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ABSTRACT 

The breakaway friction coefficient of curved surface sliders (CSSs) governs the transition between the 
sticking and the sliding behavior of the isolators, and hence affects the response of an isolated building 
during an earthquake. When the inertia forces induced by low-to-moderate intensity excitations are 
not able to overcome the breakaway frictional resistance of the CSS isolation system, the structure 
behaves as a fixed-base building, thus experiencing higher accelerations, interstorey drifts and internal 
forces than the isolated building. The majority of structural analysis programs disregard the static 
coefficient of friction, and implement the dynamic friction coefficient only throughout the response 
history analysis, which implies an increased displacement demand for the isolation system but may 
concurrently lead to an unsafe design for the superstructure. In this paper, the frictional resistance to 
sliding before the breakaway is simulated through a bidirectional plasticity domain, which has been 
coded in a finite element of the isolator formulated in OpenSees to incorporate the transition between 
the breakaway friction in the sticking phase and the velocity-dependent friction model in the 
subsequent sliding phase. Based on this formulation, the influence of the breakaway friction on the 
response of buildings isolated with CSSs is investigated numerically through an extensive parametric 
study comprising more than 9000 bidirectional nonlinear time history analyses (NLTHAs). The 
parameters cover a range of friction coefficients, superstructure properties and a large group of natural 
spectrum-compatible bidirectional ground motions having different intensity levels and frequency 
contents. The results from NLTHAs are processed statistically to elaborate regression formulae and 
design recommendations that can be useful to predict the trigger acceleration at which sliding motion 
starts, as well as to suggest how to achieve more accurate estimates of the seismic response when the 
breakaway friction is ignored in the structural analysis model. 

KEY WORDS: Base isolation; Curved Surface Slider; Friction coefficient; Breakaway effect; 
Nonlinear time history analyses; Seismic response. 
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1. INTRODUCTION 

Seismic isolation is an effective technology for the enhancing the seismic protection of structures 
and their contents. Typical isolation devices include elastomeric bearings (rubber, recycled rubber or 
fiber-reinforced rubber [1]-[3]) and sliding supports with curved surfaces [4]-[7]. The Curved Surface 
Slider (CSS), introduced in the '80s in the version called Friction Pendulum System® (FPS) [8]-[10], 
is one of the most popular isolation hardware worldwide owing to its inherent simplicity. Indeed, it 
provides the four main functions required to the isolation system, i.e. carrying vertical loads from the 
superstructure, lateral flexibility, energy dissipation and re-centering capability, in a single, compact 
design. In its basic configuration, the CSS consists of a concave sliding plate and an articulated slider. 
The surface of the slider in contact with the concave plate is lined by a low-friction thermoplastic 
material, which is responsible for the energy dissipation during the sliding between the slider and the 
concave plate (Figure 1-left). Though improved versions featuring multiple sliding surfaces have been 
proposed in recent years, e.g., the Double Friction Pendulum [11], [12], featuring a displacement 
capacity twice larger than its single surface counterpart, and the Triple Friction Pendulum [13]-[15], 
characterized by an adaptive stiffness and damping behavior at different intensity levels of the 
earthquake excitation, their mechanical behavior follows the same fundamental principles. The 
coefficient of friction (𝜇ௗ௬௡) and the effective radius of curvature (𝑅ୣ୤୤) of the sliding surfaces 

determine the dynamic behavior of the device.  

 

Figure 1 Kinematics and free body diagram of CSS (left) and idealized force-displacement relationship (right) 

The total resisting force (𝐹) of the CSS is given by the sum of two contributions: a restoring force 
(𝐹௥) that is proportional to the horizontal displacement (𝑑) and is provided by the concave surface 
based on the pendulum mechanism, and a pure friction force (𝐹௙) developed at the sliding interface 

that controls the energy dissipation capability: 

𝐹 ൌ  𝐹௥ ൅ 𝐹௙ ൌ 𝑘௣𝑑 ൅ 𝐹଴sgnሺVሻ. (1) 

In Eq. (1) 𝐹଴ ൌ 𝜇ௗ௬௡ ⋅ 𝑁 represents the characteristic strength of the CSS, with 𝑁 denoting the vertical 

load, 𝑘௣ ൌ 𝑁 𝑅eff⁄  is the restoring stiffness, 𝑑 and 𝑉 indicate the horizontal displacement and velocity, 

respectively, and sgnሺ⋅ሻ is the signum function. Moreover, in Figure 1 𝑑୫ୟ୶ is the maximum 
displacement, 𝑑ୡୢ represents the design displacement, 𝑑୰ୣୱ is the residual displacement at the end of 
the earthquake shaking and 𝑑୰୫ denotes the so-called maximum static residual displacement identified 
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by the equilibrium condition between the restoring force 𝐹௥ and the pure friction force 𝐹௙ in an idealized 

force-displacement cycle, namely 𝑑୰୫ ൌ 𝜇ௗ ⋅ 𝑅ୣ୤୤. The initial stiffness of the CSS (relevant to the pre-
sliding phase) is very high, typically two-folds higher than the restoring stiffness, e.g. 𝑘௜ ൌ 100 𝑘௣ 

[16] (value adopted in this paper). Based on Eq. (1), the dynamic friction coefficient 𝜇ௗ௬௡, which 

depends on the sliding material used at the interface, has a prominent role on the hysteretic behavior 
of the CSS. Besides conventional PTFE, whose first applications in sliding bearings for bridges date 
back to the '60s [17], filled PTFE [18], [19], Ultra High Molecular Weight Polyethylene (UHMWPE) 
[20], and Polyamide (PA) [21] have been more recently used as lining materials of the slider under a 
wide range of loads and environmental conditions.  

 

Figure 2 Experimental friction loop measured on a steel-PTFE flat slider under unidirectional sinusoidal motion 
(a) and graphical comparison between Constantinou et al. [34], Quaglini et al. [27], and Fagà et al. [35] velocity-
dependent friction models (b) along with corresponding qualitative friction loops (c,d,e) 

The coefficient of friction of thermoplastic materials changes with a number of factors including 
applied pressure, velocity of sliding, temperature, manufacturing variability, ageing and environmental 
effects, roughness of the mating surface, wear and contamination of the sliding surfaces [22]-[29]. For 
this reason, current code provisions, e.g. ASCE 7-16 [30], Eurocode 8 Part 2 – Bridges [31] and 
AASHTO Guide Specification for Seismic Isolation Design [32], allow incorporating so-called 
property modification factors 𝜆 (whose theoretical basis dates back almost twenty years, see e.g. 
Constantinou et al. [22]) to account for variations of the design properties of seismic isolator units and, 
hence, of the isolation system as a whole. The advantage of this approach lies in its practical simplicity: 
the inherent variability of the seismic isolation properties during the service life of the structure is 
studied through two structural models based on upper-bound and lower-bound design properties of the 
isolators, which amplify or reduce their nominal properties (while keeping them confined within 
appropriately calibrated boundary limits) in order to account for the aforementioned variability effects 
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(heating, velocity, manufacturing, ageing, environmental exposure, and contamination effects) in a 
simplified manner. The validity and reliability of this approach is strictly related to the capability of 
standardized prototype testing protocols to capture the main sources of variability of the isolators’ 
behavior that are reflected in the property modification factors. Some critical remarks in the context of 
friction isolators were recently discussed by Benzoni and Lomiento [33]. 

Experimental research demonstrated the complexity of the friction mechanism especially regarding 
the dependence on the sliding velocity (see e.g. the experimental friction loop in Figure 2a), relevant 
to a steel-PTFE flat slider under unidirectional sinusoidal motion. During the motion of the CSS, the 
dynamic friction coefficient at sliding surface 𝜇ௗ௬௡ usually increases from a minimum value 𝜇௅௏, in 

the low-velocity regime, to a steady value 𝜇ு௏, in the high-velocity range (Figure 2b). This behavior 
can be modeled by using an exponential expression proposed by Constantinou et al. [34] 

𝜇ௗ௬௡ ൌ 𝜇ு௏ െ ሺ𝜇ு௏ െ 𝜇௅௏ሻ ⋅ 𝑒ሺିఈ௏ሻ  (2) 

where 𝛼 is a transition rate parameter. The corresponding qualitative friction loop is shown in Figure 
2c. However, this formulation is not able to predict the actual response of CSS isolators in the sticking 
phase preceding the triggering of the sliding motion. Experimental findings reveal that at the beginning 
of the motion and at any momentary sticking of the sliding surfaces, e.g. at motion reversals, the 
friction coefficient attains a higher value than the dynamic friction coefficient, which is known as static 
friction 𝜇ௌ். In particular, the static coefficient of friction that contrasts the start of the motion is 
denoted as the breakaway friction coefficient 𝜇஻. The initiation of the sliding phase is accompanied by 
a clear drop in the frictional resistance, and, depending on the sliding material at the interface, 𝜇஻ can 
be 1.5 to 4.5 times larger than 𝜇௅௏ ሾ35ሿ; moreover, the value of 𝜇஻ is affected by temperature, wear 
and contamination of the surfaces [24], [36]-[41]. Based on experiments on steel–PTFE interfaces, 
Constantinou et al. [34] suggested that for unworn PTFE a viable assumption for the ratio of the static 
to the low-velocity friction coefficient is about 4, and similar figures apply also to other sliding 
materials used by European manufacturers, including filled PTFE, UHMWPE and PA [21], [27], [42]. 
The static friction is governed by chemical bonds arising at the interface between the contact surfaces 
during the sticking phase. Since the number and strength of these bonds increases with the duration of 
sticking, the static friction coefficient at the breakaway 𝜇஻ is reasonably larger than the value observed 
at motion reversal 𝜇௥௘௩ (cf. again Figure 2a). Therefore, to properly simulate the actual response of 
CSSs during both the breakaway (pre-sliding) and the sliding phases, the numerical formulation should 
include the breakaway friction coefficient besides the dynamic friction coefficient. Some modelling 
assumptions of the breakaway friction from earlier literature studies as well as the numerical 
formulation adopted in this paper are described in the next Section.  

2. MODELLING THE BREAKAWAY FRICTION 

Since the early 90's, several studies have investigated the dependence of the dynamic coefficient of 
friction on the contact pressure, velocity, temperature and travelled distance [34], [43]-[46], whereas 
both the breakaway 𝜇஻ and the motion reversal 𝜇௥௘௩ coefficients of friction have been generally 
disregarded. In this context, experimental works demonstrated that the breakaway friction for PTFE-
stainless steel interfaces disappears after just one cycle of loading [38], [47] while for other sliding 
materials it persists even after several cycles, manifesting itself when the transition from the sticking 
phase to the motion implies a certain idle time [42].  
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A formulation suitable to account for both forms of static coefficient of friction, at breakaway and 
at motion reversal, respectively, was proposed by Quaglini et al. [27] by introducing a second 
exponential term in Eq. (2) to describe a smooth transition from 𝜇ௌ் to 𝜇௅௏ (Figure 2b and 2d): 

𝜇ௗ௬௡ ൌ 𝜇ு௏ െ ሺ𝜇ு௏ െ 𝜇௅௏ሻ ∙ 𝑒
ሺିఈభ௏ሻ ൅ ሺ𝜇ௌ் െ 𝜇௅௏ሻ ∙ 𝑒

ሺିఈమ௏ሻ ∙ ቀ
|௦௚௡ሺ௏ሻି௦௚௡ሺௗሻ|

ଶ
ቁ (3) 

where, similar to Eq. (2), 𝛼ଶ is an additional parameter governing the change of friction from the static 
to the dynamic regime. In a general unidirectional cyclic motion, the conditional function in round 
brackets at the end of Eq. (3) is nonzero only at motion reversal, thus governing the transition from the 
dynamic to the static friction coefficient when the sliding pad reverses its motion after a stop. However, 
to capture the breakaway friction, this conditional function is eliminated at the initiation of motion 
when velocity and displacement have the same sign. This formulation was implemented into the 
general-purpose ABAQUS finite element (FE) program [48] and used to investigate the response of a 
CSS under unidirectional displacement-controlled time histories. Besides being limited to 
unidirectional trajectories, the main drawback of this formulation is represented by its inability to 
account for different values of the friction coefficient at the breakaway and at motion reversal, as it 
implicitly assumes 𝜇஻ ൌ 𝜇௥௘௩ ൌ 𝜇ௌ். Although this issue is still unresolved even in more recent 
formulations, it is worth noting that in real implementations the CSS isolators are subjected to three-
dimensional earthquake excitations, therefore a new sticking phase following the breakaway is very 
unlikely to occur (although the velocity along one direction may be zero, the component in the 
orthogonal direction is nonzero).  

Due to the complexity encountered when handling the non-monotonic dependency of friction on 
velocity associated with the drop of friction at the breakaway and at motion reversal, available 
commercial FE codes are still nowadays based on the friction model developed by Constantinou et al. 
[34]. A simple bilinear force-displacement behaviour can be indeed easily reproduced in nonlinear 
time history analyses (NLTHAs). This can be accomplished by means of either a coupled plasticity 
model [49], in which the plastic deformation corresponds to the displacement occurring during the 
accommodated sliding motion and the elastic deformation to the shear deformation of the sliding 
material, or a generalized Bouc-Wen smoothed plasticity model [50], whose parameters satisfy an 
evolutionary differential equation extended to seismic isolation bearings by Nagarajaiah et al. [51]. 
The coupled plasticity model is used, for instance, in OpenSees [52], whereas the generalized Bouc-
Wen model is implemented in SAP2000 [53], MIDAS GEN [54] and 3-D BASIS [55], [56], among 
others. Hence, all these calculation tools are unable to account for the static friction coefficient and 
disregard its effect on the response history analysis, which may lead to an underestimation of the peak 
floor accelerations and maximum inter-storey drifts transferred to the superstructure, which are indeed 
likely to be experienced in the sticking phase before the breakaway. To overcome this issue, both 
European and the North American seismic design codes [57]-[59] allow one to model the force-
displacement response of CSSs through a simple bilinear constitutive law whose constitutive 
parameters are adjusted by applying suitable property variation factors so as to indirectly incorporate 
all sources of variability, including the breakaway friction, in the response of the isolators. 

