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Abstract

Under a seismic excitation the response of a building isolated with curved surface sliders
(CSSs) is highly influenced by the breakaway friction coefficient, which is a parameter that
governs the transition between the sticking and the sliding behaviour of the isolators. Its ef-
fect is detrimental especially in case of low-to-moderate earthquakes, in fact, the inertia forc-
es are not able to overcome the breakaway frictional resistance of the CSS isolators and the
structure behaves as a fixed-base building, thus experiencing higher acceleration, inter-storey
drifts and internal forces than the isolated building. Usually this parameter is disregarded
because the majority of structural analysis programs implement the dynamic friction coeffi-
cient only throughout the response history analysis, this leads to a possible overestimation of
the displacement demand for the isolation system but a likely unsafe design for the super-
structure.

In this contribution, the frictional resistance to sliding before the breakaway is simulated
through a bidirectional plasticity domain, coded in a finite element of the isolator formulated
in OpenSees. Based on this formulation, an exhaustive parametric analysis comprising a
range of friction coefficients and superstructure properties is implemented considering a
number of natural spectrum-compatible bidirectional ground motions of different intensity
levels and frequency contents.

Through the review and discussion of the results, the study provides insight into the implica-
tions of including the breakaway coefficient in non-linear time history analyses, and recom-
mendations useful to predict the trigger acceleration at which sliding motion starts.
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1 INTRODUCTION

The Curved Surface Slider (CSS) is one of the most popular isolation hardware, whose be-
haviour depends on two fundamental parameters, namely the coefficient of friction (uay») and
the effective radius of curvature (Rep) of the sliding surfaces.

During the motion of the CSS, the dynamic friction coefficient at sliding surface pay» usual-
ly increases from a minimum value u.r, in the low-velocity regime, to a steady value uuy, in
the high-velocity range, as described by the Eq. (1) of Constantinou et al. [1]:

fayn = pv— (v - pury) ™ (1)

where o is the transition rate parameter and v is the velocity. Nowadays, available com-
mercial FE codes, such as SAP2000 [2] and MIDAS GEN [3], are still based on the friction
model of Eq. (1).

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. In fact, experimental findings
reveal that at the beginning of the motion and at any momentary sticking of the sliding surfac-
es, e.g. at motion reversal, the friction coefficient attains a higher value than pgy,, which is
known as the static friction coefficient usr. This parameter is governed by chemical bonds
arising at the interface between the contact surfaces during the sticking phase and the number
and strength of these bonds increases with the duration of sticking; indeed, the static coeffi-
cient of friction that contrasts the start of the motion (usually denoted as the breakaway fric-
tion coefficient up) is reasonably larger than the value observed at motion reversal .
Therefore, to properly simulate the actual response of CSSs during both the breakaway and
the sliding phase, the numerical formulation should include the breakaway friction coefficient
besides the dynamic friction coefficient [4]. Disregarding us from the friction model leads to
an underestimation of the peak floor accelerations and maximum inter-storey drifts transferred
to the superstructure, which are likely to be experienced in the sticking phase before the
breakaway.

Some authors ([5] and [6]) developed friction models suitable to account for both forms of
static coefficient of friction, at breakaway and at motion reversal. However, both formulations
have some drawbacks: in [5] the study was limited to unidirectional trajectories (underesti-
mating the decrease in damping capability induced by frictional heating [7]) and there was no
distinction among the different contributions of friction coefficients at the breakaway and at
motion reversal, as it implicitly assumed usz = prev = psr. Also in [6], the work consisted in
unidirectional non-linear time history analyses (NLTHAs) and the low-velocity friction coef-
ficient 1y was replaced by the static coefficient of friction usr, leading to a possible underes-
timation of the maximum displacement of CSS duax, as well as an overestimation of the
residual displacement d.s [4].

Gandelli et al. [8] studied the effect of different breakaway levels and friction materials on
the response of a mid-rise building protected by means of CSS isolators, confirming that the
breakaway friction has a major effect on the peak floor acceleration and on the shear at the
isolation level, whereas the influence on the maximum displacement of CSS dyua is usually
modest. However, the study was conducted only on one building prototype under unidirec-
tional ground-motion, therefore the authors could not claim a general validity for its conclu-
sion.

The present work consists in a more extensive parametric study comprising a significant
number of NLTHAs in which different properties of both superstructure and CSS isolation
system are taken into account, in order to draw more general conclusions on the effect of the
breakaway friction on the seismic response in terms of peak floor acceleration, inter-storey
drift, base shear and CSSs displacement demand.

