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Summary

Seismic isolation is widely used around the world for the protection of build-

ings, but its long‐term behaviour was not considered in detail in past seismic

design of isolated structures. Nevertheless, the American seismic code has

recently introduced an explicit procedure aimed at evaluating upper‐bound

and lower‐bound values of isolation system properties. Yet there are few stud-

ies on the evolution and extent of the deterioration of elastomeric (e.g., high‐

damping rubber bearings) and sliding (e.g., flat sliding bearings) isolators dur-

ing their lifetime and on their impact on the seismic behaviour of the super-

structure. To investigate this problem, six‐storey–reinforced concrete

buildings, base isolated with high‐damping rubber bearings acting alone or in

combination with flat sliding bearings, are designed without considering the

variability of mechanical properties of the isolation system due to ageing and

air temperature. Then, based on experimental results from accelerated ageing

tests at high temperature, mathematical models are implemented to account

for oxidation of elastomers and friction changes. The variability of mechanical

properties at different mean temperatures, due to seasonal thermal variations,

is also considered. Finally, fragility curves are developed for the base‐isolation

system and superstructure on the basis of nonlinear dynamic analysis of the

degraded test structures.
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1 | INTRODUCTION

Base‐isolation technique has long been used worldwide for the seismic protection of public and residential buildings,
but seismic codes generally do not take into account ageing and environmental effects on degradation of the mechanical
properties of the isolation devices. The introduction of the property modification factor approach to bound the likely
seismic response of isolators has first been applied in the American code for new buildings,1 whereas a similar approach
is implemented in the European code for bridges.2 In detail, maximum or minimum factors for each type of event (e.g.,
ageing, air temperature, and variations observed during testing) and an adjustment factor, taking into account the
reduced probability of cumulative effects during an earthquake, are multiplied in order to define upper‐ and lower‐
bound force–displacement laws. However, other codes (e.g., the Italian code3) are limited to establish the maximum var-
iation of the mechanical properties of the isolators, vis‐à‐vis the corresponding nominal values, only for the purpose of
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qualification tests. Finally, the long‐term behaviour of the isolation system is explicitly taken into account during the
design process in Japan, requiring that the manufacturers of the isolators provide the degree of variation of the main
design parameters as function of ageing and environmental effects.4 During the lifetime of the elastomeric (e.g., high‐
damping rubber bearings [HDRBs]) and sliding (e.g., flat sliding bearings [FSBs]) bearings, representing some of the
most widely used types of isolation systems, ageing and air temperature are important factors that affect the degradation
of rubber and friction coefficient of the sliding surface, respectively. The mechanical properties of the HDRBs change
uniformly along the radial direction of the isolator in a relatively short time, until a stable equilibrium state is reached
in the inner region bounded by an external critical depth,5 the latter being an exponential function of the temperature.6

The outer region is also affected by an oxidation process, related to time and depending on the amount of oxygen, which
produces a degradation of properties whose effects diminish moving towards the critical depth. Moreover, the HDRBs
considerably increase their horizontal and vertical stiffnesses for decreasing values of the air temperature through rub-
ber crystallization due to prolonged exposure to cold weather, whereas their cyclic behaviour does not change signifi-
cantly at high air temperatures.7 Finally, it should be noted that ageing8,9 and air temperature10 do not affect the
equivalent viscous damping ratio of the HDRBs significantly. On the other hand, the friction coefficient of the FSBs pre-
sents an age‐related increase that can be considered because of changes in the adhesive properties depending on creep
of materials and subsequent increase in the contact area between the sliding pad and sliding plate.11 In particular, creep
affects the static friction coefficient during lifetime of the isolator whereas at the onset, the dynamic friction coefficient
remains almost unchanged. Air temperature also plays a not negligible role on the friction coefficient,12 with a rate of
reduction greater when passing from low‐to‐medium values than from medium‐to‐high values.13 However, the signifi-
cant frictional heating during seismic loading moderates the effects of low temperatures at the sliding interface that
combined with isolators placed in normal environment obviates the air temperature effects on the friction coefficient.14

Although the analytical and experimental studies above‐mentioned have provided considerable insight into how to pre-
dict the long‐term behaviour of elastomeric and sliding bearings when subjected to ageing and air temperature effects,
more investigation is required to evaluate the effects of these phenomena on the nonlinear seismic analysis of base‐
isolated buildings.

Design procedures of the base‐isolation systems proposed by international seismic codes generally allow for the use
of simplified models to describe the hysteretic response of elastomeric and sliding bearings, in line with commercial
software generally assuming properties of the bearings constant during an earthquake. Conversely, the use of a simple
but reasonably accurate model is required to take into account the experimentally observed behaviour of the HDRBs
and FSBs. In detail, the HDRBs behave nonlinearly, with horizontal stiffness decreasing with increasing vertical load
and vertical stiffness decreasing with increasing lateral deformation.15,16 Moreover, increasing values of horizontal dis-
placement induce a reduction in both critical buckling load17 and horizontal stiffness.18 On the other hand, experimen-
tal studies have highlighted the complex nonlinear behaviour of the FSBs. The dynamic friction coefficient
monotonically increases by an exponential law with the sliding velocity up to a constant value.19 The axial pressure sig-
nificantly reduces the high‐velocity (i.e., dynamic fast) value of the friction coefficient, whereas the low‐velocity (i.e.,
dynamic low) value is relatively unaffected.20-22 Finally, the response of the FSBs shifts between the sticking and sliding
phases, at the breakaway and motion reversals, highlighting a static friction coefficient greater than the dynamic one.23

A few studies on the effects of ageing on isolation systems24–26 after 20, 30, and 40 years of use have been carried out,
as well as recent numerical investigations27-29 introducing modification factors accounting for ageing and air tempera-
ture effects. The aim of the present work is to investigate the effects of variability of the mechanical properties of elas-
tomeric and sliding bearings, both during the design life and seismic motion, on the nonlinear dynamic response of
base‐isolated reinforced concrete (r.c.) structures. This study is also devoted to investigate the level of reliability of
the property modification factor approach adopted in some advanced international seismic codes in predicting, conser-
vatively, the nonlinear seismic response of base‐isolation system and superstructure. In light of the evidence of previ-
ously described phenomena, attention is focused on ageing and air temperature effects, generally neglected in the
design stage, combined with changes of the force‐displacement laws due to the loading history. As a comparison, the
property modification factors of bearing properties1 proposed by American Society of Civil Engineers (ASCE 7‐2016)
are also applied to define the isolation system properties that are used in upper‐ and lower‐bound analyses. First, six‐
storey r.c. framed structures, base isolated with HDRBs acting alone or in combination with FSBs, are designed in accor-
dance with the current Italian code2 in a high‐risk seismic zone, considering nominal values of mechanical properties of
the isolation system. More specifically, nine structural configurations are examined, combining three elastomer com-
pounds of HDRBs (i.e., soft, normal, and hard) and two sliding friction coefficients of FSBs (i.e., low and medium).
Then, a computer code is implemented for the nonlinear seismic analysis of the test structures, considering a lumped
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plasticity model to describe the inelastic deformation of r.c. frame members of the superstructure,30 whereas advanced
nonlinear force‐displacement laws are adopted for the isolation systems. The results of nonlinear time‐history analysis
are used to build fragility curves based on simple regression in the logarithmic space of structural response versus
seismic intensity,31 considering ground motions selected from the Pacific Earthquake Engineering Research Center
database32 and scaled in line with the design hypotheses adopted.
2 | MODELLING OF THE ISOLATION SYSTEM

2.1 | Time‐dependent effects: Ageing

Mechanical properties of the HDRBs inevitably change over time and tend to cause an increase of the horizontal and
vertical stiffnesses, with a reduction of the fundamental vibration periods that may affect the seismic response of a
base‐isolated structure. Ageing is dependent on the rubber compound and improper vulcanization and substantially
increases for either very high damping or very low shear modulus.33 Assuming linear material behaviour, the nominal
horizontal (KH0) and vertical (KV0) stiffnesses of an HDRB can be evaluated as function of the initial (unaged) shear (G0)
and axial (E0) moduli.

