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SUMMARY:

Base isolation reduces the effect of horizontal ground motion by introducing structural elements with low
horizontal stiffness at the foundation level. A Stable Unbonded Fiber Reinforced Elastomeric Isolator (SU-
FREI) is designed to maintain positive tangential stiffness for all levels of imposed horizontal displacement.
These larger strip isolators will potentially have an undesirably large horizontal stiffness, thus reducing the
seismic mitigation efficiency. One approach for modifying the stiffness is the introduction of holes to the loaded
surface of the isolator. This paper presents the findings of an experimental study on four SU-FREIs. Holes are
introduced to three of the SU-FREIs in three different layouts. Cyclic horizontal tests are conducted parallel to
the largest length. The horizontal load-displacement hysteresis loops are presented and discussed. It is shown
that the horizontal properties of the isolator are heavily influenced by the introduction of holes into the loaded
surface of the isolator.
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1. INTRODUCTION

By allowing large displacements to occur at flexible horizontal elements introduced at the foundation
level of a structure, the seismic demand can be reduced significantly. This process, known as base
isolation, lengthens the natural period and decouples the structure from the strong ground motions of
an earthquake. The change in the natural period shifts the structure out of the critical high energy
frequency range of an earthquake.

The design of a seismic isolator is generally dominated by the horizontal and vertical stiffnesses.
Under normal service loadings, the structure should act as a conventional fixed base structure,
however, the horizontal stiffness of the isolation layer must be sufficiently low to allow large
displacements under strong ground motions. A vertical stiffness several times larger than the
horizontal stiffness is necessary to adequately support the weight of the structure and to eliminate
potential rocking motions introduced by the isolation system (Kelly and Konstantinidis 2011).

To date, variations of Steel Reinforced Elastomeric Isolators (SREIS) remain some of the most
commonly used forms of base isolation (Naeim and Kelly 1999). The reinforcement is orientated in
alternating horizontal layers with the elastomer and is necessary to obtain a higher vertical stiffness
(Kelly and Konstantinidis 2011). The implementation of base isolation is typically limited to high
importance structures primarily due to the substantial costs associated with the system (Naeim and
Kelly 1999). The major cost components originate from two sources: the isolators; and the structural
system necessary to transfer the weight of the structure to the isolators. As a means to reduce costs
from the former source, the traditional steel reinforcement can be replaced with fiber reinforcement of
similar mechanical properties (Kelly 1999). The fiber reinforcement, unlike steel reinforcement, is
assumed to be extensible and to offer no appreciable flexural stiffness, which results in unique
performance properties. The use of fiber reinforcement may also simplify the manufacturing process
and allow for large pads to be created from which smaller isolators can be cut to the required size
(Kelly 1999). This method of manufacturing permits the construction of large strip isolators which can



be used to further decrease costs. The use of strip isolators can reduce the requirements for a load
transfer structural system by providing uniform support along walls. These cost savings will facilitate
further application of base isolation to low-rise residential and high importance structures in
developing countries (Kelly 2002).

If the Fiber Reinforced Elastomeric Isolator (FREI) is placed unbonded to the supports, it exhibits a
rollover deformation under horizontal displacement (Kelly 1999) as shown in Fig. 1.1. The rollover is
a result of the lack of flexural resistance of the fiber reinforcement and the unbonded application. As
the horizontal displacement increases, these isolators will soften until the initially vertical faces of the
isolator come into contact with the upper and lower supports. Under certain aspect ratios, defined as
the ratio of the length to height in the direction of loading, the isolator will retain a positive tangential
stiffness and will begin to stiffen at contact (Toopchi-Nezhad et al. 2008a). These isolators are denoted
as Stable Unbonded-Fiber Reinforced Elastomeric Isolators (SU-FREIS) and have been investigated
in detail by Toopchi-Nezhad et al. (2008a, 2008b, 2009). In order to optimize the base isolation
system, it is necessary to be able to retain sufficient control over the horizontal and vertical stiffness
without compromising the strip geometry of the isolators.
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Figure 1.1. Horizontal profile of the deformed and un-deformed shape of a SU-FREI under lateral displacement

The following is a continuation of the study conducted by Van Engelen et al. (2012) to determine the
influence of holes on the vertical properties of six SU-FREIs. In this study, the preliminary results of
the influence of holes on the effective horizontal stiffness and damping are discussed for four SU-
FREIs. These areas have not yet been investigated for strip isolators with holes in the loaded surface.

