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Abstract:  In this study five different isolation systems based on flat sliding bearings are 
considered and applied to bridge structures. All of them consist of steel-
PTFE sliding bearings to support the weight of the deck and auxiliary 
devices, based on different technologies and materials (i.e. rubber, steel, lead, 
highly viscous fluids and shape memory alloys), to provide re-centring 
and/or additional energy dissipating capability. Extensive nonlinear time-
history analyses have been conducted with the objective of (i) assessing the 
reliability of different design approaches, (ii) comparing the performances of 
different types of isolation system, (iii) evaluating the sensitivity of the 
structural response to friction variability due to bearing pressure, air 
temperature and state of lubrication and (iv) evaluating the response 
variations caused by changes in ground motion, bridge and isolation 
characteristics. The nonlinear time-history analyses have been carried out 
using a simplified pier-deck model, in which the pier is modelled as an elastic 
cantilever beam and the lumped mass of the deck is connected to the pier 
through nonlinear elements, simulating the behavior of the isolation system.  

Key words: Bridges, Seismic isolation systems, Flat Sliding bearings, Performance-based 
design, Nonlinear time-history analyses. 
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1. INTRODUCTION 

Seismic isolation can be used in bridges with different objectives, i.e.: (i) to avoid brittle 
failure in some piers, (ii) to avoid concentration of damage in non-regular bridges, (iii) to 
reduce spectral accelerations in very stiff piers, (iv) to reduce strength and displacement 
demands of piers by increasing the energy dissipation capacity of the bridge, etc. In 
seismically isolated bridges there is an apparent division between structural elements which 
respond elastically during an earthquake (e.g. piers, abutments, deck, etc.) and structural 
elements which can exhibit a strong non linear behavior (e.g. the isolation system). This 
makes the q-factor approach of conventional bridges [CEN, 2003] inadequate for the 
design of isolated bridges. Alternative design procedures are then needed.  

Five different Isolation Systems (IS's), particularly suitable for the design and retrofit of 
bridges, are considered in this study. They are based on the coupling between Lubricated 
steel-PTFE Sliding Bearings (LSB) [Dolce et al., 2005], to support the weight of the deck, 
and auxiliary devices based on different technologies and materials, to provide re-centring 
and/or additional energy dissipating capability. The considered auxiliary devices include: 
(i) Low-Damping Rubber Isolators (LDRI) [Derham et al., 1985] with full re-centring 
behavior and low damping ratio (8-10%), (ii) Lead-Rubber Isolators (LRI) [Kelly, 1992], 
which exploit the hysteretic behavior of lead to provide damping values as high as 25-
30%, (iii) Added-Damping Rubber Isolators (ADRI), which exploit the properties of 
highly viscous fluids to provide damping values of the order of 20-25% [Dolce et al., 
2003], (iv) Steel Hysteretic Devices (SHD), characterised by high energy dissipation 
capacity and no re-centring force [Dolce et al., 1996] and (v) shape memory alloy (SMA)-
based devices [Dolce et al., 2000], characterised by supplemental re-centring capacity.  

Two main parameters characterize the seismic response of an IS, whichever its cyclic 
behavior is: the maximum force and the maximum displacement reached during the 
earthquake. In this study, two different procedures, based on the Capacity Spectrum 
Method, [ATC, 1996], have been implemented for the design of the examined IS’s. They 
are respectively aimed at getting either a given maximum force (design force approach) or 
a given maximum displacement in the isolation system (design displacement approach).   
A comprehensive parametric analysis has been then carried out, in order to assess the 
reliability of the two design procedures and evaluate the variation of the bridge response 
with changes in the ground motion, bridge and IS characteristics. In this paper the design 
procedures and the main results of the parametric analysis are described and discussed.  

2. NUMERICAL MODEL OF SEISMICALLY ISOLATED BRIDGES 

Reference has been made to continous and multi-span regular bridges characterised by 
single shaft piers having the same height and cross section. In this paper the attention is 
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focused on the transverse response of the bridge, which is in most cases more critical 
than the longitudinal response. The effects of different soil conditions under the piers, as 
well as of non-synchronous motion, are neglected. Due to the regularity of the bridge, the 
coupling offered by the deck is small and each pier-isolator system can be regarded as an 
independent system and analysed separately, taking into account a consistent amount of 
deck mass. Reference is made to the two-degree of freedom model shown in Figure 1(a), 
in which the pier is modeled as an elastic beam (KP) with tributary mass lumped at the 
top (MP). The effective mass of the deck MD (based on tributary areas) is lumped and 
connected to the pier through nonlinear springs, with the cyclic behavior of the IS. 