KH0 ¼ G0⋅A
tr

¼ G0⋅π⋅D2

4⋅tr
; KV0 ¼ E0⋅A

tr
¼ E0⋅π⋅D2

4⋅tr
(1ab)

A and D being the cross‐sectional area and the diameter of a circular bearing, respectively, and tr the total thickness
of the rubber. The ageing depends on chemical reactions and diffusion rate of oxygen and is characterized by a fast stage
during which the mechanical properties change almost uniformly over the whole area and a slow stage governed by
oxidation of the external part until a critical depth.5

d* ¼ α ⋅ e β=T ; (2)

increasing for lower values of air temperature,34 where coefficients α(=1.2 × 10−4 mm) and β(=3.82 × 103 K−1) can be
evaluated with thermal oxidation tests.8 That is why the aged shear modulus (G(t)) depends on the position inside the
bearing and the horizontal stiffness can be expressed as

KH tð Þ ¼ QH tð Þ
tr

; (3)

having

QH tð Þ ¼ ∫Gaged⋅dA ¼ G0⋅ ∫
2π

0
∫
D=2

0
f r; θð Þ⋅dr⋅dθ; (4)

where f (r, θ) is a function describing the spatial variability of the shear modulus because of ageing. More specifically,
Equation (4) can be divided in internal

QHi tð Þ ¼ 2⋅π⋅G0⋅ ∫
R − d*

0
1þ Δf fastð Þ⋅r⋅dr; (5a)

and external

QHe tð Þ ¼ 2⋅π⋅G0⋅ ∫
R

R − d*
1þ Δf fast þ w rð Þ⋅Δf slow
h i

⋅r⋅dr; (5b)

contributions calculated on the corresponding reduced circular areas. In detail, fast and slow increases of the initial
shear modulus are governed by the following expressions.8

Δf fast ¼ 88:4⋅e−1887:2=T ; (6a)
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Δf slow ¼ 9:3 × 10−4⋅tref ; (6b)

where tref is the equivalent ageing time (expressed in days) at the reference temperature Tref (expressed in degree Kelvin)
of accelerated ageing tests whereas T represents the temperature under the service condition. It should be noted that
constant parameters of Equation 6a6b are assumed equal to the values proposed by Paramashanti et al8 on the basis
of investigation on different rubber compounds. Moreover, a parabolic law

w rð Þ ¼ R−r−d*

d*

� �2

; (7)

with the boundary conditions

w r ¼ R − d*
� � ¼ 0; w′ r ¼ R − d*

� � ¼ ∂w=∂rð Þr¼R−d* ¼ 0; w r ¼ Rð Þ ¼ 1; (8abc)

describes the spatial variation of Δ f slow in the external part of a circular bearing with radius R. Finally, an equivalent
aged shear modulus can be evaluated for each elastomer compound as

G tð Þ ¼ KH tð Þ
KH0

⋅G0; (9)

by which an equivalent aged axial modulus can be assessed

E tð Þ ¼ 1

6⋅G tð Þ⋅S21
þ 4
3⋅Eb

� �−1

; (10)

where Eb represents the volumetric compression modulus of the rubber (e.g., Eb = 2,000 MPa), whose variation over
time is neglected, and S1 = D/(4t) is the primary shape factor, t being the thickness of the single layer of elastomer.
Finally, the corresponding vertical stiffness is

KV tð Þ ¼ E tð Þ⋅A=tr : (11)

On the other hand, time variation of the static friction coefficient during the stick–slip phases has been experimen-
tally studied through durability tests,11 highlighting an increase attributed primarily to creep of the materials and a cor-
responding increase in the contact area between sliding pad and sliding plate; moreover, negligible changes of the
dynamic friction coefficient have been observed. Specifically, the following expression has been proposed to represent
variability of the static friction coefficient over time:

μs tð Þ ¼ μs0 þ 0:016⋅t0:1; (12)

where μs0 is the initial (unaged) value of the static friction whereas t is the age, measured in years.
FIGURE 1 Effects of ageing on

mechanical properties of the isolation

system. (a) High‐damping rubber

bearings. (b) Flat sliding bearings
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In line with international codes (e.g., American Society for Testing and Materials35), the accelerated ageing process
of elastomeric and sliding bearings are based on exposure of specimens to high temperatures Tref (typically in the range
60°–80°) in a vacuum for known (generally relatively short) periods of time tref. However, the age of the treated speci-
mens represented in these laboratory tests is not specified, confirming that this approach can be useful in the compar-
ison of various rubber compounds but is unsuitable for the prediction of life expectancy of the elastomeric bearings.36

For just that purpose, in the present work, the Arrhenius methodology is adopted to correlate the accelerated ageing
results with the ageing under service conditions37,38:

ln tref =t
� � ¼ Ea=Rg⋅ T−1

ref − T−1
� �

; (13)

t being the real time; Ea(=9.04 × 104 J/mol) the activation energy of the rubber; Rg(=8.31 J/mol/K) the gaseous constant.
Curves representing variability of the mechanical properties with time of accelerated ageing (tref), at the controlled

temperature Tref = 80°C and service mean temperature T = 20°C, are plotted in Figure 1. Specifically, shear modulus of
the HDRBs (i.e., G(t) in Figure 1a), for three elastomer compounds (i.e., soft, S, normal, N, and hard, H) and static fric-
tion coefficient of the FSBs (i.e., μs(t) in Figure 1b), for low (L) and medium (M) friction, is represented starting from the
nominal (unaged) value. As a comparison, an additional axis of abscissa is reported in order to represent the equivalent
time of ageing obtained with the Arrhenius method. It is worth noting that heat ageing tests after an expected time of
17, 33, 50, and 67 days correspond to 25, 50, 75, and 100 years when Tref = 80°C is considered but an unrealistically high
value of the reference time should be considered for the prediction of the life expectancy when Tref = 60°C or Tref = 70°C
is assumed. As expected, an increase of stiffness (Figure 1a) and friction threshold (Figure 1b) is observed for increasing
values of tref.
2.2 | Time‐dependent effects: Air temperature

Mechanical properties of the HDRBs can also change significantly due to weather conditions: that is, variations in the
environmental temperature over long periods of time, such as wide variations in air temperature between winter (e.g.,
with a mean value of 10°C) and summer (e.g., with a mean value of 25°C). Specifically, experimental tests carried out on
the HDRBs show that both the stress level and the area encompassed by the hysteresis loop increase more than linearly
whereas air temperature is decreasing, especially when the temperature7 drops below 0. Moreover, at a given tempera-
ture, these effects increase from soft‐to‐normal elastomer compounds and from normal‐to‐hard elastomer compounds.10

Furthermore, undetectable sensitivity of the cyclic behaviour to the thermal history of the specimen is observed,
whereas the equivalent viscous damping remains practically unchanged over the whole range of air temperature. The
results also indicate that the lateral stiffness increases more than linear when the air temperature falls significantly com-
pared with the mean working condition (i.e., T = 20°C); at the same time, rising temperatures do not lead to abrupt
variations in lateral stiffness. On the basis of the experimental curves at 100% of shear strain,10 the secant shear modulus
variability with air temperature (T) can be expressed by the following polynomial laws, distinguishing soft (SC):

GSC Tð Þ ¼ 0:508 − 9:779⋅10−3⋅T þ 3:603⋅10−4⋅T2 − 8:843⋅10−6⋅T3 þ 8:967⋅10−8⋅T4 MPa½ �; (14)

normal (NC),

GNC Tð Þ ¼ 1:039 − 1:468⋅10−2⋅T þ 4:204⋅10−4⋅T2 − 2:275⋅10−5⋅T3 þ 4:29⋅10−7⋅T4 MPa½ �; (15)

and hard (HC)

