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ABSTRACT 

The re-centring capability is recognized as a fundamental function of the isolation system, since it 

is intended to prevent substantial permanent deformation at the end of the earthquake that may affect 

the serviceability of the structure and eventually limit the capability of the isolators to withstand 

aftershocks and future earthquakes. In this study the re-centring behaviour of isolation systems 

comprised of sliding bearings with curved surfaces is investigated in shake table tests carried out on 

a one-story steel frame with rectangular plan, scaled at one third-length scale and isolated with four 

bearings. The coefficient of friction of the bearings is varied by changing the material or lubrication 

condition of the pads, providing different equivalent damping ratios to the isolation system. The 

response of the base isolated structure to selected natural ground motion waveforms is assessed in 

terms of the residual displacement after a single event and the accrual of displacements during a 

sequence of quakes, and considerations on the influence of the coefficient of friction on the re-

centring behaviour, as well as on the effect of an initial displacement offset are drawn. The re-

centring provision of the current European design code is eventually checked against the 

experimental data. 

 

Keywords: base isolation; curved surface sliders; re-centring capability; shake-table test; 

displacement accrual; residual displacement 
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INTRODUCTION 

Base isolation is a modern strategy for seismic protection based on the provision of the 

construction with a set of bearings that decouple the motion of the superstructure from the motion of 

the ground. The bearings are aimed at modifying the response of the superstructure by lengthening 

its fundamental period, which reduces forces but increases displacements, and by increasing 

damping, which reduces displacements and may reduce forces. 

A fundamental function of the base isolation system is recognized to be the ability to return 

towards the origin at the end of ground motions or tremors, or self re-centring [1-3]. This function is 

associated with the prevention of large residual displacement after the earthquake, which may affect 

the serviceability of the structure and jeopardize the functionality of elements crossing the isolation 

plane (like fire protection and weather proofing elements, egress/entrance details, elevators, joints of 

primary piping systems etc.), and eventually limit the capability of the isolation system to withstand 

aftershocks and future earthquakes [4]. There is significant field evidence of seismic sequences 

characterized by frequent medium-strong intensity ground motions following a strong mainshock 

after short intervals of time [5-10]. Since it may not be possible to re-center the system before close 

aftershocks, ground motion sequences with such characteristics would entail an accrual of 

displacements, and the deformation capacity of the isolation system designed based on a single 

earthquake possibly become inadequate. 

In the past, structural engineers did not pay much attention to the re-centring capability of seismic 

isolators, and the first studies focused on the residual displacements of generic low-ductility 

nonlinear SDOF systems [11-14]. This was probably a consequence of the fact that the first seismic 

isolators were conventional laminated rubber bearings that were endowed with an inherent self-

centring capability associated with the elastic restoring force developed in the rubber layers [15-16]. 

However in the recent years, with the introduction of new isolation devices with high energy 

dissipation capacity like lead rubber bearings, sliding isolators with steel hysteretic elements, friction 
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bearings, etc., the problem of limiting residual displacements turned out of primary interest. Criteria 

for evaluating the re-centring capability of the isolation system have been provided in modern 

seismic codes. According to the European code, or Eurocode 8 [17], this capability is available in 

one horizontal direction when the system has small residual displacements in relation to its 

displacement capacity, and the requirement is considered satisfied when the condition is met: 

δ≥
0d

dcd

      (1) 

where dcd is the design displacement of the isolation system in the examined direction, d0 is the 

“maximum static residual displacement” for which the isolation system can be in static equilibrium 

in the considered direction, i.e. the residual displacement under which the static equilibrium is 

reached at unloading from dcd under quasi-static conditions (Figure 1), and δ is a numeric coefficient, 

whose recommended value is 0.5. 

 

 

Figure 1. Equivalent bilinear hysteretic model of the isolation system for the evaluation of the re-centring capability 

 

The validity of this criterion for isolation systems with the typical bilinear hysteretic behaviour 

shown in Figure 1 was assessed in a parametric study [3], analysing 150 different combinations of 

system parameters and 122 natural ground motions. Systems with dcd/d0 ≥ 0.5 demonstrated small 
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residual displacements compared with the maximum displacement induced by the ground motion, 

and insignificant accumulation of residual displacements at the end of a sequence of earthquakes. 

Similarly, an experimental study on isolation systems for bridges comprised of flat sliding bearings, 

rubber devices and fluid dampers [15] showed that the  a strong re-centring capability is provided 

when the ratio of the characteristic strength F0 to the peak restoring force at the maximum 

displacement dmax, i.e. KP dmax , is less than or equal to 3, which corresponds to dmax/d0 ≥ 0.3 (F0 and 

KP defined as in Figure 1). 

The European design code requires that systems that do not satisfy the re-centring provision of 

Equation (1), have anyway sufficient displacement capacity to accommodate, with adequate 

reliability, the accrual of residual displacements during the service life of the structure. To account 

for the possible displacement build-up under a sequence of earthquake events occurring before the 

design earthquake, the displacement demand must be increased by a factor  

( )
( ) 51

0

60

 801

1
3511

.

cd

.

cdy

d
dd

dd
.

+

−
+=ρ       (2) 

where dy is the yield displacement (see Figure 1) of the equivalent bilinear system. For systems with 

dcd/d0 > 0.5, ρd < 1.05 and the effect of the accumulation of residual displacements is insignificant. 

A second re-centring criterion, based on energy concepts, is provided in the European standard on 

antiseismic devices EN 15129 [18]: the system has sufficient re-centring capability when the relation 

is met 

HS E.E 250≥       (3) 

where ES is the reversibly stored elastic energy and EH is the energy dissipated in hysteretic 

deformation when the isolation system moves from its origin to the position of maximum 

displacement. It can be easily demonstrated that for bilinear hysteretic systems the provision of 

Equation (3) is identical to Equation (1) where δ = 0.5. 
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Among the most popular antiseismic hardware today there is the Curved Surface Slider (CSS), 

which was firstly introduced in North America in the second part of the ‘90s in the version called the 

Friction Pendulum System®, or FPS® [19-21], and whose wide use is in progress in Europe and 

worldwide after the expiry of patent rights in 2005. The Curved Surface Slider is based on the 

principle of accommodating the horizontal displacement of the structure by means of one of more 

pair(s) of curved sliding surfaces, which provide a restoring force due to the effect of the curvature 

and dissipate seismic energy through friction forces developed during sliding. Energy dissipation and 

self-centring capability are two antithetic functions, as friction forces can act away from the origin 

contrasting the effect of the restoring force [1], and a potential issue that has come recently under 

attention is the occurrence of large residual displacements when materials with high levels of friction 

are used in the sliding surfaces. This concern is further of particular importance when the sliding 

material exhibits the so-called “stick-slip” phenomenon, i.e. a continuous transition from the sliding 

phase to the sticking phase and vice versa occurring at slow velocities [22]: in the sticking phase the 

coefficient of friction rises from its dynamic (or kinetic) level to the static level hence increasing the 

resistance to the re-centring motion of the isolating system. 

In the light of these considerations, it is therefore questionable whether the re-centring criterion of 

the Eurocode 8 is valid for Curved Surface Sliders. The criterion was indeed formulated under the 

assumption that the mechanical properties of the isolation system, lumped in the parameter d0 in 

Equation (1), are constant. This is in general not true for the CSS, as the coefficient of friction is 

noted to be dependent on a number of factors among which there are the axial load, the velocity of 

sliding and the temperature [23-27]. Research addressing the  re-centring capability of Curved 

Surface Sliders is very recent, and definite results have not yet been achieved. A parametric study 

[28]pointed that the code’s provision seems to be not conservative and sliding isolators with curved 

surfaces experience negligible residual displacements only when dcd/d0 is larger than 2.5. Also the 

experimental knowledge is little. Shake table tests on a 3-story seismically isolated structure 
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equipped with triple friction pendulum isolators and simulating sequences of low-to-moderate and 

high amplitude seismic ground motions, concluded that depending on the sequence details, the 

isolation system may either accumulate or recover residual displacements [29]. 

The evaluation of the self-centring capability of the Curved Surface Slider is of primary 

importance since it can significantly affect the design of the isolation system, as well as of the 

isolated structure that must be designed to accommodate the residual displacements. The present 

study aims at giving an insight into the matter, providing the results of an experimental investigation 

conducted within the framework of the Task 6 “Isolation and Dissipation” of the Italian RELUIS 

(National Network of Laboratories of Seismic Engineering) Project 2010-2013. The two main goals 

are: (1) to evaluate the re-centring capability of curved surface sliders comparing devices with 

different coefficient of friction, and (2) to assess the influence of permanent displacements on the 

amplitude of the seismically induced motion and the possible accrual of displacements. 
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Theoretical considerations 

The force – displacement behaviour of the Curved Surface Slider is conventionally described [30] 

in accordance with the bilinear hysteretic model illustrated in Figure 1, where F0 is the characteristic 

strength and KP is the restoring stiffness of the isolator. Both properties depend on the characteristics 

of the curved surfaces according to the relations F0 = µd · N and KP = N/Rb where N is the vertical 

load acting through the bearing, µd is the dynamic coefficient of friction, and Rb is the effective 

radius of curvature [30]. For the Curved Surface Slider the yield displacement dy is usually negligible 

and can be assumed to be zero [17]. The horizontal reaction force F of the isolator at a displacement 

d is therefore given by:  

( ) dKdsignFF P ⋅+⋅= &
0       (4) 

where ( )dsign &  is the sign of the velocity vector. 

The static equilibrium between the restoring force KP · d that always acts towards the origin, and 

the friction force µd · N that contrasts the motion is attained at the displacement d0  

bd

P

R
K

F
d ⋅µ== 0

0       (5) 

which represents the upper bound to the actual residual displacement dr at the end of the motion and 

is independent on the displacement capacity of the isolator. Assuming for simplicity that the motion 

of the bearing is symmetric with respect to the origin, with amplitude equal to dcd, then the effective 

damping can be expressed as  

cdcd

bd
b

d

d

d

R 022
⋅

π
=

⋅µ
⋅

π
=ξ       (6) 

Equation (6) confirms that increasing the energy dissipation capacity of the bearing entails a 

corresponding decrease in the re-centring capability expressed by the ratio dcd/d0.   

