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Abstract

In Japan, spherical sliding bearings with low friction coefficients are gaining pop-
ularity for base-isolating low-rise frames that are relatively lightweight. However,
the complete dataset of isolators and a base-isolated frame for evaluating the
model sensitivity and response uncertainty are limited. This study first presents
the design process, isolation unit- and frame-level testing, and a blind predic-
tion contest conducted on the occasion of full-scale shaking table testing of a
three-story base-isolated hospital specimen. The design process utilizes a numer-
ical model that accounts for the velocity and contact pressure dependencies and
requires soft- and hard-case simulations with nominal friction coefficients plus
and minus standard deviation to consider the uncertainties associated with the
bearing behavior. The pre-shipment isolation unit and frame shake table test-
ing yielded an invaluable dataset for bearings under normal and low contact
pressures, low and high velocities, and constant and varying axial loads. The
accompanying blind prediction contest provided a valuable dataset for rethink-
ing the impact of modeling uncertainty. In-depth data analysis and sensitivity
analysis were conducted. The sliding coefficient increased under low-contact
pressure and low-velocity conditions. The static friction coefficient was 1.9 to
4.5 times higher than the dynamic coefficient, but this had little impact on the
residual displacement, cumulative travel, and maximum story shear force. The
axial force fluctuation, vertical motion, and two-directional input did not sig-
nificantly affect the bearing behavior in the test. The test and the following
simulations confirmed that the low friction coefficient helped the building con-
tents, that is, medical equipment in this study, remain in order under near-fault
and long-period ground motions.
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1 | INTRODUCTION

The number of base-isolated buildings has steadily increased in Japan, where significant ground motions induced by
large near-fault earthquakes or subduction zone mega-earthquakes are highly probable.! Medical facilities are a type
of building in which the application rate of seismic isolation has been increasing. During the 2016 Kumamoto earth-
quake with Mj7.3 (Mw7.0), hospitals located in areas with a seismic intensity of less than six or more than five on the
Japanese Meteorological Agency scale underwent evacuation, which interrupted inpatient care and significantly affected
local medical care.” Kumamoto University Hospital, located at a site with less intensity, still reported damage to fur-
niture and laboratory contents in buildings diagnosed as earthquake-resistant, but base-isolated buildings experienced
no impact. In the 2023 Kahramanmaras earthquake sequence, base-isolated hospitals became fortresses for earthquake-
affected areas. In Turkey, base isolation has been mandatory for hospitals with more than 100 beds in high-seismic zones
since 2013. Such incident reports considerably influence the medical community’s incentives to choose base isolation
techniques.

Hospital owners and medical staff expect outstanding seismic performance in base-isolated buildings with negligi-
ble or no impact on building usage. This overconfidence leads to incorrect decisions regarding earthquake preparedness
in base-isolated hospitals. Sato et al. conducted a quantitative evaluation of the vulnerability of medical equipment
to earthquake damage by placing medical equipment in two types of seismically isolated buildings, one with natu-
ral laminated rubber and steel dampers and the other with high-damping laminated rubber and an intrinsic period
of approximately 2.5 s, as full-scale buildings simulating the early days of seismic isolation.> The study observed very
high medical function retention for short-period ground motions but massive movement of caster equipment and fatal
damage for long-period ground motions.*® This observation suggests that the earthquake engineering community
should continue examining the relationship between isolators’ characteristics and the damage prediction of building
contents.” 3

Friction pendulum bearings (FPBs) are gaining popularity in Japan for base-isolating low-rise frames, gymnasium roofs,
and facilities, which are relatively lightweight. An FPB is a seismic isolation system in which a slider with a Teflon sur-
face is installed on a steel sphere known as a concave plate for sliding.'* The maximum deformation could be adjusted
according to the diameter of the concave plate. While laminated rubber bearings have difficulty achieving the deformation
capacity and extended period with a low axial force, the FPB realizes the extended natural period of the isolated frame
independently of the support weight. FPB has a restoring mechanism based on the pendulum motion and a historical
damping mechanism using frictional forces. Compared with the limited applications in Japan, the research and appli-
cation of FPBs have a long history outside of Japan, including failure analysis against extreme motions.> The relevant
literature can be found elsewhere.

More recently, FPBs with low friction coefficients, called low-friction spherical sliding bearings (LF-SSBs), have
been introduced in the Japanese market to reduce the acceleration response of superstructures further. A con-
ventional SSB uses polytetrafluoroethylene double-woven fabric as the sliding material and a stainless-steel sliding
plate with a mirror finish. The LF-SSB achieved a friction coefficient of 0.013 by impregnating a sliding material
with a lubricant. In general, sliding bearings exhibit velocity and contact pressure dependencies.'® Under a low-
friction condition, the friction coefficient variations under low contact pressure and low velocity become notable."”
Moreover, the static friction coefficient, generally larger than the sliding friction coefficient, is not specified as
a design value.'®" The effects of these variations on the responses of superstructures and their contents have
not been thoroughly investigated, and there is no shaking-table testing data for frames isolated with full-scale
LF-SSBs.

