) 375-440 MPa
strength (fyx)

Mean concrete compressive KL1-KL2 Normal p=1,6=0.18 Factor
strength (f,,)

Mean steel Tensile Strength (f;,,) KL1-KL2 Normal pu=1,6=0.09 Factor
Transverse reinforcement KL1-KL2 Uniform 0.05-0.1* %
volumetric ratio (p;)

Abutment gap size KL1 Normal p=2450=5 mm
Shear modulus of neoprene KLI1-KL2 Uniform 1=0.8,u=12 MPa
bearings (G)

Thickness of neoprene bearings KL1 Uniform 1=40,u=70 mm
(tp)

Abutment passive stiffness KL1-KL2 Uniform 1=0.5u=15  Factor
Mass variability (G1+G2) KL1 Uniform 1=09,u=1.1  Factor

Table 1: Variability in geometrical/constructive bridge characteristics depending on the knowledge level (KL)

3.2 Modelling assumptions and damage states

Once the models are completely characterised, the seismic assessment is performed
according to the CSM-based procedure (sub-section 2.2). To this aim, the moment-curvature
relationships of the piers are calculated using CUMBIA [33]. This analysis shows that the
flexure governs the seismic behaviour and damage state of the piers. An elastic perfectly-plastic
behaviour is assigned to the neoprene bearings, assuming that the maximum strength is reached
for slipping between the neoprene and the concrete surfaces, as suggested by Cardone [15] for
low-thickness neoprene bearings. The stiffness of each neoprene bearing device is equal to
k, = GA/t, (G is the shear modulus, A is the area of the pad) and the slipping strength is
calculated assuming a friction coefficient (¢) equal to 0.4. The flexibility of the fixed bearings
is neglected together with their shear failure (i.e. it is implicitly assumed that the maximum
shear of the subassembly is reached before the shear failure of the fixed bearings). Finally, the
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longitudinal response of the abutment-backfill systems for seat type abutments is calculated as
proposed in [49,50], while its transverse deformability is neglected.

To provide validation for the simplified performance assessment approach, the bridge is also
analysed by means of NLTHA performed in Opensees [51]. A refined numerical modelling
strategy is adopted in this case. The RC-piers are modelled via BeamWithHinges elements
composed of an internal elastic 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 represented by elastic beam
elements. TwoNodesLink elements are utilised to capture the nonlinearity of the bearing devices
(elastic-perfectly-plastic material) and the abutment-backfill interactions (impact material). A
tangent stiffness proportional damping is defined for NLTHA [29]. Moreover, a 5% Rayleigh
damping model is assigned.

An overview of the local damage state thresholds used to compute the DCR for each
component is reported in Table 2. The most damaged component determines the global damage
state. The thresholds correspond to slight damage (DS1), severe damage (DS2) and collapse
prevention (DS3).

Element DS1 DS2 DS3 Note

A, and A, are the yielding and ultimate

Piers (fl 1 A A, +2/3(4,—A A : .
ters (flexural) Y y+2/3(0 = 4y) u displacement of the pier.
Apr= (u P/ky) is the displacement corresponding
Neoprene to the friction strength attainment, P is the
bearings Agy Apaa Ayns compressive load of the bearing device. 4,4 is the
(slipping) dimension of the bearing device in the considered
direction. A,,,,; corresponds to deck unseating
Sliding bearings _ _ Ay Ag is the displacement capacity of the bearing
device
A, pw 1s the displacement at the reaching of passive
backfill pressure calculated starting from kp,, =
Abutment- A A 11A k;w (h/1.7) and Py,, = h,w p;(h/1.7), where h
backfill system gap pbw " TPPW and w are the height and width of the abutment

backwall, k; is equal to 11.5 (kN/mm)m and p; is
239 kPa.

Table 2: Damage state thresholds for each considered components

3.3 Convergence in the statistics

Reaching convergence in random sampling is essential for the accuracy of the final fragility
estimations. This section aims at identifying the number of index-bridges in the population
necessary to achieve robustness in the results, to ensure that the addition of other samples does
not involve strong modifications of the final results. This is necessary to identify a sample size
which reflects a compromise between computational effort (more index-models, more
calculations) and representativeness of the generated population (more index-models, higher
accuracy). For this task, the KL1 is considered, where an higher influence of uncertainties is
expected with respect to the KL2 case.

First, a first sampling is performed, producing a population of 500 index-bridges. This
dataset is analysed, calculating the corresponding set of 500 fragility curves. For this task, PGA
is used as IM and DS3 is only considered. A dataset of medians of the fragility curves are
collected and their 50" percentile (aop¢) 1s extracted and assumed as an optimal estimation of

the median IM associated with the fragility of the whole population. The 10" and 90"
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percentiles are calculated also, providing optimal estimates of the variability in the median IM
of the population leading DS3.

