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ABSTRACT 

The re-centering capability represents a fundamental property of any effective isolation system. 

Indeed, a potential residual displacement after an earthquake, besides affecting the serviceability of 

the construction, may also result in increased peak displacements during aftershocks and future 

events. In curved surface sliders (CSSs), energy dissipation and re-centering capability are two 

competing aspects influenced by the friction coefficient and the state of lubrication of the sliding 

pad. On the one hand, the large energy dissipation capability of high-friction CSSs contributes to 

mitigate the displacement demand during strong events but negatively affects the re-centering 

behavior. On the other hand, low-friction CSSs exhibit a better re-centering behavior, but are 

expected to undergo large displacements that, in turn, imply large dimensions in plan and pose 

problems of possible pounding between adjacent buildings and damage of nonstructural elements, 

lifelines and utilities crossing the isolation joint. The present study proposes an efficient base-

isolation system that combines low-friction CSSs with hysteretic gap dampers. The latter device 

introduces supplemental energy dissipation only when the displacement of the isolation system 

exceeds a threshold or initial gap while not being engaged otherwise. The mechanical properties of 

the gap damper are designed to provide a target energy dissipation such that the displacement 

demand of low-friction CSSs can be kept to the same level as that of high-friction CSSs. A 

parametric study comprising a series of nonlinear response history analyses and different CSS 

characteristics demonstrates that the supplemental dissipative mechanism of the gap damper does not 

impair the re-centering capability of the CSS isolators. These outcomes are additionally validated by 

comparing numerical simulations of a 3D base-isolated case-study frame with shake-table test 

results. The proposed base-isolation system efficiently combines satisfactory energy dissipation, 

which reduces the displacement demand, with high re-centering capability resulting in negligible 

residual displacements.  
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1. INTRODUCTION 

Base isolation is a well-established seismic protection strategy for buildings, bridges and 

industrial facilities, and its effectiveness has been widely demonstrated through analytical studies, 

shake-table tests as well as observations during real earthquakes [1]-[5]. This strategy is practically 

implemented by interposing low lateral stiffness devices between the construction and its 

foundations, in order to decouple the movement of the supported structure from the seismic motion 

of the ground. Among these devices, the most popular ones are the elastomeric bearings [6] and the 

sliding bearings with curved surfaces [7], originally introduced in North America under the 

trademark name of Friction Pendulum System (FPS), and known in Europe as Curved Surface 

Sliders (CSSs). Isolation devices provide some inherent (viscous, hysteretic or friction) damping. 

Thus, the isolation system lengthens the first-mode period of the structure while simultaneously 

increases the energy dissipation. This results in lower earthquake-induced forces and structural 

accelerations, while the seismic displacement is concentrated at the isolation level. The displacement 

demand may be huge, even of the order of 40-70 cm depending on the isolation period and the 

intensity of the ground motion, as reported in manufacturer’s datasheets [8]-[10]. Large displacement 

demands entail the use of large-size isolators capable to accommodate the required displacements, 

and can be an issue for nonstructural elements, lifelines and in general for utilities crossing the joints 

between the isolated structure and the surrounding ground (i.e. elevators, waterworks, gas fittings 

and electrical conduits in buildings, road joints in bridges), which must accommodate the bearings’ 

movements without failure. Additionally, in densely populated areas the risk of pounding between 

adjacent isolated buildings increases as a result of the large displacements of the isolators [11]. 

Therefore, the development of viable solutions aimed at reducing the displacement demand of the 

isolation system is of primary interest for both structural designers and manufacturers. 

Different strategies to limit the seismic displacement of the isolation system have been proposed 
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so far in the literature. The isolation system can indeed be designed such that its stiffness increases at 

large displacements. In elastomeric bearings the large displacement stiffening may be achieved via 

strain-induced crystallization of the fillers [12], while in CSS this may be realized through an 

increase in the radius of curvature and/or the coefficient of friction of the external area of the sliding 

surface [13], [14]. Alternatively, hybrid control strategies combining the isolation system with a 

tuned mass damper (TMD) [15]-[17] or enhanced variants with an inerter [18]-[21], located above or 

below the isolation layer, have been proposed. Sliding hydromagnetic bearings and sliding implant-

magnetic bearings also represent a promising solution providing adaptive energy dissipation and 

alterable deflection constraint, as recently shown in experimental tests [22] and numerical 

simulations [23], [24]. Another straightforward solution consists in providing supplemental damping 

in addition to the inherent damping of the isolators, e.g., by means of fluid viscous dampers, 

although this strategy was shown to increase the higher mode response and, consequently, to produce 

higher interstory drifts and floor accelerations in the superstructure [25].  

Beside the displacement capacity dmax, another fundamental property of any effective isolation 

system is the re-centering capability, i.e. the ability of recovering the original position at the end of 

the earthquake [26]. A parameter used to quantify this capability is the residual displacement dres 

after a seismic event [27]: such residual displacement results in a permanent offset of the isolation 

system, which not only can affect the serviceability of the structure, but may also produce an accrual 

of displacements in case of aftershocks and future events [28]. In CSSs, displacement demand, 

energy dissipation and re-centering capability are affected by the coefficient of friction of the sliding 

pad [29]-[31]. In particular, the displacement demand may be reduced by increasing damping 

through the use of high friction coefficients, but at the expense of a decreased re-centering capability. 

On the other hand, low friction coefficients are associated with a good re-centering behavior, but 

entail large displacements.  

Since energy dissipation and re-centering capability of the CSS are two competing aspects, an 
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optimal isolation strategy can be developed based on the concept of introducing supplemental 

damping beyond a certain displacement, while keeping friction low in order not to impair re-

centering of the isolation system as a whole. The concept is developed in this study, which proposes 

an effective base-isolation layout that combines low-friction CSSs with gap dampers [32]-[34]. The 

hysteretic properties of the gap damper are designed according to a performance-oriented design 

procedure, assuming a target displacement demand of the combined isolation system (low-friction 

CSS + gap damper) equivalent to the demand of high-friction CSSs under the maximum credible 

design earthquake. A parametric study, consisting of a series of nonlinear response history analyses 

for different CSS characteristics, demonstrates that the supplemental energy dissipation introduced 

by the gap damper does not impair the re-centering capability of the CSSs even during weak 

“serviceability” earthquakes. The outcomes are eventually confirmed by comparing numerical 

simulations of a 3D base-isolated case-study frame with shake-table test results. 

Therefore, the proposed combined base isolation system is characterized by negligible residual 

displacement, as a result of the low friction coefficient of the CSSs, and reduced displacement 

demand, provided by the supplemental energy dissipation introduced by the gap damper. 

2. THEORETICAL CONSIDERATIONS ON RE-CENTERING CAPABILITY OF CSS 

The mechanical behavior of the CSS is conventionally described by a bilinear hysteretic model. 

The re-centering action is provided by the curved surface (with effective radius Reff), while the 

energy dissipation is provided by the friction properties of the sliding pad. The friction coefficient 

generally ranges from 0.02 to 0.12 depending on the sliding material (commonly, PTFE or 

UHMWPE), the lubrication, the sliding velocity, the contact pressure and the temperature [35], [36]. 