This study examined the effects of the contact pressure, velocity, and static friction coefficients on the perfor-
mance of LF-SSBs through the isolation unit testing of the isolators and the shaking table test of a full-scale
hospital specimen at an E-Defense facility. Pre-shipment dynamic tests on the isolation devices yielded a dataset
to check the manufacturing variability, velocity dependency, and contact pressure dependency. The full-scale base-
isolated frame was tested under near-fault and long-period ground motions. As a part of the testing campaign,
a blind prediction contest was conducted, and variations in prediction results were evaluated. With a numerical
simulation model prepared initially for design, the response prediction accuracy using the design equations was
examined, addressing the design tips to predict the behavior accurately at low-pressure conditions. Finally, the
impact of sliding coefficients on the behavior of building content, that is, medical components in this study, are
discussed.
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FIGURE 1 Spherical sliding bearing (friction pendulum).

2 | CHARACTERISTICS OF LOW-FRICTION SPHERICAL SLIDING BEARINGS
2.1 | Uncertainty considered in design

The seismic isolation system considered in this study is an LF-SSB system. Figure 1A shows a schematic of the seismic
isolation device. The SSB consists of concave spherical sliding plates above and below the moving body called a slider.
The upper and lower surfaces of the slider have PTFE material as a sliding material. For LF-SSB, the PTFE material is
impregnated with a lubricant for the low-friction specification with a nominal coefficient of friction of 0.013.

Figure 1B shows the idealized bilinear characteristics of the hysteresis characteristics.’ After overcoming the dynamic
slip-resistance load Qy, the slider starts to slide and has a horizontal secondary stiffness K,. The nominal natural period
of the base-isolated structure is computed using K,, whereas the actual natural period depends on the equivalent stiffness
Ky, which also depends on the sliding displacement.

In the design of LF-SSBs, manufacturing variations and variations caused by velocity, cyclic pressure, and contact pres-
sure dependencies must be considered. The following equations can be used to calculate the dynamic slip resistance load
and horizontal secondary stiffness.

Q=74 1P 6)
where Ty is the coefficient of variation, u is the coefficient of friction, and P is the vertical load.
K,=P/(2-Ry) ®)
where R is the spherical radius of the concave sliding plate.
The coefficient of variation is computed by the product of contact pressure dependency, X, velocity dependency, y, and

cyclic dependency, C. The formulae for these dependencies are given in Equations (3)—(5), respectively.
Contact pressure dependency,

X=20-07%40.5 ©)
Velocity dependency
y =1.03—0.55-1.5 018" )
Cyclic dependency
C =-0.05 ®)

where o is the contact pressure, and V'is the Velocity.
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TABLE 1 Loading protocol.
Test method Control wave Axial force Test velocity Amplitude
Constant-amplitude Sine wave 60 MPa 20 mm/s +50 mm
cyclic 30 MPa, 60 MPa 400 mm/s +200 mm

The standard contact pressure of the LF-SSB is 60 MPa, and the minimum contact pressure recommended by the
manufacturer is 30 MPa. The contact pressure dependency equation shows that Q, increases by 43% from the standard
application when the contact pressure is at the specified minimum (3). When the sliding velocity increases from 100 to
400 mm/s, Qg increases by 33.5%, according to the velocity dependency Equation (4).

2.2 | Base isolation unit testing

LF-SSB is a ministry-certified device. In the certification process, experts from a third-party inspection organization con-
firm that the seismic isolation materials have the performance specified in the manufacturer’s application and that the
quality control system of the manufacturing plant is implemented as described in the certification application. In Japan,
LF-SSBs require product acceptance inspections of standard quasi-static tests before shipping for all the devices (full
inspection).

All four seismic isolators prepared for the shaking table test of a full-scale building specimen required quasi-static testing
for the inspection process. In addition, this study conducted dynamic tests to evaluate the influence of sliding velocity.

2.21 | Testing machine properties

The testing machine accommodated quasi-static and dynamic loadings. In the quasi-static mode, the machine had a max-
imum vertical load of 22,000 kN and a maximum horizontal load of 2000 kN. In the dynamic mode, the machine had
a maximum vertical load of 2000 kN, a maximum horizontal load of + 200 kN, and a maximum horizontal velocity of
400 mm/s.

2.2.2 | Loading protocols

The loading protocol, certified for the LF-SSB, consisted of four cycles of constant-amplitude sine waves with a contact
pressure of 60 MPa and a maximum loading velocity of 20 mm/s. In addition to the quasi-static loading, dynamic loading
was added to evaluate the constant pressure and velocity dependency. Table 1 summarizes the loading conditions. The
selected contact pressures were 30 and 60 MPa, and the selected maximum velocities were 20 and 400 mm/s. The selected
loading amplitudes were + 50 mm for the maximum velocity of 20 mm/s and + 200 mm for the maximum velocity of
400 mm/s. For each test, the loading was repeated for four cycles.

Following a standardized procedure, the hysteresis behavior in the third cycle was evaluated to obtain the friction
coefficients. Table 2 shows the test results, and Figure 2 shows the results plotted against the manufacturer’s previous
experiments and the predictions obtained using the dependency equations.

