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SUMMARY

The study analyzes the influence of double concave friction pendulum (DCFP) isolator properties on the seismic
performance of isolated multi-span continuous deck bridges. The behaviour of these systems is analyzed by employing
an eight-degree-of-freedom model accounting for the pier flexibility in addition to the rigid presence of both abutment
and deck, whereas the DCFP isolator behaviour is described combining two single FP devices in series. The uncertainty
in the seismic input is taken into account by considering a set of non-frequent natural records with different characteristics.
The variation of the statistics of the response parameters relevant to the seismic performance of the isolated bridges is
investigated through the proposal of a nondimensionalization of the motion equations, with respect to the seismic
intensity, within an extensive parametric study carried out for different isolator and bridge properties. Moreover, two
cases related to different ratios between the sliding friction coefficients of the two surfaces of the DCFP devices are
analysed with the aim also to evaluate the corresponding optimal values able to minimize the seismic demand to the pier.
In this way, all the presented non-dimensional results are useful for the preliminary design or retrofit of multi-span
continuous deck bridges, isolated with DCFP devices, located in any site and in relation, especially, to the seismic ultimate
limit states.

KEYWORDS: seismic performance, double concave friction pendulum (DCFP) isolator, bridge, non-dimensional form,
optimal friction coefficient, limit state.

INTRODUCTION

Seismic isolation has emerged as one of the most powerful techniques in the ensemble of retrofitting methodologies [1]-
[5] for infrastructures. In general terms, seismic isolation of bridges permits to obtain the uncoupling of the deck from the
horizontal earthquake’s components, leading to a significant reduction of the deck acceleration and, as a consequence, of
the forces transmitted to the pier. Several researches (e.g., [1]-[4]) have been carried out in the last decades investigating
the effectiveness of the isolation devices and carrying out experimental and analytical studies on the seismic response of
bridges isolated by sliding isolation systems finding out as these kinds of devices are quite effective in the aseismic
bridges’ design. Contextually, Ghobarah and Ali [5] together with Turkington et al. [6] showed that the presence of lead-
rubber bearings (LRB) shift the natural period of the structure and increases the amount of damping, moreover these
devices permit to distribute the seismic forces approximately evenly between pier and abutment. Jangid [7] studied the
seismic response of bridges isolated by LRBs to bidirectional earthquakes outlining that the bidirectional interaction of
the restoring forces of the LRBs has not negligible effects on the seismic response of the isolated bridges. Closed-form
expressions for both the optimum yield strength of LRBs and corresponding response of the isolated bridge system are
proposed by [8]. In [9], the effects of soil-structure interaction on the peak responses of three-span continuous deck bridge
isolated by the elastomeric bearings have also been evaluated showing their importance in order to not underestimate the
bearing displacements at abutment locations. The results of [10] confirm that the isolation can have beneficial effects
even for bridges located in medium soil types.

Regarding friction pendulum system (FPS) as isolators, the seismic behaviour of seismically isolated bridges was widely
studied by [11]-[14]. In [14], it is illustrated the seismic response analysis of three-span continuous deck bridges isolated
with FP bearings and subjected to harmonic motions and real earthquakes. The seismic response of isolated bridges is
investigated in [15] confirming the effectiveness of simplified models in relation to the flexibility of the deck and of the
piers. Regarding the flexibility of the abutment, a comparative study on seat-type abutment bridges is described in [16],
employing real bridges of variable total lengths, openings at the expansion joints and backfill models, through 3D non-
linear numerical models to investigate the seismic participation of the abutment and the backfill soil able to reduce
effectively the seismic demand of bridges. Similarly, the interaction of the abutment with the backfill soil is widely
investigated for integral abutment bridges in [17] as well as the studies by [18]-[19] highlight the importance of
considering the soil-structure at the end abutments. When FPS bearings are used, the natural period of the isolated
structure becomes independent of the mass of the superstructure and it just has a dependence on the radius of curvature
of the sliding surface [20]. Another important feature of this isolation system is mainly related to the energy dissipation
mechanism thanks to the velocity-dependent friction between the sliding surfaces and the composite material on the slider
[21]-[25]. Erdz and DesRoches [26]-[27] analyzed the effect of modeling parameters and the influence of the design
parameters on the response of a three-dimensional multi-span continuous steel girder bridge model seismically isolated
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by the FPS. In addition, it has been demonstrated in [28]-[29] that the characteristics of a FPS bearing become more
effective by introducing a second sliding surface obtaining the so called double concave friction pendulum (DCFP) device.
In particular, Kim and Yun [30] studied the positive effects of a double concave friction pendulum system on a bridge
response considering different combinations of radii of curvature and of friction coefficients. Multi-stage performance of
seismically isolated bridge using triple pendulum bearings has been investigated in probabilistic terms for different
characteristics of the seismic device by [31]. In [32], the optimal properties of the FPS able to minimize the seismic
response of pier under earthquakes having different frequency contents representative of different soil conditions is
evaluated. In [33], the performance-based evaluation approach through the assessment of the fragility functions is used
to investigate the effectiveness and optimum design parameters of isolation (elastomeric and frictional) devices.

