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Abstract

Traditionally, in the design of isolation bearings for bridge applications, bearing rotations due to seismic conditions are
neglected. This comes from the assumption that boundary conditions are rigid and, as such, the bearing end-plates
remain parallel as the bearings shear. However, for bridges with tall piers, the pier flexibility may lead to rotations at the
base of the bearings, and flexibility of the bridge deck will lead to rotation at the top of the bearing. Thus, typical
assumptions about bearing end conditions may be invalid. Furthermore, there is no guidance on the necessary stiffness
of the framing elements to assume typical end conditions. This paper presents experimental studies on the behavior of
natural and lead rubber bearings placed at a column top. The subassembly is quasistatically tested with increasingly
smaller columns, resulting in rotation at the bottom of the bearings. In combination, increasing rotational demands are
applied at the top of the bearing, so that both top and bottom end conditions assumptions are challenged. The
experiments find significant decreases in bearing stiffness at the fixed end conditions are relaxed. Additional stability
tests were conducted with the natural rubber bearing mounted on top of the columns to compare against numerical
bearing stability models that assume parallel end plate conditions or end plates with permanent (static) rotation. The
findings from the experimental research are used to evaluate potential changes in performance of a bridge with tall
piers. The bridge model is developed in OpenSees and analyzed under design and maximum considered earthquake
levels to determine the seismic demands on the isolation bearings particularly focusing on the rotational demands. The
bearing models are then updated to account for the rotational flexibility and the changes in bridge displacement
demands under seismic motion as well as force demands into the piers and deck are evaluated.
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1. Introduction

Traditional applications of isolation assume parallel and unrotated top and bottom end plates. However, there
are some situations when the parallel end plate assumption may not be valid. If the building columns or
bridge piers below the bearings, or the floor diaphragm or bridge deck above, are not rigid, the bearings may
experience rotations at one or both ends of the isolator, potentially affecting isolator design criteria such as
bearing buckling and horizontal stiffness, which are largely based on analytical models and experimental
tests that do not account for the effects of boundary rotation.

Experimental testing on the horizontal behavior of elastomeric bearings has largely been conducted
using parallel end conditions, and thus, design values are typically informed by experimental testing that
does not necessarily represent the end conditions in tall bridge piers. However, Ishii et al. [1] investigated the
moment-rotational behavior by applying cyclic rotations at pre-applied constant shear strains. They found
that bearing rotational stiffness increases with increasing vertical load but decreases with increasing shear
strain. In an opposite approach, Rastgoo Moghadam [2] tested a natural rubber bearing (NRB) with a
constant single end plate rotation, representative of settlement or installation errors. They concluded these
constant rotations can impart initial forces, shifting the hysteretic loops where the magnitude of shift is
influenced by axial loads. Chen et al. [3] tested full-scale high damping rubber (HDR) bearings under
multiaxial excitation including pitch, roll, and yaw. While the effects of the rotations on horizontal stiffness
were less than 5%, the peak rotations were 0.0043 rad, which is representative of typical new building
applications [4] where there are rigid diaphragms bounding the isolation system. None of these experiments
simulated the combinations of demands that would arise from flexible framing bounding the bearing.

Crowder and Becker [5] considered the horizontal behavior of a column-top elastomeric isolation
system with various columns of decreasing stiffness and concluded that flexible boundary conditions can
significantly reduce the horizontal stiffness of the bearing. The experimental program which only included
NRBs did not consider rotation at the top of the bearing or investigate the effect of axial loading. The
experimental program presented in this study explores these gaps using an NRB and a lead rubber bearing
(LRB) in a column-isolator system with varied applied top plate rotations under multiple axial loads.

Research on non-seismic elastometric bridge bearings, designed for thermal expansion, has established
rotational limits for the bearing so that they can maintain serviceability. However, when deisgning isolated
bridges it is typically assumed that the endplates remain parallel [6]. Too investigate the validity and effects
of this assumption, the results from the experimental study on column-isolator assemblies are used in
conjunction with a model of an existing bridges with isolated piers that increasing in height from 10.7 m to
44.2 m.