The effect of breakaway friction 𝜇஻ was firstly introduced in NLTHAs by Constantinou et al. [34] 
by adapting the Bouc-Wen model. The response of a rigid mass supported by flat sliding bearings and 
excited at the base by a unidirectional sine waveform was investigated, outlining that the effects of the 
breakaway friction become important when the ratio of breakaway to low-velocity friction coefficient 
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(𝜇஻/𝜇௅௏) is larger than the ratio of high- to low-velocity friction coefficient (𝜇ு௏/𝜇௅௏).  
In recent years, Fagà et al. [35] carried out several unidirectional NLTHAs in OpenSees FE code 

[60] considering different layouts of both multi-storey isolated buildings and CSS isolators and 
replacing the low velocity 𝜇௅௏ with the static coefficient of friction 𝜇ௌ் in Eq. (2) 

𝜇ௗ௬௡ ൌ 𝜇ு௏ െ ሺ𝜇ு௏ െ 𝜇ௌ்ሻ ∙ 𝑒
ሺିఈ௏ሻ (4) 

The adopted friction model and the relevant force-displacement loop are represented in Figure 2b and 
2e. It can be noted that, besides the peaks of the friction force at breakaway and at sliding motion 
reversal, further peaks (all having amplitudes 𝐹ௌ் ൌ 𝜇ௌ் ⋅ 𝑁) are generated also in the slow-down 
phase when the CSS approaches the maximum displacement. To the authors’ knowledge, only the 
polyamide exhibits such frictional behaviour [42], while the majority of the sliding materials are 
compliant with the velocity dependent formulation by Quaglini et al. [27]. For such materials, the 
model by Fagà et al. [35] in NLTHAs could lead to an underestimation of the maximum displacement 
𝑑୫ୟ୶, as well as to an overestimation of the residual displacements 𝑑୰ୣୱ. Indeed, when the CSS is 
slowly oscillating during the coda-stage of the quake, the model would provide a higher friction force 
that opposes the motion. However, in the referred study the authors concluded that ignoring the static 
friction seems to have a small effect on the maximum displacement, but leads to a not negligible 
underestimation of the internal forces in the structure [35]. 

Gandelli et al. [61] studied the effect of different breakaway levels and friction materials on the 
response of a mid-rise building protected by means of CSS isolators. Unidirectional NLTHAs were 
carried out in OpenSees code [60], by modelling the CSS units through the standard 
“SingleFrictionPendulumBearingElement” (SFPBE) with an associated “VelDependent” friction 
model [62] in line with Eq. (2). The breakaway friction was introduced in the structural model through 
a one-directional “Truss” element acting in parallel to the isolator element (hence aligned to the 
direction of ground motion) whose stress-strain behaviour was described through the “MinMax” 
material object (Figure 3). The “MinMaxTruss” (MMT) reproduces a linear elastic force-displacement 
behaviour as long as the strain is below a given threshold, whereas for higher deformations the material 
fails, and from that point on, it provides zero axial strength and stiffness. A criterion to define the 
constitutive parameters of the element was provided in order to achieve the desired (target) breakaway 
friction level [61]. The study confirmed that the breakaway friction has a major effect on the peak floor 
acceleration (PFA) and on the shear at the isolation level, whereas in general the influence on the 
maximum displacements of CSS units is modest. In particular, the effect on PFA and base shear is 
negligible for low-friction (𝜇ௗ௬௡ ൌ 0.01 ൊ 0.03) materials and becomes important for medium- 

(𝜇ௗ௬௡ ൌ 0.03 ൊ 0.08) and high-friction (𝜇ௗ௬௡ ൌ 0.05 ൊ 0.13) materials when the ratio between the 

breakaway and the low-velocity friction coefficients is larger than 2.5 (𝜇஻ 𝜇௅௏⁄ ൐ 2.5). This 
conclusion is somehow consistent with previous numerical observations made by Constantinou et al. 
[34]. 
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Figure 3 Force-displacement response of the SFPBE element (left), MMT element (centre), and effects 
superimposition (right) 

Despite the interesting hints on the effects of the breakaway friction derived from the latter study 
[61], the authors could not claim a general validity for its conclusions, since only one building 
prototype under unidirectional ground motions with a narrow frequency content was analysed. 
Moreover, the MMT formulation is only suitable for unidirectional seismic inputs acting along the 
direction of the truss, thus it is unable to deal with bidirectional ground motions. To this aim, a more 
extensive parametric study turns out to be necessary to draw more general conclusions on the effect of 
the breakaway friction, which has motivated this research work.  

Only very recently, a novel “CSSBearing_BVNC” (hereafter called BVNC) element with an ad-hoc 
associated friction model has been developed in a customized version of OpenSees [63]. Similar to the 
conventional “VelocityAndNormalForceDependentFriction” already implemented in the standard 
OpenSees code [62], the BVNC element can be used in NLTHAs of structures subjected to 
bidirectional ground motions and is capable to account for the dependence of friction on the 
instantaneous sliding velocity (effect V) and normal load (effect N) as the standard element does. The 
two main novelties of the BVNC element are represented by the capability to reproduce the 
degradation of the kinetic friction induced by the heating of the sliding material occurring during the 
cyclic motion of the articulated slider (effect C) and the inclusion of the breakaway friction (effect B). 
By properly setting the eight constitutive parameters of the BVNC element, it is possible to selectively 
account for or neglect each of the four aforementioned effects.  
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Figure 4 The “BV” element adopted in the present study: relevant bidirectional plasticity domain (left), 
associated friction model (centre) and response of the element to a sinusoidal excitation [adapted from Gandelli 
et al. [63]] 

In the present work, a reduced version of the BVNC element accounting for the breakaway and the 
velocity effects only (“BV” model), as represented in Figure 4, is adopted. The transition between 
static and dynamic friction is accomplished by two distinct plastic material models, one for the static 
friction ruling the breakaway phenomenon, and the other for the dynamic friction after the initiation 
of the sliding motion. In particular, at each time instant, the bidirectional plasticity domain of the 
element is computed according to the following conditional expression 

𝐹௙ ≅ 𝑞௬௜௘௟ௗ ൌ ൜
𝜇஻ ∙ 𝑁          ℎ ൏ 1
𝜇ௗ௬௡ ∙ 𝑁      ℎ ൒ 1 (5) 

where ℎ is an internal variable that is incremented by one every time that the plastic threshold is 
reached and 𝜇ௗ௬௡ ൌ 𝜇ௗ௬௡ሺ𝑉ሻ is expressed by Eq. (2). Therefore, at the beginning of the analysis ℎ ൌ
0 and the yield force is defined by a circular yield domain 𝑞௬௜௘௟ௗ ൌ 𝜇஻ ⋅ 𝑁 according to a Coulomb 

friction model, whereas at the first yielding the variable ℎ is updated to ℎ ൌ 1 and the plasticity 
algorithm switches to the velocity-dependent friction model 𝑞௬௜௘௟ௗ ൌ 𝜇ௗ௬௡ሺ𝑉ሻ ⋅ 𝑁. Figure 4-right 

shows an example of the force-displacement loops of the BV element subjected to a sinusoidal ground-
motion acceleration. The formulation presented in Eq. (5) has the following advantages in comparison 
with the previous formulations: 1) it allows performing bi-directional NLTHAs accounting for the 
breakaway friction, which was not possible in the formulation developed by Quaglini et al. 2014 [27]; 
2) it explicitly incorporates two friction behaviours for the breakaway and for the sliding phase 
separately, namely a Coulomb-type friction model and a velocity-dependent friction model. In the 
initial sticking phase, the plastic threshold of the proposed formulation is ruled by the Coulomb friction 
model with 𝜇 ൌ 𝜇஻, so that the corresponding strength is independent from the velocity variable. It 
must be remarked indeed that the OpenSees software accounts in a single variable for two 
contributions, namely the plastic (i.e. sliding) and the elastic deformation rates. Although the latter 
contribution associated with the elastic deformation in shear of the isolator element is reasonably small 
in typical modelling assumptions of curved surface sliders, it is never null and the OpenSees code 
computes a non-zero velocity value even in the sticking phase [60]. Therefore, in the Fagà et al. [35] 
formulation, this non-zero velocity value produces an instantaneous friction value that is lower than 
the original static friction value 𝜇ௌ் (based on Eq. (4)), thus underestimating the actual plastic threshold 
associated with the breakaway phenomenon.  
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Based on the BV formulation described above, the influence of the breakaway friction on the 
seismic response of buildings isolated with CSS is investigated numerically in this paper. The 
parameters adopted for the numerical analyses are described in the next Section, while the results and 
some design recommendations are discussed in Section 4. 

3. PARAMETRIC STUDY 

A broad parametric study is carried out, which comprises 9072 bidirectional NLTHAs including 
different properties of the superstructure, of the CSS isolation system, as well as a large group of 
ground-motion records having different intensity levels and frequency contents. The NLTHAs are 
performed with the structural analysis program OpenSees v. 2.5.4 [60], using the BV friction element 
described in Section 2. A statistical elaboration of the obtained results is then performed to obtain 
useful design recommendations regarding the influence of the breakaway friction on the trigger 
acceleration at which sliding motion is engaged, as well as the influence of the breakaway friction on 
the seismic response in terms of peak floor acceleration, inter-storey drift, base shear and CSS 
displacement demand.  

3.1. Structural models 

Three different structural models representative of a double-symmetric, square-plan two-storey, 
four-storey and six-storey reinforced concrete (RC) building frames are analyzed, as shown in Figure 
5. The buildings, conceived as moment-resisting frames, are designed according to the Italian Building 
Code NTC2018 [64]1. They are constituted by four structural frames with 6 m long bays in both the 
longitudinal (x) and the transversal (y) direction, while the interstorey height is taken as 3 m at all 
levels. Concrete grade is taken as C25/30 and steel reinforcement as B450C grade (yield stress equal 
to 450 MPa), while the modulus of elasticity and density of RC members is assumed as 31.476 GPa 
and 25 kN/mଷ, respectively. As illustrated in Figure 5, the cross-section of the columns varies along 
the building height, while the cross-section of all the beams is assumed to be 30 ൈ 60  cm for every 
frame and for every building. A 20-cm thick RC slab is considered at every level, which results in a 
characteristic value of the dead loads of 𝑔௞ ൌ 5 kN/mଶ, while the characteristic value of the live loads 
for residential buildings is 𝑞௞ ൌ 2 kN/mଶ [64]. Based on the combination coefficients of the NTC2018 
[64], the design load per unit area considered in the seismic combination of actions is  

𝑞ௗ ൌ 𝛾ீ ⋅ 𝑔௞ ൅ 𝛾ொ ⋅ 𝜓ଶ ⋅ 𝑞௞ ൌ 1.3 ⋅ 5 ൅ 1.5 ⋅ 0.3 ⋅ 2 ൌ 7.4 kN/mଶ (6) 

which, multiplied by the floor area (18 ൈ 18 mଶ ൌ 324 mଶ) gives a floor weight of 𝑤௙ ൌ 2397.6 kN, 

corresponding to a floor mass of 𝑚௙ ൌ 244.404 t. A “RigidFloorDiaphragm” multi-points constraint 

[62] is introduced in the OpenSees model to simulate the behavior of a rigid floor. Therefore, the floor 
mass 𝑚௙ can be lumped at a master node located at the centroid of each floor (centre of mass), along 

with a mass moment of inertia about vertical axis (z) (rotary inertia of floor about master node) equal 

to 𝐼଴ ൌ
௠೑ ൫ଵ଼మൈଵ଼మ൯

ଵଶ
, which is consistent with the assumption of uniformly distributed mass per unit 

area [53], [62].  

 
1 The NTC2018 [64] is based on theoretical principles that are similar to the European Design Code EC8 [65]. 
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Figure 5 Structural model considered in the parametric study: plan view and front view of representative four-
storey building (top), 3D view of double-symmetric two-, four- and six-storey moment resisting frames (bottom) 

Table 1 Fundamental period of the three moment resistant concrete frames analyzed in the parametric study 

Number of 
floors 

Fundamental period from modal  
analysis on 3D frame 𝑇௦௦ଵ ሾsሿ 

Approximated fundamental period for a 
moment resistant concrete frame 𝑇௦௦ଵ

ୟ୮୮୰ ሾsሿ † 

2 0.290 0.287 
4 0.477 0.484 
6 0.648 0.655 

† based on NTC2018 [64] and EC8 [65] formula 𝑇ଵ ൌ 𝐶௧ ⋅ 𝐻ଷ/ସ, with 𝐶௧ ൌ 0.075 and 𝐻 the height of the building in ሾmሿ 
 
The superstructure is modeled as a linear elastic system with “ElasticBeamColumn” elements [62] 

for beams and columns with appropriate cross-sectional characteristics. Given the perfect symmetry 
along the two x and y directions in terms of mass and stiffness, the first two modes of vibration of the 
superstructure are purely translational and the third is purely torsional. The fundamental period 𝑇௦௦ଵ 
for the three superstructures (associated with both the translational modes of vibration) is reported in 
Table 1. It is worth noting that the calculated period 𝑇௦௦ଵ is very close to the approximated fundamental 
period that can obtained by the analytical formula reported in NTC2018 [64] and EC8 [65] for a 
moment resistant space concrete frame (see e.g. EC8 [65], Eq. (4.6)). From Table 1 it can be observed 
that the three fundamental periods cover a range of practical situations that can be observed in typical 
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RC framed buildings.  
The buildings are isolated with sixteen CSS isolators located underneath each column, and 

connected to each other via a base slab of mass 𝑚௕ acting as a rigid diaphragm, which prevents 
differential displacements. Two mass ratios 𝑚௕/𝑚௙ ൌ 1.0 and 2.0 between the base mass and the floor 

mass are considered for each building, thus including six different building configurations in the 
parametric study, whose designation is listed in Table 2. 

