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ABSTRACT
The design of seismic isolators as specified by building code requirements is well defined and well

established. However, there is still some refinement required for these design practices, especially in
terms of estimating the yield strength and confinement of lead cores. The current codes have specified
Upper Bound (UB) and Lower Bound (LB) criteria to encompass variability in the characteristic
properties that determine the performance requirements of the isolators. The Lead Core is a key
component in a Lead Rubber Bearing (LRB) that provides energy absorption resulting in the damping
of a unit/system. Historically, designers have used a standard value for lead yield (8-10 MPa) depending
on individual preferences. However, based on prototype test results, it has been shown that lead yielding
is variable and strongly influenced by a number of physical parameters. This research has focused on
these parameters and determines a new approach to more accurately calculate the Energy Dissipated
per Cycle (EDC). Test results of 30 full-scale case studies, including more than 350 compression-shear
and tension-shear tests, were critically investigated. The results were then categorised based on

confinement conditions, including high, medium, and low confinement, as defined further within this
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paper. The results illustrate that appropriate confinement provides a high yield strength level and
ultimately an optimised seismic isolation design. The trend of yield strength index versus the stability
index was developed and a new equation was proposed to calculate the lead core’s yield strength for
practical design purposes.

1 INTRODUCTION

In a conventional lead rubber bearing, the lead core is the key component that provides damping. Lead
plugs can provide high damping capacity due to their relatively low yield strength of about 10MPa and
a perfect elastic-plastic behavior (Skinner et al. 1993). Although 10 MPa is known as a nominal number
for lead yield strength (oY), parameters such as the magnitude of applied axial load, dimension of lead
core, lateral shear strain of bearing, and the adopted cyclic loads (degradation) also considerably affect
the lead yield strength (McVitty et al. 2015). Kelly (2001) proposed 7 to 8.5 MPa as the pragmatic yield
level of the lead core depending on the axial load and level of confinement, with 10.5 MPa as the
theoretical yield level. Furthermore, it was reported that more shim plates and thinner rubber layers,
restrain the lead core from bulging into the rubber layers, which help enhance yield strength along with
utilizing confining plates at the top and bottom of the lead core. The multilinear behavior of a lead
rubber bearing tends to be bilinear, providing appropriate confinement for the lead core, so a yield
strength closer to the nominal value will be achieved.

Kalpakidis et al. (2010), Constantinou et al. (2011) and Arguc et al. (2017) investigated the effect of
heating caused by cyclic loading on the characteristic strength of lead cores. It was estimated 10 to 12
MPa yield levels arise from the third cycle of loading depending on lead core size, isolator diameter,
and manufacturing details. The value for the first cycle is factored up by 1.35 (6, = 1.356,,) leading
to 13.5 to 16.2 MPa, which are not necessarily consistent with the evidence emerging from real-life

projects with the exception of those under low lateral displacements.

2 EXPERIMENTAL CASE STUDIES

More than 350 tests were performed on 30 full-scale isolators to study the effect of influential
factors on the lead yield strength. The selected isolators represent a reasonable range of
specifications and configurations used in common practice. The isolators were tested under
tension, zero, and compressive axial load along with a variety of lateral displacements (less
than 50% to more than 200% shear strain). Figure 1 demonstrates a test protocol sample
provided for one of the case studies (VLA project). More than twenty tests involving a variety
of compression/tension axial loads along with shear strains from 0% up to 200% were
considered in this case. In this figure, PT-16 to PT-20 (detailed in Table 1) are used to
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investigate the effect of axial load on stiffness and damping under constant lateral
displacement. As was expected, by increasing the axial load, the lateral stiffness decreases. It
is worth mentioning that, although Ryan et al. (2005) reported zero damping in the case of
tension mechanism (presented in the introduction), the isolators under zero/tension plus shear
loads still provided an appropriate degree of damping, which usually is disregarded during the

design process.