2. Experimental tests on NRB and LRB bearings

To assess the effects of top and bottom plate rotation and large shear strain on the horizontal behavior of
elastomeric bearings, a quarter-scale experimental program was conducted at McMaster University, Canada.
The test setup (Fig.1) had an NRB or LRB bearing at the top of various columns. The setup was modified
from Crowder and Becker’s [5] which could not apply rotation at the top of the bearing. The column sits on a
platform onn linear rails, driven by a displacement controlled horizontal actuator. Two force-controlled
vertical actuators connected to the reaction columns were used to apply vertical load to the system through
the loading beam. To apply rotation at the top of the bearing, a controlled pinned connection was used with
two paired single-acting vertical actuators on either side.

The properties of the bearings tested are in Table 1. While the bearings have similar horizontal
stiffness, the LRB is larger and slenderer with almost half the height to width aspect ratio or second shape
factor, S2, of the NRB. The theoretical bearing buckling loads presented are based on the overlapped area
method of buckling calculations by [7].
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Three columns, 0.875 m tall, were tested with each bearing. The two stiffest columns were designed to
stay elastic during cyclic testing while the smallest column was designed to yield. The properties of the
columns can be found in Table 1. To link the bearing properties to its supporting substructure, the columns
are presented in terms of a stiffness ratio (SR) between the horizontal stiffness of the bearing and the column.
With flexible column substructures, the stiffness of the column in the bearing-column subassembly is like a
cantilever [5]. As a result, the SR is found as

GA

Kp i .

SR = earing _ 3:]-
Keolumn = (1)

where G is the shear modulus of rubber, A is the area of rubber including cover, and t. is sum of the
thickness of rubber layers. E, I, and L are the Youngs modulus, second moment of area, and length,
respectively, of the supporting column. For the LRB, the SR is calculated based on the theoretical secant
stiffness of the LRB at 100% shear strain.

The NRB and LRB specimens were tested under cyclic horizontal displacement with proportional
rotation at the top of the bearing. Horizontal cycles were gradually increased up to 100 mm (253% shear
strain for the NRB and 104% shear strain for the LRB) with two cycles at each displacement increment, as
shown in Fig. 2. Rotations were increased proportionally to the displacement, as would be seen under typical
first mode behavior or from overturning moment, as seen experimentally in a building tested by Chen et al.
[4]. Cyclic rotations of up to 0.01 rad and 0.02 rad were applied for the NRB, while only rotations up to 0.01
rad were usesd for the LRB. All tests were performed at two different axial loads for each bearing. For the
NRB, axial loads of 2.5 MPa and 5 MPa corresponding to 50 and 100 kN were used. For the LRB, axial
loads of 1.25 and 2 MPa corresponding to 50 and 80 kN were selected. Axial loads and top-plate rotational
demands were limited for the LRB because of its low shape factor which leads to low buckling load, and
buckling load further decrease with boundary flexibility.

Pin with controlled
§  rotation

Load cell
Bearing

Fig. 1 - Column-top test setup with NRB and HSS127x127x8.0 column
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Table 1 - Bearing properties

Bearing Property Natural Rubber Lead Rubber Bearing
Bearing (NRB) (LRB)
Radius (mm) 80.0 114.3
Area of rubber (mm2) 20110 39900
Lead core radius (mm) n/a 19.0
Rubber layer thickness (mm) 1.98 6.0
Steel shim thickness (mm) 1.0 2.7
Total rubber thickness (mm) 39.6 96.0
Height (mm) 101.8 210.0
Shape Factor, S1 19.6 7.9
Shape Factor, S2 4,54 2.38
Shear modulus (MPa) 0.40 0.40
Overlap Pt at 100% strain (KN) 475.4 102.6
Table 2 - Column properties
Column Size 1 (10® mm*) SRngrs (%0) SRLrs (%0)
HSS127x127x8.0 7.7 2.9 3.8
HSS102x102x8.0 3.7 6.1 7.8
HSS76x76x4.8 1.0 22.7 29.1
100
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Fig. 2 - (a) Displacement protocol (b) Bearing positive notation
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2.1 Natural rubber bearing assemblies

The shear-displacement measured in the global horizontal axis and the top and bottom moment-rotation
responses of the NRB bearing with the three column assemblies are shown in Fig.3 for 5 MPa axial pressure.
The global horizontal stiffness of the bearing is impacted by the presence of both top and bottom boundary

rotation, Owp and Ouer.  The rotation of the top plate of the bearing plate relative to the bearing plate is termed
the local rotation, defined as

