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1. INTRODUCTION
There are many issues in the design of the isolation devices and in the isolated structures,
and one of the most important aspects is represented by the durability. It consists in the
capacity that a structure or in this case a structural element has to keep unchanged over
time or use the safety margin against the limit states considered in the design phase,
assuming that is respected the planned maintenance program (Bontempi, 2006). Actually,
there are two most adopted isolation devices: Elastomeric Rubber Bearings (ERB), that
take advantage of dissipation provided by the rubber, and Friction Pendulum Bearings
(FPB), that use the dissipation provided by the friction between the sliding surfaces.
Rubber bearings used in bridges are exposed to many environmental effects, like oxygen,
temperature, salt, fluids, etc. Many studies have demonstrated that the degradation of
polymers often occurs as a non-uniform progression because aged rubber will prevent
deterioration from progressing into the inner rubber bearing. FPB could suffer the ageing
effects, that can be caused by environmental agents or by the creep on the sliding surfaces.
The prediction of the mechanical properties influencing the seismic response of the
structure is fundamental for a correct performance design, and many National Codes
provide methods to take into account ageing effects. About the research in this area of
interest, while it is possible to found a few researches about degradation of rubber, not
many studies have been found about ageing on FPS bearings (Higashino et al.; McVitty
& Constantinou, 2015). Thus, degradations of materials composing the isolation system
and in particular the friction interface of the bearing are investigated.

2. DEVICES ADOPTED: GENERAL CHARACTERISTICS
2.1 Elastomeric Rubber Bearings (ERB)
The base isolation system that has been most widely used in recent years is typified by
use of elastomeric bearings, made up of alternating layers of steel laminates and hot vulcanized rubber (natural rubber or neoprene). These bearings are usually circular in
shape, but they can be fabricated in square or rectangular as well. The damping capacity
of the isolators is determined by the type of elastomeric compound, which usually is a
high damping one. A typical laminated rubber bearing (produced by FIP Industrial in
Padova, IT) is shown in Figure 2-1:

Figure 2-2 Section of Laminated Rubber
Bearing produced by FIP Industriale,
Padova

Figure 2-1 Hysteretic behaviour (lateral force vs. lateral
displacement) of an elastomeric bearing, obtained by
dynamic test with increasing amplitudes

High vertical stiffness assures the isolator will support the weight of the structure, while
horizontal flexibility converts destructive horizontal shaking into gentle movement. In
the function of the damping capacity, it is possible to predict the hysteretic behaviour of
the isolator; in Figure 2-2 is reported a type of this behaviour.

2.2 Sliding Devices (Friction Pendulum™ System - FPS)
The second type of base isolation system is typified by the sliding system. This works by
limiting the transfer of shear across the isolation interface. In the following figures it is
possible to see a typical hysteretic loop and functioning of this bearing.

Figure 2-3 Experimental Hysteretic cycles of a
Friction Pendulum™ in a constant velocity test
(Figures from www.alga.it)

Figure 2-4 Displacement of the resultant with a
sliding pendulum isolator with two sliding surfaces
(Figures from www.alga.it)

Their main characteristics are the following:
• They allow the relative displacement of the structure in respect of the
foundations following one or two spherical surfaces.
• The radius of the spherical surfaces determines the natural period of the
structure.
• The natural period is independent from the mass of the structure therefore
there is no torsion around the vertical axis during an earthquake since the
centre of mass and the centre of stiffness are coincident.
• The friction coefficient of the sliding surface determines the equivalent
friction damping of the isolation system.
• They are self-re-centring after a seismic event.
The controlled friction materials must have an outstanding resistance to wear and to high
temperature. This property makes them particularly suitable as energy dissipating
elements based on friction with exceptional performances. Commonly, the friction
materials used are UHMWPE or PTFE. The sliding materials have a very high
characteristic compressive strength. Therefore, it is possible to greatly reduce the
dimensions of the devices with a cost saving design.

3. DEVICES ADOPTED: MODELLING AND VALIDATION
3.1 Introduction to the Bilinear Modelling
Figure 3-1 shows the sketches and the correspondent cyclic behaviours of the isolators
analysed in this thesis. Although their behaviours are different from each other, one can
use a bilinear model as shown in Figure 3-1 (c) to represent their behaviour. The bilinear

model can be completely described by the elastic stiffness K 1, characteristic strength Q
and post-yielding stiffness K2. For simplified Linear Analysis, it will be considered an
effective value of the stiffness, Keff, defined as the secant slope of the peak-to-peak value
in a hysteresis loop, given by:

Figure 3-1 Sketches and Correspondent Cyclic Behaviours of Analysed Isolators

K eff =K 2+ Q⁄D
Equation 3-1 Effective Stiffness Expression

Dy is the yield displacement. In terms of the primary parameters,
Q
Dy =
K 1 -K2
Equation 3-2 Yielding Displacement

and the area of the hysteresis loop (the energy dissipated per cycle), WD, is given as
WD =4Q(D-Dy )
The effective damping βeff is defined by
βeff =

4Q(D-Dy )
2πK eff D2

The effective damping depends only on the ratio of K1 to K2. The second slope, K2, is
easy to determine for any type of isolation system, but the first slope, K 1, can vary over a
wide range. Since the characteristic strength Q can also be accurately determined, the
value of K1 has no influence on the effective stiffness but obviously has a strong influence
on the damping and, in particular, on the maximum value, which can be an important
promotional value for a proprietary system. Table 3-1 summarizes the parameters and
formulas for bilinear modelling of these three isolation devices.
ERB
FPS

Elastic stiffness K1
K1=NK2 (N = 5-15)
K1=NK2 (N = 50-100)

Characteristic Strength Q
From Hysteresis loop
Q = µW

Post-yielding stiffness K2
K2 = GA/Σtr
K2 = W/R

Table 3-1 Parameters And Formulas for Bilinear Modelling

3.2 Elastomeric Bearings Modelling
For elastomeric bearings, the post-yielding stiffness K2 is determined by the area (A),
total thickness ( ∑ 𝑡𝑟 ) and shear modulus (G) of the rubber layers, i.e.
K2=

G∙A
∑ tr

Equation 3-3 Post-Yielding Stiffness

The characteristic strength Q can be obtained from the hysteresis loop or by assuming a
yielding displacement and the pre-yielding stiffness:
uy =(0,05÷0,1) ∑ t r
Equation 3-4 Yielding Displacement

K 1 =(5÷10) K 2
Equation 3-5 K1 function of K2

3.3 Friction Pendulum™ System Modelling
The two components of the lateral forces of the Friction Pendulum contain the pendulum
motion of the mass, fR, and the friction between the mass and the sliding surface, fµ.
Supposing small deformations, the unidirectional force–deformation response of the FPS
N
is f= R δ+Nμ sgn(δ̇) (Equation 3-6) where N is the normal force on the slider, R is the
radius of the concave surface, δ is the sliding deformation, δ̇ is the sliding velocity, and
sgn(δ̇) is the signum function, i.e., equal to +1 or -1 depending on whether δ̇ is negative
or positive, respectively. Fig. 3-2 shows force-deformation characteristics of the
unidirectional rigid–plastic response of the FPS.

Figure 3-2 Force-deformation characteristics of
the unidirectional rigid–plastic
response of the FPS.

Figure 3-3 Deflections and forces acting on the
slider

If the yield displacements of steel–Teflon sliding surfaces are on the order on 0.06–0.13
cm the isolator behaviour can be represented by the mentioned bilinear model. This model
is based on the assumptions that:
– N and µ are constant;
– the response is uncoupled in the orthogonal directions;
– deformations are small and planar.

The first term of Eq. 3-6 is the restoring force due to the increase of the mass, providing
N
a horizontal stiffness K 2 = which produces an isolated structure period T (independent
R

of the supported mass) given by T=2π√R⁄g . The equivalent (peak-to-peak) stiffness is
N

given by K eff = R +
code formula:
βeff =

μN
D

(Equation 3-7). The effective damping can be estimated by the

area of hysteresis loop
4μNd
2
μ
=
=
∙
2π[(N⁄R) D+μN]d
π D⁄R +μ
4πK eff D2

The simple modelling of the FPS makes it very attractive; however, its very simplicity is
the main disadvantage of the system. It is essentially a one-parameter system, and that
parameter is controlled by the radius of the concave surface (Naeim & Kelly, 1999).

3.4 Analyses conducted with SAP2000
Every structural analysis conducted in this work has been developed with the structural
Analysis Program “SAP2000” (Computer and Structures, Inc.). With this software, it is
possible to model isolation devices trough specific Link/Support elements, with the
possibility to assign to them some parameters for every degree of freedom, in function of
the typology of analysis to conduce, linear or non-linear. The analyses which are adopted
in this work are the following:




Nonlinear Static Analysis (Pushover Curves);
Linear Analysis with Acceleration Response Spectrum;
Nonlinear Dynamic Analysis (Direct Integration Time Histories-NLDITH)

3.5 Comparison between different analyses on validation models
The approach to the study of the isolation devices has been gradual, firstly studying and
modelling the devices at time zero (no ageing effects), on simplified 2-D structure, that
is a Single Degree-of-Freedom (SDOF) oscillator, with rubber bearings and FPS isolators,
to compare the Software responses with theoretical behaviours of the devices.
3.5.1 RUBBER BEARINGS BASE-ISOLATED MODEL: 2-D OSCILLATOR
The analysed structure is a simple oscillator with an assigned carried mass on the top. The
isolation model is set on the basis of an elastomeric bearing produced by Italian group
Algasism. The producer provides the effective linear characteristics from which it is
possible to derivate every property to conduct non-linear analyses too.