Table 2 Building configurations considered in the parametric study 

Number of storeys Building class  Base mass to floor mass ratio 𝑚௕/𝑚௙ Building ID 

2 2S 
1 2S_1 
2 2S_2 

4 4S 
1 4S_1 
2 4S_2 

6 6S 
1 6S_1 
2 6S_2 

 

Table 3 Parameters of the dynamic friction and of the breakaway friction considered in the parametric study 

Friction 
class 

Representative  
case 

Friction coefficient  
ሺ𝜇௅௏ , 𝜇ு௏ሻ 

Breakaway  
class 

Breakaway  
friction 𝜇஻ 

Friction  
ID 

LF lubricated PTFE / UHMWPE (0.01,0.025) 

𝜇஻/𝜇௅௏ ൌ 1 0.01 LF_1 

𝜇஻/𝜇௅௏ ൌ 2 0.02 LF_2 

𝜇஻/𝜇௅௏ ൌ 4 0.04 LF_4 

MF unlubricated PTFE / UHMWPE (0.03,0.075) 

𝜇஻/𝜇௅௏ ൌ 1 0.03 MF_1 

𝜇஻/𝜇௅௏ ൌ 2 0.06 MF_2 

𝜇஻/𝜇௅௏ ൌ 4 0.12 MF_4 

HF filled PTFE (0.05,0.125) 

𝜇஻/𝜇௅௏ ൌ 1 0.05 HF_1 

𝜇஻/𝜇௅௏ ൌ 2 0.10 HF_2 

𝜇஻/𝜇௅௏ ൌ 4 0.20 HF_4 

 
The CSSs have an effective radius of curvature 𝑅ୣ୤୤ ൌ 3000 mm, which corresponds to an undamped 

period 𝑇௜௦௢ ൌ 2𝜋ඥ𝑅ୣ୤୤/g ൌ 3.48 s. The CSS isolators are modeled with the “BV” elements described 

in Section 2. In particular, the “VelDependent” friction model of the “SingleFPSSimple3d” OpenSees 
element is used to describe the dynamic friction coefficient, according to the exponential formulation 
of Eq. (2). This assumption implicitly neglects the influence of the normal force and of the heating 
phenomena on the variation of the friction coefficient. Three friction classes representative of low 
friction (LF), moderate friction (MF), and high-friction (HF) sliding materials are included in this 
study, whose low-velocity and high-velocity friction coefficients are listed in Table 3. These friction 
classes correspond to the behavior at regular temperature (10-30°C) of three representative cases of 
sliding interface, namely lubricated PTFE and UHMWPE pads against polished steel (LF), 
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unlubricated PTFE and UHMWPE (MF), and filled PTFE (HF), respectively [25]. According to 
previous literature studies [20], [66], a ratio of 𝜇ு௏/𝜇௅௏ ൌ 2.5 was assumed for all friction classes, 
and the transition rate parameter 𝛼 from the low-velocity to the high-velocity friction was set to 𝛼 ൌ
0.0055 s/mm. As to the influence of the breakaway friction, three breakaway classes for each friction 
class are considered depending on the 𝜇஻/𝜇௅௏ ratio: no breakaway for 𝜇஻/𝜇௅௏ ൌ 1, intermediate 
breakaway for 𝜇஻/𝜇௅௏ ൌ 2, and high breakaway for 𝜇஻/𝜇௅௏ ൌ 4. The first case (𝜇஻/𝜇௅௏ ൌ 1) 
corresponds to friction models implemented in conventional structural analysis programs, which 
neglect the breakaway friction; this model will represent the baseline reference for comparisons. The 
third case (𝜇஻/𝜇௅௏ ൌ 4) is motivated by the study of Constantinou et al. [34] in which it was shown 
that the breakaway friction has considerable effects when 𝜇஻ is around four times the low-velocity 
friction coefficient. Representative cases of 𝜇஻/𝜇௅௏ ൌ 4 may be caused by unfavourable effects 
induced by low temperature, poor maintenance conditions of the sliding surfaces, mounting defects 
[67], as well as possible permanent setting of the surfaces. The second case 𝜇஻/𝜇௅௏ ൌ 2 represents a 
typical situation occurring with lubricated sliding materials. Combining the values of friction class and 
breakaway class, 9 sets of friction parameters are considered, as listed in Table 3, which multiplied by 
the 6 building configurations in Table 2 leads to a total of 54 structural cases of base-isolated buildings 
included in this parametric study. 

Damping assumption in a base-isolated structure is notoriously made with a substructure approach, 
by separating the superstructure component alone from the base-isolation system [68]. Building on 
suggestions from the relevant literature on the improper use of superstructure Rayleigh damping [69], 
[70], the superstructure damping has been modeled with a stiffness proportional formulation, whose 
parameters are calibrated to achieve a 5% viscous damping ratio at 𝑇 ൌ 𝑇୧ୱ୭.  

3.2. Seismic input 

Two horizontal components of the ground-motion acceleration were applied to the structures, 
whereas the vertical component of the seismic input was ignored in the NLTHAs. As a result, the 
influence of the normal force on the friction coefficient was neglected in this study. The “BV” elements 
described in Section 2 makes it possible to perform bidirectional NLTHAs incorporating the effect of 
the breakaway friction in the sticking phase, as well as a velocity-dependent friction model in the 
sliding phase. Therefore, bidirectional components of natural ground-motion records are selected for 
this parametric study. For the sake of generality, two installation sites located in southern Italy, 
characterized by two different levels of seismic hazard, are considered: the site of Lamezia Terme 
(latitude 38.58°, longitude 16.18°) belongs to the seismic zone 1 of the old national seismic 
classification [71] (the most dangerous area, with high probability of occurrence of strong 
earthquakes), while the site of Naples (latitude 40.86°, 14.28°) belongs to the seismic zone 2 of the old 
national seismic classification [71] (strong earthquake may occur in this area). Assuming a typical 
residential building use, ordinary structure with nominal life 𝑉ே ൌ 50 years, functional class II 
corresponding to 𝐶௎ ൌ 1.0, the resulting reference life of the structure is 𝑉ோ ൌ 𝑉ே ⋅ 𝐶௎ ൌ 50 years. 
Based on performance-based design principles, the seismic action is defined according to two distinct 
limit states or design levels. The acronyms of these two limit states in the NTC2018 [64] are “SLD” 
and “SLV”: the former corresponds to a serviceability state associated with damage-limitation 
requirement and a 63% probability of exceedance during 𝑉ோ (return period of the design earthquake of 
50 years), the latter denotes an ultimate limit state associated with life safety requirement and a 10% 
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probability of exceedance during 𝑉ோ (return period of the design earthquake of 475 years). A 
topography condition 𝑇ଵ is assumed, while two different soil conditions designated as soil class A and 
soil class C are considered, which correspond to a rock-like geological formation (very rigid soil) and 
to a medium-dense sand, gravel or stiff clay formation, respectively.  

 

Figure 6 Comparison between target response spectrum and median response spectrum (average of 14 
components for each class) for the two installation sites, two soil classes, and three epicentral distances  

For each installation site, soil class and limit state (2 ൈ 2 ൈ 2 ൌ 8 combinations), a suite of 21 
independent bidirectional (x and y components of the earthquake excitation) natural ground-motion 
records are selected from the European strong-motion database [72] among earthquakes with moment 
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magnitude 5 ൑ 𝑀௪ ൑ 8. These 21 records include 7 events recorded at epicentral distance 0 ൑ 𝑅௘௣ ൏

10 km (Rଵ class), 7 events with 10 ൑ 𝑅௘௣ ൏ 20 km (Rଶ class), and the remaining 7 events with 20 ൑

𝑅௘௣ ൏ 50 km (Rଷ class), so as to include different fault distances. The records have been selected by 

means of the software REXEL v. 3.5 [73] to be spectrum-compatible with the response spectrum of 
the 8 aforementioned combinations of installation site, soil class and limit state. The acceleration time 
histories are scaled in magnitude with two scale factors in either direction (SF୶ and SF୷) in order to 

match the target acceleration response spectrum at 5% damping level in the range of periods 
ሾ0.15 െ 4.00ሿ s, with an acceptable lower and upper tolerance of 10% and 30%. Maximum average 
of the scale factors for each set of accelerograms (seven pairs) has been selected equal to 5. The Peak 
Ground Acceleration (PGA) values of the 8 target response spectra are listed in Table 4, while a 
comparison between the median response spectrum from the seven pairs of records (14 components in 
each epicentral distance range) and the target response spectrum is illustrated in Figure 6. Full 
seismological details of the selected ground motions including the original (unscaled) PGA and peak 
ground velocity (PGV) are reported in Appendix A – Table 6, Table 7, Table 8 and Table 9. The ground 
motions have been coded according to the following nomenclature: “SITE NAME – SOIL CLASS – 
LIMIT STATE – EPICENTRAL RANGE – RECORD NUMBER”. As an example, LA-C-SLV-R2-
S3 corresponds to the third (out of the seven) earthquake event selected for the Lamezia Terme site, 
soil class C, SLV limit state and epicentral range such that 10 ൑ 𝑅௘௣ ൏ 20 km.  

Table 4 Peak ground acceleration relevant to the 8 target response spectra considered in the parametric study 

Installation site Soil class Limit state PGA [g] 

Lamezia Terme 
A 

SLD 0.090 
SLV 0.264 

C 
SLD 0.135 
SLV 0.346 

Naples 
A 

SLD 0.059 
SLV 0.168 

C 
SLD 0.089 
SLV 0.244 

 

4. RESULTS AND DISCUSSION 

4.1. Influence of the breakaway on the trigger acceleration 

As already highlighted in previous studies [34], [35], [61], [63], in the sticking phase preceding the 
sliding motion of CSS, the structure behaves as a conventional fixed-base frame entirely subjected to 
the ground-motion acceleration. The higher the breakaway friction, the longer the duration of the initial 
sticking phase and the higher the effects of ground motion acceleration on peak floor accelerations, 
base-shear, and inter-storey drift [61]. Therefore, an essential piece of information for structural 
designers is the trigger acceleration 𝑎௧௥௜௚௚௘௥, meant as the minimum value of the ground acceleration 

needed to engage the sliding of CSS units; indeed, for earthquakes characterized by a peak ground 
acceleration lower than 𝑎௧௥௜௚௚௘௥, the isolation system would not be activated, with potential 

detrimental consequences on the internal forces in the superstructure.  
A simplified analytical approach to calculate 𝑎௧௥௜௚௚௘௥ can be easily derived by the analysis of the 

simple two-degree-of-freedom (2DOF) system represented in Figure 7, which consists of two masses, 
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namely 𝑀ௌௌ (superstructure mass) and 𝑀஻ௌ (base mass), connected to the ground by a CSS bearing 
with coefficient of friction at breakaway 𝜇஻ and dynamic coefficient of friction 𝜇ௗ௬௡ in accordance 

with Eq. (2). Whilst the CSS is in the sticking phase, the system behaves as a single-degree-of-freedom 

(SDOF) system with fundamental period 𝑇ௌௌ ൌ 2𝜋ඥ𝑀ௌௌ 𝐾ௌௌ⁄ , 𝐾௦௦ denoting the lateral stiffness of the 

superstructure. The sliding motion is triggered when the shear force through the CSS, which results 
from the inertial forces acting on the superstructure mass 𝑀ௌௌ and on the base mass 𝑀஻ௌ, exceeds the 
resisting breakaway frictional force 𝐹஻ ൌ 𝜇஻ሺ𝑀ௌௌ ൅ 𝑀஻ௌሻg, g being the acceleration of gravity. This 
condition is achieved when the ground-motion acceleration 𝑎୥ is larger than the trigger value 𝑎௧௥௜௚௚௘௥ 

[21] 

𝑎௧௥௜௚௚௘௥
௔௡௔௟௬௧௜௖௔௟ ൌ  𝜇஻ ቀ

ெೄೄାெಳೄ

ఉ⋅ெೄೄାெಳೄ
ቁ g  (7) 

where 𝛽 is the ratio between the spectral acceleration evaluated at the superstructure fundamental 
period 𝑆௔ሺ𝑇ௌௌଵሻ and the PGA. It is worth noting that according to Eq. (7) the trigger acceleration 
depends on the breakaway coefficient of friction 𝜇஻, on the characteristics of the superstructure (mass 
distribution between base and superstructure, and fundamental period), and on the shape of the elastic 
response spectrum of the ground motion (hence on its frequency content). Neglecting the breakaway 
coefficient of friction and adopting Eq. (2) to model the frictional behaviour of the CSS would lead to 
an underestimation of the trigger acceleration, since 𝜇௅௏ would replace 𝜇஻ in Eq. (4), thereby leading 
to unsafe design for the superstructure. Indeed, the designer would assume that, for a certain earthquake 
excitation, the isolation system is in a sliding phase whereas it may still persist in a sticking phase and 
the ground motion acceleration would be entirely transferred to the superstructure. 

 

Figure 7 Dynamic equilibrium of horizontal forces acting on a 2DOF lumped mass structural model before 
sliding initiation (breakaway phase) of CSS isolators, adapted from [61] 

Since the breakaway friction coefficient affects the transition between the sticking and the sliding 
phases of the CSSs, it influences the time-history response of the isolated building. In Figure 8 the 
displacement bidirectional orbits described by the CSS isolation system of the building 6S_1, friction 
class MF subjected to the earthquake LA-A-SLD-R1-S1 are shown for three different values of the 
breakaway friction coefficient. The yield domain is constructed as a circular domain having radius 
𝑑௬ ൌ 𝐹஻/𝑘௜, being 𝑑௬ the yield displacement of the CSS (cf. Figure 1-right). Based on the assumption 
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on the initial stiffness of CSSs 𝑘௜ ൌ 100𝑘௣ [16], the yield displacement is expressed as a function of 

the breakaway friction and the radius of curvature only, namely 𝑑௬ ൌ 𝜇஻𝑅ୣ୤୤/100. It is clearly seen 

that in the case 𝜇஻/𝜇௅௏ ൌ 4.0, the yield domain is not crossed by the displacement orbit, which implies 
that the CSS persists in the sticking phase throughout the time-history response, and the building 
behaves as a fixed-base structure accordingly. This occurs because the ground-motion acceleration of 
the assumed low intensity earthquake is not able to overcome the breakaway frictional resistance.  

 

Figure 8 Displacement orbits described by CSSs for LA-A-SLD-R1-S1 earthquake, building ID 6S_1, friction 
class MF and different values of the 𝝁𝑩/𝝁𝑳𝑽 ratio 

Based on the previous considerations, it would seem that the breakaway friction only affects the 
response of isolated buildings subjected to low-to-moderate intensity earthquakes, i.e. in the case of 
serviceability ground motions included in the SLD class of this study. However, this is not true, as the 
breakaway friction also entails a delay in the engagement of sliding of the CSSs for more severe 
earthquakes. Moreover, in the pre-sliding phase the breakaway friction resistance is responsible for the 
transfer of acceleration from the ground to the superstructure, which is expected to increase with 
increasing the 𝜇஻ value. An example of time-history displacement response along the x and y direction 
of the building 6S_1, friction class MF subjected to the more severe design earthquake LA-A-SLV-
R3-S2 is shown in Figure 9. In this case, the main differences between the curves relevant to the three 
𝜇஻/𝜇௅௏ ratios occur in the first instants of the response, i.e. in the sticking phase, which has a different 
duration depending on the value of the breakaway coefficient of friction. It is worth noting that the 
displacements computed in OpenSees have both an elastic and plastic component, therefore they are 
non-zero even in the sticking phase preceding the sliding motion. In order to identify the activation 
instants of the three considered 𝜇஻/𝜇௅௏ ratios, the bottom part of Figure 9 shows the first segment of 

the time history (i.e. the first 12 s) of the norm of the displacements 𝑑 computed as 𝑑 ൌ ඥ𝑑௫ଶ ൅ 𝑑௬ଶ . 