GHC Tð Þ ¼ 1:752 − 2:493⋅10−2⋅T þ 4:704⋅10−4⋅T2 − 7:452⋅10−6⋅T3 þ 1:147⋅10−7⋅T4 MPa½ �; (16)

elastomer compounds. It should be noted that the selected compounds (i.e., SC, NC, and HC) present the nominal
values of the shear modulus (i.e., 0.4, 0.8, and 1.4 MPa) provided by FIP (2014) when the selected temperature corre-
sponds to the mean working temperature (i.e., T = 20°C). The corresponding axial moduli are evaluated through an
expression similar to Equation (10).
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E:: Tð Þ ¼ 1

6⋅G:: Tð Þ⋅S21
þ 4
3⋅Eb

� �−1

(17)

Curves representing variability of mechanical properties of HDRBs with air temperature are plotted in Figure 2. Spe-
cifically, shear (Figure 2a) and axial (Figure 2b) moduli of the HDRBs for SC, NC, and HC elastomer compounds are
represented in the range of temperatures from −20°C to 40°C. Vertical lines corresponding to winter and summer mean
seasonal temperatures are also reported as threshold values considered in the numerical study. As can be observed, the
rate of reduction of the axial modulus with temperature (Figure 2b) is less evident than that of observed for the shear
modulus (Figure 2a) as a result of Equation (10) where G..(T) only concerns the first part of E..(T).

Finally, experimental results corresponding to different pressure–velocity couples of values highlight the fact that
the dynamic friction coefficient decreases for increasing values of the air temperature.13 Specifically, the rate of reduc-
tion is greater at low‐to‐medium temperature (i.e., −10°C to 20°C) than from medium‐to‐high (i.e., 20°C to 50°C) tem-
perature, highlighting a decrease of about 2.5 times in the rate when the dynamic fast (μfast) instead of dynamic low
(μlow) friction coefficient is considered. Moreover, the dynamic friction coefficient is practically independent of the con-
tact pressure. However, variation of the dynamic friction coefficient with temperature is significantly reduced in the
range from 10°C to 25°C and therefore will not be considered in the present study.
2.3 | Seismic dependent effects

A simple but reasonably accurate model is required to describe the nonlinear hysteretic behaviour of the elastomeric
bearings, given that axial forces significantly affect the horizontal response and softening in the vertical direction at
large lateral deformations. Starting from experimental results,15 the three‐spring two‐dashpot viscoelastic linear model
shown in Figure 3a can be improved,39 modifying the uncoupled elastic (FK0 and PK0) and damping (FC0 and PC0) axial
forces, proportional to the horizontal and vertical displacement (uH and uV) and velocity ( _uH and _uV ), respectively, and
the spring moment (MK0) proportional to the rotation (θ). In detail, nonlinear elastic springs in the horizontal and ver-
tical directions can be considered and their coupling obtained with a modified vertical displacement (u*V ) taking into
account the axial shortening or lengthening due to second‐order geometric effects. Moreover, the post‐critical behaviour
of an HDRB is unstable, so its response can be adequately predicted when the nonlinearities are fully accounted for.18

Specifically, the horizontal and rotational stiffness lessens with increasing horizontal displacement, thereby requiring
modified expressions of the nonlinear axial (horizontal) and rotational springs.

The following expressions can be used for the horizontal (i.e., F ), vertical (i.e., P), and rotational (i.e., M) compo-
nents of the refined model shown in Figure 3b:

F ¼ FK1 þ FC0 ¼ KH1⋅uH þ CH0⋅ _uH ≅KH0⋅ 1 −
P

P′

cr

 !2" #
⋅ 1 − 0:325⋅ tanh α

uH
tr

� �� 	
⋅uH þ ξH ⋅KH0⋅T1H

π
⋅ _uH ; (18a)
FIGURE 2 Effects of air temperature

on the mechanical properties of the high‐

damping rubber bearings. (a) Shear

modulus, (b) axial modulus



FIGURE 3 Effects of seismic loads on

mechanical properties of the high‐

damping rubber bearings. (a) Simplified

model, (b) refined model
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P ¼ PK1 þ PC0 ¼ KV1⋅u*V þ CV0⋅ _uV ≅
KV0

1þ 48⋅
uH
π⋅D

� �2 sgn uVð Þ⋅ uVj j − 16⋅αb
π2⋅D⋅S2⋅αK0

u2H

� �
þ ξV ⋅KV0⋅T1V

π
⋅ _uV ; (18b)

M ¼ MK1 ¼ Kθ1⋅θ ¼ Kθ0⋅ 1 −
25:4 − t

D
α
uH
tr

� �� 	
⋅ϑ; (18c)

where KH0 and KV0 are the nominal values of the horizontal and vertical stiffness at the design displacements and zero
axial load; αK0 = KV0/KH0 is the nominal stiffness ratio; Kθ0 is the rotational stiffness at zero shear strain; ξH (ξV) and T1H

(T1V) represent, respectively, the equivalent viscous damping ratio and the fundamental vibration period in the horizon-
tal (vertical) direction; αb = hb/tr, hb being the total height of the bearing; S2 = D/tr is the secondary shape factor; α is a
dimensionless constant with a value of tr. It should be noted that uH in Equation 18a18c is expressed in millimeter. A
reduced critical buckling load can be also introduced, with a bilinear approximation of the area‐reduction method,
which takes into account the finite buckling capacity of a bearing at zero overlap area17:

P′

cr ¼ 0:2⋅Pcr for
Ar

A
≤ 0:2; P′

cr ¼ Pcr⋅
Ar

A
for

Ar

A
> 0:2; Pcr ¼ π⋅G⋅S1⋅S2⋅A

2
ffiffiffi
2

p ; (18d)

where Ar is the reduced area due to lateral displacement. Note that the effect of cavitation on tensile response is not
considered in the present study.40

Similarly, for constant values of the axial load (i.e., P = W, W being the weight of the superstructure) and friction
coefficient (i.e., μ equal to the dynamic fast value μfast), the force‐displacement behaviour of an FSB in the horizontal
direction is generally idealized as a simplified rigid‐plastic law (Figure 4a). However, experimental studies confirm
the complex nonlinear behaviour of the FSBs, highlighting the presence of numerous parameters affecting their friction
coefficient at the sliding surface. In particular, the dynamic friction coefficient monotonically increases with the sliding
velocity up to a constant value.19 Moreover, the response of the FSBs shifts between sticking and sliding phases, at the
breakaway and motion reversals, highlighting a static friction coefficient greater than the dynamic one.23 Yet the instan-
taneous pressure (p) due to the axial load during seismic motion (N) also affects the friction coefficient of an FSB, with a
reduction of μfast for increasing values of pressure, whereas the dependence of μslow on the axial pressure is minimal and
μslow = 0.4μfast–0.5μfast is generally assumed.13,22 On that basis, the frictional force at the sliding interface can be
expressed as (Figure 4b) follows:

F ¼ kp⋅ μfast − μfast − μslowð Þ⋅e−α1⋅ _uH þ μs − μslowð Þ⋅e−α2⋅ _uH ⋅ sgn _uHð Þ − sgn uHð Þj j
2

� 	
⋅P; (19a)

where μs is the static friction coefficient when velocity41 is 0, with μs/μfast ≅ 2, α1(=0.015 s/mm) is a parameter regu-
lating the increase in dynamic friction with velocity, α2(=0.25 s/mm) is a parameter regulating the transition from
the static to the dynamic friction regime and
FIGURE 4 Effects of seismic loads on

mechanical properties of the flat sliding

bearings. (a) Simplified model, (b) refined

model



8 of 25 MAZZA
kp ¼ 0:070:02⋅ p−poð Þ; (19b)

represents the effect of the axial load (P), depending on vertical (p0 = P0/A) and seismic (p = P/A) pressure22 on the
sliding surface (A). Finally, it should be noted that variation of the friction coefficient with temperature at the sliding
surface is not considered in the present study.

