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ABSTRACT

This report describes the mechanical characteristics of rubber bearings

designed for a base isolated bridge deck model which represents a typical highway

bridge superstructure. Two diffe~>ent forms of isolation system were used in the
.

test program. The first set of isolators were elastomeric bearings made from

natural rubber layers and reinforced with steel plates. The second set of isolators

were also elastomeric bearings of the same construction as the first set but with a

lead plug on a vertical axis to enhance damping. To satisfy the dynamic simili

tude laws for the model, the bearings were unusually slender by current code

specifications and outside the range of height-to-width ratios commonly accepted

for stability of elastomeric bearings in the United States.

Static compression and shear tests, cyclic shear tests at different compression

loads, and a series of shaking table tests were undertaken at the Earthquake

Engineering Research Center of the University of California at Berkeley to estab

lish fundamenta,l stiffnesses, buckling loads and dynamic performance of the bear

ings. Of particular interest is the confirmation of theoretical predictions of the

static stiffnesses, the buckling loads using a Southwell plot procedure, the reduc-

tion in lateral stiffness due to vertical load, and the limiting shear displacement

defining the onset of overturning instability.
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1. INTRODUCTION

1.1 Background

Base isolation is a design strategy founded on the premise that a structure can be

substantially decoupled from damaging horizontal components of earthquake motions

so that levels of force and acceleration in the structure will be significantly reduced.

The principle of base isolation is to introduce flexibility at the base of a structure

in the horizontal plane, while at the same time adding one or more damping elements

to restrict the amplitude or extent of the motion caused by an earthquake. The essen

tial design objective is to ensure that the period of the structure is well above that of

the predominant earthquake input.

The concept of base isolating structures from the damaging effects of earthquakes

is not new. The first patent for a base isolation scheme was taken out in 1907 and,

since that time, several proposals with similar objectives have been made. Neverthe

less, because of practical difficulties with the isolation schemes and their hardware,

until very recently few structures had been designed and built using this concept.

Most isolation systems contain the following three basic elements:

(i) a flexible mounting so that the period of vibration of the total system IS

lengthened sufficiently to reduce the force response;

(ii) a damper or energy dissipator so that the relative deflections between building

and ground can be controlled to a practical design level; and

(iii) a means of providing rigidity under low (service) load levels such as wind and

minor earthquakes.

Mechanisms for introducing additional flexibility are numerous and include elas

tomeric pads, sliding plates, rollers, cable suspensions, sleeved piles and rocking (step

ping) foundations. Of these the elastomeric bearing has received the greatest atten

tion. This is because bridge structures have, for a number of years, been successfully
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supported on elastomeric bearings to accommodate thermal and shrinkage effects.

Numerous examples also exist where buildings have been successfully mounted on elas

tomeric pads. Over one hundred structures in Europe and Australia have been built

on rubber bearings to isolate them from vertical vibrations generated by nearby sub

way and surface rail transit systems. All are performing well more than thirty years

after construction.

The elastomeric bearing is particularly suitable for isolation applications because

additional flexibility and period shift can be attained by increasing the thickness of

the bearing. While the introduction of lateral flexibility is highly desirable, additional

vertical flexibility is not. Vertical rigidity is maintained in an elastomeric bearing by

sandwiching steel shims between each rubber layer. The steel shims, which are bonded

to each layer of rubber, constrain lateral deformation of the rubber resulting in verti

cal stifInesses several hundred times the lateral stiffness.

Thirty years of field experience with elastomeric bearings have shown them to be

durable and reliable elements. Consequently, they are now being used for seismic isola

tion in several countries, including the United States of America. Although in most

cases, the bearings are of the same general form as those used in conventional bridge

design, there are a number of distinct differences between conventional (bridge) bear

ings and isolation bearings. A summary of these differences is followed by some discus

sion of them.

Compressive stresses are higher in isolation bearings, so that when designing for

axial load, a rational method of design that includes the effect of high shear

strain is required.

Isolation bearings are taller than bridge bearings and are therefore more slender.

The buckling limit state needs careful evaluation.

During a maximum credible earthquake isolation bearings are expected to

deform to much higher levels of shear strain than encountered in non-seismic
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applications. Performance at high shear strain needs to be considered since

change in height, reduction in footprint area and susceptibility to rollover all

become significant with high shear strain.

Isolation bearings are sometimes structurally modified to accept a core or plug of

material to enhance the damping characteristics. The effect of a hole on the

shear and axial stiffness of a bearing needs to be determined.

