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ABSTRACT

A set of Neoprene isolation bearings remaining from a 1981 shake table test series conducted at
the Earthquake Simulator Laboratory at the Earthquake Engineering Research Center (now the
Pacific Earthquake Engineering Research Center) were retested in 2012. The new test series was
conducted at the NEES site at the Richmond Field Station, University of California, Berkeley.
The retest program had the dual purpose of determining the changes in the isolation properties,
namely, the horizontal stiffness and equivalent viscous damping, and to study the behavior of the
isolators at dynamic inputs that constitute beyond design-basis earthquake levels.

Two types of isolators were considered in the 1981 test series: the first made with a stiff
compound (50 durometer), and the second made with a much softer compound (40 durometer).
The 2012 study investigated a total of six isolators, three of each compound. The experimental
testing revealed that a significant increase in horizontal stiffness and an associated decrease in
equivalent viscous damping had occurred. The increase was larger—or occurred in a shorter time
span—than results from other studies on the natural or accelerated aging of Neoprene isolators.
The changes in properties are believed to be amplified by the annular design of the isolators
considered, which increases the ratio of exposed surface area to the volume of Neoprene.
Although the increase in horizontal stiffness in this study may be partially attributed to the lower
vertical force applied to the bearings, the increase is primarily attributed to aging effects. In spite
of the considerable changes in the horizontal stiffness and damping characteristics of the
bearings, the isolation system provided adequate protection for the structure throughout a large
number of earthquakes; many of which constituted beyond design-basis earthquake levels that
generated extreme isolator displacements.
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1 Introduction

1.1 OVERVIEW

When the original Neoprene (Polychloroprene) test series was planned, research in base isolation
was at a very early stage. There were no base-isolated buildings in the United States, and the
concept was met with extreme skepticism by the structural engineering profession. Shake table
tests were conducted at the Earthquake Engineering Research Center (EERC) using structural
models of increasing size and complexity, with fairly realistic bearings that demonstrated the
feasibility of the concept. The elastomer in the bearings utilized in these tests was entirely natural
rubber. Up until that time, elastomeric bridge bearings using Neoprene were limited for use as
thermal expansion bearings. New interest in using Neoprene bearings for isolation applications
prompted a shake table test program that used a five-story, three-bay, one-third-scale model that
had already been used to test natural rubber bearings. The Neoprene bearings for this program
were designed, and the Neoprene was supplied by the Polymer Products Department, Elastomers
Division E.I. du Pont de Nemours & Co. Wilmington, Delaware and fabricated by Oil States
Industries Inc. Athens, Texas, a very well-known bridge bearing supplier at that time.

The test program was very successful, demonstrating that there was no reason not to use
Neoprene isolators for base isolation systems. Despite these findings, Neoprene has not been
used in isolators in the U.S. up to the present time. Nevertheless, it has been used in several
isolation projects in Armenia for a number of multi-family apartment buildings and
condominiums in Yerevan, with the compound and the fabrication being made locally
[Melkumyan 2011]. Its sole other use has been to isolate a number of French nuclear facilities. It
is a surprising fact that the only nuclear power plants that use seismic isolation are built on
Neoprene isolation bearings. These facilities include the Cruas-Messye nuclear power plant
located in the south of France on the Rhone River, the La Hague Spent Fuel Storage Pools
building built by Areva, and the Jules Horowitz Reactor, an experimental and medical research
reactor at the CEA research site at Cadarache, France. Presently under construction at the
Cadarache site is a new experimental fusion reactor, a Tokomak, called ITER which is isolated
using Neoprene bearings.

The aging of this compound has been studied extensively, using accelerating aging tests
following the Arrhenius approach [ASTM 2010]. Since the functionality and performance of a
seismic isolation system is primarily related to low horizontal stiffness, the main emphasis on the
changes with time is the shear modulus. It is accepted that the favorable properties of elastomeric
isolators degrades with time as the elastomer hardens and becomes brittle due to reactions with
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the environment, notably oxidation. Consequently, concern over the sensitivity of an elastomeric
isolation system to aging is amplified due to uncertainty in the aged performance of the isolation
system and the inherent design life of structures, which can be many decades.

This report investigates the aged horizontal behavior of Neoprene steel reinforced
elastomeric isolators (SREIs) originally investigated over 30 years ago [Kelly and Hodder 1981].
The SREIs were aged unloaded at room temperature for approximately 31 years, as shown in
Figure 1.1.; the findings of the original study are reviewed herein. A similar experimental
program was conducted to ascertain the sensitivity of the Neoprene isolators to aging effects and
to study the dynamic behavior at inputs that constitute beyond design-basis earthquake levels.

Figure 1.1 Isolator storage conditions.

1.2 AGING OF NEOPRENE ISOLATOR BEARINGS

The exterior surface of the isolator is most affected by aging due to the higher level of exposure
to the environment and subsequent oxidation. Thus, the region with the largest variation in
material properties occurs at the exterior surface of the isolator. The variation in material
properties gradually decreases, moving inwards from the exterior surface to the interior region of
the elastomer and past the critical depth, which is not affected by oxidation. The permeability of
the exterior oxidized region in natural rubber is substantially reduced, which acts as a mechanism
to prevent further oxidation of the interior region of the isolator [Itoh and Gu 2009]. Intuitively,
smaller isolators are more sensitive to aging due to the larger ratio of exposed surface area to the
volume of the elastomer. This was demonstrated experimentally utilizing accelerated aging by
Yura et al. [2001] for Shore A 50 and 70 durometer natural rubber and Neoprene specimens. The
study considered three different sizes of square specimens with lengths between 1 in. (25.4 mm)
and 3 in. (76.2 mm). The accelerated aging caused an increase in stiffness between about 20% to
60% depending on the hardness and the size of the specimen. Translating the accelerated aging
to natural aging at ambient temperatures, the study concluded that it would take hundreds of
years for the observed increase to occur through natural aging at ambient temperatures.

Coladant [1993] investigated the aging of neoprene isolators used in the Cruas-Messye
nuclear power plant. After approximately 11 years of natural aging, the shear modulus increased
by about 25%. From the limited data available it was predicted that the shear modulus would
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increase by a maximum of 37%. Accelerated aging tests on samples of the compound were also
carried out. The samples were placed in a heated chamber at 70°C for ten weeks, with samples
regularly tested for the dynamic modulus and damping. These tests showed that the shear
modulus would increase at most by 25%; the damping appeared to decrease by about 10%, but
the trend was less clear.

Russo et al. [2013] considered the accelerated aging of unbonded fiber-reinforced
Neoprene elastomeric isolators. It was noted that the code used for the accelerated aging did not
indicate the representative age of the treated specimens. A maximum increase in the horizontal
stiffness of 17% at a shear strain of 1.0 and decrease in equivalent viscous damping of 20% was
observed in the study.






2 Review of 1981 Investigation

21 BACKGROUND

The original experimental program presented in Kelly and Hodder [1981] was conducted to
demonstrate the feasibility of seismic isolation for structures and the suitability of elastomeric
isolators. This was demonstrated through a series of shake table experiments on a scaled model,
with the addition of static testing to investigate the horizontal and vertical properties of the
annular isolators. The one-third scale model used in the shake table experiments was a five-story,
three-by-one bay steel frame shown in Figure 2.1. Each of the four corners of the steel frame was
supported on a bearing and base floor girders connected the unsupported columns to the
bearings. The total weight of the model was 80 kip (356 kN), which includes the self-weight of
the frame and additional dead load.

Figure 2.1 One-third scale structure from Kelly and Hodder [1981].

2.2 SPECIMENS

The central hole of the annular isolators was provided to facilitate the use of elastomeric and lead
cores in the original study. Only the properties of the unfilled configuration are considered for
comparative purposes in this investigation. The isolators were designed by the Polymer Products



Department, Elastomers Division of E.I. du Pont de Nemours & Co. (Inc.), in Wilmington,
Delaware, and manufactured and donated by Oil States Industries Inc., Athens, Texas.