Furthermore, a gap element with infinitely rigid behaviour in compression is assumed in the vertical direction to
consider the fact that an FSB does not resist tensile axial loads and is thus free to uplift

P ¼ N for uV ≥ 0 and P ¼ 0 for uV < 0: (19c)

3 | BASE ‐ISOLATED STRUCTURAL SYSTEMS

Typical six‐storey residential buildings with an r.c. framed structure isolated at the base by 20 identical HDRBs (i.e.,
elastomeric isolation system) or 14 HDRBs combined with six FSBs (i.e., hybrid isolation system) are considered for
the numerical investigation (Figure 5). A double foundation system constituted of two grids of rigid beams is placed
at the base of the framed structure, below, and above the isolation level. In view of the symmetric plan of the building,
only the plane frames orientated along the horizontal ground motion direction (Y), perpendicular to the floor slab direc-
tion (X), are considered as reference.

The design vertical loads are divided in structural dead loads and live loads equal, respectively, to 3.5 and 2 kN/m2 at
all floors. Nonstructural dead loads are also applied, assuming: 1.67 kN/m2, for the sixth floor, 3.47 kN/m2, for the zero
floor, and 3.07 kN/m2, for the other floors. Finally, nonstructural masonry infills are taken into account through an
additional dead load of 2.70 kN/m2 along the perimeter. A cylindrical compressive strength of 25 N/mm2 for the con-
crete and a yield strength of 450 N/mm2 for the steel are assumed for the r.c. frame members. Horizontal and vertical
seismic loads are evaluated in line with the current Italian code,3 assuming high‐risk seismic zone; elastic response of
the superstructure (i.e., behaviour factors for the horizontal and vertical seismic loads, qH = qV = 1.0); medium subsoil
type (i.e., subsoil class B); flat terrain (i.e., topographic class T1). Main parameters at the life‐safety (LS) and collapse‐
prevention (CP) limit states, in the horizontal and vertical directions, are reported in Table 1: that is, peak ground
FIGURE 5 3D view and plans of

the base‐isolated structures (units in

centimeter)



TABLE 1 Design parameters for horizontal (H) and vertical (V) seismic loads3

PGAH PGAV SH SV FH F V

LS limit state 0.260 g 0.181 g 1.147 1.000 2.428 1.677

CP limit state 0.349 g 0.281 g 1.056 1.000 2.466 1.711

Note. CP: collapse prevention; LS: life safety.

TABLE 2 Geometrical properties of the superstructure (units in centimeter and ton)

Storey Corner column Lateral column Central column Deep beam Flat beam mi

6 30 × 30 30 × 30 30 × 30 30 × 45 40 × 25 2.600

5 30 × 35 30 × 40 40 × 40 30 × 45 40 × 25 2.846

4 30 × 40 30 × 50 50 × 50 30 × 50 50 × 25 2.989

3 30 × 40 30 × 50 50 × 50 30 × 55 50 × 25 3.123

2 30 × 50 30 × 60 60 × 60 40 × 60 60 × 25 3.458

1 30 × 50 30 × 60 60 × 60 40 × 70 60 × 25 3.671

0 ‐ ‐ ‐ 50 × 100 50 × 100 4.418
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acceleration (PGAH and PGAV); site amplification factor (SH and SV); maximum spectrum amplification coefficient (FH

and FV). The fundamental vibration period of the base‐isolated structures is assumed equal to 2.1 s in the horizontal
direction, satisfying the condition TBI ≥ 3TBF, TBF being the value for the fixed‐base structure. Moreover, the fundamen-
tal vibration period in the vertical direction is very low in case of the hybrid isolation system, although it depends on the
vertical stiffness of the HDRBs for the elastomeric isolation system. The dimensions of the cross sections assumed for
the beams (i.e., deep and flat) and columns (i.e., corner, lateral, and central) are reported in Table 2 where masses at
the floor levels (i.e., mi) are also presented. The design of the superstructure is carried out at the LS limit state so as
to satisfy minimum conditions for the r.c. frame members in line with the provisions for low ductility class imposed
by NTC18.3
3.1 | Elastomeric isolation systems

The elastomeric base‐isolation (EBI) systems consist of three elastomer compounds for the 20 identical HDRBs and
comply with the CP limit state, assuming a seismic design displacement equal to 28.9 cm and a nominal stiffness ratio
αK0(=KV0/KH0) equal to 800. Specifically, soft (S.EBs, Figure 6a), normal (N.EBs, Figure 6b), and hard (H.EBs, Figure 6c)
compounds are characterized by an unaged shear modulus (G0) equal to 0.4, 0.8, and 1.4 MPa, respectively, and a vol-
umetric compression modulus of the rubber (Eb) equal to 2,000 MPa. All three compounds ensure the same values of
the equivalent viscous damping ratio for the EBI systems: that is, ξH = 10%, in the horizontal direction; ξV = 5%, in
the vertical direction. Total shear strain γtot ≤ 5 and shear strain due to seismic displacement γs ≤ 2 are obtained. More-
over, the maximum compression axial load (PEd) does not exceed the critical load (Pcr) divided by a safety coefficient
equal to 2.0, whereas the maximum tensile load does not exceed the ultimate value (Ptu). The latter is evaluated by
FIGURE 6 Elastomeric isolation systems with different elastomer compounds for the high‐damping rubber bearings



TABLE 3 Geometrical properties of the high‐damping rubber bearings (units in centimeter)

Compound Ds De te ti nsi tsi tse h

Soft (S) 68 68 14.1 1.3 11 0.21 3 22.1

Normal (N) 50 50 18.3 0.9 19 0.28 3 29.7

Hard (H) 46 46 22.4 0.5 45 0.40 3 45.9

TABLE 4 Design parameters of the high‐damping rubber bearings at the collapse‐perevention limit state (units in kN and centimeter)

Compound γs γtot S1 S2 Pcr PEd/Pcr σs

Soft (S) 1.7 5 13 4.8 7573 0.30 18.2

Normal (N) 1.3 3.9 15.3 3.0 6474 0.35 17.6

Hard (H) 1.1 2.9 22.9 2.0 7216 0.31 12.5
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multiplying the reduced effective area Ar (i.e., the area of overlap between the top and bottom of the isolator), which is a
function of the lateral displacement,42 and the ultimate tensile stress σtu (=min(2G, 1 MPa)) provided by the Italian
code.3 Finally, normal stress in the interior steel shims less than the yielding value (i.e., 235 MPa) is also satisfied.
The following geometrical properties of the HDRBs are reported in Table 3: diameter of the steel layer (Ds) and that
of the elastomer (De); total thickness (te) and thickness of the single layer (ti) of elastomer; number (nsi) and thickness
(tsi) of the interior steel shims; thickness of the exterior steel plates (tse); and total height of the bearing (h). For each
elastomer compound, the results of the verification are reported in Table 4.

As can be observed, for the same horizontal stiffness of the EBI system, the bearing diameter decreases for increas-
ing values of the shear modulus whereas the opposite is the case for the bearing height. In order to comply with min-
imum values of the shape factors, the thickness of the elastomer layer decreases for increasing hardness of the elastomer
compound. On the other hand, to limit normal stress of the interior steel shims, their thickness increases from soft‐to‐
hard elastomer compound. It is interesting to note that for soft compound, the seismic design of the HDRBs depends on
the condition imposed on the maximum values of γtot, whereas the control on the secondary shape factor S2 proves to be
the most conservative verification in the case of hard compound.
3.2 | Hybrid elastomeric‐friction isolation systems

Six hybrid elastomeric‐sliding base‐isolation (ESBI) systems are designed at the CP limit state, given 14 identical
HDRBs, with three elastomer compounds (i.e., S.EBs, N.EBs, and H.EBs), acting in parallel with six FSBs (four inter-
nally placed and two along the perimeter), and characterized by low‐type (i.e., L.SBs in Figure 7a,c) and medium‐type
(i.e., M.SBs in Figure 7d,e) friction properties.