 

 

 

 

Figure 1.  (a) Simplified 2-DOF analytical model of seismically isolated bridge and (b) schematic 
monotonic response. 

To account for concrete cracking, the flexural stiffness of the pier is reduced by 30%, 
according to the recommendations provided by [ATC, 1996] for columns in 
compression. A viscous damping ratio equal to 5% is adopted for the soil-foundation-
pier system. Figure 1(b) shows the idealized monotonic lateral force-displacement 
relationship of the pier-isolator system assumed in the design. A rigid perfectly plastic 
mechanical behavior has been assumed for the steel-PTFE sliding bearings, while a 
bilinear (plastic) behavior has been assumed for the auxiliary devices. Before sliding in the 
bearings (F < Fr), the response of the system is elastic, with lateral stiffness equal to the 
non-isolated pier stiffness (Kp). Then, the effective tangent stiffness of the overall system 
reduces to (k1Kp)/( k1+Kp), k1 being the initial stiffness of the auxiliary device. When the 
yielding force is exceeded in the auxiliary device (F > Fy), the effective tangent stiffness of 
the overall system reduces to (k2Kp)/( k2+Kp), k2 being the post-yield stiffness of the 
auxiliary device. 

Figure 2 shows the basic elements used to describe the cyclic mechanical behavior of the 
IS’s taken into consideration. For instance, the mechanical behavior of LSB+LDRI is 
obtained by combining, in parallel, a rigid-plastic, a linear elastic and a linear viscous 
element (Figures 2(a), 2(d) and 2(e), respectively). The mechanical behavior of LSB+LRI 
is similar to the previous one with the addition of an elasto-perfectly plastic element 
(Figure 2(b)). Etc. The strain-hardening elasto-plastic element of Figure 2(c) and the 
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double flag-shaped element of Figure 2(f) are used to simulate the mechanical cyclic 
behavior of  SHD and SMA auxiliary devices. In Figure 2 the mechanical properties 
which characterize each force-displacement relationship are defined. Some of them (e.g. 
ξvisc, µr, r, etc.) are taken as design parameters and their values are assigned by the 
designer at the beginning of the analysis. 

 

 

 

 

 

 

Figure 2. Elements used to describe the cyclic mechanical behavior of the isolation systems. 

3. DESIGN PROCEDURES 

Two different performance-based design procedures have been set up. In the first one, 
the performance objective is to limit the maximum force transmitted by the IS to a 
fraction of the yielding strength of the pier. In the second one, the performance objective 
is to limit the maximum displacement of the IS to a fraction of its ultimate displacement 
capacity. Both procedures are based on the Capacity Spectrum Method (CSM), as defined 
in [ATC, 1996]. The CSM is an iterative procedure that compares the capacity curve of 
the structure with a response spectrum representation of the earthquake demand to 
obtain the Performance Point of the structure, i.e. an estimate of the maximum expected 
response of the structure during the ground motion. The comparison between capacity 
and demand curves is made in the so-called ADRS (Acceleration Displacement Response 
Spectrum) format, in which spectral accelerations (Sa) vs. spectral displacements (Sd) are 
plotted, with periods represented by radial lines passing through the origin of the axes. 
For the structural system under examination, the capacity curve is given by the multilinear 
force-displacement relationship shown in Figure 1(b), converted into spectral coordinates 
by means of simple equations [ATC, 1996]. The demand curve is represented by a highly 
damped elastic response spectrum. The location of the Performance Point (PP) must 
satisfy three conditions. First, PP must lie on the Capacity Spectrum (CS), in order to 
represent the structural response at a given displacement. Second, PP must lie on the 
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Demand Spectrum (DS), at the same structural displacement as before. Third, PP must 
satisfy the performance objective of the design.  

Figure 3 shows the flowchart of the proposed design procedures. First of all, the input 
data are specified. They include some bridge, ground motion and IS characteristics, such 
as bridge geometry, pier/deck sections, reference response spectrum, type of IS to be 
used and associated mechanical parameters. As a matter of fact, bridge geometry and 
pier/deck sections are usually known, as they result from non-seismic load conditions. 
When dealing with the retrofit of existing bridges, the pier reinforcement is also known. 
As far as the isolation system is concerned, there are a number of mechanical parameters 
(e.g. the friction coefficient of sliding bearings, the equivalent damping of rubber-based 
auxiliary devices, the strain-hardening ratio of steel-based auxiliary devices, etc.) which 
can be selected by the designer at the beginning of the analysis.  