Two Neoprene elastomers were used, one with a Shore A 40 durometer hardness and the
other with a 50 durometer hardness, henceforth referred to simply as 40A and 50A isolators. The
multi-layer isolators were manufactured with 44 layers of elastomer and 43 layers of steel
reinforcement. Each layer of Neoprene was approximately 0.057 in. (1.4 mm) thick and the total
thickness of the elastomeric layers was 2.5 in. (63.5 mm). Each layer of steel reinforcement was
approximately 0.060 in. (1.5 mm) thick. Two square steel end plates, each with a thickness of
0.25 in. (6.4 mm) and a width and length of 7 in. (177.8 mm), were used to mechanically fasten
the isolator to the substructure and superstructure. The total height of the isolator was 5.5 in.
(139.7 mm). The outside diameter was 5.5 in. (139.7 mm) and the inside diameter was 2.0 in.
(50.8 mm). The annular isolators had a total plan area of 20.6 in® (13,290 mm?). Figure 2.2
shows a cross section of the specimen, emphasizing the high shape factor of 15.4 represented by
the thin layers of elastomer in comparison to the loaded area and the large aspect ratio of the
bearing. These bearings were not well proportioned even when originally produced, but the
shape was necessary to provide the low stiffness required for the period of the isolated structure.

Figure 2.2 Profile cross section of an annular SREI specimen.

2.3 STATIC TESTING

The isolators were initially statically tested in tandem and with unfilled cores. A vertical
compressive force of 20 kip (89 kN) was applied, corresponding to the average weight on each
isolator in the model. The horizontal stiffness of a single S50A isolator was approximately 1.0
kip/in. (0.175 kN/mm) at zero horizontal displacement. It was observed that the horizontal
stiffness steadily decreased with increasing displacement, decreasing to 0.4 kip/in. (0.070
kN/mm) at a horizontal displacement of 2.0 in. (50.8 mm), corresponding to a shear strain of
0.80. The static vertical stiffness under a vertical compressive force of 20.0 kip (89.0 kN) was
420 kip/in. (74 kN/mm) and 600 kip/in. (105 kN/mm) for the 40A and 50A isolator, respectively.
A critical load of 33.4 kip (149 kN) was experimentally determined at zero horizontal
displacement for the 40A isolator; this was 38% lower than the critical load of 53.8 kip (239 kN)
carried by the 50A isolator.



Figure 2.3 Static horizontal test with the bearings in tandem [Kelly and Hodder
1981].

24 DYNAMIC TESTING

The dynamic shake table test program considered four historic California earthquake records that
had occurred prior to 1981. The earthquake records were complimented with numerous pullback
tests where the model was initially displaced and suddenly released in free vibration. From the
pullback tests, a fixed-base fundamental frequency of 3.9 Hz was determined. The fundamental
frequency of the model, base isolated with 40A and 50A isolators, was 0.50 Hz and 0.75 Hz,
respectively. Based on the fundamental frequency, the horizontal stiffness of the 40A isolators
was determined to be 0.50 kip/in. (0.088 kN/mm) and 1.15 kip/in. (0.201 kN/mm) for the S0A
isolators. It was noted that the dynamically obtained horizontal stiffness for the S0A isolator was
15% higher than determined statically at zero horizontal displacement.

The horizontal force-displacement hysteresis loops at the peak isolator displacement in
the El Centro record from the 1940 Imperial Valley earthquake with a peak ground acceleration
(PGA) of 0.54g are presented in Figure 2.4. The hysteresis loops are reproduced from Kelly and
Hodder [1981]. The equivalent viscous damping of the system was 11% and 10% for the 40A
and 50A isolators, respectively. In all cases the isolation mode dominated the response of the
model, and the structure responded in near rigid motion on top of the isolation system. The fixed-
base structure amplified the table acceleration of 0.54g to a peak absolute acceleration of 1.9¢ at
the fifth floor of the structure. Both the 40A and 50A isolation systems resulted in a substantial
decrease in peak absolute acceleration. The 40A isolator, which had a lower horizontal stiffness,
provided a larger decrease in peak absolute acceleration to 11% of the table acceleration. The
50A isolator had a peak absolute acceleration of roughly 0.1g or 19% of the table acceleration.
Similar large decreases in peak absolute acceleration of the structure were obtained for the other
earthquake records considered.

The 40A bearings had a lower peak isolator displacement than the S0A bearings for the
same table input. This was unexpected as the period was significantly larger and displacements
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are generally expected to increase with period. However, in these tests it is probable that the
input signal was filtered to keep the table displacement within the table capacity, consequently
reducing the isolator displacement.

The maximum displacement capacity of the S0A isolators was evaluated by increasing
the peak table acceleration to 0.68g and 0.835g. The peak isolator displacement was 2.5 in. (63.5
mm) at a peak table acceleration of 0.54¢. By increasing the peak table acceleration to 0.68g, the
peak isolator displacement increased to 3.5 in. (88.9 mm), but the peak absolute acceleration of
the frame was relatively unaffected. At the maximum considered table acceleration of 0.835g,
the peak displacement was 4.2 in. (106.7 mm); only a minor increase in the peak absolute
acceleration of the frame was observed. The small change in peak absolute acceleration of the
frame was attributed to a favorable softening and increase in damping in the isolators. This
softening and increase in damping, as shown in Figure 2.5, was larger where an increase in
vertical compressive force occurred due to overturning moments. The horizontal stiffness of
SREIs decreases with increasing horizontal displacement [Buckle et. al 2002]. Although
significant critical load carrying capacity exists as the horizontal displacement approaches the
diameter of the bearing, the combination of large displacements and increased vertical
compressive force amplifies the softening [Nagarajaiah and Ferrell 1999]. Consequently, under
these conditions, the isolator approaches the stability limit as observed in the Southwest isolator.
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Figure 2.4 Peak isolator displacement hysteresis loops from the Imperial Valley
earthquake (PGA = 0.54g) of the (a) 40A and (b) 50A isolators [Kelly and
Hodder 1981].
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3 2012 Investigation

3.1 EXPERIMENTAL SET-UP

The experimental tests were conducted on a single-degree-of-freedom stiff platform assembly on
a linear bearing system known as the Real-Time Hybrid Simulation Platform. The Real-Time
Hybrid Simulation Platform was powered by a high-performance 150 kip (667 kN) actuator with
a £20 in. (£508 mm) stroke limit. The one-third scale superstructure was a two story, two-by-one
bay steel frame assembled from the NEES REPEAT system, with a total weight of 87 kip (387
kN) including the additional blocks added to simulate dead load. Six isolators were considered
simultaneously, with one located under each column of the frame. The isolators were stored for
30 years; some were still in the original wrapping. Over this time period the identity of the 40A
and 50A isolators was lost and not identified until load cells under each individual isolator
revealed the type. The isolator layout, identifying the location of the 40A and 50A isolators in
the model, is provided in Figure 3.1.

Each specimen was mechanically fixed on top of a five-component load cell, as shown in
Figure 3.2a. The experiments were conducted with a rigid and flexible superstructure
configuration. The rigid configuration was implemented by utilizing the safety system to stiffen
the superstructure and prevent deformations. In the flexible configuration, the safety system was
used only to prevent the collapse of the superstructure. The experimental model is shown in
Figure 3.2b.

The average vertical compressive force of 14.5 kip (64.5 kN) per isolator was 73% of the
average vertical compressive force applied to each isolator in the original study. It was found that
the total weight of the model was not evenly distributed to the isolators, with significant variation
along the South side of the model. The South 40A isolator carried about 29% of the total weight,
whereas the Southeast and Southwest isolators carried approximately 12% and 9% of the total
weight, respectively. The distribution along the North side of the model was more uniform, with
each isolator carrying approximately 17% of the total weight.

