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Abstract

The design of curved surface sliders hides some pitfalls that can affect the effectiveness of
the isolation system, as pointed out by past theoretical and experimental studies. In this
paper, the basic relationships of curved surface sliders are rewritten, defining a character-
istic parameter. This relates the design parameters, i.e., the friction coefficient, the equiv-
alent radius, and the seismic displacement, with each other but depends on the damping
ratio only. As is well known, a high value of friction could prevent the onset of motion.
The self-centering capacity depends on the equivalent radius. Finally, the seismic dis-
placement affects the dimensions and, therefore, the material consumption and the re-
quired gap. The design procedure proposed here is organized in two main phases. In the
first one, the feasibility of a base isolation system, consistent with the fixed building seis-
mic capacity and maximum displacement, is analyzed. An admissible area, i.e., the cou-
ples of values of the effective period and damping ratio, is individualized on the acceler-
ation—displacement (capacity) spectrum plane. To do that, the outcomes of a previous
study are used. In the second phase, the iso-R and iso-p curves are plotted in this area.
These allow a suitable choice of the design parameters and, therefore, a performance-ori-
ented design. A flowchart summarizes the method. Finally, some examples show practical
applications and allow the verification of the effectiveness of the proposed procedure.

Keywords: seismic isolation; isolation devices; curved surface sliders; preliminary design;
friction

1. Introduction

Curved surface sliders (CSSs) played an important role in the history of seismic iso-
lation [1-5]. In fact, the very first isolation device, the so-called aseismatic joint, had the
same operating principle as the modern curved surface sliders. It was designed by Ste-
venson in 1868 to realize a system with spherical rollers in niches to protect lighting sys-
tems in Japan [6]. The system proposed by Touaillon in 1870 [7] was also composed of
spherical rollers in niches between the superstructure and foundations [8,9]. After other
proposals [10], Viscardini proposed a new isolation system also made of spherical rollers
in niches in 1909 [11].
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Modern CSSs first appeared in 1985 when Victor Zayas submitted a patent applica-
tion for a friction pendulum [12-14]. A schematic view of the device (single pendulum) is
represented in Figure 1a. Then, more sophisticated devices were developed to optimize
the material quantity and structural behavior. Therefore, the double (Figure 1b) and triple
pendulums were proposed [15-17] and, subsequently, the quintuple pendulum [18]. CSSs
have been extensively investigated over the last few decades and are currently regarded
as a mature seismic isolation technology, with applications spanning bridges, buildings,
and critical infrastructures [19-26].

CSSs have achieved ongoing success as a result of two very interesting characteristics
[27]:

e  The independence of the isolation period from the superstructure mass—this occur-
rence allows the isolation system to be designed almost independently of the struc-
ture that will be built above it.

e  The automatic coincidence of the projection of the center of mass with the center of
stiffness.

As will be discussed later, these characteristics are valid only from a purely theoreti-
cal perspective. In practice, the isolation period and the stiffness both depend on friction,
which, in turn, depends on the vertical load on the device. Furthermore, CSSs can offer
recentering capabilities, depending on the characteristics of the devices, their state of
preservation, the acting load, and the characteristics of the seismic event [28-30].

Finally, the cost of the CSSs is lower than that of the corresponding high damping
rubber bearings (HDRB).

(a) (b)
Figure 1. Schemes of (a) a single CSS and (b) a double CSS.

Although conceptually simple, at least, in a linear approach, the design of CSS isola-
tion systems hides some pitfalls that can affect their effectiveness [31,32]. In particular, the
influence of pressure, temperature, and sliding velocity must be accurately evaluated
[33,34]. Variations in frictional behavior and hysteretic degradation may significantly in-
fluence their long-term response and, therefore, require appropriate monitoring and mod-
elling strategies [35].