This process is repeated several times reducing the sampling size ( Ng =
[200,100,50,25,15]). The stability of the counterparts (a ) with respect to the optimal values
is evaluated calculating the relative errors. Figure 3 reports that errors within a range of 10%
are achieved when a sample size of 50 realisations is selected. Clearly, this result is strongly
related to the adopted uncertainties for this selected bridge, and further studies should
investigate the sample size varying the expected influence of the uncertainty.

®  50th percentile &  10th percentile S0th percentile
D4r Transverse direction ':'-41' Longitudinal direction
0.3 uﬂi
I T T
P I ! I
,;.‘E 0.1 ¥ u.1| : I
A - 1
Ll ST S ¢ «E BE NE . :
¥ & L]
2015 = = -0.1:~ .
Rl - . et Pl — OO ——
03¢ -0.3F
04— - : : 04— ; : :
15 25 S0 100 200 15 25 L 100 200
Sample size, Ns Sample size, Ns

Figure 3: Relative errors on 50", 10" and 90 of the median IM with respect to the sample size

3.4 Discussion on results

In this subsection, the results of the fragility analysis are discussed to evaluate the influence
of the incomplete knowledge level and the reduction of this effect due to a reduction of the
general uncertainty. Also, the errors induced by the simplified analysis approach with respect
to refined NLTHA are evaluated. The results are numerically listed in Table 3 and graphically
shown in Figure 4. Particularly, Table 3 reports the values of the median IM (i.e. PGA)
associated with the S0 percentile of the fragility population (Eq. (8)) and the per cent relative
difference (errps/*®™ = (apd™*™ — agd™)/as%" + 100) of the 10™ and 90™ percentile with respect
to the 50™ one to numerically evaluate the influence of uncertainties. These per cent differences
are represented by the amplitude of the “bundle” in Figure 4 representing synthetically the
fragility curve population. As expected, the influence of a low-knowledge level, quantified by
the 10" and 90" percentiles, is strongly reduced with a more accurate data collection. This effect
is noticeable for the transverse direction, while it is slighter for the longitudinal where the
damage is governed by the abutment-backfill interaction that is less affected by the uncertainties.
In the transverse direction, the 10" and 90" percentiles of the median IM of the population
change in a range which reaches [-50; +50]% of the 50™ percentiles regardless of the DS.

Figure 5 better explains this outcome, showing the population of fragility curves for the KL 1
case at DS2 (chosen for illustrative purposes). Red curves correspond to index-bridges having
fixed/free bearings, while blue ones indicated index-bridges where neoprene bearings are
present. Moreover, the pattern of the curve is related to the critical member which reaches DS,
i.e. pier (flexure), bearing device or abutment-backfill system. Figure 5a shows that in the
transverse direction, the variability in critical member induces wide variability in fragility curve
parameters. The group of index-bridges with neoprene bearings (red) are generally associated
with lower fragility (lower probability of reaching DS) than the index-bridges where fixed
bearings are present and piers are damaged for flexure. The neoprene bearings produce a
beneficial effect in the vulnerability in the transverse direction, since their slipping prevents
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further increase of shear force in the piers, enhancing the ductility of the bearing-pier
subassemblies. This outcome is consistent with [18]. This explains the general increase in ap3t"
for KL2, where only neoprene bearings are modelled, with respect to KL1 (Table 3). In this
case, the maximum variability of aps is registered at DS3 and corresponds to the range [-30.48;

+13.811%.

50th 10th 90th 50th 10th 90th 50th 10th 90th
Case apsi1 eTrTps1 €TrTps1 Xps2 €TrTps2 erTps2 aps3 €TrTps3 €TrTps3

Transverse direction

KL1-CSM 0.64  -41.62 49.77 1.34  -40.59  49.01 2.05 -39.98 49.15

KL2-CSM 082  -24.09 12.77 1.66  -28.70 1291 233 -30.48 13.81

KL2-NLTHA 0.80  -19.07 11.67 1.58  -24.11 11.64 238  -28.46 19.99
Longitudinal direction

KL1-CSM 026  -3495 31.05 0.71 -20.44  28.47 0.78  -23.65 35.99

KL2-CSM 024  -7.57 5.24 0.64  -13.74 3459 0.68 -14.29 36.81

KL2-NLTHA 0.25 -5.86 3.66 0.67 -12.90  36.23 0.71  -13.61 37.91

Table 3: Median PGA (50") and per cent shift associated with 10" and 90" percentiles

KL1 - CSM KLZ - CSM KLZ - NLTHA 10™.90" percentiles
1 1 1
Transverse dir. Transverse dir. Transverse dir.
= 0s- D31 i 08t D82 o0&t D53
= 06 . g =31 oe 06}
- :
]
E 0.4 0.4 0.4t
a
o 02 0.2 o2t
] L] 0
0 o 0.5 1 15

l Lengitudinal dir.