This arrangement corresponds to a value of 0.37 for the nominal sliding ratio αS0(=F S0/F S0,max) of the FSBs under
gravity loads, defined as the sliding force (F S0) of the entire sliding system divided by the maximum sliding force (F S0,

max) corresponding to a sliding bearing below each column of the test structure. The nominal stiffness ratio adopted for
the ESBI systems is the same as the EBI ones (i.e., αK0 = 800). The set of static (μs) and dynamic (μslow and μfast) fric-
tion parameters of the FSBs assumed in the analyses is reported in Table 5, where axial loads in the quasipermanent
combination (Psd) are also shown. For FSBs with medium‐type friction, the coefficients are twice those for low‐type
friction.

Once a value equal to 10% is assumed for the equivalent viscous damping corresponding to the ESBI systems, where
the weighted equivalent viscous damping ratios of the elastomeric (ξH,HDRBs) and sliding (ξH,FSBs) isolators are consid-
ered in line with the following expression.43

ξH ¼ Wh;HDRBs þWh;FSBs

4⋅π⋅ Ws;HDRBs þWs;FSBs
� �100 ¼ ξH;HDRBs þ ξH;FSBs; (20)



FIGURE 7 Hybrid elastomeric‐sliding isolation systems with different elastomer compounds for the high‐damping rubber bearings and

friction threshold for the flat sliding bearings

TABLE 5 Mechanical properties of the flat sliding bearings (units in kN)

Friction type μs μslow μfast PSd (lateral) PSd (central)

Low (L) 5% 1% 2.5% 905 1,243

Medium (M) 10% 2.5% 5% 905 1,243
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Ws,HDRBs and Ws,FSBs being the strain energies at the secant stiffness corresponding to the design displacement (i.e.,
28.9 cm), whereas Wh,HDRBs and Wh,SBs represent the hysteretic energies in a cycle of motion at the same displacement.
Damping properties of the ESBI systems are shown in Table 6, assuming an equivalent viscous damping ratio of the
HDRBs in the vertical direction of 5%.

Finally, Tables 7 and 8 summarize the geometrical properties and design parameters for HDRBs of the ESBI systems
with reference to low‐type friction of the FSBs, whereas analogous values are reported in Tables 9 and 10 in the case of
medium‐type friction. It is noteworthy that the design of the HDRBs is generally limited by the condition imposed on
the maximum values of γs, whereas comparable geometric dimensions of the HDRBs are obtained by considering low‐
and medium‐type friction properties of the FSBs.
4 | NUMERICAL RESULTS

A numerical study is carried out to investigate the effects produced by the variability of the mechanical properties of
elastomeric (EBI systems) and hybrid elastomeric‐sliding (ESBI systems) bearings due to ageing and air temperature.
In order to reflect the increase of both stiffness of the HDRBs and static friction coefficient of the FSBs over their
TABLE 6 Damping properties of the hybrid isolation systems (units in kN and centimeter)

Friction type Wh,HDRBs Ws,HDRBs Wh,FSBs Ws,FSBs ξH,HDRBs ξH,FSBs ξV,HDRBs ξV,FSBs

Low (L) 88,992 83,960 19,593 2,449 8 2 5 ‐

Medium (M) 69,399 81,511 39,186 4,898 7 3 5 ‐



TABLE 7 Geometrical properties of the high‐damping rubber bearings for the low‐friction flat sliding bearings (units in centimeter)

Compound Ds De te ti ns tsi tse h

Soft (S) 81 81 14.5 1.6 9 0.21 3 22.2

Normal (N) 61 61 16.3 1.0 16 0.28 3 26.5

Hard (H) 46 46 16.1 0.5 32 0.4 3 34.6

TABLE 8 Design parameters of the high‐damping rubber bearings at the collapse‐prevention limit state for the low‐friction flat sliding

bearings (units in kN and centimeter)

Compound γs γtot S1 S2 Pcr PEd/Pcr σs

Soft (S) 2.0 4.4 13.0 5.6 12,608 0.15 12.3

Normal (N) 1.8 4.0 15.3 3.8 9,626 0.19 14.0

Hard (H) 1.8 4.0 22.9 2.9 8,484 0.22 14.2

TABLE 9 Geometrical properties of the high‐damping rubber bearings for the medium‐friction flat sliding bearings (units in centimeter)

Compound Ds De te ti ns tsi tse h

Soft (S) 80 80 14.5 1.5 9 0.21 3 22.2

Normal (N) 61 61 16.8 1.0 17 0.28 3 27.2

Hard (H) 46 46 16.6 0.5 33 0.4 3 35.5

TABLE 10 Design parameters of the high‐damping rubber bearings at the collapse‐prevention limit state for the medium‐friction flat

sliding bearings (units in kN and centimeter)

Compound γs γtot S1 S2 Pcr PEd/Pcr σs

Soft (S) 2.0 4.5 13.0 5.5 11,991 0.15 12.7

Normal (N) 1.7 3.9 15.3 3.6 9,626 0.19 14.0

Hard (H) 1.7 3.9 22.9 2.8 8,236 0.22 14.2
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lifetime, different ageing times (i.e., tref = 17, 33, 50, and 67 days) are taken into account in the accelerated thermal oxi-
dation test at reference temperature of Tref = 80°C. Moreover, the sensitivity of the HDRBs to air temperature variations
is evaluated by referring to mean seasonal (i.e., T = 10°C in the winter and T = 25°C in the summer) and annual (i.e.,
T = 20°C) values. For comparison, system properties modification factors proposed by the American code for new build-
ings1 are also considered. Specifically, all the maximum or minimum λ factors for each event are multiplied together.14

λmin ¼ 1 − f a λae;min − 1
� �� �

⋅λtest;min⋅λspec;min; λmax ¼ 1 − f a λae;max − 1
� �� �

⋅λtest;max⋅λspec;max; (21ab)

where factors λae, λtest, and λspec encompass, respectively, ageing and environmental effects, variation observed during
tests, and specification tolerances, whereas adjustment factor f a provides for the reduced probability that several addi-
tive effects occur simultaneously. In the present work, different modification factors are applied to the HDRBs (i.e., λmin,

HDRBs = 1 and λmax,HDRBs = 1.225) and FSBs (i.e., λmin,FSBs = 1 and λmax,FSBs = 1.42), on the assumption that
λtest = λspec = 1.0 and with reference to ordinary buildings (i.e., f a = 0.75). A lumped plasticity model based on the
Haar–Kàrmàn principle is used to describe the inelastic behaviour of r.c. frame members of the superstructure,44 assum-
ing a bilinear moment–curvature law with hardening ratio equal to 3%. Plastic conditions are checked at the potential
critical sections of beams (i.e., end, quarter‐span, and mid‐span sections of the sub‐elements in which a beam is
discretized) and columns (i.e., end sections). With a view to studying the effects of advanced nonlinear modelling of
the EBI and ESBI isolation systems, the formulations of the HDRBs and FSBs previously described in Section 2.3 are
implemented through a computer code already proposed.44 In the Rayleigh hypothesis, the damping matrix of the
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superstructure is assumed as a linear combination of the mass and stiffness matrices, assuming horizontal and vertical
viscous damping ratios (i.e., ξH,S and ξV,S) equal to 2% with reference to the corresponding fundamental vibration
periods (i.e., T1H and T1V). Nonlinear dynamic analyses of the EBI and ESBI structural systems, subjected to the hori-
zontal and vertical components of near‐fault earthquakes, are terminated once the ultimate state of the superstructure
(in terms of curvature ductility of beams and columns) and ultimate shear deformations (i.e., γtot,u = 1.5 × 5 = 7.5 and γs,
u = 1.5 × 2 = 3) and ultimate axial loads (i.e., Pcr and Ptu) of the HDRBs are attained.
4.1 | Fragility analysis for unscaled ground motions

