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Abstract

Seismic reliability assessment of selected bridge structures code-conforming
with respect to the current Italian practice is carried out. Two viaducts, tall
and shallow, and two highway overpasses, with traditional seat-type or integral
abutments, are considered. Each structure is ideally placed at three reference
sites, that is, Milan, Naples and L’Aquila, characterised by low, moderate and
high seismic hazard, respectively. At each site, a soil profile representative of
typical local conditions is defined for foundation design, site response anal-
ysis and soil-structure interaction modelling. Probabilistic seismic hazard is
used in conjunction with multiple-stripe non-linear dynamic analysis, featur-
ing conditional-spectrum compatible ground motions, to establish the failure
rate with respect to two purposely defined and functionality-related performance
levels. It is confirmed the decreasing seismic reliability with increasing design
seismic action, already observed for other structural types, and it is shown that
integral abutment overpasses tend to be more reliable than traditional ones, even
seismically isolated ones. The results are of larger interest given the closeness of
the Italian code to the Eurocode.

KEYWORDS
friction pendulum slider, hazard-consistent motions, high damping rubber bearing, integral
abutment, soil structure interaction

This paper reports about the seismic reliability assessment of typical code-conforming Italian bridge structures.! Four
archetype bridges were selected: two viaducts, tall and shallow and two overpasses, with traditional seat-type or inte-
gral abutments. Each archetype was placed and designed according to the current Italian code’ at three sites, that is,
Milan, Naples and L’Aquila, that can be considered as characterised by low, moderate and high seismicity, respectively. At
each site, a soil profile representative of typical local conditions was defined, for the purpose of foundation design. Seismic
reliability was then assessed in terms of failure rate with respect to two purposely defined and functionality-related perfor-
mance levels. The failure rate was calculated by integrating structural seismic fragility and each site’s hazard. The former
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+ Italian bridges representative of current code-conforming highway structures, including both viaducts and
highway overpasses, are analysed.

* The archetype structures include traditional design exploiting ductility, seismic isolation with both elastomeric
and sliding devices and integral abutment bridges.

* Probabilistic seismic performance assessment is performed with hazard curves from site-specific PSHA and
fragility curves from multiple stripe analysis of state-of-the-art models with hazard-consistent ground motions.

* Models include soil-foundation-structure interaction.

* Mean annual failure rate is calculated with reference to two functionality-related performance levels.

 Values of the rates confirm the dependence of reliability on-site seismicity, already observed and explained with
reference to buildings.

* Values are compared to target reliability under discussion in the context of the revision of the structural
Eurocodes and found to be in general satisfactory.

* Significant inter-typology differences are also observed.

was evaluated by means of probabilistic seismic hazard analysis (PSHA),® while the latter based on response samples
obtained by means of multiple-stripe non-linear dynamic analysis (MSA).* Site-response analysis (SRA)’ was performed
to amplify all input ground motions, using a model of the already cited soil profiles. Soil-foundation-structure interaction
(SFSI)® was accounted for in the non-linear dynamic analysis.

Similar studies of a large portfolio of structures or of a smaller set of archetypal structures have been carried out in the
past. Haselton et al.” and Liel et al.® determined collapse safety of archetypical ductile (code-compliant) and non-ductile
reinforced concrete (RC) building frames, respectively, using two-dimensional (2D) models. Similarly, Iervolino et al.”!°
focused on safety of archetypical buildings in Italy, compliant to different codes enforced over the course of the last century,
and employing three-dimensional (3D) models developed for each structural typology, for instance for RC buildings Ricci
et al.,! De Risi et al.2 and Di Domenico et al.!?

Regarding bridges, as early as 1997, Basoz and Kiremidjian'* performed risk assessment via non-linear dynamic anal-
ysis. Nielson and DesRoches,"> Moschonas et al.'® and Avsar et al."” all provided seismic fragility curves for typical
bridges in the Central and Southeastern United States, Greece and Turkey, respectively. Finally, Borzi et al.'® also cal-
culated safety for two performance levels (light damage and collapse) and with 3D models, with reference to a large
database of real Italian bridges, but these were non-conforming older bridges, and no consideration was given at the time
to SFSI.

The paper is organised as follows. Section 2 presents hazard and ground motion selection. Section 3 presents the four
selected bridges. Section 4 illustrates the models adopted for the assessment, from the geotechnical properties of the sites
and site response analysis to the inelastic modelling for all components, from the deck to the soil-foundation system.
Section 5 presents the adopted performance criteria. Sections 6 and 7 illustrate sample results of the non-linear dynamic
analyses and summarise the results in terms of reliability. Section 8 draws conclusions.

2 | SITES, HAZARD AND GROUND MOTIONS

Three Italian sites were used to represent low, moderate and high seismicity: Milan, Naples and L’Aquila (Figure 1). Site-
specific PSHA, consistent with that underlying the current design provisions, was carried out for all spectral ordinates of
interest in the largest context of the RINTC project.'” This produced hazard curves, later integrated with fragility curves
to yield annual rates, and hazard disaggregation, used to select recorded ground motions which are hazard consistent in
terms of spectral shape and of the main parameters of the most likely causative events: earthquake magnitude, M, and
source-to-site distance, R. The actual selection procedure' is deemed an enhancement of the Conditional Spectrum (CS)
method?° and, for each site, can be summarised as follows:

a. Disaggregate hazard,”’ conditional on the spectral acceleration at the conditioning vibration period T, (see later,
Table 1), S, (T.) = sa;, where sa; corresponds to each one of the considered ten values with exceedance return periods
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FIGURE 1 Peak ground acceleration (soil A) with 10% probability of exceedance in 50 years in Italy and the location of the three sites
(A), uniform hazard spectra (soil A) at the three sites with 63%/50 (B) and 10%/50 (C) probability of exceedance, respectively. Panel (A) shows
also the thirty-six seismic area sources of the source model at the basis of the building code currently enforced in Italy.

TABLE 1 Fundamental periods in the longitudinal (Tx) and transevrsal (Ty) directions and conditioning period (T,) used in ground
motion record selection. Bold numbers indicate the ten distinct selections (period and site).

