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SUMMARY:

Devices with large displacement capability and Ist@mergy dissipation are desirable for the praiacigainst
earthquake loads. The use of sliding bearings ifdings and bridges is extensively increasing tue ibove
mentioned performance as well as for their comghepe and the advantages introduced by new matdmal
this paper the results of dynamic tests on constidéng isolators are presented. The response tee was
studied in a wide velocity range, for mono-direntiband bi-directional motions with variation oktlapplied
vertical load. The experimental phase of the sindicated performance characteristics that shoalthken into
consideration for the design of structures equipwid this technology. For this goal, a numericaldal, able
to account for the observed device performanceachevistics, is proposed.

Keywords: seismic isolation, sliding concave begsirfull scale tests.

1. INTRODUCTION

Concave sliding bearings are suitable for a widegeaof applications for buildings, bridges and

industrial facilities, due to their relevant feasr a quite compact shape, with considerably lower
height with respect to elastomeric bearings of Isimiapabilities, large displacement capacity, and
natural frequency imposed on the structure depédraidy on the sliding surface radius and not on the
supported mass.

A considerable literature on experimental and ditallyanalyses of these devices is available (Zayas
et al., 1987; Zayas et al., 1989; Zayas et al.01®8bkha et al. 1991; Mokha et al., 1993; Bondonee
and Filiatrault, 2002). Experimental data confirinattthe coefficient of friction depends on (1) the
vertical applied load, (2) the sliding velocity a(®) the direction of motion. These effects arelwel
documented and included in consolidated modelsi(I887; Mosqueda et al., 2004) and proved to
affect the behaviour of sliding devices during tearthquake shaking in terms of forces and
displacements across the isolator. Tests on fulesdevices, completed in more recent years,
documented the degradation of the frictional charétics due to the generation of high temperature
at the sliding interface during reversal cyclesvaition. However, test protocols were often project
specific, resulting in a database of results didlift interpretation for the design of a realistimdel

of the device performance. For this reason, a syie investigation of the bearing performance
across a range of realistic vertical loads andoidés inspired this research effort.

In this paper a model able to include the effe€{d pthe applied load, (2) the sliding velocityda(3)

the degradation of the friction coefficient durirepetitive cycles is presented. The focus of theepa

is on short duration motion and low wear, typidabarthquake excitation.

Even though the results obtained cannot be corsiderpresentative of all the possible scenarios
experienced by the isolators in their service litegy indicate that models neglecting the above
mentioned effects can lead to unsatisfactory assm#s of the structural response during an
earthquake.



2. EXPERIMENTAL CAMPAIGN

A set of sliding bearings, with concave surfaceswested under three values of vertical load for a
two-cycles sinusoidal input with fixed displacemeahge and ten different peak velocities. The
effective radius of the concave surface of thesifip bearings is 2650 mm, and the low friction
material that interfaces the stainless steel caneavface is an un-lubricated polymer compositerlin
with about 400 MPa compressive yield strength.

2.1. Testing protocol

The devices were tested at the Caltrans SRMD Testacility at the University of California San
Diego campus equipped with a 6 DOFs shake tableifgyadly designed for full scale testing of
isolators and energy dissipators (Benzoni and &eil$98). The displacement range of the table in
longitudinal direction is +/- 1.22 m with a maximumorizontal capacity of 9000 kN and a vertical
load capacity of 53400 kN. The peak velocity of tiable longitudinal motion is 1.8 m/s. The
installation procedure of the devices on the tgstrachine is consistent with the standard instaftat

of isolation devices. The device base is typicatipnected to the table and the top portion, abloge t
slider, is bolted to the vertical reaction framattihepresents a fixed reference. The table is daise
imposing the desired vertical load to the devicé tien commanded to the requested 3D motion. A
schematic of the tested devices is showhig 1.
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Figure 1. Schematic of concave sliding bearing

