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Abstract

Seismic isolation is one of the most effective technologies for protecting structures from the damaging effects of
earthquakes. Seismic isolation devices lengthen the fundamental period of buildings, diminishing the acceleration
response. However, long-period and long-duration ground motions might cause excessive response deformation in the
isolation devices. Analyzing the response characteristics for large earthquakes is important to determine the aseismic
performance of seismically-isolated buildings. This research focuses on the thermal-mechanical coupled behavior of
sliding bearings with multiple sliding units under long-period long-duration ground motions. A sliding bearing
comprises a plane sliding plate, a matrix of individual sliding units, and multilayered rubber and steel plates. The
hysteretic damping on the sliding surface generates a considerable amount of heat, and deteriorates the friction
coefficient of the isolation device.

First, multiple cyclic loading tests were conducted on sliding bearing cutout specimens. The dependencies of the
friction coefficient on compressive stress and sliding speed had been determined by other loading test results. By
eliminating these two dependencies from the cyclic test results, a dependency of the friction coefficient on contact
surface temperature was identified. A numerical hybrid analysis model for the bearings was then proposed. The authors
developed the analysis model by combining two models for seismic response analysis and thermal conductivity analysis,
respectively. The thermal conductivity analysis model was developed to represent a distributed arrangement of the
matrix of sliding units. Using the proposed model, the loading tests were simulated. The results showed a good
agreement with the test results and validate the accuracy of the numerical model. After that, a loading test simulation for
a real-scale bearing was performed. The results indicated that the increase in temperature on the sliding surface of the
real-scale bearing was similar to that of the cutout specimen. Finally, earthquake response analyses of seismically-
isolated structures supported by sliding bearings and elastomeric bearings were conducted. Long-period long-duration
earthquakes were selected for input ground motions to investigate the response characteristics of severe earthquakes.
The results indicated that the heat generation in the sliding surface greatly affected the responses of the isolators. By
considering the thermal-mechanical coupled behavior, the response deformation increased because the friction
coefficient decreased. For comparison, a simulated sliding bearing model, which has an equivalent single sliding unit,
was also used for the response analyses. The area of the single sliding unit of the simulated model was the same as the
total area of the matrix of sliding units of the real-scale model. The results indicated that the distributed arrangement of
the sliding units decreased the temperature increase on the sliding surface and prevented the deterioration of the friction
coefficient.
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1. Introduction

Seismic isolation is one of the most effective technologies for protecting structures from the damaging
effects of earthquakes. In designing seismic isolation systems, it is most important to make the fundamental
period of structures longer than the predominant period of ground motions caused by earthquakes. Seismic
isolation devices are horizontally flexible, and they lengthen the fundamental period of buildings,
diminishing the acceleration response and structural damage in a superstructure efficiently. Sliding bearings
are one of the most common seismic isolators in Japan. These bearings typically consist of an elastic
component and sliding component. They can lengthen the fundamental period and also decrease the seismic
input energy in superstructures by hysteretic damping.

However, mega-earthquakes from subductions around Japan are a great concern in this research area.
Such earthquakes are predicted to cause long-period, long-duration ground motions [1]. Long-period
components might resonate with a long-period structure to cause excessive deformation of isolators, and
long-duration motions might cause isolators to deform over dozens of cycles. Analyzing the response
characteristics for large earthquakes is important to determine the aseismic performance of seismically-
isolated buildings. Under severe earthquakes, the hysteretic damping on the sliding surface of the sliding
bearings generates a considerable amount of heat, and deteriorates the friction coefficient of the isolation
device [2].

This research focuses on the thermal-mechanical coupled behavior of sliding bearings with multiple
sliding units under long-period long-duration ground motions. The sliding bearing comprises a plane sliding
plate, a matrix of individual sliding units, and multilayered rubber and steel plates [3]. First, multiple cyclic
loading tests were conducted on sliding bearing cutout specimens. The dependencies of the friction
coefficient on compressive stress and sliding speed had been determined by other loading test results [4]. By
eliminating these two dependencies from the cyclic test results, a dependency of the friction coefficient on
contact surface temperature was identified. A numerical hybrid analysis model for the bearings was then
proposed. The authors developed the analysis model by combining two models for seismic response analysis
and thermal conductivity analysis, respectively. The hybrid model is an extension of a previously developed
coupled analysis model [5]. The thermal conductivity analysis model was developed to represent a
distributed arrangement of the matrix of sliding units. Using the proposed model, the loading tests were
simulated. The results showed a good agreement with the test results and validate the accuracy of the
numerical model. After that, a loading test simulation for a real-scale bearing was performed. The results
indicated that the increase in temperature on the sliding surface of the real-scale bearing was similar to that
of the cutout specimen. Finally, earthquake response analyses of seismically-isolated structures supported by
sliding bearings and elastomeric bearings were conducted. Long-period long-duration earthquakes were
selected for input ground motions to investigate the response characteristics of severe earthquakes. The
results indicated that the heat generation in the sliding surface greatly affected the responses of the isolators.
By considering the thermal-mechanical coupled behavior, the response deformation increased because the
friction coefficient decreased. For comparison, a simulated sliding bearing model, which has an equivalent
single sliding unit, was also used for the response analyses. The area of the single sliding unit of the
simulated model was the same as the total area of the matrix of sliding units of the real-scale model. The
results indicated that the distributed arrangement of the sliding units decreased the temperature increase on
the sliding surface and prevented the deterioration of the friction coefficient.