. Axial Load Deformation Freguency
Item Descrip. Sequence kN) Desc. I R | ) (Ha) # Cycles
Prototype Test Sequence and Cycles (Cl. 17.8.2.2)
Compression stiffness
1 | comp | pProo | 11500 | - | - | 0% [ - ] =2
Wind Stability, Performed Quasi-Statically
2 | wind | pro1 | 4800 | wind | 10 | 3% | - | =20
Cyclic Load Tests to Establish Force-Deflection Behavior, Performed Quasi-Statically or Dynamically
PT-02 4800 0.250y, 150 43% - 3
3 Seismic Static PT-03 4800 0.5D,, 300 86% - 3
PT-04 4800 | os7p, | 402 115% = 3
PT-05 4800 1.0D,, | 600/150 171% 3
PT-06 8450 1.0D,, | 600/150 171% - 3
4 Seismic PT-07 20600 1.0D,, | 600/150 171% - 3
PT-08 -1250 1.0D,; | 600/150 171% - 3
Cyclic Load Tests to Check Durability, Performed Quasi-Statically or Dynamically
5 | Repeat | PT09 | 4800 | 075D, | 450 | 129% [ - | 10
Load Test of Isolator Stability, Performed Quasi-Statically
Max PT-10 20600 1.10y, | 700/150 200% - 1
6 Min PT-11 -1250 1.1Dyq, | 700/150 200% -
Comp PT-12 20600 - - 0% - 2
Repeat tests
Comp PT-13 11500 - - 0% - 2
7 Seismic PT-14 4800 0.670y, 402 115% - 3
Seismic PT-15 =750 0.670y, 402 115%
Compression - Shear tests
PT-16 0 0.67D, 402 115% - 3
Compression PT-17 4800 0.67D,, 402 115% - 3
8 Variation PT-18 8450 0.67Dy, 402 115% - 3
PT-19 15000 0.67D,, 402 115% 3
PT-20 20600 0.67Dy, 402 115% - 3
Tension - Shear tests
Tension PT-21 0 0.67D,, 402 115% - 3
9 - PT-22 -750 0.67D,, 402 115% . 3
Variation
PT-23 -1250 0.67D,, 402 115% - 3

Figure 1: Test protocol sample
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Table 1 demonstrates the variation of effective stiffness and effective damping over 21 cycles
of loading in Tests 16 to 20. In general, the results indicate that increasing the axial load leads
to better confinement and subsequently more damping. In the meantime, zero/tension axial
loads (Tests 16, 21, and 22) degraded the damping ratio up to 50%, although its effect on the

effective stiffness was negligible.

Table 1: Influence of axial load variation on effective stiffness and damping (prototype tests for VLA
case in Table 1).

Axial load | Disp Min Disp Max | Load Min | Load Max Area k effective Damping
(kN) (mm) (mm) (kN) (kN) (kNm) (kN/mm) %
PT-16 0 -402.2 403.2 -934 896 402.3 2.3 17.4
PT-17 4800 -402.2 403.2 -973 884 531.1 2.3 22.6
PT-18 8450 -402.2 403.2 -956 854 551.9 2.2 24.1
PT-19 15000 -402.2 403.2 -902 783 578.7 21 27.2
PT-20 20600 -402.2 403.1 -833 712 594 .4 19 30.4
PT-21 0 -402.2 402.9 -884 844 367.5 21 16.8
PT-22 -750 -402.2 402.7 -869 837 292.6 21 13.6

For instance, Figure 2 compares the hysteresis loops of the VLA isolators under the maximum,
zero, and minimum axial loads. It is observed that increasing the axial load causes the hysteresis
loop shape to turn from multilinear to a quasi bilinear behaviour. Observation of necking in the
hysteresis loops indicates the lack of axial load on the bearing. In other words, when the applied
axial load is not in proportion with the isolator size, a hysteresis loop with necking behaviour
will be expected because of a lack of confinement on the lead core. This can influence the

energy dissipation capacity of the isolator and needs to be considered in the design process.
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Figure 2: Hysteresis loops of the maximum, minimum and zero axial load tests.

The actual yield strength (oy) and characteristic strength (Qq) of a lead rubber bearing are
achievable through hysteresis loops extracted from experimental tests. These parameters are a
function of the applied conditions including (but not restricted to) the magnitude of axial load,
slenderness of the lead core, applied shear strength, the thickness of rubber layers, the shear
modulus of the rubber, and the top and bottom confinement of the lead core. The influential

factors are incorporated in the buckling load Pcr as per Equation 1.

1GAras
PCT'=T—r 1)

where X is 1.1 for bearings with holes, G is the rubber shear modulus, A is the reduction area
that depends on the lateral displacement, a is the effective width of the bearing, and S is the
shape factor that depends on the thickness and dimension of the rubber layers. Any change in
the aforementioned parameters affects lead core confinement and lead core yield strength.
Therefore, Pcr can be deemed as an indication to estimate the effect of influential factors on the

yield strength.
Figure 3 shows the results extracted from all the selected tests. The vertical axis represents the
normalised characteristic strength (Q/QO) which starts from one for the compression loads and
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has a direct relationship with the compression axial load. The horizontal axis is the normalized

axial load (P / Po) which is the ratio of applied load over the isolator’s buckling capacity. The

diagrams offer different slopes which represent a variety of confinement conditions of the lead
cores.Generally, three different trends are recognised. The green line represents Low

