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LIST OF SYMBOLS
The following symbols are used in this report.
SECTION 1
None
SECTION 2
None
SECTION 3

A, B, C, D, E, F: Site Class

a: exponent of velocity in model of viscous dampers

Amax. Maximum acceleration

B: factor for reducing displacement when effective damping exceeds 0.05
CFV: correction factor for velocity

C;: damping constant of j-th linear damper

Cy: constant in force-velocity relation of viscous dampers
D: isolator or damper displacement

Dpgck: total deck displacement

D,qx: maximum displacement

Dp: permanent displacement or ratio Q/K,

Dp: isolator displacement in the DE

D,y isolator displacement in the MCE

Dy isolator displacement in the MCE including torsion effects
D,: yield displacement

E: energy dissipated per cycle by isolators / modulus of elasticity
Ep: energy dissipated per cycle by viscous damping devices
F: force

Fp: design force or damper force

F.: elastic force demand

Jfmin: coefficient of sliding friction at near zero velocity

F,: yield force

g: acceleration of gravity

h: distance of centroidal axis from foundation

I: moment of inertia

J: number of individual viscous damping device

Kc: column lateral stiffness

K isolator post-elastic stiffness

Ky effective stiffness

K lateral foundation stiffness

Kjs: isolator effective stiffness

Kp: rotational foundation stiffness

12



L: length of column

N: total number of viscous devices

Qy: isolator characteristic strength (force at zero displacement)

R,: effective radius of curvature

R, Rw, Ro, Ry, R, response modification factors

S,: spectral acceleration

Sa: spectral displacement

T: period

Ty effective period

ur: foundation displacement

uc: column displacement

V: velocity

Vp: isolation system shear force

W: weight

Y: yield displacement

f: damping ratio

By effective damping ratio

Py viscous component of effective damping ratio

o parameter used in calculation of force contributed by viscous dampers
A: parameter used in the calculation of energy dissipated by viscous dampers
A characteristic strength divided by weight or coefficient of friction
¢: foundation rotation or angle of damper

SECTION 4

Ay: area of lead plug of lead-rubber bearing

A: bonded rubber area of elastomeric bearing

d;, da, d3, d4: nominal displacement capacities of Double and Triple FP bearings
d*;, d*,, d*;, d*,: actual displacement capacities of Double and Triple FP bearings
F: restoring force

Fy.1, Fu4: characteristic force values

Fj: friction force at interface i

h: distance between pivot point and boundary of concave surface

hy, hy, hs, hs: heights of Double and Triple FP bearings

G: shear modulus

G .: shear modulus of rubber in first cycle of seismic motion

G;.: average value of shear modulus of rubber over three cycles of seismic motion
K isolator post-elastic stiffness

p- apparent pressure in sliding bearings (load over area)

Qg 1solator characteristic strength (force at zero displacement)

R: radius of curvature

R.: effective radius of friction pendulum bearing

R; R, R; Ry: radii of curvature of surfaces 1, 2, 3, and 4, respectively, of Double and
Triple FP bearings

Repr, Reg2, Reg3, Repy: effective radii of curvature of surfaces 1, 2, 3, and 4, respectively, of
Double and Triple FP bearings

13



T,: total rubber thickness

u: displacement

u®, u** ug, ugz4: characteristic displacement values

W: axial load on bearing

Y: yield displacement

w: coefficient of friction

Lic: coefficient of friction in first cycle of seismic motion

Msc: average coefficient of friction over three cycles of seismic motion

i, 1o, 13, g coefficient of friction in surfaces 1, 2, 3, and 4, respectively, of Double and
Triple FP bearings

Urr: coefficient of friction under thermal and traffic load effects

oy effective yield stress of lead

oy ;. effective yield stress of lead in first cycle of seismic motion

or3: average effective yield stress of lead over three cycles of seismic motion
orw: effective yield stress of lead under thermal conditions of speed

orrr: effective yield stress of lead under traffic load effects

SECTION 5

A: bonded rubber area of elastomeric bearing / mounting plate dimension
A,.: area to transfer load

A,: reduced bonded rubber area of elastomeric bearing

b: dimension of equivalent rectangular reduced area

b;: dimension of area of concrete carrying load

B: long plan dimension of rectangular bearing or dimension in general

C: mounting plate dimension

¢, rubber cover thickness

D: diameter of circular elastomeric bearing or displacement

D,, D,: 2010 AASHTO LRFD Specifications notation for f;, /> respectively
D;: displacement when stiffening of elastomeric bearings occurs

D,,: critical displacement at which overturning of an elastomeric bearing occurs
Dy lead core diameter

D,: outer diameter of hollow circular elastomeric bearing

D;: inner diameter of hollow circular elastomeric bearing

Fy: horizontal bearing force

F): yield stress

F\.: expected yield strength

f1: coefficient for calculation of shear strain due to compression

f>: coefficient for calculation of shear strain due to rotation

J»: concrete design bearing strength

f.’: concrete compression strength

G: shear modulus of rubber

h: height of elastomeric bearing

h’: total height of the bearing including the end plates

I: least moment of inertia of the bonded area of rubber

K: bulk modulus of rubber
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K;: post-elastic stiffness of elastomeric bearing

K: stiffness of elastomeric bearing is stiffening range at large displacements
K.y effective stiffness

L: short plan dimension of rectangular bearing or dimension in general
M, M,: moment

N: number of elastomeric layers

P: axial load

Pp: dead load

P;: live load

Py static component of live load

P;.: cyclic component of live load

Pg;: seismic live load

Ppg: bearing axial load due to seismic effects

P,,: critical load in un-deformed configuration

P’,,: critical load in deformed configuration

P, factored load

p(r): vertical pressure

Q: characteristic strength (force at zero displacement)

R,: response modification factor

r: radius of gyration / loading arm

S: shape factor

t: rubber layer thickness / end plate thickness

to: thickness of grout

t;: thickness of reinforcing shims

t;: steel reinforcing shim thickness

tip: top mounting plate thickness

typ: bottom mounting plate thickness

t;p: internal plate thickness

T bolt tension

T, total rubber thickness

u: displacement

o parameter used in assessing the adequacy of steel shims (values 1.65 or 3.0)
y: load factor or factor with value 0.25 or 0.5

yp- load factor for dead load

1. load factor for live load

yc: shear strain in rubber due to compression

5. shear strain in rubber due to lateral displacement

7»- load factor yp as denoted in AASHTO LRFD

% shear strain in rubber due to rotation

o: parameter used in the calculation of reduced area

A: displacement

As: non-seismic lateral displacement

Ag: seismic lateral displacement

Agsg,: static component of non-seismic lateral displacement
Asey: cyclic component of non-seismic lateral displacement
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0: angle of bearing rotation

6s: non-seismic rotation

sy, static component of non-seismic rotation

Osc,: cyclic component of non-seismic rotation

A: parameter depending on the assumption for the value of the rotational modulus
v: Poisson’s ratio

o, normal stress in vertical direction

o,- normal stress in radial direction

op normal stress in circumferential direction

Tmare: Maximum shear stress

¢@: capacity reduction (or resistance) factor

@.: capacity reduction factor for calculating concrete bearing strength
@»: capacity reduction factor for flexure of bearing plates

SECTION 6

A: bonded rubber area of elastomeric bearing

A,: reduced bonded rubber area of elastomeric bearing

B: long plan dimension of rectangular bearing

f1: coefficient for calculation of shear strain due to compression
f>: coefficient for calculation of shear strain due to rotation
Fpr: bearing lateral force in the design earthquake

Fs: bearing lateral force under service conditions

F,: yield stress

G: shear modulus of rubber

h,: total rubber thickness (per AASHTO 2010)

L: short plan dimension of rectangular bearing

P: axial load

Pp: dead load

P;: live load

Py static component of live load

Py cyclic component of live load

Pg;: seismic live load

P,,: critical load in un-deformed configuration

P’ critical load in deformed configuration

P,: factored load

S: shape factor

S;: shape factor (per AASHTO 2010)

t: rubber layer thickness

t;: steel reinforcing shim thickness

T,: total rubber thickness

o parameter used in assessing the adequacy of steel shims (values 1.65 or 1.1)
y: factor with value 0.5

yp- load factor for dead load

. load factor for live load

16



yc: shear strain in rubber due to compression

s shear strain in rubber due to lateral displacement

7. shear strain in rubber due to rotation

As: non-seismic lateral displacement

Agy:: seismic lateral displacement

Asy: static component of non-seismic lateral displacement
Asey: cyclic component of non-seismic lateral displacement
Os: non-seismic rotation

s, static component of non-seismic rotation

s cyclic component of non-seismic rotation

. friction coefficient

os: stress (per AASHTO 2010)

SECTION 7

A: area

Aprrr=apparent area of PTFE in contact with stainless steel
d: distance between center of rotation of spherical bearing and centroidal axis of girder
D,,: projected diameter of loaded surface of spherical bearing
e: eccentricity

F): yield stress

H: horizontal load

M: moment

P: vertical load

R: radius of curvature

s: horizontal displacement

T: thickness of concave plate

r, @, & spherical coordinates

. angle between vertical and horizontal load vectors

7. minimum angle of convex surface

¢ design rotation angle

w: coefficient of friction

o: normal stress or maximum permissible stress at strength limit
7. friction traction

@: rotation of bearing

. subtended semi-angle of curved surface

SECTION 8

A;, B, A, a;, b, b;, L, r: dimension or distance
D: diameter

f1: pressure value

f»: concrete design bearing strength

f.: concrete compression strength

F: horizontal load

17



F\: yield stress of plate material

h, h;, hy: height

[: plate length

M: moment

M, plastic moment

M,,: ultimate moment or required plate bending strength
P: axial load

Pp: dead load

P;: live load

Pg;: seismic live load

Pgpi: bearing axial load due to seismic DE effects
Prycr: bearing axial load due to seismic MCE effects
P,: factored load

t: plate thickness

W, Wi, W.: work done

»p- load factor for dead load

.- load factor for live load

A, A;, Ay displacement

v. Poisson’s ratio

¢@: capacity reduction (or resistance) factor

@.: capacity reduction factor for calculating concrete bearing strength
@»: capacity reduction factor for flexure of bearing plates

SECTION 9

Aprre=apparent area of PTFE in contact with stainless steel
Ap: nominal bolt area

Ay.: projected area of failure on side of concrete pedestal
Ayeo: projected area of single anchor

aj, b, b;, r: dimension or distance

B: dimension of PTFE area (diameter if circular; side if square)
¢: minimum vertical clearance

C.1, C,2: distances of shear lug to edge of concrete pedestal
C,: chord length of convex plate

CF: correction factor

d: bolt diameter

d,: shear lug diameter

D,,: projected diameter of loaded surface of spherical bearing
DB, concave plate arc length

f»: concrete design bearing strength

f¢: concrete compression strength

Fy: ultimate shear stress of bolt

F,: minimum yield stress

H: height of convex spherical surface

H,.: overall height of convex plate

l.: effective length of shear lug

18



L.,: dimension of square concave plate

Lg,: longitudinal dimension (length) of sole plate

L,,,: longitudinal dimension (length) of masonry plate

Lss: longitudinal dimension (length) of stainless steel plate
[: plate length

M,,,: minimum metal depth of concave surface

M,: required plate bending strength

n: number of anchors

t: plate thickness

terre: PTFE thickness

Tp: thickness of sole plate

Tax: total thickness of concave plate

T'in: minimum thickness of concave plate (=0.75inch)

W, transverse dimension (width) of sole plate

W,p: transverse dimension (width) of masonry plate

Wis: transverse dimension (width) of stainless steel plate
P: vertical load

Pp: dead load

Prpa: maximum value of horizontal load on bearing

Pyiin: minimum value of vertical load on bearing

P;: live load

Py static component of live load

P;.,: cyclic component of live load

Pgpi: bearing axial load due to seismic DE effects

P,: factored vertical load

R: radius of curvature

R,: nominal shear resistance of bolt

tprre: thickness of PTFE sheet

V: shear force on anchor

V: basic concrete breakout shear strength of anchor

V.»: nominal concrete breakout shear strength

Y: dimension (see Figure 9-2)

7. minimum angle of convex surface

yp: load factor for dead load

.- load factor for live load

¢ design rotation angle

Ag;: non-seismic lateral displacement in longitudinal direction
Asr: non-seismic lateral displacement in transverse direction
Ag,: design value of displacement in longitudinal direction (non-seismic plus MCE
displacement)

Agr: design value of displacement in transverse direction (non-seismic plus MCE
displacement)

Agpg;: seismic lateral displacement in longitudinal direction
Agper: seismic lateral displacement in transverse direction
6s;: non-seismic rotation about longitudinal axis

Osr: non-seismic rotation about transverse axis
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Or: maximum value of rotation (max of €, and Gy

Og,: design value for rotation about longitudinal axis (non-seismic plus MCE rotation)
Oz design value for rotation about transverse axis (non-seismic plus MCE rotation)
Oepe.: seismic rotation about longitudinal axis

Ogper: s€ismic rotation about transverse axis

A: parameter in calculation of basic concrete breakout shear strength of anchor

: coefficient of friction

Oedge: Maximum normal stress on PTFE

Ouve: average normal stress on PTFE

oy stress limit on PTFE for dead or combined dead and live load (un-factored)

¢@. capacity reduction (or resistance) factor

@.: capacity reduction factor for calculating concrete bearing strength

@»: capacity reduction factor for flexure of bearing plates

. subtended semi-angle of curved surface

Weiy» Wey W,y : parameters in calculation of nominal concrete breakout shear strength

SECTION 10

E: modulus of elasticity

Ej: error in scaling process

F;: scale factor

Kx, Ky, Kz, K,.x, K,y, K,z foundation spring constants
My moment magnitude

Pp: dead load

P;: live load

r: Campbell R distance

Skn: spectral acceleration of fault normal component
Srp: spectral acceleration of fault parallel component
Spg: spectral acceleration of target DE spectrum

T, T;: period

Ty effective period

w;: weight factor in scaling process

SECTION 11

A: area of element

B: damping parameter

D: displacement

Dp: isolator displacement in the DE
Dpr: abutment bearing displacement
D, pier bearing displacement

E: modulus of elasticity

g: acceleration of gravity

h: height of element

I: moment of inertia of element
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J: torsional constant

K: stiffness

Ky effective stiffness

R.: effective radius of friction pendulum bearing

Regt, Ref2, Refs, Repy: effective radii of curvature of surfaces 1, 2, 3 and 4 of Triple FP
bearing

T: period

Ty effective period

V: base shear force

W: weight on bearing or weight of structure

W apue: Weight on abutment bearing

Wier: weight on pier bearing

Y: yield displacement

As: non-seismic lateral displacement

Ay seismic lateral displacement in the DE

Apue:: seismic lateral displacement in the MCE

L coefficient of friction

M1, 1o, 13, 1y coefficient of friction on surfaces 1, 2, 3 and 4 of Triple FP bearing
Mapur: coefficient of friction at abutment bearing

Myier: coefficient of friction at pier bearing

SECTION 12

A area of element

A,: reduced bonded rubber area of lead-rubber bearing

B: damping parameter

D: displacement

Dp: isolator displacement in the DE

Dy, abutment bearing displacement

D, pier bearing displacement

E: modulus of elasticity

E.: compression modulus

E,: rotational modulus

F: factor to compute the compression modulus (£1.0)

F): yield force

G: shear modulus of rubber

h: height of element

I: moment of inertia of element

I,: bonded rubber area moment of inertia

J: torsional constant

K: elastic stiffness of lead-rubber bearing or rubber bulk modulus
K. post-elastic stiffness of lead-rubber bearing

Ky effective stiffness

K, vertical stiffness of lead-rubber bearing

Qy: characteristic strength (force at zero displacement) of lead-rubber bearing
r: ratio of post-elastic stiffness to elastic stiffness of lead-rubber bearing
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S: shape factor

T: period

Ty effective period

T,: total rubber thickness

V: base shear force

W: weight on bearing or weight of structure
W apue: Weight on abutment bearing

Wier: weight on pier bearing

Y: yield displacement

As: non-seismic lateral displacement

Ay seismic lateral displacement in the DE
Apye:: seismic lateral displacement in the MCE

SECTION 13

A: area of element

B: damping parameter

D: displacement

Dp: isolator displacement in the DE

E: modulus of elasticity

fmax, fmin: link element friction (fast, slow)
h: height of element

I: moment of inertia of element

J: torsional constant

K: stiffness

Ky effective stiffness

R.: effective radius of friction pendulum bearing
T: period

Ty effective period

W: weight on bearing or weight of structure
Y: yield displacement

L coefficient of friction

SECTION 14

None

SECTION 15

None

Common Subscripts:
DE: design earthquake

MCE: maximum considered earthquake
max: maximum
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min: minimum

s: service conditions
st: static conditions
cy: cyclic conditions

Common Superscripts:

u: ultimate conditions
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SECTION 1
INTRODUCTION

Current design procedures for bridge bearings and seismic isolators are based on different
and conflicting procedures. Furthermore, these design procedures are not based on
contemporary LRFD framework-a situation that may result in inconsistency, difficulty
and confusion in design applications. The research work presented in this report first
reviews the current design procedures and then develops analysis and design
specifications for bridge bearings, seismic isolators and related hardware that are

(a) Based on the LRFD framework,

(b) Based on similar fundamental principles, which include the latest developments
and understanding of behavior, and

(c) Applicable through the same procedures regardless of whether the application is
for seismic-isolated or conventional bridges.

The significance of a unified analysis and design procedure for conventional bridge
bearings and seismic isolators is highlighted by the emerging philosophy that all bearing
systems must be designed for the expected displacement and force demands in seismic
actions. The research work described in this report is based mainly on earlier work
funded by Caltrans (contract 65A0174) and MCEER and presented in two recent reports
by the first author: “Performance of Seismic Isolation Hardware under Service and
Seismic Loading” and “Seismic Isolation of Bridges” and earlier work also supported by
Caltrans (contract 59A0436) and presented in report “Experimental Investigation on the
Seismic Response of Bridge Bearings” by the University of California, Berkeley. The
first two reports presented a preliminary framework of LRFD-based, multi-level seismic
loading procedures for the analysis and design of isolators, whereas the third report
presented test data needed to understand the deformation and strength limits of selected
bridge bearings. This research work extends, calibrates, tests and finalizes this
preliminary framework for bridge bearings, isolators and related hardware.

The methodology used in this work is based on

(a) The utilization of the latest information on the behavior of bridge bearings and
seismic isolators,

(b) The development of design procedures for bridge bearings and seismic isolators
based on ultimate strength concepts,

(c) The consideration of systematic methods of bounding analysis with due account
given to the lifetime behavior of bridge bearings and isolators,

(d) The survey of additional research and test data needed to calibrate the design
procedures and specify limits of mechanical behavior and strength, and

(e) The development of a set of examples of application of the developed analysis
and design procedures.

The unified LRFD design procedures developed in this report should enable the
California Department of Transportation engineers and its consultants, and engineers in
the U.S. and elsewhere to design bridge bearings and seismic isolators using identical
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procedures based on contemporary ultimate strength principles. This would enable the
design of bridges in such a way that would ensure acceptable performance over the
lifetime of the structure and for all types of service and seismic loadings. The end result
would be an increased confidence in the use of bridge bearings and seismic isolators. It
is believed that this document will serve as a resource document for a Memorandum to
Designers by the California Department of Transportation for the analysis and design of
bridge bearings and isolators.

This report contains fourteen sections, a list of references, and five appendices. Chapter 1
provides an introduction to the research. Chapter 2 reviews the basic principles of seismic
isolation of bridges. Chapter 3 describes the various analysis methods of seismically
isolated bridges. Chapter 4 reviews the mechanical properties of modern seismic
isolators. Chapter 5 presents a formulation for the assessment of adequacy of elastomeric
seismic isolation bearings in bridges. Supporting documentation is presented in Appendix
A. Chapter 6 presents a formulation for the assessment of adequacy of steel reinforced
(non-seismic) expansion elastomeric bearings. Chapter 7 reviews the properties and
behavior of spherical bearings that are used either as large displacement capacity
expansion bridge bearings (flat sliding bearings) or as fixed bridge bearings. Chapter 8
develops a procedure for the design of end plates of sliding bearings. Chapter 9 describes
in detail a design example of a spherical sliding bearing that demonstrates the application
of analysis and bearing design procedures also described in the same chapter. Chapter 10
describes a bridge used as example of analysis and design procedures for seismic
isolators. Supporting calculations for service load analysis of the example bridge are
presented in Appendix B. Chapters 11 to 13 present, respectively, analysis and design
calculations (with details provided in Appendices C to E) for a Triple Friction Pendulum,
a Lead-Rubber and a Single Friction Pendulum isolation system for the example bridge.
Finally, Chapter 14 presents a summary and the main conclusions of the study.
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SECTION 2
PRINCIPLES OF SEISMIC ISOLATION OF BRIDGES

The seismic design of conventionally framed bridges and buildings relies on the
dissipation of earthquake-induced energy through inelastic (nonlinear) response in
selected components of the structural frame. Such response is associated with structural
damage that produces direct (capital) loss repair cost, indirect loss (possible closure, re-
routing, business interruption) and perhaps casualties (injuries, loss of life). Traditional
seismic analysis and design procedures do not permit the accurate estimation of structural
deformations and damage, making it very difficult to predict the likelihood of direct and
indirect losses and casualties.

Seismic protective systems, herein assumed to include seismic (base) isolators and
damping (energy dissipation) devices, were developed to mitigate the effects of
earthquake shaking on bridges and buildings. Seismic isolators are typically installed
between the girders and bent caps (abutments) in bridges and the foundation and first
suspended level in a building. For bridge construction, the typical design goals associated
with the use of seismic isolation are a) reduction of forces (accelerations) in the
superstructure and substructure, and b) force redistribution between the piers and the
abutments.

Contemporary seismic isolation systems for bridge applications provide a) horizontal
isolation from the effects of earthquake shaking, and b) an energy dissipation mechanism
to reduce displacements. Figure 2-1a illustrates the effect of horizontal isolation on the
inertial forces that can develop in a typical bridge. The elongation of the fundamental
period (period shift in Figure 2-1a) of the bridge can substantially reduce, by a factor
exceeding 3 in most cases, the accelerations that can develop in a bridge superstructure.
Such significant reductions in force (acceleration) enable the cost-effective construction
of bridges that respond in the elastic range (no damage) in design earthquake shaking.
Figure 2-7b illustrates the effect of isolation on the displacement response of the bridge.
It must be noted that nearly all of the displacement will typically occur over the height of
the isolator and not in the superstructure, piers or abutments.
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a. reduction in spectral accelerations by b. control of spectral displacements by
period increase energy dissipation

FIGURE 2-1 Principles of Seismic Isolation
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The increase in displacement response associated with the use of seismic isolators has a
deleterious impact on expansion joints in bridges. To control displacements, and thus
reduce demands on joints and the cost of the isolators, damping (energy dissipation) is
typically introduced in the isolator. Damping in the two most common bridge seismic
isolators in use in California, the Lead-Rubber (LR) Bearing and the Friction Pendulum
(FP) bearing in its most common configurations, is achieved through hysteretic energy
dissipation, leading to the shear-force-lateral displacement relationship of Figure 2-2.
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-
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FIGURE 2-2 Hysteretic Damping in LR and FP Bearings
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SECTION 3
ANALYSIS METHODS OF SEISMICALLY ISOLATED BRIDGES

3.1 Introduction

Methods of analysis of seismically isolated bridges consist of (a) the single mode or
simplified method, (b) the multimode or response spectrum method, and (c¢) the response
history analysis method. The latter is the most accurate method of analysis and can be
implemented in a variety of computer software. Currently, nonlinear response history
analysis is typically used for the analysis of all seismically isolated structures. Simplified
analysis is also always performed in order to evaluate the results of the dynamic analysis
and obtain lower bounds for response quantities.

The single mode and the multimode methods of analysis are based on representing the
behavior of isolators by linear elastic elements with stiffness equal to the effective or
secant stiffness of the element at the actual displacement. The effect of energy dissipation
of the isolation system is accounted for by representing the isolators with equivalent
linear viscous elements on the basis of the energy dissipated per cycle at the actual
displacement. The response is then calculated by use of response spectra that are
modified for the effect of damping larger than 5-percent of critical. Given that the actual
displacement is unknown until the analysis is performed, these methods require some
iteration until the assumed and calculated values of isolator displacement are equal.

This section briefly describes methods of analysis for seismically isolated bridges and
provides information on the following related topics:

a) Modification of response spectrum for higher damping

b) Calculation of maximum velocity and maximum force in isolation systems with
viscous damping devices

c) Response modification factors

d) Re-centering capability in isolation systems

3.2 Loadings for the Analysis and Design of Seismically Isolated Bridges

Design of a seismically isolated bridge requires analysis for service conditions and for
seismic conditions in the design earthquake (DE) and the maximum considered
earthquake (MCE). Unlike conventional bridges, the MCE effects are explicitly
considered to ensure that the isolators maintain their integrity with minimal, if any,
damage.

Service and seismic loadings are described in applicable bridge design specifications
(AASHTO, 2007, 2010). The recent 2010 AASHTO LRFD Specifications revised the
definition of the design earthquake to one defined by a probabilistic response spectrum
having a 7% probability of being exceeded in 75 years (approximate return period of
1000 years). Response spectra of the DE so defined can be constructed based on mapped
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values of parameters in the 2010 AASHTO LRFD Specifications (also available in
electronic format).

The State of California has taken a modified approach in which the DE response
spectrum is specified to be the largest of (a) a probabilistic response spectrum calculated
in accordance with the 2008 USGS National Hazard Map for a 5% probability of being
exceeded in 50 years (or 975 years return period, which is equivalent to a 7% probability
of being exceeded in 75 years spectrum), and (b) a deterministic median response
spectrum calculated based on the “Next Generation Attenuation” project of the PEER-
Lifelines program. Spectra for this design earthquake are available on line through the
Caltrans Acceleration Response Spectra (ARS) Online website
( http://dap3.dot.ca.gov/shake_stable/index.php ).

The maximum considered earthquake is defined herein in terms of its effects on the
isolation system bearings. These effects will be defined as those of the DE multiplied by
a factor larger than unity. The value of the factor may be determined on the basis of
scientific analysis with due consideration for (a) the maximum effects that the maximum
earthquake may have on the isolation system, (b) the methodology used to calculate the
effects of the DE, and (c) the acceptable margin of safety desired. In general, the value of
this factor will depend on the isolation system properties and the location of the site.
Herein, a presumably conservative value of 1.5 will be utilized for calculating the effects
on isolator displacements. The corresponding value for the effects on forces is not
provided but is left to the Engineer to determine. In general, values of this factor will be
in the range of 1.0 to 1.5.

3.3 Modification of Response Spectrum for Higher Damping

The 5%-damped elastic response spectrum represents the usual seismic loading
specification. Spectra for higher damping need to be constructed for the application of
simplified methods of analysis, whether single or multimode methods. Elastic spectra
constructed for higher viscous damping are useful in the analysis of linear elastic
structures with linear viscous damping systems. Moreover, they are used in the simplified
analysis of yielding structures or structures exhibiting hysteretic behavior since simplified
methods of analysis are based on the premise that these structures may be analyzed by
using equivalent linear stiffness and equivalent linear viscous damping representations.

The typical approach of constructing an elastic spectrum for damping greater than 5-
percent is to divide the 5%-damped spectral acceleration by a damping coefficient or
damping reduction factor B:

- S (7,5%)

S,(T.8 -

(3-1)

where S, (T B ) is the spectral acceleration at period 7 for damping ratio f. Note that the

spectral acceleration is the acceleration at maximum displacement and is not necessarily
the maximum acceleration (it does not contain any contribution from any viscous force)
Therefore, it is related directly to the spectral displacement S, through
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72
S, = S, (3-2)
¢ 47’

The damping reduction factor B is a function of the damping ratio and may be a function
of the period.

Equation (3-1) is typically used to obtain values of coefficient B for a range of values of
period 7 and for selected earthquake motions. The results for the selected earthquake
motions are statistically processed to obtain average or median values, which upon
division of the value for 5% damping to the value for damping f results the

corresponding value of B. The results are affected by the selection of the earthquake
motions and the procedures used to scale the motions in order to represent a particular
smooth response spectrum. Furthermore, the values of the factor B used in codes and
specifications are typically on the conservative side, are rounded and are based on
simplified expressions.

Table 3-1 presents values of the factor B in the following codes and specifications: (a)
1999 AASHTO Guide Specification for Seismic Isolation Design (American Association
of State Highway and Transportation Officials, 1999), ASCE 7-10 (American Society of
Civil Engineers, 2010, Eurocode 8 (European Committee for Standardization, 2005) and
the 2010 revision of the AASHTO Guide Specifications for Seismic Isolation Design.
The AASHTO and the Eurocode 8 present equations for factor B, whereas the other
documents present values of B in tabular format. The equation in the 2010 revision of the
AASHTO Guide Specifications is
ﬂ 0.3
7~(5%) =

5 [0.05+ (34)
0.10

The values of the factor B in Table 3-1 calculated by use of equations (3-3) and (3-4)
were rounded to the nearest number with one decimal accuracy.

The equation in Eurocode 8 is

The values of the factor B in various codes and specifications are nearly identical for
values of damping ratio less than or equal to 30%. This is the limit of damping ratio for
which simplified methods of analysis can be used.

Recommendation:

It is recommended that designers use equation (3-3) for calculating the damping
reduction factor B.
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3.4 Maximum Velocity and Maximum Force in lIsolation Systems with Viscous
Damping Devices

Consider a seismically isolated structure represented as a single degree of freedom
system with weight W and lateral force-displacement relation of its isolation system
having bilinear hysteretic characteristics as shown in Figure 3-1. The system is

characterized by characteristic strength O, and post-elastic stiffnessK,. For the FP
system, O, = uW andK, =W /R,, where u is the coefficient of friction at large velocity

of sliding and R is the effective radius of curvature.

TABLE 3-1 Values of Damping Reduction Factor B in Codes and Specifications

B (%) 1999 ASCE 7-10 2010 EUROCODE 8
AASHTO AASHTO
< 0.8 0.8 0.8 0.8
5 1.0 1.0 1.0 1.0
10 1.2 1.2 1.2 1.2
20 1.5 1.5 1.5 1.6
30 1.7 1.7" or 1.8° 1.7 1.9
40 1.9 1.9' or 2.1° 1.9 2.1
50 2.0 2.0" or 2.4% 2.0 2.3

1 Value for isolated structures (Chapter 17)
2 Value for structures with damping systems (Chapter 18)

LATERAL
FORCE A

CHARACTERISTIC Ka
STRENGTH \g; POST-ELASTIC
STIFFNESS
/ >
_— LATERAL
DISPLACEMENT

FIGURE 3-1 Idealized Force-Displacement Relation of Typical Seismic Isolation
System
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Let D be the displacement of the system for an earthquake, described by a particular
smooth response spectrum. The effective period and effective damping of the system are
given by (1999, 2010 AASHTO, ASCE 7-10)

T,=2x u (3-5)
eﬁ"g
K, =K, + % (3-6)
1| E
ﬂe/f = _{—jl (3-7)
" 2r| KD’

where E is the energy dissipated per cycle at the displacement D. For the behavior
depicted in Figure 3-1, the energy dissipated per cycle is given by

E=40,(D-Y) (3-8)
where Y is the yield displacement of the system.

The peak dynamic response of this system may be obtained from the response spectrum

by assuming that the system is linear elastic with effective period 7, . Based on the value

of the effective damping S, , the damping reduction factor B is calculated. The response

of the system (in terms of spectral displacement and spectral acceleration) is calculated as
the response obtained for 5% damping divided by the factor B. However, since the
calculation is based on an assumed value of displacement D, the process is repeated until
the assumed and calculated values of displacement are equal. This procedure represents a
simplified method of analysis that is typically used for seismically isolated structures.
(We will later modify the method to account for the flexibility of a bridge’s substructure).
Note that the calculated spectral acceleration represents the maximum acceleration
because the system has hysteretic behavior. Also, note that the maximum velocity could
not be calculated. We will address this problem later on in this section.

Consider that viscous damping devices (say N in number and oriented at an angle ¢, with

respect to the direction of displacement considered) are added to this system so that the
damping force in each device is described by

Fy=Cy |V [ sgn(V) (3-9)

where V' is the velocity and a is an exponent typically with a value less than or equal to
one. To calculate the displacement response of the system with the damping devices one
has to account for the effect of the damping devices on the effective damping (the
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damping devices are purely viscous so that they do not affect the effective stiffness of the
system).
The effective damping is now given by

l | E+E,
=—|—2 3-10
P 241{@,,02} (3-10)

where E)) is the energy dissipated in the viscous damping devices given by

o 27[ l+a l+a
E, =Z(T—] CyAD"" cos'™ ¢, (3-11)
=L et

In equation (3-11), parameter A is given by

L. (1+a/2)

A=4.2 fora) (3-12)

where I' is the gamma function. Table 3-2 presents values of parameter A .

TABLE 3-2 Values of parameter A

a 0.00 | 025 | 050 | 0.75 | 1.00 | 1.25 | 150 | 1.75 | 2.00
A 4.000 | 3.723 | 3.496 | 3.305 | 3.142 | 3.000 | 2.876 | 2.765 | 2.667

Analysis for calculation of the displacement and spectral acceleration is identical to the
one described previously. However, the calculated value of acceleration is not the
maximum acceleration.

The maximum velocity of the system may be accurately calculated by
2r
V=|— |[xDxCFV (3-13)
Ty
where CFV is a velocity correction factor given in Table 3-3. Is should be noted that
equation (3-13) calculates the velocity as pseudo-velocity multiplied by a correction

factor (Ramirez et al, 2001).

Simplified for the general case of nonlinear viscous behavior, the isolation system shear
is given by
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2 R
V,= KeﬁD{cos5+”TﬂV(CFV)“ (sind) } >K,,D (3-14)
where
Ja-a
5= (Mj (3-15)
A
TABLE 3-3 Velocity Correction Factor CFV
Effective Effective Damping
Period
(sec) 0.10 0.20 | 0.30 | 0.40 | 0.50 | 0.60 | 0.70 | 0.80 | 0.90 | 1.00
0.3 0.72 0.70 | 0.69 | 0.67 | 0.63 | 0.60 | 0.58 | 0.58 | 0.54 | 0.49
0.5 0.75 0.73 1 0.73 | 0.70 | 0.69 | 0.67 | 0.65 | 0.64 | 0.62 | 0.61
1.0 0.82 0.83 |1 0.86 | 0.86 | 0.88 | 0.89 | 0.90 | 0.92 | 0.93 | 0.95
1.5 0.95 098 | 1.00 | 1.04 | 1.05 | 1.09 | 1.12 | 1.14 | 1.17 | 1.20
2.0 1.08 1.12 | 1.16 | 1.19 | 1.23 | 1.27 | 1.30 | 1.34 | 1.38 | 1.41
2.5 1.05 .11 | 1.17 | 1.24 | 1.30 | 1.36 | 1.42 | 1.48 | 1.54 | 1.59
3.0 1.00 1.08 | 1.17 | 1.25 | 1.33 | 1.42 | 1.50 | 1.58 | 1.67 | 1.75
3.5 1.09 1.15 | 1.22 | 1.30 | 1.37 | 1.45 | 1.52 | 1.60 | 1.67 | 1.75
4.0 0.95 1.05 | 1.15 | 1.24 | 1.38 | 1.49 | 1.60 | 1.70 | 1.81 | 1.81

In these equations, f3, is the portion of the effective damping contributed by the viscous

dampers

= Cy cos”"
hr (27)" TE;KWD"’Z

For the case of linear viscous dampers (a =1),
S=tan"'(23,)

and

B, = T K ZCcos¢

off reff J

In equation (3-18), C; is the damping constant of the linear dampers.

Note that the maximum acceleration is given by
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b
a = g 3-19
max w ( )

By virtue of equations (3-2) and (3-5) and using S, = D, the maximum acceleration of the

deck may be written as function of the spectral acceleration S :

e =5, [0038+ L (CFYY (sin3)') (3-20)

Equations (3-14) and (3-20) imply that the peak force may be calculated as the peak
restoring force times cos S plus the peak viscous force times (sind)”.

3.5 Re-centering Capability

Contemporary seismic isolation systems that have been applied to buildings are
characterized by strong restoring force capability. However, for bridge applications, two
competing seismic isolation design strategies have been developed: (a) a strategy
championed by engineers in New Zealand, the United States and Japan which requires
strong restoring force in the isolation system, and (b) the Italian strategy in which the
isolation system exhibits essentially elasto-plastic behavior.