For the Curved Surface Slider the provisions (1) and (3) can be reformulated as [31] 
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50.
R

d

bd

cd ≥
⋅µ       (7) 

The dependency of the coefficient of friction on the sliding velocity has a fundamental importance 

in the response of the isolation system during the earthquake ground motion. According to a widely 

recognized model [23], this dependency is expressed through the exponential law 

( ) ( )Vexpslowfastfastd ⋅α−⋅µ−µ−µ=µ    (8) 

where µslow and µfast are the levels of the friction coefficient at low and fast velocities, respectively, V 

is the sliding velocity and α is a rate parameter, with dimensions of the inverse of velocity, which 

depends on axial load and air temperature [24]. The coefficient of friction increases more than 

linearly with increasing the velocity, and the value of µfast is important in determining the maximum 

displacement of the isolation system that is achieved during the strong motion stage of the 

earthquake when the system absorbs energy. On the contrary, a lower level of friction governs the 

response of the system during the coda stage of the earthquake, when the seismic energy input can be 

considered as insignificant. Therefore, it is reasonable to assume the value µd = µslow in Equation (5) 

wherein the force equilibrium under quasi-static condition is considered: 

bslow Rd ⋅µ=0       (9) 

A possible outcome of an insufficient re-centring capability is the increase in residual and maximum 

displacements for ground motions with directivity effects, like near-fault earthquakes, where the 

most of the energy is introduced in the system by a single pulse [2; 32]. For ground motions with 

such characteristic, the effect of a displacement offset is now examined using energy concepts. The 

movement of the isolation system from its origin to the maximum displacement dmax is represented in 

Figure 2 as a solid line (branch OAB). Assume now that at the beginning of the earthquake the 

system is affected by the eccentricity ∆di = OO’, which could be due to e.g. the residual 

displacement at the end of a preshock. The offset leads to a corresponding change ∆dmax in the 

maximum displacement (branch O’A’B’). As the energy induced by the earthquake is the same for 
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the two examined branches, the law of conservation of energy requires the two shaded areas E1 and 

E2 to be equal. This implies that the two quantities ∆di and ∆dmax have the same sign and the relation 

between them is provided by simple geometrical calculations [3] 

i
max

max d

d

d
d ∆

+

=∆

0

1

1     (10) 

In Equation (10) the sign of ∆di (and consequently of ∆dmax) is positive when the offset is in the same 

direction along which the maximum displacement dmax occurs, and negative otherwise (Figures 2(a) 

and 2(b) respectively). The displacement accrual depends on both the properties of the isolators, 

expressed by the parameter d0, and the details of the ground motion, which affect the magnitude and 

the direction of the peak displacement dmax. As evident from Equation (10), the influence of the 

offset is expected to be lower for strong earthquakes producing larger motions than for weak 

earthquakes. 

However, it has to be noted that a decrease of the maximum displacement may be also possible. 

When the isolation is in its origin (position O), the inertial force produced by the ground acceleration 

must overcome the characteristic strength F0 before the system is displaced, and owing to the 

symmetry of the loop (points A and E in Figure 2(a)), the motion has the same likelihood of starting 

in either direction. On the contrary,  when the offset ∆di is present, the breakaway resistance is no 

longer symmetric since the restoring force is always directed towards the origin: the resisting force is 

(in its absolute value) equal to F0 + KP · ∆di for motion in the positive direction of the displacement 

axis (point A’), and equal to F0 – KP · ∆di (point E’) for motion in the opposite direction. Hence, a 

lower magnitude of ground acceleration will be enough to initiate the motion in the direction 

opposite to the offset than in the same direction, which entails a decrease in dmax according to 

Equation (10). Similar conclusions apply to the situation of Figure 2(b), with consideration of the 

different sign. 
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In the above considerations, the dependency of the coefficient of friction on the axial load and on the 

temperature of the sliding surfaces was not accounted for. In practice, the axial load acting on the 

individual bearings can undergo considerable variations during the earthquake due to the rocking of 

the superstructure and the vertical ground excitation, and heating of the sliding surfaces occurs as 

well following the huge dissipation of seismic energy by means of friction. All these effects 

contribute to changes in the actual coefficient of friction of the CSS surfaces in addition to the effect 

of velocity. Though the rigorous conclusion were that the classic bilinear model is not representative 

of the actual behaviour of the Curved Surface Slider under seismic excitation, it is of practical 

interest to verify whether the conclusions drawn for the simple bilinear systems are still applicable, at 

some extent, to describe the basic features of the re-centring behaviour of CSS systems. 

(a) 

(b) 

E2 
E1 

E2 

E1 
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Figure 2. Influence of the initial offset ∆di on the maximum displacement dmax : ∆di > 0 and ∆dmax > 0 (a) ; ∆di < 0 and 

∆dmax < 0 (b)  
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MATERIALS AND METHODS 

Experimental set-up 

The investigation was performed at the laboratory of the Department of Structures for 

Engineering and Architecture at the University “Federico II” of Naples, Italy.  The testing facility 

was a 3×3 m biaxial shake table, with maximum payload of 200 kN, frequency range of 0–50 Hz, 

acceleration peak equal to 1 g, velocity peak equal to 1 m/s and total displacement capacity of 500 

mm. 

The mock-up consisted of a four columns, one story steel frame with a rectangular plant of 

2.65×2.15 m span and 2.90 m total height (Figure 3), which could be assumed as representative of a 

building at one third-length scale. Details of the mock-up can be found elsewhere [33]. Each floor 

contained additional concrete blocks / slabs to provide a total mass of 8200 tons. The base level has a 

mass of 3.26 tons, whereas the top floor had a mass of 4.94 tons. 

The mock-up was supported by four bearings bolted to the base frame in correspondence of the 

columns. Owing to the symmetry of the structure, each isolator carried a quarter of the total weight. 

In order to prevent the structure from dropping off the shake table in case of excessive movements, 

safety constraints limited the relative displacements to ±125 mm. 
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  (a) 

  (b) 

Figure 3. Test set-up: view of the structure mock-up on the shake table (a); and cabinet projection of the mock-up and 

the instrumentation set-up (b). 

 

 

The scale factors of the structural model are summarized in Table 1. The fundamental frequency 

of the fixed-base model is 2.5 Hz (i.e. a period T = 0.4 s), which corresponds to a period of the full-

scale structure of 0.7 s, common for seven-story buildings. The damping for the fundamental mode is 

0.6%, similar to the majority of steel frames in the elastic range with no additional sources of energy 

dissipation. 
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In the experiments, unidirectional acceleration time histories were imposed to the shake table 

along the direction of maximum span of the mock-up. The absolute displacements of the mock up 

were monitored by six laser displacement sensors, model CP35MHT80 (Wenglor Sensoric GmbH, 

Germany), with ±150 mm capacity and 50 µm resolution; at each floor two transducers were used to 

measure the displacement in the direction of motion, whereas one transducer measured the 

displacement in the transverse direction for detecting any in-plane rotations. The absolute 

accelerations of the floor masses were measured by means of six triaxial accelerometers model 

356A17 (PCB Piezotronics Inc, NY), with ±10 g capacity, placed at the corners of structure, three at 

each floor. To complete the instrumentation layout, an additional laser transducer was used to 

measure the absolute displacement of the table in the direction of testing, and an accelerometer 

recorded the motion of the table to check the actual ground motion transmitted to the structure. 

Displacements and accelerations measured by the sensors were sampled at 500 Hz and filtered at 50 

Hz. The instrumentation set-up is illustrated in Figure 3(b). 
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Table 1. Summary of Scale Factors. 

Variable Dimension Scale Factor 

Linear Dimension Length 1/3 

Displacement Length 1/3 

Time Time 1/√3 

Mass Mass 1/9 

Velocity Length · Time-1 1/√3 

Acceleration Length·  Time-2 1 

Frequency Time-1 √3 

Force Mass·  Length · Time-2 1/9 

 

Curved Surface Sliders  

Curved Surface Slider prototypes were manufactured for the 1/3 scaled model according to two 

alternative designs depending on the displacement capacity but with same effective radius and 

restoring stiffness. The first design was a Double Curved Surface Slider (DCSS), Figure 4(a), with 

upper and lower concave backing plates having identical radii R1 = R2 = 770 mm, and a rigid slider 

with height h = 55 mm, providing an effective radius Rb = R1 + R2 – h = 1485 mm [34]; the 

displacement capacity was 260 mm. The second design was a Single Curved Surface Slider (SCSS), 

Figure 4(b), with radii R1 = 1270 mm and R2 = 300 mm, respectively, and a rigid slider with height   

h = 70 mm, providing an effective radius Rb = 1500 mm; the displacement capacity was 165 mm. 

Four SCSS bearings and four DCSS bearings were produced and assembled. The backing plates 

and the sliders of the bearings were made of S355 structural steel, with the concave sliding surfaces 

lined with a 2.5 mm thick stainless steel sheet. The sliding pads had a diameter of either 80 mm 

(SCSS bearing) or 60 mm (DCSS bearing) and a thickness of 6 mm. A rotation pad made of 
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lubricated PTFE was used in the spherical joint (curved surfaces with radius R2) of the SCSS 

bearings. 

Three different materials were used for the sliding pads: 

− standard PTFE (polytetrafluoroethylene) resing lubricated with silicon grease (L-TF); 

− composite material made of PTFE resin with metal fillers, lubricated with silicon grease (L-CM); 

− composite material made of PTFE resin with metal fillers, not lubricated (NL-CM). 

L-TF and L-CM pads were used in the DCSS bearings, whereas NL-CM pads in the SCSS bearings. 

The coefficient of friction of the three materials material was characterised in small scale tests 

conducted at the laboratory of Politecnico di Milano in accordance with the experimental procedure 

described elsewhere [25]. The material specimens were tested under the application of a constant 

pressure of either 7.10 MPa (L-TF and L-CM materials) or 3.98 MPa (NL-CM material), 

corresponding to the actual load acting on the pads when installed the CSS bearings due to the 

weight of the mock-up. The experimental data obtained in the tests were curve-fitted in accordance 

with Equation (8), providing the values of the µslow , µfast and α parameters reported in Table 2. 