2. BACKGROUND
2.1 Modifications to the Loaded Area

The stiffness of a system containing unmodified strip isolators could be significantly higher than that
of a system containing smaller concentrated isolators due to the increase in the loaded area. A higher
horizontal stiffness will decrease the shift in the structure’s natural period, increasing the seismic
demand and reducing the efficiency of the system. The use of an elastomer with a lower shear
modulus can aid to reduce the horizontal stiffness, however, additional modifications may be required.
By removing portions of the loaded surface of the isolator, through the introduction of holes, the
horizontal stiffness can be reduced without compromising the strip geometry. The removal of area
accomplishes a reduction in stiffness in the following ways:

e The reduction in the loaded surface reduces the shear area, thus also reducing the horizontal
stiffness.

e The reduction in loaded surface increases the applied compressive stress to the isolator. It has
been shown that the horizontal stiffness is inversely proportional to the applied compressive
stress (de Raaf et al. 2011).

e The stiffness of FREIs is known to be influenced by the shape factor of the isolator, defined as
the ratio of the load area to the unloaded area of a single layer of elastomer. A decrease in the
shape factor will also result in a decrease in the horizontal stiffness (Tsai and Kelly 2002,
2005a, 2005b).



Therefore, it is important to understand the influence of a reduction in loaded area and shape factor on
the horizontal and vertical stiffness. Isolators of equal loaded area but of different shape factor can be
obtained by placing the hole in the centre of the isolator, or with equal halves on the edges.

3. SPECIMENS AND TEST SETUP
3.1 SU-FREI Specimens

In this study, four quarter scale rectangular SU-FREI designs were considered. These SU-FREIs are
identical to those whose vertical properties were investigated by Van Engelen et al. (2012). The
isolator geometric properties are given in Table 3.1. The isolators had a total height, h, of 22 mm and
consisted of seven elastomeric layers of total height, t,, of 19 mm, with six fiber layers of 0.55 mm
thickness each. The length, a, and width, b, of the isolator were 52 mm and 76 mm, respectively. It
should be noted that the uppermost and bottommost layer of elastomer were half the thickness of the
middle layers. This design is intended to reduce the amount of residual displacement in the layers
during lateral displacements caused by the rollover of the ends. Subsequently, there are two unique
shape factors for each isolator based on the different layer thickness.

Table 3.1. Isolator Properties

Isolator Area (mm?) Shape Factor Area Removed (%)
Bl 3952 4.9 9.7 -
B2 3443 2.9 5.9 13%
B3 3500 3.3 6.7 11%
B4 3698 3.7 7.5 6%

Isolator B1 was the reference case with no area removed. Isolator B2 had two identical holes placed
centrally on each half of the isolator, B3 and B4 had holes placed in the geometric centre of the
isolator. In total, three different layouts were considered with two different hole sizes. Fig. 3.1 shows
each isolator’s loaded surface geometry and the test specimens.
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Figure 3.1. (a) Plan view of the four SU-FREIs investigated, and (b) the test specimens
3.2 Experimental Setup

The horizontal tests were conducted under lateral displacement control and vertical load control. Each
isolator was monotonically loaded up to 8 kN, which corresponds to an approximate 2 MPa design
pressure for isolator B1. All isolators were tested under the same compressive load to simulate their
application on an identical structure. Twenty-one fully reversed sinusoidal cycles were conducted,;
three at each displacement amplitude of 25, 50, 75, 100, 150, 200, and 250% t.. The test apparatus is
shown in Fig. 3.2. The horizontal load and displacement were monitored with a load cell and
displacement transducer, respectively, while the vertical displacement was monitored with four laser



displacement transducers, in addition to three identically placed load cells to measure the vertical load.
Further information on the test setup is available in Foster (2011). Each isolator was tested parallel to
the width b, followed by parallel to the length a, denoted as the 0 degree and 90 degree orientation,
respectively. Vertical tests were conducted before and after each horizontal test as a means to monitor
damage, such as delamination, within the isolator. This preliminary study only considers the results
obtained from the 0 degree orientation.

Figure 3.2. Test apparatus

4. EXPERIMENTAL RESULTS
4.1 Deformed Shape

The typical deformed shape of an isolator under various horizontal displacement amplitudes is shown
in Fig. 4.1. At very low displacements, about 50% t, or less, the roll-off was small, and the isolator
appeared to deform in a manner similar to a fully bonded isolator. As the displacement increased, the
roll-off also increased and the curved profile became more distinguishable. At approximately 200% t,,
full rollover occurred and the initially vertical face came into full contact with the supports. As
displacement continued, further rollover was resisted by the supports.
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Figure 4.1. Deformed shape under lateral displacement



4.2 Effective Horizontal Stiffness

The effective horizontal stiffness, Keg, can be determined from the experimentally obtained hysteresis
loops and is defined as:

(Fmax - Fmin)

Keff: (Amax - Amin) (41)
where Apay, Amin aNd Frax, Foin correspond to the maximum and minimum displacement and lateral
force at these displacements for each cycle, respectively. The following results and discussion
correspond to the unscragged (first) cycle of each displacement amplitude.