2. Loading tests of cutout specimens
2.1 Matrix sliding bearing

Fig. 1 shows a schematic view of a matrix sliding bearing [3]. The sliding surface consists of a plane sliding
plate and a matrix of individual sliding units. The design value of the friction coefficient is 0.032. The rubber
bearing part consists of an upper (sole plate side) steel plate, a rubber pad, and a lower (base plate side) steel
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plate. The lower plate has a circular opening in the center to improve the bearing’s followability to rotational
deformation of pile top. Materials used for the matrix bearing are summarized in Table 1.

‘//i\\ (Building frame)

.~ (Bearing plate)

Sliding plat
Sole plate 1¢g prate

__—Sliding unit
Base plate

Rubber bearing

(Bearing plate)
(Upper plate,

(Pile) rubber pad,

— | lower plate)

Fig. 1 — Schematic view of matrix sliding bearing

Table 1 — Materials for sliding bearing

SUS Sliding plate
Polyamide Sliding unit
Natural rubber (G1.0) Rubber pad
Sole plate
Steel Base plate
Upper/lower plate

2.2 Loading tests

Table 2 and Fig. 2 show the parameters and a design of the cutout specimen for loading tests, respectively.
The specimen has a cutout shape of a real-scale device described later in Section 3.2. The bearing consists of
seven sliding units and a steel plate. Heat insulation plates with a 10-mm thickness were used under and
above the test specimen. The loadings tests were conducted using three cutout specimens and sliding plates.

Table 2 — Test parameters

Axial Load 2200 kN
Peak longitudinal displacement 200 mm
Loading period 4.93 s (sinusoidal)
Number of cycles 50X3
3
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Fig. 2 — Design of cutout specimen for loading tests
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Fig. 3 — Test results for cutout specimens
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Figs. 3 (a), (b), and (c) show the force-deformation relationship for the 153", 10™, and 50™ loading
cycles, respectively. The test results of the three specimens are illustrated together. Hysteretic areas
diminished during the three loading cycles from the beginning, and almost converged in the 50" cycle. Peak
loads were observed at peak deformations. This trend can be accounted for by velocity dependency and
temperature dependency of the friction coefficient. Figs. 3 (d) and (e) show the temperature observed at the
back center of the sliding plate and the friction coefficient calculated from the hysteretic area, respectively.
For these two graphs, the test results after the 51* loading cycle are joined to obtain a consecutive
temperature rise. The temperature continued to increase with subsequent loading cycles, but the friction
coefficient converged to a lower bound value.

2.3 Evaluation of the friction coefficient

Evaluation formulae for the sliding unit used in the test specimen are identified from experimental results
using the same sliding bearings [4]. The standard friction coefficient, 14, dependency on vertical pressure, o
[MPa], and dependency on sliding velocity, v [mm/s], can be expressed as Egs. (1) to (3):

1 =10.0316 (1)
Uo=0.2315"27+0.000629 (2)
Lty =—0.0112In[max(v,10)] + 0.0987 3)

where 1 is the friction coefficient under standard pressure (15 MPa) and standard velocity (200 mm/s). The
pressure is calculated as an axial load divided by the area of the sole plate side steel plate. Using Eq. (3), the
friction coefficient obtained from the test results in Section 2.2 were corrected to the standard condition by
multiplying 0.862 (= f4:400 / th:255). Fig. 4 and Eq. (4) show the relationship between the corrected friction
coefficient and the temperature, 7 [°C].
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Fig. 4 — Friction coefficient vs. temperature (corrected to standard condition)

ur = 0.045exp[~0.04(max(T,40) — 30)] + 0.014 (4)
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3. Simulation analyses of loading tests

3.1 Analysis model

To simulate the mechanical behavior of the matrix sliding bearings under cyclic loadings, an analysis model
was developed. This model is an extension of previously developed model [5] and is a combination of a
mechanical model and a thermal conductivity model.

