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Abstract

Hospitals’' full operation after a major seismic etvés of primary importance for the
management of post-earthquake emergency. Howewer, thaditional approach for
earthquake-resistant structures based on strengghtre building structure may turn out
not to be the optimal design strategy, becauseitats@re characterized by a massive
presence of non-structural components and valualenological content (e.g. medical
equipment) that are largely sensitive to displacgmeand accelerations induced by
earthquakes. Since its introduction, base isolaicategy proved to be an effective solution
for the protection of hospitals and hospital cohteom earthquake-induced damages,
enhancing their resilience and entailing substhmigrease in time and cost of repair
compared to a conventional fixed-base structuriirgl isolators, over other devices,
present some valuable advantages especially fors#iemic retrofitting of existing
buildings: high load-carrying and displacements acity combined with compact
dimensions, independence of the oscillation pedodhe mass of the superstructure, and
minimization of torsional effects in case of asyntmicebuildings. Nevertheless, in spite of
the large diffusion worldwide occurred in the lalicade, a full understanding of the
performances, and limits, of sliding isolators hasbeen yet completely achieved. Shaded
areas are the properties of the sliding materthks,behaviour of the isolator under real
earthquakes rather than laboratory tests, andtieailability of finite element formulations
for structural analysis capable to represent thgshbehaviour of the isolators in particular
conditions (e.g. at breakaway and during long domagxcitation). Within this framework,
the scope of this research project is the develapaienew tools for the design of seismic
retrofitting interventions of buildings with higkedhnological content (with a focus on
hospitals) by means of sliding isolation systentse Tornerstones of the study are: (1) the
establishment of a FEM approach for the assessofethie frictional heating in sliding
isolators; (2) the numerical investigation of tieecentring capability; (3) the improvement
of an existing finite element formulation of thediator” element in order to reproduce both
the resistance to sliding at breakaway and theedserin damping due to the frictional
heating; (4) proposal of a "step by step” proceduor the design of the isolation layout
suitable for retrofitting interventions of stratediuildings by means of sliding isolators; (5)
application of the proposed tools to a real casdyshospital.



| ntroduction

The present thesis is focused on the charactemizafithe sliding behavior of curved surface
sliders for base isolation and the developmenteéaced numerical tools for the design of
sliding isolation systems for seismic-retrofittiohospitals.

Hospitals’ full operation after a major seismic elvés of primary importance for the
management of post-earthquake emergency. Howaant earthquakes have shown that
the traditional approach for design of earthquadgstant structures based on the
strengthening, though preventing the collapse ehbihilding, may result in severe damages
to non-structural elements and electro-medical ppgant, eventually compromising the
operability of the hospital. On the contrary, s@s mitigation design by means of base
isolation and/or energy dissipation has shown tarmeffective solution for the protection
of hospitals and hospital content from earthquakieiced damages, enhancing their
resilience and entailing substantial decrease me tand cost of repair compared to a
conventional fixed-base structure.

Among the current isolation hardware, curved s@fslders (known in North America as
the Friction Pendulum System) feature favourabéeatteristics like high load-carrying and
displacements capacity combined with compact dimess oscillation period virtually
independent on the mass of the superstructuremanichization of torsional effects in case
of asymmetric buildings, which make them the mo#ble device for seismic retrofitting
of existing buildings, like e.g. hospitals. Neveltdss, in spite of the large diffusion
worldwide occurred in the last decade, a full chmazation and modelling of the behaviour
of sliding isolators has not been yet completelgi@ed, and this is also reflected in the
codes and in the design tools available to stratkmgineers.

The present thesis is therefore focused on theactaization of the sliding behavior of
curved surface sliders for base isolation and thesldpment of advanced numerical tools
for the design of sliding isolation systems foisgdic-retrofitting of hospitals.

The thesis is divided into six chapters.

The first three chapters aim at providing the rfiee state of the art for the whole research
project. In particularChapter 1describes the basic operational principles, aadijimamics

of base-isolated structures. Two well acknowledgatbgories of anti-seismic hardware
(elastomeric and sliding isolators) are introduc&eismic limit states and relevant
performance requirements for base-isolated buitdatgording to the Italian Building code
are summarized.



Chapter 2describes more in details the Curved Surface S{ld8S) isolator starting from
its main components and its kinematics. The mauaathges deriving from the use of CSS
devices for seismic retrofitting interventions,veal as the main drawbacks related to their
actual behavior during the earthquake are discudseeed, it is well known that the
effective stiffness and damping of these devicaesgty depend on the friction coefficient
of the sliding material used at the sliding surfacklathematical models available in
literature that describe the dependence of thedrnicoefficient on the instantaneous sliding
velocity, temperature, and vertical load actingt@ndevices are critically presented. Among
the main limits of these formulations, some opefdf of research are investigated in the
present study.

Chapter 3describes thepecific issues related to the implementation eflibse-isolation
technique for the seismic protection of hospitaldings, and introduces a performance
approach to quantify their resilience during thehepuake attack. Among hospital’s physical
components, in addition to the common structuineints (e.g. beams and columns), there
is a huge number of non-structural components (N3$i&s distribution lines, medical
electrical equipment, etc. that are largely vulbbrdo the effects of the earthquake. NSCs
indeed can be divided intoatceleration-sensitive and “drift-sensitivé elements.
Breakdown thresholds for each NSC, suitable forisefault-tree analysis when assessing
the overall seismic response of the hospital cormplee identified from a literature survey.
Within Chapter 4 some of the open issues related to the dynamsporese of CSS isolators
during the seismic shaking are investigated, amaracked tools for a more reliable design
are proposed.

The first issue is the frictional heating of thelislg surface and its effect on the coefficient
of friction and consequently on the equivalent deng@and stiffness of the device. A 3D
thermo-mechanical model of a CSS isolator is deegloin Abaqu¥ FEM software to
reproduce the heat flow at the sliding surfacesthadissociated temperature increase as a
function of friction, pressure and velocity; the deb is then validated by comparing the
results of numerical analyses to the results okgrpental tests carried out at the Eucentre
Lab. in Pavia (Italy).

A second practical issue is represented by theemé&iog capability of CSS isolators. In
order to assess the re-centering criterion providéde European seismic design code even
in presence of an offset displacement producedithgreprevious seismic or non-seismic
loads, several analyses have been carried out bpsra a simple nonlinear SDOF model.
The effect of the initial offset on the peak ansideal seismic displacements, more evident
for high-friction devices, is quantified.

A third issue is the high coefficient of frictiomdeloped at the breakaway, which increases
the resistance to initiate sliding. Though this mdmaenon is well known and observed in
practice, a suitable numerical formulation is stiissing in commercial software. In the
present thesis the effect of the breakaway is nealdiel numerical analyses by introducing



elasto-fragile trusses at the isolation level diage-isolated building and calibrating the
strength of the trusses on the expected resistahtee isolators at the breakaway. The
suitability of the approach is demonstrated in secstudy relevant to a model of a three-
storey building implementing CSS isolators devetbjre OpenSeésFEM software. The
results show that the breakaway has a signifigafitence mainly on peak floor
accelerations and inter-storey drifts in case a6€8quipped with medium or high friction
sliding material.

Again in Chapter 4 a new friction model (namedB¥YNC"), capable to simultaneously
describe the breakaway and the frictional heatiifigcts, as well as more acknowledged
phenomena like the dependence of the friction @oefft on the instantaneous sliding
velocity and normal load, already implemented ire@®e€?, is presented. The proposed
formulation is eventually validated against the thgstic force-displacement curved
obtained in experimental tests on full scale C®&isrs carried out at the SRMD Lab. of
University of California, San Diego.

Finally, in order to account for tHBNVC” model in dynamic analyses, the plastic behavior
regulating the response of the isolator elemeritaa in the OpenSe@dibrary is modified
and an ad ho¢ code is compiled.

In Chapter 5 a ‘“conceptual desighof isolation systems for seismic retrofitting
interventions of strategic buildings with high teological contents is suggested. The
procedure is developed step-by-step and, gradimaifgasing the complexity of the required
calculations, aims at identifying optimized solasaapable to ensure the seismic protection
of both structural and non-structural components.

In last part of the workGhapter §, the hospital of Lamezia Terme, located in a lsgismic
prone area in southern ltaly, is chosen as cadg silassess the proposed conceptual design.
More reliable numerical results are obtained im@etimg the modified isolator element in
seismic dynamic analyses. For each seismic desig provided by Italian Building code,
the proposed solution for the sliding isolation teys is shown to widely fulfil the
performance requirements for both structural antgstouctural elements.

Last, in theConclusionssection, the main outcomes of the study are suimathrthe
innovative steps are enlightened, and some geimeliahtions are drawn.



CHAPTER

Seismic isolation technique

1.1 Operational principles

Seismic isolation is an effective technique usedldvade to protect buildings and
structures, as well as non-structural componerds) the damaging effects of earthquakes.
Some recent researches have shown that this strategused, although rather rudimentary,
by ancient Greek and Persian [1-2]. Other studiescribes recent developments and
diffusion of seismic isolation starting from thesti isolators prototypes of the second half
of the nineteenth century up to modern ones deeélap the last three decades [3-5]. In
Italy, in the last years, this technique is spregdispecially for the protection of public
buildings and large infrastructures [6].

Seismic isolation is based on the simple idea ofedesing the acceleration response of the
structure by shifting its fundamental period toHggvalues (Fig. 1.1-left); in addition, peak
displacements can be reduced by means of a danmgirgase (Fig. 1.1-rigth).

base-isolated

displ. reduction due to

period shift increased damping

£=2%

spectral acceleration
spectral displacement

acc. reduction

0 1 2 3 0 _
period (sec) period (sec)

Figure 1.1. Theoretical basis of seismic isolatgrift of the fundamental period of the structuedt) and
increase of its damping (right)

For this purpose, horizontally flexible isolatiorevites are introduced between the
foundations and the superstructure in order tors¢gpdahe mass of the building from the
ground motions and limit the transmission of aaelens and shear forces. In this regard,

1



Chapter 1. Seismic isolation technique

Fig. 1.2 provides a qualitative comparison betwHenresponse of seismic-isolated and
traditional fixed-base structures.

According to the EN 1998-1 (Eurocode 8, partl)tfid fundamental functions required to
the isolation system are: (&lstain and transmit the vertical loads of the sipecture in
both service and seismic conditiofisad bearing capacily (2) decouple the mass of the
superstructure from the ground motiofatéral flexibility); (3) prevent cumulative
displacements during seismic sequences, as wetkdsce the residual displacement
(recentring capability; (4) reduce or limit the base displacements dubé lengthening of
the fundamental period of the structudarping increase (5) provide a lateral restraint
under service horizontal loadsuficient elastic stiffnegs

The main drawbacks of this design approach arengexl to accommodate the large
movements of the isolated structure during seigwénts which may be harmful for supply
lines of electricity, water, gas, etc., and cadsarimering” with adjacent buildings, as well
as the presence of residual displacements at thefahe earthquake.

LI |
|
L ]

Figure 1.2. Qualitative comparison between thengeisesponse offixed-basé (left) and ‘base-isolatet!
buildings (right)
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1.2 Dynamics of base-isolated structures

The linear theory of MDOF base-isolated structuvas firstly given by Kelly in 1990 [8]
and then deepened in cooperation with Naeim in 18R9vhile a more refined nonlinear
theory, based on the Bouc-Wen model [9], was dpesldy Nagarajaiadt al.in 1991 [10].
However, an insight into the behaviour of baseatml buildings can be obtained by
considering a simple 2-DOEBHKear-typéframe (Fig. 1.3).

ms

Uy Vs
| | = T
Cs
ks —
my ! :
U Vo |
| | — .
I k | K
s Cb ug

Figure 1.3. Parameters of the 2-DOF isolated system

The massrs represents the superstructure of the buildingranthe mass of the base slab
above the isolation system. The superstructuimesi§ and damping akeandcs, while the
stiffness and damping of the isolation systemkar@ndcy,. The absolute displacements of
the two masses are denotedubyndus, and, since useful for the analysis, also thdivela
displacement of the isolation systes) and the inter-storey drift; are introduced:

vp = vp(t) = up(t) — ug(t) 1.1)
Us = Us(t) = us(t) —up(t) (1.2)
The equations of motion of the 2-DOF model canlitaioed by writing simple equilibrium

equations between the dynamic internal forces (B¥ert principle) at the superstructure
and isolation levels (Fig. 1.4):

mglig + csUs + kyvg =0 (2.3)
myiiy + CpVp — CsVs + kpvy — ksvs =0 (1.4)
Noting thatii; = (iiy + ¥}, + ) and substituting in Eq. 1.3:

mgUy + mgUs + csUs + kgvs = —gily (1.5)
Furthermore, replacind, = (iiy + ) in Eq. 1.4:

mbilg + mbijb + Cb‘l.}b - Cs'l‘75 + kbvb - kSvS =0 (16)
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mgiig

\ | ——*
<+ +—
kSUS CSUS
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— — myily,
s «—
kyvp CpVp

Figure 1.4. Dynamic equilibrium of the 2-DOF is@ldtsystem

Combining the Eg. 1.5 and 1.6, the two equatioregang the dynamics of the system are
obtained:

(ms + mb)ﬁb + ms'l.js + Cb'l}b + kbvb = —(ms + mb)ilg (1 7)
mgUy, + mgUs + csUs + kgvs = —gily '
which can be written in matrix form as:
ms +m, mg] [V, ¢, 01[v ky O07rve1 _ mg+m, mgrly..
M o]+ 15 ]+ e ellel==1"m" mllolis (1.8)
and in compact formr(= [1 0]7):
[MI{7} + [CH{D} + [K]{v} = —[M]{r}i, (1.9)
Let:
__ms
[ (1.10)
2 2
_ (@b\° _ kp/(mstmp) _ kpyms _ (Ts
€= (ws) - ks/mg T kg(mgtmp) (Tb) (1'11)

A typical range of values for the first paramesr.b < y < 1.0, while a typical assumption
for the second one is= 0(1072).

The mode shapeg{ and¢,) of the combined system (Eqg. 1.8) and the relatdral
frequenciesd); andw,) are calculated by means of the classical eigeevatoblem:

([K] - wf[M]){p} =0 (1.12)
the characteristic equation is obtained solvingdéerminant of the matrig — w?M):
[(mg + mp)mg — m2]w?* — [(ms + mp)ks + kpymglw? + ksky, =0 (1.13)
dividing by [(my + m;)mg] and substituting = mg/(mg + my,):

(1 -pw* - (w? + w})w? + w2wi=0 (1.14)

whose solutions (eigenvalues) to the first order afe:

W1 = Wp/1—ye = wy (1.15)
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w2=%,/1+y55% (1.16)
and the related mode shapes (eigenvectors) arel(big
o=[1= @)
1 1

2= [—; [1-(1- y)s]] =4 (1.18)
In the modal spacev(= ¢ q):
v© = [20] = 9100 + 820:0 = [0 © +[ 2] 020 (119)
the response of the isolated structure becomes:
[MI{¢}G + [Cl{p}q + [KI{p}q = —[M]{r}il, (1.20)
and, premultipling byp”, two decoupled equations of motion are obtained:
{@} [MI{¢}G + {@}T[CI{¢}q + (P} [KN{p}q = —{@} [M]{r}il (1.21)
or similarly:

1 0][d 1 01[% ki 01141 b11 P2 ms + s1117 .
[n(; mz] Zz] + % Cz] Zz] + 0 kz] CIz] -7 ba1 (],’)22] " msmb ::lls] [0] Ug (122)

wherem;, c¢;, andk; respectively stand for the i-esim modal mass, mddaping, and
modal stiffness; in particular (to first orderf

my = (mg +my) - (1 + 2ye) (2.23)

(1_)/)'[1;2(1_]/)8] (124)

my = (mg +my) -

vy =0

my

Figure 1.5. Mode shapes of the 2-DOF isolated syst@gndamental orisolation modg (left), and second
mode (right)
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The response of the system related to each mode is:
myGy +c1qy + kiqy = —p{ Mrily (1.25)
May + oG + kaqy = —p3 Mrily (1.26)

dividing each equation by the relevant modal magsand noting that; = \/k;/m; and
§i = ¢i/ Qwymy):

G4y + 28 w1G1 + wiq = —Tyil, (1.27)
Gz + 28,020, + w3q, = —Thily, (1.28)
where (to first order of) first £; and second, modal damping ratio are:
3
G= =6 (1-2ve) =4 (1.29)
_ G &stvéple (1 ve
52 - 2w,m, - 1-y (1 2) (130)

and related modal participation factors are:

_ ¢>IMr

Fl = ¢IM¢1 =1-— Y€ = 1 (131)
_ ¢>5Mr ~
[, = PThg, = yeKL1 (1.32)

Given a certain seismic inpiif, Eq. 1.27 and 1.28 can be solved by means obttmving
integrals:

qr = = [} iy (t — e~ @18 Dsin(w, 1)dr (1.33)

T o

q; = _:_zfot iy (t — 1)e~(@2520sin(w,T)dr (1.34)
2

and hence, sincg(t) = ¢ q(t), the response(t) of the 2-DOF isolated system is known.
The maximum displacements related to each modeestapbe calculated by means of the
displacement response spectr§iw, &):
dl,max =S4 (wl: 51) (1-35)
dz,max =S4 (wz:fz) (1-36)
Furthermore, noting that; ;4 = (I} dimax), @and using an appropriate combination law

(e.g. SRSS), is possible to calculate also pealiegabf isolation system displacement
Vpmax aNd interstorey drifzg ;4.

Ubmax = \/(¢11Q1,max)2 + (¢12q2,max)2 = \/(¢11F1 dl,max)z + (91215 dz,max)2 (137)
vs,max = \/(¢21q1,max)2 + (¢22q2,max)2 = \/(¢21F1 dl,max)2 + (¢22F2 dz,max)2 (138)
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Replacing the approximated expressionsggfand¢, (Eg. 1.17 and 1.18), ariy andT;,
(Eqg. 1.31 and 1.32), it could be demonstrated that:

Ub,max = (1 - y‘g)dl,max = (1 - y‘g) ' [Sd(wl' El)] = Sd(wb' Eb) (139)

Usmax = €, dl,max2 + dZ,max2 = g\/[Sd(wl' 51)]2 + [Sd(wz' 52)]2 ER. [Sd(wb' gb)] = € Vpmax (140)

Similarly, considering the acceleration responsecspm S,(w,§) and noting that
Sq(w,8) =S, (w,&)/w?, the base shear coefficiaft can be approximated as:

ksvs

= wsz * Vs max = wszs[sd(wb:gb)] = Sa(wb:fb) (1-41)
and, multiplying the same by, the maximum shear force at the base of the supetgre
Fp max 1S Obtained:

Fb,max =msCs = mg - [Sa(wb'fb)] (1-42)

With all crude assumptions and approximations nséar, the following considerations
on the dynamics of 2-DOF base-isolated systembeatrawn:

Cs, = max

ms

(@) the fundamental mode (disolation mode™) governs the dynamics of the system
[ =1—-ye=1);

(b) according to components of ttieolation mode” (¢, = [1 0]7) , the superstructure
remains practically undeformed while the isolateystem accommodates all the
seismic displacement;

(c) the dynamic response related to the first modehyudepends only on the design
parameters of the isolation system & wy, é; = &p);

(d) the second mode shape plays a minor role in thardys of the systeni{ < 1 );

(e) according to components of the second magext [1 — 1]7), the superstructure and
the isolation system undergo displacements of ezyuglitude but opposite direction;

()  the dynamic response related to the second modmdemn the design parameters
of both the isolation system and the superstrucfure= w,(ws, mg, myp), &, =

52 (fs' fb' ms, Mp, ks' kb));

(g) the peak displacement of the isolation system aaagproximated as the spectral
displacement corresponding to its period and dag@ip,,q, = Sq(wp, $p));

(h)  the maximum interstorey drift is much smalleg (., = € Vp max);

(i) the maximum shear force at the base of the supetste can be approximated
multiplying the mass of the superstructure by thectral acceleration corresponding
to the period and damping of the isolation systBm, ., = ms * [Sq(wp, $p)])-

7
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1.3 Energy concepts

Assuming to describe the dynamics of the superstredy means of the linear theory for a
“shear-typéframe, the energy balance of a multi-storey bastated building (Fig. 1.6), is
here developed rearranging threlative formulation” proposed by Uang and Bertero in
1990 [11]. At each time instant of the ground mtithe matrix form of the equations
governing the dynamics of the superstructure is [4]

[MsJ{¥s} + [CsI{vs} + [KsHvs} = —[MsK{r}(iiy + p) (1.43)

where[M;], [C], and[K,] are respectively mass, damping, and stiffnessiceatof the
superstructureii }, {v5}, and{v,} are respectively acceleration, velocity and disphaent
vectors of the superstructure (relative to theaisoh level);{r} is a vector oN elements
equal to 1 (beinyl the number of storey of the superstructuiig)is the ground acceleration;

vy, is the displacement of the isolation system.

— 3 ms3 ® Vi3 %CP
I
ks |
o ’
3z 2 e m & Vi2
2
= !
‘5 :M;\ e ko !
B |
7 E““ 1 e m & Vsi >¢
~ I
ki /
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E g u e Vb
+~ O -
< g WL7 LS

Figure 1.6. Base-isolatedliear-typ&frame: structural (left) and displacements paremrse(right)

The energybalance of the superstructuie obtained by integrating Eq. 1.43 over an
increment of the superstructure displacentdnt}:

JHAv M (B3 + [P (v [CI s} + [ v K vs) = — [P {dv ) M1} Gig + ) (1.44)

Using the differential relationships:

{dv,} = {v}dt (1.45)
{dv,} = {i,}dt (1.46)
the terms of Eq. 1.44 can be rewritten as:

By = [P (v M) (55} = [ 0T M ] {Bdde = [ (o) M, ]{dvs) (1.47)
E, = [P{dvgTIC1 {vg} = f (o) [Cs1 {osdde = [ {07 ICs] {dvs} (1.48)
E, = [ {dvy)T[K,] {vs) (1.49)
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E'yn = — [ {dvs}T [M){r} (il + ¥p) (1.50)
and hence:
E+E,+E, =E, 51)

whereE’;, is the kinetic energy of the superstructure (hedato the isolation level)E,, is

the viscous energy dissipated by the superstryctiyeis the elastic energy of the
superstructure (work done by internal shear foodasolumns);E’;,, is the seismic energy
entering into the superstructure (oelative’ input energy).

The ‘relative’ input energyE;,," physically represents the work done by the eqaitadtatic
lateral forcesV,r (i, + ¥} ) on the superstructure.

The main limit of the'relative formulation” is represented by the fact that other important
terms, such as tHeigid body” translation of the superstructure (kinetic enenggted to
the “isolation mode”), and the energy absorbed (elastic plus dissipdtgdhe isolation
system do not contribute to the energy balance 1E4.).

These contributions are instead included into “Biesolute formulation” of the energy
balance [11] for the overall structure (isolatigistem and superstructure), the treatment of
which, however, is much more complex and is noteskkd in this study.
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1.4 I solation hardware

In Europe, the manufacturing of anti-seismic deviteregulated by the EN 15129 [12].
According to this Standard, seismic isolators cawnlivided into two categories (with some
subtypes): elastomeric isolators and sliding isotafTable 1.1).

TheUltimate Limit Stat€ULS) requirements prescribe that the anti-seistaiMice must be
capable to withstand the seismic action without oal or global failure No-Failure
Requirement preserving also a residual strength after thenteyPamage Limitation
Requirement According taService Limit StatéSLS) requirements, the anti-seismic devices
must guarantee the design performances and toksahring all the service life.

category subtype

elastomeric isolators - Low-Damping Rubber Bearings (LDRB)
High-Damping Rubber Bearings (HDRB)
Lead-Plug Rubber Bearings (LPRB)
Polymer-Plug Rubber Bearings (PPRB)

sliding isolators - Curved Surface Sliders (CSS)
Flat Surface Sliders (FSS)

Table 1.1. Anti-seismic devices classification adaug to the EN 15129

1.4.1 Elastomeric isolators

The first application of elastomeric isolatd@so known as rubber bearings) for base-
isolation is dated back to 1969 (retrofitting of thRestalozzi School in Skopje, Macedonia)
[4]. Initially, the bearings were simply composefllarge piece of rubber with limited
vertical stiffness and load bearing capacity. la kst two decades, elastomeric isolators
have been significantly improved by inserting intdrsteel reinforcements plates that,
increasing the vertical stiffness of the bearirigsaddition to prevent potential rocking
motions during the seismic shaking, reduce alsdatteeal bulging (Fig. 1.7).

Low-Damping Rubber bearindiDRB) are composed of natural rubber and intested|
reinforcement plates. These isolators are charaeteby a low equivalent damping factor
(&=2+3% at 100% of shear strain), and an approximativalgdr force-displacement
response. This kind of devices have been widelyd uise Japan often coupled to
supplementary damping devices, such as viscouselangieel bars and frictional devices.

High-Damping Rubber Bearing$iDRB) are similar to LDRB but are made of a rubbe
compound with a higher intrinsic damping. This ligained by adding to the natural rubber
extra-fine carbon block, oil or resin, and othdlefs. Nowadays, thanks to the continuous

10
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improvement process, high-damping rubber bearingge hdamping ratios within the
ordinary range=10+20% at 100% of shear strain.

Lead-Plug Rubber Bearings PRB) consist of traditional LDRB with a lead-glembedded
at the center of the laminated natural rubber.rtibber provides a “linear-spring” reaction,
while the lead-plug increases the damping capgiéiulting in an approximatively bilinear
hysteretic loop.

Polymer-Plug Rubber Bearing®PRB) are similar to LPRB but the central plugiesde of
a polymeric compound.

superstructure

anchor plate superstructure

foundation
anchor plate

steel reinforcement

rubber
foundation plates

anchor plate

Figure 1.7. LDRB (or HDRB) isolator (left) and LPRB @PRB) isolators (right)

1.4.2 Sliding isolators

Flat Surface SlidergFSS) are free sliding bearings with two or mded 6teel sliding
surfaces in contact through friction pads of polsimmaterials (Fig. 1.8-left). They are often
used in combination with other kind of devices €hn spring or elastomeric isolators) to
which the re-centring function is entrusted.

Curved Surface Slider6CSS) are usually comprised of five main partgy.(Hi.8-right),
namely the sliding plate, the pivot, the rotatideig (or basement), and two pads of friction
material: the sliding pad, locked to the upper ensurface of the pivot and rubbing onto
the concave surface (or primary surface) of tharsii plate, and the rotation pad, bonded to
the rotation plate and forming the concave surfaceecondary surface) of a spherical joint.
The primary sliding surface accommodates the hot@donovements, while the secondary
sliding surface accommodates rotations allowinketep the two steel plates horizontal and
parallel to each other.

sliding pad sliding plate sliding plate

sliding pad

N / y />V/ /g/%/

N\ NN
NN

N \ %o N
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RN NN X
O\ ~ NN\
OO
N W NN N

= | \

rotation pad  pivot
basement

Figure 1.8. Main components of FSS (left) and C®fators (right)
11



Chapter 1. Seismic isolation technique

1.5 Reference Standards

Despite in past the effectiveness of seismic ismlaechnique was deeply proven; the first
technical standards regulating the design of bedeted structures are quite recent.

In Italy the OPCM 3274 [13] was endorsed in 2008Bilevat European level the EN 1998
(Eurocode 8) was completed only in 2005 [7, 14 Tdst established design rules for both
base-isolated buildings (part 1) and bridges (Pawhich, with small discrepancies, have
been then included in the current Italian Build®gde (D.M. 14.01.2008) [15].

In the following sections, for sake of brevity, pilurocode 8 provisions are presented with
the exception of those related to the definitiothef seismic actions that are entrusted to the
national building code of each State Member (setmsel.5.3).

1.5.1 Basic provisions and definitions

Since differences with Italian Building Code [15¢auite limited, for sake of brevity, only
EN 1998-1 (Eurocode 8-partl) contents are sumnuarlzereafter [7]. Among basic
provisions (8 10.3-10.5) for the design of baséaisal buildings, there are:

1- the structural elements located abosapgrstructurg and below gubstructurg the
isolation interface should be enough rigid in blodizontal and vertical directions to
minimize the effects of differential displacemeaotshe ground motion;

2- in order to minimize the torsional effects, theeetive centre of stiffness and the centre
of damping of the isolation system should be asecks possible to the projection of
the centre of total mass of the structure on tbkat®n interface;

3- the distribution of gravitational loads should ke wiform as possible in order to
minimize potential differences in the responseanfheisolation device;

4- the reliability of the isolation system is guaratteby designing devices capable to
accommodate the peak seismic displacement amplifig¢be safety factor, = 1.20.

Furthermore, a structure is definddlly isolated” if, during the seismic shaking, remains
within the elastic range. Otherwise, the supersiineds“partially isolated”.

Other preliminary definitions (8 10.2) are basedl@assumption of modeling the response
of the isolation system by means of a simplifietinbar law defined by the following
parameters (Fig. 1.9): strength at zero displaceifie)y elastic stiffnessig), post-elastic
stiffness Kp), yielding force Ey), and yielding displacemenj.

Design displacemermf the isolation systeffal.q): maximum horizontal displacement of the
isolation system (at its effective stiffness cenitea principal direction occurring during the
design seismic action.

12
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Effective stiffness of the isolation system‘secant stiffness”(Kes): ratio between the
maximum horizontal forceHnay) and the design displacemedi in the relevant principal
direction.

Fmax

ded
Effective damping of the isolation syst&fa): equivalent viscous damping corresponding
to the energy dissipated by the isolation systedeura cycle (in the relevant principal
direction) having amplitude equal to the desigmpldisementd.d).

1 Eq  _ 1 4F(dca=dy) (1.53)

27 Fmax ded 21 Fmax ded

Sefr =

Effective periodf the isolated structurfles): fundamental period (in the relevant principal
direction) of a single degree of freedom systenirttathe mass of the superstructulié)(
and the effective stiffness of the isolation sys{&gr).

M
Torr =21 : 1.54
eff Kefr (1.54)
F, MAX = = = - =

Fy = K,: ’ E

Dk 7 :

/ é f, 2 Keog i

dy dl'm dcd

Figure 1.9. Bilinear hysteretic model adopted fer igolation system

1.5.2 Analysis methods

Since differences with Italian Building Code (D.i#.01.2008) [15] are quite limited, for
reasons of synthesis, only EN 1998-1 (Eurocoder8panalysis methods (8 10.9) are
described hereatfter [7].

Non-linear time history analysiss the reference analysis method since alwaycante.
The response of the base isolation system (govgthim ‘isolation mod®) is described by
means of a proper hysteretic model, while a limeadel is assumed for the superstructure
(fully isolation assumption). In particular, theseous damping of the superstructure should
not interfere with the hysteretic damping of thelasion system, and should be the same of
the fixed-base superstructugg,). For higher modesT(<< Te), this is usually obtained by

13
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settinga = ({7, T")/m andp = 0 (e.g.a = 0.0016 for {¢, = 0.05, andT* = 0.01s) when
calculating the superstructure Rayleigh dampingiméts = aM + SKj).

Equivalent linear (dynamic) analysis a time-history analysis in which both the &ain
system and the superstructure are modelled as lav@hviscously damped. Damping is
introduced by properly calibrating the damping rixatf the base-isolated structu®,(; =
aM,,s + BK,.) or, in the modal space, assigning a modal damf@np each decoupled
equation of motion. In particular, the isolatiors®m (governing theisolation mod®) is
modelled by setting its stiffness = K.rr and its modal dampin§ = &.¢¢. For higher
modes T < 0.8Ter), the modal damping of the isolated structure khbe the same of the
fixed-base superstructuré & ¢5,). The torsional effects due to accidental ecceitigs
are computed statically and superimposed to restifse dynamic analysis. The behavior
of the isolation system can be considered equivébeimear if all the following conditions
are met: (1Kes is not is not less than 50% of the secant stiffredghe isolation system at
a displacemerd = 0.2dyq; (2) & < 0.3Q (3) the force-displacement characteristics of the
isolation system do not vary by more than 10% dube rate of loading or due to the vertical
loads; (4) the increase of the restoring forcdaisolation system for displaceme@tSdy
<d < 1.0dg is not less than 2,5% of the total gravity lohd\ze the isolation system.

Iterative equivalent linear (dynamic) analysighen the effective stiffness or the effective
damping of the isolation system depend on the desdigplacementd., an iterative
procedure should be applied until the differendsvben trial and calculated valuesdaf
does not exceed the 5%.

Simplified equivalent linear (static) analysis:ithe classical linear equivalent static analysis
based on the assumption that the superstructusveglas a rigid body above the isolation
system (having effective peridti;, and damping,.ss). A synthetic description of the
procedure is described hereafter: (1) calculatioin® displacement at the stiffness-centre
of the isolation system in each horizontal diratd.q = [Ms * Sq(Tesr, e )|/ Kerr)i (2)
application of equivalent horizontal forces € m; - Sq(Tefr, éefy)) along both horizontal
directions and at each storey of the superstruc{8yehe torsional effects relevant to each
isolator unit may be accounted for applying the Eioption factord; in each direction of
the seismic actions.

It is worth noting that the torsional movement atibe vertical axis may be neglected if the
eccentricity between the centre of mass of therstpeture and the centre of stiffness of
the isolation system does not exceed 7.5% of tingtteof the superstructure in the direction
transverse to those of relevant seismic action.

In addition to conditions for the equivalent linddynamic) analysis, this analysis method
can be used if: (1) the distance from the neamdsteafault withM; > 6.5 is greater than
15 km; (2) the largest planar dimension of the sstpgcture is not greater than 50m; (3)

14
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3Tsp < Tepy = 3s (WhereTy, is the fundamental period of the fixed-base supsstire);
(4) the vertical stiffness of the isolation systetp > 150 K, ¢ (negligible vertical

displacements); (5) the fundamental period in tedisal directionT, = 2n./M/K, <
0.1s.

Multi-modal linear spectral analysiss the classical modal analysis of the completeeb
isolated structure applied separately in all thedions (two horizontal plus vertical). The
isolation system is modelled by considering theeaffie stiffness Ker), while 50%
uncracked section is usually assumed when compthiagtiffness of the superstructure
elements. In particular, for all modes with»> 0.8Ter, the elastic spectrum should be reduced
by means of a coefficientcorresponding to the effective damping of theasoh system
(). For higher modesT(< 0.8Tes), the elastic spectrum should be the same ofixieel-f
base superstructure (ed;,=0.05). Torsional effects due to accidental ecaetigs are
computed statically and superimposed to resulteefmodal analysis.

Simplified modal linear spectral analysis a modal analysis in which it is assumed that t
superstructure is a rigid solid translating (onbotation mod& above the isolation system
with effective periodTer. This method considers only the two horizontal aipic
translations. Torsional effects due to accideat&lentricities are computed statically and
superimposed to results of the modal analysiscaedurning effects are neglected.

1.5.3 Seismic design levels

According to the EC8-1 (8 3.2.1), the territoryesch State Member is subdivided into
seismic zones depending on the local hazard. In egismic zone, the hazard is quantified
by means of the referenpeak ground acceleration on outcropping bedragk [7]. This
parameter is established by a Technical Commitieedch State Member considering, for
each zone, a seismic scenario haviefgrence return periody .z, (relevant to the no-
collapse requirement). Thénportance factory; (coefficient that accounts for the
consequences of a structural failure) for the sxfee return period is equal to 1.0. In case
of different return periods, the design ground &getion on outcropping bedrock) is

ag =Y agR-

The Italian Building Code (8 2.4.1-2.4.3) introdsc®me new parameters to define the
design seismic action [15]. First, it introduces thference period’z, which is product of
thenominal life of a constructioly and itscoefficient of us€y (Vi = Vy - Cy). Suggested
values ar&y, = 10 years for temporary structur&g,= 50 years for ordinary buildings and
structures, anély= 100 years for large or strategic constructions.