Under the dynamic loading conditions of 400 mm/s and a standard contact pressure of 60 MPa, the average friction
coefficient of the four isolators was 0.0106. The results vary from a nominal value of +0.013% to —18.4%.

When the loading velocity decreased to the standard quasi-static loading condition of 20 mm/s, the average friction
coefficient of the four isolators was 0.0126. The result was 1.19 times larger than the average friction coefficient of 0.0106
at 400 mm/s. In Figure 2A, the result is 34.6% larger than the value predicted using the velocity dependency Equation (4).
When the contact pressure was reduced to 30 MPa, the average friction coefficient was 0.0179, 1.69 times larger than that at
60 MPa (0.0106). Figure 2B shows the result is 17.8% larger than the value predicted using the contact pressure dependency
Equation (3).

The test results showed that the friction coefficients under low-velocity loading increased significantly compared with
those predicted using the recommended equations. Thus, this study developed the new velocity dependency equation, y’,
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TABLE 2 Isolation unit testing results of LF-SSB.

Friction Coeff.

Contact (F.C.) corrected for 20°C, F.C. variation from

pressure Temp. Velocity 400 mm/s, 60 MPa design value Average
No. P (MPa) T (°C) V (mm/s) /] % Ave (u)
60_400_1 60 21.3 400 0.0111 -14.3 0.0106
60_400_2 60 21.8 400 0.0116 -10.5
60_400_3 60 21.9 400 0.0101 —-22.4
60_400_4 60 21.6 400 0.0096 —-26.5
60_20_1 60 21.0 20 0.0125 3.7 0.0126
60_20_2 60 21.3 20 0.0132 1.3
60_20_3 60 21.5 20 0.0121 -7.3
60_20_4 60 21.3 20 0.0128 -1.6
30_400_1 30 20.8 400 0.0171 31.5 0.0179
30_400_2 30 21.4 400 0.0200 54.1
30_400_3 30 21.5 400 0.0186 43.0
30_400_4 30 21.3 400 0.0160 22.7

Abbreviation: LF-SSB, low-friction spherical sliding bearings.
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FIGURE 2 Change in coefficient of friction owing to contact pressure and loading velocity.

(6) via regression analysis of the present elemental experimental results.

y = (1.03 —0.55- 1.5‘0'018") . (% - (V — 400)° + 1> (6)

3 | FULL-SCALE SHAKING TABLE TESTING
3.1 | Specimen

The specimen was a three-story frame with a one-by-one plan. In Japanese design practice, seismic response analysis
is performed for earthquakes that occur extremely rarely (approximately 500 years return period), and allowable stress
design is performed for the shear forces obtained from the analysis. For the test specimen, the allowable stress design
was performed for a base shear factor of 0.2, since the base shear factor obtained from the seismic response analysis was
less than 0.2. Figure 3A shows the specimen installed on the shaking table. The base-isolated specimen was then placed
on the right side. For comparison, an earthquake-resistant four-story frame specimen, named fixed-base specimen, was
installed on the left side, and the two frames were connected to the second floor by an expansion joint. Since the expansion
joint functioned adequately, the effect of the response of the fixed-based specimen was assumed to be negligible in the
experimental results.
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FIGURE 3 Specimen.
TABLE 3 Cross-section of structural members (unit: mm).

Member Dimensions Material Type

Columns HSS-250 % 250 X 9 BCR295 (o, = 295 MPa)

Beams H-400 %X 200 X 8 X 13 SN490B (O'y = 325 MPa)

Foundation beams 1500 (width) X 600 (depth) RC, F,” = 24 MPa

Slab =150 RC, F,” = 36 MPa

Figure 3B,C show the floor plan and elevation of the base-isolated specimen, respectively. The floor plan is 6.0 m
x 1 span in the long (X) direction, 5.0 m X 1 span in the short (Y) direction, and the height is approximately 12 m
with an aspect ratio of approximately 2. The second floor had a 3.0-m-long overhang as a corridor connected to
the earthquake-resistant specimen through an expansion joint. Weight-adjusting masses were installed on the first
and second floors to prevent eccentricity. Table 3 presents the cross-sections and steel types of the main members.
The frame consists of cold-formed square steel tube columns and H-shaped steel beams. The foundation beams
had a width of 1500 mm and a depth of 600 mm, and the first-floor slab had a thickness of 600 mm. The sec-
ond and third-floor slabs had a thickness of 150 mm. The roof was 600 mm thick to increase the mass of the
specimen.

The specimens were designed as hospitals and thus had various types of medical equipment in each room. Figure 3D
shows the room arrangement for the NICU (Neonatal Intensive Care Unit) on the second floor and the dialysis treatment
room on the third floor. Most of the equipment contained casters. Most equipment casters were locked or half-locked.

3.2 | Measurement plan

Each isolator was supported by four triaxial load cells to measure the vertical and horizontal loads applied to the isola-
tor (Figure 3E). Laser displacement transducers were used to measure the vertical and horizontal displacements at two
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TABLE 4 Loading and observation schedule.