The effectiveness of seismic isolation systems under strong earthquakes has been
widely confirmed [36-40]. Conversely, their behavior under low-intensity ground mo-
tions requires careful assessment. Field observation showed the satisfactory performance
of structures isolated with HDRBs, albeit with significant changes in the resonance fre-
quencies [41,42]. Instead, the influence of friction poses serious problems for the onset of
motion and the effectiveness of isolation systems made of HDRBs and sliding devices
(SDs) [43], and especially for CSS isolation systems [44]. The behavior of CSS systems ob-
served during low-energy earthquakes underlined the importance of selecting a suitable
friction value to enable the onset of motion of the devices also during low-energy earth-
quakes [45,46]. The behavior of CSSs under severe input motion was analyzed experimen-
tally, demonstrating that, in general, devices can withstand displacements exceeding the
design values without any evident loss of functionality. However, construction details
significantly influence their behavior beyond the design limits [47].
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These issues must be considered both in the application of seismic isolation in new
constructions [48,49] and in the retrofit of existing ones [50]. Therefore, a simple, reliable,
easily understandable, and verifiable design procedure is essential to facilitate a proper
seismic isolation design. Previous studies addressed this issue with reference to HDRBs
proposing a graphic approach to define the optimum values of device mechanical and
geometrical parameters (such as rubber shear modulus, diameter, and thickness, and the
number of rubber and steel layers) starting from the design requirements (such as device
stiffness, maximum displacement, and vertical load) [51]. With the aim of achieving sim-
ilar results, but with obvious differences in terms of the design parameters and relation-
ships, this paper formulates a performance-oriented design procedure for CSSs. The aim
is to determine the mechanical and geometric parameters of the device (i.e., the friction
coefficient and equivalent radius) starting from the design requirements (i.e., the thresh-
old limits for acceleration and displacement).

For this purpose, the basic relationships, which describe the CSS dynamics, are re-
written, introducing a characteristic parameter. This relates the governing parameters, i.e.,
the friction coefficient, the equivalent radius, and the seismic displacement, but depends
only on the damping ratio [52,53].

The design process is organized in two main phases. The first analyzes the feasibility
of a base isolation system. An admissible area, consistent with the fixed seismic capacity
of the building and maximum displacement, is identified on the acceleration-displace-
ment (capacity) spectrum plane. In the second phase, the iso-R and iso-p1 curves are plotted
in this area. These curves enable a performance-oriented design by selecting the design
parameters p and R and controlling the actual seismic displacement.

A flowchart clarifies the main steps of the methodology. Finally, some examples
show practical applications and allow the effectiveness of the proposed procedure to be
verified.

2. CSS Behavior and Modelling

In the experimental behavior of a single CSS, three phases can be identified, each
characterized by a different value of the friction coefficient. The onset of motion is influ-
enced by the static friction coefficient pst. The oscillations depend on the dynamic friction
coefficient pa = p. Finally, the change in the velocity sign is governed by the friction coef-
ficient p1. It is p < w1 < pst. Figure 2 shows the forces acting on a concave sliding surface
during the oscillations. Given N is the vertical load, F: the friction force, and P the normal
contact force, the following law applies between the inertial force F and the displacement

d:
l N
|
|
Fr
/
R [}] F
T [ _F

Figure 2. Forces acting on a concave sliding surface (the direction of the forces are for d >0).
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F= sign(d)-pNJr%N (1)

This holds when approximating tan6 = sin with a trigonometric error I" = (tanf —
sinf)/tan®, that can be bounded under the following condition:

0 <arcsine - d/R<e (2)

Based on the above, the simplified bilinear model shown in Figure 3 is usually
adopted. An initial rigid phase, with a friction coefficient , is followed by a linear phase
with stiffness k = N/R = mg/R where m is the seismic mass on the isolator, and R is the
sliding surface radius of the single CSS and twice the radius of the sliding surfaces in the
case of a double CSS. The equivalent stiffness ke depends on the maximum displacement
of the cycle.

—Onset
----Cycle
—— Linear Equivalent

F=p-mg |

d

Figure 3. Typical simplified F-d law of a CSS. The equivalent stiffness ke obviously depends on the

maximum displacement d of the cycle.