Specifications in the United States presume that the isolation system has, excluding any
contribution from viscous devices, a bilinear hysteretic behavior characterized by the
zero-force intercept or characteristic strength and the post-elastic stiffness. The ASCE 7-
10 Standard specifies a minimum required stiffness as follows such that the force at the
design displacement D minus the force at half the design displacement (D/2) is greater
than 0.025W. Based on the typical behavior of isolation systems shown in Figure 3-1, the
requirement may be expressed in the following two ways:

K,D>0.05W (3-21)
or
D 1/2
TSZS(—} (3-22)
g

where D is the design displacement of the isolation system and the period 7 calculated on
the basis of the post-elastic stiffness

/4
gk,

T=2rx

(3-23)

For example, a displacement D =300 mm, which is characteristic of applications in
California but not in close proximity to active faults, would have resulted in a
requirement for 7 < 4.9 sec, which has been already implemented.

35



The 1999 AASHTO Guide Specifications for Seismic Isolation Design (AASHTO, 1999)
and its 2010 upcoming revision have a more relaxed specification for minimum restoring
force but subject to a constraint on period T:

K,D>0.025W (3-24)
and
D 1/2
T< 40(—] <6sec (3-25)
g

Moreover, AASHTO and ASCE do not permit the use of systems which do not meet this
requirement, even with severe penalties.

The design strategy of requiring strong restoring force is based on the experience that
bridge failures in earthquakes were primarily the result of excessive displacements. By
requiring strong restoring force, cumulative permanent displacements are avoided and the
prediction of displacement demand is accomplished with less uncertainty. By contrast,
seismic isolation systems with low restoring force ensure that the force transmitted by the
bearing to the substructure is predictable with some certainty. However, this is
accomplished at the expense of uncertainty in the resulting displacements and the
possibility for significant permanent displacements.

The Eurocode 8, EN1998-2 for seismically isolated bridges (European Committee for
Standardization, 2005) describes a different approach for ensuring sufficient re-centering

capability. The code defines the permanent displacement D, as the displacement at the

intersection of the descending branch of the hysteresis loop with the zero force axis. For
systems with bilinear hysteretic behavior the permanent displacement is given by

_9 ]
D, =5 (3-26)

d

This equation is valid when D, < D —2Y | which is the typical case. Eurocode 8 requires

that the force at the design displacement D minus the force at half the design
displacement (D/2) is greater than0.025WD, /D . Based on the typical behavior of

isolation systems shown in Figure 3-1, the requirement may be expressed in the following
two ways:

K,D>W.J0.054 (3-27)
or
0 05 1/4 D 1/2
T<28 [—J [—j (3-28)
7 g



In these equations g is the ratio of the characteristic strength to the seismic weight

_9 ]
1= (3-29)

It should be noted that (3-28) collapses to (3-22) of the ASCE 7-10 when £ =0.05, it is
more conservative when #>0.05 and is less conservative otherwise. Note that in

assessing the re-centering capability of isolation systems, the characteristic strength
should be evaluated under conditions of very slow motion as those experienced just prior
to reaching the permanent displacement. For sliding systems (see Section 5), the
parameter y is the coefficient of sliding friction at near zero velocity or f, . . Similarly,
in lead-rubber systems (see Section 8) the characteristic strength used in (3-29) should be
the value under quasi-static conditions, which is approximately two to three times smaller

than the value under dynamic, high speed conditions.

Equations (3-27) and (3-28) recognize the importance of the characteristic strength in
defining the re-centering capability. As such, Eurocode 8 (European Committee for
Standardization, 2005) provides a more rational basis for establishing sufficient re-
centering capability than either the ASCE 7-10 or the 1999 AASHTO Guide
Specification.

A recent study (Katsaras et al, 2006) funded by the European Union addressed the
requirement for restoring force capability and proposed changes to the Eurocode. The
study was based on dynamic analysis of a large number of single degree of freedom
systems with bilinear hysteretic behavior and statistical processing of results on
displacement response, including permanent displacement and accumulated
displacement. The main conclusion of the study is that seismic isolation systems have
sufficient restoring force capability (no accumulation of permanent displacements in
sequential earthquakes and small permanent displacements) when

D
= >05 (3-30)

R

where parameters D and D, have been previously defined. It may be easily shown that
this requirement is equivalent to

O 05 1/4 D 1/2
T<28 —| | = (3-31)
pl2 g

where all parameters have been previously defined (with & being the high velocity value

of the normalized strength). Interestingly, Tsopelas et al. (1994) proposed on the basis
of observations in the shake table testing of seismic isolation systems that systems with
sufficient restoring force capability have ratio of characteristic strength (at high velocity)
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to peak restoring force less than or equal to 3.0. This requirement is equivalent to
D/ Dy >0.33, which can also be written as

0 05 1/4 D 1/2
T<28—| | = (3-32)
ul3 g

where again g is the high velocity value of the normalized strength. The difference

between (3-32) and (3-31) is likely due to the fact that the tested systems of Tsopelas et
al. (1994) did have velocity dependent strength, whereas the analyzed systems of
Katsaras et al. (2006) did not. Nevertheless, these studies demonstrate the validity of
equation (3-28) but with u interpreted as the low velocity value of the normalized

strength (about one half to one third of the high velocity value).
Recommendation:
It is recommended that sufficient re-centering capability is determined as follows.

For all systems

The force at the design displacement D minus the force at half the design displacement
(D/2) is greater than 0.025WD, /D where D, is the displacement at the intersection of
the descending branch of the hysteresis loop of the entire isolation system with the zero
force axis. The hysteresis loop should not include any contributions that are velocity or

strain rate dependent. That is, the hysteresis loops should be obtained under quasi-static
test conditions.

For Systems with Bilinear Hysteretic Behavior

For systems that have bilinear hysteretic behavior as the one idealized in Figure 3-1,
equations (3-27), (3-28) and (3-29) may be used. Such systems include the Lead-Rubber
and Friction Pendulum. The parameter x# should be determined under quasi-static

conditions of motion but the value should not be less than 0.5 times the value under high
speed motion conditions.

Isolation systems without sufficient re-centering capability as defined above shall be
allowed to be analyzed only by use of the nonlinear response history analysis method.
Moreover, the period of the isolated bridge calculated using the tangent stiffness of the
isolation system at the design displacement should be less than 6.0 sec for any acceptable
isolation system. Isolation systems which do not meet the 6.0 sec period criterion shall
not be allowed.

Isolation systems that do not meet the re-centering capability criteria may develop large
permanent displacements. The Engineer may want to increase the displacement capacity
of the isolation system to accommodate portion of these displacements beyond the
calculated peak displacement demand in the maximum earthquake.
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3.6 Response Modification Factor

Response-modification factors (or R factors) are used to calculate the design forces in
structural components from the elastic force demand. That is, the demand is calculated on
the assumption of elastic structural behavior and subsequently the design forces are
established by dividing the elastic force demand by the R factor. Illustrated in Figure 3-2

is the structural response of a yielding system. The elastic force demand is F,, whereas
the yield force of an idealized representation of the system is /7, . The design force is £},
so that

D

F,
F,=-=% 3-33
2 (3-33)

where R is the response modification factor.
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FIGURE 3-2 Structural Response of a Yielding System
The response modification factor contains two components:
F F F
R=_c< :_e._Y:Rﬂ.RO (3-34)
FD FY FD

where R, is the ductility-based portion of the factor and R, is the overstrength factor. The

ductility-based portion is the result of inelastic action in the structural system. The
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overstrength factor is the result of reserve strength that exists between the design strength
and the actual yield strength of the system.

When a strength design approach is followed, the design force corresponds to the level at
which the first plastic hinge develops and the structural response deviates from linearity
(as illustrated in Figure 3-2). In this case the overstrength factor results from structural
redundancies, material overstrength, oversizing of members, strain hardening, strain rate
effects and code-specified minimum requirements related to drift, detailing, etc.

When an allowable stress design approach is followed, the design force corresponds to a
level of stress which is less than the nominal yield stress of the material. Accordingly, the

R factor (which is designated asR,) contains an additional component which is the

product of the ratio of the yield stress to the allowable stress and the shape factor (ratio of
the plastic moment to moment at initiation of yield). This factor is often called the

allowable stress factor, R, , and has a value of about 1.5. That is
R, =R,-R,R, (3-35)

Codes and Standards (such as the 2005 ASCE), Specifications (such as the AASHTO
Specifications for Highway Bridges) and various resource documents specify values of
the R factor which are empirical in nature. In general, the specified factor is dependent
only on the structural system without consideration of the other affecting factors such as
the period, framing layout, height, ground motion characteristics, etc.

The 1991 AASHTO Guide Specifications for Seismic Isolation Design (American
Association of State Highway and Transportation Officials, 1991) specified the response
modification factors for isolated bridges to be the same as those for non-isolated bridges.
For substructures (piers, columns and column bents) this factor has values in the range of
2 to 5 (American Association of State Highway and Transportation Officials 2007 LRFD
Specifications). While not explicitly stated in the 1991 AASHTO Guide Specifications, it
is implied that the use of the same R factors would result in comparable seismic
performance of the substructure of isolated and non-isolated bridges. Accordingly, the
1991 AASHTO Guide Specifications recommended the use of lower R factors when
lower ductility demand on the substructure of the isolated bridge is desired. The
assumption that the use of the same R factor would result in comparable substructure
seismic performance in isolated and non-isolated bridges appeared rational. However, it
may be demonstrated by simple analysis that when inelastic action commences in the
substructure, the effectiveness of the isolation system diminishes and larger displacement
demands are imposed on the substructure.

One significant change in the 1999 AASHTO Guide Specifications for Seismic Isolation
Design over the 1991 predecessor is the specification for lower R factor values for
substructures of isolated bridges (this philosophy is maintained in the upcoming 2009
revision of the AASHTO Guide Specifications). These values are in the range of 1.5 to
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2.5. The following statements from the 1999 AASHTO Guide Specifications provide the
rationale for the changes:

Preface:

“...The response modification factors ( R factors) have been reduced to values between 1.5 and
2.5. This implies that the ductility-based portion of the R factor is unity or close to unity. The
remainder of the factor accounts for material overstrength and structural redundancies that are
inherent in most structures. The specification of lower R factors has been based on the following
considerations: (i) Proper performance of the isolation system, and (ii) Variability in response
given the inherent variability in the characteristics of the design basis earthquake.

The lower R factors ensure, on the average, essentially elastic substructure response in the design
basis earthquake. However, they do not necessarily ensure either proper behavior of the isolation
system or acceptable substructure performance in the maximum capable earthquake (e.g.,
described as an event with 10% probability of being exceeded in 250 years). Owners may opt to
consider this earthquake for the design of important bridges. This approach is currently utilized for
the design of isolated bridges by the California Department of Transportation.....”

Section C6. Response Modification Factor:

“...The specified R factors are in the range of 1.5 to 2.5, of which the ductility based portion is
near unity and the remainder accounts for material overstrength and structural redundancy that are
inherent in most structures. That is, the lower R factors ensure, on the average, essentially elastic
substructure behavior in the design basis earthquake. It should be noted that the calculated
response by the procedures described in this document represents an average value, which may be
exceeded given the inherent variability in the characteristics of the design basis earthquake....”

There is, thus, a clear intention in the 1999 AASHTO Guide Specifications to essentially
eliminate inelastic action in the substructure of seismic-isolated bridges. This intention is
not the result of desire for better performance. Rather it is a necessity for proper
performance of the isolated bridge.

Recommendation:

Elements of the substructure of bridges shall be designed with an R factor of 1.0 for
critical bridges, in the range of 1.0 to 1.25 for essential bridges and 1.5 for other bridges.
Forces for the design of the isolators shall not be reduced by R-factors.

3.7 Single Mode Method of Analysis

Section 3.3 herein presented a detailed description of the single mode method of analysis.
It is directly applicable to cases in which the bridge substructure (part below the isolators)
is sufficiently stiff to allow for a representation of the substructure as rigid. This is not
always valid. In those cases, the effect of the finite stiffness of the substructure is to
lengthen the effective period and to reduce the effective damping. The 1999 AASHTO
(American Association of State Highway and Transportation Officials, 1999), its
upcoming 2009 revision and the Eurocode 8 (European Committee for Standardization,
2005) provide some direction on how to incorporate the effects of the flexibility of the
substructure in the single mode method of analysis.
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As an example consider the model shown in Figure 3-3. It shows a bridge represented by
a rigid deck of tributary weight W, an isolator with effective stiffness at displacement D

equal toK,; and a column below the isolator with horizontal stiffness K. (stiffness

derived for elastic behavior, assuming fixity at the base and applying a force at the
centroidal axis of the deck. In case the column is of constant section with modulus of
elasticity nE and moment of inertia [, the stiffness is  given

by K. :[Lz(h—L)/ 2EI+ L' /3EI ]_1 ). The foundation is represented with horizontal

stiffness K and rotational stiffness K, . Inertia effects in the substructure are neglected.

This model would be representative of the behavior of a long bridge with identical piers
and isolators at each pier. The extension of this model to the case of a bridge with piers of
variable properties is straightforward.

‘ DDECK {5 scaaeD) ‘
DECK, W | | .
D
CENTROIDAL AXIS
ISOLATOR = K__, Uy L ug T =
|/ o
{ISOLATOR DISPLACEMENT)
COLUMN | I |
K L |
C
‘ i
@ K R
i g
K

FIGURE 3-3 Seismically Isolated Bridge with a Flexible Substructure and its
Deformation under Lateral Force

An inertia force F acts at the centroidal axis of the deck. The deck undergoes a total
displacement equal to D, . The effective stiffness of this system is

-
F 1 hL 1 1
Keﬁ, = = [—+—+—+—] (3-36)
' Dppex K, K, K. K

The components of displacement (see Figure 3-3 for definitions) are given by
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F
up = pl== = o= D= (3-37)
F

w
=27 (3-38)
Keﬁ‘g
The effective damping is given by
1 E
By =5 — (3-39)
27| Ky Dppex

The energy dissipated per cycle E may be calculated using equation (3-8) when damping
in the column and foundation is neglected (conservative) and the isolator behavior is as
shown in Figure 3-1.

The total displacement of the deck D), can be directly obtained as the spectral

displacement from the response spectrum for period Te]j,

reduction factor appropriate for damping ,Beﬁ,. The isolator displacement D is then

upon division by the damping

calculated from

K
D=—A Dppex (3-40)
K

Analysis by the single mode method should be independently performed in two
orthogonal directions and the results be combined using the 100%-30% combination
rule. The two orthogonal directions may be any two arbitrary perpendicular directions
that facilitate the analysis. Most convenient is the use of the longitudinal and transverse
bridge directions. For curved bridges, the longitudinal axis may be taken as the chord
connecting the two abutments. The vertical ground acceleration effect may be included at
the discretion of the Engineer and using rational methods of analysis, and combined using
the 100%-30%-30% rule. The procedure is demonstrated through examples in this
document.

The effect of the substructure flexibility is to cause an increase in the total deck
displacement and most often to cause a decrease in the bearing displacement demand. In
general, this effect may be neglected if the ratio of the effective period of the isolated
bridge with the substructure flexibility effect included to the effective period of the
isolated bridge with the substructure flexibility effect excluded is less than 1.10.
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3.8 Multimode Method of Analysis

The multimode method of analysis is typically implemented in a computer program
capable of performing response spectrum analysis. Each isolator is represented by its
effective horizontal stiffness that is calculated on the basis of the single mode method of
analysis. The response spectrum specified for the analysis is the 5 percent damped
spectrum modified for the effects of the higher damping. The ordinates of the 5 percent
damped response spectrum for values of period larger than 0.87,, are divided by the

damping reduction factor B for the effective damping of the isolated bridge. In this
approach only the isolated modes of the structure are allowed the reduction of response
due to increased damping, whereas the higher modes are assumed to be damped at 5
percent. Note that the modification of the spectrum for higher damping requires that the
effective period and effective damping in each principal direction be calculated. This is
done by use of the single mode analysis method.

Figure 3-4 below presents the response spectrum used in multimode analysis of a
seismically isolated bridge. The effective period is 7, =2.75 sec, the effective damping

is B,=03 and the damping reduction factor B=1.8. The ordinates of the 5 percent

damped spectrum for period larger than 2.2 sec were divided by a factor of 1.8.
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FIGURE 3-4 Response Spectrum for Multimode Analysis of a Seismically Isolated
Bridge

Analysis by the multimode method should be independently performed in the two
horizontal orthogonal directions and the results be combined using the 100%-30%
combination rule. The two horizontal orthogonal directions may be any two arbitrary
perpendicular directions that facilitate the analysis. Most convenient is the use of the
longitudinal and transverse bridge directions. For curved bridges, the longitudinal axis
may be taken as the chord connecting the two abutments. The vertical ground
acceleration effect may be included at the discretion of the Engineer and using rational
methods of analysis.
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3.9 Response History Analysis Method

The response history analysis method incorporating nonlinear representations of the
isolators is the most accurate method of analysis. The method should be used with
explicit nonlinear representation of the characteristics of each isolator. Computer
programs capable of such analysis are the public domain 3D-BASIS class of programs
(Tsopelas, 2005 for the latest version), and the commercially available programs
SAP2000, ANSYS and ABAQUS (CSI, 2002; Swanson Analysis Systems, 1996; Hibbitt,
Karlsson and Sorensen, 2004). For examples of analysis of isolated structures using
programs ANSYS and ABAQUS the interested reader is referred to Roussis et al (2003),
Clarke et al (2005) and Tsopelas et al (2005).

When response history analysis is performed, a suite of not fewer than seven appropriate
ground motions shall be used in the analysis and the ground motions shall be selected and
scaled in accordance with the criteria listed below. The maximum displacement of the
isolation system shall be calculated from the vectorial sum of the two orthogonal
displacement components at each time step.

For each ground motion analyzed, the parameters of interest shall be calculated. The
average value of the response parameter of interest shall be permitted to be used for
design.

Ground motions shall consist of pairs of appropriate horizontal ground motion
acceleration components that shall be selected and scaled from individual recorded events
to meet the following minimum requirements. Appropriate ground motions shall be
selected from events having magnitudes, fault distance, and source mechanisms that are
consistent with those that control the considered earthquake. For each pair of scaled
horizontal ground motion components, an SRSS (square root of sum of squares) spectrum
shall be constructed by taking the square root of the sum of the squares of the five-
percent-damped response spectra for the scaled components (where an identical scale
factor is applied to both components of a pair). Each pair of motions shall be scaled such
that for each period between 0.57,, and 1.257,(as calculated by equation 3-5) the

average of the SRSS spectra from all horizontal component pairs does not fall below 1.3
times the corresponding ordinate of the response spectrum by more than 10 percent.

At the discretion of the Engineer, vertical ground motion histories may be included in the
dynamic analysis provided that the vertical motions are rationally selected and scaled, the
analysis method is accurate and the results are independently verified. Consideration of
the vertical ground motion effects may be necessary when assessing bearing uplift or
tension.

3.10 Use of Methods of Analysis

This section delineates the requirements for the use of the single mode method of
analysis, the multimode method of analysis and the response history method of analysis.
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Table 3-4 presents a summary of applicability criteria for each method of analysis. Note
that isolation systems must meet the re-centering capability requirements of Section 3.5
for single and multimode methods of analysis to be used. Site class is as defined in the
Recommended LRFD Guidelines for the Seismic design of Highway Bridges (Imbsen,
2006). The response history method of analysis is required when these requirements are
not met. Nevertheless, all seismic isolation systems should have a period calculated using
the tangent stiffness of the isolation system at the design displacement less than 6.0 sec.

TABLE 3-4 Applicability Criteria for Methods of Analysis

Method of Analysis

Applicability Criteria

Single Mode

e

Site Class A, B, C or D.
Bridge without significant curvature, defined as having a
subtended angle in plan not more than 30°.

Effective period 7,; <3.0sec.

Effective damping S, <0.30. Method may be used
when S, >0.30but less than 0.50 provided that
By =0.30is used.

Distance from active fault is more than 10km.

The isolation system does not Ilimit maximum
displacement to less than the calculated demand.

The isolation system meets the re-centering capability
criteria of Section 3.4.

Multimode

oo

e

Site Class A, B, C or D.
Bridge of any configuration.

Effective period7); <3.0sec.

Effective damping S, <0.30. Method may be used
when S, >0.30but less than 0.50 provided that
By =0.301s used.

Distance from active fault>10km.

The isolation system does not Ilimit maximum
displacement to less than the calculated demand.

The isolation system meets the re-centering capability
criteria of Section 3.4.

Response History

NAREE i S e

Applicable in all cases.

Required when distance to active fault is less than 10km.
Required when Site Class is E or F.

Required when 7, >3.0sec or S, >0.50.

Required when the isolation system does not meet the
re-centering capability criteria of Section 3.4, but it
meets the criterion that the period calculated using the
tangent stiffness of the isolation system at the design
displacement is less than 6.0sec.
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Lower-bound limits on isolation system displacements and forces are specified in Table
3-5 as a percentage of the values prescribed by the single mode method design formulas,
even when multimode or response history analysis methods are used as the basis for
design. These lower-bound limits on key design parameters ensure consistency in the
design of isolated bridges and serve as a “safety net” against gross under-design.

TABLE 3-5 Lower-Bound Limits on Multimode and Response History Analysis

Methods Specified in Relation to Single Mode Method Requirement

Multimode Response
Design Parameter Single Mode Method History
Method
Method
Calculated using response
) ) ) spectrum for period Teﬁ, and
Displacement in Design or o , >0.9D >0.9D
Maximum Earthquake — dividing by damping =UIEp ot =Ry
D,or D, reduction factor B for >0.9D,, >0.9D,,
calculated value of S, per
Sections 3.2 and 3.3.
Total maximum
displacement- D,,,
) ) ) Calculated by rational
(dlsplacemqnt In maximum | methods but subject to Dry, | = 0.8D7y > 0.8Dmm
earthquake including effects
Akt ) > [.1Dy
of torsion in the isolated
bridge)
Shear Force-V, Given by equation (3-14)
(at or below the isolation for DeSign or Maximum > 0.9 Vb > 0.9 Vb
system) Earthquake
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SECTION 4
MECHANICAL PROPERTIES OF ISOLATORS

4.1 Introduction

Analysis of seismically isolated bridges should be performed for the Design Earthquake
(DE) for two distinct sets of mechanical properties of the isolation system:

a) Upper bound properties that are defined to be the upper bound values of
characteristic strength and post-elastic stiffness that can occur during the lifetime
of the isolators and considering the effects of aging, contamination, temperature
and history of loading and movement. Typically, the upper bound values describe
the behavior of aged and contaminated bearings, following movement that is
characteristic of substantial traffic loading, when temperature is low and during
the first high speed cycle of seismic motion. The upper bound values of properties
usually result in the largest force demand on the substructure elements.

b) Lower bound properties that are defined to be the lower bound values of
characteristic strength and post-elastic stiffness that can occur during the lifetime
of the isolators. Typically, the lower bound values describe the behavior of fresh
bearings, at normal temperature and following the initial cycle of high speed
motion. The lower bound values of properties usually result in the largest
displacement demand on the isolators.

The upper and lower bound values of mechanical properties are determined from nominal
values of properties and the use of system property modification factors. The nominal
properties are obtained either from testing of prototype bearings identical to the actual
bearings or from test data of similar bearings from previous projects and the use of
appropriate assumptions to account for uncertainty. Typically, the analysis and design of
the isolated bridge is based on available data from past tests of similar bearings. The
assumptions made for the range of mechanical properties of the isolators are then
confirmed in the prototype testing that follows. If the selection of the range of mechanical
properties is properly made, the prototype bearing testing will confirm the validity of the
assumptions and therefore the validity of the analysis and design. Accordingly,
modifications of the design would not be necessary.

The Engineer should consult with manufacturers of isolators for information on the
behavior of their products. Results of testing of similar bearings under similar conditions
of loading and motion could serve as a guide in selecting the nominal mechanical
properties of the isolators. The information provided in this section is based on the test
data presented in Constantinou et al (2007a) and it applies to specific materials and
conditions of operation. The information cannot be assumed to apply for all materials
used in seismic isolators. However, the information provided in this section, together
with information provided in the appendices related to the example bridge of Section 10,
serve as a guide to estimating upper and lower bound values of isolator properties for
lead-rubber and friction pendulum isolators. Note that the approach followed in this
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section and in the aforementioned examples is to conservatively estimate the range of
properties. A narrower range of properties may be used when test data for the actual
bearings are available. This statement suggests that conducting the prototype bearing
testing early in the design and analysis process is desirable.

4.2 Nominal Properties of Lead-Rubber Bearings

A lead-rubber bearing consists of an elastomeric bearing (a construction of alternating
bonded layers of natural rubber and steel reinforcing shims) with a central core of lead
(see Constantinou et al-2007a for details). Figure 4-1 shows a lead-rubber bearing that
was cut to reveal its internal construction. Note that the top and bottom (flange) plates of
the bearing are connected to the end plates of the rubber bearing through countersunk
bolts. This type of construction allows for confinement of the lead plug at the core of the
bearing. The plug is typically cut longer than the height of the rubber bearing (by an
amount less than 5%) so the core is compressed upon bolting the flange plates to the end
plates. The lead core expands laterally and wedges into the rubber layers between the
shim plates. Under such (confined) conditions, the lead core provides excellent energy
dissipation capacity (with a magnitude dependent on the diameter of the lead plug or
cylinder).

e

Ci T ket e

FIGURE 4-1 Internal Construction of a Lead-Rubber Bearing (Courtesy of DIS)

Lead-rubber bearings have a lateral force-lateral displacement behavior that can be
idealized by the bilinear hysteretic loop shown in Figure 3-1. The mechanical behavior of
the bearing is characterized by the following parameters:

a) Characteristic Strength O, . The characteristic strength is related to the area of lead

4, and the effective yield stress of lead o, as follows:
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b)

Oy =40, (4-1)

The characteristic strength of lead is a mechanical property that depends on a
variety of parameters, including axial load on the bearing, amplitude of motion,
size of lead core, and bearing manufacturing details. Moreover, the value of the
effective yield stress varies from cycle to cycle as a result of heating of the lead
core. While it is possible to calculate the change of values of this property due to
heating using the theory presented in Constantinou et al (2007a) and Kalpakidis
and Constantinou (2009a,b), most engineers are unfamiliar with such calculations.
A representative range of values is proposed in this document based on available
experimental results. It should be noted that in these results the contributions to
the characteristic strength from lead and rubber are lumped together in order to
facilitate calculations.

The nominal values of parameter o, are:

e Value valid during first cycle of seismic motion, o, , and assumed to be
givenby o, =1.350,

e Value determined as the average characteristic strength in the first three
cycles of seismic motion, o, . Values of o, are in the range of 1.45 to

1.75ksi (10 to 12MPa), depending on the size of the lead core, size of
bearing, loading and manufacturing details, and due to uncertainty. It is
appropriate to assume o, equal to 1.45ksi and o, =1.35x1.75=2.36ksi.

These values are consistent with behavior observed in high velocity, large
amplitude testing of lead-rubber bearings
e For calculations for traffic loading conditions, o, =0, /2

e For calculations for thermal loading conditions, o, =0, /3

Post-elastic Stiffness K,. The stiffness is related to the shear modulus of rubber
G , the bonded rubber area A4, and the total rubber thickness 7 :
e

T

7

Ky (4-2)
It is recommended that for calculating area 4 in (4-2), the bonded rubber radius is
increased by half the rubber cover thickness in order to account for the effect of
rubber cover on stiffness. The shear modulus of rubber depends on the rubber
compound, the conditions of loading and the amplitude and frequency of motion.
Values of the shear modulus G to use in (4-2) will be related in this report to the

average value of the shear modulus in three cycles of motion G5, , which is in the

range of 65 to 125psi (0.45 to 0.85MPa) for typical seismic isolation applications.
It is assumed in this report that the rubber is of the low damping type and that
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scragging effects are small, which is generally true for rubber with the range of
shear modulus values listed above. The recommended values of shear modulus
(including any scragging effects) are:

e Value valid during the first cycle in seismic motion, G, , and assumed to

le

be given by G, =1.10G;,. The largest value of G, within the nominal
range should be used in calculating G;,

e Value determined as the average shear modulus during the first three
cycles of seismic motion, G, . The range of values of parameters used in

this document is valid for low damping natural rubber with G, larger
than 65psi (0.45MPa). The actual value of G;. should be assumed to be

within a range, say +5% of a mean value when supporting experimental
evidence exists or larger range otherwise

e For calculations for traffic and thermal loading conditions, G =0.8G;, .

The largest value of G;, should be used in calculating G

c) Yield displacement Y. This parameter is useful in calculating the effective
damping (equation 3-8) and in modeling isolators for dynamic response history
analysis. It should be determined from the force-displacement loops of the actual
bearing. In the absence of such information, it may be assumed to be in the range
of 0.25 to linch (6 to 25mm).

4.3 Upper and Lower Bound Properties of Lead-Rubber Bearings

The lower bound values of characteristic strength and post-elastic stiffness of lead-rubber
bearings should be the nominal properties during the first three cycles (average of three
cycles) of seismic motion listed in Section 4.2. Note that these properties are for normal
temperature and for fresh bearings.

The upper bound values of characteristic strength and post-elastic stiffness of lead-rubber
bearings should be the nominal properties during the first cycle of seismic motion listed
in Section 4.2 and multiplied by the system property modification factor for the combined
effects of aging and low temperature. These factors are listed in AASHTO Guide
Specifications for Seismic Isolation Design (2010) and in more detail in Constantinou et
al (2007a).

4.4 Basic Behavior of Single and Double Friction Pendulum Bearings

Friction Pendulum (FP) bearings come in Single, Double or Triple configurations. Figure
4-2 shows sections of Single and Double FP bearings. While Double FP may be
designed with the two sliding interfaces having different geometric and frictional
properties (e.g., see Fenz and Constantinou, 2006), application of such behavior in
bridges does not offer any important advantage while it complicates analysis. That is,
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based on the schematic of Figure 4-2, typical Double FP bearings have Ri=R,, d;=d, and
Hi=Ho=h.

Note that the Single FP bearing in Figure 4-2 is shown with the pivot point located
outside the boundary of the concave sliding surface. It is also possible to have the pivot

point located inside the boundary of the concave surface. The former case is common in
bearings with squatty articulated slider and is typical of large FP bearings.

PIVOT POINT—__

=l

R1! M

FIGURE 4-2 Cross Sections of Single and Double Friction Pendulum Bearings and
Definition of Dimensional and Frictional Properties

Single and Double Friction Pendulum (FP) bearings exhibit a behavior as shown in
Figure 3-1 but with a very small yield displacement Y. Values of the yield displacement
are only useful in modeling the bearing for dynamic response history analysis. For such
purposes, values of Y of the order of 1 to 2 mm (0.04 to 0.08 inch) are appropriate.

The post-elastic stiffness of FP bearings is entirely dependent on the axial load ' on the
bearing and on the effective radius of curvature of the concave plate, R, :

Ky == (4-3)

For Single FP bearings as shown in Figure 4-2 (pivot point outside the boundary of
concave surface), the effective radius is given by (Fenz and Constantinou, 2008c):
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R =R+h (4-4)

The actual displacement capacity d’ of the Single FP bearing with the pivot point lying
outside the boundary of the concave surface (as shown in Figure 4-2) is given by:

d*:ﬁd:RJrh
R R

d (4-5)
In equation (4-5), d is the nominal displacement capacity (see Figure 4-2). The actual

displacement capacity is larger than the nominal capacity.

When the pivot point lies inside the boundary of the concave surface of Single FP
bearings, the effective radius is given by:

R, =R-h (4-6)

Also when the pivot point lies inside the boundary of the concave surface, the actual
displacement capacity d is given by

* R R_h
d =|—=<|d=|——|d .
(R] ( R j &7

Therefore the actual displacement capacity is less than the nominal displacement
capacity. The reader will better appreciate these details in the example of Single FP
design of Section 13 and Appendix E.

For Double FP bearings with typical characteristics of R;=R,, dj=d, and p,;=p,=p, the
effective radius is given by

R, =R +R,—h—hy=2R —h—h, (4-8)
The actual displacement capacity d is given by

x R
d =—<—(d,+d,) =
RI+R(1 2)

2R —h —h
#(dl +d,) (4-9)

2 1

In equation (4-9), d; and d, are the nominal displacement capacities as shown in Figure 4-
2. Note that for Double FP bearings the actual displacement capacity is always less than
the nominal displacement capacity.

The characteristic strength of Single and Double FP bearings is equal to the coefficient of
friction x times the axial load IV :

Q, = 1w (4-10)
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4.5 Basic Behavior of Triple Friction Pendulum Bearings

The reader is referred to Fenz and Constantinou (2008a, b, ¢, d and ) and Morgan (2007)
for a comprehensive description of the behavior of Triple FP bearings. This section
provides a basic description of the behavior of the Triple FP bearing in order to allow the
reader to follow the example of Section 11 and Appendix C.

The Triple Friction Pendulum (FP) isolator exhibits multiple changes in stiffness and
strength with increasing amplitude of displacement. The construction of the force-
displacement loop is complex as it may contain several transition points which depend on
the geometric and frictional properties. Its behavior is characterized by radii R;, Ry, R;
and R, (typically R;=R, and R,=R3), heights h;, h,, h; and hy (typically h;=h, and h,=h;),
distances (related to displacement capacities) d;, d,, d; and dy (typically d>=d; and d;=d)
and friction coefficients 4, , 1,, p,and y, (typically sz, =g, and for most applications

4, =1, ). The actual displacement capacities of each sliding interface are given by:

. R
d’ = Igﬁ”‘ d,i=1.4 (4-11)

1

Quantity R, is the effective radius for surface i given by:

Ry,=R—h i=1.4 (4-12)
R4, l-l‘. \ RJ! IJ'B
‘\ N da o
I I
& _
/—_-_ d, —= h, h
__——-'-'_'_._._._._.-H-H—’-FHJ 1
: 1
.III |II 'lI —d 5
A\ Ilu
Ry» 1y Ry By \ “— Rigid Slider
\ Slide Plates

FIGURE 4-3 Cross Section of Triple Friction Pendulum Bearing and Definition of
Dimensional and Frictional Properties

The lateral force-displacement relation of the Triple FP isolator is illustrated in Figure 4-
4. Five different loops are shown in Figure 4-4, each one valid in one of five different
regimes of displacement. The parameters in the loops relate to the geometry of the
bearing, the friction coefficient values and the gravity load W carried by the isolator as
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described in Fenz and Constantinou (2008a to 2008¢). Triple FP isolators are typically
designed to operate in regimes I to IV, whereas regime V is reserved to act as a
displacement restrainer. In regime V the isolator has consumed its displacement
capacities d; and d4 and only slides on surfaces 2 and 3 (see Figure 4-3).

Regime V. __

Regime IV

Regime 111

Regime 11

F tegime |

Horizontal Force

u

1

Total Displacement

FIGURE 4-4 Force-Displacement Loops of Triple FP Bearing

Table 4-1 (adopted from Fenz and Constantinou, 2008c) presents a summary of the force-
displacement relationships of the Triple FP bearing in the five regimes of operation.

Note that in this table, F 6T LW is the friction force at interface i and W is the axial

compressive load on the bearing.