Other studies [34]-[38] have been more oriented to define design approaches for the sliding (FPS and DCFP) isolators by
means of the seismic reliability-based design (SRBD), in which the main uncertainties such as the seismic input and the
system properties have been taken into account. In [39]-[41], specific nondimensionalizations of the motion equations for
systems equipped with dampers or sliding isolators are proposed as a function of the structural and earthquake properties.
This study analyzes the influence of the double concave friction pendulum isolator properties on the seismic performance
of isolated multi-span continuous deck bridges in line with [11],[14],[15]. The behaviour of these structural systems, as
also described in [11],[14],[15], is analyzed by employing an eight-degree-of-freedom (8-dof) model representative of
the reinforced concrete (RC) pier flexibility, of the DCFP isolators and of the rigid presence of both RC abutment and
RC deck. Specifically, the DCFP isolator behaviour is described combining two single FPSs in series [28]-[29] and for
each sliding surface, a widespread model which considers the variation of the friction coefficient with the sliding velocity
is adopted [23]-[24]. The uncertainty in the seismic input is taken into account by means of a set of non-frequent natural
records with different characteristics. The variation of the statistics (i.e., median value and variation) of the response
parameters relevant to the seismic performance of isolated bridges is investigated within the proposal of a specific
nondimensionalization of the motion equations, as also implemented in [39]-[41] with respect to the seismic intensity. In
detail, an extensive non-dimensional parametric study is developed for several structural properties of the pier and of the
DCEFP isolators monitoring the responses of the deck, of the pier and of each surface of the DCFP isolators. Moreover,
two cases related to different ratios between the sliding friction coefficients of the two surfaces of the DCFP devices are
analysed. The proposed nondimensionalization motion equations with respect to the seismic intensity has led to perform
the parametric analysis achieving non-dimensional results useful for the preliminary design or retrofit of multi-span
continuous deck bridges, isolated with DCFP devices, located in any site and in relation, especially, to the seismic ultimate
limit states [42] for the kind of ground motions selected. Finally, the optimal normalised values of the sliding friction
coefficients for the DCFP isolators able to minimize the seismic demand to the pier are also presented.

SYSTEM DESCRIPTION WITH EQUATIONS OF MOTION

An 8-degree-of-freedom (8-dof) system is employed to model the equivalent configuration for the isolated multi-span
continuous deck bridge (e.g., isolated three-span continuous deck bridge) of Fig. 1, analysed also by [11],[14],[15] and
representative of real bridges similar to those investigated, for example, in [43]-[44]. Specifically, 5 dof are given by the
lumped masses of the elastic RC pier, 2 dof correspond to the two slider masses of the DCFP isolators, located respectively
on the elastic RC pier and on the rigid RC abutment, and 1 dof is related to the rigid RC deck mass [11]. The
abovementioned model is herein adopted with the purpose to consider the rigid presence of the RC abutment and
investigate its influence on the response of the isolators without analysing the possible positive effects deriving from the
interaction with the backfill soil, specific for each site, as discussed in [16]-[19]. In fact, considering the only presence of
the pier equipped with a DCFP device to isolate the mass deck is effective for a single-column bent viaduct as long as the
bridge is straight and consists of a large number of equal spans, of piers with equal height/stiffness and a deck that can be
assumed to move as a rigid body [32],[45]. In addition, it is worth underlining that a preliminary analysis has been
developed to define the appropriate number of lumped masses to consider the effects of the higher modes, due to the pier
flexibility, on the isolator and system performance [32],[43]-[44] for the structural properties assumed next. This 8-dof
model is shown in Fig. 1 without any construction details with the aim to illustrate the equivalent discretization useful for
the parametric analysis, presented in the next sections. Under these assumptions, the equations of motion governing the
response of the model representing a bridge isolated with DCFP isolators, in terms of relative horizontal displacements
with respect to the ground (Fig1(a)), subjected to the seismic input i, (t) along the longitudinal direction, apply:

m, [, (t)+1, (t)]+ F )+ F, ) =0

m, [t (1)1, (1) ]-F, O + F,, () =0

my U, (t)+0, (1) |- F, )+ F,, () =0
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(1a,b,c,d,e)

where U, denotes the displacement of the superstructure (i.e., deck) relative to the ground, ug, the displacement of the
slider of the DCFP device on the pier with respect to the ground, U, the displacement of the slider of the DCFP device



on the abutment with respect to the ground, u; (i=1,..,4,5) the displacement of pier i-th mass relative to the ground, mj
, mg, and Mg, the mass of the deck and of the two DCFP devices, respectively, on the pier and on the abutment, m,;
(i=1,..,4,5) the i-th lumped mass of the pier, k; and c; (i=1,..4,5) respectively the stiffness and inherent viscous damping

constant for each dof of the pier, t the time instant, the dot represents differentiation over time, F, (t) and F,, (t)

denote the reactions of the DCFP bearings on the abutment and on the pier, respectively, for the upper (j = 1) and lower
surface (j = 2). Regarding the reactions of the DCFP bearings, a DCFP device can be modelled as a serial combination
of two single FPS isolators. Thus, according to [28]-[29], when the inertial force associated with the movement of the
small slider mass can be neglected, the reaction forces at the lower and upper surface (F, and F;) become the same and
can be readily obtained as follows:

m,g mdg(Rilu’l (ul)Sgn (Ul)+R2,u2 (uz)Sgn(uz ))
F=FR=F = )+
R +R, R+R,
where u is the global horizontal displacement of the DCFP isolator, U, represents the horizontal displacement of the

(@)

upper surface and U, the horizontal displacement of the lower one. The first part of the right hand side of Eq.(2) represents
the equivalent restoring stiffness (K., ) of the combined DCFP bearing from which the restoring natural period Tq (or
circular frequency wy) can be obtained as follows:

mdg
= 3
comb R1+RZ ()
T, =27(R+R,)/ g =27/ w, 4)

where g isthe gravity constant, R; and R; are, respectively, the upper and lower radius of curvature of the DCFP isolator.
In Eq.(2), g, (uj (t)) (with j=1,2), is the sliding friction coefficient, which depends on the slider slip velocity u, (t)
along one of the two bearing internal surfaces and on its sign, sgn (u’ i ) (for j=1,2) with sgn(-) denoting the sign function.