It is worth noting that the friction coefficient p mainly depends on three factors: the
contact pressure o (and, therefore, for a fixed contact area, the vertical load N), the sliding
velocity, and the temperature [54,55]. If only the dependence on ¢ is considered, its vari-
ation can be written as follows (where -1 < a < 0):

1= i (/G ) 3)
where the minimum value of friction pmin corresponds to the maximum contact pressure
omax. Usually, omax = {4, i.e., the design value at the ultimate limit state, which is much
higher than that under seismic conditions. This is calculated by considering the perma-
nent loads with their (not amplified) characteristic values and a fraction of the character-
istic value of the variable loads. If the displacement is very large and/or the radius R is
quite small, the pressure under seismic conditions could be much higher than the previ-
ous one. It must be remembered that the design stress in seismic conditions should be
reduced to account for the heat generated during the oscillations. This heat increases with
friction, speed, duration, and the pressure itself [56]. In Figure 4, both p and po/Omax are
plotted versus o/omax. It is evident that, when o decreases, p increases up to two to three
times its minimum value. Nowadays, materials with a very low variation in p with o are
available.

Equations relating the design variables of a device (friction coefficient p and equiva-
lent radius R) to the dynamic properties of the isolated system (effective vibration period
Tis and damping ratio &is) are given below. The non-dimensional characteristic parameter
p for a CSS subject to a seismic displacement dk is first defined:
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Dividing the horizontal recentering force (Equation (1)) by the displacement de and
using the characteristic parameter p, the equivalent stiffness is given by the following;:

ko= (1+p) 5)

0.25

0.20 A

0.05

0.00 T — T 0.00
0 0.2 0.4 0.6 0.8 1

G/Gmax

Figure 4. Static (ust) and dynamic (p) friction coefficients (red lines, main vertical axis), and corre-
sponding friction forces (blue lines, secondary vertical axis) versus the non-dimensional vertical

load o/omax (the same line styles apply to both the red and blue curves).

The corresponding effective period Tis, to be used in a linear model, and the corre-
sponding equivalent radius R are related by the following:
1 _ (2]

=7 6
R g(1+p) (©)

The damping ratio &is is derived from the energy dissipated within a hysteresis cycle
and the maximum elastic energy stored in the system. It is apparent that it depends on the
characteristic parameter p only and vice versa, as it is the following:

2

b=
n(l + 1) )
p

If &is is fixed, the characteristic design parameter p is defined. Additionally, if Tis is
also fixed, the equivalent radius R can be deduced from Equation (6). Finally, the friction
coefficient p can be deduced from Equation (4) for the seismic displacement de corre-
sponding to Tis.

The curves Tis-R are plotted in Figure 5 for different values of &is (blue lines, secondary
axis). The curve relative to the maximum value &is = 0.28 represents a limit relation be-
tween R and Tis: for a fixed R, it gives the minimum value of Tis, and, for a fixed Tis, it gives
the maximum value of R. In the same figure, the diagrams i/de are also plotted versus Tis
for the same values of &;s (red lines, main axis).
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Figure 5. Ratio p/de (red lines, main vertical axis) and radius R (blue lines, secondary vertical axis)

versus Tis for different values of &is (the same line styles apply to both the red and blue curves).

3. Note on the Preliminary Design of an Isolation System

When designing a seismic isolation system, the first step is to define the allowed ac-
celeration in the superstructure and the allowed displacement of the isolation devices.
From these, the threshold values of the spectral acceleration S. and of the spectral dis-

placement S, canbe deduced by applying the rules for the composition of the effects of
seismic actions. The spectral displacement S is related to the horizontal allowed seis-
mic displacement d} through a relation of the form S;_=d; /o . In the absence of tor-

sional rotation, following the usual seismic component composition rules of Eurocode 8
[57], it is o = 1.05. The Type 1 acceleration elastic spectrum is considered here (Figure 6,
main vertical axis), as suggested by the same code. It is defined by the following:

e  The period values Ts and Tc, both depending on the soil type, and To =2.0 s;

e  The maximum value S for a damping ratio & = 0.05, which is constant in the

range [Ts, Tc] of the period.

