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1. Introduction

Although laminated rubber bearings are still principally used
for seismically isolated buildings in Japan, spherical sliding
bearings (SSBs) or friction pendulum bearing (FPBs) have
been employed for practical use in many isolated buildings in
the U.S. and other countries since the early 1990s. A SSB is
generally composed of a slider with a smooth polytetrafluo-
roethylene (PTFE) surface and concave plates with a spherical
surface covered with stainless steel or other materials. It fea-
tures pendulum motion and hysteresis-damping mechanisms
owing to frictional force. It can also easily realize a long natu-
ral period by controlling the curvature of the concave plates.
Compared with the single type of bearings in which the slider
is fixed on one side plate and on the slides on the other spheri-
cal surfaces,' the double type of bearings in which independent
sliders are arranged between the upper and lower concave-
plate spherical surfaces® has an allowable amplitude close to
the diameter of the concave plate. This is most popularly used
owing to its deformability characteristic (Figure 1). The SSB
can determine its natural period irrespective of the supporting
weight and can adjust the maximum deformation because of
the concave-plate curvature, which is difficult for laminated
rubber bearings, especially in lightweight structures. Therefore,
SSBs are suitable for seismically isolated roofs or lightweight

Although rubber bearings are popular in Japan as seismic isolation bearings,
spherical sliding bearings (SSBs) or friction pendulum bearings are widely used in
many countries, including the U.S. In this study, shake table tests on a braced
frame supported by SSBs are carried out, and their dependence on pressure and
velocity is investigated. Tests under eccentric dead loads and uplift conditions
are also conducted to capture their performance. Analytical models that consider
pressure and velocity dependence are proposed, and their validity against the
experimental results is discussed.

eccentricity, friction pendulum bearing, seismic isolation, shake table test, uplift

housings, which have been employed to support the roof struc-
tures of airports® or the terminal buildings themselves for seis-
mic isolation.*

Fundamental experiments on SSBs have been conducted in
Japan since the 1990s,”> and shake table tests that assumed
houses for nuclear power plants have been carried out in
recent years. However, the following problems have been
pointed out.

1. Because the frictional force changes along the vertical
force, a risk is present in that the upper structure could
twist when the frictional force is unevenly distributed in
the bearing portion where the weight is eccentric or the
axial force varies.

2. When the upper part of the bearings is uplifted, the dis-
placement of the sliders at these positions are difficult to
predict because it is unrestrained.

In the current research, therefore, we perform shake table
tests of an SSB supporting frame under eccentric and uplift
conditions and confirm the response characteristics of the SSB
under abovementioned problems (1) and (2). Generally, PTFE
sliding bearings are known to depend on velocity and surface
pressure.”® First, dynamic loading tests are carried out by
changing the seismic input and surface pressure, and the veloc-
ity and bearing pressure dependence of the frictional force of
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Figure 1. Conceptual diagram of the SSB

the SSB is identified. Then, shake table tests that employ
eccentric weight and uplifting are performed, and the vibration
response characteristics concerning problems (1) and (2) are
investigated. Furthermore, a dynamic analysis model is
proposed by combining the bilinear history model using a
dashpot. The experimental results are simulated using the pro-
posed dynamic model, which confirms its applicability.

2. Dynamic loading tests of SSBs

To investigate the abovementioned problems, a reduced-scale
test frame supported by SSBs are constructed as described
below, and dynamic loading tests are initially carried out.

2.1 Specimen overview

Figure 2 shows the test frame. The specimen is a steel frame
with a single span in two directions (1000 x 1000 x
600 mm), and detachable chevron steel braces are added to the

1000

Bl & 1000 @ !
— H
e | i
o : BT-60;<100><6><6 :
L350 %50%6x6|
= i i
2 i i
! !
™ ¢50 |
| ull
250 250
A Section A-A
Figure 2. Test frame (mm)
-
_leA
B S B
P e
o~
wy
o
—
¢z
L | L1
30 105 105 30
L I
270
A Plan
Figure 3. Composition of the SSB (mm)

Jpn Archit Rev | April 2019 | vol.2 | no.2 | 173

TAKEUCHI et al.

four perimeter planes to increase the horizontal stiffness of the
frame. Furthermore, the vertical forces are varied by loading a
number of counter weights (78 kg per piece) at the top of the
column.