Site Milan Naples L’Aquila

Bridge Tx (s) Ty (s) T, (s) Tx (s) Ty (s) T, (s) Tx (s) Ty (s) T, (s)
TV 1.67 0.88 1.50 118 0.88 1.00 1.32 0.88 1.00
SV 0.82 0.27 0.50 2.27 2.23 2.00 2.73 2.70 3.00
TO 0.78 0.25 0.50 0.78 0.25 0.50 - - -
HDRB = = = 1.58 1.58 1.50 1.48 1.48 1.50
FPS - - - 1.90 1.90 2.00 2.30 2.30 2.00
IAB 0.55 0.35 0.50 0.46 0.29 0.50 0.27 0.28 0.50

Tr = {10, 50, 100, 250, 500, 1000, 2500, 5000, 10,000, 100,000} years, denoted in the following as intensity measure
levels (IML) from 1 to 10;

Determine, for each IML, the corresponding CS distribution;!

Sample, for each IML, twenty response spectra from the corresponding CS distribution;

Select, for each IML, the twenty real ground motion records with spectra closest to the simulated ones;

Post-process, for each IML, the selected set, eventually replacing the records that are not disaggregation-consistent
with other spectrally equivalent ground motions with desired M and R from disaggregation.

oo T

Hence, the selection procedure delivered two hundred pairs of records for each intensity measure (IM), twenty records
for each one of the ten stripes.”> The procedure was applied checking compatibility of horizontal components with hor-
izontal target spectra, while the vertical components are simply those recorded with the selected motions. Finally, note
that ground motions were selected as outcrop (soil category A2), since they were later subjected to site response analysis
prior to use in MSA (see 0).

1To compute the CS distribution a GMPE is required. For consistency with PSHA, the one from Ambraseys et al.>? has been used, which considers,
as the IM, the maximum spectral acceleration between the two horizontal components. However, it is limited to spectral ordinates up to Sa(T = 2s);
therefore, when the vibration period of the conditioning spectral acceleration was larger than 2s a different GMPE?* was considered. It considers, as
the IM, the geometric mean of the two horizontal components so, for consistency, when the vibration period of the conditioning spectral acceleration is
greater than 2s the CS matching was performed using the latter as IM.
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FIGURE 2 Archetype bridges: (A) tall viaduct, (B) shallow viaduct, (C) traditional overpass, (D) integral abutment overpass. Total and
partial measures in meters.

3 | ARCHETYPE BRIDGES

The archetype bridges are schematically shown in Figure 2. They were designed according to Italian technical provisions
currently in force.? Analysis for the purpose of design was carried out with the Sap2000 software?> (SAP2000, see Franchin
et al.? for details on the adopted design procedures). For all archetype bridges, current modelling practice was taken as
a reference and 3D models were used. All superstructures are continuous over the supports. Off-the-shelf bearings and
devices accommodating seismic demand were used throughout.?*?’

All bridge substructures rest on pile foundations. The latter were designed with reference to ultimate limit states (LS)
under static and seismic conditions. The resulting foundations are composed of RC piles varying in number from 15 to 40,
with diameter D in the range 0.8-1.2 m, spacing not less than 3D and a maximum length of 54 m in the case of the tall
viaduct in L’Aquila.

In terms of design LS, the design seismic action for all structural members, except for anti-seismic devices, is charac-
terised by a probability of exceedance of 10% in 100 years ( Tr = 949 years). For this intensity, the LS is that of life safety
according to the Italian code (significant damage according to Eurocode terminology?®).

The ‘tall viaduct’ (TV) is a three-lane four-span highway bridge composed of a continuous two-girder composite steel-
concrete deck with a total span of 248 m, supported by RC piers labelled P1, P2 and P3, with a height of 16, 40 and 28 m,
respectively. Piers are two-column bents, with hollow rectangular cross-section, connected by a coupling pier cap at their
top. Given the height and flexibility of P2 and P3, fixed bearings are used over such piers to restrain their top displacement,
whilst the deck rests through longitudinal flat sliders over the shorter P1. Seismic expansion joints are provided at the
seat-type RC abutments to accommodate the longitudinal deck translation. Nonlinear viscous dampers are placed at the
right abutment to limit displacements only at the more seismic Naples and L’Aquila sites. Figure 3 shows cross-section
dimensions, the configuration of bearings and (so-called) anti-seismic devices, and a sample layout of pier reinforcement.
Concrete, reinforcement and structural steel classes are C32/40, B450C and S355W, respectively. Note that damper forces
have been considered in the design of the abutment. According to Italian practice, dampers are placed on one abutment
only as long as the required forces are not excessive.

The shallow viaduct (SV) has a continuous two-girder composite deck, supported by four RC piers with height in the
range 7—12 m. Longitudinal flat sliders are used overall piers in Milan, and nonlinear viscous dampers, connected to the
deck through the steel girders, are placed at the right abutment. Double curvature surface sliders (DCSS) are adopted for
the higher seismicity sites of Naples and L’Aquila, with larger radius at the latter site. Figure 4 shows cross-section dimen-
sions, the configuration of bearings and devices, and a sample layout of pier reinforcement. Concrete, reinforcement and
structural steel classes are C30/37, B450C and S355W, respectively. For the purpose of design of both TVs and SVs, equiva-
lent linear properties with iteration on the maximum displacement, followed by non-linear dynamic analysis verification
was used.