The elastic displacement spectrum is derived by dividing the acceleration elastic
spectrum by the square of pulsation and amplifying it by the factor yx = 1.2, as required
for seismic isolation devices (Figure 6, secondary vertical axis).

For damping factors other than 0.05, the elastic spectrum is modified by the coeffi-

cient n= 1,10/(5+2§-100) .Itism =1.0 for & = 0.05 and can assume a value of 1.0 > 1 > Nmin,
with Nmin = 0.55 (&max = 0.28) according to Eurocode 8 [58,59].

) Scmmx SDe.max

i SDe)k
E/Ii 1 L e g;
. 1/ \ ’ — =1 Lo

P . .

. /’:A ~ \ |

T;//Tc T, Tp Tel »»»»»»»»»»»»»»»»»»

0 1 2 3 4

T ()

Figure 6. Elastic acceleration (blue lines) and displacement (red lines, amplified by yx) response spec-

tra, for the two values of 1 (the same line styles apply to both the red and blue curves).
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A procedure for a feasibility analysis of the seismic isolation strategy and the prelim-
inary definition of admissible values of the damping ratio &is and vibration period Tis has
been previously proposed [60]. Two characteristic values for n have been defined. The

first one corresponds to the condition S, (TD)=S;e (i.e.,, the maximum spectral dis-

placement is equal to the maximum threshold value):
Sn___(1)_s,

r_ De — e 8
"7 S TT 1. ©)

emax C D

De, max
If n<n/, then S, (T,)<S,,-
Suppose that Te and Tpe are the periods corresponding to S, and S, in the two

spectra, respectively. The second characteristic value has been obtained from the condi-
tion Te = Tpe, both calculated in the range [Tc, To[:

*

n/t — S; SDe T_D — (27t) S; %
S max L Y

S e,max ~ C

)

e,max ~Demax ~C
If n <n”, then Te < Tpe.
The meanings of the two characteristic values for | and their influence on the choice
of the damping ratio and isolation period can be effectively illustrated using the capacity
spectrum S_-S,.  shown in Figure 7. Two spectra are first considered: n =1 (& = 0.05,

blue line), which sets the values S and Sy, ..., and N = Nmin (§ = &max, red line).

e, max

For any fixed value of S, three situations can occur, relative to different values of

S,.. » denoted by subscripts 1, 2, and 3, respectively:

e Ifn'>n">nmn asinthecaseof S, =S, , (greenline), the admissible area is limited

by the lines S, =S,, S, =S, and T =4.0s, and the spectrum nmin (red line). The

D
spectrum n" (dotted green line) does not influence this area.

e Ifn">n'>nmn asinthe case of S, =S, , (gray line), the admissible area is limited
by thelines S, =S, S, =S

*

De,2

and T=4.0s, the spectrum n’, and the spectrum Mmin.

D

The area between the lines S, =S, and S, =S, ,, and the spectrum n’, which is

determined by the spectrum n" (dotted gray line), gives further admissible points,
with values of n betweenn’and ", T.<Tpand S, <nS

De,max *

e Ifn">nmn>n’ asinthe case of S, =S, . (yellow dotted line), the admissible area

is limited by the lines S =S_, S, =S,

bes and the spectrum nmin. For the points in

this area, it is Te < Tp.

Once n has been fixed, a value Te < Tis < 4 s for the isolation period can be chosen.
Only in the third case is the maximum value for Tis lower than 4.0 s.
The point at which the spectrum relative to n = nmin assumes the value S_ defines

the minimum values for Te (=Temin) and S, (=Spemin). If S, <S there is no solution.

De,min /

If both n’ and 1" are lower than the minimum value, one or both the threshold values S
and S, must be modified. As a last resort, the seismic protection strategy must be

changed.

It is worth reminding the reader that the isolation period Tis should be at least three
times the vibration period Tw of the superstructure considered fixed at its base, in order
to have a suitable dynamic decoupling between the superstructure and the substructure.