ID Input motion Evaluated performance

1,2 JMA Kobe NS X dir. 16%; Y dir. 16% Elastic limit

3 0S2 Y dir. 20% Elastic limit, long period, and duration

4% JMA Kobe NS X dir. 50% Ultimate strength limit

5¢ OS2 XY 45° (X + Y dirs.) 70% Ultimate strength limit, long period, and duration

6" JMA Kobe NS 45° (X + Y dirs.) 70%, UD Z dir. 100% Above design level

2Observation inside the specimen after loading.
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FIGURE 4 Inputearthquake motions.

diagonal locations on the first floor. Three-axis accelerometers were installed at two diagonal locations on each floor. The
actual loads were measured by using triaxial load cells. After the trial installation, steel shim plates were inserted to uni-
form the loads supported by the isolators. The total weight of the specimen was 1873 kN, including the contents, and the
average contact pressure was 26.5 N/mm?. The identified natural period of the superstructure in non-sliding conditions
was 0.71 s in both the X and Y directions.

3.3 | Loading schedule

JMA Kobe NS and OS2 were used for excitation. JMA Kobe NS is the observed earthquake ground motion during the
Hyogo-ken Nanbu earthquake, and OS2 is the simulated design long-period earthquake ground motion for the Nankai
Trough. OS2 provided for the engineering bedrock was amplified by assuming a normal soil type. Table 4 lists the input
motions, scales, input directions, and timing of the observations after each excitation. The excitation level is expressed as
a factor (%) of acceleration relative to the original wave. Figure 4 shows the acceleration time history and acceleration,
velocity, and displacement response spectra for the JMA Kobe NS in 70% scale for 45° (X + Y directions) and OS2 XY in
70% scale for 45° (X + Y directions), respectively. JMA Kobe has a strong power in the short-period range, but in the 2.5 s
or longer range, OS2 outpowers JMA Kobe.
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TABLE 5 Maximum responses, y, = 0.013.
Floor acceleration (unit: cm/s?)
ID 1 2 3 4 5 6
3rd Floor 95.6 90.7 82.7 89.3 172 130
2nd Floor 79.3 66.3 52.5 91.7 114 15
1st Floor 79.8 63.7 46.0 79.8 131 101
Table 120 136 74.5 357 283 529
Floor velocity (unit: cm/s)
3rd Floor 10.0 10.9 10.9 16.8 25.9 19.5
2nd Floor 9.58 10.0 8.08 17.6 24.4 19.0
1st Floor 9.41 9.45 9.17 15.3 24.6 17.2
Table 14.9 15.0 10.1 45.9 31.5 63.2
Base isolation layer response displacement (unit: cm)
1st Floor 2.48 3.16 2.83 1.2 18.6 15.2
8
o4 [Jipsx [ ipsy [Jipex [ 1DeY J 4 [Jipsx [ ipsy [Jipex [ 1DeY 6
500 100 4
400 ] 80 ° 2
£ 300 ° £ 60 e 2 5 0 H N I H B
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¥ oo ; | s -::HQ Y X !_*I‘_!r’”r% ‘7&@“ & @f Q K\o\o@
0 eIkl 0 P
(A) Roof acceleration (B) Isolation displacement (C) Isolator modeling element

FIGURE 5 Blind prediction contest results.

3.4 | Maximum responses

The maximum acceleration, velocity, and displacement of the seismic isolation layer for each floor under each excitation
are summarized in Table 5. The maximum floor response acceleration, floor response velocity, and displacement of the
base isolation layer were 172 cm/s?, 26 cm/s, and 19 cm for ID5, respectively. The shaking table’s acceleration and velocity
were approximately twice as high in ID6 than in ID5, which was considered reasonable because OS2 was also larger in
the response spectrum above 3.0 s. The interstory drift of the superstructure remained far below its elastic limit.

3.5 | Blind-prediction contest results

The testing also presented an opportunity to host a multi-phase Blind Prediction Competition (BPC) to examine the cur-
rent integrated structural/nonstructural modeling capability. Students, researchers, and practicing engineers participated
in this competition. The results helped identify areas of uncertainty and determine current, reliable modeling techniques
while pinpointing future research opportunities. Contestants were invited to participate as teams or individuals, with stu-
dents, researchers, and professionals encouraged to participate. The contestants could use commercial or non-commercial
software for their analysis. All participants were provided with building drawings, a design catalog with the nominal
values and the equations for surface and velocity dependencies, and isolation unit testing data (results summarized in
Table 2). Results were submitted and assessed through a provided spreadsheet and a one-page summary of the numerical
approach.

Figure 5 shows the box-and-whisker plot of the error of the submitted results over the test results. There were seventeen
valid submissions and one invalid submission. The prediction accuracy was better for roof acceleration over isolation
displacement. The average errors on the roof acceleration peaks over the test are around 65%-93%, depending on test IDs,
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FIGURE 6 Prediction using the response spectrum method.

while the error on the isolation displacement is 17%-28%. Ten teams utilized OpenSees, four utilized other software, and
three did not describe the software name. In OpenSees, most teams utilized singleFPBearing element. The top-performing
team, one student from China, had 10.3% and 8.9% errors for roof acceleration and isolation displacement using OpenSees
with the singleFPBearing element.