Consider the special case in whichR,,, =R, R, = R ;5 Jd =d,,d, =d, =y,
and u, = u,. Furthermore, consider that the bearing does not reach regime V. The result

is an isolator with tri-linear hysteretic behavior as illustrated in Figure 4-5. Note this
special case represents a typical case of configuration of Triple FP isolators. The
behavior shown in Figure 4-5 is valid up to a displacement given by

u=u +2d, =2( — )R 5, +2d, (4-13)

Also, the force at zero displacement is given by
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TABLE 4-1 Summary of Triple FP Bearing Behavior (Nomenclature Refers to Figure 4-3)

Regime  Description Force-Displacement Relationship
w F,R ., +F. R,
Sliding on == - n szﬂz Rf3 13
[ surfaces 2 o2 T B o2 T B
and 3 onl Valid *
Y until: F:Ffl’ u=u :(lvh _Mz)ng'z "'(“1 _HS)ReﬁS
Motion
stops on
I surface 2;
Sliding on Valid _ ek ok .
surfacis 1 until: F=F,, u=u =u +(y — 1y )(Reﬁ‘l + Re/f”3)
and 3
= W u-—+
. ) Re_ﬁ‘l + Reﬁ‘4
Motion is
stoppedon 1 (Reﬂl - Reff2) +F Ry + Ry + 1y (Reﬁ”4 - Reﬁ’S)
surfaces 2 R. +R.
I and3; KA
Sliding on FerF, = q F,
surfaces 1 ' ’
. eff'1
and 4 Vatlfld R
until:
_ e * gﬁ"4
U=, =u +d, [1"'_]_(“4 _Hl)(Reﬁl +Rejj‘4)
eff 1
Slider W W
contacts F= R._+R (”_“dr1)+ d, +F,
restrainer on 2 el 4 el
surface 1;
Motion W
v remains F=F,,= d4 + Ff 4>
stopped on  Valid &
surface 3; until: d: d:
Sliding on U=Upy = Uy T l:( A+ H4] - (R =+, (Reﬁ’Z + Reff4)
surfaces 2 eff 4 eff 1
and 4
Slider bears
on restrainer
of surface 1 w W,
V and4; F:W(u—udr4)+—d4+ﬁ}4
Sliding on o2 T s off 4
surfaces 2
and 3
Assumptions: (1) R,py =R, >Ry =Ry, (2) 1y =y <ty <pty, 3) d) > (g — 1) Ry s

@) d; > (T MZ)Reﬁ"Z ,(5) dy > (= us)Reﬂ3
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Reﬁ‘ 1

Re
pw {M — (14— 14,) fﬂW (4-14)
Two models have been developed and verified for the representation of triple FP isolators
in computer analysis. These models are termed the “series model” and the “parallel
model”.

A
Force F
2H2W
W
nW. W/2R 1
LW W/2R i
5 , >
u*=2(u;-u2)R, Displacement
u
2u*

FIGURE 4-5 Force-Displacement Loop of Special Triple FP Isolator

The series model has been developed by Fenz and Constantinou (2008d, ) in order to
model behavior of the Triple FP bearings in all five regimes of operations. The series
model, although unable to provide information on the motion of the internal components,
is an exact representation of the triple FP bearing which indeed behaves as a series
arrangement of single FP elements. However, the series model requires the use of a large
number of degrees of freedom per bearing and is difficult to implement.

The parallel model is a much simpler model capable of describing the behavior of the
special case Triple FP bearing, for whichR,,, =R, R, =R, d =d, ,d, =d,,
M, = u,, U, = ,and the bearing does not enter the final regime of operation (stiffening).

The parallel model was originally described in Sarlis et al (2009) and in more detail in
Sarlis and Constantinou (2010). The latter document also describes an approximate way
of modeling the behavior of the bearing in regime V when using the parallel model.
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4.6 Nominal Properties of Friction Pendulum Bearings

The Engineer should contact manufacturers of FP bearings for information on available
radii of curvature and diameters of concave plates. Table 4-2 presents information on FP
bearing concave plates that have been already produced and used in bridge and other
projects. It should be noted that these concave plates could either be used in single FP
configurations or could be combined in double and triple FP configurations. The effective
radius of curvature is (a) equal to the actual radius of curvature plus or minus a portion of
the height of the articulated slider for single FP bearings, and (b) equal to the sum of the
actual radii of curvature of the two concave plates minus the height of the slider for
double FP bearings. Sliders have been produced with diameters ranging from 152mm (6
inch) to 1651mm (65 inch). The slider and concave plate diameter are selected to provide
the desired displacement capacity. For economy, the displacement capacity of FP
bearings should be not more than about 20% of the effective radius of curvature.

The nominal coefficient of friction is defined as the range of values of the coefficient for
normal temperature and without any effects for aging, contamination and history of
loading, that is, for a fresh bearing at normal temperature. Nominal values of the
coefficient of friction depend on the average bearing pressure (axial load divided by
contact area of slider), the condition of the sliding interface and the size of the slider.
Sliders with diameter between 150mm (6 inch) and 1650mm (65inch) have been used in
FP bearings. Considering un-lubricated conditions, the following range of values of the
coefficient of friction is recommended for use in analysis:

e Value valid during the first cycle of seismic motion, £, and assumed equal to
. =124, where s should be assigned the largest value within the nominal
value range (note that £, is defined below).

e Value determined as the average coefficient of friction during the first three
cycles of seismic motion, z4,.. There is uncertainty in the nominal values of 1z,

so the Engineer must make some assumptions on the range of values.

e When experimental results are available on similar bearings and conditions of
loading to the actual ones, the range of 14, values may be made narrower. In the
absence of data, the Engineer may want to exercise conservatism and assume a
wider range of values in order to ensure that properties measured in the
production bearing testing are within the limits assumed in the analysis and
design.

For example, experimental data from large size FP bearings (contact of diameter equal to
Ilinch or 279mm) and tested at amplitudes of 12 to 28inch (300 to 700mm) have been
used to approximate the nominal values of the friction coefficient z4. in the range of

pressure p of 2 to 8ksi (13.8 to 62MPa) with the following equation, where p is in units
of ksi (see Constantinou et al, 2007a, 2007b):

i, =0.122-0.01p (4-15)
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TABLE 4-2 Partial List of Standard Sizes of FP Bearing Concave Plates

Radius of Curvature, mm (inch) Diameter of Concave Surface, mm (inch)

356 (14)
457 (18)
1555 (61) 559 (22)
787 (31)

914 (36)

686 (27)

787 (31)

914 (36)

991 (39)

2235 (88) 1041 (41)

1118 (44)

1168 (46)

1295 (51)

1422 (56)

686 (27)

3048 (120) 1423 (56)

1600 (63)

1778 (70)

3962 (156) 2692 (106)

3150 (124)

1981 (78)

2388 (94)

6045 (238) 2692 (106)

3327 (131)

3632 (143)

For calculations for traffic and thermal loading conditions, z,, = £4./2 , where g, should

be assigned the largest value within the nominal value range. Other values of the
coefficient of friction for traffic and thermal loading analysis may be used if experimental
data are available on similar bearings and load conditions and for velocity of the order of
Imm/sec. It should be noted that equation (4-15) provides estimates of friction
coefficients under moderate velocity conditions for which frictional heating does not
have significant effects on the friction coefficient value. Values of friction coefficient

1. for large size bearings and velocity of the order of 1m/sec are lower than those
predicted by (4-15) by amounts of about 0.01 to 0.02. Analysis of FP seismic isolation
systems presented in Appendices C and E provides examples of how the frictional
properties may be selected and adjusted to account for effects of heating, uncertainty,
aging etc.
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4.7 Upper and Lower Bound Properties of FP Bearings

The lower bound values of characteristic strength of FP bearings should be calculated
using the lowest nominal value of the coefficient of friction during the first three cycles
(average of three cycles) of seismic motion listed in Section 4.6 Note that these properties
are for normal temperature and for fresh bearings.

The upper bound values of characteristic strength of FP bearings should be calculated
using the nominal value of the coefficient of friction during the first cycle of seismic
motion listed in Section 4.6and multiplied by the system property modification factor for
the combined effects of aging, contamination and low temperature. These factors are
listed in AASHTO Guide Specifications for Seismic Isolation Design (2010) and in more
detail in Constantinou et al (2007a).

4.8 Example

Consider the basic properties of a lead-rubber bearing. Let the desired nominal value of
the shear modulus under seismic conditions be 65psi. Most likely the bearing will have a
value of shear modulus in the range of 60 to 70psi. This is the range of values for the

average shear modulus in three cycles of seismic motion. That is, G,, =60—70psi . The

value of the shear modulus valid in the first cycle of seismic motion is
G,, =1.1G;. =1.1x70="T7psi. Note the use of the upper bound value (70psi) for G,
in the range of 60 to 70psi for conservatism. Therefore, the value of the shear modulus
for a fresh bearing under normal temperature for use in dynamic analysis should be
assumed in the range of 60 to 77psi. Further adjustments (increases) of the 77psi value
for the effects of travel, low temperature and aging are needed for conducting upper
bound analysis.

The average value of the effective yield stress of lead in three cycles of seismic
conditions op, is, generally, in the range of 1.45 to 1.75ksi. There is no single value that

is valid for the range of conditions the bearing operates. The value of the stress in the
first cycle of motion iso;, =1.350, =1.35x1.75=2.36ksi . Note again the conservative

use of the upper bound value. Therefore, the value of the lead effective shear stress for a
fresh bearing under normal temperature for use in dynamic analysis should be assumed in
the range of 1.45 to 2.36ksi. Further adjustments (increases) of the 2.36ksi value for the
effects of travel and low temperature are needed for conducting upper bound analysis.
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SECTION 5
ELASTOMERIC SEISMIC ISOLATION BEARING ADEQUACY ASSESSMENT

5.1 Introduction

This section presents a formulation for the assessment of adequacy of elastomeric seismic
isolation bearings in bridges. It is assumed that bearings have end, or internal, plates that
are either bolted to top and bottom mounting plates (most common case) or are dowelled
or kept by recessed plates. Also, it is assumed that the bearings are made of natural
rubber. Figure 5-1 shows the internal construction of a bearing. In this figure, the top and

bottom mounting plates have thicknesses 7,, and t,,, respectively, and internal plate

thickness 7,,. Reinforcing shims have thickness I;. There are N elastomeric layers, each
of thickness ¢.

FIGURE 5-1 Internal Construction of Elastomeric Bearing

Note that in Figure 5-1 the bearing is shown circular but it could be square or rectangular.
Figure 5-2 shows various shapes and dimensions of single rubber layers (bounded by
internal reinforcing shims) of bearings considered in this work. Note that the dimensions
shown are the bonded dimensions-they do not include the thickness of any rubber cover.
Dimension ¢ is the thickness of an individual rubber layer. Rectangular bearings have
dimension B larger than dimension L.

Elastomeric bearings are considered subjected to combined compression by load P,
rotation by moment M causing angle of rotation & (for rectangular bearings the angle is
about the longitudinal axis-parallel to dimension B) and lateral deformation A.
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FIGURE 5-2 Shapes an_d Dimensions of Single Rubber Layers

For the geometries shown in Figure 5-2, the shape factor S, used in the calculation of
rubber strains, is given by the following equations:

Rectangular bearing

g BL
2(B + L)l (5_ 1)
Square bearing
B
S= 5-2
4¢ >-2)
Circular bearing
D
S=— 5-3
4t (>-3)
Circular hollow bearing
D —-D,
S="o 5-4
4t >-4)

The assessment of adequacy of elastomeric bearings is based on the:

1) Calculations of shear strains due to factored loads and displacement effects in the
elastomer and comparison to acceptable limits.
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2) Calculation of buckling loads and comparison to factored loads.

3) Calculation of ultimate bearing displacement capacities and comparison to
displacement demands.

4) Calculations of stresses in reinforcing shim plates due to factored loads.

5) Calculations of capacity of end plates when subjected to factored loads and lateral
displacements.

5.2 Calculation of Shear Strains

The calculation of shear strains is based on the results presented in Appendix A for the
effects of compression and rotation. The appendix presents the background on the
theories these results are based on and provides verification of their accuracy.

Shear strains are calculated due to the effects of compression by load P, bearing top
rotation by angle # and lateral displacement 4. Shear strains for each of these effects are
calculated for the locations at which they are maxima. Figure 5-3 illustrates these
locations. In the equations that follow, S is the shape factor defined above, G is the
rubber shear modulus, 4 is the bonded rubber area (the area may be reduced for the
effects of lateral displacement as required), L is the plan dimension perpendicular to the
axis of rotation (L for rectangular or square bearings, D for circular bearings and D, for
hollow circular bearings), ¢ is the single rubber layer thickness and 7, is the total rubber
thickness.

For compression of bearings by load P, the maximum shear strain is given by:

P

=A—GS'f1 (5-5)

Ve

For rotation of bearings by angle @ at the top by comparison to the bottom, the maximum
shear strain is given by:

1’0
==". 5-6
7, T /i (5-6)

For lateral deformation by displacement 4 of the top by comparison to the bottom, the
maximum shear strain is given by:

V= (5-7)

A
T

The factors f; and f, in equations (5-5) and (5-6) account for bearing shape, effect of
rubber compressibility and the location of the point where the strain is calculated. Values
for these factors are tabulated and presented graphically in Appendix A. Tables 5-1 to 5-
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14 present numerical values for these factors. Note that G is the shear modulus and K is
the bulk modulus of rubber. A value of K=290ksi (2000MPa) is recommended, although
the recent LRFD Specifications (AASHTO, 2010) recommend a value of 450ksi
(3100MPa). Values of the shear modulus are in the range of 70 to 150psi (0.5 to 1.0MPa)
so that values of the ratio K/G are in the range of 2000 to 6000 but could be larger if
softer eclastomers are considered. Also, note that the 2010 AASHTO LRFD
Specifications recommend expressions for calculating values of coefficients f; and f>,
which are denoted as D, and D, , respectively.

L

Bz 1

L
7/ t
e |

yd

) LOCATION OF LARGE SHEAR
— STRAIN DUE TO ROTATION

LOCATION OF MAXIMUM SHEAR
STRAIN DUE TO COMPRESSION

ADDITIONAL LOCATION OF MAXIMUM
L4 SHEAR STRAIN DUE TO COMPRESSION

- - IN SQUARE BEARING

FIGURE 5-3 Locatioh; E)f Maximum Shear Strain in Bonded Rubber Layers

Values of the coefficient f; for circular bearings (Table 5-1) are in the range of 1.0 to
about 1.6. By comparison, the recent 2010 AASHTO LRFD Specifications (AASHTO,
2010) recommend the use of a value equal to 1.0. Note that the AASHTO LRFD
Specifications deal with regular bridge bearings for which shape factors are small and
typically less than 10. Under those conditions, the value of unity for the coefficient f; is
appropriate.  Similarly, the value of the coefficient f; for rectangular bearings (Tables 5-
4 to 5-7) is in the range of 1.2 to about 2.0, whereas the recent 2010 AASHTO LRFD
Specifications (AASHTO, 2010) recommend the use of a value equal to 1.4. Again the
value of 1.4 is appropriate for regular bridge bearings of shape factor of about or less than
10.

Values of the coefficient f, for circular bearings (Table 5-8) are in the range of 0.23 to
0.37, whereas the recent 2010 AASHTO LRFD Specifications (AASHTO, 2010)
recommend the use of a value equal to 0.375, which is appropriate for regular bridge
bearings of low shape factor. Also, the coefficient f for rectangular bearings (Tables 5-
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11 to 5-14) is in the range of 0.25 to 0.50, whereas the recent 2010 AASHTO LRFD
Specifications (AASHTO, 2010) recommend the use of a value equal to 0.50-an
appropriate value for regular bridge bearings of low shape factor.

TABLE 5-1 Coefficient f;, for Circular Bearings

S K/G
2000 4000 6000 0

5 1.02 1.01 1.01 1.00
7.5 1.05 1.03 1.02 1.00
10 1.10 1.05 1.03 1.00
12.5 1.15 1.08 1.05 1.00
15 1.20 1.11 1.07 1.00
17.5 1.27 1.14 1.10 1.00
20 1.34 1.18 1.13 1.00
22.5 1.41 1.23 1.16 1.00
25 1.49 1.27 1.19 1.00
27.5 1.57 1.32 1.23 1.00
30 1.66 1.37 1.26 1.00

TABLE 5-2 Coefficient f; for Circular Hollow Bearings (inner surface location)

INNER SURFACE
Dy/Di=10 D,/D;=5
K/G K/G

2000 | 4000 | 6000 © 2000 4000 6000 0

5 3.18 3.18 3.18 3.18 2.34 2.33 2.33 2.33
7.5 3.19 3.18 3.18 3.18 2.35 2.34 2.34 2.33
10 3.19 3.18 3.18 3.18 2.36 2.35 2.34 2.33
12.5 3.20 3.19 3.18 3.18 2.38 2.35 2.35 2.33
15 3.21 3.19 3.19 3.18 241 237 2.35 2.33
17.5 3.22 3.20 3.19 3.18 244 2.38 2.36 2.33
20 3.25 3.20 3.19 3.18 247 2.40 2.37 2.33
22.5 3.27 3.21 3.20 3.18 2.51 242 2.39 2.33
25 3.30 3.23 3.21 3.18 2.55 2.44 2.40 2.33
27.5 3.34 3.24 3.21 3.18 2.60 2.46 242 2.33
30 3.38 3.26 3.22 3.18 2.66 2.49 2.43 2.33
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TABLE 5-3 Coefficient f; for Circular Hollow Bearings (outer surface location)

OUTER SURFACE
D,/D; =10 D,/Di=5
S K/G K/G
2000 4000 6000 o0 2000 | 4000 | 6000 0

5 1.24 1.23 1.22 1.22 1.28 1.27 1.27 1.27
7.5 1.26 1.24 1.23 1.22 1.31 1.29 1.28 1.27

10 1.29 1.26 1.24 1.22 1.34 1.30 1.29 1.27
12.5 1.33 1.28 1.26 1.22 1.37 1.32 1.30 1.27

15 1.38 1.30 1.27 1.22 1.42 1.34 1.32 1.27
17.5 1.43 1.33 1.29 1.22 1.47 1.37 1.34 1.27
20 1.49 1.36 1.31 1.22 1.53 1.40 1.36 1.27
22.5 1.55 1.40 1.34 1.22 1.59 1.44 1.38 1.27
25 1.62 1.43 1.37 1.22 1.65 1.47 1.41 1.27
27.5 1.69 1.48 1.39 1.22 1.72 1.51 1.44 1.27
30 1.77 1.52 1.43 1.22 1.80 1.56 1.47 1.27

TABLE 5-4 Coefficient f; for Rectangular Bearings with K/G=2000

K/G = 2000
L/B 0 0.2 0.4 0.6 0.8 1

S

5 1.53 1.44 1.39 1.33 1.27 1.22
7.5 1.55 1.45 1.41 1.35 1.30 1.25
10 1.57 1.48 1.43 1.38 1.33 1.29
12.5 1.60 1.51 1.46 1.41 1.37 1.34
15 1.64 1.54 1.50 1.46 1.42 1.39
17.5 1.69 1.59 1.54 1.51 1.48 1.45
20 1.74 1.64 1.60 1.56 1.54 1.52
22.5 1.79 1.70 1.65 1.63 1.61 1.59
25 1.85 1.76 1.72 1.69 1.68 1.66
27.5 1.92 1.83 1.79 1.77 1.75 1.74
30 1.98 1.90 1.86 1.84 1.83 1.82
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TABLE 5-5 Coefficient f; for Rectangular Bearings with K/G=4000

K/G =4000
L/B 0 0.2 0.4 0.6 0.8 1
S
5 1.52 1.43 1.39 1.33 1.26 1.21
7.5 1.53 1.44 1.40 1.34 1.27 1.22
10 1.54 1.45 1.41 1.35 1.29 1.24
12.5 1.56 1.47 1.42 1.37 1.31 1.27
15 1.58 1.48 1.44 1.39 1.34 1.30
17.5 1.60 1.50 1.46 1.41 1.37 1.33
20 1.63 1.53 1.48 1.44 1.40 1.37
22.5 1.66 1.56 1.51 1.48 1.44 1.41
25 1.69 1.59 1.55 1.51 1.48 1.46
27.5 1.72 1.63 1.58 1.55 1.52 1.50
30 1.76 1.67 1.62 1.59 1.57 1.55
TABLE 5-6 Coefficient f; for Rectangular Bearings with K/G=6000
K/G = 6000
L/B 0 0.2 0.4 0.6 0.8 1

S
5 1.52 1.43 1.39 1.32 1.26 1.21
7.5 1.52 1.44 1.39 1.33 1.27 1.22
10 1.53 1.44 1.40 1.34 1.28 1.23
12.5 1.54 1.45 1.41 1.35 1.29 1.25
15 1.56 1.46 1.42 1.36 1.31 1.27
17.5 1.57 1.48 1.43 1.38 1.33 1.29
20 1.59 1.49 1.45 1.40 1.35 1.32
22.5 1.61 1.51 1.47 1.42 1.38 1.35
25 1.63 1.53 1.49 1.45 1.41 1.38
27.5 1.66 1.56 1.51 1.47 1.44 1.41
30 1.68 1.59 1.54 1.50 1.47 1.45
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TABLE 5-7 Coefficient f; for Rectangular Bearings with K/G=w (incompressible
material)

K/G =
L/B 0 0.2 0.4 0.6 0.8 1

S

5 1.51 1.43 1.38 1.32 1.25 1.20
7.5 1.51 1.43 1.38 1.32 1.25 1.20
10 1.51 1.43 1.38 1.32 1.25 1.20
12.5 1.51 1.43 1.38 1.32 1.25 1.20
15 1.51 1.43 1.38 1.32 1.25 1.20
17.5 1.51 1.43 1.38 1.32 1.25 1.20
20 1.51 1.43 1.38 1.32 1.25 1.20
22.5 1.51 1.43 1.38 1.32 1.25 1.20
25 1.51 1.43 1.38 1.32 1.25 1.20
27.5 1.51 1.43 1.38 1.32 1.25 1.20
30 1.51 1.43 1.38 1.32 1.25 1.20

TABLE 5-8 Coefficient f, for Circular Bearings

S K/G
2000 4000 6000 0

5 0.37 0.37 0.37 0.37
7.5 0.36 0.36 0.37 0.37
10 0.34 0.36 0.36 0.37
12.5 0.33 0.35 0.36 0.37
15 0.31 0.34 0.35 0.37
17.5 0.30 0.33 0.34 0.37
20 0.28 0.32 0.33 0.37
22.5 0.27 0.31 0.32 0.37
25 0.25 0.29 0.32 0.37
27.5 0.24 0.28 0.31 0.37
30 0.23 0.27 0.30 0.37
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TABLE 5-9 Coefficient f, for Circular Hollow Bearings (outer surface location)

OUTER SURFACE
Dy/D; = 10 Dy/D; = 5
S K/G K/G
2000 4000 6000 0 2000 4000 6000 0
5 0.37 0.38 0.38 0.38 0.36 0.36 0.37 0.37
20 0.27 0.31 0.33 0.38 0.25 0.29 031 037
30 0.22 0.27 0.29 0.38 0.20 0.25 0.27 037

TABLE 5-10 Coefficient f, for Circular Hollow Bearings (inner surface location)

INNER SURFACE
Dy/D; = 10 Dy/D; = 5
S K/G K/G
2000 4000 6000 0 2000 4000 6000 0
5 0.30 0.31 0.31 0.32 0.31 0.31 0.32 0.33
20 0.18 0.23 0.26 0.33 0.18 0.23 0.25 0.33
30 0.12 0.19 0.23 0.33 0.12 0.18 0.22 0.33

TABLE 5-11 Coefficient f, for Rectangular Bearings with K/G=2000

K/G =2000
L/B 0 0.2 0.4 0.6 0.8 1

S

5 0.49 0.49 0.49 0.48 0.47 0.46
7.5 0.49 0.48 0.48 0.47 0.46 0.44

10 0.48 0.47 0.46 0.45 0.44 0.42
12.5 0.47 0.46 0.45 0.43 0.41 0.39

15 0.46 0.44 0.43 0.41 0.39 0.37
17.5 0.45 0.43 0.41 0.39 0.37 0.35
20 0.43 0.41 0.39 0.37 0.35 0.32
22.5 0.42 0.39 0.37 0.35 0.32 0.30
25 0.41 0.38 0.35 0.33 0.31 0.28
27.5 0.39 0.36 0.34 0.31 0.29 0.27
30 0.38 0.35 0.32 0.29 0.27 0.25
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TABLE 5-12 Coefficient f, for Rectangular Bearings with K/G=4000

K/G = 4000
L/B 0 0.2 0.4 0.6 0.8 1
S
5 0.50 0.49 0.49 0.49 0.48 0.46
7.5 0.49 0.49 0.49 0.48 0.47 0.45
10 0.49 0.48 0.48 0.47 0.46 0.44
12.5 0.48 0.48 0.47 0.46 0.45 0.43
15 0.48 0.47 0.46 0.45 0.43 0.41
17.5 0.47 0.46 0.45 0.43 0.42 0.40
20 0.46 0.45 0.43 0.42 0.40 0.38
22.5 0.45 0.44 0.42 0.40 0.38 0.36
25 0.45 0.43 0.41 0.39 0.37 0.35
27.5 0.44 0.42 0.39 0.37 0.35 0.33
30 0.43 0.40 0.38 0.36 0.34 0.31
TABLE 5-13 Coefficient f, for Rectangular Bearings with K/G=6000
K/G = 6000
L/B 0 0.2 0.4 0.6 0.8 1
S

5 0.50 0.50 0.50 0.49 0.48 0.47
7.5 0.49 0.49 0.49 0.49 0.48 0.46
10 0.49 0.49 0.49 0.48 0.47 0.45
12.5 0.49 0.48 0.48 0.47 0.46 0.44
15 0.48 0.48 0.47 0.46 0.45 0.43
17.5 0.48 0.47 0.46 0.45 0.44 0.42
20 0.47 0.46 0.45 0.44 0.42 0.40
22.5 0.47 0.46 0.44 0.43 0.41 0.39
25 0.46 0.45 0.43 0.42 0.40 0.38
27.5 0.45 0.44 0.42 0.40 0.38 0.36
30 0.45 0.43 0.41 0.39 0.37 0.35
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TABLE 5-14 Coefficient f, for Rectangular Bearings with K/G=eo (incompressible
material)

K/G=w
L/B 0 0.2 0.4 0.6 0.8 1

S

5 0.50 0.50 0.50 0.50 0.49 0.47
7.5 0.50 0.50 0.50 0.50 0.49 0.47
10 0.50 0.50 0.50 0.50 0.49 0.47
12.5 0.50 0.50 0.50 0.50 0.49 0.47
15 0.50 0.50 0.50 0.50 0.49 0.47
17.5 0.50 0.50 0.50 0.49 0.49 0.47
20 0.50 0.50 0.50 0.49 0.49 0.47
22.5 0.50 0.50 0.50 0.49 0.49 0.47
25 0.50 0.50 0.50 0.49 0.49 0.47
27.5 0.50 0.50 0.50 0.49 0.49 0.47
30 0.50 0.50 0.50 0.49 0.49 0.47

5.3 Calculation of Buckling Loads

The calculation of buckling loads is based on the theories summarized in Constantinou et
al (2007a), which are primarily based on the works of Stanton and Roeder (1982), Roeder
et al. (1987) and Kelly (1993).

Elastomeric bearings are checked for instability in both the un-deformed and deformed
configurations. Elastomeric bearings can be installed either a) dowelled or recessed in
keeper plates or b) bolted. Figure 5-4 shows construction details and deformation
characteristics of the two installations. In the un-deformed state, when loaded only by
vertical force, the buckling load of bearings installed in either configuration is
theoretically the same. Under combined vertical load and lateral deformation, the two
bearings have different instability limits.

The buckling load in the un-deformed configuration is given by

p _NAGSAr
cr T T

r

(5-8)

In this equation, r is the radius of gyration of the bonded area of rubber (+’=I/4, where I is
the least moment of inertia) and the parameter 4 depends on the assumption for the value
of the rotational modulus of the elastomeric bearing (it is the ratio of the compression
modulus to the rotational modulus). Herein, we use 4=2 for circular or hollow circular
bearings and 4=2.25 for rectangular or square bearings. For the typical geometries of
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circular bearings of bonded diameter D, hollow circular bearings of outside diameter D,
and inside bonded diameter D; or square bearings of bonded dimension L, the critical load

is given by the simpler expressions given below.

DOWELLED

BOLTED

FIGURE 5-4 Characteristics of Dowelled and Bolted Elastomeric Bearings

4

Circular P, =0.218 GD
: i
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Square P =0.340 GL
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GD! D, D’
2
TPy,

Hollow Circular P =0.218

(5-9)

(5-10)

(5-11)

Note that equation (5-11) is appropriate to use for lead-rubber bearings as lead does not

contribute to the stability of the bearing.

When a bolted bearing is subjected to combined compression and lateral deformation, the

buckling load P! is given by the following empirical expression:
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A
P =P 5-12
cr cr A ( )

In (5-12), A 1is the reduced bonded area defined as the overlap between the top and

bottom bonded elastomer areas of the deformed bearing. The reduced area is given by
equations (5-13) to (5-16) for

Rectangular bearings of dimensions B by L (displacement A in direction of dimension L)

A =B(L-A) (5-13)
Circular bearings of diameter D:
D2
Ar 27(5—Sin5) (5-14)
In (5-14)
A
S=2cos ' (— 5-15
( D) (5-15)

Hollow circular bearings of outside bonded diameter D, (this is approximately
calculated):

4 o

_rz(é sin o) (5-16)
A V4

In (5-16), o1s calculated using (5-15) with D=D,,.

5.4 Calculation of Critical Displacements

When bearings are dowelled, equation (5-12) does not control. Rather, instability occurs

as overturning or roll-over of the bearing when the overturning moment exceeds the

stabilizing moment caused by the weight on the bearing. Figure 5-5 illustrates a

dowelled bearing at the stage of overturning and the assumed lateral force-displacement
relations for calculating the critical displacement.

The critical displacement at which overturning occurs, D_ is given by the following
equations.

If D, _=D,:
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5 _ PB=Oh+(K,~K)Dh

5-17
“ K,h+P 47
If D,<D:
(5-18)
¥
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FIGURE 5-5 Overturning of Dowelled Bearing and Lateral Force-Displacement
Relationships

If the bearing behavior is represented by the effective stiffness K,

PB

D, =—— (5-19)
Kwh+P

5.5 Stresses in Reinforcing Shim Plates

Assessment of adequacy of reinforcing shim plates is based on an elastic solution for the
distribution of stresses developed by Roeder et al. (1987). The theory recognizes that the
state of stress in the shims of circular bearings is one of radial and hoop tension caused
by the shear stresses acting at the interface of rubber and shim and of compression in the
vertical direction caused by the vertical pressure, p(r). This stress state is illustrated in
Figure 5-6. The distribution of the shear tractions is linear with the radial dimension. The
axial pressure is maximized at the center of the shim where
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o =L 5-20

=22 (520

o —o,=LL[3V)_ 165t P (5-21)
LA\ 2 ‘A

In the above equations, v is the Poisson’s ratio of the shim material that herein is
assumed to be 0.3 (steel). The minus sign in (5-20) denotes compression.

For design, the Tresca yield criterion can be used to limit the maximum shear stress, 7, ,
which is given by

r 2% Plgst (5-22)
2 24 ¢

s

"ZASR
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I
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>0

FIGURE 5-6 Tractions Acting on Circular Shim and Resulting Stresses

In LRFD design, the size of the shims is selected so that the maximum stress due to the
factored load 7, =¢(0.6F)=0.54F. Accordingly, the shim thickness 7 is selected so

that

‘> 1.651:l (5-23)
1.O8F, ——-2
L,
In equation (5-23), P, is the factored load. The factor 1.65 in (5-23) applies for the case
of shims without holes. When holes are present in the shims (bearings with central hole,
or lead-rubber bearings), the value of this factor must be increased. A value 3.0 is
recommended for consistency with the AASHTO Specifications (2007, 2010) and the

recommendations of Roeder et al. (1987). It should be noted that equation (5-23) for
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selecting the size of the shims is based on a theory that does not consider the ultimate
conditions of the shim but rather considers only initiation of yield. This is intentional
because (a) yielding of the shims occurs in the interior where it cannot be observed and
(b) yielding is substantially affected by holes so that conservatism is warranted.

5.6 Assessment of Adequacy of Elastomeric Seismic Isolation Bearings
5.6.1 Introduction

Analysis of a seismically isolated bridge will result in load and displacement demands.
Herein it is assumed that the bridge is analyzed for service conditions and under seismic
conditions for a design earthquake (DE) and a maximum considered earthquake (MCE).
The DE response spectrum is specified to be the largest of (a) a probabilistic response
spectrum calculated in accordance with the 2008 USGS National Hazard Map for a 5%
probability of being exceeded in 50 years (or 975 years return period), and (b) a
deterministic median response spectrum calculated based on the “Next Generation
Attenuation” project of the PEER-Lifelines program. Spectra for this earthquake are
available on line through the Caltrans Acceleration response Spectra (ARS) Online
website (http://dap3.dot.ca.gov/shake stable/index.php).

The maximum considered earthquake is defined herein in terms of its effects on the
isolation system bearings. These effects will be defined as those of the DE multiplied by
a factor larger than unity. The value of the factor may be determined on the basis of
scientific analysis with due consideration for (a) the maximum effects that the maximum
earthquake may have on the isolation system, (b) the methodology used to calculate the
effects of the DE, and (c) the acceptable margin of safety desired. In general, the value of
this factor will depend on the isolation system properties and the location of the site. In
this document, a presumably conservative value of 1.5 will be utilized for calculating the
effects on isolator displacements. The corresponding value for the effects on forces is not
provided but is left to the Engineer to determine. In general, values of this factor will be
in the range of 1.0 to 1.5.

Analysis is performed for upper and lower bound properties of the isolation system so
that two sets of response parameters are calculated for each loading case. The safety
checks described herein should be performed for the loads and displacement demands
calculated for each set of response parameters. Equations are presented below for the
checks in LRFD format. Design equations for bearings subjected to tensile loads in
Design and/or Maximum Considered Earthquake shaking are not provided. It is
presumed that elastomeric isolators will not be designed to operate in tension.

5.6.2 Adequacy Criteria
Service Load Checking

The assumed axial loads and lateral displacements for the service-level checks are

e Dead or permanent load: P,
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e Live load: P, (static component), PLCy (cyclic component). When analysis

cannot distinguish between cyclic and static components of live load, the cyclic
component shall be taken equal to at least 80% of the total live load.

e TFactored axial load: P,. This is the total load from the relevant service load

combination of the applicable code, in which any cyclic component is multiplied
by 1.75. For example, the factored axial load is calculated as

P=y,P,+y, P, 6+ 1-757LPLcy where load factors }'p and )/ are given by

the applicable code. When the applicable code is the LRFD (AASHTO, 2007,
2010), the service load combination is any of the Strength I to Strength V
combinations in Table 3.4.1-1, although it is expected that combination Strength

IV with factors 7, =1.50 and 7, =0 and combination Strength I with factors

¥, =125 and y, =1.75 will be controlling. Note that the magnification

factor of 1.75 on the factored live load only applies in the calculation of rubber
strain and does not apply to the assessment of shim and end plate adequacy or to
bearing stability.

e Non-seismic lateral displacement: A, (static), Ascy (cyclic)

e Non-seismic bearing rotation: g, (static), Hscy (cyclic)

The static component of rotation should include a minimum construction rotation of
0.005rad unless an approved quality control plan justifies a smaller value. Note the
distinction between static and cyclic components of live load, lateral displacement and
rotation. The rotation includes the effects of dead, live and construction loadings. This
distinction is necessary in order to magnify the effects of the more damaging cyclic
components (Stanton et al, 2008). Also, note the magnifying factor of 1.75 that is
consistent with AASHTO (2010) and Stanton et al (2008).

The shear strains in the rubber are calculated under these loads and displacements and
using the equations presented earlier in this report. Note that this formulation somewhat
differs from that in AASHTO (2010) in the sense that strains are calculated for the total
factored load (including the magnification of the cyclic live load by factor 1.75), whereas
in AASHTO the components of strain for static and cyclic loads are calculated first and
then added after multiplication of the strains due to cyclic loads by factor 1.75. The
result is the same but for a difference in the calculation of the bearing area. In AASHTO,
the area is the gross bearing area, whereas herein it is the reduced area formed by the
overlap of the top and bottom bonded areas of rubber in the deformed configuration. The
use of the reduced area is carried over in this document from the 1999 AASHTO Guide
Specifications for Seismic Isolation Design (however, the 2010 revision inexplicably uses
the bonded rubber area).

Shear strain due to compression

P
A 5-24
7Cs A}GS ﬁ ( )
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where G is the shear modulus, S is the shape factor, 4. is the reduced bonded rubber area
given by (5-13) through (5-16) for displacement A=A, +A

defined above.

s and all other terms are

Shear strain due to lateral displacement

A +1.75A
7/;9 — Sst T Scy (5_25)

r

Shear strain due to rotation

(Note that dimension L applies for rectangular bearings with axis of rotation
parallel to dimension B-where B is larger than L; for circular bearings, L=D; for
circular hollow bearings, L=D,).