Figure 3 shows the SSB used in this experiment. The stan-
dard friction coefficient at a velocity of 400 mm/s and refer-
ence surface pressure (60 N/mmz) is set to 0.047, similar to
that of a general-purpose size [9]. The slider diameter
¢ = 30 mm, and the radius of curvature of the concave plate
surface R = 2500 mm. The natural period is approximately
4.5 seconds, as obtained from Equation (1), where g is the
gravitational acceleration.

(1)

2.2 Dynamic characteristics of SSB

First, dynamic-loading tests using a constant-amplitude wave
input are performed on the specimen frame attached to a fixed
test frame via a load cell, and the characteristics of the SSB
friction coefficient are investigated. We also confirm the valid-
ity of the evaluation of the frame shear force from the axial
force of the perimeter braces and the bending-moment distribu-
tion of the columns in the specimen frame, which will be used
later in the shake table tests. The setup diagram is shown in
Figure 4. The total weight of the test frame is 18.62 kN
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including the five steel plates at the top of each column used
for dead load.

Figure 5 shows the instrumentation positions. The upper
concave-plate displacement of the SSB with respect to the
shake table is measured using a laser displacement meter.
Strain gauges are attached to the columns and braces to mea-
sure the shear forces of the columns and axial forces of the
braces. We consider the sum of the horizontal components as
the frame shear force. Table 1 lists the test matrix. The load-
ing is controlled by the displacement, and triangular and sine
waves are input under varying frequencies. The ratio between
horizontal load F and total weight W of the specimen is
defined as equivalent friction coefficient ., and is expressed
as Equation (2).

Moy = F/W (2)

Figure 6 shows a comparison of the time history of the shear
force evaluated from the strain gauges and the load-cell reaction
force. Both shear forces agree well, and we determine that the
frame shear force in the shake table experiment can be evalu-
ated using the strain gauges. Figure 7 shows the equivalent fric-
tion coefficient-displacement relationship. The horizontal axis
represents the averaged displacement obtained by the displace-
ment meters (LVDTs) shown in Figure 5B. The equivalent fric-
tion coefficient is distributed around 0.1, which is higher than
the reference friction coefficient. This result is considered as
the effect of the smaller vertical pressure of 6.6 N/mm?, which
is approximately 1/10 times the reference pressure. Figures 7C
and D show that the equivalent friction coefficient varies

Table 1. Dynamic-loading tests matrix

No. Amplitude (mm) PGV (mm/s) Frequency (Hz) Shape Cycles
1 180 23 0.02 Sine 5
2 22 0.03 Triangle

3 102 0.09 Sine

4 101 0.14 Triangle

5 204 0.18 Sine

6 202 0.28 Triangle

7 396 0.35 Sine

8 403 0.56 Triangle

9 20 40 0.5 Sine

10 50 100 0.5

11 100 200 0.5

12 100 - 0.2-0.5 Sine -

because of the difference in the velocity even if the frequencies
are the same. In addition, Figure 7A and B show that when the
sign of the velocity changes, the equivalent friction coefficient
increases for a triangular wave input, which is considered to be
owing to the influence of inertial forces. As stated earlier, SSB
depends on the velocity and surface pressure, similar to a gen-
eral PTFE sliding bearing. Figures 8 and 9 show the relation-
ships of the equivalent friction coefficients to velocity and
surface pressure, respectively. These coefficients are obtained
from the loading protocols, numbers 1-12 listed in Table 1, and
the specimens in Reference.’
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The velocity is defined at the upper part of the SSB, similar
to that in Ref. [9]. The equivalent friction coefficient is esti-
mated from the positive Y-axis intercept value in the third
cycle, whereas the entire cycle after the third cycle is used for
load no. 12. Figure 9 shows that the equivalent friction coeffi-
cient converges to approximately 0.03 in the case of high sur-
face pressure, whereas it increases to double the value under
low surface pressure. Figure 8 shows that the velocity depen-
dence also increases under low surface pressure.

3. Shake table tests of SSB

Next, the load cell with the connector is removed and
shake table tests are carried out to investigate the response
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characteristics of the SSB under weight eccentricities and
uplifting.