The three values of the yield displacement 𝑑௬ are reported as dashed horizontal lines along the 

considered time segment. In this example, the displacement threshold 𝑑௬ is exceeded for the first time 

at 𝑡 ൎ 2 s, 𝑡 ൎ 7 s and 𝑡 ൎ 10 s for 𝜇஻/𝜇௅௏ ൌ 1.0, 2.0 and 4.0, respectively. This implies that the 
sticking phase of the CSS isolation system having 𝜇஻/𝜇௅௏ ൌ 4.0  is around 8 s longer than that of the 
CSS isolation system having 𝜇஻/𝜇௅௏ ൌ 1.0  for this specific case. As soon as the sliding motion starts, 
the three curves are almost superimposed to each other. However, in the sticking phase the breakaway 
friction may give rise to a non-negligible increase of the absolute acceleration response of the 
superstructure, which, depending on the severity of the earthquake excitation, can be even higher than 
the maximum acceleration response experienced in the course of the following sliding phase. To 
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demonstrate this, the profiles along the building height of the peak floor acceleration (PFA) for the 
SLD and SLV earthquakes considered above (LA-A-SLD-R1-S1 and LA-A-SLV-R3-S2 records, 
respectively) are comparatively illustrated in Figure 10. 

 

Figure 9 Time-history of the isolators’ displacement response along x (top-left) and y (top-right) direction and 
limited time segment of the norm of displacements (bottom) for LA-A-SLV-R3-S2 earthquake, building ID 
6S_1, friction class MF and different values of the 𝝁𝑩/𝝁𝑳𝑽 ratio 

 

Figure 10 Influence of the breakaway friction at SLD (left) and SLV (right) on the peak floor acceleration 
(PFA) profile along the building height for LA-A-SLD-R1-S1 and LA-A-SLV-R3-S2 earthquakes, building ID 
6S_1, friction class MF and different values of the 𝝁𝑩/𝝁𝑳𝑽 ratio 

It is noticed that the breakaway friction dramatically increases the PFA for low-to-moderate 
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earthquakes typical of the serviceability limit state. In the analysis at SLD the values of PFA obtained 
with 𝜇஻/𝜇௅௏ ൌ 4.0 are even twice higher than the values obtained by ignoring the breakaway friction 
(i.e., assuming 𝜇஻ ൌ 𝜇௅௏ in the baseline reference model). This result, analyzed more in-depth in the 
following subsections, has important implications in view of serviceability requirements for the 
protection of non-structural components and acceleration-sensitive equipment in buildings during 
moderate-intensity earthquakes. Additionally, it is noted that the breakaway friction also has a certain 
effect on the PFA for more severe SLV (design) earthquakes. Indeed, an increase of about 15% is 
observed for 𝜇஻/𝜇௅௏ ൌ 4.0 compared to the reference case 𝜇஻/𝜇௅௏ ൌ 1.0, whereas the value 
𝜇஻/𝜇௅௏ ൌ 2.0 does not seem to affect the PFA for this example. This confirms that ignoring the 
breakaway friction can lead to non-conservative evaluation of the structural response of the isolated 
building, not only for low-to-moderate intensity earthquakes, but also for SLV design earthquakes. 
Interestingly, based on Figure 10 it is seen that the PFAs at SLD obtained with the high breakaway 
friction ratio 𝜇஻/𝜇௅௏ ൌ 4.0, which prevents the engagement of sliding, can be of comparable order or 
even higher than the PFAs obtained at SLV.  

 

Figure 11 No-activation cases in relationship to the breakaway friction coefficient (top) and sub-analysis 
depending on the epicentral distance (bottom left) and soil class (bottom right) 

In 439 out of 9072 NLTHAs the CSSs were not engaged at all over the duration of the ground 
motion, meaning that the inertia force induced by the ground-motion acceleration was not able to 
overcome the breakaway frictional resistance of the isolation system 𝐹஻, see again Figure 7. As 
reasonably expected, all these 439 cases belong to the low-intensity serviceability earthquakes (SLD 
class). As a result, under low-to-moderate excitation the ground-motion acceleration may not be 
sufficient to trigger the sliding motion, and the structure behaves as a fixed-base building, thus 
experiencing higher peak floor accelerations (PFAs) than the baseline condition of 𝜇஻/𝜇௅௏ ൌ 1.0 
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(corresponding to a model in which the breakaway friction is neglected at all). These cases are then 
analyzed in terms of the breakaway friction coefficient 𝜇஻ as well as in terms of the soil class of the 
related earthquake excitation, see histograms in Figure 11. It is evident that the number of the no-
activation cases increases with increasing the 𝜇஻ coefficient: all the cases were observed for 𝜇஻ values 
ranging from 0.10 to 0.20. It seems that the no-activation cases were marginally influenced by the 
epicentral distance of the earthquake (at least for the earthquake records considered in this study), as 
the trend of the cases shown in the bottom-left part of Figure 11 is almost equally distributed among 
the three values 𝑅ଵ,𝑅ଶ,𝑅ଷ. Moreover, the soil class seems to have a significant influence on the 
occurrence of no-activation conditions: 374 out of the 439 cases were obtained for rigid soil conditions 
(soil A), and only the remaining 65 cases were observed for medium soil conditions (soil C). Therefore, 
more than the 85% of all the no-activation cases occurred for ground-motion records having a 
frequency content falling in the low-period (high-frequency) range. It is likely that this occurs because 
both the PGA and the spectral acceleration corresponding to the fundamental period of the 
superstructure 𝑆௔ሺ𝑇௦௦ଵሻ are higher in the soil class C than in the soil class A.  

4.2. Statistical regression formula of trigger acceleration  

By eliminating the 439 no-activation cases from the overall group of 9072 NLTHAs, it is possible 
to assess the reliability of the analytical formula (7) to estimate the trigger acceleration. On the other 
hand, the actual value of the trigger acceleration computed from the NLTHAs is identified as the 
ground-motion acceleration corresponding to the first time instant in which the isolator displacement 

𝑑 ൌ ඥ𝑑௫ଶ ൅ 𝑑௬ଶ   exceeds the yield displacement 𝑑௬ ൌ 𝐹஻/𝑘௜, where 𝐹஻ ൌ 𝜇஻ ⋅ 𝑁 denotes the 

breakaway frictional resistance (cf. again Figure 7). This value, denoted as 𝑎௧௥௜௚௚௘௥
௡௨௠௘௥௜௖௔௟ in the sequel of 

the paper, is compared to the analytical value provided by Eq. (7). To this aim, the following measure 
of relative error is introduced 

𝜖 ൌ
௔೟ೝ೔೒೒೐ೝ
ೌ೙ೌ೗೤೟೔೎ೌ೗ି௔೟ೝ೔೒೒೐ೝ

೙ೠ೘೐ೝ೔೎ೌ೗ 

௔೟ೝ೔೒೒೐ೝ
೙ೠ೘೐ೝ೔೎ೌ೗  (8) 

which is equal to zero for perfect prediction by the analytical formula, is negative for underestimation 
and positive for overestimation as compared to the actual trigger acceleration obtained by NLTHAs. 
Due to the large scatter of the obtained results (see Figure 12-top left), the values of the relative error 
𝜖 are processed statistically in order to construct a discrete probability density function (PDF) (see 
Figure 12-top right). The large range of 𝜖 obtained and reported in the PDF confirms a high dispersion 
of the data, which makes Eq. (7) unable to predict the trigger acceleration value with sufficient 
reliability. Moreover, the observation of the PDF shape reveals that the underestimation cases 
(corresponding to 𝜖 ൏ 0) are statistically higher than the overestimation cases (𝜖 ൐ 0), thus making 
the analytical formula (7) non-conservative for design purposes, on average. Indeed, underestimating 
the trigger acceleration implies that, in practical cases, the designer would calculate the peak floor 
accelerations at low-intensity earthquakes as if the building were isolated, whereas in reality it would 
behave as a fixed-base structure with the isolators persisting in the sticking phase. The average value 

of the 𝑎௧௥௜௚௚௘௥
௔௡௔௟௬௧௜௖௔௟/𝑎௧௥௜௚௚௘௥

௡௨௠௘௥௜௖௔௟ ratio for the overall group of data (i.e., considering all the numerical 

cases of this parametric study) is 0.83, which signifies that a mean underestimation of the trigger 
acceleration of about 20% is obtained with the analytical formula (7). A closer look at the distribution 
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of the 𝑎௧௥௜௚௚௘௥
௔௡௔௟௬௧௜௖௔௟/𝑎௧௥௜௚௚௘௥

௡௨௠௘௥௜௖௔௟ ratio reveals that underestimation cases are more frequent for relatively 

low breakaway friction coefficients (see Figure 12-bottom), which are also pertinent to the common 
sliding materials adopted by manufacturing companies. This is an important result demonstrating the 
critical role of the breakaway friction coefficient not only for high friction coefficients (representative 
of exceptional situations induced by low temperatures, contamination of surfaces, poor maintenance 
etc.), but also for ordinary CSSs made of lubricated sliding materials. In these “ordinary” situations, 
the analytical formula (7) would lead to non-conservative conclusions, as the isolator’s sliding motion 
would be activated by a higher value of acceleration.  

 

Figure 12 Comparison between analytical and numerical trigger acceleration (top left), PDF of the relative error 

measurements given by Eq. (8) (top right), and distribution of the 𝒂𝒕𝒓𝒊𝒈𝒈𝒆𝒓
𝒂𝒏𝒂𝒍𝒚𝒕𝒊𝒄𝒂𝒍/𝒂𝒕𝒓𝒊𝒈𝒈𝒆𝒓

𝒏𝒖𝒎𝒆𝒓𝒊𝒄𝒂𝒍 ratio depending on 

the breakaway fricton coefficient (bottom) 

Due to the inability of the analytical formula (7) to predict the trigger acceleration with satisfactory 
accuracy, regression analysis relations are derived by processing the numerical data. To this aim, we 

construct the cumulative distribution function (CDF) of the discrete variable 𝑋 ൌ 𝑎௧௥௜௚௚௘௥
௡௨௠௘௥௜௖௔௟ (which 

attains values 𝑥ଵ, 𝑥ଶ, … with probability 𝑝௜ ൌ Pሺ𝑥௜ሻ), which is defined as follows 

Φ௑ሺ𝑥ሻ ൌ Pሺ𝑋 ൑ 𝑥ሻ ൌ ∑ Pሺ𝑋 ൌ 𝑥௜ሻ௫೔ஸ௫ ൌ ∑ 𝑝ሺ𝑥௜ሻ௫೔ஸ௫ . (9) 

The CDF is an important piece of information for defining a design value of the trigger acceleration 
as a percentile computed from the relevant CDF, considering the uncertainties inherent in its 

calculation. In this paper, the 90th percentile (i.e. 90% of the 𝑎௧௥௜௚௚௘௥
௡௨௠௘௥௜௖௔௟ values do not exceed this 

threshold) is proposed by the authors as a design value and called 𝑎௧௥௜௚௚௘௥
ଽ଴ . As illustrated in Figure 13-

top, the 𝑎௧௥௜௚௚௘௥
ଽ଴  value changes depending on the considered breakaway friction coefficient, because it 
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increases with increasing 𝜇஻ (as reasonably expected). Obviously, the same result holds true for any 
other percentile value as well as for the mean value of the trigger acceleration 𝑎௧௥௜௚௚௘௥

୫ୣୟ୬ . Note that the 

latter value is different from the 50th percentile (or median) because of the asymmetric shape of the 
PDF.  

 

Figure 13 Statistical post-processing of 𝒂𝒕𝒓𝒊𝒈𝒈𝒆𝒓
𝒏𝒖𝒎𝒆𝒓𝒊𝒄𝒂𝒍 values: CDFs for different breakaway friction coefficients 

(top); regression analysis of numerical data points with identification of mean and 90th percentile curves 

In particular, the mean and the 90th percentile values of the obtained trigger acceleration values in ሾgሿ 
units are described very well (𝑅ଶ ൌ 0.99715 and 𝑅ଶ ൌ 0.99527, respectively) by the following 
relations in terms of 𝜇஻, which are obtained by nonlinear regression analysis: 

𝑎௧௥௜௚௚௘௥
୫ୣୟ୬ ሾgሿ ൌ  െ0.6416 𝜇஻

ଶ ൅ 0.5908 𝜇஻ ൅ 0.01142

𝑎௧௥௜௚௚௘௥
ଽ଴ ሾgሿ ൌ  െ1.232 𝜇஻

ଶ ൅ 1.093 𝜇஻ ൅ 0.02291
 (10) 

The relations (10) are depicted in Figure 13-bottom superimposed to the data points. The high value 
of 𝑅ଶ confirms that the chosen second-order polynomial (three-parameter) curve is very accurate for 
capturing the numerical data for both the mean and the 90th percentile value. 

The regression analysis relations (10) were derived based on the overall group of data points. It is 
interesting to assess whether more specific design formulae can be obtained by separately analyzing 
homogeneous subclasses of data points. It has been found that an important parameter for the trigger 
acceleration value is represented by the superstructure fundamental period 𝑇௦௦ଵ. In particular, Figure 
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14 shows that, for the same value of the breakaway friction coefficient 𝜇஻, the trigger acceleration 
decreases with decreasing of the superstructure fundamental period 𝑇௦௦ଵ, at least based on the three 
𝑇௦௦ଵ values relevant to the two-storey, four-storey and six-storey buildings analyzed in this parametric 
study (equal to 0.290, 0.477 and 0.648, respectively). 

 

Figure 14 Second-order polynomial regression curves for the 90th percentile value of the trigger acceleration as 
a function of the breakaway friction coefficient 𝝁𝑩 depending on the superstructure fundamental period 𝑻𝒔𝒔𝟏 

Based on this consideration, a more case-specific second-order polynomial regression formula of the 
90th percentile of the trigger acceleration (in ሾgሿ units) is proposed as follows.  

𝑎௧௥௜௚௚௘௥
ଽ଴ ሾgሿ ൌ 𝑝ଵ 𝜇஻

ଶ ൅ 𝑝ଶ 𝜇஻ ൅ 𝑝ଷ (11) 

where the three coefficients 𝑝ଵ, 𝑝ଶ,𝑝ଷ depend upon the superstructure fundamental period 𝑇௦௦ଵ. A 
second-order polynomial regression for these three coefficients can be adopted as well 

ቐ
𝑝ଵ ൌ 𝑝ଵ௔ሺ𝑇௦௦ଵሻଶ ൅ 𝑝ଵ௕ሺ𝑇௦௦ଵሻ ൅ 𝑝ଵ௖
𝑝ଶ ൌ 𝑝ଶ௔ሺ𝑇௦௦ଵሻଶ ൅ 𝑝ଶ௕ሺ𝑇௦௦ଵሻ ൅ 𝑝ଶ௖
𝑝ଷ ൌ 𝑝ଷ௔ሺ𝑇௦௦ଵሻଶ ൅ 𝑝ଷ௕ሺ𝑇௦௦ଵሻ ൅ 𝑝ଷ௖

 (12) 

The values of the nine coefficients of the regression formula are listed in Table 5. The formula (11) 
expresses the 90th percentile value of the trigger acceleration as a function of the breakaway friction 
coefficient 𝜇஻ and 𝑇௦௦ଵ. It leads to a more conservative assessment of the trigger acceleration than the 
analytical formula (7). However, despite the large number of NLTHAs, the regression coefficients 
reported in Table 5 are derived based on just eight response spectra, which are by no means 
representative of the ground-motion excitation meant as a random process. This formula can be used 

to predict the value of 𝑎௧௥௜௚௚௘௥
ଽ଴  for RC buildings isolated with CSSs having a breakaway friction in the 

range 𝜇஻ ൌ ሾ0.01 െ 0.20ሿ and superstructure fundamental period 𝑇௦௦ଵ ൌ ሾ0.29 െ 0.65ሿ, with a seismic 
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excitation scenario similar to that considered in this study. Although the soil conditions have a 
significant influence on the occurrence of no-activation cases based on Figure 11, the analysis of 

𝑎௧௥௜௚௚௘௥
ଽ଴  has not shown a clear trend depending on the soil class. Moreover, it has been numerically 

found that the values of 𝑎௧௥௜௚௚௘௥
ଽ଴  obtained with the two mass ratios 𝑚௕/𝑚௙ (1.0 and 2.0) are generally 

comparable. Therefore, it is proposed that the generalized formula (12) can be used with satisfactory 
accuracy for both soil class A and C, irrespectively of the mass ratio 𝑚௕/𝑚௙.  