Pullback tests of the model in the flexible configuration and in a fixed-base condition
were conducted by applying an 8.0 kip, (36 kN) force to the third level of the frame and
instantaneously releasing the load, which allowed the structure to enter free vibration. The
fundamental frequency of the frame was determined to be 2.0 Hz with approximately 1.4%
damping; a displacement time history of Level 3 from a pullback test is shown in Figure 3.3.

11
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3.2 TEST PROTOCOL

3.2.1 Input Earthquake Records

Four historical earthquake records and one synthetic record were selected for this study. The four
historical records are from the Imperial Valley (1940), Superstition Hills (1987), Loma Prieta
(1989), and Northridge (1994) earthquakes; see Table 3.1. To maintain dynamic similitude in the
experimental program, the time component of each historical record was compressed by a factor
of /3 based on the one-third scale model. Throughout the test program, the intensity of the
earthquake was changed by scaling the peak ground acceleration (PGA) ,as discussed in the
subsequent section. Figure 3.4 shows the acceleration time history of each earthquake scaled to a
PGA of 0.5g; Figure 3.5 provides the corresponding spectral acceleration, S,, at an equivalent
viscous damping, ¢, of 2%, 5%, and 10%. Note that a comparison of the spectral accelerations
shows that the synthetic record, TestQke4IEEE, had a significantly larger spectral acceleration at
longer periods than the historical records considered.

The TestQke4IEEE record was generated using response spectrum matching time domain
procedures, as described in Takhirov et al. [2004]. The synthetic record is derived from the
Landers (1992) earthquake Joshua Tree record and is intended to match the required response
spectrum for the shake-table testing of non-structural equipment, such as AC156 [ICC-ES 2010]
and IEEE693 [IEEE 2006]. This study considered the x-component of the earthquake. The
TestQke4IEEE record was only conducted in the flexible configuration and was not scaled to
simulate base-isolated equipment to full-scale ground motions.

Table 3.1 Selected historical earthquake records.
Earthquake Date Station Direction
Imperial Valley 5/19/1940 177 El Centro Array #9 180
Superstition Hills 11/24/1987 11369 Westmorland Fire Station 180
Loma Prieta 10/18/1989 57382 Gilroy Array #4 0
Northridge 1/17/1994 655 Jensen Filtration Plant 22
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3.2.2 Test Program

The experimental test program consisted of pullback tests, earthquake records, and acceleration
sinusoidal sweeps. Only the pullback tests and earthquake records are considered in this study.
Unlike the pullback tests conducted to determine the fixed-base properties of the model structure,
the base-isolated pullback tests were conducted by instantaneously releasing the model from an
initial displacement at the isolation layer. Initial displacements between 1.0 in. (25.4 mm) and
2.0 in. (50.8 mm) were considered; see Table 3.2.

The experimental program of the historical earthquake records is provided in Table 3.3.
A total of 45 historical earthquake runs were conducted. Provided in the table is the measured
peak ground (table) displacement (PGD) and peak ground (table) acceleration obtained during
each test, corresponding to the one-third-scale model. The order of the runs represents the
sequence that the tests were conducted for each earthquake; however, all rigid (R) configuration
runs were completed prior to the flexible (F) configuration runs. A maximum PGA of 0.67g,
0.50g, 1.16g, and 0.29g were measured for the Imperial Valley, Superstition Hills, Loma Prieta,
and Northridge earthquakes, respectively. The TestQke4IEEE experimental results are
summarized in Table 3.4. Note that these runs were conducted at full scale; therefore, the PGD is
representative of full-scale displacements. Details on the experimental test sequence are provided
in Appendix A.

Table 3.2 Pullback experimental program.

Initial Displacement
Run Configuration

(in.) (mm)
1 R 1.0 254
2 1.2 30.5
3 1.5 38.1
4 1.5 38.1
5 F 1.5 38.1
6 1.5 38.1
7 2.0 50.8
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Table 3.3

Historical earthquake experimental program.

Earthquake Run Configuration PGD PGA Earthquake Run Configuration PGD PGA
(in.) (mm) (9) (in.) (mm) (9)

Imperial 1 R 0.26 7 0.15 Loma Prieta 1 0.25 6 0.12
Valley 2 051 13 0.21 2 049 13 0.20
3 0.75 19 0.37 3 0.83 21 0.34

4 1.00 26 0.45 4 1.28 33 0.48

5 1.25 32 0.54 5 0.49 12 0.19

6 1.25 32 0.54 6 0.83 21 0.32

7 1.50 38 0.67 7 1.28 32 0.46

8 1.50 38 0.65 8 1.66 42 0.63

9 F 0.26 7 0.16 9 1.92 49 0.77

10 0.50 13 0.22 10 2.11 53 0.82

11 0.75 19 0.34 11 2.32 59 0.99

12 1.00 25 0.45 12 2.66 68 1.10

13 1.25 32 0.52 13 2.93 74 1.16

14 1.50 38 0.61 14 1.67 42 0.63

15 2.66 68 1.07

Superstition 1 R 0.26 7 0.09 Northridge 1 0.25 6 0.08
Hills 2 051 13 0.13 2 050 13 0.17
3 0.86 22 0.18 3 0.65 17 0.17

4 1.45 37 0.31 4 1.11 28 0.24

5 2.26 57 0.50 5 1.30 33 0.29

6 F 0.86 22 0.19 6 0.66 17 0.18

7 1.45 37 0.30 7 1.11 28 0.24

8 2.26 57 0.50 8 1.23 31 0.23
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Table 3.4 TestQke4lEEE experimental program.

PGD PGA
Run Configuration :
(in.) (mm) (9)

1 F 0.33 8 0.07
2 0.65 17 0.12
3 1.30 33 0.17
4 1.47 37 0.20
5 1.30 33 0.19
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4 Experimental Results

41 AGING EFFECTS

4.1.1 Comparison between Isolators

4.1.1.1 40A Isolators

Figure 4.1a shows the effective horizontal stiffness, k. of the rigid and flexible configurations
as a function of the peak isolator displacement of the Imperial Valley runs. The effective
horizontal stiffness presented was determined from the cycle over which the peak isolator
displacement occurs. The minimum peak isolator displacement was 0.39 in. (9.9 mm), and the
maximum peak isolator displacement was 3.01 in. (76.5 mm) over Imperial Valley Run 1 and
Run 7, respectively. A softening trend occurred with increasing peak isolator displacement. A
maximum effective horizontal stiffness of 0.91 kip/in. (0.159 kN/mm) occurred at the minimum
peak isolator displacement of 0.39 in. (9.9 mm) in the Northeast isolator. The effective horizontal
stiffness decreased by 35% to a minimum stiffness of 0.59 kip/in. (0.103 kN/mm) at the
maximum peak displacement of 3.01 in. (76.5 mm). Similar to the Northeast isolator, the
effective horizontal stiffness of the South isolator decreased over the range of peak isolator
displacement by 36%, from 0.66 kip/in. (0.116 kN/mm) to 0.40 kip/in. (0.70 kN/mm). The
effective horizontal stiffness varied significantly between the three 40A isolators. Table 4.1
shows the mean, u, and coefficient of variation, c,, at all levels of peak isolator displacement in
ascending order. The ¢, is relatively consistent, ranging between 0.16 and 0.21, but it is
representative of the large variation observed in the effective horizontal stiffness.

The equivalent viscous damping was found to increase with increasing peak isolator
displacement as compared in Figure 4.1b. The South isolator, which had the lowest horizontal
stiffness, had the highest damping, ranging from 9.0% to 11.6% at a peak isolator displacement
0f 0.39 in. (9.9 mm) and 3.01 in. (76.5 mm), respectively. The damping in the South isolator was
considerably higher than the North or Northeast isolator, which varied between 4.6% at a peak
isolator displacement of 0.39 in. (9.9 mm) in the Northeast isolator, and 7.4% at 3.01 in. (76.5
mm) in the North isolator. Figure 4.2 highlights the difference in effective horizontal stiffness
and damping between the Northeast and South isolator. The higher damping in the South isolator
is partially attributed to the lower effective horizontal stiffness. However, from the hysteresis
loops it can be determined that the area enclosed within the loops is 26% greater for this isolator.
This suggests that the energy dissipation characteristics of the South isolator were greater than
the Northeast or North isolator.
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Table 4.1 Summary of k. from the Imperial Valley runs.