4 | RESPONSE PREDICTION AND SOURCE OF UNCERTAINTY
4.1 | Response prediction using response spectrum method

The response spectrum method is a typical method that is simpler than the time-history response analysis for evaluating
the seismic response of seismically isolated buildings.?! This method uses the response spectrum of the input earthquake
motion to obtain the maximum response according to the hysteresis characteristics of the seismic isolation layer. It has
been implemented in Japan through guidelines and regulations.?” However, its scope of application is limited. This method
does not apply to buildings over 60 m in height or the structural type of intermediate seismic isolation. Furthermore, its
effects on long-period ground motion have not been verified.

The concept of response evaluation using the response spectrum method is described. This method uses the response
spectrum based on the equivalent linearization method, whose concept is shown in Figure 6A. The vertical axis represents
the product of the response acceleration and mass, and the horizontal axis represents the response displacement. The story
shear force and displacement response pairs were plotted as a response spectrum at a certain period. The strength curve
of the base-isolated system is estimated by manufacturing variation and contact pressure dependence from isolation unit
testing. The intersection point obtained by superimposing these two values was the response value. Since the equivalent
damping ratio, Heg, of the seismic isolation layer at the response displacement was used to construct the response spec-
trum; a convergence calculation is required to obtain the true response value. The equivalent damping ratio, Hey, was
11%~28% in this calculation.

Figure 6B compares the experimental results of ID1-6 with the response values predicted using the response spectrum
method, assuming that the earthquake ground motion level is a medium earthquake or higher. The bearing capacity curve
of the spherical sliding bearing considers the manufacturing variation and contact pressure dependence obtained from the
isolation unit tests. The predicted values for the JMA Kobe motion generally correspond well to the experimental results
of ID], 2, 4, and 6. However, for long-period earthquake motion, the response spectrum method shows an excessively large
value compared with the experimental results of ID5, whereas there is a good correspondence for ID3.

4.2 | Numerical analysis model
For the seismic response analysis, the three-dimensional frame model shown in Figure 7A was used as the basis. To verify

the effects of the fluctuating axial and two-directional applied forces on the numerical analysis, a multi-degree-of-freedom
(MDOF) model (Figure 7B), which is a lumped mass model generally used in the design of seismically isolated buildings,
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FIGURE 7 Numerical analysis model.

was also used. The axial forces acting on the seismic isolator under long-term loading were equivalent to the experimental
and numerical analysis values. A general-purpose structural analysis software called SNAP was used for simulations.

The spherical sliding bearing was modeled using a multi-shear spring model, commonly used in Japanese design prac-
tice. A multi-shear spring model simulates the behavior of column members subjected to shear stress from multiple
directions. The model consists of multiple springs arranged isometrically in the central section of the column (Figure 7C).
Each spring bears a shear deformation and shear force in each direction. In this study, the shear springs of the multi-shear
spring model are arranged in eight directions, including x and y axes.

In this study, the isolation unit tests of the SSB were conducted before the E-Defense experiment, as described in Sec-
tion 2. Thus, the modeling of the seismic isolation system in the numerical analysis considered the results of the isolation
unit tests as follows:

1. For the variation in the friction coefficient owing to manufacturing variations, the ratio of the average value of the
isolation unit test results to the catalog value was multiplied by the dynamic sliding resistance Q.

2. For the variation in the friction coefficient owing to the contact pressure dependence, the coefficient of variation of
30 MPa/60 MPa was 1.178 times higher than the manufacturer’s catalog value according to the results of the isolation
unit tests, and this value was multiplied by Q.

3. Regarding the variation in the friction coefficient owing to velocity dependence, the results of the isolation unit tests
conducted by the manufacturer showed that the variation was large, even below 200 mm/s. In the isolation unit tests
conducted in this study under 20 mm/s loading conditions, the variation was +33.6% compared with reference."”
Two models were used to confirm the effect of this variation on the behavior at low velocities: the manufacturer’s
recommended Equations (4)- (6) modified based on the isolation unit tests.

The relationship between the displacement of the seismic isolation layer and the natural period of the system was
verified through numerical analysis. The equivalent natural period of the system was 4 to 5 s at the response displacement
0f100 to 400 mm for a medium to large earthquake. In the small displacement range of the response to small earthquakes,
the equivalent natural period of the system was smaller than 4 s.

4.3 | Velocity dependency

The dynamic sliding resistance load of the LF-SSB fluctuates with velocity in the low-velocity range, as shown in Figure 2.
Therefore, an appropriate evaluation of the velocity dependence at low velocities is essential for predicting accurately
the displacement and story shear force responses. This section examines how well the numerical analysis and the
experimental results correspond to each other.