3.1 Shake table tests with evenly distributed weight
First, shake table tests are carried out where five weights are
evenly loaded on each column. Figure 10 shows the setup of the
evenly loaded specimen. Similar to the dynamic vibration test,
the shear force from the strain gauges and the horizontal relative
displacement of the SSB are measured by the displacement
meters. The vertical displacement of the SSB is also measured
at (X1, Y1), as shown in Figure 5. Table 2 lists the test matrix.
The seismic wave is set at a maximum velocity of 500 mm/s.
Figure 11 shows the time history of the acceleration and
horizontal ~ equivalent  friction  coefficient-displacement
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Figure 10. Setup of shake table test (evenly distributed load)

relationship under protocol no.13 (sine wave; ampli-
tude = 30 mm) at a frequency of 1.3 Hz. Figure 11A shows
that the acceleration response of the specimen frame is sup-
pressed to approximately 1500 mm/s?, which is equivalent to
the input level. The SSB does not slide under a maximum
input acceleration of less than 1500 mm/sz, and the shake table
and specimen frame move together. Figure 11B shows that the
equivalent friction coefficient at maximum velocity is approxi-
mately from 0.11 to 0.13 and the velocity at this point is
approximately 250 mm/s, which is identical to the relationship
between the equivalent friction coefficient and velocity shown
in Figure 8. In addition, the hysteresis shape becomes round
compared with that shown in Figure 7, which shows the effect
of the velocity dependence of the SSB, although it is partially

wileyonlinelibrary.com/journal/jar3

Table 2. Shake table tests matrix

No. Amplitude (mm) Frequency (Hz) Shape
13 30 0.5-2.0 Sine
14 50 0.5-1.0

No. Ground motions Scale factor
15 El Centro NS (1940) 140%

16 JMA Kobe NS (1995) 50%

17 Hachinohe NS (1968) 140%

due to the data sampling frequency. Figure 12 shows the
equivalent friction coefficient-horizontal displacement relation-
ship in the seismic wave input. The figure indicates that the
maximum equivalent friction coefficient is stable up to approx-
imately 0.14 at the maximum. Figure 13 shows the horizontal-
displacement time history. Some residual displacements remain
in all seismic waves because the weight of the specimen frame
is lighter and the equivalent friction coefficient of the sliding
is higher owing to the low pressure, and obtaining a sufficient
self-centering force is difficult. Compared with a pulsed JMA
Kobe wave, the residual displacement under the other two seis-
mic waves is less significant. Even if the residual displacement
remains after an earthquake, it is resolved and self-centered
under several after shakes.

3.2 Shake table tests with eccentric weight

Using the same setup presented in the previous section, shake
table tests using eccentric weights are carried out in which
four counter weights in the Y2 plane are removed. The weight
ratio of Y1/Y2 is 3:1. Figure 14 shows the test setup. The
measurement and loading specifications are the same as those
in the previous tests. To evaluate the torsional response, twist
angle \ is defined as shown in Figure 15. Torsional angle \ is
defined by Equation (3) using bearing horizontal displacement
d; and distance between the measurement points L.

= (31— 8)/L (3)

Figure 16 shows the equivalent friction coefficient — horizon-
tal displacement relationship of the seismic-wave input com-
pared with the evenly distributed weight test results. Generally,
the results obtained from the eccentric-weight tests are identical
to those of the even-weight tests. Thus, we can see that the
response characteristics of the SSB under eccentric loading are
similar as those under evenly distributed weighted conditions
with maximum 20% errors in displacements. Figure 17 shows
the torsional-angle time history compared with that for the
evenly distributed weight tests. In the eccentric-weight tests, the
twist angle is 0.5% rad, which is as small as the twist in the uni-
form weight believed to be caused by misalignment of the SSBs
as will be described later. The difference is small.

3.3 Shake table tests with uplift

Finally, the specimen frame is rotated by 45° with respect to
the input direction, and shake table tests accompanied by SSB
uplift are performed. Two types of tests are compared: the first
uplifts the corner bearing by unloading the corner-column
weight and the second does not uplift the corner bearing by
evenly loading the four columns. Figure 18 shows the setup
for the uplifting tests. As shown in Figure 19, only two braces
are attached to the frame, and the uplift of the column near

Jpn Archit Rev | April 2019 | vol.2 | no.2 | 176
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the braces is induced along the horizontal response. Figure 20
shows the uplifted corner-column position and removed brace
position, together with a measurement diagram. The measure-
ment equipment is the same as that in the even-weight tests,
and the seismic waves listed in Table 2 are employed.
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Figure 13. Horizontal displacement time histories

Figure 21 shows the obtained equivalent friction coefficient-
horizontal displacement relationship. The displacement along
the horizontal axis represents the average value of the laser dis-
placement sensors shown in Figure 20. When compared with the
uniform and corner-removal loading, maximum displacement
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Figure 14.
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Figure 15. Horizontal twist

discrepancies of approximately 40% and 10% of the equivalent
friction coefficient are observed in the Hachinohe waves. How-
ever, both show similar hysteresis curves and phases.