The coefficient of use is directly linked to tblass of us®f the construction, from Class |
(rare presence of peoplg; = 0.7), and Class Il (normal presence of peapjes 1.0) up to
Class IV (important public and strategic buildingg,= 2.0).
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The seismic action, and relevant performance rements, are defined according to
different design levels (or limit states). Amaosgyviceability limit state§SLE) there are:

1. Operability limit statgSLO): after the earthquake, the overall structin@uding both
structural and non-structural elements, does néfersany damage and is fully
operational;

2. Limit state of damagé€SLD): after the earthquake, the overall structiumeluding both
structural and non-structural elements, suffersitéich damages. The stiffness of
structural elements, and their strength againgicatrand horizontal actions, is not
impaired. Plants might be subject to repairablefumationing.

Amongultimate limit stategSLU) there are:

3. Limit state for the safeguard of human life (SL&jer the earthquake, non-structural
components suffer significant damages and failuBisuctural elements retain a
significant stiffness and strength against vertazlons. A satisfactory safety margin
against the collapse from horizontal seismic astisnensured (good overall residual
horizontal stiffness);

4. Limit state for collapse prevention (SLCxfter the earthquake, non-structural
components suffer severe damages and failurest@talielements retain a significant
stiffness and strength against vertical actionsn#all safety margin against collapse
from horizontal actions is ensured (poor overaideal horizontal stiffness).

Adopting the Poisson model to predict the tempanakrtainty of an earthquake, the return
period of the event can be calculated as:

VR

Te =~ In(1-pyr)

(1.55)

wherepyy is theexceedance probabilitywithin the reference period; of the relevant
limit state (Table 1.2).

exceed. prob return period Tr (years)
limit state ) '
Pvr VrR=50Yy. VrR=200Yy.
serviceability limit state SLO 81% 30 120
SLD 63% 50 200
ultimate limit state SLV 10% 475 1900
SLC 5% 975 3900

Table 1.2. Return period% and reference periody at different limit states
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At both SLE and SLU limit states, the referemdastic spectrum for the two horizontal
components,(T) (Fig. 1.10)is defined for building having fundamental perigd< 4.0s
(reference equivalent viscous dampég 5% - § 3.2.3.2.1):

0<T<T, Se(T)=ag-S-n-Fo-[%+%(1—%)] (1.56)
Ty <T<Te  So(T)= ag-S-n-F (1.57)
Te<ST<Tp  S(T)=ag-S-1-F- (%) (1.58)
Ty <T Se(T) = ag-S-1-Fo - (52) (1.59)

where (8 3.2.3.2.1)f7} is the period corresponding to the start of thestant acceleration
section;T¢ is the period corresponding to the start of thestant velocity sectiorf}, is the
period corresponding to the start of the constamlacement sectiony, is the peak ground
acceleration at the reference bedratk: Sg - S is a coefficient that account for saik)
and topographicSg) conditions (§ 3.2.2)y = /10/(5 + &) = 0.55 is a coefficient that

account for damping coefficients # 5%; F, > 2.2 is a coefficient that quantify the
maximum spectral amplification.

s.

aq: Fo

T T, Tp T
Figure 1.10. Qualitative layout of the referencestit spectrum

For sake of brevity, the definition of the refererglastic spectrum for theertical
componenst,,.(T) (8 3.2.3.2.2), since similar to those of horizomaés, is not presented
in this section.

In structural verifications, the seismic actiBns combined with other loads according to
the following combination rule (8 3.2):

Gi+ G +P+E+YjP,Qxj (1.60)

whereG, is the weight of structural element; is the permanent weight of non-structural
elementspP is pre-tensioning load),; are the variable (live) loads; aitg; are combination
coefficients (8§ 2.5.3).
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When structural calculations at SLU limit states aot carried out by means of time-step
dynamic analyses, equivalent static seismic acsba#i be defined considering timelastic
response spectruthat, for base isolated structures (8§ 7.10.6.5519btained substitutirng

with (1/q) in theelastic spectrunfbeingg = 1.5 the suggested behavior factor). It is worth
noting that, according to EC8-1 (§ 10.7) and comyevith the full isolation assumption,
the behavior factor should lge= 1.0.

Other important IBC provisions are briefly summadaereafter: (1) the three components
(two horizontal and one vertical) of the seismictiac shall be assumed to act
simultaneously; (2) if the response of the strueiarcalculated separately for each seismic
component (only for static or dynamic linear analyshe global response is obtained by
means of given combination rules (8§ 7.3.5); (3¢ase of time-history analyses a set of at
least three ground motion records (complying wité teference elastic spectrum) should
be used and the structure shall be designed tetaitl the most severe among the resultant
effects (8§ 3.2.3.6, § 7.3.5); (4) alternativelysed of seven ground motion can be used and
the structure shall be designed to withstand tleeaae of the resultant effects (8§ 3.2.3.6, 8§
7.3.5).

1.5.4 Total displacement and self-centring capapbili

A wide description of Standards provisions andtardture survey about this topic is
provided in section 4.1.1. A brief summary is reépdrhereatfter.

According to Eurocode 8 — part 2 (EC8-2) [14], thial displacement capacitp,) of each
isolator composing the isolation system should bsighed according to the following
formula (8 7.6.2):

D =dgi+vis dm,; (1.61)

whered; ; is an non seismic offset displacement potentialiguced by the permanent
actions (e.g. post-tensioning, and creep for caacmeembers) and 50% of the thermal
action,d,, ; is the design seismic displacement of the isqlatod ys is a reliability factor
whose recommended value is 1.2 for buildings aBddt.bridges.

The reliability factor fs) amplifies the design seismic displacemedy, ) in order to
account for the possible presence of an initiakeaiffdisplacement due to foreshocks
preceding the main design earthquake.

The EC8-2 (§ 7.7.1) establishes also the followgniterion to ensure an adequate self-
centring capability to the isolation system:

Geg >0 (1.62)

m
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wheredq is the maximum design displacement at the ceffisdftness,dm is the maximum
residual displacement for which the isolation syst&n be in static equilibrium (Fig. 1.9),
ands is coefficient equal to 0.5.

In the same section of code (8§ 7.7.1), it is alsstommended that systems with a deficient
re-centring capacity should be capable to accomteottee accumulation of residual
displacements during the service life of the strtgsta specific design provision is provided:

D, 2dg; + Vqu [0g [dy,; (1.63)

where Ja, = 1.2 is a safety factor, and; is a coefficient accounting for the possible
accumulation of residual displacements due to farelss foregoing the design earthquake.
The coefficientoy is calculated as follow:

5 1- (dy/dcd)o.6
1+ 8o(dcd/drm )15

Py =1+13 (1.64)

wheredy is the yield displacement of the equivalent bainsystem (see Fig. 1.9).
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CHAPTER

The Curved Surface Slider

2.1 Device overview

The Curved Surface Slider (CSS), also known agiénicPendulum Systetn(FPS), was
first developed (US patent 4644714) by Zayas inl®®&7 [1-3]. Among first applications,
CSS isolators have been used for seismic protecfidiwidges and for the retrofitting of
historic buildings [4-5].

The principal elements of a CSS device are two @emdacking plates (sliding plate and
basement) in contact with pads of self-lubricantamal (sliding pad and rotation pad)
recessed into a pivot element (Fig. 2.1).

The operational principle of CSS is the same dfiysjzal pendulum with oscillation period
depending on the radius of curvature only; thetiedamotion along the curved sliding
surfaces lengthens the natural period of the streciThe combined effects of the curvature
of the sliding surfaces and of the weight of theesatructure provides a certain re-centering
capability while the seismic energy is dissipatgdrieans of frictional forces at the sliding
surfaces.

w T

sliding plate  sliding pad

Y WY
— 1 ~ el

2| i |

. ivot
basement rotation pad P

Ry,

Figure 2.1. Main components and geometrical pararseif a CSS isolator
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Chapter 2. The Curved Surface Slider

The pivot starts to move simultaneously along the surfaces and covers equal angles of
rotation @, = 6, = ) with respect to the corresponding centers of@iumne; this keeps the
two backing plates horizontal and parallel to eattter (Fig. 2.2-left). WheR,; = R,, in
addition to equal angles of rotation, also displeeets along the two surfaces are equal
(d1 = dy).

The force—displacement behavior of the CSS is autiveally described in accordance with
the bilinear hysteretic model illustrated in Fig2-2ight [6]. In case of simple unidirectional
motion (and symmetric with respect to the origithe resisting lateral forc€(d), the
undamped natural period of vibratiGnthe effective period,;, and the equivalent viscous

dampingé, s can be calculated as:

Fd)=F+K,-d=W-" <— +ug- szgn(d)) (2.1)

T =2n /Reff (2.2)
= 2m =2n Reff (2.3)
eff #d Reff) '

£ -1 _Ea _ 1, 4pugWdeg 1, 2m (2.4)
eff 7 21 Fpaxdea 21 <Wud+w dcd> dyy T ( dcd>

u
Reff CRers

whereW = M; - g is the weight of the superstructure (vertical loattuced by seismic
rocking motions are neglectedj,.; is the amplitude of the cyclé), = u,; - W is the
characteristic strengtlk;,, = W /R,y is the post-elastic stiffnesB.sr = Ry + R, —h is
the effective radiusK,rr = (Fo + K, - dcq)/dcq is the effective stiffness, ang; =
(1R + u3R,)/(Ry + R,) is the equivalent dynamic friction coefficient tife curved
surfaces [7].

Fi

Figure 2.2. Typical kinematics (left) and hysterdtiop (right) of a CSS isolator
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Chapter 2. The Curved Surface Slider

For general bidirectional motion, the displacemenrt [d, d, ] and forceF = [F, F,] are
given by two-component vectors. The restoring fascalways directed towards the origin,
while the frictional resisting force is in the ofgite direction of the velocity [8]:

F, w [d 1 |d

6] =7l ] v g2 @9
Among the main advantages offered by CSS isolawes traditional rubber bearings there
are: (i) an high load capacity and the possibtlityaccommodate large displacements with
compact dimensions (which makes them suitablehi@retrofitting of existing buildings);
(i) the virtual independence of the oscillatiorripd from the mass of the building (that
makes easier to isolate light structures); (ii§ thinimization of torsional effects in case of
asymmetric buildings. In particular, the first béinis due to the higher compression strength
of plastic materials used for sliding and rotatpads. Indeed, rubber isolators, in order to
avoid lacerations and instability problems, ordigdrave a stubby shape and are designed
considering a limited capability of shear deformati

A development of the CSS is represented by the BdDibrved Surface Slider (DCSS, Fig.
2.3-left) whose main benefit, compared to CSS beariof the same planar size, is the
possibility to accommodate substantially largempldisements [9]. A central articulated
slider enable different instants of sliding activatalong the two surfaces (and hence
different angles of rotation) resulting in the g hysteretic loop represented in Fig. 2.3-
right.

w h; 1 d
R ; — ; Ri 'h\
M. 1 2d*
) ] - f |
- articulated slider R, +R,-h,-h,
:1:' e Ha(Ry =0y} + 1, (R; ~h,)
) He =R IR,-h,-h,
d'=(u —p, )R, —hy) (forp, <)

Figure 2.3. Main components (left) and typical bystic loop (right) of a DCSS isolator (adapted fi@})

A further development is represented by the Tiueved Surface Sliders (TCSS) in which
the same function of the articulated slider isestrd to a small internal pendulum (Fig. 2.4-
left). The force-displacement behavior of a TCSS firat studied by Fenz and Constantinou
(2008) for unidirectional motion [10-11], and thextended for bidirectional trajectories by
Morganet al.[12], and Dacet al.[13]. The normalized unidirectional hysteretic aeior is
represented in Fig. 2.4-right;(= R; — h; are the effective radii of each curved surfaces).
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f=3%
IS
\ r—J rhe p, 4

B = J

—1 f=u

[ ] ——hi by’
v, Nl f=n L
M . A=
' d
d*; d*; d*y  d*s d*s = dime

Figure 2.4. Main components (left) and typical kystic loop (right) of a TCSS isolator (adapted fi{dr3])
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2.2 Sliding material frictional properties

Sliding and rotation pads are ordinarily made diyperic materials having thickness and
radius respectively within the ranges 5-8mm andB0mm. The state of the art sliding
material is the PTFE but, in the last years, tleadris to implement in CSS different
materials able to offer a higher resistance to gesgon loads, such as PTFE with metal
fillers, polyethylene, and polyamide.

The performance of CSS isolator during the seisexicitation mainly depends on the
frictional properties of the sliding pads materid@sveral experimental studies have shown
that the friction coefficient depends on the terapue, pressure, and velocity developed
during the sliding motion according to four majéfeets discussed in the following sections.
Among these studies, friction tests were perforiueithe University Politecnico di Milano
on small-scale (SS) specimens of sliding mateisW) by means of a biaxial testing
machine [14]. The operational principles of thesstq are represented in Fig. 2.5-left: (a)
the specimen of SM is recessed into a backing phaiteis locked to a roller guide; (b) the
upper mating sliding surface is made of stainléssls(c) a compression lo&d produces
the desired contact pressure (up to 60MPa) atlitiegs interface; (d) an horizontal force
Fy is applied centrally to the sliding material tpgtce with the possibility to reproduce
different displacements waveforms (maximum velo2®&@mm/s); (e) a climatic chamber
controls the temperature at the sliding surfac@iwithe range +70°C. At each instarf

the motion, the friction coefficient of the specimen is calculated as the ratio between
horizontal and the vertical loads:

F
uo) =210 (2.6)

Fig. 2.5-right shows the typical loop of a frictitest: the maximum friction coefficient is
the static value measured at the breakaway whiterlalynamic values are recorded during
the sliding motion.

0050 | - static

0.030

dynamic
/

! 0.010
-15 - -5 0010 (I) v_u 15

0.030

friction coeff. (-}

-0.050

displacement (mm)

Figure 2.5. Friction tests: operational princigedt] and typical loop (right)
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2.2.1 Load effect

The “oad effectis the responsible of a reduction of the frictmefficient with the increase
of the average contact pressyret the sliding pad. A first model relating the kg
pressurep with the friction coefficieni: was proposed by Browdex al. (1964) [15]:

pu(N)y =a-p® (2.7)
wherea, andb are positive constants to be determined by mebfngion tests.

More recent studies dealing with steel-PTFE interfaconfirmed that the sliding friction
coefficient reduces while increasing pressure itlate of reduction practically constant
and quite insensitive to sliding velocity [16-17].

Friction tests at different levels of pressuyne=(30, 45, and 60 MPawere also performed
by the Author on SS specimens of PTFE with metdilliers. The typical trends of both
static and dynamiov(= 200m/$ friction coefficients with the increasingpntact pressure
p is represented in Fig. 2.6.

0.18 e static

0.16 &Y
0.14 \ Av=200mmJs

= 012 —0.650-p048
i u p
S 010
o 008
=)
5 006
& 0.04 u=0252.p70%
0.02
0.00
0 15 30 45 60

pressure (MPa)

Figure 2.6. Dependence of static and dynamic (va#0G) friction coefficient on the contact pressure

2.2.2 Velocity effect

The “velocity effect takes into account the variation of the frictionefficient with the
relative sliding velocity. The most popular modesdribing the increment of the coefficient
of friction u with increasing sliding velocity (for a fixed value of pressure) was developed
by Mokhaet al (1988) [18], and Constantin@t al. (1990) [19]:

1) = uyy — (uy — ppy) - e~ (2.8)

wherey;, anduyy, are respectively the friction coefficients at véow (e.g.v < 5mm/s)
and very high sliding velocity (e.@. > 100 mm/s), and;, is a parameter regulating the
transition between the two phases.
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This effect was then observed in more recent exparial studies dealing with PTFE-steel
sliding interfaces in specific seismic operatiot@hditions [17, 20].

Friction tests at different sliding velocities£ 50, 100, and 200 mn)/#/ere also performed
by the Author on SS specimens of PTFE with metéillers. The typical trend of dynamic
friction coefficient with the increasing of thedilig velocityv is represented in Fig. 2.7 for
two different levels of average contact pressure 80, and 60 MPa).

2.2.3 Breakaway effect

The “breakaway effect’manifests as a sudden increase of coefficienticfidn at the
beginning or at each inversion of the motion, rdlgems of the applied pressure and the
sliding velocity (Figs. 2.5, 2.7). The transitioatlyeen static and dynamic phase of sliding
motion has been studied by several authors [20a8d]relates to two phenomena: (1) a
momentary sticking of the interfaces at the stasliding motion; (2) acceleration impulses
at every motion reversal.

A formulation (see section 4.2) capable to accéomthe transition between the static and
dynamic phases has been recently used by Quagkhi(2014) extending Eq. 2.8 [23]:

1) = puy — (ay — ) - e+ (ugr — pyy) - e %2l (2.9)
whereugr is the static friction coefficient, and, is a parameter regulating the transition
from the static to the kinetic friction regime.

014 —013 N (-0.02v)
=0.13-(0.13-0.048
# e )¢ ®30MPa
0.12 /',/’o
60MP
0.10 e el

#=0.10 —(0.10 - 0.02) - ¢ "33

friction coeff. ()

0.04
0.02 ‘/ breakaway effect
0.00
0 50 100 150 200 250

sliding velocity (mm/s)

Figure 2.7. Dependence of the dynamic friction ficieht on the sliding velocity

2.2.4 Frictional heating

The ‘“frictional heating causes an increase of the temperature at slisimtaces that is
responsible of a continued reduction of the frictemefficient with the repetition of cycles
[24]. This effect was detected by Mokégal. (1991) [16] and Chanet al. (1990) [25] for
PTFE-steel sliding surfaces but not further ingeged. The theoretical analysis of the
temperature rise at rubbing friction surfaces isegally based on the work of Carlsaw and
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Jaeger (1959) [26]. Constantineti al. (1999) [27] applied this theory to PTFE sliding
isolators in order to detect the temperature rtsthe sliding interface, achieving a good
agreement between experimental and predicted valueshat study, the average
temperature rise at sliding surface is relateth¢anstantaneous heat flggt) generated by
the frictional forces, equal to the power dissiggter unit area:

qt) =u-p-v(t) (2.10)
wherey andp (supposed constant for simplicity) are respegfivke friction coefficient,
and the average contact pressure, wihil§ is the instantaneous sliding velocity.

The effect of the frictional heating on the dynaneisponse (effective damping and stiffness)
of a CSS isolator has been deeply investigatetidAuthor [23] (see section 4.2) by means
of a 3D thermo-mechanic FE model implementing tiieving friction law (Fig. 2.8):

u,T) = p(v)-e Fr (2.11)

whereu(v) is the velocity-dependent friction coefficient@alated according to Eq. 2.9,
is a thermal decay coefficient, afids the temperature variable.

friction coeff. (-)

0 200 400 600 800
sliding velocity (mm/s)

Figure 2.8. Dependence of the coefficient of faotbn sliding velocity and temperature
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2.3 Open fields of research

In spite of the worldwide large diffusion of CSSolstors in the last decade, a full
understanding of their performances, and limits, mat been yet completely reached. The
main shaded areas, which are the main topic oftehdpof the present thesis, concern the
properties of the sliding materials, and the betavof the isolator under real earthquakes
rather than laboratory tests and are briefly inticet! hereafter.

a)

b)

The response of CSS isolators during seismic seggenf foreshocks - main shaotk
or “main shock — aftershockisas not been yet investigated. In particular,itfigence

of an initial offset, which can be caused by batvpus foreshocks and permanent or
thermal actions, on the dynamic response (maximisplatement and self-centring
capability) of CSS isolators is still not complgtelear. Since it may not be possible to
re-center the system before the occurrence of @ftseshocks, a concern is related to
the possibility that closely-spaced ground moticmuld entail an accrual of
displacements, and compromise the deformation dgpat the isolation system
(designed on the basis of a single earthquake)lpp$sading to its inadequacy at the
end of the seismic sequence.

Another issue that has been addressed in receli¢sts the heat generation occurring
at the sliding surface under large friction foreesl high velocities, and the effect of
the temperature rise on the friction material. Altgh models predicting the decay of
the coefficient of friction with the increase ofriperature have been proposed, the
effect of this phenomenon on the real performarfcth® device, such as effective
stiffness and damping, it is not yet completelyenstbod. High temperatures may also
cause the melting of the polymeric material coustiy sliding and rotation pad and
the oxidation of steel of backing plates.

The “breakaway effet{that is static friction coefficient at the motidvegin and at each
motion reversal), although already observed in sévexperimental studies, is not
included in the formulations of the main calculatspftware. Indeed, in recent years,
complex friction models aiming at simultaneouslpraelucing the tbad effect, the
“velocity effect and the frictional heating have been proposed [28-29] but their
common limit is the impossibility to reproduce ttmeakaway effett Though not yet
deeply investigated, it is fair to assume that filisnomenon can have a significant
influence on the peak floor accelerations and de#ftions (interstory drift) of the
superstructure during the seismic event.
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CHAPTER

Seismic perfor mance of hospital buildings

3.1 Problem statement

Strategic buildings, such as hospitals, police@tat communication and first aid centres
must be designed to achieve high performance levalsr severe earthquakes because of
their importance in the immediate emergency respéwibwing a catastrophic event.

In particular, hospital full operation after a $eis event is of vital importance for the
management of post-earthquake emergency, andgarstmon capability relies not only on
the structural integrity of the building but alsbits non-structural components, such as
supply lines, plants and architectural elemerdsyell as of the medical equipment (Fig.
3.1, left). It also to be underlined that the ecoimvalue of the technological content of
hospitals may overcome the value of the buildisglft(Fig. 3.1, right) [1].

| O Structural elements B Non-structural elements Il Content

Physical Components
|
1

| Structural | ‘ Non-s:ruclural ‘ | Ccr:!em |

IArcnitectural Elements| | Plants ‘ ‘ Medical Equipments ‘

- Hydade ] 20%:
0%
o ICTSystems | Offices Hotels Hospitals

percentage value

Figure 3.1. Physical components of an hospital dexnfieft), and their percentage value distribution
compared to other kinds of buildings (right) (agabfrom [1])

In the last decades, worldwide earthquakes causethsve damages to several hospital
buildings. The 1994 Northridge earthquake, Cali@rguS), caused heavy structural
damages to the city hospital as well as to the lolrily Medical Center, and the St John’s
Hospital [2]. In Japan, the 2003 Miyagi-Ken Hokuwarthquake, and then the 2004 Niigata
event severely stressed the resisting frames adyeuind Ojiya city hospitals respectively.
Even worse, the 2001 Bhuj earthquake (India) catiseccomplete structural collapse of
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four hospital complexes as, two years later, happémthe Imam Khomeini Hospital during
the Bam Earthquake (Iran) [3].

In Italy, the scenario is not reassuring as witeddsy significant damages suffered by local
hospitals during past earthquakes [4-5]. A surveydacted in 2009 by the Italian Civil
Protection Department over a sample of 200 hosgditahted all over the country concluded
that about the 75% of Italian hospitals are notgadée to withstand earthquake-induced
actions [6].

Irregularities in plan and elevation, poor detajliand design were the main causes of the
partial collapse of the recently buian Salvatore”hospital during the Aquila earthquake
occurred in 2009 [7]. Afterwards, the 2012 EmilianRagna earthquake produced different
effects: the hospital of Mirandola suffered faisi@nly to non-structural components and
content, while the unreinforced masonry structofdhe hospital of Bondeno were severely
damaged [8].

The 2016 Central Italy earthquake, whose intensersifocks are still in progress, had
significant effects on hospital buildings. The ffirshock (24 August 2016) produced
considerable damages to both structural and nooctatal components of the hospital of
Amatrice [9]. Similar effects induced the evacuatad the hospital of Amandola after the
strong 30 October aftershock. Due to the same estnttural cracks were also suffered by
the intensive care unit of the hospital of Atri, ilehminor damages were reported by the
hospital of Teramo.

Beyond the structural collapse, potential harmfohsequences induced by the seismic
shaking on a hospital building are (Fig. 3.2): d&nages to plants and medical equipment;
(2) injuries to patients due to overturning orifajl of pieces of furniture or architectural
elements such as shelves and false ceilings; (B8Jages to non-structural walls and
partitions.

&
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-

Figure 3.2. Potential damages suffered by hoshpit#dlings during the seismic shaking
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3.2 Performance based design

3.2.1 Introduction

Until the late 90’s, the traditional structural @gswas worldwide based on th&drce-
Based Design”(FBD) approach consisting of a series of provisitimst aimed at: (1)
avoiding the structural collapse in very rare egutkes; (2) providing life safety for rare
earthquakes; (3) suffering limited and repairalalmdges in moderate shaking; (4) ensuring
the undamaged condition in more frequent and measthquakes. Afterwards, in U.S.,
severe damages and large economic losses suffgratfuztures during San Fernando
(1971), Loma Prieta (1989), and Northridge (19%#thejuakes, increased the awareness
that FBD procedures were not always reliable ineaghg satisfactory protection levels and
appropriate overall seismic performances of bugdin

The “Performance-Based Design{PBD) approach, born in 1997 as a response ta thes
needs, was firstly introduced by the Federal EnrergéManagement Agency (FEMA), in
cooperation with the Applied Technology Council @) and the Building Seismic Safety
Council (BSSC), with theNEHRP Guidelines for the Seismic RehabilitatioBoildings”
(FEMA 273) [10-11].

Within the “Vision 2000” conceptual framework [12Earthquake Design Leveland
relatedBuilding Performance Leve(shat is admissible levels of damage for bothcitnal

and non-structural elements) are defined:

- Fully Operational all services are not interrupted since negliggiteictural and non-
structural damages are reported;

- Operational the structure is safe for immediate occupancgeBsal operations are
fully protected, while non-essential ones can Iseuglited (quick repairs are required)
due to light damages;

- Life Safe moderate structural damages are reported busdifiety is guaranteed since
the overall stability is not compromised. Possib&avy damages to non-structural
components and need to evacuate the building. @peiring is possible, but may be
economically impractical,

- Near Collapse severe structural damages are reported but sellag prevented.
Dangers can arise from falling of non-structurahents.

For each seismic level, tH&lEHRP Guidelines” defines also four linear and nonlinear
analysis procedures each to be used to estimateardglbuilding response parameters, and
to evaluate the its overall performance (Fig. 3.3).

More recently, before the FEMA-report35@(éstandard for Seismic Rehabilitation of
Buildings) [13], and then, the ATC-58 project (FEMA-repot®) (“Next-Generation
Performance-Based Seismic Design Guidelin@sgl] further developed the PBD approach.

34



Chapter 3. Seismic performance of hospital building

In particular, according to the new provisions, theerall seismic-performance of the
building is assessed by means of five structurdlfaor non-structural performance levels
with related admissible damages.

Building Performance Level Fully ) Near
Operational Operational
Fully Near
Operational Life Safe
Operational Collapse
Frequent 5 . 5

g (43 year) Upacceptable Herformance
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Figure 3.3:Vision 2000” seismic design levels (left) and qualitative repraation of damage levels (right)
(adapted from [11])

3.2.2 Seismic design levels according to the Italian @og Code

The Italian Building Code (IBC) [15], whose proviss are considered in the present thesis,
is based on a PBD approach. Assuming for a hodpitlling a ‘nominal life” Vy=100years
and a toefficient of use”’Cy=2.0 (as suggested for strategic public buildings), the
“reference period” for seismic design levels ig; = Vy - C; = 200years (see section
1.5.3). For each seismic level provided by the 1B, performance requirements for base-
isolated hospitals, with the related verificatioathods, are summarized in Table 3.1.

seismic  return period

level Tr (years) perfor mance requirements verification method
SLO 120 - operativity of plants §7.3.7.3
SLD 200 -limited inter-storey drift §7.10.6.1, 87.3.7.2
- limited damages to non-structural
elements §7.3.7.2
SLV 1900 - no hammering with adjacent buildings intuitive
- resistance of structural elements §7.10.6.2.1
- resistance of anchoring systems for
plants §7.36.3,841.211.4
SLC 3900 -isolation system displacement capacity §7.10.6.2.2
- isolation system load bearing capacity §7.10.6.2.2)
- resistance of anchoring systems for
seismic isolators §7.10.6.2.2,8§4.1.21.1.4

Table 3.1. Seismic design levels and relevant pmdace requirements for hospital buildings accaydin
to the Italian Building Code
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3.2.3 Performance indices for hospitals

The performance level of a hospital unit in the agament of the emergency following a

catastrophic event (e.g. earthquake) depends arcéouponents: environmental (external

influences), human (preparation of medical stadfpanizational (emergency plans), and

physical [1]. The last component can be articulatestructural, non-structural and contents

(Fig. 3.1-left), and, among them, plants and médigaipment are the most critical in case

of earthquake attack.

Indeed numerous surveys carried out in the aftdrimitecent earthquakes have shown that
the performance of hospitals is rarely impairedsbyctural damages, whereas functional
breakdowns are often the major threats.

In this regard, a synthetic index to assess theathseismic-safety of hospital units has been
recently proposed [16]. The index evaluation isedasn data collected by means of

guestionnaires articulated in three principal e the first section is related to structural

elements, the second to non-structural element$aafidies, and the last takes into account
the organizational aspects. The safety-index €Sprimulated as follow:

SI=VULN -=2- 22 (3.1)

whereHAZ (hazard) depends on the seismic hazard and peildfythe considered sitEXP
(exposition) is a function of the importance of tnglding (for hospitals is related to the
importance of the offered medical servicad)LN (vulnerability) is evaluated considering
the seismic strength of both structural and nomestiral elements as well as the
organizational aspects.

Another meaningful measure to quantify the seisregiience of hospital systems is the
“hospital treatment capacity(HTC index) [17]. The index provides the numbepafients
with serious injuries that the hospital, in emeenonditions, can treat in one hour. Its
formulation takes into account of the influence as§anizational, human and physical
components:

HTC:a-ﬁ-% (3.2)

wherea andf represent respectively the organizational (emeanggatans) and human
component coefficients (training and preparationmérators)y; is the number of working
operating theatres after the quake (survival ofsptay components)y, is the Boolean
function (equal to 1 if the system survives an@ wherwise), and,, is the mean time for
surgical operations (2h from literature review).eTfirst two contributions  and g
coefficients) vary within the range 0.5-1.0 and aseally estimated by means of expert-
judgments. The failure of both structural and ntvaetural components are instead detected
by means of complexcapacity modelsthat have been recently developed to assess the
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seismic strength of several physical component®spital buildings (see sections 3.3.1 and
3.3.2).

A more complex methodology capable to estimatetitential impact of an earthquake on
a hospital complex has been recently proposed T8&}. method, allowing to estimate the
costs of different retrofitting solutions, aims telping the decision makers in planning
interventions for the mitigation of the seismickris
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3.3 Fault treeanalysisfor hospitals

A complete layout of dFault Tree Analysis” (FTA) for hospital buildings has been
proposed in a recent study [17]. It consists afrgpke graphical representation (Fig. 3.4) of
all potential failure mechanisms of both structumad non-structural components (with
possible interactions between the various systef.FTA can be applied on field after
the quake for a quick detection of the main damagesvell as, including specific failure-
thresholds for all hospital physical componentsthie post-processing of the output results
from seismic numerical analyses.
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Figure 3.4. Typical layout of a FTA for a hospitaimplex [1]

3.3.1 Failure thresholds for structural elements

In the present section, failure thresholds forcdtmal elements calculated according to the
Italian Building Code (IBC) [15] are presented. Thimate strength verification of a
reinforced-concrete (RC) element subjected to bendnoment (typically beams) is
conducted as follows (8 4.1.2.1.2.4):

MEgq

i <1 (3.3)
whereMg,; is the bending moment acting about a principas,aandMy, represents the
ultimate bending strength of the element cross@eetbout the same axis.

RC elements subjected to shear forces (typicaltih beams and columns) are verified as
follow (8§ 4.1.2.1.3.1):

Vea _ 4 (3.4)
VRd

whereVg, is the applied shear load, aligl; is the ultimate shear strength of the cross-

section.
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During the seismic shaking, some RC elements @lpicolumns) can be subjected to both
compression load and biaxial bending and the rekexexification method is (§ 4.1.2.1.2.4):

(ME.yd)a n (ME,zd)a <1

MR,yd MR za - (35)
NEa <1

Nra —

whereNg, is the applied compression lodd,,; is the ultimate compression strength of the
cross-sectiong ,,; andMp, ,4 are the bending moments acting about the two ipahaexes

of the cross-section, andy ,,; andMy, ., are the related ultimate bending strengths (both
depending omVg,).

The evaluation of the parameteiis not trivial since it depends on several facguwsh as
the geometry of the cross-section, the amounte&l seinforcing bars, and the amplitude of
the applied compression loa,;. However, in the absence of an accurate assesstinent
ultimate strength domain of the element cross-seaan be approximated in safety favour
settinga = 1.

3.3.2 Failure thresholds for isolation systems

Failure mechanisms of the isolation systems care ldangerous consequences for the
superstructure and, in the worst cases, causdrtieisal collapse; among them, there are:
(1) exceedance of the displacement capacity ofdthéces; (2) exceedance of the load
bearing capacity of the same.

The first phenomenon can be avoided adopting th&-E{19] design provisions reported
in sections 1.5.4 and 4.1.1. In order to preveatsicond failure mechanism, it should be
verified that, during the seismic shaking, the maxin vertical loadvVy,; applied to the
isolation unit does not exceed its load bearingiCapNg,:

VEd < 1.0 (3.6)
NRa

whereN, ., is calculated according to the method definedNi1&37-7 (8§ 6.2.1-6.2.3, 6.3.3)
[20].

3.3.3 Failure thresholds for non-structural components

In recent years, few studies aiming at analyzing ¢hismic response of non-structural
components (NSCs) of hospital buildings have besnpteted.

Bidirectional shake table tests on the typical layaf a hospital room have been carried out
at the Structural Engineering and Earthquake Sitiam&.aboratory (SEESL) at the Buffalo
University (New York, US) aiming at evaluating tlearthquake effects on medical
equipment and other nonstructural components. 8search focused primarily on steel-stud
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gypsum partition walls, lay-in suspended ceilingteyn, and fire protection sprinkler piping
systems [21].

A number of shake table tests, dealing with medaiabratory components, such as low-
temperature refrigerators, heavy incubators, frsgpaicroscopes, and computer equipment
located on desks or shelves, were carried outatthiversity of California, Berkeley. The
main expected goals were the derivatioffiagility curves” to be used for earthquake loss
estimation, and for the definition of retrofittimgtervention strategies [22].

At Hyogo Earthquake Engineering Research Centpa@)afull-scale shake table tests were
also carried out on a base-isolated four-story Bphtal structure. The tests were conducted
at E-defense Lab. and included both recorded radr-ground motions and artificial long
period records. The introduction of the base—igmagystem allowed to achieve significant
reductions of peak floor accelerations but was switable to ensure the hospital full
operations in case of long period motions [23-24].