Note that the subscript “1” always refers to the upper surface, whereas the subscript “2” to the lower surface. On the other
hand, the second part of Eq.(2), under the hypothesis that sliding occurs on the both surfaces and in the same direction,
represents the equivalent friction coefficient of the DCFP device [28]:
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Figure 1. 8-dof model of the bridge isolated with DCFP bearings: relative displacements with respect to the
ground (a) and drifts between the lumped masses (b).

In the above discussion, it is also assumed that the DCFP bearings used to isolate the rigid deck, and placed, respectively,
on the pier and on the abutment, have the same characteristics, so it is obvious that the two DCFP devices move
simultaneously. Moreover, experimental results [22]-[24] suggest that, for each sliding surface, the coefficient of sliding
friction of teflon-steel interfaces obeys to the following equation:

H; (uj ) = Hj max _(luj,max ~ H min )'EXp(_a|uj |) for j=12 (6)
in which, referring to the surface j, u; .., represents the maximum value of friction coefficient attained at large sliding
velocities and y; .;, the value at zero velocity. To further simplify the following analyses, it is assumed that
Hjmex = 3H; min Dased on a regression of the experimental results, whereas the exponent « equal to 30 [22]-[24].



Note that the stiffness contribution of non-structural elements (i.e., kerbs, parapet walls and wearing coat) is neglected.
Similarly, the soil-structure interaction and bi-directional or asynchronous effects as well as the vertical component of
each ground motion are neglected [11],[14],[15].

PROBLEM FORMULATION AND PROPOSED NON-DIMENSIONALIZATION WITH RESPECT TO THE
SEISMIC INTENSITY

In order to analyze the role of each characteristic property controlling the seismic behaviour of the system under
investigation, the equations of motion are reduced to a non-dimensional form. The nondimensionalization, herein
proposed for the structural configuration of the bridge isolated with DCFP devices, is inspired by the proposals discussed
in [40]-[41]. To easily obtain the response of the isolators along each sliding surface, Eq.(1) can be rewritten in terms of
drifts between the lumped masses of the system (Fig.1(b)), as follows:
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where, according to Eq.s(2)-(6), the reactions of the DCFP bearings, respectively, apply:

Fo = m”g{ a(;xp. g+ X, ]wa(xg)(sgn(xe))} FZa=[%msajg{Ri(xgﬁ(%a(xg))(sgn(xs))}

2a

(M) ) ()| (T, o] 060 s ()

2p

(8a,b,c,d)

5
where X, =U; —X; = pri +X; + X; — X, . After that, dividing all the equations by m, , Eq.(7) applies:
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introducing the following ratios:
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where the first three terms are the mass ratios, the third and the fourth terms are the circular frequency of vibration of the
isolated deck and of the i-th dof of the pier and the last one denotes the damping factor of the i-th dof of the pier.

Inspired from [40]-[41], let us introduce the time scale 7 =twy, in which @, is the fundamental circular frequency of
the isolated system (Eq.(4)) with infinitely rigid superstructure considering the stiffness of the DCFP isolator K,
(Eq.(3)), and the seismic intensity scale ag, expressed as U (t) =a,/(r) where ((7) is a non-dimensional function of

time describing the seismic input time-history. In this way, applying the abovementioned scaling transformations to the
non differential and to the first and second order differential terms of Eq.s(7)-(9), from the parameters
Xo1 (1), X0 (1), X5 (£), X0 (1), X5 (1), X5 (1), X; (1), X5 (£), X, (1) , the following non-dimensional parameters, respectively, derive
2

2
Xni @, Xi
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Vo (2 W2 (0), W 03 (0,004 (2), 0 5 (0), w6 (2), w7 (2), 05 (7). w5 (2) where =

i=6,...,9. Also defining, consequently, the corresponding non-dimensional first and second order differential terms, from
Eq.(9), the following non-dimensional equations (i.e., normalised with respect to the seismic intensity) can be proposed:
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It derives that the following non-dimensional parameters controlling the bridge system of Figure 1 are obtained:
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the pier i-th dof. Regarding the control parameters of the pier, indeed, the parameters w,; are related to the fundamental

Asa,

, correspond to the previously defined mass ratios, I1 5pi describes the viscous damping inherent related to

vibration pulsation @, (the first vibration mode) as well as the sum of the mass ratios is related to the overall mass ratio
n,=2,= Zmpi /m, and, finally, all the damping factors I, can be assumed equal to 1809 =¢, . The non-

i=1,5
dimensional or normalized parameters IT ., IT , , I1 IT,,, measure, respectively, the isolator strengths, provided
by the friction coefficients of the two surfaces of the two DCFP isolators. Since these parameters depend on the response
through the velocities, each one is used in its stead as follows:

pla? u2a

* _ :Lﬁ,max,ag H* _ :u.l,max,pg H* — luz,max,ag H* _ /uZ,max,pg (13a,b,C,d)

wla — ’ wp ’ u2a ’ u2p

3 &
It is important to observe that the normalized response of the dynamic system does not depend on the seismic intensity

level ao. Conversely, the seismic response depends on the function ((r) and also on the isolation circular frequency @,

(or period T, =27/ @, of Eq.(4)). Referring to Fig. 1 and in line with the non-dimensional (or normalized) terms of

Eq.(11), it also derives that the non-dimensional peak response parameters describing the peak dynamic response of the
deck, of the pier and of the two sliding surfaces of the two DCFP bearings can be defined, respectively, as follows:

5
2 2 2 2 2 [inj of
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_ Xg,peak@d X7, peak @d _ %g,peak @d _ (ug - X8)peak @q
Yxg = 2% ) X7 = 2% ' X aO_’ Vxy = 2

Known the structural properties and the seismic intensity level, Eq.s(13a-d) and Eq.s(14a-g) are linear expressions which
relate the values in non-dimensional (or normalised) form to those in dimensional (or non-normalised) form, respectively,
for the friction coefficients of the two DCFP devices surfaces and for the relevant response parameters.