Table 5 Regression coefficients 𝑝௜௝ for the 90th percentile curve of 𝑎௧௥௜௚௚௘௥, see Eq. (12), as a function of 𝜇஻ 
and 𝑇௦௦ଵ  

coefficient/order j = a j = b j = c 

𝑖 ൌ 1 -4.8338 2.5545 -1.6315 

𝑖 ൌ 2 1.0116 -0.30731 1.0378 
𝑖 ൌ 3 -0.071826 0.065784 0.0088116 

 

 

Figure 15 Second-order polynomial regression curves for the 90th percentile value of the trigger acceleration as 
a function of the breakaway friction coefficient 𝝁𝑩 depending on soil class (top) and epicentral distance (bottom) 

Moreover, the parametric study presented in this paper has included different soil classes and 
epicentral distances. It is interesting to assess whether these conditions have an impact on the trigger 
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acceleration. To this aim, a more specific analysis of the influence of the soil classes and epicentral 
distances is presented in Figure 15 in terms of the 90th percentile values of the trigger acceleration 
along with the corresponding second-order polynomial regression curves. Overall, it seems that the 
differences between the two soil classes are relatively negligible in the range of low-to-medium 
breakaway friction coefficients (up to 𝜇஻ ൌ 0.10) and become somehow more significant for higher 
values of 𝜇஻, with the trigger acceleration for the soil class C being slightly higher than that for the 
soil class A. On the other hand, the numerical results do not suggest a clear trend in terms of epicentral 
distance. However, the trigger acceleration values related to epicentral distances 0 ൑ 𝑅௘௣ ൏ 10 km 

(Rଵ class) seem to be reasonably lower (for the entire range of friction coefficients analyzed) than 
those related to the other two epicentral distances 10 ൑ 𝑅௘௣ ൏ 20 km (Rଶ class) and 20 ൑ 𝑅௘௣ ൏

50 km (Rଷ class). This may be ascribed to the potential pulse-like nature of near-fault ground motions, 
which are likely to trigger the sliding motion at lower values of acceleration due to their marked 
directivity effects compared to far-field ground motions. These aspects certainly deserve further 
investigation. 

4.3. Influence of the breakaway on the average seismic response 

The seismic response of the base-isolated structure is analyzed in terms of four response parameters, 
namely: (i) Peak Floor Acceleration (PFA); (ii) Interstorey Drift Ratio (IDR); (iii) displacement of the 
base isolation system 𝑑௜௦௢; (iv) shear force carried by the isolation system normalized to the total 
seismic weight 𝑉௜௦௢/𝑊௧௢௧, where 𝑊௧௢௧ ൌ 𝑊௦௦ ൅𝑊௕௦, 𝑊௦௦ ൌ ∑ 𝑚௙ ⋅ g௜  (𝑖 being the number of storeys) 

and 𝑊௕௦ ൌ 𝑚௕ ⋅ g. The first two parameters are representative of the superstructure seismic response, 
while the last two parameters are useful to investigate the response of the base isolation system.  

 

Figure 16 Average response parameters of base-isolated buildings for serviceability earthquakes (at SLD) in 
terms of PFA, maximum IDR, isolators’ displacement, and normalized shear force carried by the isolation unit 
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Figure 17 Average response parameters of base-isolated building for design earthquakes (at SLV) in terms of 
PFA, maximum IDR, isolators’ displacement, and normalized shear force carried by the isolation unit 

The maximum values of each parameter are extracted from the 9072 NLRHAs and then statistically 
processed to obtain average maximum response quantities. Considering the different performance 
requirements at the two considered limit states SLD and SLV, i.e. for serviceability and design 
earthquakes, a distinction is made when post-processing the results based on the two earthquake 
intensity levels. The results are illustrated in Figure 16 and Figure 17 for SLD and SLV, respectively. 
In particular, the results are organized based on the three distinct friction classes LF, MF, HF 
(characterized by the friction coefficients listed in Table 3), and on the three breakaway classes 
𝜇஻/𝜇௅௏ ൌ 1.0, 2.0, 4.0. Once again, it is worth recalling that the case 𝜇஻/𝜇௅௏ ൌ 1.0 represents the 
baseline reference model in which the BV model reduces to the VelDependent friction model, with the 
breakaway friction being disregarded in the calculations. In this way, the effect of the breakaway 
friction on the seismic structural response can be clearly identified by a comparative analysis.  

With regard to low-to-moderate intensity earthquakes, typical of SLD, the effect of the breakaway 
friction is to increase the PFA, maximum IDR and maximum normalized 𝑉௜௦௢ in comparison to the 
baseline reference model 𝜇஻/𝜇௅௏ ൌ 1.0. As an example, compared to the reference case the average 
PFA for MF friction class isolators increases by about 10% and up to 108% for 𝜇஻/𝜇௅௏ ൌ 2.0 and 
𝜇஻/𝜇௅௏ ൌ 4.0, respectively (see Figure 16-top left). These figures are rather similar for HF friction 
class isolators, for which the increase is about 18% and 102% for 𝜇஻/𝜇௅௏ ൌ 2.0 and 𝜇஻/𝜇௅௏ ൌ 4.0, 
respectively. However, the increase induced by the breakaway friction is slightly smaller for LF 
friction class isolators, with about +5% and +85% for 𝜇஻/𝜇௅௏ ൌ 2.0 and 𝜇஻/𝜇௅௏ ൌ 4.0, respectively. 
Similar trends are observed in the maximum IDR and 𝑉௜௦௢ responses as well. On the other hand, the 
effect of the breakaway friction on the displacement demand of the isolators is marginal, as the peak 
displacement 𝑑௜௦௢ in the models accounting for the breakaway friction does not show substantial 
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differences compared to the baseline reference model 𝜇஻/𝜇௅௏ ൌ 1.0.  
With regard to design earthquakes, typical of SLV, it can be observed that the breakaway friction 

has a negligible influence on the seismic response when LF friction class isolators are considered. 
However, it does affect the PFA, IDR and 𝑉௜௦௢ responses for both MF and HF friction class CSSs, 
especially for 𝜇஻/𝜇௅௏ ൌ 4.0 (typical case of filled PTFE). In particular, for 𝜇஻/𝜇௅௏ ൌ 4.0 the average 
maximum shear force carried by the isolation system increases by 43% and 75% for MF and HF 
friction class, respectively. The increase of shear force through the isolators is directly related to the 
frictional forces at breakaway. Also for SLV, like in SLD, the maximum displacement of the isolators 
is not influenced by the breakaway friction coefficient.  

 

Figure 18 Average PFA profiles along the building height for building 6S and different friction classes and 
𝝁𝑩/𝝁𝑳𝑽 ratios for serviceability earthquakes (left) and design earthquakes (right) 

The superstructure model analyzed in NLRHAs experiences higher IDRs and PFAs due to the 
delayed engagement of the isolators at both SLD and SLV. In the limit case of no-activation (occurring 
for low-to-moderate intensity earthquakes at SLD), the structure behaves as a fixed-base building and 
the PFAs are much higher than in the isolation building scenario. A summary of the average PFA 
profiles for the six-storey building equipped with isolators belonging to different friction classes is 
depicted in Figure 18, where it is shown that the breakaway friction has a major influence especially 
in case of SLD earthquakes and MF and HF friction class.  

The residual displacement at the end of the earthquake shaking 𝑑୰ୣୱ is another important parameter 
in view of serviceability requirements and possible accrual of displacement in aftershock and future 
events [20], [74]-[78]. Previous studies [66], [79] demonstrated that the residual displacement is 
related to the maximum displacement 𝑑୫ୟ୶  through a functional relation 

𝑑୰ୣୱ ൌ 𝑑୰ୣୱ ቀ
ௗౣ౗౮

ௗ౨ౣ
ቁ.  (13) 

Based on Eq. (13), the actual residual displacement is affected by the ratio between the maximum 
displacement of the isolators 𝑑୫ୟ୶ and the so-called maximum static residual displacement 𝑑୰୫, cf. 
Figure 1-right. The present study has demonstrated that 𝑑୫ୟ୶ is only marginally affected by the 
breakaway friction coefficient 𝜇஻, whereas 𝑑୰୫ ൌ 𝜇ௗ ⋅ 𝑅ୣ୤୤ is not affected at all by 𝜇஻. Consequently, 
it is concluded that the breakaway coefficient of friction has no direct influence, on average, on the 
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residual displacement.  

4.4. Discussion and design recommendations 

Unlike commonly used structural analysis programs that neglect the influence of the breakaway 
frictional resistance, the proposed BVNC element coded in OpenSees software allows taking into 
account the transition between the sticking and the sliding phase of the CSSs, depending on the 
intensity of the earthquake excitation. The BVNC formulation enables one to perform NLTHAs with 
bidirectional seismic inputs, which was not allowed by the previous MMT formulation introduced in 
[61]. Although in the reduced BV model adopted in this paper the dynamic friction coefficient was 
described through the VelDependent friction material, in principle more complex friction models that 
also incorporate the effect axial load (VelNormalFrcDep material [62]) or both axial load and heating 
phenomena [63] can be used in the framework of the same theoretical formulation.  

The attempt of the parametric study undertaken in this paper was to cover the largest combination 
that may be encountered in practical cases. As an example, the highest value of the breakaway friction 
coefficient considered in the study, i.e. 𝜇஻ ൌ 0.20, is in line with published experimental findings: 
indeed, similar values of friction coefficient at breakaway were observed in unfilled PTFE at very low 
temperatures (െ40°𝐶) [22], while exceptionally high values of up to 0.35 were reported for glass-
reinforced PTFE [80]. Breakaway friction values and 𝜇஻/𝜇௅௏ ratios considered in this study are also 
in line with values relevant to sliding materials used by European manufacturers, see e.g. [21], [27], 
[42], [81], [82].  

The analyses shown in this paper have demonstrated that for combinations of high coefficient of 
friction and low PGA, the CSSs may remain in the sticking phase over the entire duration of the ground 
motion. This generally occurs for low-to-moderate intensity earthquakes, typical of SLD, and causes 
a large increase of the PFA and IDR response compared to the isolated building scenario. Besides these 
no-activation cases, in situations in which the engagement of sliding is delayed by a high breakaway 
frictional resistance, the CSSs persist in the sticking phase for a relatively long part of the ground 
motion. This phenomenon occurs for both serviceability and ultimate limit state earthquakes, and is 
responsible for the transmission of high accelerations to the superstructure.  

Based on the previous considerations, a fundamental design parameter is the trigger acceleration 
𝑎௧௥௜௚௚௘௥, meant as the minimum value of the ground acceleration capable of activating the sliding 

motion. Simplified analytical relations like Eq. (7), which accounts for the first vibration mode only, 
may lead to non-conservative predictions, as the actual 𝑎௧௥௜௚௚௘௥ value (obtained by NLTHAs) may be 

significantly underestimated. Considering the large scatter of data obtained in the present parametric 
study and the inability of extrapolating an analytical formula for 𝑎௧௥௜௚௚௘௥ based on reasonable 

mechanical parameters of the CSS isolation system, a regression analysis formula has been derived by 
processing the numerical data statistically. In particular, two second-order polynomial regression 
formulae of the 90th percentile of 𝑎௧௥௜௚௚௘௥ were proposed, the first (more general) being a function of 

the breakaway friction coefficient 𝜇஻ only, the second (more case-specific) being a function of the 
breakaway friction coefficient 𝜇஻ and the superstructure fundamental period 𝑇௦௦ଵ. The validity of these 
formulae is limited to RC buildings isolated with CSSs having a breakaway friction in the range 𝜇஻ ൌ
ሾ0.01 െ 0.20ሿ and superstructure fundamental period 𝑇௦௦ଵ ൌ ሾ0.29 െ 0.65ሿ, with a seismic excitation 
scenario similar to that considered in this study, but a future study might investigate the possibility of 
extending the approach to a broader range of isolation ratio and further seismic scenarios. 
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Besides the trigger acceleration, another subject examined in this study has concerned the 
evaluation of the structural response of the base-isolated building accounting for the breakaway friction 
coefficient. Whereas the breakaway friction has been demonstrated to have negligible influence on the 
seismic displacement of the isolators, it may considerably affect the PFA and IDR response of the 
superstructure, as well as the shear force carried by the isolation system 𝑉௜௦௢. These effects change 
from case to case, depending on the friction class of the CSSs. Indeed, the influence of the breakaway 
in low-friction CSSs (LF friction class) turned out to be lower than that observed in medium-friction 
and high-friction CSSs (MF and HF friction class, respectively). In order to draw design 
recommendations from the parametric study, the three response parameters PFA, IDR and 𝑉௜௦௢ are 
processed statistically. In particular, the response parameters are evaluated in dimensionless form as 
𝑥/𝑥଴ (with 𝑥 = PFA, IDR, 𝑉௜௦௢, and 𝑥଴ representing the same quantity computed in the baseline 
reference model with 𝜇஻/𝜇௅௏ ൌ 1.0). Therefore, values of 𝑥/𝑥଴ ൐ 0 correspond to amplification of 
the structural response in comparison to the response calculated by ignoring the breakaway friction.  