 

Table 2. Parameters of the friction law of the pad materials and relevant test pressure p (ambient temperature, velocity 

range: 1 to 200 mm/s). 

Material pressure, MPa µslow µhigh α , s/mm 

L-TF 7.10 0.008 0.039 0.003 

L-CM 7.10 0.022 0.100 0.002 

NL-CM 3.98 0.032 0.265 0.002 
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Figure 4. Geometrical parameters of Double Curved Surface Slider (DCSS) prototype (a), and Single Curved Surface 

Slider (SCSS) prototype (b) 

Characterization of the isolation system 

Preliminary to the seismic tests, the dynamic properties of the isolation system were characterized 

by means of sine sweep excitation tests conducted on the isolated mock-up. A displacement 

amplitude of 50 mm was imposed to the table motion with frequency varying from 0.25 to 1.5 Hz 

with an incremental step of 0.05 Hz. Three displacement cycles at every frequency level were carried 

out. Table 3 reports for the different configurations the fundamental frequency fiso of the base 

isolated structure obtained by Fast Fourier Transforms (FFTs) of the roof acceleration signals, the 

corresponding fundamental period Tiso, and the properties of the isolation system at fiso. 
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Table 3. Fundamental properties of the isolation system and corresponding dynamic properties. 

Bearing model Sliding pad fiso, Hz Tiso , s ξeq, – F0 , kN KP, kN/m 

DCSS L-TF 0.55 1.82 28.5 0.603 13.54 

DCSS L-CM 1.06 0.94 54.2 1.608 13.54 

SCSS NL-CM 1.16 0.86 55.8 2.412 13.41 

 

Ground motion records 

Seven independent ground motion records consistent with the current Italian Building Code [35] 

were selected from the European Strong-motion Database [36] using REXEL v3.4 beta software 

[37]. The selected horizontal acceleration histories are in compliance with the assumed code for the 

life safety limit state of a strategic structure (functional class IV) located in Naples, Italy (14.2767° 

longitude, 40.863° latitude) on soil type A (stiff soil or rock) with a nominal life of 100 years 

(corresponding  to a 1898-year return period according to the code). Only events in the magnitude 

(Mw) interval [5.3, 7.3] and with an epicentral distance (R) interval [0-80 km] were considered, 

which reflects the hazard disaggregation for the spectral acceleration Sa(T) for the period of interest 

in the nonlinear structural behaviour. This selection is representative of regions in Italy with a 

moderate to high seismic risk. The selected waveforms were compressed in time by a factor of √3 to 

satisfy the similitude requirements and scaled to the Peak Ground Acceleration (PGA) level of 0.259 

g, which corresponds to the PGA value of the site according to the code assuming a topographic 

category T1. Scale Factors (SFs) of the acceleration time histories ranged from 0.73 to 1.43. The 

selected ground motions are listed in Table 4 and the scaled 5% damped elastic spectra are illustrated 

in Figure 5. 
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Figure 5. Scaled ground motion spectra and target spectrum according to Italian Building Code (ST = 1/1/√3 ; SFmean 

= 1.1981) 
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Table 4. Selected ground motions and details. 

        scaled earthquake 

Record  Waveform ID Station ID Date, dd/mm/yy SF Mw R, km PGA, m/s2 PGV, cm/s PGD, cm 

Bingol  (BIN) 7142ya ST539 01/05/2003 0.87 6.3 14 2.55 18.29 3.25 

Friuli  (FRI) 55xa ST20 06/05/1976 0.72 6.5 23 2.55 15.25 9.29 

Montenegro  (MON) 200ya ST68 15/04/1979 1.01 6.9 65 2.55 12.87 9.60 

Etolia  (ETO) 428ya ST169 18/05/1988 1.47 5.3 23 2.55 12.46 6.06 

Lazio Abruzzo  (LAZ) 372ya ST274 07/05/1984 2.06 5.9 68 2.55 15.02 6.80 

Campano Lucano  (CAM) 290ya ST96 23/11/1980 0.80 6.9 32 2.55 44.10 16.20 

Campano Lucano  (CAT) 287ya ST93 23/11/1980 1.43 6.9 23 2.55 43.90 14.00 

mean    
 

1.19 6.4 35    
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Shake table tests 

Two protocols were performed within the present investigation. 

The first, or “single event”, experimental protocol aimed at verifying the restoring capability of 

the isolation system comprised of low dissipation Curved Surface Sliders. The mock-up was isolated 

with four CSS bearings with L-TF pads and subjected to the series of the seven one-directional 

ground motion records listed in Table 5. Each record was run once. The isolators were centred at the 

beginning of the series and if necessary in case of substantial residual displacement. Because of the 

huge displacements (restrained by the safety blocks) produced by the 290ya waveform, the record 

was scaled to 50% of the reference PGA. 

The second, or “motion sequence”, experimental protocol aimed at investigating the accrual of 

displacements due to an initial offset. The protocol was performed on the three configurations of the 

isolation system assessed in the characterization tests (Table 3). The detail of the ground motion 

sequences is given in Table 5: the BIN (7142ya), the CAT (287ya), and the FRI (55xa) records were 

run three to five times each; the CAM (290ya) record was run five times only for the configuration 

with high friction NL-CM pads. The isolators were in undeformed configuration before the 

beginning of the sequences. The possible residual displacement at the end of each run of ground 

motion was not removed, but remained as the initial offset at the beginning of the next run. 

Assuming that the input energy was identical in each run of the same ground motion record, the 

dependence of the maximum displacement on the initial offset was appraised.  
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Table 5. Test sequence of ground motions: order of events and number of runs 

Ground motion Sliding pad 

record L-TF L-CM NL-CM 

BIN 3 5 5 

CAT 3 5 5 

FRI 3 3 5 

CAM =  =  5 

 

The response of the isolated structure was assessed in terms of relative displacements respect to 

the shake table and of absolute accelerations. The relative displacements were obtained by 

subtracting the shake table motion from the absolute displacements measured by the laser sensors 

fixed to the external frame. At each floor, the displacement of the structure in the direction of motion 

was calculated by averaging the displacements measured at two corners, see Figure 3(b). Absolute 

accelerations were directly measured by the accelerometers. 

As an example, Figure 6 illustrates the time histories of the ground acceleration measured by the 

accelerometer on the shake table and the mock-up displacement at the base level during a run of the 

CAT (287ya) ground motion record for the three CSS configurations. The effect of the coefficient of 

friction in limiting the structure displacements through the mechanism of energy dissipation but at 

the same time reducing the re-centring capability is evident: the residual displacement is insignificant 

with low friction sliders (L-TF pads), small with medium friction sliders (L-CM pads) whereas it is a 

significant amount of the maximum displacement with high friction sliders (NL-CM pads). 
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Figure 6. Time histories of shake table acceleration and structure base displacement during a run of CAT (287ya) 

ground motion record 
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Results 

The results are analysed accounting for the following quantities: the peak displacements db+, db- of 

the structure at the isolation base level in either direction of motion, the maximum displacement dmax 

= max (db+, │db-│), the residual displacement dr, and the peak absolute acceleration (amax) at the top 

floor of the structure.db+ , db+ and dr are in Figure 6. 

The results of the “single event” protocol are shown in Figure 7. Assuming the largest maximum 

displacement over the seven ground motions (dmax = 88.7 mm, CAT record) as the design 

displacement dcd of the isolation system, for the CSS configuration with L-TF pads the ratio dcd/d0 

results equal to 7.38 (µslow = 0.008 as given in Table 2). The residual displacement after a single 

earthquake becomes smaller with the increasing of the maximum displacement dmax, and the largest 

residual over the seven independent ground motions (3.5 mm, CAM record) is less than 4% of the 

assumed dcd. 

 

Figure 7. Maximum and residual absolute displacements of the CSS isolation system with low friction (L-TF) pads 

over seven spectrum-compliant ground motions. 
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For the analysis of the results of the “motion sequence” protocol,  the design displacement dcd of 

the isolation system was assumed as the displacement recorded at the first run of the 287ya (CAT) 

ground motion. As shown in Table 6, the code requirement dcd /d0 > 0.5 [17] was always fulfilled 

(relevant level of µslow as given in Table 2). 

 

Table 6. Evaluation of the re-centring capability of the CSS isolation system according to the Eurocode 8 depending 

on the friction coefficient of the sliders 

sliding pad dcd, mm d0, mm dcd/d0 

L-TF 87.7 11.9 7.38 

L-CM 61.3 32.7 1.88 

NL-CM 41.2 48.0 0.86 

 

Peak and residual displacement time-histories of the test sequences are illustrated in Figure 8, 

which reports, for every run of ground motion, the peak displacements db+, db-, the initial offset di 

and the residual displacement dr (the initial offset at the beginning of the next run). 

The accrual of residual displacements is not significant for the CSS system with L-TF pads 

(Figure 8(a)). 

Enough re-centring capability is shown also by the Curved Surface Sliders with L-CM pads 

(Figure 8(b)). The small offset at the beginning of the sequence of CAT ground motion remains 

unchanged during the whole sequence. The offset at the beginning of the FRI sequence is 

progressively recovered during three runs of the ground motion, with a corresponding decrease of the 

maximum displacement in each run. 

On the contrary, insufficient re-centring capability is demonstrated by the CSS system with NL-

CM pads under the CAM and CAT sequences (only the displacement time-histories during the first 

sequence are reported due to similar trends), as reflected by the displacement growth (Figure 8(c)). 
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At the end of the first run of ground motion a residual deformation occurs, which further increases at 

the end of the second and of the third run. The same behaviour is reflected by the maximum 

displacement of the system; however, the displacement build-up seems to end after the third run 

(Figure 9(a)). On the contrary, at the end of each run of the FRI ground motion sequence the system 

progressively returns towards its origin (Figure 9(b)) involving a decrease in the displacement 

amplitude; this behaviour is justified by Equation (10) as ∆di and dmax have opposite signs. 
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Figure 8. Peak displacement in either direction of motion (db+, db-) and residual displacement (dr) depending on the 

initial offset (di) during sequences of identical ground motion records: CSS system with L-TF pads (a), L-CM pads (b), 

and NL-CM pads (c). 