The 20 near‐fault ground motion records selected for this first part of the numerical investigation are selected from the
Pacific Earthquake Engineering Research Center database32 and are classified as pulse type in accordance with a pulse
indicator.45 Specifically, the two‐sided (i.e., forward directivity) long‐period horizontal velocity pulses are characterized
by shear‐wave velocity of the subsoil in the top 30 m, generally within the range corresponding to the subsoil type at the
site in question (i.e., subsoil class B, 360 m/s ≤ Vs,30 ≤ 800 m/s). The Modified Acceleration Spectrum Intensity (MASI)
measure is evaluated for both the horizontal components, integrating spectral values of acceleration in the range of
vibration periods between a lower limit (i.e., 0.5 × TBI = 1.05 s), accounting for the contribution of higher modes to
structural response, and an upper limit (i.e., 1.25 × TBI = 2.63 s), including the lengthening of vibration period due
to the nonlinear structural behaviour.46 This structure‐specific integral seimic intensity measure can be considered effi-
cient for predicting engineering demand parameters.47 Note that only the horizontal component with the highest value
of MASI is considered in the nonlinear dynamic analyses. In Table 11, the main data of the selected near‐fault motions
are shown: that is, earthquake location, date, recording station, magnitude (Mw), closest distance to the fault (Δ), peak
ground acceleration (PGAH), and MASIH of the selected horizontal component.

First, the nonlinear dynamic analysis of the EBI and ESBI structural systems subjected to the set of 20 unscaled
ground motion histories is performed. For each record, the final instant of simulation is assumed as that corresponding
TABLE 11 Main data of the selected ground motions

Earthquake Date Station Mw Δ (km) VS,30 (m/s) PGAH (g) MASIH (m/s)

Coyote Lake 06/08/1974 Gilroy Array #6 5.7 3.11 663.3 0.422 3.16

Tabas 16/09/1978 Tabas 7.4 2.05 766.8 0.854 8.29

Mammoth Lakes‐06 27/05/1980 Long Valley Dam 5.9 16.03 537.2 0.414 2.80

Superstition Hills 24/11/1987 Parachute Test Site 6.5 0.95 348.7 0.432 12.89

Loma Prieta 18/10/1989 Gilroy–Gavilan Coll. 6.9 9.96 729.7 0.359 6.71

Erzincan 13/03/1992 Erzincan 6.7 4.38 352.1 0.496 5.70

Cape Mendocino 25/04/1992 Petrolia 7.0 8.18 422.2 0.591 5.19

Landers 28/06/1992 Barstow 7.3 34.86 370.1 0.135 3.04

Northridge 17/01/1994 Rinaldi Receiving Station 6.7 6.50 282.3 0.874 12.01

Kobe 16/01/1995 Takatori 6.9 1.47 256.0 0.618 18.27

Kocaeli 17/08/1999 Arcelik 7.5 13.49 523.0 0.134 5.53

Chi‐Chi 20/09/1999 TCU068 7.6 0.32 487.3 0.512 10.68

Chi‐Chi 20/09/1999 TCU076 7.6 2.70 615.0 0.428 1.42

Chi‐Chi 20/09/1999 TCU079 7.6 10.70 364.0 0.592 5.76

Chi‐Chi 20/09/1999 TCU102 7.6 1.49 714.3 0.304 8.27

Parkfield 28/09/2004 Cholame 2E 6.0 4.08 522.7 0.477 1.15

Parkfield 28/09/2004 Cholame 3E 6.0 5.55 397.4 0.800 0.83

Parkfield 28/09/2004 Cholame 4W 6.0 4.23 410.4 0.575 1.39

Chuetsu‐oki 16/07/2007 Oguni Nagaoka 6.8 20.0 561.6 0.625 2.64

L'Aquila 06/04/2009 V. Aterno–Centro Valle 6.3 6.27 475.0 0.664 4.24
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to the attainment of an ultimate condition of r.c. frame members of the superstructure and/or HDRBs of the base‐
isolation system in the conventional design configuration (i.e., t = 0 days and T = 20°C). Afterwards, in order to make
the results comparable, the analyses are repeated assuming this value as the final instant of simulation for each ground
motion and base‐isolated system. The cloud method is adopted for the fragility analysis,31 based on fitting a linear
regression model in the logarithmic scale to the pairs of an engineering demand parameter (EDP), representative of
the structural response, versus an intensity measure for a suite of unscaled ground motions. In Figures 8 and 9 are
reported cloud data of the EBI and ESBI structures, respectively, obtained by combining a scalar demand to capacity
ratio of the EDP, that is equal to unity at the onset of the ultimate limit state, with an intensity measure.48

In particular, maximum values of ductility demand at the end sections of the beams (Figures 8a–c and 9a–c) and
total shear strain of the HDRBs (Figures 8d–f and 9d–f) are plotted against the MASI values corresponding to the elastic
response spectra of acceleration of the interrupted records. Plots refer to three elastomer compounds of the HDRBs (i.e.,
the EBI.S, EBI.N, and EBI.H structures), which may be combined with low friction of the FSBs (i.e., the ESBI.SL, ESBI.
NL, and ESBI.HL structures). The dependence of mechanical properties of the HDRBs on air temperature variations is
taken into account by considering winter (T = 10°C) and summer (T = 25°C) mean values of temperature, in the aged
state corresponding to tref = 33 days and Tref = 80°C. Results for the lower‐bound (λmin) and upper‐bound (λmax) limit
values of the ASCE modification factor are also presented for comparison. As can be observed, the significant dispersion
in the MASI values of the selected ground motions and the occurrence of a number of demand to capacity EDP ratios
greater than unity lead to reasonable fragility estimates. Specifically, the maximum ductility demand of beams at the
lower storeys of the test structures is always responsible for the conventional structural failure at t = 0 days and
T = 20°C (i.e., λmin). The decrease in temperature leads to an increase of the ductility demand (see blue points in Fig-
ures 8a–c and 9a–c), whereas the opposite happens for the total shear strain when air temperature rises (see red points
in Figures 8d–f and 9d–f).

In order to estimate the probability that a given level of damage will occur in the EBI and ESBI structures,
undergoing a given ageing time at different air temperatures, fragility analysis needs to be developed. To this end, a
robust fragility software based on the cloud data above described is adopted for an efficient fragility assessment.48

Fragility curves of the EBI and ESBI structures are reported in Figures 10 and 11, respectively, with reference to the
FIGURE 8 Cloud data of the structural systems with elastomeric base‐isolation system: (a–c) ductility demand of beams; (d–f) total shear

strain of high‐damping rubber bearings



FIGURE 9 Cloud data of the structural systems with hybrid elastomeric‐friction base‐isolation system: (a–c) ductility demand of beams;

(d–f) total shear strain of high‐damping rubber bearings

FIGURE 10 Fragility curves of the structural systems with elastomeric base‐isolation system: (a–c) ductility demand of beams; (d–f) total

shear strain of high‐damping rubber bearings
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FIGURE 11 Fragility curves of the structural systems with hybrid elastomeric‐friction base‐isolation system: (a–c) ductility demand of

beams; (d–f) total shear strain of high‐damping rubber bearings
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superstructure and base‐isolation system. Namely, the fragility curves plotted in Figures 10a–c and 11a–c provide
information about the probability of exceeding a particular state of damage of the superstructure conditioned on ductil-
ity demand, whereas total shear strain‐based fragility functions return a similar result for the base‐isolation system (Fig-
ures 10d–f and 11d–f).