Similar tests were also conducted at the outdooBDIBIEES shake table facility in San
Diego (University of California). The experimentaimpaign aimed at testing the resistance
to both fire and earthquake of a wide array of stsaetural components, such as elevators,
stairs, exterior walls, interior partition walls,ipjng, heating, ventilation and air
conditioning, ceiling, sprinkler system, and builglicontents [25].

Nevertheless, despite the growing interest on dpect due to the large variety of NSCs
typologies and configurations, the definition ofhaxstive failure thresholds (that is
admissible damage levels) is still an open issmeorg proposed methodologies, one of the
most effective is thBHAZUS” approach [26]. It consists in modeling tiapacity” C (that

is the seismic strength) of a generic NSC as aorandiriable having lognormal distribution:

C =Cpe (3.7)
wherec,, is the median capacity, aads a log-normally distributed random variable (wit
a median value equal to 1 and a logarithmic stahdaviation equal t@).

The related fragility curve” represents the probability that the demand ofngtreD
imposed by the ground motion exceeds the capé@aitiithe elementR(C < D|D)). Then,
the failure-probability, conditioned on a chosetemnsity measuréM parameter (e.g. the
storey drift or the peak floor acceleration), igegi by the cumulative distribution function
of the capacity':

M 1 _1(710g(x/cm)2> In(IM/Cyn)
2 n m
PC<DID) = [ Z=e V7 dx=<l>(T) (3.8)

e
where® is the standard Gaussian cumulative distributiorction.
According to the'HAZUS" approach, four damage thresholds can be obsefijesdlight
damage (2) moderate damagé43) extensive damageand (4)complete damage
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It is worth noting that the first level corresponidsthe functional limit state, while a
moderate/extensive damage affects the functionaflitye element. The dispersigrof each
damage threshold is evaluated by means of the $time gontributions8; andg,. The first
represents the uncertainty in the damage-thresibédification, while the second stands
for the variability of the capacity of the non-sttural element.

Although "velocity-sensitive"equipment have been addressed in a very recaiyt Ru],
the well-established HAZUS methodology categorimes-structural components into
“drift-sensitive”, “acceleration-sensitive”(that is sensitive to peak floor accelerations -
PFA), and “relative-displacement-sensitive’elements. The definition of the seismic
capacity of elements belonging to the last cate¢@iy. thermal expansion joints) is trivial;
while the typical layout of the fragility curve fdyoth drift-sensitive and acceleration-
sensitive equipment is represented in Fig. 3.5atRdIreference capacities at each damage
level (high-code;'special building” category), and dispersion parametgysandf, are
respectively reported in Table 3.2 and 3.3.

1

Slight
= = Moderate

e S lig it
= = Moderate

= = =  Extensive = = = : Extensive

——Complete e Comple te

0 2 4 6 8 0 1 2 3 4 5
Drift (%) Acceleration (g)

Figure 3.5. Fragility curves for different levelsdamage: drift sensitive (left), and accelerasensitive
elements (right) (adapted from [1])

element type parameter dight moderate  extensive  complete
drift-sensitive drift (%) 0.40 0.80 2.50 5.00
acceleration-sensitive PFA (g9) 0.45 0.90 1.80 3.60
Table 3.2. Reference capacity for btdhift-sensitive” and“acceleration-sensitive’generic elements at each
damage level
element type B1() Bz () B=B1+B2()
drift-sensitive 0.5 0.2 0.7
acceleration-sensitive 0.6 0.2 0.8

Table 3.3. Dispersion parametgsandg,for both“drift-sensitive” and“acceleration-sensitive’generic
elements

The model proposed above is general, while an atezassessment of the dynamic response
(natural frequencies and failure thresholds) opecHic non-structural component (NSC)
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should be based on shake table tests conductedgébrpossible configuration) according
to the ICBO-AC156 international guidelines [28].this regard, a wide literature survey on
available experimental results for specific eleraenés been recently completed [17].
Typical NSCs of a hospital complex were dividedbihbmogeneous categories providing
related'moderate-extensive damage threshold&brief summary of that study is proposed
hereafter; moreover, the same is extended by adgtiagific breakdown limits for typical
hospital examination rooms and medical equipment.

Architectural componentgast experiences have shown that, within this cayegurtain
walls, false ceilings, glass windows, and doorsaameng the most vulnerable elements to
the earthquakes. Specific failure thresholds fes¢hcomponents are listed Table 3.4.

component parameter median capacity C,, references

curtain walls drift (%) 0.75 [29]
glass windows and doors drift (%) 4.60 [30]
false ceilings PFA (9) 0.90 [31-32]

Table 3.4. Mean capacity limits for architecturainponents

Power systemthis group of NSCs is mainly composed of mediuntag#-low voltage
transformation stations (MV-LV transformer), dieseimergency generators (EG),
uninterruptible power system (UPS), transmissioedj and distribution panels. Specific
failure thresholds are listed in Table 3.5.

It should be noted that electricity transmissiomed are not considered vulnerable to
earthquakes. Moreover, since in case of earthqudteek emergency generators are
expected to work properly, also MV-LV transformatistations are not considered among
critical components.

component parameter median capacity C,, references

EG diesel conduits drift (%) 0.90 [33]
UPS battery cabinets PFA (9) 0.52 [34]
UPS switchboard panels PFA (9) 1.12 [34]
UPS distribution panels PFA (9) 1.75 [34]

Table 3.5. Mean capacity limits for power systermponents

Water systemtypically consists of supply and distribution pipels, emergency buried
tanks, and other equipment such as pumps and ©dR@elines, even if connected to the
main supply system by means of flexible couplimgpresent the most critical component
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with a specific failure threshold provided in TalB8e5. Other components, if properly
anchored (to the floor or walls), should not beneséble to quakes.

component parameter median capacity C,, references

pipelines drift (%) 0.90 [33]

Table 3.6. Mean capacity limits for water systemmponents

Conveying systenis composed of horizontal (corridors) and vertigévators and stairs)
connection systems. Elevators, due to the largedoruf assembled components, represent
a critical element and the relevant failure thrégl®given in Table 3.7.

component parameter median capacity C,, references

elevators PFA (g9) 0.20 [35]

Table 3.7. Mean capacity limits for conveying systeomponents

Medical gas systems composed by tanks for medical gases (e.g. oxygé&egen), and
distribution pipelines. Specific failure threshola® given in Table 3.8. It is worth noting
that tanks are supposed properly anchored to dloe 8nd pipelines connected to the main
supply system by means of flexible couplings.

component parameter median capacity C,, references
tanks PFA (g9) 0.50 expert judgement
pipelines drift (%) 0.90 [33]

Table 3.8. Mean capacity limits for water systermponents

Examination rooms: ithin a research project of the Italian Researchwidek RelLUIS,
shake table tests were carried out on differenfigorations of a full-scale examination
room aiming at identifying relevant overall limtases [36]. The examination room included
different freestanding NSCs such as two cabinetiesktop computer, and a desk. Three
damage states (DS) were identified: (1) at DS1 aplick repairing interventions are
required; (2) at DS2 components are partially daadagnd more substantial repairing
interventions are needed; (3) at DS3 life safetthisatened, and components need to be
totally replaced.

Since immediate operations of consultation roomgitial for the management of the
earthquake emergency response, the DS1 failurghibigkis considered in the present study
(Table 3.9).

43



Chapter 3. Seismic performance of hospital building

component parameter median capacity C,, references

consultation room PFA (9) 0.45 [36]

Table 3.9. Mean capacity limit for a consultatioom (with freestanding components)

Medical equipmentamong most important and expensive medical ecemprior diagnostic
activities there are the computed tomography (@) magnetic resonance (MR), the cardio
vascular imaging (CVI), and the ultrasound scan)(WSspecific failure threshold (Table
3.10) is derived from the installation recommenatadi of one of the major manufacturing
companies. Other provisions concern the anchoffitigeoequipment to the floor in order to
avoid possible overturning, or hammering with othgjacent components.

component parameter median capacity C,, references
medical equipment manufacturer
PFA (g) 1.00 )
(CT, MR, CVI, US) recommendations

Table 3.10. Mean capacity limits for medical equimin(supposed anchored to the floor)
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3.4 Seismic isolation to enhance the hospital performance

During recent earthquakes seismic isolation protedbe an effective solution for the
protection of hospitals from potential damages thbstructural and non-structural
components, including the medical equipment. Moeeowsing seismic isolation to enhance
damage resistance of hospitals leads, in additmsjgnificantly smaller repair cost and
repair time compared to the ones with a conventifixed-base structure [37]. Indeed, after
the strong 1994 Northridge earthquake, the Sout@adifornia Teaching Hospital (Los
Angeles), built in 1991 and implementing elastomeolators, remained fully-operational.
On the contrary, the Olive View Hospital (Los Angg), built in 1971 with a traditional
“fixed-base” structure, although not subjected to serious strakdamages, was inoperative
due to the failure of plants and medical equipnj@8L

3.4.1 Some worldwide applications

Since several years, in California (US), elastomesolators have been widely used to
protect new hospital facilities as well as to rétrexisting ones from potential damages
induced by strong earthquakes [39]. On the contiafyS as in the rest of the world, despite
their interesting advantages (see section 2.1 timeed Surface Sliders (CSSs), also known
as Friction Pendulum Systénisolators, are still scarcely used for seismidason of
hospitals. In this regard, a rare example of apfiba is represented by the new hospital of
Stanford (CA) whose building completion is expedtetew months [40].

In New Zealand, elastomeric isolators coupled wiitling bearings have been recently
employed for the seismic-protection of four newpitad buildings [41].

In Turkey, thanks to a new prescription of the Miny of Health, the number of applications
of base-isolation technique to new hospital comgdexas well as to retrofitting
interventions, is increasing rapidly [42]. The $mlo adopted for the seismic-retrofitting of
the Marmara University Research and Training Hasgistanbul) is challenging; indeed,
due to its vertically irregular structures, sevetalstomeric bearings were disposed on two
different isolation levels [43].

Also in Italy, in recent years, seismic isolati@elinique started to be adopted both for the
construction of new hospitals and for the retriofgtof existing ones. Elastomeric isolators
have been implemented for the base isolation ohéwehospitals of Naples and Udine [44-
45], as well as for the redevelopment of a hospitét in Avellino [46].

3.4.2 Current issues

Among most challenging issues related to the seigaiformance of hospital buildings,
even if protected by a seismic isolation strat¢lggre are: (a) the lack of information on the
seismic strength of non-structural components (&seased by the fact that too often the

same is entrusted to a not always relidbbkpert judgment); (b) the potential dangerous
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effects of the vertical components of seismic exigin that are hardly mitigated; (c) specific

problems arise from the morphological model (tlsatie planer and vertical layout of the

structures) adopted for the hospital complex.

The first blackspot could be solved by promotintgesive experimental campaigns (shake
table tests) in order to determine specific failinesholds for most common and important
non-structural components (in all their possibléedent configurations). Even thought not

investigated in this thesis, the second and tilssdes are briefly discussed hereafter.

3.4.2.1Vertical components of seismic excitation

Since a high vertical stiffness of isolator devisesecessary to support gravitational loads,
the effects of the vertical seismic excitation laaedly mitigated. This can amplify the risk
of rocking or overturning of non-structural elemrseand possible damages'aoceleration-
sensitive”equipment. This aspect has been already hightidiotethe seismic isolation of
museums containing statues and other artworks wdtabdity is largely vulnerable to floor
vibrations [47]. Experimental and numerical studiesnducted considering structures
implementing sliding isolators [48-49], concludidt: (1) vertical components of ground
motion have a small influence on the maximum disphaent of the isolation system
(variations within 10%); (2) more significant vations concern instead the shear forces
transmitted to the building by the isolation syst@vithin the range 40-70%).

The Iltalian Building Code [15] establishes somec#medesign criteria: (1) in case of
ordinary buildings located in low-seismicity areagytical components of the seismic
excitation can be neglected (8 3.2); (2) verticahponents must be carefully considered in
the presence of beams, or other horizontal stralcalements, longer than 20m (8§ 7.2); (3)
in the case of base-isolated structures, the atmmponent must be considered when the
ratio between the vertic#l, and horizontaKy stiffnesses of the isolation system is lower
than 800 (rare for CSS isolators).

The effects of vertical components could be locaiitigated (in the most critical parts of
the building) using proper damping strategies (eegtical tuned mass dampers). However,
the definition of a more general solution to tlsisue, that is common to both fixed-base and
base-isolated structures, is very challenging armkyond the scope of this thesis.

3.4.2.2Hospital morphological models

Different distribution criteria for the typical fational areas of a hospital unit (e.g. hospital
stay, operating theatres) have led to the defmitibsome common morphological models
[50]. In particular, some undesirable effects magur when applying seismic isolation
technique and are discussed hereafter for the foarmrmorphological models (Fig. 3.6).
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(@ ®)

Figure 3.6. Main morphological models for hospitait: “single block” (a), “tower” (b), “multi-block(c), and
“slab block-tower block” (d) (adapted from [50]).

“Single Block hospital building with a compact shape; gengraedictangular, U-shaped, or
double-T shaped (Fig. 3.6-a). This model is prop#ie most suitable for seismic isolation
technique since it allows, more easily than thehto minimize the eccentricity between
the centre of gravity of the superstructure and dhatre of stiffness of the isolators
(minimization of torsional motions).

“Tower’: hospital building with a compact shape and aigigant growth in height (Fig.
3.6-b). During the earthquake, the inertia forceting on the upper floors generate
overturning moments that may cause rubber laceatior elastomeric isolators and
uplifting, with potential loss of contact, for s isolators. This problem can be solved by
inserting appropriate anti-uplift restraints at tbaation level.

“Multi block’: hospital building in which each functional ariedocated in a different block
(Fig. 3.6-c). In case of earthquake attack, thensiei isolation at the base of each block can
induce relative displacements between the samezdidal and vertical conveying systems
must therefore be equipped with appropriate flexjbints capable to ensure the continuity
of the distribution paths (enabling the motiontoéhers and people with limited mobility).
In some cases, additional damping systems may bessary to avoid the hammering
between adjacent blocks. In other cases, the satfing capability of the isolation system
may be fundamental to ensure the full operatiahénemergency management.

“Slab block-tower blo¢k hospital building composed of a horizontal andeatical block
(Fig. 3.6-d). This model can be affected by thebfgms of both the morphological type (b)
and (c); in addition, during the seismic shakirg trregular shape in height can induce
torsional motions due to eccentricity between tagtie of gravity of the superstructure and
the centre of stiffness of the isolators. This widéle effect is evident for elastomeric
isolators while CSS isolators are less vulnerable.
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CHAPTER

Development of design tools

4.1 Estimating the displacement accrual

4.1.1 Introduction

The accurate estimation of the extreme displacesnainthe structure under the reference
earthquake is a fundamental information for thagiesf the isolation hardware as well as
of all lifelines and non structural elements thatss the isolation plane (e.qg. fire protection
and weather proofing elements, elevators, etchnilding, or road joints in a bridge), that

must be capable to accommodate the relevant depkeats.

The European design code, or Eucorode 8 (EC8] fecBgnizes the critical role played by

the displacement capability of the isolation systemthe safety of the structure, and

recommends to verify the maximum total displacenoétibe isolation units according to:

D, 2dg; + )5 [dy; (4.1)

where D; is the displacement capacity of each isolatatls; is an non seismic offset
displacement potentially induced by the permanetibtas, the long-term deformations of
the superstructure (e.g. post-tensioning, shrinkagecreep for concrete decks) and 50% of
the thermal actiondn, is the design seismic displacement of the isoladod ys is a
reliability amplification factor whose recommendealue is 1.2 for buildings and 1.5 for
bridges. It is worth nothing that Eq. (4.1) impligiassumes that non seismic and seismic
displacements are additive, becadsds calculated, by means of either a fundamentaleno
or multimode spectrum analysis, or a nonlinearaasp time history analysis, assuming that
at the occurrence of the earthquake the isolatidnislits centred configuration. A possible
effect of the offset displacement on the seisnmspldicement is deemed to be covered by the
Us factor.

It has to be also considered that, further to peentiand thermal actions, the offset
displacement of the isolation system can possibiult from an incorrect installation
procedure of the isolation units, or can be thelugd displacement at the end of a previous
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seismic event or ground tremor. There is in fagnificant field evidence of seismic
sequences characterized by frequent medium-strargsity ground motions following a
strong mainshock after short intervals of timetex®rded also in recent earthquakes [3-8].
Since it may not be possible to re-center the sysbefore the occurrence of close
aftershocks, a concern is related to the possilthiit ground motion sequences with such
characteristics would entail an accrual of displaeets, and the deformation capacity of the
isolation system designed on the basis of a siegtthquake possibly becomes inadequate
at the end of the seismic sequence.

According to the prescription of the Eurocode 8,isolation system is deemed to have
sufficient self-centring capability in one horizahdirection when the condition is met:

deg o 5 (4.2)

m
wheredcq is the maximum design displacement at the ceffisdftness,dm is the maximum
residual displacement for which the isolation systzn be in static equilibrium, i.e. the
residual displacement under which the static douilm is reached at unloading froaey
under quasi-static conditions, ahds a numeric coefficient, whose recommended viaue
0.5. For isolation systems with bilinear hystereiehaviour the maximum residual
displacementlm is given by the ratio between the characteristeangthF, and the restoring
stiffnessKp (Fig. 4.1) and depends only on the fundamentahamgical characteristic of the
system, wheread.q depends also on the details of the seismic grouatlon, like the
intensity and the frequency content [9-11]. Eartiieas consisting of a single velocity pulse
are expected to impose highly asymmetric time Histoto the isolated structure thus
requiring a strong restoring behaviour to limit tesidual displacements. [12-14].
Parametric analyses demonstrated the validity @fBbrocode’s re-centring criterion for
either bilinear hysteretic isolation systems, where0.5 [15], and for systems with “flag-
shaped” force — displacement characteristic, dikggems comprising self-centring elements
made of Shape Memory Alloys, wheye 3 [10]. It is also noted that the Eurocode ciote
with & = 0.5 is in agreement with the re-centring pransgiven in the European Standard
on antiseismic device [16], stating that the isolatsystem has sufficient re-centring
capability when:

Es = 0.25Ey (4.3)

where Es is the reversibly stored energy akd is the energy dissipated in hysteretic
deformation when the system moves from its origin the position of maximum
displacement [17].
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Figure 4.1. Force — displacement characterist loifinear hysteretic isolation system

The Eurocode recommends that systems which daatiefysthe re-centring criterion have
sufficient displacement capacity to accommodateth wadequate reliability, the
accumulation of residual displacements during thevise life of the structure. This
requirement is considered satisfied when eacht@motaeets the condition:

D, 2dg; + Vg, [0g [dy,; (4.4)

wherejq, = 1.2 is a numerical coefficient that accountdifieruncertainties in the estimation
of design displacements, ang is a factor that reflects the accumulation of deal
displacements under a sequence of earthquake ewectgring before the design
earthquake, considered to have a collective préibabgual to the probability of the design
earthquake:

135 1- (dy/dcd)O.6
1+ 80(dcd/drm )15

Py =1+ (4.5)
wheredy is the yield displacement of the equivalent béinsystem (see Fig. 4.1). For
systems withdea/ dm > 0.5 the effect of the accumulation of residuispticements is
insignificant pq < 1.05).

Although Curved Surface Slider (CSS) isolatorsespnt one of the most popular isolation
hardware worldwide, their self-centring capabiligs not yet been investigated in detail.
Some studies have been pubslihed pointing to tipertance of the coefficient of friction,
which opposes to the restoring force provided ey ¢hrvature of the surfaces, as a not
negligible factor affecting the re-centering belayiL8, 19], the self-centring capability of
the Curved Surface Sliders has not yet been imgadstil in detail. The force — displacement
characteristic of the Curved Surface Slider in @ple can be described by a bilinear
hysteretic model, but the dependence of the coeffiof friction on a number of factors,
like the velocity of sliding, the vertical load atite temperature, which typically vary in the

54



Chapter 4. Development of design tools

isolation system during an earthquake, makes aquregile to which extent the Eurocode
provisions are valid. A parametric investigationveong the production range of an
European manufacturer and considering a varietatifral ground motions concluded that
sliding isolators with curved surfaces experienegligible residual displacements whan
/dmis larger than 2.5 [11]. Independent shake taseston base isolated structures equipped
with either triple friction pendulum isolators [204 single and double curvature devices [21]
and simulating sequences of low-to-moderate anl &igplitude seismic ground motions,
showed that, depending on the sequence detailsdlagion system may either accumulate
or recover residual displacements. Based on thealatonsiderations, it was eventually
concluded [21] that, when pulse-like time-histora@e imposed, an initial offset (d; in
ECB8) tends to produce a chantyg:q of the maximum seismic displacement in the same
direction (Fig. 4.2), and at first approximatiomportional to ¢ca/ drm)™ :

Ad =;Edo (4.6)

1+ dcd

m

Consequently, when in an unidirectional motion difiset acts in the opposite direction
respect to the direction along which the maximumrse displacement is developed, the
final resultis a decreaseai, as illustrated in Fig. 4.3 [21]. Neverthelebstgh a potential
effect of the ground motion characteristics wasdunthis subject was not deepened.

ot

Figure 4.2. Influence of an initial offsdt on the maximum seismic displacemdatwhendo > 0 andAdcd > 0
(shaded area must be equal due to the princigtertfervation of energy [21])
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Figure 4.3. Influence of an initial offsdt on the maximum seismic displacemdatwhendo < 0 andAdcd < 0
(shaded area must be equal due to the princigtersdervation of energy [21])

The aim the study developed in section 4.1 of besis is to give more insight into this
argument, investigating the possibility of displaest accrual of the Curved Surface Slider
owing to an initial offset displacement. The fipstrt of the study addresses the effect of an
imposed non-seismic offset on the displacemerfi@fdolation unit during the earthquake.
A parametric study is performed and the propedfdle isolation units are varied to cover
the production ranges of current manufacturersjendniset of natural ground motions is
selected in order to investigate a range of passibismic scenarios. The second part of the
study addresses the response of the isolationmystenatural sequences of earthquakes
consisting of either foreshock and main shock, ainshock and aftershock ground motions;
in these situations, the residual displacemenhatend of the first ground motion of the
sequence becomes the offset displacement for tumdayround motion. Eventually some
analyses considering natural sequences of severahd motions (four to six) are presented
and discussed.

4.1.2 Numerical analysis

Nonlinear Response Time History Analyses (NRHA) evearried on Single Degree Of
Freedom (SDOF) systems assuming a mass of 100tymical of medium-rise residential
buildings [11]. The seismic input consisted of alectional horizontal ground motion time
histories, whereas the vertical component of thense excitation was not taken into
account. Similarly, the variability of the axiabld due to rocking movements of the building
was not examined.

The numerical model was implemented in the stratamalysis program OpenS€es2.5.4
[22], using a nonlinear “friction bearing” elemdntmodel the hysteretic behaviour of the
isolation system. The velocity dependent frictioodal was described by the equation [23]:

1= ppy — (ugy — pyy) - eCeld 4.7)
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wherepy anduwy are two parameters that represent the coefficiefriction at very low
and very high velocity, respectively, amds a parameter that describes the rate of transiti
from py to prv. The restoring stiffness of the isolation systeaswlefined akr = W/R
whereW is the vertical load acting though the isolatigistem, andR is the radius of
curvature of the CSS. Finally, an initial stiffndss = 100 Kp was assumed in order to
minimize the elastic deformation of the system.

In the SDOF model, the displacement of the isafatsystem,d., corresponds to the
displacement of the isolation uit.

4.1.2.1 Parameters of the Curved Surface Sliders

The values of the radius of curvatlReand the coefficient of frictiop of the CSS were
chosen in order to cover the typical range of aurdevices on the European market (Table
4.1). Five values of the radil’gwere considered, namely 2 200, 3 000, 3 500, 4aD@i05
000 mm, corresponding to natural periddsom 2 to 4 seconds. The high velocity friction
coefficientpny ranged between 5% and 12.5%, with a 2.5% stegi@uiy /Uy = 2.5 was
assumed and the transition rate was set to 0.0055 s/mm, in accordance with [11].
Although the analysis did not directly considergfffects of normal load and air-temperature
variations on the coefficient of friction of thedihg surfaces [24, 25], they are assumed to
be indirectly covered by the range of the frictawefficient.

parameter tag values
R 2200 mm
Re 3 000 mm
radius,R Rs 3 500 mm
Ra 4 000 mm
Rs 5000 mm
f2 fiv=0.020 ;zv= 0.050 ;0. = 0.0055 s/mm
coefiicient of fiction. ¢ fs tv=0.030 ;zv=0.075 ;o = 0.0055 s/mm
fa fiv=0.040 ;ztv=0.100 ;0. = 0.0055 s/mm
fs iv=0.050 ;ttv=0.125 ;o = 0.0055 s/mm

Table 4.1. CSS parameters examined in the study
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4.1.2.2 Seismic inputs classification

To investigate ground motions with different fregag contents, a number of records was
obtained from the Pacific Earthquake EngineeringeRech Center (PEER) database
(http://peer.berkeley.edu/nga) and categorizeddasdhe pulse indeRlx (definition given

in the Annex) into three groups:

no pulse Pl < 0.40
weakly pulse 0.48 PIk<0.70
pulse-like Ply>0.70

A second classification was based on the pefigaf the maximum undamped spectral
velocity; four ranges ofsy were established:

Tsw< 2.0 sec
2.0 <T&<3.0sec
3.0<Tw<4.0sec
Tsv> 4.0 sec

For pulse-like seismic ground motiorls, coincides with the so-called “pulse periot,
corresponding to the dominant peak of the velaggponse spectrum at which the largest
guantity of seismic energy is available. For nospuground motions significant energy
content can be available over a range arotfddepending on the smoothness of the
spectrum.

4.1.2.3 Single shake with initial non-seismicetdfffisplacement

Selected recordgwenty-four ground motion records were selectedl@4.2) in order to
provide at least two time histories for each palse period range. Only records with lowest
usable frequency (l.u.f.) [26] less than 0.2 Hzevanosen to match the undamped vibration
frequency of the CSS isolators with radiRis= 5 000 mm. Though not exhaustive, the set
of ground motions spans the possible scenariosilségharacter and frequency content of
interest for base isolation.

The acceleration time histories were scaled inrdaproduce displacements of the isolation
system of practical interest, but the seismic r@eao not need to be compatible with any
reference response spectrum. Even better, thetegleeismic records should generate a
great variety of peak displacement values, in oralegally investigate the effect of the non-
seismic offset on the probability of increaselaf
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Tsv Pl Luf. S.F. PGA

Tsvrange  Pulse class Event PEER file
() O Hz) () (9
Chi-Chi, 1999 RSN3860_CHICHI.05_CHY008N 0.37 0.33.0m 4.7 0.6
no pulse
Chi-Chi, 1999 RSN3858_CHICHI.05_CHYO004N 0.34 0.38.0™ 10.4 0.6
Nahanni, 1985 RSN496_NAHANNI_S2330 0.52 0.56 0.1251.9 0.6
Tw<2s weakly pulse
Chi-Chi, 1999 RSN3846_CHICHI.03_CHY008W 1.52 0.55.063 9.9 0.3
Morgan Hill 1984 RSN451_MORGAN_CYC285 083 0.86 21 05 0.6
pulse-like
Coyote Lake, 1979 RSN150_COYOTELK_G06230 1.47 0.81075 1.4 0.6
Chi-Chi, 1999 RSN2938_CHICHI.05_CHYO016N 234 0.29.0® 10.7 0.5
no pulse
Chi-Chi, 1999 RSN3844_CHICHI.03_CHY004N 2.69 0.34.08 7.7 0.5
Cape Mendocino, 1992 RSN827_CAPEMEND_FORO000 2.561 0.0.070 2.6 0.3
2<Tw<3s weakly pulse
Chi-Chi, 1999 RSN3844_CHICHI.03_CHY004W 2.90 0.59.038 5.6 0.3
Irpinia, 1980 RSN292_ITALY_A-STU270 2.82 0.82 0.1250.8 0.3
pulse-like
Imperial Valley, 1979 RSN171_IMPVALL.H_H-EMO270 29 0.85 0.100 1.0 0.3
Alaska, 2002 RSN2102_DENALI_NOAA-90 343 0.24 0.02&21.4 0.3
no pulse
Irpinia Eq, 1980 RSN297_ITALY_B-BIS270. 3.83 0.39 .163 7.0 0.5
Cape Mendocino, 1992 RSN827_CAPEMEND_FOR090 3.0816 0.0.070 2.7 0.3
3<Tsw<4s weakly pulse
Chi-Chi, 1999 RSN2695_CHICHI.04_CHYO016W 3.82 048.03p 13.3 0.5
Imperial Valley, 1979 RSN181_IMPVALL.H_H-E06230 8.4 0.89 0.063 0.6 0.25
pulse-like
Imperial Valley, 1979 RSN182_IMPVALL.H_H-E07230 32085 0.075 1.1 0.5
Chi-Chi, 1999 RSN3851_CHICHI.04_CHYO004W 507 0.36.100 14.0 0.3
no pulse
Landers, 1992 RSN834_LANDERS_ARC262 5.05 0.35 0.0171.0 0.3
Alaska, 2002 RSN2115 DENALI_PS11-66 576 0.47 0.138.3 0.6
Tsv>4s weakly pulse
Kocaeli, 1999 RSN1170_KOCAELI_MCD090 5.88 0.59 @&O07 8.8 0.6
Kocaeli, 1999 RSN1148_KOCAELI_ARE090 531 0.70 @08 2.0 0.3

pulse-like
Imperial Valley, 1979 RSN179_IMPVALL.H_H-E04230 800.76 0.063 0.8 0.3

Table 4.2. Selected single shake records

Estimation of the offset displacemeatcording to the design practice, one of the pat@se
under consideration for choosing the radius of atume of the Curved Surface Slider is the
maximum horizontal displacement expected, in otddimit the vertical displacement of
the superstructure, proportional da? /2 R. A survey of the portfolios of some leading
European manufacturers shows that the displacerapacity is typically adjusted at 4% to
10% of the radius, and in any case no at more 208t [27].

In the study, the non-seismic offsktwas assumed as a fraction between 1% and 1.6%6 of
depending on the low velocity coefficient of frimti of the CSS, as specified in Table 4.3,
in order to account for the fact that high frictimolators are endowed with low restoring
capability even in respect to non-seismic displases
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py (-) do /R (%)
0.02 1.0
0.03 1.2
0.04 1.4
0.05 1.6

Table 4.3. Non-seismic offset displacements comsdli the study

Nonlinear dynamic analyses were conducted for gheeksmic ground motion time histories
listed in Table 4.2. In order to account for poi@rdirection effects, the offset was imposed
in either direction of the longitudinal ground nayti For each examined combination of
CSS mechanical parameters in accordance with Hab|€five Nonlinear Response Time
History Analyses were conducted, considering fdfged values (1.@,, +0.5dy, -0.5do, -
1.0 dp), and additionally the reference condition with néset. A total number of 2400
analyses was performed.

4.1.2.4 Two shakes sequences

Natural ground motions sequences of two shakes seteeted from the Pacific Earthquake
Engineering Research Center (PEER). Because ofdhece number of eligible time
histories in the database, minimum lowest usablguencies (l.u.f.) of the record up to 0.25
Hz were accepted, although the frequency of vibnatf CSS with curvaturB = 5 000
mm is 0.2 Hz. The records are listed in Table Bl acceleration time histories were scaled
to a Peak Ground AcceleratiorGA) level of 0.5 g for the main shake.

Approximately in a half of the selected sequenbesshake with the largeBGGA was the
first one. Nevertheless the sequences were cledsifi eithefmain shock — aftershockbr
“foreshock — main shocktype at the end of the nonlinear response analigpending on
whether the absolute peak displacement was prdautiee first or the second shake.

A total number of 300 analyses were performed hysittering the possible combinations
of the CSS parameters in Table 4.1 and the sesageences in Table 4.4.
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, Tsv Pl lLuf. S.F. PGA
Sequence Shake Event PEER file
e () Hz) (O ()
1 Chalfant Valley, 1986 ~ RSN543_CHALFANT.B_B-BEN360 0.56 0.32 0.250 279 0.142
! 2 Chalfant Valley, 1986 ~ RSN548_CHALFANT.A_A-BEN360 0.97 046 0.125 279  0.500
5 1 Chalfant Valley, 1986 ~ RSN543_CHALFANT.B_B-BEN270 0.48 0.20 0.250 2.39  0.141
2 Chalfant Valley, 1986 ~ RSN548_CHALFANT.A_A-BEN270 1.89 042 0.125 239  0.500
1 Chalfant Valley, 1986 ~ RSN544_CHALFANT.B_B-LAD180 1.15 0.22 0.150 201 0.253
* 2 Chalfant Valley, 1986 ~ RSN549_CHALFANT.A_A-LAD180 0.78 0.51 0.125 2.01  0.500
1 Chalfant Valley, 1986 ~ RSN544_CHALFANT.B_B-LAD270 1.47 0.32 0.150 2.84 0.278
! 2 Chalfant Valley, 1986  RSN549_CHALFANT.A_A-LAD270 0.37 0.29 0.125 2.84  0.500
1 Chalfant Valley, 1986 ~ RSN545_CHALFANT.B_B-BPL160 1.09 047 0.138 3.11 0.273
° 2 Chalfant Valley, 1986 ~ RSN550_CHALFANT.A_A-BPL160 1.79 0.69 0.125 3.11  0.500
. 1 lrpinia, 1980 RSN286_ITALY_A-BIS000 204 035 B 521 0.500
2 Irpinia, 1980 RSN297_ITALY_B-BIS000 191 028 638 521 0.323
1 lrpinia, 1980 RSN286_ITALY_A-BIS270 1.02 022 B 6.02 0.500
! 2 Irpinia, 1980 RSN297_ITALY_B-BIS270 170 0.28 68l 6.02 0.428
1 Livermore, 1980 RSN214_LIVERMOR_A-KOD180 1.85 950150 179 0.268
8 2 Livermore, 1980 RSN223_LIVERMOR_B-KOD180 0.77 D.60.250 179  0.500
1 Livermore, 1980 RSN214_LIVERMOR_A-KOD270 0.77 ©.30.150 6.10  0.390
° 2 Livermore, 1980 RSN223_LIVERMOR_B-KOD270 0.78 ®.30.250 6.10 0.500
1 1 Whittier Narrows, 1987 ~ RSN594_WHITTIER.A_A-NHO180 0.38 043 0.100 3.73  0.500
2 Whittier Narrows, 19087  RSN3686_WHITTIER.B_B-NHQ18 0.75 0.33 0.150 3.73 0.235
1 Whittier Narrows, 1987  RSN594 WHITTIER.A_A-NHO270 0.96 0.33 0.100 7.81  0.500
1 2 Whittier Narrows, 1987  RSN3686_WHITTIER.B_B-NHA@R7 0.93 0.32 0150 7.81 0.320
1 Whittier Narrows, 1987 ~ RSN692_ WHITTIER.A_A-EJS048 0.57 0.83 0.100 1.07  0.500
1 2 Whittier Narrows, 1987  RSN3735_WHITTIER.B_B-EJ804 0.20 055 0250 1.07  0.369
1 Whittier Narrows, 1987 ~ RSN692_WHITTIER.A_A-EJS318 0.53 0.73 0.100 1.09  0.500
3 2 Whittier Narrows, 1987 ~ RSN3735_WHITTIER.B_B-EJ831 0.21 0.57 0250 109 0.343
" 1 Whittier Narrows, 1987 ~ RSN705_WHITTIER.A_A-SOR225 0.37 0.29 0.220 357  0.500
2 Whittier Narrows, 1987  RSN3743_WHITTIER.B_B-SOR22 0.70 0.40 0.125 3.57 0.271
1 Whittier Narrows, 1987  RSN705 WHITTIER.A_A-SOR315 0.37 0.39 0.220 2.94  0.500
1 2 Whittier Narrows, 1987  RSN3743_WHITTIER.B_B-SOR31 0.89 0.36 0.125 294 0.156

Table 4.4. Selected two shakes sequences
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4.1.2.5 Multiple shakes sequences

Four ground motion sequences comprising multipkkehl were selected from the PEER
database to confirm the general conclusions oftwee shake ground motion sequence
analysis. Due to the scarcity of multiple shakdsmsie sequences in the database, it was
therefore necessary to include also records witlesd usable frequency (l.u.f.) greater than
0.2 Hz (Table 4.5). The acceleration time histoofesach sequence were scaled of the same
Scale Factor (S.F.) as to give a Peak Ground Aat@e PGA) level of 0.5 g for the main
shake.