 

Figure 19 Statistical post-processing of 𝐏𝐅𝐀/𝐏𝐅𝐀𝟎 ratio: PDFs for friction class MF and 𝝁𝑩/𝝁𝑳𝑽 ൌ 𝟒.𝟎 (top) 
and CDFs for different values of breakaway friction coefficient (bottom) with identification of 90th percentiles 

As an example, the discrete PDF of the PFA/PFA଴ ratio at both SLD and SLV for MF friction class 
and 𝜇஻/𝜇௅௏ ൌ 4.0 is shown in Figure 19-top, and the CDFs obtained for different friction classes and 
breakaway classes are depicted in Figure 19-bottom. This figure shows that the distribution of the 
PFA/PFA଴ ratio for MF friction class and 𝜇஻/𝜇௅௏ ൌ 4.0  is mostly concentrated for values of about 2 
for SLD events, and values ൐ 1 for SLV events, which implies a high probability of amplification. 
Moreover, this figure also shows that the CDFs have a different shape depending on the friction and 
breakaway class considered. As done before for the trigger acceleration, the 90th percentile (i.e. 90% 
of the 𝑥/𝑥଴ ratios do not exceed this threshold) is proposed by the authors as a design value to compute 
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appropriate amplification factors. These amplification factors provide a sufficiently conservative 
safety margin with respect to the entire population of data. Evidently, the 90th percentile of the 
PFA/PFA଴ ratio is related to the friction and breakaway classes, see again Figure 19-bottom.  

Figure 20 Amplification factors, calculated as 90th percentile of the response parameter ratios 𝒙/𝒙𝟎, of PFA, 
IDR and 𝑽𝒊𝒔𝒐 for serviceability earthquakes at SLD (top), and for ultimate limit state earthquakes at SLV 
(bottom) 

The computed amplification factors coefficients for PFA, IDR and 𝑉௜௦௢ are summarized in Figure 
20 for both SLD and SLV, and for the considered friction classes. Obviously, the specific values of 
the amplification factors reported in Figure 20 are not applicable to all the design situations, being 
representative of seismic excitation scenario analyzed in the study. Although the validity of these 
factors is confined to the examined cases and cannot be meant as universally valid, the authors believe 
that this design tool is of general applicability and may be used in conjunction with structural analysis 
programs that ignore the breakaway friction, in order to estimate to what extent the breakaway friction 
would increase the structural response if it were incorporated in the model. In other words, the analysis 
can be carried out with the simple VelDependent friction model, and then the response can be amplified 
based on the amplification factors reported in Figure 20. As an example, most of the European 
manufacturers use PTFE or UHMWPE as sliding materials, which have 𝜇஻/𝜇௅௏ ratios of around 1.5-
2.5. Based on Figure 20, in a base-isolated building with moderate-friction CSSs having breakaway 
friction 𝜇஻/𝜇௅௏ ൌ 2.0, the PFA, IDR and 𝑉௜௦௢ calculated from the model ignoring the breakaway 
friction should be multiplied by 1.34, 1.30, 1.54 for SLD (serviceability earthquakes), while generally 
no amplification should be applied for SLV (design earthquakes). The underestimation of the 
superstructure response for serviceability earthquakes is of major importance in view of possible 
consequences on the performance on acceleration-sensitive and drift-sensitive equipment and non-
structural components [83], [84]. On the other hand, in case of CSSs with unlubricated PTFE or 
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UHMWPE at low temperatures and low contact pressure, or in case of contaminated surfaces, the 
𝜇஻/𝜇௅௏ ratios can reach values of 4.0. In such cases, the amplification factors for PFA, IDR and 𝑉௜௦௢ 
are 2.67, 2.54, and 2.90 for SLD (serviceability earthquakes), and 1.48, 1.57 and 2.05 for SLV (design 
earthquakes), respectively. These very high amplification factors confirm that neglecting the 
breakaway friction may lead to largely unsafe and non-conservative estimates of the structural 
response.  

The obtained numerical results could be interpreted in view of current code provisions, in particular 
the simplified approach with the property modification factors included in the ASCE 7-16 [30] and 
EC8 part 2 [31]. With particular concern to the breakaway friction, the primary aim of an analysis 
based on the property modification factors should be focused on the “upper bound design parameter” 
of the characteristic strength of the CSS 𝐹଴ (force at zero displacement of an idealized bilinear lateral 
force-displacement model). Indeed, the breakaway friction coefficient is somehow related to the 
resisting force at zero displacement of the CSS. As an example, according to ASCE 7-16 the maximum 
property modification factor is evaluated as [30]: 

𝜆୫ୟ୶ ൌ ൣ1 ൅ 0.75 ⋅ ൫𝜆௔௘,୫ୟ୶ െ 1൯൧ ⋅ 𝜆௧௘௦௧,୫ୟ୶ ⋅ 𝜆௦௣௘௖,୫ୟ୶ ൒ 1.80 (14) 

where 𝜆௔௘ accounts for the variability due to the environmental exposure and ageing, 𝜆௧௘௦௧ accounts 
for the variability due to heating and sliding velocity effects [33], and 𝜆௦௣௘௖ accounts for manufacturing 

variability. On the other hand, according to EC8 part 2 [31] (Annex J) the upper bound design 
properties (UBDPs) of the CSS can be determined by multiplying the nominal values with the 
following effective (amplification) coefficient 

𝜆୙୆ୈ୔ ൌ 𝜆୙,௙భ ⋅ 𝜆୙,௙మ ⋅ 𝜆୙,௙య ⋅ 𝜆୙,௙ర (15) 

where the modification factors for each source of variability 𝑓௜ ሺ𝑖 ൌ 1, … ,4ሻ are calculated as 

𝜆୙,௙೔ ൌ 1 ൅ ൫𝜆୫ୟ୶,௙೔ െ 1൯𝜓௙೔ . (16) 

In Eq. (16) 𝜓௙೔ is a combination factor (whose value, generally lower than one, depends on the 

importance class [31]) and the four main sources of variability are: 𝑓ଵ for ageing, 𝑓ଶ for temperature, 
𝑓ଷ for contamination and 𝑓ସ for cumulative travel (wear). Based on Eqns. (14)-(16), it appears that the 
two code provisions are quite consistent with each other, in that they assume that the upper bound 
design properties are simultaneously affected by different variability phenomena mutually interacting 
and combined together. Obviously, different modification factors are given for different conditions 
and design scenarios. Assuming default values for friction isolators (as indicated in [33]), namely 
𝜆௔௘,୫ୟ୶ ൌ 1.56, 𝜆௧௘௦௧,୫ୟ୶ ൌ 1.3 and 𝜆௦௣௘௖,୫ୟ୶ ൌ 1.15 gives an upper-bound modification factor in Eq. 

(14) for ASCE 7-16 equal to 𝜆୫ୟ୶ ൌ 2.1. Similarly, a reasonable yet conservative set of modification 
factors for EC8 provisions would be 𝜆୫ୟ୶,௙భ ൌ 1.5 for ageing (relevant to unsealed, unlubricated PTFE 

in severe environment), 𝜆୫ୟ୶,௙మ ൌ 1.1 for temperature (relevant to minimum temperature of 0°C), 

𝜆୫ୟ୶,௙య ൌ 1.2 for contamination (relevant to unsealed, unlubricated PTFE with stainless steel surface 

facing down) and 𝜆୫ୟ୶,௙ర ൌ 1.2 for wear (cumulative travel ൒ 1.0 km), which produce an effective 

amplification coefficient in Eq. (15) for EC8 equal to 𝜆୙୆ୈ୔ ൌ 1.88 (assuming a combination 
coefficient 𝜓௙೔ ൌ 0.70 for all sources of variability, relevant to an importance class II). These design 

scenarios would lead to an upper-bound friction coefficient almost doubled compared to the nominal 
friction coefficient and may, therefore, be representative of the case 𝜇஻/𝜇௅௏ ൌ 2.0 analyzed in this 
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study. Therefore, an analysis based on the above property modification factors would produce results 
quite in line with the graphs shown in Figure 20 for intermediate breakaway conditions. It is worth 
noting that the EC8 provisions are much more conservative for the upper-bound property modification 
factors of lubricated PTFE isolators. Indeed, under the same design assumptions made above but 
considering lubricated (in place of unlubricated) PTFE, the recommended values would be 𝜆୫ୟ୶,௙భ ൌ

1.8, 𝜆୫ୟ୶,௙మ ൌ 1.3, 𝜆୫ୟ୶,௙య ൌ 3.0 and 𝜆୫ୟ୶,௙ర ൌ 1.0, which produce an effective amplification 

coefficient 𝜆୙୆ୈ୔ ൌ 4.5. These design scenarios would lead to an upper-bound friction coefficient 
more than four times higher than the nominal friction coefficient and are, therefore, slightly more 
conservative than the case 𝜇஻/𝜇௅௏ ൌ 4.0 analyzed in this study. Therefore, an analysis based on the 
above EC8 property modification factors would produce more conservative results (in terms of 
superstructure response) than those reported in Figure 20 for high breakaway conditions. 

Finally, the parametric study has also included two values of the mass ratio 𝑚௕/𝑚௙, however the 

influence of this parameter on the results in terms of trigger acceleration as well as in terms of the 
considered seismic response parameters did not show a clear trend, and seems to be marginal at least 
for the building configurations and seismic excitations considered in this study. 

5. CONCLUSIONS 

The breakaway friction governs the transition between the sticking and the sliding phase of CSSs, 
thus affecting the seismic response of an isolated building. In practice, as long as the ground-motion 
acceleration is not able to overcome the breakaway frictional resistance, the isolators persist in the 
sticking phase and the superstructure undergoes larger accelerations and IDRs than the isolated 
building scenario. However, common structural analysis software programs neglect the static friction, 
and implement the dynamic friction coefficient throughout the response history analysis. In this paper, 
a friction model capable to reproduce the transition between the breakaway friction 𝜇஻ in the sticking 
phase and the velocity-dependent friction model in the subsequent sliding phase has been implemented 
in OpenSees to investigate the influence of the breakaway friction on the seismic response of base-
isolated buildings. Based on this formulation, an extensive parametric study comprising more than 
9000 bidirectional NLTHAs has been performed. The study has included three building examples, 
namely a two-storey, a four-storey and a six-storey ordinary RC framed building, two different mass 
distributions, three friction classes, representative of low-friction, moderate-friction and high-friction 
sliding materials, and three breakaway friction classes, characterized by three breakaway to low-
velocity friction ratios 𝜇஻/𝜇௅௏. In particular, the case 𝜇஻/𝜇௅௏ ൌ 1.0 corresponds to the conventional 
model that disregards the breakaway friction, while cases 𝜇஻/𝜇௅௏ ൌ 2.0 and 4.0 represent an 
intermediate breakaway and a high breakaway situation, the latter possibly caused by low temperature 
or poor maintenance conditions of the sliding surfaces. Moreover, for the characterization of the 
seismic input two intensity levels of the earthquake excitation, associated to either serviceability or 
ultimate limit states termed as SLD and SLV [64], two frequency contents in terms of soil 
characteristics (very rigid soil, soil class A, and medium-dense soil, soil class C), three epicentral 
distances, and two installation sites have been considered, thus including 168 spectrum-compatible 
bidirectional components of ground-motion acceleration.  

The main findings of this research work can be summarized as follows: 
1) When the breakaway friction coefficient is relatively high and the PGA of the seismic event is 

low, especially in case of low-to-moderate intensity earthquakes, the CSSs may persist in the 
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sticking phase over the entire duration of the ground motion. This phenomenon was observed 
in 439 out of the 9072 NLTHAs included in the parametric study. The majority (85%) of these 
no-activation cases occurred for ground-motion records relevant to soil class A, having a 
frequency content falling in the low-period (high-frequency) range, in which both the PGA and 
the spectral acceleration corresponding to the fundamental period of the superstructure are 
higher than in soil class C.  

2) Simplified analytical expressions based on free body equilibrium conditions are unable to 
reliably capture the actual value of the trigger acceleration 𝑎௧௥௜௚௚௘௥, meant as the minimum 

ground acceleration capable of activating the sliding motion (i.e., capable of overcoming the 
breakaway frictional resistance), in most cases leading to significant underestimations.  

3) A regression analysis formula has been elaborated by processing the numerical 𝑎௧௥௜௚௚௘௥ data. 

In particular, a three-parameter regression formula that expresses the 90th percentile of the 
trigger acceleration as a function of the breakaway friction coefficient 𝜇஻ has been developed 
by the authors. This formula can be further refined by including the influence of the 
superstructure fundamental period 𝑇௦௦ଵ, which requires a total of nine (rather than three) 
independent regression coefficients. These expressions can be adopted for design purposes to 
obtain conservative estimates of the trigger acceleration with CSSs having a breakaway friction 
in the range 𝜇஻ ൌ ሾ0.01 െ 0.20ሿ and superstructure fundamental period 𝑇௦௦ଵ ൌ ሾ0.29 െ 0.65ሿ. 

4) Besides the aforementioned no-activation cases, generally occurring for serviceability 
earthquakes, in both serviceability and design earthquakes the sliding motion may be delayed 
by a high breakaway frictional resistance, and the CSSs may persist in the sticking phase for a 
relatively long part of the ground motion. It has been found that this phenomenon has a modest 
influence on the seismic displacement of the isolation system, but it may considerably affect the 
PFA and IDR responses of the superstructure, as well as the shear force carried by the isolation 
system 𝑉௜௦௢ in comparison with the baseline reference model that ignores 𝜇஻. To this aim, 
amplification factors for each of these three structural response parameter can be introduced, in 
relation to the friction class and the breakaway class. These amplification factors are defined as 
the 90th percentiles of selected response parameters computed in the structural analysis model 
that includes the breakaway friction divided by the corresponding response parameter in the 
model disregarding the breakaway friction. Although the validity of these factors is confined to 
the examined cases and cannot be meant as universally valid, the authors believe that this design 
tool is of general applicability and may be used in conjunction with structural analysis programs 
that ignore the breakaway friction, in order to estimate to what extent the breakaway friction 
would increase the structural response if it were incorporated in the model. As an example, 
values of these amplification factors of around 1.5 for intermediate and around 2.5 for high 
breakaway have been found in the parametric study, confirm that neglecting the breakaway 
friction may lead to largely unsafe and non-conservative estimates of the structural response. 
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APPENDIX A 

 

Table 6 Details of earthquake ground motions for the Lamezia site, soil type A 

Earthquake name Code EQ ID 
Wave 

ID 
Station ID Date 𝑀௪ 

𝑅௘௣  
ሾkmሿ 

SF୶ SF୷ PGA୶  
ሾm/sଶሿ 

PGA୷  
ሾm/sଶሿ 

PGV୶  
ሾm/sሿ 

PGV୷  
ሾm/sሿ 

NE of Baja Luka LA-A-SLD-R1-S1 1825 5655 ST2950 13/08/1981 5.7 10 1.212 1.196 0.730 0.740 0.061 0.034 
Lazio Abbruzzo LA-A-SLD-R1-S2 175 365 ST140 07/05/1984 5.9 5 0.898 0.819 0.985 1.080 0.037 0.037 