Run PGA (g) gliToll(aI::rI:;?\: 40D 50D
(in.) (mm) M (kipl/in.) M (kN/mm) cy, M (kipl/in.) M (kN/mm) cy
1 0.15 0.39 9.9 0.81 0.141 0.16 1.69 0.297 0.03
9 0.16 0.42 10.6 0.71 0.125 0.18 1.54 0.271 0.06
2 0.21 0.82 20.9 0.69 0.121 0.20 1.46 0.256 0.03
10 0.22 0.91 23.0 0.63 0.110 0.20 134 0.234 0.06
3 0.37 1.32 335 0.64 0.112 0.18 131 0.230 0.03
11 0.34 1.43 36.3 0.57 0.101 0.21 1.22 0.213 0.06
4 0.45 1.86 47.2 0.60 0.104 0.17 1.20 0.211 0.03
12 0.45 1.96 49.9 0.54 0.095 0.20 1.12 0.197 0.06
5 0.54 2.43 61.8 0.55 0.096 0.17 1.10 0.192 0.02
6 0.54 2.47 62.6 0.54 0.094 0.18 1.08 0.189 0.03
13 0.52 2.48 63.1 0.51 0.089 0.20 1.05 0.184 0.06
14 0.61 2.99 75.9 0.48 0.084 0.21 0.99 0.173 0.05
8 0.65 3.00 76.1 0.49 0.086 0.20 0.99 0.173 0.02
7 0.67 3.01 76.6 0.50 0.088 0.19 1.01 0.177 0.02
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Imperial Valley Run 7 (PGA = 0.67g) of the Northeast and South 40A
isolators.

4.1.1.2 50A Isolators

Figure 4.3a compares the effective horizontal stiffness as a function of the peak isolator
displacement obtained from the Imperial Valley runs. Similar to the 40A isolators, a softening
trend occurred with increasing peak isolator displacement. At a peak isolator displacement of
0.39 in. (9.9 mm), the effective horizontal stiffness ranged between 1.66 kip/in. (0.291 kN/mm)
and 1.74 kip/in. (0.305 kN/mm) for the Northwest and Southwest isolator, respectively. The
effective horizontal stiffness decreased by 41% and 43% at 3.01 in. (76.5 mm) peak isolator
displacement for the Northwest and Southwest isolator, respectively. A minimum effective
horizontal stiffness of 0.97 kip/in. (0.170 kN/mm) was observed in the Northwest isolator. The
variation in the effective horizontal stiffness was considerably lower in the 50A isolators than the
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40A isolators. The ¢, ranged between 0.02 and 0.06 compared to the range of 0.16 to 0.21 of the
40A isolators (see Table 4.1).

As shown in Figure 4.3b, the consistency of the equivalent viscous damping is
comparable to the consistency of the effective horizontal stiffness. In constrast to the 40A
isolators, in which the damping generally increased with increasing peak displacement, the
damping in the 50A isolators decreased slightly before increasing. A minimum damping of 5.2%
in the Northwest isolator was observed at 1.32 in. (33.5 mm) peak isolator displacement in
Imperial Valley Run 3. A maximum damping of 7.0% occurred at a peak isolator displacement
of 3.01 in. (76.5 mm) in the Southwest isolator. Figure 4.4 compares the hysteresis of the
Southwest and Northwest isolators. The hysteresis loops are comparable both in peak force and
area contained within the loops, reinforcing the high consistency observed in the effective
horizontal stiffness and equivalent viscous damping.
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Figure 4.3 Comparison of the (a) effective horizontal stiffness and (b) the equivalent

viscous damping as a function of peak isolator displacement obtained
from the Imperial Valley runs for the 50A isolators.
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4.1.2 Comparison between Isolators: Then and Now

4.1.2.1 40A Isolators

The average effective horizontal stiffness of a 40A isolator obtained during the Imperial Valley
runs was 0.35 kip/in. (0.061 kN/mm) with 11.3% damping. Figure 4.5 compares the average
hysteresis of a 40A isolator from Kelly and Hodder [1981] to the hysteresis of the South 40A
isolator presented in this study. The hysteresis was selected from Imperial Valley Run 4 to
approximately match the peak displacements of the cycle presented in the original study. Results
indicate that significant stiffening occurred over the time period despite the comparatively low
effective horizontal stiffness of the South isolator. The effective horizontal stiffness of 0.49
kip/in. (0.086 kN/mm) was 40% greater than observed in the original study. The mean effective
horizontal stiffness of the selected cycle was 0.60 kip/in. (0.105 kN/mm); an increase of 72%.

The equivalent viscous damping was approximately equal at 10.2% and 11.3% for the
current and original study, respectively. Note that the South 40A isolator was found to have
significantly higher damping than either the North or Northeast 40A isolator. Over the cycle
presented in Figure 4.5, the damping was 6.2% and 5.4% in the North and Northeast 40A
isolator, respectively. Comparing these values to the damping of 11.3% from the original study,
the damping in the North and Northeast isolators decreased by 45% and 52%, respectively.

The isolator displacement and force time history from the Imperial Valley earthquake
with 40A isolators and a PGA of 0.534g from Kelly and Hodder [1981] is reproduced in Figure
4.6. The time histories are compared to the results of Imperial Valley Run 12 (PGA = 0.45g).
The peak isolator displacement of 1.96 in. (49.8 mm) from Imperial Valley Run 12 was selected
to approximately match the peak isolator displacement of 2.08 in. (52.8 mm) from Kelly and
Hodder [1981]. It can be seen that the peak response of both time histories occur between 4 sec
and 8 sec, although the peak displacements occur in opposing directions and at different times.
The mean force time histories (Figure 4.6b) indicate that the force increased for approximately
equal displacements, which is representative of the stiffening observed in the hysteresis loops.
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Figure 4.6 Comparison of the Imperial Valley (PGA = 0.534g): (a) isolator
displacement and (b) mean force time histories presented in Kelly and
Hodder [1981] to Imperial Valley Run 12 (PGA = 0.459).

4.1.2.2 50A Isolators

The average effective horizontal stiffness of the 50A isolators from the Imperial Valley
earthquake in Kelly and Hodder [1981] was 0.66 kip/in. (0.116 kN/mm). Figure 4.7 compares
the hysteresis from the original study to the Southwest 50A isolator from Imperial Valley Run 5,
highlighting the large increase in effective horizontal stiffness. The effective horizontal stiffness
in the Southwest 50A isolator increased by 68% to 1.11 kip/in. (0.195 kN/mm). The mean
effective horizontal stiffness of the selected cycle was 1.10 kip/in. (0.193 kN/mm), increasing by
67%. The damping decreased by a mean of 50%, from 12.3% to 6.2%, which is comparable to
the decrease observed in the North and Northeast 40A isolators.
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The displacement time histories of the Imperial Valley earthquake with 50A isolators and
a PGA of 0.543g from Kelly and Hodder [1981] shows good agreement with Imperial Valley
Run 5 (PGA = 0.54g) with respect to the peak response in the 4 sec to 8 sec range, as shown in
Figure 4.8. The peak positive displacement was 2.07 in. (52.6 mm) and 2.09 in. (53.1 mm) and
the peak negative displacement was 2.43 in. (61.7 mm) and 2.59 in. (65.7 mm) for the original
and current study, respectively. At these respective peak displacements the mean 50A isolator
force was 1.48 kip (6.6 kN), 2.36 kip (10.5 kN); and 1.66 kip (7.4 kN) and 2.58 kip (11.5 kN).
These values correspond to an increase of 59% at the peak positive displacement, and 57% at the
peak negative displacement. This indicates a lower but comparable increase in stiffness than was
observed in the hysteresis loops comparison.
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Figure 4.7 Comparison of the average hysteresis loop of the 50A isolator presented

in Kelly and Hodder [1981] and the Southwest 50A isolator presented in
the current study from Imperial Valley Run 5 (PGA = 0.54g).
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displacement and (b) mean force time histories presented in Kelly and
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4.1.2.3 Pullback Tests