The highway overpass with seat-type abutments is illustrated in Figure 5. It is composed of three continuous straight
spans (30 + 38 + 30 m) with composite deck, supported over two 7-m high RC piers with compact cross-section. The
steel deck is 12 m wide and steel beams are of the Welded Wide Flange type. In terms of bearings, fixed and uni/multi-
directional mobile bearings are considered in Milan (traditional overpass configuration, TO) and base-isolation, with both
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FIGURE 3 Tall viaduct: deck cross-section (A), bearings layout (B) and pier P2 cross-section with reinforcement for L’Aquila (C).
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FIGURE 4 Shallow viaduct: deck cross-section (A), bearings layout (B) and a pier P1 cross-section with reinforcement layout (L’Aquila)
(C). For DCSS, the reported friction coefficient is that associated with the highest nominal pressure (see Section 4.3) and radius is the
equivalent single-curvature one.

high-damping rubber bearings (HDRB) and DCSS, in L’Aquila (high seismicity). In Naples (medium seismicity), all three
solutions are considered because they are viable in practice, but the TO is designed for high ductility with more demanding
reinforcement details, rather than for low ductility as in Milan. Concrete, reinforcement and structural steel classes are
C28/35, B450C and S355W, respectively. Note that for the TO configurations, only one bearing is fixed I the transverse
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FIGURE 5 Traditional seat-type abutment overpass: deck cross-section (A), bearings layout (B) and pier cross-section (C).
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FIGURE 6 Integral abutment overpass: deck cross-section (A), bearings layout (B), pier (C) and abutment cross-section (D).

direction. Both this solution and one with more fixed bearings are adopted in practice, depending on deck width and
magnitude of expected transverse deformations.?*°

The integral abutment highway overpass is a straight three-span (19 + 38 + 19 m) bridge with steel-concrete deck con-
tinuous over the piers, where it is supported by multi-directional flat sliding bearings.*' As shown in Figure 6B, it is fully
joined to the 7 m-tall RC abutments resting on a single row of four piles of diameter 1.2 m. The latter presents an RC cir-
cular cross-section with a diameter of 1.2 m. Concrete, reinforcement and structural steel classes are C32/40, B450C and
S355W, respectively.

Due to the lack of specific provisions in the Italian code for integral bridges, in accordance with the latest draft of
the second-generation Eurocode 8 Part 2,%” seismic design was based on a seismic analysis of a simplified numerical
representation of the soil-bridge system, with reference to an iterative linear method in which the soil-abutment contact
pressures are a function of the abutment displacement.** Note that traffic and seismic analyses were carried out after
modelling the effective construction sequence, as a nonlinear staged construction in Sap 2000.
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TABLE 2 Mechanical properties of the subsoil in L’Aquila, Naples and Milan.

Site Layer - Description — Zp (m) y (kN/m?3) K, - ¢’ (kPa) ¢ (°) S, (kPa) Vsom (m/s)
L’Aquila LAl Silt 3.0 20.0 0.56 10.0 26 75 180
LA2 Silt 10.0 20.0 0.59 10.0 24 150 256
LA3 Clay 18.5 20.0 0.59 10.0 24 300 295
LA4 Stiff clay 95.0 20.0 0.59 10.0 24 300 825
bedrock - - 22.0 - - - - 1000
Naples N1 Sand and debris 5.0 20.0 0.41 0.0 36 - 360
N2 Silty sand 30.4 18.5 0.41 0.0 36 - 389
N3 Yellow tuff 47.4 17.0 = 1750.0 0 = 704
bedrock Green tuff - 22.0 - - - 790
Milan M1 Gravelly sand 26.0 20.0 0.46 0.0 33 - 252
M2 Clay 70.0 20.0 0.43 0.0 35 - 400
bedrock - - 22.0 - - - - 1000

4 | MODELLING FOR SEISMIC ASSESSMENT

The hazard-consistent input ground motions were all pre-processed via one-dimensional (1D) SRA before being employed
in the MSA. 3D models for MSA were set up via OpenSees software.>* Modal analysis of these models, after application of
gravity loads, led to the vibration periods in Table 1, which also reports the conditioning periods used in ground motion
selection.

Some remarks are due on the period values. As it regards the TVs, their stiffness in the transverse direction is the same at
all sites (piers’ size is governed by slenderness), resulting in the same Ty period. In the longitudinal direction, Ty in Milan
is longer because, due to lower seismicity, there is no need to add the viscous dampers (Figure 3B), whose secant stiffness
is instead considered in Naples and L’Aquila. Thus Ty in L’Aquila is higher than in Naples because the dampers have the
same force threshold, but displacements are larger. For the same reason, that is, inclusion of the secant stiffness of the
viscous dampers in the period determination, Ty for the SV in Milan is much shorter than in Naples and L’Aquila, where
the curved slider isolators are employed. Finally, note that the IABs’ periods are the first ‘structural’ periods, that is, those
most correlated in the X and Y directions with structural response in the intensity range of interest (in the longitudinal
direction, the fundamental mode is usually a ‘soil deposit’ mode that deforms less the structure). They depend on both
structure and soil/embankment stiffness. In Milan and Naples, the structure is the same and the shorter period in Milan is
due to the upper layer M1 stiffer than N1 (see Table 2). In L’Aquila the abutment wall thickness is larger, to accommodate
larger design moment at the deck-abutment joint, and this results in a shorter period.

4.1 | Soil profiles and site response analysis

The subsoil profiles reflect territorial features obtained by several sets of experimental data available for the sites of
L’Aquila,** Naples®’*® and Milan.* For all sites, the ground water table is located at a depth of 2 m from ground level.
The stratigraphy and variation of the small-strain shear wave velocity, Vy, with depth are depicted in Figure 7, together
with the pile foundations of the TV and traditional overpasses (profiles for the other cases can be found in Franchin
et al.??). In the saturated region, the small-strain compression wave velocity was assumed equal to that of the pore water,
V, = 1500 m/s, while above the water table it was related to the shear wave velocity of the soil skeleton through the
expression Vp = V X [2 X (1-v)/(1-2v)]°>, where v is the Poisson ratio taken equal to 0.2. The mechanical properties of each
layer are summarised in Table 2, where z;, indicates the depth of the lower boundary of the generic layer with respect to
the ground level at abutment Al, y is the soil unit weight, ¢’ and ¢’ are the cohesion and the angle of shearing resistance, S,
is the undrained shear strength, and Vg ., is the average value of the small-strain shear wave velocity of the generic layer.