Valnerina LA-A-SLD-R1-S3 115 242 ST225 19/09/1979 5.8 5 0.586 0.440 1.510 2.012 0.076 0.140 
South Iceland (aftershock) LA-A-SLD-R1-S4 2142 6349 ST2558 21/06/2000 6.4 5 0.121 0.108 7.295 8.218 0.456 0.920 

Vrancea LA-A-SLD-R1-S5 227 471 ST40 30/05/1990 6.9 6 3.032 3.775 0.292 0.234 0.022 0.019 
Vrancea LA-A-SLD-R1-S6 228 473 ST40 31/05/1990 6.3 7 4.616 10.249 0.192 0.086 0.014 0.007 

South Iceland LA-A-SLD-R1-S7 1635 4674 ST2486 17/06/2000 6.5 5 0.284 0.267 3.118 3.311 0.612 0.238 
Bingol LA-A-SLD-R2-S1 2309 7142 ST539 01/05/2003 6.3 14 0.175 0.303 5.051 2.918 0.336 0.210 

Lazio Abbruzzo (aftershock) LA-A-SLD-R2-S2 176 383 ST153 11/05/1984 5.5 14 4.463 4.399 0.198 0.201 0.014 0.009 
Lazio Abbruzzo (aftershock) LA-A-SLD-R2-S4 65 149 ST26 15/09/1976 6 12 0.661 0.802 1.339 1.103 0.068 0.043 

Friuli (aftershock) LA-A-SLD-R2-S3 176 382 ST140 11/05/1984 5.5 16 3.491 6.017 0.254 0.147 0.013 0.009 
Lazio Abbruzzo LA-A-SLD-R2-S5 176 385 ST155 11/05/1984 5.5 15 2.021 1.945 0.438 0.455 0.030 0.017 

South Iceland (aftershock) LA-A-SLD-R2-S6 2142 6335 ST2557 21/06/2000 6.4 15 0.709 0.782 1.248 1.132 0.166 0.108 
Mt. Hengill Area LA-A-SLD-R2-S7 1464 5086 ST2556 04/06/1998 5.4 15 3.943 5.153 0.224 0.172 0.019 0.023 

Umbria Marche (aftershock) LA-A-SLD-R3-S1 355 789 ST225 12/10/1997 5.2 22 3.590 4.722 0.247 0.187 0.015 0.011 
Lazio Abbruzzo LA-A-SLD-R3-S2 175 368 ST143 07/05/1984 5.9 22 1.409 1.320 0.628 0.671 0.056 0.039 

Tithorea LA-A-SLD-R3-S3 260 551 ST212 18/11/1992 5.9 37 5.536 4.205 0.160 0.210 0.012 0.012 
Umbria Marche LA-A-SLD-R3-S4 290 603 ST225 26/09/1997 5.7 35 3.232 3.322 0.274 0.266 0.013 0.011 
Umbria Marche LA-A-SLD-R3-S5 286 604 ST225 26/09/1997 6 37 4.172 4.337 0.212 0.204 0.011 0.011 

Kalamata LA-A-SLD-R3-S6 1885 5819 ST1321 13/10/1997 6.4 48 0.747 0.772 1.185 1.146 0.070 0.081 
South Iceland LA-A-SLD-R3-S7 1635 6267 ST2565 17/06/2000 6.5 46 3.993 3.698 0.222 0.239 0.017 0.020 

Friuli (aftershock) LA-A-SLV-R1-S1 60 116 ST33 11/09/1976 5.3 9 5.894 6.536 0.440 0.397 0.034 0.020 
South Iceland LA-A-SLV-R1-S2 1635 6263 ST2484 17/06/2000 6.5 7 0.422 0.516 6.136 5.018 0.389 0.498 

Vrancea LA-A-SLV-R1-S3 228 473 ST40 31/05/1990 6.3 7 13.516 30.014 0.192 0.086 0.014 0.007 
South Iceland (aftershock) LA-A-SLV-R1-S4 2142 6332 ST2483 21/06/2000 6.4 6 0.499 0.465 5.188 5.570 0.218 0.830 



 34 

South Iceland LA-A-SLV-R1-S5 1635 4674 ST2486 17/06/2000 6.5 5 0.831 0.783 3.118 3.311 0.612 0.238 
Kalamata LA-A-SLV-R1-S6 192 413 ST164 13/09/1986 5.9 10 1.229 0.891 2.108 2.910 0.327 0.323 

Dinar LA-A-SLV-R1-S7 349 879 ST271 01/10/1995 6.4 8 0.969 0.828 2.674 3.131 0.294 0.406 
Bingol LA-A-SLV-R2-S1 2309 7142 ST539 01/05/2003 6.3 14 0.513 0.888 5.051 2.918 0.336 0.210 

South Iceland LA-A-SLV-R2-S2 1635 4675 ST2487 17/06/2000 6.5 13 2.006 1.691 1.292 1.533 0.161 0.101 
South Iceland (aftershock) LA-A-SLV-R2-S3 2142 6335 ST2557 21/06/2000 6.4 15 2.076 2.289 1.248 1.132 0.166 0.108 

Mt. Hengill Area LA-A-SLV-R2-S4 1464 5090 ST2495 04/06/1998 5.4 18 8.429 5.338 0.307 0.486 0.020 0.038 
Izmit (aftershock) LA-A-SLV-R2-S5 473 1243 ST575 13/09/1999 5.8 15 3.630 0.833 0.714 3.112 0.055 0.145 

South Iceland (aftershock) LA-A-SLV-R2-S6 2142 6326 ST2496 21/06/2000 6.4 14 1.483 2.269 1.748 1.142 0.097 0.177 
Mt. Hengill Area LA-A-SLV-R2-S7 1464 5085 ST2497 04/06/1998 5.4 15 21.613 15.114 0.120 0.171 0.019 0.023 
Campano Lucano LA-A-SLV-R3-S1 146 292 ST98 23/11/1980 6.9 25 4.409 4.410 0.588 0.588 0.044 0.059 

Mt. Vatnafjoll LA-A-SLV-R3-S2 1338 5271 ST2483 25/05/1987 6 42 18.811 19.804 0.138 0.131 0.010 0.012 
Lazio Abbruzzo LA-A-SLV-R3-S3 175 368 ST143 07/05/1984 5.9 22 4.126 3.864 0.628 0.671 0.056 0.039 
Sicilia-Orientale LA-A-SLV-R3-S4 424 960 ST296 13/12/1990 5.6 50 3.651 4.052 0.710 0.640 0.044 0.036 

Friuli LA-A-SLV-R3-S5 34 55 ST20 06/05/1976 6.5 23 0.741 0.837 3.499 3.097 0.206 0.326 
Montenegro LA-A-SLV-R3-S6 93 198 ST64 15/04/1979 6.9 21 1.461 1.179 1.774 2.199 0.171 0.259 

Campano Lucano LA-A-SLV-R3-S7 146 290 ST96 23/11/1980 6.9 32 1.222 0.818 2.121 3.166 0.330 0.553 

 

Table 7 Details of earthquake ground motions for the Lamezia site, soil type C 

Earthquake name Code EQ ID 
Wave 

ID 
Station ID Date 𝑀௪ 

𝑅௘௣  
ሾkmሿ 

SF୶ SF୷ PGA୶  
ሾm/sଶሿ 

PGA୷  
ሾm/sଶሿ 

PGV୶  
ሾm/sሿ 

PGV୷  
ሾm/sሿ 

Friuli (aftershock) LA-C-SLD-R1-S1 63 133 ST33 15/09/1976 6 9 1.242 1.424 1.069 0.932 0.108 0.112 
Friuli (aftershock) LA-C-SLD-R1-S2 60 116 ST33 11/09/1976 5.3 9 3.019 3.348 0.440 0.397 0.034 0.02 

Vrancea LA-C-SLD-R1-S3 227 471 ST40 30/05/1990 6.9 6 4.549 5.662 0.292 0.234 0.022 0.019 
Friuli (aftershock) LA-C-SLD-R1-S4 61 122 ST33 11/09/1976 5.5 9 0.587 1.289 2.261 1.030 0.216 0.089 

Kalamata LA-C-SLD-R1-S5 192 413 ST164 13/09/1986 5.9 10 0.630 0.456 2.108 2.910 0.327 0.323 
South Iceland LA-C-SLD-R1-S6 1635 4674 ST2486 17/06/2000 6.5 5 0.426 0.401 3.118 3.311 0.612 0.238 

Dinar LA-C-SLD-R1-S7 349 879 ST271 01/10/1995 6.4 8 0.496 0.424 2.674 3.131 0.294 0.406 
Umbria Marche (aftershock) LA-C-SLD-R2-S1 350 772 ST223 03/10/1997 5.300 20 2.340 3.277 0.567 0.405 0.048 0.028 

Alkion LA-C-SLD-R2-S2 157 333 ST121 24/02/1981 6.6 20 0.588 0.437 2.257 3.036 0.223 0.226 
Friuli (aftershock) LA-C-SLD-R2-S3 65 147 ST28 15/09/1976 6 14 0.959 0.572 1.384 2.319 0.118 0.187 

Ionian LA-C-SLD-R2-S4 30 42 ST8 04/11/1973 5.8 15 0.258 0.531 5.146 2.498 0.570 0.255 
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Campano Lucano (aftershock) LA-C-SLD-R2-S5 153 315 ST97 16/01/1981 5.200 15 6.591 6.866 0.201 0.193 0.012 0.016 
Umbria Marche (aftershock) LA-C-SLD-R2-S6 291 625 ST223 06/10/1997 5.500 20 1.237 1.704 1.073 0.779 0.075 0.05 

Mt. Hengill Area LA-C-SLD-R2-S7 1464 5085 ST2497 04/06/1998 5.400 15 11.071 7.742 0.120 0.171 0.019 0.023 
Izmit (aftershock) LA-C-SLD-R3-S1 2159 7010 ST772 11/11/1999 5.6 41 7.761 5.548 0.171 0.239 0.013 0.016 
Izmit (aftershock) LA-C-SLD-R3-S2 473 1242 ST576 13/09/1999 5.8 49 2.170 1.792 0.612 0.741 0.044 0.088 
Umbria Marche LA-C-SLD-R3-S3 286 600 ST223 26/09/1997 6 22 0.788 1.276 1.685 1.041 0.145 0.118 

Izmit (aftershock) LA-C-SLD-R3-S4 473 6960 ST3266 13/09/1999 5.8 27 4.382 2.688 0.303 0.494 0.025 0.041 
Patras LA-C-SLD-R3-S5 276 571 ST215 14/07/1993 5.6 37 6.637 4.300 0.200 0.309 0.022 0.018 
Adana LA-C-SLD-R3-S6 561 1726 ST549 27/06/1998 6.3 30 0.615 0.502 2.158 2.644 0.278 0.203 

Izmit (aftershock) LA-C-SLD-R3-S7 473 6963 ST3268 13/09/1999 5.8 38 3.340 3.116 0.398 0.426 0.033 0.034 
South Iceland LA-C-SLV-R1-S1 1635 4674 ST2486 17/06/2000 6.5 5 1.088 1.025 3.118 3.311 0.612 0.238 

Friuli (aftershock) LA-C-SLV-R1-S2 65 151 ST33 15/09/1976 6 11 4.187 3.838 0.810 0.884 0.079 0.063 
Duzce 1 LA-C-SLV-R1-S3 497 1703 ST553 12/11/1999 7.2 8 0.917 0.674 3.699 5.036 0.357 0.635 

Dinar LA-C-SLV-R1-S4 349 879 ST271 01/10/1995 6.4 8 1.269 1.084 2.674 3.131 0.294 0.406 
Izmit LA-C-SLV-R1-S5 472 1231 ST575 17/08/1999 7.6 9 2.152 1.547 1.576 2.192 0.190 0.266 

Montenegro (aftershock) LA-C-SLV-R1-S6 108 230 ST73 24/05/1979 6.2 8 2.894 1.293 1.172 2.624 0.189 0.269 
Campano Lucano LA-C-SLV-R1-S7 146 291 ST276 23/11/1980 6.9 16 2.224 1.967 1.526 1.725 0.271 0.275 

Alkion LA-C-SLV-R2-S1 157 334 ST122 24/02/1981 6.6 19 1.195 2.031 2.838 1.671 0.227 0.220 
South Iceland (aftershock) LA-C-SLV-R2-S2 2142 6335 ST2557 21/06/2000 6.400 15 2.718 2.996 1.248 1.132 0.166 0.108 

South Iceland LA-C-SLV-R2-S3 1635 4675 ST2487 17/06/2000 6.5 13 2.626 2.214 1.292 1.533 0.161 0.101 
Montenegro LA-C-SLV-R2-S4 93 199 ST67 15/04/1979 6.9 16 0.922 0.954 3.680 3.557 0.421 0.520 

Friuli (aftershock) LA-C-SLV-R2-S5 65 146 ST24 15/09/1976 6 14 0.999 1.029 3.395 3.296 0.229 0.232 
Campano Lucano LA-C-SLV-R2-S6 146 291 ST276 23/11/1980 6.9 16 2.224 1.967 1.526 1.725 0.271 0.275 

Izmit LA-C-SLV-R2-S7 472 1257 ST772 17/08/1999 7.6 20 1.168 1.417 2.903 2.395 0.525 0.476 
Umbria Marche LA-C-SLV-R3-S1 286 600 ST223 26/09/1997 6 22 2.013 3.260 1.685 1.041 0.145 0.118 

Adana LA-C-SLV-R3-S2 561 1726 ST549 27/06/1998 6.3 30 1.572 1.283 2.158 2.644 0.278 0.203 
Ishakli (aftershock) LA-C-SLV-R3-S3 2296 7104 ST856 03/02/2002 5.8 35 8.608 6.692 0.394 0.507 0.031 0.053 
Izmit (aftershock) LA-C-SLV-R3-S4 473 6978 ST3273 13/09/1999 5.8 25 2.445 4.845 1.387 0.700 0.089 0.094 

Alkion LA-C-SLV-R3-S5 158 335 ST121 25/02/1981 6.3 25 2.966 2.885 1.144 1.176 0.109 0.149 
Cubuklu LA-C-SLV-R3-S6 587 1794 ST65 20/04/1988 5.5 34 8.283 7.642 0.410 0.444 0.051 0.071 

Izmit (aftershock) LA-C-SLV-R3-S7 473 6975 ST3272 13/09/1999 5.8 26 5.248 6.626 0.646 0.512 0.061 0.074 
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Table 8 Details of earthquake ground motions for the Naples site, soil type A 

Earthquake name Code EQ ID 
Wave 

ID 
Station ID Date 𝑀௪ 

𝑅௘௣  
ሾkmሿ 

SF୶ SF୷ PGA୶  
ሾm/sଶሿ 

PGA୷  
ሾm/sଶሿ 

PGV୶  
ሾm/sሿ 

PGV୷  
ሾm/sሿ 

NE of Baja Luka NA-A-SLD-R1-S1 1825 5655 ST2950 13/08/1981 5.7 10 0.799 0.788 0.730 0.740 0.061 0.034 
Valnerina NA-A-SLD-R1-S2 115 242 ST225 19/09/1979 5.8 5 0.386 0.290 1.510 2.012 0.076 0.140 
Vrancea NA-A-SLD-R1-S3 227 471 ST40 30/05/1990 6.9 6 1.999 2.488 0.292 0.234 0.022 0.019 