Confinement (LC) and low yield strength. The characteristic strength, even under high axial

loads (P/P > 0.5), is approximately 20% more than the characteristic strength under zero
cr

axial load (Q/Q0 = 1.2). It should be noted that for all the case studies, the axial loads under

seismic load combinations were more than 50% of the buckling load. The orange dots show
the High Confinement (HC) trend with normalised characteristic strength of more than 1.6. The
yield strength of this category is quite close to the theoretical yield strength (10 MPa). The
outcomes between the two aforementioned categories (green and orange) are designated
Medium Confinement (MC) and their normalised characteristic strength values lie between 1.2
and 1.6.
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Figure 3: Confinement categories and their effect on the normalized characteristic strength
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Based on the results presented in Figure 3, for each confinement category the characteristic

strength of a lead rubber bearing is achievable through Equation 2.

P
L= P )
where a is the confinement exponent that is 0.25 for low confinement, 0.55 for medium
confinement, and 0.90 for high confinement. Figure 3 compares the trends regarding Equation
2 (dashed lines) with the data obtained for each confinement category. The tests’ results
demonstrate that the yield strength under zero axial loading is almost constant and can be

assumed around 6.0 MPa (x10% as UB and LB) regardless of the confinement category.

Two main factors including slenderness ratio (Hcore/D ) and the area ratio (Al/Ab), were
core

defined to address the conditions that affects the yield strength under the zero axial load. where
H is the lead core height, Dcore is the lead core diameter, A is the cross area of the lead core,
and Ay is the bonded area of the isolator. In addition, the slenderness ratio over the area ratio
is defined as Influential Factor Ratio (IFR). Generally, IFR is less and 1.0 for low confinement,

and is expected to be more than 2.0 and 7.0 for medium and high confinements, respectively.

Fig. 4 illustrates the trend for oyo versus IFR when an accurate yield strength is known. The
diagram has a steep slope for IFRs less than one but changes to a smoother slope with
increasing IFR, which indicates that the axial load influence is more significant for fewer IFRs.
In other words, better confinement results in less variation of yield strength regardless of the

axial load. To obtain the yield strength under zero axial load, 0,0 = 0.35In(IFR)+6

(3 3 can be employed:

dy0 = 0.35In(IFR) + 6 ©)
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Fig. 4 The trend of yield strength versus IFR based on Equation 3.

Combination of Equation 2 and 3 results in the following equation to calculate the yield
strength of lead rubber bearings as a function of their configuration, the imposed axial loads,
and other influential factors.
P

o, = [0.35In(IFR) + 6]e"Per (4)
Equation 4 provides a practical perspective regarding the actual yield strength of the lead core
before running the prototype tests. This equation can help to narrow the gap between
upper/lower bounds of Atest and Aspec mentioned in (ASCE 7-16), which is beneficial for the

design of super-structures as discussed before.

Conclusion

Lead core plays an important role in the performance of Lead Rubber Bearings (LRB) as it
provides the damping effect of the system. Underestimation of the lead core’s yield strength
causes insufficient damping and extra travel on the isolation level, while overestimation
produces a stiff system that transmits unfavorable base shear to the super-structure. The yield
strength of the lead core is suggested to be between 6 to 10 MPa in current codes/guidelines
depending on loading conditions. Yield strength can be calculated from the hysteresis loops
that are obtained from prototype tests. However, there can be incompatibilities between the

design targets and test results. This study investigated more than 300 tests to develop a new
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approach to estimate the yield strength of lead cores with high accuracy prior to prototype

testing.

The following conclusions were made based on the new approach:

Lead rubber bearings are energy dissipative even under zero/tension and shear actions.
While the hysteresis loops of isolators under tension/zero axial loadings are not as inflated

as an isolator under heavy axial loading (particularly those with P/p > 0.5), they still
cr

provide a reasonable amount of damping. Currently this effect is neglected in the design
process of lead rubber bearings.

A variety of influential factors, including applied axial load, slenderness of the lead core,
and thickness of the rubber layers, confer different levels of confinement for the lead core.
Three confinement categories were recognised based on the trend of the normalised
characteristic strengths versus the normalised axial loads. The developed Influential Factor
Ratio (IFR) shows that IFRs less than 1.0 represent low confinement, IFRs of
approximately 2.0 indicate medium confinement, and when IFR exceeds 7.0, high
confinement is achieved.

The yield strength of the lead core directly depends on the level of confinement, the isolator
travel amplitude, and the applied axial load. These effects are generally ignored in the code
specified design criteria. To address this issue, a new design equation was developed to

estimate lead core yield strength by taking into account all the key influential factors.
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