It is noted that fragility curves referring to the minimum (λmin) and maximum (λmax) values of ASCE modification
factors almost always envelope curves, which are the effects of the long‐term behaviour of the superstructure (i.e., blue
and red lines in Figures 10a–c and 11a–c), unlike base‐isolation systems of the EBI (Figure 10d–f) and ESBI (Figure 11
d–f) structures whose fragility curves for T = 10°C exceed those related to λmin. Furthermore, the selection of different
elastomer compounds produces a significant variability of fragility curves of the HDRBs whereas less pronounced effects
are observed for the superstructure.
4.2 | Nonlinear dynamic analysis for scaled ground motions

A subset of seven near‐fault earthquakes is selected from the Pacific Earthquake Engineering Research Center data-
base,32 already included in the set of 20 unscaled ground motions reported in Table 11. Specifically, the In‐Spector soft-
ware is adopted for a computer‐aided selection of seven spectrum‐compatible records, considering ground motions
whose horizontal and vertical spectra match the design spectra proposed by Italian seismic code3 at the CP limit state
referring to a certain value of the root‐mean‐square difference between a real spectrum and the target spectrum.49 Then,
the selected earthquakes are scaled on the basis of design hypotheses for the test structures, assuming Italian geograph-
ical coordinates (i.e., longitude 39.3330° and latitude 16.1852°) at the site in question (i.e., subsoil class B). Distinct scale
factors of the horizontal (SFH) and vertical (SFV) accelerograms are evaluated on the basis of MASI values. Mean spectra
of the horizontal and vertical real motions, omitted for the sake of brevity, satisfy lower and upper bound tolerances of
10% and 30%, respectively, from the target design response spectra provided by NTC 2018 at the CP limit state. This
assumption is similar to that provided by ASCE code, requiring that ground motions to be scaled up to the Maximum
Considered Earthquake (MCE) level for analysis of base‐isolated systems. In Table 12, the main data of the selected
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earthquakes are reported: that is, earthquake location, date, recording station, peak ground accelerations (i.e., PGAH

and PGAV), and scale factors (i.e., SFH and SFV) in the horizontal and vertical directions. The results discussed below
are obtained as the mean of those obtained for each pair of records.

First, ductility demand of the beams along the building height is plotted in Figure 12, referring to the end (Figure 12
a–c), quarter‐span (Figure 12d–f), and mid‐span (Figure 12g–i) sections of the EBI. N structure characterized by normal
elastomer compound of the HDRBs.

Ageing effects of the EBI systems are investigated assuming different test times (i.e., tref = 17, 33, 50, and 67 days at
Tref = 80°C) and three temperatures, representative of the winter (T = 10°C in Figure 12a, 12d, and 12g), annual
(T = 20°C in Figure 12b, 12e, and 12h), and summer (T = 25°C in Figure 12c, 12f, and 12i) mean values. It should
be noted that λmin curves correspond to the unaged design condition (i.e., tref = 0 days and T = 20°C) in Figure 12b,
12e, and 12g. As shown, the ductility demand increases due to the deterioration of the elastomeric isolation system that
occurs for increasing values of ageing, with the highest rate in the end (Figure 12a–c) and quarter‐span (Figure 12d–f)
sections, which are sensitive to the horizontal seismic loads, unlike the mid‐span sections (Figure 12g–i) mainly sub-
jected to the vertical seismic loads. This can be explained by observing that over time, the increase of horizontal stiffness
of the HDRBs, responsible for the reduction of the fundamental vibration period, is faster than the vertical stiffness.

Curves similar to the previous ones are reported in Figure 13, where the effects of different temperatures (i.e.,
T = 10°C, 20°C, and 25°C) are evaluated with reference to the unaged (t = 0 days in Figure 13a, 13d, and 13g) and aged
(t = 33 and 67 days in Figure 13b, 13e, and 13h and 13c, 13f, and 13i, respectively) conditions.

As can be observed, the ductility demand of beams is notably affected by the air temperature, with increased values
when winter cooling is considered. On the other hand, higher temperatures such as those corresponding to the summer
heating partly compensate for ageing effects. The property modification factor approach appears, in many cases, repre-
sentative of the deterioration phenomena of the isolation system; however, it is not conservative in the winter condition
when the end of the nominal life of the structure is considered. Further results, omitted for the sake of brevity, confirm
low values of the ductility demand in the columns of the superstructure, where deterioration of the HDRBs produces
negligible variations.

Afterwards, to evaluate the effects of different choices for elastomer compound of the HDRBs, the distribution of the
ductility demand is plotted in Figure 14, assuming the reference values of time (i.e., tref = 33 days) and temperature (i.e.,
Tref = 80°C), which correspond to a nominal life of 50 years when the Arrhenius method is applied. The highest values
of ductility demand are generally those corresponding to the hard elastomer compound, for the same horizontal stiff-
ness of the HDRBs, whereas the soft compound prevails on the normal one when higher air temperature is considered
(Figure 14d–f). In particular, two opposite effects combine because the ageing time is more pronounced in the case of
the hard compound, characterized by the lowest diameter of the isolator, whereas the increase in temperature corre-
sponds to a reduction of the shear modulus of rubber, which is higher for soft than for normal elastomer compound.
Moreover, it is worth noting that the upper bound curve of the ASCE procedure (i.e., λmax) is not found on the safety
side for T = 10°C (Figure 14a–c), given the fact that the variability with the elastomer compound has not been taken
into account.

On the other hand, main parameters of the EBI system for the EBI.N structure are plotted in Figure 15, where dif-
ferent ageing (i.e., tref = 17, 33, 50, and 67 days at Tref = 80°C) and temperature (i.e., T = 10°C, 20°C, and 25°C) condi-
tions are combined. As can be observed, the process of ageing plays a favourable role on the response of the HDRBs,
leading to a reduction of seismic (i.e., γs in Figure 15a) and total (i.e., γtot in Figure 15b) shear strains and an increase
TABLE 12 Main data of the selected ground motions at the collapse‐prevention limit state

Earthquake Date Station PGAH (g) PGAV (g) SFH SFV

Tabas 16/09/1978 Tabas 0.854 0.641 0.50 0.40

Superstition Hills 24/11/1987 Parachute Test Site 0.432 0.000 0.40 0.00

Erzincan 13/03/1992 Erzincan 0.496 0.235 0.45 1.92

Cape Mendocino 25/04/1992 Petrolia 0.591 0.165 0.67 2.45

Kobe 16/01/1995 Takatori 0.618 0.284 0.35 1.07

Chi‐Chi 20/09/1999 TCU068 0.512 0.530 0.40 0.93

Northridge 17/01/1994 Rinaldi Receiving Station 0.874 0.958 0.50 0.32



FIGURE 12 Effects of ageing on the elastomeric base‐isolation systems at different temperatures on the ductility demand of the

superstructure
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of the critical buckling load (i.e., Pcr in Figure 15c). Moreover, the increase in temperature produces only a slight
increase of the aforementioned strain parameters and a reduction of the buckling load ratio. It is should be noted that
the NTC18 thresholds for the shear strains are largely satisfied (Figure 15a,b), whereas the NTC18 buckling threshold is
borderline when the highest temperature (i.e., 25°C) is considered (Figure 15c). Finally, the lower‐bound histogram of
the ASCE procedure (i.e., λmin) is found to be the most favourable, enveloping in all the examined cases the effects of
long‐term behaviour of the isolation devices and exceeding the NTC18 buckling threshold in the cases of mean values
of annual and summer temperature (Figure 15c).

Histograms similar to the previous ones are reported in Figure 16 to highlight the relationship between different
types of rubber compound and variation of the material properties of the HDRBs over time and seasonal fluctuations
in air temperature. The sensitivity in the hardness variation of the rubber is clearly shown by the seismic (i.e., γs in
Figure 16a) and total (i.e., γtot in Figure 16b) shear strains, with maximum values during the lifetime of the base‐
isolation system corresponding to soft elastomer compound (green bar). The reason behind this response can be found
in the seismic design of HDRBs leading to a reduction of the diameter and simultaneous increase of height passing from
a soft to hard elastomer compound (see Table 3). Limited changes are observed with reference to the buckling load ratio



FIGURE 13 Effects of temperature on the elastomeric base‐isolation systems at different ageing times on the ductility demand of the

superstructure
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(Figure 16c), highlighting a slight predominance of the normal elastomer compound affected by the highest value of the
design value of this ratio (see Table 4).