Based on Figure 1, the horizontal reaction force of the CSS is the sum of the restoring force rF  due 

to the re-centering component and the frictional force fF  that is independent from the displacement  

( )0 sgnr f pF F F K d F d= + = +   (1) 
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where 0 dF Nµ= ⋅  represents the characteristic strength, which depends upon the dynamic coefficient 

of friction dµ  and the vertical load acting on the bearing N , eff/pK N R=  is the restoring stiffness, 

d  denotes the horizontal displacement and ( )sgn d  the signum function of the horizontal velocity.  

 
Figure 1 Kinematics of a single curved surface slider (left) and idealized bilinear hysteretic model (right) 

The initial, or pre-sliding stiffness of the CSS is generally very high , e.g., 50 100i pK K≈ −  [31], 

so that the yield displacement at which sliding starts is usually negligible. From Figure 1 it can be 

noted that the CSS can be in static equilibrium with zero resultant force when the restoring force 

r pF K d= ⋅ , which always acts towards the origin, equilibrates the frictional force f dF Nµ= ⋅ , 

whose direction is opposed to the sliding motion. This equilibrium condition identifies the maximum 

static residual displacement  

rm effd d
p

Nd R
K

µ µ= =  (2) 

which represents the upper bound of the actual residual displacement resd  at the end of the motion, 

i.e., rm res rmd d d− < < . From Eq. (2) it emerges that the maximum static residual displacement is 

proportional to the dynamic friction coefficient times the effective radius of curvature, and 

consequently, the re-centering capability of the CSS is not affected by the weight of the structure. An 

important parameter determining the re-centering capability of the isolation system has been 
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recognized to be the ratio cd rm/d d  [27], [28], with cdd  denoting the design seismic displacement. 

According to the Eurocode 8 (EC8) [37], [38] the isolation system has a satisfactory re-centering 

capability provided the following condition is satisfied 

r

cd

m

d
d

δ≥  (3) 

where δ  is a numerical parameter whose recommended value is 0.5 [37]. In Eq. (3) the maximum 

residual displacement rmd  is an inherent property of the isolation system, while the design 

displacement cdd  depends also on the spectral characteristics of the seismic ground motion. As an 

example, ground motions with directivity effects (asymmetric accelerograms) like pulse-like 

excitations occurring in near-fault earthquakes may amplify the residual displacements due to an 

insufficient re-centering capability of the isolation system [39]. For CSSs the value 0.5δ =  was 

demonstrated to be not sufficiently conservative [30], whereas values of cd rm/ 2.5d d >  were found 

to produce negligible residual displacements ( res max0.1d d< ) [28], [31].  

Assuming a cyclic motion of the CSS with symmetric amplitude cdd  (design displacement of the 

isolation system) and taking into account Eq. (2), the effective damping can be calculated in terms of 

the maximum residual displacement rmd  as follows 

cd cd

eff

eff rm

2 2 1
1 ( / )

d
d

d

R
R d d d
µξ

π µ π
= ⋅ = ⋅

+ +
 (4) 

where the ratio cd rm/d d  indicates the re-centering capability of the CSS as per Eq. (3). Therefore, 

systems having high re-centering capability are associated with lower energy dissipation and hence 

larger displacements. 

For the thermoplastic materials used for the sliding pad of CSSs, the dynamic friction coefficient 

varies with contact pressure, sliding velocity and temperature at the sliding interface [40]-[43]. In 

this study, for simplicity, the friction coefficient is assumed to be a function of the sliding velocity 
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only according to the well-established exponential law [44] 

( ) exp( )d HV HV LV dµ µ µ µ α= − − ⋅ −   (5) 

where LVµ  and HVµ  are the friction coefficients at low and high velocities, respectively, and a  

(having unit of inverse of velocity) represents a rate parameter governing the transition from LVµ  to 

HVµ  [36]. As already noted in [30], while the parameter HVµ  is important during the strong motion 

phase of the earthquake for the determination of the maximum displacement maxd  of the isolation 

system, during the coda stage the residual displacement is affected by the parameter LVµ  governing 

the low velocity motion of the CSS. Therefore, the value d LVµ µ=  can be assumed in the calculation 

of the maximum static residual displacement rmd  in Eq. (2) where the equilibrium of forces in the 

quasi-static condition is considered 

rm effLVd Rµ= ⋅  (6) 

Based on the previous Eq. (4), it emerges that energy dissipation and re-centering capability of CSS 

are two competing aspects. It seems, therefore, reasonable to introduce energy dissipation not 

throughout the range of displacement, but only beyond a certain displacement threshold in order to 

reduce the displacement demand while guaranteeing a high re-centering behavior. The introduction 

of a gap damper in combination with low-friction CSSs triggers such desired additional energy 

dissipation while not modifying the re-centering behavior underlying the low value of the friction 

coefficient. 

3. HYSTERETIC GAP DAMPER 

3.1. Conventional realization scheme 

The working principle of a combined system comprising isolators and gap dampers is 

schematically shown in Figure 2. Whereas the CSSs are supposed to provide the classical functions 
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of the isolation system (i.e. support the gravity load of the superstructure, accommodate horizontal 

displacements with minimum resistance, provide a certain energy dissipation and the re-centering 

capability), the gap dampers introduce additional energy dissipation only when the displacement 

exceeds a given threshold or “initial gap” while not being engaged otherwise [32]-[34]. In real cases, 

isolation devices are subjected to the effect of three-dimensional acceleration time histories. 

Nevertheless, the validity of the proposed solution (CSS + gap damper) is not affected by the multi-

directional nature of the earthquake ground motion. Considering this is a pilot study aimed at 

assessing the feasibility of the combined base-isolation system, the theoretical concepts and the 

numerical analyses reported in this paper will be limited to the simple case of unidirectional seismic 

excitation: the isolation system is subjected to a unidirectional motion and the gap dampers are 

placed along such direction of motion. For seismic applications involving cycling loading, two gap 

damper elements are installed. The gap dampers are connected to the isolation system through a rigid 

frame, represented by a square steel element surrounding the central isolation nub, according to a 

scheme previously proposed in [33], [34]. In particular, Figure 2 shows a stepwise analysis of the 

kinematics and the corresponding reaction force of the gap damper system. The isolation nub is 

initially centered with respect to the rigid frame, separated at either side by an initial gap gapd , so that 

the isolation system is not affected by the presence of the gap dampers in the range of displacements 

gap gapd d d− < < . The gap dampers provide zero reaction force until a certain threshold displacement 

equal to gapd  is attained (step 1). From this displacement onwards, an elastic-perfectly plastic 

behavior is assumed (hysteretic gap damper). The ability of controlling the reaction force (and hence 

the engagement of a dissipation mechanism) in relationship to the amplitude of the displacement is 

termed “phased behavior” in previous papers [32]-[34]. In this regard, the nomenclature “gap 

damper” or “phased device” is often interchanged in the literature.  
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Figure 2 Conventional layout of isolation system combined with gap dampers (scheme proposed in [33], [34]) 