. _ D0y, +1.750,,) P

5-26
vy T (5-26)
Buckling load at service displacement Ag
, A
])cr = l)cr - (5_27)
’ A
In the above equation P, is calculated using (5-9) to (5-11).
A bearing design may be considered acceptable if
Yobp +7.B
Lo T il £ <35 (5-28)
AGS
Y +vs +y, <6.0 (5-29)
ot .
t, = Y, > 1.9 mm (0.075inch) (5-30)
1.08F, . -2
[ 7oP> +7,(Py+Py) ]
P,
- >2.0 (5-31)
yDPD +]/L(})Lst +])Lcy)

In equation (5-30), « =1.65 applies for shim plates without holes and a value of 3.0
should be used otherwise. ~The minimum thickness requirement for the shims
corresponds to 14 gage metal sheet.
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Note that the limit in equation (5-31) for bearing stability implies a safety factor of about
3.0 for a check based on un-factored loads. Also, note that in the stability check and in
the shim thickness calculation the factored load does not contain the additional factor of
1.75 on the cyclic component of the live load. This factor is used to account for the
effects of the cyclic component of the live load in the calculation of rubber shear strains
as research has shown that the cyclic component of the load accelerates failure due to
fatigue (Stanton et al, 2008). The cyclic component of live load does not have an adverse
effect on the stability of the bearing. Also, note that equations (5-27) and (5-31) appear
very different from the equations contained in the AASHTO LRFD Specifications for
elastomeric bearings (see AASHTO 2007 or 2010, equations 14.7.5.3.4-2, 14.7.5.3.4-3
and 14.7.5.3.4-4). We prefer the use of equations (5-27) and (5-31) because of the
following reasons: (a) they have a rational theoretical basis (Kelly, 1993), (b) they have
been experimentally validated (see Constantinou et al, 2007a for description), (c) they
account for the effect of lateral deformation, whereas those of AASHTO do not, (d) are
LRFD-based, whereas those of AASHTO are not, and (e) the margin of safety provided is

clearly evident (factor 2.0 in equation 5-31-equivalent to the use of a ¢ factor of 0.5) so

that adjustments to the adequacy assessments equations may be readily done if such a
need is justified.

The limits on the shear strain due to factored load and displacements in equation (5-29)
are based on the limit on strain for the un-factored loads in the Guide Specifications for
Seismic Isolation Design (AASHTO, 1999), which is 5.0. The difference between the
limit of 6.0 in equation (5-29) and 5.0 in 1999 AASHTO is to conservatively account for
the use of factored rather than un-factored loads and displacements. Moreover, the recent
2010 AASHTO LRFD Specifications (AASHTO, 2010) utilize equations that are
virtually identical to (5-28) and (5-29) but with “service” combination load factors and
which have limits of 3.0 and 5.0 rather than 3.5 and 6.0, respectively. This difference in
limits is justified as being related to the higher quality of construction of seismic isolators
and the requirement for prototype and quality control or production testing of isolators.
The authors believe that even higher limits are justified because of the use of “strength”
rather than “service” combination load factors (Table 3.4.1-1 of 2010 AASHTO).

Design Earthquake (DE) Checking

The assumed axial loads and lateral displacements for the Design Earthquake (DE)
checks are as follows.

e Dead load: P,

e Seismic live load: PSLDE' This is the portion of live load assumed acting

simultaneously with the DE. Per the AASHTO LRFD (AASHTO, 2007, 2010),
this portion is determined by the Engineer with recommended values of 0% to
50% of the live load for use in the Extreme Event I load combination case.
Herein the seismic live load for use in the DE is recommended to

be Py, ~=0.5F,, where P is the live load; is considered to be static load and the
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associated load factor is unity. This is consistent with load combination case
Extreme Event I of the AASHTO LRFD (AASHTO, 2007, 2010).

e Earthquake axial load due to DE shaking: B £, » Where earthquake-induced axial

loads can result from both overturning moments in the superstructure and vertical
earthquake shaking.

e Factored axial load. This load is determined in accordance with the load
combination case Extreme Event I of the AASHTO LRFD (AASHTO, 2007,

2010): B, =y,P, +PSLDE +PEDE

e Load factor ) pis given in the seismic load combination of the applicable code.
For the AASHTO LRFD (AASHTO, 2007, 2010), the relevant load combination

is Extreme Event I and the load factor Yp is V/ Iy
e Non-seismic bearing rotation: g, (static), HSCy (cyclic)
e Seismic lateral displacement: A Epp -

e Non-seismic lateral displacement: JAg =¥ (A s TA Scy)

The non-seismic lateral displacement is a portion y of Ag =Ag, +A sey considered to

exist simultaneously with the seismic lateral displacement. Herein the value y =0.5 is

proposed. Bearing rotation due to earthquake effects is neglected for this check. Note
that the seismic live load is the point-in-time live load acting at the time of the

earthquake; a value of 0.5F, is generally used for buildings and recommended herein but
a smaller value might be justified for bridges carrying large live loads.

Shear strain due to compression

1 (5-32)

u
7/ Cpr —

AGS

where the reduced bonded rubber area is given by (5-13) through (5-16) for a
displacement D =jA;+A, .

Shear strain due to lateral displacement

g +Ap
V50s = % (5-33)
A bearing design is considered acceptable if
7ZDE + 7/:)5 +0.5y: <7.0 (5-34)
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In equation (5-34) y, is given by equation (5-26) and is calculated for the service load

conditions.
Shim Plate Thickness

(> 1'6—? >1.9 mm (0.075inch) (5-35)
1.08F, 2
P

u

Equation (5-35) is based on equation (5-30) but with the factor « set equal to 1.65 on the
basis that the reduced or overlapping bonded rubber area does not include the central
hole. Also in equation (5-35), F is the minimum yield strength of the shim plate

material. No stability checks are performed for the DE. Rather, stability checks are
performed for the MCE.

The limit of strain in equation (5-34) may be justified by comparison to the acceptable
limit of strain in the AASHTO Guide Specifications for Seismic Isolation Design
(AASHTO, 1999; also 2010 revision). The limit for the same combination of strains but
for un-factored loads and without consideration for non-seismic displacements added to
the seismic displacement (equation 5-33) is 5.5. Adjustment to LRFD formulation would
have raised the limit to just less than 7.0 (conservatively an increase by 1.25). Herein, the
limit of strain is set at 7.0 although a higher limit could be justified because of the
expected increase in seismic displacement due to the change in the definition of the
seismic hazard in the United States (increase in the return period of the DE).

Maximum Considered Earthquake (MCE) Checking

The assumed axial loads and lateral displacements for the Maximum Considered
Earthquake (MCE) checks are as follows.

e Dead load: P,

e Seismic live load: P SL, - Lhis the portion of live load assumed acting

simultaneously with the MCE. The engineer-of-record might assume a point-in-
time seismic live load for the MCE check that is smaller than that for the DE
check because the mean annual frequency of MCE shaking is less, and sometimes
much less, than that of DE shaking. There are no guidelines in applicable
specifications such as AASHTO LRFD (AASHTO, 2007, 2010) for determining
this load. The seismic live load for use in the MCE is recommended to

be Py =0.5F; is considered to be static load and the associated load factor
is unity.
e FEarthquake axial load due to MCE shaking: PEMCE= where earthquake-induced

axial loads can result from both overturning moments in the superstructure and
vertical earthquake shaking. This load is not calculated by analysis in the MCE.
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Rather, it is calculated as a factor times the load PEDE in the DE. This factor

should be determined by rational calculation and its value is expected to be in the

range of 1.0 to 1.5. In the absence of any rational calculation, the value should be
1.5, that iS, PEMCE = l'SPEDE .

Factored axial load. This load is determined in accordance with the load
combination case Extreme Event I of the AASHTO LRFD (AASHTO, 2007):

P =y P + PSLMCE + P,

EMCE

Load factor }pis given in the seismic load combination of the applicable code.
For the AASHTO LRFD (AASHTO, 2007, 2010), the relevant load combination

is Extreme Event I and the load factor }p is Iy
Non-seismic bearing rotation: QSSt (static), chy (cyclic)

Seismic lateral displacement: A E, - This displacement is not calculated by

analysis in the MCE. Rather, it is calculated as a factor times the displacement

A, inthe DE: A, =1.5A
DE MCE

Non-seismic lateral displacement 0.5/A; =0.57(Ag, +Ag,) =0.25(Ag, +Ag,).

Epg -

(Factor yis defined in the DE checks and is recommended to be equal to 0.5).
Note that the non-seismic displacement assumed to co-exist with the MCE
seismic lateral displacement is equal to half of the non-seismic displacement
considered to co-exist with the DE seismic lateral displacement.

Bearing rotation due to maximum earthquake effects is neglected for this check. Shear
strains in the rubber and the buckling load (if bolted) and rollover displacement (if
dowelled) are calculated using the procedures and equations set forth earlier.

Shear strain due to compression

- by (5-36)
7/CMCE AVGS 1

In equation (5-36), the reduced bonded rubber area is given by equations (5-13) through
(5-16) for a displacement D = 0.5)Ag + A, .

Shear strain due to lateral displacement

. OSAG+A,
VSyer = T (5-37)

7

Buckling load at MCE displacement
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P -pt >0.15P, (5-38)

CMmcE cr A

where P, is calculated using equations (5-9) to (5-11) and the reduced bonded area is

computed for the displacement D =0.5/A¢ + A, .

For adequacy assessment against rollover, the least factored load, the lower bound
stiffness, the height including masonry plates and the bonded diameter are used to

conservatively compute D! using equations (5-17) to (5-18).
A bearing design is considered acceptable if

7o+t 4025y <9.0 (5-39)

CMcE SMCE

In equation (5-39) y, is given by equation (5-26) and is calculated for the service load

conditions. The limit of total factored strain in equation (5-39) is set at 9.0 (that is an
increase of nearly 30% over the limit in the DE) to account for the fact that the shear
strains due to compression and shear are increased by a factor of about 1.5 over the DE
case. Moreover, the following conditions shall be checked for sufficient thickness of the
shims and for bearing stability:

‘> Lﬁj >1.9 mm (0.075inch) (5-40)
1.08F,, “r —2
F,
Prs 514
—MCE >, 5-41
P (5-41)
D,

>1.1 (5-42)
0.5/A + AEMCE

Equation (5-40) is based on equation (5-30) but with the factor & set equal to 1.65 on the
basis that the reduced or overlapping bonded rubber area does not include the central
hole. Also in equation (5-40), the reduced area 1is calculated for the

displacement D = 0.5/A; +A, . The quantity F, represents the expected yield

strength of the shim plate material (see American Institute of Steel Construction, 2005b).
(F,=RJF,, R =13 for ASTM A36 and R =I.1 for ASTM AS573 Grade 50 steel plates)

yoy?
Equation (5-41) is consistent with the requirements of Section 12.3 for Vertical Load
Stability in the AASHTO Guide Specifications (AASHTO, 1999 and 2010 revision). In
the AASHTO Guide Specification, it is required that a bearing is stable for a load equal
to 1.2 times the dead load plus any seismic live load plus any load resulting from
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overturning and 1.5 times the displacement in the DE plus any offset displacement. In
equation (5-42), D! should be calculated on the basis of equations (5-17) to (5-19) using
(a) the lower bound properties of the bearing and (b) load P equal to 0.9Pp. Note that the
use of the lower bound properties and the least axial load results in the least value for D! .

Also note that the calculation of the least axial load is based on the use of the minimum
load factor for gravity load in the LRFD Specifications (AASHTO, 2007, 2010).

5.6.3 Example of Elastomeric Bearing Adequacy Assessment

Consider the lead-rubber bearing of Figure 5-7. The bearing is one of several types of
elastomeric bearings used at the Erzurum Hospital in Turkey (bearing is nearly identical
to the bearing of example 3 in Kalpakidis and Constantinou, 2009b). The analysis
performed here is consistent with the loads and deformations that the actual bearing has
been designed for. The bearing adequacy will be assessed in the MCE based on the
following data:

Dead load: P, =10000kN
Live load: P, = 1000kN , P, =3000kN

Non-seismic lateral displacement: Ag, =50mm | A Sey = 0

Non-seismic bearing rotation: &, = 0.005rad , 6, = 0.005rad

DE lateral seismic displacement: A, = 450mm
DE bearing axial load: F; =1900kN

Rubber shear modulus: G = 0.62MPa

Lead effective yield stress: 0, =10MPa

Bonded rubber diameter: D=1117.6mm

Lead core diameter: D;=304.8mm

Rubber layer thickness: /=8mm

Total rubber thickness: 7,=248mm

Bearing height (including masonry plates for conservatism): /=556mm

Steel shim material: ASTM A36 for which the minimum yield stress and expected

strength are F, =248MPa and Fye = RyFy =1.3x248=322.4MPa

Factor for calculating bearing displacement in the MCE=1.5
Factor for calculating bearing axial load in the MCE is conservatively assumed to be 1.5.

Calculations are as follows:

e Factored load (MCE conditions)
P=y,P,+Fy +PF, =125P,+025F,,+PF, )+1.5xF,

=1.25x10000 + 0.25 x (3000 + 1000) + 1.5 x 1900 = 16350kN

e Seismic plus non-seismic displacement

st
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0.5/A5+A,  =05x05x(Ag + ASC},)+1.5 XA,

=0.25x(50+0)+1.5x450 = 687.5mm
e Equations (5-15) and (5-16) for the reduced area
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FIGURE 5-7 Example Lead-Rubber Bearing

o=2cos™ A =2cos” 6875 =1.81642
D 1117.6
2 2

Ao 7(1117.6" -304.8 )=9O8O2Omm2

4
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”

A4 = A(5 - Smaj — 908020 x 0.26943 = 244648mm>

T
Note: 2 = (mj = 0.26943
T
e Shape factor: S = 4 908020 32.33

7Dt zx1117.6x8

P 1 10° x1.
e Equation (5-36): 3 =—tx_.p - 1039010 x1.37 _, S50
e T 4GS T 244648 %0.62%32.33

Factor f; was determined from Table 5-1 for S=30 and K/G=4000.

0.5/ A; +A, 6875
T 248

r

=2.772

Equation (5-37): 7. ;MCE =

Equation (5-26)

. _ L0, +1.750;,)

y x0.27 = 2.337

= 1117.6°(0.005+1.75x 0.005)
(T, ? 8x 248

Factor f> was determined from Table 5-8 for S=30 and K/G=4000.

Equation (5-39)
}/ZMCE + y;’MCE +0.25y" =4.568+2.772+0.25x2.337 =7.924 <9 0K
4 4
Equation (5-11): P, =0.218 GD f = 0.218Mx 0.627 = 66638kN
tT, 8x 248
Note the use of equation (5-11) for lead-rubber bearings for which the lead does
not contribute to stability so that the bearing is treated as a hollow bearing for

2 2
which quantity /" = (1 - % j[l - Dﬁzj/[l + DAZJ is equal to 0.627 and

D=304.8mm and D,=1117.6mm.

=P, % =66638x0.26943 = 17954kN

Equation (5-38): P,

CMmcE

, P, 17954
Equation (5-41): = =1.10 OK

P 16350

u

Equation (4-1) for lead-rubber bearing strength
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2
0, =40, :%xm =729.6kN

e Equation (4-2) for bearing post-elastic stiftness

_GA_ 0.62x908020

K, =K, =2.27kN /| mm
T. 248
« PD—-0h 9000x1117.6—729.6x556
: Dl = = =941mm
e Equation (5-18): Kh+P 2.27x556+9000

For critical displacement calculation, load P=0.9P,=0.9x10000=9000kN, the

height including masonry plates and the bonded diameter are used (conservative).

D! 941
. or = =137>1.1
o Equation (S-42): 05,0 +A,  687.5 OK
e Equation (5-40)
1.65¢ 1.65x8
= - =4.11mm
1.08Feé—2 1.08x322.4xM—
v p 16350000

u

Provided shims have #,=4.76mm, therefore OK.
5.7  Assessment of Adequacy of End Plates of Elastomeric Bearings
5.7.1 Introduction

Critical for the design of end plates in elastomeric bearings is the deformed configuration
due to the development of large moments or equivalently the transfer of axial load
through a small “reduced area”. Consider that an elastomeric bearing carries axial load P
and undergoes a lateral displacement u. Figure 5-8 shows a deformed bearing and the
forces acting on the end plates. A moment M develops as a result of equilibrium in the
deformed configuration (includes the P.u component). There are two alternative
approaches at looking at the bearing in terms of the analysis and design of the end plates:

a) Considering that the load P is carried in the rubber through the reduced (or
effective area), which is defined as the overlap area between the top and bottom
bonded rubber areas. (For example, the reduced area is given by equations (5-13)
to (5-16) for MCE conditions).

b) Considering the action of the axial load P and overturning moment M acting on
the entire area of the steel end plates.

Analysis and safety checks of the end plates need to be performed for the DE and the
MCE level earthquakes. For the latter case, the reduced area is smaller and the
overturning moment and axial force are larger. Herein, we require that in both checks the
end plates are “essentially elastic”. This is defined as follows:

87



a) In the DE, “essentially elastic” is defined as meeting the criteria of the AISC for
LRFD (American Institute of Steel Construction, 2005a) using the minimum
material strengths and appropriate ¢ factors.

b) In the MCE, “essentially elastic” is defined as meeting the criteria of the AISC for
LRFD using the expected material strengths and unit ¢ factors. The expected
material strengths should be determined using the procedures described in the

Seismic Provisions of the American Institute of Steel Construction (AISC,
2005b).

The axial load P is the factored axial load P, per Section 5.6.2. The moment M is given
by

(5-43)

where £}, is the horizontal bearing force (calculated at displacement u using the bearing

properties assumed in the calculation of displacement u-typically lower bound properties
when u is calculated in the MCE and the upper bound properties when u is calculated in

the DE) and /' is the total height of the bearing including the end plates.
5.7.2 Reduced Area Procedure

Figure 5-7 shows typical construction details of an elastomeric bearing (in this case a
lead-rubber bearing). The end plates consist of an internal plate and a mounting plate,
which are bolted together using countersunk bolts. Due to the large number of bolts used
to connect the two plates, it is typical that the bolts have sufficient shear strength so that
the two plates “work” as a single composite plate with thickness equal to the total
thickness of the two plates.

Figure 5-1 presents a schematic of an elastomeric bearing with the internal construction
exposed for the purpose of performing calculations. The following symbols are used:

a) Top mounting plate thickness: ¢,
b) Bottom mounting plate thickness: 7,,
¢) Internal plate thickness: ¢,

d) Bonded rubber diameter: L =D—2c_, where c,is the rubber cover thickness and

D is the diameter of the bearing

e) Thickness of grout below and above (when superstructure is concrete): 7,

f) The procedure followed for the end plate design is based on the design of column
base plates (e.g., see DeWolf and Ricker, 2000). For the reduced area procedure,
the axial load P is considered transferred through the reduced area, so that the
procedure for axially loaded plates is used. Moreover, we assume that the reduced
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area has rectangular shape with dimensions 0.75L by b, where L is the bonded
rubber diameter.
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FIGURE 5-8 Deformed Bearing and Forces Acting on End Plates
Figure 5-9 illustrates the procedure for checking the end plate thickness. The following

steps should be followed given a factored load P, displacement u# and bearing geometry
per Figure 5-1:
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a) Calculate the reduced area 4.. Do not remove the area of lead in case the bearing
is a lead-rubber bearing (load P is transferred through the lead too).

b) Calculate the dimension b of the equivalent rectangular reduced area:

A
h=—"r 5-44
0.75 (5-44)

c) Calculate the concrete design bearing strength:
£, =174.1. (5-45)

In equation (5-45), f. is the concrete compression strength and ¢, is the

reduction factor for the concrete strength. Also, the factor 1.7 implies that the
assumption of confined concrete was made. It is achieved either by having a
concrete area at least equal to twice the reduced area or by proper reinforcement
of the concrete pedestal.

d) Calculate the dimension b, of the area of concrete carrying load:

P

b= 0.75Lf, (5-46)
e) Calculate the loading arm:
b —-b
r=- 5 (5-47)
f) Calculate the required plate bending strength per unit length:
v B (5-48)

Y2

g) Calculate the required end plate thickness:

> [ o
b7y

In the above equation, F, is the yield stress of the steel plate-minimum value for DE
conditions and is the expected yield stress value (=R F,, R =1.3 for ASTM A36 and
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R, =1.1 for ASTM AS573 Grade 50 steel plates) for MCE conditions. Parameter ¢, is the

resistance factor for flexure.

The parameters ¢, and ¢, are respectively equal to 0.65 and 0.9 for DE conditions and
equal to unity for MCE conditions.

Two additional checks are needed:

a) Tension in the anchor bolts. This cannot be checked on the basis of the reduced
area procedure. It will have to be checked using the load-moment procedure
described in the next section.

b) Bearing on concrete. The stress transferred through the reduced area to the
concrete pedestal must be less than the concrete bearing design strength. In this
case the reduced rubber area 0.75L by b is enhanced by the contributions from the
steel end plates and the grout (which is assumed stronger than the concrete and
subject to only compression) so that the area to transfer load is

A =(0.75L+2t, +2t, +2t)(b+2t, +2t, +2t,) (5-50)

Note that it is assumed that the load is spread over the steel plates and grout in 45
degree wedges. It is acceptable when

P
Zﬁfb (5-51)

Note that use of equations (5-44) and (5-46) ensures that equation (5-51) is satisfied,
there is no need to check for bearing on concrete.
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FIGURE 5-9 End Plate Design Using Reduced Area Procedure

5.7.3 Load-Moment Procedure

In this procedure the bearing concrete stress distribution acting on the mounting plate and
any tension in the anchor bolts may be determined. The procedure follows the principles

used in the design of column end plates with moments.

The procedure starts with the assumption that there is no bolt tension. Figure 5-10
illustrates the free body diagram of the bearing. The mounting plate is square of
dimension B. Equilibrium in the vertical direction and of moments about point O results

in the following for dimension A and stress f,:
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A=3p_3M (5-52)
2 P
2P
A =E3fb (5-53)

SQUARE B, MOUNTING

f PLATE

1O

L S

_3
P—B-A-f,/2=0 ) A=7F
2

PB , PA _ 2P <
M=3"+ 5 =0 ) £i= 8

FIGURE 5-10 Free Body Diagram of End Plate without Bolt Tension

Equations (5-52) and (5-53) are valid provided that the stress f, is less than or equal to

the concrete design bearing strength given by equation (5-45). If the dimension 4 is
larger than B, the assumption on stress distribution is incorrect and calculations should be
repeated by assuming a trapezoidal distribution of stress over the entire B by B area of the
plate. Such situation arises in cases of small eccentricity, that is, small ratio of M to P. In
this situation too, there is no bolt tension.

If the stress f, is larger than f, , bolt tension develops. That situation is illustrated in
Figure 5-11. Now the maximum concrete stress equals the concrete design bearing
strength f, . Equilibrium in the vertical direction and of moments about point O results in

the following equations for dimension 4 and bolt tension 7:

AZ(B?]%)—A(%)HM —PC—%) =0 (5-54)
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T =%—P (5-55)

SQUARE B, MOUNTING

/ PLATE

2)
A2<Bé[b>—A fb%‘ﬂ +<M—PC—%) =0
T fbé‘“*_ﬂ—P

FIGURE 5-11 Free Body Diagram of End Plate with Bolt Tension

Equation (5-54) is solved first for 4, which is used in equation (5-55) to calculate the bolt
tension. Note that the bolt tension 7 represents the force in a number of bolts at a distance
C from the edge of the mounting plate. In case of several bolts, an assumption needs to be
made on the distribution of bolt tension.

A result of the analysis by this procedure is the distribution of concrete stress below the
mounting plate. This distribution may be used to check the safety of the mounting plate.
Also, in case of bolt tension, the mounting plate is bent. Typically this involves
consideration of bending of the mounting plate about the section at the junction of the
mounting and internal plates. Given that the mounting plate is square and the internal
plate is circular, there is a complexity in calculating the bending stress in the mounting
plate. The best procedure is to utilize yield line theory to check the safety of the mounting
plate. A simple and conservative approach is to replace the circular internal plate with an
equivalent square one and then calculate the bending moment in the mounting plate using
as bending arm the difference between the dimensions of the mounting plate and the
equivalent square internal plate. This is illustrated in Figure 5-12. Given the sensitivity of
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the calculation to the length of the bending arm and the inherent conservatism in the
calculation, it is appropriate to consider an equivalent square dimension b per Figure 5-12
that is slightly larger (say by 5%) than what the equal area rule gives. It is suggested to

useb = 0.93L, which is about 5% larger than JrL/2.

- N SQUARE B, MOUNTING
! oL | PLATE
[ l
[
f<r
lT \‘\]\/_ f b

EQUIVALENT SQUARE INTERNAL PLATE

nl?/4=b% > b= ‘/’;;L or b= 0.93L
- /r=C— e 8 (B—b)/2=r
= =—ARM ﬂ—Z:—ARM
: ] 1
T = )/_f1
2
M, M,=J L or Tur
C o 2
A o aM
/_ 1 [bp > u
¢, F,

FIGURE 5-12 Simplified Procedure for Checking a Mounting Plate

In case of circular mounting plates the procedure needs to be modified for first
calculating the pressure below the plate and second for calculating the bending moment.
In the latter, the procedure used for sliding bearings should be used.

5.7.4 Example

Consider the bearing of Figure 5-13. In the MCE, the factored load P is 6000kN, the
displacement #=555mm and the corresponding moment M=1900kN-m. The factored load

is given by P=1.25P,+ P, +P, . The displacement is given byu =0.5A; +A, .
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Concrete has f, =27.6MPa and is considered confined. Steel is ASTM A572, Grade 50
with expected value of yield stress £, =380MPa (per AISC 2005b, Grade 50 steel has

minimum yield stress of 50ksi and the expected strength
isR F, =1.1x50=55ksi=380MPa ). Bearing dimensions are B=900mm, L=813mm

(bonded diameter), £, =38.1mm, #,,=31.8mm and the grout thickness is 7, = 25mm.
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FIGURE 5-13 Bearing for End Plate Adequacy Assessment Example

Calculations are as follows:

e Equations (5-14) and (5-15) for the reduced area. Note that for this calculation the
area A4 is appropriately calculated as the area enclosed by the bonded diameter
without accounting for the area of the lead core (the lead core carries load too).
The Engineer may opt to perform a more conservative calculation by using the
reduced area with the area of lead subtracted (the more conservative calculation
has no effect on the assessment of adequacy in this example).
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5=2cos” ﬁjzzcosl 33311 6388
L 813

2

A, = %(5—sin 5)=105940mm’

e Equation (5-44)

4, _ 105940 _ .

T 0750 0.75x813

e Concrete design bearing strength, equation (5-45)

f, =1.7¢.f =1.7x1x27.6 = 46.9MPa

e End plate safety, equations (5-46), (5-47), (5-48) and (5-49)

P 6000000
bl = = = mm
0.75Lf,  0.75x813x46.9
_b=b_210-174_
2 2
2 2
M, = f”z” _ 2098 _ 5 50gN-mm/mm

aM,  [4x7598

t> =9mm <7, +1,, =38.1+31.8=69.9mm OK

B \/ 8F, \ 1x380

e Bearing on Concrete, equations (5-50) and (5-51)

A4, =(0.75L+2t, +2¢t,, +2t,)(b+2t,+2¢, +2t,) =
(0.75x813+2x38.1+2x31.8+2x25)(174+2x38.1+2x31.8+2x25) =
290876mm’

P _ 0000000 _ 54 Mpa <, =46.9MPa OK
A 290876

e Bolt Tension, assume no tension and use equations (5-52) and (5-53), subject to
check.

6
3 M 1900x10 40

A=—B-3—=1.5x900-3x Omm
2 P 6000000
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o 2P 236000000 _ sy n a6 oMPa= £ OK
AB~ 400x900

NO BOLT TENSION
e Mounting Plate, procedure of Figure 5-12

Equivalent square bonded rubber area
b~0.93L=0.93x813 =756mm , say 750mm

Bending arm
e B-b 900-750
2 2

75mm

Required bending moment strength
M, = flzrz _ 33.3x75

=93656 N-mm/mm

4M,  [4x93656
&,F, 1x380

(Available thickness is 31.8mm) OK

Required thickness #,, > \/ =31.4mm <31.8mm
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SECTION 6
ELASTOMERIC BRIDGE BEARING ADEQUACY ASSESSMENT

6.1 Introduction

This section presents a formulation for the assessment of adequacy of steel reinforced
elastomeric bridge bearings, otherwise known as expansion elastomeric bearings (not
seismic isolators). These bearings are devices to transmit loads in bridges while allowing
for translation and rotation demands due to traffic loads, thermal loads, creep and
shrinkage, pre-stressing, and construction tolerances. Current design specifications for
bridges (2007 AASHTO and the recent 2010 AASHTO) do not explicitly present seismic
provisions for bridge bearings. For example, Section 14.6.5 of the 2007 and 2010
AASHTO LRFD Specifications only provides general language without details of
adequacy assessment.

In this document the adequacy assessment is based on a design philosophy, championed
by Caltrans, with the following attributes:

1) The bearings are steel reinforced elastomeric bearings. Fabric reinforced bearings
are not considered.

2) The bearings will be designed to adequately perform under service load
conditions that are characterized by load combination limit states Strength I to
Strength V of the AASHTO LRFD Specifications (AASHTO, 2007, 2010).

3) The bearings will be designed to adequately perform under seismic conditions in
the DE (characterized by the AASHTO LRFD load combination Extreme Event I)
provided that the seismic displacement plus the applicable portion of the non-
seismic displacement is within the displacement capacity limit of the bearings.

4) The bearings will be provided with an adequate surface (seat width) for
subsequent movement in order to accommodate displacement demands beyond
the DE even as damage occurs. It is understood that under these conditions the
bearings may be damaged, an inspection following an earthquake will be needed
and replacement of the bearings after an earthquake may be needed.

5) If the DE displacement demand plus the applicable portion of the non-seismic
displacement exceeds the prescribed limits, the bearings need to be either re-
designed or tested. Alternatively, the Engineer may utilize PTFE/spherical sliding
bearings capable of large displacement capacity. When a better performance
objective is warranted, seismic isolation should be used.

6) When not meeting the adequacy criteria in the DE, the bearings will have to
undergo testing in order to verify their capacity to sustain load when either sliding
or roll-over occurs, even as they experience damage. Caltrans funded testing of
common configurations of elastomeric bearings and the results may be utilized to
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qualify the tested configurations for application without additional testing
(Konstantinidis et al, 2008). Although the bearings tested had individual rubber
layer thickness equal to 12.7mm (0.5inch), the results are applicable to slightly
different thicknesses and geometries as discussed in the examples presented later
in this chapter. Moreover, some quality control program needs to be implemented
in the production of the bearings. Accordingly, the method of analysis followed
for the bearings is consistent with Method B of the AASHTO LRFD (AASHTO,
2007, 2010). Method B is preferred as the bearings are expected to achieve a
particular performance under earthquake conditions for which analysis is not yet
sufficiently reliable.

The elastomeric bridge bearings considered herein are based on the currently acceptable
configurations tested and reported in Konstantinidis et al (2008). In general, these
bearings have the following characteristics and assumed behavior:

1)

2)

3)

4)

The bearings are constructed of either natural rubber or neoprene. The adequacy
acceptance criteria are currently the same for either material although in the future
the criteria may differentiate between the two types as knowledge on their
behavior accumulates.

The bearings are unbonded to the structure above and below-that is, the lateral
force is transferred through friction between rubber and either concrete or steel.
Bolted, dowelled and keeper plate-recess connections used for seismic isolators
are not considered.

The bearings are either square or rectangular (long dimension B perpendicular to
bridge longitudinal axis, short dimension L parallel to longitudinal bridge axis) in
plan configuration and with the exterior (top and bottom) rubber layers having
thickness equal to half the thickness of the interior bonded rubber layers. The
bearings do not incorporate any holes. Figure 6-1 illustrates the construction of
one such bearing (adapted from Konstantinidis et al, 2008). The reduced
thickness of the exterior layers results in a reduction of shear strain in rubber due
to compression by comparison to the interior layers but an increase in shear strain
due to rotation. However for properly designed bearings, the net effect is that the
total strain is still within acceptable limits. Nevertheless, strains in both interior
and exterior layers need to be calculated and the adequacy assessment needs to be
performed for both groups of layers.

Given that the exterior top and bottom layers of rubber have half the thickness of
the interior layers, critical locations for assessment of adequacy in terms of rubber
shear strains are the interior layers. This is due to the fact that the exterior layers
experience about half the shear strain due to compression (due to the doubling of
the shape factor) whereas the shear strain due to rotation is reduced because the
reduction in rubber thickness results in increase in the rotational stiffness of the
exterior layers and, therefore, reduction in the angle of rotation.
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5) The bearings typically have a shape factor (see definition in Section 5) of about
10 or less but with a minimum acceptable value of 5. For example, the bearings
tested by Konstantinidis et al (2008) had a shape factor of about 9 (note that
Konstantinidis et al report the rubber layer thickness as 12mm but actually it was
12.7mm or 0.5inch). By contrast, seismic isolation bearings are now typically
designed with much higher value of the shape factor. Also, bridge bearings are
typically constructed of elastomer with nominal shear modulus of about 100psi
(0.7MPa), although values in the range of 80 to 175psi (0.6 to 1.2MPa) are
permitted by the 2007 and 2010 AASHTO LRFD Specifications.
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FIGURE 6-1 Bridge Elastomeric Bearing Internal Construction and
Connection Details (adapted from Konstantinidis et al, 2008)

6.2 Assessment of Adequacy of Steel Reinforced Elastomeric Bridge Bearings

Analysis of a conventional bridge will result in load and displacement demands. In this
report it is assumed that the bridge is analyzed for service conditions and under seismic
conditions for the design earthquake (DE) as defined in Section 5.6 herein. For service
load conditions, the model of analysis should be consistent with the applicable codes and
specifications (e.g., 2010 AASHTO LRFD Specifications). For such conditions the
bearings are expected to function properly without any sliding or roll-over. The bearing
model for analysis could consider (a) a realistic force-displacement relation as described
in Konstantinidis et al (2008) or (b) a simple roller model. The latter is preferred as it
will result in conservative prediction of the displacement demands, which in turn, may be
used to obtain conservative predictions of the lateral force on the basis of the models
described in Konstantinidis et al (2008). For seismic DE conditions, the bearing model
for analysis should be that of a simple roller in order to conservatively estimate the
displacement demands.

The assessment of adequacy of the bearings follows the approach of Section 5.6 for
seismic isolators but with modified limits on strain as described below. The adequacy
assessment related to rubber shear strains is performed only for the critical interior layers
where strains are larger. Conservatively, the exterior layers are assumed to be very stiff
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in rotation so that the imposed rotation is accommodated within the internal rubber layers

only. Accordingly, the shear strain due to rotation is increased by factor 7. /(T. —1).

Service Load Checking

The assumed axial loads and lateral displacements for the service-level checks are

e Dead or permanent load (unfactored): P,

e Live load (unfactored): P, (static component), PLcy (cyclic component). When

analysis cannot distinguish between cyclic and static components of live load, the
cyclic component shall be taken equal to at least 80% of the total live load.

e Factored axial load: P,. This is the total load from the relevant service load
combination of the applicable code, in which any cyclic component is multiplied
by 1.75. For example, the factored axial load is calculated as
P=y,P,+y, P, +1.75y, P Ley Where load factors 7 and ) are given by

the applicable code. When the applicable code is the AASHTO LRFD
(AASHTO, 2007, 2010), the service load combination is any of the Strength I to
Strength V combinations in Table 3.4.1-1, although it is expected that

combination Strength IV with factors 7, =1.50 and 7, =0 and combination
Strength I with factors 7, =1.25and y, =1.75 will be controlling.

e Non-seismic lateral displacement: A, (static), A&y (cyclic)

e Non-seismic bearing rotation: g, (static), chy (cyclic)

The static component of rotation should include a minimum construction rotation of
0.005rad unless an approved quality control plan justifies a smaller value. The
distinction between static and cyclic components of live load, lateral displacement and
rotation follows the paradigm of Section 5.6. The shear strains in the rubber are
calculated under these loads and displacements and using the equations presented earlier
in this report.

Shear strain due to compression

Ve = h (6-1)

AGS
where G is the shear modulus, S is the shape factor, 4. is the reduced rubber area given

by (5-13) for displacement Ag =A, +A

that equation (5-13) is valid for rectangular bearings of plan dimensions B by L, where B
is the largest dimension placed perpendicular to the longitudinal bridge axis). Note that
the shape factor is as defined in Section 5.1 but for the interior rubber layers which are
bonded to steel on both sides. Also, in consistency with AASHTO LRFD Specifications

s, and all other terms are defined above (note
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(AASHTO, 2007, 2010), the plan dimensions are defined as the actual plan dimensions
and not the bonded dimensions (include the thickness of rubber cover). The coefficient f;
is given in Tables 5-4 to 5-7 but the designer may opt to use the value f;=1.4 for all cases.