A total number of 80 analyses were performed bysicating the possible combinations of
the CSS parameters in Table 4.1 and the multipgense sequences in Table 4.5.

Tsv Plc lLuf. S.F. PGA

Sequence Shake Event PEER file ) () H) O (@
1 Chalfant Valley, 1986 ~ RSN544_CHALFANT.B_B-LAD180 115 0.22 0.150 2.01 0.253
L 2 Chalfant Valley, 1986 ~ RSN549_CHALFANT.A_A-LAD180 0.78 051 0.125 2.01  0.500
3 Chalfant Valley, 1986 ~ RSN559_CHALFANT.B_C-LAD180 0.53 0.37 0.288 2.01 0.173
4 Chalfant Valley, 1986 ~ RSN562_CHALFANT.B_D-LAD180 0.45 0.28 0.163 201 0.378
1 Chalfant Valley, 1986 ~ RSN544_CHALFANT.B_B-LAD270 147 0.32 0.150 2.84 0.278
2 Chalfant Valley, 1986 ~ RSN549_CHALFANT.A_A-LAD270  0.37 0.29 0.125 2.84  0.500
2 3 Chalfant Valley, 1986 ~ RSN559_CHALFANT.B_C-LAD270 0.22 0.38 0.288 2.84 0.310
4 Chalfant Valley, 1986 ~ RSN562_CHALFANT.B_D-LAD270 1.86 0.28 0.163 2.84 0.352
1 Chi-Chi, 1999 RSN1215_CHICHI_CHYO058-E 212 0.35.040 10.33 0.500
2 Chi-Chi, 1999 RSN2182_CHICHI.02_CHYO058E 029 050.38 10.33 0.167
3 Chi-Chi, 1999 RSN2480_CHICHI.03_CHYO058E 253 053.05 10.33 0.266
3 4 Chi-Chi, 1999 RSN2722_CHICHI.04_CHYO0S8E 2.81 0.40.04 10.33 0.454
5 Chi-Chi, 1999 RSN2962_CHICHI.05_CHYO058E 0.56 0.5@.08 10.33 0.498
6 Chi-Chi, 1999 RSN3288_CHICHI.06_CHYO058E 2.89 05@.05 10.33 0.441
1 Mammoth Lakes, 1980 RSN230_MAMMOTH.I_I-CVK180 95058 0.250 103 0.457
2 Mammoth Lakes, 1980  RSN233_MAMMOTH.J_J-CVK180 40.30.59 0500 1.03 0.188
3 Mammoth Lakes, 1980 RSN236_MAMMOTH.AH_A-CVK180 5@. 0.50 0.088 1.03  0.192
N 4 Mammoth Lakes, 1980  RSN240_MAMMOTH.AH_B-CVK180 30. 0.62 0.250 1.03  0.500
5 Mammoth Lakes, 1980  RSN244_MAMMOTH.K_K-CVK180 03045 0250 103 0.102
6 Mammoth Lakes, 1980 RSN248_MAMMOTH.L_L-CVK180 85057 0150 103 0.325

Table 4.5. Selected multiple shakes sequences
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4.1.3 Results
4.1.3.1 Single shake with initial non-seismic dftBsplacement

The response parameters considered for the analgsidefined in Fig. 4.4lm,anddn, are

the maximum seismic displacements of the isolalitree starting from the initial offset
displacementl,, or centred respectively, whitk, andd; denote the corresponding residual
displacement. As already address#gljs used in the design practice for determining the
displacement capacity of the isolation units baseé&q. (4.1) or (4.4).

d (mm)

Figure 4.4. Time-histories displacement respongb@®fCSS with initial offset (solid black line) anfithe
centred CSS (dotted red line)

It is worth noting that reference offset displacebdy as defined in Table 4.3 is dependent
on the properties of the isolation unit through theius of curvature and the coefficient of
friction, but independent a priori from any assursesmic input. This wagl can represent
the effect of both the residual displacement ofijates ground shakings, and of movements
produced by non-seismic actions, as well as of éwige installation of the isolation
bearings, or better a combination of the effectsmaf or more of the above. The results of
the analyses are therefore not limited to any @aletr assumption on the origin of the offset
displacement.

Fig. 4.5-left quantifies the effect of the offset e maximum displacement, by presenting
the change ratidmo/ dm as a function of the rati, / dm between the seismic displacement
of the centred isolator and the static residugldement (see Eq. 4.2).

It is evident that the greater the offset, the bigts influence on the maximum displacement,
resulting in either its amplificatiottln ./ dn > 1, or a decreasdy,o/ dn < 1. A regression
analysis has been performed to determine the @nweloping the 90percentile (Fig. 4.5-
rigth):

(@) for dm/dm < 0.5, @m,o/ dm )eoth percentie> 1,5 when the offset is £1d3 , and 1.2 <dm,o
I dm )ooth perceniile< 1.5 when the offset is +0db;
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(b) for 0.5 <dn/ dm<1.0, 1.2 <m0/ dm )eoth percenite< 1.5 when the offset is +1d3, and
11 < Om,o/ dm )gom percentile< 12 When the Offset |S iOdé,

(c) fordm/ dm > 1.0, @mo/ Om )ooth percentie< 1.1 when the offset is either +1d§) or 0.5
do.

Eventually, wherdn / dm is greater than 2+2.5 in the'9percentile of the examined cases,
the maximum seismic displacement does not showstaatial change respect to the design
value of the system without offset.{/dm tends to unity), independently of the offset value
and regardless the characteristics of the eartlegaiaét the individual values Bfandu.

This result is in agreement with the conclusion @arved Surface Sliders demonstrate good
re-centring behavior when the ratils, / dn is larger than 2.5 [11], respect to the code
prescriptiondm / dm > 0.5.

25 2,5

% X %1.0d, 0 © £1.0d,
5 1
20 4 a +05d, 32,0 “ A £05d,
& ] '
= s '
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215 ~ 1L51,%
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0
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dm/dm dm / drm

Figure 4.5. Results of analyses with initial norss@c offset: values of the ratan Jdm as a function of the
ratio dw/dm (left) and relevant 90percentile (right)

To preserve the structural integrity of the basdat®d structures during the seismic shaking
the maximum displacement must not exceed the dgpatihe isolators. It is therefore
useful to compare the seismic displacentaiitin presence of an offset displacement to the
design maximum total displacemdnhtlefined in EC8 as the linear superposition ofribie-
seismic displacement and the seismic displacenfeheaentred device. In the stubByis
calculated according to Eq. (4.1) whéee= do is the non-seismic offsedy, is the maximum
displacement of the Nonlinear Response Time Hisdorglysis with no offset, angs = 1.2

for buildings. It is evident from the plots in F#.6 that fordn, / dm < 2.5 the application of
the formula of EC8 underestimates the displacememand of the CSS when it is initially
affected from an offset displacement on the ordd®s of the radiuk.

Deeper information can be obtained by assessirgyatghy the influence of the coefficient
of friction (Fig. 4.6-a), the radius of curvatufiéid. 4.6-b), and the pulse character of the
ground motion (Fig. 4.6-c). As predictable, deviegth high friction (f4 and f5) and large
radius (4 500 mm and 5 000 mm) are more sensitivhe offset because characterized by
less re-centring capability, but the mechanicahpueaters of the CSS do not seem to have a
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statistically significant influence ot/ D. On the contrary, the data show that the pulse
character of the ground motion has a not negligibfielence on the dependence of the
seismic displacement from the initial offset, whislustified by the strong directionality of
the ground motion; and an accrual of displacemégtten than predicted by Eq. (4.1) is
typically related to records with P+ 0.7. An important consequence is that, in chdase-
isolated structures which are likely to be subjgcte the occurrence of pulse-like
earthquakes, e.g. structures located near actives {28], the formula given in EC8 should
be used with great care, because it could provideliable estimation of the displacement
accrual for CSS systems with low re-centring cdjgk{idn / dm < 2.5 according to this
study). The above results are valid under the agsans ofd, on the order of 1 to 1.65 of
Rand ofy;s = 1.2, whereas foris = 1.5 the rati@,/ D is always less than unity.
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Figure 4.6. Maximum total displacemedi compared to EC8 provisio@}: dependence on the friction
properties (a), on the radius of curvature (b), amdhe pulse level of the quake (c)

A second concern, related to the minimization ohdge of base-isolated structures, is the
entity of the residual displacement after the eprétke. Fig. 4.7 compares the quantitles
andd;, normalized to the radius of curvatiRef the slider. Data points above the bisector
of the quadrant correspond to an increase of rakiiaplacement due to the initial offset.
The influence of the offset on the residual disptaent is evident for CSS isolators with
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high friction and large radius. Also the pulse-litearacter of the earthquake seems to have
a marked effect on the accrual or reduction ofiesi displacement.
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Figure 4.7. Influence of the CSS offset on the redidisplacement: dependence on the friction ptagser
(a), on the radius of curvature (b), and on the@lgvel of the quake (c)

In Fig. 4.8 the residual displacemely of the offset system normalized respect to thegdes
displacemend, of the centred isolator is plotted as a functibtie ratiodn/ dm . The curve
enveloping the 90percentile of the observed data is compared téoitmeula:

d -057
d, ooy = 018Bjm[d—mJ (4.8)
rm

which was developed and proposed by Cararaé. [11] for estimating at 90% probability
the residual displacement of the CSS. A good ageeein visible between the two curves,
and small differences can be appreciated onlgfdrdm < 1, whereas they disappear at all
for dm / dim > 2.5. This result points that for systems with djoe-centring capability, it is
possible to reliably predict the residual displaeatrbased on the design displacemdnj (
estimated directly from the displacement spectrunfrom a Time History Nonlinear
Response analysis, notwithstanding a possibletoffse
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Figure 4.8. Influence of the initial offset on tressidual displacement: comparison between tffe 90
percentile relevant to NRHA data and the predictibiq. 4.8 by Cardonet al.[11]

4.1.3.2 Two shakes sequences

In the study the ground motion sequences usech®ahalysis were classified aaain
shock - aftershock’or “foreshock - main shock’sequences depending on whether the
absolute maximum displacement was produced byirt$teof the second shake. Irfraain
shock - aftershock8equence (Fig. 4.9-ajnsandd: msdenote the maximum and the residual
displacements produced by the main shock,dagnds the residual displacement at the end
of the aftershock. In oreshock - main shock’sequence (Fig. 4.9-bJ; s is the residual
displacement at the end of the foreshakkjs the maximum displacement produced by the
main shock andl s is the residual displacement at the end of thenrehock and of the
sequence. The displacement history produced bgdbhend shake applied to the centred
isolator without the offsed s is also calculated (red curve in the figure), #mel relevant
maximum value denoted ds.

The results of the analyses are illustrated in.Fig$0 to 4.12. Intuitively, the possible
increase of the maximum displacement following dffset at the end of the first ground
motion is of relevance only fdforeshock — main shoclground motion sequences; on the
other hand, the possible increase of the residaplatement at the end of the sequence is
of relevance for both kinds of sequences.
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Figure 4.9. Response parameter&nadin shock - aftershock{a), and‘foreshock —main shock{b)
seismic sequences

For "foreshock — main shockS8eismic sequences, Fig. 4.10 compares the maximum
displacement of the sequence with the displacemertuced by the main shock’s time
history on a centred isolation systeda{/ ds9 as a function of the ratidse / dim Which
conventionally evaluates the re-centring capabitifythe centred system. The increase
owing to the residual displacement after the fooekttan be as high as the 10% wilesi

dm < 0.5, butit disappears at larger valuesdg/ dim. A fair agreement is evident with the
formulation of oy given in EC 8 (Eq. 4.5) to reflect the possibleraal of displacement
during a sequence of seismic events.
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Figure 4.10. Maximum displacement durifigreshock —main shockfjround motion sequences respect to
the displacement calculated in case of single ewsrtt comparison with EC8 prediction (Eq. 4.5)

In Fig. 4.11 the maximum displacement of the secirake (eithedmsor das as relevant) is
compared to the maximum displacement producedéynthin event of the sequence on the
centred system; all quantities are normalized ¢or#talius of curvaturB of the CSS. In the
picture, data points located above the bisectth@fquadrant correspond to an increase of
the peak displacement.

In “main shock - aftershock’yround motion sequences (Fig. 4.11-left), the ldtgament
demand is generally governed by the main shoc&xpscted. The seismic displacement of
the aftershockdas> dng is larger only for weak main shocks inducing drdaplacements
(dms< 0.025 R and therefore corresponding to low re-centrinoptality.

In "foreshock — main shoclekeismic sequences (Fig. 4.11-right), the displacgrdemand
associated to the main ground motion of the sequén@ractically unaffected by the
occurrence of the foreshock and the consequemluasilisplacement.

In both types of ground motion sequences, the asgef displacement, if any, respect to
the design value conventionally calculated for e main event of the sequence on the
centred isolation system, is small in comparisahécradiugR; therefore it can be concluded
that a possible displacement accrual has no amgtigah effect on the capacity of the
isolation system because already covered by trebildly factor recommended by the code.
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Figure 4.11. Variation of the maximum displacenretdvant to the second shake‘wfain shock -
aftershock”(left) and“foreshock —main shock{right) ground motion sequences

The effect of the residual displacement at the @hnithe first shake of the ground motion
sequenced;ms or drts) on the possible accrual of permanent displacerfiee quantified
asdras / dmsOr drms/ dso) is presented in Fig. 4.12.

It can be noted that for botmain shock - aftershotkFig. 4.12-left) andforeshock — main
shock" ground motion sequences (Fig. 4.12-right) thedredi displacement predicted
according to Eq. (4.8) envelopes almost the tgtalftthe data points. Despite the small
number of natural ground motion sequences analytkedyesult suggests that a reliable
estimation of the residual displacement at the @hnithe ground motion sequence can be
provided based on the design displacemenbf ds¢) of the centred system, which is in line
with the conclusion of the analyses of single evetit non-seismic offset illustrated in Fig.
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Figure 4.12. Comparison between the residual dispiaat predicted biq. 4.8 [11] and the %0percentile of
NRHA data:“main shock — aftershock{left) and“foreshock — main shock{right) ground motion sequences
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4.1.3.3 Multiple shakes sequences
The considered ground motion sequences, composéaubyor six consecutive records,
were classified asf-m-a-d, “f-f-f-f-f-m”, or “m-a-a-a-a-& based on the occurrence of the
maximum displacement within the sequence, whérestands for foreshockm” for main
shock, anda” for aftershock (Fig. 4.13). Hedasdenoted the maximum displacement, and
drr is the residual displacement at the end of theessze. For thef*m-a-d, “f-f-f-f-f-m’
sequences, the displacement history produced byn#ie shock’s ground motion on the
centred isolation system is also calculated (redecin Fig. 4.13) and the relevant maximum
displacement denoted ds.
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Figure 4.13. Multiple ground motion sequencdsn*a-d (a); “m-a-a-a-a-d (b); “f-f-f-f-f-m” (c) seismic
sequences
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The results of NRHA are consistent with the mainatesions drawn on the two shakes
ground motion sequences. Fig. 4.14 compares, ffon-a-d& and “f-f-f-f-f-m” seismic
sequences, the maximum displacement of the sequeétitéhe displacement produced by
the main shock’s acceleration time history on thetied CSSdns/ ds¢) as a function of the
ratio dse / dim . Most of the analyses are characterized by a remtuaif the extreme
displacementdns/ dse< 1), and only in few cases an increase occurredotbnb practical
interest, i.e. less than 2%. No contradiction isesleed respect to the formula given in EC 8
(Eq. 4.5).
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Figure 4.14. Maximum displacement ¢fh-a-& and “f-f-f-f-f-m” ground motion sequences respect to the
displacement calculated in case of single evemt,camparison comparison with EC8 prediction (Eq) 4.5

Eventually also for the multiple ground motion seqces analysed, the estimation of the
residual displacement at the end of the sequersegllman the maximum displacement of the
main shock in accordance with Eqg. (4.8) envelopegiaita points (Fig. 4.15).
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Figure 4.15. Comparison between the residual dispieat predicted by Eq. 4.8 [11] and NRHA data for

“f-m-a-d, “f-f-f-f-f-m’, and ‘m-a-a-a-a-d seismic sequences
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4.1.4 Conclusions

The study focuses on the possible accrual of disphent of Curved Surface Sliders during
ground motions, and aims at evaluating the praaiotif the extreme displacements of the
isolators based on the design seismic displaceroalculated from the displacement
spectrum or a Time History Nonlinear Response amaljisregarding any possible offset

displacement of the isolation units. In particuthe prescriptions of the current Eurocode 8

[1, 2] for estimating the total displacement areeakded against the data generated in

Nonlinear Response Time History Analyses.

The main conclusions can be summarized in the p@rts:

(&) The study confirms that the restoring behavior of\@d Surface Sliders is governed
by the parameta, / dm ; CSS demonstrate good re-centring capabilityreagligible
displacement accrual whe / dim > 2.5 respect to the re-centring requirentantdim
> 0.5 prescribed by EC8 for generic bilinear hysierisolation systems;

(b) CSS with low re-centring capability can developraatof displacement, and an offset
displacement may result in an increase of the maxirdisplacement respect to the
design value; in case of base-isolated structwemstdéd near active faults, where the
probability of occurrence of pulse-like ground noois is higher, the EC8 provision to
estimate the total maximum displacement (Eqg. dctpunting for non-seismic offsets
should be used very carefully as it could providdarconservative values;

(c) During natural ground motion sequences the posgiblease, if any, of the maximum
displacement respect to the design seismic displextevaluated on the main shock
of the sequence is likely to be small in comparisotine radiug of the slider, and has
no any practical effect on the capacity of thedtioh system because already covered
by the reliability factor recommended by the code;

(d) For isolation systems with good re-centring capigbitt is possible to reliably predict
the residual displacement based on the designadisplent ¢.) of the centred CSS
estimated directly from the displacement spectrurfram a Time History Nonlinear
Response analysis, notwithstanding a possibletaffsplacement.

Though limited in the number of natural ground raotrecords and in the level of non
seismic offsets considered in the analyses, thiy sitovides valuable information about the
restoring behaviour and the possible displacemeatual of the Curved Surface Slider
which primarily affects the design of the displaesmtncapacity of the devices. In a future
development the investigation will be extendechtdude a wider range of combinations of
offset and earthquakes.
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4.2 Estimating the frictional heating

4.2.1 Introduction

After the Curved Surface Slider (CSS) isolator weasoduced at the end of the ‘80s, a
number of friction materials like filled PolyTetraerEthylene (PTFE) and PTFE-based
composite materials, Ultra High Molecular Weightly®thylene (UHMWPE) and other
thermoplastics have been proposed [25, 29-33]ffldt®n material is demanded to provide
sufficient load bearing capacity, to match a speeilue of the coefficient of friction with
small variations due to ageing and travel, andipmyesistance to deterioration under high
velocities and accumulated movements.

During the sliding motions induced by the eartheakost of the seismic energy dissipated
by friction forces at sliding surfaces is converisth heat, producing a temperature rise,
usually of short duration and therefore callftash temperature”.High flash temperatures
that may occur in presence of large friction foraed high speeds accelerate the wear of the
surface materials through the formation of oxides surface layers, and producing melting
of the pad material; further the heating of the padses a decrease of the coefficient of
friction, therefore modifying the damping responééhe isolation system [25, 34].

The modification of the response of sliding isofatdue to frictional heating is indeed noted
and regulated in the codes: according to the Eamstandard EN 15129 (2009) [16], in
three cycles of loading up to the design displacerntiee maximum lateral force and the
energy dissipated per cyd#®C must deviate no more than 15% from their desidues
ASCE/SEI 7-10 [35] establishes a maximum chang@086 over ten cycles of loading,
while the AASHTO Specification (2014) [36] recommena maximum variation of the
effective stiffness and thHeDC less than 20% and 30% respectively after twentyesyof
loading.

Several studies have addressed the issue in thgelais. Constantinou [30] presented an
analytical model to calculate the average temperaige at the FPS surface and at small
depths below. For a large FPS bearing designedrtg a gravity load of more than 75 MN
in an offshore platform [37] subjected to biaxiabtion at velocities up to 0.8 m/s, peak
temperatures as high as 400°C were predicted. Dw2B] performed a finite element
investigation of the steady-state temperature spteerical bearing under different loading
parameters, and underlined the importance of estigithe thermal state inside the friction
pendulum system in order to choose suitable fimati@terials according to their temperature
stability. Numerical evaluations of the thermal-tmagical behaviour of curved surface
sliders accounting for the dependence of the aoefft of friction on the surface
temperature, which was modelled through an expaalemnpression, were presented in two
recent studies [34, 39], both of which concludedt th friction model that ignores the
temperature rise may considerably overestimatdahgping capacity, and therefore lead to
underestimate the peak seismic displacement asthator. Only a few experiments have
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been reported (e.qg. [30, 40]) investigating thatrehship between the coefficient of friction
and the surface flash temperature in seismic is@al he main limitation of the experiments
is that it is virtually impossible to measure temgtere at the sliding surface while the slider
is in motion, and measurements performed usingarthcouple below the sliding surface
were typically used to indirectly measure tempegtuise at the surface through
convolution, e.g. [40].

A procedure for the assessment of friction materifr CSSs accounting for their
temperature-dependent characteristics has notegt bstablished. Several methods have
been proposed to characterize the coefficienticidn of sliding materials under a range of
pressure, velocity and temperature through smalegests [24, 41], but the ability of such
methods to reproduce the actual thermal stateeadliding surface of full scale isolators and
provide a reliable estimate of the coefficient ofctfon during a seismic event is
guestionable. On the other side, tests at thesoad are expensive and time consuming, and
therefore not indicated at the R&D stage for depelent and selection of new friction
materials. To overcome the inherent limits of expental investigation, theoretical and/or
numerical models could be useful to assist théngsind achieve a general understanding
of the frictional heating.

A finite element framework for conducting thermagechanical analyses of CSS isolators
has been very recently presented by the Writer4R[B4]. Its main characteristics are the
use of a three dimensional geometry of the isglatoe implementation of recursive
subroutines that adjust the coefficient of frictiahthe sliding surface upon the current
velocity and temperature, and the use of the caugilermal-mechanical formulation. The
method allows to investigate the temperature mrofithin the isolator, and to account for
the variation of the coefficient of friction undiie maximum transient temperatures during
sliding, and the relevant effect on the propertiethe device. The aim of that work [34],
described in this section of the thesis, is to destrate the usefulness of the numerical
procedure as a tool for performing a preliminarglaation of the isolation response under
either the test conditions prescribed by the statsdand arbitrary load histories, and
providing fundamental information on the variablafecting the frictional heating
developed in the CSS.

4.2.2 Finite element framework

A real case of CSS isolator designed for the seiggnotection of a large structure is
considered in the present study (Fig. 4.16). Tldingl pad is made of a PTFE-based
composite material with a nominal coefficient atfion u = 0.12 at ambient temperature
and variation limits between 0.05 and 0.13 withie ranges of pressure and velocity
considered in the study [25]. The rotation pad edenof a low-friction thermoplastic

polymer lubricated with silicon grease. The slidpigte, the rotation plate and the slider are
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made of structural steel. The concave surfaceeo$lilding plate and the convex surface of
the slider mating the pads are lined with a 2 mickthtainless steel overlay

(@) (b)
sliding plate

sliding pad

rotation pad

base plate

primary
surface

secondary
surface

Figure 4.16. CSS isolator unit: kinematics (a) amihncomponents (b)

The CSS unit is designed for a vertical Id&d= 4500 kN and a seismic displacemeft=
340 mm. The diameter of the sliding pad is 560 fhe radius of the primary surface is
1650 mm, the radius of the secondary surface isn&®&0and the height of the slider is 186
mm, resulting in an effective radius of the isotd® = 1994 mm and a vibration peridd
=2.13s.

A three-dimensional model of the CSS unit was eat the commercial code ABAQUS
v. 6.10 (Dassault Systemes Simulia Corp., ProvideRt) and subdivided in a mesh of three
dimensional finite elements [42]. Either linear rthal-mechanical coupled hexaedrical
elements and wedge elements, type C3D8T and C3Bfjectively, with four degrees of
freedom (the three displacement components alangrthogonal directions, Y andZ, and
the temperature) at each node, were used. Defailteeanesh are reported in Table 4.6.
Mechanical and thermal properties were assignétketonaterials of the CSS in accordance
with Table 4.7.

Part No. of elements (#) No. of nodes
C3D8T C3D6T #)
sliding plate 7636 2512 11026
sliding pad 5216 - 6815
slider 960 - 1396
rotation pad 3840 - 5045
base plate 340 - 585

Table 4.6. Details of the finite element mesh
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Material Elastic modulus conductivity specific heat
(MPa) (mW/(mm K)) (J/(kg K))

carbon steel 209 000 53.7 4.9210

stainless steel 196 000 16.0 5.6-10

PTFE composite 800 0.65 1.%10

rotation pad 2800 0.25 1.7°10

Table 4.7. Material properties

While the CSS is moving, a heat flux is generategltd friction at the primary and, at a less
extent, at the secondary sliding surfaces. In thigefelement model at each interface a
surface heat source spread all over the contoar @fréhe pad is located of instantaneous
intensity:

q(®) = u(®) -p@) -v(t) (4.9)
wherep(t) is the coefficient of friction of the pagd(t) is the contact pressure, avid) is the
sliding velocity. In writing Eq. (4.9) it was assaththat the whole mechanical work carried
out from external forces to sustain the motionh&f €SS is converted into heat. The heat
flux q generated at the contact surface is in turn par&t into two fluxesg: = q pointing

to the stainless steel surface, apd= (1 —A) q pointing to the pad, whereis the heat
separation factor that depends on the thermal piepeand geometry of the bodies in
contact.

The coefficient of friction of the sliding pad wasmulated as an explicit function of the
surface velocity and temperature:

a) an isotropic velocity—dependent friction model wafined with a smooth transition zone
from the low velocity to the high velocity regimegulated by an exponential function
(adapted from [23]):

—aylv| . Isign()—sign(d)| (410)
2

p() = gy — (Way — o) - el 4 (ust — Hry) - e
where u;, is the kinetic coefficient of friction at low vality, uyy is the kinetic
coefficient of friction at high velocitysr is the static coefficient of friction that opposes
the initiation of sliding when velocity is zero geat breakaway and at motion reversals),
a, is a parameter regulating the increase in kinftation with velocity, a, is a
parameter regulating the transition from the stitithe kinetic friction regimey is the
velocity variable and! is the displacement variable. The tejsign(v) — sign(d)| is
different from zero at the reversal of motion aféestop, like in cyclic displacement

histories;

b) the coefficient of friction calculated by Eq. (4)Mas assumed to decay exponentially
with increasing temperature:
u=u() e BT-To) (4.11)
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whereu(v) is the friction coefficient at a reference temperaT,, f represents the rate
of decay of friction with temperature, afids the temperature variable.

Mechanical and thermal boundary conditions of ttubjem were set as follows [34]:

1) the CSS unit is subjected to the application ofoastant vertical load, uniformly
distributed on the upper surface of the slidingela

2) adisplacement history in the horizontal directi®imposed to the sliding plate, while
the base plate is kept fixed to ground;

3) constraints are introduced to keep the upper stidéche sliding plate parallel to the
ground surface of the base plate, but allowing/érécal movement of the sliding plate
produced during its horizontal movement by thetioteat the spherical articulation;

4) an uniform temperatur&es is set for every part of the CSS unit at the beigig of the
analysis;

5) a heat separation factor 0.99 is assumed at either sliding surfacetfiee99% of the
heat flux points to the stainless steel surfade$; assumption motivated by the poor
thermal conductivity of thermoplastic materialscomparison to steel;

6) the temperature at the top and ground surfacdseo€ES unit is kept constantTady,
simulating the installation of the unit in a magsstructure or test machine where the
temperature rise is zero at some distance frormtheng surfaces;

7) conductivity heat transmission is allowed at thenpry surface;

8) the lateral walls of the CSS unit are adiabatits #ssumption is valid for short time
intervals which allow to neglect energy lossesdmjiation and convection.

The heat transfer problem in the physical modetiéscribed by a system of partial
differential equations of heat balance with therb@lindaries conditions in terms of either
known temperatures or fluxes [43]. Using the firgtement approach a numerical solution
of the heat balance equation in terms of nodakffiend nodal temperatures is calculated by
the computer code ABAQUJ42].

4.2.3 Model validation

The numerical procedure was validated using exparied data. The experiment is reported
in [34]: a CSS bearing with same geometry and ri@s$eas the one formulated in the FE
model was subjected, under a compression load 6D 48N, to a reversed cyclic
displacement history with a period of 2.13 Hz andaenplitude of either 85 mm (Test1) or
170 mm (Test2). The peak velocity was 251 mm/saatI and 502 mm/s in Test 2. Four
complete cycles were performed in each test.
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The ambient temperature of the laboratory at thginpéng of the tests was 23°C. The
hysteretic load—displacement curves of the specinerr recorded and used to calculate the
effective stiffness and the energy dissipated elh egicle by the isolation unit. Five N-type
thermocouples with probe diameter of 0.20 mm wenbexlded in the sliding plate of the
CSS (Fig. 4.17), with their probes in contact whik back of the austenitic steel overlay,
and the temperature was continuously recorded gmaut the tests.

TC1 TC3 TC5

260mm

655mm 655mm

Figure 4.17. Position of the thermocouples (TC1@b)lembedded in the sliding plate of the CSS unié Th
thermocouples, spaced 65 mm to each other, weneealiperpendicularly (along the Z axis) to thedtiom of
motion of the specimen (along the X axis)

The experimental protocol was reproduced in théefielement analysis, by applying a
vertical load of intensity N = 4500 kN to the shdiplate, and a combined unidirectional
horizontal movement according to the sinusoidalefamm:

d(t) =§-[1—cos(2w-t)] for0 < tST4—b 4.12)
d(t) =A-sen(w-t) for T4—b<tSnTb .
whereA is the displacement amplituds, is the periodt is the time variable,, = 0 s is the
initial time of the analysisy = 27 /T, is the circular frequency , amdis the cycle number.
The analysis was divided into two steps, the Gostesponding to the movement of the CSS
unit from its undeformed configurationd (= 0 mm) at time zero to the maximum
displacemend at timeT,, /4, and the second corresponding to the remainingop#re test.
A different waveform was assumed for either stepsrder to replicate the actual history of
loading performed in the experiments. The therntad anechanical conditions at the
beginning of the second step corresponded to the calculated at the end of the first step.
Since at the start of motion from the configuratdon 0 mm the ternfisign(v) — sign(d)|
accounting for the static coefficient of frictionass equal to zero, in the first step of the
analysis Eq. (4.10) was replaced by the formula:

1) = pyy — (ay — o) - e~V + (uor — pyy) - e~ %2l (4.13)

79



Chapter 4. Development of design tools

The set of parameters of the friction model assufoethe pad of the primary surface is
reported in Table 4.8. The parameters of the vistedependent function(v), Eq. (4.10),
were calibrated on the experimental force—displasdnourve of the CSS unit recorded at
the first cycle of Test2, while the temperature ajeparametefy of Eq. (4.11) was
determined in friction tests performed on smalllscsamples of the pad material at
temperatures between 20°C and 100°C [41]. At tleers#ary surface a constant value of
the coefficient of friction of 0.005 was taken, tesging the temperature rise due to the small
entity of the heat flux.

parameter value unit
ULy 0.050
Uny 0.130
Ust 0.165 -
a, 0.015 (mm/sy?t
a, 0.020 (mm/sy?t
B 0.005 °c?

Table 4.8. Parameters of velocity and temperatumeexdent friction model

The thermal boundary conditions set for the analgse the heat flux distribution at the
sliding surfaces and the temperature at the exXtampand ground surfaces of the CSS unit.
At each sliding surface it is assumed that thelitptaf energy dissipated by friction is
converted into heat in accordance with Eq. (4.8, that 99% of the instantaneous heat flux
is directed to the stainless steel surface (0.99). The numerical integration of the heat
balance equation provides the temperature distoibwtithin the bearing. The size of the
time increment is self-adjusted by the softwarevieet 0.0001 seconds and 0.5 seconds in
order to keep the temperature change at the slglingce less than 5°C per increment. At
each calculation step a sub-routine adjusts th#ficieat of friction of the primary surface
on the nodal surface velocity and temperature aoegito Eq. (4.10) and (4.11); and feeds
it into Eqg. (4.9) to update the instantaneous fleatq. The software calculates also the
contact stresses and relative velocities at thaseirwhich are used to update the heat flux
equation (4.9), and the global reaction force efiiolator.
The embedded thermocouples measured the tempecatuhe back of the stainless steel
overlay. Fig. 4.18 illustrates the histories reeat8ly the thermocouples located at the centre
of the bearing (TC1) and at 260 mm from the ceffE5), perpendicularly to the direction
of sliding, where the maximum values were recordedontinuous increase in temperature
occurred with the increasing travel of the isolatord after 8.5 seconds a thermal steady-
state was not yet attained. The temperature hest@redicted in the numerical analyses
reported are in good agreement with the experirhdata, especially at TC5 location (Fig.
4.18).
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Figure 4.18. Peak temperature on the back of #ielsss steel overlay during cycles at displacement
amplitude A =85 mm (a) and A =170 mm (b): comgami between finite element analyses (FEM) and
thermocouple measurement (EXP)

Fig. 4.19 compares the hysteretic force—displaceioeps calculated by the finite element
model with the experimental curves. The agreensdfaiifi, with just some small discrepancy
in the last branch of the cycle (fran= -170 mm tad = 0 mm). The effective stiffness and
the Energy Dissipated per Cycle of the CSS specipnesent a continuous decrease over
time due to the temperature effect on the coefitoid friction (Fig. 4.20). The changes of
both properties are matched by the numerical aeg)ygith a maximum deviation of about
3% for the stiffness and 4% for tEDC in Test 2, and of 4.4% for the stiffness and about
7% for theEDCin Test 1.
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750 750

500 500
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Figure 4.19. Hysteretic load — displacement cudweing cycles at displacement amplitude A = 85 rajrafnd
A =170 mm (b): comparison between finite elemaraigses (FEM) and experimental data (EXP)
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Figure 4.20. Effective stiffnesseiK(a) and Energy Dissipated per Cycle EDC (b) asation of the number
of cycles: comparison between experimental valgéd) and model predictions (FEM)
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4.2.4 Seismic performance analysis

The modification of the response of sliding isotatdue to frictional heating is regulated in
current standards. Analyses were conducted witlinite element formulation replicating
the tests conditions of EN 15129 and AASHTO 201dleso The validated model of the CSS
unit, described in section 4.2.2, was used in theéyscase.