 

 

 

 

 

 

 

 

Figure 3.  Flowchart of the proposed Force-based and Displacement-based design procedures. 

In the second step the design approach is chosen and the threshold value of force or 
displacement (FTARGET and DTARGET of Figure 3, respectively) is selected. In the third step 
a trial value for the maximum displacement (F-based approach) or maximum force (D-
based approach) of the isolation system is assumed. A preliminary isolation system is thus 
defined and its effective damping is derived, based on the well-known Jacobsen’s formula 
[Chopra, 1995]. Once the 2-dof system of Figure 1(a) has been fully specified, the 
associated 1st-mode participation factor and effective mass can be computed and the 
force-displacement relationship of Figure 1(b) converted into the Capacity Spectrum of 
the bridge, according to the CSM procedure [ATC, 1996]. The associated global 
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equivalent damping can be evaluated by combining the damping values of pier and 
isolation system in proportion to their individual displacements:  

ISP

ISISPP
eq DD

DD
+

⋅+⋅
=

ξξ
ξ                                               (1) 

In the previous equation, DP and DI are the maximum expected displacements of pier and 
IS, respectively, ξP = 5% and ξIS the associated equivalent viscous damping. The global 
equivalent damping ξeq is used to derive the Demand Spectrum from the 5%-damped 
reference response spectrum. The intersection between the Demand Spectrum and the F-
line (or D-line), representing the performance objective of the design procedure, provides 
a new value of the maximum displacement D’IS (or force F’IS) of the system, which 
permits to verify the consistency of the trial value DIS (or FIS) assumed at the beginning 
of the analysis. The procedure ends as soon as the error is less than a given tolerance.  

Figure 4 shows a graphical schematization of the two iterative procedures previously 
described. The F-line and D-line of Figure 4 represent the target force and displacement, 
respectively. The thick linecurve indicated with CSi represents the capacity spectrum at 
the i-th step of the analysis, the curve indicated with DS(ξ i) represents the demand 
spectrum for the corresponding damping ratio. The interception between DS(ξ i) and F-
line (or D-line) provides a new estimate of the maximum expected response of the system 
(PPi+1), to be compared with that obtained at the previous step of the analysis (PPi). The 
iterative process ends when the error is smaller than a given tolerance. 

 

 

 

 

 

Figure 4.  Schematization of the (a) design force and (b) design displacement iterative procedure 
for seismically isolated bridges.  
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4. APPLICATION OF THE PROCEDURES 

The design procedure described in the previous paragraph has been applied to a 
continous regular bridge, characterised by piers of 10m height and hollow circular cross 
section, with 4m external diameter and 0.35m thickness. The mass of the deck supported 
by each pier is equal to 572.5 ton. In order to maximize the deformability of the 
substructure, analyses have been repeated by assuming piers of 30m height. As far as the 
selection of the mechanical parameters of each IS is concerned, reference has been made 
to the experimental results of cyclic tests carried out, at the Laboratory of DiSGG, on 
reduced-scale steel-PTFE sliding bearings [Dolce et al., 2005] and different auxiliary 
devices [Dolce et al., 1996, 2000, 2003]. Actually, since experimental force-displacement 
relationships were available, they were exploited to calibrate the numerical models to be 
used in the design procedure (see Fig. 5). At each step of the design procedure, the 
displacement levels in the IS were adjusted so as to correspond to the same values of 
maximum strain or ductility demand attained in the experimental tests. The force levels, 
instead, were simply amplified proportionally to the experimental values. 

It is worth to note the totally different recentering and energy dissipation capability of the 
five auxiliary devices and their different sensitivity to temperature variations. The friction 
coefficient of steel-PTFE sliding interfaces tends to increase when air temperature reduces. 
SHD is practically insensitive to temperature variations. Rubber-based devices tend to 
reduce their stiffness and energy dissipation capacity while increasing temperature 
[HITEC, 1998]. SMA, instead, shows an opposite trend [Dolce et al., 2000]. All that has 
been properly taken into account in the design procedure, as explained below.  