Rated Load

The method of rating an elastomeric isolation bearing for axial load must be

more rigorous than for a conventional bridge bearing because of the combination of

high axial load and large shear strain. Limiting the compressive stress to an allowable

value does not adequately account for the combination of strains resulting from large

axial load and high shear strain. An alternative procedure is therefore required for the

design of isolation bearings. Procedures have been adopted in several European and

British codes in which the total shear strain in the elastomer, from all sources, is lim

ited to a fraction of the ultimate elongation-at-break. If isolation bearings are

designed to these more appropriate procedures (that is, a limited strain criterion), the

resulting compressive stress is found to exceed the allowable limit in the U.S. code [1].

Slenderness

Elastomeric isolation bearings are more slender (taller) than those used for bridge

expansion bearings and their height-to-width ratios approach or exceed current bridge

code limits. These limitations are required to ensure stability of the bearing and

predictable performance. They encourage bearing shapes which deform primarily in

shear, rather than flexure, and as a result simplified design procedures can be used.

For example, the AASHTO Specifications [1,2] for highway bridge bearings and the

AREA Railway Bridge Specification [3] limit the total rubber thickness to less than

one-third of the length or one-half of the width of the bearing (whichever is the
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smaller) to ensure squat geometry. The British Specification BE 1/76 [4] places a res

triction on both the individual layer thickness and the total rubber thickness. Both

the British Standard BS 5400 (Part 9A: Code of Practice for Bearing Design) [5], and

the VIC 772R Specification by the International Union of Railways [6] adopt a limita

tion based on compressive stress, shear modulus and shape factor. These various code

requirements for slenderness are summar~zed in Table 1.

Stability

Shear strains greater than 50%, and sometimes as high as 150%, are to be

expected in isolation bearings. The existence of these strains in combination with high

axial load must be considered in design. The reduction in footprint leads to locally

high compressive stresses and buckling loads are dramatically reduced in almost direct

proportion to the loss in area. Overturning of the bearing, however, may occur before

the onset of buckling and both limit states need careful assessment.

Other issues that need to be considered for elastomeric isolation bearings include

the reduction in lateral stiffness with increasing vertical load and the reduction in

height with increasing shear strain.

1.2 Scope of the Report

Slender elastomeric bearings were recently designed and fabricated for a research

project on the performance of base isolated bridge superstructures at the Earthquake

Engineering Research Center of the University of California at Berkeley [7]. Since the

model superstructure was relatively light, the bearings were correspondingly higher

than normal in order to give a mass-to-stiffness ratio that ensured a fundamental

period of about 1.5 seconds. The bearings that were designed and tested during this

project had an overall height-to-width ratio of almost unity. Since these bearings did

not meet the requirements of the AASHTO and AREA codes and were close to the

limits of other codes, the opportunity was taken to make a careful examination of
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their mechanical properties (static and dynamic stiffnesses, buckling load, overturning

displacement, etc.) and to compare these properties with theoretical predictions for

slender bearings.

Many of the issues indicated above were studied using the results of single com

ponent testing and of shaking table testing. This report describes the results of these

tests as they affect the design of elastomeric isolation bearings. Correlation with

theoretical prediction is made wherever possible and several new theories are postu

lated for elastomeric bearing performance.
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2. BEARING DESIGN AND MATERIAL SPECIFICATIONS

2.1 Base Isolated Bridge Deck Model

The bearings were designed to support a model bridge deck for the purpose

of studying seismic isolation of a bridge superstructure using the 20 ft x 20 ft

shaking table of the Earthquake Simulator Laboratory. The model deck

comprised two parallel, 20 ft long, WF16 steel girders spaced 6 ft apart and con

nected transversely by channel sections and angle cross-bracing (Figures 1 and 2).

These girders supported precast concrete slabs and lead ballast to give a total

weight of 96 kips, typical of short-span reinforced concrete decks.

The isolation bearings were designed to give an effective period to the deck of

1.5 seconds so that real time unsealed records of ground motion could be used for

table input motions. In this sense the model scale factor was unity, but because of

the physical dimensions of the table, the model was limited in size, if not in

weight, and a length scale factor of 4 was used for geometry. However, since the

vibration modes of particular interest were predominantly in the horizontal plane,

this length scale factor was not important - the deck being assumed to be rigid

in its own plane.

