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Abstract: The study aims to determine the seismic reliability of bridges having multi-span
continuous static scheme. The proposed modelling approach is able to account for
vibrational modes of the reinforced concrete piers (supposed to be elastic) and assume an
infinitely rigid deck supported by the isolator devices. The interaction between the piers and
the abutment have been accounted for within the investigation. The randomness of the
values assumed by friction coefficient on sliding surfaces is modelled adopting normal
distribution. The non-linear dependence on the sliding velocity have been appropriately
considered within the model adopted for friction coefficient. The seismic inputs adopted for
the analysis have been selected in order to consider record-to-record variability selecting a
set of natural accelerograms. Then, the fragility curves of both the pier and isolation system
supporting the deck are determined. Finally, including the site information related to seismic
hazard, the seismic reliability curves are derived and discussed.

Keywords: Risk analysis; composite bridges; concrete bridges, friction coefficient,
structural safety.

1. Introduction

Bridges seismically isolated are largely employed to reduce the deck acceleration and
forces that are transmitted to the piers during seismic events, as discussed by Jangid
(2004), Ghobarah et al. (1988), Tsiavos et al. (2021a-b). More efficient infrastructures
(Troisi et al. (2019), Troisi et al. (2022)) with reference to seismic reliability issues can
have relevant and positive consequences within the surrounding territory and urban areas.
One of the principal gains of adopting the friction pendulum isolation systems (FPS)
results into have an isolation period which is not dependent from the mass associated to the
superstructure (i.e., the deck in case of bridges) Zayas et al. (1990). In this investigation the
randomness of the friction coefficient on sliding surfaces is accounted for according to law
dependent from the velocity of motion Mokha et al. (1990), Constantinou et al. (1990) and
Castaldo et al. (2020).

Several research have introduced the seismic reliability-base design (SRBD) for structures
equipped with the FPS isolators, as for example Nassar et al. (2019). In Castaldo et al.
(2021a), a methodology for seismic reliability assessment have been proposed including
variability of the properties of the seismic isolation devices considering different structural
configurations. Instead, Castaldo et al. (2021b) proposed the evaluation of optimal values
of the friction coefficient with the aim to minimize the seismic response on the piers.

In investigation, the reliability analysis with reference to seismic actions of multi-span
continuous bridges isolated with FPS devices is carried out considering a wide range of



configurations. The modelling approach for the isolated bridges consist of a five-degree-of-
freedom (dof) system which rely to behaviour of the RC pier supposed as elastic. A further
dof is considered to reproduce the response of the RC deck supported by FPS devices. The
deck has been considered as infinitely rigid. The RC abutment is reproduced as a rigid
structure. Adopting the mentioned above modelling approach the pier-abutment-deck
interaction is included in the analysis, even if the backfill soil interaction with the abutment
is neglected Mitoulis et al. (2012).

According to the approach, the relevant random variable associated to the friction
coefficient have been considered. The Latin hypercube sampling method (LHS) is adopted
according to Celarec et al. (2013). Furthermore, 30 natural seismic records having different
characteristics has been properly scaled to various intensity levels according to the seismic
hazard of the site of realization (i.e., L’ Aquila (Italy)). The incremental dynamic analyses
(IDAs) (Vamvatsikos et al. (2002)) have been performed in order to determine the
response in terms of peak deck displacement and peak pier displacement. The results are
useful to determine the seismic fragility curves Castaldo et al. (2018). The so far derived
fragility curves help to evaluate the seismic reliability of bridges isolated with FPS devices
Cornell et al. (2000) adopting the hazard curves of the site and a specific design reference
life.

2. Modelling of dynamic response of continuous deck bridges

The seismic behaviour of the bridge is modelled by means of a six-degree-of-freedom (dof)
scheme in which 5 dofs relates to the lumped masses of the pier and 1 additional dof is
associated to the rigid RC deck Castaldo et al. (2021a). The friction pendulum devices (FPS)
are located both on the top of the pier and of the abutment as shown by Figure 1.