Next, the vertical displacement at point XY1 in Figure 20 is
confirmed. In this experiment, a case exists where the lowest
point of the concave plate starts from the position that deviates
from the center because of horizontal angle error 6 of the SSB
attachment, as shown in Figure 22. The displacement error is
approximately from 25 to 50 mm, which corresponds to 0 of
approximately 1/200 to 1/100 rad. In the vertical-displacement
graph in the following section, the vertical displacement of the
upper concave plate is calculated by correcting this error.

Figure 23 shows the vertical displacement orbit obtained
from the test results. The corrected calculated value corre-
sponds well with the uniform-loading test results. On the other
hand, the corner-removal loading results show a larger vertical
displacement than the evenly loaded tests. The difference
between the measured vertical displacement and corrected cal-
culated value is evaluated as the estimated uplifting displace-
ment. Figure 24 shows the time history of the estimated
uplifting displacement, which shows that 0.4-0.8 mm of uplift-
ing occurs in each seismic wave. We also confirm the vertical
residual displacement. Using video and a fiber-scope, we
observe that the idle run of the upper plate occurs without cap-
turing the slider, as shown in Figure 25. Here, we consider that
the slider deviates from the original position, and a residual
vertical displacement remains afterward. On the other hand,
Figure 21 shows that the influence of uplifting is insignificant
with respect to the horizontal response and effects of seismic
isolation. We also observe that the vertical residual

wileyonlinelibrary.com/journal/jar3
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displacement is resolved by the return of the slider to the orig-
inal position because of subsequent excitation.

4. Proposal for analytical model and response

In this section, according to the experimental results pre-
sented in the previous sections, a dynamic analytical model
of an SSB that considers the friction coefficient velocity and
bearing pressure dependence is proposed. As a dynamic
model, we propose a model that combines the viscous ele-
ments, in addition to a bilinear -elasto-plastic element,]0
which has generally been used for friction models in time-
history analyses.

4.1 Composition of SSB dynamic model

In the SSB, the friction coefficient expressed by Equation (4)
was proposed by Nakamura et al.” The underlined part at the
right side shows the surface-pressure dependence, and the dou-
ble-underlined part shows the velocity dependence.

Jpn Archit Rev | April 2019 | vol.2 | no.2 | 178
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W= x (1.74657 11 4+0.02) x (1 —0.55¢700)  (4)

where | is the coefficient of friction, i is the reference fric-
tion coefficient (0.047), o is the surface pressure acting on the
slider, and v is the velocity at the top of the SSB.

The friction coefficient evaluation formula is identified based
on the third cycle in the static tests in practical scale (600-mm
diameter) and high-pressure (60 N/mm?) specimens, which

e
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include the influence of temperature rise owing to frictional
heat in the slider. The difference in the friction coefficient in
these reduced-scale tests is mainly caused by lower surface
pressure while the temperature can still affect because the sli-
der is smaller than the real-size specimens.” Therefore, the
friction coefficient can be expressed using three parameters:
surface pressure, velocity, and temperature. However, the
effect of temperature is difficult to express in simple form
because it is considered a complex function of the slider
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6 p——

v

| Natural lowest \l
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Figure 22. Schematic of lowest point error
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diameter, relative velocity, and cumulative displacement.
Under such conditions, the abovementioned effect is recur-
sively identified as a function of the pressure and velocity,
which is expressed by the correction function of Equation (5).
The friction coefficient is expressed by Equation (6).

o = 6(20+V[>.4)/62 (5)

H(G, V) =y, X (1.746(5—0‘141 + 0_02) % (1 o 0.556‘_0'01%)
x 20N/ < 0,16

(6)

Figures 26 and 27 show plots of the equivalent friction coef-
ficient and velocity and surface pressure relationship shown in
Figures 8 and 9, respectively, compared with the values
obtained from Equation (6). The result of Equation (6) corre-
sponds well with the experimental value. As described earlier,
a PTFE-based friction material possesses a friction coefficient
that depends on the velocity. To reflect this characteristic in