EN 15129 test conditions and requirements for éensic performance of sliding isolators
are defined in section 8.3 of the standard. DuBimgcles of movement at 0.25, 0.5 and 1.0
times the design displacemehy, at the natural period of the isolator, the effecstiffness
Kerr and the Energy Dissipated per Cycle in each ottinee cycles shall deviate no more
than 15% from their design values. Tests paraméberhe study case are listed in Table
4.9.

Test Vertical Load Amplitude Period Cycles
(kN) (mm) (s) #)
D1 4500 85 2.13 3
D2 4500 170 2.13 3
D3 4500 340 2.13 3

Table 4.9. Test parameters according to EN 15129

The AASHTO 2014 code recommends that during 20esydf loading at the design
displacementlyq the variations of the effective stiffness and BI#C must be less than 20%
and 30% respectively with respect to the peak wahighe first cycle. Tests parameters for
the study case are listed in Table 4.10.

Test Vertical Load Amplitude Period Cycles
(kN) (mm) (s) (#)
D4 4500 340 2.13 20

Table 4.10. Test parameters according to AASHTO/2fiide

In each analysis the global response of the isgledpresented by the load — displacement
curve, and pressure and temperature distributiarnhea primary sliding surface were
computed.

4.2.4.1Tests according to EN 15129

Fig. 4.21 illustrates the load - displacement csiviethe CSS unit in numerical tests D1, D2
and D3 and the plots of the average surface termyeraf the sliding pad. The resisting

force becomes smaller and the surface temperatareaises with increasing the number of
cycles, and both effects are more evident at higblercities.
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From the hysteretic loops the effective stiffnesd the Energy Dissipated per Cycle were
calculated (Fig. 4.22). Though boias and EDC have a continuous decay, the variation
from the relevant design value over 3 cycles iselothan 15% (in Fig. 7 the ranges of
acceptability are shown as bound by the dotteds)iramd the standard requirement is
fulfilled.

Fig. 4.23 illustrates the temperature distributionthe sliding pad surface during Tests D1,
D2 and D3 (for each cycle, the values calculatembmespondence of positioi= 0 mm are
reported). The temperature increases over the <ydle to frictional heating. The
temperature pattern is not uniform, with higherueal towards the perimeter and lower
values at the centre of the pad. Peak values &sasig06°C in Test D1, 169°C in Test D2
and 221°C in Test D3 respectively, were determiolede to the surface edge in two
symmetric regions aligned perpendicularly to thredtion of sliding. The contact pressure
p on the surface of the sliding pad (Fig. 4.24) enés a similar pattern: pressure increases
from the centre of the pad towards the perimetéeres larger values are produced due to
the effect of the curvature of the sliding surfacel the load eccentricity. At the maximum
displacement, peak values as high as 60 MPa wedeiped.
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Figure 4.21. Load — displacement diagrams (a),aaedage temperature histories at the surface dlidieg
pad (b) of the CSS unit during tests D1, D2, and D3
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Figure 4.22. Change of Effective Stiffne&s) (a), and Energy Dissipated per CyddC) (b) during cycles
at different speeds with related range of accelitglilotted lines) according to EN 15129
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Figure 4.23. Temperature distribution on the s@faicthe sliding pad during Tests D1, D2 and D3uga
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Figure 4.24. Contact pressure (CPRESS) and Von Ni&édises) stress distribution on the surface ef th

sliding pad during the first cycle of Test D3 (vedun MPa)

4.2.4.2Tests according to AASHTO

Fig. 4.25 illustrates the time histories of the rage and maximum temperature on the
surface of the sliding pad calculated in numericedt D4. After a fast increase in the first
cycles, the rate of temperature increase redunegha average surface temperature seems
to approach an asymptotic value after 15 cyclenult be noted that the peak temperature
is more than 1.5 times greater than the averageenge320°C vs 195°C at the twentieth
cycle: relying on the calculation of the averagdzsie temperature rise as made in analytical
procedures [30] can lead to important underestonatif the actual peak temperature, and
of the potential damage of the pad.
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Though the huge increase in temperature has anriamceffect on the response of the
isolator (Fig. 4.26), for the CSS unit analysethia case study the code requirement on the
maximum allowable change in stiffness an dampimgerties are fulfilled.

average

—s—maximum
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Figure 4.25. Average and maximum temperature héstan the surface of the sliding pad during Test D
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Figure 4.26. Change of the effective stiffnessXlaftd energy dissipated per cycle (right) duringeeted
cycles in test D4, and range of acceptability @tbtines) according to AASHTO 2014

The temperature rise may affect also the strenfytheothermoplastic material of the pad,
which softens as the temperature approaches itingngdoint. Fig. 4.27 presents the
temperature envelopes through the thickness o$lidimg pad calculated at three points,
selected in accordance with the temperature digiob shown in Fig. 4.23. The peak
surface temperature occurs close to the pad edgéwa symmetric areas aligned
perpendicularly to the direction of sliding (po&), where large contact pressure occurs. In
the central region of the pad (point B), where tomtact pressure is lower, the local
temperature is below the average surface temperatlihe sliding pad is usually
mechanically recessed into the steel slider for@pmately half of its thickness (this is 3.5
mm for the CSS unit considered in the present stasgy) to increase the load bearing
capacity and restrain the lateral flow of the mateThe large temperature growth occurring
in the first three cycles is restricted to a tlagdr of material, approximately 1 mm thick,
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and the heat developed at the sliding surface take@unrealistic) number of cycles to
substantially affect the temperature of at the obtbe pad. Therefore, a few of cycles even
at high seismic velocities is likely not to repmatsan issue for the mechanical strength of
the pad.
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Figure 4.27. Temperature profiles though the thédsnof the sliding pad during 20 cycles of motidest D4)
in correspondence of points marked as A, B, C

4.2.5 Bi-directional motion analysis

The temperature at a point on the pad surface depmmthe path of the slider as it is affected
by prior heating of the mating stainless steelaefand its decay with time, and on the
instantaneous heat flux, which is a function of theperature at the surface. Response-
history analyses on the CSS model (see sectio@)d&re performed to investigate the
influence of the loading path on the thermal — naetal of the sliding isolation system.

In the numerical procedure, the CSS model was stdgeto the application of several
unidirectional and multidirectional displacemenstbries, formulated according to the
following expression:

{dx(t) = A, - cos(n,wt) (4.14)

dy(t) = A, - cos(n,wt)

whereX andY denote two horizontal directiorg(t) anddy(t) are the current displacements
of bearing in theX (Y) direction, Ax and Ay are the displacement amplitudes in either
direction,n, andny are two numerical parametetss the time variablep= 21/T is the
circular frequency, andl, = 2.13 s is the period.
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Analyses were carried out reproducing differenpldisement orbits in accordance with the
parameters established in Table 4.11. The CSSuigescsed to a vertical load = 4500 kN
and four complete cycles were simulated in eaclysisafor a duration of the motion of
8.52 seconds.

Ax Ay Nx Ny
Test
(mm) (mm) (=) ()
Uni-directional 170 0 - 1
Offset 170 0 0 85
Circular 170 170 1 1
Elliptical 170 85 1 1
8-Shaped 170 170 1 2

Table 4.11. Displacement orbit parameters

4.2.5.1 Results

The loading path affects the temperature growtheasliding surface in two ways. First, the
heat flux is proportional to the average slidingesp of the orbit. Second, as the heat source
coincides with the pad surface, at any positiothefmating stainless steel surface (through
which heat flows away from the pad) the heat flistdry is periodic and intermittent; orbit
paths characterized by longer times between intemiheating at the same position of the
mating surface e allow larger cooling and limit tamperature increase.

The temperature histories reported in Fig. 4.28ntpoo the importance of the two
contributions for the considered loading paths. @ierage speed of the Circular orbit is
greater than the speed of either the EllipticaherUni-directional orbit (501.2 mm/s respect
to either 386.6 mm/s or 319.2 mm/s), but the teatpee rises associated to the orbits are
quite similar due to the longer period of interemitt heating of the first path. On the contrary,
the 8-Shaped orbit presents the highest slidingdp#2.6 mm/s), and produces the highest
temperature rise due to the large importance ofdlexant velocity contribution to the heat
flux.

In the analyses undertaken in the study the andgiof the motion in thX direction (170
mm) was smaller than the radius of the pad (280.rmmhost of the practical situations the
amplitude of motion is in general larger than thdius of the pad, hence allowing longer
time for intermittent heating of the mating stagface especially in case of multi-directional
orbits. This suggests that the results of the aealypresented in this paper cannot be
generalized and that an accurate assessment dfedtthe case by case.

Finally, it must be noted the large gap betweeratl@age and the peak local temperatures
predicted on the pad surface after 8.5 seconddspfadement-controlled movement. A
similar finding was already presented and discuaseahg the results of the numerical Test
D4.
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Figure 4.28. Temperature histories on the pad sefffar different orbits: average surface tempeea(laft)
and maximum local temperature (rigth)

Fig. 4.29 illustrates the Energy Dissipated perl€pf the CSS unit for the different loading
paths. Both the magnitude of tBE®C and its variation over repeated cycles are greatly
affected by the displacement trajectory, and theagds important in presence of large
temperature rises, e.g. a decrease of 18% is peddiwer 8.52 seconds for the 8-Shaped
orbit. A practical implication of this result is @h the information provided from
unidirectional laboratory tests on sliding isolatibearings should be considered carefully
when estimating the actual variation of the coddfit of friction in the bearings under
earthquake shaking, characterized by a chaoticrduiibnal orbit rather than an
unidirectional path.
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Figure 4.29. Decay of Energy Dissipated per Cyclh wapeating cycling for different orbits. Between
brackets: relative decrease with respect to theevat the first cycle
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4.2.6 Conclusions

A numerical procedure for the assessment of themigdemechanical behavior of Curved
Surface Sliders was developed by the Writer [34] lams been presented in this section of
the thesis.

The basic features of the formulation are (i) tse of a three dimensional model of the
isolation unit, and (i) the implementation of a thematical expression relating the
coefficient of friction to local surface variabliéee velocity and temperature.

The formulation can be used as a design tool ttopera preliminary evaluation of the
seismic hardware reproducing the test conditiors@ibed by the standards, providing
valuable information for the assessment and seledf friction materials accounting for
their temperature-dependent characteristics.

In addition the procedure can support laboratosfirtg of real scale isolators, e.g. for
prediction of the temperature rise history at titirgy surface of the isolator which cannot
be directly measured in the experiment. Finallpnfrthe comparison of unidirectional
respect to bidirectional displacement history asedythe importance of the loading protocol
for a correct assessment of the response of slidirigtors under real earthquake attacks
may be argued.
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4.3 Estimating the breakaway effect

4.3.1 Introduction

It is well known that the response of the Curvedi&e Slider (CSS) devices is governed
by the coefficient of friction developed duringditig, and the detailed knowledge and
modelling of the friction characteristics of theterdals of the sliding surface is fundamental
for a correct prediction of the isolation systendemnan earthquake attack.

Experimental investigations have pointed out theeincomplexity of the mechanism of
friction especially regarding the dependence onaigl. A sharp distinction exists between
the“dynamic” or“kinetic” coefficient of friction that develops during sust sliding, and
which intensity changes with regularity with speadd thée'static” coefficient of friction
that opposes to the motion between mating surfateero relative velocity; such static
friction develops either at the very first initiati of motion, or breakaway, or at motion
reversals, when the instantaneous velocity is kiglally the transition from the static to
the kinetic coefficient of friction is very sharand depending on the material, the value at
the breakaway can be from 1.5 to more than 4 timgdeer than the dynamic value [25, 44-
50].

The static coefficient of friction is a macroscoeftect of the breaking of the chemical bonds
between the mating surfaces. As a consequence d&ththat the number and strength of
such bonds increases with the duration of theistigkhe value at the breakaway is generally
much larger than at motion reversal. Some expetiah&rorks indeed demonstrated that the
breakaway friction coefficient for PTFE — stainlsssel interfaces disappears after just one
cycle of loading [47, 51].

Suitable mathematical formulations have been deeelp mainly based on a
phenomenological or semi-phenomenological appraactiescribe the frictional behavior
of the most common sliding materials used in stidimearings and seismic isolators
accounting for pressure, velocity, temperature\aedr [39, 52-54].

In current software for structural analysis thetbgegic behavior of the CSS is described by
means of either a bidirectional plasticity modeb][5where the plastic deformation
corresponds to sliding at the surface and theieldeformation to the deformation of the
friction material, or to generalization of the Beden smoothed plasticity model [56],
whose parameters satisfy an evolutionary diffeatmtuation. The bidirectional plasticity
model is used in OpenSé&ef57], whereas the generalized Bouc-Wen model heenb
implemented in SAP 200058] and 3-D BASIS [59-60].

The dependency of the coefficient of friction ofoegty is generally implemented by means
of the law [53]:

M= Uy _(:uHV _/'ILV)B:"XF(_GV) (4.15)
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where Wy is the coefficient of friction at low velocity,u is the coefficient of friction at
high velocity, ando is a parameter of the exponential function thategoes the smooth
transition from the low velocity to the high veltcregime [34, 39, 61].

Accounting for this exponential law, the softwagglicates the friction behavior of the CCS
under either slow or high speed loading, but isaaqable to reproduce the static friction,
due to inherent high nonlinearity associated (£ig0).

This represents indeed a severe limitation toehability of the numerical analysis of base-
isolated structures with sliding systems duringearthquake.
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Figure 4.30. Typical layout of friction loops (lgfind dependence of the friction coefficient onghiding
velocity (right)

The acceleration threshold over which the grountdionaactivates the device and sliding
along the curved surfaces initiates, is called“tntical acceleration” a.,; basically this
acceleration produces inertia forces that exceed ftiction forces associated to the
breakaway friction coefficient (Fig. 4.31).

The critical acceleration, assuming a basic SDOFehdonly isolator displacements,
superstructure supposed infinitely rigid), can ppraximated as:

Qcr = U 9 (4.16)
while for MDOF models (isolators and superstructdisplacementsy ., can be calculated
with the following formula [27]:

Nps+Ngg):
a,, = Lestlss it MB:MS_IS;S';B (4.17)
wherepy is the static friction coefficient at the motiorebkaway (Fig. 4.30)Yzs andNgg
are respectively the weights (related maddgs and M) of the base slab at the isolation
level and of the supported superstructgre; S, (T;)/PGA is the ratio between the spectral
acceleratiors, (T;) and the peak ground acceleratR (beingT; the fundamental period
of the superstructure in the fixed-base configamt
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Figure 4.31. Horizontal forces dynamic equilibribefore sliding activation according to Eq. (4.17)

It is worth noting that according to Eq. (4.17) ttwitical acceleration depends on the
structure caracteristics (mass distribution betwssese slab and superstructure, fundamental
period of the superstructure), isolators fricti@efficient (z), and the details of the ground
motion (5).

Since Eq. (4.15) does not account for the breakdricipn coefficientuz, an analysis based
on such friction model necessarily assumes thifiieatotion start the coefficient of friction
isu.y, leading to underestimate the critical acceleratémuired for the isolator’s activation,
with substantian deviations in the prediction @& gructural response in case the breakaway
coefficient of friction is large respect tg,. In fact, until the critical acceleration is
overcome, the isolators are stuck and the basatézbstructure behaves like a conventional
fixed-base structure, and the ground accelerasidully transmitted to the superstructure.
For a correct assessment of the internal forcesd@pdacements of the superstructure is
therefore essential to take into account the adtadic friction at breakaway. This is of
particular importance in case of buildings endowth a high technology content that is
particular sensitive to accelerations (e.g. medicalipment of hospitals), as well as in case
of strategic building for which is fundamental teagantee the full operativity after a major
earthquake for the management of the emergencyemtiag the crisis of non structural
elements sensitive to accelerations, overturnimgae drifts that can possible hinder
access or cause interruption of practicability.

However it is acknowledged that the nonlinearityoasated to the transition from the static
to the velocity dependent kinetic coefficient oicfion represents a big challenge for
implementation into numerical procedures, thatatedhas not yet been completely solved.
To the knowledge of the Writer, the static coeéfitti of friction has been considered only in
a few numerical studies, by adapting Eq. (4.15)adlui et al. (2014) added a further
exponential contribution describing a smooth trémsifrom pg to y;,, though with a very
high rate, and implemented the final equation ihtogeneral purpose software Abaqus [34].
Fagaet al. (2015) replaced the parametgy, with the static coefficient of frictiopgr
evaluated at motion reversal (Fig. 4.30) and peréat a parametric study of a multi-storey
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building isolated with CSS, concluding that, in ead substantial difference betwegn,
and ugr, ignoring the static friction seems to have a $nefflect on the maximum
displacement, but leads to a not negligible undienation of the internal forces in the
structure [62].

Nevertheless the latter study does not accounttifer static coefficient of friction at
breakaway that is generally larger than at motewersal.

The influence of the breakaway coefficient of fiooton the structural response therefore
requires further investigation in order to evaluatkether or not its presence can be
neglected.

The aim of the study developed in this sectiorhefthesis is to investigate the importance
of the coefficient of friction at breakaway on tsteuctural response in terms of either the
global response (maximum base displacement andmaxibase shear) and the demand at
each story (floor acceleration, inter-story drifjonlinear Response Time History Analyses
(NRHA) are conducted on a simple case study congistf a five-storeys building, and
reproducing the frictional resistance of the ismiatat the breakaway by means of
mechanical fuses at the base isolation level. &tiféerent friction behaviors, characterized
by ratio ofug tou;,, of 0, 2.5 and 5 respectively, are accounted faadjysting the strength
of the fuse element. The results of the analysitfioned the expected effect of the
breakaway friction on all the relevant responseaipeters of a base isolated structure.
Further consideration based on the friction pradii¢he used sliding materials are drawn.

4.3.2 Materials and Methods
4.3.2.1 Structural model

A regular reinforced concrete moment-resisting-tdmilding is considered. The structure
has five storeys at 3 m, and 2 bays of 5 m lengthoith longitudinal and lateral direction
(Fig. 4.32). Rigid diaphragms simulate the in-platiness of the floor slabs.

Rectangular (300 x 500 nfjrfloor beams are supported by a total of nine s (#00 x 400
mn?¥) columns. Identical single CSS isolators with #fieaive radius of curvature of the
sliding surface R = 3000 mm are located underneath column. The total seismic weight
of each floor including the base slab, is 1000 i@¢ulting in a cumulative weight of the
whole building ofNror = 5000 kN and to a vertical load acting on each column5& EN.
The fundamental period of the superstructur€.is 0.324 secand its equivalent viscous
damping is assumed to be 5% of critical dampingllimodes.

The structural model is implemented in Open8eeg.5.4 software (Open System for
Earthquake Engineering Simulation) [22]. In the lgs®s, the structure is subjected to
unidirectional ground motion time histories actalgng one longitudinal axis.
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Figure 4.32. Adopted structural model

4.3.2.2 Isolators properties

The isolators are described by means of ‘BimgleFPSimple3d”element available in
OpensSees library, where théelDependent”friction model corresponding to Eqg. (4.15) is
considered [63].

The detailed model of the isolator allows a comgpldscription of the dynamic behavior,
automatically accounting for restoring forces dusliding on the concave surface, variation
of normal load as a consequence of overturning mésnand uplift phenomena.

Rigid contact with friction is used at the slidimgterfaces of the isolator. Since the
“VelDependent”friction model does not account for the breakawegyion coefficient, the
effect of a breakaway force below which slidingisvented is reproduced in the model by
introducing a one-directiondllruss” element (Fig. 2) aligned to the direction of grdun
motion shaking and parallel to th&ingleFPSimple3d”element, both elements subjected
to the dynamic load applied to the structure. 3thess-strain behavior of the Truss element
in the longitudinal direction is described throutje “MinMax” material object, i.e. as a
linear elastic material with given stiffness. Witk strain falls below or above a given
threshold value, the material is assumed to hdladfaand from that point on, values of 0.0
are returned for the stiffness and axial forces.

For constant values of axial law and coefficientriztion (i.e. at a fixed velocity), the force
— displacement characteristic of the curved suréfider in one horizontal direction can be
represented by the bilinear relationship illusilakdg. 4.33 as it is implemented in the
“SingleFPSimple3d“finite element. The relationship is characteribgdhe characteristic
strengthF, (the product of the coefficient of frictignand the axial load/), the post-yield
stiffnesskK, (the ratio of the axial loalf to the radius of curvature of the bearing), are th

94



Chapter 4. Development of design tools

initial stiffnessK; (which is related to the deformation in shearhef $liding material). The
yield displacemend,, is related to the above parameters though theéaela

dy = Ki-K,  Ki—K, (4.18)

For0 < d < d,, the friction forceF), prevents sliding at the interface: the bearingeugdes
pure elastic deformation of the sliding materialia= d,, the horizontal force equals the
frictional resistance and sliding initiates at thierface. According to the assumed bilinear
relationship, the equivalent coefficient of frigtiat breakaway is given by the ratio of the
yield forceF, to the axial load:

F. a
.LlB’eq = Fy = FO + Kz ) dy = (ll +?y) (419)

In practice the coefficient of sliding friction deqpds on the instantaneous values of sliding
velocity V. Accounting for the exponential relationship of. E4,15) and observing that in
real conditions sliding initiates at low velocithe value of coefficient of friction to be
considered in Egs. (4.18) and (4.19) is the lovoory valueu,, . Asd,, is usually on the
order of 1 mm, whereas the typical radius of cumebdf curved surface sliders ranges from
2200 to 6000 mm, from Eq. (4) theq ., = p;y follows, which is contradicted by the
experimental evidence [48, 51].

In the structural model of Fig. 3, breakaway foatiforces before the starting of sliding are
introduced by means of the truss finite elemenhWinMax” material behavior (Fig.
4.34) acting in parallel to th&SingleFPSimple3d” element. By settingl; = d,, the
behavior illustrated in Fig. 4.35 then results.

For0 < d < d,, the model response is linear elastic with ingtéffnessK,, = K; + K:

F=(K, +K)-d (4.20)
At the first occurrence af = d,, (atF = Fg) the*MinMax” material is assumed to fail, and
for d > d,, on out the typical post-yielding response of thiadar model is obtained:

F=K d+K, (d—d) (4.21)

The“MinMax” model is then adjusted in order to provided at d,,, a horizontal resisting
force of the parallel model in the horizontal dties equal to the frictional resistance force
associated to the assumed breakaway coefficignttdn of the sliding material:

Fp=(Ki+Kf)-dy=pg-N (4.22)

_MBN g BB gy
K === K=y (K = Kp) = K, (4.23)

The isolation units had a post-yield stiffnégs= 185 kN/m and an initial stiffneg&, =
18500 kN/m K1 = 100K>).
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In order to cover a range of possible friction pesf of curved surface sliders available on
the market, different properties were implementethe analyses.

The kinetic friction was modelled in accordancehwiqg. (4.15) and three materials with
different friction characteristic were consideredlow friction material with W, = 0.01 and
My = 0.025, a medium friction material withyi= 0.03 and gy = 0.075, and a high friction
material with wv = 0.05 and wv = 0.125; the value = 0.0055 s/mm was assumed for all
of them [11]. The low friction material resemblég tbehavior of lubricated thermoplastic,
the medium friction material represents the bahavad PTFE , UHMWPE, and the high
friction material represents filled plastics.

Further, for each material three different breakaftion characteristics were modelled
by adjusting the stiffness of the fuse element &ting to Eq. (4.23): (a) No Breakaways(u
= 0), (b) Low Breakaway ratio g4 pv = 2.5), and (c) High Breakaway ratios({4v = 5).
The different combinations of friction parametepssidered in the study are summarized in

Tab. 4.12.

breakaway friction ratio
kinetic friction profile

no breakaway low breakaway high breakaway
HLv HHv Hs Hs s
friction1 0.01 0.025 0 0.025 0.05
fricion3 0.03  0.075 0 0.075 0.15
fricion5 0.05 0.125 0 0.125 0.25

Table 4.12. Parameters of the friction mode
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Figure 4.33. Bilinear force—displacement relatiopshione horizontal direction of tf&ingleFPSimple3d
element

96



Chapter 4. Development of design tools
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Figure 4.34. Force — displacement relationshifheflrusselement with MinMax material model
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Figure 4.35. Resulting force — displacement relatigm (red line) of the curved surface slider with
consideration of the breakaway frictional force

4.3.2.3 Ground motions

Nonlinear Response Time History Analyses (NRHA) evearried out to investigate the
differences from the breakaway friction. The setsiniput consisted of one-directional
horizontal ground motion time histories, whereas wertical component of the seismic
excitation was not taken into account.

Seven independent ground motion records consigiimthe current Italian Building Code
[64] were selected from the European Strong-mdiiatabase [65] using REXEL v3.4 beta
software [66]. The selected horizontal acceleratistories are in compliance with the
assumed code for the life safety limit state oftrategic structure (functional class V)
located in Naples, ltaly (14.2767° longitude, 4@8&titude) on soil type A (stiff soil or

rock) with a nominal life of 100 years (corresparglito a 1898-year return period according
to the code).
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Only events in the magnitude (Mw) interval [5.33]7and with an epicentral distance (R)
interval [0-80 km] were considered, which refletis hazard disaggregation for the spectral
acceleration §T) for the period of interest in the nonlinearustural behaviour. This
selection is representative of regions in Italyhwdét moderate to high seismic risk. The
selected waveforms were scaled to the Peak Groundlération (PGA) level of 0.259 g,
which corresponds to the PGA value of the site @fling to the code assuming a topographic
category T1. Scale Factors (SFs) of the acceleréitiee histories ranged from 0.73 to 1.43.
The selected ground motions are listed in Tabl® 41dd the scaled 5% damped elastic
spectra are illustrated in Fig. 4.36.
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—— CAT_SF=1.43
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Figure 4.36. Scaled ground motion spectra and tamgetrum according to Italian Building Code (Sh=
1.1981)

Record Wave Station Date Mw R SF  PGA

ID ID (dd/mml/yy) (km) () (M

Bingol (BIN) 7142ya ST539 01/05/2003 6.3 14 0.872.55

Friuli (FRI) 55xa ST20 06/05/1976 6.5 23 0.72.55

Montenegro (MON) 200ya ST68 15/04/1979 6.9 65 1.012.55
Etolia (ETO) 428ya ST169 18/05/1988 5.3 23 1.42.55
Lazio Abruzzo (LAZ) 372ya ST274 07/05/1984 59 68 2.08.55
Campano Lucano (CAM) 290ya ST96 23/11/1980 6.9 32 0.8@.55
Campano Lucano (CAT) 287ya ST93 23/11/1980 6.9 23 1.42.55

Table 4.13. Selected ground motions and details
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4.3.3 Results

The structural response is analysed in terms of ftflewing quantities: the critical
acceleration at the initiation of sliding of thelators, the horizontal displacement at the
base isolation level, the interstorey drift, tharsy floor acceleration, the base shear and the
anelastic energy introduced in the structure.

A first outcome of the analyses was that when thke friction material with high breakaway
(Mv = 0.05, wv = 0.125, ¢ = 0.25) was considered, three accelerograms, BR,and
ETO, were not able to promote the sliding of thaators. Under these accelerograms the
structure, though supported by sliding isolatogpally demonstrated the response of a
fixed base structure. Fig. 4.37 shows the displacgmnvelopes calculated for BIN ground
motion. Under conditions of high friction (frictios) and high breakaway levelgipy =

5) the isolator displacement envelaphg = 1.6mmis lower than the yielding displacement
dy = 7.6 mmdemonstrating that the response of a fixed bagetste is achieved.

-t
wn

-
v

g —— pp/ =5 |B!N_7142 £ Ty — BIN7142
= 12{ —o—ms/pr=25 friction 1 = 124 —o—mplur=25 /’ ? friction 3
= —t— up/ ur=0 3 Juzy=0
£ ol % g | ——ws/wy J d
2 [ 2 | /
6 6 ¢ ¢
| |
3 3 1
0 0 4
0 10 20 30 40 50 0 1b 2‘0 3'0 4b 50
displacement, d (mm) displacement, d (mm)
15 = =
£ —— us/ur=>5 |B!N?142
Z 12 | ws/ ur=2.5 0 friction 5
3 —t— 5/ ur=0 s 1
> 9 # P
(<]
< /
6 > s P
7
3 v I/
g
047 di
no activation
0 10 20 30 40 50

displacement, d (mm)
Figure 4.37. Displacement envelopes under BIN seigmpiut for different friction parameters

Fig. 4.38 illustrates the envelopes of inertial ahdar forces at the instant of peak ground
acceleration for BIN, FRI and ETO ground motiondemwhich the sliding isolation system
was not activated. At each storey level, the sfaae is calculated as the algebraic sum of
the inertial forces of the storey above. As statkdve, activation of the isolation system
requires that the shear force at the base levelegbscthe resisting force of the isolators

Fg = pg.(Ngs + Ngs) (4.24)
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which in the present approach is given accordirtgo(4.21) as the sum of the elastic force
of the CSS devices and the elastic force of thestalements.

Though high inertial forces are developed at eaoley, the high vibration modes are not
negligible: the storey masses oscillate in phagmsition which limits the resulting shear

force at the isolation level below the activatibreshold.
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Figure 4.38. Envelopes of inertial and shear fonedke structure isolated with high friction, higheakaway
CSS in case of no-activation of sliding surfaces

It is interesting to note that the critical accaten threshold, calculated according to Eq.
(4.17), is not able to catch this behaviour becé#ws=ounts only for the fundamental mode.
Table 4.14 lists the values af associated to the seven ground motions of Tallg #r
the isolation system under consideration.

Despite the levels dd provided by the formula are quite low, rangingnfr@.33 to 0.5
times the actual PGA, FRI, BIN and ETO ground mugidid not produce shear forces at
the base level sufficiently high to promote thalisly of the isolators, whereas ground
motions with higher demand in termaf like CAT were able to activate the sliders,
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Sa(T1) p acr
record

C)) 0 C))
FRI 0.57 2.19 0.13
MON 0.66 2.54 0.11
CAT 0.32 1.22 0.21
CAM 0.92 3.55 0.08
LAZ 0.91 3.53 0.08
ETO 0.87 3.35 0.09
BIN 0.70 2.71 0.11

Table 4.14. Critical acceleration calculated foctfdn f5 and g / pv = 5 using Eq. (4.17)

For each friction model, the time-dependent stmatttesponses obtained from the NRHA
using the seven accelerograms are averaged tonuegethe average of the response
guantities to be used for the verifications.

Fig. 4.39 illustrates the ratio between the critiaacelerationa,, and the peak ground
acceleration depending on either the kinetic frictand the breakaway friction. It must be
kept in mind that for the material with high frioti profile and g/ pv = 5, the relevant data
point reflects the response to only the four acogiams that activated the isolators.

—— friction 1

=—O— frictiocn 3

0,40 -
&
0,20 @
¥
0,00 : .

0 25 5 Ha/Huy ()
Figure 4.39. Average critical acceleration (normetdi to PGA)

Fig. 4.40 illustrates the maximum displacementhef $tructure at the isolation level. Like
for Fig. 4.39, the data point relative to the isota with high kinetic and high breakaway
friction reflect the response to only four accetgeons (for ETO, BIN, and FRI ground
motions the isolator responsesd 0 mm, was not included in the average).
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Fig. 4.41 illustrates the maximum floor accelenaiio the structure normalized to the PGA.
The response relevant to accelerograms that didatioeite the isolators are now considered
in the averaged response.
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Figure 4.41. Average maximum floor acceleratiomrifmaized to PGA)

Figs. 4.42 and 4.43 illustrate the internal foraed displacements produced in the structure,
in terms of the maximum shear force of the isolRtaprmalized respect to the acting static
vertical load) and the maximum inter-story drifs @fraction of the storey height).
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Figure 4.43. Average maximum inter-story drift

The total energy introduced during the ground nmotio an isolated structure is partially
dissipated by the isolation system (in the presasg, by the friction forces developed in the
curved surface sliders), and the remaining partt tneiglissipated by the structure itself by
means of viscous damping and, if necessary, pldsfiarmation. Fig. 4.44 illustrates the
energy anelastically dissipated by the structutaments, normalized to the total input
energy. Though in the study the beams and colurhtiesuperstructure were modeled as
linearly elastic, so the only way to dissipate ggevas by means of viscous forces whereas
plastic deformation was ruled out, the relevanitggprovides an estimate of the dissipation
demand for the superstructure depending on theactaistics of the isolation system.
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Figure 4.44. Average anelastic energy dissipatetthégtructural members normalized to the inputggniato
the structure

4.3.4 Discussion

The study investigates the role of the breakawayidn on the response of CSS isolation
system. Three friction profiles covering a largeiety of current materials used in curved
surface sliders, and two levels of breakaway fiicfurther to the conditiops = 0 which is

no practical, but represents the “standard” cooditinder which NRHA are performed
using commercial software that do not implementstiag¢ic coefficient of friction.

The NRHA showed that that for curved surface stidemprising the material with high
friction profile, depending on the characteristi€she ground motion time history the high
breakaway friction can possibly prevent the ackrabf the sliding surfaces (in the analyses
this occurred for three out of the seven accelamg), and the structure though endowed
with an isolation system behaves as a fixed base ®he estimation of the critical
acceleration based on the elastic spectrum, imsidering only the first vibration mode,
may be inaccurate because higher vibration modesesault in substantial phase shifts of
the inertial forces at the different storeys, ahdreéfore in a reduced base shear force
insufficient to overcome a large breakaway frictiblowever, these effects are sensible to
the frequency content of the ground and therefesginio be evaluated case by case.

As a general trend, the critical acceleration nemgsto activate the isolators exhibits an
increasing trend respect to the breakaway ratichdvier the kinetic friction profile, and its
prediction based on the assumpfjes= O reveals to be under conservative.

A second outcome of the NRHA is that for materialth very low friction profile, the
influence of the breakaway friction on the struatuesponse of the isolated structure is in
general not substantial (Fig. 4.45-a). Only theéase of the base shear force fiasr= O

to us = 5y is significantly large (+44%), but has a limitechgtical effect based on the
consideration that, being friction low, its contrilon to the shear force is expected to be not
significant and already covered by safety factdrserefore in this case the analyses
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performed without consideration of the actual besedky characteristics are expected to
provide reliable prediction of the actual behavior.

For materials with medium and high friction pro§lea low breakaway ratio does not
introduce significant changes in the responsease ©f high breakaway ratio, the response
has a sharp increase to levels more than doulpgecttops = 0 (Figs 4.45-b,c). It is worth
noting that in general the variation is much higl@r the shear force and the floor
acceleration, and smaller for the maximum displaa@mat the base level, which is in perfect
agreement with the conclusions drawn by Feigal. (2015) [62].