In order to draw attention to the influence of the hybrid elastomeric‐sliding base‐isolation system on the nonlinear
seismic response of the superstructure, local ductility demand of the beams is shown in Figure 17 referring to the ESBI.
NL structure characterized by normal elastomer compound of the HDRBs combined with low‐type friction of the FSBs.
In particular, the effects of different air temperatures, at the reference time of 33 days, are compared with property mod-
ification factors made by applying the ASCE approach to elastomeric and sliding bearings. At the lower storeys, ductility
demands at the end (Figure 17a) and quarter‐span (Figure 17b) sections are inferior to those obtained for the corre-
sponding structural systems with HDRBs acting alone (see Figure 13d,e). This means that the activation of the elasto-
meric bearings is delayed with the addition of the FSBs, depending on their friction threshold, and hence the variability
of mechanical properties. On the contrary, the ductility demand increases at the mid‐span sections of the upper storeys
because of the greater vertical stiffness of the ESBI.NL structure (Figure 17c), but only limited variations may be seen
similarly to the EBI. N structure (Figure 13f). Analogous results, omitted for the sake of brevity, are also found when
changes in the ageing time are considered.



FIGURE 14 Effects of the elastomer compound of the elastomeric base‐isolation systems on the ductility demand of the superstructure for

different ageing times and temperatures

FIGURE 15 Main parameters of the elastomeric base‐isolation systems with normal compound for different ageing times and

temperatures of the high‐damping rubber bearings

FIGURE 16 Main response parameters of the elastomeric base‐isolation systems with assigned ageing times and temperatures, for

different elastomer compounds of the high‐damping rubber bearings
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FIGURE 17 Temperature and ageing effects of the hybrid elastomeric‐sliding base‐isolation systems on the ductility demand of the

superstructure

FIGURE 18 Friction effects of the flat sliding bearings on the ductility demand of the superstructure, assuming constant ageing time and

variable temperature

FIGURE 19 Friction effects of the flat sliding bearings on main response parameters of the high‐damping rubber bearings, assuming

constant ageing time and variable temperature
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Finally, to investigate the influence of low (i.e., ESBI.SL structure) and medium (i.e., ESBI.SM structure) friction of
the FSBs, combined with soft elastomer compound of the HDRBs, on the nonlinear seismic response of both superstruc-
ture (Figure 18) and base‐isolation system (Figure 19). As before, the comparison will cover the condition corresponding
to the nominal life (i.e., 33 days at 80°C, approximately equivalent to 50 years) and three different temperatures. It is
worth noting that ductility demand at the end sections of beams is almost always greater for the ESBI.SL structure than
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for the ESBI.SM. Here, again, the winter condition (i.e., T = 10°C) is confirmed as the heaviest for r.c. frame members
(Figure 18a), and it is well reproduced by applying the property modification factors proposed by ASCE. Similarly, the
HDRBs receive a beneficial effect from the presence of FSBs with medium‐type friction coefficient rather than low‐type
friction coefficient (Figure 19). Note that changes in the main response parameters of the HDRBs cannot be attributed to
the geometric properties of the HDRBs, these being almost identical (see Tables 7 and 9) but only to variations in the
base‐isolation response depending on the different friction properties of the FSBs.
5 | CONCLUSIONS

With the aim of quantifying the effects of mechanical property variability in elastomeric and sliding bearings on the
nonlinear seismic response of base‐isolated r.c. framed structures, a numerical model is proposed based on experimental
results available in literature. Specifically, the influence of ageing and air temperature on the horizontal and vertical
stiffnesses of the HDRBs and friction coefficient of the FSBs are investigated, although the equivalent viscous damping
ratio of the HDRBs was found non‐sensitive to these effects. First, nine structural solutions for the base‐isolation system
of six‐storey r.c. framed structures are designed assuming nominal values of mechanical properties and considering two
alternative arrangements: (a) EBI systems, with three different elastomer compounds for the HDRBs (soft, normal, and
hard); (b) hybrid ESBI systems, with the aforementioned elastomer compounds of the HDRBs and two friction coeffi-
cients (low and medium) of the FSBs. A computer code including advanced nonlinear force‐displacement laws of the
isolation devices is implemented, also reflecting their long‐term behaviour. Finally, fragility analysis of the test struc-
tures subjected to the horizontal components of unscaled earthquakes is carried out together with nonlinear dynamic
analysis under the horizontal and vertical components of earthquakes scaled at the ultimate limit state. The results
for the lower and upper bound property modification factors proposed by ASCE provide a comparison. The following
conclusions can be drawn from the results presented in this study.
• Curves representing effects of accelerated ageing confirm that an increase of the horizontal stiffness of the HDRBs,
and to a lesser extent vertical stiffness, and static friction coefficient of the FSBs is obtained for increasing values of
the reference time.

• The equivalent time of ageing obtained with the Arrhenius method highlights that 25, 50, 75, and 100 years corre-
spond to 17, 33, 50, and 67 days, respectively, when accelerated heat ageing tests at Tref = 80°C are considered, but
an unrealistically high value of tref should be assumed for the prediction of life expectancy when Tref = 60°C or
Tref = 70°C is assumed.

• Variability of shear and axial moduli of the HDRBs is observed for mean seasonal and annual temperatures, with an
increase moving from summer to winter values. However, variation of the dynamic friction coefficient of the FSBs
with temperature can be neglected.

• Fragility curves referring to the minimum (λmin) and maximum (λmax) ASCE values almost always envelope curves
representing effects of the long‐term behaviour of the superstructure, unlike for the base‐isolation systems of the EBI
and ESBI structures whose fragility curves for T = 10°C exceed those related to λmin.

• The selection of different elastomer compounds produces a significant variability of fragility curves of the HDRBs
whereas less pronounced effects are observed for the superstructure.

• The ductility demand of the beams increases for increasing values of the ageing time of the elastomeric isolation sys-
tem, with the highest rate at the end and quarter‐span sections.

• The ductility demand of beams is notably affected by the air temperature, with increased values when winter cooling
is considered. The property modification factor approach seems in many cases to be representative of the deteriora-
tion phenomena of the isolation system; however, it is not conservative in the winter condition when the end of the
nominal life of the structure is considered.

• For the same horizontal stiffness of the HDRBs, the highest values of ductility demand are generally those corre-
sponding to hard elastomer compound, whereas the soft elastomer compound prevails on the normal one when a
higher temperature is considered. Moreover, the upper bound curve (i.e., λmax) is not found on the safety side for
T = 10°C because the variability with the elastomer compound is not taken into account.

• The process of ageing plays a beneficial role on the response of the HDRBs, leading to a reduction of seismic and
total shear strains and an increase of the critical buckling load, although only a slight worsening of the response



MAZZA 23 of 25
occurs when an increase in temperature is considered. The lower‐bound histogram (i.e., λmin) is conservative,
enveloping in all the examined cases the effects of long‐term behaviour of the isolation devices.

• Sensitivity to variation in hardness of the rubber is clearly shown by the seismic and total shear strains of the
HDRBs, with maximum values corresponding to soft compound. Limited changes are observed with reference to
the buckling load ratio.

• The activation of the HDRBs is delayed with the addition of the FSBs, depending on their friction threshold, and
hence the impact in the variability of mechanical properties.

• The ductility demand at the end sections of beams is almost always greater for the ESBI.SL structure than for the
ESBI.SM. Similarly, the HDRBs receive a beneficial effect from the presence of FSBs with medium‐type friction coef-
ficient rather than low‐type friction coefficient.
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