 

 

Finally, Figure 10 shows the acceleration amplification factor, i.e. the ratio of the peak 

acceleration at the top floor of the structure to the peak ground acceleration. The largest accelerations 

occur for the isolators with high friction NL-CM pads, but remain nearly constant throughout each 

ground motion sequence, notwithstanding either the growth or decrease of permanent deformation. 

At least for the considered ground motion time histories, the acceleration amplification is not 

sensitive to the initial eccentricity of the isolation system, nor to the displacement accrual, and this 

result seems to be independent on the re-centring capability of the isolators. 
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Figure 9. Influence of the ground motion details on the accrual of maximum and residual displacement: displacements 

build up when the maximum displacement occurs in the same direction of the offset (a); re-centring occurs when the 

maximum absolute displacement occurs in the opposite direction (b)  

 
 
 

 

Figure 10. Acceleration amplification at the top floor of the structure 
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DISCUSSION 

Studies on the re-centring capability of bilinear hysteretic systems had been performed in the past 

[3], under the implicit assumption that the properties of the system do not change during the seismic 

event. Similar analyses were the basis for the re-centring criteria formulated in current codes [17]. It 

is therefore an argument whether or not the codes’ provisions are valid for the Curved Surface Slider, 

because of the variability of the coefficient of friction during operation depending on the axial load, 

the velocity and the temperature. 

To comply with the available testing facility, the present study was conducted on a one-third 

scaled structural mock-up of about 8000 kg mass, under the application of uni-directional ground 

motion time histories. The isolating devices were scaled to respect the geometric similitude 

requirements, but due to the strong nonlinearities introduced by friction, it is questionable how much 

the response of the scaled prototypes reflects the behaviour of real-scale isolators [38]. The uni-

directional excitation represents another important simplification since, during the earthquake, 

isolation devices are in general subjected to the effect of general three-dimensional acceleration time 

histories. Biaxial tests performed on sliding isolators with curved surfaces [39, 40] proved the non-

negligible effects of the two horizontal components of motion that increase the heating of the sliding 

surfaces, leading to lower friction and consequently damping. These latter effects are expected to 

foster the re-centring of the devices, because result in increased displacement amplitude dmax and 

smaller value of d0. Intuitively, also the vertical excitation of earthquakes should affect the horizontal 

response of a structure isolated with curved surface sliders since the horizontal force is proportional 

to the instantaneous vertical force. However, the experimental evidence seems to confirm that the 

coupling phenomenon between horizontal and vertical excitation can influence the horizontal 

response of the isolated structure in terms of shear forces, whereas it has little influence on the 

horizontal displacement [41-44]. 

Page 30 of 78

Structural Control and Health Monitoring

http://mc.manuscriptcentral.com/stc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

31 

The investigation presented in the study, though affected by the above limitations, has is the merit 

of being, to the knowledge of the authors, one of the first experimental studies addressing the effect 

of the coefficient of friction on the restoring capability of Curved Surface Sliders and the possible 

displacement accrual under a sequence of shakes. 

The shake table tests point to the fact that also for the CSS system the re-centring capability 

improves as the parameter dcd/d0 increases, but the provision δ = 0.5 recommended by the code [17] 

seems to be not conservative for isolators with high friction materials, as the friction force can 

effectively contrast the re-centring action: 

(a) The CSS isolation system with either low or medium friction coefficient demonstrated inherent 

re-centring capability, with small residual displacements in comparison to the design level (dr/dcd 

less than 0.04 and less than 0.10 respectively), and a not significant increase in the maximum 

deformation regardless of the initial eccentricity ∆di; this result is in agreement with the re-

centring criterion of the Eurocode 8 based on the requirement dcd/d0 ≥ 0.5; 

(b) The CSS isolation system with high friction, though meeting the code requirement (dcd/d0 = 

0.86), demonstrated  an insufficient restoring behaviour: the permanent displacement can be an 

important part of the design displacement, possibly affecting the entity of the maximum 

displacement in a future event: e.g. at the end of the CAT ground motion sequence the permanent 

displacement was more than 50% of the maximum displacement (dr = 0.56 dcd), and the 

displacement amplitude increase of about 40% respect to the value at the first shacking . 

Though the number of CSS configurations (only one effective radius Rb was investigated) and 

ground motion time histories considered in the study is very limited and a generalization of the 

results to different situations cannot be made, some considerations can be drawn. First, the build-up 

of residual displacements always ended even in the unfavourable event in which the residual 

displacement of each earthquake was additive to the accumulated residual displacement of the 

previous earthquakes. Second, the peak displacement in either direction of motion, and hence the 
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maximum displacement dmax during the earthquake, is influenced by the initial eccentricity di. An 

offset from the origin ∆di produces variations ∆db+ and ∆db- that have the same sign of ∆di so that 

the displacement time history of the isolation system is shifted in the same direction of the 

eccentricity, and the larger ∆di, the larger ∆dmax; this is illustrated in Figure 9 and is in agreement 

with Equation (10). Nevertheless, in some situations the ground motion may have a restoring effect 

and tends to re-centre the isolation system (e.g. Figure 9(b)). In section 2 it was explained that this is 

likely to occur especially for low intensity earthquakes owing to the contribution of the restoring 

force KP · ∆di , always directed towards the origin, to the resisting force at breakaway. This confirms 

that the re-centring capability does not depend on the mechanical characteristics of the isolation 

system alone, but also on the details of the seismic waveform. 

According to the codes, the displacement demand is calculated based on the single occurrence of 

the design earthquake, and without consideration of any initial offset. For Curved Surface Sliders 

with good re-centring capability the displacement demand does not change significantly even in the 

event of a seismic sequence comprising pre-shocks or aftershocks. But for systems with low self-

centring capability large residual displacement can occur under this circumstance and possibly 

jeopardize the displacement capacity of the device if the likelihood of displacement accrual was not 

adequately accounted for during their design. 

It is worth noting that some practical issues have to be considered which require a more prudential 

estimate of the re-centring capability. First, the coefficient of friction tends to increase with wear and 

contamination of the sliding surfaces, like e.g. in case of inadequate protection from dust, and 

consequently the re-centring capability must reasonably be expected to decrease during the lifetime 

of CSSs. Also the “stick slip” phenomenon can lead to a dramatic decrease in the restoring behaviour 

of the friction devices. Eventually, the presence of an internal articulation in the curved surface slider 

that allows independent movement of the sliding surfaces from each other can make unpredictable 

the restoring behaviour of the system. The tests presented in the study were performed on prototypes 
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with only two pairs of curved sliding surfaces and a rigid slider, so due to kinematic constraints the 

two surfaces slide at the same time. Sliders with more than two pairs of sliding surfaces and/or an 

internal articulation can exhibit delays in either the beginning or stop of sliding of one the sliding 

surfaces, due e.g. to differences in the coefficient of friction at either surface. It is therefore proposed 

that a more conservative figure for the criterion dcd/d0 should be adopted for Curved Surface Slider 

isolators. 

Though beyond the scope of the paper, it has to be remarked that the final evaluation of the re-

centring capability of current Curved Surface Sliders shall be performed in shake table tests on a 

building at the real scale, with real scale isolators and under the application of three dimensional 

excitations (along the two horizontal and the vertical directions) and possibly full scale real ground 

motion records. To the knowledge of the authors, the largest shake table is available at the Hyogo 

Earthquake Engineering Research Centre, otherwise known as E-Defense, of the National Research 

Institute of Earth Science and Disaster Prevention [45, 46]. The shake table has a payload of 12 MN 

and was used to perform tests on a full-scale 2 × 2 bay, 5-story moment frame building with 

dimensions 10 × 12 × 16 mm (width × length × height) isolated with triple friction pendulum 

bearings [41]. 
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Conclusions 

The re-centring capability of three isolation systems comprised of Curved Surface Sliders with 

same restoring stiffness but differing for the coefficient of friction was assessed in shake table tests 

on a scaled model of a building frame. The results of the tests can be summarized in the next points: 

(1) the parameter dcd/d0 seems to govern the re-centring capability of the CSS system in accordance 

with the provisions stipulated in the Eurocode 8 [17]; however the criterion dcd/d0 ≥ 0.5 appears 

to be not conservative, especially for high friction isolators;  

(2) since dcd includes the effects of seismic excitation, the re-centring capability of the Curved 

Surface Slider depends on the ground motion characteristics, resulting generally better for 

earthquakes promoting larger maximum displacements; 

(3) an initial offset of the isolation system affects the maximum displacement occurring during the 

earthquake, but the effect is lower for systems with good re-centring capability; the quantities ∆di 

(initial eccentricity or offset of the system) and ∆dmax (variation of maximum seismic 

displacement consequent to the offset) have the same sign and are related through the parameter 

dcd/d0 ; 

(4) depending on the characteristics of the waveform, the ground motion may either produce an 

accrual of displacement, or have a restoring effect on a displaced system, reducing the 

eccentricity at the end of the shaking; 

(5) a conservative estimation of the displacement capacity of isolation systems with high friction is 

highly recommended, since when the design displacement is close to the displacement capacity 

of the isolators, a not negligible residual displacement may jeopardize the displacement capacity 

of the isolation system considering the occurrence of possible aftershocks and future earthquakes. 

Though not directly investigated, attention was also addressed to the fact that the wear and 

contamination of the sliding surfaces, the use of sliding materials with “stick-slip” behaviour, and the 

possible delays at the beginning of motion between the sliding surfaces, which are not predictable at 
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the design stage, can possibly adversely affect the restoring capability of the Curved Surface Slider, 

requiring a more conservative re-centring criterion than recommended in the code. 

Due to the small number of waveforms considered in the study, the influence of the ground 

motion characteristics was not investigated in detail, and the conclusions cannot be generalized. 