2.2 Material Properties and Bearing Design Parameters

The formulation from which the bearings were made was developed by the

Malaysian Rubber Producers' Research Association (MRPRA). To develop the

frequency characteristics for the bridge deck, it was necessary to select a fairly soft

rubber and that chosen was MRPRA EDS 39 [8] with a nominal shear modulus

(G) at 50% strain of 100 psi and an IRHD of 55. The rubbel' as compounded by

the manufacturer had a hardness of 50 and a 50% shear modulus of 103 psi and a

minimum elongation-at-break of 550%. The elastic modulus (E) at 50% strain

was 412 psi.
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The bearings were manufactured by Oil States Industries Inc., Athens, Texas.

They were all 8-1/2 inches square in plan and 7-7/8 inches in overall height (Fig

ure 3). Fourteen natural rubber layers, each 3/8 inch thick were used to obtain

the desired rubber thickness of 5-1/4 inches. A central hole, 1-1/2 inches in diame

ter, was formed in each bearing and a lead cylinder pressed into this hole after

tests on the plain, unfilled bearings were completed. The design earthquake for the

bearings was El Centro 1940, 0.33g peak ground acceleration.

The shape factor of a 3/8-inch rubber layer including allowance for an

unfilled 1-1/2 inch diameter hole is 8 =4.52. An estimate of the compression

modulus is given by the standard formula [9]

Ec = E (1 +2",S2)

where'" is 0.64 for MRPRA EDS 39 rubber. Thus Ec = 11.2 ksi.

(2.1)

Let A be the cross-sectional area of the bearing and Tr the total thickness of

rubber layers in the bearing. The nominal shear stiffness given by

Kh = GA/Tr

is predicted to be 1.22 kips/in. and the axial stiffness given by

is 132.6 kips/in.

Based on Haringx's theory [9,10,11], the critical (buckling) load is

where

(2.2)

(2.3)

(2.4)

PE =7r
2T /H

R=KHr
T = Eb I H/Tr

I = moment of inertia of bearing about axis of bending

H = height of bearing excluding top and bottom plates

Eb = E (1 +0.74282 ) for a square bearing [12].

Thus the predicted buckling load of the rubber bearing without lead plug is 68.2
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kips. The reduced shear stiffness at 25-kip axial load is given by

K r = ~ [(1+ ~)( ta;f3 -1) ]-1

= 1.01kips/inch

where

f3 = qH/2
q =[P(l+P/R )/Tf/2

P = axial load.

(2.5)

In design codes, an important parameter affecting bearing stability is the

ratio Tr / B, where B is the width of the bearing. For the given geometry this

ratio is 0.62 which exceeds the AASHTO limit (Table 1) of 0.33 by a wide margin.

However, since the rubber layer thickness tr equals 0.04B, the given bearing

satisfies the BE 1/76 limitations (Table 1: tr < 0.25B and T r < B) and the

BS5440 and VIC 772R criteria which for the given geometry require that

Tr < 0.8B (Table 1: G = 103 psi, S = 4.52, ere = 390 psi). The limiting dis-

placement to prevent overturning instability is discussed in Chapter 5.
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3. STATIC TESTS OF BEARINGS AND SOUTHWELL PLOTS

3.1 Axial Stiffness (Kv )

Single bearings were tested in direct compression and a typical load-deflection

curve is shown in Figure 4. Hysteresis is evident and the nonlinearity implies a

variation with strain amplitude and load path. A mean value for stiffness may be

computed by taking the slope of the line joining the origin to the point of load

reversal. The value so obtained is 135 kips/inch which is in good agreement with

the theoretical value (132.6 kips/inch) predicted for these bearings.

While slenderness does not appear to influence the axial stiffness, it was

found necessary to include the surface area of the unfilled central hole in the cal

culation for shape factor which is then used to predict the axial stiffness.

3.2 Reduced Shear Stiffness (Kr )

Two bearings, separated by a steel plate, were placed in series in a compres

sion test machine. An axial load of 25 kips was applied to both bearings and the

steel plate pulled laterally to deform the bearings in shear. A plot of the shear

force against the corresponding shear displacement is given in Figure 5.

The nonlinear nature of the bearing is again obvious and its hysteretic

response is evident from the difference between the loading and unloading paths.

The mean slope (from origin to point of load reversal) is 2.0 kips/inch, which

implies an average shear stiffness for each bearing over this range (almost 80%) of

1.00 kip/inch. The tangential stiffness at 50% shear strain on the loading curve is

0.g4 kip/inch per bearing. Both values are in good agreement with the predicted

value of 1.01 kips/inch.
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3.3 Buckling Load (Per)

A Southwell plot [13,14] procedure was used to determine experimentally the

buckling loads for the bearings. To simulate the field end support conditions (i.e.

one end fixed against rotation and translation, the other fixed against rotation but

free to translate freely), two bearings were again mounted in series in a compres

sion test machine. However on this occasion they were separated from the steel

platens of the compression machine and each other by wedge-shaped steel plates.