2,50 2,50
S & —e— displ
5 g —o—
L 200 S 200 drift
a = —&— max acc
g 1,50 - g 1,50 1 —&8— max shear o)
—¥%— energy
1,00 { —*— disp! .__—é 1,00 -
—O— drift
0,50 1 —A— max acc 050 |
—8— max shear
—*— energy
0,00 T T T 0,00 : - .
0 25 5 /MLy (<) @ 0 25 5 Hg/HLy (<) ®)
2,50
5 —e— displ
© g
S 200 4 —O— drift
s —&— max acc
£ —&8— max shear
© 1,50 1
—%— ener
9y 7 - - \
1.00 1 3 out of 7 accelerograms did
not activate the isolators
0,50
0,00

6 2:5 ili /by (-) ©

Figure 4.45. Amplification of the structural resgerwith increasing of the breakaway ratio for isota
systems equipped with low friction materials (agdium friction materials (b) and high friction maads (c)

A particular discussion deserves the influence he&f breakaway friction on the base
displacement. Whereas for isolators with low faotprofile the maximum displacement is
not affected by the breakaway friction, in caseittier medium or high kinetic friction an
increasing trend is disclosed by the NRHA, whiclyuste counterintuitive. However, as
shown in Fig. 4.46 for CAM time history and friatidc CSS isolator, in case of low
breakaway the slider may be activated during tte, fiveak shocks, and possibly moves in
the direction opposite to the direction of maximdisplacement; in case of pulse-like
ground motions this offset is likely to result ismaller displacement attained at the instant
of peak ground acceleration respect to the isotaturis activated later.
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Figure 4.46. Displacement time-histories calculdtedCAM seismic input and friction f5 CSS isolataits
different breakaway levels

In Fig. 4.46 the three displacement time-histonigge similar displacement amplitudes, but
since the time history correspondingite = 5y has no offset at the occurrence of the
acceleration pulse, the obtained extreme displactiméarger.

This behavior is dependent on the characterisfithkeoground motion time histories and
cannot be generalized, but must be taken in coratida during the design of the isolation
system especially if high friction devices are asted for.

However, it must be again kept in mind that forlasars with high friction profile the
breakaway friction can prevent the activation, Hralbase isolated structure behaves like a
fixed base one. This results in internal forces displacements substantially larger than
those expected assuming that the isolation systesfiactive.

Some practical consideration can be drawn fromréisalts of the studies regarding the
design of isolation systems.

In Europe, the design of curved surface slidersgsilated by the standard EN 15129 [16]
that allows the use of either PTFE or UHMWPE (iduter being covered by an European
Technical Approval). Both materials are generalyed without lubrication, providing a
kinetic coefficient of friction at low velocity ithe range of 0.03 to 0.05 depending on the
contact pressure, and a ratio of breakaway toikifréttion between 1.5 (UHMWPE) to 2.5
(PTFE). Therefore, according to the study, theaasp of a simple structure isolated with
curved surface sliders employing these materialdbegpredicted, with sufficient reliability,
neglecting the contribution of the breakaway. dasethe sliding surfaces are lubricated in
order to achieve a very low friction coefficiertigteffect of the breakaway should be of no
practical effect.

Different is the case of high friction materialghvhigh breakaway ratio, like for example
filled thermoplastics. In this case, NRHA performeith current commercial software that
does not implement the behavior at breakaway agmfigiantly underestimate the actual
response of the structure in terms of both intestralsses and deformation. In this case the
Authors believe that the development of custonwsnte is worth the effort.
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4.3.5 Conclusions

Current commercial software for structural analysisereas are capable to account for the
dependence of the kinetic coefficient of frictidrGurved Surface Sliders (CSS) on the axial
load and the velocity, and at some extent alsceoipérature, do not implement the static
coefficient of friction developed at the breakaway.

The study developed in this section of the thasigstigates, by means of NHRAs, the
influence of friction coefficient at motion breakayon the response of a five-story building
equipped with CSS isolators under a set of spectammpatible natural ground motions.
Results of NHRAs are compared to those obtainet fitte same analyses neglecting the
breakaway friction; the main conclusions are sunedrin the next points:

(1) the general effect of the breakaway friction isirtorease the level of acceleration
threshold that must be overcome to initiate trdirglj of the isolators; depending on the
characteristics of the ground motion time histqriascase of isolators equipped with
high friction materials, an high breakaway frictioan prevent the sliding and the
structure behaves as it were not isolated;

(2) in case of very low kinetic coefficient of frictipthe breakaway friction has a practical
limited effect; analyses neglectipg are sufficiently reliable;

(3) in case of medium or high kinetic friction, thelidnce of the breakaway friction is
still not substantial when the breakaway frictisnno more than 2.5 times the low
velocity kinetic friction; on the contrary it beces substantial when the breakaway
friction is on the order of 5 times the low velgdiinetic level,

(4) the level of breakaway friction has a major eff@tthe floor acceleration and the base
shear at the isolation level, whereas in general itifluence on the extreme
displacements is smaller.
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4.4 Proposed BVNC” friction model

Like some recent formulations available in literat[89, 54], the proposed analytical model
(named'BVNC”) is capable to reproduce the well acknowledge@néence of the friction
coefficient on the instantaneous sliding velocagd normal load, as well as, its decay due
to the“frictional heating effect” (see section 2.2). The main novelty is indeedesgmted
by the possibility to catch also thbréakaway effettthat is, the transition from static to
kinetic friction each time the system goes frorticksg phase to a sliding phase. The Writer
has shown that this phenomenon can have a sigmificdluence on the peak floor
accelerations and maximum inter-story drifts ex@ered by the superstructure during the
seismic event (see section 4.3).

The new“BVNC” friction model, after being validated by meanscomparison with
experimental data, has been implemented (se®sedtb) in OpenSe@4EM code [22].

4.4.1 Analytical formulation

The mathematical formulation of tH8VNC” model regulates the four main frictional
effects (velocity, breakaway, normal load, andtivital heating) by means of the ten
constitutive parameters reported in Table 4.15.

parameter effect
a, B velocity and breakaway
Asr NsT, ALy, Ny, Ay, Ny normal load
Crefr Y frictional heating

Table 4.15. Model parameters for each frictionfdctf

At each time instart, the normal loadV(t) acting on the isolator sliding surface should be
known (e.g. from numerical analysis), and thermal load effectis estimated by means
of a potential law [67]:

psr(N(0)) = agrN(t)™sr=b (4.25)
ty (N() = agy N (4.26)
tay (N(2)) = ayyN(t)@av—1 (4.27)

where ugr is the static friction coefficient at the motiomebkaway,u;, and uy, are
respectively the friction coefficients at very lamd very high sliding velocitieagr, a;y,
apy, nst < 1, n;y < 1, andnyy < 1 are constants parameters.

The “frictional heating (or “cyclic effect”, or even‘thermal effect”) is then taken into
account by means of the reduction coefficigtit) proposed by Lomientet al.(2013) [54]:
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P (G (4.28)

whereC,.s is a parameter that regulates the degradationofatee friction coefficienty
controls the shape of the function, and the cy@idableC (t) is calculated as:

C(®) = [, N(Ov(t)*dt (4.29)

At each time instantt, the friction coefficientggy, 1y, anduyy, are then reduced by means

of fc(2):

st (N(2), C(t)) = aspN(£)"st1) - €_<<CC:2C> ) (4.30)
ty (N(E), C(8)) = ayyN (&) Hv=1 - e‘((fﬁi) ) (4.31)
Ly (N(),C(1)) = ayy N()v=1 . e‘((giﬁ) ) (4.32)

The “velocity effect” is lastly taken into account by inserting instaetaus values of Eq.
(4.29)-(4.31) in the velocity-dependent friction aled proposed by Quaglirt al. (2014)
[34]:

p(@) = gy — (Upy — toy) el 4 (st — try) eCAID .2 [Slgn (dlw) + 1] (4.33)
wherea is a parameter regulating the increase in kirfeitition with velocity, andg is a
parameter regulating the transition from the stédicthe kinetic friction regime. This
transition happens when the teftrfszgn (‘” ') + 1] is equal to one; that is at the motion

breakaway and each time the system starts its mafiier a stop, like reverses in cyclic
displacement histories.
The operational principles of the proposed frictmodel are represented in Fig. 4.47.
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Figure 4.47. Dependence of the friction coefficientthe sliding velocity (breakaway friction\atOmm/sis
evident) and its decay for increasing values ofcyadic variable (left) and normal load (right)
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4.4.2 Parameters calibration

The model parameters are calibrated by means oériexental unidirectional tests
(sinusoidal waveform) conducted on real-scale Go8fors (Fig. 4.48-left). At each time
instantt, the friction forcefy, is calculated from the total measured foFcby eliminating
the restoring term (Fig. 4.48-rigth):

E,(t) = F(t) — QL;; d(t) (4.34)

whereN is the vertical load applied on the isolatéris the displacement, arit} ¢ is the

effective radius of the isolator (see section 2.1).
1200

-300 500 -500

d (mm)

300 500
d (mm)

-1200 -1200
Figure 4.48. Experimental loops of a CSS isolaft)(land relevant frictional cycles (right) obteghusing
Eq. (4.34)

The instantaneous friction coefficienft) is then easily calculated:

Fu(®)
N(t)

u(t) = (4.35)

The parameters of each frictional effect are catdmt separately using the results of
experimental tests carried out at different lexalspplied vertical load (minimum three
levels, that isN;, N2, andNs). Suggested values are the gravitational loai¢standitions),
and the minimum and maximum vertical loads in s&sponditions (from dynamic
analyses).

In order to minimize the influence of the effecttbé “frictional heating on the friction
coefficient, the t¥elocity effect and “load effect parameters are firstly calibrated
considering only experimental data related to its¢ fialf cycle of each test. Since tests with
sinusoidal waveform are usually prescribed, thdirgli velocity changes at each instant of
the motion (Fig. 4.49-right). A MatL&tcode [68] has been created to automatically detect
in the most suitable areas of the cycle (Fig. 4e49; the static friction coefficient at motion
breakaway, one friction coefficient at low-veloc{ty< 25 mm/}, two friction coefficients

at medium-high velocitiesr(= 50100 mm/} and two friction coefficients at high velocity
(v>200 mm/s
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Figure 4.49. First half cycle: frictional forcedht), and velocity profile (left)

For each load level; the detected experimental friction coefficieptsare plotted as a
function of the sliding velocity (Fig. 4.50). Obtained couples of valuesy( are then fitted
using the following equation:

u) = Upv Ni — (.UHV,Ni - #LV,Ni) eCanilvh 4 (.UST,Ni - #LV,Ni) - eAnilvD (4-36)
wherepgr y; is static friction coefficient at the breakaway= 0 mm/$, u,y y; is the low

velocity (v < 25 mm/} friction coefficient, anduyy y; is the high velocity > 200 mm/s
friction coefficient (usually asymptotic value).

0.175 0.175 -
LLST NI O experimental
0.150 o ° 0.150 - ——model
LST.N2
0.125 ° /C> 0125 -/l : LLHV.N2
0 o LEV.N1 -~ o o \
~ 0.100 : ~ 0.100
— \I, = o 18]
0075 | MLVNL 0075 W
LV
0.050 ooso | HLVN2
N;=2500 kN N2= 5000 kKN
0.025 0.025
0 100 200 300 400 500 600 0 100 200 300 400 500 600
v (mm/s) v (mm/s)
0.175
0.150 4
0.125 4
~ HsT.N3
< 0100 HHV.N3
= [s]
l*]
0.075
75 V ° o]
o}
0.050 -
LLV N3 N;= 8000 kN
0.025
0 100 200 300 400 500 600
v (mm/s)
Figure 4.50. Typical trends, at different load Isyef the friction coefficienp with the increase of the sliding
velocityv
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Optimal values for thevelocity effectparametersdy;, By;) are detected by means of a
nonlinear least square fitting procedure. The eelajlobal parameters @ndp) are then
calculated by averaging:

3 .

o= Zi:;“Nl (4.37)
3 .

B — Zi=13ﬁNl (438)

In order to calibrate thddad effect parameters, the friction coefficiengr y;, upy i, and
upy ni are plotted as a function of the applied vertmad N; (Fig. 4.51). Obtained couples
of values (e.gN, usr;) are then fitted by means of the following equadio

psr(N(t)) = agrN(£)st~1) (4.39)
y (N(8)) = agy N (&)= (4.40)
iy (N()) = ayyN(t)®av=1 (4.41)

and optimal values for relevant parametets (nsr, a.y, nLy, ayy, nyy) are again detected
by means of a nonlinear least square fitting proced
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Figure 4.51. Typical decrease of the statig, low-velocityy;,, and high-velocity:y, friction coefficients
with the increase of the normal loldacting on the CSS isolator
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The ‘frictional heating parameters(,.y, y) are lastly calibrated considering only the test
in which the CSS isolator dissipated the largestuarhof energy. Every quarter of cycle,
the equivalent friction coefficientz,; and related value§; of the cyclic variable are
calculated:

ED;
HEDi = Ny (4.42)
C = [)'N - v(t)’dt (4.43)

whereN is the applied normal loadD;, andd; are respectively the energy dissipated, and
the covered path during tHequarter of cycle.

Optimal values of the parametéls s andy are again detected by means of a nonlinear least
square fitting procedure (Fig. 4.52) and considgtiire following equation to catch the trend
of the couple of value<(, ugp ;):

Y
_ C_> )
Uepi = Mgp1 - fc(Ci) = Upp - e ((Cref (4.44)
and similarly:
fo(C) =£2L (4.45)
HED1

whereugp 1 is the equivalent friction coefficient for the dirquarter of cycle (when the
frictional heating is sill negligible).
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Figure 4.52. Thermal effect: decay of the equiviafgation coefficientu,p with the increase of the cyclic
variableC (left), and relevant values of the reduction daedht f. (right)
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4.4.3 Model validation

The previously described procedure was adoptetthéocalibration of the model parameters
(Table 4.16) of a real CSS isolator tested at RBIB Lab. of the University of San Diego,
California [69]. Three unidirectional tests at diffént load levels (Table 4.17) are here
considered to validate the response of'BMNC” model.

effect parameter unit
. a = 0.035 s/mm
velocity and breakaway
B =0.35 s/mm
Qs = 3.51 kN-l
Ngr = 0.60 °
ary = 11.27 kN-l
normal load
ny = 0.37 -
Apy = 9.65 kN-l
Npy = 0.46 -
Crer = 41010 kKN mn?) /s
frictional heating ref ( )
y =0.60 -

Table 4.16. Calibrated model parameters

vert. load ampl. max vel. freq. cycles
test shape
(kN) (mm) (mm/s) (Hz) )
1 2500 380 486 0.2035 sine 3
2 5000 380 486 0.2035 sine 3
3 8000 380 486 0.2035 sine 3

Table 4.17. Experimental tests parameters

At each time instant, experimental values of the applied vertical |d5@), and velocity
v(t) are given as input to the model that computesrsi@antaneous friction coefficient
u(t) (and hence the instantaneous friction forcg,&s) = u(t) - N(t)). Fig. 4.53 shows the
comparison between experimental loops and thosBgbee by the model: in general, a fair
agreement is reached but a slight discrepancyapiplue to scattered experimental values,
can be noted in the slowdown phase at the endobf gteoke.
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Figure 4.53. Comparison between the experimentidri loops and those predicted by the model
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4.4 .4 Friction model subcases

Friction model subcases can be obtained from thepteie formulation BVNC') by
properly setting the model parameters in orderuitifp the contribution of one or more
frictional effects. Table 4.18 provides the setgpafameters relevant to subcases of some
practical interest; in particular, it is possibte replicate the response of some standard
formulations already implemented in OpenSeesuch as the Coulombj, the
"VelDependerit and the VelNormalFrcDep friction models (see section 4.5).

reproduced effect
subcase set of parameters
B \Y, N C

set1:f - 4o
VNC [ ] [ ] [ ]
set Z:aST =Aary,Ngr =Ny
BVC u u n Ngr =Ny = Nyy = 1
BVN [ [ [ ] Cref = +00
Ner =Ny =Ny = 1
BV - - ST LV HV
Cref - 4o
VN B -+
[ [
(“VelNormalFrcDep) Cref = o0
\Y% B+t
el 0
(“VelDependerit
] Cref — 400
Upy = Apy
ny =ngy =1 (ngr = 1)
Ky = ay)
a — +oo
“CoulombB B -+
(u = cost.= ayy) Crep =+
Nyy = 1

Table 4.18. Sets of parameters for friction modélcases (shortcuts of reproduced effects: (B) for
breakaway, (V) for velocity, (N) for normal loacda(C) for cyclic)
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4.5 Proposed FEM formulation

4.5.1 The “CSSBearing_BVNC” element

A new isolator element, name@SSBearing_BVNChas been implemented in OpenSees
FEM software modifying the originaSingleFPSimple3dormulation [70].

In OpenSeés the 3D continuum geometry of a CSS isolator islelied as the 2-node (12
DOF) discrete element shown in Fig. 4.54. The teaes are virtually connected by springs
governing the response of the element in the ssickdirections: (1) axial; (2) horizontal
shearl; (3) horizontal shear2; (4) torsion; (5ationl; (6) rotation2. The shear response of
the element is based on a bidirectional plasticibdel with isotropic hardening [55]. The
force-deformation behaviours in the remaining dicets (axial, torsional, and the
rotational) can be associated with different etastiniaxialMaterials' and, since not
significantly affecting the overall response of thase-isolated structure [71], are not
described in the present section.

The proposed element formulation differs from tiiginal one because is coupled to two
friction laws: a Coulomb friction modeli (= uz = cost) defines the plastic domain before
the first yielding threshold overcoming (at motibreakaway), and then the hysteretic
behaviour is governed by th&NC_FrictionModel proposed by the Writer (see section
4.4.4). This allows the new element to reprodueddiiowing frictional effects: (1) peak of
friction coefficient f15) at motion breakaway; (2) dependence of the fnictioefficient on
the instantaneous sliding velocity and normal favnethe sliding pad; (3) decrease of the
friction coefficient due to the frictional heatiggyclic effect).

The main limit of this formulation is the imposdityi to catch the transition from the static
(usr) to the low velocity friction coefficientu(,,) at motion reversals in unidirectional
dynamic analyses.
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Figure 4.54. CSS isolator element: physical model 65S isolator (left) and discrete spring
representation (right) (adapted from [70])
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In the FE formulation, the two nodes of the elenagatvirtually located in the centres of the
lower and upper sliding surfaces of the physicab@8vice. The degrees of freedom in the
global and local reference systems (Fig. 4.55)caiented as proposed in literature [72].
Moreover, the element response is formulated ib#séc coordinate system (Fig. 4.56) and
transformation matrices are used to switch fromicb&s local and then local to global
reference system [71].

global ref.
system

Figure 4.55. Element degrees of freedom in theajl@lp) and local (down) reference systems

In the basic reference system, the element hadegjsees of freedom corresponding to the
relative displacements and rotations between tloenwdes (Fig. 4.56-right). In particular,
assuming that the node 1 is fixed, the displacesna@ode 2 can be obtained by means of
rotations about the centre of curvature of the loslading surface @;). The resultant
kinematics (Fig. 4.56-left) is therefore the sarha physical pendulum having radius equal
to R.s5 (see section 2.1). At each instant of the slidimgion, the basic reference system is
oriented in such a way that the axial directiag,(in Fig. 4.56-rigth) is aligned to the line
joining the centre of curvature of the low€r) and upperd,) sliding surfaces. In the basic
coordinate system, the general form of the elers#ffrtess matrix is [70]:

axial 0 0 0 0 0 1
0 shearl shear12 0 0 0 |
10 shear12 shear2 0 0 0
[Kb] = 0 0 0 tors. 0 0 (4.46)
l 0 0 0 0 rot. 1 0 J
0 0 0 0 0 rot. 1
with related element force vector:
[ axial
|shear1
Q) = shear2| (4.47)
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Figure 4.56. Element kinematic (left) and degredss@dom in the basic reference system (right)

Within this framework, the formulation of th&€SSBearing_BVNGelement is described
hereafter by means of the two sets of mathematigabols listed in Tables 4.19 and 4.20.
Furthermore, required user input-parameters amertegpin Table 4.21.

kinematic variable size description
{ug} 12x1 displacement vector in global coordinates
{u} 12x1 displacement vector in local coordinates
{up} 6x1 displacement vector in basic coordinates
{uel,pl} 2x1 elastic displacement vector in basic cootéima
{ub,pl} 2x1 plastic displacement vector in basic coorgiaa
{ugy} 12x1 velocity vector in global coordinates
{u,} 12x1 velocity vector in local coordinates
{u,} 6x1 velocity vector in basic coordinates
[Ty] 12x12  transformation matrix from global to locabrdinates
[Tip] 6x12 transformation matrix from local to basiomtinates

Table 4.19. Element kinematic variables
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variable size description
{qp} 6x1 internal force vector
{q} 2x1 internal friction forces vector
Qyield 1x1 yielding force
[Kp] 6 X6 tangent stiffness matrix
[Kpinic] 6x6 initial tangent stiffness maitrix

Table 4.20. Element internal force and stiffnessades (in basic coordinates)

parameter description

Ress effective radius of curvature of the isolator

Kinit initial (elastic) stiffness of the isolator
u = cost Coulomb friction model

u=u(lup|,N,C) “VNC_FrictionModel”
E “UniaxialMaterial’ elastic modulus

Tol tolerance for convergence criterion

Max Iter maximum number of iterations

Table 4.21. User input-parameters

Before proceeding with a detailed description @& ‘tGSSBearing_ BVNC’element, it is
worth providing an insight of the method used bye@ee? to solve the dynamics of
nonlinear MDOF systems. At each time instgrihe code computes the displacement field
of the whole systerfug (t)} (in global coordinates) solving the system of digus [70]:

[M] - {iig (O} + [C] - {itg (O} = {F* ()} + {F™ (ug () } (4.48)
where{F®*t} and{F "t} are respectively the external and the internakfields. The values
of internal forces depend on the actual configunranf the systerr{ug (t)} and on the
rheological model associated to each element|dghids to a nonlinear differential problem.
At first, the time derivatives are approximatedngsihe Newmark3 method:

{ugt + 20} = {u, (O} + At 1y (O} + G - ﬁ) Ac*{ i, (O} + pAt?{ iy (t + AD)} (4.49)

{u,(t + 20} = {u,(O} + A —AL{ i, (O} + yAt{ ity (t + AD)} (4.50)
The problem is hence reduced to a nonlinear algelprablem that is solved using the
standard Newton’s method. The application of theifda’s method produce a sequence of
approximations of the solutidm, (t + At)'}, where:

{ug(t + 80)°} = {uy ()} (4.51)
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and:

{ug(t + A} = {uy (t + A0} + {Auy (¢ + At) 1} (4.52)
This allows to the update also the velocity ancebation fields:

(i, (t + A1} = {1, (t + At)i} + ﬁ{Aug(t + AD)i*1) (4.53)
{iig (¢ + 80"} = {ity (¢ + A0} + 7 {Auy (6 + A0 (4.54)

The linearization of the momentum equation using thisplacement updal{ekug(t+
At)'*1} as unknown leads to following algebraic lineasteyn:

Utsac |- { Bug(t + 00"} = {Riyac} (4.55)
Where{RéJrM} is the residual vector of the momentum equation:
{Riyac) = (FEE(t + AD} + {Ft (uy (¢ + ADD} — [M] - {iiy (¢ + AD)'} — [C] - {1y (£ + A} (4.56)

and[]§+At] is the "equivalent Jacobian matrixfor the whole system:

Ubiacl = 7o M1 + 252 1C1 + Kl ae] (4.57)

The vector{F™ (u, (¢t + At)")} and the matri{k/,,.| are the internal forces and the
stiffness matrix of the system associated to thal tdisplacement configuration
{ug(t+At)i}. In the case of simple elastic systems, therenislgebraic relationship
between the forces and the displacements, thesothputation of F™* (u, (¢ + At)")} and
[K}Mt] is a quite simple operation. For more complexesyist such as elastoplastic isolator
elements, there is a nonlinear relationship betviemes and displacements and an iterative
procedure is again necessary.

For each trial solution of the whole base-isolatgstem{u,(t)'}, a second nestled solver
algorithm performs eleven steps (until convergaesceached) to determine the response of
the “CSSBearing_ BVNC"element. First four steps are preliminary while fkterative
procedure involves the steps from 5 to 11.

Step 1 the element nodal displacements and velocitiegabal coordinates are extracted
from the trial solution of the whole system and tsa@sformed in local coordinates:

{w® = [Ty {uy, )} (4.58)
{w®1 = [Ty] - {u,®} (4.59)
and then transformed from local to the basic comtgis:

{ub (t)i} = [Ty - {ul(t)i} (4.60)
{1 = [Tp] - {1t (DY (4.61)
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Step 2 the element radii in the two basic shear diresti@fig. 4.57) are calculated:

Ra(®) = [Regs? = (113 (0)1) (4.62)

Ra(®)' = [Regs? = (1 (0)1) (4.63)

Cy Gy

Rt
R,

R

U

Uy p Ush

Figure 4.57. Three-dimensional representation @fdisplacement components (above) and in-planaitiefi
of the element radii in the basic shear directidretow)

Step 3 noting that for small incremental displacementsdhrections of vectors,, andu,

are coincident and tangent to the motion trajectbiy. 4.57), the absolute sliding velocity
in the basic reference system is calculated:

o (0] = (1 0 + (i )’ + (3" =

i A i\2 . i . i
J (2 (O 2225 + 15, (- 2250) + (112 (©)1)” + (i3 () (4.64)
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Step 4- since the response of the element in the ba&t direction is regulated by the
elastic ‘UniaxialMaterial’, the related internal force component is easdlicalated:

Q10" = (EA/L) - uy p(8)° (4.65)

whereE is the young modulus (user input parameter), whiléequal to 1), and. are
respectively the cross section area, and the leyfgtie isolator element.

Step 5 -since the steps 6 to 11 depend on the basic campoof the shear force of the
isolator elementq, , (¢)" andqs ,(¢)?) that are not known a priori, an iterative proaedu
(Newton’s method) is again introducgdg the internal cyclic counter variable). At tirae
instantt = 0s, the state variables are initialized as:

j=1

g g 4.66
a7 < gap0ii =0 (4.66)
while for subsequent time steps:

. .j - 1

G2, ()" = g2 (¢t — AL) (4.67)

qzp ) = q3,p(t — At)

Step 6 -the trial element normal force in basic coordieatEt)’ is then calculated
considering also the two contributions of the fantforce f (which opposes the sliding
motion along the tangent to the displacement ttaygdue to relative displacements (Fig.
4.58) and other two relevant to local rotationsades:

POk
Rz ()}

o (0122 (O g (O + G () g, (1) (4.68)

N = g1, (O + g5, )" (O]

G | C

\ P P
_ % _ S
B a
o~ L
e e
= &
[ L1
=4 o
.ﬂ_“____{;____ Uz n‘riii\iiiij' Usp
3 s & " | By
- o 2 —T B 3
9Qz2,b q3b

Figure 4.58. First (left) and second (right) cdmition of the friction force to the element norrfakce in
the basic system
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Step 7 since the plasticity model with isotropic hardeniegulating the element response
can be obtained by means of the effects superimiposshown in Fig. 4.59, the code
calculates the stiffnesses of elastic and hystecetnponents as follows:

N(t)Jt

ji = NO _
K2,(t) R0 (4.69)
ji _ N

K250 = 3 (4.70)

KO,(t)" = Kinie — K2,(t)7" (4.71)

KO03(t)" = Kinie — K23(t)7" (4.72)

9b el qh
Qyield -~ Qyield -~
/;1(2/ / .
Up @ | up, @ | Uyield Up

Figure 4.59. Plasticity model with isotropic harohen(left) obtained superimposing the elastic cormgu
(centre) with the hysteretic one (right)

Step 8 the trial hysteretic and elastic components ofsthear force are calculated:

‘h,h(t)j’i = K0, (t)’* 'uZ,b,el(t)i = K0,(t)/- [uz,b (0" - Uy pp1(t — At)] (4.73)

%,h(t)j’i = K053 (t)’* 'uZ,b,el(t)i = K03(t)/" - [u3,b (0 - Ug pp1(t — At)] (4.74)
G2et(0) = K25 (0)7 - g () (4.75)
Gzet () = K23(0)) - ug (8 (4.76)

Step 9 (yielding criterion)the yielding of the element is checked by mearib®following
bidirectional criterion:

Y ()7 = |qn (7 = qyieia )" (4.77)
where gyeq(t)’" is the trial plastic threshold (Fig. 4.60-left) darlq,(t)’| =

\/(qz_h(t)f'i)z + (g3, (t)7%)? is the modulus of the resultant hysteretic force.

In general, during initial time steps preceding dlstual sliding activation, the element is in
the elastic range¥(t)’* < 0) and the plastic threshold is regulated by a Qubldriction
model 1 = ug = cost.):

rieta(®)t = pup - N(&)* (4.78)
wherep; is the friction coefficient at sliding motion bieavay.
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When the first yielding occurs (t)’* > 0), the frictional behaviour is switched to the
“VNC_FrictionModel” (Fig. 4.60-left) and the yielding force is instaméously adjusted

(u = pync(@®)Y):

Ayieta " = pync (- N(8)' (4.79)

The plastic domain definition can be therefore samined as (Fig. 4.60-right):

{q}’ield (t)j'i =HUp" N(t)j'i t < tyreakaway (4.80)
Qrieta(®)" = pync (&) -N@®)' t> threakaway

dzn
=

before first vielding (breakaway)

Ug o

Jh -~ HV

Hvnc

MLy O

|, |
Figure 4.60. Bidirectional plasticity domain (lefi)d related friction models that regulate the imstacous
trial yielding threshold (right)

Step 10a (elastic step)f-Y(t)! < 0, the element is in the elastic range and triahsfarce
components are updated:

Q2p ()" = @) + qae (D) = N - ug, (£)' (4.81)
3.()" = @3 n (O + G5, (O + N - us, (8)! (4.82)
and the related components of the element stiffmedex are set as:

K25 (07" = Kinie (4.83)
Ko 35(0)7" = K35 (£)7F =0 (4.84)
K335(t)" = Kinie (4.85)

Step 10b (plastic step)f Y (t)! > 0, the element is in the plastic range and the eadeutes
a step known as return mapping method (Fig. 4543l consistency parameters are first
calculated:

dy,(£) =Y () /K0, ()" (4.86)
dys(t)) =Y (t)'/K03(6)" (4.87)
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leading to the following trial plastic displacem&amponents:

Uy p1 ()71 = Uy (€ = AL) + Dy 1y ()7 = Uy py i (8 — AL) + dy, (£)7F -

Us p p1 ()71 = Uz (€ = AL) + Dz p i (8) ) = U p i (8 — AL) + dys ()7 -

Finally, the trial components of the basic sheatda@omponents are updated:

. . q'(t)j,i o o .
qz2,p )" = qyiera ()" - |Z?t)j,i| + QZ,el(t)]'l - N(t)* 'ue,l(t)l

.. .. (t)j,i .. .. .
43,5 (£)"" = Qyiera () - |ZZ(t)j,i| + g3 (0) + N - ug, (0)°

Az
lan ()7

azp)
lan(®)Y|

and the related components of the element stiffmedex are set as:

£)(q ps ()

Ko ()7 = K0, (t)/4 - et MITOT) g (60
2 la]
i i Qriena (@) a0
K t Jii — —KO0,(t i Ayieid(t) (qZ,h“ 3
O ;(© e
i i Qriena (@5 a0
K t Ji — —KO t Jii. qy ld(t) (q3,h“ 2
520 16 T
. o avi Ji. ji)? .
K3,3,b (t)j,L — K03(t)]’L . QYleld(? (t)(]quél(t) ) + K23(t)]’L
q()Ji

K2 - u,(t)! !
Qyie]d(t)jJI :
Qp(t — At) §---ofmmommmmme » :
i

I

|

|

~

o) - up,
ub,pl(t - At) Allb(t — At}

ug ()

O @----——-
J

(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)

Figure 4.61. Return mapping algorithm: incrementastic step calculated from the elastic stage ef th

previous time instant (adapted from [55])
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Step 11 (convergence checl) the last step, the program checks the solwimvergence
by means of the following criterion:

\/(Q2,b(t)j’i - QZ,b(t)U—l)'i)z + (%,b(t)j'i - (I3,b(t)(j_1)’i)2 < Tol (4.96)
Jj < Max Iter

The algorithm is applied iteratively, at each itenathe steps from 6 to 11 are evaluated and
the variablg is incrementedj(= j + 1) until the convergence is reached. If the maximum
number of iterationsMax Iter) is reached the algorithm fails and OpenSeaesurns an
error. The convergence is verified using a stoppiitgrion based on control of increments:
the convergence is reached when the differencedeetihe element shear forces in two
consecutive iterations is less than a given totaithis is justified by the fact that the
Newton’s method is adopted [73]. Once reached sheergence, components{af, (t)’}

are used to compute the element stiffness matrbasic coordinatefk;]. The same is
transformed in local components ari®iDeltd’ and “geometric stiffne$derms are added.
The local stiffness matrix is lastly transformedylobal components and assembled to other
elements contributions to obtain the system of ggusigoverning the response of the whole
base-isolated structure.

4.5.2 Test analyses

The absence of consistency errors in the new elemm@tementation has been verified by
means of comparison with the results obtained fanayses carried out in the OpenSees
(v.2.5.0) for frictional models available in thefiofal libraries of the code such as the
“Coulomb”, and the VelDependerit

A simple SDOF model (Fig. 4.62), composed of a eotrated mass = 100tons with an
applied vertical loadv = m - g = 9.81kN, and connected to the ground by means of the
isolator element, is used to perform the two tewstlyses. The isolator element has an
effective radiuskR = 3500mm and the initial elastic stiffness is set Ag;; = 100 -
(N/Ress). A unidirectional sinusoidal seismic input haviagplitudePGA = 0.40g and
periodT = 1.0s is applied to the ground level.

N

isolator element

ﬂW’WW%

Figure 4.62. SDOF model adopted for the test apalys
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Tables 4.22 and 4.23 respectively provide the &gfeitgput parameters assigned to both the
standard and the new code in order to reproducsaimeCoulomb” and ‘VelDependerit
friction models.

new code

standard code Coulomb frict. model BVNC frict. Model
(before breakaway) (after breakaway)

a =B = Crep = 100 (= +00)

H = 0.10 Up = 0.10 Ngy = 1

Ay = 0.10 (nb UpyNne = 010)

Table 4.22. Standard (left) and new code (righgutrparameters to reproduce the sé@mulomb”

friction
new code
standard code | Coulomb frict. model BVNC frict. Model
(before breakaway) (after breakaway)
g = Cref =100 (= +)

tay = 005 a = 0.005

Hyy = 0.15 Up = 0.05

a = 0.005 ay = 005,14y =1 (n.b. uy = pp = ay)

apy = 0.15 yNyy = 1 (Tl.b.ﬂHV = aHv)

Table 4.23. Standard (left) and new code (rightutrparameters to reproduce the saMelDependerit
friction

Fig. 4.63 show the comparison between the hystdoetps (left) and the displacement time-
histories (right) obtained with the standard arel tlew element code for tH€oulomb”
friction. Moreover, Fig. 4.64 represent the samajarison for theVelDependeriffriction
model. In both cases, the plots are perfectly ayged witnessing the absence of
consistency errors in the new element code anchjtability to reproduce the two simpler
frictional models already implemented in the staddapenSeésv. 2.5.0.
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standard code | 250 300 1 5 e standard code |
— new code &, 200 - T new code
= 200

150

100

z,Qo-----"'“"éoo 400
displ. (mm)

-100

displacement (mm)
o

-150

-200
-200
-250 -300
Figure 4.63Coulomb” friction: comparison between the hysteretic lofipk) and the displacement time-
histories (right) obtained with the two codes

- standard code | 230 800
K new code <% 200 e | I
; 200
=
E 100
2
g
g 0
400 300 200 300 400 g
.~ displ. (mm) 2. 45
2
-200
-250 -300

Figure 4.64. VelDependeritfriction: comparison between the hysteretic lodleft) and the displacement
time-histories (right) obtained with the two codes

In order to appreciate the capability of the nemrfalation to simulate the breakaway effect,
another analysis is carried out in the modifiedec@8V’ friction subcase, see section 4.4.4)
with the same previous input parameters with theeption of an increased static friction
coefficient at the motion breakaway (Table 4.24).