1D free-field ground response analysis was carried out to compute the seismic motion at the effective depths, corre-
sponding to the boundary of the volume of soil interacting with the foundation (see Section 4.6), and at the foundation
level of the geotechnical systems (abutment and pier foundations). To this end, a 1D subsoil model was defined at each
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FIGURE 7 Layering and profiles of the small-strain shear wave velocity of the soil, V, in the case of the tall viaduct (A,C,E) and the
traditional overpass (B,D,F) in L’Aquila (A,B), Naples (C,D) and Milan (E,F). Lengths in meters.

support of the soil-bridge layouts. Overall, 64,800 dynamic analyses were carried out, considering 27 soil columns subjected
to the three components of the 20 records selected for each stripe and conditioning period.

The horizontal motion was assumed to be produced by shear waves whereas the vertical one by compression waves.
The records were applied to the base of the soil columns accounting for the bedrock compliance.*’ The analysis was of
the equivalent visco-elastic type in the frequency-domain. As per the horizontal motion, the relationships proposed by
Vucetic and Dobry**** and Seed and Idriss** were used for fine- and coarse-grained soils, respectively, to simulate the
dependence of the shear modulus and damping ratio on the strain amplitude. Since the soil below the foundation levels is
entirely saturated, a 1%-damped linear elastic behaviour was instead assumed for the vertical motion as the propagation
of compression waves is essentially controlled by the volumetric stiffness of the pore water.

The site effects concerning the horizontal motion were seen to be quite pronounced. For instance, Figure 8 compares
the elastic response spectra of the motion computed at the effective depth of abutment Al of the TV in L’Aquila with the
spectra of the input motions for three representative IMLs (2, 7 and 9) and relative to a conditioning period T, = 1.0 s. For
the present case, the fundamental period of the soil deposit at small strains is equal to 0.54 s, while it elongates to about 0.7
and 0.8 s for the analyses carried out for IML7 and IML9, respectively, as an effect of the nonlinear behaviour of the soil.
In fact, this period lengthening is reflected closely by the shift in the average predominant period of the motions obtained
from the SRA.

4.2 | Deck

All the considered archetypes are made up of composite steel-concrete decks. This deck type exhibited an unsatisfactory
behaviour in past earthquakes because of the activation of local failure modes of the transverse stiffeners,** 40! as a
function of the deck-to-piers stiffness ratio.>>>* For this reason, an investigation was preliminarily performed on the deck
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FIGURE 8 5%-damped elastic response spectra of the horizontal ground motions at the outcrop and effective depth, in correspondence
of abutment Al of the tall viaduct in L’Aquila, for IML 2, 7 and 9, in panels (A), (B) and (C), respectively. Conditioning period T, = 1.0 s.
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FIGURE 9 3D views of frame models for nonlinear assessment of (A) tall and (B) shallow viaduct and (C,D) relative models detail.

of the TV (the only typology having truss-type transverse stiffeners) to assess the susceptibility to such local failure.”> Non-
linear static analyses were carried out on a refined finite element model of the deck, applying first the gravity loads and
then simulating the seismic actions through a mass proportional distribution of horizontal forces at the slab level. The
results demonstrated that the deck exhibits an almost linear behaviour up to the attainment of the shear forces causing
the bearing’s collapse. Consequently, a computationally efficient elastic beam-like modelling was adopted. For all seismic
scenarios the elastic behaviour of the deck was checked a posteriori with reference to a plastic threshold of the slab rein-
forcement occurring at the smallest of two distances measured from the edge: either one-tenth of the width or the distance
to the nearest junction with a steel girder web.

As a result, 3D frame models were used for all case studies. Figure 9A,B show the overall element connectivity for
the models of the tall and SVs, respectively. Figure 9C,D focus on the end region of tall and SVs, respectively, to better
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FIGURE 10 High-damping rubber bearing (A), typical force-deformation loops (B) and multi spring mechanical model (C), adapted
from Ishii and Kikuchi 2019).

FIGURE 11 DCCSS isolator unit (A), (A)
force-displacement loop (B).
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highlight the rigid link layout and the locations of anti-seismic devices (Section 4.3), bearing devices and expansion joints
(Section 4.4), and macroelements (Section 4.6). The spans are discretised considering the variation of the deck cross-
section along the longitudinal axis.?’ The elements are placed at the average bridge deck centroid and bearing devices are
offset to their actual position through rigidLink elements. The other components of the global bridge models are described,
in an essential manner, in the following.

4.3 | Anti-seismic devices

Three typologies of anti-seismic devices were considered: HDRB and DCCSS, and axial viscous dampers employed at the
abutments in some viaduct configurations.

The so-called KikuchiBearing two-node element> was adopted for HDRBSs, as illustrated in Figure 10, to reproduce a
nonlinear coupled response in the horizontal and vertical direction accounting for the reduction of horizontal stiffness
with increasing vertical load and horizontal displacement. The KikuchiAikenHDR uniaxial material®® was assigned to the
shear springs in the horizontal plane, calibrated to reproduce rubber compounds typically used by Italian manufacturers.”’
The AxialSP material was instead used for the axial springs, calibrated on the vertical stiffness of the adopted devices.

The SingleFPBearing element illustrated in Figure 11 was adopted for the DCCSS isolators with the modifications
described in Ponzo et al.’® A frictional model that describes the variation of the friction coefficient ¢ with axial force
and velocity®® was used for simulating rocking and torsional effects on the nonlinear response of the isolator (the friction
value in Figure 4 is the value at maximum allowable pressure for high velocity). Temperature, stick-slip breakaway and
second-order effects were neglected. The occurrence of over-stroke events was monitored during the analysis, verifying
that the effect was marginal and limited to a few cases at the highest seismic intensity only. Details, for both HDRB and
DCCSS devices, are given in Franchin et al.*?

For what concerns viscous dampers, employed at the abutments of both the tall and SVs in Milan and for the shallow
one in Naples, these are of the cylindrical viscous damper type, that exploit the reaction force of silicone fluid forced to
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FIGURE 12 Fixed bearings: (A) bearing section, (B) mechanical model.

flow through an orifice. They have a non-linear force-velocity law, that is, f = cv®, with typical value « = 0.15. They
have been selected from catalogue, based on maximum force and required stroke.??