The tests are divided in three categories basdteoapplied vertical loadV. Specifically, the vertical
loads of 3263 KN, 6525 KN and 13050 KN, correspogdiespectively to a pressyseof 15, 30 and
60 MPa, were applied. The medium loai=6525 KN) represents the design vertical load Far t
devices. For each set of loads, mono-directiorsts t@ere completed at 10 peak sliding velocity leve
ranging from 0.254 mm/s to 800 mm/s (0.254, 1.2 20, 50, 100, 200 400, 800 mm/s). Two fully
reversed sinusoidal cycles, with displacement aog#iD=200 mm were applied for all the mono-
directional tests. Bi-directional cloverleaf testere also completed with maximum displacement of
200 mm in longitudinal direction and 100 mm in tatadirection. The peak velocities of 90 mm/s and
45 mm/s were applied in longitudinal and latera¢diion, respectively.

The displacement pattern in the horizontal planel@ferleaf tests is shown in Fig. 2(a). The amplie
displacement time histories in the two perpendicdieections are reported in Fig. 2(b). It must be
noted that loops of limited amplitude are applietha beginning and end of each run in order tacavo
excessive levels of acceleration. For better imatgtion of the bi-directional test results, twatse
were performed, under pressure of 30 Mpa, sepgratdbngitudinal and lateral direction up to the
displacement levels that were used as componetie aloverleaf tests.
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Figure 2. Cloverleaf test displacements: (a) trajectory @dongitudinal and lateral components of motion.
2.2. Experimental evidence

According to the simplified analytical model of thdinear behavior of sliding concave isolators,
developed by Zayas et al. (1989, 1990), the forspkacement relationship for a generic direction of
sliding is expressed as:

= 5 U Sign(v) (2.1)

whereW represents the applied vertical loadhe horizontal relative displacement between slitel
concave basey the velocity,R the radius of the concave surfagethe friction coefficient of the
sliding system (composite material at the bottomttef slider and stainless steel overlay of the
concave base) anfd the horizontal restoring force. The horizontalctiis partially resisted by the
force generated by the frictional characteristitshe contact surfacegW. The remaining force is
resisted by the component associated with thediriesf stiffness”:

2.2)

For each mono-directional test performed, the regjostiffnessk,, was evaluated as the average
between the slope of the upper and lower portiothefforce-displacement loops, obtained with best
fit interpolation of the experimental data. The iggon of K., with applied loads and peak test
velocities is presented in Fig. 3(a) and Fig. 3(é3pectively. The theoretical values of stiffneb&q.

2.2 are indicated with a dotted line. The leastasgs fit of the experimental data appears to gosel
match the theoretical prediction, for different gmere levels. For different vertical loads and peak
velocity V an initial increase of stiffness with velocity tg about 10 mm/s was noticed. The lower
vertical load casepEl5 Mpa) appears to experience a reduction of mesgtatiffness for velocity
around 200 mm/s, followed by an increasing tremdvéry high velocities. This phase of reduction is
generally not experienced for higher vertical lozabes that indicate instead a more pronounced
increment of stiffness with velocity. A significargduction of restoring stiffness from first to sed
cycle is visible only for the higher pressup=§0 Mpa). The disagreement between experimental and
theoretically values oK, is in general limited, not exceeding 16%, 5% afd, Tor the three
increasing vertical loads, respectively.

Even though the theoretical definition of Eq. 2eqjlects secondary effects related, for instanctheto
development of frictional forces at the rotatingenface between slider and the top housing of the



device, the agreement between experimental andeties results appears sufficient to justify tleeu
of EqQ. 2.2 as representative of the restoring bieliav
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Figure 3. Restoring stiffness at different pressures (a)tasting peak velocities (b).