The proposed nondimensionalization of the motion equations with respect to the seismic intensity and specialized for
bridges isolated with DCFP devices have led to equations (Eqg.(11)) with parameters defined in a new time domain and
independent on the seismic intensity. This means that the following results, in non-dimensional form, can be useful for
the preliminary design or retrofit of multi-span continuous deck bridges, isolated with DCFP devices, located in any site
and in relation, especially, to the seismic ultimate limit states if non-frequent ground motions are employed, as specified
in the next section.

PARAMETRIC STUDY

This section presents the non-dimensional results of an extensive parametric study carried out on the bridge system of Fig
1 to evaluate the seismic performance of bridges isolated with DCFP bearings. The first two subsections describe,
respectively, the selection of the earthquake events and the response parameters used to monitor the seismic performance;
the final subsection discusses the parametric study results in non-dimensional form also comparing the outcomes of two
cases corresponding to different ratios between the sliding friction coefficients of the two surfaces of the DCFP isolators.

Seismic intensity and ground motions

The evaluation of the seismic performance of any engineered system should account for the variability of the intensity,
frequency content and duration of the records at the site. Coherently with the performance-based earthquake engineering
(PBEE) approach [46]-[47], this study separates the uncertainties related to the seismic input intensity from those on the
characteristics of the record (i.e., record-to-record variability) by introducing an intensity measure IM that corresponds to

the scale factor, @, introduced in the proposed nondimensionalization (i.e., IM=2ay) (Eq.(11)). By this way, the

randomness in the seismic intensity is described by a hazard curve, whereas the ground motion randomness for a fixed
seismic intensity level is described by selecting a set of ground motions characterized by a different duration and

frequency content, and by scaling these records to the common a; value. In line with the criteria of efficiency, sufficiency
and hazard computability [48]-[49], in this study, the spectral pseudo-acceleration, Sy, at the isolated period of the

system, Ty =27/ oy (Eq.(4)), is assumed as intensity measure. Many studies (e.g., [48]-[49]) showed that S, is more

efficient than the peak ground acceleration, and its use permits to reduce the response dispersion for the same number of
ground motions considered and to obtain more confident response estimates for a given number of records employed. As
deducible from all the equations, previously presented, the inherent damping factor of the DCFS devices (consequently

also of the deck) is assumed equal to zero, consistently with [12],[41],[57]. Therefore, the corresponding IM=aq is
hereinafter denoted to as S (Tq ). Furthermore, the choice of S, (Ty) as IM=ay is also justified by the fact that if all



the records are normalized to Sp (Td ) , then the normalized displacement response of a rigid deck with an isolated period

Tq , mounted on a frictionless isolator and on an infinitely stiff pier, is equal to 1 without any influence due to the record-

to-record variability. Thus, this system represents a reference case.

The record-to-record variability is herein described through a set of 30 non-frequent real ground motion records with
moment magnitude between 6 and 7.6. More details may be found in [35]-[37]. The selection of the real ground motions
has not been carried out in line with the conditional spectra criteria, very useful for reliability analysis as widely
commented in [50]-[55]. Since the aim of the present study is to propose a nondimensionalization of the motion equations
with respect to the seismic intensity in order to provide useful recommendations for isolated bridges in any site and in
relation, especially, to the seismic ultimate limit states (i.e., “life safety” and “collapse prevention) [42], a set of non-
frequent strong motions has been adopted [35]-[37]. These strong motions have been selected to reproduce quite well
both the record-to-record variability (i.e., 30 records) and event-to-event variability (i.e., 19 different earthquake events)
[35]-[37], also in line with [56].

Seismic performance in terms of relevant non-dimensional response parameters

This study considers the following peak response parameters relevant to assess the performance of the isolated bridge
system of Fig. 1 according to Eq.(14): the peak deck response Uq neqi that coincides with the peak isolator global response

on the abutment, the peak isolator global response on the pier Xy peak , the peak displacement at the top of the pier with
respect to the ground Up ey , the peak isolator response along each surface: Xg peak and Xz peai respectively for the
lower and upper surface of the DCFP device on the pier; Xg peax and Xg peai respectively for the lower and upper surface

of the DCFP device on the abutment. These peak response parameters have been expressed in non-dimensional form
according to Eq.s (11) and (14). By repeatedly solving Eq. (11) for the ground motions records, a set of samples is obtained
for each output variable used to monitor the seismic performance of the isolated bridge. In this paper, the non-dimensional
response parameters are assumed to follow a lognormal distribution as widely employed in PBEE [47] and in many studies
[34]-[38],[57]-[58]. The lognormality assumption permits to estimate, with a limited number of samples, the response at
different percentiles, useful also to evaluate the seismic risk [59]. A lognormal distribution can be fitted to the generic
non-dimensional response parameter D (i.e., the extreme values of v, , v, , Wu, » Wx of Eqg.s (11) and (14)) by

estimating the sample geometric mean, GM (D) , and the sample dispersion, ﬂ(D) , defined, respectively, as follows:

GM (D)=N/d;-....dy (15)
\/(Indl—ln[GM(D)])2+ ...... +(Indy —In[6M (D)])°

$(D)=0n (D)= -

where dy denotes the h-th sample value of D, related to the h-th accelerogram and N is the total number of samples (i.e.,
total number of accelerograms in this study): h=1,...,N. The sample geometric mean is an estimator of the median of the

response and its logarithm coincides with the lognormal sample mean g, (D) For small values, e.g., below 0.3, the

(16)

dispersion ,B(D) is approximately equal to the coefficient of variation of the distribution [59]. Under the lognormality

assumption, the relation between the geometric mean GM (D), the dispersion (D), and the k-th percentile of the
generic response parameter D can be expressed as:

dy =GM (D)exp[f (k)(D)] (17)
where f (k) is a function assuming the values f(50)=0 and f(84) =1 [60].

Results of the non-dimensional parametric study

This section shows the results of the parametric study carried out through the proposed nondimensionalization (Section
3) to evaluate the influence of the isolation devices and bridge properties on the seismic performance of the structural

system under the selected ground motions. The parameter ng = ¢, is assumed equal to 5%, the isolated bridge period

Ta is varied in the range between 2s, 2.5s, 3s, 3.5s and 4s, the RC elastic pier period T, in the range between 0.05s, 0.1s,
0.15s and 0.2s, typical values in line with [28],[30],[62]-[65]. Assuming that the five pier lumped masses are equal,
I1, = 4, has been considered varying in the range between 0.1, 0.15 and 0.2 [30],[62]-[65]. The two DCFP devices on

the abutment and on the pier are identical. So, it follows that H:da =H;1p =1‘I;1 as well as IT,, =I1,,, =TI, . For

numerical reasons, the mass ratio 11, is set equal to 0.005. The parameter Hj,l is assumed to vary in the range between

0 (no friction) and 2 (very high friction). In addition, two cases for the DCFP bearings properties have been assumed
[28],[30] as listed in Table 1: two different ratios between the sliding friction coefficient of the upper surface with respect



to the one of the lower surface are herein considered for both the abutment’s isolator and pier’s isolator. Therefore, the
non-dimensional numerical investigations have been carried out on 5700 different systems, defined by varying the main
structural properties within the two bearing cases, subjected to the 30 different ground motions.

Table 1. DCFP bearings properties within the non-dimensional parametric analysis [28],[30].

R /R, 4 e | 12, ma e T 2 i (with j=1,2)
case 1 2 4 3
case 2 2 2 3

For each value of the parameters of interest in the parametric study, the differential equations of motion, (i.e., Eq. (11)),
have been repeatedly solved for the different ground motions considered. The Bogacki-Shampine integration algorithm
available in Matlab-Simulink [61] has been employed choosing a variable step to improve the solution accuracy. The
probabilistic properties of the normalized response parameters of interest have been evaluated by estimating the geometric
mean, GM, and the dispersion, g, through Eqg.s (15) and (16). Fig.s 2-8 show the GM and S values of the non-dimensional
peak response parameters considered, obtained for different values of the system properties varying in the range of interest
and related to the case 1 of Table 1. Only the results for T,= 0.1s and T,= 0.2s are reported due to space constraints.

Fig. 2 plots the results concerning the peak normalized displacement of pier top V, with respect to the ground for the

*

L1 Whereas it increases for

case 1. It is noteworthy that for very low H:A values, GM (v,uup) decreases by increasing I1
high H:,l values. Thus, there exists an optimal value of H:d such that the peak displacement of pier top is minimized.
This optimal value varies between 0 and 0.5 depending on the values of Ty, T, and IT, . In addition, GM (y/up)
decreases significantly with increasing I1, and decreasing T, , which controls directly the main mode of the pier (for
higher a)g, smaller will be the displacement of the pier top). Ty has an influence on GM (1//%) leading to a general
decrease for an its increase thanks to the effectiveness of the seismic isolation. The dispersion S (l//up ) shows a maximum
value approximately at the same value of H:d that gives the minimum GM (y/up ) . The response dispersion increases with
increasing the vibration period T, and mass ratio IT, . From low to high values of Ty, ﬁ(l//up ) also increases.

a) 0.03 ; T T b) 1

0.025
|

0.02

GM(y, )

0.015

m, I, [
Figure 2. Normalized displacement of pier top vs. IT*,1: median value and dispersion for T, = 0.1s (a and b) and
Tp =0.2s (c and d), for different values of Iy and Tq. Case 1.



Within the case 1, Fig.s 3 (a) and (c) show the response statistics of the peak normalized deck displacement y, , which
also corresponds to the peak global response of the bearing placed on the abutment. Obviously, GM (l//ud) decreases
significantly as H:,l increases. In general, the values of GM (y/ud) slightly increase for increasing values of Ty and

decreasing values of I1, , and are not significantly affected by T, . The values of the dispersion ﬂ(t//ud ) , plotted in Fig.s

*

3 (b) and (d), are very low for low IT , values due to the high efficiency of the IM, and attain their maximum for high

ul
values of H’;A. The other system properties have a reduced influence on S (l//ud ) compared to the influence of IT, .