Brocar = E’atc;lp — Bpot 2

While using 0iocal to investigate bearing behavior is most intuitive, there is a strong relationship with the total
rotation of the bearing, 6w, Which is the total rotation applied to the end bearing boundaries shown as

Btotar = Gtop + Opot 3)

If both the top and the bottom of the bearing are rotated 0.02 rad clockwise, Oiocal is O rad while Broa is 0.04

rad. This scenario can be seen in Fig.4(b), where the top plate and bottom plate are equally rotated and
represent a parallel, although flexible end condition.
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Fig. 3 - Force-displacement, top and bottom moment-rotation responses of column subassemblies at 5 MPa
axial load (100 kN)
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Fig. 4 - (a) NRB-102x102x8.0 with 6top =0 (b) NRB-102x102x8.0 with 6top = 0.02 rotation, (c)
NRB-76x76x4.8 with 6top = 0, (d) NRB-76x76x4.8 with 6top = 0.02

The combination of applied rotation and a flexible supporting column resulted in cumulative decreases
in horizontal bearing stiffness of roughly 20%, but this scenario represents an extreme boundary case with a
column with a SR of 22.7% (resulting in peak Oyt = 0.045 rad) and applied 6wp Of 0.02 rad. More realistic
design scenarios are represented by the 127x127x8.0 and 102x102x8.0 columns, where decreases in
horizontal stiffness of roughly 4% to 13% were observed during the cyclic tests. The reduction in horizontal
stiffness due to rotation is roughly 3.5-4.5% per 0.01 rad B for 5 MPa and 1.5-2.5% per 0.01 rad Oiota fOr
the 2.5 MPa load case, as shown in Fig.5. So, interestingly, the decrease in horizontal stiffness is
approximately equal between tests when the 0w IS equal, regardless of at which end the rotation is applied.
This means that bearing test setups capable of rotating only one end plate can capture the expected decrease
in horizontal stiffness by applying the 8 instead of the predicted combination of 8ip and Opot.

Change of horizontal stiffness with pressure is well recognized as a combination of change in shear
modulus of the elastomer, G, and P-A effects [8]. However, here, even the coupling term with rotation is
influenced. As seen in Fig.5, larger axial load level pressure results in a higher decrease dependency of
horizontal stiffness on rotation. This trend agrees with the conclusion drawn by Karbaksh Ravari et al. [9]
from the Haringx [10] derivation for rotated boundary conditions, where the horizontal stiffness decrease
due to rotated boundary conditions is a function of axial loading. A comparison of secant stiffnesses with
different end conditions at a range of strains is shown in Fig.6. Application of 0, applied in conjunction
with shear unfiromly decreases the shear stiffness over all shear strain levels.

Both the bottom moment and rotation were influenced by the application of rotation at the top of the
bearing. While applied top rotation increased the bottom moment, it also decreased the bottom rotation by up
to 10%. Thus, while the decreased horizontal stiffness is dependent on 6w, the distribution of bending
moment is dependent on the rotation of one plate with respect to the other Bioca. This can be seen in the top
moment-rotation plot of Fig.3 when the rotation is equal at the top and bottom plate, such as for the
102x102x8.0 column with 0.02 rad of applied rotation. In these essentially parallel boundary conditions, the
top and bottom have nearly equal moments. Furthermore, when there is a difference between 6p and Opot,
there is a nonlinear moment-rotation relationship with curvature that changes with the magnitude of O
relative to Oper. This moment-rotation relationship is linear when parallel boundary conditions are maintained
(B10cal = 0 rad).

© The 17th World Conference on Earthquake Engineering - 2d-0042 -



2d'0042 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 177WCEE
Sendai, Japan - September 13th to 18th 2020

Applied load: 100 kN Applied load: 50 kN

110

£ 110

L1000 o 1000 Uy o
= O ) Q
= g0} sy {1 sof * % %
% 8ot * ¥ 801
S
= 7ot 1 70}
-
D60t 60
o 30 50
S 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.01 0.02 0.03 0.04 0.05 0.06 0.07
- Total Rotation, 6, (rad) Total Rotation, 0, (rad)
£ 110 110
o100t o] 100t O oo
= o t o . * * o o
= 9ot = S0+ -
:n * [m] * N — ”lup = rad
% 80f * ¥ - et 0,y = 001 rad
5 0 =002rad
— T0 b 4 7O b wop
= ' O HSS127x127x8.0
N g0k ] 60 - O HSS102x102x8.0
< #*  HSS76x76x4.8
s 0 50— . i ! ‘ A
B -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01
Local Rotation. 6, _, (rad) Local Rotation, ol (rad)