Nevertheless the study is of some value in that it is among the first experimental works addressing 

the influence of the coefficient of friction and the possible effect of a permanent deformation on the 

displacement accrual, and provides some pieces of factual information on the re-centring behaviour 

of curved surface sliding isolation systems which can be the basis for the development of more 

refined theoretical models. 
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ABSTRACT 

The re-centring capability is recognized as a fundamental function of the isolation system, since it 

is intended to prevent substantial permanent deformation at the end of the earthquake that may affect 

the serviceability of the structure and eventually limit the capability of the isolators to withstand 

aftershocks and future earthquakes. In this study the re-centring behaviour of isolation systems 

comprised of sliding bearings with curved surfaces is investigated in shake table tests carried out on 

a one-story steel frame with rectangular plan, scaled at one third-length scale and isolated with four 

bearings. The coefficient of friction of the bearings is varied by changing the material or lubrication 

condition of the pads, providing different equivalent damping ratios to the isolation system. The 

response of the base isolated structure to selected natural ground motion waveforms is assessed in 

terms of the residual displacement after a single event and the accrual of displacements during a 

sequence of quakes, and considerations on the influence of the coefficient of friction on the re-

centring behaviour, as well as on the effect of an initial displacement offset are drawn. The re-

centring provision of the current European design code is eventually checked against the 

experimental data. 

 

Keywords: base isolation; curved surface sliders; re-centring capability; shake-table test; 

displacement accrual; residual displacement 

Page 41 of 78

Structural Control and Health Monitoring

http://mc.manuscriptcentral.com/stc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

3 

INTRODUCTION 

Base isolation is a modern strategy for seismic protection based on the provision of the 

construction with a set of bearings that decouple the motion of the superstructure from the motion of 

the ground. The bearings are aimed at modifying the response of the superstructure by lengthening 

its fundamental period, which reduces forces but increases displacements, and by increasing 

damping, which reduces displacements and may reduce forces. 

A fundamental function of the base isolation system is recognized to be the ability to return 

towards the origin at the end of ground motions or tremors, or self re-centring [1-3]. This function is 

associated with the prevention of large residual displacement after the earthquake, which may affect 

the serviceability of the structure and jeopardize the functionality of elements crossing the isolation 

plane (like fire protection and weather proofing elements, egress/entrance details, elevators, joints of 

primary piping systems etc.), and eventually limit the capability of the isolation system to withstand 

aftershocks and future earthquakes [4]. There is significant field evidence of seismic sequences 

characterized by frequent medium-strong intensity ground motions following a strong mainshock 

after short intervals of time [5-10]. Since it may not be possible to re-center the system before close 

aftershocks, ground motion sequences with such characteristics would entail an accrual of 

displacements, and the deformation capacity of the isolation system designed based on a single 

earthquake possibly become inadequate. 

In the past, structural engineers did not pay much attention to the re-centring capability of seismic 

isolators, and the first studies focused on the residual displacements of generic low-ductility 

nonlinear SDOF systems [11-14]. This was probably a consequence of the fact that the first seismic 

isolators were conventional laminated rubber bearings that were endowed with an inherent self-

centring capability associated with the elastic restoring force developed in the rubber layers 

subjected to shear deformation [15-16]. However in the recent years, with the introduction in the 

market of new isolation devices with characterized by high energy dissipation capacity like lead 
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rubber bearings, sliding isolators with steel hysteretic elements, friction bearings, etc., the problem of 

limiting residual displacements turned out of primary interest. Criteria for evaluating the re-centring 

capability of the isolation system have been provided in modern seismic codes. According to the 

European code, or Eurocode 8 [17], this capability is available in one horizontal direction when the 

system has small residual displacements in relation to its displacement capacity, and the requirement 

is considered satisfied when the condition is met: 

δ≥
0d

dcd

      (1) 

where dcd is the design displacement of the isolation system in the examined direction, d0 is the 

“maximum static residual displacement” for which the isolation system can be in static equilibrium 

in the considered direction, i.e. the residual displacement under which the static equilibrium is 

reached at unloading from dcd under quasi-static conditions (Figure 1), and δ is a numeric coefficient, 

whose recommended value is 0.5. 

 

 

Figure 1. Equivalent bilinear hysteretic model of the isolation system for the evaluation of the re-centring capability 

 

The validity of this criterion for isolation systems with the typical bilinear hysteretic behaviour 

shown in Figure 1 was assessed in a parametric study [3], analysing 150 different combinations of 
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system parameters and 122 natural ground motions. Systems with dcd/d0 ≥ 0.5 demonstrated small 

residual displacements compared with the maximum displacement induced by the ground motion, 

and insignificant accumulation of residual displacements at the end of a sequence of earthquakes. 

Similarly, an experimental study on isolation systems for bridges comprised of flat sliding bearings, 

rubber devices and fluid dampers [15] showed that the  a strong re-centring capability is provided 

when the ratio of the characteristic strength F0 to the peak restoring force at the maximum 

displacement dmax, i.e. KP dmax , is less than or equal to 3, which corresponds to dmax/d0 ≥ 0.3 (F0 and 

KP defined as in Figure 1). 

The European design code requires that systems that do not satisfy the re-centring provision of 

Equation (1), have anyway sufficient displacement capacity to accommodate, with adequate 

reliability, the accrual of residual displacements during the service life of the structure. To account 

for the possible displacement build-up of residual displacements under a sequence of earthquake 

events occurring before the design earthquake, considered to have a collective probability equal to 

the probability of the design earthquake.  The the displacement demand must be increased by a factor  

( )
( ) 51

0

60

 801

1
3511

.

cd

.

cdy

d
dd

dd
.

+

−
+=ρ       (2) 

where dy is the yield displacement (see Figure 1) of the equivalent bilinear system. For systems with 

dcd/d0 > 0.5, ρd < 1.05 and the effect of the accumulation of residual displacements is insignificant. 

A second re-centring criterion, based on energy concepts, is provided in the European standard on 

antiseismic devices EN 15129 [18]: the system has sufficient re-centring capability when the relation 

is met 

HS E.E 250≥       (3) 

where ES is the reversibly stored elastic energy and EH is the energy dissipated in hysteretic 

deformation when the isolation system moves from its origin to the position of maximum 
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displacement. It can be easily demonstrated that for bilinear hysteretic systems the provision of 

Equation (3) is identical to Equation (1) where δ = 0.5. 

Among the most popular antiseismic hardware today there is the Curved Surface Slider (CSS), 

which was firstly introduced in North America in the second part of the ‘90s in the version called the 

Friction Pendulum System®, or FPS® [19-21], and whose wide use is in progress in Europe and 

worldwide after the expiry of patent rights in 2005. The Curved Surface Slider is based on the 

principle of accommodating the horizontal displacement of the structure by means of one of more 

pair(s) of curved sliding surfaces, which provide a restoring force due to the effect of the curvature 

and dissipate seismic energy through friction forces developed during sliding. Energy dissipation and 

self-centring capability are two antithetic functions, as friction forces can act away from the origin 

contrasting the effect of the restoring force [1], and a potential issue that has come recently under 

attention is the occurrence of large residual displacements when materials with high levels of friction 

are used in the sliding surfaces. This concern is further of particular importance when the sliding 

material exhibits the so-called “stick-slip” phenomenon, i.e. a continuous transition from the sliding 

phase to the sticking phase and vice versa occurring at slow velocities [22]: in the sticking phase the 

coefficient of friction rises from its dynamic (or kinetic) level to the static level hence increasing the 

resistance to the re-centring motion of the isolating system. 

In the light of these considerations, it is therefore questionable whether the re-centring criterion of 

the Eurocode 8 is valid for Curved Surface Sliders. The criterion was indeed formulated under the 

assumption that the mechanical properties of the isolation system, lumped in the parameter d0 in 

Equation (1), are constant. This is in general not true for the CSS, as the coefficient of friction is 

noted to be dependent on a number of factors among which there are the axial load, the velocity of 

sliding and the temperature [23-27]. Research addressing the  re-centring capability of Curved 

Surface Sliders is very recent, and definite results have not yet been achieved. A parametric study 

[28]pointed that the code’s provision seems to be not conservative and sliding isolators with curved 
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surfaces experience negligible residual displacements only when dcd/d0 is larger than 2.5. Also the 

experimental knowledge is little. Shake table tests on a 3-story seismically isolated structure 

equipped with triple friction pendulum isolators and simulating sequences of low-to-moderate and 

high amplitude seismic ground motions, concluded that depending on the sequence details, the 

isolation system may either accumulate or recover residual displacements [29]. 

The evaluation of the self-centring capability of the Curved Surface Slider is of primary 

importance since it can significantly affect the design of the isolation system, as well as of the 

isolated structure that must be designed to accommodate the residual displacements. The present 

study aims at giving an insight into the matter, providing the results of an experimental investigation 

conducted within the framework of the Task 6 “Isolation and Dissipation” of the Italian RELUIS 

(National Network of Laboratories of Seismic Engineering) Project 2010-2013. The two main goals 

are: (1) to evaluate the re-centring capability of curved surface sliders comparing devices with 

different coefficient of friction, and (2) to assess the influence of permanent displacements on the 

amplitude of the seismically induced motion and the possible accrual of displacements. 
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Theoretical considerations 

The force – displacement behaviour of the Curved Surface Slider is conventionally described [30] 

in accordance with the bilinear hysteretic model illustrated in Figure 1, where F0 is the characteristic 

strength and KP is the restoring stiffness of the isolator. Both properties depend on the characteristics 

of the curved surfaces according to the relations F0 = µd · N and KP = N/Rb where N is the vertical 

load acting through the bearing, µd is the dynamic coefficient of friction, and Rb is the effective 

radius of curvature [30]. For the Curved Surface Slider the yield displacement dy is usually negligible 

and can be assumed to be zero [17]. The horizontal reaction force F of the isolator at a displacement 

d is therefore given by:  

( ) dKdsignFF P ⋅+⋅= &
0       (4) 

where ( )dsign &  is the sign of the velocity vector. 

The static equilibrium between the restoring force KP · d that always acts towards the origin, and 

the friction force µd · N that contrasts the motion is attained at the displacement d0  

bd

P

R
K

F
d ⋅µ== 0

0       (5) 

which represents the upper bound to the actual residual displacement dr at the end of the motion and 

is independent on the displacement capacity of the isolator. Assuming for simplicity that the motion 

of the bearing is symmetric with respect to the origin, with amplitude equal to dcd, then the effective 

damping can be expressed as  

cdcd

bd
b

d

d

d

R 022
⋅

π
=

⋅µ
⋅

π
=ξ       (6) 

Equation (6) confirms that increasing the energy dissipation capacity of the bearing entails a 

corresponding decrease in the re-centring capability expressed by the ratio dcd/d0.   