As for the case 1, Fig.s 4 (a) and (c) show the variation of the peak normalized global response with regard to the bearing
placed on the pier y, . As already observed for GM (y/ud ) , also GM (a//Xd ) tends to show a decrease against increasing

IT,, values. The dispersion is low in correspondence of low IT,, values due to the high efficiency of the IM, attaining its
peak for high IT’, values. Note that the influence of both IT, and T, isslightly more marked for GM (l//xd ) with respect

to GM (y/ud ) leading to lower values due to the flexibility of the pier.

Fig.s 5 (a) and (c) show the variation with the system properties of the geometric mean of the peak normalized pier bearing
response along the lower surface (surface 2) GM (v, ), for T, = 0.1s and T, = 0.2s, with regard to the case 1. This sliding

surface is characterised by lower values of both radius of curvature and sliding friction coefficient (Table 1). GM (v, )
decreases at first quickly, and then slightly increases for values of H*ﬂl higher than 0.5 and, successively, tends to
slightly decrease again. It increases for increasing T4 . The values of the dispersion /3(t//X6 ) plotted in Figs. 5 (b) and
(d), are very low for low H;l values due to the high efficiency of the IM, and increase quite monotonically with Hjﬂ.

The other system properties have again a negligible influence on ﬂ(t//X6 ) in comparison to the influence of H:d .
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Figure 3. Normalized deck displacement vs. IT*,1: median value and dispersion for T, = 0.1s (a and b) and Tp =

0.2s (c and d), for different values of Il and Tq. Case 1.

Fig.s 6 (a) and (c) show the variation with the system properties of the geometric mean of the peak normalized pier bearing
response along the upper surface (surface 1) GM (v, ), for T, = 0.1s and T, = 0.2s, with regard to the case 1. This sliding

surface is characterised by higher values of both radius of curvature and sliding friction coefficient (Table 1). GM (v, )




hyperbolically decreases with increasing H*ﬂl . The values of the dispersion ﬂ(l//x7 ) , plotted in Fig.s 6 (b) and (d), are
very low for low IT,, values due to the efficiency of the IM, and show high values for IT,, in the range 1 - 1.5. It shows

an increase against increasing values of T4 . Once again, the other system properties such as T, and IT, have no a

significant influence on S (l//x7) compared to the influence of H:,l.
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Figure 4. Normalized pier bearing global displacement vs. IT*,a: median value and dispersion for T, = 0.1s (a and
b) and T, = 0.2s (c and d), for different values of ITx and Tq. Case 1.
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Figure 5. Normalized pier bearing response along the lower surface vs. IT*,1: median value and dispersion for Tp

H:A [-]

=0.1s (aand b) and T, = 0.2s (c and d), for different values of IT, and Tq. Case 1.
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Figure 6. Normalized pier bearing response along the upper surface vs. IT*,1: median value and dispersion for Tp
=0.1s (aand b) and T, = 0.2s (c and d), for different values of IT, and Tq. Case 1.
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Figure 7. Normalized abutment bearing response along the lower surface vs. IT*.1: median value and dispersion
for Tp =0.1s (a and b) and Tp = 0.2s (c and d), for different values of ITx and Tq. Case 1.

Within the case 1, Fig.s 7 (a) and (c) represent the geometric mean of the peak normalized response referring to the
abutment bearing displacement along the lower surface (surface 2) GM (v, ), for T, = 0.1s and T, = 0.2s. This sliding

surface is characterised by lower values of both radius of curvature and sliding friction coefficient (Table 1). These curves
are in line with the ones referred to the peak response along the lower surface of the pier bearing (Fig.s 5 (a) and (c)). It



is possible to observe slightly lower values for H*ﬂl lower than 0.5, with a less marked influence of both Ty and IT, .

Even the values of ,B(l//X8 ) are similar to those related to the lower surface of the pier bearing.
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Figure 8. Normalized abutment bearing response along the upper surface vs. IT*,1: median value and dispersion
for Tp =0.1s (a and b) and Tp = 0.2s (c and d), for different values of ITx and Tq. Case 1.

Fig.s 8 (a) and (c) show the variation with the system properties of the geometric mean of the peak normalized abutment
bearing response along the upper surface (surface 1) GM (v, ), for T, = 0.1s and T, = 0.2s, in relation to the case 1. This

sliding surface is characterised by higher values of both radius of curvature and sliding friction coefficient (Table 1). The
results are once again strictly comparable with the ones of Fig.s 6 (a) and (c). Fig.s 8 (b) and (d) show the dispersion

ﬂ(://xg ) assuming very low values for low H;l values, whereas it rises with rising values of H;l. These values in Fig.

8 are slightly lower with respect to the ones in Fig. 6 with a less marked influence of both T, and IT, .

Fig.s 6 and 8 demonstrate a higher influence of the upper surface (surface 1), characterized by higher values of the sliding
friction coefficient and of the radius of curvature (Table 1), in representing the global response of the DCFP device at
both the abutment and pier side as shown in Fig.s 3 and 4, especially, for H*ﬂl lower than 0.5. In fact, it is the upper

surface that plays a crucial role for high intensities to elongate the isolated period and to dissipate more energy.

The existence of an optimal value of the normalised friction coefficient of the upper surface IT,, for the both DCFP
devices able to minimize the displacement of pier top (Fig. 2) is the result of counteracting effects that occur for increasing
values of the friction coefficient as also highlighted in [40]-[41]: i) increase of the isolator strength with increase of the
effective stiffness [66]-[67] and a consequential reduction of the corresponding effective fundamental vibration period
[66]-[67]; ii) increase of the effects due to higher vibration modes as well as transfer of forces towards the superstructure;
iii) increase of energy dissipation (equivalent damping).