3205



E. Bruschi, V. Quaglini, and E. Gandelli

2 PARAMETRIC STUDY

A broad parametric study is carried out, performing 9072 bidirectional NLTHAs with the
structural analysis program OpenSees [9]. The analyses include different properties of the su-
perstructure, namely number of storeys and base mass to floor mass ratio (mx»/my), as well as
different properties of the CSS isolation systems, considering three friction classes representa-
tive of low friction (LF), moderate friction (MF) and high friction (HF) sliding materials. The
analyses are performed considering a large group of natural ground motion records having
different intensity levels and frequency contents.

2.1 Structural models

The case-study structures consist of three RC buildings, conceived as moment-resisting
frames of two-storey, four-storey, and six-storey. The structures are designed in compliance
with the Italian Building Code NTC2018 [10] and are characterized by a double-symmetric,
square plan with three bays of 6m in both horizontal directions and a constant inter-storey
height of 3m, Figure 1.
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ny four-storey building
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Figure 1: Plan view and front view of representative four-storey building

The concrete compressive strength f. is equal to 25 MPa and the steel yield strength f, is equal
to 450 MPa. Additional information regarding geometry of the structural elements, design
loads and fundamental periods are reported in [4].

The structures are modelled in OpenSees [9] as linear elastic systems with ElasticBeamCol-
umn elements [11] for beams and columns with appropriate cross-sectional characteristics.
The floor slabs are modelled as rigid diaphragms, by using the RigidFloorDiaphragm [11]
multi-points constraint, imposing the nodes belonging to the same floor to have the same dis-
placement. Therefore, the floor mass (my) can be lumped at a master node located at the cen-
troid of each floor, along with a mass moment of inertia about vertical axis.

The buildings are isolated with sixteen CSS isolators located underneath each column and
connected to each other via a base slab of mass my acting as a rigid diaphragm, which pre-
vents differential displacements. Two base mass to floor mass ratios (m»/mys = 1.0 and = 2.0)
are considered for each building, thus including six different building configurations in the
parametric study, in order to verify if this parameter has an influence on the seismic response
of the case-study structures.
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The damping of the base-isolated system is modelled with a substructure approach, by sepa-
rating the superstructure component alone from the base isolation system [12] and the super-
structure is characterized by a stiffness proportional damping.

The CSSs have an effective radius of curvature R = 3000mm, which corresponds to an un-
damped period Tiso = 2m(Rey /2)"°=3.48s, and are modelled with a reduced version of the
BVNC element developed by Gandelli et al. [13]. The reduced version of this element (herein-
after referred as BV element, Figure 2) accounts for the breakaway and the velocity effects
only. The transition between static and dynamic friction is accomplished by two distinct plas-
tic material models, one for the static friction ruling the breakaway phenomenon, and the oth-
er for the dynamic friction after the initiation of the sliding motion. In particular, the
VelDependent friction model of the SingleFFPSSimple3d element [11] is used to describe the
dynamic friction coefficient, according to the exponential formulation of Eq. (1), excluding
the influence of the normal force and of the heating phenomena on the variation of the friction
coefficient.

He
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Figure 2: 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. [13])

The study includes three friction classes representative of low friction (LF), moderate friction
(MF) and high friction (HF) sliding materials; each friction class ha different low-velocity uzr
and high-velocity uuy friction coefficients (Table 1) with a ratio uuv/ury = 2.5, as indicated in
previous literature studies ([14] and [15]). The case up/ury =1 corresponds to no-breakaway
and 1s used as baseline reference for comparison, corresponding to the friction models usually
implemented in structural analysis programs. The second case ug/ury =2 corresponds to in-
termediate breakaway that typically occurs with lubricated sliding material; while, the third
case up/ury =4 is the high breakaway, that may be caused by unfavourable effects induced by
low temperature, poor maintenance conditions of the sliding surfaces, mounting defects [16],
as well as possible permanent setting of the surfaces. The value us/ury =4 is selected accord-
ing to the work of Constantinou et al. [1].

For all friction classes, the transition rate parameter o from the low-velocity to the high-
velocity friction is set to 0.0055s/mm.
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Friction Friction coefficient Breakaway Breakaway friction  Friction

class (pry, umv) class (us) 1D

(0.01, 0.025) uslury =1 0.01 LF 1

LF uslpLy =2 0.02 LF 2

usluLy =4 0.04 LF 4

(0.03,0.075) uslpry =1 0.03 MF 1

MF uslurLy =2 0.06 MF 2

usluLy =4 0.12 MF 4

(0.05, 0.125) uslury =1 0.05 HF 1

HF usluLy =2 0.10 HF 2

uslury =4 0.20 HF 4

Table 1: Parameters of the dynamic friction and of the breakaway considered in the parametric study

2.2 Seismic input

Non-linear dynamic analyses have been performed considering natural ground motions
characterized by two horizontal components, whereas the vertical component of the seismic
input is ignored. The accelerograms are selected from the European strong-motion database
[17] by means of the software REXEL v. 3.5 [18].