P[DCR,>1]IM]
(=1
F

0.2 Longitudinal dir.
Ds1

o 0.5 ; 1.5 ; l o
PGA (ol PGA [g] PGA [g]

Figure 4: Fragility curves and associated variability for the case-study bridge considering the KL 1 (analysed via
CSM) and KL2 (analysed via CSM and NLTHA).

A shown in Figure 5b, in the longitudinal direction, it is very common among the analysed
index-bridges that the abutment-backfill system induces the DS2. This is confirmed by [5] for
non-seismically designed bridges. The presence of neoprene bearings is unfavourable for the
fragility of the case-study bridge in this case. Indeed, the index-bridges where fixed bearings
are present exhibit a lower probability to be damaged since the piers collaborate with the
abutment-backfill system in resisting the total amount of seismic action. Conversely, neoprene
bearings decrease the stiffness of the deck-pier subassemblies inducing a higher amount of
seismic action directly transferred to the abutment and anticipating the reaching of DS2. It is
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observed that in the longitudinal direction, the aps ranges in a narrower interval with respect to
the transverse direction.

Figure 4 evidences the general accuracy provided by the simplified CSM for fragility
analysis with respect to NLTHA. In this case, the relative error between the two approaches on
the median IM of the fragility curves (50 percentile) is lower than 5% regardless of the DS
and the analysis direction. This evidences that, for this case study, the assumptions of the
simplified IPM, that neglects the interactions between the subassemblies, and the equivalent
viscous damping strategy is appropriate. However, this should be considered as a first outcome
and other tests are needed for other case-study bridges or using more efficient IM in the
calculation of fragility curves,

Bearing type: Meoprene Fixed/Free
Critical Mamber: Pier Bearing Abut-Backfill
3 D52 Transverse dir. . D52 Longitudinal dir.
0.8
=
= 05
M
L
=]
&
= 04
o
0.2
gla i ( . . .
(a) 0 05 1 1.5 2 26 (b) [1} 0.5 1 1.5 2 25

PGA (g] PGAlg)
Figure 5: Population of fragility curves for the KL 1 case at DS2. Different colours aim to distinguish the bearing
type of the index-bridge, different patterns indicate different critical members. The grey area indicated the area
between the 10™ and the 90™ percentiles.

4 CONCLUSIONS

In this study, a simplified methodology to perform fragility analysis of bridges directly
accounting for uncertainties linked to an incomplete knowledge level is described. These
knowledge-based uncertainties are considered by means of the statistical generation of a
population of index bridges. The analysis of index-bridges is based on a simplified modelling
approach, suitable for isostatic typical Italian bridges, and the capacity spectrum method used
to evaluate the performance of index-bridges under a specific earthquake record. The
performance of the single index-bridge is synthesized by a set of Demand-Capacity Ratios
which is used to fit regression-based probabilistic seismic demand models and compute fragility
curves. The fragility of the main bridge is represented by a population of fragility curves and
the influence of knowledge-based uncertainties can be quantified by extracting significant
percentile values of the population.

The proposed approach is applied on a case-study bridge of the Basilicata (Italy) provincial
road network. The case-study section is aimed at illustrating the different steps of the procedure.
Two data collection approaches are performed using different data sources involving two
knowledge levels characterised by different degree of completeness. The case-study section
tests the appropriate sample size to generate a representative population of index-bridges and
provide a validation of the simplified analysis approach by means of the comparison with non-
linear time history analysis on a refined numerical model. The fragility analysis shows that the
response of the abutment-backfill system in the longitudinal direction is decisive for the
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fragility of this case study whose deck-abutment gap size is not seismically designed. In the
transverse direction, the fragility of the bridge is affected by the bearing typology and the lack
of this information strongly increases the influence of the uncertainties. It can be stated that an
adequate preliminary data collection should address the width of the abutment-deck gap and
the typology of the deck abutment connections. The employment of typological approaches that
neglect thes components could involve severe inaccuracies in fragility estimations of bridge
portfolios.

Finally, it is worth mentioning that further validations are needed to investigate the accuracy
of the simplified fragility analysis methodology for different bridge types as continuous deck
bridges.
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