Table 4.1. Effective Horizontal Stiffness (N/mm)
Displacement Amplitude

Isolator
25%¢t,  50%t,  75%¢t,  100%t, ~ 150%t,  200%t, ~ 250% t,
Bl 91.7 74.6 62.9 55.0 46.2 49.6 52.1
B2 73.2 55.9 47.6 42.4 38.9 45.2 48.9
B3 72.7 53.9 43.0 35.6 315 43.0 47.2
B4 86.3 62.7 51.0 43.0 36.7 455 51.1

Table 4.1 shows the effective horizontal stiffness obtained from the experimental study. In all cases,
the reference isolator B1 displayed the highest effective horizontal stiffness. Shown graphically in Fig.
4.2, it can be seen that isolators of similar design, B3 and B4, followed a similar trend with decreasing
effective horizontal stiffness as the loaded area of the isolator removed increased. B2, which contained
two holes, performed between B3 and B4. All isolators showed an increase in effective horizontal
stiffness beginning at 200% t,, which corresponds to the approximate displacement at which full
contact was observed to occur. The increase in effective horizontal stiffness at higher displacement
amplitudes is considered a desirable feature to restrict displacements beyond design-basis events
(Toopchi-Nezhad et al. 2008b).
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Figure 4.2. Effective horizontal stiffness as a function of lateral displacement

Overall, the relative horizontal stiffness, or the horizontal stiffness of the isolator normalized by B1,
was relatively consistent in the midrange displacement amplitudes between 50 to 150% t, for isolators
B3 and B4. It is interesting to note that the relative performance at displacement amplitudes



corresponding to full contact, 200 and 250% t,, the relative stiffness approaches unity as shown in
Table 4.2 and graphically in Fig. 4.3. This high degree of consistency at large displacement amplitudes
between the various designs, at a minimum of 0.91 for B3 at 250% t,, suggests that the effective
horizontal stiffness is relatively independent of the hole size and location past full contact. This is
especially remarkable for isolator B3, which had a minimum relative stiffness of 0.65 at 100% t, and a
maximum relative stiffness of 0.91 at 250% t,.

Table 4.2. Relative Effective Horizontal Stiffness
Displacement Amplitude

Isolator
25%t,  50%t,~ 75%t, 100% t, 150% t, 200% t, 250% t,
B2 0.80 0.75 0.76 0.77 0.84 0.91 0.94
B3 0.79 0.72 0.68 0.65 0.68 0.87 0.91
B4 0.94 0.84 0.81 0.78 0.79 0.92 0.98
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Figure 4.3. Relative effective horizontal stiffness as a function of lateral displacement

The hysteresis loops of all four isolators considered are shown in Fig. 4.4. It can be seen that the
introduction of the holes to the loaded surface can significantly alter the hysteresis loops in both the
loading and unloading paths. In intermediate displacements, scragged cycles of isolator B3 and B4 had
a low tangential stiffness and subsequently had little change in lateral load with increasing
displacement. The effective horizontal stiffness will continually decrease in this range. It can be
observed that a substantial increase in lateral load occured at higher displacement amplitudes. This
increase began shortly after 150% t, for all isolators, corresponding to contact of the initially vertical
face of the isolator. The lateral load continued to increase up to 250% t,, which was the maximum
considered displacement amplitude.
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Figure 4.4. Horizontal load-displacement hysteresis loops showing the effective horizontal stiffness at 25% t,
and 250% t, for tests conducted with an 8 KN compressive load

4.3 Equivalent Viscous Damping

Toopchi-Nezhad et al. (2008b) showed that SU-FREIs are able to obtain significantly higher damping
than the inherent damping of the elastomer. This additional damping is believed to originate from the
fiber reinforcement layers as the individual fibers move along one another during lateral displacement
(Kelly 1999). When the test forcing frequency is equal to the target natural frequency of the structure,
the equivalent viscous damping ratio, henceforth referred to simply as damping, for each cycle is:

W,
éeq: 471\:75 (4.2)

where W;y is the dissipated energy, or the area contained within the hysteresis loop, and W; is the
restored elastic energy defined as:

1
Ws: E KeffAmax,awe2 (43)
and
(Amax 1A i)
Amax,ave: 5 (4-4)

The damping from the experimental study is shown in Table 4.3. At all displacement amplitudes,
isolator B1 was found to contain the lowest damping with values ranging between 7.8% and 10.5% of
critical. The damping reached a maximum of 19.7% for B3 at a displacement amplitude of 100% t,.