For a positive displacement 1 gapd d>  gap damper 1 is engaged in compression while gap damper 2 is 

engaged in tension. When the motion reverts its direction, a portion of the total displacement 1d  is 
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recovered whereas a permanent deformation of the gap damper p1d  causes a shift of the initial gap 

towards the right (step 2). This means that gap dampers will be subsequently engaged at a 

displacement p1 gapd d− . In the subsequent step 3, at a displacement –2 gapd  from the maximum 

position on the right side, the isolation nub comes into contact with the rigid frame and engages the 

gap dampers anew. It must be noted that that when the isolation system moves to the left the gap 

dampers will be engaged for a positive displacement (in the reference axis system). This occurs 

because the permanent offset of the initial gap during step 2 is assumed to be p1 gapd d> . The effects 

of the residual displacement on the overall system performance were studied by Zargar et al. [34]. A 

subsequent displacement to the left (step 4) entails the engagement of the gap dampers and the 

accumulation of a permanent deformation in this direction, equal to p2d . Therefore, at the next 

motion reversal the initial gap is shifted by a quantity p1 p2d d− , which implies that the triggering of 

the gap damper system is affected by the permanent deformations accrued during the response 

history. Moreover, the shift of the initial gap may introduce a force that opposes to the re-centering 

of the CSS isolation system. In particular, for ground motions with high directivity effects (i.e. 

asymmetric accelerograms), the permanent deformation may be large. At the end of the ground 

motion the rigid frame is shifted in one direction (for instance, to the right side), and the re-centering 

action of the CSS during the coda stage is opposed by a non-zero damping force produced by the gap 

dampers in the neighborhood of the origin of the reference system. Consequently, the shift of the 

initial gap may negatively affect the re-centering capability of the isolation system for asymmetrical 

accelerograms.  
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Figure 3 Alternative layout of isolation system combined with gap dampers (scheme proposed in this study) 

3.2. Proposed realization scheme 

An alternative layout for the use of gap dampers is proposed in this paper and sketched in Figure 
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3. Two gap dampers are located at an initial distance gapd  on either side of the isolation system, but, 

unlike in the previous layout, the rigid frame surrounding the isolation nub is replaced by two 

independent steel walls which permit to separately engage either gap damper depending on whether 

the isolation system moves to the left or to the right. Therefore, gap dampers 1 and 2 are not engaged 

simultaneously, but are triggered one at a time as “compression-only” element when the isolation 

nub is in contact with either steel wall. A stepwise representation of the operation of the gap damper 

system is schematically shown in Figure 3. In the range of displacements gap gapd d d− < <  no gap 

damper is engaged and the reaction force is zero (step 1). Owing to a displacement of the isolation 

system of 1 gapd d>  to the right, gap damper 1 is engaged (in compression) while gap damper 2 is not 

engaged (step 2). The permanent component p1d  of the total displacement 1d  produces a shift of the 

initial gap of gap damper 1 (which changes from gapd  to gap p1d d+ ), while the initial gap of gap 

damper 2 is not changed. After motion reversal, for gap p10 d d d≤ ≤ +  (where 0d =  is the origin of 

the reference axis system), gap damper 1 is no longer engaged (step 3). Moving now from the origin 

to the left side of a quantity 2 gapd d>  (step 4), gap damper 2 is activated, while gap damper 1 is not. 

The permanent component p2d  of the total displacement 2d  produces now a shift towards left of the 

initial gap of gap damper 2. The effect of the shifts of the initial gap occurred in steps 1-4 has 

increased the range of “no-engagement” displacement from gap gap[ , ]d d−  to gap p2 gap p1[ , ]d d d d− + + , 

and hence, when the isolation system moves towards right of a quantity 2 3d d+  with gap 3 p1d d d< < , 

gap damper 1 is not engaged. The proposed gap damper layout does not impair the re-centering 

capability of the isolation system, even for asymmetrical accelerograms with pronounced directivity 

effects, because no reaction force is produced by the gap damper during free vibration of the CSS in 

the neighborhood of the origin of the reference system. However, the shift of the initial gap may be 

detrimental in case of aftershocks, because the engagement of the gap damper is delayed. In the 
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sequel of the paper, we will refer to this phenomenon as “cumulative damage” of the gap damper 

system. In the following subsection, a procedure for the design of the hysteretic gap damper for the 

proposed combined base-isolation layout is presented.  

3.3. Energy-based design of the hysteretic gap damper 

An elastic-perfectly plastic behavior of the hysteretic gap damper is assumed, with initial stiffness 

iK  and yield force yF . In this study, the initial stiffness of the gap damper is not an explicit design 

variable since the yield displacement is set to 1mmyd = , which is an average reasonable value 

among those measured on a wide variety of steel hysteretic dampers [45]. Therefore, the design of 

the gap damper consists in selecting the yield force yF  and the gap displacement gapd . With the aid 

of Figure 4, a performance-oriented energy-based design procedure is developed [46]. In particular, 

the top of Figure 4 shows a typical force-displacement loop of a low-friction CSS with design 

displacement cdd . The aim of the gap damper is to provide supplemental energy dissipation such that 

the displacement demand of the CSS is reduced from cdd  to a target displacement redd . Without loss 

of generality, the reduced displacement redd  can be expressed through a reduction factor RF  

multiplying the displacement demand of the CSS alone, i.e.  

red cdd RF d= ⋅  (7) 

where 0 1RF< < . As an example, the reduction factor RF  can be assumed equal to the ratio 

between the displacement demand of a high-friction CSS and the displacement demand of the actual 

low-friction CSS, being the radius of curvature the same 

high-friction

low-friction
cd

cd

dRF
d

=  (8) 

In this way, the gap damper would ideally keep the displacement demand of the low-friction CSS to 

the same level as that of high-friction CSS.  
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According to the proposed design procedure, the supplemental energy dissipation provided by the 

gap damper ( damperE  in Figure 4) is set equal to the energy redE  that would be dissipated by the CSS 

in one cycle while moving from redd  to cdd  (dashed area shown in the top part of Figure 4).  

 
Figure 4 Force-displacement curve of low-friction CSS (top) and gap damper (bottom) 

This term is easily calculated as follows  

red 04 (1 ) cdE F RF d= −  (9) 

On the other hand, by assuming an elastic-perfectly plastic behavior, the energy dissipated by the gap 

damper with initial gap gap redd d<  during a complete cycle of amplitude redd  is given by 

damper gap2 ( )y cd yE F RF d dd − −⋅=  (10) 

Equating the energy terms in Eqs. (9) and (10) gives a closed-form expression of the yield force of 

the gap damper yF  according to the proposed energy-based design procedure 
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( ) ( )0

gapgap

2 1 1
2cd

y HV
ycd y

cd cd

F RF d RF
F N

d dRF d d d
RF

d d

µ
− −

= =
− −    

− −   
   

⋅
 (11) 

where it has been assumed 0 HVF Nµ= . It must be noted that the yield displacement of the gap 

damper yd  affects the design of the gap damper only for very low values of cdd , whereas in typical 

conditions the ratio / 1y cdd d   so that the influence of yd  in the calculation of yF  becomes 

negligible. 

Beside the yield force yF , another fundamental parameter for the design of the gap damper is the 

displacement threshold gapd  that triggers the activation of the device. In previous implementations 

[32]-[34] the initial gap was assigned so that the supplemental damping was provided only in 

extreme earthquakes In the present work, different options of the initial gap are explored within a 

parametric study, and the influence of gapd  on the displacement demand and re-centering capability 

of the combined isolation layout is investigated.  