Center line of SSB

|
— 11 i

Uplift

Center line of SSB

Figure 25. Schematic of ungrounded movement along uplift
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the dynamic model, we change the friction coefficient accord-
ing to the velocity of the elasto-plastic model or express the
effects of the velocity dependence by combining the elasto-
plastic and viscous elements. Although the first method was
often employed in past studies, we try to express the velocity
dependence using the second method and confirm its validity
here. In detail, Figures 28 and 29 show that friction coefficient
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p (o, v), expressed in Equation (6), is divided into an elasto-
plastic element (function of &) and viscous element (function
of v). The bilinear elasto-plastic element with a yield strength
of p,,(c) (expressed by Equation 7) is set, and secondary stiff-
ness K is set at a secondary natural period of 4.5 seconds. The
viscous element is set as L,(v) (expressed by Equation 8) as
approximated by the tri-linear curve along the velocity. Please
note that the effect of the bidirectional response or surface
pressure changes owing to the vertical response is not consid-
ered in the proposed model.

Hep (0) = g x (1.74607 141 10.02) x 0.45 x 2/ (7)

},lv(\/) =H-= l’lep (8)

4.2 Simulation of test results
By using the proposed dynamic model, a time-history analysis
that reproduces the shake table tests presented in Section 3 is

Table 3. Assumed pressure in analysis model

o (N/mm?)
Even load 6.6
Eccentricity
Heavy 4.3
Light 1.9

wileyonlinelibrary.com/journal/jar3

carried out. Figure 30 shows the analysis model. Table 3 lists
the pressure conditions at the bearings in the evenly distributed
loading tests and the loaded and unloaded pressure in the
eccentric-loading tests. Newmark-3 method are used for time-
integration with incremental time of 0.01 seconds and damping
factor of 0.02 for the upper structure. The variation in
the response-axial force is neglected in analyses in this
manuscript.

The obtained time histories of displacements and accelera-
tions in each seismic wave are shown in Figures 31 and 32,
respectively, compared with the test results. All of the results
generally show good agreement. In particular, the acceleration
displays high accuracy. Good correspondence is also obtained
for the eccentric-loading tests. Figure 33 shows the equivalent
friction coefficient — displacement relationship using the
evenly distributed weight tests. Although a difference of
approximately 30% exists in the maximum response displace-
ment in the JMA Kobe pulse wave, the experimental values
obtained from the other seismic wave input are well simu-
lated by the proposed model. Figure 34 shows the eccentric
loading tests results compared with the analysis results. Even
when the surface pressure condition in each bearing is varied,
the proposed dynamic model exhibits a response that is

100
’é 50 .. Analysis
~ 0 I S — Iy S
% Experiment
-100 i i : - i
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Figure 31. Time history of displacement response
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well-compatible with the test results. Other cases exhibited
similar tendencies.

From the abovementioned results, the proposed dynamic
model is considered to be valid in modeling the dynamic
response of the SSB. Although the above comparison is carried
out under low-pressure shake table tests, we consider that the
velocity dependence and influence of the viscosity part
decrease as the surface pressure increases.

5. Conclusion

In this research, we conducted shake table tests of a frame
supported by SSBs that include load eccentricity and uplift-
ing conditions and investigated their response characteristics.
From the results, an SSB dynamic model that considers the
velocity dependence was proposed, and we confirm its valid-
ity by comparing the test results. The findings are summa-
rized as follows.

1. In the experiment, we confirmed that the friction coefficient
under low pressure of approximately 1/10 times the refer-
ence surface pressure increased by approximately double
the standard value of the high surface pressure. The friction
coefficient also increased because the velocity was found to
be more prominent.
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Figure 33. F/W-horizontal displacement relationship (evenly distributed)

2. The maximum torsional response value under eccentric
loading conditions exhibited no determinate difference from
those under evenly loaded conditions. Amplification of the
torsional response was also insignificant.

3. Under uplifting conditions, free running of the slider was
observed, and the residual vertical displacement tended to
remain. However, the influence on the horizontal response
was insignificant.

4. The effects of low pressure and temperature on the friction
coefficient were expressed by the functions of the pressure
and velocity, and the proposed dynamic model composed
of elasto-plastic and viscous elements was confirmed to be
valid for evaluating the current test results and Ref. 9).
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