Device's Properties
m (applied mass)
kN s2/m
G (shear mod)
kN/m2
ξ (eff. Damping)
D (bear. Diameter)
m
A (bear. Area)
m2

400.000
0.126
0.500
0.196

∑tr (Rubber height)
Kh,eq (eff. Stiffness)
K1 (Elastic Stiffness)
n=K2/K1 (Stiff. Ratio)

0.170
554.118
2308.824
0.200

T1=2π(m/kh,eq)1/2 (Period)
Fy (yielding Force)
K2 (Post-elastic Stiffness)
uy (Displ. At Yielding)
dmax (max Displ.)
F2 (max Strength)

m
KN/m
KN/m
-

10.000

s

0.834

KN
KN/m
m
m

39.250
461.765
0.017

kN

0.340
188.400

Figure 3-4 Geometric and Mechanic characteristics as provided by producer

For the nonlinear dynamic analysis, a recorded accelerogram has been chosen and its
relative Response Spectrum is used for the linear analysis. In addition, a Nonlinear Static
Analysis (Pushover) has been conducted, to validate the results of the Response Spectrum
Analysis.

Figure 3-5 Amplified Loma Prieta Response
Spectrum with different damping ratio

Figure 3-6 Amplified Loma Prieta Input Ground
Acceleration Record

Figure 3-7 Analyses Results

The results of Nonlinear Direct-Integration Time-History Analysis (NLDITH) show the
hysteretic loop of the device, which matches with the push-over curve about stiffness K 1
and K2.

3.5.2 FPS BASE-ISOLATED MODEL: 2-D OSCILLATOR
The same structure has been selected for simple FPS modelling. The oscillator is baseisolated with a Friction Pendulum™ device APS 1000/300, produced by Italian group
Algasism.
Device's properties
Kv (vertical stiffness)
2.10E+09
Kg (device's weight)
190
Ø1 (upper diameter)
0.7
Ø2 (lower diameter)
0.2
H (height)
0.1
R (radius)
4
Dmax (max displacement)
0.15
µ (friction coefficient)
0.03
Ned (weight on device)
35.00
K1 (initial stiffness)
656.25
Kh,eq (horizontal equivalent stiffness)
15.75
K2 (post-yieòding stiffness)
8.75
Fy (yielding force)
1.05
ED (Area of hysteresis loop)
0.63
Es0 (strain energy)
0.18
ξeff (effective damping ratio)
0.28
Teff (effective Period)
2.99

kN/m
Kg
m
m
m
m
m
kN
kN/m
kN/m
kN/m
kN
kNm
kNm
s

Figure 3-8 Device’s Properties

The following results of Nonlinear Direct-Integration Time-History Analysis (NLDITH)
show the hysteretic loop of the device, which match with the push-over curve about
stiffness K1 and K2. Furthermore, results of Response Spectrum Analysis are reported in
Figure 3-11, and it’s possible to see that the Equivalent Horizontal Stiffness (Kh,eq)
perfectly matches with hysteresis loop.

Figure 3-9 Loma Prieta Response Spectrum with different
damping ratio

Figure 3-10 Loma Prieta Input Ground Acceleration
Record

Figure 3-11 Analyses Results

3.6 Results
The results of these analyses results show how is appropriate the modelling of the
isolation devices from producer’s data. Conducted analysis perfectly shows the hysteretic
loops, allowing us to compare resulting analysis behaviours with those present in the
literature. Furthermore, differences between Response Spectrum Analysis and Nonlinear
Dynamic Analysis (NLDITH) are very important: NLDITH shows every characteristic
of bearing’s hysteresis loop and permits a complete knowledge of its behaviour. For this
reason, the nonlinear dynamic analysis is always better than Response Spectrum and
NLDITH will be always conducted in the rest of this work, with the Nonlinear Static
Analysis to monitoring dynamic results.

4. AGEING EFFECTS ON THE ISOLATION BEARINGS
4.1 Introduction
The mechanical characteristics of isolation devices, or any structural systems, are in
general time-dependent. For this reason, the response of the structures during service life
can vary during the service life. This chapter will introduce the typical environmental
degradation mechanisms of the selected isolation devices, and finite element model ling
of deteriorating isolator’s components in addition to standard modelling will be included.