4.4 | Conventional bearings

Three typologies of non-seismic bearings have been considered: fixed, mobile uni-directional and multi-directional bear-
ings. To describe their inelastic response, beyond the service conditions (needed for the MSA, which is carried out also at
intensities higher than the design one), numerical models for conventional bearings are developed, following Cardone.®°

As per the fixed bearings and the fixed direction of unidirectional bearings, in agreement with the experimental data,®!
the horizontal response is assumed elastic up to shear failure, that occurs when the weakest between the upper-plate to
steel girder and the lower-plate to pier cap connection fails (Figure 12A), followed by frictional response, with either the
steel girder sliding on upper steel plate (followed by steel-to-steel friction) or the lower steel plate sliding on the pier cap
(followed by steel-to-concrete friction). Considering that anchor bolt failure at the pier-cap connection emerged as the
prevalent shear failure mode for these bearings, in practice a single value of 0.4 was assumed for the friction coefficient.
Hence the adopted mechanical model (Figure 12C) consists of two elements in parallel: a multipleShearSpring (MSS)
and a flatSliderBearing (FSB). The former describes the initial horizontal isotropic elastic behaviour, while the latter
describes the axial and the post-failure horizontal behaviour. A MinMax Elastic uniaxial material was assigned to the radial
springs of the MSS model, with a maximum load threshold equal to the maximum shear resistance (F,) minus the friction
force (uN). The displacement associated with the shear resistance (dj;, ) is taken equal to 1 mm.%> A normal compression-
only spring characterised by a very high vertical stiffness (three orders of magnitude larger than the elastic horizontal
stiffness) was used for the axial direction (ElasticMultilLinear). The post-failure condition was calibrated to reproduce
sliding up to the displacement limit corresponding to the device unseating (d,). The velocity and pressure dependent
friction coefficient model® was adopted also in this case.

As per the multidirectional bearings, their behaviour is in principle frictional with three increasing levels of friction:
up to a displacement corresponding to the attainment of a contact pressure of 60 MPa, d,, the friction coefficient, u.,
can be taken equal to the nominal value for PTFE-stainless steel friction under service conditions (in the order of 1%);
once d, is exceeded, the friction coefficient increases to u;, which can be taken equal to 1.3u,, based on experimental
results®; this is still a low value, corresponding to a stage where nominal displacement capacity is exceeded and contact
pressure is increasing above maximum design levels, but there is still contact between the sliding surfaces; as horizontal
displacement further increases, the contact surface between PTFE and stainless steel reduces until it can be deemed to be
lost, for a displacement d; herein assumed equal to (D + C)/2, where D is plate width and C is the bearing pot diameter.
In this last stage, reference to the steel-concrete friction coefficient 4, can been made, reflecting sliding of the upper plate
on the concrete pier cap. The actual numerical modelling, shown in Figure 13B, is simpler since the difference between
He and u; is negligible, and therefore disregarded, while d; is never exceeded at all sites and for all intensities. The single
u; value was therefore adopted. The velocity and pressure dependent model®” was adopted also in this case.

Finally, the horizontal response of longitudinal unidirectional bearings derives from the combination of the modelling
techniques presented above.
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4.5 | Piers

Piers are modelled as fibre-section beam-column elements with displacement-based formulation accounting for both
geometrical non-linearities and distributed plasticity. The behaviour of the fibres is described by the materials Concrete0l
and SteelO1 in the OpenSees library. For the TV (Figure 3A), pier caps connecting the top of both vertical column bents
are modelled with elastic beam elements with secant ‘cracked’ stiffness (Figure 9A,C). For the SV (Figure 4A), rigid links
connect the top node of single column bents to the bearing devices, and the tapering cross-section towards the top is
described with multiple prismatic elements with increasing cross-section (Figure 9B,D).

4.6 | Soil-structure interaction
4.6.1 | Viaducts and non-integral overpasses

The frequency- and amplitude-dependent effects of dynamic SFSI are considered by introducing uniaxial, inertial
macroelements (IDME) at the base of each support in the global structural models. The macroelements follow the frame-
work proposed in Gorini et al.**%: they are perturbed by the seismic motion computed through the site response analysis,
at the effective depths, z.g, of the geotechnical systems taken as 10D (D = pile diameter) for the piers’ foundations,®® and
as max{L;,10D} for the abutments’ (where Ly is the longitudinal width of the abutment foundation).®*%

To simulate amplitude-dependent effects, a linearly elastic-perfectly plastic constitutive law was assumed for the IDMEs
as an extremely manageable numerical tool readily adaptable to different configurations. For the abutments, the so-called
1DME-A relates the interaction force, Q;, exchanged between the deck and the front wall to the corresponding displace-
ment, g;, in the i global degree of freedom of the soil-abutment system (Figure 14A). For the piers, the IDME-P expresses
a relationship between the force or moment, Q; = Q;, Q,, Qz, Qr; or Qr,, exchanged between the pier and the founda-
tion slab (Figure 14B), and the corresponding displacement or rotation, g;. The frequency-dependent response exhibited
by both abutments and soil-foundation systems was simulated by combining the 1DMEs with the sum of the foundation
masses and the modal masses of the geotechnical systems.

For the abutments, the ultimate resistance is computed through the analytical model proposed by Gorini et al.®” The
expected loading path includes the two stages in Figure 14A: (a) the initial application of the static forces transferred by
the deck and (b) the subsequent increment of the force along the considered degree of freedom of the IDME-A. As for the
masses, the longitudinal one, m;, is taken as that of the volume of the embankment involved in the failure mechanism
under active limit conditions, according with the Mononobe-Okabe method.®®%’ The participating masses in the trans-
verse and vertical directions, m, and m; respectively, are taken as the masses of the abutment and of the soil fill resting
on the footing. Finally, the elastic stiffness of each IDME-A is computed as 47> X m; / T;?, where the small-strain vibra-
tion periods, T;, of the soil-abutment system are obtained by means of analytical solutions.” The elastic response of the
1DMEs is regarded as intermediate between the small-strain and failure conditions, leading to the choice of an operational
value of the elastic stiffness equal to 80% of the initial stiffness.”” The resulting piecewise linear relationship is shown in
Figure 14C.