Fig.s 9-12 represent the statistics of the main non-dimensional peak response parameters related to the case 2 of Table 1.
Fig.s 9 (a) and (c), related to the geometric mean of the peak pier top displacement GM w.,) and compared with Fig.s 2

(a) and (c) for the case 1, show a more marked increase against increasing IT, values as well as a more marked influence

of all the structural properties. This is mainly related to a less efficiency of the isolation system as an higher friction
coefficient at the lower surface (Table 1-case 2) leads to a general increase in f,, (Ed.(5)) so that the corresponding

increase in the secant stiffness moves the effective period towards larger pseudo-spectral acceleration values. Similarly
to the case 1, there exists an optimal value of IT,, such that the peak displacement of pier top is minimized. Fig.s 9 (b)

and (d), with regard to the dispersion Bly.,). demonstrate a similarity with the dispersion values (Fig.s 2 (b) and (d)) of



the case 1, except when large values of l‘I;1 and low values of Ty are coupled together: there is an amplification because

high friction coefficient values together with low isolation period values lead to an increase of the forces transmitted
between the deck and the pier in the case 2.

0.03

Figure 9. Normalized displacement of pier top vs. IT*,1: median value and dispersion for T, = 0.1s (a and b) and
Tp=0.2s (c and d), for different values1 gf IT) and Ta. Case 2.
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Figure 10. Normalized deck displacement vs. IT*,1: median value and dispersion for T, = 0.1s (a and b) and T, =
0.2s (c and d), for different values of Il and Tq. Case 2.
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Figure 11. Normalized pier bearing response along the lower surface vs. IT*,a: median value and dispersion for T,
=0.1s (aand b) and T, = 0.2s (c and d), for different values of IT, and Tq. Case 2.
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Figure 12. Normalized pier bearing response along the upper surface vs. IT*,1: median value and dispersion for
Tp=0.1s (aand b) and T, = 0.2s (c and d), for different values of ITx and Tq. Case 2.

Fig.s 10 (a) and (c) report the geometric mean of the peak global response of the bearing placed on the abutment
GM (y,,) showing smaller values with respect to the case 1 (Fig.s 3 (a) and (c)), and this is consistent with the higher

values of the friction coefficient along the lower surface that permit to reduce the maximum displacement of the DCFP
bearing. With regard to the dispersion values g(y, ), Fig.s 10 (b) and (d) present values significantly larger than the

case 1. Furthermore, the results have shown the same trend in terms of the geometric mean for the peak global response



of the bearing on the pier GM (y, ) . Infact, GM (y, ) presents smaller values with respect to the ones reported for the
case 1 as well as the dispersion values g(y, ) present higher values in the case 2.

Fig.s 11-12 depict, for the pier DCFP isolator, the peak response along the lower and the upper surface, respectively. With
respect to the case 1, GM (y, ) presents lower values for increasing 1‘[;1; B(w,.) presents higher values. Regarding the

upper surface, GM (y, ) is very similar to the case 1 with slightly lower values; B(y, ) shows smaller values than the

case 1. Furthermore, referring to the results of the peak response of the abutment bearing along the lower and upper
surface, respectively: GM (y, ) has a trend similar with the one of the pier isolator GM (y, ) with slightly lower values;

similarly for the g(y, ) with respect to B(y, ). Also GM(y, ) has a trend similar with the one of the pier isolator
GM (v, ); Blw,,) presents slightly lower values with respectto S(y, ) .

It is worth highlighting that all these normalized results, shown in Fig.s (2)-(12), can be expressed in dimensional terms
using Eq.(14) and adopting Sp (Td ) as 8y (Section 4.1) according to a specific seismic ultimate limit state for a specific

site. Moreover, through Eq.(17), both the 50™ and 84" percentiles of the dimensional results can be computed. It follows
that all the presented non-dimensional results are exploitable for the preliminary design or retrofit of multi-span
continuous deck bridges, isolated with DCFP devices, located in any site and in relation, especially, to the seismic ultimate
limit states. In fact, the response of the deck (i.e., global response of the isolators), of the pier and for each surface of the
DCFP devices can be estimated. In addition, the in-plan radius for each surface of the isolator as well as the abutment-

deck joints can be also defined.

OPTIMAL FRICTION COEFFICIENTS NORMALISED WITH RESPECT TO THE SEISMIC INTENSITY
Fig.s 13(a-b) illustrate the optimal values of the normalized friction coefficient H*#Loptimum able to minimize the 50"
and 84" percentiles of the seismic normalized demand to the pier v,, » for the case 1, with respect to I, , T, and Ty, in
the range of 1‘[*#1 between 0 and 0.5. It is observed that H*yl,optimum referred to the 50" percentile is not so variable
only for T, =2s. For higher values, H*,ul,optimum generally increases with IT, and T,. When high values of T; are

combined with low values of IT, and high values of T, H*#l'optimum is low in order to reduce the isolator effective
stiffness [66]-[67] and improve the effectiveness of the isolation technique.
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Figure 13. Optimal values of the normalized friction coefficient IT* 1 optimum VS. Ta; 50 (a,c) and 84™ (b,d)
percentiles; (a,b): case 1; (c,d): case 2.