For the Curved Surface Slider the provisions (1) and (3) can be reformulated as [31] 
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50.
R

d

bd

cd ≥
⋅µ       (7) 

The dependency of the coefficient of friction on the sliding velocity has a fundamental importance 

in the response of the isolation system during the earthquake ground motion. According to a widely 

recognized model [23], this dependency is expressed through the exponential law 

( ) ( )Vexpslowfastfastd ⋅α−⋅µ−µ−µ=µ    (8) 

where µslow and µfast are the levels of the friction coefficient at low and fast velocities, respectively, V 

is the sliding velocity and α is a rate parameter, with dimensions of the inverse of velocity, which 

depends on axial load and air temperature [24]. The coefficient of friction increases more than 

linearly with increasing the velocity, and the value of µfast is important in determining the maximum 

displacement of the isolation system that is achieved during the strong motion stage of the 

earthquake when the system absorbs energy. On the contrary, a lower level of friction governs the 

response of the system during the coda stage of the earthquake, when the seismic energy input can be 

considered as insignificant. Therefore, it is reasonable to assume the value µd = µslow in Equation (5) 

wherein the force equilibrium under quasi-static condition is considered: 

bslow Rd ⋅µ=0       (9) 

A possible outcome of an insufficient re-centring capability is the increase in residual and maximum 

displacements for ground motions with directivity effects, like near-fault earthquakes, where the 

most of the energy is introduced in the system by a single pulse [2; 32]. For ground motions with 

such characteristic, the effect of a displacement offset is now examined using energy concepts. The 

movement of the isolation system from its origin to the maximum displacement dmax is represented in 

Figure 2 as a solid line (branch OAB). Assume now that at the beginning of the earthquake the 

system is affected by the eccentricity ∆di = OO’, which could be due to e.g. the residual 

displacement at the end of a preshock. The offset leads to a corresponding change ∆dmax in the 

maximum displacement (branch O’A’B’). As the energy induced by the earthquake is the same for 

Page 48 of 78

Structural Control and Health Monitoring

http://mc.manuscriptcentral.com/stc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

10 

the two examined branches, the law of conservation of energy requires the two shaded areas E1 and 

E2 to be equal. This implies that the two quantities ∆di and ∆dmax have the same sign and the relation 

between them is provided by simple geometrical calculations [3] 

i
max

max d

d

d
d ∆

+

=∆

0

1

1     (10) 

In Equation (10) the sign of ∆di (and consequently of ∆dmax) is positive when the offset is in the same 

direction along which the maximum displacement dmax occurs, and negative otherwise (Figures 2(a) 

and 2(b) respectively). The displacement accrual depends on both the properties of the isolators, 

expressed by the parameter d0, and the details of the ground motion, which affect the magnitude and 

the direction of the peak displacement dmax. As evident from Equation (10), the influence of the 

offset is expected to be lower for strong earthquakes producing larger motions than for weak 

earthquakes. 

However, it has to be noted that a decrease of the maximum displacement may be also possible. 

When the isolation is in its origin (position O), the inertial force produced by the ground acceleration 

must overcome the characteristic strength F0 before the system is displaced, and owing to the 

symmetry of the loop (points A and E in Figure 2(a)), the motion has the same likelihood of starting 

in either direction. On the contrary,  when the offset ∆di is present, the breakaway resistance is no 

longer symmetric since the restoring force is always directed towards the origin: the resisting force is 

(in its absolute value) equal to F0 + KP · ∆di for motion in the positive direction of the displacement 

axis (point A’), and equal to F0 – KP · ∆di (point E’) for motion in the opposite direction. Hence, a 

lower magnitude of ground acceleration will be enough to initiate the motion in the direction 

opposite to the offset than in the same direction, which entails a decrease in dmax according to 

Equation (10). Similar conclusions apply to the situation of Figure 2(b), with consideration of the 

different sign. 
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In the above considerations, the dependency of the coefficient of friction on the axial load and on the 

temperature of the sliding surfaces was not accounted for. In practice, the axial load acting on the 

individual bearings can undergo considerable variations during the earthquake due to the rocking of 

the superstructure and the vertical ground excitation, and heating of the sliding surfaces occurs as 

well following the huge dissipation of seismic energy by means of friction. All these effects 

contribute to changes in the actual coefficient of friction of the CSS surfaces in addition to the effect 

of velocity. Though the rigorous conclusion were that the classic bilinear model is not representative 

of the actual behaviour of the Curved Surface Slider under seismic excitation, it is of practical 

interest to verify whether the conclusions drawn for the simple bilinear systems are still applicable, at 

some extent, to describe the basic features of the re-centring behaviour of CSS systems. 

(a) 

(b) 

E2 
E1 

E2 
E1 
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Figure 2. Influence of the initial offset ∆di on the maximum displacement dmax : ∆di > 0 and ∆dmax > 0 (a) ; ∆di < 0 and 

∆dmax < 0 (b)  
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MATERIALS AND METHODS 

Experimental set-up 

The investigation was performed at the laboratory of the Department of Structures for 

Engineering and Architecture at the University “Federico II” of Naples, Italy.  The testing facility 

was a 3×3 m biaxial shake table, with maximum payload of 200 kN, frequency range of 0–50 Hz, 

acceleration peak equal to 1 g, velocity peak equal to 1 m/s and total displacement capacity of 500 

mm. 

The mock-up consisted of a four columns, one story steel frame with a rectangular plant of 

2.65×2.15 m span and 2.90 m total height (Figure 3), which could be assumed as representative of a 

building at one third-length scale. Details of the mock-up can be found elsewhere [33]. Each floor 

contained additional concrete blocks / slabs to provide a total mass of 8200 tons. The base level has a 

mass of 3.26 tons, whereas the top floor had a mass of 4.94 tons. 

The mock-up was supported by four bearings bolted to the base frame in correspondence of the 

columns. Owing to the symmetry of the structure, each isolator carried a quarter of the total weight. 

In order to prevent the structure from dropping off the shake table in case of excessive movements, 

safety constraints limited the relative displacements to ±125 mm. 
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  (a) 

  (b) 

Figure 3. Test set-up: view of the structure mock-up on the shake table (a); and cabinet projection of the mock-up and 

the instrumentation set-up (b). 

 

 

The scale factors of the structural model are summarized in Table 1. The fundamental frequency 

of the fixed-base model is 2.5 Hz (i.e. a period T = 0.4 s), which corresponds to a period of the full-

scale structure of 0.7 s, common for seven-story buildings. The damping for the fundamental mode is 

0.6%, similar to the majority of steel frames in the elastic range with no additional sources of energy 

dissipation. 
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In the experiments, unidirectional acceleration time histories were imposed to the shake table 

along the direction of maximum span of the mock-up. The absolute displacements of the mock up 

were monitored by six laser displacement sensors, model CP35MHT80 (Wenglor Sensoric GmbH, 

Germany), with ±150 mm capacity and 50 µm resolution; at each floor two transducers were used to 

measure the displacement in the direction of motion, whereas one transducer measured the 

displacement in the transverse direction for detecting any in-plane rotations. The absolute 

accelerations of the floor masses were measured by means of six triaxial accelerometers model 

356A17 (PCB Piezotronics Inc, NY), with ±10 g capacity, placed at the corners of structure, three at 

each floor. To complete the instrumentation layout, an additional laser transducer was used to 

measure the absolute displacement of the table in the direction of testing, and an accelerometer 

recorded the motion of the table to check the actual ground motion transmitted to the structure. 

Displacements and accelerations measured by the sensors were sampled at 500 Hz and filtered at 50 

Hz. The instrumentation set-up is illustrated in Figure 3(b). 
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Table 1. Summary of Scale Factors. 

Variable Dimension Scale Factor 

Linear Dimension Length 1/3 

Displacement Length 1/3 

Time Time 1/√3 

Mass Mass 1/9 

Velocity Length · Time-1 1/√3 

Acceleration Length·  Time-2 1 

Frequency Time-1 √3 

Force Mass·  Length · Time-2 1/9 

 

Curved Surface Sliders  

Curved Surface Slider prototypes were manufactured for the 1/3 scaled model according to two 

alternative designs depending on the displacement capacity but with same effective radius and 

restoring stiffness. The first design was a Double Curved Surface Slider (DCSS), Figure 4(a), with 

upper and lower concave backing plates having identical radii R1 = R2 = 770 mm, and a rigid slider 

with height h = 55 mm, providing an effective radius Rb = R1 + R2 – h = 1485 mm [34]; the 

displacement capacity was 260 mm. The second design was a Single Curved Surface Slider (SCSS), 

Figure 4(b), with radii R1 = 1270 mm and R2 = 300 mm, respectively, and a rigid slider with height   

h = 70 mm, providing an effective radius Rb = 1500 mm; the displacement capacity was 165 mm. 

Four SCSS bearings and four DCSS bearings were produced and assembled. The backing plates 

and the sliders of the bearings were made of S355 structural steel, with the concave sliding surfaces 

lined with a 2.5 mm thick stainless steel sheet. The sliding pads had a diameter of either 80 mm 

(SCSS bearing) or 60 mm (DCSS bearing) and a thickness of 6 mm. A rotation pad made of 
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lubricated PTFE was used in the spherical joint (curved surfaces with radius R2) of the SCSS 

bearings. 

Three different materials were used for the sliding pads: 

− standard PTFE (polytetrafluoroethylene) resing lubricated with silicon grease (L-TF); 

− composite material made of PTFE resin with metal fillers, lubricated with silicon grease (L-CM); 

− composite material made of PTFE resin with metal fillers, not lubricated (NL-CM). 

L-TF and L-CM pads were used in the DCSS bearings, whereas NL-CM pads in the SCSS bearings. 

The coefficient of friction of the three materials material was characterised in small scale tests 

conducted at the laboratory of Politecnico di Milano in accordance with the experimental procedure 

described elsewhere [25]. The material specimens were tested under the application of a constant 

pressure of either 7.10 MPa (L-TF and L-CM materials) or 3.98 MPa (NL-CM material), 

corresponding to the actual load acting on the pads when installed the CSS bearings due to the 

weight of the mock-up. The experimental data obtained in the tests were curve-fitted in accordance 

with Equation (8), providing the values of the µslow , µfast and α parameters reported in Table 2. 