For the piers’ foundations, the multiaxial ultimate resistance is computed by using the ultimate limit state surface model
by Gorini and Callisto.%® In terms of load path, in stage b) the horizontal forces, Q;.,, increase together with the relative
moment transmitted to the foundation, calculated for this purpose as Q,., X h,, (h, = height of the pier). The mass of each
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FIGURE 14 Loading paths for the evaluation of the ultimate capacities of the IDME considering the ultimate limit state surfaces of the
(A) soil-abutment and (B) soil-piles systems; (C) longitudinal force-displacement relationships of the IDME for abutment A1 (1IDME-A1) and
pier P2 (IDME-P2) of the tall viaduct in L’Aquila and (D) schematic representation of the relative numerical modelling in the global structural
model. [Correction added on 15 July 2023, after first online publication: Figure 14 has been replaced.]

1DME-P is determined as a function of the elastic stiffness and first-mode vibration period, obtained using the commercial
software DYNA.”' The resulting participating mass of the soil-piles system is summed to the mass, for the translational
response, and to the rotational inertia for the rocking response to get the total mass assigned to the IDME-P. Finally, an
operational secant stiffness equal to 80% of the initial one is assigned to the IDME-P.

In the global structural model, the IDMEs are assigned to twoNodeLink finite elements available in OpenSees, according
to the layout depicted in Figure 14D. Viscous dampers are connected in parallel to the IDMEs to reproduce the hysteretic
and radiation damping preceding the attainment of the ultimate resistance of the foundation. The damping coefficients
are calibrated on the masses and stiffnesses of the corresponding 1DMEs, assuming a damping ratio £ varying from 2%
to 5% as the intensity of the ground motion rises (i.e., this viscous component of dissipation is IML-dependent and is
calibrated as the damping in the volume of soil around the foundation, as obtained from the 1D site-response analyses,
averaged overall motions at each IML).

The connection between the deck and the IDME-A is shown in Figure 15A: it consists of a parallel arrangement of
the appropriate bearing or anti-seismic device element with an elasto-plastic gap element. The latter models the contact
between deck and abutment wall after failure of the bearing and closure of the gap. Its stiffness and resistance (Figure 15B)
were established based on technical recommendations.”
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FIGURE 15 Deck-abutment connection through bearing and gap elements: (A) general arrangement, (B) backwall force-displacement
law.

4.7 | Integral overpasses

In the case of integral abutment overpasses, the contact between the flexible abutment and the soil is modelled with a
nonlinear Winkler approach.”®’* More details can be found in Franchin et al.?

5 | PERFORMANCE LEVELS

Two performance levels, defined herein ad-hoc for the seismic reliability evaluation, are considered: Short-term usability-
preventing damage (UPD) and long-term usability-preventing damage or, more briefly, severe damage (SD). The UPD
performance level is associated with light/limited damage to structural elements or damage to non-structural compo-
nents, following which traffic is either easily restored in the short term or partially guaranteed/barred only for certain
categories of vehicles. The SD performance level is deemed to be attained when severe/extensive damage to structural
elements occurs; damage is still repairable but closure to traffic for repair works will last for a longer time.

Exceedance of these performance levels is defined in terms of the maximum demand to capacity ratio (D/C) over a range
of possible component failure/damage modes. Table 3 summarises the failure modes, engineering demand parameters
(EDPs) and associated limits assumed for viaducts and traditional overpasses. For integral overpasses, different assump-
tions have been made for what concerns failure modes and EDPs, listed in Table 4, in accordance with their peculiar
structural scheme and behaviour. In particular, the analyses confirm that some structural members remain elastic for all
intensities and are not included in the D/C checks (the deck, which is stronger of the abutment wall at all sites, and the
piers, which only offer vertical support through multi-directional bearings).

6 | RESPONSE

MSA was performed for all the archetype bridges for the low (IML1-IML3), medium (IML4-IML7) and high (IML8-IML10)
seismic intensities introduced in Section 2. As expected, all members meet code provisions at the design seismic intensity,
which coincides with IML6 ( T, = 1000 years, about equal to the 949 years employed in design). It is then interesting
to look at the response for levels higher than the design one. To this end, and for the sake of brevity, Figure 16 shows
selected response quantities of the TV for one of the twenty, three-component, ground motions from IML9 to illustrate
the qualitative aspects of its dynamic response at extreme seismic motion intensities (L’Aquila site). The five columns
correspond to the alignment of the five supports, from abutment Al on the left to abutment A2 on the right. The first
two rows show axial force and corresponding displacement in one of the two devices at each support, respectively. The
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TABLE 4 Engineering demand parameters and associated thresholds for both performance levels: Integral abutment overpass bridges.

Usability-preventing damage Severe damage
Component Description EDP Limit Description EDP Limit
Bearings (over the piers) - - - Incipient unseatingof ~ Relative d;
upper plate from displacement
support
Abutment Yielding @ Curvature ¢, Intermediate between Curvature Dmax = f(@,)
deck-abutment joint yield and ultimate @
deck-abutment joint
Foundations Yielding @ piles’ head ~ Curvature ¢, Intermediate between Curvature Pax = f(PL)
yield and ultimate @
piles’ head

response of the two devices or bearings, whose model is axial-load-dependent, as explained in §4.3, differs due to the axial
force variations associated with deck torsion (the vertical component of ground motions affects equally the two devices).
The third row shows the longitudinal shear force in the same devices, negligible and associated with the steel-Teflon
friction at the abutments and on pier P1, larger over piers P2 and P3 where the fixed bearings are used. Panel 15 shows also
the total dampers’ axial force at abutment A2 (both panels 15 and 25 show a maximum force of about 5000 kN, compare
with Figure 3). All bearings are fixed in the transverse direction, as shown in the fourth row. Panels 21 to 25 show the force-
deformation loops for all the devices, with longitudinal response in blue (cyan for the damper) and transversal response
in red. Panels 26 to 28 show the moment-curvature loops at the base of the piers, while the last two rows show the axial
force time-series and the shear force-deformation loops in the foundations, respectively.