These plates had been machined so that their load bearing surfaces were 1 degree

out of parallel to each other and then oriented so as to introduce a small but

finite eccentricity (80 ) into the bearing "column". Figure 6 shows the general

arrangement before axial compression was applied to the bearings.

Measurements of the axial load (P) and the corresponding horizontal

deflection (0) of the center wedge plate were recorded up to a maximum of 40 kips.

Plots of 8/P against 8 are shown in Figure 7 from which the Southwell procedure

gives the critical load from the inverse of the slope of the line and the initial

eccentricity from the intercept on the &axis. It is seen that the buckling load and

eccentricity are 71.6 kips and 0.53 inch, respectively.

Alternatively, P may be plotted against P /8 (the so-called reversed

Southwell plot) which is thought to give slightly more accurate estimates of criti

cal load. This plot, from which the critical load is the intercept on the P-axis

and the eccentricity the intercept on the P / &axis, is shown in Figure 8. The

values for the buckling load and eccentricity are then 70.0 kips and 0.56 inch,

respectively. The buckling load is in excellent agreement with the predicted 68.2

kips and confirms the adequacy of the Haringx formulation. The design load was

24 kips and therefore the factor of safety against buckling for these slender bear

ings was almost 3.
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The theoretical initial eccentricity is 0.14 inch (Figure 6) but since no particu

lar care was taken to align the bearings directly over one another when setting up

the experiment, the actual eccentricity could have been much larger and a value of

the order of 0.5 inch is not unreasonable.
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4. CYCLIC SHEAR TESTS OF BEARINGS UNDER

DIFFERENT COMPRESSION LOADS

4.1 Test Setup

A test rig was designed to subject a single bearing to combined static vertical

and cyclic lateral loads. It consists of two heavily-braced reaction frames support

ing a horizontal hydraulic actuator and two vertical actuators (Figure 9). The

horizontal actuator can move sinusoidally according to the command signal from

a controller. The vertical actuators apply, through a beam, a compression load to

the bearing to simulate the gravity load effect. The vertical actuators are con

trolled electronically such that the total compression load is maintained at a

specified constant load while the differential displacement between the actuators is

always zero.

A force transducer is placed under the bearing specimen to measure the shear

force and bending moment. A reaction block composed of a concrete base and a

wide flange steel beam provides anchorage to the test floor. A rigid spacer is

placed between the transducer and the bottom beam to maximize the length of

the vertical actuators so that the change of vertical load component in the actua

tors due to lateral displacements becomes insignificant. Two struts connected per

pendicular to the top beam enhance the transverse stability of the test rig.

The bearing specimens were subjected to a sinusoidal horizontal displace

ment under a constant compression load (P). Since the dynamic properties of

rubber depend on the amplitude of motion, several series of tests were conducted

at different displacement amplitudes. For each series of test results, the rubber

properties were determined independently. The diagonal stiffness (Kd ) of a hys

teresis loop and the loss angle (4J) are determined, respectively, from
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10K d =-
do

A).. . -1 [ loop
'f-' = SIn

7r 10 do

where 10 and do are the amplitudes of the horizontal

(4.1)

(4.2)

force and displacement,

(4.4)

respectively, and A loop is the area of the hysteresis loop per cycle. Each test is

also used to determine the change in bearing height,

Doh max = maximum Doh (t) - minimum Doh (t) (4.3)

In this calculation, correction is made to account for the horizontal displacement

(the "are" effect) and also the change in bearing height due to slight variation in

the actual compression load.

4.2 Analytical Model and Parameter Identification

A viscoelastic P -Do model, which takes into account significant shear defor-

mation, is used here. This model is consistent with Haringx's theory but only

considers the first mode; it is therefore called the "first-mode consistent model"

[15]. For a homogeneous element, the complex shear stiffness can be shown to be

K*~ C*A [1+~ (l+p* )2 ]-1
T H 7r2 Pe - P* ( 1+p * )

where

Pe = PE/GA

* Pp --,--
G*A

G*=G(I+i,)

in which , is the loss angle of the material. The dynamic shear stiffness and the

loss angle of the bearing are, respectively,

K d = IK,*I
I (K*)

<P = tan-1 (m T ).