4. NUMERICAL ANALYSES 

The seismic performance of the proposed base-isolation system is assessed through nonlinear 

response history analyses (NRHAs) performed on a single degree of freedom (SDOF) system, 

postulating a rigid-body behavior for the superstructure. The earthquake excitation consists of a suite 

of historically recorded acceleration time histories. The NRHAs were carried out with the structural 

analysis program OpenSees v. 2.5.4 [47], using the “Single Friction Pendulum Bearing Element” 

[48] to describe the hysteretic behavior of the CSS, with a velocity-dependent friction model as 

reported in Eq. (5), and the “elastic-perfectly plastic gap material” (compression only) to describe the 

hysteretic behavior of the gap damper [48]. Only one horizontal component of the earthquake 

excitation was applied to the SDOF, whereas the vertical component of the seismic input was not 

included in this study. Therefore, the influence of the normal force on the friction coefficient was 
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disregarded. Also, the influence of the heating phenomena on the degradation of the friction 

coefficient was neglected. A constant vertical load equal to 1000kNN =  was considered in the 

NHRAs for computing the corresponding mass of the isolation system, as well as the restoring 

stiffness of the CSS and the yield force of the gap damper according to Eq. (11). An elastic-plastic 

bilinear model for the CSS is assumed, with initial stiffness assumed equal to 100i pK K=  in order to 

minimize the elastic deformation of the bearing [31].  

4.1. CSS parameters and selection of ground motion records 

Based on the energy-based design procedure illustrated in Section 3.3, the goal is to compare the 

response of the conventional isolation system with CSS alone against the response of the base-

isolation system with CSS combined with gap dampers. In the parametric study, different radii of 

curvature and different friction coefficients of the CSS were analyzed in order to cover a typical 

range of devices available on the market. In particular, three values of the radius of curvature 

( 1 2 3, ,R R R ), corresponding to CSS un-damped fundamental periods of 2.98, 3.75, 4.49 s, and three 

friction classes ( 1 2 3, ,f f f ), representative of low friction (LF), medium friction (MF), and high-

friction (HF) sliding materials were considered (Table 1). A ratio of the high-velocity to low-velocity 

friction coefficient / 2.5HV LVµ µ =  was assumed for the three friction classes, and the rate parameter 

α  governing the transition between the two friction values was set to 0.0055 / mmsα = , according 

to the literature [28].  

Table 1 CSS and gap damper mechanical properties examined in the parametric study 

Effective radius of curvature Reff  Friction coefficient LV

HV

µ
µ
 
 
 

  Initial gap ratio gap red/d d  

R1 [mm] R2 [mm] R3 [mm]  f1 f2 f3  GF1 GF2 GF3 

2200 3500 5000  
0.02
0.05
 
 
 

 
0.035
0.0875
 
 
 

 
0.05
0.125
 
 
 

  25% 50% 75% 

 

In the proposed design procedure of the hysteretic gap damper, the displacement demand of the 
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isolation system with CSS alone is assumed to be known from iterative spectral analyses or nonlinear 

dynamic analyses. In particular, it is assumed that the proposed isolation system is installed in 

Lamezia Terme, Italy (latitude 38.57°, longitude 16.18°), where the seismic hazard map is provided 

by the Italian building code NTC2018 [49]. A strategic structure is considered with nominal life of 

100 yearsNV =  and functional class IV corresponding to an amplification factor 2.0UC = . The 

resulting reference life of the structure is 200 yearsUR NV CV ⋅ == . According to the performance-

based design, two distinct performance requirements corresponding to two distinct limit states are 

considered depending on the intensity level of the seismic excitation. The acronyms of these two 

limit states in the Italian building code [49] are “SLD” and “SLC”, the former denoting a 

serviceability limit state with damage-limitation requirement and a 63% probability of exceedance 

during the reference life of the structure (return period of 201 years), and the latter corresponding to 

the maximum considered earthquake with no-collapse requirement and a 5% probability of 

exceedance during RV  (return period of 2475 years). A topography condition 1T  and a soil type A 

were assumed. These assumptions led to a peak ground acceleration (PGA) equal to 0.498 g and to 

0.181g for SLC and SLD, respectively. For each limit state, a suite of seven independent spectrum-

compatible natural records was selected by means of the software REXEL v. 3.5 [50] from the 

European strong-motion database [51] among events having magnitude 6 7wM≤ ≤  for SLC, and 

5.5 6wM≤ ≤  for SLD, while the epicentral distance was set to 30kmepR ≤  for both limit states. The 

spectrum-matching criterion was enforced in the range [0.15-4] s, with lower and upper tolerance 

equal to 10%. A scale factor (SF) was applied to each acceleration time history in order to match the 

target acceleration response spectrum at 5% damping. Details of seven records selected, along with 

the corresponding original PGA, SF and scaled PGA, are listed in Table 2 and Table 3 for the SLD 

and SLC, respectively.  
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Table 2 Ground motion records selected for seismic analyses at SLD  
Waveform ID 
(component) Earthquake  Station ID Date Mw Rep [km] PGA [g] SF scaled PGA [g] 

5272 (x) Mt. Vatnafjoll ST2487 25/05/1987 6.0 24 0.033 5.51 0.181 
368 (x) Lazio Abruzzo ST143 07/05/1984 5.9 22 0.064 2.82 0.181 

1891 (y) Kranidia ST1320 25/10/1984 5.5 23 0.026 6.95 0.181 
5270 (x) Mt. Vatnafjoll ST2486 25/05/1987 6.0 25 0.031 5.87 0.181 
646 (y) Umbria Marche  ST234 14/10/1997 5.6 17 0.029 6.35 0.181 
642 (x) Umbria Marche  ST225 14/10/1997 5.6 23 0.053 3.39 0.181 
410 (y) Golbasi ST161 05/05/1986 6.0 29 0.055 3.30 0.181 

   mean 5.8 23.3 0.0415 4.88 0.181 
 

Table 3 Ground motion records selected for seismic analyses at SLC  
Waveform ID 
(component) Earthquake  Station ID Date Mw Rep [km] PGA [g] SF scaled PGA [g] 

198 (x) Montenegro ST64 15/04/1979 6.9 21 0.181 2.75 0.498 
6335 (x) South Iceland  ST2557 21/06/2000 6.4 15 0.127 3.92 0.498 
4674 (x) South Iceland ST2486 17/06/2000 6.5 5 0.318 1.57 0.498 
4675 (y) South Iceland ST2487 17/06/2000 6.5 13 0.156 3.19 0.498 

55 (y) Friuli ST20 06/05/1976 6.5 23 0.316 1.58 0.498 
128 (y) Friuli  ST36 15/09/1976 6.0 28 0.070 7.13 0.498 

6341 (x) South Iceland  ST2497 21/06/2000 6.4 20 0.051 9.69 0.498 

   mean 6.5 17.9 0.174 4.26 0.498 
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Figure 5 Comparison between the target response spectrum for the installation site and the median response 
spectrum of the seven selected independent records for the two limit states: a) SLC; b) SLD 

The target response spectrum, and the median response spectrum of the suite of records are 

compared to one another in Figure 5.  

The influence of gapd  on the seismic performance of the combined base isolation system is 
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investigated by considering different ratios in proportion to the reduced displacement demand redd . 