For the numerical simulation, the modified Equation (6) based on the isolation unit test and Equation (4) for the velocity
dependence recommended by the manufacturer were first compared. The values computed by Equation (4) were 1.24,1.08,
and 1.19 times those by Equation (6) for ID2, ID4, and ID5, respectively. The average velocity during the primary sliding
period, described in Section 4.5.2, was used for calculation.
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Figure 8 shows the hysteresis characteristics of the experimental and numerical results of the seismic isolation layers
for ID2, ID4, and ID5 using the proposed Equation (6). In the case of ID4, where the maximum velocity was approxi-
mately 400 mm/s, there was no significant effect on the behavior of the maximum response between the experimental
and numerical results, and the experimental results could be evaluated accurately. For a low velocity, such as in the case of
ID5, where the maximum velocity was approximately 300 mmy/s, the difference in the maximum response displacement
between the two equations is noticeable. Furthermore, by using modified Equation (6) for the isolation unit tests, there is
a good correspondence between the experimental and numerical analysis results, confirming the validity of the proposed
numerical analysis model. In the cases of ID4 and ID5, for the initial motion, the experimental results showed a large
value of the base isolation layer shear force owing to the effect of the static friction coefficient, which was not considered
in the numerical analysis, confirming the discrepancy in the timing during sliding between the numerical analysis and
the experimental results.

For a small input acceleration in the case of ID2, the maximum response displacements predicted using both equations
differed from the experimental results because of the large effect of the static friction coefficient on the initial motion.
Figure 9 shows the effect of the static friction coefficient on the time history response of the story shear force normalized
by the total weight. The isolation unit test modified in Equation (6) corresponded well with the test results when focusing
on the story shear force/total weight after 14 s. Thus, it is necessary to consider the increase in the friction coefficient as a
velocity-dependent equation in the design under a low contact pressure and velocity.
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FIGURE 11 Cumulative travel.

4.4 | Static friction
4.4.1 | Magnitude of static friction

The static friction coefficient was larger than that of dynamic friction. However, its effect on the maximum response was
considered to be small because it was limited to the initial motion. Therefore, it was not evaluated quantitatively and was
not considered in the current design. In this study, the effects of the static friction coefficient on each excitation were
examined, including the magnitude of the static friction coefficient, the effect of the static friction coefficient on the time
displacement and cumulative travel of the base isolation layer, the effect of the static friction coefficient on the residual
displacement, and the effect of the static friction coefficient on the behavior of the superstructure. The coefficient of static
friction g in this paper is defined as the maximum shear force of the base-isolation layer divided by the overall weight
before the start of the slide.

Figure 10 shows the magnitude of the static friction coefficient for each excitation. The horizontal axis shows each
excitation case number, and the vertical axis shows the coefficient of static friction y; divided by the nominal coef-
ficient of dynamic friction yy = 0.013. The static friction coefficient was 1.9 to 4.5 times higher than the dynamic
coefficient and its average of u; = 0.042 was 2.3 times higher than the isolation unit testing results of 0.0179 listed in
Table 2

4.4.2 | Impact on cumulative travel

Figure 11 compares the cumulative sliding distance in the experiments and numerical analysis for ID4 and ID5, respec-
tively. In ID4, the difference in the cumulative sliding distance between the numerical analysis and experimental results
was 84 mm, approximately 8% of the total sliding distance of 1096 mm. In ID5, the difference was 733 mm, approximately
8% of the total sliding distance of 9779 mm. As mentioned in Section 4.3, the sliding timing differed from the experimental
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FIGURE 12 Residual displacement.

results to the numerical analysis, likely because the numerical analysis did not consider the effect of the static friction
coefficient. However, the difference in the timing of sliding had a negligible effect on the cumulative travel.

The plots also show an interesting fact on the average velocities over the primary sliding period, which were 200 mm/s
and 100 mm/s for ID4 and ID5, respectively. The sliding velocity was twice from JMAKOBE to OS2 motion. Note that the
velocity spectrum shown in Figure 4D is larger for IMAKOBE than OS2 in the natural period range from 0.8 to 2.8 s.

4.4.3 | Impacton residual displacement

In Japan, the maintenance design guideline of the Japan Society of Seismic Isolation®® specifies the allowable residual
displacement as 50 mm, and the concave radius of LF-SSB is designed to meet the specification. In design, seismic response
analysis is continued after input motion terminates, and the residual displacement is evaluated under free vibration.

Figure 12 shows the residual displacement of the seismic isolator for each loading case. The horizontal axis represents
the loading case number, and the vertical axis represents the residual displacement of the seismic isolator. In both the
experimental and numerical results, the residual displacement was less than 50 mm for both cases. In addition, the residual
displacement was largest for ID1 JMAKOBEX16%) in both the experiment and numerical analysis. However, there was
almost no residual displacement for ID2 (JMAKOBEY16%), which had the same input acceleration but a different input
direction.