Once Tis has been fixed, the total mass M being known with a good approximation,
the total stiffness of the isolation system can be deduced as follows:

https://doi.org/10.3390/infrastructures11080260
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2n2
=22 10
Kesi (le M (10)

Itis equal to the sum of the stiffness of all devices. In a CSS system, the stiffness varies
across the isolator, even when they are identical in geometry and materials. In fact, it de-
pends on the mass m, i.e., on the vertical load N acting on each device.

13 Semax — =1

! — N=N"(S"pe)
----- N=1"(8"pe,1)

N n= n"(S*De,z)

------------- \ _ *
1 A S — N= ﬂ'(s De,2)
\ e,min ~Demin
"""""" v _ *
4 ANy \{ n=n"(S De,3)
— M= Mmin

%
S De,2 S De,1

/
/

\
v
W

m—————alY
- \

'
'
'

Figure 7. Possible cases in the capacity spectrum. The spectrum with n =1 (blue line, relative to the
minimum value of &) and that with n = nmin (red line, relative to &max) are first plotted. Then, three

*

cases are considered for the displacement, namely, S;e,l (green lines), S;, , (gray lines), and
5;9,3 (yellow line). For each of them, the spectra relative to " and n" are plotted (only n” for the

last one, in which 1’ < Mmin).

4. Design Procedure Aimed at the Device Performance

Suppose that the spectrum parameters at the site are known and the threshold values
S. and S, have been fixed. Starting from previous findings [60], the admissible values

for the isolation parameters (&is and Tis) must be searched within a restricted region of the
normalized capacity spectra plane. The restrictions, which apply regardless of the type of
seismic isolator intended to be used, ensure that the building capacity and boundary con-
ditions are met while remaining within the applicability of the code spectra. In theory,
any admissible pair of damping and period values is a possible solution, but this may lead
to unsatisfactory friction and radius values. Therefore, a methodological framework is
needed to converge on the most appropriate solution in terms of device-targeted perfor-
mance.

Aiming for a CSS capable of activating under low seismic actions and featuring an
adequate self-centering capacity, the design solution should aim for low values of both
the friction coefficient and sliding surface radius. Furthermore, due to a combination of

https://doi.org/10.3390/infrastructures11080260
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environmental and economic reasons aimed at limiting material consumption, the device
dimensions should not exceed what is strictly necessary.

To address the problem, the capacity spectra have been superimposed by the curves
characterized by the same value of friction (iso-friction or iso-p) and the curves character-
ized by the same value of the radius (iso-radius or iso-R). Figures 8a and 8b show two
exemplary cases, with ' > Nmin, and 1’ < min but " > nmin, respectively. Points taken under
the black curve de/R = ¢ ensure that the trigonometric error in Equation (1) is kept within
preset bounds.

The iso-R curves were obtained through a direct method. For each value of R in a
specified range, the following is carried out:

(1) A suitable set of values of nis (and then &is) within the admissible area is established;
(2) The corresponding values of p are calculated by Equation (7), which can be rewritten
as follows:

p=
2 (11)