The parametric study is performed considering two installation sites: Lamezia Terme (lati-
tude 38.58°, longitude 16.18°) and Naples (latitude 40.86°, longitude 14.28°), which respec-
tively belong to the seismic zone 1 (high probability of occurrence of strong earthquakes) and
the seismic zone 2 (moderate probability of occurrence of strong earthquakes) of the old na-
tional classification [19]. The accelerograms are consistent with the elastic spectrum associat-
ed to an ordinary structure with nominal life V, = 50 years and functional class II
corresponding to cu = 1.0. Both serviceability limit state (SLD) and life-safety limit state
(SLV) are used for the selection of the accelerograms; a topography condition T and two dif-
ferent soil conditions, designated as soil class A and soil class C, are considered. For each in-
stallation site, soil class and limit state, a suite of 21 independent bidirectional natural ground
motion records are selected with a magnitude range My, between 5 and 8. In order to include
different fault distances, these 21 records include 7 events recorded at epicentral distance Rep
between 0 and 10 km, 7 events with Re, between 10 and 20 km and the remaining 7 events
with Rep between 20 and 50 km. Additional details pertaining to the input ground motions are
provided in [4] and Figure 3.
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Figure 3: Target response spectra and median response spectra for the two installation sites, two soil classes and
three epicentral distances

3 RESULTS AND DISCUSSION

The output of the NLTHASs on the base-isolated structure is analysed in terms of four re-
sponse parameters representative of both the superstructure response and the base isolation
system response, namely (i) Peak Floor Acceleration (PFA), (ii) Inter-storey Drift Ratio (/DR),
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(ii1) displacement of the base isolation system (dis), and (iv) shear force carried by the isola-
tion system normalized to the total seismic weight Viso/Wio, Where Wiy is given by the sum of
Wss (equal to the sum of the seismic weight of each floor) and W (equal to the seismic
weight of the base). The maximum values of each parameter are extracted from the 9072
NLTHASs and then statistically processed to obtain average maximum response quantities.

Figure 4 and Figure 5 show the average response parameters of the base-isolated build-
ings in terms of PFA, maximum /DR, isolators’ displacement dis,, and normalized shear force
carried by the isolation unit Vi/Wio, for serviceability earthquakes at SLD and life-safety
earthquakes at SLV respectively. The results are organized distinguishing between the three
friction classes (LF, MF and HF) and the three breakaway classes us/uy = 1.0, 2.0, 4.0, where
us/ury =1.0 represents the baseline reference model.

Referring to SLD case (Figure 4), the breakaway friction tends to increase the PF4, max-
imum /DR and maximum normalized Vi, in comparison to the baseline reference model
ws/ury = 1.0. MF and HF friction class isolators show a similar trend for all the three parame-
ters with a more relevant increase than that LF friction class isolators, especially for ug/ury =
4.0. On the other hand, the isolators’ peak displacement dis, does not seem to be affected by
the breakaway friction, indeed, the three curves do not show substantial differences compared
to the baseline reference model ug/ury =1.0.
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Figure 4: Average response parameters (PFA, IDR, diso, Viso/ Wiot) at SLD

With regard to SLV case (Figure 5), LF friction class isolators seem not influenced by the
breakaway friction, while both MF and HF friction class CSSs increase significantly the PFA4,
maximum /DR and maximum normalized Vi, especially for us/ury =4.0. Also for SLV, as in
SLD, the maximum displacement of the isolators dis is not influenced by the breakaway fric-
tion coefficient.
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Figure 5: Average response parameters (PFA, IDR, diso, Viso/ Wiot) at SLV

The results of Figure 4 and Figure 5 are confirmed by looking at the overall behaviour of the
superstructure in terms of PFAs, Figure 6. The superstructure model analysed in NLTHAs
experiences higher PFAs due to the delayed engagement of the isolators at both SLD and SLV.
Figure 6 shows that under low-to-moderate intensity earthquake, typical of SLD, the breaka-
way friction has a major influence especially in case of MF and HF friction class; in fact,
CSSs with higher coefficient of friction may remain in the sticking phase over the entire dura-
tion of the ground motion, consequently the structure behaves as a fixed-based building and
the PF'As are much higher than the isolation building scenario.
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Figure 6: Average PFA profiles at SLD (left) and SLV (right) along the height of the 6-storey building for differ-
ent friction classes and ps/pv ratios