Namely, three gap factor ratios gap red/d d  (GF1, GF2, GF3) equal to 25%, 50% and 75% are chosen, 

as listed in Table 1, which assume the engagement of the gap damper at one quarter, one half and 

three fourth of the target reduced displacement demand. The nomenclature adopted to identify the 

base-isolation system is i jR f  (with i=1,2,3; j=1,2,3) for the conventional isolation system with CSS 

alone, and i j kR f GF  (with i=1,2,3; j=1,2; k=1,2,3) for the CSS + gap damper combined isolation 

layout. Therefore, 9 different combinations of CSS properties and 18 different combinations of CSS 

+ gap damper properties are studied.  

4.2. Time history response of CSS isolation system combined with gap damper 

In this subsection, the response of the combined CSS + gap damper isolation layout is illustrated 

and compared to the response of the conventional CSS isolation system. Reference is made to the 

CSS having radius of curvature 2 3500mmR = . Two ground motion records are considered, one for 

the SLC and one for the SLD, in order to assess the performance for either high-intensity or low-

intensity ground motions. In particular, the South Iceland earthquake (ID 6341, station ST2497) and 

the Golbasi earthquake (ID 410, station ST161) are considered as representative records for the SLC 

and SLD, respectively.  
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Figure 6 Response to high-intensity ground motions: acceleration time history of the South Iceland 
earthquake (top), displacement response of different isolation systems (middle) and corresponding force-
displacement loops (bottom) 

In Figure 6 the acceleration history of the South Iceland earthquake is depicted, along with the 

response in terms of displacement history and force-displacement loops. Three different isolation 

systems are compared, namely the low-friction CSS system ( 1f ), the high-friction CSS system ( 3f ) 

and the novel system combining low-friction CSS ( 1f ) with gap dampers. The parameters of the gap 

damper were selected according to the energy-based procedure described in subsection 3.3, assuming 

the displacement demand of the high-friction CSS (defined as the mean response for the 7 records at 

SLC) as the target displacement demand. From Figure 6, it is evident that the combined isolation 

system with gap dampers is able to substantially reduce the displacement demand in comparison with 
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the low-friction CSS. The resulting displacement is comparable to the displacement of the high-

friction CSS (the discrepancy between the two values of displacement are due to the fact that the 

design procedure is applied considering the average displacement demand for the suite of 7 records, 

not the single record). The force-displacement loops calculated for the combined isolation system 

confirms that the gap damper is able to provide a supplemental energy dissipation when the 

displacement exceeds the initial gap gapd  in either direction (phased behavior). 
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Figure 7 Force-displacement relationship of the elastic-perfectly plastic gap material implemented in 
OpenSees without and with cumulative damage (adapted from OpenSeesWiki [48]) 

The diagrams shown in Figure 6 refer to a gap damper without cumulative damage. This 

assumption implies that the performance of the gap damper at the first and at the subsequent 

engagements is the same because the initial gap is not affected by accrual of plastic deformation in 

previous cycles. The effect of the cumulative damage on the seismic performance of the gap damper 

can be simulated in the numerical analyses by switching on and off the “damage” string in the 

elastic-perfectly plastic gap material in OpenSees [47]. The corresponding force-displacement 

relationships for the gap damper without and with cumulative damage are represented in Figure 7. 
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Figure 8 Response to high-intensity ground motions: effect of cumulative damage on the displacement 
mitigation effect of gap dampers (top) and corresponding force-displacement loops of gap dampers (bottom) 

In order to demonstrate the influence of the cumulative damage on the performance of the gap 

damper, in Figure 8 the responses of the combined isolation system either with or without cumulative 

damage of the gap damper are compared to each other in terms of displacement history and 

hysteretic loops. It is shown that the cumulative damage may negatively affect the performance of 

the gap damper in terms of displacement mitigation, because of the engagement at larger 

displacements in subsequent cycles. Nevertheless, in the reported example, even in presence of 

cumulative damage of the gap damper the displacement demand of the isolation system combined 

with gap dampers is significantly smaller than the demand of the system with low-friction CSS 

alone. 

Another important parameter in the design of the gap damper system is the gap factor GF , which 

is related to the threshold displacement for engagement. The displacement responses corresponding 

to the three gap factors GF1, GF2, GF3 (Table 1) are shown in Figure 9: the most effective choice 

corresponds to gap factor GF3, which indicates an initial gap equal to 75% of the reduced 



 23 

displacement demand. This is reasonable for the system with cumulative damage, where the 

permanent deformation accumulated during the seismic movement decreases with increasing of the 

threshold displacement. Therefore, a large gap factor implies that the gap damper is engaged only 

during the strong motion phase of the accelerogram, where the extreme displacement is attained, 

whereas for smaller displacements the gap damper is not activated. On the contrary, a small gap 

factor would entail multiple engagements of the gap damper, even during small movements, and a 

consequent accrual of plastic deformations. According to the energy-based design procedure, the 

same amount of supplemental energy dissipation is assumed for the three gap factors, therefore 

systems having a lower gap factor have necessarily a lower value of yield force and higher 

displacements. An increase of the gap factor consequent to cumulative damage implies that larger 

displacements should be accommodated to dissipate the same amount of energy, as can be seen in 

the force-displacement loops shown in Figure 9.  
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Figure 9 Response to high-intensity ground motions: effect of gap damper factor on displacement mitigation 
effect of gap damper with and without cumulative damage (top), and corresponding force-displacement loops 
of combined isolation system with and without cumulative damage (bottom) 
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Figure 10 Response to lower-intensity ground motions: acceleration time history of the Golbasi earthquake 
(top), displacement response (middle) and absolute acceleration response (bottom) of different isolation 
systems 

With regard to low-intensity ground motions, the acceleration history of the Golbasi earthquake is 

shown in Figure 10, along with the displacement and absolute acceleration responses for the three 

examined isolation systems. The displacement history is purposely reported over a longer time than 

the duration of the ground motion acceleration history, in order to assess the free vibration response 

and the corresponding residual displacement at the end of the earthquake event. It is noted that the 

residual displacement caused by low-intensity ground motions may be an issue for structures 

equipped with high-friction isolation systems. In the example, the residual displacement of the high-

friction CSS is about 21 mm, which is more than 60% of the peak seismic displacement (32 mm). On 
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the other hand, the isolation system combined with gap dampers benefits from the good re-centering 

capability typical of low-friction CSS, which, as expected, has not been unpaired by the gap dampers 

according to the proposed realization scheme (Figure 3). Similar considerations can be made 

concerning the absolute acceleration response, as the peak accelerations for both the low-friction 

CSS and the combined system with gap damper is about one half of the value observed for the high-

friction CSS.  
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Figure 11 Response to lower-intensity ground motions: effect of gap damper factor on displacement 
mitigation effect of gap damper with cumulative damage (top) and corresponding force-displacement loops of 
combined isolation system (bottom) 

These results highlight the beneficial effects of the phased behavior of the gap damper in eliminating 

undesirable effects associated with large amounts of damping provided by a high friction coefficient 

at low-intensity ground motions. In particular, the engagement of the gap dampers can be totally 

avoided during low-intensity ground motions by properly setting the gap factor. In Figure 11, it can 

be seen that the gap dampers are not engaged at all when either gap factor GF2 or GF3 are assumed, 

whereas it is partly engaged for gap factor GF1. Although limited to the analysis of two earthquake 

records, these results suggest that GF3 could be an appropriate gap factor to meet performance 
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requirements simultaneously for both high-intensity ground motions and low-intensity ground 

motions. More detailed considerations will be made in the next subsection by analyzing other CSS 

parameters and the entire suite of ground motion records.  