ng,
(3) The set of values of Tis is computed by Equation (6);
(4) Finally, the corresponding couples of Spe and Se are evaluated.

~~~~~~~~ 150-U n
---iso-R
—de/R=e \n'
1 .
*Qu
w T
Tp
T=4s
T O T
0 L1 0
Spe /Spe Spe /Spe”
(a) (b)

Figure 8. Admissible area superimposed by iso-p and iso-R curves: (a) N’ > Nmin; and (b) n’ < Nmin but
1" <Nmin. Arrows indicate increasing values of p and R. Points under the black curve hold I' within

preset bounds. Points a and b indicate examples of targeted solutions.

The iso-p curves were obtained through an iterative procedure. For each value of p
in a specified range, the following is carried out:
(1) A suitable set of values of nis (and then &is) within the admissible area is established;
(2) The corresponding values of p are calculated by Equation (7);
(3) The iteration procedure is started by giving a value of S, =S,  (step 0):

e Then, the corresponding values of R at the i.th step is calculated from Equation
(4):

_ POASpe,i-1
u

e Tisiat the i-th step can be deduced from Equation (6);

R (12)

e  Finally, a new value for the displacement is obtained;
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e  The procedure is stopped when Spbei = Spei-1. Otherwise, it continued to evaluate
a new value for the radius from Equation (12).

(4) Finally, the corresponding couples of Se can be deduced.

It is worth noting that, in Figure 8, the increment in the friction (which determines
the spacing within the family of iso-p curves) has been set to be the same in both charts.
Instead, to provide a clearer representation, the increment in the sliding surface radius
(which determines the spacing within the iso-R curves family) has been set differently
between them. The arrows indicate the direction of increasing values. The iso-u and the
iso-R curves intersect, creating a grid. The intersection points that fall in the gray area
represent the admissible solutions, for default values of p and R. Those under the black
curve fall within the preset trigonometric error.

Suppose we want to consider the activation of the device motion as a priority. In this
case, the minimum iso-p curve must be followed, moving toward solution a, if one wants
to reduce the radius R and, thus, increase the self-centering capacity, or toward solution
b, if one wants to reduce the displacement and, thus, the dimensions of the device. In both
cases, the period and damping will change in the admissible ranges.

Once p and R have been established, Tis and &is can be easily deduced on the grid as
the intersection point between the iso-p and iso-R curves. If the grid is not available or the
couple of values chosen do not belong to the grid, the point can be completely character-
ized through the following iteration procedure:

(1) The iteration procedure is started by giving a value of S =S,  (step 0):

De,0
e Thevalue of pi at the i-th step is updated by Equation (4), which can be rewritten
as follows:
pR

pi = “Soeis (13)
e  The corresponding values of &isi and misi are obtained by Equation (7);
e  The period Tisi is computed by Equation (6);
e  The spectral displacement Spe, is determined;
e The procedure is stopped when Spei = Spei-1; otherwise, it is continues to update

a new value for pi from Equation (13).
(2) Finally, the corresponding couples of Spe and Se are determined.

The procedure described above is summarized in the flowchart in Figure 9.

https://doi.org/10.3390/infrastructures11080260
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Step 1: Input data and
preliminary computations

Data concerning the seismicity,
and the superstructure capacity
and boundary conditions are
acquired. Operating parameters

are computed.

Site acceleration-design spectra

Tp, Tc, Tp
Spectral max values (£ = 0.05)

Se,max = SDe.max

Spectral threshold values
Se> Spe

Characteristic values for n

n = /10/(5 + & - 100)

Nmin— 0.55
[ SEE
n Spe,max

S; S;‘)e TD

"no_

Se,max SDe,max TC

D -
T=4s parameters (n;s, Tig)-
0k

Step 2: Area of admissible

values for the couples 1;; and Tjg Sl 8 D TR E R

€8 Mmin <" <7’
| Superimposing the area of admissible values for isolation basic

parameters (1, Tjs) with iso-R and iso-p curves, the grid of

admissible couples (R, ) is defined.

The curve dg / R checks the trigonometric error.

A graphical approach,
through capacity spectra,
allows delimiting the area
of admissible values (grey
area) for isolation basic

‘\T\‘l\min n"n

N
. T

T, L. . .
Considering the put in action of

the device as a priority, we move
along the minimum iso-p curve
and intersect iso-R curves on:

* solution a

-> lowest radius

—> highest self-centering capacity
* solution b

— lowest displacement

-> smallest device

€8 Mmin <" <7’

© Spe /Spe” 1

Step 3: iso-R and iso-p curves