4.2 “Modification Factors” (MF) method for the evaluation of the
ageing effects
This method consists in using property modiﬁcation (lambda) factors (named MF from
here) to describe the Upper and Lower limits of isolator response. This concept was
originally presented by Constantinou et al (1999) and was first implemented in the
AASHTO Guide Speciﬁcation for Seismic Isolation Design (1999) and later in the
European Standard (2005).
The determination of property MF is illustrated for an elastomeric and a sliding isolation
system. To take into account the environmental effects, a rational procedure is adopted to
form probable maximum and minimum values of the isolator’s mechanical properties
which envelope the likely response. The upper and lower bounds are the product of the
system lambda factor and its respective nominal property. For more details, please refer
to mentioned papers (McVitty & Constantinou, 2015)

4.3 Ageing effects on ERB
Ageing in elastomeric isolators depends on the rubber compound and the quality of
vulcanization and curing of the rubber, therefore it is manufacturer speciﬁc. Over time
the elastomers harden due to continued vulcanization of the rubber matrix, causing both
an increase in the post-elastic stiffness K2 and in the characteristic strength Qd (i.e. both
the effective stiffness and effective damping increase). The increase is expected to be of
the order of 10 to 20% over a 30-year period for low-damping high shear modulus rubber
compounds (0.5-1.0MPa) according to Buckle et al (2006).

A series of accelerated exposure tests were performed by Itoh et al. (2006) on various
rubber materials to investigate the degradation effects of different environmental factors
like thermal oxidation, ultraviolet irradiation, ozone, low temperature ozone, salt water,
and acid rain. It was found that the thermal oxidation is the most predominant degradation
factor affecting the rubber material.
4.3.1 MODELLING OF AGEING EFFECTS
Two different theories are investigated in this study to model the ageing effect of rubber
bearings:
-

implementing ageing laws on material’s properties, resulting from accelerated
ageing test (Itoh et al., 2006, 2009);
using “modification factors” to determine mechanical properties of the aged
rubber bearings.

4.3.1.1 Accelerated Thermal Oxidation Test on NR
In this paragraph, two procedures are described to achieve relations between mechanical
properties and ageing time, developed starting from Itoh’s works, that we shall call
Method 1 and Method 2, respectively. Itoh’s works start both from the same type of
accelerated thermal oxidation test, but we’ll arrive to the relations with time in two
different ways with different theories.
The accelerated thermal oxidation experiments are conducted in a temperature-controlled
air-ageing oven. For test’s details, please refer to the mentioned articles.
4.3.1.1.1 Method 1
In the Method 1, the authors propose relation in which the Equivalent Horizontal Stiffness
of NRB is related to time, temperature and bearing size.
Kh,eq =G0 [(a-2d* )(b-2d* )+2d* (a+b-4d* )(1+ Δfs⁄3)+4d*2(1+ Δfs⁄2)] /ntr
Equation 4-1 Equivalent Horizontal Stiffness Relation (Itoh, Gu -2006)

d* =αe

β
( ⁄T )

Δfs=0,066 tref 0,515

Equation 4-2 Critical Depth d*

Equation 4-3 Relative Change Of The Static Shear Modulus

ln(

tref
Ea 1 1
) =
(
- )
t
R Tref T

Equation 4-4 Arrhanius Metodology (Le Huy and Evrard, 1998)

where Kh,eq is the Equivalent Horizontal stiffness of NRB, G0 is the static shear modulus
of NR in the initial state. The symbols a and b are the length and width of the NRB. n is
the number of rubber layers and tR is the rubber layer thickness. d*is the critical depth to
which oxidation can progress (see Fig. 4-1 and 2), and it can be calculated by Equation
4-2. 𝛥𝑓𝑠 is the relative change of the static shear modulus on the bearing’s side surface.
In Eq. 4-2 and Eq. 4-3, the symbols α and β are coefficients. T is the local temperature
where the NRB is mounted. tref is the ageing time in the thermal oxidation accelerated
test chosen as reference. Eq. 4-4 is the formula of the Arrhenius methodology, in which,
Ea is the activation energy (=9.94x104 J/mol for NR), R is the gaseous constant, and Tref

is the temperature in the reference test. The thermal oxidation test under 60°C is taken as
reference. Using the calculation method mentioned above, the long-term performance of
ERB of any size can be estimated considering the temperature on site. For example, the
changes of the equivalent horizontal stiffness of different size ERB in Tokyo are
illustrated in Fig. 4-3. It is found that after 100 years, the equivalent horizontal stiffness
of a 600x600 bearing increases about 11%, and 16% for the 400x400 one. Here the
average yearly temperature is assumed constant in the next 100 years.
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Figure 4-2 Relations between critical depth and
temperature of NR blocks
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Figure 4-1 Long term performance of
NRB in Tokyo (15,9 °C)