Table 4.3. Equivalent Viscous Damping (% of Critical)
Displacement Amplitude

Isolator
25%t,  50%t  75%ft, 100% t, 150% t, 200% t, 250% t,
B1 10.5 10.5 9.6 9.2 9.6 8.1 7.8
B2 15.6 171 15.9 15.0 14.0 10.9 9.7
B3 16.3 18.8 18.9 19.7 19.5 12.9 11.6
B4 18.9 14.8 14.2 14.2 145 10.6 9.5

The damping as a function of displacement amplitude is shown graphically in Fig. 4.5. Similar
observations can be made as with the effective horizontal stiffness results. Isolators with central holes,
B3 and B4, followed a similar trend in damping with the exception of 25% t,. As the amount of area
removed within the similar design increased, the damping increased. As the isolators approached full
rollover, a drop in damping was observed. This drop is similar to the convergence of the effective
horizontal stiffness discussed previously. In comparison to the other isolators, B1 was relatively
independent of displacement amplitude. B1 displayed a minor decreasing trend as displacement
amplitude increased. The high damping in B4 at 25% t, was not observed on subsequent scragged
cycles and is unique to the first cycle.
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Figure 4.5. Equivalent viscous damping as a function of lateral displacement

The relative damping values, or the damping normalized by B1, are shown in Table 4.4 and
graphically in Fig. 4.6. Here the convergence of the damping at higher displacement amplitudes was a
maximum of 1.49 corresponding to the 250% t, displacement amplitude of isolator B3. Although
substantially more variation is noted than seen with the effective horizontal stiffness, the relative drop
in damping at full rollover is significant. It is postulated that the variation in damping originates from
two sources: the first being the changes in effective horizontal stiffness; the second being from a
decreased length in fibers. The damping ratio is inversely proportional to the effective stiffness, thus
changes in stiffness will also influence the damping. The overall reduced length in fibers, due to the
introduction of holes, causes increased inter-fiber movement, and thus increased damping. When full
contact occurs, the rollover deformation of the isolator is at a maximum. Thus the highly distorted
curved displacement profile ceases, which is believed to result in less damping as the amount of

movement undertaken by the fibers is also decreased in addition to the reduction due to increased
stiffness.



Table 4.4. Relative Equivalent Viscous Damping
Displacement Amplitude

Isolator
25%t,  50%t  75%t, 100% t, 150% t, 200% t, 250% t,
B2 1.49 1.63 1.66 1.63 1.46 1.35 1.24
B3 1.55 1.79 1.97 2.14 2.03 1.59 1.49
B4 1.80 1.41 1.48 1.54 1.51 1.31 1.22
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Figure 4.6. Relative damping as a function of lateral displacement
4.4 Damage

After each horizontal and vertical test, the isolators were inspected for damage such as delamination or
bulging. Overall the isolators performed well with only a minor delamination of approximately 10 mm
in length being observed on B4 as shown in Fig. 4.7. Due to the setup of the experiment, it is unclear if
the free surface of the holes came into contact with each other at higher displacement amplitudes. No
delaminations were observed within the holes, suggesting that this did not occur.

Figure 4.7. Damage located on the shorter (52 mm) length of isolator B4

5. CONCLUSIONS

This paper presented the initial experimental results of SU-FREIs with holes in the loaded surface.
Four SU-FREIs were investigated with three different hole configurations. Two isolators contained
central holes, one contained two holes placed centrally on each half of the isolator, and one had no
area removed. It was determined that the effective horizontal stiffness at higher displacement



amplitudes, 200 to 250% t,, performed consistently regardless of the hole geometry. A minimum
relative stiffness of 0.91 was observed at a displacement amplitude of 250% t,. However, intermediate
effective horizontal stiffness was found to vary between isolators. These results suggest that the
stiffness of the isolator can be optimized at intermediate amplitudes without compromising the
increase in stiffness at large displacement amplitudes. This is a desirable result as the seismic
mitigation efficiency in mid-displacement ranges can be increased, while still retaining a high
effective horizontal stiffness beyond design-basis events.

The introduction of holes was found to provide improved damping properties. This is attributed to two
sources: a decrease in K, and a reduction in the length of the fibers. It was postulated that the
introduction of holes to the loaded surface allowed increased inter-fiber movement, resulting in an
increase in the observed damping. Peak damping was observed in the intermediate displacement
amplitudes, with a significant decrease in damping occurring at larger displacement amplitudes
corresponding to full rollover.

Additional parametric studies and theoretical analysis are required in order to determine the combined
influence on the horizontal and vertical properties of SU-FREIs with holes in the loaded surface.
Preliminary findings on the horizontal properties indicate that the potential for considerable control
over the effective horizontal stiffness and damping of strip isolators exists. These results indicate that
strip isolators are a promising approach to seismic isolation with additional advantages over
conventional approaches.
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