Umbria Marche (aftershock) NA-A-SLD-R1-S4 291 651 ST236 06/10/1997 5.5 5 0.262 0.317 2.229 1.838 0.101 0.084 
Vrancea NA-A-SLD-R1-S5 228 473 ST40 31/05/1990 6.3 7 3.043 6.756 0.192 0.086 0.014 0.007 

South Iceland (aftershock) NA-A-SLD-R1-S6 2142 6332 ST2483 21/06/2000 6.4 6 0.112 0.105 5.188 5.570 0.218 0.830 
South Iceland NA-A-SLD-R1-S7 1635 4674 ST2486 17/06/2000 6.5 5 0.187 0.176 3.118 3.311 0.612 0.238 

Bingol NA-A-SLD-R2-S1 2309 7142 ST539 01/05/2003 6.3 14 0.115 0.200 5.051 2.918 0.336 0.210 
Lazio Abbruzzo (aftershock) NA-A-SLD-R2-S2 176 382 ST140 11/05/1984 5.5 16 2.301 3.966 0.254 0.147 0.013 0.009 
Lazio Abbruzzo (aftershock) NA-A-SLD-R2-S3 176 383 ST153 11/05/1984 5.5 14 2.942 2.900 0.198 0.201 0.014 0.009 
Lazio Abbruzzo (aftershock) NA-A-SLD-R2-S4 176 385 ST155 11/05/1984 5.5 15 1.332 1.282 0.438 0.455 0.030 0.017 

Mt. Hengill Area NA-A-SLD-R2-S5 1464 5078 ST2496 04/06/1998 5.4 18 4.402 2.444 0.133 0.239 0.011 0.019 
Mt. Hengill Area NA-A-SLD-R2-S6 1464 5090 ST2495 04/06/1998 5.4 18 1.897 1.201 0.307 0.486 0.020 0.038 
Mt. Hengill Area NA-A-SLD-R2-S7 1464 5085 ST2497 04/06/1998 5.4 15 4.865 3.402 0.120 0.171 0.019 0.023 
Lazio Abbruzzo NA-A-SLD-R3-S1 175 368 ST143 07/05/1984 5.9 22 0.929 0.870 0.628 0.671 0.056 0.039 

Tithorea NA-A-SLD-R3-S2 260 551 ST212 18/11/1992 5.9 37 3.649 2.772 0.160 0.210 0.012 0.012 
Umbria Marche (aftershock) NA-A-SLD-R3-S3 355 789 ST225 12/10/1997 5.2 22 2.366 3.112 0.247 0.187 0.015 0.011 

Umbria Marche NA-A-SLD-R3-S4 286 604 ST225 26/09/1997 6.0 37 2.750 2.859 0.212 0.204 0.011 0.011 
Sicilia-Orientale NA-A-SLD-R3-S5 424 960 ST296 13/12/1990 5.6 50 0.822 0.912 0.710 0.640 0.044 0.036 

Valnerina NA-A-SLD-R3-S6 115 246 ST61 19/09/1979 5.8 22 0.972 0.670 0.600 0.870 0.040 0.052 
Montenegro NA-A-SLD-R3-S7 93 198 ST64 15/04/1979 6.9 21 0.329 0.265 1.774 2.199 0.171 0.259 

Vrancea NA-A-SLV-R1-S1 227 471 ST40 30/05/1990 6.9 6 5.638 7.018 0.292 0.234 0.022 0.019 
South Iceland (aftershock) NA-A-SLV-R1-S2 2142 6349 ST2558 21/06/2000 6.4 5 0.226 0.200 7.295 8.218 0.456 0.920 

South Iceland NA-A-SLV-R1-S3 1635 6263 ST2484 17/06/2000 6.5 7 0.268 0.328 6.136 5.018 0.389 0.498 
Vrancea NA-A-SLV-R1-S4 228 473 ST40 31/05/1990 6.3 7 8.582 19.056 0.192 0.086 0.014 0.007 

South Iceland (aftershock) NA-A-SLV-R1-S5 2142 6332 ST2483 21/06/2000 6.4 6 0.317 0.295 5.188 5.570 0.218 0.830 
Umbria Marche NA-A-SLV-R1-S6 286 592 ST221 26/09/1997 6.0 5 0.843 0.754 1.951 2.183 0.174 0.140 
South Iceland NA-A-SLV-R1-S7 1635 4674 ST2486 17/06/2000 6.5 5 0.528 0.497 3.118 3.311 0.612 0.238 

Bingol NA-A-SLV-R2-S1 2309 7142 ST539 01/05/2003 6.3 14 0.326 0.564 5.051 2.918 0.336 0.210 
Mt. Hengill Area NA-A-SLV-R2-S2 1464 5078 ST2496 04/06/1998 5.4 18 12.417 6.894 0.133 0.239 0.011 0.019 
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Lazio Abbruzzo (aftershock) NA-A-SLV-R2-S3 176 382 ST140 11/05/1984 5.5 16 6.491 11.187 0.254 0.147 0.013 0.009 
South Iceland NA-A-SLV-R2-S4 1635 4675 ST2487 17/06/2000 6.5 13 1.274 1.074 1.292 1.533 0.161 0.101 

Mt. Hengill Area NA-A-SLV-R2-S5 1464 5090 ST2495 04/06/1998 5.4 18 5.352 3.389 0.307 0.486 0.020 0.038 
South Iceland (aftershock) NA-A-SLV-R2-S6 2142 6335 ST2557 21/06/2000 6.4 15 1.318 1.453 1.248 1.132 0.166 0.108 

Mt. Hengill Area NA-A-SLV-R2-S7 1464 5086 ST2556 04/06/1998 5.4 15 7.331 9.581 0.224 0.172 0.019 0.023 
Tithorea NA-A-SLV-R3-S1 260 551 ST212 18/11/1992 5.9 37 10.292 7.818 0.160 0.210 0.012 0.012 

Lazio Abbruzzo NA-A-SLV-R3-S2 175 368 ST143 07/05/1984 5.9 22 2.620 2.453 0.628 0.671 0.056 0.039 
Umbria Marche NA-A-SLV-R3-S3 286 604 ST225 26/09/1997 6.0 37 7.757 8.063 0.212 0.204 0.011 0.011 
Sicilia-Orientale NA-A-SLV-R3-S4 424 960 ST296 13/12/1990 5.6 50 2.318 2.573 0.710 0.640 0.044 0.036 

Umbria Marche (aftershock) NA-A-SLV-R3-S5 355 789 ST225 12/10/1997 5.2 22 6.675 8.779 0.247 0.187 0.015 0.011 
Umbria Marche (aftershock) NA-A-SLV-R3-S6 292 642 ST225 14/10/1997 5.6 23 3.140 2.662 0.524 0.618 0.051 0.052 

Campano Lucano NA-A-SLV-R3-S7 146 290 ST96 23/11/1980 6.9 32 0.776 0.520 2.121 3.166 0.330 0.553 

 

Table 9 Details of earthquake ground motions for the Naples site, soil type C 

Earthquake name Code EQ ID 
Wave 

ID 
Station ID Date 𝑀௪ 

𝑅௘௣  
ሾkmሿ 

SF୶ SF୷ PGA୶  
ሾm/sଶሿ 

PGA୷  
ሾm/sଶሿ 

PGV୶  
ሾm/sሿ 

PGV୷  
ሾm/sሿ 

Friuli (aftershock) NA-C-SLD-R1-S1 63 133 ST33 15/09/1976 6.0 9 0.819 0.938 1.069 0.932 0.108 0.112 
Kalamata NA-C-SLD-R1-S2 192 413 ST164 13/09/1986 5.9 10 0.415 0.301 2.108 2.910 0.327 0.323 
Vrancea NA-C-SLD-R1-S3 227 471 ST40 30/05/1990 6.9 6 2.998 3.732 0.292 0.234 0.022 0.019 

Friuli (aftershock) NA-C-SLD-R1-S4 60 116 ST33 11/09/1976 5.3 9 1.990 2.207 0.440 0.397 0.034 0.020 
South Iceland NA-C-SLD-R1-S5 1635 4674 ST2486 17/06/2000 6.5 5 0.281 0.264 3.118 3.311 0.612 0.238 

Gulf of Corinth NA-C-SLD-R1-S6 280 578 ST178 04/11/1993 5.3 10 1.301 0.858 0.673 1.020 0.048 0.095 
Dinar NA-C-SLD-R1-S7 349 879 ST271 01/10/1995 6.4 8 0.327 0.279 2.674 3.131 0.294 0.406 

Alkion NA-C-SLD-R2-S1 157 333 ST121 24/02/1981 6.6 20 0.388 0.288 2.257 3.036 0.223 0.226 
Montenegro (aftershock) NA-C-SLD-R2-S2 108 232 ST77 24/05/1979 6.2 20 1.563 1.613 0.560 0.543 0.036 0.043 

Friuli (aftershock) NA-C-SLD-R2-S3 65 147 ST28 15/09/1976 6.0 14 0.632 0.377 1.384 2.319 0.118 0.187 
Basso Tirreno NA-C-SLD-R2-S4 81 170 ST46 15/04/1978 6.0 18 1.217 0.552 0.719 1.585 0.062 0.154 

Alkion NA-C-SLD-R2-S5 157 334 ST122 24/02/1981 6.6 19 0.308 0.524 2.838 1.671 0.227 0.220 
South Iceland NA-C-SLD-R2-S6 1635 4675 ST2487 17/06/2000 6.5 13 0.677 0.571 1.292 1.533 0.161 0.101 

Campano Lucano NA-C-SLD-R2-S7 146 291 ST276 23/11/1980 6.9 16 0.574 0.507 1.526 1.725 0.271 0.275 
Izmit (aftershock) NA-C-SLD-R3-S1 2159 7010 ST772 11/11/1999 5.6 41 5.116 3.657 0.171 0.239 0.013 0.016 
Izmit (aftershock) NA-C-SLD-R3-S2 473 1242 ST576 13/09/1999 5.8 49 1.430 1.181 0.612 0.741 0.044 0.088 
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Umbria Marche NA-C-SLD-R3-S3 286 600 ST223 26/09/1997 6.0 22 0.519 0.841 1.685 1.041 0.145 0.118 
Spitak NA-C-SLD-R3-S4 213 439 ST173 07/12/1988 6.7 36 0.488 0.487 1.793 1.796 0.149 0.208 

Umbria NA-C-SLD-R3-S5 174 360 ST41 29/04/1984 5.6 43 1.699 1.879 0.515 0.466 0.035 0.026 
Izmit (aftershock) NA-C-SLD-R3-S6 473 6978 ST3273 13/09/1999 5.8 25 0.631 1.250 1.387 0.700 0.089 0.094 

Cubuklu NA-C-SLD-R3-S7 587 1794 ST65 20/04/1988 5.5 34 2.137 1.971 0.410 0.444 0.051 0.071 
Montenegro (aftershock) NA-C-SLV-R1-S1 108 232 ST77 24/05/1979 6.2 20 4.280 4.417 0.560 0.543 0.036 0.043 

South Iceland NA-C-SLV-R1-S2 1635 4674 ST2486 17/06/2000 6.5 5 0.769 0.724 3.118 3.311 0.612 0.238 
Vrancea NA-C-SLV-R1-S3 227 471 ST40 30/05/1990 6.9 6 8.211 10.222 0.292 0.234 0.022 0.019 

Dinar NA-C-SLV-R1-S4 349 879 ST271 01/10/1995 6.4 8 0.896 0.765 2.674 3.131 0.294 0.406 
Montenegro (aftershock) NA-C-SLV-R1-S5 108 230 ST73 24/05/1979 6.2 8 2.044 0.913 1.172 2.624 0.189 0.269 

Montenegro NA-C-SLV-R1-S6 93 199 ST67 15/04/1979 6.9 16 0.651 0.674 3.680 3.557 0.421 0.520 
South Iceland (aftershock) NA-C-SLV-R1-S7 2142 6341 ST2497 21/06/2000 6.4 20 4.751 2.336 0.504 1.026 0.088 0.107 

Gazli NA-C-SLV-R2-S1 43 74 ST27 17/05/1976 6.7 11 0.397 0.339 6.038 7.065 0.502 0.626 
Alkion NA-C-SLV-R2-S2 157 334 ST122 24/02/1981 6.6 19 0.844 1.435 2.838 1.671 0.227 0.220 

South Iceland (aftershock) NA-C-SLV-R2-S3 2142 6335 ST2557 21/06/2000 6.4 15 1.920 2.117 1.248 1.132 0.166 0.108 
Ano Liosia NA-C-SLV-R2-S4 474 1713 ST1257 07/09/1999 6.0 18 2.204 2.856 1.087 0.839 0.102 0.105 
Erzincan NA-C-SLV-R2-S5 250 535 ST205 13/03/1992 6.6 13 0.628 0.477 3.814 5.028 1.018 0.718 

Friuli (aftershock) NA-C-SLV-R2-S6 65 146 ST24 15/09/1976 6.0 14 0.706 0.727 3.395 3.296 0.229 0.232 
Campano Lucano NA-C-SLV-R2-S7 146 291 ST276 23/11/1980 6.9 16 1.571 1.389 1.526 1.725 0.271 0.275 
Izmit (aftershock) NA-C-SLV-R3-S1 2159 7010 ST772 11/11/1999 5.6 41 14.010 10.015 0.171 0.239 0.013 0.016 

Alkion NA-C-SLV-R3-S2 157 333 ST121 24/02/1981 6.6 20 1.062 0.789 2.257 3.036 0.223 0.226 
Izmit (aftershock) NA-C-SLV-R3-S3 473 6960 ST3266 13/09/1999 5.8 27 7.911 4.853 0.303 0.494 0.025 0.041 
Umbria Marche NA-C-SLV-R3-S4 286 600 ST223 26/09/1997 6.0 22 1.422 2.303 1.685 1.041 0.145 0.118 

Adana NA-C-SLV-R3-S5 561 1726 ST549 27/06/1998 6.3 30 1.111 0.906 2.158 2.644 0.278 0.203 
Ishakli (aftershock) NA-C-SLV-R3-S6 2296 7104 ST856 03/02/2002 5.8 35 6.081 4.728 0.394 0.507 0.031 0.053 
Izmit (aftershock) NA-C-SLV-R3-S7 473 6975 ST3272 13/09/1999 5.8 26 3.707 4.681 0.646 0.512 0.061 0.074 
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