The equations of motion derived in line to Figure 1 are the following:
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where ug is the relative displacement of the deck evaluated at the top of the pier, upi (i=1:5),
denotes the relative displacement of the i-th mass of the pier referred to the lower one, mgq
represents the mass of the deck, mp; is the mass of the i-th lumped mass of the pier, while ki is
the related stiffness. The coefficient of viscous damping of the devices and of the pier masses
are, respectively, cs and cpi; t is the time variable. With reference to the resisting forces that
arises within the FPS bearings, these are denoted respectively as fa(t) and fp(t). Such kind of
reactions can be derived as follows according to Zayas et al. (1990):
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0= )+ 0l

p
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In Eq.(2a,b) Ra and Ry are the radii of curvature of the FPS devices which is placed on the
abutment and on the pier. The same values are adopted for both Ra and Rp; the stiffness of the
deck, coming from the elastic component of the reaction force over the FPS, is evaluated as



ky, =W /R=m,g/R; g is the gravity constant; . the sliding friction coefficient of the isolator
on the abutment or of the isolator on the pier, u(t) is the sliding velocity. Finally, sgn(-)
denotes the sign function.
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Figure 1 — Modelling approach for the bridge isolated by FPS devices (a) — 6 dofs; response of the FPS on
the top of the pier/abutment (b).

The fundamental period of the deck isolated with FPS devices can be expressed a:

T, =2zmy /ky =27R1g .

The present investigation considers the dependency of the sliding friction coefficient on the
velocity of motion according to Mokha et al. (1990) and Constantinou et al. (2007):

1(Uy) = Fre = (Fra = frin ) - €X0 (= Uy ) (3)

where f_ and f define, respectively, the sliding friction at large and low velocity,

a governs the transition mode from large to low velocities. Experimental results suggest
assuming f., =3f,, and «=30 Castaldo et al. (2018). Dividing Egs.(1) by the value of mg,

which represents the deck mass, dimensionless relationships can be derived according to
Castaldo et al. (2021b).

3. Probabilistic model for input random variables
3.1. Seismic action

In line with the Performance Based Earthquake Engineering approach (PBEE) Porter (2004),
this investigation adopts specific values of intensity measure (IM) to scale a set of 30 natural
records. The mentioned records are selected from different databases (i.e., PEER, ITACA,
ISESD-Internet Site for European Strong-Motion Data), see also Castaldo et al. (2021b). The
intensity measure herein adopted is the spectral-displacement Sp(Ty.&4) determined in
concomitance of the isolated period of the bridge system, Ty =2z/wy with a value of the
damping ratio &, set equal to zero Castaldo et al. (2021)b, lervolino et al. (2005). For
instance, the IM is denoted from now on as Sp (Ty) and a range of variability between 0.10m

and 0.45m (see Table 2) is considered to realize the IDAs according to the seismicity of the
considered site (L’ Aquila (Italy)), NTC18 (2018).



Table 1. Selection of values associated to the intensity measure sp (tq).
IM 1 2 3 4 5 6 7 8
Sp(Ta) [M] 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

3.2. Friction coefficient on sliding surfaces

With reference to the uncertainty associated to the friction coefficient Wei et al. (2020),
Castaldo et al. (2017), the value of f, con be probabilistically modelled according to a

normal PDF truncated between 0.5% and 5.5% with a mean value equal to 3%, Castaldo et al.
(2015). The, the LHS method has been adopted to generate 15 different samples.

Concerning the structural properties, a large parametric analysis has been realized considering
different types of bridges. In particular, the isolated superstructure period Tq varies between 1s
and 4s; the RC pier period T, equal to 0.05s; 2= m_/m, , denotes the overall mass ratio

i=1,5

related to the sum of the i-th mass ratios (assumed equal), ranges between 0.1, 0.15 and 0.2.

4. Methodology to perform Incremental Dynamic Analysis

Considering all the possible combinations related to deterministic (T,, 2 and T,) and random

parameters, the set of Egs. (1) have been solved for the 30 seismic records. The latter has been
scaled to 8 values of S, (T,) as reported in Table 1. Then, the IDAs (De luliis et al. (2012)) are

performed using the Matlab® platform.
The outputs of the mentioned above IDAs have been derived assuming the following

2

samples is collected for each EDP at the fixed level of IM. The samples of the EDPs are
assumed to be in line with a probabilistic lognormal distribution. The statistical parameters
associated to the lognormal distribution can estimated for each EDP by calculating the sample
lognormal mean g, (EDP) and the sample lognormal standard deviation, o, (EDP) according

to the maximum likelihood Castaldo et al. (2018), Castaldo et al. (2022), Troisi et al. (2021)

and Gino et al. (2016). Finally, the relevant 50", 84" and 16" percentiles related to the
specific PDF can be derived Castaldo et al. (2015).