Coulomb frict. model BVNC frict. Model
(before breakaway) (after breakaway)

Cref = 10100 (= +ox)

a =0.005
B=1

asr = 0.30,ngr = 1 (n.b. usr = pp = dsr)

pg = 0.30

ary = 0.05 Ny = 1 (Tl.b./tLV = aLv)

Apy = 0.15 Ny = 1 (Tl.b. Hyy = aHv)

Table 4.24. New code input parameters for Be"“friction model
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Fig. 4.65-left shows the computed hysteretic lodtpsan be clearly noted that the new code
is capable to reproduce the peak of shear fortteeiisolator element due to the static friction
coefficient at the motion breakaway. The delay of the isolator sliding activation oasis

in addition a slight decrease (-21.0mm) of the mmaxh displacements (Fig. 4.65-right). It
is worth noting that, for more complex multi-stdrgmes, it has been already demonstrated
that the breakaway effect can have a significdiience also on the maximum storey drifts
and on the peak accelerations at each floor leed §ection 4.3).

~~ 350 300
-------- new code Z

=t

B 250 |} 200

¥ 300 400
< displ. (mm)

displacement (mm)

-200

-250 -300
Figure 4.65. BV friction model: hysteretic loops (left) and thisplacement time-histories (right)

In the last analysis, thé&-fictional heating effeét(available in the new element formulation)
is also introduced BVC' friction subcase, see section 4.4.4) by propsditing the two
related input parameters (Table 4.25).

Coulomb frict. model BVNC frict. Model
(before breakaway) (after breakaway)
a = 0.005
p=1

Crep = 5105,y = 1.0
g = 0.30
Ay = O.30,nHV =1

Ay = 0.05 ,Ngy = 1

Ay = 0.15 ,Npgy = 1

Table 4.25. New code input parameters for B&C’ friction model

Fig. 4.66-left shows the computed hysteretic lo@pgrogressive reduction of the dynamic
friction coefficient, and hence, of the dissipatemkrgy and of the equivalent viscous
damping of the isolator element, with the cumulaat flow at the sliding surface is quite

evident. With respect to the previous case, thises also a slight increase (+5.0mm) of the
peak displacements during the last three-four lasicihs of the isolator (Fig. 4.66-right).
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2 350 300
--------- new code <
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Figure 4.66. BVC' friction model: hysteretic loops (left) and thisplacement time-histories (right)

4.5.3 Unit-system for input parameters

As for standard OpenSéesode, the input parameters regulating the dynaesiponse of
the new'CSSBearing_BVNC"element are dimensionless [70]. This implies #iainput
values must be consistent with the unit-system tdbgor the fundamental physical
quantities. For example, in the analyses carrig¢drothe previous section, the unit-system
adopted for fundamental quantities is:

- mass (ka),
- length (mm)
- time (s).

leading to the following units of measure for véipcacceleration, and force quantities:

- velocity (mm/s),
- acceleration (mm/s?);
- force (kg - 1mm/s? = 1073N).

and to the units of measure for tiB/NC' friction model input parameters reported in Table
4.26.

effect parameter unit
. a s/mm
velocity and breakaway ] s/mm
Qst (10_3N)_1
Ngr 3 )
normal load Ay (10 _N)
Ny
ayy (1073N)~*
Nyy .
- . C ((1073N) -mm?)) /s
frictional heating ’;f )

Table 4.26. Unit-system for the input parameterthefnew'BVNC” friction model
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CHAPTER

Conceptual design of seismic-retrofitting with CSS
isolators

5.1 Introduction

The conceptual design described in the followingtiea is developed per steps and,
gradually increasing the complexity of the requirediculations (from preliminary
equivalent response spectra analyses up to nanlidgnamic analyses), aims at: (1)
defining a robust procedure for the design of swismetrofitting interventions; (2)
identifying the optimal solution with respect toget performances for the protection of both
structural and non-structural components; (3) eatalg the effectiveness of the proposed
solution (fault tree analysis); (4) obtaining outpesults more representative of the actual
response of structures implementing CSS isolagrguefined hysteretic models calibrated
by means of experimental data.

5.2 Steps of the conceptual design

Step 1 - Reference seismic scenario

This step aims at selecting the seismic input fgraghic analyses at each design level
defined according to the reference Building Codepréliminary analysis of the selected
ground motions (assessment of frequency contentpiglucted in order to highlights

potential issues related to base isolation impldatim.

1.1) definition of the reference elastic spectrum (tasgeectrum) for each seismic design
level (or limit state - see section 1.5.3) accagdmthe Italian Building Code [1];

1.2) selection of three or seven accelerograms (recogdeshd motions) matching the
target spectrum of relevant limit state;

1.3) detect possible critical frequencies for seismitaon (that is significant frequency
contents at high vibration periods - typical oftdotindation soils).
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Step 2 — Layout of the fault tree analysis

In this step, the building is decomposed in alkitsictural and non-structural components
(e.g. electric and hydraulic plants) and technaalgtcontent (e.g. medical equipment for
hospitals). All these elements are organized it firee diagram considering specific
failure thresholds for each type of element (seti@® 3.3). This can be summarize in two
substeps:

2.1) identification of structural typologies (cross $ewt of beams and columns) and
definition of relevant ultimate strength to bendimgments ¥y,), shear ¥g,), and
compression loaddVg,;) (see section 3.3.1);

2.2) definition of the capacity models for non-structw@mponents (acceleration and drift
sensitive elements) and technological contentgeetion 3.3.3).

Step 3 — Analyses on the as-built configuration

This step aims at evaluating the seismic performasfcthe as-built configuration of the
building. Nonlinear dynamic analyses are carriedama obtained results are processed by
means of the previously defined fault tree analysisietect possible damages to both
structural and non-structural elements. Within #tep, the engineer should:

3.1) define the as-built structural model (layout of tesisting frame, materials properties,
gravity and seismic loads);

3.2) perform modal analysis to determine mode shapesaiual frequencies;

3.3) carry out nonlinear dynamic analyses applying thevipusly selected ground
motions for each seismic design level. Among retgeesutputs there should be the
internal actions of the most critical structuraraknts, the peak floor accelerations,
and the maximum inter-storey drifts at each level;

3.4) evaluate the obtained results by means of the feadt analysis in order to detect
possible damages to both structural and non-stalatamponents.

Step 4 — Isolation system target performances

The preliminary design of optimal CSS isolators fioe seismic retrofitting intervention
(step 5) is based on the fulfilment of specifig&trperformances for the protection of both
structural and non-structural elements. The dédimiof these target performances requires
to perform two pushover analyses along both hota@agrincipal directions of the as-built
structural model. Inertia forces are applied ahestorey level with a gradually increased
amplitude. The same are modulated according thepopents distribution of the
fundamental mode shape of the base-isolated caafign (‘isolation mode- see section
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1.2). Hence, inertia forces can be roughly appraxém by a system of horizontal loads
having the same acceleration amplitude at eachystevel (Fig. 5.1).
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Figure 5.1. Distribution of inertia forces for pester analyses

4.1) according to EC8-1 provisions, the target perforoearior the protection of
structural components is established assuming timat,the base-isolated
configuration, the superstructure remains in thasta range “full-isolation”
assumption - see section 1.5.1). With respectddaapacity-curvérelevant to the
pushover analysis in the most flexible directioig(F5.2), the upper limit of the
linear-elastic behaviour is identified and then\eated in terms of accelerations
(a1imie1) dividing the base shear fordg for the total massi,,,) of the building

(@rimit1 = Vb/Meor) [2];
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Figure 5.2. Identification od,;,,,;; ; based on thecapacity-curvéin the most flexible direction

4.2) the two ‘capacity-curvelare then represented in terms of inter-storeftd(Fig.
5.3) in order to define a target performance fer pinotection of drift-sensitivé
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non-structural components. Considering the mostifle curve and the failure
threshold hax drif) of the most critical element (see section 3.3ad9econd limit
in terms of accelerationg f,,;c» = V,/my,¢) is established,
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Figure 5.3. Identification od;;,,;¢ , based on thecapacity-curvé (in terms of inter-storey drift) in the
most flexible direction

4.3) a specific target performance for the protectionaceleration-sensitivenon-
structural componentsif,,;; 3) can be directly identified as the failure threshof
the most critical element (see section 3.3.4);

4.4) a maximum allowable base-displacembpt,;;, that represents the upper bound for
CSS units deformations, is established based osilpegphysical constraints of the
building (e.g. thermal expansion joints, hammesait adjacent structures);

4.5) the self-centring capability of the isolation systaepresents a minor target
performance and can be quantified according tartéénod described in section 4.1.

Step 5 — Preliminary design of the sliding isolat&ystem

Since final design parameters are establisheckilagt stages of this procedure (consultation
with the devices manufacturer and nonlinear ana)ydtis step aims at defining a first
attempt solution for the isolation system layoutp#&liminary range of feasible isolator
characteristics is identified by means of equivalancelerationsa(Teff, feff) and
displacement (T.rr, $err) response spectra analyses (adjusting iterativelyréference
spectra of the building code) and considering tleipusly established target performances
for the protection of both structural and non-dnal elements. Due to the simplicity of the
considered design tools, the validity of this phae is limited to vertically regular
buildings with a single isolation system locatedabthe foundations level. Furthermore, it
is assumed that the response of CSS isolatorsgitivenstrong-motion phase of the quake
is governed only by the effective radiug,.f;) and the high-velocity friction coefficient
(ugy) and is virtually independent from the appliedvifiational loadi (see section 2.1).
Despite these crude assumptions, this step alloassing the attention on few doable
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options of optimized isolators. The design paramse®,;, uyy) for CSS isolators are
indeed identified applying the previously definedget performances to specific seismic
design levels of the Italian Building code [1]:

- at SLD limit state (Fig. 5.4-left), protection d¢fet most critical &cceleration-sensitive
and ‘drift-sensitivé non-structural components (that jg(Teff,feff) =V, /Mpor <

min(Agimit,2» Mimit,3):

- at SLC limit state (Fig. 5.4-right), protection dfie structural elements (that is
Sa(Teprréerr) = Vo /Mior < Qimir,1) @and limitation of the maximum displacement of
the isolation systemd(,) within the previously established threshold (that

Sa(Teffréerr) = dea < Dimie)-

It is worth noting that, in order to simplify theslgn procedure and in safety favour, the
protection of the structural elements is requiretha SLC limit state (instead of the less
severe SLV established by the national code).

Since the spectral acceleraticdfy (T.s7, ¢cr5)), the equivalent effective viscous damping
(¢efr), and the spectral displacemesii(Te s, $c55)) are mutually dependent on each other,
an iterative procedure is needed to calculate| cotivergence, the response of the system
relevant to the attempt couple of design paramérs, uyy).

Trial values for the friction coefficient at highiding velocity uyy can be selected among

average typical values for lovug, = 0.025), medium [, = 0.075), and high friction
materials iy = 0.125). However, in order to minimize the undesirabléeets of the
breakaway frictiorug (see section 4.3), only the first two categoriésliging materials
should be preferred. Once a valugigf is assumed, acceleration and displacement response
spectra are used to identify the minimum valuabefeffective radius capable to fulfil both
SLD (Ry min) and SLC R; 1in) target performances.

1.50 — 1.50 - T
SLD limit state SLC limit state

= 075
[ .
oF 050 _min (Qimic,2 Gimit,3)
025
0.00 B . . 0.00 ; . —
0.00 1.00 200 Ty, 3.00 4.00 0.00 1.00 2.00 3.00 T min 4.00
T(s) "3 er,”m T (s) R'.!,m[u o

Figure 5.4. Identification of the minimum effectivadiusR,(; required to meet the target performance at both
SLD (left) and SLC (right) limit states based onelecation response spectra
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The target performance related to the maximum geidiaplacement (Fig. 5.5) is finally
assessefy = Sq(TefrrSefr) < Dumic @t SLC limit state) and, in case of its fulfiiment
the effective radius of CSS isolators is set as:

Reff = max(Rl,min;RZ,min) (3.2)
500 -

300 A

g

g dod |¢
T2 200 -
wl

100

0 ‘ ‘ |
0.0 1.0 2.0 Tory 4.0

T (sec) \Reff

Figure 5.5. Assessment of the target performariagegeto the maximum seismic displacement based on
displacement response spectrum at SLC seismicdiati¢

If the last target performance is not met, theatiee procedure should be repeated
considering another set of design parametes( uyy). On the contrary, there could be
also multiple sets of compliant design parametas cection 6.3.2). In this case, the optimal
solution is identified considering also the re-ciexgt capability of the isolation system.
Assuming a typical ratio between the low and higklogity friction coefficients
unv /ULy = 2.5, the re-centring capability of the isolation systis quantified ad.,/(u.y -
R¢s7) and, even in presence of initial offset displacetsieis judged satisfactory for values
higher than 2.5 (see section 4.1).

Step 6 — Technological feasibility and experimedtahbase

In this step, the technological feasibility of tta@geted isolators is verified by means of a
consultation with the device manufacturer. A sigaift part of this step is also the
acquisition of available experimental data condilicte devices similar (size, load, and
frictional properties) to the desired ones.

6.1) calculate the gravitational lodtd acting on CSS units;

6.2) check for technological feasibility (e.g. availatyilof sliding materials with the
desired frictional properties and load bearing capp
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6.3) define the diameter of the sliding pad in ordelbéccompliant with desired frictional
properties and the compressive strength of thanglishaterial (note that both;y and
ury depend on the average contact presgiyg).

If technological feasibility check is satisfied,dwcenarios are possible:

6.4) acquisition of the database of available experialamisults from tests conducted on
CSS isolators with similar design parameters;

6.5) in case of partial or total lack of experimentatagalefinition of ad hoc tests to be
conducted on CSS prototypes.

If technological feasibility check is not satisfjélde engineer should go back to the previous
step and identify another set of reasonable dgmgameters for CSS isolators, or, in worst
case, even choice another strategy for the seistriofitting.

Step 7 - Calibration of a refined friction model

In this step, the selected experimental tests gdireavailable or performed on new
prototypes) are used to calibrate a refined frictimodel to be implemented in nonlinear
analyses of the isolated structure. In this regardew friction model (Fig. 5.4), with a
related procedure for the parameters calibratias, been proposed by the writer and has
been implemented in OpenSees FEM code [3]. Theogeap formulation is capable to
reproduce the well acknowledged dependence of ticioh coefficient u(t) on the
instantaneous sliding velocity(t), and normal load/(t) acting on the isolator. The main
novelty of the model is indeed represented by thssibility to simulate also the more
challenging frictional heating and the breakaway”effects (see section 4.4).

—— experimental

-500

-800

Figure 5.4. Calibration of the refined friction mbfter nonlinear dynamic analyses
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Step 8 — nonlinear dynamic analyses and isolaty@tesn design refinement

This step aims at evaluating the seismic performasfcthe structure implementing CSS
isolators. Nonlinear dynamic analyses are carrigidusing the refined friction model to
predict the response of CSS elements. The effetsge of the proposed solution for the
seismic-retrofitting is then assessed processiagtitput results by means of the fault tree
analysis. Finally, the displacement capacity ofGi&S unitgD) is designed considering the
maximum base displacement_f) and the possible presence of any initial nonrsieis
offset (see section 4.1).

Z 0

Figure 5.5. Nonlinear dynamic analysis on the hsgkted configuration
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CHAPTER

Seismic-retrofitting of a case study hospital

6.1 The Lamezia Terme hospital

6.1.1 Introduction

In this chapter, the conceptual design of slidsadtion system for retrofitting of strategic
buildings with high technological content, presenta section 5.2, is illustrated with
reference to an existing hospital. The hospi@Giovanni Paolo 11" of Lamezia Terme
(Calabria, Italy), located in a high seismic pranea and capable of providing every medical
service typical of large medical complexes, hasib#®sen as case study. The hospital is
already described in a previous study by Lupbial. (2008): seismic analyses were
conducted on the same structure; in addition, theyic index to assess the hospital capacity
to withstand the post-earthquake emergency waspeaff1, 2]. However, the lack of some
information on the structural model (e.g. layoubem and beam-column joints) assumed
in that study and the need to update the analysais¢ordance with the requirements of the
most recent Italian Building Code [3] made necestae repetition of the analyses also in
the “as built” configuration (fixed base).

The design of the Lamezia Terme hospital dates badke end of the ‘60s of the last
century. The hospital complex consists of two mhuildings, named Piastra’ and
“Degenzg connected by two tower structured ¢tre Scald), and two auxiliary buildings,
named Riabilitazioné and “Uffici” (Fig. 6.1 and 6.2).

Since the most challenging goal of the presentysisitb demonstrate the effectiveness of
optimized sliding seismic isolation systems for pinetection of strategic buildings, seismic
analyses are carried out only on tReastra” building that is equipped with earthquake-
sensitive plants, medical equipment, and cont&iestrgery division of the hospital.
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Figure 6.1. General plan of the Lamezia Terme hakspomplex (adapted from [2])
torre scala degenze

\ \ OSPEDALE
= ) —

piastra

Figure 6.2. Side view of the hospital complex

The “Piastrd’ is a quite regular three-storey building with @nsions of about 140m in the
longitudinal direction and 50m in the transversa .ol he storey heights are 5.1m (basement
level), 3.5m (ground floor), and 4.5m (first flodor a total height of 13.1m. Foundations
are located at -5.1m with respect to the groundlléMhe interior space is partitioned into
modules of 7.2m by 9.6m defined by the structural (see section 6.1.2); Fig. 6.3 shows
the location at the different floors of the medisaivices, and the technical rooms.

For simplicity, the design of the isolation systEmthe seismic retrofitting of thd?iastra’
building is developed skipping some of the stepsviged by the procedure outlined in
Chapter 5. In particular, instead of performingetadled fault tree analysis, a survey of the
failures occurring to both structural and non-dinced elements at each floor level is used
to assess the seismic performance of the buildidditionally, the preliminar design of the
CSS isolators (nominal period and frictional prdies) is based only on the fulfilment of
some target performance while the technologicdilféity of the identified solution is not
verified by means of a consultation with the devitanufacturer. The effectiveness of the
proposed solution is directly evaluated by meansooilinear dynamic analyses conducted
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in OpenSeés FEM software [4]. The modified formulation of tligolator element (see
sections 4.4 and 4.5) is implemented in the softveand the relevant model parameters are
calibrated by means of friction tests carried outsmall scale specimens of the selected

sliding material.
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Figure 6.3. Spatial distribution of services attefioor level of the Piastrd’ building
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6.1.2 Layout of non-structural components

Based on the information available in literaturedlland derived from an inspection of the
building conducted by the Writer, Tables 6.1 and provide respectively the floor-
distribution of “drift-sensitive” and “acceleration sensitive”components located in the

“Piastrd’ building.

capacity ground .
component basement first floor
(%) floor
EG diesel conduits 0.90 X
ipelines
PIP 0.90 X X X
(for water and medical gas systems)

curtain walls 0.75 X X X

glass windows and doors 4.60 X X X

Table 6.1. Floor distribution ofdtift-sensitivé components

capacity ground .
component © basement Hoor first floor
false ceilings 0.90 X X X
UPS battery cabinets 0.52 X
UPS switchboard panels 1.12 X
UPS distribution panels 1.75 X X X
elevators 0.20 X X X
medical gas cylinders 0.50 X
consultation rooms 0.45 X
medical equipment 1.00 X X

Table 6.2. Floor distribution oftceleration-sensitivecomponents
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6.1.3 Structural layout

The structural frame of thePfastra’ building is comprised of cast-in-place reinforced
concrete beams and columns and is subdivided lmé&ge tblocks (block A, B, and C) by

thermal joints (Fig. 6.4).

COLUMNS TYPES

B primary C-P1
- . auxiliary C-P4
B auxiliary C-P5

Vv 3d01d

_____thermal joint

d 3201d

____thermal joint

D 201

longitudinal beams

transversal beams
_—_—

Figure 6.4. Vertical load-carrying system of tiedstrd’ building
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Based on the cross-section designs, columns dtabement level can be categorized into:
(1) C-P1 primary columns; (2) C-P4 auxiliary colwsnn(3) C-P5 auxiliary columns.
Whereas auxiliary columns are only at the baserieort, the primary columns runs from
the foundations to the roof, with cross-section thduces passing from the basement level
(C-P1) to the ground floor (C-P2), and the firsiofl (C-P3). The cross-sections of primary
and auxiliary columns at the basement floor arenteg in Fig. 6.5, while those of primary
columns at ground and first floors are shown in Big.
Columns cross-sections are aligned with their rdaimension parallel to the transverse side
of the building (Fig. 6.4) providing a higher bemnglistiffness in this direction.

(a) Jetione SoxBo (b) Jesvne fansa
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(C) Jezipne soxfo
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0 0 O Y 45
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J‘la‘ﬁ& fds fPsem 4 L biacer

Figure 6.5. Columns cross-sections at the baseftioent (a) primary C-P1, (b) auxiliary C-P4, and (c

auxiliary C-P5 (adapted from original drawings)
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Figure 6.6. Primary columns typologies at the goband first floors: (a) C-P2 cross section, anddi)3
cross section (adapted from original drawings)

Longitudinal beams have a conventional rectangatass-section (Fig. 6.7-left), while
transversal beams have anverted U shaped cross-section (Fig. 6.7-right).
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Figure 6.7. Cross-sections of longitudinal (lefiplaransversal (right) beams in the middle of thens(adapted
from original drawings)

The details of columns-longitudinal beams jointig(l6.8) and columns-transversal beams
joints (Fig. 6.9) allow hypothesizing different sches for the resisting frames in the two
principal directions.

i 3020

’3!320

30cm
i

Figure 6.8. Column-longitudinal beam joint: beamss-section (left) and 3D view (right)

4.'{‘,3 022 Sl
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50em

2o o

25cm 40cm 25cm
—_—— e 5

Figure 6.9. Column-transversal beam joint: bearssgection (left) and 3D view (right)
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In the transversal direction, beam-column jointvehanot an optimal layout for the
transmission of bending moments; indeed most ofélrdorcing steel bars are located in
two vertical flanges of the cross-section and tleeeedo not contribute to the bending
stiffness of the joint. In safety favour, transwaiiseams are therefore modelled using truss
elements (Fig. 6.10). In the longitudinal directitile beam-column joint is more rigid and

suitable for the transmission of bending momerdesequently, arfioment resisting frare
scheme is assumed (Fig. 6.11).

e

[ A A O O O

Figure 6.10. Structural scheme of the resistinmé&an the transversal direction

e

thermal joint
thermal joint

e --n = #n e ke e el b e A n A e = - A e - e

Figure 6.11. Structural scheme of the resistinmé&an the longitudinal direction

A structural issue ofPiastrd' building is represented by the thermal joints.eath joint,
the longitudinal beams of one block are simply sufga by the columns of the adjacent
block (Fig. 6.12). The three structural blocks therefore not independent from each other,
and a quake may cause the collapse of the longautheams due to sliding and loss of
support. In seismic analyses, in safety favowrjlitbe assumed that a displacement greater
than the half width of the suppof.§ - 180mm) at the joint corresponds to such event.
Further, also possible hammering between the aujablcks is taken into account
considering a clearance of 10mm between the etitedieam and the column.
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gap 10mm
\

support 180mm

Figure 6.12. Detail of the thermal joints (adapiedn original drawings)

6.1.3.1 Material properties

Material properties for the structural analysestaken from the study conducted by Lupoi
et al.in 2008 [1].

Based on results of rebound-hammer tests, the etmnstrength assumed for beams and
columns is f.; = 41MPa, while the elasticity modulus of concrete is setE =
30000MPa.

Mechanical properties of steel used for the regifay bars is deduced from a survey of the
original design documents: the yield strength isuated to bef,; = 430MPa, and the
elasticity modulus is set #® = 210000M Pa.

Based on available information [1], the soil atrfdation level is mainly composed of sand
and gravel with good mechanical propertigs{ 30 — 35°).

Although for a reliable definition of material pregies a more extensive experimental
investigation campaign could be appropriate, arur@te level of knowledge of the
characteristics of the structural elements has lbhssamed in the present study. Therefore,
according to the ltalian Building Code (88.5) [3ldathe relevant explanatory ministerial
note [5], no reduction coefficient has been appledhe mechanical properties of the
constitutive materials.

6.1.3.2 Gravity loads

The permanent load& ) considered in structural analyses are deduced the original
calculation report of the hospital building, whilee loads Q) are set according to the
provisions of the Italian Building code [3] for didobuildings (Table 6.3).
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floor level Gy (KN/m?) Qr (KN/m?)
z=0.0m 5.28 3.00
z =+3.5m 5.28 3.00
z =+8.0m 4.38 0.50

Table 6.3. Floor distribution of permanefj ) and live Q,) loads

6.1.4 Reference seismic scenario

For each seismic design level (or limit state) pted by the current Italian Building code
[3] (see section 1.5.3), seven independent grouotiiom records were selected from the
European Strong-motion Database [6] using REXEHW w&ta software [7]. Only horizontal
bidirectional time histories compatible with thestic spectrum of reference of each limit
state were requested to the software. Indeed,uththe effect of the vertical component
of the earthquake on technological buildings ismglex matter that would deserve further
investigations, it has not considered in presarndyst

The selected records are in compliance with stahgeovisions for a strategic structure
(functional class V¢, = 2.0) located in Lamezia Terme, Italy (16.18° longitu88.58°
latitude) on type B soil (very dense sand, gramelery stiff clay), topographic category
T;, with a nominal life o/, = 100years (corresponding reference perigg= ¢, - Vy =
200years). Table 6.4 summarizes the main features (reteno@ 7 and peak ground
accelerationPGA) of each limit state (LS) and lists the relevaatssiic performance
according to the Italian Building code (see sec8dhl).

LS Tr (years) PGA () performance requirements
SLO 120 0.170 operativity of plants
SLD 200 0.217  drift limitation of structural elements

damage limitation of nonstructural elements
SLV 1900 0.452 no hammering with adjacent buildings

resistance of structural elements

resistance of anchoring systems for plants
SLC 3900 0.499 seismic isolators displacement capacity

seismic isolators load bearing capacity

resistance of anchoring systems for seismic isrdat

Table 6.4. Limit states for seismic performancesssient

Selected records are listed in Tables from 6.58pwhile Figs. from 6.13 to 6.16 represent
the relevant response spectra: at each limit stetesompliance of the mean spectrum to the
"target spectrum matchitigriterion is satisfied (see section 1.5.3).
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duration scale factors
event record ID (s) dir. X dir. Y
Ano Liosia 1314 274 1.422 1.561
Ano Liosia 1713 30.0 1.531 1.984
Campano Lucano 291 86.0 1.091 0.965
Friuli (aftershock) 147 16.8 1.208 0.718
Montenegro 199 47.1 0.452 0.468
Montenegro (aftershock) 232 28.2 2.973 3.069
South Iceland 6263 25.0 0.271 0.332

Table 6.5. Selected records for seismic analys8&@tlimit state

duration scale factors
event record ID (s) dir. X dir. Y
Ano Liosia 1314 274 1.820 1.999
Campano Lucano 291 86.0 1.397 1.236
Friuli (aftershock) 147 16.8 1.540 0.919
Montenegro 199 47.1 0.579 0.599
Montenegro (aftershock) 232 28.2 3.086 3.928
South Iceland 6263 25.0 0.347 0.425
South Iceland 4673 30.0 1.046 0.456

Table 6.6. Selected records for seismic analys8s@tlimit state

duration scale factors
event record ID (s) dir. X dir. Y
Campano Lucano 291 86.0 2.097 2.572
Izmir 548 19,7 15.687 11.543
Montenegro 196 48.2 0.996 1.479
Montenegro 197 48.2 1.540 1.878
Montenegro 199 47.1 1.205 1.247
Montenegro (aftershock) 232 28.2 7.921 8.175
Umbria Marche 594 25.0 0.863 0.977

Table 6.7. Selected records for seismic analys&&tlimit state
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scale factors

event record ID dur(ast)ion dir. X dir. Y
Campano Lucano 291 86.0 3.208 2.838
Campano Lucano 293 84.0 5.054 5.020

Duzce 6501 415 3.988 3.167

Montenegro 197 48.2 1.699 2.073

Montenegro 199 47.1 1.330 1.376
Montenegro (aftershock) 230 325 4.175 1.865
Montenegro (aftershock) 232 28.2 8.740 9.020

Table 6.8. Selected records for seismic analys8&@tlimit state
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6.2 Seismic analyses on the “as-built” configuratio

6.2.1 FEM model

A 3D model of the Piastrd’ building (Fig. 6.17) has been developed in Op&i3e.2.5.0
[4].
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Figure 6.17. 3D view of the FEM model of theiastrd’ building

Based on the assumed overall structural behavieseribed in section 6.1.3, simple elastic
truss elements are used to model transversal besdnihs nonlinear BeamWithHing€'s
elements are used for columns (all types) and todijial beams. The last are composed of
three parts: two plastic hinges at both ends, dmgkar-elastic region in the middle [8]. The
two plastic hinges are defined by assigning trexigthsL,; andL,, and the properties of
the ‘fiber-sectiori. Kent-Scott-Park material model, as modified byar§an-Jirsa
(“Concrete01-ZeroTensileStrengthand bilinear material model with kinematic hanihg
(“Steel01) have been employed for concrete and steel, otispdy (Fig. 6.18) [8].

fiber-section concrete01-ZeroTensileStrength
g,
node i node j ! £c0 ”
T e s— ; -
|:— Lp, Lp, ':| i
I L 1 '
fiber-section e
v 2fc0/t0
A0 steel0l
z HSec ;
H
+fya BE
E
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stran or geformadnn
{ =y
bE

Figure 6.18. BeamWithHing€selements (left) and constitutive models (rigd) Eoncrete and steel in the
fiber section (adapted from [8])
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In particular, softening of concrete-fibers hasrbaeglectedft, = f., = 41MPa), while
strain-parameters have been sgf & —0.002 ande,, = —0.0035) as recommended by
the Italian Building Code (§ 4.1.2.1.2.2) [3]. lafsty favour, also hardening of steel-fibers
has been neglected € 0), while the yield strength and the elasticity mioduhave been
respectively set tf,; = 430MPa andE = 210000MPa (see section 6.1.3.1).

The length of the plastic hinges has been estinmtatadeans of the simplified formulation
proposed by Paulay and Priestly [9]:

I, = 0.08L + 0.022f,4d,, (6.1)

where L is the length of the member, gig andd,, are respectively the yield strength and
the diameter of longitudinal reinforcing bars (aghmpunitskN andmm.

Table 6.9 summarizes the resultant lengths ofiplastges for every column typology, and
for longitudinal beams.

plastic hinge length

element Ly = L, (mm)
column C-P1 510
column C-P2 382
column C-P3 419
column C-P4 467
column C-P5 467

longitudinal beam 635

Table 6.9. Length of plastic hinges for structwlagiments

The following boundary conditions have been assigog¢he model:

1- the nodes at foundation level are constrained bgnsef rigid joints and subjected
to the application of anUniformExcitatiori seismic input [8];

2-  translational masses and vertical loads are assignevery node according to the
assumed loads (see section 6.1.3.2);

3- relative displacements between nodes lying on #reesfloor of each block are
prevented by means ofRigidFloorDiaphragni multi-points constraints [8].

To model the non conventional connection betweagitudinal beams and columns at the
thermal joints, a simplified scheme has been intced (Fig. 6.19). The columns in
correspondence of the joint are doubled (with gpatierlapping) in order to make the frame
of each block independenfTwoNodeLink elements [8] with an elastic - perfectly plastic
behaviour in the axial and horizontal shear dioej and a negligible strength in other
directions, have been used to model the interadietween the blocks. In order to limit
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elastic relative displacements between the nodeithatr side of the joint, a very high elastic
stiffness was assigned to link elements, whilergjdnovements starts when the yielding
threshold is exceeded:

Fy = HUcc” Rv,beam (6.2)

whereu, . = 0.5 is the concrete on concrete friction coefficiemdR,, .4, iS the vertical
reaction force of longitudinal beams at end supgpdgiongation or shortening of link
elements is assessed in order to detect potes@maiiering between blocks (shortening >
10mm), or collapse of longitudinal beams due ts lafssupport (elongation > 90mm).
“TwoNodeLinkElement”

Block A / Block

I

ws]

b= 0.0 mm

e ] 7 o om rm o sl o !

Figure 6.19. Structural model adopted for beam+ool@onnections at the thermal joints

6.2.2 Modal analysis

OpenSees software performs the modal analysis gakito account the mechanical
properties that describe the elastic response af eement. Therefore, in the considered
model, the link elements behave as stiff connestlmetween the different blocks. In order
to analyze the dynamic response of each singl&btbat characterizes the sliding phases
of the thermal joints, a second model, free of Biédments, has been developed for the modal
analysis. The most important modal shapes and aeteperiods calculated for the two
models are shown in Fig. 6.20 and Fig. 6.21 respsyt

The modal analyses conducted on the model withdlieknents provides the following main
outcomes:

1- due to the asymmetric configuration of the resigtinames in both principal
directions, bending modes in X and Y directionsehdifferent vibration periods
(respectively T=0.69s and T=1.01s);

2-  the natural periods are quite high and typical fié=ible structures;

3- as witnessed by effective modal masses reportédhie 6.10, the dynamic response
of the building is dominated by bending modes.
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mode 2 (T=0.90s)
torsion1

mode 1 (T=1.01s)
bendingl Y dir.

2

SR
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N
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mode 3 (T=0.69s) mode 4 (T=0.24s)
bendingl X dir. e bending? X dir.

mode 5 (T=0.20s) mode 6 (T=0.20s)
torsion2 ] bending? Y dir.

Figure 6.20. Model with link elements: mode shages related natural periods

mode n° type T (s) m,srx (%) mesry (%)
1 bendingl Y dir. 1.01 <0.1 52.5
2 torsionl 0.90 <0.1 0.3
3 bendingl X dir. 0.69 60.8 <01
4 bending2 X dir. 0.24 11.6 <01
5 torsion2 0.20 <01 25
6 bending2 Y dir. 0.20 <0.1 16.9

Table 6.10. Effective modal masses of the modédi lwitk elements: percentage values in the longitaidi
(meyf x) and transversahi, s y) directions

Modal analyses conducted on the model without éldments points out other important
information:

1-  apractically uniform distribution of masses arniffre¢sses among the different blocks
of the ‘Piastrd’ building as witnessed by very similar values atural periods of
bending and torsional modes of the three blocks;
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2-  effective modal masses suggest again that, alsbisnconfiguration, the dynamic
response of each block is dominated by bending mode

mode n° type block T (s) mgpx (%) mesry (%) notes
1 bendingl Y dir. B 1.03 <0.1 57.0 ofmy; g
2 bendingl Y dir. C 1.02 <0.1 49.6 ofmy,; ¢
3 bendingl Y dir. A 1.00 <0.1 55.5 ofmy,; 4
4 torsion A 0.78 <0.1 0.4 ofmy; 4
5 torsion C 0.76 <01 <01 of my, ¢
6 torsion B 0.75 <0.1 <0.1 ofmy;,
7 bendingl X dir. B 0.70 64.4 <0.1 of my,; g
8 bendingl X dir. C 0.69 57.4 <0.1 of my; ¢
9 bendingl X dir. A 0.69 63.4 <0.1 of my; 4

Table 6.11. Effective modal masses of the modéiauit link elements: percentage values in the lowigital
(meyf x) and transversahi, s y) directions
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Figure 6.21. Model without link elements
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6.2.3 Seismic response assessment

Nonlinear dynamic analyses have been performedhirstructural model of the whole
“Piastrd’ building under the ground motions time historabsfined in section 6.1.4. In
accordance with the Italian Building Code (8 7.3the response of the building at each
limit state was assumed as the average of themespdo the seven ground motions selected
for that state.