Reassuming, a flow diagram of Method 1 is presented to guide the ageing evaluation of
the equivalent horizontal stiffness:

Figure 4-3 Determination Flow chart of NRB’s Horizontal Equivalent Stiffness

4.3.1.1.2 Method 2
In the following description, U100 stands for the strain energy corresponding to the strain
of 100%, UB stands for the strain energy up to the break. In addition, U0 and EB0 stand
for U100 and EB in the initial state, respectively. It is discovered that U100 and EB at the
surface of NR block vary linearly to the square root of ageing time. The property
variations at the surface of NR block can be expressed by the following equations:

U100,s ⁄ U0 = ks √tr +1

EBs ⁄EB0 = kbs √tr +1

Equation 4-5 U100/U0 at the Rubber block surface

Equation 4-6 EBs/EB0 at the Rubber block surface

where Us U0 = relative strain energy versus its initial state at the NR block surface; EBs =
EB at the surface; EB0 = its initial state; tr = ageing time at the test temperature is (h) for
NR; ks and kbs = coefficients for strain energy and EB, respectively; and both ks and kbs
are temperature dependent. Besides, as at the same temperature, the property variation
rate is different for each strain energy, ks is also strain dependent. ks can be calculated
using Eq. 4-7 (in this work, corresponding to a chosen nominal strain value ε=2.5).
ks =a1 ε3 + a2 ε2 +a3 ε +a4
Equation 4-7 Computation of angular coeff. “k s” of linear relation:

𝑈100

⁄𝑈 = 𝑓 (𝜀)
0

where, a1=0.54; a2=−4.19; a3=8.16; and a4=9.59 at 60°C. The measure of strain energy
changes as given by Equation 4-5, can also be used to measure a change in shear modulus
(G) to estimate the updated value of initial shear stiffness K h,eq of the bearing pad for use
in modelling of ageing. This change can be measured by using a one-parameter neoHookean material model which provides a simple relation between strain energy and the
shear-modulus expressed as (Mase and Mase, 1999):
2
U = G (λ2 + -3)
λ
Equation 4-8 Relation between Strain Energy and the Shear-Modulus expressed (Mase and Mase, 1999)

where, U is the strain energy, G is the shear modulus and λ is a measure of uniaxial
strain for the rubber specimen. Thus, shear modulus and Horizontal equivalent stiffness
of the ageing bearing can be derived as:
Kh,aging Gaging
=
= f(t)
Kh,0
G0
Results of Method 2 proceeding are shown in following figures:

Ebs/Eb0

Kh,aging/K0

1,4

1,2
1
0,8
0

20

40 60
t [years]

80

100

Figure 4-4 Long term performance of
Horizontal Equivalent Stiffness Kh,eq of NRB
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Figure 4-5 Long term performance of
Elongation at Break EB of NRB

with an increase of 20% after 40 years of service, and just over 30% after 100 years for
horizontal equivalent stiffness Kh,eq and a decrease of nearly 10% and 17% for Elongation
at Break, for 40 and 100 years, respectively. As for Method 1, in Figure 4-6 a reassuming
flow diagram of Method 2 is presented:

Figure 4-6 Determination Flow chart of NRB’s Horizontal Equivalent Stiffness

4.3.1.1.3 Validation of Methods’ results
In 2008, Hamaguchi et al. conducted a study of ageing effect on a natural rubber bearing
taken out from a seismically isolated building after 22 years in use. This paragraph
summarizes the comparison between two methods analysed before and the results of this
experimental test (for details please refer to Hamaguchi’s article). In the following figure
it is possible to see the difference between the two Methods implemented (as illustrated
in the previous paragraph) and the experimental results of Hamaguchi’s work (for the two
Methods proceeding, it has been considered an average field temperature of 12 °C):

Kh,aging/Kh,0

1,2
1,1
1

Method 1
Method 2
Experimental

0,9
0,8
0

5

10
15
t [years]

20

25

Figure 4-7 Comparison between two developed Methods and experimental results.

As shown in Figure 4-7, in this case Method 2 overvalues the ageing effects. Indeed, the
horizontal equivalent stiffness relation (Kh,eq) depends on bearing sizes and on critical
depth. Thus consider the internal diffusion of ageing effects. Method 2 does not consider
internal diffusions, but only empirical relations about properties evolving, so this method
seems to overvalue the ageing effects.