Fig. 5 shows an outline of the mechanical model, which consists of a spring element and sliding
element in series. Both elements are defined in horizontal 2D plane. An imaginary vertical spring is used to
consider the axial load imposed on the bearing.

Elastic spring element Rubber bearing Base plate

Plate opening

_~Sliding unit ~__ Upper/lower plates

Rigid-plastic sliding element

[ ]

[_— ]

Sliding plate —

Sole plate

Fig. 5 — Mechanical model for matrix sliding bearing

Stiffness for the elastic element, £, is calculated from Eq. (5):

k=pGA/lt (5)

where G is shear modulus of the rubber pad, 4 is the area of the base plate side steel plate, and ¢ is the
thickness of the rubber pad. The effect of the plate opening is considered by coefficient £, with the value of
0.55. The friction coefficient of the sliding element, z, is calculated from Egs. (6) to (10), on the basis of the
loading test results described in Section 2.3:

=t/ o) (pv/ po) - (ur/ po) - 1o (6)

1o =0.0316 (7)

Lo= 02316772+ 0.000629 )

v =—0.0112In[max(v,100)] + 0.0987 )
ur = 0.045exp[—0.04(max(7,50) — 40)] + 0.014 (10)

where o [MPa] is the compressive load divided by the area of the sole plate side steel plate, v [mm/s] is the
average sliding speed in 0.1 s, and 7' [°C] is the maximum temperature on the sliding plate surface contacting
with the sliding units. To combine all the dependencies of the friction coefficient, the lower bound value for
v is modified to separate the low speed effect and low temperature effect. The standard value for T is
modified to use the sliding surface temperature.

Fig. 6 shows the thermal conductivity model developed to represent a distributed arrangement of the
matrix of sliding units. A 3D difference model is applied to the sliding plate and the sole plate. The cells on
the surface of the sliding plate generate/dissipate heat in relation to the displacement of the distributed
sliding units.
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Fig. 6 — Thermal conductivity model for matrix sliding bearing

Distributed energy amount into the heat generating cells was set to 80% of the hysteretic energy calculated
from the mechanical model. This correction enables to consider heat dissipation to the sliding units and the

rubber bearing indirectly.
Time

Update "temperature"

At
Mechanical model © > p/ > O > po—--
|

Update "heat generating cells"

Thermal conductivity model
At

Fig. 7 — Procedure of thermal-mechanical coupled analysis

Fig. 7 shows an outline of combining the two analysis models. This hybrid analysis updates the
mechanical model and the thermal conductivity model alternately to reproduce the thermal-mechanical
coupled behavior of the bearing. For the mechanical analysis, the Newmark-£ method was applied for
numerical integration, and time increment, A¢, was set to 0.01 s. For the thermal conductivity analysis, an
explicit method was applied, and time increment, A¢’, was set to 0.005 s. The developed hybrid analysis

model was implemented in OpenSees [6].

3.2 Simulation analyses
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Fig. 8 — Matrix sliding bearing models for simulation analyses

(b) Real-scale device
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Table 3 — Material constants for thermal conductivity analysis

Material Volumetric specific heat | Thermal conductivity
[J/(m*K)] [W/(m-K)]
SUS 3.97x10° 16
Steel 3.72 X 10° 59
Heat insulator 2X10° 0.4

Fig. 8 shows the analysis models for the cutout specimen used in the loading tests and a real-scale device. A
heat insulation plate and a bearing plate are considered in the models to reproduce a realistic configuration.
Material constants are summarized in Table 3. On the surface of the sliding plate, the heat transfer coefficient
was 25 W/(m*K). The initial temperature for the thermal conductivity model was 30°C. Sinusoidal loading
with a deformation amplitude of 200 mm, a period of 4.93 s, and a cycle number of 125 was applied to the
analysis model.
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Fig. 9 — Simulation analysis results (a—d: cutout specimen, e—f: real-scale device)
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Figs. 9 (a) to (d) are comparisons of the analysis results to the loading test results using the cutout
specimens. The analysis results showed a good agreement with the test results. These comparisons validate
the accuracy of the hybrid analysis model. Figs. 9 (e) and (f) are simulation analysis results for a real-scale
device. At the beginning of loading, stick-slip motion occurred due to deformation of the rubber pad and
nonuniform distribution of surface temperature of the sliding plate. The increase in temperature on the
sliding plate of the real-scale device was similar to that of the cutout specimen.