4.4.4 | Impact on frame responses

Figure 13 illustrates the time-history displacement and story shear force response of the base isolation layer and first
floor in the Y direction of ID5. As shown in the displacement time history, there was almost no displacement until
69 s, and the base isolation layer began to slide at 69 s. As shown in the time-history layer shear force response
up to 69 s, the shaking table and first floor are subjected to the same acceleration until the spherical sliding bear-
ing starts to slip; thus, the story shear force increases on both the first and second floors according to the shaking
table acceleration. As the behaviors of the base isolation layer and the first layer are different during sliding after
69 s, the mass of the first floor affects the story shear forces of the base isolation layer, and the first layer mutually,
and the story shear force of the first layer is larger than that of the base isolation layer. Therefore, the seismic iso-
lation layer reached its maximum value at approximately 23 s before sliding, owing to the effect of the static friction
coefficient.

In comparison, the first floor reached its maximum shear force at approximately 81 s during sliding, which was unaf-
fected by the static friction coefficient. Regarding the response spectrum, the acceleration response spectrum of OS2_50%
(Figure 4C) had a maximum acceleration of approximately 0.1G (G is the gravitational acceleration) for the natural period
range of 4 to 6 s. The maximum static friction coefficient of this isolation unit test shown in Figure 9 is tig,.x = 0.059. There-
fore, the effect of the static friction coefficient on the maximum shear force acting on the superstructure was considered
small compared to the design shear.
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TABLE 6 Varying axial force of seismic isolation materials.

Loading
ID4 ID5 ID6
SSB no. No.1 No. 2 No. 3 No. 4 No.1 No. 2 No. 3 No. 4 No.1 No. 2 No. 3 No. 4

Varying axial force ratio 0.15 0.14 0.17 0.12 0.34 0.09 0.10 0.34 0.63 0.60 0.55 0.66

4.5 | Low contact pressure

This section investigates the effects of fluctuating axial force and vertical motion input on the behavior of the base isolation
layer using numerical analysis and experimental results. Note that the specimen had an aspect ratio of approximately two.
A MDOF model common in design was adopted for numerical simulations. The input motions considered were ID4 and
ID5, cases for large earthquakes, and ID6, cases for large earthquakes that exceed the design level and include vertical
motions.

451 | Axial force variation

Table 6 lists the fluctuating axial forces of seismic isolation systems ID4, ID5, and ID6. The fluctuating axial force was
approximately 15% of the long-term axial force for ID4 and approximately 30% for ID5. In the case of ID6, which considered
vertical motion, approximately 60% of the variable axial force was generated, indicating that the magnitudes of the variable
axial force and vertical motion were not small. The comparison between the experimental and numerical analysis results
of the MDOF model, while neglecting the fluctuating axial force for the ID4 direction input in Figure 14, indicates that
the effect of the variable axial force is negligible for the unidirectional input, as the story shear force, displacement, and
velocity all correspond well.

4.5.2 | Diagonal (45°) and vertical input

Figure 15A,B compare the numerical analysis and experimental results of the MDOF model, ignoring the fluctuating axial
force at the ID5 direction input. In (A), the shaking table acceleration in the X direction was used as the unidirectional
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input. In (B), the input acceleration was multiplied by the square root of two to account for the XY 45-degree input, and
the responses were divided by the square root of two to obtain the responses in each direction. Note that XY 45-degree
input was planned to evaluate primarily the behavior of the fixed-based specimen.

As the equivalent stiffness of the spherical sliding bearing decreases as the absolute displacement increases, (A) with
a unidirectional input underestimates the response displacement, whereas (B) shows good agreement with the experi-
ment. The spherical sliding bearing has infinite stiffness until it starts sliding, exhibiting a low stiffness corresponding
to the dynamic friction coefficient during sliding. In other words, the equivalent eigenfrequency fluctuates from time to
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time depending on the displacement, and the nonlinearity owing to the displacement is strong enough to influence the
responses.

Figure 15C,D compare the numerical analysis results and experimental results of the MDOF model, ignoring the varying
axial force and vertical motion when the input was in ID6. The responses match well in both (C) and (D). These results
suggest that the behavior of a seismically isolated low-rise building using a spherical sliding bearing can be predicted well
with the MDOF model that ignores the effects of fluctuating axial force and vertical motion.

4.6 | Responses with low and moderate friction coefficients

Figure 16 shows the eigenvalue analysis results for SSBs with low and moderate friction coefficients. The equivalent natural
periods were calculated using the secant stiffness of the isolation layer. The equivalent natural period with a moderate
friction coefficient is less than 3.0 s up to a response displacement of 15 cm or less. This indicates that the stiffness is
high in the small-displacement region, and acceleration tends to increase. Therefore, in an actual design, it is considered
effective to use low-friction spherical sliding bearings to suppress acceleration and absorb energy using dampers with low
initial stiffness, such as U-shaped dampers,** to reduce displacement.

With a dynamic friction coefficient of 0.013, the maximum floor response acceleration was less than 200 cm/s? and the
maximum floor response velocity was less than 30 cm/s for all low-friction spherical sliding bearings in the experimental
results (Table 5). Table 7 lists the numerical analysis results when the dynamic friction coefficient is 0.043, which is also
available for SSB. The displacement of the isolation layer decreased when the friction coefficient increased, but the accel-
eration and velocity increased, with a maximum floor response acceleration of approximately 350 cm/s? and a maximum
floor response velocity of approximately 70 cm/s for the ID6 input earthquake motion. Note that the maximum response
acceleration, velocity, and displacement are shown for the 45° excitation when the input acceleration is multiplied by the
square root of two using a mass-point system model.