In the design force approach, the performance objective was to limit the maximum force 
transmitted by the IS to a fraction of the yielding strength of the pier. This latter was 
computed based on a response spectrum analysis of the non-isolated bridge, by assuming 
a behavior factor (q-factor in EC8) equal to 3.5. As regards the mechanical characteristics 
of sliding bearings and rubber-based auxiliary devices, reference has been made to the 
lower selected values of air temperature (-10 °C), in order to maximize the force 
transmitted to the pier. The contrary holds for the SMA-based IS, for which reference 
has been made to the higher selected values of air temperature (i.e. 50 °C). In the design 
displacement approach, the performance objective was to limit the maximum 
displacement of the IS to a fraction of its ultimate displacement capacity. For simplicity, 
the maximum allowable displacement was taken equal to the peak ground displacement 
[CEN, 1998], for all the IS’s. As regards the mechanical characteristics of sliding bearings 
and rubber-based auxiliary devices, reference has been made to the higher selected values 
of air temperature (50 °C), in order to maximize the pier-deck displacement. The contrary 
holds for the SMA-based IS, for which reference has been made to the lower selected 
values of air temperature (i.e. -10 °C). As far as the seismic ground motion is concerned, 
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reference has been made to the elastic response spectra provided by Eurocode 8 [CEN, 
1998] for soil type A and D, with PGA equal to 0.35g and 0.4725g, respectively. The 
Demand Curve has been derived by applying the damping reduction factor  provided by 
EC8 [CEN, 1998].  

 

 

 

 

 

 

 

 

 

Figure 5.  Comparison between experimental (thin line) and numerical (thick line) force-
displacement relationships of (a) pure steel-PTFE sliding bearings, (b) SHD, (c) LDRI, 
(d) SMA, (e) LRI and (f) ADRI auxiliary devices. 

5. COMPARISON WITH NONLINEAR TIME-HISTORY ANALYSES 

Extensive nonlinear time-history analyses have been conducted by SAP2000_Nonlinear 
in order to assess the reliability of the proposed design procedure. Two groups of 7 
artificial accelerograms, each group compatible with the 5%-damped response spectra 
used in the design procedure, have been used in the time-history analyses. 

The parameters considered in the numerical analyses are as follows: (i) the inherent 
characteristics of the auxiliary devices, from highly dissipating to strongly recentring, (ii) 
the pier height, taken equal to 10m and 30m, (iii) the air temperature, taken equal to -
10°C, 20°C and 50°C, (iv) the bearing pressure in the steel-PTFE sliding bearings, taken 
equal to 9.36MPa, 18.72MPa and 28.1MPa, and (v) the state of lubrication of the steel-
PTFE interfaces. In the time-history analyses, the steel-PTFE sliding bearings have been 
modelled with the modified viscoplastic model [Constantinou et al., 1990], which 
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accounts for the variability of the friction coefficient (µ) with the sliding velocity (v), 
through the following equation:  

ve ⋅−⋅−−= αµµµµ )( minmaxmax                             (2) 

in which µmax and µmin are the friction coefficients at very high and very low velocities 
and α is a function of bearing pressure and air temperature [Dolce et al., 2005].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Accuracy of the design procedures and sensitivity of the structural response to 
temperature variations: (a) HP=10m, force-control design approach, (b) HP=10m, 
displacement-control design approach, (c) HP=30m, force-control design approach.  
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In Figure 6 the ratios between the average (over 7 accelerograms) maximum 
force/displacement obtained from the time-history analyses (Fmax and Dmax in Figure 6) 
and the corresponding design force/displacement values (Fd and Dd in Figure 6) are 
reported, as a function of air temperature. The comparison is made separately for 
different combinations of soil type (A-D), pier height (10-30 m) and design approach 
(force- or displacement-control). In Figure 6 force or displacement ratios (Fmax/Fd and 
Dmax/Dd respectively) lower than 1 means that the design procedure overestimates the 
maximum bridge response at that temperature. Obviously, the contrary holds for ratios 
greater than 1. At the design temperature (-10 °C for rubber- and steel-based IS’s, 50 °C 
for SMA-based IS) the design force approach tends to be accurate, with percent errors in 
the attainment of the performance objective (Fmax < Fd) ranging from 3% to 18% for 
bridge with piers of 10m height and from 1% to 10% for bridge with piers of 30m height. 
Such errors result of the same order of magnitude as the dispersion in the maximum 
response due to the differences in the input ground motions, all consistent with the same 
response spectrum. The design displacement approach, on the contrary, tends to be 
rather conservative at the design  temperature (50 °C for rubber- and steel-based IS’s, -10 
°C for SMA-based IS), as it overestimates the maximum expected displacement response 
by 16-20%, for soil type A, and by 16-40%, for soil type D. The differences between 
design and seismic simulation results can be partly ascribed to the different models (i.e. 
rigid perfectly plastic vs. modified visco-plastic) of the sliding bearings in the design 
procedures and in the time-history analyses. 