2.2.2. Coefficient of friction
In order to underline the pure frictional perforroan the force component associated with the
restoring stiffness was removed from the experialedata. The remaining force, divided by the
applied vertical load, provides the experimentadtifsn coefficient. This parameter)is reported in
Fig. 4 versus the device displacemeriior a sample of data results from mono-directidaats at 100
mm/s. The plot of Fig. 4(a) is for an applied ptessof 15 MPa, while in Fig. 4(b) results for a
pressure of 30 MPa are presented.
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Figure 4. Frictional coefficient-displacement loop from t&stith V=100 mm/s for:
a) p=15 MPa \W=3263 kN), b)p=30 MPa \W=6525 kN).
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According to the simplified Coulomb model, the fianal force is directly proportional to the applie
load, independent on the apparent area of contacslading velocity. This assumption would resalt i
a rectangular friction coefficient-displacement gom clear disagreement with the experimentally
obtained shapes. The analysis of the shape ofotheslindicates four major effects, related to the
frictional performance of the device, responsile the departure from the theoretical Coulomb’s

model:

1. a “breakaway effect” appearing as a sudden increbseefficient of friction at the beginning
of the motion or at each motion reversal. Thisaffelates both to the static friction condition
as well as to stick-slip, intended as short duraiicrease of the frictional force followed by a
rapid release of force. Both phenomena involva @omentary sticking of the interfaces and
(ii) acceleration impulses. The breakaway effeatlémrly visible in all the tests, as shown in



the dotted circles of Fig. 4(a) and (b).

2. A “load effect”, as a reduction of the friction dbeient for increasing vertical load.
Comparing, for instance, the results of Fig. 4¢& &ig. 4(b) it can be noted that the friction
coefficient varies with increasing vertical loadrit approximately 0.08 to 0.05.

3. A “cycling effect”, that shows as a continue redwrctof the friction coefficient with the
repetition of cycles, more pronounced for highdpeity tests. The plots of Fig. 4(a) and Fig.
4(b) show a %' loop narrower than the™loop, indicating a decrement of the coefficient of
friction with the travelled path.

4. A “velocity effect”, responsible for the variatiaof the friction coefficient with velocity of
motion. A reduction of speed is expected to intcmllower values of friction coefficient. This
reduction can be observed in the rounding of trepstof the loops when approaching the
peak displacement in the dashed areas of Fig. &fd)4(b). In these areas, due to the
sinusoidal type of excitation, the velocity is deasing with a consequent drop of the friction
coefficient value.

These effects were observed for every test compléde this project. For simplicity they were
analyzed in detail for mono-directional test ordg presented in what follows. However, the bi-
directional tests indicated additional effectsuaitzed in Fig. 5 were both the overall bi-direotd
response as well as the associated orthogonalnespomponents are reported.

015 T 015 T

0.1 7; increased cycling + o1 &

005 1 005 1

pe)

= 0 0+
-0.05 T I
[ increased 005 T
[ cycling effect
I ) [
0.1 | [ o1t
— — monodirectional test - long - p=30MPa T — — monodirectional te\é[- lat - p=30MPa
015 - t‘)id‘irgct‘iopal‘tgst‘-lpngTp‘:?{Ol\‘/IP‘a‘ L [ —— bidirectional test - lat - p=30MPa
-250 -150 -50 50 150 250 015 ‘ ‘ ‘ ‘
-250 -150 -50 50 150 250
u (mm) u (mm)
(@ (b)

Figure5. Bi-directional and mono-directional experimentadps forp=30 MPa (W=6525 kN):
(a) longitudinal and (b) lateral direction.

5. A “diagonal sliding effect”. During the applied Birectional motion the slider moves along
directions not parallel to the longitudinal andefal axis of the device. The frictional force
developed in longitudinal and lateral directionoisly a component of the force generated
along the diagonal direction. For this reason bihdirectional experimental cycles indicate an
apparent reduction of the frictional force with pest to the mono-directional results. This
effect is particularly visible in Fig. 5 in the thigr displacement regions. It must be noted that
the reduction ofiin Fig. 5(a) from mono-directional to bi-directidneesponse is also
contributed by an additional increase of tempeeatduring the bi-directional motion
(increased cycling).

6. An “asymmetry effect”. Due to the manufacturing gaes of the sliding surfaces, the friction
coefficient depends on the direction of motionFlg. 5, for instance, the loops in the lateral
direction show larger values @f than in the longitudinal direction due to botholy and
asymmetric effects.