Within capacity spectra plane, the iso-R and the
iso-p curves are obtained.

iso-R curves (direct method) Y Spe /Spe” !
Nis = &is = P = Tis = (Spe, Se)
Dynamic parameters corresponding to the solution: numerical
iso-p curves (iterative method) computation (iterative method)
Nis = &is = P = Rj = Tis= (Spe, Se) pi = &is = Nis = Tis = (Spe, Se)
\ ©
Where: Where:
1 _ POSpei—s  TE  (2m)? PR 2 TE  (2m)?

= ; Ry = ——=—— g s & = E ===
P=E=T f m R g(l+p) R s ﬂ(1+ 1) R g(l+p)
Tréis P

®Spe,i-1

Figure 9. Flowchart of the CSS design procedure.

5. Examples

In this section, some numerical examples are given, organized according to the step-
by-step design procedure summarized in Figure 9.

5.1. Step 1. Input data and preliminary computations

Consider a site with soil type B and suppose that the maximum spectral acceleration,
i.e., its value between Tc = 0.5 s and To = 2.0 s, for the damping factor & = 0.05, is as follows:

Semax =1.05 g (14)

The maximum spectral displacement, which occurs for T > Tp, can be deduced as
follows:

Speman =313 mm (15)

Assume a threshold value for the spectrum acceleration S. =0.20 g, which is a suit-
able value for newly built buildings, and consider four threshold values for S;_, equal to
150, 200, 250, and 300 mm, respectively. The characteristic values n' and n"are computed.
5.2. Step 2. Space of admissible values for the couples nis and Tis

For each S _, the spectra corresponding to nmin, ', 1", and Nmax are computed. They

are plotted in Figure 10, where the gray admissible area is shown. The values of n’ and 1"
allow us to investigate all circumstances described in the previous paragraphs under the
additional (optional) conditions Nmax = 0.816 (&min = 0.10) usual for CSS isolation systems.
5.3. Step 3. Iso-R and iso-u curves

For values of nis within the admissible area, the iso-p and iso-R curves are obtained.
To address a suitable technical behavior within typical ranges, the friction coefficient has
been varied in the interval [0.025, 0.065] with a step of 0.005 and the radius in the interval
[2.5, 6.0 m] with a step of 0.5 m.

5.4. Step 4. Design of the device
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Superimposing the gray admissible area with the iso-R and the iso-u curves, all the
admissible couples (R, p) are defined. The black curve for € = de/R = 0.15 is also drawn to
check the trigonometric error (I' < 0.01) in Equation (1). Points under it correspond to d&/R
=0.15.

Except for Case 02.150, for which the gray area is not intersected by the family of iso-
pand the iso-R curves above, in all other cases, they intersect, creating a grid of admissible
solutions in the range T > Tp. As stated in the previous paragraph, assuming that activat-
ing the device is a priority, we move along the minimum iso-p curve and converge on the
following:

e  Solution a, which corresponds to the lowest radius and, therefore, to the highest self-
centering capacity;

e  Solution b, which corresponds to the lowest displacement and, therefore, to the
smallest device.

Searching for a tailored device that meets Case 02.150, albeit outside the preset suit-
able technical ranges of pu and R, solutions c and d have been explored.
In Table 1, the results are summarized and grouped in terms of the main parameters:

e  The capacity spectra parameters, which define the admissible area;

e  The sliding interface parameters, chosen between the joints of the grid generated by
iso-p and the iso-R curves within the admissible area;

e  The dynamic behavior, parameters that determine the seismic response of the device.

The trigonometric check allows evaluating how acceptable the approximation intro-
duced in Equation (1) is, when the solutions in Table 1 are adopted.

n max

SDe /SDe* SDe /SDe*
() (d)
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Figure 10. Admissible area superimposed by iso-p and iso-R curves for: (a) Case 02.150; (b) Case
02.200; (c) Case 02.250; (d) Case 02.300. Arrows indicate increasing values of p and R. Points under
the black curve hold I" within preset bounds. Points a and b indicate targeted solutions. Points c and

d indicate admissible but unsuitable solutions.

For the seismicity considered here, some interesting conclusions can be drawn. When

*

De

S

to values of the sliding surface radius and friction coefficient outside their suitable tech-

=150 mm, solutions for CSS are theoretically admissible. However, these correspond

nical ranges. Increasing S, up to 200 mm, a radius of 4.0 m or greater is needed to main-

tain the lowest friction coefficient.
From S, up to and beyond 250 mm, a solution exists that employs the lowest fric-

tion coefficient and radius, thus ensuring device motion activation and a high self-center-
ing capacity.