As it can be seen from panels 1, 2 and 5, as well as 6, 7 and 10, due to the combined effect of larger transverse shears,
and thus torsion in the deck, and larger axial stiffness of the abutment and short pier, axial force becomes zero and uplift-
ing occurs. Also, larger transverse shear forces break the bearings at all supports except for that over pier P2 (panels 16
to 20). It is worth noting that the failure of fixed bearings was expected considering that they were designed without
following the capacity design approach, in accordance with the Italian code. The piers, on the other hand, behave still
substantially in the linear range (panels 26 to 28). Piers’ foundation behaviour is also linear, while the abutments fail
and, due to their non-symmetric response, accumulate significant inward longitudinal displacements, shown in blue in
panels 34 and 38. These inward displacements are caused by the earth pressures behind the abutment and the activation
of a global failure mechanism. The taller left abutment Al also accumulates some transverse displacement, as shown in
red in panel 34. These responses correspond to D/C ratios larger than one in more than one of the criteria set forth in
Section 5.

Figure 17 shows the response to a selected ground motion (from IML10 seismic intensity) of the highway overpass located
in Naples, with HDRB isolators. The four columns correspond to the alignment of the five supports, from abutment Al on
the left to abutment A2 on the right. Rows from top to bottom show: axial forces (panels1to 4) and axial displacements (5-8)
in one bearing, longitudinal shear forces (9-12), transversal shear force (13-16) and shear force-deformation loops (17-20)
in one bearing, moment-curvature loops in the pier base section (21-22), axial forces (23-26) and horizontal force-lateral
displacement cycles (27-30) in the foundation.

Maximum displacements greater than the design displacement capacity of the device (200 mm) are recorded along
the two horizontal directions. Nonetheless, RC piers remain elastic as expected for isolated bridges. Smaller heights and
masses also lead to a substantially elastic response of the abutments, contrarily to what is observed for the TV.

More details on the response of all four archetype bridges and the complete set of D/C ratios as a function of the intensity
at all sites can be found in Franchin et al.?> These values are used to assess reliability as explained in the following section.

7 | RELIABILITY

The failure rate, A7, with respect to each of the two considered performances, was calculated as:

A= [ PLSIM = im]-dAi) 0
M
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FIGURE 16 Sample response histories and force-deformation cycles for the tall viaduct subjected to one tri-component recorded
motion from IML9. Black, blu/cyan and red colours denote the vertical, longitudinal and transverse direction, respectively. Cyan is associated
with viscous dampers at the right abutment A2.

where P[f|IM = im] is the fragility of the structural model, that is the probability of failure (i.e., onset of UPD or SD,
identified as the maximum value of D/C overall considered failure modes being larger than one), conditional to IM = im
and |dA;,,| is the absolute value of the derivative of the site-specific hazard curve times d(im).

While evaluation of (1) does not require an analytical expression for the fragility, for portability of the presented vul-
nerability results, fragility curves were also fitted through the data from nonlinear dynamic analysis. The fragility fitting
framework is that referred to as EDP-based according to the terminology of Vamvatsikos and Cornell,”” where the EDP
is the maximum D/C ratio. Three fragility fitting procedures were used, the same used for buildings in Iervolino et al.”
Figure 18 reports the best fit for both limit states for all the archetypes and sites, while fragility parameters are given in
Table 5. Note that some curves can be poorly constrained by the nonlinear dynamic analysis results, at the sites where
a few or no failures are observed for the investigated range of intensity measures.”’ As discussed in the given reference,
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FIGURE 17 Sample response histories and force-deformation cycles for the HDRB overpass bridge located in Naples subjected to one
tri-component recorded motion from IMLIO0. Black, blu/cyan and red colours denote the vertical, longitudinal and transverse direction,
respectively.
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FIGURE 18 Fragility curves for the analysed bridges. Limit states: SD (A-C-E) and UPD (B-D-F). Sites: L’Aquila, Naples and Milan from
top to bottom.

comparatively large uncertainty is associated with cases where no or a few failure cases (D/C > 1) occur. This may happen
due to the intrinsic fragility of the structural model analysed or the hazard of the site. This is the case for the SD limit
state for all structures in Milan (TV, SV, CDB overpass) and the integral abutment bridges in Milan and Naples. The cor-
responding curves are shown only for completeness (note the switch of median of fragility, with the IAB and the SV in
Milan being more vulnerable than those in Naples, even considering the different soil profiles).

The results of the 15 considered cases are summarised in Figures 19 and 20. The former presents the failure rates
as a function of site and therefore seismicity, while the latter shows them as a function of typology. Figure 19, in a
way that is more pronounced for the SD limit state, confirms the well-known result that designing to the current
code, which is based on uniform hazard, does not lead to uniform risk. Risk decreases with seismicity. In Milan,
the low-seismicity site, the annual failure rate is for almost all typologies close to and mostly smaller than 107°.
Overall, the annual failure rates for the considered limit states are not negligible at the highest seismicity site of
L’Aquila.
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FIGURE 20 Failure rates for SD (A) and UPD (B) as a function of the structural typology.