engineering demand parameters (EDPS): u . In this way, a set of

max

d,max

and Up max =

5. Evaluation of the seismic fragility

The evaluation of the seismic reliability requires the determination of the seismic fragility
curves introducing the probabilities p, of exceeding specific limit states (LSs) with reference

to each level of the IM. Concerning the LS thresholds associated to the system of isolation,
nine values of the in-plan radius of the single concave surface of FPD devices have been
considered Castaldo et al. (2017), as shown in the Table 2. Different values are considered in
order to define the reliable dimension. With reference to the pier, four LSs (LS1, LS2, LS3 and
LS4) are considered referring to “fully operational”, “operational”, “life safety” and “collapse
prevention”, in line with SEAOC Vision 2000 (1995). The values are specific for reinforced
concrete structural systems. The adopted parameter to characterize the LS is the pier drift
index (PDI) (see Table 3) Castaldo et al. 2020.



Table 2. Specification of the LS thresholds concerning the isolation system
1 2 3 4 5 6 7 8 9
r[m] 010 045 020 025 030 035 040 045 0.50

Table 3. Specification of the LS thresholds concerning the pier.
LS1 Fully Operational LS2 Operational LS3 Life Safety LS4 Near collapse
PDIl;  PDIg=0.23% PDIg=0.5% PDIg=0.83% PDIlg=1.67%

P, 5.107 16.10" 2.2.107 15-107

Next, the probabilities Ps related to the exceedance of the mentioned above LSs with regard to
the isolation system (i.e., of the deck) and to the RC substructure/pier have been determined.
The Figure 2 and the Figure 3 relates to the fragility curves of the isolation system evaluated
for the values of T, and T,, for each LS and each value of 4. It can be highlighted that the

seismic fragility decreases with the increasing of T,. In case of bridges decks with low T,, an
increase of T, carry to small increase of the seismic fragility.
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Figure 2 — Seismic fragility curves related to the deck for T,=0.05s and a) Tq=1s, b) T¢=4s.
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Figure 3 - Seismic fragility curves related to the deck for Tp=0.2s and a) Tq=1s, b) T¢=4s.
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Figure 4 - Seismic fragility curves related to the pier for Tp=0.05s and a) T4=1s, b) Tq=4s.

a) 1

=

) 1

4
%

2=0.10 0.8
A=0.15
A=0.20

=N
=4
>

Ps (deck) [-]

=
=

04t/

Ps (deck) [-]

02 o2l /)

0 0.1 0.4 0.5

0 0.1 0.2 03 0.4 0.5

So(Ta) [M]
Figure 5 - Seismic fragility curves related to the pier for T,=0.2s and a) Tq=1s, b) T=4s.
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6. From seismic fragility to seismic reliability

By means the combination of the seismic fragility curves with the site specific (L’Aquila
(Italy)) seismic hazard curves, it is possible to determine the mean annual rates of exceedance
for specific LSs. In particular, adopting the Poisson probabilistic model, the probabilities of
exceedance over 50 years of design service life (Vamvatsikos et al. (2002)) can be evaluated.
The seismic reliability curves associated to the isolation devices are derived, as reported by
Figure 6. The mentioned above curves may be used with the aim to perform preliminary
design (i.e., determining the radius in plan, r,) of the FPSs.
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Figure 6 - Seismic reliability curves related to the deck for a) Tq=1s, b) Tq=4s.

7. Conclusions

The investigation focuses on the evaluation of the seismic reliability of bridges decks having
multi-span continuous static scheme in presence of single concave friction pendulum (FPS)
isolation system. In particular, a large parametric analysis related to both the properties of the
isolators and of the bridge have been carried out.



In particular, the randomness of the friction coefficient on sliding surfaces has been modelled
by means effective probabilistic distribution. Firstly, a group of 30 natural records have been
considered to take into account the uncertainties related to the seismic input. Then, the natural
records have been scaled to different values of the intensity measure according to the site-
specific information. Secondly, the fragility curves associated to both the continuous deck and
the RC pier, have been derived and used to determine the seismic reliability including also the
information related to the seismic hazard of the construction site. As a result of the fragility
analysis, it can be recognised that the seismic reliability of the deck decreases when the value r
(i.e., radius of curvature of the FPS isolator) increase. This is because of the relevant seismic
hazard of the considered construction site. With reference to the pier, the seismic reliability
decreases in case of high natural periods and high isolated periods because of the randomness
of the friction coefficient on sliding surfaces and of the relevant seismic hazard of the
construction site.
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