4.3.1.2 Modification Factors Modelling and F.E.M. Analyses Results
Non-Linear analyses have been conducted to see the application of this method to take
account of ageing effects. In Table 4-1 it is possible to see the modification factors used,
and in Table 4-1 there is bearing’s properties used for conducted analyses.

λae,max
λae,min

1.3
1

Table 4-1 Upper and Lower properties of bearing used for analyses

For NLDITH, the input earthquake record (Accelerogram) of Figure 4-8 was selected. In
Figure 4-9 it is possible to see two different hysteretic behaviours with higher value of
stiffness of Upper Bound than Lower Bound.

2
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Figure 4-8 Input Earthquake Record (from
software “REXEL” v. 3.5 Iervolino et al. 2013)

300
200
100
0
-0,40 -0,30 -0,20 -0,10
-1000,00 0,10 0,20 0,30 0,40

Force [kN]

a [m/s2]

4

-200
-300
Displacement [m]

UPPER BOUND
LOWER BOUND

Figure 4-9 UPPER vs. LOWER Bound in Hysteretic behaviour

4.3.1.3 Results: comparison of methods
In this section the methods developed in previous sections are compared. In particular, a
comparison may be necessary between the two methods developed from the accelerated
Thermal oxidation test and the Modification Factors method, being the last “bound”
insofar it is developed by US and EU’s Regulations.
The comparison consists in the implementation of ageing properties in some elementary
F.E. Models. The conducted analyses are Nonlinear Direct Integration Time History with
an input Earthquake record implemented (Accelerogram is shown in Figure 4-8).
Furthermore, the comparison is possible only for a time slot of 30 years, because it is the
ageing time considered in considered Regulations. In the following figure it is possible to
see the increasing of NRB’s Post-yielding Stiffness (K2) in time (t ageing = 30 years)
and its relative change respectively, according to three implemented methods:

Figure 4-11 Relative Change of K2

Figure 4-10 Increasing of Post-Yielding Stiffness
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Figure 4-12 Hysteresis Loops of three Methods
implemented in SAP2000
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As shown in Figure 4-10&11, Method 2 overvalues the aging effects. Indeed, the
horizontal equivalent stiffness relation (Kh,eq, from which K2 is derived) depends on
bearing sizes and on critical depth, thus consider the internal diffusion of ageing effects.
Method 2 does not consider internal diffusions, but only empirical relations about
properties evolving, so this method seems to overvalue the ageing effects. Analyses
results are shown in the following figures, where it is possible to see the Hysteresis loops
from NLDITH and the Pushover Curves from Nonlinear Static Analyses:
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Figure 4-13 Pushover Curves of three Methods
implemented in SAP2000

Results show how the increasing of post-yielding stiffness cause a stiffening in the device
which results in high forces transmitted on the superstructure. The Accelerated Thermal
Oxidation test (Method 2) almost match with Modification Factors Method, that
overvalue ageing effects. The Accelerated Thermal Oxidation test (Method 1) is more
reliable, because in this method is considered the internal bearing ageing diffusion with
the critical depth d*. However, the Modification Factor Method has an ageing time slot
of only 30 years, that is a small time if compared with the service time of the devices,
while Methods 1 and 2 can predict aged properties until 100 years and more. Ultimately,
the Accelerated Thermal Oxidation test (Method 1) is the recommended Method to
estimate evolving of Rubber Bearings’ properties in time.

4.4 Ageing effects on FPS
Compared to rubber bearings, the sliding bearing has a shorter history, and many of its
characteristics remain to be examined. One major concern is its durability. The ageing
studied herein are determined for a particular type of sliding interface. Speciﬁcally, a
sliding interface with unlubricated highly polished austenitic stainless steel in contact
with PTFE (polytetraﬂuoroethylene) or similar composite materials, which is sealed and
placed in a normal environment. Ageing in sliding bearings generally results in increases

in the coefficient of friction, caused by many factors (please refer to McVitty &
Constantinou, 2015)
4.4.1 MODELLING OF AGEING EFFECTS
Two different theories are investigated in this study to model the ageing effect of rubber
bearings:
- implementing ageing laws from Accelerated Ageing Test by Scaled Model
- using “modification factors”;
4.4.1.1 Accelerated Ageing Test by Scaled Model
FPS is subjected only to ageing effects on hysteretic behaviour, with a coefficient of
friction increasing. The paper “Basic Characteristics and Durability of Low-Friction
Sliding Bearings for Base Isolation” (Higashino, Hamaguchi, Minewaki, Aizawa - 2001)
is very useful to study the problem of durability of this device. This paper reports a series
of studies on the low-friction sliding bearing developed by the writers. The writers
conducted various tests to examine the characteristics of this device. Among all
characteristics examined, durability was of major concern.