Shear strain due to lateral displacement

. A, +LT5A
Sg T

r

= (6-2)

In equation (6-2), 7, is the total rubber thickness including the thickness of the two
exterior layers.

Shear strain due to rotation

u

vy

_ (O, + 1.756,,
(T, 1)
Note that equation (6-3) has quantity (7, —¢) rather than 7 in the denominator (compare

) /s (6-3)

with equation 5-26) to account for the assumption that the stiffer exterior rubber layers do
not experience rotation. The coefficient f, is given in Tables 5-11 to 5-14 but the
designer may opt to use the conservative value f;=0.5 for all cases. (Note that the
dimension L applies for rectangular bearings with axis of rotation parallel to dimension
B-where B is larger than L. Also, ¢ is the thickness of an interior rubber layer).

Buckling load at service displacement Ay = Ay, +Ag,,

P, =P - (6-4)

In the above equation P, is calculated using (5-8) and 4, is calculated using (5-13) with

lateral displacement equal toA; = Ay, +A For rectangular bearings, the critical load

Scy *
is given by

GBI’ (L-Ay)

P, =0.680
x (1+L/B)T,

(6-5)

Equation (6-5) presumes that the bridge is not rigidly fixed against horizontal translation
in the longitudinal direction. Buckling in the transverse bridge direction is not considered
because either the direction is restrained, or if not, longitudinal buckling dominates due to
the placement of bearings with the long dimension perpendicular to the bridge
longitudinal axis.

A bearing design may be considered acceptable if
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7obp 7.6

Lst S 30 _
AGS U (¢-0)
Ag, +A
As BBy (g (6-7)
T, ,
ye +rs +7, <50 (6-8)
t, > LIA >1.9 mm (0.075inch) (6-9)
1.08F —-2
e
P,
- >2.0 (6-10)
yDPD +7/L(F)Lst +F)Lcy)

Equation (6-9) is based on a bearing configuration without any holes. In that case, the
parameter a is equal to 1.65 unless a fatigue limit state is checked in which a=1.1 and the
minimum yield stress of steel F) is replaced by the constant amplitude fatigue threshold
in accordance with the applicable AASHTO LRFD Specifications (AASHTO 2007,
2010). Caltrans prefers the use of standard gage 14 (0.075inch) A36 steel shims unless
equation (6-9) requires a larger thickness.

Note that equations (6-5) and (6-10) are very different than the corresponding equations
in the AASHTO LRFD Specifications for elastomeric bearings (see AASHTO 2007 or
2010, equations 14.7.5.3.4-2, 14.7.5.3.4-3 and 14.7.5.3.4-4). Justification for the use of
these equations rather than those of AASHTO has been provided in Section 5.6 under
Service Load Checking. Specifically, the use of equations (6-5) and (6-10) is favored
because of the following reasons: (a) they have a rational theoretical basis (Kelly, 1993),
(b) they have been experimentally validated (see Constantinou et al, 2007a for
description), (c) they account for the effect of lateral deformation, whereas those of
AASHTO do not, (d) are LRFD-based, whereas those of AASHTO are not, and (e) the
margin of safety provided is clearly evident (factor 2.0 in equation 6-10) so that
adjustments to the adequacy assessments equations may be readily done if such a need is
justified. Nevertheless, parallel stability checks based on equations (6-5) and (6-10) and
the AASHTO equations will be provided in the examples that follow. The examples
demonstrate that equations (6-5) and (6-10) are more stringent than the corresponding
AASHTO equations. Two reasons are responsible for this: (a) account of lateral
deformation effects through the use of the reduced area in equation (6-10), and (b) use of
a conservative safety margin limit (factor 2.0 in equation 6-10).

Note that equations (6-6) and (6-8) are consistent with the equations used for seismic
isolators in Section 5 but the limits are lower to acknowledge the difference in the quality
of construction and extent of testing of the bearings. Also, the limits in equations (6-6) to
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(6-8) are identical to the corresponding limits in the 2010 AASHTO LRFD Specifications
(AASHTO, 2010). The limit of shear strain in equation (6-7) (a) is consistent with
current AASHTO LRFD Specifications (AASHTO, 2007, 2010), and (b) ensures
predictability of the lateral force-displacement relation for configurations of bearings
already tested (Konstantinidis et al, 2008).

Note that the acceptance criteria do not contain provisions to prevent net uplift of any
point of the bearing. This is based on research by Stanton et al (2008) which has shown
that bearings without external bonded plates may experience uplift without any damaging
rubber tension.

In addition to equations (6-6) to (6-10), the bearing needs to be checked against slippage
in service load conditions. Specifically, the bearing should be checked as follows:

a. The minimum service load bearing pressure including live load effects
(0.9 times dead load plus minimum live load if negative or zero live load
otherwise, divided by rubber area) should be larger than or equal to 200psi
(1.38MPa).

b. In order to prevent slippage of the bearing, the lateral bearing force at
displacement Ay =Ag, +Ag, should be less than 0.2 times the dead load

on the bearing Pp. The lateral bearing force may be predicted by

GA GB(L-A
FS: TrAS:(#S)ASSﬂPD:O'zpD (6'11)

The second part of (6-11) is valid for rectangular bearings with B>L. Also, G is the
upper bound value of the rubber shear modulus, 4, is the reduced rubber area given by

(5-13) for displacement Ay = Ay, + A,

the thickness of the exterior layers. Note that the force is limited to the value of the
friction force at the interface of the rubber and the supporting structure (steel or
concrete), given by the product of the coefficient of friction and compressive load P.
When checking for slippage, it is appropriate to consider 4=0.2, a conservatively low
value. Equation (6-11) may also be used to calculate the force transmitted by the bearing
for use in the design of the structure above and below the bearing. For such calculation,
it is appropriate to consider 4=0.5, a conservatively large value to result in an upper
bound value for the force.

and 7, is the total rubber thickness, including

Design Earthquake (DE) Checking

The assumed axial loads and lateral displacements for the Design Earthquake (DE)
checks are as follows.

e Dead load: P,
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e Seismic live load: PSLDE . This is the portion of live load assumed acting in the

DE. Per the AASHTO LRFD (AASHTO, 2007, 2010), this portion is determined
by the Engineer with recommended values of 0% to 50% of the live load for use
in the Extreme Event I load combination case . Herein the seismic live load for

use in the DE is recommended to be P, = 0.5(P, +P, );is considered to be
'DE ‘st cy

static load and the associated load factor is unity. This is consistent with load
combination case Extreme Event I of the AASHTO LRFD (AASHTO, 2007,
2010). Note that the seismic live load is the point-in-time live load acting at the

time of the earthquake; a value of 0.5P, is recommended herein but a smaller
value might be justified for bridges carrying large live loads.

e Seismic lateral displacement: AEDE'

e Non-seismic lateral displacement: YA = 7(A o TA Scy)

The non-seismic lateral displacement is a portion y of Ay =Ag, + A sey - This portion

is considered to exist simultaneously with the seismic lateral displacement. Herein the
value y =0.5 is proposed to be consistent with the corresponding adequacy assessment

procedures for isolators. Bearing rotation due to earthquake effects is neglected for this
check.

A bearing design is considered acceptable when the following two conditions apply:

0.5A¢ +A,
Vs, =——*%<15 (6-12)
DE 7';
0.5A5+A, <04L (6-13)

Note that equation (6-13) intends to prevent roll-over of the bearing. Theoretically, roll-
over occurs when the displacement exceeds 0.5L but the limit has been slightly reduced
to allow for uncertainties. If either of equations (6-12) or (6-13) are not satisfied, the
following options are available:

1) Change the bearing dimensions until equations (6-12) and (6-13) are satisfied.

2) Use instead spherical multidirectional sliding bearings designed per requirements
of Sections 7 and 8 herein.

3) Test two bearings of each kind under the following conditions.

a. Test at compressive load of 1.2P,+ F; ~ (provided that PSLDE is

positive, otherwise at load 1.2P)) and then again at compressive load
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0.9P, + F;  (provided that Fy; is negative, otherwise at load 0.9F,)

for three cycles of lateral displacement with amplitude equal to
0.5A5+ A, followed by five minutes of compression at the zero

displacement position. The tested bearing shall be capable of sustaining
the imposed load and history of motion without any damage, roll-off, roll-
over or sliding. Testing under quasi-static conditions is acceptable.
Previously conducted tests on similar bearings, loads and motions may be
utilized following approval by the Engineer. Similar bearings are defined
as those being within +/-10% of each relevant dimensional quantity and
being within +/-5 points for the elastomer durometer hardness. Test loads
larger than or equal to 90% of the required upper bound on the load, and
less than or equal to 110% of the required lower bound value on the load
are considered acceptable. The bearing is then qualified for the
displacement tested successfully without any adjustments to account for
testing at larger or lesser load. For example, if the required test load

1.2P, + P, s1,,, €quals 200kip and the required test load 09P, + PSLDE

equals 50kip, testing at loads larger than 0.9x200=180kip and at load less
than 1.1x50=55kip is acceptable.

b. Test at compressive load of 1.2F, +0.5F;  (provided that Fy is
positive, otherwise at load 1.2FP)) and then again at compressive load
0.9P,+0.5F;,  (provided that P  is negative, otherwise at load
0.9F,) (Fy,, is defined above for the DE checking) for three cycles of
lateral displacement with amplitude equal to 0.25A¢ +1.5A, followed

by five minutes of compression at the zero displacement position. The
tested bearings shall be capable of sustaining the imposed load and history
of motion even if significant damage, roll-off, roll-over or sliding occurs.
Testing under quasi-static conditions is acceptable. Previously conducted
tests on similar bearings, loads and motions may be utilized following
approval by the Engineer. Similar bearings are defined as those being
within +/-10% of each relevant dimensional quantity and being within +/-
5 points for the elastomer durometer hardness. Test loads larger than or
equal to 90% of the required upper bound on the load, and less than or
equal to 110% of the required lower bound value on the load are
considered acceptable. The bearing is then qualified for the displacement
tested successfully without any adjustments to account for testing at larger
or lesser load.

4) Consider the use of seismic isolation.

The bearing lateral force for the design of the structure above or below the bearing shall
be calculated as
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GB(L—-0.5A. —A
FDE:%(O.SAS+AEDE)= ( . S

14 r

£ar) (0.5A+A, )< uP, (6-14)

The second part of equation (6-14) is valid for rectangular bearings with B>L. Also, G is
the upper bound value of the rubber shear modulus, 4, is the reduced rubber area given

by equation (5-13) for displacement equal to 0.5A;+A, ~and 7, is the total rubber

thickness, including the thickness of the exterior layers. A value of 4=0.5 should be used
for this calculation in order to obtain a conservative upper bound on the bearing force for
use in the design of the structure above and below the bearing.

Required Bearing Seat Width

The bearings shall be provided with adequate surface (seat width) to accommodate a
displacement equal to 0.25A; +1.5A, in all directions, where Ay and A, ~ are defined

above for the DE checking (that is, the bearings must be placed at distance greater than
0.25A; +1.5A, =~ from any edge around the bearing). If the bearing satisfies the criteria

of equations (6-12) and (6-13), no further checks or tests are required.
6.3 Example 1

As a design example, consider an elastomeric bearing with the following loads and
movements under service conditions. Note that loads, displacements and rotations result
from analysis, an example of which for service conditions is provided in Section 10 and
Appendix B herein.

Dead load (un-factored): £, = 200kip , Live load (un-factored): P, =75kip,
P, =25kip. Longitudinal translation: Ag =3inch, A =0.5inch
Rotation: (951 =0.015rad , 6, =0.01rad

The factored load is the maximum between combination Strength 1 load
P =y,P,+y P, +175 P, (y,=15,y,=175) and Strength IV load
(7, =1.5): P, =1.25x200+1.75x75+1.75x1.75x25 = 457.8kip , P, =1.5x200 = 300kip .
Therefore, P, =457 .8kip .
Also, y,P,+y, P, =1.25x200+1.75x75 = 381.3kip (for use in equation 6-6).
Yoo+ 7P - £<3.0

AGS
Let $=10, G=100psi (nominal value), 4, = B(L—Ay), Ag=Ag + Ag =3.0+0.5=3.5in.

Let B=aL, where o is in the range of 1.0 to 2.0. Herein, we start with a=1.5 for which
fi=1.35 and f,=0.47 (see Tables 5-5 and 5-12). Then equation (6-6) results in 4, >
171.6in* and B > 18.9inch, L > 12.6inch. The nominal value of shear modulus is used for

Equation (6-6) requires
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adequacy assessment. Upper and lower bound values are used for calculation of
displacement and forces. Herein, we assume that the lower bound value of the shear
modulus is 90psi and the upper bound is 121psi (variability in shear modulus equal to +/-
10% of the nominal value and aging factor of 1.1).

A +Ag, 3.0+0.5
T T

r r

Equation (6-7) requires <0.5— T,>7.0inch.

Select B=20inch, L=13inch, 17 internal rubber layers with t=0.4inch and 2 external
rubber layers each with 0.2inch thickness for a total 7,=7.2inch. The shape factor is then
S=(20x13)/(2x(20+13)x0.4)=9.85. The reduced area is 4,=20x(13-3.5)=190in".

M.f _381.3x1.35

Equation (6-6): e 1 m =275<3.0 OK
Ag, +A 3.0+0.5
Equation (6-7): —2 - o — -y = 0.49<0.5 OK
P 457.8x1.35
Equation (6-1): V¢ =——=fi=——————-=3.50

AGS 190x0.1x9.29
. Ag +1T5Ag, 3.0+1.75x0.5

Equation (6-2): 7, T = s =0.54
. . L0, +1.756,,) 13%(0.015+1.75x0.01
Equation (6-3): 7, = StET =) o”. , = (() 4x(72-04) ) -0.47=0.95

Equation (6-8): 7 + 7% +7" =3.30+0.54+0.95=479<50 OK

. at 1.65x0.4
Equation (6-9): ¢, 2 7 = 190
1.08F,——-2 1.08x36x
" P 457.8
Provide 18 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing height is
18x0.075+7.2=8.55inch.

=0.047inch

GBI*(L—Ag)  0.68x0.1x20x13*(13—3.5)

Equation (6-5): P, =0.680
; (1+L/B)T, (1+13/20)x0.4x7.2

= 459.5kip

Equation (6-10):
P, _ 459.5 4595
YoPy+7, (P, +P,) 125x200+1.75(75+25) 425

Ley

=1.08<2.0 NG

To increase the buckling load the plan dimensions need to be increased or the rubber
layer thickness needs to be reduced. The latter is unacceptable for regular bridge
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bearings as the thickness is already small. Inspecting equation (6-5), it is apparent that
increase of dimension L will be most effective.

Accordingly, we select a new trial design with B=21linch, L=16inch, 17 internal rubber
layers with t=0.4inch and 2 external rubber layers each with 0.2inch thickness for a total
T,=7.2inch. There is no need to check the equations for strain limits and steel shim
thickness as the bearing certainly meets the acceptance criteria. Nevertheless this checks
are performed below for completeness. Only equation (6-10) needs to be checked again.

For the trial design, S= (21x16)/(2x(21+16)x0.4)=11.35 and 4,=21x(16-3.5)=262.5in".
Also, for this value of S, f;=1.35 (Table 5-5) and f,=0.47 (Table 5-12).

Eeuation (6.1, 7 P p 45786135
quation (6-1): e = s 1 T 262 5x0.1x11.35
Ay, +1.75Ag,  3.0+1.75x0.
Equation (6-2) 7;2 — Ss - Scy — 3 O+7;5x0 5 —0.54

Equation (6-3): 7, =

7

L*(6y, +1.756,,) 1= 16°(0.015+1.75x0.01)
«(T.—1) ? 0.4x(7.2-0.4)

047 =1.44

Equation (6-8): Y +)s +7. =2.07+0.54+1.44=4.05<50 OK

Equation (6-5): Pc',} =0.680

Equation (6-10):

GBL*(L—Ag)  0.68x0.1x21x16*(16—3.5)
(1+L/B)T. (1+16/21)x0.4x7.2

= 900.5kip

P, ~900.5
yoP 47, (P, +P,) 425

Ley

=2.122.0 OK

The bearing needs to be also checked for slippage. Specifically:

a.

The minimum service load bearing pressure including live load effects
(0.9 times dead load plus minimum live load if negative or zero live load
otherwise, divided by rubber area) should to be larger than or equal to
200psi (1.38MPa).

0.9£, 0.9x200000

= 536 psi > 200 psi
BL  21xl6 pot= P

In order to prevent slippage of the bearing, the lateral bearing force at
displacement A=Ay, +Ag,, should be less than 0.2 times the dead load on

the bearing Pp. The lateral force transmitted by the bearings is given by
equation (6-11) where the upper bound value of shear modulus is used for
conservatism:
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pooGA, JGBUZAY O12I21XU6=235) 35 5 4y,
s T S T § 7.2

r r

<0.2P, =0.2x200 = 40kip

Since both conditions are satisfied, the bearing is safe against slippage.

For seismic conditions, the bearing is checked on the basis of equations (6-12) and (6-
13).

0.5A, +A
Equation (6-12): % <1.5. Therefore, A, <1.5x7.2-0.5x3.5=9.05inch

Iz

Equation (6-13): 0.5A¢ +A, <0.4L. Therefore, A, <0.4x16—0.5x3.5=4.65inch

The bearing is acceptable for seismic displacement A, = 4.65inch without testing.

Design calls for B=21linch, L=16inch, 17 internal rubber layers with t=0.4inch and 2
external rubber layers each with 0.2inch thickness for a total rubber thickness 7,=7.2inch.
Provide 18 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing height is
18x0.075+7.2=8.55inch. Moreover, the bearing needs to be provided with adequate seat
width to accommodate a displacement equal to 0.25A; +1.5A, ~=0.25x3.5+1.5x4.65

=7.85inch , say 8inch in the longitudinal direction. For the transverse direction, for
which Ay =0, the seat width should bel.5A; ~=1.5x4.65=Tinch. Therefore, the

21in by 16in bearing should be provided with a seat of (21+8+8) by (16+7+7) = 37in by
30in provided that the seismic displacement does not exceed 4.65inch.

6.4 Example 2

Consider the elastomeric bearing of Example 1 but with the requirement that the rubber
layer thickness is t=0.5inch-exactly that of the tested bearings (Konstantinidis et al,
2008).

The loads and movements under service conditions are:

Dead load (un-factored): P, =200kip, Live load (un-factored): PLﬂ =75kip ,
PLU = 25kip . Longitudinal translation: Asﬂ =3inch, A s, = 0.5inch
Rotation: 6’5, =0.0157ad , HS.T =0.01rad

The factored load is the maximum between combination Strength 1 load
P =y,P,+y, P, +175 P, (r,=15,7,=175) and Strength IV load
(7, =1.5): P, =1.25x200+1.75x75+1.75x1.75x25 = 457.8kip , P, =1.5x200 = 300kip .
Therefore, P, =457.8kip .

Also, y,P,+7, P, =1.25x200+1.75x75 = 381.3kip (for use in equation 6-6).
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We follow the same steps as in example 1 but with the knowledge that the stability check
controls.

Ag, +Ag, 3.0+0.5
Equation (6-7) requires £ T 2 = T <0.5— T,>7.0inch.

r r

Select 13 internal rubber layers with t=0.5inch and 2 external rubber layers each with
0.251nch thickness for a total 7,=7.0inch.

Vol +7.h
Equation (6-6) requires % - £153.0
Let fr=1.4, $=10, G=100psi (nominal value), 4. = B(L—Ay),

Ag=Ag +A; =3.0+0.5=3.5in.

Let B=1.5L, then equation (6-1) results in 4, > 177.9in* and B > 19.2inch, L > 12.8inch.
The nominal value of shear modulus is used for adequacy assessment. Upper and lower
bound values are used for calculation of displacement and forces. Herein, we assume that
the lower bound value of the shear modulus is 90psi and the upper bound is 121psi
(variability in shear modulus equal to +/-10% of the nominal value and aging factor of
1.1). Experience gained in example 1 calls for plan dimensions that are larger than those
of example 1.

Select B=21linch, L=17inch. The shape factor is then S=(21x17)/(2x(21+17)x0.5)=9.39.

The reduced area is 4,=21x(17-3.5)=283.5in”. Based on this value of shape factor and
bearing aspect ratio L/B, f;=1.3 (Table 5-5) and f,=0.46 (Table 5-12).

Yoo + 7P fe 381.3x1.3
2o7p T

Equation (6-6): ~186<30 OK
quation (6-:6): = 1 G 283.5x0.1x9.39
Ag +Ag,  3.0+0.5
Equation (6-7): — . o~ . 0.50<0.5 OK
P 457.8x1.3

1G5 T 28350010030

_ o Ag +175A,  3.0+1.75x0.5
Equation (6-2): 75 = T = 70

. L’ (g, +1.756,,,) 17°(0.015+1.75x0.01)

Equation (6-1): V¢ =

=0.55

Equation (6-3): fh= :0.46=1.33
quation (6-3): 7 (T -0 T 0sx(70-05)

Equation (6-8): 7 + Vs +7, =224+0.55+1.33=4.12<5.0 OK

Equation (6-9): 1, 2 ot 1.65x0.5 =0.037inch

1.08F i—2 1.08x36x 283.5
" P 457.8

u

2
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Provide 14 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing height is
14x0.075+7.0=8.05inch.

GBI*(L—Ag)  0.68x0.1x21x173(17-3.5)

Equation (6-5): P, =0.680 =879.7kip
' (1+L/B)T. (1+17/21)x0.5x7.0
Equation (6-10):
P
or, 879.7 _879.7 —207>2.0 OK

yoP 4y (P, + P, ) 125x200+1.75(75+25) 425

Ley
For demonstration, we check the stability of the designed bearing on the basis of the
AASHTO LRFD Specifications (equations 14.7.5.3.4-2, 14.7.5.3.4-3 and 14.7.5.3.4-4;

AASHTO 2007, 2010). Note the alternate use of the AASHTO and our symbols in the
equations below.

1.92ﬂ 1.925 1.921

17_ —0.489

L _ L __
2.0L 2.0L 2x17
I+—— I+—— 1+
w B 21
Equation 14.7.5.3.4-3:

5 2.67 ~ 2.67 ~ 2.67 0195

L L 17
(S, +20)(14 ) (S+20)(1+ ) (939+2.0)(1+ )

Equation 14.7.5.3.4.-2: A=

GS,
24-B

Equation 14.7.5.3.4-4: o, < or

P,+P_ +P GS,

Ley Lst <

WL 2A-B

or

200+25+75 _ 0.840ks; < GS. _ 0.1x9.39 —12ksi OK
21x17 2A-B 2x0.489-0.195

The bearing needs to be also checked for slippage. Specifically:

a. The minimum service load bearing pressure including live load effects
(0.9 times dead load plus minimum live load if negative or zero live load
otherwise, divided by rubber area) should to be larger than or equal to
200psi (1.38MPa).
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097, 0.9x200000

— 504 psi > 200 psi
BL 21x17 pat Pt

b. In order to prevent slippage of the bearing, the lateral bearing force at
displacement A=Ay, +Ag, should be less than 0.2 times the dead load on

the bearing Pp. The lateral force transmitted by the bearings is given by
equation (6-11) where the upper bound value of shear modulus is used for

conservatism:
F - G;lr A, :GB%_AS)AS _ 0.121x217x(§17—3.5) ¥3.5 = 17.2kip

r r

<0.2P, =0.2x200 = 40kip

Since both conditions are satisfied, the bearing is safe against slippage.

For seismic conditions, the bearing is checked on the basis of equations (6-12) and (6-
13).

0.5A  +A

Equation (6-12): #EDE <1.5. Therefore, A, <1.5x7.0-0.5x3.5=28.75inch

Equation (6-13): 0.5A; +A, <0.4L. Therefore, A, <0.4x17-0.5x3.5=5.05inch
The bearing is acceptable for seismic displacement A, = 5.05inch without testing.

Therefore, the design calls for B=2linch, L=17inch, 13 internal rubber layers with
t=0.5inch and 2 external rubber layers each with 0.25inch thickness for a total rubber
thickness 7,=7.0inch. Provide 14 steel shims, A36 steel, gage 14 (t=0.075inch). The
total bearing height is 14x0.075+7.0=8.05inch. Moreover, the bearing needs to be
provided with adequate seat width to accommodate a displacement equal
t00.25A +1.5A, =0.25x3.5+1.5x5.05=8.45inch, say 9inch in the longitudinal

direction and0.25A; +1.5A, =0+1.5x5.05="7.58inch, say 8inch in the transverse

direction. The 21in by 17in bearing requires a seat of (21+9+9) by (17+8+8) = 39in by
33in provided that the seismic displacement does not exceed 5.051n.

6.5 Example 3

The loads and movements under service conditions are:

Dead load (un-factored): F, =86kip, Live load (un-factored): £, =0, B, = 90kip
Longitudinal translation: ASst =0.6inch, A s, = 0
Rotation: Oy =0.02rad, 6; =0.01rad

The factored load (combination Strength I governs) is

P=y,P,+y, P, +1.75y, P

Ley
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P =1.25x86+0+1.75x1.75x90 = 383.1kip
Also, y,P,+y,P,, =1.50x86+1.75x0 =129kip (for use in equation 6-6).
Note that in this equation we used y,, =1.50as it controls (live load effect is zero so that

Strength IV Load Combination of AASHTO controls).
Agy +Ag, 0.6+0

T T

r r

Equation (6-7) requires <0.5— T, >1.2inch. This limit is very
small as it is controlled by a small translational displacement. Such a small rubber
thickness will result in large strains due to bearing rotation. Accordingly, we start a trial
design by selecting 7 internal rubber layers with t=0.5inch and 2 external rubber layers
each with 0.251inch thickness for a total 7,=4.0inch.

7/DPD+7/LPLst f <3.0

AGS e
Use factors f;=1.22 and f;= 0.45 (for a nearly square bearing-see Tables 5-5 and 5-12),
§=7, G=100psi (nominal value), 4, =B(L-As), Ag=Ag +A; =0.6+0=0.6in.

Herein, we assume that the lower bound value of the shear modulus is 90psi and the
upper bound is 121psi (variability in shear modulus equal to +/-10% of the nominal value
and aging factor of 1.1). The nominal value of shear modulus is used for adequacy
assessment. Upper and lower bound values are used for calculation of displacement and
forces.

Equation (6-6) requires

Let B=L, then equation (6-6) results in 4, > 76.8in”. This is too small due to the small
value of load y,P, +y,F,, (zero value of static live load). Accordingly, we start with

trial plan dimensions B=16inch, L=I5inch. The shape factor is then
S=(16x15)/(2x(16+15)x0.5)=7.74. The reduced area is 4,=16x(15-0.6)=230.4in’.

v + 7. P, f= 129x1.25

Equation (6-6): =090<3.0 OK

AGS ' 230.4x0.1x7.74
Ag,+Ag, 0.6+0
Equation (6-7): —> - o — 10 - 0.15<0.5 OK
P 383.1x1.22

= =2.62
AGS 5 230.4x0.1x7.74

Ag, +1.75A,  0.6+1.75x0

Equati 6-2): Ve = = =0.15
quation (6-2): 7%, - n

r

(0, +1.756,,,) = 157(0.02 +1.75x0.01)
(T, —1) ? 0.5x(4.0—0.5)
Equation (6-8): Ye +7e +7 =2.62+0.15+2.17=4.94<50 OK

Equation (6-1): 7, g’s =

-0.45=2.17

Equation (6-3): 7, =
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Note that on the basis of equation (6-8) the selected plan dimensions are just acceptable
(the reader may realize that we have first tried B=L=15inch but it did not satisfy equation
6-8).

Equation (6-9): #, 2 a; 165);23 7] =0.038inch
1.08F —~ -2 108 36x——-2
" P 381.3

Provide 8 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing height is
8x0.075+4.0=4.6inch.

GBI*(L—A)  0.68x0.1x16x15%(15—0.6)
(1+L/B)T, (1+15/16)x0.5x4.0

Equation (6-5): P =0.680 =909.7kip

P, ©909.7
Yobp 7. (P, + LLy) 383.1

=2.3722.0 OK

Equation (6-10):

For demonstration, we check the stability of the designed bearing on the basis of the
AASHTO LRFD Specifications (equations 14.7.5.3.4-2, 14.7.5.3.4-3 and 14.7.5.3.4-4;

AASHTO 2007, 2010). Note the alternate use of the AASHTO and our symbols in the
equations below.

1927 y 192°" L, 1ot
Equation 14.7.5.3.4.-2: A= 15 _0302
/ L 20L OL \/ 2.0L OL \/ 2x15
16
Equation 14.7.5.3.4-3:
B 2.67 _ 2.67 - 2.67 0222

L 15
) (S+2000+ ) (1744 20001+, )

L
S +2.0)(1+
e X 4.0mw

Equation 14.7.5.3.4-4: o0, < G5,
quation 14.7.5.3.4-4: S5 4_B or
P +1)Lcy+1)l,ct GS,
WL 4B ”
86+90 _ ) 733ksic G0 OMXTTR 5 o cksi ok
16x15 2A—-B  2x0.302-0.222

The bearing needs to be also checked for slippage. Specifically:
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a. The minimum service load bearing pressure including live load effects
(0.9 times dead load plus minimum live load if negative or zero live load
otherwise, divided by rubber area) should to be larger than or equal to
200psi (1.38MPa).

097, 0.9x86000
BL 16x15

=322 psi 2 200 psi

b. In order to prevent slippage of the bearing, the lateral bearing force at
displacement A=Ay, +Ag, should be less than 0.2 times the dead load on
the bearing Pp. The lateral force transmitted by the bearings is given by

equation (6-11) where the upper bound value of shear modulus is used for
conservatism:

F - GA, A, = GB(L-Ay) A, = 0.121x16x(15 - 0.6)
T T 4.0

<0.2P, =0.2x86 =17.2kip

x0.6 =4.2kip

Since both conditions are satisfied, the bearing is safe against slippage.

For seismic conditions, the bearing is checked on the basis of equations (6-12) and (6-
13).

0.5A, + A
Equation (6-12): % <1.5. Therefore, A, <1.5x4.0—-0.5x0.6 =5.7inch

I

Equation (6-13): 0.5A; +A, <0.4L. Therefore, A, <0.4x15-0.5x0.6 =5.7inch

The bearing is acceptable for seismic displacement A £y = 5.7inch without testing.

The design calls for B=16inch, L=15inch, 7 internal rubber layers with t=0.5inch and 2
external rubber layers each with 0.25inch thickness for a total rubber thickness
T,=4.0inch. Provide 8 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing
height is 8x0.075+4.0=4.6inch. Moreover, the bearing needs to be provided with
adequate seat width to accommodate a displacement equal
t00.25A¢ +1.5A, =0.25x0.6 +1.5x5.7 =8.7inch , say 9inch.

6.6 Example 4
This example is identical to Example 3 but the seismic displacement is given as 7.0inch.
This is larger than the capacity of the bearing designed in Example 3, so that a new

bearing needs to be designed.

The loads and movements under service conditions and the seismic displacement are:
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Dead load (un-factored): P, =86kip, Live load (un-factored): £, =0, B, = 90kip
Longitudinal translation: Ay =0.6inch, Ag =0
Rotation: ¢ =0.02rad , 6; =0.01rad

Seismic displacement in the DE: A, = 7.0inch

The factored load (combination Strength I governs)is P, =y ,P, +y, P, +1.75y LPLQv
P =1.25x86+0+1.75x1.75x90 = 383.1kip
Also, y,P,+7, P, =1.50x86+1.75x0 =129%ip (for use in equation 6-6).

Note that in this equation we used y, =1.50as it controls (live load effect is zero so that
Strength IV Load Combination of AASHTO controls).

Moreover, Ag=Ag +Ag =0.6in. It is required that the rubber layer thickness is
0.5inch.

Let G=100psi (nominal value). Upper and lower bound values are used for calculation of
displacement and forces. Herein, we assume that the lower bound value of the shear
modulus is 90psi and the upper bound is 121psi (variability in shear modulus equal to +/-
10% of the nominal value and aging factor of 1.1).

Agy +Ag, 0.6+0
T

r r

OSAS +AEDE _ 0.5x0.6+7
T

r r

Equation (6-13) requires 0.5Ag + A, =0.5x0.6+7<0.4L — L> 18.25inch.

Equation (6-7) requires <0.5— T,>1.2inch.

Equation (6-12) requires 75 = = <1.5— T, >4.87inch.

Select B=L=18.25inch, 9 internal rubber layers with t=0.5inch and 2 external rubber
layers each with 0.25inch thickness for a total 7,=5.0inch. The shape factor is then
S=(18.25x18.25)/(2x(18.25+18.25)x0.5)=9.13. Factor f;=1.24 (table 5-5) and factor
f>=0.45 (Table 5-12). The reduced area is 4,=18.25x(18.25-0.6)=322.1in".

ypoP 7By . 1293124
AGS N 1015913

Ag, +Ag,  0.6+0
. 50

7

Equation (6-6): =0.54<3.0 OK

Equation (6-7): =0.12<0.5 OK

| . P 383.1x1.24
Bquation (6-1): 7 = o =50 oo

A, +1.75Ag.  0.6+1.75x0
Equation (6-2): 7, = o 7 o 50 o012

r
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(0, +1.756,,,) = 18.257(0.02 +1.75x0.01)
HT,—1) ’ 0.5x(5.0-0.5)

Equation (6-8): 7 + 7% +7" =1.62+0.12+2.50=424<50 OK

Equation (6-3): 7, = -0.45=2.50

at 1.65x0.5 :
Equation (6-9): 7, 2 = al =0.03inch
A 322.1
~—2 1.08x36x -2

Provide 11 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing height is
11x0.075+5.0=5.825inch.

Equation (6-5):
B 0.680GBL (L —Ay) ~0.68x0.1x18.25x1 8.25°(18.25-0.6)
s (1+L/B)T. (1+18.25/18.25)x0.5x5.0

= 1459%kip

1459

' Pu 383 1

No need to check equations (6-12) and (6-13) as dimensions 7, and L were selected to
satisfy those equations.

——=3822.0 OK

For demonstration, we check stability of the designed bearing on the basis of the
AASHTO LRFD Specifications (equations 14.7.5.3.4-2, 14.7.5.3.4-3 and 14.7.5.3.4-4;
AASHTO 2007, 2010). Note the alternate use of the AASHTO and our symbols in the
equations below.

1.921* h” 1. 92 1. 92i
Equation 14.7.5.3.4.-2: A= —F—== = 1825 _
/ 2 OL 2.0L OL 2x18.25
\/ \/ 18.25
2 67 2.67

Equation 14.7.5.3.4-3: B = =
S +2.0)(1+ S+2.0)(1+——
(S; X 4.0W) ( X 4.03)

2.67 1875 =0.192
9.13+2.0)(1 .
( 2.0 +4x18.25)
Equation 14.7.5.3.4-4: o, < GS, b +PLW+PL“ 63,
quation 14.7.5.3.4-4: Y or WL 2A—B or
86490 sogpsic 90 - O3 o5 ok
18.25x18.25 2A-B  2x0304—0.192

The bearing needs to be also checked for slippage. Specifically:
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a. The minimum service load bearing pressure including live load effects
(0.9 times dead load plus minimum live load if negative or zero live load
otherwise, divided by rubber area) should to be larger than or equal to
200psi (1.38MPa).

0.9F, 0.9x86000
BL  18.25x18.25

=232 psi > 200 psi

b. In order to prevent slippage of the bearing, the lateral bearing force at
displacement A=A, + A, should be less than 0.2 times the dead load on
the bearing Pp. The lateral force transmitted by the bearings is given by

equation (6-11) where the upper bound value of shear modulus is used for
conservatism:

Scy

G4, , _GB(L-Ay) , _

Fg = T s T s
0'121XI8'255’C(()18'25 ~96) 0.6 = 4.7kip < 0.2P, = 0.2x86 = 17 2kip

Since both conditions are satisfied, the bearing is safe against slippage.