In Fig. 6 the coefficient of friction components longitudinal and lateral direction are reported fo
cloverleaf tests at different level of applied p@®. The slightly elliptical shape documents theva



mentioned velocity and asymmetry effects while disturbances in the loops (theoretically circular)
are attributed to the breakaway and velocity effethe radius of the loop reduces with increasing
pressure and repetition of cycles (cycling effélat justify the spiral shape.
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Figure 6. Longitudinal-lateral friction interaction diagraita@) p=15 MPa, (b=30 MPa and (cp=60 MPa.

While the transition between static and dynamicsghaf sliding has been found to be dependent on
the vertical load and velocity but appears to Hawéed impact on the amount of dissipated energy
(Mokha et al. 1993, Bondonee et al. 2002, Soorad. &004), effect 2 to 5 (i.e. load, cycling, veatgc
asymmetry, and diagonal sliding) directly affece tthissipation capacity of the devices and, in the
author's opinion, should be included in a correateh of the device performance to prevent possible
underestimates of the peak displacement of thatelstructure during a seismic event. Effect 6) is
currently under further study at the UniversityG#lifornia San Diego.

2. PROPOSED MODEL

Numerical models of the performance of a slidinglason system have been reported in
(Constantinou et al., 1990; Mokha et al., 1993; Bett Paul, 2000, Tsopelas et al., 1996, Mosqueda et
al., 2004), mainly with the scope of evaluating #fects of bearing pressure, sliding velocity,
breakaway friction and bi-directional motion on theismic response of base-isolated structures. A
phenomenological model able to take into accouetltiad and velocity effects together with the
variation of the friction characteristics along ttravelled path (cycling effect) has been recently
proposed by Lomiento et al. (2012). This model Iesn calibrated on mono-directional tests and is
expressed as the product of three components:

uWw.ev) = 1, (W) () 5, (v). (3.1)
The “load effect” is represented by the function
f, (W)= p ™" (3.2)

wheres o andW are reference coefficient of friction and appliedd, whileW is the applied vertical
load. The valuegiso= 0.103 and\N,. = 12300 KN were determined with a least squargeession
over the experimental data from slow motion testh peak velocityv<s5mm/s.

The function that represents the “cycling effestirtroduced as:
f(c)=e o) (3.3)

where the parametar relates to the heat flux developed at the corgadace, and, is a reference
value obtained by least square regression of thergrental results. The tereoris defined as:
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dﬂ‘anavimmﬂt (3.4)

werea is the radius of the slidef is the radius of curvature of the concave surfaod represents

the frictional degradation rate. For the perfornests, the valueses = 6600 kN/ms angs = 0.5 were
obtained.

The load effect is introduced by the function:

_‘ V‘ /Vref

f,(v)=y+@-y)e (3.5)

whereV is the sliding velocityy, is a reference velocity, and> 1 express the ratio between the fast-

motion and the slow-motion coefficient of frictiohhe valueg/= 1.4 andv, = 10 mm/s have been
found as best fit of the experimental data.

In multi-directional movements, the velocity ane ttisplacement across the isolator can be expressed
by the vectorsu :[uX uy]T and v:[vx vy]T, respectively. The proposed force-displacement
relationship, taking into account the “diagonatlisig effect” is:

Fx _W u, 1|V
{FJ—EL }"‘N(W,C'V)\Nm{vj (3.6).

y

It must be noted that effects 2, 3, and 4 are deduin Eq. 3.6 through the paramergW,c,y

1|V
obtained by Eq. 3.1, while the bi-directional tygfdoading is considered by the vect-‘eT{vx] The
v y
use of perpendicular components of velocitygndvy) assumes that the frictional force acts in the
same direction of the sliding velocity (Mosquedakt2004). While this assumption is valid for flat
sliding surfaces it seems to be contradicted byesxpgental evidence of the device performance. In

Fig. 7 the angle of the frictional force (soliddinand velocity (dashed line) are compared foretiie
directional tests under different pressure level.
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Figure 7. Angle gof frictional force and sliding velocity: (@15 MPa, (bp=30 MPa and (cp=60 MPa.