Re(KTJ

(4.5)

(4.6)
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Another quantity of interest is the height reduction of the bearing during the

lateral motion. The height reduction of the bearing corresponding to a cyclic

lateral force of F (t) = f 0 cos(wt) is

(4.7)

where

f * = f 0 exp( i wt )

'l/J* = i- f * (1+p *)
1r G*A Pe-p*(I+p*)

The controlling parameters for the analytical model can be grouped as fol-

lows:

(i) H, the combined height of the rubber layers and steel plates (not including

the top and bottom end plates).

(ii) I, the material loss angle.

(iii) (GA )e!! ' the effective GA of the bearing.

(GAle!1 = GA HITr (4.8)

where Tr is the total thickness of all rubber layers. The scaling factor H / Tr

is to account for the presence of the steel plates which are assumed to be

rigid compared with rubber. This is done so that the bearing can be treated

as if it were made of homogeneous material.

(iv) (EI)el!' the effective EI of the bearing. If incompressibility is assumed for

rubber and also a high shape factor, it can be shown (see Section 4.3 in refer

ence 15), that

(EI)el I ~ 2.2382 r 2 (GA )elI

for a square-shaped bearing, where r 2 = 1/A .

(4.9)
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For the bearing with a central hole but containing no lead plug, the

equivalent square bearing that has the same cross-sectional area and shape factor

is used. Since H is known and (EI)e!! is related to (GA )e!f ' only two parame

ters (G and ,) are needed to define the bearing stiffness and damping characteris

tics for a fixed amplitude of motion. Although data sheets for rubber are avail

able [8], the rubber' used in the bearing may have somewhat different properties

from the rubber used in the tests pertaining to the data sheets. It has also been

observed in past experiments that the bearings usually have a higher damping fac

tor than the smaller rubber specimens used in tests to obtain the data sheets; but

the reason is not fully understood. Furthermore, different curing conditions affect

the shear modulus of rubber. For these practical reasons, G and "I are estimated

from tests of the actual bearing specimens, as follows:

(i) The value of , is estimated from the initial portion of the damping curve

since theoretically <p = "I at P = o.

(ii) The value of G is similarly estimated from

K d ~ ( 1 + tan2, )1/2 [ H + H
3

]-1 at P ~ O.
(GA )e!! 12(EI)eff

Since there are inevitably some experimental errors in obtaining data for the ini-

tial flat portion of the curve, some slight adjustments in these two parameters are

sometimes necessary to achieve a better correlation.

.4.3 Bearings Without Lead Plug

The test data are summarized in Table 2. Using the foregoing parameter

identification procedure, the loss factors of rubber for 1 inch, 3 inch and 5 inch

shear tests are estimated to be 7%, 8% and 9%, respectively. The corresponding

shear moduli are found to be 138 psi, 119 psi and 105 psi. In Figure 10 the
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theoretical curves for K d based on the first-mode consistent model are compared

with the experimental data. It can be seen that the model gives a very good

quantitative representation of the dynamic shear stiffness of the rubber bearing.

Similar comparisons for the damping factor of the bearing are made in Figure 11.

The quadratic variation of the damping factor of the bearing is clearly demon

strated by the experimental data and well described by the proposed model.

The experimental results for the height reduction of 1 inch tests were too

small to be reliable. Only the results for 3 inch and 5 inch tests were considered.

As shown in Figure 12, the scatter of the data points even for the same loading

condition reveals the difficulty of measuring small !::l.h max• Considering the meas

urement problem, the test results of !::l.h max agree satisfactorily with the first-mode

consistent model.

The height reduction versus the horizontal dispbcement for the experiment

and the theory are plotted for a full cycle in Figure 13. It is interesting to note

that the "inward" and "outward" curves do not coincide but rather, form a loop.

This happened in the tests. This phenomenon is not only due to the viscoelasticity

of the material but is also a result of the significant shear deformation which is

out of phase with the flexural deformation. Even with viscoelasticity taken into

consideration, a regular column (i.e. neglecting shear deformation) fails to repro

duce this phenomenon.

It is, however, very difficult to achieve a perfectly symmetric condition in the

experimental setup and therefore the experimental curve is typically not quite

symmetric. The solid curve in Figure 13 is an example from one of the actual

tests, corrected for the changes in vertical displacement due to the arc effect and

due to the slight variation of actual compression load. For clarity in comparison,
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the theoretical curve in Figure 13 has been shifted up by 0.1 inch. It can be seen

that the agreement between the theoretical loop and the experimental loop IS

good, except for the asymmetry of the latter. The non-symmetric behavior IS

believed to contribute partly to the discrepancies between the analytical and the

experimental results for height reduction.