In the pullback tests conducted by Kelly and Hodder [1981], the dynamic stiffness of the 40A
and 50A isolators was 0.50 kip/in. (0.088 kN/mm) and 1.15 kip/in. (0.202 kN/mm), respectively.
Table 4.2 shows the percent change of effective horizontal stiffness of the current study for each
pullback test to the original study. The effective horizontal stiffness in the current study is
obtained from the first full cycle of free vibration. The initial displacement in the original study
was about 1 in. (25.4 mm). At this initial displacement the effective horizontal stiffness of the
40A isolator increased between 16% and 68% for the South and Northeast isolator, respectively.
The mean increase was 45% and 29% for the 40A and 50A isolators, respectively.

As with the Imperial Valley runs, a general softening trend occurred as the initial
displacement increased. Therefore, the percent change shown in Table 4.2 generally decreased
with increasing initial displacement, as the effective horizontal stiffness from the original study
is constant. The effective horizontal stiffness of the South 40A isolator decreased below the
original study at an initial displacement of 1.5 in. (38.1 mm). The mean effective horizontal
stiffness of the SOA isolators at an initial displacement of 2.0 in. (50.8 mm) was approximately
equal to the original study.

Table 4.2 Percent change of the effective horizontal stiffness obtained from
pullback tests.

__Initial 40A 50A
displacement

(in.) (mm) North South Northeast v Northwest Southeast Southwest py

1.0 25.4 53 16 68 45 24 29 33 29
1.2 30.5 41 5 63 36 21 26 30 26
1.5 38.1 34 2 56 31 15 20 23 19
1.5 38.1 24 -8 44 20 6 13 22 14
1.5 38.1 24 -8 44 20 6 13 22 14
1.5 38.1 22 -10 41 17 3 10 16 10
2.0 50.8 11 -21 32 7 -6 2 5 1

4.2 ISOLATION SYSTEM PERFORMANCE

4.2.1 Pullback Tests

The pullback tests were analyzed by each cycle beginning with the first full cycle after release.
The damping was determined utilizing the logarithmic decrement averaged between the decay of
the maximum and minimum shear strain over each cycle. The damping in the rigid configuration
generally decreased with increasing displacement from 8.3% to 6.3% but was relatively
consistent between runs (Figure 4.9a). In the flexible configuration (Figure 4.9b), the variation in
damping was increased. Furthermore, the magnitude of the damping also increased with a mean
of 8.0% and maximum of 9.1%. The effective horizontal stiffness of the system as a function of
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average cycle shear strain is shown in Figure 4.9¢ and d for the rigid and flexible configuration,
respectively. As discussed earlier in this study, a softening trend occurs with increasing

displacement.
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Figure 4.9 Damping for the (a) rigid and (b) flexible configuration, and the system

effective horizontal stiffness for the (c) rigid and (d) flexible configuration
as a function of average cycle displacement.

4.2.2 Historical Earthquakes

4.2.2.1 Time Histories

The shear strain, y, time histories are shown in Figure 4.10 for each respective earthquake over
the time history with the largest peak shear strain of either configuration. An overall maximum
shear strain of 1.59 occurred during Loma Prieta Run 13. The maximum shear strain of the other
historical earthquakes considered was 1.20, 0.84, and 0.92 for the Imperial Valley, Superstition
Hills, and Northridge earthquakes, respectively. As expected, the maximum absolute acceleration
of the model structure generally occurred at Level 3 (roof). The magnitude of the absolute
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acceleration at Level 1 and 2 was comparable, which is representative of the dominance of the
isolation model on the response of the structure. For the largest shear strain runs shown, in all
cases the isolation system substantially reduced the absolute acceleration experienced by the
model in comparison to the PGA. It is expected that a much larger decrease would be observed if
the results were compared to experimental results from an equivalent fixed-base structure. The
peak absolute acceleration at Level 3 of the model was 0.17g, 0.14g, 0.29¢, and 0.14g for the
Imperial Valley, Superstition Hills, Loma Prieta, and Northridge earthquakes, respectively, from
the runs shown in Figure 4.10.

Figure 4.11 highlights the hysteresis loops of the individual isolators over Imperial
Valley Run 7 and Loma Prieta Run 13, which had the two largest peak cycle shear strains of the
historical earthquakes. Note that Loma Prieta Run 13 was conducted near the end of the
experimental program; the Imperial Valley Run 7, however, was conducted near the beginning of
the experimental program (see Appendix A). Similar to the original study, a general softening
trend occurred at larger shear strains in addition to a widening of the loops, which is
representative of additional energy dissipation. The softening was especially prevalent in the
large shear strains of the Loma Prieta cycles. In some cases, such as the Southeast and Northwest
50A isolator and the North 40A isolator, the softening begins to occur earlier than observed in
the Imperial Valley run. Review of the vertical force on the individual isolators revealed that the
fluctuation in vertical force was larger in Loma Prieta Run 13 than Imperial Valley Run 7. The
increased softening observed in the Loma Prieta cycles is in part attributed to the larger
fluctuation in vertical force. The maximum vertical force generally coincides at the peak shear
strain of any cycle due to the overturning moments. As discussed above, the influence of the
vertical force on the Loma Prieta cycles is amplified both due to the larger fluctuation in the
magnitude of the vertical force and the larger shear strains that these fluctuations occur at
[Nagarajaiah and Ferrell 1999, Buckle et. al 2002]. Although stability is maintained in the S0A
isolators, the hysteresis loops of the 40A isolators, specifically the 40A South isolator, is less
favorable as the stability limit is approached. The peak cycle hysteresis loops from the respective
earthquakes for the individual isolators and the overall isolation system are provided in
Appendix B.
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4.2.2.2 Fundamental Frequency

Figure 4.12 shows the fundamental frequencies for each run determined from the Level 1
accelerations of the structure in the rigid and flexible configuration. The fundamental frequency
is plotted as a function of the maximum shear strain recorded over each respective record, yqy. In
general, because of the dominance of the isolation mode, the fundamental frequency determined
from the acceleration time history at Level 2 and 3 are approximately equal to the fundamental
frequency of Level 1. The fundamental frequency generally decreased with increasing maximum
shear strain. This is representative of the softening of the system under larger earthquake events.
A maximum fundamental frequency of 0.88 Hz was observed in the rigid configuration,
corresponding to a full-scale fundamental period of 1.97 sec. The minimum fundamental
frequency was 0.56 Hz in the flexible configuration, corresponding to a full-scale fundamental
period of 3.09 sec. It is believed that the substantial decrease in fundamental frequency observed
in the Loma Prieta runs in the flexible configuration occurred due to the softening at the large
shear strain cycles, as discussed earlier.
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Figure 4.12 Fundamental frequency of the (a) rigid and (b) flexible configuration as a

function of maximum shear strain.

4.2.2.3 Peak Cycle Properties

As with the Imperial Valley runs discussed earlier, a general softening trend is observed in the
effective horizontal stiffness of the isolation system; see Figure 4.13. A maximum system peak
cycle stiffness of 7.24 kip/in. (1.269 kN/mm) was observed in the rigid configuration, and a
minimum effective horizontal stiffness of 3.44 kip/in. (0.603 kN/mm) occurred in the flexible
configuration. Furthermore, the damping of the system increased with increasing y,.... The large
increase in damping at larger values of y,,, observed in the Loma Prieta runs in the flexible
configuration occurred in part due to the widening of the hysteresis loops over these larger
amplitude cycles (see Figure 4.11). In the rigid configuration, the damping ranges between 5.6%
and 7.5%, and 5.9% and 8.6% in the flexible configuration.
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Figure 4.13 Effective horizontal stiffness and equivalent viscous damping for the (a)

rigid and (b) flexible configuration as a function of maximum shear strain.