Under no circumstances can the lowest friction coefficient be combined with R = 6.0
m, as the maximum intercepted value is 5.5 m. However, this circumstance has no appre-
ciable impact on the displacement, which comes to reach 174 mm, almost corresponding
to the minimum value of the admissible area and, therefore, to the smallest admissible
device.
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Table 1. Example cases for S, =0.20 g and different values of S, .
Case 02.150 02.200 02.250 02.300
S (8) 0.20
Spe (mm) 150 200 250 300
Capacity Tmax 0.816
spectra TNmin 0.550
n 0.479 0.639 0.798 0.958
n" 0.604 0.698 0.780 0.854
Solution c d a b a b a b
Sliding v 0.092 0.111 0.025 0.025 0.025 0.025 0.025 0.025
interface R (m) 1.35 0.92 4.0 5.5 2.5 5.5 2.5 5.5
0 078 078 049 075 025 075 025 0.75

Eis (%) 280 280 209 273 129 273 129 273
Dynamic Tis 0.550 0.550 0.621 0.556 0.747 0.556 0.747 0.556
behavior Tis (s) 175 144 329 355 283 355 283 355
Se (g) 017 020 006 0.05 010 0.05 010 0.05
Spe (mm) 150 124 194 174 234 174 234 174
de/R 012 014 005 003 010 0.03 010 0.03
0 (°) 6.7 8.2 29 1.9 5.6 1.9 5.6 1.9
r 0.007 0.01 0.001 0.001 0.005 0.001 0.005 0.001

Trigonometric
check

6. CSS Isolation Systems

The procedure described brings us to the definition of the friction coefficient and the
radius. Therefore, a plastic material that can guarantee the obtained value of n can be cho-
sen. If p is independent of the contact pressure, all isolators will be equal, with the same
size and the same value of p.

If p depends on the contact pressure, then one of the following paths can be followed:

e  All devices will be manufactured identically. Under this hypothesis, the friction co-
efficient will differ for each isolator, and so will the maximum friction force. The onset
of motion should be analyzed in detail.

e  All devices will be manufactured to achieve the same friction coefficient n. Under this
assumption, since the vertical load N will differ from one device to another, the con-
tact surface will also have to vary to maintain the same contact pressure. As a result,
the maximum friction force on each device will be proportional to the vertical load.
One could consider an additional element that defines the contact area, while keeping
the rest of the device unchanged. One could define ranges for N to which the same p
could be assigned, to make the proposal more feasible/realistic.

7. Conclusions

Previous CSS design procedures typically start with arbitrarily chosen radius and
friction values. This could lead to unsuitable effects and, thus, negatively impact the per-
formance of the isolation system.

In this paper, a characteristic parameter is first identified that encompasses all the
design parameters but depends only on the damping ratio. Then, a design approach is
proposed that starts from defining, through the capacity spectra, the field of admissible
values for the basic parameters 1is and Tis. These admissible values meet the isolated sys-

tem requirements in terms of the maximum allowable spectral acceleration S, compati-
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ble with the superstructure capacity, and maximum allowable spectral S, displacement

in the devices, compatible with the clearance around the building.

Within this admissible area, the iso-R and iso-p curves are superimposed, thus ob-
taining a grid of couples of device parameters that meet the isolation system requirements.
From this point onward, the design procedure directly focuses on the isolation system
performance, by simultaneously managing the device easy activation, self-cantering ca-
pacity, and dimensions. No matter which parameters are selected, the spectral threshold
values in terms of acceleration and displacement will certainly be satisfied. A suitable
flowchart synthetizes the method.

One of the strengths of this procedure is the graphical approach. This integrates the
search for the target response of the isolated system with the target performance of the
isolation system, allowing for a rational and careful choice of design parameters.

To illustrate practical applications, examples have been presented for representative
acceleration and displacement thresholds, and for typical technical ranges of the friction
and radius. Aiming for a CSS capable of activating rapidly and with an adequate self-
centering capacity, the design solutions sought a low friction coefficient and a small slid-
ing surface radius, ensuring that the device dimensions did not exceed what was strictly
necessary. The results highlighted the validity of the approach and emphasized the need
for adequate clearance around the building to optimize the effectiveness of CSS devices.
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