A term of comparison is necessary to assess the failure rates. The latest draft of second-generation Eurocode 8*° estab-
lishes annual maximum probability” targets for the near collapse (NC) and the significant damage (SD) limit states equal
to2x10™* and ~ 10 x 107, respectively, for ordinary structures and to 1 X 10™* and 5x 1074, respectively, for bridges
under or over main roads, such as the highway structures considered herein. The NC represents a condition that is more
severe than that considered herein and not attained for any IML by any of the considered archetypes. The code-defined
significant damage LS is the closest to the SD performance level defined herein. Figures 19A and 20A show how most
failure rates, except for the TV and SV in L’Aquila, are below 5 X 1074,

Figure 19 also highlights a relatively large difference in reliability between typologies. Figure 20 allows appreciating
better this aspect. It confirms that, within each typology, reliability decreases with increasing seismicity. It also shows,
however, that traditionally designed non-isolated structures are those characterised by the larger failure rates. In L’Aquila
the TV has a large value of 1 r=3X 107>, The results in Figure 16, representative of results for this structure, show that
the issue might be not with the superstructure design but, rather, with the design of the abutments. In fact, even though
the fixed non-seismic bearings fail at the largest intensities, this does not lead to loss of support and repair is possible
(continuous decks are much more resilient in this respect). For this case, what makes the bridge out-of-service are the
large cumulative permanent displacements at the abutments. Of course, this is more likely in major bridges like the TV,
where abutments can be themselves tall and massive. Notably, the least vulnerable structural type is the integral abutment
overpass.

2 For the considered values, annual probability of failure and mean annual rate of failure are numerically equivalent and treated as interchangeably
herein.
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8 | CONCLUSIONS

This paper presented probabilistic seismic reliability assessment of four archetype bridge structures, two viaducts and
two overpasses, representative of current construction practice in Italy. These structures were placed and designed to the
latest code at three sites, that is, Milan, Naples and L’Aquila, characterised by seismic hazard ranging from low-to-high
in the country. Seismic reliability was then assessed in terms of failure rate for two purposely defined performance levels,
employing hazard curves from site-specific PSHA and fragility obtained through non-linear dynamic analysis of response
within an MSA scheme. All relevant failure modes were included, and response models describing response beyond the
design level intensity were adopted. SRA was used at each support for all sites, and SFSI was modelled through inelastic
inertial macroelements. The following remarks can be made based on the findings:

* MSA results confirm that all bridges designed to the code satisfy code-requirements at the design level intensity ( T =
949 years, IML6 in this paper) and often beyond that.

» At the highest intensities, however, multiple failure modes occur, such as rupture of non-seismic bearing devices or
accumulation of permanent displacements at the abutments.

* Seismic reliability tends to decrease as the site seismic hazard increases. This is consistent with the findings of previous
studies, developed following the same framework and related to both current-code-conforming and pre-code/low-code
buildings. The rate of failure at SD in L’Aquila, average overall bridges, is one order of magnitude larger than the cor-
responding value in Naples, which in turn is one or more orders of magnitude larger than that in Milan, where failure
rates at SD are for most structures lower than 10> per year.

* The comparison of failure rates highlights also significant differences between typologies, with rates that differ, at the
same site, by more than one order of magnitude. The highest failure rates are associated with the TV, which employs
traditional bearings, whose rupture is expected given that they are not capacity-designed. Notably, integral abutment
overpasses have rates smaller than even seismically isolated ones.

* Finally, it is noted that failure rates are generally lower, except for the tall and SV in L’Aquila, than threshold values
under discussion at the European level.
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APPENDIX
FRAGILITY PARAMETERS
TABLE 5 Fragility parameters for all structures and both performance levels. The last two columns report the rate of exceedance of SD.
Rate of
Limit Frag. Rate of failure
Bridge/site state method M 7 B failure (fit) (RINTC)
TV/AQ SD ML Sa(1.0) —1.507 0.641 3.12E-03 4.67E-03
UPD ML Sa(1.0) —1.701 0.565 3.79E-03 4.84E-03
TV/MI SD ML Sa(1.5) —1.501 0.687 1.11E-05 4.49E-06
UPD ML Sa(1.5) —1.501 0.687 1.11E-05 1.37E-06
TV/NA SD ML Sa(1.0) —1.133 0.533 3.77E-04 6.55E-04
UPD ML Sa(1.0) —1.236 0.519 4.75E-04 5.08E-04
SV/AQ SD ML Sa(3.0) —1.878 0.919 9.47E-04 1.32E-03
UPD ML Sa(3.0) —2.083 0.906 1.29E-03 1.39E-03
SV/MI SD LSF Sa(0.5) —0.441 0.109 8.09E-07 4.88E-12
UPD ML Sa(0.5) —1.053 0.054 1.28E-05 5.01E-06
SV/NA SD ML Sa(2.0) 0.438 1.619 2.34E-04 6.56E-05
UPD ML Sa(2.0) 0.438 1.619 2.34E-04 3.52E-05
IAB/AQ SD ML Sa(0.5) 0.800 0.308 1.05E-04 1.60E-04
UPD ML Sa(0.5) 0.420 0.297 2.39E-04 2.50E-04
IAB/MI SD LSF Sa(0.5) —0.004 0.119 8.18E-08 3.83E-29
UPD LSF Sa(0.5) 0.111 0.356 2.00E-07 4.85E-09
IAB/NA SD LSF Sa(0.5) 1.768 0.331 4.16E-08 1.33E-08
UPD ML Sa(0.5) 0.087 0.424 6.54E-05 6.02E-05
TO/NA SD ML Sa(0.5) 0.118 0.491 7.88E-05 1.73E-04
UPD ML Sa(0.5) —1.348 0.530 3.70E-03 8.25E-03
TO/MI SD LSF Sa(0.5) —0.112 0.779 2.04E-05 1.91E-05
UPD ML Sa(0.5) —1.838 0.706 2.08E-03 9.43E-03
FPS/AQ SD ML Sa(2.0) —1.029 1.033 6.42E-04 4.18E-04
UPD ML Sa(2.0) —1.029 1.033 6.42E-04 3.95E-04
FPS/NA SD ML Sa(2.0) 0.801 1.292 1.76E-05 1.27E-05
UPD ML Sa(2.0) —0.167 0.880 1.16E-05 6.06E-06
HDRB/AQ SD ML Sa(1.5) —0.790 0.237 1.86E-04 1.76E-04
UPD ML Sa(1.5) —0.790 0.237 1.86E-04 1.60E-04
HDRB/NA SD ML Sa(1.5) —0.497 0.863 7.32E-05 4.46E-05
UPD ML Sa(1.5) —0.497 0.863 7.32E-05 2.24E-05
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