Figure 4.14 displays the collective average stiffness and damping for the 40A and 50A
isolators from all historical time histories considered. Results indicate that a high degree of
consistency is maintained between the experimental runs with respect to the horizontal stiffness.
The average horizontal stiffness of the 40A isolators ranged between 0.35 kip/in. (0.061 kN/mm)
and 0.79 kip/in. (0.138 kN/mm), whereas the average effective horizontal stiffness of the 50A
isolators ranged between 0.81 kip/in. (0.142 kN/mm) and 1.69 kip/in. (0.296 kN/mm). A larger
amount of variation was observed in the damping between the experimental runs. Despite the
variation, the mean damping characteristics of the 40A isolators was greater than the 50A
isolators, ranging between 6.0% and 12.0%; and 5.3% and 7.7% for the 40A and 50A isolators,
respectively.

When investigating the aging characteristics of the isolators, note that the damping of the
South 40A isolator was significantly greater than the other 40A isolators. This was observed to

be true throughout the experimental program. Figure 4.15 shows the average damping as a
function of y,,,, where the mean damping of the 40A isolators has been determined, omitting the
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South 40A isolator. It was found that the damping between the 40A and 50A isolators is
comparable with the corrected mean. With omission of the South 40A isolator, the average
damping of the 40A isolators ranged between 4.6% and 9.1%, which spans the range of the S0A

isolator damping discussed earlier.
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Figure 4.14 Comparison of the mean (a) effective horizontal stiffness and (b)
equivalent viscous damping of the 40A and 50A isolators over all
historical earthquake runs.
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earthquake runs omitting the South 40A isolator.

4.2.3 TestQkelEEE

The x-component of the TestQkelEEE record was the final earthquake time history considered in
this study. Unlike the historical earthquake records, the TestQkeIEEE record was not scaled; it
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was intended to represent the seismic isolation of sensitive equipment. Furthermore, because of
the synthetic nature of the time history, the response spectrum of the TestQkeIEEE is more
robust than the historical records considered. Consequently, the response of the isolation system
was considerably larger than observed in the historical earthquake time histories. A maximum
PGA of 0.20g was recorded in TestQkeIEEE Run 4. During this run, the maximum isolator shear
strain was 1.69: the largest shear strain recorded in the study. The peak absolute acceleration at
Level 3 of the structure was 0.20g during this run. The hysteresis loops of the maximum shear
strain cycle from TestQkeIEEE Run 4 and Loma Prieta Run 13 for the isolation system are
shown in Figure 4.16. Note that good agreement exists between both loops, with a similar
consistency observed within each individual isolator.
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Figure 4.16 Comparison of the isolation system hysteresis loops from TestQkelEEE
Run 4 (PGA = 0.20g) and Loma Prieta Run 13 (PGA = 1.16g).
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5 Discussion

5.1 AGING EFFECTS

The increase in effective horizontal stiffness due to aging was significantly larger than the
stiffening observed in other studies of natural or accelerated aging; see Coladant [1993] and
Russo et al. [2013]. The increase in effective horizontal stiffness was comparable to the
accelerated aging results reported by Yura et al. [2001] for the smaller specimens but observed in
a considerably shorter time then predicted for natural aging at ambient temperature. It is
postulated that the annular isolators considered in this study were more sensitive to aging due to
the increased exposed surface from the unfilled core. If unfilled, the core of an annular isolator is
an additional exterior surface that is susceptible to oxidation. Therefore, it is anticipated that an
annular isolator would be more sensitive to aging than an identical circular isolator due to a
reduced interior region unaffected by the aging process. For the isolators considered, the
maximum distance from an exposed edge was 0.88 in. (22.2 mm), which is significantly less
than the 2.75 in. (69.9 mm) radius of an identical circular isolator. Therefore, the volume of
elastomer protected from oxidation due to the reduced permeability of the oxidized surfaces is
considerably reduced.

Note that the average vertical compressive force was 14.5 kip (64.5 kN) per isolator in
comparison to 20.0 kip (89.0 kN) in the original study. It is known that the vertical compressive
force is inversely proportional to the effective horizontal stiffness and proportional to the
damping [Naeim and Kelly 1999]. Therefore, the effective horizontal stiffness is expected to
decrease and the damping increase as the vertical compressive force increases. The damping is
inversely proportional to the stiffness due to changes in the stored strain energy. Consequently, it
is expected that the damping decreases with increasing stiffness.

From Naeim and Kelly [1999], the horizontal stiffness using linear elastic analysis for
SREIs is related to the vertical compressive force by:

GA pY
ol (2]

where k, is the horizontal stiffness, G is the shear modulus of the elastomer, 4 is the shear area,

t. is the total thickness of the elastomeric layers, P is the vertical compressive force, and P is
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the critical load. The compression modulus and bending modulus of a circular and annular pad is
reviewed in Appendix C.

The critical loads determined through experimental testing from the original study were
33.4 kip (149 kN) and 53.8 kip (239 kN) for the 40A and 50A isolators, respectively. It is
expected that these values would also increase due to the stiffening of the elastomer from aging
effects. Using the critical loads from the original study as a reference, from Equation (5.1) the
average vertical compressive force of 14.5 kip (64.5 kN) is not negligible, especially for the 40A
isolators due to the lower critical load. Furthermore, review of the experimental results shows
that the South 40A isolator was overloaded in comparison to the average vertical compressive

force, whereas the Southeast and Southwest 50A isolators were approximately equally under-
loaded.

The effective horizontal stiffness from the Imperial Valley Run 4 (PGA = 0.45g)
hysteresis loop increased by 40 % in the South 40A isolator, which was overloaded, and a mean
of 82 % for the remaining two 40A isolators, which were under loaded in comparison to the
original study. The large variation observed between the 40A isolators is in part attributed to the
discrepancy in the vertical compressive force on the South 40A isolator in contrast to the
approximately equally loaded North and Northeast isolators. The range of compressive force on
the 40A isolators observed in the experiments brackets the average compressive force in the
original study. Consequently, the increase in effective horizontal stiffness due to aging in the
40A isolators is expected to be between 40 % and 82 % if the compressive force between both
experimental programs was consistent. The variation in the compressive force and the sensitivity
of the 50A isolators to the compressive force was notably lower. Therefore, the increase in
effective horizontal stiffness observed is primarily attributed to aging effects; although it is
difficult to conclude the exact amount.

5.2 ISOLATOR SYSTEM PERFORMANCE

The fundamental frequency of the model in the original study was 0.5 Hz and 0.75 Hz when
isolated with 40A and 50A isolators, respectively [Kelly and Hodder 1981]. The fundamental
frequency in the current study ranged between 0.56 Hz and 0.88 Hz determined from the
earthquake time histories. A direct comparison between the two studies is difficult due to the
different model parameters used in the current study and the combination of testing isolators 40A
and 50A simultaneously. Note that increasing the model weight from 80 kip (356 kN) to 87 kip
(387 kN) decreases the fundamental frequency, whereas the number of bearings and the
increased stiffness of the bearings due to aging effects will increase the fundamental frequency.
Despite the change in model parameters and the stiffening of the isolators, the full-scale isolation
fundamental period range of 1.97 sec to 3.09 sec is considered sufficient for adequate seismic
isolation. A fixed-base fundamental frequency of 2.0 Hz was determined from pullback tests;
corresponding to a full scale period of 0.87 sec. Idealizing the structure as a single-degree-of-
freedom system and comparing the full-scale spectral acceleration (see Figure 3.5) at the
respective fixed-base and base-isolated periods, the overall performance of the base-isolated
structure was favorable.
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Regardless of the large shear strains, notably in the Loma Prieta and the TestQkeIEEE
runs, the isolation system retained stability and favorable seismic isolation characteristics. A
maximum shear strain of 1.59 and 1.69 was observed in the historical earthquake records and
TestQkelEEE runs, respectively. This corresponds to a peak displacement normalized by the
diameter of the bearing, D, of D = 0.77 for TestQkeIEEE Run 4. Figure 5.1 highlights the
deformed shape of the bearing at the peak displacement of TestQkeIEEE Run 4, which had a
displacement equal to 77% of the diameter. At this level of displacement, the overlap area of the
bearing was reduced to approximately 14%. This is a consequence of the unfavorable aspect
ratio of the bearing.