 

Table 2. Parameters of the friction law of the pad materials and relevant test pressure p (ambient temperature, velocity 

range: 1 to 200 mm/s). 

Material pressure, MPa µslow µhigh α , s/mm 

L-TF 7.10 0.008 0.039 0.003 

L-CM 7.10 0.022 0.100 0.002 

NL-CM 3.98 0.032 0.265 0.002 
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Figure 4. Geometrical parameters of Double Curved Surface Slider (DCSS) prototype (a), and Single Curved Surface 

Slider (SCSS) prototype (b) 

Characterization of the isolation system 

Preliminary to the seismic tests, the dynamic properties of the isolation system were characterized 

by means of sine sweep excitation tests conducted on the isolated mock-up. A displacement 

amplitude of 50 mm was imposed to the table motion with frequency varying from 0.25 to 1.5 Hz 

with an incremental step of 0.05 Hz. Three displacement cycles at every frequency level were carried 

out. Table 3 reports for the different configurations the fundamental frequency fiso of the base 

isolated structure obtained by Fast Fourier Transforms (FFTs) of the roof acceleration signals, the 

corresponding fundamental period Tiso, and the properties of the isolation system at fiso. 
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Table 3. Fundamental properties of the isolation system and corresponding dynamic properties. 

Bearing model Sliding pad fiso, Hz Tiso , s ξeq, – F0 , kN KP, kN/m 

DCSS L-TF 0.55 1.82 28.5 0.603 13.54 

DCSS L-CM 1.06 0.94 54.2 1.608 13.54 

SCSS NL-CM 1.16 0.86 55.8 2.412 13.41 

 

Ground motion records 

Seven independent ground motion records consistent with the current Italian Building Code [35] 

were selected from the European Strong-motion Database [36] using REXEL v3.4 beta software 

[37]. The selected horizontal acceleration histories are in compliance with the assumed code for the 

life safety limit state of a strategic structure (functional class IV) located in Naples, Italy (14.2767° 

longitude, 40.863° latitude) on soil type A (stiff soil or rock) with a nominal life of 100 years 

(corresponding  to a 1898-year return period according to the code). Only events in the magnitude 

(Mw) interval [5.3, 7.3] and with an epicentral distance (R) interval [0-80 km] were considered, 

which reflects the hazard disaggregation for the spectral acceleration Sa(T) for the period of interest 

in the nonlinear structural behaviour. This selection is representative of regions in Italy with a 

moderate to high seismic risk. The selected waveforms were compressed in time by a factor of √3 to 

satisfy the similitude requirements and scaled to the Peak Ground Acceleration (PGA) level of 0.259 

g, which corresponds to the PGA value of the site according to the code assuming a topographic 

category T1. Scale Factors (SFs) of the acceleration time histories ranged from 0.73 to 1.43. The 

selected ground motions are listed in Table 4 and the scaled 5% damped elastic spectra are illustrated 

in Figure 5. 
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Figure 5. Scaled ground motion spectra and target spectrum according to Italian Building Code (ST = 1/1/√3 ; SFmean = 

1.1981) 
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Table 4. Selected ground motions and details. 

        scaled earthquake 

Record  Waveform ID Station ID Date, dd/mm/yy SF Mw R, km PGA, m/s2 PGV, cm/s PGD, cm 

Bingol  (BIN) 7142ya ST539 01/05/2003 0.87 6.3 14 2.55 18.29 3.25 

Friuli  (FRI) 55xa ST20 06/05/1976 0.72 6.5 23 2.55 15.25 9.29 

Montenegro  (MON) 200ya ST68 15/04/1979 1.01 6.9 65 2.55 12.87 9.60 

Etolia  (ETO) 428ya ST169 18/05/1988 1.47 5.3 23 2.55 12.46 6.06 

Lazio Abruzzo  (LAZ) 372ya ST274 07/05/1984 2.06 5.9 68 2.55 15.02 6.80 

Campano Lucano  (CAM) 290ya ST96 23/11/1980 0.80 6.9 32 2.55 44.10 16.20 

Campano Lucano  (CAT) 287ya ST93 23/11/1980 1.43 6.9 23 2.55 43.90 14.00 

mean    
 

1.19 6.4 35    

 

 

Page 60 of 78

Structural Control and Health Monitoring

http://mc.manuscriptcentral.com/stc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

22 

Shake table tests 

Two protocols were performed within the present investigation. 

The first, or “single event”, experimental protocol aimed at verifying the restoring capability of 

the isolation system comprised of low dissipation Curved Surface Sliders. The mock-up was isolated 

with four CSS bearings with L-TF pads and subjected to the series of the seven one-directional 

ground motion records listed in Table 5. Each record was run once. The isolators were centred at the 

beginning of the series and if necessary in case of substantial residual displacement. Because of the 

huge displacements (restrained by the safety blocks) produced by the 290ya waveform, the record 

was scaled to 50% of the reference PGA. 

The second, or “motion sequence”, experimental protocol aimed at investigating the accrual of 

displacements due to an initial offset. The protocol was performed on the three configurations of the 

isolation system assessed in the characterization tests (Table 3). The detail of the ground motion 

sequences is given in Table 5: the BIN (7142ya), the CAT (287ya), and the FRI (55xa) records were 

run three to five times each; the CAM (290ya) record was run five times only for the configuration 

with high friction NL-CM pads. The isolators were in undeformed configuration before the 

beginning of the sequences. The possible residual displacement at the end of each run of ground 

motion was not removed, but remained as the initial offset at the beginning of the next run. 

Assuming that the input energy was identical in each run of the same ground motion record, the 

dependence of the maximum displacement on the initial offset was appraised.  
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Table 5. Test sequence of ground motions: order of events and number of runs 

Ground motion Sliding pad 

record L-TF L-CM NL-CM 

BIN 3 5 5 

CAT 3 5 5 

FRI 3 3 5 

CAM =  =  5 

 

The response of the isolated structure was assessed in terms of relative displacements respect to 

the shake table and of absolute accelerations. The relative displacements were obtained by 

subtracting the shake table motion from the absolute displacements measured by the laser sensors 

fixed to the external frame. At each floor, the displacement of the structure in the direction of motion 

was calculated by averaging the displacements measured at two corners, see Figure 3(b). Absolute 

accelerations were directly measured by the accelerometers. 

As an example, Figure 6 illustrates the time histories of the ground acceleration measured by the 

accelerometer on the shake table and the mock-up displacement at the base level during a run of the 

CAT (287ya) ground motion record for the three CSS configurations. The effect of the coefficient of 

friction in limiting the structure displacements through the mechanism of energy dissipation but at 

the same time reducing the re-centring capability is evident: the residual displacement is insignificant 

with low friction sliders (L-TF pads), small with medium friction sliders (L-CM pads) whereas it is a 

significant amount of the maximum displacement with high friction sliders (NL-CM pads). 
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Figure 6. Time histories of shake table acceleration and structure base displacement during a run of CAT (287ya) 

ground motion record 
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Results 

The results are analysed accounting for the following quantities: the peak displacements db+, db- of 

the structure at the isolation base level in either direction of motion, the maximum displacement dmax 

= max (db+, │db-│), the residual displacement dr, and the peak absolute acceleration (amax) at the top 

floor of the structure.db+ , db+ and dr are in Figure 6. 

The results of the “single event” protocol are shown in Figure 7. Assuming the largest maximum 

displacement over the seven ground motions (dmax = 88.7 mm, CAT record) as the design 

displacement dcd of the isolation system, for the CSS configuration with L-TF pads the ratio dcd/d0 

results equal to 7.38 (µslow = 0.008 as given in Table 2). The residual displacement after a single 

earthquake becomes smaller with the increasing of the maximum displacement dmax, and the largest 

residual over the seven independent ground motions (3.5 mm, CAM record) is less than 4% of the 

assumed dcd. 

 

Figure 7. Maximum and residual absolute displacements of the CSS isolation system with low friction (L-TF) pads 

over seven spectrum-compliant ground motions. 
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For the analysis of the results of the “motion sequence” protocol,  the design displacement dcd of 

the isolation system was assumed as the displacement recorded at the first run of the 287ya (CAT) 

ground motion. As shown in Table 6, the code requirement dcd /d0 > 0.5 [17] was always fulfilled 

(relevant level of µslow as given in Table 2). 

 

Table 6. Evaluation of the re-centring capability of the CSS isolation system according to the Eurocode 8 depending 

on the friction coefficient of the sliders 

sliding pad dcd, mm d0, mm dcd/d0 

L-TF 87.7 11.9 7.38 

L-CM 61.3 32.7 1.88 

NL-CM 41.2 48.0 0.86 

 

Peak and residual displacement time-histories of the test sequences are illustrated in Figure 8, 

which reports, for every run of ground motion, the peak displacements db+, db-, the initial offset di 

and the residual displacement dr (the initial offset at the beginning of the next run). 

The accrual of residual displacements is not significant for the CSS system with L-TF pads 

(Figure 8(a)). 

Enough re-centring capability is shown also by the Curved Surface Sliders with L-CM pads 

(Figure 8(b)). The small offset at the beginning of the sequence of CAT ground motion remains 

unchanged during the whole sequence. The offset at the beginning of the FRI sequence is 

progressively recovered during three runs of the ground motion, with a corresponding decrease of the 

maximum displacement in each run. 

On the contrary, insufficient re-centring capability is demonstrated by the CSS system with NL-

CM pads under the CAM and CAT sequences (only the displacement time-histories during the first 

sequence are reported due to similar trends), as reflected by the displacement growth (Figure 8(c)). 
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At the end of the first run of ground motion a residual deformation occurs, which further increases at 

the end of the second and of the third run. The same behaviour is reflected by the maximum 

displacement of the system; however, the displacement build-up seems to end after the third run 

(Figure 9(a)). On the contrary, at the end of each run of the FRI ground motion sequence the system 

progressively returns towards its origin (Figure 9(b)) involving a decrease in the displacement 

amplitude; this behaviour is justified by Equation (10) as ∆di and dmax have opposite signs. 
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Figure 8. Peak displacement in either direction of motion (db+, db-) and residual displacement (dr) depending on the 

initial offset (di) during sequences of identical ground motion records: CSS system with L-TF pads (a), L-CM pads (b), 

and NL-CM pads (c). 