The choice of a suitable design temperature is fundamental in order to achieve a 
structural response which satisfies the performance objective of the design over the 
whole operational range of temperature. This holds especially when also the auxiliary 
device (in addition to the sliding bearings) exhibits a mechanical behavior which depends 
on temperature, like rubber- and SMA-based devices. The results shown in Figure 6 point 
out that the design temperatures selected in this study (see before) are suitable for the 
attainment of the performance objective (i.e. Fmax < Fd or Dmax < Dd) over the whole 
operational range of temperature, for all the cases examined. On the contrary, some 
discrepancies, with respect to the expected design values, are observed in terms of the 
other response feature (i.e. Dmax or Fmax, respectively). If both maximum force and 
maximum displacement would be controlled, a double analysis should be carried out, by 
assuming upper and lower bound values for the IS properties, based on the maximum 
and minimum expected temperature conditions.  

As regards the sensitivity of the structural response to temperature, the SMA-IS shows a 
higher sensitivity to temperature variations, especially in terms of maximum force 
transmitted to the piers. By assuming 20°C as reference temperature and ±30°C as 
thermal excursion, indeed, the maximum force variations range between 13% and 33% in 
presence of SMA, 1% and 22% with LDRI, 2% and 13% with  LRB, 1% and 17% with 
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ADRI and, finally, 3% and 10% with SHD. Under the same conditions as before, the 
maximum displacement variations range between 2% and 40% in presence of SMA, 9% 
and 25% with LDRI, 7% and 23% with LRB, 3% and 12% with ADRI and 1% and 12% 
with SHD. The SHD-IS shows the best control of force when the performance objective 
of the design is to limit the maximum pier-deck displacement. On the other hand, it can 
exhibit a large residual displacement at the end of the seismic action (see Figure 6(c) with 
soil type A). The SMA-IS suffers the large operational range of temperature, which 
implies high levels of force and low damping capacity. On the other hand, it exhibits a 
strong supplemental recentring capability, which can be exploited to counteract possible 
increases in the friction resistance of the sliding bearings (e.g. due to grease deterioration) 
or to remedy installation imperfections (e.g. out of levels, etc.). The rubber-based IS’s 
with enhanced energy dissipation capacity (i.e. ADRI+SB and LRI+SB), finally, appear to 
be a good compromise between the previous two types of IS.  

6. CONCLUSION  

In this paper, bridge structures protected by strongly nonlinear isolation systems (IS’s), 
based on the coupling between steel-PTFE flat sliding bearings and auxiliary recentring 
and/or dissipating devices, are considered. An iterative procedure for the preliminary 
design of these IS’s, which explicitly acknowledges their nonlinear behavior, has been 
presented. Two different design approaches have been employed, one is aimed at 
controlling the maximum force transmitted by the IS to the pier, while the other one is 
aimed at controlling the maximum displacement of the IS.  

A parametric study based on nonlinear dynamic analyses has been carried out, in order to 
assess the reliability of the design procedure and evaluate the sensitivity of the structural 
response to changes in ground motion, bridge and isolation system characteristics. In the 
numerical model, the variability of the mechanical behavior of the IS’s with air 
temperature has been taken into account.  

The results of the numerical analyses prove the reliability of the design procedure in the 
attainment of the design performance objective, with (conservative) errors of the same 
order of magnitude as the dispersion in the response due to different input motions. If 
temperature variations are considered, the selection of a suitable design temperature is 
fundamental in order to obtain a structural response that satisfies the performance objective 
of the design over the whole operational range of temperature. The most suitable design 
temperature appears to be strictly related to the inherent behavior of the auxiliary device.  

The design procedure proposed in this study relies upon a simplified pier-deck model, in 
which each single pier is modelled through an elastic cantilever beam with the tributary 
mass of the deck lumped at the top. Actually, this type of structural idealization has 
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several limitations when applied to real bridges, which can be irregular (e.g. bridges with 
continuous deck supported by piers of very different heights) or affected by significant 
structure-soil interaction, near-fault effects or non-synchronous ground motions. Further 
studies are then needed to extend the proposed design procedures to cover a wider range 
of ground motion and structural situations. 
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