There are several main points to be made:

1.

Figure 5.1

Despite a significant increase in horizontal stiffness and related decrease
in damping (primarily attributed to aging), the isolation system offered
significant protection to the structure.

The isolation system was subjected to a large number of earthquakes,
many of which constitute beyond design-basis loading. Consistent
performance was maintained throughout the program, and the system was
able to withstand the repeated large levels of loading.

The peak isolator displacements were comparable to those obtained in the
original study and are far in excess of what this isolator would be designed
for. Even at these extreme displacements and with increased vertical force
due to overturning moments, the system remained stable.

—{ D=077 |- | p=077 |-

A

REDUCED LOADED AREA

(a) (b)

Peak displacement (a) profile and (b) plan view of the bearing from the
TestQkelEEE Run 4 highlighting the reduced area.
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6 Conclusions

This report investigated the sensitivity of the horizontal properties of Neoprene
(Polychloroprene) steel reinforced elastomeric isolators (SREIs) to aging effects. The dynamic
behavior of these aged Shore A 40 durometer and 50 durometer isolators was considered up to
earthquake inputs that constitute beyond design-basis events. The previously untested annular
SREIs were aged unloaded for over 30 years at room temperature. The bearings were compared
to the findings of the original experimental program through a series of similar experiments.

It was observed that a significant amount of variation occurred within the horizontal
properties of the 40A isolators, whereas the variation within the 50A isolators was within
acceptable limits. Peak isolator displacement cycles from the Imperial Valley (1940) El Centro
record, considered in both studies, were used to compare the effective horizontal stiffness and
equivalent viscous damping. In the current study, both types of isolators exhibited a softening
trend as the peak isolator displacement increased. The experimental results were compared by
selecting a cycle with approximately equal displacements to the cycles presented in the original
study. A significant mean increase in effective horizontal stiffness of 72% and 67% was
observed for the 40A and 50A isolators, respectively. Furthermore, with the exception of the
South 40A isolator, the equivalent viscous damping decreased by about 50% in all cases. A
lower mean increase in effective horizontal stiffness of 45% and 29% for the 40A and 50A
isolators, respectively, was observed by comparing the results of the pullback tests of the
respective studies.

The increase in stiffness observed in this study was significantly larger, or occurred over
a shorter time span, than presented in other studies in the literature on the aging of Neoprene
isolation bearings. It was postulated that the unfavorable increase in horizontal stiffness and
decrease in damping were amplified due to the unfilled annular design of the isolator, which
increases the exposed surface of isolator. Due to the larger ratio of exposed surface to volume,
oxidation is able to further penetrate within the elastomer, resulting in a larger volume affected.
In addition, it was noted that the vertical compressive force in the current study was less than in
the original study. This is also associated with a higher horizontal stiffness. Despite the
discrepancy in vertical compressive force, the changes in the properties of the isolators are
primarily attributed to aging effects.

The aged performance of Neoprene elastomeric isolators remains an important area for
future investigations. The findings in this study indicate that, in spite of considerable changes in
aged properties of the isolation bearings, the isolation system retained favorable performance
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characteristics. An adequate shift in the fundamental period for seismic isolation was obtained.
The system was subjected to a large number of earthquakes, many of which constituted beyond
design-basis inputs, and maintained consistent performance throughout the program.
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Appendix A Test Sequence

Table A1 Experimental test sequence.

Seq. Test Run Seq. Test Run Seq. Test Run
1 Pullback 1 21 Northridge 5 41 Loma Prieta 7
2 Pullback 2 22 Loma Prieta 1 42 Imperial Valley 14
3 Pullback 3 23 Loma Prieta 2 43 Loma Prieta 8
4 Imperial Valley 1 24 Loma Prieta 3 44 Loma Prieta 9
5 Imperial Valley 2 25 Loma Prieta 4 45 Loma Prieta 10
6 Imperial Valley 3 26 Pullback 4 46 Loma Prieta 11
7 Imperial Valley 4 27 Pullback 5 47 Loma Prieta 12
8 Imperial Valley 5 28 Imperial Valley 9 48 Loma Prieta 13
9 Imperial Valley 6 29 Imperial Valley 10 49 Loma Prieta 14
10 Imperial Valley 7 30 Imperial Valley 11 50 Loma Prieta 15
11 Imperial Valley 8 31 Imperial Valley 12 51 Pullback 6
12 Superstition Hills 1 32 Imperial Valley 13 52 Pullback 7
13 Superstition Hills 2 33 Superstition Hills 6 53 TestQkelEEE 1
14 Superstition Hills 3 34 Superstition Hills 7 54 TestQkelEEE 2
15 Superstition Hills 4 35 Superstition Hills 8 55 TestQkelEEE 3
16 Superstition Hills 5 36 Northridge 6 56 TestQkelEEE 4
17 Northridge 1 37 Northridge 7 57 TestQkelEEE 5
18 Northridge 2 38 Northridge 8
19 Northridge 3 39 Loma Prieta 5

20 Northridge 4 40 Loma Prieta 6
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Appendix B Peak Cycle Hysteresis Loops
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Figure B.6 TestQkelEEE Run 4 (PGA = 0.20g) peak cycle isolator hysteresis loops.
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Appendix C Mechanical Properties of Circular
and Annular Bearings

C.1 COMPRESSION MODULUS

The annular bearing has a number of characteristics that distinguish it from the simpler
properties of the fully circular bearing. Consider a single annular pad with an inner radius a,
outer radius, b, and thickness, ¢. The shape factor for this pad is

b—a
2t

S:

(C.1)

The material is at first assumed to be incompressible with shear modulus, G. The
behavior of this pad in pure compression, expressed by the compression modulus, E,., is given

by Constantinou et al. [1992]:

2 2
E =£[52 +a? —b—“J (C.2)

The corresponding solution for the full circular pad is
E.=6GS> (C.3)
Therefore, the value of £, for the annular pad can be expressed as
E,=6GS* (C.4)

where

(C.5)
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One of the surprising aspects of this is that the result is very sensitive to the presence of a
small hole. In fact, if the size of the hole is greater than 10% of the outer radius, the value of A
is almost two-thirds and the value of E, is 4GS?, which is the solution for an infinite strip.

If the shape factor is large enough, the compression modulus, as computed by the
incompressible formula, becomes comparable to the bulk modulus of the compound, and the
influence of material compressibility cannot be ignored. The recommended ad hoc modification
for compressibility is [ISO 2010]

I (C.6)

where E° is the compression modulus assuming incompressibility, and K is the bulk modulus.

This approximation that may not be completely accurate, but the bulk modulus is an extremely
difficult quantity to measure, and estimates of the value can vary widely. However, it is
somewhat surprising that for quite modest shape factors, the bulk compressibility of the rubber
can have an important role for the design formula based on the incompressible model, seriously
over-predicting the vertical stiffness and the buckling load of a bearing.