In the fixed-based specimen connected to the base-isolated specimen (Figure 3A), the medical equipment around the
bed moved approximately 30 cm at an acceleration of 350 cm/s? and a velocity of 50 cm/s, confirming the need to suspend
treatment during vibration, and an IV stand overturned at an acceleration of 400 cm/s? and a velocity of 60 cm/s, as
shown in Figure 17.° Thus, when all the bearings are moderate-friction bearings, the disorder will appear, unlike low-
friction bearings. The effect of low-friction spherical sliding bearings in reducing damage to indoor medical equipment
can be confirmed.

Figure 18 depicts the floor acceleration spectra and the energy spectra of the floor acceleration. First, with a low friction
coefficient, there are no significant peaks in the acceleration spectra, while the energy spectra peaked in the first natu-
ral period. The difference between the long-period, long-duration earthquake motion (ID3) and short-period pulse-type
ground motion (ID4) became more significant with the energy spectrum. The amplification ratios from the ground to the
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TABLE 7 Maximum responses, u, = 0.043.
Peak floor acceleration (PFA, unit: cm/s?)
ID 1 2 3 4 5 6
3rd Floor 186 176 179 312 297 362
2nd Floor 119 126 138 253 272 289
1st Floor 110 117 78 197 153 217
Table 120 136 74.5 357 283 529
Peak floor velocity (PFV, unit: cm/s)
3rd Floor 14.6 15.1 13.1 46.0 32.8 64.3
2nd Floor 12.3 13.5 8.4 479 30.7 67.0
1st Floor 1.1 12.3 6.8 40.0 31.9 57.7
Table 14.9 15.0 10.1 459 31.5 63.2
Base isolation layer response displacement (unit: cm)
1st Floor 1.47 1.83 2.00 6.52 9.43 13.9
17:08:08; 06
(A) Base-isolated (PFA = 92 cm/s2, PFV = 17 cm/s) (B) Fixed-base (PFA = 400 cm/s2, PFV = 60 cm/s)
FIGURE 17 Photos after ID4 loading.
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FIGURE 18 Floor response spectrum.
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floor responses are larger for ID3 than ID4. As a result, even if the maximum floor response acceleration is larger for ID4,
the peak values of the floor acceleration response spectrum and energy spectrum are larger for ID3. Second, with a mod-
erate friction coefficient, the peaks at the small period range become significant. In particular, the impact of long duration
becomes significant in the energy spectra at both the short period range and the natural period of building. According to
previous research,” the displacement of medical equipment largely depends on the duration of ground motions and thus
the floor energy spectra. Thus, the damage in the hospital room may be considerably larger with a moderate friction case
and a long-period, long-duration earthquake motion.

5 | CONCLUSIONS

This study reported the results of a full-scale shake table testing of a base-isolated hospital building using spherical sliding
bearings and the associated prediction by a simple method and numerical simulation used in design practice. The paper
also discussed simulation methods with good prediction accuracy and the preferable performance of base isolation devices
for reducing hospital disorders. The major findings are as follows:

* The response spectrum method overestimated the maximum displacement in the test for a long-period and long-
duration earthquake motion. The response was generally good for near-fault ground motion with a relatively
short-period pulse.

* In the blind prediction contest, the average error on the roof acceleration peaks over the test is around 65%-93% depend-
ing on test IDs, while the error on the isolation displacement is 17%-28%. The top-performing team had 10.3% and 8.9%
errors for roof acceleration and isolation displacement using OpenSees with the singleFPBearing element.

+ In sensitivity analysis, a velocity-dependence equation of the dynamic friction coefficient for low-friction sliding bear-
ings required modification for low contact pressure and low-velocity conditions. The effects of axial force fluctuation
and vertical motion were also minor regarding overall responses.

 The static friction coefficient identified in the shake table test was 1.9 to 4.5 times higher than the dynamic coefficient,
and its average was about 2.3 times the isolation unit testing result of 0.0179 (at a velocity of 400 mm/s). Still, the effect
on the residual displacement, cumulative travel, and the maximum shear force in the superstructure was small. The
results with limited influence support the current design process that ignores the static friction coefficient.

* A low-friction spherical sliding bearing with a dynamic coefficient of friction of 0.013 significantly reduced the accel-
eration and velocity, thereby limiting damage to internal medical equipment in the test. With a friction coefficient of
0.043, the energy floor response spectrum increased significantly for the long-period, long-duration earthquake motion.
The increase may cause disorder in a hospital room with displaced medical equipment.

In an actual design, it is considered effective to use low-friction spherical sliding bearings to suppress acceleration and
absorb energy using dampers with low initial stiffness, such as U-shaped dampers, to reduce displacement. Combining
low- and moderate-friction bearings to achieve target values in floor acceleration and isolation layer displacement is also
common.
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