The trend of the force angle is similar but notnitiigal to the velocity angle. This disagreement,
increasing with pressure, suggests the existeneefiftional force component opposing the sliding
movement and perpendicular to the motion direcfidris occurrence, due to the concave shape of the
surface, is still under investigation by the aughdfor this reason, the above mentioned assumption
was retained in this preliminary formulation of timedel.



3. EXPERIMENTAL MODEL VALIDATION

The effects accounted for in Eq. 3.1 are visualize®ig. 8(a) that shows the variation of friction
coefficient as function of velocity and parameter (Eq. 3.4). The plot refers to the cloverleaf taist
p=30 Mpa. During the motion, the coefficient of fitm describes the solid line on the surface from
point A to B, increasing with velocity and decremswith increments of. It must be noted thahe
parametec is constantly increasing during the test due éotémperature rise on the sliding surface.
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the proposed model, (b) experimental and predittitetibnal coefficient-displacement loop.

The proposed model response was compared with tiperimental data in terms of force-

displacement loops. The behavior is presented gn &jb) and Fig. 9 for mono-directional and bi-
directional tests, respectively. For these ploesftirce component due to the restoring stiffness wa
included (slope of the loop).
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Figure 9. Bi-directional and mono-directional experimentadps forp=30 MPa (W=6525 kN):
(a) longitudinal and (b) lateral direction.

The agreement between experimental and numericgdonse appears satisfactory for mono-
directional tests. For bi-directional responsertiael seems to suffer of the simplification abdt t
relationship between angle of the frictional foeo®d of the velocity vector. The degradation of the
friction coefficient during bi-directional tests, im fact, satisfactorily modeled, as shown in Hig.
The two components (longitudinal and lateral) &f doefficient of friction (dotted line) predicteg b



Eqg. 3.1 are in close agreement in terms of amm@itih the experimental data during the all duratio
of the tests, but slightly shifted because of eriorthe predicted direction.
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Figure 10. Bi-directional and mono-directional frictional déieient vs time for the cloverleaf test jpt30 MPa:
(a) longitudinal component, (b) lateral component.

In order to quantify the accuracy of the modeleémis of energy dissipated, in Fig. 11(a), 11(b) and
11(c) the experimental dissipated energy valuegpeesented, for tests wii=15, 30 and 60 MPa,
respectively. Experimental values are compared wilues predicted by the proposed model
(L+V+C=Load+Velocity+Cycling) and two partial modeincluding load and velocity effects (L+V)
and load effect (L) only.
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Figure 11. Experimental and predicted dissipated energyp£ap MPa, (bp=30 MPa and (cp=60 MPa.

The model (L) that takes into account only the igaltioad effect appears of acceptable accuracy for
low velocity conditions only (¥1.27 mm/s). The model (L+V) including both vertidabd and
velocity effects, while neglecting the variationtbé friction coefficient due to cycling, over-astites

the dissipated energy with an error increasing wélocity and applied load. The complete model
(L+V+C) closely matches the test results with a maxn error of 15% of the experimental values.

4. CONCLUSIONS

This paper presents a model of the performancenéave sliding isolation devices based on three
independent functions that take into account tHecef of applied load, sliding velocity, cycling
degradation and diagonal sliding on the frictioef@ioient. The model is applicable for short duvati
motion and low wear condition of the sliding maaériThe proposed model allowed the assessment of
the contribution of each effect to the device epedigsipation capability. Results indicated that



neglecting the effect of cycle repetitions, and ¢cbasequent temperature rise on the sliding surface
can lead to a severe over-estimate of the capatitiie device to dissipate energy. Neglecting the
documented variations of the frictional charactessof these devices can result in an incorrect
assessment of displacements levels of the isofditecture during a seismic event.
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