Fig. 5 - Bearing stiffness decrease with total rotation, O, and local rotation, Ojeca, at 100% shear strain and
(a) 5 MPa and (b) 2.5 MPa compared against HSS127x127x8.0 with rigid top conditions
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Fig. 6 - Comparison of global NRB stiffnesses with 5 MPa

The NRB was then tested to 300% shear strain under axial loads of 7 to 11 MPa with the two stiffer
columns. These axial loads correspond to 96% to 150% of the theoretical overlap buckling load at 300%
shear strain. The deformed shape at 300% shear strain is shown in Fig.7. Both columns experienced minor
inelastic yielding, but none of the bearing-column subassemblies exhibited negative stiffness. Thus, the
simplified overlap method to find the buckling load was suitable for these bearings even under extreme
rotations (0.016 rad and 0.029 rad of rotation at the bottom of the bearing for the 127x127x8.0 and
102x102x8.0 subassemblies respectively). This finding is limited to bearings of similar shape factor as
bearings with lower shape factors are more susceptible to instability. After these extreme rotations, the
bearing was tested to 200% strain under 5 MPa with the stiffest column to compare against the original
behavior. The comparison is shown in Fig.8. The one-sided hysteresis loop is nearly identical to that from
before large rotations were imposed; however, there is no longer strain hardening at 200% shear strain. This
shows excellent resiliency for the bearing under combined shear strain and large rotation.
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Fig. 7 - NRB tested to 300% shear strain supported by the 102x102x8.0 column, Ooca = 0.028 rad.
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Fig. 8 — NRB behavior pre and post extreme loading scenarios, 5 MPa

2.2 Lead rubber bearing assemblies

The global shear-displacement and top and bottom moment-rotation responses of the lead rubber bearing
with the three column assemblies under the range of applied top rotations are shown in Fig.9. There is a
pinching behavior, less pronounced in the hysteresis loop for the HSS76x76x8.0 subassembly because of the
added hysteretic dissipation from the yielding column. This behavior is caused by a lack of confinement of
the lead core due to light axial loads. If lightly loaded, the lead core cannot reach its full yield strength due to
vertical slippage of the sides of the lead core or horizontal slippage of the ends of the lead core [11]. A
method to increase confinement of the lead core is to decrease rubber layer thickness [12]. As the S1 of the
LRB is low (relatively large rubber layer thickness) and was lightly axially loaded, this pinching effect was
pronounced.

Similar to the NRB subassemblies, global horizontal stiffness decreases with top and bottom bearing
rotation. Under rigid top conditions, the peak bottom plate rotations, Oy, for the 127x127x8.0, 102x102x8.0,
and 76x76x4.8 columns reached 0.017, 0.024, and 0.065 rad of rotation respectively. While the shear strain
demands and axial loads are relatively low, these are extremely large rotational demands. The reduction in
horizontal stiffness is very similar to the NRB, whith a decrease of roughly 3.5-4.5% per 0.01 rad Oy Was
observed for both axial pressures.

The 76x76x4.8 presents an extreme boundary condition, where the yielding of the column and bottom
rotation of the bearing caused zero tangent stiffness behavior for the 2 MPa load case. This can be seen in the
76x76x4.8 force-displacement plot of Fig. 9, where the tangent stiffness approaches zero. At this shear strain
and pressure (55% and 2 MPa), the theoretical buckling load is roughly double (4.2 MPa or 170 kN). Thus,
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the flexible boundary conditions have a significant effect on the buckling loads for this bearing with low

shape factors (S1 = 4.54, S2 = 2.38). This contrasts against the NRB (S1 = 19.6, S2 = 7.9) conclusions,
where the overlap buckling load was conservative.
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Fig. 9 - Force-displacement, top and bottom moment-rotation responses of column subassemblies at 2 MPa
pressure