4.3. Results of the parametric study  

As already anticipated, different performance requirements are associated to the two limit states 

considered in this study: at SLC the goal is to achieve the collapse prevention (CP) performance 

level, while extensive damage and plasticization of structural and non-structural elements are 

allowed to occur; at SLD the goal is to achieve an immediate occupancy (IO) performance level for 

structural elements, with low-to-moderate damage of the non-structural elements. The two 

performance requirements are therefore checked for the base-isolation system accordingly. For the 

maximum considered earthquake at SLC, the isolators must be able to accommodate the 

displacement demand, which is the primary design parameter for the isolation system. For frequent 

earthquakes corresponding to SLD level, the acceleration induced in the isolated structure must be 

sufficiently low to prevent damage to non-structural elements [52], [53]. At either limit state, the re-

centering capability is an important function of the isolation system, and the residual displacement 

must be checked in view of serviceability requirements and possible accrual of displacements in case 

of aftershocks or future events.  

The results in terms of average maximum displacement ( maxd ), average residual displacement 

normalized by maxd  ( res max/d d ), and average maximum absolute acceleration ( maxacc ) over the 

seven earthquake records for both SLC and SLD are calculated for the isolation system with CSS 

only and for the proposed base-isolation layout combining CSS with gap dampers. The results for the 

conventional CSS isolation system without gap dampers are summarized in Figure 12.  
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Figure 12 Seismic performance in terms of maximum displacement (top), residual displacement ratio (center) 
and maximum absolute acceleration (bottom) of the CSS isolation system with different values of radius of 
curvature and friction coefficient 

As expected, the displacement demand is highly dependent on the friction coefficient, as the 
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maximum displacement decreases by about 40-45% when passing from 1f  to 3f . On the contrary, 

the radius of curvature has little influence, as maxd  increases by less than 10% when passing from 1R  

to 3R . The re-centering capability is affected by both the radius of curvature and the friction 

coefficient, as it depends on the parameter rm d effd Rµ= . The poorest re-centering behavior is 

provided by systems having the largest radius of curvature in combination with the highest friction 

coefficient. This is more evident at SLD when the maximum displacement is small. As an example, 

at SLD the CSS isolation system 3 3R f  has a residual displacement corresponding to 

res max/ 46.1%d d = , which means that the residual displacement is about 50% of the peak seismic 

displacement.  

In order to highlight the advantages of the base-isolation layout made of CSS combined with gap 

dampers against the conventional CSS isolation system, the results are shown in a normalized 

format. For the displacement demand, the ratio HF
max max/d d  is calculated, with HF

maxd  denoting the 

average displacement demand of the high-friction CSS ( 3f  friction class). The average residual 

displacements are plotted in terms of the ratio LF
res res/d d , with LF

resd  denoting the average residual 

displacement achieved by the low-friction CSS ( 1f  friction class), which provides the best re-

centering capability. For the average maximum absolute acceleration, the ratio HF
max maxacc / acc  is 

calculated for both SLC and SLF, with HF
maxacc  denoting the average maximum absolute acceleration 

of the high-friction CSS ( 3f  friction class). Finally, the ratio LF
max maxacc / acc , with LF

maxacc  denoting 

the average maximum absolute acceleration of the low-friction CSS, is also computed at SLD for 

additional considerations in terms of serviceability requirements for low intensity ground motions.  

The results are shown in Figure 13, Figure 14, and Figure 15 for each of the 18 combinations of 

design parameters, including the three radii of curvature ( 1 2 3, ,R R R ), the two friction coefficients 

( 1 2,f f ) and the three gap displacements or engagement thresholds of the gap damper 
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( 1 2 3, ,GF GF GF ). Moreover, the influence of the cumulative damage of the gap dampers is assessed 

by reporting separate results corresponding to the configuration either with or without cumulative 

damage. By examining the results shown in the figures the following conclusions can be drawn: 

1) The proposed isolation layout combining low-friction CSSs with gap dampers outperforms the 

conventional CSS isolation system for both the SLD and the SLC performance requirements. 

In particular, the proposed system is characterized by a reduced displacement demand at SLC, 

comparable to the demand provided by high-friction CSSs, and a good-re-centering capability 

at SLD, comparable to the capability of the low-friction CSSs, thus is able to combine 

effectively the inherent advantages of low-friction and high-friction CSS systems.  

2) The initial gap of the gap damper is a key parameter for the fulfillment of the performance 

requirement at SLC, i.e. limiting the displacement demand for extreme earthquakes. Indeed, 

for low values of the initial gap ( 1 2,GF GF ), the gap damper is likely to be engaged during 

small vibrations before the occurrence of the peak displacement, leading to damage 

accumulation and increase of the initial gap, or threshold displacement, which will limit the 

energy absorbed by the gap damper in the cycle corresponding to the maximum displacement. 

Instead, the engagement of the gap damper for large displacements only ( 3GF ) mitigates the 

negative effects of the cumulative damage during minor amplitude cycles, and low-friction 

CSS with gap dampers having gap factor 3GF  provide ratios HF
max max/d d  very close to unity 

(1.00, 1.03 and 1.04 for the three effective radii of curvature considered in the study, 

respectively). For this reason, the choice of 3GF  is recommended for hysteretic gap dampers 

with cumulative damage. 

3) Without cumulative damage of the gap damper, the influence of the gap damper factor GF  on 

the displacement demand at SLC becomes negligible. This is reasonable since the threshold 

displacement remains constant throughout the time-history response, irrespective of the 
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assumed initial gap gapd .  

4) The gap damper does not impair the good re-centering capability of low-friction CSSs at SLC 

and SLD. In particular, at SLC the residual displacement can even be lower (especially for 1R  

and 2R ) than the value LF
resd . At SLD, the influence of the gap damper is totally negligible, and 

the performance of all the combinations of low-friction CSS + gap damper is comparable in 

terms of residual displacement to the one of the low-friction CSS alone. This occurs because 

the gap damper is not engaged for low-to-moderate seismic intensity levels typical of SLD 

earthquakes. However, this result has the merit of confirming that in the proposed realization 

scheme (Figure 3) the gap damper is able to provide supplemental energy dissipation to the 

isolation system without impairing its re-centering capability, and thus outperforms high-

friction CSS systems or combination with supplemental energy dissipation devices that do not 

have a phased behavior, like e.g., fluid viscous dampers.  

5) With regard to the maximum absolute acceleration, it must be noted that the engagement of the 

gap damper produces an increase of the acceleration response, as already reported in earlier 

studies from the literature [32]. In this regard, different observations can be made depending 

on the limit state. Indeed, the acceleration response is important especially for frequent 

earthquakes typical of SLD, where the protection of non-structural components is an 

important objective, whereas at SLC a collapse prevention performance level should be 

guaranteed. The increase of the acceleration response at SLC is unavoidable because it is 

inherent to the engagement of the gap damper, which ensures the aforementioned reduction of 

the displacement demand. On the other hand, assuming a gap damper factor 2GF  or 3GF  

makes it possible to prevent the engagement of the gap damper for SLD earthquakes, thus 

providing a favorable low-level acceleration response in line with the one of the low-friction 

CSS. As a result, it is believed that the response in terms of acceleration for frequent 

earthquakes is not a major concern for the proposed isolation system, provided a sufficiently 
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large initial gap (at least 50% of the reduced displacement demand at SLC) is assumed in the 

design. 