4. Earthquake response analyses of a seismically-isolated building
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Fig. 10 — Large-sized models for response analyses
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Fig. 11 — Comparison of temperature distribution under cyclic loadings
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Fig. 10 shows large-sized bearing models for earthquake response analyses. One is the actual largest bearing
with nineteen sliding units, and the other is a simulated model that has an equivalent single sliding unit. The
area of the single sliding unit of the simulated device was the same as the total area of the matrix of sliding
unit of the actual device. In advance of earthquake response analyses, simulation analyses under cyclic
loading were conducted to show the difference between the two large-sized models. Input deformations for
the large-sized models are the same as those in the simulation analyses conducted in Section 3.2. Fig. 11
shows the temperature distribution on the surface of the sliding plate. The temperature rise calculated from
the actual large-sized device was similar to the analysis result of the real-scale device. On the other hand, the
temperature rise in the simulated large-sized device was much higher than that of the actual device. These
results indicate that the distributed arrangement of the sliding units decreased the temperature increase on the
sliding surface.

4.2 Earthquake response analyses

Fig. 12 shows the input ground motion provided by MLIT in Japan [1]. It had been developed for the
purpose of reviewing the design of long-period structures against huge subduction earthquakes. The location
of this developed ground motion, OS2, is Osaka city.

200
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o

-200

360 480 600
Time [s]

Fig. 12 — Input ground motion, OS2
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Fig. 13 — Earthquake response analysis model
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Fig. 13 shows an earthquake response analysis model for seismically-isolated structures supported by
sliding bearings and elastomeric bearings. Elastic linear springs were applied to the superstructure. The
fundamental period was 0.725 s when the base of the superstructure was fixed. Stiffness proportional
damping was applied to the superstructure with a damping ratio of 2%. Three kind of isolators were used in
the model. Natural rubber bearings were modelled as elastic linear springs. Tin rubber bearings were
modelled as those from a previously proposed hybrid analysis model [7]. In this research, the yield stress of
tin plug, 7, [MPa], is defined as Eq (11):

7= 25— 0.218T+ 0.000695T* (for T < 100), (230 — T)/12.7 (for T = 100) (11)

where T [°C] is the temperature of the tin plug. The two large-sized sliding bearings models were applied to
this building model. The sliding plate size was modified with a side length of 2620 mm and a thickness of 5
mm. The initial temperature was set to 20°C for all models.
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Fig. 14 — Comparison of earthquake response analysis results

Figs. 14 (a) and (b) show the force-deformation relationships of the total number of isolators. The peak
deformation in the actual model decreased by 10% compared with that of the simulated model. Fig. 14 (c)
shows the comparisons of temperature rises for the isolator models. Distributed arrangement of the sliding
units in the actual model prevented a temperature rise and deterioration of the friction coefficient in the
sliding bearing, and also decreased the maximum temperature of tin rubber bearing by 10°C indirectly. These
results indicate that the heat generation in the sliding surface greatly affected the seismic responses of the
isolators.

5. Conclusion

This research focused on the thermal-mechanical coupled behavior of sliding bearings with multiple sliding
units under long-period long-duration ground motions. The bearing comprises a plane sliding plate, a matrix
of individual sliding units, and multilayered rubber and steel plates. The hysteretic damping on the sliding
surface generates a considerable amount of heat, and deteriorate the friction coefficient of the isolation
device.

First, multiple cyclic loading tests were conducted on sliding bearing cutout specimens. A dependency
of the friction coefficient on the contact surface temperature was identified by eliminating two dependencies
on compressive stress and sliding speed.

Next, a numerical hybrid analysis model for the bearings was proposed. A mechanical model and
thermal conductivity model were combined to perform thermal-mechanical coupled analysis. Using the
proposed model, the loading tests were simulated. Simulation analysis results showed a good agreement with
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the test results and validated the accuracy of the numerical model. After that, a loading test simulation for a
real-scale bearing was performed. The results indicated that the increase in temperature on the sliding surface
of the real-scale bearing was similar to that of the cutout specimen.

Finally, earthquake response analyses of seismically-isolated structures were conducted. For
comparison, a simulated sliding bearing model, which has an equivalent single sliding unit, was also used for
the response analyses. A long-period long-duration earthquake, OS2, was selected for the input ground
motions. The results indicated that the distributed arrangement of the sliding units decreased the temperature
increase on the sliding surface and prevented the deterioration of the friction coefficient.
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