4.4 Bearings With Lead Plug

The bearing with a lead plug is also treated as if it were homogeneous. The

parameters determined therefore represent some equivalent values for the rubber

lead composite bearing. Initially, the consistent model is used as a basic model

rather than resorting to a more elaborate model that would take into account the

elasto-plastic behavior of the lead plug.

Because of the presence of the lead plug the shear characteristics of the bear

ing are not related to the compression and bending behavior, therefore (EI)e!! is

taken to be independent of (GA )e!f' The test data are summarized in Table 3.

With I estimated to be 0.19, the best-fit values of (GA )e!! and (EI)e!! are found

to be 10.7 kips and 2269 kip-in2, respectively. Figures 14 and 15 show the good

agreement between the experimental results for K d and sin cjY, respectively, and the

first-mode consistent model. It is interesting to note that the damping factor of

the bearing went as high as 96% (when P was close to the critical load). In Fig

ure 16, the agreement for the height reduction is somewhat less satisfactory, espe

cially near the buckling load.
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5. OVERTURNING BEHAVIOR OF BEARINGS

5.1 Overturning Instability

An undesirable consequence of more slender bearings is their susceptibility to

overturning. This is particularly important when elastomeric bearings are subject

to high shear strains as may be the case during extreme earthquake events. Since

typical mounting details are specifically designed to release tension from the bear-

ing, overturing cannot be actively resisted by the support. Instead the bearing is

restrained from rolling off its seating pad by the axial force couple which provides

a restoring moment to the bearing. Premature overturning can therefore be

prevented by increasing either the axial load or the bearing width or both, so as

to increase the moment arm constituting the force couple. At the same time, the

bearing height should be minimized so as to reduce, if possible, the overturning

moment due to shear force. Combining both recommendations leads to a prefer-

ence for squat geometry.

Figure 17 shows a bearing deformed laterally through a displacement .6 by a

shear force (V) while carrying an axial load (P). If overturning is imminent, the

axial forces are assumed to act at the extreme edges of the upper and lower shims

or dowel plates. Equilibrium then requires:

VH=P(B-.6) (5.1)

where Hand B are the height of the bearing not including the two end plates

and the width of the bearing, respectively. Now if the bearing is linear,

V=Kr .6

and it follows that the critical displacement .6c is given by

.6c = PB / (P +K r H ) .

On the other hand, if the bearing is bilinear,

(5.2)

(5.3)

(5.4)
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where Qd is defined in Figure 18; and then

~ = PB-Qd H

C P +KrH

Equations 5.1, 5.2 and 5.4 are illustrated in Figure 18. The intersection of

Eqs. 5.1 and 5.2 gives the solution of ~c as defined in Eq. 5.3. Similarly the inter

section of Eqs. 5.1 and 5.4 gives ~c as defined in Eq. 5.5. Overturning does not

begin until ~c is exceeded, up to which point the bearing can be said to be uncon

ditionally stable against overturning. However for equilibrium to be satisfied

beyond this deflection, the shear force V must be reduced. The bearing stiffness

appears to soften for it now has a negative tangential stiffness of -P / H. The

secant stiffness is nevertheless still positive, but it is less than K r • At this point

the bearing is conditionally stable since its stability is dependent upon a I'eduction

in shear force. If the bearing is being driven by a force-controlled mechanism and

the force is not reduced, the bearing will overturn. Under random dynamic loads,

such as those imposed during an earthquake, it is conceivable that a force reduc-

tion may occur at the required time and the bearing may follow the stable branch

of the response curve to recover its original state without distress to itself or the

supported structure.

Overturning does not physically occur until the deflection exceeds the width

of the bearing and even then it may be prevented if the shear force should reverse

in direction, as is again possible in some dynamic loading situations.

The importance of slenderness is also illustrated in Figure 18. If the height to

width ratio (H / B) is taken as a measure of slenderness, it is seen that as the

slenderness increases, the critical displacement ~C, which determines the onset of

shear stiffness of the bearings, becomes smaller. It is also seen that the higher the

shear stiffness of the bearings the smaller is ~c, a fact which gives rise to the

reduced value for ~c for bilinear bearings of the same K r •
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5.2 Earthquake Simulator Tests

Shaking table tests were used here to study the overturning behavior of the

bearings. The weight of the model bridge deck generates a constant axial load.