6) Some of the advantages of the proposed isolation system discussed above are valid for the low-

friction CSS + gap damper, but are less significant for the medium-friction CSS + gap 

damper, as can be seen from the histograms. In particular, while a higher friction coefficient 

(medium-friction 2f  in place of low-friction 1f ) results in a smaller displacement demand at 

SLC, the advantages in terms of re-centering capability and low acceleration response at SLD, 

typical of low-friction CSS systems, disappear. For this reason, in the authors’ opinion it is 

recommended to combine gap dampers with low-friction CSSs so as to satisfactorily and 

simultaneously meet the performance requirements at both SLC and SLD.  
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Figure 13 Seismic performance in terms of maximum displacement demand of combined CSS with gap 
damper compared to high-friction CSS system at SLC  
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Figure 14 Seismic performance in terms of residual displacement of combined CSS with gap damper 
compared to low-friction CSS system at SLC (top) and SLD (bottom) 

Strictly speaking, looking at the realization scheme in Figure 3, some impacts could occur at 

every engagement of the gap damper, thus affecting the behavior of the superstructure and involving 

higher-order modes (here neglected owing to the SDOF simplifying modeling assumption). These 

unavoidable impacts would be beneficial, since they entail an additional energy dissipation 

contribution, but also they somewhat modify the response compared to the one obtained in this 

paper. Consequently, the seismic performance indices (especially the absolute acceleration response) 

could be slightly different from that shown in Figure 12-Figure 15. 
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Figure 15 Seismic performance in terms of maximum absolute acceleration of combined CSS with gap 
damper compared to high-friction CSS system at SLC (top) and both high-friction and low-friction CSS at 
SLD (bottom) 
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5. CASE STUDY STRUCTURE  

In this section, the seismic performance of the isolation system made of CSS combined with gap 

dampers is numerically assessed by considering a case study structure previously analyzed by the 

authors from an experimental point of view [30]. Shake-table tests were carried out at the University 

“Federico II” of Naples, Italy, on a 1:3 scale one-story steel frame with rectangular plan. The frame 

is isolated with four CSSs placed at the corners, as illustrated in Figure 16.  

 

Figure 16 Shake table tests carried out on a 1:3 scale one-story steel frame isolated with curved surface 
sliders having different frictional characteristics  

The steel frame has a rectangular plan of 22 65 m. .15×  and a total height of 2.90m , which are 

representative dimensions for an ordinary building at a 1:3 length scale. Details of testing equipment, 

prototype frame building and scale factors are given in [30]. A reinforced concrete slab (with 
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dimensions of 2.65 0 52. m1 .2× × ) was placed on the top floor and 40 additional concrete blocks 

(each one with dimensions of 235 3 m15 m0 05× × ) were placed on the base floor, in order to provide 

a total mass equal to 8.2 ton. In particular, the base floor had a total mass equal to 3.26 ton, while the 

top floor had a total mass of 4.94 ton. Due to the symmetry of the structure, each of the four CSSs 

carried 1/4 of the total weight. The fundamental period of the fixed-base structure is 0.4 s.  

Two different frictional characteristics of the sliding pads were considered in the experimental 

campaign and are numerically analyzed in this paper: 1) unfilled PTFE lubricated with silicon 

grease, referred to as low-friction (LF) material; 2) a not-lubricated PTFE-bronze composite, referred 

to as high-friction (HF) material. The isolators adopted in the experimental campaign were either 

double curved surface sliders (DCSSs) for LF pads, with an effective radius of curvature of 1485 mm 

and a displacement capacity of 260 mm, or single curved surface sliders (SCSSs) for HF pads, with 

an effective radius of curvature of 1500 mm and a displacement capacity of 165 mm [30].  

The steel frame is modelled in OpenSees v. 2.5.4 [47], adopting 3D beam elements with 

consistent cross-sectional characteristics for columns and beams. The hysteretic behavior of the 

CSSs is reproduced by means of “Single Friction Pendulum Bearing” elements with an associated 

“Velocity Dependent Friction” law defined by Eq. (5) [48]. Small-scale tests performed on a custom 

biaxial testing equipment at the laboratory of Politecnico di Milano, Italy [35] are used to determine 

the parameters of the friction model for the two sliding materials, and the relevant friction vs. 

velocity curves are illustrated in Figure 17. The contact pressure used for the small-scale tests is the 

same as that experienced by the bearings in the shake-table tests, namely 7.10 MPa for LF pads, and 

3.98 MPa for HF pads.  
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Figure 17 Velocity-dependent friction law of the two sliding pads adopted in the shake-table tests obtained 
through the experimental procedure described in [35] 

Among the events selected for the shake-table tests in the experimental campaign [30], a sequence 

of three repeated identical ground motions corresponding to the Campano Lucano (CAT) earthquake, 

ID 287ya, station ST93, scaled to a PGA of 2.55 m/s2 (SF equal to 1.43) is here considered in the 

finite element model. The peak ground velocity of this ground motion record is 43.90 cm/s, the 

kinematic pulse index (calculated as per Quaglini et al. [31]) is equal to 0.70 and the pulse period is 

equal to 1.58 s. Therefore, this record can be classified as a pulse-like event with pronounced 

directivity effect. Evidently, three identical repetitions of the same seismic input are very unlikely to 

occur in practice, while more realistic recorded mainshock and aftershock sequences were previously 

analyzed [31]. This specific sequence has been chosen here as an extreme case, because a 

remarkably different behavior between LF and HF CSS isolation system was experimentally 

observed in terms of displacement demand and re-centering capability. Moreover, this sequence 

highlighted the importance of residual displacements in view of possible accrual of displacements in 

case of aftershocks.  

The displacement response of the LF and HF CSS isolation systems to the sequence of three 

repeated ground motion records is reported in Figure 18. An excellent agreement between 

experimental data and numerical results is noticed in terms of both peak displacement and residual 

displacement at the end of each shake, which confirms that the parameters adopted in the velocity-

dependent friction model are consistent with the frictional characteristics of the sliding pads used in 
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the shake-table tests.  

 
Figure 18 Experimental versus numerical response to a sequence of 3 repetitions of the Campano Lucano 
earthquake: acceleration time history (top), displacement response of low-friction CSS isolation systems 
(middle) and displacement response of high-friction CSS isolation system (bottom) 

A considerably different behavior between the low-friction and the high-friction CSS isolation 

systems is observed. The high friction coefficient significantly reduces the displacement demand of 

the isolated structure (from 85mm to 43mm at the first shake) through the mechanism of energy 

dissipation, but the poor re-centering behavior of the HF CSS produces an accrual of residual 

displacement over the sequence of repetitions of the ground motion, whereas negligible residual 

displacements are observed with the LF CSS. In particular, the first shake induces a residual 
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displacement of the structure with HF CSSs, which is nearly half of the peak displacement (about 

20mm). This residual displacement thus represents an initial offset of the isolation system during the 

second run of the ground motion, and contributes to increasing the peak displacement in the 

subsequent repetitions (up to 60mm at the third shake).  