6.2.3.1 Performance of structural elements

Among the main results concerning the seismic respof the resisting frame, it is noted:

1-  at both SLO and SLD limit states, the deformatidthe link elements is less than
10mm, therefore neither hammering between adjduecks nor loss of support of
longitudinal beams at the thermal joints occurs;

2-  atboth SLO and SLD, the maximum axial load inadblimns is always significantly
below the ultimate strengtiVg pmqx/Nrq < 0.15);

3- at SLO PGA =0.17g), the columns are severely stressed by biaxialdibgn
moments (Figs. 6.23-6.25);

4-  at SLD (PGA = 0.22g), some columns have overstepped their ultimaength and
a collapse mechanism is triggered (Fig. 6.26);

5- atSLV (PGA = 0.45g), analyses do not reach convergence (for eacindrowtion
time history), meaning again the collapse of tinecstire.

It is worth noting that, since significant earthiges with epicentre close to Lamezia Terme
never occurred after the hospital construction P)9the alarming scenario that the analyses
have pointed to has never been experienced. Indéiih an epicentral distance of 100km,
according to the European Strong-Motion Databakeé most intense ground motion was
recorded at Bruzzano Zeffirio (RC, 1978) and h&i=A equal to 0.08g.

More in detail, due to the structural scheme adbfuiethe resistant frame in the transversal
direction (hinges in beam-column joints), the dinial collapse triggers when yielding at
the base of the columns is reached. Indeed, itottgitudinal direction, the onset of plastic
hinges at end nodes of beam elements is not srffitd start a kinematic mechanism.
Therefore, for the assessment of the structuragjiity it is sufficient to check the resistance
of columns to bending moments induced by the seisittion. These checks are conducted
according to a simplified approach provided byltaéan Building Code [3] and described
in section 3.3.2.

The check is conducted for the whole columns of bbéding. However, for clarity,
hereinafter the results will be illustrated only fonumber of columns at each floor that are
representative of the behaviour of the whole elémanthe same building floor. Fig. 6.22
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indicates the monitored columns; while Figs. froi36to 6.25 show the relevant results at
both SLO and SLD limit states.
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first floor columns (C-P3)
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Figure 6.25. First floor columns: structural intigcheck at SLO (green bars) and SLD (blue bans} ktates

At both SLO and SLD limit states, all primary colasof the basement floor (C-P1) and the
ground floor (C-P2) widely satisfy the structunalegrity requirement. At the same floors,
the overcoming of the ultimate strengthdx[(Mg ya/Mgya) + (Mg za/Mg2qa)] > 1) at
the base of the auxiliary columns (C-P4 and C-BS)at sufficient to trigger a collapse
mechanism. On the contrary, more severely at Sir Htate, the onset of plastic hinges at
the base of primary columns of the first floor le{@-P3) allows free lateral displacements
of roof storey causing the structural collapse .(6ig6).

O "as built" hinges
0O plastic hinges

Sl ® — —C — — 0

Figure 6.26. Collapse mechanism of the resistinmdran the transversal direction at SLD limit state

o
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i cp1
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It should be noted that, in structural verificagoaf columns cross-section, values of
[(Mg ya/Mgya) + (Mg 2a/Mg 2q)] higher than the unity are not physically possiitee
the columns cross sections have already reachedittimate strength. This inconsistency
is due to the approximation of the ultimate strergpmain of the columns cross-sections
adopted in simplified analytical checks as descrilpesection 3.3.2. This is evident in Fig.
6.27 where both the actual domain implemented ianSee% and the simplified one used
in structural checks are shown together with ththistory of bending moments acting at
the base of a C-P5 column element close to stralatetlapse. The points representing the
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combination of the moments along the X and Y axay fall outside the simplified domain,
but it is still within the actual one.

actual domain

approximated domain

©  biaxial bending moments
on element 6 (C-P5)

n.b. Nea = 207kN

-2000 -1500 -1000} % 1000 1500 2000

My (KNm)

-1500

-2000

Mggx (kNm)

Figure 6.27. Graphic representation of the stratttiieck conducted on a column cross-section sigjd¢o
biaxial bending moments

6.2.3.2 Performance of non-structural components

Although at SLO limit state the resisting framaleady severely stressed, it is of primary
interest the assessment of the performance of tnoaotgral components during the seismic
event. This is useful to define the possible saerthat the first aid operators will have to
face in the post-earthquake emergency.

The assessment can be done considering the diiiribof “acceleration-sensitiveand
“drift-sensitivé elements given in section 6.1.2. Within the ficstegory, considering the
peaks of absolute acceleration at each storey éenkthe related breakdown thresholds (see
section 3.3.4.2), the following damage scenariceangsaged (Fig. 6.28-left):

1-  out of order of the elevators at every floor levalising a slowdown in the transport
of patients with serious injuries;

2-  temporary unavailability of consultation roomsfa first floor level due to possible
overturning of not-restrained furnitures and equepin

Within the second category, other damages and ssv@e malfunctions can be envisaged
analysing the peaks of inter-storey drifts at dagbl (Fig. 6.28-rigth):

3- damages to curtain walls at ground and first floor;
4-  interruption of distribution of water and medicasgdue to possible ruptures of
pipelines.
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Figure 6.28. Performance checks facteleration-sensitivgleft) and “drift-sensitivé (right)
elements at SLO limit state

In general, the hospital complex seems not to pelda to withstand the medical emergency
even for low-moderate seismic events such as the anSLO limit state. The situation could
have been even more alarming if the UPS batterinetdwere not located at the basement
floor; in that case, the same could not supply dleetricity required for the emergency
conditions.
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6.3 Design of the sliding isolation system

6.3.1 Layout of the isolation system

Since particular restrictions due to both strudt@laments and plants of thé&iastra’
building are not recognized, the isolation systenthiosen to be installed between the
foundation level and the base of the columns. Basethe typologies of the supported
columns (Fig. 6.29), two categories of CSS isoktmn be identified: (1)pfimary CSS
with an applied gravitational loa = 996kN; (2) “auxiliary CS3 with an applied
gravitational loadV = 207kN.
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| ) — P
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Css P = L o column
\i -t L ]

L.

Figure 6.29. Layout of the isolation system

A possible procedure for the installation of thelasors is described in [10]: (1) if needed,
enlargement and stiffening of the foundation systiein. 6.30-left); (2) realization of a floor
diaphragm composed by stiff beams to prevent d@iffeal displacements between the CSS
units and the bases of the columns (Fig. 6.30:1€3) installation of hydraulic jacks to
support the gravity loads and cutting of the colurases (Fig. 6.30-centre); (4) insertion of
isolation devices and removal of hydraulic jackig (lB.30-right).

column

hydraulic jack ~ CSS isolator

foundation

Figure 6.30. Possible installation steps of théatsmn system (adapted from [10])
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Other secondary provisions are: (5) insertion ofraovable grid between the beams (Fig.
6.29) to allow the inspection and maintenance ef idolators (and, if damaged, their
replacement after the quake); (6) connection afitglpipelines by means of flexible joints
capable to accommodate the displacements of thaimosystem.

6.3.2 Definition of target performance for the edn system

According to the design procedure described ini@ed.2, in order to identify the target
performances for the protection of both structaral non-structural components, a pushover
analyses along each of the two horizontal prinair@ctions of the ds-built’ configuration
should be carried out. For sake of simplicity, Hmalysis is performed only along the
transversal direction (Y dir.) that, being the midexible, produces larger deformations of
resisting frame (Fig. 6.31). The typical accelenagi distribution of the first mode shape of
“base-isolated configuration is roughly approximated applyingetlsame acceleration
amplitude at each storey level. The inertia for@esthen gradually increase@l(Q(1g per
step) at each incremental step of the analysi$thetstructural collapse.

ms *acc

m, - acc
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Figure 6.31. Pushover analysis along the Y horeaditection

According to the full-isolation” assumption of EC8-1 [11] (see section 1.5.1), tdrget
performance for structural components is estaldistensidering the upper bound of the
linear-elastic range of thecépacity-curvé derived from the pushover analysis [10].
Dividing the related shear force at the base of Biastra’ building (V,,) for the total mass
of the samen,,;), the previously identified target performance banexpressed in terms
of accelerationg;;;1 = V,/meoe = 0.17g.
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Figure 6.32. Identification of the target perforroarior structural components based on tapacity-curvé
derived from the pushover analysis

Among non-structural components, the target perdmaee for drift-sensitivé elements can
be quantified representing thedpacity-curv& in terms of inter-storey drifts (Fig. 6.33).
Considering the failure thresholahéx drift = 0.75%) of the most critical element (that is
curtain walls according to Table 6.1), the corresfiog target performance can be again
expressed in terms of acceleratiang,;;» = V,/myo: = 0.12g.
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Figure 6.33. Identification of the target perforroarior “drift-sensitivé components based on theapacity-
curve' represented in terms of inter-storey drift

A target performance for the protection atteleration-sensitiveclements is also directly
identified as the failure threshold of the mostical component. According to the survey
provided in section 6.1.2, in order to preventliheakdown of the elevators after the quake,
the spectral acceleration should be limited withyify,;. 3 = 0.20g. In order to prevent the
hammering with the adjacent service rooms, enqweontinuity of the connection path,
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and allow flexible joints for plants connectionsvimg a reasonable size, the maximum
admissible displacements is setlas,;; = 0.5m. In case of multiple solutions compliant
with the previous requirements, the best one caiddatified considering also the self-
centring capability of the isolation system (segtsection).

6.3.3 Selection of optimal effective radius andtion coefficients

According to the €onceptual designdeveloped in Chapter 5, equivalent acceleratioth a
displacement response spectra are used, withirteaative procedure, to identify the
frictional properties ) and the effective radiuR{s;) of the CSS isolators required to
fulfil the following target performances:

1- at SLD limit state, protection of the most critiCakceleration-sensitiveand “drift-
sensitivé non-structural componentsS{(Tess, Eeq) < Min(Quimit2; imit3) =
0.129);

2-  at SLC limit state, protection of the structura¢raknts $a(Teff,feq) < Qimit1 =
0.17g) and limitation of the maximum displacement of teelation systemd_,;)
within the previously defined threshol§l(Tesf,$eq)) = dca < Dimic = 0.5m).

In order to avoid issues related to the breakavfegte(see section 4.3), only typical values
of the high velocity friction coefficient for lowuf;,, = 0.025) and mediumgy,, = 0.075)
damping sliding materials are considered. For tfeggve radiusk, ¢, three possible values
are assumed: 1.0m, 2.5m, and 4.0m.

Tables 6.12 and 6.13 summarize the isolation sygenfiormances calculated respectively
under SLD and SLC response spectra.

nyy (<) Repr = 1.0m Ress =2.5m Repr = 4.0m

0.025 S, =0.10g,d.q = 65mm S. =0.06g,d.q = 70mm S, =0.04g,d.q = 66mm
Eerr = 17.6%) (Serr = 30.0%) (Serr = 38.3%)

0.075 S, =0.10g,d.4 = 26mm Sqe =0.09g,d.4 = 25mm S, =0.09g,d.4 = 24mm
(err = 47.4%) ($err = 56.2%) ($err = 58.9%)

Table 6.12. CSS isolator parameters and computdédrpemce using SLD response spectra

Huv (_) Reff =1.0m Reff =2.5m Reff =4.0m

0.025 S, =040g,d.4 = 330mm S, =022g,d.4 = 447mm Sqe=0.17g,d.4 = 460mm

0.075 S, =0.28g,d.4 = 197mm S, =017g,d.4 = 210mm Sqe=0.14g,d.4 = 216mm
(Cerr = 17.6%) (err = 30.0%) (Eers = 37.0%)

Table 6.13. CSS isolator parameters and computdédrpemce using SLC response spectra
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At SLD limit state, all couples of design paramstare suitable to meet the related target
performanceS, (Tefr, Sefr) < 0.12g).

On the contrary, at SLC limit state, only threess#tdesign parameters are compliant with
the second I,(Tefs éerp) < 0.17g) and third §q(Terr, éeq)) < 500mm) target
performances: (1)yy = 0.025, Ropp = 4.0m; (2) puyy = 0.075, Repp = 2.5m; (3) upy =
0.075, Resy = 4.0m.

Among these sets of compliant parameters, thedshstion can be identified considering
also the re-centring capability of the isolatiosteyn. For CSS isolators, even in presence
of an initial offset displacement, this requiremisrgatisfactory when (see section 4.1.2.1):

dea/(ULy *Refp) = 2.5 (6.3)
where the friction coefficient at low sliding velbc(u, ) is calculated assuming an average

ratioMHv/HLV - 2.5
The results for the three sets of parameters &yd60mm/(0.01 - 4000mm) = 11.5; (2)

210mm/(0.03 - 2500mm) = 3.3; (3) 216mm/(0.03 - 4000mm) = 1.8.

The re-centring capability requirement at SLC sesdimit state is fulfilled for the first two
sets of design parameters. However, the first snehosen since it offers a better self-
centring performance also at SLD seismic limit estdthe effective radius of the CSS

isolators is therefore set aB.r = 4.0m; while, based on results of previous
experimental studies [12], PTFE lubricated witliceih grease and under an average
contact pressurg,,;, = 30MPa is identified as a suitable sliding material

The size (diameter) of the sliding pad of eitheimary (paqprimary) @nd auxiliary
(bpad,auxitiary) CSS isolators are therefore chosen considerieggtiavitational loads

applied to primary and auxiliary CSS isolator® € 996kN, and W = 207kN
respectively):

1- dpadaprimary = J(4-996-103N) /(- 30 N/mm?) = 205.7mm - 210mm;

2-  bpadauxitiary = J(4-207-103N) /(- 30 N/mm?2) = 93.8mm - 95mm.

6.3.4 Calibration of the “BVNC” friction model

Due to the lack of experimental tests on full-s¢&l®) CSS isolators with design parameters
comparable to those previously identified & 996kN, R.rr = 4.0m, and lubricated
PTFE), small-scale (SS) friction tests are caroetito calibrate theBVNC' friction model
parameters. The tests are executed at the LPMof#iire Politecnico di Milano utilizing the
biaxial testing machine shown in Fig. 6.34 [13].
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Figure 6.34. Testing equipment: (A) vertical loatiuator; (B) horizontal actuator and load cell; (€jtical
load cells; (D) controlled temperature chamber

The tests are conducted on dimpled circular sleéétbricated PTFE having diameter equal
to 75mm, thickness 7mm, and recessed for 4,5mm steal backing plate. The mating
surface is a sheet of austenitic steel.

In order to calibrate thenbrmal load effectparameters tests are carried out at the following
contact pressureg,,, = 15,30,45 MPa; while selected sliding velocities fovélocity
effect parameters are = 1, 10, 25,50,100, 200 mm/s.

The “cyclic effect (frictional heating) is then assessed by mearsslohg duration test under
an applied small-scale vertical loads equal to 132.5 kNp(,,;, = 30 MPa) and the
maximum velocity allowed by the testing machine<200mm/s).

In order to ensure an equivalence between the mamiexpected dissipated energy per unit
area of the pad at small-scalg) and full-scale £Drs):

EDgs = 4 - (ngs - (4Ass) * Uuy * Nsg) /(1T - q)pad,SSZ) (6.4)
EDpg =4 (nps - (4dpa) * Upy * Nea) /(- ¢pad,F52) (6.5)
the number of executed cycles is set as:

_ (psdpadss”)  (dpa-Nea) _
nSS - ¢pad,F52 (Ass'Nss) - 133 - 135 (66)

beingnzs = 3 the number of cycles for (full-scale) requiredthg EN 15129 [14]d.4 =
460mm the expected amplitude at SLC limit stadgs = 10mm the amplitude of small-
scale cycles. Table 6.14 summarizes the testirgpeters of all executed tests.
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average contact pressure

Pavg = 15MPa Pavg = 30MPa Pavg = 45MPa
(Ngs = 66.3kN) (Ngs = 132.5kN) (Ngs = 198.8kN)
amplitude (mm) +10 +10 +10
profile triangular triangular triangular
sliding velocity (mm/s) 1, 10, 25, 50, 100, 200 1, 10, 25, 50, 100, 20010125, 50, 100, 200
n° of cycles (-) 3,333,333 3,3,3,3,3, 135 3,3,3,33,

Table 6.14. Testing protocol for SS friction tests

The resulting BVNC' model parameters are listed in Table 6.15 andapeessed in a unit
system consistent to the one adopted in numenzdyses in OpenSegésee section 4.5.3).

effect parameter unit
. a=0.014 s/mm
velocity and breakaway
B =30 s/mm
Agr = 3.271 103 N-l
Ngr = 0.734 -
apy = 20.539 103N1
normal load
ny = 0.574 -
ayy = 696.14 103N1
Npyy = 0.480 -
Cror = 9.7010 103N mn¥) /s
frictional heating ref ( )
y =0.20 -

Table 6.15. BVNC friction model parameters
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6.4 Seismic analyses on the base-isolated configuoa

6.4.1 FEM model

A 3D model of the Piastrd’ building (Fig. 6.35), implementing at its base threviously
calibrated CSSBearing_ BVNCelements, has been formulated with OpenSeseftware.
Since the RigidFloorDiaphragni multi-points constraints is not compatible wittoiator
elements, very stiff beams are used to rigidly emtrthe primary columns above the
isolation level. The selected ground motions arebeapplied to the lower nodes of the CSS
units.

Figure 6.35. 3D view of the FEM model of theidstrd’ building implementing CSSBearing_BVNUGsolator
elements

6.4.2 Seismic response assessment

As done for the ds-built’ configuration and in accordance with the ItalBnilding Code

(8 7.3.5) [3], the response of the building impleiieg CSS isolators at each seismic limit
state was assumed as the average of the resporthesseven ground motions selected for
that state.

6.4.2.1 Performance of structural elements

Based on the assumptions described in section.®,3tBuctural verifications can be limited
to check the resistance of columns to biaxial bempdioments induced by the seismic action.
These are conducted according to the simplifiedagyt provided by the Italian Building
Code [3] and described in section 3.3.2.

Figures from 6.36 to 6.38 show the relevant redaltshe most severesérviceability limit
staté (SLD, PGA=0.22g), andultimate limit stat& (SLC, PGA=0.50g). At both levels, the
structural integrity checks are widely fulfilledn Iparticular, at SLC limit state, the
commitment of auxiliary columns at the basementll€most stressed elements) is about
the 60% of their ultimate strength; whereas foottler columns it is less than the 30%.
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Figure 6.36. Basement floor columns: structuralgritg checks at SLD (blue bars) and SLC (brown bars)
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Figure 6.37. Ground floor columns: structural imiggchecks at SLD (blue bars) and SLC (brown bEns}
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6.4.2.2 Performance of non-structural components

The implementation of optimized CSS isolators fa $eismic-retrofitting of thePiastra’
building allows to ensure, as required by the dralBuilding Code [3] for Serviceability
limit state$, the fully operation of plants and the lack ofnukges to non-structural
components at SLD limit state. This is enlightetgdthe performance checks on both
“acceleration-sensitivegFig. 6.39-left), and drift-sensitivé elements (Fig. 6.39-rigth): for
every element the performance demand is widelywbelwe capacity threshold.

Although not required by the code, performanceaaf-structural elements are assessed
also for the most severaltimate limit staté (SLC), in order to foresee the possible scenario
after a very intense earthquake. The following ltesare obtained:

1-  out of order of the elevators at every floor levalising a slowdown in the transport
of patients with serious injuries;

2-  slight damages (the capacity exactly matches thirpeance demand) to curtain
walls at the first floor.

It can be therefore concluded that, even in casevefry intense earthquake, the operations
of the hospital could be somewhat slowed down btutompromised.
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Figure 6.39. Performance checks facteleration-sensitivgleft) and “drift-sensitivé (right) elements at both
SLD (blue points) and SLC (brown points) limit state

6.4.2.3 Performance of the isolation system

During the seismic shaking at SLC limit state, igwation system undergoes very intense
and chaotic bidirectional displacements, but irtespif this, a uniform movement of the
whole building is provided. Fig. 6.40 shows theihamtal path calculated for Campano
Lucano 293 event: relative displacements betweeim gair of blocks cannot be appreciated,
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demonstrating that the assumption of rigid diaphragehaviour is fulfilled. Relevant

bidirectional hysteretic loops predicted for bottimary (left) and auxiliary (right) CSS
isolators are shown in Fig. 6.41.
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Figure 6.40. Horizontal path of the sliding isatatisystem calculated for Campano Lucano 293 evesit@t
limit state
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Figure 6.41. Bidirectional hysteretic loops predicter both primary (left) and auxiliary (right) C$®lators
subjected to Campano Lucano 293 event at SLC lilaui¢ st
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The average performance of the isolation systel@L&t limit state in terms of residual
displacement, and maximum base displacement, ¥gl@eid base shear is summarized in
Table 6.16. The results are satisfactory and mwith the expectations:

1-  the residual displacement,(; = 3.0mm) is practically insignificant;

2-  the maximum shear load at the base of the supetsteu is within the specified limit
Vbmax/W = 0.14 < 0.17);

3- the maximum displacement is lower than the valudipimary predicted by the
response spectrum analysis { = 359 < 460mm) and within admissible threshold
(dcd < Dlimit = 500mm)

performance avg response
dqq (mm) 359
dyes (MM) 3

VUmax (Mm/s) 970

Ve max/W () 0.14

Table 6.16. Average performance of the isolatistesy at SLC limit state

Sinced.q/(uLy * Resp) = 2.5, the effect of any initial offset displacements t& neglected
(see the results of parametric study reported otige 4.1.3.1), and the displacement
capacity D) required to CSS isolator units is finally caldelhas:

D>=vy-d., =430.8mm — 435mm (6.7)
beingy = 1.2 the relevant safety factor according to EC8-2 (4&¢ section 1.5.4).

Table 6.17 summarizes the optimal design parameftdosth primary and auxiliary CSS
isolators.

design parameter primary CSS auxiliary CSS
D (mm) 435 435
Repr (Mm) 4000 4000
sliding material lubr. PTFE lubr. PTFE
bstiging—paa (MM) 210 95

Table 6.17. Optimal design parameters for both @rinand auxiliary CSS isolators
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6.5 Seismic performances comparison

The effectiveness of the optimized CSS isolatarsHe seismic-retrofitting of thePiastra’
building is again assessed comparing the seismifognances of the “as-built” and
“isolated” configurations at SLO limit state. Ingsi 6.42 to 6.44 the results of the structural
integrity checks in both configurations are congpiamt all levels, the reduction of demand
on both primary and auxiliary columns ranges betw&% and 80%.
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Figure 6.42. Basement floor columns structural intgghecks at SLO limit state: comparison betwéas
built” and “base-isolateticonfigurations
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Figure 6.43. Ground floor columns structural intggchecks at SLO limit state: comparison betweas “
built” and “base-isolateticonfigurations
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Figure 6.44. First floor level columns structurhkcks at SLO limit state: comparison betweas Built and
“base-isolateticonfigurations
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These achievements derive from the fact that, wihilthe ‘as built configuration the
seismic energy induces plastic deformation in thecture, in the Bbase-isolatetbuilding
the most of the same energy is dissipated in thiatisn devices by the friction forces
developed during the sliding of CSS isolators (Big5).
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Figure 6.45. Displacements envelopes at SLO litates comparison betweeas' built’ and “base-isolatet!
configurations

Further comments can be drawn comparing the seipmiformances of non-structural
components at SLO limit state. The introductiorilef CSS isolators allows to reduce the
absolute peak floor accelerations (PFA) of aboet@% at the basement floor, and from
75% to 85% at the upper floors (Fig. 6.46-left)dieg to a complete protection of
“acceleration-sensitiveelements. The same positive effect is obtained doift-sensitivé
components thank to a reduction of the inter-stdréts equal to 80+85% and quite constant
at each level (Fig. 6.46-rigth).
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Figure 6.46. Performances afcceleration-sensitivegleft) and “drift-sensitivé (right) elements at SLO limit
state: comparison betweeas'built and “base-isolateticonfigurations

Based on all obtained results, Table 6.18 summaribe expected overall
performance of the Piastrad’ building of both ‘as-built’ and “base-isolated
configurations at each seismic limit state.

limit

as-built base-isolated

state

SLO close to collap;)slg,mssevere damages to undamaged structure, fully operational

SLD collapsed undamaged structure, fully operationa

SLV collapsed undamaged structurg, temporarily slowed
operations

sLC collapsed undamaged structurg, temporarily slowed
operations

Table 6.18. Expected overall performance of bahBuilt’ and “base-isolateticonfigurations at each limit
state
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Conclusions

The thesis is focused on the characterization @fdynamic behavior of Curved Surface
Sliders (CSS) for base isolation and the developrokadvanced numerical tools for the
design of sliding isolation systems for seismico#iting of hospitals.

Hospitals’ full operation after a major seismic elvés of primary importance for the
management of the post-earthquake emergency. Howeeent earthquakes have shown
that the traditional approach for the design ofteprake-resistant structures based on the
strengthening, though preventing the collapse ehbihilding, may result in severe damages
to non-structural elements and electro-medical pgant, eventually compromising the
operation of the hospital. On the other side,“8@smic mitigatiohapproach, consisting

in providing the building with base isolation andéupplementary energy dissipation, has
shown to be an effective solution for the protactiid hospitals and hospital content from
earthquake-induced damages, enhancing their reliand entailing substantial decrease
in time and cost of repair compared to a conveatifirRed-base structure.

Among the current hardware for seismic isolationrv@d Surface Sliders (known in North
America as the Friction Pendulum System) presegt load-carrying and displacement
capacity combined with compact dimensions, an lasicih period virtually independent on
the mass of the superstructure, and minimizatiotorsional effects in case of asymmetric
buildings, which make them the most suitable defireseismic retrofitting of existing
buildings, like hospitals. Nevertheless, in spitéhe large diffusion worldwide occurred in
the last decade, a full characterization and mougtf the behaviour of sliding isolators
has not been yet completely achieved, and thisasraflected in the codes and in the design
tools available to structural engineers.

Within this framework, the research mainly aimeddaeply characterizing the actual
behavior of Curved Surface Sliders during the seisexcitation and at developing
numerical tools that can be used by practitionershfe design of sliding isolation systems
for seismic-retrofitting of hospitals.

The most important milestones of the thesis arflgrdescribed below.

1) The first achievement arises from the investigatbnhe “frictional heating” at
sliding surfaces of CSS isolators under stronghgagkes and the understanding of
its effects on the coefficient of friction and dreteffective damping and stiffness of
the device. A 3D thermo-mechanical model of a @®&tor has been developed
in Abaqu$ FEM software to reproduce the heat flow at thairstj surfaces and the
associated temperature increase as a functiotictibfr, pressure and velocity, and
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2)

3)

4)

validated against the results of experimental testsed out on full scale isolators.
The model is proposed as a design tool to preliriynavestigate and evaluate the
response of the seismic hardware under test condiprescribed by the standards,
providing valuable information for the selectionfa€tion materials accounting for
their temperature-dependent characteristics. litiaddhe procedure can support
laboratory testing of real scale isolators, e.g.tf@ prediction of the temperature
rise history at the sliding surface of the isolattrich cannot be directly measured
in the experiment.

A second milestone is related to another blackspdhe system: its re-centring
capability. Some re-centring criteria are availabléhe standards, but formulated
on empirical approaches and never validated for 8&8&tors. In the thesis, the re-
centring criterion provided in the European seisoisign code is assessed by
investigating in a parametric study the seismipoese of the isolation system in
presence of an initial offset displacement produogckither previous seismic or
non-seismic loads. The effect of the initial offeetthe peak and residual seismic
displacements can be significant for high-frictitevices subjected tpulse-like”
guakes. On the contrary, CSS isolators exhibit adg-centring capability and
seismic displacements independent from coexistingtiai non-seismic
displacements when the conditidg, /d,,, = 2.5 is met (wherel,, is the design
displacement under the reference seismic actiahdap is a mechanical parameter
of the isolator). The above requirement appeale tmore reliable for CSS isolators
with respect to the criteriod,,/d,,, = 0.5 formulated in Eurocode 8 for generic
bilinear isolation systems.

Another open issue in the analysis of structurelsied with CSS seismic isolators
is the modelling of the increase in friction at theeakaway. Though this
phenomenon is well known, a suitable numerical fdation is still missing in
commercial software. Two different approaches hmen developed to account for
the “breakaway effect” The first approach provides the insertion of eldsagile
trusses at the isolation level of the building watihength adjusted to match the
expected frictional resistance of the isolatorthatbreakaway. Important outcomes
have been obtained applying this simple modellirghmd to a case study relevant
to a five-storey building implementing CSS isolatdndeed, analyses have shown
that, in case of CSSs equipped with medium or Fighion sliding materials, an
high breakaway resistance can amplify both peait iocelerations and inter-storey
drifts up to 150+200% respect to “no-breakaway” enats.

A more refined approach has been achieved throoghdévelopment of a new

friction model (named“BVNC”) capable to simultaneously describe the

“breakaway effect”and the damping decay due to tfréctional heating”, as well
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5)

6)

7

as the dependence of the friction coefficient amitistantaneous sliding velocity
and normal load. The proposed formulation has lexemtually validated against
the hysteretic force-displacement loops obtainegkperimental tests on full scale
CSS isolators carried out at the SRMD Lab. of Ursitg of California, San Diego.

In order to account for tHBNVC” friction model in dynamic analyses, the plastic
behaviour regulating the response of the isoldegnent available in the OpenSées
FEM software has been modified and an “ad hoc” dwebeen compiled.

A novel approach for th&conceptual design”of the isolation layout for seismic
retrofitting of strategic buildings with high tedbiogical contents has been
formulated. The procedure is developed step-by-ate gradually increasing the
complexity of the required calculations, aims &): defining a robust procedure
for the design of seismic retrofitting interventions; (b) identifying the optimal
solution with respect to target performance forghatection of both structural and
nonstructural components; (c) evaluating the effectiveness of the proposed solution
(fault tree analysis); (d) obtaining output results more representative of the actual
response of structures implementing CSS isolateirgyurefined hysteretic models
calibrated by means of experimental data.

In the last part of the research, the proposedepnal design has been applied to
the design of an optimized sliding isolation sysfemthe seismic-retrofitting of a
real hospital. The hospitaBiovanni Paolo II” of Lamezia Terme, located in a high
seismic prone area in southern Italy, has beenethas case-study. Nonlinear
dynamic analyses have been carried out in OpefiSseboth the‘as-built” and
“base-isolated” configurations implementing, in the second cake,“BVNC”
friction model and the modified isolator elemenheTproposed solution has been
shown to widely improve the overall performancdha hospital complex at each
seismic limit state provided by the ltalian Builditode. In particular, for low-
moderate earthquakes aeftviceability limit states(PGA from 0.17 to 0.22g), the
implementation of optimized CSS isolators allow§®-85% reduction of both
seismic-demand on column elements and peak floaelemtions. This
improvement, in addition to preventing the struatwollapse, allows the complete
protection of non-structural components, and hémeéull operation of the hospital
in the emergency response. For more severe eviehiftimate limit states(PGA
from 0.45 to 0.50q), the adopted solution ensugasnathe structural integrity and
limits the damages to plants with minor effectdlemhospital’'s operation.
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Significant damages suffered by hospital buildidgsng the recent earthquake occurred
in Central Italy confirmed once again that natidiaailities are still largely vulnerable to
these calamities. Although the Writer hopes thahenear future this study will provide
valuable information for the design of optimizedsegc-retrofitting interventions, some
aspects require further investigations. In paréicusome hints for future developments
concern:

1) the investigation of potentially dangerous effadtsertical components of seismic
excitation (hardly mitigated by base isolation sys$) on both structural and non-
structural elements of hospital buildings. The gtadould also aim at identifying
effective solutions for the local protection of tmest critical functional areas (e.g.
surgery division) and the most sensitive non-stmattcomponents (e.g. medical
equipment)

2) the refinement of thiconceptual design’proposed in Chapter 5 in order to include
more challenging structures for which it might becessary an isolation system
articulated on multiple levels. In addition, theised design procedure should also
be adapted to provide specific target performafmethe protection ofvelocity-
sensitive”non-structural components.
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Proposed criterion for “pulse-like” quakes detection

A ground motion is conventionally classified ‘qailse-like” if the velocity time-history
contains a pulse that is a large portion of theigdomotion. A criterion for the identification
of “pulse-like” quakes, based on signal processing through waaeddysis, was proposed
by Baker and Shrey [1-2] and used for classificatt PEER database ground motion as
“pulse-like” or “no-pulse” [3]. The PEER classification takes into accountudtaneously
the records of the two orthogonal horizontal agegien components and provides an
overall categorization of the ground motion. Or tontrary, in the criterion proposed
hereafter, simple unidirectional records are carsid andpulse-like” events are detected
based on a signal relevant to a single horizomalponent. A synthetic pulse ind& is
defined as the ratio between the time inteBxal, during which most of the seismic energy
is introduced in the structure, and the duratiothefquaked, g:

Dv,T
Dv,B

Pl, =1- (A.1)
whereD, randDy g are the Trifunac [4] and the bracketed [5] duratiof the ground motion,
respectivelyD, ris the time interval between the instants corradpa to 5% and 95% of

the energy integral . = Iv;dt [6]:
0

Dyt =togsi, ~toosi, (A.2)

andD, g is the time interval between the first and thé tarcoming of a given threshold
(i.e. 1% of the absolute peak velocity) of the istyonotion phase.

The pulse inde®lx ranges between 0 and 1: values close to thelifinit correspond to
oscillatory events; on the contrary, values claséhe second limit are relevant ‘foulse-
like” ground motions. Two thresholds have been definenider to categorize quakes with
different pulse contents. The thresh&i=0.70, that allows to detegpulse-like” signals
(Pl >0.70), has been chosen in order to ensure a gaegragnt with the classification
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obtained through the application of the Baker indexaddition, the thresholdl,=0.40 has
been set to distinguisino-pulse” (P1k<0.40) and'weakly-pulse” (Plk>0.40) events.
Examples of ground acceleration records classifietho-pulse” (Pk=0.24), “weakly-
pulse” (Pk=0.46), and'pulse-like” (Pk=0.89) are illustrated in Fig. A.1. In the latterse,

the presence of a pulse in the displacement tirsienlyi is evident.
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Figure A.1. Ground acceleration (top) and grourghidicement (bottom) time-histories relevantrto-pulse”
(left), “weakly-pulse” (centre) andpulse-like” (right) events
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