By progressively increasing the intensity of table motion, it was also possible to

initiate simultaneous overturning (rollout) of all four bearings supporting the

bridge deck.

Based on Eq. 5.3, the critical displacement which defines the onset of rollout

is found to be 6.26 inches for bearings without lead plugs. The beginning of ins

tability should thus be evident in hysteresis loops that extend beyond 6 inches.

Figure 19 shows one such loop for a plain bearing during loading by an ATC-3

spectrum compatible record which had been scaled to a peak table acceleration of

0.32g. Clearly, one cycle has driven the bearing beyond the limiting displacement

and the bearing was then potentially unstable. However, a coincidental reduction

in superstructure inertial forces has produced the shear force in the bearing at the

same time, such that equilibrium and stability are both maintained. It is seen in

Figure 19 that a peak displacement of 7.42 inches was produced before the motion

reversed and the bearing recovered to its stable state.

Figure 20 shows the same bearing under a more severe ground motion (EI

Centro, peak acceleration scaled to 0.94g) in which the bearing did not recover

and overturning occurred at 8.25-inch displacement (which is almost the overall

width of the bearing). Collapse of the deck followed immediately. The agreement

between the theoretical critical displacement and that shown in Figures 19 and 20

is excellent and confirms the validity of the overturning model. As shown in Fig

ure 20, the intersection of the line K r ::::: 1 kip jin. and the line representing the

slope of the decreasing branch gives ~c = 6.5 inches which is in good agreement

with the previously predicted value of 6.26 inches.
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Further confirmation. is possible by comparing the slope of the decreasing

branch of the load deflection curve in Figure 20 against the theoretical value of

-p / H. Experimentally this value is -3.77 kips/in. Taking P at 24 kips and H at

6.875 inches, the theoretical slope is -3.49 kips/in.

It is of interest to note that after collapse the bearings themselves showed no

signs of failure despite imposed shear strains of 152%. No evidence of elastomer

tearing, bond failure or permanent distortion was found. In fact, the collapsed

bridge model was lifted and the same bearings reinstated for additional "rollout"

tests with other earthquake records.

As noted in Chapter 2, these bearings were designed for the El Centro, 0.33g

peak acceleration earthquake. The margin of safety against rollout was therefore

almost 3, despite the slender nature of the bearings. The overturning experiments

were repeated with the central hole in the bearings filled with lead. Since the lead

cores dampen the response and reduce bearing displacements for the same earth

quake intensity, a higher level of shaking can be tolerated before the overturning

displacements are reached. It was found necessary to increase the table motion

intensity by an additional factor of 1.74 to initiate the rollout of these bearings

which implies a factor of safety against overturning of about 5.0.

It should be noted that the bridge model was totally free to translate side

ways. In practice, abutment walls of side stops can be positioned to prevent

excessive displacements (and perhaps overturning) occurring under extreme earth

quake events.
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6. CONCLUSIONS

Elastomeric bearings which are used as seismic isolation bearings are more

slender than ,conventional elastomeric bearings. This report has discussed the

implications of slenderness on their mechanical properties. The following conclu

sions are made:

(1) The vertical (axial) stiffness of a slender bearing is not influenced by slender

ness and may be adequately predicted by conventional theory. However, for

a bearing with a circular hole on its vertical axis, the shape factor should

include the presence of the hole. First, only the bonded area of rubber should

be used which is calculated from the dimensions of the shim plates less the

area of the hole. Second, the area free to expand (bulge) should include the

area facing into the hole. If, however, the hole is filled with say a lead core,

this additional area term should not be used.

(2) The lateral (shear) stiffness of a slender bearing is strongly influenced by the

vertical (axial) load -- an effect which is routinely ignored for squat bearings.

For the test bearings with Tr = 0.62 L, a 17% reduction in static lateral

stiffness was found due to a vertical load equal to 35% of the critical load.

This observation is in good agreement with the theoretical prediction by the

Haringx theory.

(3) The first-mode consistent model developed to account for the P -~ effect in

the dynamic analysis of bearings is found to be appropriate. This analytical

model is able to model the reduction of dynamic lateral stiffness and the

increase in energy dissipation with increasing axial load. Both phenomena

were observed in the experiments.

(4) The critical (buckling) load is conservatively given by the Gent/Haringx for

mulation. It may be confirmed experimentally without risk of failure or dam

age to the bearings, by use of Southwell's procedure. The factor of safety
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against buckling for the test bearings was almost 3.