 
Figure 19 Response of combined isolation system to a sequence of 3 repetitions of the Campano Lucano 
earthquake: displacement response (top), and corresponding force-displacement loops of gap damper (bottom) 

The same seismic input of the shaking table tests (three repetitions of the Campano Lucano 

earthquake) has been applied numerically to the case-study structure in which, in place of the 

traditional CSS isolation system, the proposed isolation system (low-friction CSSs + gap dampers) is 

implemented. In Figure 19, the response of the combined isolation layout (LF CSS + gap damper) is 

shown. The gap damper is designed according to the energy-based design procedure described in 

subsection 3.3. Motivated by the results of the parametric study, a gap factor 3GF  is chosen. The 

reduction factor RF  is calculated assuming a target maximum displacement of 25mm, in order to 

assess the ability of the proposed isolation system to reduce the displacement demand even below the 

level of the HF CSS isolation system. The displacement demand of the LF CSS isolation system 



 40 

without gap damper is also reported in the Figure as two dashed blue lines (positive and negative 

values) for comparative purposes. The gap damper is effective in reducing the displacement demand 

to the target level (maximum displacement of 26mm) at the first run of the sequence. For the second 

and third repetitions of the ground motion, different considerations can be made depending on the 

cumulative damage. Disregarding the cumulative damage leads to the same response during the three 

repetitions, because the force-displacement loops of the gap damper are simply replicated three times 

in an identical manner. In contrast, when the cumulative damage of the gap damper is taken into 

account, the peak displacement increases during the second and the third repetitions of the ground 

motion compared to the first shake due to the increase of the initial gap dgap, and hence the delayed 

engagement of the gap damper, caused by accumulated plastic deformation. This drawback is 

inherently related to the use of conventional hysteretic steel dampers, viscous dampers or friction 

dampers that exhibit permanent deformation after being engaged in compression. However, the 

cumulative damage effect might be mitigated by using shape memory alloys that do not suffer from 

permanent deformation in place of classical steel elements for the hysteretic dampers, or introducing 

a re-centering mechanism to restore the initial position of the gap damper after being engaged. 

Notwithstanding, after three repetitions the maximum displacement attained by the proposed 

isolation system with cumulative damage is 55mm, which is lower than the maximum displacement 

attained by the LF CSS system (85mm) as well as by the HF CSS system (60mm), the latter being 

indeed affected by the accrual of displacement induced by its poor re-centering behavior.  

6. CONCLUSIONS 

An effective base-isolation system that combines low-friction CSS with hysteretic gap dampers 

was presented. The gap damper provides supplemental energy dissipation only when the isolation 

system exceeds a threshold displacement or initial gap while not being engaged otherwise.  

The main findings of this research work can be summarized as follows: 
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1) The phased behavior of the gap damper realization scheme (Figure 3) developed in this paper 

does not impair the re-centering capability of the isolation system, since it is composed by two 

“compression-only” hysteretic elements that do not provide any reaction force during the coda 

stage of the ground motion or during free vibration of the isolation system in the 

neighborhood of its undeformed configuration. 

2) A performance-oriented design procedure for the selection of the mechanical parameters of the 

hysteretic gap damper was developed in order to achieve a target maximum displacement 

during extreme events. As an example, the target displacement demand can be designed to be 

at the same level as (or even lower than) the one provided by an isolation system with high-

friction CSSs.  

3) The design procedure was numerically validated through nonlinear response history analyses in 

a parametric study including two intensities of the earthquake excitation (associated with two 

distinct performance requirements, namely no collapse requirements and serviceability 

requirements) and different CSS characteristics. The results of the parametric study 

demonstrate that the use of gap dampers avoids undesirable effects associated with high-

friction CSS at the serviceability design earthquake, such as residual displacements and large 

structural accelerations, and is beneficial for reducing the displacement demand of low-

friction CSS isolation systems during extreme earthquakes.  

4) An issue of the proposed gap damper layout is the cumulative damage induced by accumulated 

plastic deformation, which can negatively affect the performance of the gap damper in terms 

of displacement reduction. However, assuming at the design stage an initial gap gapd equal to 

0.75 times the maximum expected displacement (gap factor 3GF ) was found to be a viable 

choice to avoid or limit the cumulative damage. Smaller values of initial gap ( 1 2,GF GF ), 

corresponding to 1/4 and 1/2 times the maximum expected displacement, may emphasize the 

negative effects of cumulative damage, which lead to a delayed engagement of the gap 
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damper and, consequently, reduce its effectiveness in the displacement mitigation during 

extreme earthquakes. Without cumulative damage of the gap damper, the influence of the gap 

damper factor GF  on the displacement demand during extreme earthquakes becomes 

negligible. 

5) The engagement of the gap damper produces an increase of the acceleration induced in the 

isolated superstructure. In these regards, assuming a larger initial gap ( 3GF ) is also beneficial 

for serviceability requirements, since it prevents the engagement of the gap damper during 

low-intensity earthquakes, thus avoiding the increase of the structural acceleration during 

frequent earthquakes when the protection of non-structural components is an important 

objective. For serviceability earthquakes, the acceleration response of the proposed system 

with gap dampers and 3GF  is in line with that of low-friction CSSs without gap damper and, 

consequently, much lower than that of high-friction CSSs. 

6) In order to show the effects of the poor re-centering capability of high-friction CSSs in 

promoting the displacement accrual, experimental results recorded during shake table testing 

of a one-third scale base-isolated steel frame building were presented. The same seismic input 

(a sequence of three repetitions of an accelerogram with pronounced directivity effect) was 

applied numerically to the case-study structure in which, in place of the traditional CSS 

isolation system, the proposed isolation system (low-friction CSSs + gap dampers) was 

implemented. The numerical results highlighted the excellent performance in terms of both 

reduction of seismic displacement (to a level even lower than the displacement observed with 

high-friction CSSs) and negligible residual displacement. 

In conclusion, the proposed solution for base isolated structures is characterized by satisfactory 

energy dissipation alongside good re-centering capability, thus combining effectively and 

simultaneously the inherent advantages of low-friction and high-friction CSSs. Gap dampers 

introduce supplemental energy dissipation without negatively affecting the re-centering behavior, 
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thus outperforming alternative high-friction CSS systems or combinations with supplemental energy 

dissipation devices that do not have a phased behavior. Consequently, the proposed system (low-

friction CSSs + gap dampers) outperforms both the high-friction CSS system, which suffers from a 

low re-centering capability, and the low-friction CSS system, which suffers from large displacement 

demand. 

The work aims at representing a feasibility study for the proposed gap damper system in 

combination with CSS, which also justifies the use of simple unidirectional seismic excitations for 

the numerical analyses. Extension to in-plane bidirectional seismic excitations will be discussed in a 

future development of this research work. Moreover, before practical implementation of the system, 

elimination or at least mitigation of the cumulative damage effects inherent to hysteretic dampers 

realized with conventional steel elements would be necessary. The authors recognize two possible 

strategies: i) introducing a properly designed re-centering mechanism for the compression-only 

hysteretic elements, thus restoring the initial position of the gap damper after being engaged and 

reproducing the behavior of the idealized system “without cumulative damage” simulated in this 

paper; ii) keeping the realization scheme adopted in this paper (Figure 3) but using hysteretic 

elements that exploit the superelastic effects given by shape memory alloys, which do not suffer 

from residual permanent deformation. The development of a novel shape memory alloy gap damper 

is indeed the object of an ongoing research. 
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