Finally, the optimal values generally increase by increasing the percentile level. It is possible to reveal as the optimal
friction corresponding to the 84™ percentile tends to rise by increasing I1, T, and T, . However, for some structural

properties combination, lower H*,ul,optimum are required in order to reduce the isolator effective stiffness [66]-[67] and
improve the effectiveness of the isolation technique. Fig.s 13(c-d) report the variation of H*yl,optimum , With respect to

the same system properties for the case 2 of Table 1. As for the 50" percentile, IT~ 4Loptimum Presents, in comparison with

the case 1, a stronger regularity with all the three properties, having a monotonic rising, especially for
T, =3s;T, =3.55;T; =4s . A plateau is reached for T, =3.55 and T, =4s in correspondence of T, =0.15s with a

larger magnitude than the one seen in the case 1. This is due to the accumulated energy before that the surfaces slide due
to a higher friction coefficient at the lower surface of the DCFP device. As for the 84™ percentile, the case 2 outlines
generally smaller values than the case 1.

According to Eq.(13) and adopting S (Td ) as dyp (Section 4.1) in line with a specific seismic ultimate limit state for a

specific site, the optimal (non-normalised) friction coefficient of the upper surface (surface 1) can be easily calculated as
Hy axcopt = g optimum * Sa (T )/ @ - Thus, it increases linearly with the IM level. Successively, depending on the case of

Table 1, it is possible to define the (non-normalised) value of the friction coefficient at the lower sliding surface (surface
2). These values, specific for any combination of the main dynamic properties of an isolated bridge, may be used for a
preliminary either design or retrofit of a bridge in any site and in relation, especially, to the seismic ultimate limit states.
If these optimal values are selected, the corresponding values of the relevant seismic response parameters for the deck
(i.e., global response of the isolators), the pier and for each surface of the DCFP devices derive from the figures illustrated
in the previous section as already commented. Similarly, the corresponding values of the in-plan radius for each surface
of the isolator as well as of the abutment-deck joints can be defined.

It is also worth underlining that the proposed results have been achieved considering only the seismic loads, but during
the design/verification phase of bridges, other serviceability actions such as thermal movements [68] have to be absolutely
considered. These factors, in fact, can influence the design/retrofitting costs of piers and of foundations when high values
of the friction coefficient are necessary under strong earthquake events. For these situations, a global cost-effectiveness
analysis could be useful to reduce the costs provided that the same safety level is assured. Moreover, the deterioration of
the sliding surface of the isolator can be taken into account by means of the property modification factors, as discussed
in [69].

CONCLUSIONS

This paper analyzes the seismic performance of multi-span continuous deck bridges isolated with DCFP devices.
Proposing a nondimensionalization of the motion equations with respect to the seismic intensity and specific for this
system, the results of an extensive parametric study encompassing a wide range of isolator and bridge properties have
been illustrated monitoring various response parameters of interest related to both the isolators and the pier. Specifically,
the RC pier is considered elastic, whereas the RC deck and RC abutment are assumed rigid. Two cases corresponding to
different ratios between the sliding friction coefficients of the DCFP device surfaces are investigated. Considering non-
frequent ground motions, the results in terms of geometric mean and dispersion for each peak normalised response
parameter are summarized as follows.

- Regarding the pier performance, there exists an optimal value of sliding friction coefficient for each surface of the DCFP
device able to minimize the pier response. This optimal value depends on the bridge and isolator properties. As for the
case 2, higher values are achieved since a higher friction coefficient at the lower surface leads to an increase in the
isolator effective stiffness with a reduction of the isolation effective period and increase of the forces to the pier.

- Regarding the deck performance, which also corresponds to the peak global response of the bearing placed on the
abutment, the response decreases significantly as the sliding friction coefficient increases. Slightly lower results are
achieved for the global response of the bearing placed on the pier. As for the case 2, smaller values are obtained as
higher friction coefficients along the lower surface permit to reduce the maximum displacement of the DCFP bearing.

- Regarding the surface 2 of the DCFP device on the pier, the peak normalized response decreases at first quickly, and
then slightly increases for high values of the sliding friction coefficient. Slightly lower results are achieved for the lower
surface (surface 2) of the DCFP device on the abutment. Within the case 2, lower response values are achieved.

- Regarding the surface 1 of the DCFP device on the pier, the peak normalized response hyperbolically decreases with
increasing the sliding friction coefficient. Slightly lower values are achieved for the normalized response along the
upper surface for the DCFP device on the abutment. Within the case 2, the results are very similar with the case 1.

- All the results show a higher influence of the upper surface, having higher values of the sliding friction coefficient and
of the radius of curvature, in representing the global response of the DCFP devices at both the abutment and pier side.
In fact, the upper surface is crucial at high intensities to elongate the isolated period and to dissipate more energy.

Then, optimal normalised friction coefficients aimed at minimizing the different percentiles (i.e., 50" and 84™) of the non-

dimensional peak response of the pier are humerically computed, observing that the optimal value increases with the

percentile, pier period and mass ratio. This trend is not always respected because for some structural properties



combinations, lower values of the optimal normalised friction coefficient are required to reduce the isolation effective
stiffness and improve the effectiveness of the isolation. As for the case 2, lower values are generally achieved.

All the presented normalised results are useful for the preliminary design or retrofit of multi-span continuous deck bridges,
isolated with DCFP devices, located in any site. In addition, they are effective, especially, in relation to the seismic
ultimate limit states for the ground motions selected within the proposed non-dimensionalization with respect to the
seismic intensity. In this way, knowing the dynamic properties of the bridge system, it is possible to evaluate, in non-
dimensional form, the optimal properties of the seismic isolation combined with the corresponding seismic displacement
demand to the different structural components at different percentiles (i.e., 50 and 84"). From these normalized values,
it is possible to calculate the optimal (non-normalised) sliding friction coefficient for each surface of the seismic device
and the dimensional bridge response parameters by means of linear relationships using the seismic intensity level in terms
of Sa(Tq) according to a specific seismic ultimate limit state for a specific site.
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