(5) The overturning displacements may be accurately predicted assuming that

the axial forces which comprise the restoring couple act at the extreme edges

of the upper and lower faces of the bearing. The experimental confirmation of

these theoretical values was made during seismic excitation of a model bridge

deck on the shaking table. The test bearings were designed for a peak ground

acceleration of -O.33g. Rollout for an unfilled bearing occurred at O.g4g and

for a lead-filled bearing at 1.6g. The factor of safety against rollout (over

turning) was therefore in the range 3-5.

(6) The test bearings did not satisfy the present AASHTO requirements on

slenderness. Nevertheless, the factors of safety against buckling and overturn

ing were adequate (3 and higher). These observations, which have been made

both experimentally and theoretically, appear to support the more relaxed

limits used in foreign codes (BE 1/76, BS5400 and UIe 772R).

(7) Despite their slender proportion, the test bearings performed in a predictable

and reliable manner with adequate factors of safety against collapse. The use

of more refined theories such as those presented in this report for estimation

of the mechanical properties of slender elastomeric bearings is recommended.
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TABLE 1

Code Limitations on Slenderness

Code Limitation on T r for Stability

AASHTO and AREA T r < L / 3 and T r < B / 2

BE 1/76 tr < L /4 and T r < L

BS5400 and UIC772R T r < 2 L G S /3 (Jc

Notations: Tr : total rubber thickness

tr : typical rubber layer thickness

Land B : length and width of bearing

G : shear modulus

S : shape factor

(J"c : compressive stress in bearing
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TABLE 2

Cyclic Loading Test Results for Bearing Without Lead

do (in.) P (kips) K d (kips/in.) sin¢> (%) D.h max (in.)

1 4.9 1.448 8.04 *
9.9 1.360 8.61 *

10.5 1.373 8.92 *
19.8 1.150 10.38 *
20.0 1.145 10.13 *
20.0 1.143 10.14 *
29.9 0.939 13.10 *
30.0 0.999 12.59 *
30.3 0.988 13.29 *
30.1 0.958 12.90 *
35.0 0.921 13.63 *
35.0 0.856 15.53 *
39.8 0.797 17,45 *
45.5 0.734 20.61 *
45.4 0.622 23.69 *
50.3 0.542 28.57 *
55.3 0.484 34.75 *

3 4.9 1.149 8.39 0.059

9.8 1.104 8,46 0.064

10.0 1.171 7.87 N.A.

10.5 1.117 8.77 0.058

19.8 0.968 9.10 0.077

20.1 0.984 9.63 0.064

29.9 0.746 15.15 0.087

Continued on Next Page.
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TABLE 2 (Continued)

do (in.) P (kips) Kd (kips/in.) sin¢ (%) ilh max (in.)
3 30.0 0.812 14.24 0.068

30.2 0.787 12.90 0.083

34.5 0.702 17.69 0.070

35.0 0.667 18.17 0.088

39.7 0.569 24.10 0.094

45.5 0.432 35.23 0.110

50.3 0.278 65.79 0.128

5 9.7 0.929 10.22 0.143

10.3 0.943 9.63 0.141

19.9 0.861 13.14 0.185

20.5 0.816 13.17 0.210

20.5 0.797 13.21 0.274

20.3 0.793 13.20 0.226

20.7 0.785 13.39 0.235

29.9 0.675 20.30 0.220

30.1 0.605 19.96 0.261

32.6 0.618 24.35 0.236

35.4 0.480 29.23 0.280

40.2 0.380 41.62 0.287

45.5 0.270 68.22 0.304

45.8 0.262 72.74 0.317

Notes: * Measurement of height reduction too small to be accurate.

N.A. Data not available because of instrument problem.
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TABLE 3

Cyclic Loading Test Results for Bearing With Lead

do (in.) P (kips) K d (kips/in.) sin¢> (%) 6.h max (in.)

5 10 1.227 16.00 0.269*

19.9 1.281 18.77 0.164

29.6 1.122 26.18 0.202

35.2 1.042 32.07 0.231

40.2 0.934 39.30 0.255

45.3 0.791 48.82 0.282

19.6 1.296 22.32 0.172

45.0 0.868 44.53 0.262

50.3 0.694 60.55 0.266

55.2 0.605 72.50 0.284

59.9 0.527 91.15 0.300

65.4 0.543 96.13 0.322

Notes:

(1) * indicates that partial roll-over was observed and data disregarded.

(2) The first 6 tests were done sequentially in one day and the last 6 tests

three days later.
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Figure 6 Test arrangement for buckling load determination
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