Accordingly, it is essential to have an accurate estimate of the bulk modulus. In
particular, a quick review of the data available on this property for natural rubber reveals that an
accurate estimate is difficult to find. For example, the widely used handbook Engineering Design
with Natural Rubber, published by the Malaysian Rubber Producers Research Association (now
the Tun Abdul Razac Research Center) [Lindley 1978] provides a table of bulk modulus values
based on IRHD hardness that range from 1000 MPa to 1330 MPa as the hardness varies from 30
to 75 IRHD. On the other hand, the reference book Engineering Use of Natural Rubber,
published by Oxford University Press, gives values in the range 2000 MPa to 3500 MPa [Fuller
et al. 1988]. In most applications, the bulk modulus of natural rubber is taken as 2000 MPa.
There is even less information on the bulk modulus of Neoprene, but an estimate using a
dynamic acoustic wave method by Burns et al. [1990] places it at 3000 MPa.

The exact form of the expression for the compression modulus for a full circular pad is
given in Kelly and Konstantinidis [2011] as

E.=K FiM (C.7)
AR Iy (AR)
where
a2R2 =BG o2 (C.8)
K

and Iy and /; are the zero order and order 1 modified Bessel function of the first kind,

respectively.
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E /6GS?

Figure C.1 Comparison of the ratio of the compression modulus with compressible
and incompressible rubber for a circular pad.

To compare this result with the ad hoc expression, Equations (C.7) and (C.8) are
normalize by 6GS’ giving for the (i) exact solution

E, 8 2 L (AR)
- - C.9
6GS?  A2R? [ AR Iy (AR) €

and for the (i1) conventional approximation

E. K 1
6GS%  6GS*+K | A2R?
e (C.10)

E, =K {1+ Ci[1(0)-nL, (n0) ]} + C5[ Ky (6) ~1K; (n6)]

Plotting these together in Error! Reference source not found. shows that the
approximation underestimates the effect of the bulk modulus, but that the error is only about
15%. Considering the uncertainty in the value of K, the use of the simpler form is justified.

For example, if G = 1.0 MPa, K = 2000 MPa, and S = 10, we have 430 MPa for the exact
form, while the ad hoc formula has 461 MPa. There are two points to be made here: first, the
effect of compressibility on the compression modulus happens at a low value of the shape factor;
and second, the ad hoc solution is not very accurate but is convenient to use.

The exact form of the compression stiffness for the annular pad when compressibility is
included is given in Kelly and Konstantinidis [2011] as

E, =K {1+C[[1,(0)-n1,(n0)]+ Ci[ K, (0)~nK, (n0) ]} (C.11)
where
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0= TE (C.12)
and
, 1 KO(H)—KO (779)
Cl = (C.13)
{%(I-FHS) [O(Q)KO(UQ)_IO(UQ)KO(G)
, 1 [0(0)—10 (776?) (C.14)

with 7= a/ b and where I, I}, and [, K, K; are the order zero and order 1 modified Bessel

function of the first and second kind, respectively.
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Figure C.2 Comparison of the ratio of the compression modulus with compressible

and incompressible rubber for an annular pad.
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The (i) exact and (ii) conventional approximation with G = 1.0 MPa, and K = 2000 MPa,
are compared in Figure C.2 for annular pads with 7= 0.10, 0.20 0.30, and 0.36. The value of 7=
0.36 is representative of the annular isolators considered in this study. The maximum error is
13.4% with 77 = 0.10 and decreases with increasing 7. Similar observations can be made as with
the circular pad: the effect of compressibility on the compression modulus happens at a low
value of shape factor, and that the ad hoc solution is not very accurate but is convenient to use.

C.2 BENDING MODULUS
The bending stiffness is required in the computation of the buckling load of a bearing and is
denoted by (EI )eﬁ" . The bending stiffness for a single pad with compressibility included presents

a similar problem as with the compression modulus. The conventional approach is to express the
effective bending stiffness (EI)5 as Epl, where [ is the second moment of area of the pad

about an axis perpendicular to the plane of bending and Ej, is the bending modulus. To account

for bulk compressibility, the bending modulus from the incompressible analysis, Ej , is

modified using

1 1.1 (C.15)

Eb Ego K

This form is recommended in the ISO guidelines [ISO 2010]. The incompressible result for
(EI )eﬁ" for a full circular pad is

(ED)oy =2GS*1 = E, (%1} (C.16)

or £ =2GS 2 The exact form given in Kelly and Konstantinidis [2011] is

2 2p2
nKR*| A°R I, (AR)
El o = — AR C.17
which with 7 =7R* / 4 can be written in the form
I, (AR
Ey=K |4 L(AR) (C.18)
AR I (AR)
Expanding the Bessel Functions in a series for small values of AR gives
2
Ep =2GS? [1— 3(25 ] (C.19)
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which in turn can be inverted and expanded by binomial series to give

1 1 3
- = 5 +—
E, 2GS* 2K

(C.20)

which clearly differs from the conventional approximation. This is viewed as an alternative
version of an approximation to the exact form. To compare the exact and the two approximate
forms all three are normalized using

2
42p2 _A8GS (C.21)
The three forms are:
(1) exact
2GS2 A?R*\. AR L (AR)
(i1) conventional approximation
B _ 1 C.23)
2GS* | A’R? (©
I+—
24
(ii1) new approximation
B___ 1 (C.24
2GS? | A’R? .
I+——
16

The comparison of the three forms is shown in Figure C.3a, and the error between the
two approximate solutions and the exact solution is shown in Figure C.3b. The error in the
conventional approach has a maximum of about 23% at a value of AR =7.95. In contrast, the
new approximation is a significant improvement: the maximum error over the range0 < AR <10
is 13%. Note that conventional approximation is unconservative, but the new approximation is
conservatively lower than the exact solution.

For an annular pad the bending stiffness is given for the incompressible case by

1+77) 2
EI) . =2GS%I (
S

(C.25)

where [ = 7Z'(b4 -a* ) / 4 for an annular pad.
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Figure C.3 Comparison of the (a) ratio of the effective bending stiffness with

compressible rubber to the effective bending stiffness with

incompressible rubber; and (b) the associated percent error for a circular
pad.

The exact expression for the bending stiffness of an annular pad is given in Kelly and
Konstantinidis [2011] as

E, =K{1-B][L,(0)-n’L(n0) ]+ B[ K, (0)-n’K, (10) ]} (C.26)
where
, 4 -K,(70)+nkK, ((9)
5i= 0(1-1") 1,(n0)K,(6)~1,(0) K, (n6) (27)
, 4 —1,(n0)+nl,(0)
o 1L (10)K, (6)-1,(0)K, (26) (€28)

and /, and K, are order 2 modified Bessel functions of the first and second kind, respectively.

The exact expression for the bending stiffness of an annular pad is extremely complicated
and really not suitable for design purposes. The recommendation is to use the incompressible
result modify it using the conventional approximation

1 1 1

Lt 1 (C.29)
E, Ef K

or alternatively the new approximation developed for a circular pad
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1 1 3

e

E, EP 2K

(C.30)

The comparison of the (i) exact, (i) conventional approximation, and (iii) the new
approximation with G = 1.0 MPa, and K = 2000 MPa, is shown in Figure C.4, with n = 0.10,
0.20 0.30, and 0.36. The maximum error over the range 0<S <50 of the conventional
approximation decreases from 18.4% to 15.0% with increasing values of 7. Similar to the
circular pad, the new approximation offers considerable improvement, with a maximum error of
8.9% to 13.8% at n = 0.10 and 0.36, respectively. Although the difference in the absolute value
of the maximum error between the two approximates decreases as 77 increases, it is important to
note that the new approximation provides a conservatively lower value for the bending modulus
than the conventional approximation. Furthermore, the value of 7 is typically small, reducing the

error in the new approximation.

Eb/Eb
Eb/Eb

Eb/Eb
Eb/Eb

0.0 * + * + 0.0 *
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Figure C.4 Comparison of the ratio of the bending modulus with compressible

rubber to the effective bending modulus with incompressible rubber for

annular pads.
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