The design calls for B=18.25inch, L=18.25inch, 9 internal rubber layers with t=0.5inch
and 2 external rubber layers each with 0.25inch thickness for a total rubber thickness
T,=5.0inch. Provide 11 steel shims, A36 steel, gage 14 (t=0.075inch). The total bearing
height is 11x0.075+5.0=5.825inch. Moreover, the bearing needs to be provided with
adequate seat width to accommodate a displacement equal
t00.25A; +1.5A, =0.25x0.6+1.5x7.0 =10.65inch , say 11inch.
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SECTION 7
SOME ASPECTS OF BEHAVIOR OF PTFE SPHERICAL BEARINGS

7.1 Introduction

This section presents a collection of material on the properties and behavior of PTFE
spherical bearings that are used either as large displacement capacity expansion bridge
bearings (flat sliding bearings) or as fixed bridge bearings. They can also be used in
combination with elastomeric bearings in seismic isolation systems. Spherical bearings
and their one-directional versions of cylindrical bearings have large capacity to
accommodate rotation with very little resistance to the application of moment. This is in
contrast to the behavior of pot and disk bearings that exhibit high resistance to rotational
moment and limited ability to rotate (Stanton et al, 1999). Accordingly, spherical
bearings are preferred either as bridge expansion bearings or as fixed bridge bearings.
The similarity of the PTFE spherical multidirectional bearings to the single Friction
Pendulum seismic isolation bearings also enhances interest in these bearings.

The material presented in this section is a brief description of spherical bearings, their
structural components and their operation principles. The scope of the presentation is the
interpretation of the design criteria and tools that are currently in force and are used in
practice. In brief, current design considerations are dealing with:

1) PTFE-steel interface (friction values, proper operation, sustainability,
compressive strength).

2) Stability (geometry and load limitations to ensure stability).

3) Load eccentricity and its implications.

The design requirements summarized herein are from three sources: AASHTO LRFD
Specifications (2007, 2010), Caltrans (1994) and European Standard (2004).

7.2 Types of PTFE Spherical Bearings
Fixed Spherical Bearings

Fixed spherical bearings allow rotation about any axis and prevent vertical movement.
They exhibit a behavior that is typically modeled as a three-dimensional pin connection.
Fixed spherical bearings consist of a steel spherical convex backing plate sliding on a low
friction surface on a spherical concave backing plate. Figure 7-1, which has been adapted
from Caltrans (1994), shows a fixed spherical bearing with a concave plate capable of
rotation on top of a convex plate. The curved contact surface has low friction which is
achieved by means of woven PTFE or other material of similar properties that is bonded
to the concave surface and is in contact with a stainless steel convex plate or is in contact
with a stainless steel plate that is welded to a matching convex backing plate. Note that
the spherical bearing may be also configured with the concave plate facing down rather
than up, and have exactly the same behavior as the bearing of Figure 7-1.
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A topic of concern is the ability of fixed spherical bearings to resist horizontal loads. The
curved sliding interface is a compression-only surface incapable of resisting tension and
the only restraint against lateral loading is the geometric restraint offered by the curved
surface. Thus, the horizontal to vertical load ratio is a critical design constraint for these
bearings. The stability of the bearing at a given horizontal to vertical load ratio depends
on the ratio of the curvature radius to the plan dimension of the curved contact surface.
The latter ratio also affects the pressure distribution at the contact interface (Koppens,
1995).

______________________

Plan

Anchorage Typical
W »— Sole Plate
Concave Plate

Convex Plate

SO | vasony Pt

Woven PTFE Pad
bonded to
concave surface

Stainless
Steel Convex IJ_L

Surface

Section X-X

FIGURE 7-1 Fixed Spherical Bearing (Caltrans, 1994)
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Sliding Spherical Bearings

There are three types of sliding PTFE spherical bearings depending on restraints imposed
on translation. Sliding capabilities are provided by incorporating a plane sliding interface
at the top of the bearing. This flat sliding surface is achieved by use of PTFE or other
material of similar properties in contact with stainless steel, where the stainless steel plate
is located above the PTFE so that accumulated dirt and dust falls off during sliding.
Unidirectional (or guided) bearings permit sliding in one direction and are restrained
against translation in the orthogonal direction by a guiding system (internal or external).
Multidirectional (or unguided) spherical bearings allow horizontal movements in any
direction. Caltrans (1994) does not consider guided bearings for use by the Division of
Structures due to problems experienced with this kind of bearings in service. Such
bearings are not considered herein.  Figure 7-2 shows the construction of a
multidirectional spherical bearing. Note that the drawing shows that the sliding
interfaces consist of woven PTFE. This is the preferred material for use in applications
of these bearings in California. Multidirectional sliding spherical bearings are typically
modeled as bi-directional rollers for analysis of conventional bridges. When used as
elements of seismic isolation systems, these bearings are modeled as bi-directional
frictional elements (Constantinou et al, 2007a).

Anchorage Typical Flat Sliding Interface Spherical Sliding Interface

/ / ,—— Sole Plate
/ / / | Stainless Steel

Woven PTFE Pad ? Sliding Surface
bonded to flat and Concave Plate
concave surfaces Convex Plate
Stainless NN ~——- Masonry Plate
Steel Convex
Surface

FIGURE 7-2 Multidirectional PTFE Sliding Spherical Bearing (Caltrans, 1994)

7.3 Design Considerations for Spherical Bearings

In this section, a brief description of the applicable design procedures for spherical
bearings per Caltrans (1994), European Standard (2004) and AASHTO (2007, 2010) is
presented. Wherever necessary, explanations and comments are provided. Figure 7-3
portrays and defines the various notations used throughout Table 7-1, which summarizes
design requirements and complements Figure 7-3 in defining quantities. Note that the
notation used in Figure 7-3 and Table 7-1 follows that of Caltrans (1994) with some
modifications for consistency with the AASHTO LRFD Specifications (2007, 2010).
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tmin Tm in

S |
FIGURE 7-3 Definition of Geometric Parameters of Spherical Bearings
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TABLE 7-1 Summary of Design Requirements

Design AASHTO LRFD Bridge CALTRANS Stgﬁg;?gagl\l
Requirement | Design Specs, 2007, 2010 (June 1994) 1337_7_2’00 4
Prevention of Uplift must not occur o < D,

Uplift at under any T8
Spherical - combination of loads | (total eccentricity
Sliding and corresponding of normal load —
Surface rotation see Section 2.5.1)
7Z'D 2
P<—o0o
4
- P<Apypo -

Resistance to
Compression

P =factored compressive
load

D, =diameter of the

projection of the loaded
surface of the bearing in
the horizontal plane
(denoted as L)

o =maximum permissible
average contact stress at
the strength limit state

P =maximum
compressive load
considering all
appropriate load
combinations

D, =diameter of the
projection of the
loaded surface of the
bearing in the
horizontal plane

O =maximum
permissible average
compressive stress

Aprrr =PTFE area of
flat sliding surface

P =design axial
force at ultimate
limit state

D, = diameter of

projected curved
sliding surface

hy
Vm
where
recommended y,,
is14, A isa
reduction
coefficient and f,

O =

1s the characteristic
value of
compressive
strength for PTFE
sheets

D,, is the diameter of the projected sliding surface (denoted as L in 2007 or 2010 AASHTO LRFD, Figure

C14.7.3.3.-1).
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TABLE 7-1 Summary of Design Requirements (cont’d)

Design
Requirement

AASHTO LRFD Bridge
Design Specs, 2007, 2010

CALTRANS
(June 1994)

European
Standard, EN
1337-7:2004

H = pupP

H =lateral load from

H =maximum

horizontal load on the
bearing or restraint

considering all

Design ) appropriate load
Horizontal applicable strength and combinations
Force extreme load
(Largest combinations
Applicable = i -
PP ) u =coefficient of friction H co§fﬁ01ent of
friction
P =factored compressive .
P =maximum
force .
compressive load
considering all
appropriate load
combinations
Design
Moment M = uPR —
(Largest) for
Bridge
Substructure
and R =radius of curvature -
Superstructur
e
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TABLE 7-1 Summary of Design Requirements (cont’d)

Design
Requirement

AASHTO LRFD Bridge
Design Specs, 2007, 2010

CALTRANS
(June 1994)

European
Standard, EN
1337-7:2004

Resistance to

Lateral Load

(see Section
7.1)

H < 7R’0 pppsin’ (y — f—0)sin B

a H
f =tan (P—Dj

P, = service compressive
load due to permanent
loads
O ppep = MAXimum average
contact stress at the
strength limit state
permitted on the PTFE

P, = compressive load
due to permanent loads
O prep = the maximum

average contact stress
permitted on the PTFE

Rotation

Strength limit state
rotation @ is the sum of:
a) rotations due to
applicable factored loads,
b) maximum rotation
caused by fabrication and
installation tolerances (to
be taken as 0.005rad
unless an approved quality
control plan justifies a
smaller value), c)
allowance for
uncertainties (to be taken
as 0.005rad unless an
approved quality control
plan justifies a smaller
value)

Design rotation 6 is
the sum of:
a) greater of either
rotations due to all
applicable factored
loads or rotation at the
service limit state, b)
maximum rotation
caused by fabrication
and installation
tolerances (to be taken
0.01rad unless an
approved quality
control plan justifies a
smaller value, c)
allowance for
uncertainties (to be
taken 0.01rad unless an
approved quality
control plan justifies a
smaller value)
0>0.015rad

Angle v of
Bearing

w < 30°

Angle y is termed the subtended semi-angle of the curved surface (see Figure 7-13).
Angle 0 is the design rotation angle.
Angle B is the angle between the vertical and horizontal loads acting on the bearing.
Stress oprg is the denoted as ogs in AASHTO LRFD Specifications (2007, 2010).
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TABLE 7-1 Summary of Design Requirements (cont’d)

CALTRANS MEMO TO DESIGNERS, JUNE 1994

Minimum
Angle B> tan" H
Required to P,

Prevent Uplift

Maximum
Allowable D See Figure 7-3

m

; R —m
Radius of Jsin (l//)

Concave S
Bearing (if limit exceeds 36”, use 36”

Sliding as limit)
Surface

Minimum The minirpum des.ign rotati.on capacity
Angle of for spherical bearings, €, is uspally 2
Concave w>p+0 degregs (0.035rad) and shou.ld include
Bearing rotations from dead load, hve‘ load,
Surface camber changes, construction

tolerances and erection sequences

Minimum

D, /2
Copcave DB, =2| R| sin 2
Bearing Pad R

Diameter

Minimum _ DB
Metal Depth 2R
of Concave Y =Rcosy
Surface M=R-Y +tp,, See Figure 7-3

Minimum
Metal
Thickness at
Center Line

0.75 inch

Maximum
Metal T . =T. +M+0.125inch

Thickness
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TABLE 7-1 Summary of Design Requirements (cont’d)

CALTRANS MEMO TO DESIGNERS, JUNE 1994

Length and
Width of
Concave Plate

L, =D, +0.75inch

Dm

0.375"

0.375"

Minimum
Angle of
Convex
Surface

y2wy+6

Minimum
Convex
Chord Length

C, =2Rsiny

Height of
Convex
Spherical
Surface

H =Ract - [Ract2 _(C /2)2 ]1/2

c m

Overall
Height of
Convex Plate

H ,=H_ +0.75inch

See Figure 7-3

Minimum
Vertical
Clearance

Spherical bearings square in
plan:
¢=0.7L,,0+0.125inch

Spherical bearings round in
plan:
¢=0.5D,0+0.125inch

VNJC
[ T

I7/N_L c= 1/g" minimum at

| maximum rotation
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TABLE 7-1 Summary of Design Requirements (cont’d)

EUROPEAN STANDARD, EN 1337-7:2004

Design movements shall be increased by
a) rotation: +/-0.005rad or +/-10/ R rad, whichever greater (R in
mm)
b) translation: +/-20mm in both directions of movement with a
minimum total movement of +/-50mm in the direction of
Increased maximum movement and +/-20mm transversely unless the
Movements bearing is mechanically restrained
Note: The above specified increased rotation serves for verifying
lack of contact between upper and lower part of the bearing or any
other metallic component and also for verifying that the metallic
surfacing mating with the PTFE completely covers the PTFE sheet
Minimum Resultant rotational movement shall be taken at least +/-0.003 rad and
Movements the resultant translational movement not less than +/-20mm
for Strength | If a bearing cannot rotate about one axis, a minimum eccentricity of 10%
Analysis the total length of the bearing perpendicular to that axis shall be assumed
Bearing Total clearance between extremes of movement shall not exceed 2mm
Clearance
L=
Backing 21 D_._ N
Plates with c
Concave % E
Surfaces — % -~
L L

7.4 Lateral Load Resistance

Table 7-1 includes a limitation on horizontal load H that is based on the requirement that
the average contact stress on the PTFE remains below an acceptable limito ;. This

limitation is given by equation (7-1) where R is the radius of curvature of the spherical
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part, Pp is the vertical load, angles y and S are defined in Figure 7-4 and &is the bearing
rotation.

H < 7R’y sin’ (y — f— 6)sin (7-1)

Documentation of the derivation of this equation could not be found. A derivation, based
on a number of assumptions, is described below. Consider first that the concave surface
in Figure 7-4 does not rotate. The resultant force develops at an angle £ as shown in
Figure 7-4. It is presumed that the resultant load is carried over a circular concave area of
which the diameter is highlighted in Figure 7-4. The apex and base of this circular

concave area expends from angle (24 —y) to angle y , that is over angle 2(y — f); this
is because each of the equal lengths (radii of contact area) shown in Figure 7-4
corresponds to an angle (1//— B). The projection of the circular concave area onto a

plane perpendicular to the direction of the resultant force is a circular area with a radius
equal to Rsin(y — S).

Consider next that the concave plate of the bearing undergoes rotation by angle € as
shown in Figure 7-5. Note that this figure is basically the same as Figure C14.7.3.3.-1 of
the 2010 AASHTO LRFD Specifications but the bearing rotation is shown with the
correct amplitude. Also consider that the vertical and horizontal forces remain the same
during this rotation. The angle corresponding to the contact area is reduced by € so that

the angle is (y — 8 —0) instead of (y — ). The projection of the circular concave area

onto a plane perpendicular to the direction of the resultant force is a circular area with a
radius equal to R sin(w -p- 6’) . Noting that the resultant force is equal to H /sin /7, the

average contact stress on the PTFE may be expressed as

o = Force H/sin g
" drea m(Rsin(y - B-0))

(7-2)

Equation (7-2) leads to equation (7-1) when 0, is interpreted as the maximum average
contact stress limit permitted on the PTFE for the limit state considered.

Note that the requirement of equation (7-1) intends to limit the contact pressure on the
PTFE-it is not a requirement to prevent dislodgement of the bearing by sliding of the
concave plate over the convex plate and is not a requirement to prevent uplift. It may
also be recognized that equation (7-1) is derived on the basis of conservative assumptions

on the way the force is resisted by the concave plate. Also, the stress limit 0, = 4.5ksi

is low for this check. Herein, we maintain this stress limit although it could be changed in
the future. Accordingly, it is recommended that this check is only performed for service
load conditions and is not performed for seismic load conditions.

We propose that equation (7-1) be used for spherical bearings with a flat sliding surface
under the following conditions and with a modification to permit use with factored loads:
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1)

2)

3)
4)

5)

6)

Quantity o, =1.450,, where o is the permissible unfactored PTFE stress

(maximum value for average stress) in Table 14.7.2.4-1 of AASHTO LRFD
(2007, 2010). Note that o, is now interpreted as a permissible factored stress

as discussed in Section 9.2 later in this report. Quantity 1.45 represents the factor
to obtain the factored stress as explained in Section 9.2. Use a factored PTFE
stress limit 0, =1.45x4.5=6.5ksi , which is valid for woven PTFE fiber but

presumed to be conservative for this check.

Calculate the factored lateral force as H =0.06y,FP, when checking load
combination Strength I (where the load factor is py,=1.5) and as
H =0.06(y,F, +y7,P,) when checking load combination Strength IV (where the
load factors are y,=1.25 and y, =1.75).

Note the use of a coefficient of friction equal to 0.06 for service load conditions.
Angle fis equal to the friction coefficient which is 0.06.

Restrict the value of radius R to 40inch to avoid excessively shallow concave
plates. Note that the limit of 40inch is arbitrary and may be revised in the future.

Restrict angle y to 35 degrees.

These restrictions on R and i are consistent with past practice (but not exactly the same,
e.g., see European, 2004 where i is restricted to 30 degrees). It should be noted that
bearings with such geometrical characteristics have been in service without any
problems-for example, see Friction Pendulum bearing in Figure 4-24 in Constantinou et
al, 2007a with R=43inch and y=34°.
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Resultant
Circular Area Force
Available
to Carry
Compression

Radius of
Projected
Contact
Area

FIGURE 7-4 Lateral Load Resistance of a Spherical Bearing without Bearing
Rotation

7.5 Resistance to Rotation

A spherical bearing resists rotation through the development of a moment. This moment,
with respect to the pivot point located at distance R to the spherical surface, is easily
shown to be given by the following equation in which P is the vertical load and u is the
coefficient of friction at the spherical surface:

M = uPR (7-3)

However, AISI (1996) originally reported and later AASHTO (2007, 2010) incorporated
in its specifications that this moment is equal to 2PR when the bearing has a flat sliding

surface in addition to the spherical part and is equal to #PR when only the spherical part

exists. Herein, we first show by complex analysis that indeed equation (7-3) is valid for
a spherical sliding surface. Second we attempt to provide an explanation for the origin of
the equation that doubles the expression for moment in (7-3) when the bearing has a flat
sliding surface.
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Circular Area
Available
to Carry

Compression

Radius of
Projected
Contact
Area

Rsin(y—3-0)

FIGURE 7-5 Lateral Load Resistance of a Spherical Bearing with Bearing Rotation

Moment Equation for Spherical Surface

In a spherical bearing, the moment is the resultant moment (about the center of the
spherical surface or pivot point) of the friction forces that develop between the surfaces
of spherical sliding that slide against each other during rotation of the bearing. Consider
the spherical coordinate system of Figure 7-6 which has as origin the center of the
spherical surface of the bearing. The spherical surface of the bearing extends over the
surface for which angle @ is in the range of zero to a value equal to y (see Figure 7-4).
We define an outward normal unit vector at each point P of the spherical surface as

Qz(x-g'+y'l'+z-/£)/r (7-4)

while the infinitesimal area dA is given by
dA=r"-sin@-d6-d¢ (7-5)
Note that , 8 and ¢ are the spherical coordinates. The distribution of normal stresses at
the interface when the bearing is subjected to compression by vertical load P is given by

(Koppens, 1995)
—3Pcosf

TR (l —cos’ w)

()

(7-6)
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It is noted that the effect of horizontal loads acting on the bearing has been ignored.

Friction tractions (or stresses) on the spherical surface are given by
T=u- 0(0) (7-7)

where u is the coefficient of friction. These stresses are tangential to the surface of the
sphere, i.e. perpendicular to the vector defined in (7-4).  Consider that rotation takes
place about axis x so that the infinitesimal force due to friction tractions is

dT =7-dA- f (7-8)

where f is a unit vector on the y -z plane such that f - n=0.

Z A
P(x,y,z)
rsing — )
----------- LA
R A R
2 O : >
¢ ! y
X dA

FIGURE 7-6 Spherical Coordinate System for Moment Calculation

Therefore,

f:\/ ! -j—tan@sin¢\/ 1 k (7-9)

= 1+tan*@sin’ ¢ = 1+tan*@sin* ¢ —

The vectors j and k are unit vectors in directions y and z, respectively. The

contribution to the moment d M by the force dT about the point O is
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i J k
dM =rxdT =|rsinfcos¢ rsinfsing rcosd (7-10)
0 dT dT,

y

or
: .3 s 2 : 2
(sm @sin” ¢+ sin € cos 6?)

aM = — PR L 46dp]  -sinOsingcosp  b(7-11)
27r(l—cos31//) 1+ tan” Osin” ¢

—sin” @cos @ cos ¢

Integration of (7-11), for # ranging between 7 —y and 7 and for ¢ ranging between
0 and2x, gives the total moment as a function of angley . The integration was carried
out numerically and results are presented in Figure 7-7. Clearly, the moment M 1is equal
to #PR for all practical purposes.

1.2

0.8 -

0.6

M/(LPR)

0.4

0.2

0 5 10 15 20 25 30
l/ degrees)

FIGURE 7-7 Moment Resistance of Spherical Bearing for Varying Bearing
Subtended Semi-angle

Moment Equations for Spherical Bearings with Flat Sliding Surface

Consider Figure 7-8 showing a bridge girder supported by a spherical bearing with and
without a flat sliding surface. The axis of rotation of the spherical bearing lies under the
neutral axis of the bridge girder. Let Sg be the centroid of the cross-sectional area of the
girder and let Sg be the pivot point of the bearing. The moment M is the difference
between the bending moments of the girder on either side of the support. The horizontal
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force wuP is the difference between the axial forces of the girder on either side of the
support.

Assume that the bearing rotates by an angle ¢, and consider that the girder cross-section
rotates about point Sg when a flat sliding surface is present and about Sg when such a
surface is not present. Also assume that a spherical bearing undergoes a horizontal

displacement s (applicable only when there is a flat sliding surface). When a flat sliding
surface is present, application of the principle of virtual work results in

M@+ puP-s=puP(pl—p(l—d))+ uP(pR)+ uP-s (7-12)
When there is no flat sliding surface, application of the principle of virtual work results in
M- — uP-od = uP(pR) (7-13)

In both cases the resulting moment is
M:,uP(R—kd) (7-14)

Note that equation (7-14) could also be derived from consideration of equilibrium (Figure
7-8).

Equation (7-14) is the correct equation, in principle identical to equation (7-3) but for a
different arm (equivalently location of the moment).

Analysis reported by Wazowski (1991) for the case of a spherical bearing with a flat
sliding surface that undergoes a horizontal displacement s and a rotation ¢ derives the
bending moment as equal to the sum of the bending moments due to displacement s and
a rotation ¢, each separately calculated using the principle of virtual work. The result is

M =pP(R+d+1) (7-15)

Equation (7-15) is incorrect as the two moments cannot be added. @ We believe that
equation (7-15) is the basis for the equation M =2 PR since R +d + [~ 2R . As stated by
Wazowski (1991), equation (7-15) corresponds to “extremely disadvantageous influence
of friction on the superstructure”.
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WITH A FLAT SLIDING SURFACE WITHOUT A FLAT SLIDING SURFACE

P P
S M = uP(R|+d) S M = uP(R+d)
x [Too §"<—> ----- ry X [T §"<—> ----- 'y
“r d “r d
e SB g o T SB g N
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l l
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R
A 4 L J v [ ]
- /__> - — 7 A A
e \é,uP(R—Fd—l) uPC"
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C? ¥ 1P 1 P
<]
C—]
[E—
P |

FIGURE 7-8 Moment Resistance of Spherical Bearings with or without a Flat
Sliding Surface

7.6 Eccentricity due to Rotation at the Spherical Surface

Consider a multidirectional spherical sliding bearing as shown in Figure 7-9(a). The
axial load P develops at the center of the flat sliding surface. Consider now rotation of
the spherical part. The momentM = uPR, given by equation (7-3), will develop.
Figures 7-9(b) and 7-9(c) present, respectively, free body diagrams of the concave and
convex plates of the bearing. Equilibrium of moments requires that a moment equal to
M = uPT . develops at the flat sliding surface, where 7, is the minimum thickness of
the concave plate. This is equivalent to the equilibrium condition shown in Figure 7-10
where the point of application of load P shifted by an amount e, which equals to:

e=u-T

min

(7-16)

Since T, 1s small and typically of the order of one inch and the friction coefficient is
much smaller than unity, the eccentricity e is very small and negligible.
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This is also true for Friction Pendulum bearings which may be regarded as spherical
bearings with a spherical rather than flat sliding surface (see Fenz and Constantinou,
2008c, Figure 2-8).

P

Ll SOLE PLATE H

;T ) FLAT
l— min SLIDING
'\ INTERFACE
CONCAVE CONVEX PLATE
PLATE SPHERICAL
SLIDING
INTERFACE
(a)
P
M =pPT,;, H=pP

S
ﬂ TED
|

PIVOT
POINT

H=pp
M =pPR

P
(©)

FIGURE 7-9 Free Body Diagram of Spherical Bearing under Vertical Load and
Rotation
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FIGURE 7-10 Free Body Diagram of Concave Plate Showing Eccentricity
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SECTION 8
PROCEDURE FOR DESIGN OF END PLATES OF SLIDING BEARINGS

8.1 Transfer of Force in Sliding Bearings

The end plates of PTFE spherical and Friction Pendulum sliding bearings appear as
column base plates and can be designed as such (e.g., see DeWolf and Ricker, 2000).
This is best illustrated in the Friction Pendulum bearing as, for example, in the double
(similarly for the triple) Friction Pendulum bearing shown in Figure 8-1, which will be
used in this section for calculations of capacity. The same procedure also applies in the
design of end plates of the spherical flat sliding bearings described in Section 7.
Fundamental in this procedure is the consideration of the axial load acting on the bearing
in the deformed configuration. To illustrate this concept, consider Figures 8-2 to 8-4
which show free body diagrams of sliding bearings in a laterally displaced structure.

Figure 8-2 illustrates the transfer of force in flat spherical sliding bearings with the
stainless steel surface facing down (typical installation procedure). Figure 8-3 shows the
same but for the stainless steel surface facing up, whereas Figure 8-4 shows double
(similarly triple) Friction Pendulum bearings for which two major sliding surfaces
undergo sliding by different amounts. The figures demonstrate that lateral displacements
alter the axial force on each bearing but the change is insignificant to warrant
consideration in design. Note that these changes are only due to lateral displacements
and they do not include the effects of inertia loads. The figures demonstrate that each
sliding bearing is subjected at the sliding interface or at a pivot point (for the Friction
Pendulum bearings) to an axial load P and a lateral load F at the displaced position of the
slider. (Note that P-4 moment only appears when the axial force is relocated to the center
of each end plate). The axial force P is shown in these figures to act at the center of the
slider. Actually, the force acts slightly off the center as a result of rotation of the
spherical part of the bearing. This issue was discussed in Section 7 where it was shown
that relocation of the location of action of the force is insignificant.

The lateral force F is neglected in the adequacy assessment of the end plates (shear force
is transferred by shear lugs and bolts) but the effect of the moment F-4 or F-(h;+h;) needs
to be considered. For a flat sliding bearing, the lateral force F'is generally less than 0.1P,
where 0.1 is the coefficient of friction under dynamic conditions-otherwise is much less
than 0.1 (see Constantinou et al, 2007a; Konstantinidis et al, 2008). The height /4 or
(hi+h3) is generally about 1/5™ of the plan dimension (e.g., diameter D) of the contact
area.  Accordingly, the eccentricity or the ratio of moment M to load P is
M/P=0.1Px0.2D/P=0.02D or less than 2% of the diameter of the contact area. This is too
small to have any important effect. However, in the case of Friction Pendulum bearings
(Figure 8-4) the lateral force F' may be as large as 0.2P (friction force plus restoring
force) and heights /; and /4, may be as large as 10inch for large displacement capacity
bearings. For example, the bearing of Figure 8-1 has 4;=h,=7inch (175mm) and F=0.2P
at the location of maximum displacement. Still, as it will be shown in an example later in
this section, the resulting moment does not have any significant effect on the assessment
of adequacy of the end plates.
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FIGURE 8-1 Friction Pendulum Bearing and the Procedure for End Plate Design
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FIGURE 8-4 Transfer of Force in Double or Triple Friction Pendulum Bearing
8.2 Procedure for Design of End Plates of Sliding Bearings

The procedure followed herein for the capacity check of the end plates of sliding bearings
follows principles similar to those used in the safety check of end plates of elastomeric
bearings presented in Section 5. The overturning moment at the location of the displaced
slider (moment due to lateral force only) is neglected and instead the vertical load is
considered concentrically transferred at the location of the articulated slider. That is, the
P-A moment is not considered when the bearing is analyzed in the deformed position.
This is equivalent to the treatment of elastomeric bearings by use of the reduced area as
described in Section 5.

Analysis and safety checks of the end plates need to be performed for service loads and
for the DE and the MCE level earthquakes. Herein and for earthquake conditions, we
require that in both checks the end plates are “essentially elastic”. This is defined as
follows:

a) In the DE, “essentially elastic” is defined as meeting the criteria of the AISC for
LRFD (American Institute of Steel Construction, 2005a) using the minimum
material strengths and appropriate ¢ factors.

b) Inthe MCE, “essentially elastic” is defined as meeting the criteria of the AISC for
LRFD using the expected material strengths and unit ¢ factors. The expected
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material strengths should be determined using the procedures of the American
Institute of Steel Construction (2005b). In case the expected material strength
cannot be determined, the minimum strength should be used.

The axial load P is the factored load equal to either P, = ¥, P, + 7, P, (per Section 5.6
for elastomeric bearings but the live load is the sum of the cyclic and the static

components) for service loading conditions or PM =y DP p T P SLps +P £,, load (per

Section 5.6) for DE conditions or F, = y,P, + P

SLMCE

+ PEMCE (per Section 5.6) for the

MCE conditions at displacement A under earthquake loading conditions. Figure 8-1
illustrates the procedure for checking the end plate thickness. The following steps should
be followed given the factored load P, the displacement A and the bearing geometry per
Figure 8-1:

0 Calculate the concrete design bearing strength:

1y =174.1. (8-1)

In equation (8-1), the factor 1.7 implies that the assumption of confined concrete
was made. It is achieved either by having a concrete area at least equal to twice

the area over which stress f, develops or by proper reinforcement of the concrete
pedestal.

0 Calculate the diameter b, of the area of concrete carrying load:

4P
b, = /ﬂf,, (8-2)

Note that equation (8-2) is based on the assumption of a circular contact area
between the bearing plate and concrete. This assumption needs modification
when the bearing is deformed and the slider is at a location close to the edge of
the bearing. An example later in this section will illustrate the procedure.

0 Calculate the loading arm:

b-b
r= 8-3
: (8-3)
0 Calculate the required plate bending strength for unit plate length /=1:
r b r
M =fi—+f|+-1]|— 8-4
USIMPLIFIED ‘fb 2 f;’ ( b j 3 ( )

Note that equation (8-4) accounts for the circular shape of the loaded area, as
illustrated in Figure 8-1. However, equation (8-4) is based on a simplified
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representation of plate bending that is valid for small values of the ratio of the arm
r to slider diameterd . To investigate the error introduced an exact solution was
obtained for the bending moment under elastic conditions (Roark, 1954). The
solution is based on the representation shown in Figure 8-5 of a circular plate
built-in along the inner edge and uniformly loaded. The moment per unit length at

the built end is
b 1+3v 1-v(b) (b)Y
(1+v)ln—1—u+;v — | +v| —
b 4 4 |p b,

8(1+v)+8(1—-v) (:j

1

(8-5)

_ 2
M”EXACT - f;’bl

wherev is the Poisson’s ratio. Figure 8-5 presents values of the moment
normalized by the product f,h’ as calculated by the simplified and the exact
theory forv =0.3. The results of the two theories agree well for values of ratio
b/b, that approach unity. The correction factor shown in Figure 8-5 is the ratio of
the moment calculated by the exact and the simplified theories. The factor may be
used in calculating the exact moment by multiplying the factor by the result of
equation (8-4). It is proposed that equation (8-4) be used after multiplication of
the right hand side by factor CF (correction factor) read out of Figure §8-5.

0 Calculate the required plate thickness:

= ;% u (8-6)
bty

where F) is the yield stress of the plate material.

The parameters ¢, and ¢, are respectively equal to 0.65 and 0.9 for service load and DE

conditions and are equal to unity for MCE conditions. Also, the thickness calculated by
equation (8-6) is compared with the available thickness which for concave plates is
dependent on the position of the slider. For service loading conditions and for building
applications, the slider is assumed centered. For service loading conditions and for bridge
applications in which the bearing undergoes a displacementA it is appropriate to
consider that the slider is off-center and the available thickness is calculated from the
bearing geometry. If the service displacement A is larger than one half the diameter of
the slider then it is conservative to assume that the slider is at a location such that the
available thickness is the minimum. For seismic loading conditions it is typically
assumed that the slider is at the position corresponding to the seismic displacement for
either DE or MCE, depending on the condition checked.

The procedure outlined above may be modified as follows:
a) For cases with additional plates backing the bearing plate, the required bending
strength must be partitioned to the plates in proportion to their plastic strength,
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that is, in proportion to Fyt2 for each plate. Then equation (8-6) is used with the

portion of moment corresponding to the plate checked.

b) The effect of the lateral force acting at the slider to concave plate interface may be
incorporated by the procedures for elastomeric bearings outlined in Section 5.7.3,
Load-Moment Procedure for the case of combined axial force and moment
without bolt tension. The examples that follow assess the adequacy of end plates
of bearings without and with due consideration for this moment.

Exact Simplified

1.0
0.8 -
0.6 A
N Correction
= o Factor
0.4
Simplified
Theory
0.2 1 Exact
Theory
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0
_b_
b

FIGURE 8-5 Comparison of Moment in End Plate Calculated by the Exact Solution
and by the Simplified Theory and Correction Factor for v=0.3

146



8.3 Example of Assessment of Adequacy of End Plate under Service Load
Conditions

As an application example consider the double Friction Pendulum bearing of Figure 8-1.
The concrete strength is assumed to be f, =4ksi=27MPaand the factored load for

service load conditions (¢@.and ¢, are respectively equal to 0.65 and 0.9) is P=1560kip

(6942kN). The plate material is cast ductile iron ASTM A536, grade 65-45-12 with
minimum F, = 45ksi=311MPa . Application is in a bridge withA = 6in=150mm . We

conservatively assume that the edge of the slider is at the location of the minimum plate
thickness, which is 2.5in. Considering only the axial load, equation (8-1)

gives f, =4.42ksi=30.50MPa , equations (8-2) and (8-3) give b, =21.2inandr = 4.6in .
The correction factor is obtained for b/b =12/21.2=0.57 from Figure 8-2 as 0.87. The

required strength is calculated from equation (8-4) after multiplication by the factor 0.87
as M, =70.66x0.87 = 61.39kip-in/in (273.2kN-mm/mm) and the required thickness from

(8-6) ist > 2.46in=62.5mm . Since the available thickness is 2.5in (63.5mm), the plate is
adequate.

8.4 Example of Assessment of Adequacy of End Plate under Seismic Conditions

Consider again the double Friction Pendulum bearing of Figure 8-1 under seismic
conditions where the factored load is P=1650kip (7343kN) and the lateral bearing
displacement is 22inch, so that 4;=A,=11inch. The radius of curvature of each sliding
surface is 88inch (2235mm). Figure 8-6 illustrates the bottom plate of the bearing with
the slider at the deformed position. Assuming adequate concrete confinement,

f, =4.42ksi=30.50MPa (also assume DE conditions so that @.and ¢, are respectively

equal to 0.65 and 0.9). If we assume that the contact area is circular, as in the case of
service load, the diameter s given by  equation  (8-2) )

thath, = \/4P/ 7 f, =+/4x1650/(7x4.42) =21.80inch . However, a circular contact area

below the deformed slider can only have a maximum diameter of 20inch as the edge of
the bearing is at 10inch distance from the center of the slider (see Figure 8-6). Therefore,
a reasonable assumption for distribution of the concrete pressure is to be over a parabolic
area with length of the minor axis a; (along the direction of slider motion) and length of
the major axis b;. Now @;=20inch. Distance b; is given by

[ (8-7)
ra,f,

Equation (8-7) results in ,=23.77inch. The critical section is as shown in Figure 8-6
with arm given by equation (8-3), r = (23.77-12)/2=5.89inch. Conservatively, the
bending moment may be calculated by equation (8-4) with 5=12inch (note that the
second term in equation 8-4 applies for circular area and the term should diminish as b,
becomes larger than ;). The result is 126.8kip-in/in, which after correction per Figure 8-
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5 isM, =126.8x0.82=104.0kip—in/in. Use of equation (8-6) results in =3.20inch.

The available thickness at the critical section is 3.38inch, therefore acceptable. Note that
the critical section is at distance of 12.53inch from the bearing center, where the available
thickness was calculated as 3.38inch.

(?5 2107

R=58"
[
CRITICAL
SECTION
r=5.580"
R=12.5%3"
by =23.77"

__ ELLIPTICAL
ar = 20,007 | CONTACT
ARFA

FIGURE 8-6 End Plate Adequacy Assessment in Deformed Position Using Centrally
Loaded Area Procedure

8.5 Example of Assessment of Adequacy of End Plate Using Load-Moment
Procedure

Consider again the double Friction Pendulum bearing of Figure 8-1 under seismic
conditions where the factored load is P=1700kip (7565kN), lateral force F=0.2P=340kip
(1513kN) and the bearing has deformed to its displacement capacity. The radius of
curvature of each sliding surface is 88inch (2235mm).