Figure 4-14 Configuration of sliding isolation bearing
developed by Higashino et al

Figure 4-15 The model of friction mechanism
(Higashino et al. 2001)

Changes in friction coefficient by ageing are considered to be the result of the changes in
adhesion characteristics between the sliding pad and sliding plate. Since the chemical
characteristics of the coating material and PTFE have virtually no ageing effects, the
change in friction coefficient is attributed primarily to the creep of materials and resultant
increase in the contact area between the pad and plate. Also, authors observed that the
friction model based on the true contact area between the sliding plate and sliding pad
agreed reasonably with the experimental results. If these two models are considered
applicable, the change of friction coefficient may be predicted from the accelerated ageing
test. The increase of static friction over time has been expressed by Rabinowicz
(Rabinowitz, E. (1958). Proc. Roy. Soc., B71, p. 668.):
𝜇𝑆 = 𝜇0 + 𝑘 𝑡 0.1
Equation 4-9 increase of static friction over time (Rabinowicz)

where t is the time, measured in years. Using this theory, authors obtain the following
equation by regression analysis:
𝜇𝑆 = 0.05 + 0.016 𝑡 0.1
Equation 4-10 Final relation of Increasing Coefficient of friction (Higashino et al. 2001)

4.4.1.2 “Modification factors” method for ageing effects’ evaluation on FPS.
Ageing results m increases in the characteristic strength-coefficient of friction. It is a
complicated phenomenon, but primarily is due to corrosion of the stainless steel surface
in properly designed isolators. Contamination also gives an increase in characteristic
strength/coefﬁcient of friction. It is complex and apparently caused by third body effects
and abrasion of the stainless steel (see Constantinou et al, 2007). The post-elastic stiffness
K2 of sliding isolators is based on the geometry of the isolator and is not effected by
ageing and environmental factors. Non-Linear analyses have been conducted to see the
application of this method to take account of ageing effects: Nonlinear Direct Integration
Time History (NLDITH) to show bearing’s hysteretic behaviour and Static Nonlinear
Analysis to show Pushover curves. Finite Elements Model used to conduct analyses a one
Degree-of-Freedom simple oscillator. In Table 4-2 it is possible to see the modification
factors used, and in Table 4-3 there is bearing’s properties used for conducted analyses.

Table 4-2 Modification factors used in
current analyses(aging time = 30 years)

Table 4-3 Upper and Lower properties of bearing used for
analyses

For NLDITH, the input earthquake record (Accelerogram) of Figure 4-18 was selected.
In Figure 4-19 it is possible to see two different hysteretic behaviours with higher value
of stiffness of Upper Bound than Lower Bound.
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Figure 4-16 Input Accelerogram (from
software “REXEL” v. 3.5 Iervolino et al.
2013)
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Figure 4-17 UPPER vs. LOWER Bound in Hysteretic behaviour

From these results we can see that increasing of coefficient of friction causes an
increasing of characteristic strength (Qd) and maximum force transmitted to the
superstructure (Fmax). The consequence of these modifications is the increasing of
energy dissipated in the structure. The energy dissipated in the actual structure E D in
lower bound is 1.20 kNm, and upper bound increases to 1.86 kNm (+55.46%). The

effective damping ratio increase from 0.19 (Lower Bound) to 0.25 (Upper Bound), i.e.
+34%, which is an important increasing.
4.4.1.3 Results: comparison of methods
In this section the methods developed in previous sections are compared. In particular, it
may be necessary to compare between the method developed from the Accelerated
Ageing test and the Modification Factors method. The comparison consists in the
implementation of ageing properties in some elementary F.E. Models, with properties
shown in table. The model is a 2-D one degree-of-freedom elementary oscillator.
Analyses results are presented in the following figures, where the Hysteresis loops from
NLDITH and the Pushover Curves from Nonlinear Static Analyses are shown:
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In figures 4-21 it’s possible to see that the differences in hysteresis loops are very little.
As shown in Figure 4-20, Mod. Factors Method overvalues the ageing effects at the end
of the time slot considered. The difference of Higashino Method to Mod. Factors is 7.1%, so there is a minimum difference for FPS devices between these methods if
compared to -14.5% in case of NRB devices. For this reason, with a safety margin
imposed as a precautionary measure, Mod. Factors Method is advised until 30 years of
service time. However, as for every case of ageing effects evaluating with this method,
time slot is too short if compared to the service life-time of these devices. Thus, Higashino
Method is recommended to evaluating of ageing effects in time slots longer than 30 years.