 

 

Finally, Figure 10 shows the acceleration amplification factor, i.e. the ratio of the peak 

acceleration at the top floor of the structure to the peak ground acceleration. The largest accelerations 

occur for the isolators with high friction NL-CM pads, but remain nearly constant throughout each 

ground motion sequence, notwithstanding either the growth or decrease of permanent deformation. 

At least for the considered ground motion time histories, the acceleration amplification is not 

sensitive to the initial eccentricity of the isolation system, nor to the displacement accrual, and this 

result seems to be independent on the re-centring capability of the isolators. 
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Figure 9. Influence of the ground motion details on the accrual of maximum and residual displacement: displacements 

build up when the maximum displacement occurs in the same direction of the offset (a); re-centring occurs when the 

maximum absolute displacement occurs in the opposite direction (b)  

 
 
 

 

Figure 10. Acceleration amplification at the top floor of the structure 
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DISCUSSION 

Studies on the re-centring capability of bilinear hysteretic systems had been performed in the past 

[3], under the implicit assumption that the properties of the system do not change during the seismic 

event. Similar analyses were the basis for the re-centring criteria formulated in current codes [17]. It 

is therefore an argument whether or not the codes’ provisions are valid for the Curved Surface Slider, 

because of the variability of the coefficient of friction during operation depending on the axial load, 

the velocity and the temperature. 

To comply with the available testing facility, the present study was conducted on a one-third 

scaled structural mock-up of about 8000 kg mass, under the application of uni-directional ground 

motion time histories. The isolating devices were scaled to respect the geometric similitude 

requirements, but due to the strong nonlinearities introduced by friction, it is questionable how much 

the response of the scaled prototypes reflects the behaviour of real-scale isolators [38]. The uni-

directional excitation represents another important simplification since, during the earthquake, 

isolation devices are in general subjected to the effect of general three-dimensional acceleration time 

histories. Biaxial tests performed on sliding isolators with curved surfaces [39, 40] proved the non-

negligible effects of the two horizontal components of motion that increase the heating of the sliding 

surfaces, leading to lower friction and consequently damping. These latter effects are expected to 

foster the re-centring of the devices, because result in increased displacement amplitude dmax and 

smaller value of d0. Intuitively, also the vertical excitation of earthquakes should affect the horizontal 

response of a structure isolated with curved surface sliders since the horizontal force is proportional 

to the instantaneous vertical force. However, the experimental evidence seems to confirm that the 

coupling phenomenon between horizontal and vertical excitation can influence the horizontal 

response of the isolated structure in terms of shear forces, whereas it has little influence on the 

horizontal displacement [41-44]. 
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The investigation presented in the study, though affected by the above limitations, has is the merit 

of being, to the knowledge of the authors, one of the first experimental studies addressing the effect 

of the coefficient of friction on the restoring capability of Curved Surface Sliders and the possible 

displacement accrual under a sequence of shakes. 

The shake table tests point to the fact that also for the CSS system the re-centring capability 

improves as the parameter dcd/d0 increases, but the provision δ = 0.5 recommended by the code [17] 

seems to be not conservative for isolators with high friction materials, as the friction force can 

effectively contrast the re-centring action: 

(a) The CSS isolation system with either low or medium friction coefficient demonstrated inherent 

re-centring capability, with small residual displacements in comparison to the design level (dr/dcd 

less than 0.04 and less than 0.10 respectively), and a not significant increase in the maximum 

deformation regardless of the initial eccentricity ∆di; this result is in agreement with the re-

centring criterion of the Eurocode 8 based on the requirement dcd/d0 ≥ 0.5; 

(b) The CSS isolation system with high friction, though meeting the code requirement (dcd/d0 = 

0.86), demonstrated  an insufficient restoring behaviour: the permanent displacement can be an 

important part of the design displacement, possibly affecting the entity of the maximum 

displacement in a future event: e.g. at the end of the CAT ground motion sequence the permanent 

displacement was more than 50% of the maximum displacement (dr = 0.56 dcd), and the 

displacement amplitude increase of about 40% respect to the value at the first shacking . 

Though the number of CSS configurations (only one effective radius Rb was investigated) and 

ground motion time histories considered in the study is very limited and a generalization of the 

results to different situations cannot be made, some considerations can be drawn. First, the build-up 

of residual displacements always ended even in the unfavourable event in which the residual 

displacement of each earthquake was additive to the accumulated residual displacement of the 

previous earthquakes. Second, the peak displacement in either direction of motion, and hence the 
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maximum displacement dmax during the earthquake, is influenced by the initial eccentricity di. An 

offset from the origin ∆di produces variations ∆db+ and ∆db- that have the same sign of ∆di so that 

the displacement time history of the isolation system is shifted in the same direction of the 

eccentricity, and the larger ∆di, the larger ∆dmax; this is illustrated in Figure 9 and is in agreement 

with Equation (10). Nevertheless, in some situations the ground motion may have a restoring effect 

and tends to re-centre the isolation system (e.g. Figure 9(b)). In section 2 it was explained that this is 

likely to occur especially for low intensity earthquakes owing to the contribution of the restoring 

force KP · ∆di , always directed towards the origin, to the resisting force at breakaway. This confirms 

that the re-centring capability does not depend on the mechanical characteristics of the isolation 

system alone, but also on the details of the seismic waveform. 

According to the codes, the displacement demand is calculated based on the single occurrence of 

the design earthquake, and without consideration of any initial offset. For Curved Surface Sliders 

with good re-centring capability the displacement demand does not change significantly even in the 

event of a seismic sequence comprising pre-shocks or aftershocks. But for systems with low self-

centring capability large residual displacement can occur under this circumstance and possibly 

jeopardize the displacement capacity of the device if the likelihood of displacement accrual was not 

adequately accounted for during their design. 

It is worth noting that some practical issues have to be considered which require a more prudential 

estimate of the re-centring capability. First, the coefficient of friction tends to increase with wear and 

contamination of the sliding surfaces, like e.g. in case of inadequate protection from dust, and 

consequently the re-centring capability must reasonably be expected to decrease during the lifetime 

of CSSs. Also the “stick slip” phenomenon can lead to a dramatic decrease in the restoring behaviour 

of the friction devices. Eventually, the presence of an internal articulation in the curved surface slider 

that allows independent movement of the sliding surfaces from each other can make unpredictable 

the restoring behaviour of the system. The tests presented in the study were performed on prototypes 
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with only two pairs of curved sliding surfaces and a rigid slider, so due to kinematic constraints the 

two surfaces slide at the same time. Sliders with more than two pairs of sliding surfaces and/or an 

internal articulation can exhibit delays in either the beginning or stop of sliding of one the sliding 

surfaces, due e.g. to differences in the coefficient of friction at either surface. It is therefore proposed 

that a more conservative figure for the criterion dcd/d0 should be adopted for Curved Surface Slider 

isolators. 

 Though beyond the scope of the paper, it has to be remarked that the final evaluation of the re-

centring capability of current Curved Surface Sliders shall be performed in shake table tests on a 

building at the real scale, with real scale isolators and under the application of three dimensional 

excitations (along the two horizontal and the vertical directions) and possibly full scale real ground 

motion records. To the knowledge of the authors, the largest shake table is available at the Hyogo 

Earthquake Engineering Research Centre, otherwise known as E-Defense, of the National Research 

Institute of Earth Science and Disaster Prevention [45, 46]. The shake table has a payload of 12 MN 

and was used to perform tests on a full-scale 2 × 2 bay, 5-story moment frame building with 

dimensions 10 × 12 × 16 mm (width × length × height) isolated with triple friction pendulum 

bearings [41]. 
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Conclusions 

The re-centring capability of three isolation systems comprised of Curved Surface Sliders with 

same restoring stiffness but differing for the coefficient of friction was assessed in shake table tests 

on a scaled model of a building frame. The results of the tests can be summarized in the next points: 

(1) the parameter dcd/d0 seems to govern the re-centring capability of the CSS system in accordance 

with the provisions stipulated in the Eurocode 8 [17]; however the criterion dcd/d0 ≥ 0.5 appears 

to be not conservative, especially for high friction isolators;  

(2) since dcd includes the effects of seismic excitation, the re-centring capability of the Curved 

Surface Slider depends on the ground motion characteristics, resulting generally better for 

earthquakes promoting larger maximum displacements; 

(3) an initial offset of the isolation system affects the maximum displacement occurring during the 

earthquake, but the effect is lower for systems with good re-centring capability; the quantities ∆di 

(initial eccentricity or offset of the system) and ∆dmax (variation of maximum seismic 

displacement consequent to the offset) have the same sign and are related through the parameter 

dcd/d0 ; 

(4) depending on the characteristics of the waveform, the ground motion may either produce an 

accrual of displacement, or have a restoring effect on a displaced system, reducing the 

eccentricity at the end of the shaking; 

(5) a conservative estimation of the displacement capacity of isolation systems with high friction is 

highly recommended, since when the design displacement is close to the displacement capacity 

of the isolators, a not negligible residual displacement may jeopardize the displacement capacity 

of the isolation system considering the occurrence of possible aftershocks and future earthquakes. 

Though not directly investigated, attention was also addressed to the fact that the wear and 

contamination of the sliding surfaces, the use of sliding materials with “stick-slip” behaviour, and the 

possible delays at the beginning of motion between the sliding surfaces, which are not predictable at 
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the design stage, can possibly adversely affect the restoring capability of the Curved Surface Slider, 

requiring a more conservative re-centring criterion than recommended in the code. 

Due to the small number of waveforms considered in the study, the influence of the ground 

motion characteristics was not investigated in detail, and the conclusions cannot be generalized. 

Nevertheless the study is of some value in that it is among the first experimental works addressing 

the influence of the coefficient of friction and the possible effect of a permanent deformation on the 

displacement accrual, and provides some pieces of factual information on the re-centring behaviour 

of curved surface sliding isolation systems which can be the basis for the development of more 

refined theoretical models. 
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