148



We follow the procedure for the design of column base plates with moments (DeWolf
and Ricker, 1990), which is equivalent to the Load-Moment procedure for elastomeric
bearings (see Section 5.7.3). Eventually we conclude that application of this procedure
will not result in additional requirements for plate thickness beyond those established
using the procedure of the centrally loaded area without moment.

Figure 8-7 illustrates the bearing in the deformed configuration including the forces
acting on the slider and end plate and the corresponding distribution of pressure at the
concrete to plate interface. The lateral force F' acts at the pivot point of the slider
(assumed to be at half height of the slider for either double or triple Friction Pendulum
bearings). The lateral displacement capacity of the bearing is 4,=13.5inch (343mm) on
each sliding interface for a total of 27inch (686mm). The axial load P=1700kip
(7565kN) and moment M=F-h+P-4,=25,330kip-in (2863kN-m) are shown acting at the
center of the plate. The assessment procedure follows Section 5.7.3 (illustrated in Figure
5-10) for elastomeric bearings on the basis of the Load-Moment Procedure. The concrete

design bearing strength is again considered to be f, =4.42ksi(30.5MPa) (subject to

confinement considerations given the location of the load). Note that we utilize a value of
the concrete bearing strength that corresponds tog. =0.65 . Since the bearing is at its

displacement limit, the conditions should be those of the MCE for which a value
¢. =1could be used. That is, the calculations are conservative.

Equation (5-52) provides distance A4=18.3inch (465mm) after using B=42inch
(1067mm)-the plan dimension of the square end plate. Equation (5-53) results in
pressure f;=4.42ksi (30.5MPa), which equals the strength f,. (Note that if the pressure f;
exceeded the strength f, f; should be limited to f, and the distribution of pressure should
be re-calculated). The plate adequacy assessment is based on the calculation of the
bending moment in the end plate at the section directly below the edge of the slider and
subjected from below to concrete pressure (shown shaded in Fig. 8-7) over the distance
r=4.8inch (122mm). Clearly there is no need to check the plate for MCE conditions as
already the check for service load conditions using the centrally loaded area without
moment found the plate acceptable for more onerous conditions (for service conditions,
r=4.6inch, pressure equaled to 4.42ksi and available plate thickness was 2.5in; whereas
for MCE conditions, =4.8in but pressure is less than 1.16ksi and available plate
thickness is 2.8inch. Also, the expected material strength and ¢ factors are larger). In
general, the bearing end plate adequacy assessment of sliding bearing is controlled by the
service load conditions.

Consider now the case in which the factored load is P=1900kip (8455kN), lateral force
F=0.2P=380kip (1691kN) and again the bearing has deformed to its displacement
capacity. The concrete design bearing strength is again considered to
be f, =4.42ksi(4.5MPa). Also, B=42in. For this case, the moment
M=F-h+P-A,=28310kip-in (3200kN-m). Application of equations (5-52) and (5-53)
results in A=18.3in and f;=4.94ksi, which exceeds f,. Therefore, the distribution of
pressure cannot be triangular as shown in Figure 8-7 but is trapezoidal as shown in Figure
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8-8. To determine the dimensions 4 and 4, equilibrium of forces in the vertical direction
and of moments about the tip of the bearing (see also Section 5.7.3) is used to obtain:

2P
A+ 4 =" (8-8)

/B
f+£hﬂ=g§ﬁ% (8-9)
1B
Solution of these equations results in 4=18.0in and A;=2.47in. This is illustrated in
Figure 8-8 where it is easily understood that the situation is not as onerous as in the case
of the service load conditions discussed earlier.

21.0"
19.5" 1.5"

A,=13.5"

P=1700Kip

l 7.0"=h
4.7"
0 25
T A A A
¢ A _ .
P F 1.16ksi I f1 =4 .42Ksi
M=Fh+PA, F A=18.3" -

=25330kip-in

FIGURE 8-7 End Plate Adequacy Assessment Using Load-Moment Procedure
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FIGURE 8-8 End Plate Adequacy Assessment Using Load-Moment Procedure for
Higher Load

8.6 Plastic Analysis of End Plates

The procedure for the design of end plates of sliding bearings described in Section 8.2 is
based on the calculation of the plate bending moment under elastic plate conditions.
LRFD formulations should more appropriately consider ultimate plate conditions when
loaded by the factored loads. Consider the end plate of a sliding bearing loaded with a
factored axial load P and subjected to a pressure below equal to the concrete bearing
strength as shown in Figure 8-9. The calculations of the concrete bearing strength,
diameter b; and arm r are based on equations (8-1) to (8-3). The problem then is to
determine the value of the load P at which collapse of the plate occurs. Collapse is
defined herein as the plate reaching its plastic limit state (Save and Massonnet, 1972).

Save and Massonnet (1972) presented an exact solution for this problem. However, the
solution is in graphical form. Herein a simple solution is derived on the basis of yield
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line theory and shown to be essentially identical to the exact solution of Save and
Massonnet (1972). The reader is also referred to Sputo (1993) for a treatment of a similar
problem in pipe column base plates.

[=—Dia. b~ Loading Arm
= . b-b
t 2

|Al‘lkkklllkk|

Concrete Bearing Strength

b=«,ﬂ3 L*Dia. b14>| fo= 1704
1 nf,

FIGURE 8-9 Loaded End Plate

Consider first the case of a polygon-shaped plate with n sides under uniform load with a
yield line pattern as shown in Figure 8-10 and with its center undergoing a unit
displacement. The work done along the radial lines yielding for one of the n segments of

the plate as shown in Figure 8-10 is given by the product of the plastic moment M,

(defined as the moment per unit length when the section is fully plastic), the rotation and
the projection of the yielding radial lines onto the axis of rotation.

T 1
W wa =M | Ltan— | —— 8-10
radial p( n](L/zj ( )
The total work for all segments is
V4 1
Wradial,total = nMp [L tan ;j(mj (8'1 1)

The limit of equation (8-11) for infinite number of sides is

=27aM (8-12)

radial ,circular 2
The work of the perimeter yielding (circle of diameter b)) is

1
Wperimeter,circular = ﬂblMp (EJ = 27[Mp (8-13)

1

Based on the above information, we implement yield line analysis for the plate of Figure
8-9. We assume a unit displacement for the perimeter of the plate as shown in Figure 8-
10. The internal work is the sum of the work of the radial lines yielding and the work of
the perimeter yielding:
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FIGURE 8-10 Polygon-Shaped Plate Yielding
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FIGURE 8-11 Yield Line Analysis of Hollow Circular Plate

The external work is the product of the uniform pressure and the volume under the
deflected area outside the column perimeter as shown in Figure 8-11:

b, b
: 4'(1+b—bJ dbi-0?) b ) 2(?Y b
R e OIE 7103 I

3 4 \b-b) 3\ 4 \b-b

or

A2\ ( b 2 () 1(bY
HH'EWJ[E@*S[ZN 10

By equating the internal work to the external work we obtain
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M
- p (8-17)

()]

Equation (8-17) provides the limit on the ratio of factored load P to area of diameter b; at
plastic collapse. A comparison between the predictions of equation (8-17) and the exact
solution of Save and Massonnet (1972) is provided in Figure 8-12. The agreement is
excellent.

60

——Yield Line Solution
& Exact-Save and Massonnet (1972)

50 A

40 A

30 A

fob12/(4Mp)

20 A

0 ) I I I I I I
000 010 020 030 040 050 060 0.70 0.80

b/b,

FIGURE 8-12 Comparison of Yield Line Solution and Exact Solution for Plate
Plastic Collapse

Defining the ultimate moment as the plastic moment, equation (8-6) is used to calculate
the required thickness of the end plate:

g R G

AL,

(8-18)

In the above equation, ¢, and F, were previously defined. Equation (8-18) (plastic

solution) always predicts a thickness less than what equations (8-5) and (8-6) (elastic
solution) will predict. This is due to the fact that the moment M, as predicted by equation
(8-5) or by equation (8-4) with the correction is larger than the moment M, predicted by
equation (8-17). This is shown in Figure 8-13 where the predictions of the two theories
are compared.
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FIGURE 8-13 Prediction of Ultimate Moment by Elastic and Plastic Solutions

As an example of application of the plastic solution to assess the adequacy of an end
plate, consider again the bearing of Figure 8-1 (also see Section 8.3 for assessment of
adequacy based on the linear solution). The concrete strength is assumed to be
f. =4ksi=27MPa and the factored load for service load conditions (¢, and ¢, are

respectively equal to 0.65 and 0.9) is P=1560kip (6942kN). The plate material is cast
ductile iron ASTM A536, grade 65-45-12 with minimum F, = 45ksi=311MPa .

Application is in a bridge with A = 6in=150mm so that we assume that the available
plate thickness is the minimum thickness or 2.5in (63.5mm). Considering only the axial

load, equation (8-1) gives f, =4.42ksi=30.50MPa, equation (8-2) gives
b =212mn=538.5mm  whereasb=12in. Use of equation (8-18) gives
M , =40.0kip-in/in and ¢>1.99in=50.5mm. Note that the elastic solution (see Section
8.3) resulted in 7> 2.46in=62.5mm .

While the use of the plastic solution is consistent with LRFD formulations, the resulting
reduced requirements for plate thickness may result in undesirable plate flexibility.
Accordingly, it is recommended that the plastic solution (equation 8-18) not be used for
design of end plates until experience with plate stiffness requirements develops.

8.7 Stiffness Considerations in the Design of End Plates of Sliding Bearings

The procedure for design of sliding bearing end plates is based on strength and does not
consider any additional requirements for stiffness. The Engineer may want to impose
additional stiffness related criteria for the design of sliding bearings. Stiffness may be
required to prevent distortion of the bearing that will impair its proper functioning. For
example, the European Standard for Structural Bearings EN1337 (European, 2004) has
specific requirements that intend to prevent distortion of the sliding surface (a) as a result
of short-term and long-term deformation in the concrete and (b) during transport and
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installation. Permanent deformations of the end plates are associated with comparable
deformations of the sliding surface that will result in increased wear.

Experience with sliding bearings has shown that end plates designed by the elastic
method described in this section generally do not experience any problems related to
distortion of the sliding surface. Accordingly, we recommend that no particular stiffness
requirements are imposed on end plates of sliding bearings but also recommend the use
of the more conservative elastic method for the adequacy assessment of end plates
instead of the plastic method.

8.8 Summary and Recommendations

The centrally loaded area procedure and the load-moment procedure are methods for
adequacy assessment of column steel base plates. The two methods are also appropriate
for use in the adequacy assessment of the end plates of elastomeric bearings. In the case
of elastomeric bearings, the bearing is thought to be the equivalent of a column, although
of much lesser stiffness and undergoing large deformations. Both methods are typically
used for the assessment of adequacy of the end plates of elastomeric bearings.

For sliding bearings, the centrally loaded area procedure represents a physically
meaningful procedure for the assessment of adequacy of bearing plates. It is
recommended that only this procedure is used in the case of sliding bearings. Use of the
load-moment procedure as demonstrated in the examples in this section does not lead to
additional requirements beyond those required by the centrally loaded area method.

The plastic method of plate analysis, although consistent with the LRFD formulation,
leads to smaller end plate thickness of sliding plates by comparison to the elastic solution.
We recommend that the elastic method be used in the design of bearing end plates. This
will ensure thicker plates than needed for strength but stiffer plates in order to prevent
distortion of the sliding surface.
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SECTION 9
PROCEDURE FOR DESIGN OF PTFE SPHERICAL BEARINGS

9.1 Introduction

An example of multidirectional PTFE sliding spherical bearing design is presented in this
section. It is presumed that PTFE spherical bearings are fabricated products that are
designed and detailed by the bridge engineer and then fabricated by a qualified fabricator.
Accordingly, the procedures presented in this section include more details than a
presentation of procedures for assessment of adequacy. The design procedure is based on
Section 14 of AASHTO LRFD (2007, 2010), design procedures established by Caltrans
(described in Section 7 of this report) and additional developments presented in Sections
7 and 8 of this report. These procedures consist of several dimensional constraints and
simple rules that limit the apparent pressure on the sliding interfaces. The design of the
sole and masonry plates (see Figure 7-2) is based on the LRFD procedures described in
Section 8 of this report.

9.2 Materials Used in PTFE Spherical Bearings and Limits of Pressure on PTFE

Typical materials used in the construction of multidirectional PTFE spherical bearings for
use in California are as follows.

Sliding Interface

The sliding interfaces consist of austenitic stainless steel AISI type 304 in contact with
woven PTFE fiber (note that this material is identified in Table 14.7.2.4-1 of AASHTO
LRFD Specifications-2007, 2010). This interface is the one of choice for applications of
PTFE spherical bearings in California. In highly corrosive environments, AISI type 316
stainless steel should be considered (Constantinou et al, 2007a). Materials other than
woven PTFE fabric have been used in sliding bearings and may eventually be used in
applications in California. Examples are the materials used in the sliding interface of
Friction Pendulum bearings (see Section 4 herein and Constantinou et al, 2007a) and
material MSM (see Konstantinidis et al, 2008).

For woven PTFE fabric in applications other than seismic isolation, the average bearing
pressure or contact stress (load divided by apparent contact area) and edge stress limits in
Table 9-1 are used.
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TABLE 9-1 Limits of Average and Edge Unfactored Stress on Woven PTFE
(1ksi=6.9MPa)

Average Stress (ksi) Edge Stress (ksi)
Permanent All Loads Permanent All Loads
Loads Loads
Minimum Value 1.5 - - -
Maximum Value 3.0 4.5 3.5 5.5

Permanent Load is the dead load. All Loads are combined dead and live loads. The limits are for
unfactored loads.

Note that the maximum pressure limits in Table 9-1 are based on Table 14.7.2.4-1 of
AASHTO LRFD (2007, 2010). They intend to prevent excessive creep and plastic flow
of the PTFE, and reduce wear. The minimum pressure limit is suggested in this report in
order to minimize the potential for uplift and to maintain the friction coefficient within
predictable limits.

It should be noted that the pressure limits in Table 9-1 apply for service limit state
combinations for which the loads are unfactored (Service I). In LRFD formulation, it is
desirable to modify the stress limits of Table 9-1 for use with combinations of factored
extreme loads as specified in the strength limit states of AASHTO LRFD (2007, 2010).
The load combinations that control the calculation of factored stress in PTFE spherical
bearings are Strength I and Strength IV of the AASHTO LRFD (2007, 2010). For these
combinations, the ratio of the sum of factored loads to the sum of unfactored loads

% is, for most bridges, in the range of 1.4 to 1.5. Accordingly, it is proposed
D + L

that the factored maximum stress value used in Strength I and Strength IV combination
LRFD checks is 1.45G, where G is the value for maximum average stress in Table 9-1.

The contact area of the flat PTFE-stainless steel interface is either circular (diameter B) or
square (plan dimension B). Expressions for the edge stress are given below. The average
stress o, 1s the ratio of load P to the area of the PTFE. Note that the moment for the
calculation of the edge stress is given by uPT,,,, where P is the vertical load,  is the
coefficient of friction at the spherical sliding surface and 7, is the distance of the

spherical sliding surface to the flat sliding surface (see Figure 7-3).

Square PTFE Area (dimension B)

6 Tmin
O-edge = O-ave(l + B ) (9'1)
Circular PTFE Area (diameter B)
T
O = 0 (142 ) 9-2)
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Given that the dimension 7, is small and about one inch or less, the edge stress is
marginally larger than the average stress. For example, consider x=0.03 (appropriate

for service load conditions for which equations 9-1 and 9-2 apply), 7,,=linch and
B=10inch (circular area). The edge stress will beo,,,, =1.0240,,, . This implies that the

limits on edge stress in Table 9-1 will not control. Accordingly, only checks for the
average factored stress are proposed in this document.

Sole Plate

The sole plate (see Figure 7-2) transfers the superstructure loads to the bearing and
provides a stainless steel sliding surface for superstructure translation. The stainless steel
plate could have square, rectangular or circular shape. The sole plate is typically
fabricated from A36/A36M steel and has a welded stainless steel surface.

Concave Plate

The concave plate (see Figure 7-2) is faced on both sides (the top flat and the bottom
spherical surfaces) with PTFE. The preferred Caltrans design is to use woven PTFE fiber
for both surfaces. Although designs with dimpled lubricated recessed unfilled PTFE
have been used for the flat sliding surface, these designs are not preferred in California
due to requirements for maintenance for the lubricated surface. The concave plate is
typically fabricated from A36A/36M steel. An acceptable procedure for bonding woven
PTFE fiber to steel is through the use of epoxies with mechanical fastening into grooves
machined in the steel substrate of the flat and concave surfaces (see Konstantinidis et al,
2008 for importance of bonding method in sustaining high velocity seismic motion
without de-bonding).

Convex Plate

The convex plate (see Figure 7-2) is faced with a spherical sheet of stainless steel to mate
against the PTFE and to provide for rotational capability. The convex plate is either made
of solid stainless steel or A36/A36M with a stainless steel welded overlay.

Masonry Plate

The masonry plate (see Figure 7-2) transfers load from the convex plate to the bearing
seat. The masonry plate is typically fabricated from A36/A36M steel.

9.3 Coefficient of Friction

The coefficient of friction in interfaces used in sliding bearings depends on several
factors of which the composition of the interface, lubrication, the velocity of sliding, the
bearing pressure and temperature (ambient and due to frictional heating) are the most
important. Constantinou et al (2007a) present a general description of these effects and
data that cover the spectrum of applications in bridge bearings and seismic isolators.

160



When sliding interfaces are used in seismic isolators, great care should be exercised in
selecting the materials of the sliding interface (typically the responsibility of the bearing
manufacturer), in predicting the frictional properties of the bearings over the lifetime of
the structure and in conducting high speed prototype and production testing of the
bearings.

Data on the frictional properties of woven PTFE-stainless steel interfaces (the interface of
choice in spherical bearings) may be found in Mokha et al (1991) and Konstantinidis et al
(2008). Recommended values of friction coefficient for use in the analysis and design of
spherical sliding bearings in conventional applications (not seismic isolation applications)
subject to the limits of pressure in Section 9.2 above are given in Table 9-2.

TABLE 9-2 Recommended Values of Friction Coefficient for PTFE Spherical
Bearings Used in Conventional Applications (not seismic isolation)

Use Value
Analysis under seismic load conditions (high speed) 0.06
Analysis under service load conditions (low speed) 0.03
Design of bearings, substructure and superstructure under service load 0.10
conditions™
Design of bearings, substructure and superstructure under seismic load 0.15
conditions

* Use value of 0.06 only when checking equation (7-1)

These limits are primarily based on the test results of Kostantinidis et al (2008). The
values of friction coefficient recommended above are conservative for each intended use
and presume that, unlike seismic isolators, the bearings will not be subjected to high
speed prototype and production testing other than the minimum required for quality
control.

9.4 PTFE Spherical Bearing Design Procedure

The design of the bearing requires the following information that results from analysis of
the bridge under service conditions and under earthquake Design Earthquake (DE)
conditions:

e Dead or permanent load: P,

e Liveload: P,

e Non-seismic bearing rotation: HSL (longitudinal axis), HST (transverse axis)
e Non-seismic lateral displacement: A s, (longitudinal), A s, (transverse)

e Seismic displacement in the DE: A E,,, (longitudinal), A E,,, (transverse)
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e Seismic bearing rotation in the DE: GEDEL (longitudinal axis), QEDET (transverse
axis)

e Seismic axial load in the DE: PEDE

Note that the live load is the direct sum of the static and cyclic components so there is no
reason to separately calculate the two components as in the case of elastomeric bearings

(that is, b, =P, + P, ; P, is the static component; P

Ley s Pl .y 18 the cyclic component). This
is due to the presumption that, unlike elastomeric bearings (see Sections 5 and 6), the
cyclic component does not have any adverse effects. Similarly, the non-seismic bearing
rotation is the direct sum of the static, cyclic and construction-related rotations
(construction tolerances typically range between 0.01 and 0.02rad-a total bearing rotation
capacity of 0.035rad or greater is recommended). Also, the non-seismic lateral
displacement is the direct sum of the static and cyclic components. The seismic lateral

displacement is calculated for the DE. The seismic displacement in the Maximum
Considered Earthquake (MCE) is considered to be equal tol.5A £, - The total

displacement considered for design is the MCE displacement plus the non-seismic
displacement:

AE1 = AS[ +1.5AEDE1 ,I=LorT (9-3)

Subscripts L and T denote the longitudinal and transverse directions, respectively.
Also, the rotation considered for seismic conditions is

Oy =05 +1.560, | I=LorT (9-4)

Step 1: Concave Plate

The lateral load acting on the bearing under service load conditions and used for the
design of the bearing, the substructure and the superstructure is equal to 0.1 times the
vertical load (coefficient of friction conservatively assumed to be equal to 0.1). The
lateral capacity of the bearing is dependent on the vertical load. If the vertical load is
removed, the concave plate will slide up and off the convex plate. Therefore, the vertical
load must be reduced to account for uplift when determining the angle between the
vertical and applied loads. The radius R should not exceed 40inch (typically selected in
increments of linch)-a limit based on current experience that provides sufficient lateral
load resistance.

1) Diameter D, of minimum allowable projected bearing area (see Figure 9-1).

The minimum diameter D,, of the concave spherical plate must be large enough

to ensure that the maximum bearing stress on the horizontal projected area of the
plate does not exceed the maximum allowable stress on the PTFE fiber. Specify
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the value of D, in 0.25inch increments. Utilize the stress limits in Table 9-1,
o,, =3.0ksi average pressure for dead load and o, =4.5ksi for combined dead
and live load (un-factored) for selecting the diameter D,,. In LRFD formulation

the factored stress limit is set at 1.450 as explained in Section 9.2 of this report.
The controlling load combination cases are Strength I and Strength IV of the
AASHTO LRFD (2007, 2010), for which the following equations apply:

D 2 4'7/D1)D — 4'}/D])D (9_5)
" \z(.450,) \ 7 (4.3ksi)

D > \/4(7DPD +1h) _ \/4(7DPD +1.h) ©-6)

7(1.450,) 7 - (6.5ksi)

Note that the load factors are for Strength I combination y»=1.25 and »=1.75 and
for Strength IV combination yp=1.5 and y;=0.

Dm
‘\‘ =g Concave Plate
=

\ Convex Plate

FIGURE 9-1 Basic Dimensional Properties of Concave Plate

2) PTFE Area (A, ;) of Flat Sliding Surface.

The flat PTFE sliding contact area at the top of the concave plate is either square
or circular in shape. It should be sized to the nearest 0.25inch using the modified
limits of stress on the woven PTFE fiber in Table 9-1. Again, as noted above, the
factored stress limit is set at 1.456. That is,

> vobrtv. B voby v B
PIFE = = .
1.450 6.5ksi

(9-7)

1.45x1.5=2.2ksi < 2210 <1 45%3.0 = 4 3ksi (9-8)

PTFE
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3)

Note that the load factors for Strength I combination are y»=1.25 and y=1.75 and
for Strength IV combination y»=1.5 and y;=0.

Angle v of the Concave Bearing Surface (Figure 9-1).

Angle y should be larger than the sum of the angle between vertical and

horizontal loads and the bearing rotation (see Section 7.4 for comments on limit
values ony ). Calculations of the angle for seismic conditions controls, so that

W > tan*‘(%)wE <35° (9-9)
PVmin
PHmax:/’l(PD+})[,):O'15(PD+[)L) (9'10)

In equation (9-9), 6, is the maximum among QEL and QET which are given by
equation (9-4). Also, note that 4 =0.15 is the assumed value of the coefficient of
friction for seismic load conditions (per Table 9-2). The minimum value of the
vertical load F, . is conservatively considered to be the lesser of the dead load

P, and0.5(F, +F)).

4) Radius R of the Concave Surface (see Figure 9-1).

Radius R is calculated (see Section 7.4 for comments on limit values on R) on the
basis of the geometry shown in Figure 9-1 as:

Dy < 40inch (9-11)

" 2sin(y)

5) Concave Plate Arc Length DB, (see Figure 9-2).

The concave plate arc length DB, is illustrated in Figure 9-2. It is related to the

radiusR. It is used to calculate the minimum metal depth M,, of the concave
surface, and the angle y (Figure 9-3d) of the convex surface.

DB, =2R sinl(%) (9-12)
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FIGURE 9-2 Definition of Dimensional Quantities DBy, R, Y and M,

6) Minimum Metal Depth M,, of Concave Surface (see Figure 9-2).
M, =R-=Y +tp, = R[l - cosy/] +tprpp

= R{l —cos(sin1 (&D}r — (9-13)
2R

The thickness of PTFE ¢,,.. typically is in the range of 1/32inch to 1/8inch. A
value of 0.09375inch is recommended for use in the metal depth calculation.

7) Minimum Metal Thickness at Center Line T, (see Figure 9-3a).
The minimum thickness shall be 7,,;, = 0.75inch.
8) Total Thickness of Concave Plate 7., (see Figure 9-3a).
Thickness T,y is given by
Tax = Tonin + M, (9-14)

9) Plan Dimension of Concave Plate L., (see Figure 9-3c).

Le, = Dy, + 0.75inch (9-15)

Step 2: Convex Plate

1) Angle y of Convex Plate (see Figure 9-3d).

DB
>| et |19 9-16
4 ( R ) (9-16)
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FIGURE 9-3 Definition of Dimensional Quantities Tmin, Tmax, Lep, H, Hact, Dm, 7 and

Cm

The angle 6 is shown in Figure 9-3d. The value of the angle should be a
conservative rounded figure of the combined service and seismic bearing rotations
and should satisfy the following conditions:

0206, and 026, (9-17)

In equations (9-17) 9EL and QET are given by equation (9-4).
2) Convex Chord Length C,, (see Figure 9-3d).
C,=2Rsiny (9-18)

3) Height of Convex Spherical Surface H (see Figures 9-3b and 9-3d).

H=R- RZ—(%) (9-19)

4) Overall Height of Convex Plate H, (see Figure 9-3b).
H,, = H+0.75inch (9-20)
The height H, includes the masonry plate recess depth (typically 0.25inch). The

0.75inch additional height may be increased as required to provide minimum
clearance, or to provide minimum fillet weld height.
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5) Minimum Vertical Clearance c (see Figure 9-4).

The minimum vertical clearance ¢ ensures that the concave plate does not come
into contact with the base plate during maximum rotation.

For spherical bearings square in plan,

¢=0.7L,,6+0.125inch (9-21)

For spherical bearings circular in plan:

¢=0.5D,0+0.125inch (9-22)

Note that the angle € is given by equations (9-17).

|?/_\T‘_L .
| ] f
‘7’/—\NJ_L c= 1/8" minimum at

maximum rotation

FIGURE 9-4 Definition of Dimensional Quantity c

Step 3: Sole Plate

The sole plate must be sized so that it remains in full contact with the concave
plate under all loading conditions. The sole plate can be sized as follows:

* Longitudinal Length (in direction of bridge axis) of Sole Plate L,
L,=L,+2(A, +6inch) (9-23)
» Transverse Width of Sole Plate ¥,

W,=L,+2(A; +linch) (9-24)

The parameters in equations (9-23) and (9-24) are:

L., = length and width of concave plate

A g, = maximum longitudinal movement given by equation (9-3)
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A £, = Maximum transverse movement given by equation (9-3)

The values of 6inch and linch in equations (9-23) and (9-24) are minimum edge
distances in the longitudinal and transverse directions, respectively.

* Sole Plate Thickness
Ty,>1.51nch (9-25)

Select the thickness of the sole plate based on procedures described in Section 8.
Some features of these procedures are presented below.

1) Service Load Condition (LRFD Load Combination: Strength I or Strength
V).

The vertical factored load is (maximum of Strength I and Strength IV cases):
P =125P,+1.75F, or P, =1.5P, (9-26)

Based on the discussion and examples of Section 8, the overturning moment
effect may be neglected. The concrete design bearing strength for confined
concrete conditions is

f, =174 1. (9-27)

In equation (9-27) f. is the concrete strength of the superstructure. Utilize factors
¢.=0.65 and ¢, =0.90.

2) Seismic Load Condition (LRFD Load Combination: Extreme Event I).
Consider the case of design earthquake (DE). No checks are performed for the

Maximum Earthquake (such check is required only for seismic isolators). The
vertical factored load is

P, =125P,+0.5P, + P, (9-28)

Based on the discussion and examples of Section 8, neglect any overturning
moment and consider the vertical load acting in the deformed bearing
configuration. = The concrete design bearing strength for confined concrete

conditions is given by equation (9-27). Utilize factors ¢, = 0.65 and ¢, =0.90.

The selection of the plate thickness shall be based on the following steps:
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Calculate the dimension b, of the area of concrete carrying load (also
equation 8-2 or equation 8-7). If there is enough space to develop a circular
contact area, the dimension b; is the diameter of the area given by:

b= |25 (9-29a)

T

If there is not enough space to develop a circular contact area, the area may
be assumed to be parabolic with minor axis a; determined from geometric
constraints (see example 8-4) and major axis b; determined by the following
equation:

b =25 (9-29b)
za,f,

Calculate the loading arm (also equation 8-3):
r=— (9-30)

In equation (9-30), b is the diameter of the least area over which load is
transferred through the bearing in the vertical direction. That is,

b:min(‘/Mﬂ,Dm,CmJ (9-31)
7

Note the first quantity in parenthesis in equation (9-31) is the diameter of the
flat PTFE area at the top of the concave plate if it were circular. If the PTFE
area is square, the quantity is the diameter of the equivalent circular area.

Calculate the required plate bending strength for unit plate length /=1 (also
equation 8-4 multiplied by a correction factor):

b )3
Factor CF is the correction factor given in Figure 8-5.

M, ={fb§+fb[bl —1)5}017 (9-32)

Calculate the required plate thickness (also equation 8-5):

= /;A]{ (9-33)
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In equation (9-33), ¢, =0.90 and F| is the minimum material yield strength.

Step 4: Masonry Plate

The design of the masonry plate is based on the same procedures as that of the
sole plate. The only difference is that the masonry plate is centrally loaded
even when the bearing is deformed so that equation (9-29a) always applies,
whereas equation (9-29b) does not apply. The minimum thickness of the
masonry plate shall be 0.75inch. The length and width of the masonry plate
should be selected such that they accommodate the seating of the convex plate
as illustrated in Figure 7-1. The recess in the masonry plate to secure the
convex plate (see Figure 7-1) should be at least 0.25inch deep. The convex
plate should be welded to the masonry plate with a non-structural seal weld.

The plan dimensions L, and W, = of the masonry plate shall be calculated as

follows:
L, =w, =C,+8inch (9-34)

Step 5: Stainless Steel Plate

The stainless steel plate is rectangular with dimension Lgg in the longitudinal
bridge direction and width Wss in the transverse direction. The dimensions of
the stainless steel plate shall be calculated as follows:

LSS =B+ ZAEL (9-35)
WSS =B+ 2AET (9-36)
In equations (9-35) and (9-36) B is the PTFE plan dimension (B=diameter if

circular; B=side dimension if square) and A, and A, are given by equation
(9-3).

Step 6: Anchorage

The use of shear lugs and high strength bolts A325N bolts (minimum 4 bolts)
is recommended. The minimum edge distance in any direction is taken
as2.67d , where d is the diameter of the bolt. The design shear strength and
minimum edge distance for high strength A325N bolts is shown in Table 9-3.

The design shear strength was calculated as@R = 0.754,F, , where 4, is the
nominal bolt area and F is the ultimate shear stress (F;=48ksi for single shear
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and for threads in the plane of shear). The selection of the bolt diameter could
be conservatively based on a procedure that (a) neglects friction between the
sole and masonry plates in contact with concrete and (b) utilizes AASHTO
LRFD load combination Extreme 1 with vertical factored load

P, =125F,+0.5F, +1.5F;  and shear factored load equal to 0.15F,.

TABLE 9-3 Design Shear Strength (¢R,) and Minimum Edge Distance for High
Strength A325N Bolts

Bolt Diameter Design Shear Strength Minimum Edge Distance
(inch) (Kip) (inch)

5/8 11.0 1.7
3/4 15.9 2.0
7/8 21.6 2.3

1 28.3 2.7
11/8 35.8 3.0
11/4 44.2 33
138 53.5 3.7
112 63.6 4.0

High strength A356 and A490 bolts may also be used. The use of beveled
sole plate is not required when non-shrinking grout is used between the sole
plate and the superstructure.

The design of shear lugs may be based on ACI 318, Appendix D.6, Design
Requirements for Shear Loading (American Concrete Institute, 2008). These
requirements have been cast into a form common for bearing end plates and
are presented below. Figure 9-5 presents a typical detail of anchorage of a
bearing. A bolt connects a bearing plate or a bearing flange (the latter is
typical in Friction Pendulum bearings) to a shear lug that is embedded in
concrete. Non-shrinking grout (typically specified to be 2inch thick) is used
between the plate and the concrete pedestal and around the shear lug. Note
that the grout is needed when the installed bearing is a replacement bearing.
For new construction, use of grout is not necessary. We assume that one
anchor is used at each corner (otherwise, consult ACI-318, Appendix D.6).

Accordingly, the projected area A, of the failure surface on the side of the

concrete pedestal under action of shear load on the anchor is as shown in
Figure 9-6 (identical to Figure RD6.2.1(b) of ACI-318).
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FIGURE 9-5 Typical Detail of Bearing Anchorage with Shear Lug

Most commonly, the edge distance C,, is larger than edge distance C,, unless the
anchor is placed symmetrically at the corner of the pedestal. In general, C , <1.5C,,.

The projected area A4, of the failure surface should be calculated as

4, =15C,(1.5C, +C,,) (9-37)

IfC.,<15Ca vy

l.SCﬂ:[

s .
" i
Caz 1 -SCal \

A\'c=1-5ca1(1-5ca1+caz)
FIGURE 9-6 Projected Area 4, of Failure Surface on Side of Concrete Pedestal
The basic concrete breakout strength in shear of a single anchor in cracked concrete is

given by equation (9-38), which is valid in the imperial system of units (dimensions in

inch, £, in psi, ¥}, in pounds).
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v, = 7%} Jd, |21 ) (9-38)

a

In equation (9-38), /, is the embedded shear lug length, d, is the diameter of the shear

lug, f. is the concrete strength and A=1.0 for normal concrete strength (see Figure 9-5

for illustration of dimensions). The nominal concrete breakout strength is given by
equation (9-39):

A,
V= AV_W‘//ed,V‘//c,V‘//h,VV;; (9-39)

Area 4, is the projected area of a single anchor in a deep member with distance from
the edges equal to or greater than 1.5C,; in the direction perpendicular to the shear force.

The area may be calculated as a rectangular area of sides 3C,, and1.5C,;:
AVC() = 4'5(C’al)2 (9-40)
The parameter y,,, is a modification factor for edge effects given by

Vay =0.7+03 ?2 <1.0 (9-41)

al

The parameter y,,, should be specified as 1.0 for the typical case of anchors in cracked
concrete with no supplemental reinforcement (otherwise is larger than unity). The
parameter ¥, , should be specified as 1.0 since the height of shear lugs is always selected

to be less than1.5C ;.