Based on the previous considerations, a fundamental design parameter is the trigger accelera-
tion aurigger, meant as the minimum value of the ground acceleration capable of activating the
sliding motion; indeed, for earthquakes characterized by a peak ground acceleration lower
than auigeer, the isolation system would not be activated, with potential detrimental conse-
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quences on the internal forces in the superstructure. The most simple way to analytically de-
termine dgigeer 1S referring to the simple two-degree-of-freedom (2DOF) system, consisting of
two masses, namely superstructure mass ms and base mass my, connected to the ground by a
CSS bearing with coefficient of friction at breakaway ug [8]. The sliding motion is triggered
when the shear force through the CSS exceeds the resisting breakaway frictional force Fjp
evaluated as up(ms+mp)g, where g is the acceleration of gravity [4] and this condition is
achieved when the ground motion acceleration ay is larger than the trigger value asigger-

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 Fs. As expected, all these cases belong to the low-intensity serviceability earth-
quakes, SLD.

Figure 7 shows the relationship among the no-activation cases with the breakaway friction
coefficients us, the soil class and the epicentral distance. The number of no-activation cases
increases with increasing of us, and all the cases are concentrated in the range 0.10 — 0.20.
No-activation cases seem marginally influenced by the epicentral distance of the earthquake,
as the trend is almost equally distributed among the three values Ry ( 0 km < Rep < 10 km), R»
(10 km < Rep<20 km) and Rz ( 20 km < Rep < 50 km). Whereas the soil class show a signifi-
cant influence on the occurrence of no-activation condition, since 374 out of the 439 cases are
obtained for rigid soil condition (soil A), and only the remaining 65 cases are observed for
medium soil conditions (soil C), typically characterized by higher values of PGA (Peak
Ground Acceleration) and of spectral acceleration corresponding to the fundamental period of
the superstructure.

99

no-nctnElion cases

0.04 005 0.08 0.10

oefl. s

hreakaway friction <

B ACTIVMEON Cluses
DO-RCUIVRLIONL Cases

Figure 7: No-activation cases in relationship to the breakaway friction coefficient (top) and sub-analysis depend-
ing on the epicentral distance (bottom left) and soil class (bottom right)

The parametric study has also included two values of the mass ratio ms/my, however the influ-
ence of this parameter on the results in terms of auigeer 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.
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4 CONCLUSIONS

The study investigated the influence of the breakaway friction coefficient xs on the seismic
response of base-isolated buildings, by implementing in OpenSees [9] a friction model capa-
ble to reproduce the transition between the breakaway friction gz in the sticking phase and the
velocity-dependent friction model in the subsequent sliding phase.

In order to draw the most general conclusions, an extensive parametric study comprising
more than 9000 bidirectional NLTHASs has been performed, including three case-study build-
ings with increasing number of stories (2, 4 and 6), two different mass distributions (my/ms =
1.0 and = 2.0), three friction classes (LF, MF and HF) and three breakaway friction classes
(us/ury =1.0, 2.0 and 4.0), Table 1. For the characterization of the seismic input, two intensity
levels of the earthquake excitations, associated to either serviceability SLD or life-safety SLV
limit states, two soil characteristics (class A and class C), three epicentral distances (Rep =
0+10km, 10+20km and 20+50km) and two installation sites (Lamezia Terme and Naples)
have been considered, thus including 168 spectrum-compatible bidirectional components of
ground motion acceleration.

The results showed that in both SLD and SLV conditions, the sliding motion may be de-
layed by a high breakaway frictional resistance, and the CSSs may persist in the sticking
phase for a relatively long part of the ground motion, affecting significantly the seismic re-
sponse of the superstructure and of the isolation system. In fact, the buildings experienced
higher inter-storey drifts /DRs and peak floor accelerations PFAs, as well as the isolation sys-
tem engaged significantly higher normalized shear force Vi, whereas was marginally affect-
ed in terms of displacement dso.

Especially when the breakaway coefficient is relatively high and the base-isolated struc-
tures are subjected to low-to-moderate intensity earthquakes (typical of SLD), the CSSs may
persist in the 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, and the ma-
jority (85%) occurred for ground motions relevant to soil class A. It is likely that this occurs
because both the PGA (Peak Ground Acceleration) and the spectral acceleration correspond-
ing to the fundamental period of the superstructure are higher in the soil class C than in the
soil class A.

Although these conclusions are confined to the examined cases, the present work provides
some insight into the effects of breakaway friction coefficient on the seismic response of
base-isolated buildings, highlighting the necessity to include this parameter in the NLTHAs.
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