3. Expected rotations in bridge isolation bearings
3.1 Bridge model

To investigate whether rotations may be a concern for bridges with taller piers, a portion of the Coronado
Bridge in California was modled using OpenSees. The bridge sits on rocker bearings at the abutment, on lead
rubber bearings on piers 2 through 14, and on pins for the remaining piers. As the bridge is pinned at the
abudment and after pier 15, the bridge is not fully isolated in a traditional sense, but the motions of piers 2
through 14 are isolated from the bridge deck motion. The isolated spans are approximately 68 m in length
and the piers increase in height from 10.7 m to 44.2 m. Each pier consists of two columns with four isolators
placed transverse to the deck on a bent cap. Steel plate girders span from the abutment through pier 18 with

steel trusses oriented transverse to the deck. Aditionally, the bridge makes a near 90° bend between piers 4
and 16.
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Linear elastic elements are used for all bridge members except for the isolation bearings which were
modeled using Bouc-Wen Elastomeric bearing elements. The geometry and details were obtained from 1999
retrofit plans. For simplification of the model, the spans were modeled with stiff elastic beam-column
elements, and the trusses were excluded. The abutment was modeled using pinned end conditions. The pier
column base nodes were assumed to be fixed, and pier 15 was added with pin connectors between the
column cap and the girders using zero-length elements to release the rotations at the top. The first 6 piers of
the bridge sit at about a -40° angle from the global x-axis and pier 14 at about a 20° angle from the global x-
axis. A modal analysis was preliminarily performed to obtain the natural period of 3.7 s.

Ground motions with 2400 year return period are used in the analysis. This site has stiff soil (180 m/s
to 360 m/s) and has resulting short period peudo acceleration of 1.58s and 1 s pseudo acceleration of 0.93.
The bridge is right above the Newport-Inglewood-Rose Canyon Fault Zone, about 20 km from the Coronado
Bank Fault Zone, and 25 km for the San Diego Through Fault Zone. Eleven acceleration scaled ground
motions were obtained using the NGAWest2 library, choosing only motions with magnitudes between 6 and
8 and distances between 0 km and 30 km. The ground motions were scaled to the period of the bridge.

3.1 Predicted responses

The predicted bearing displacement demands are shown in Fig.10. Pier 1 (the abutment) has a rocker bearing
and thus no displacement. The bearing demands then increase consistently as the pier height increases. With
the increase in displacements comes a larger distribution of demands between the records. However, in
general, shear strain demands stayed below 200%. The peak rotations about the two global horizontal
directions are shown in Fig.11 for the eleven ground motions, and the rotational orbits for a representative
ground motion are shown in Fig.12. There is only a small amount of rotation at the top of the bearing at the
deck interface, typically less than 0.005 rad. However, at the bearing-pier interface there are larger rotations
that increase in amplitude with pier height. The peak rotations for the taller piers is on the oder of 0.02 to
0.03 rad for the majority of the ground motions. Thus, the effective bearing stiffness can be expected to
decrease on the order of 5-10% for these bearings, furthing increasing displacement demands.

Peak bearing displacements under 2,400 year events
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Fig. 10 — Predicted bearing displacement demands
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Fig. 12 — Predicted bearing displacement demands for GM4

4. Conclusions

To investigate the potential effects of rotation on pridges with taller piers, an experimental study was
conducted in which a bearing-column assembly was tested in which rotation at the top of the bearing was
applied simultaneously with horizontal shear. The experiments found that bearing stiffness reduces
proportionally to the total rotation of the bearing (rotation of the top plus rotation of the bottom). For the
bearing with normal shape factor, stability was maintained under large loads (150% Pgir from the
overlapping method) and shear strains (300%) even when the bearing is mounted on a moderately flexible
column. However, for the bearing tested with very low shape factors, the bearing reached its stability limit
well below Pgit. As typical isolation bearigns do not have these low shape factors, this should not be a major
concern in design. Lastly, the bearing with low shape factors was retested after going through large rotational
demands, and the bearing did not show any evidence of damage.

A simplified model of a constructed bridge with increasingly tall isolated piers was then modeled in
Opensees. Extrapolating from the experimental data, the bearings in the bridge may expereince decereases in
stiffness on the order of 5 to 15%. While small, these reductions in stiffness should be incorporated so that
designs accommodate for the increased displacement.
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