5. APPLICATION CASE STUDY: STEEL FRAME BUILDING
The structure selected as application case study is a six-storey building. This building has
a regular structure with a rectangular plan. The plan’s dimensions are 54x42,5 m with a
height of 23,5m. The purpose of this chapter is to evaluate the influence of time on the
structural response, implementing the bearings’ deterioration curves seen in the previous
chapters (Method 1 for Rubber and the method from “Accelerated Ageing Test by Scaled
Model” for the Friction Pendulum™ Bearings) comparing them with Modification
Factors Method.
Seismic Definition of Building
Site Class
B
Topography Class
T1
VN
50
years
Use Classes
CU

II
1

VR

50

years

Summary of Loads
G1

1.82

kN/m2

G2

2.82

kN/m2

Q

2
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Figure 5-2 Base-fixed Structural Model in SAP2000 and
some notable data

Figure 5-1 SLD Spectrum-Compatible
selected Accelerograms for NLDITH

The selected structure and the isolation systems have been designed and verified
according to NTC ’08; three Limit States have been considered (SLD, SLU, SLC) and
the structural response have been monitored, before for the base-fixed structure, then for
isolated-virgin one (with ERB and FPS systems), finally with the aged isolated systems.
The monitored data are:
 the periods of the modal shapes (Modal Analysis);
 the Inter-storey drifts (SLD load combination);
 Forces on the most loaded structural elements and Base reaction (SLV Comb.);
 Maximum Displacement and Axial force acting on the bearing (SLC Comb.).
To be brief, only the aged results are reported, compared with the results of the
Modification Factors method, for both isolation devices.
ERB System
Strategy 1 Mod. Factors
Δ
G (shear mod)
kN/m2 867.424
1040.000
19.90%
ξeff (effective Damping)
%
0.126
0.107
-15.08%
Kh,eff (effective. Stiffness) kN/m 3194.272
3761.301
17.75%
K2 (Post-elastic Stiffness) kN/m 2666.626
3265.600
22.46%

Figure 5-3 Variation of parameters influenced
by ageing effects

Dmax

Fmax

Keff

ξeff

m
kN
kN/m
Strategy 1
0.301
959.998 3193.181 0.107
Mod. Factors 0.279 1058.710 3799.289 0.096
Δ
-7.31% 10.28%
18.98% -9.79%

Figure 5-4 Variation of the Hysteresis loops'
parameters

Figure 5-5 Comparison between Hysteresis loops
FPS System
Higashino Mod. Factors
Δ
μ
0.072
0.078
7.6%
Keq 1456.73
1504.84
3.3%
ξeff
0.28
0.29
4.2%

Figure 5-6 Variation of parameters influenced
by ageing effects

Dmax

Fmax

Keff,max

ξeff

m
kN
kN/m
Higashino
0.088 293.982 3329.729 0.240
Mod. Factors 0.087 309.783 3556.638 0.245
Δ
-1.35% 5.37%
6.81%
2.10%

Figure 5-7 Variation of the Hysteresis loops'
parameters

Figure 5-8 Comparison between Hysteresis loops

6. CONCLUSIONS
One of the strategies for ERB produces an increment of the post-elastic stiffness that is
close to the one that is obtained by the MF value. This theory (called Method 2 in this
work) does not consider the elastomeric dimensions and, thus, the internal diffusion of
the effects. Strategy 1 starts from some relations which take into account the internal

diffusion of the effects through the dimensions of the elastomer. This strategy produces
increments lower than Strategy 2 and MF. These results are verified by experimental tests
(Hamaguchi et al., 2009). In addition, the estimation of the ageing effects achieved by
Strategy 1 could bring to an important economic saving, for both the isolation devices
(bearings smaller than the one provided by the actual law’s provisions could be used) and
the structural elements of the superstructure (lower inducted forces). For the FPS system,
ageing phenomenon causes an increment of static coefficient of friction, that produces an
increment of the equivalent stiffness of the device. For FPS, research is even more rare
but the ageing phenomenon on this type of device has potentially more influences on its
behaviour than the ERB. In fact, the maximum MF value for the increase of the coefficient
of friction is 1.56, more than 1.3 for ERB system. An experimental method has been
investigated and compared to the values of MF. The results of comparisons and of the
conducted analyses show how both methods produce similar results, with a little
overvaluing by the MF. In conclusion, more researches in this field are needed, for
developing more reliable methods to evaluate the ageing effects on the response of these
devices, according to the laws’ provisions.
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