The anchor is considered adequate when the factored shear load per anchor (0.15P,
divided by number of anchors #) is less than or equal to the design strength ¢V, =0.7V,

0.15(1.25P, +0.5P, +1.5P
0158 0P, 0SB +15F, ) _ oy _oap, (9-42)
n n

The design procedure presented for shear lugs may also be used when the alternate
connection detail of Figure 9-7 is used. This detail, which has been used for sliding
bearings, utilizes coupling nuts and bolts instead of shear lugs. Again the use of grout is
only necessary when a replacement bearing is installed. The adequacy assessment
procedure should follow equations (9-37) to (9-42) with dimensions d, and /, interpreted
as the bolt diameter and length as shown in Figure 9-7. It should be noted that this
connection detail is more appropriate when the anchor is required to carry tension as in
elastomeric bearings. (For such cases, the coupling nut may be replaced by a shear lug
and the bolt by an anchor bolt with plate washer or just a nut. Appendix D, page D-26
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shows a photograph of an elastomeric bearing with the shear lugs and anchor bolts during
installation).
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FIGURE 9-7 Typical Detail of Bearing Anchorage with Coupling Nut and Bolt
9.5 Example

As a design example, consider a multidirectional sliding spherical bearing with the
following un-factored loads and movements under service and seismic DE conditions:

Dead load: P, = 260kip , Live load: P, = 50kip
Longitudinal service translation: A s, = 3.0inch
Transverse service translation: A s = 0
Longitudinal axis service rotation: (95L =0.010rad

Transverse axis service rotation: 95T =0.023rad (use minimum recommended

0.035rad)
Seismic DE load: P, ~=137.5kip

Longitudinal seismic DE translation: A Eppy 5.0inch
Transverse seismic DE translation: A Eppr — 3.0inch
Longitudinal axis seismic DE rotation: QEDEL =0

Transverse axis seismic DE rotation: QEDET =0.012rad

Concrete Strength: fc =3250psi

174



-Equation 9-3 for transverse direction:

Ap =Ag +1.5A; =0+1.5x3.0=4.5inch

-Equation 9-3 for longitudinal direction:

A, =Ag +1.5A, =3.0+1.5x5.0 =10.5inch

-Equation 9-4 for transverse direction:

0, =0; +1.50, =0.035+1.5x0.012=0.053rad

-Equation 9-4 for longitudinal direction:

0, =0, +1.50, =0.01+0=0.01rad

Step 1: Concave Plate

-Equation 9-5 (Strength IV case controls):

D > 4y, P, :\/4x1.5x260210.7inch
7 - (4.3ksi) 7x4.3

-Equation 9-6 (Strength I case controls):

b - 4y pPy+ 7. _ \/4(1.25x260+1.75x50) _9.0inch.
7 +(6.3ksi) 7%6.5

Equation 9-5 controls. Round to D,=11.00inch.
-Equation 9-7 (Strength I case controls):

v+, P, 1.25%x260+1.75%x50
prFE 2 ; =
6.5ksi 6.5
B=9.50inch.

=63.5in” . Use a square area with side

Note that a dimension B=8.0inch would have been sufficient but then equation 9-8 would
not satisfy the factored pressure limit of 4.3ksi. The step below (equation 9-8) dictates
dimension B.

-Equation 9-8 (Strength case IV controls):
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P 1.5%260
D__ 2% ~— =4.3ksi . Factored pressure is within the limits of 2.2 to 4.3ksi.
Aprip 9.50

OK

-Equations 9-9 and 9-10:

w >tan~ (;ma")+¢9 —tan’l( )+O 053 =0.344rad — y=0.349rad (=20°<35")

V min

=0.15(P, + P,) = 0.15(260 + 50) = 46.5kip

H max

P

¥ min

=0.5(P, + P,) = 155kip < P, = 260kip Use 155kip.
0y is the maximum among 6, and 6, . 6, =6, =0.053rad
-Equation 9-11:

D, = 11.0 =16.08inch < 40inch

" 2sin(y)  2sin(0.349)

Use trial value R=16.25inch subject to check below.

-Check adequacy of R based on equation (7-1) as interpreted for LRFD formulation

H < R’0 pppp sin’ (y — B—0)sin
For the check, £ =tan™' (%) = tan"'(u) = tan"'(0.06) = 0.06rad .

Note that for a bearing with a flat sliding surface, the ratio of horizontal to vertical load is
the friction coefficient which is defined to be equal to 0.06 for the check of equation (7-1)
(see Section 7-4 and Table 9-2). Also, the angle & does not include any seismic
component, so thatd =0.035rad . Also, the permissible factored stress

1S O pyye = 6.5ksi for woven PTFE fiber. Therefore,

H < R0y sin’ (y — B — 0)sin B = 7x16.257 x6.5x sin (0.349 — 0.06 — 0.035) sin(0.06) = 20.4kip
H = uy, P, =0.06x1.5x260 = 23.4kip > 20.4kip for the case of load combination
Strength 1. Also, for the case of load combination Strength IV,

H = u(y,P, +7,P,)=0.06x(1.25x260 +1.75x50) = 24.8kip > 20.4kip

NG, the radius needs to be increased.
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Select R=18inch, for which equation (7-1) predicts a limit of 25.0kip. Therefore,
H=25.0kip<24.8kip, thus sufficient.

Use R=18.00inch.
-Equation 9-12:

11
2x18

DB =2R sin-l(&) = 2x18sin(——) = 10.83inch
act 2R

-Equation 9-13:

M, =R [1 - COS(Sin'l (12)1’3 m g = 18{1 - cos(sin‘l (2118m +0.09375 = 0.955inch
X

-Equations 9-14 and 9-15:

Tmin = 0.75inch
Tax = Twin + My, =0.75+0.955=1.705inch. Use T,,,,=1.75inch.
L, =Dy, +0.75inch=11.00+0.75. — L, =11.75inch.

Step 2: Convex Plate

-Equations 9-16 and 9-17:

y=[PBus )y 91983 6 05320 354r0d (=20.3)
2R 2x18

Angle £ is equal to @ = 0.053rad .
-Equation 9-18:
C, =2Rsiny =2x18sin(0.354) =12.48inch . Use C,=12.50inch.

-Equations 9-19 and 9-20:
2 2
H=R- Rz—(%j =18- 182—(127'5) =1.12inch

H, _=H+0.75=1.12+0.75=1.87inch. Use H , =2.00inch .

-Equation 9-21 (for square plan):
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¢=0.7L_,0+0.125=0.7x11.75x0.053+ 0.125 = 0.56 linch

Step 3: Sole Plate

-Equations 9-23 and 9-24:

L,=L,+2(A, +6)=11.75+2(10.5+6.0) = 44.75inch
W, =L,+2(A, +1)=11.75+2(4.5+1.0) =22.75inch

-Sole plate thickness, equations (9-26) for service load conditions and (9-28) for seismic
conditions:

P =1.5P, =1.5x260 = 390kip
P =125P, +1.75P, =1.25x260+1.75x50 = 412.5kip
P, =125P,+0.5F, + P, =1.25x260+0.5x50 +137.5 = 487.5kip CONTROLS

-Equation (9-27):
£, =174 f =1.7x0.65x3.25 = 3.59%ksi

-Equation (9-29a):

bl:\/4P =\/4)‘487‘5 = 13.15inch
7 f,

7x3.59

A check is needed to verify that a circular contact area is possible. The drawing below
shows the plan of the bearing (it includes information on the stainless steel plate
dimensions that are determined in step 5 further down). Note that the sole plate has
dimensions 44.75inch by 22.75inch, the stainless steel plate has dimensions 30.50inch by
18.50inch and the PTFE contact area is 9.50inch square. Note that in the schematic

below the PTFE area is shown at displacement A E, = 10.5inch | which is for the MCE.

Clearly the circular contact area of 13.15inch diameter can develop.
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SOLE PLATE STAINLESS CONTACT

STEEL PLATE AREA b=13.15”
/ P |
PTFE AREA /
9.50” x9.50”
/W 1 : |
22.75" | 18.5 L JI ________ 77 Al
: |
! ;
Ap, =10.50__ :
! ]
| 30.50” .
! |
| 44.75" .

-Equation (9-31):

2
b= min[,/Mﬂ,Dm,CmJ = minL 4.3 ,11.0,12.5J =10.72inch
T T

-Equation (9-30):

_b-b_1315-10.72
2

=1.22inch

-Equation (9-32) with correction factor CF

2 2 2 2
M, = f,,r—+f,,(5—1jr— CF = ]3.59x 122 +3.59x(13'15—1J1'22 x1.0 = 3.08kip — in / in
2 b )3 2 10.72 3

-Equation (9-33):

(5 [4M, _ [4x3.08
“\aF  V0.9x36

=0.62inch. Use minimum thickness for sole plate of 1.5inch.

Step 4: Masonry Plate

-Equation (9-34)

L, =W, =C, +8=12.50+8=20.50inch —L,,=Wy,=20.50inch.
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-Equations (9-23) to (9-33) apply for the masonry plate. As concrete strength is the
same, the required plate thickness is 0.62inch. Use minimum thickness for masonry plate

of 0.75inch. Add recess depth of 0.25inch, so that 7, , =1.0inch .

Step 5: Stainless Steel Plate

-Equations (9-35) and (9-36)

Ly =B+2A; =9.50+2x10.5=30.50inch

Wi =B+2A, =9.50+2x4.5=18.50inch

Step 6: Anchorage

Horizontal factored load

B, =0.15P, =0.15(1.25F, +0.5F, +1.5P, )=0.15(1.25x260 + 0.5x50 +1.5x137.5) = 83.4kip

Use 4 A325N bolts; required strength 83.4/4=20.9kip. Use diameter 7/8inch bolts
(design strength=21.6kip).

For shear lugs select d,=4.0inch, /,=9.0inch, C,;= C,,=12.0inch.
-Equation (9-37)
4, =15C,(1.5C,, +C,,))=1.5x12(1.5x12 +12) = 540in’

-Equation (9-38)

1/,,:[7(—6] }A\F £(C,)" = (( ) x/ijlx\/3250(12)1‘5:413301b=41.3kip

a

-Equations (9-39), (9-40) and (9-41)

A

L =45(C, ) =4.5(12)° = 648in’
—0.7+03—12

. =09<1.0
1.5x12

C
=0.7+0.3—=
l//ed,V 15

al

Vey =Wy = 1.0
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A, 540 :
v, = AVV; VoiiWer WiV = %x0.9x1.0x1.0x41.3 =31.0kip

-Equation (9-42)
0.15P /n=83.4/4=20.9kip < 0.7V, =0.7x31.0=21.7kip OK

Note that the vertical load was calculated in step 3 above for the seismic conditions.
Also, note that a major contributor to the nominal concrete breakout strength is the edge
distances C,; and C,; which affect the projected area of the failure surface. Herein, the
use of C,/= C,=12inch resulted in a just adequate design. Use of C,= C,>=24inch
would have resulted in V.,=87.7kip, which is about three times larger than the required
strength.

Figure 9-8 shows drawings of the bearing.
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FIGURE 9-8 Example Multidirectional PTFE Spherical Bearing (units: inch)
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FIGURE 9-8 Example Multidirectional PTFE Spherical Bearing-continued (units:

inch)

Figure 9-9 shows an installation detail of the bearing. Note that grout is only necessary
when the installation is that of a replacement bearing.

j PTFE Spherical | _
ihear 1 Sole Bearing A
ug L Plate 1 9”
1 ) 101
11 1:1
Level
il T [l [
Bridge_ | | ' * / i
Soffit T MmN ————=" (01 I'
il 11
: : ; e : : Non-Shrinking
; tit] | LLevel HE Grout
9 :\ )l Mason:ry— U J— C.oncrete
"\\ Plate i I Pier
[~
Z”TYP—/ - ~ Shear
. Lug
7/8"dia 4"dia—/ 12”min
A325N bolt

FIGURE 9-9 Connection Details of Multidirectional PTFE Spherical Bearing with

Shear Lugs
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SECTION 10
DESCRIPTION OF EXAMPLE BRIDGE

10.1 Introduction

A bridge was selected to demonstrate the application of analysis and bearing design
procedures for seismic isolation. The bridge was used as an example of bridge design
without an isolation system in the Federal Highway Administration Seismic Design
Course, Design Example No.4, prepared by Berger/Abam Engineers, Sep. 1996
(document available through NTIS, document no. PB97-142111).

The bridge is a continuous, three-span, cast-in-place concrete box girder structure with a
30-degree skew. The two intermediate bents consist of two circular columns with a cap
beam on top. The geometry of the bridge, section properties and foundation properties are
assumed to be the same as in the original bridge in the FHWA example. It is presumed
(without any checks) that the original bridge design is sufficient to sustain the loads and
displacement demands when seismically isolated as described herein. Only minor
changes in the bridge geometry were implemented in order to facilitate seismic isolation
(i.e., use of larger expansion joints, use of separate cross beam in bents instead of one
integral with the box girder and columns that are fixed at the footings).

10.2 Description of the Bridge

Figures 10-1, 10-2 and 10-3 show, respectively, the plan and elevation, the abutment
sections and a section at an intermediate bent. In Figure 10-3 the bent is shown at the
skew angle of 30 degrees, whereas for the box girder the section is perpendicular to the
longitudinal axis. The actual distance between the column centerlines is 26 feet (see
Figure 10-1).

The bridge is isolated with two isolators at each abutment and pier location for a total of
8 isolators. The isolators are directly located above the circular columns. The use of two
isolators versus a larger number is intentional for the following reasons:

a) It is possible to achieve a larger period of isolation with elastomeric bearings
(more mass per bearing).

b) The distribution of load on each isolator is accurately calculated. The use of more
than two isolators per location would have resulted in uncertainty in the
calculation of the axial load in vertically stiff bearings such as the FP bearings.

c) Cost is reduced.

Vertical diaphragms in the box girder at the abutment and pier locations above the
isolators are included for distribution of load to the bearings. These diaphragms introduce
an additional 134 kip weight at each diaphragm location.

The bridge is considered to have three traffic lanes. Loadings were determined based on
AASHTO LRFD Specifications (AASHTO, 2007, 2010) with live load consisting of
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truck, lane and tandem and wind load being representative of typical sites in the Western
United States.
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Figure 10-4 shows a model for the analysis of the bridge. The model may be used in
static, multimode analysis (response spectrum analysis) and response history analysis.
The cross sectional properties of the bridge and weights are presented in Table 10-1. The
modulus of elasticity of concrete is £ =3,600ksi. Foundation spring constants are
presented in Table 10-2. The latter were directly obtained from Federal Highway
Administration Seismic Design Course, Design Example No.4, prepared by Berger/Abam
Engineers, Sep. 1996.
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10.3 Analysis of Bridge for Dead, Live, Brake and Wind Loadings

The weight of the seismically isolated bridge superstructure is 5092kip, which is more
than the weight reported in Federal Highway Administration Seismic Design Course,
Design Example No.4, prepared by Berger/Abam Engineers, Sep. 1996. The difference is
due to the introduction of diaphragms at the abutment and pier locations in order to
transfer loads to the bearings.

Appendix B presents calculations for the bearing loads, displacements and rotations due
to dead, live, braking and wind forces, thermal changes and other. Table 10-3 presents a
summary of bearing loads and rotations. On the basis of the results in Table 10-3, the
bearings do not experience uplift or tension for any combination of dead and live
loadings.

TABLE 10-1 Cross Sectional Properties and Weights in Bridge Model

Element/ Box Bent Rigid Rigid Rigid
Property | Girder Cap Column | Girder | Column | Footing
Beam
Area 72.74 24.00 12.57 200 200 200
Ay (f)
Shear 24.20 24.00 12.57 200 200 200
Area
A4, ()
Shear 57.00 24.00 12.57 200 200 200
Area
A, \(f
Moment 9,697 32.00 8.80° 100,000 | 100,000 | 100,000
of Inertia
1, (i)
Moment 401 72.00 8.80° 100,000 | 100,000 | 100,000
of Inertia
I, (fth
Torsional | 1,770 75.26 25.14 100,000 | 100,000 | 100,000
Constant
1, (ft)
Weight | 14.24° 5.26 1.89 0 0 58.8"
(kip/ft)
1: coordinates x, y and z refer to the local member coordinate system
2:cracked section properties (0.707, )
3: add 134kip concentrated weight at each bent and abutment location (diaphragm)
4: total weight of footing divided by length of 1.75ft
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TABLE 10-2 Foundation Spring Constants in Bridge Model

K. Ky, K, K.y K.y K.,

Constant (kip/ft) (kip/ft) (kip/ft) (kip- (kip- (kip-
ft/rad) ft/rad) ft/rad)

Vertical | Transverse | Longitudinal | Torsional | Rocking | Rocking

Description | stiffness | stiffness stiffness stiffness | stiffness | stiffness
about y' | about z'
Value 94,400 103,000 103,000 1.15x10” | 7.12x10° | 7.12x10°

TABLE 10-3 Bearing Loads and Rotations due to Dead, Live, Brake and Wind
Loads

Abutment Bearings Pier Bearings
Loading (per bearing) (per bearing)
Reaction (kip) | Rotation (rad) | Reaction (kip) | Rotation (rad)
Dead Load V +336.5 0.00149 V +936.5 0.00006
Live Load V +137.2 0.00057 V +247.6 0.00040
(truck, tandem V-15.6 V -18.8
or lane)
HL93 V +187.7 0.00090 V +348.4 0.00064
(Live+IM+BR) V -26.8 V-31.2
Braking (BR) V+3.2 0.00006 V +4.1 0.00004
V-3.2 V 4.1
wind on Live V +2.4 V +6.9
Load (WL) V-24 NEGLIGIBLE V -6.9 NEGLIGIBLE
T23 T6.5
Wind on V +2.4 V +7.6
Structure V-24 NEGLIGIBLE V-7.6 NEGLIGIBLE
(WS) T5.9 T18.9
Vertical Wind
on Structure V -31.9 NEGLIGIBLE V -102.9 NEGLIGIBLE
(WV)

V: Vertical reaction, T: Transverse reaction, +: compressive force, -: tensile force

Based on the results of the service load analysis the loads, displacements and rotations to
be considered for the analysis and design of the bearings are tabulated in Table 10-4.
Note that distinction between cyclic and static components of loads, displacements and
rotations is needed for this purpose. Moreover, service displacements (thermal, post-
tensioning, creep and shrinkage related displacements) as described in Appendix B are
included in Table 10-4. Note that displacements and rotations have been rounded to
minimum conservative values. These include a minimum 0.001rad cyclic rotation and an
added 0.005rad static component of rotation to account for construction tolerances. Also,
the service displacements are about triple the values calculated for thermal effects in
Appendix B to account for installation errors, and concrete post-tensioning, shrinkage
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and creep displacement prediction errors (bearings will be pre-deformed to the estimated
displacements due to post-tensioning, creep and shrinkage).

TABLE 10-4 Bearing Loads, Displacements and Rotations for Service Conditions

Abutment Bearings Pier Bearings
Loads, (per bearing) (per bearing)
Displacements Static Cyclic Static Cyclic
and Rotations Component | Component Component Component
Dead Load Pp +336.5 NA +936.5 NA
(kip)
Live Load P, +37.7 +150.0 +73.4 +275.0
(kip) -5.3 -21.5 -6.2 -25.0
Displacement (in) 3.0 0 1.0 0
Rotation (rad) 0.007 0.001 0.005 0.001

+: compressive force, -: tensile force

10.4 Seismic Loading

Seismic loading is defined per Section 5.6 herein. The Design Earthquake (DE) response
spectra were obtained from the Caltrans ARS website
(http://dap3.dot.ca.gov/shake stable/index.php) for a location in California with latitude
38.079857°, longitude -122.232513° and shear wave velocity (Vggo ) equal to 400m/sec.
The response spectrum for the site is the greatest among the spectra calculated for the
site, which for this location was the one of the 2008 USGS National Hazard Map for a
5% probability of being exceeded in 50 years. Figure 10-5 presents the 5%-damped
acceleration response spectrum of the Design Earthquake.

Dynamic response history analysis requires that ground motions be selected and scaled to
represent the response spectrum as described is Section 3.9. Seven pairs of ground
motions were selected for scaling in order to use average results of dynamic analysis.
Table 10-5 lists the 7 pairs of ground motions selected for the analysis. The motions were
selected to have near-fault characteristics. Each pair of the seed ground motions has been
rotated to fault-normal and fault-parallel directions. The moment magnitudes for the seed
motions are between 6.7 and 7.1; the site-to-source distances (Campbell R distance) are
between 3 and 12 km; and all the records are from Site Classes C and D per the 2010
AASHTO Specifications (also Imbsen, 2006 and in the 2010 revision of AASHTO Guide
Specifications for Seismic Isolation Design). The ground-motion pair No. 1 is from a
backward-directivity region and all other motions are from forward-directivity regions
(PEER-NGA database, http://peer.berkeley.edu/nga/). Note that the motions are identical
to those used in the examples in Constantinou et al (2007b).
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FIGURE 10-5 Horizontal 5%-Damped Response Spectrum of the Design
Earthquake

The selected seed motions were scaled as follows:

a) Each pair of the seed motions No. 1 through 7 of Table 10-5 was amplitude scaled
by a single factor to minimize the sum of the squared error between the target
spectral values of the target spectrum and the geometric mean (square root of the
product of the spectral acceleration values of the two components) of the spectral
ordinates for the pair at periods of 1, 2, 3 and 4 seconds. The weighting factor at 1
second was w;=0.1 and the factors at 2, 3 and 4 seconds were w,=w;=w,=0.3.
This scaling procedure seeks to preserve the record-to-record dispersion of
spectral ordinates and the spectral shapes of the seed ground motions. That is,
each of the seven motions, denoted by subscript J (J=1 to 7) were scaled in
amplitude only by factor F); in order to minimize the error £, between the scaled

motion geometric mean spectrum F, /S Spp and the target DE spectrum, S

4 2
E, :lewi[SDE(Y;)_FJ\/SFN(Y;)SFP(T;)J (10-1)

Equation (10-1) results in the following direct expression for the scale factor F;:

4
;WiSDE(];)\/SFN(];)SFP(];)

i
ZWiSFN (T)Spp(T))
pa

(10-2)
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Scale factor F; is listed in Table 10-5 for each of the motions.

TABLE 10-5 Seed Accelerograms and Scale Factors

Scale Scale
Factor Factor Final
Earthquake . . 1 r? .. 3 | Basedon to Meet Scale
M .
No Narme Recording Station w (km) Site Wei gl_lt ed | Minimum | Factor
Scaling Acceptance
(Fy) Criteria
1976 Gazli, 1.24 1.37
1 USSR Karakyr 6.80 5.46 C 1.14
o | 1989 Loma LGPC 693 | 388 | C 0.85 0.78 0.94
Prieta
1989 Loma Saratoga, 1.42 1.57
3 Prieta W. Valley Coll. 6.93 931 ¢ 131
1994 Jensen Filter 0.88 0.97
4 Northridge Plant 6.69 5.43 C 0.81
1994 Sylmar, 0.90
5 ) 6.69 5.19 0.75
Northridge | Coverter Sta. East ¢ 0.81
6 | 1992 Kobe | karazuka 690 | 3.00 | D 088 0.81 097
Japan
7 | 1999 Duzce, Bolu 714 | 1241 | D 0.94 0.87 1.04
Turkey

1. Moment magnitude
2. Campbell R distance
3. Site class classification per 2010 AASHTO Specifications

b) The SRSS (square root of sum of squares) of the 5%-damped spectra of the scaled

motions were calculated and the average of the 7 SRSS spectra was constructed
for periods in the range of 1 to 4 second. This mean of SRSS spectra was
compared to the target spectrum times 1.3. To meet the minimum acceptable
criteria per Section 3.9 (also ASCE 7-2010), the average of SRSS spectra was
multiplied by a single scale factor so that it did not fall below 1.3 times the target
spectrum by more than 10-percent in the period range of 1 to 4 second. A scale
factor for each pair of seed motions was calculated as the scale factor determined
in the scaling described in part a) above times the single scale factor determined
in part b). This final scale factor meets the minimum acceptance criteria per
Section 3.9 and is also listed in Table 10-5 for each of the seed motions. Figure
10-6 presents the 5%-damped mean SRSS spectra of the 7 scaled motions and the
target DE spectrum multiplied by 0.9x1.3 (lower bound for mean SRSS spectrum-
see Section 3.9). It may be seen that the scaled motions have the average SRSS
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spectrum above the lower acceptable bound over the entire period range. The
scaled motions need to satisfy the lower bound acceptable criterion over the

period range 0.57,,t01.257,,, which was selected to be the range of 1 to 4sec in

order to be able to use the motions for a range of isolation system properties.
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FIGURE 10-6 Comparison of Average SRSS Spectra of 7 Scaled Ground Motions
that Meet Minimum Acceptance Criteria to 90% of Target Spectrum Multiplied by
1.3

¢) The minimum acceptance criteria of Section 3.9 do not necessarily ensure proper
representation of the target spectrum. For this, the average geometric mean
spectra of the scaled motions were compared to the target spectrum in the period
range of interest-herein, 1 to 4 second. Figure 10-7 compares the target DE
spectrum to the average geometric mean spectra of the seed motions after scaling
by the factors of Table 10-5, namely the weighted scale factor, the minimum scale
factor and a final scale factor. The latter produces a closer match of the target
spectrum and the average geometric mean spectrum of the scaled motions than the
other two scale factors. Values of this factor are also reported in Table 10-5 and
were derived by simply multiplying the weighted scale factor by 1.1.
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SECTION 11
DESIGN AND ANALYSIS OF TRIPLE FRICTION PENDULUM ISOLATION

SYSTEM FOR EXAMPLE BRIDGE

11.1 Single Mode Analysis

Criteria for applicability of single mode analysis have been presented in Table 3-4.
Appendix C presents the calculations for the analysis and safety check of the isolation
system. Note that all calculations were based on a minimum plate thickness equal to
2inch. Adequacy checks at the end required that the thickness be increased to 2.25inch,
so that the bearing height increased to 12.5inch. The selected bearing is a Triple Friction
Pendulum with the geometry shown in Figure 11-1. The height of the bearing is 12.5inch.
The displacement capacity of the bearing is 30inches, which is sufficient to accommodate
the displacement in the maximum earthquake plus portion of the displacement due to
service loadings. The bearings should be installed pre-deformed in order to accommodate
displacements due to post-tensioning and shrinkage.

le 44" -l
|7 16" —‘
2.25"

CONCAVE
S L PLATE
@ \L
@ 6 seaL |8
‘ M
/ / | [~ —CONCAVE
PLATE
/ 12" e dy=ds=14" —
2=d3=2”
STAINLESS STEEL
CONCAVE SURFACES  ARTICULATED
R=16" SLIDER
STAINLESS STEEL
CONCAVE SURFACES

FIGURE 11-1 Triple Friction Pendulum Bearing for Bridge Example

Note that all criteria for applicability of the single mode method of analysis are met.
Specifically, the effective period in the Design Earthquake (DE) is equal to or less than
3.0sec (limit is 3.0sec), the system meets the criteria for re-centering and the isolation
system does not limit the displacement to less than the calculated demand. Nevertheless,
dynamic response history analysis will be used to design the isolated structure but subject
to limits based on the results of the single mode analysis.

Table 11-1 presents a summary of the calculated displacement and force demands, the
effective properties of the isolated structure and the effective properties of each type of
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bearing. These properties are useful in response spectrum, multi-mode analysis. The
effective stiffness was calculated using

W
K =—+=" 11-1
v R, D, (-0
TABLE 11-1 Calculated Response using Simplified Analysis and Effective
Properties of Triple FP Isolators
Upper Lower
Parameter Bound Bound
Analysis Analysis
Displacement in DE D, (in)" 10.2 11.7
Base Shear/Weight' 0.171 0.133
Pier Bearing Seismic Axial Force in MCE (kip)2 860.0 860.0
Effective Stiffness of Each Abutment Bearing in DE K,
) ! 6.92 4.59
(k/in)
Effective Stiffness of Each Pier Bearing in DE Keff (k/in) 14.20 10.06
Effective Damping in DE 0.300 0.297
Damping Parameter B in DE 1.711 1.706
Effective Period in DE T, (sec)
(Substructure Flexibility Neglected) 2.47 3.00
Effective Period in DE T, (sec)
(Substructure Flexibility Considered) 2.66 NA

1 Based on analysis in Appendix C for the DE.

2 Value is for 100% vertical+30% lateral combination of load actions (worst case for FP bearing safety
check), calculated for the DE, multiplied by factor 1.5 and rounded up. Abutment bearings not
considered as load is less and not critical.

In equation (11-1), R, =2R ;) =2x84 = 168inch (see Appendix C) and (a) W is equal to
336.5kip for each abutment bearing, and friction coefficient x is equal to 0.090 for lower

bound and 0.149 for upper bound of the abutment bearings, and (b) W is equal to
936.5kip for each pier bearing and friction coefficient x is equal to 0.056 for lower
bound and 0.094 for upper bound of the pier bearings.

11.2 Multimode Response Spectrum Analysis

Multimode response spectrum analysis was not performed. However, the procedure is
outlined in terms of the linear properties used for each isolator and response spectrum
used in the analysis. For the analysis, each isolator is modeled as a vertical 3-
dimensional beam element-rigidly connected at its two ends. Each element has length 7 ,
area A4, moment of inertia about both bending axes / and torsional constant J. The
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element length is the height of the bearing, 4 =12inch and its area is the area that carries
the vertical load which is a circle of 12inch diameter. Note that the element is
intentionally used with rigid connections at its two ends so that PA effects can be
properly accounted for in the case of the Triple FP bearing. (In the case of single FP
bearing, the beam element should have a moment release at one end so that the entire PA
moment is transferred to one end of the element).

To properly represent the axial stiffness of the bearing, the modulus of elasticity is
specified to be related but less than the modulus of steel, so £=14,500ksi. (The bearing is
not exactly a solid piece of metal so that the modulus is reduced to half to approximate
the actual situation). Torsional constant is set J =0 or a number near zero since the
bearing has insignificant torsional resistance. Moreover, shear deformations in the
element are de-activated (for example, by specifying very large areas in shear). The
moment of inertia of each element is calculated by use of the following equation
K,

1==0F (112

where K, is the effective stiffness of the bearing calculated in the simplified analysis
(see Table 11-1). Values of parameterss ,4, [ and E used for each bearing type are
presented in Table 11-2.

TABLE 11-2 Values of Parameters n, 4, I and E for Each Bearing in Response
Spectrum Analysis of Triple FP System

Bearing Upper Bound Lower Bound
Location Parameter Analysis Analysis
Effective Horizontal
Stiffness K, (k/in) 6.92 4.59
Height / (in) 12.0 12.0
Abutment Modulus E (ksi) 12,500 12,500
Area 4 (in%) 113.1 113.1
Moment of Inertia / (in*) 0.06872 0.04558
Effective Horizontal
Stiftness K, (k/in) 14.20 10.06
Height 7 (in) 12.0 12.0
Pier Modulus E (ksi) 14,500 14,500
Area 4 (in) 113.1 113.1
Moment of Inertia 0.14102 0.0999
I (in")

Response spectrum analysis requires the use of the response spectrum of Figure 10-5
(5%-damped spectrum) after division by parameter B for periods larger than or equal to
087, , where T, is the effective period and B is the parameter that relates the 5%-

damped spectrum to the spectrum at the effective damping. Quantities 7,,, B and the

effective damping are presented in Table 11-1. It should be noted that these quantities are
given in Table 11-1 for the upper and lower bound cases, both of which must be
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analyzed. Values of 0.87,, are 2.0 sec for upper bound analysis and 2.4 sec for lower

bound analysis. Values of spectral acceleration required for use in the analysis are
presented in Table 11-3.

TABLE 11-3 Spectral Acceleration Values for Use in Response Spectrum Analysis
of Isolated Bridge with Triple FP System

Period T Spectral Spectral Acceleration | Spectral Acceleration
(sec) Acceleratl_on for1 for Upper_ Bound for Lower_ Bound
5%-Damping (g) Analysis (9) Analysis (9)
0.00 0.540 0.540 0.540
0.10 1.006 1.006 1.006
0.20 1.213 1.213 1.213
0.30 1.179 1.179 1.179
0.40 1.070 1.070 1.070
0.50 0.992 0.992 0.992
0.60 0.922 0.922 0.922
0.70 0.871 0.871 0.871
0.80 0.819 0.819 0.819
0.90 0.767 0.767 0.767
1.00 0.725 0.725 0.725
1.20 0.606 0.606 0.606
1.40 0.521 0.521 0.521
1.60 0.457 0.457 0.457
1.80 0.407 0.407 0.407
1.90 0.386 0.386 0.386
1.99 0.367 0.367 0.367
2.00 0.367 0.214 0.367
2.20 0.328 0.192 0.328
2.39 0.296 0.173 0.296
2.40 0.296 0.173 0.174
2.60 0.269 0.157 0.158
2.80 0.246 0.144 0.144
3.00 0.227 0.133 0.133
3.20 0.210 0.123 0.123
3.40 0.195 0.114 0.114
3.50 0.188 0.110 0.110
3.60 0.182 0.106 0.107
3.80 0.171 0.100 0.100
4.00 0.160 0.094 0.094
4.20 0.153 0.089 0.090
4.40 0.147 0.086 0.086
4.60 0.140 0.082 0.082
4.80 0.135 0.079 0.079
5.00 0.130 0.076 0.076

1 Vertical excitation spectrum is 0.7 times the 5%-damped horizontal spectrum
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11.3 Dynamic Response History Analysis
11.3.1 Introduction

Dynamic response history analysis was performed using the seven scaled motions
described in Section 10.4 for the Design Earthquake (DE). The scale factors utilized are
the “Final Scale Factors” in Table 10-5. Note that dynamic analysis was performed only
for the DE, the results of which were utilized in design after multiplication by factor 1.5
per requirements described in Section 3.4.

11.3.2 Modeling for Dynamic Analysis

The isolated bridge structure was modeled in the program SAP2000 (CSI, 2002) using
the bridge model described in Section 10 but with the isolators modeled as nonlinear
elements. The Triple Friction Pendulum bearing were modeled using the parallel model
described in Sarlis et al (2009, 2010). In this model, each bearing is represented by two
Friction Pendulum elements, FP1 and FP2, in SAP2000 that extend vertically between
two shared nodes at the location of the bearing. The distance between the shared nodes is
the height of the bearing (in the multimode analysis, the same two nodes formed the ends
of a vertical beam element representing the isolator) and with specified shear deformation
at mid-height. Each element has the following degrees of freedom (DOF):

a) Axial DOF, designated as Ul. This DOF is linear and the elastic vertical
stiffness must be specified. For the FP bearing, the elastic vertical stiffness was
estimated as that of a column having the height of the bearing, diameter of the
inner slider and modulus of elasticity equal to one half the modulus of elasticity
of steel in order to account for the some limited flexibility in the bearing, which
is not a solid piece of metal. The calculated vertical stiffness was then equally
divided between the two elements comprising the bearing in order to ensure that
they equally share the axial load.

b) Shear DOF in the two orthogonal directions, designated as U2 and U3. For
elastic analysis, the stiffness associated with these two DOF should be specified
to be the effective isolator stiffness calculated in the single mode analysis. For
nonlinear analysis, the radius, supported weight, frictional parameters
FRICTION FAST, FRICTION SLOW and RATE, and elastic stiffness need to
be specified. More details are provided below.

c) Torsional DOF, designated as R1. The torsional stiffness (elastic DOF) for FP
isolators is very small and specification of zero value is appropriate.

d) Rotational DOF, designated as R2 and R3. The rotational stiffness (elastic

DOF) is very small and should be specified as zero so that the structural
elements above and below the element are allowed to rotate as needed.
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Table 11-4 presents expressions for key parameters of the parallel model of the triple FP
bearings as described in Sarlis et al (2009).

TABLE 11-4 Parameters of Parallel Model of Triple FP Bearing in SAP2000

L .. Radius of Elastic Rate
Element | Friction Coefficient Curvature Stiffness? Parameter®
sliI(rilg;mgI()SSitfy K _ " 1.27sec/inch
= . - . sec/1mmc
FPl 21, =21, Zero in 2_Y
SAP2000 Y:0.041HCh
R, —R /4 .
FP2 2, — pz)(ef“—ef”) R, K= 1.27sec/inch
Rg[fl ) ZReﬁ"Z

1 W, =M, and b, =W, are the friction coefficients at interfaces 1, 2, etc of the bearing (see Appendix C).

Also, Reﬁ1 = Reﬁ. 4 Ref].2 = Re/,/,3 are the effective radii of surfaces 1, 2, etc.

2 Load W is the load carried by the bearing. Each of the FP1 and FP2 elements carries load W/2. The
elastic stiffness of element FP1 is calculated for yield displacement Y=0.04inch. Other values may be
used. Quantity WL, / 2 is the value of friction coefficient under quasi-static conditions.

3 Rate parameter for both elements is selected to be half of the actual value (typically assumed to be

2.54sec/in=1sec/m) as they experience sliding velocity that is half that of the relative velocity of the top and
bottom joints of the element.

Table 11-5 presents the values of the parameters used in the SAP2000 model of each
triple FP bearing.

11.3.3 Response History Analysis Results

Tables 11-6 and 11-7 present the results of lower bound and upper bound response
history analysis. The analysis was performed with the program SAP2000, Version
14.1.0, using the Fast Nonlinear Analysis (FNA) method with a large number of Ritz
vectors (129) so that the results are basically exact. Analysis was performed with the
fault-normal and fault-parallel components along the longitudinal and transverse
directions, respectively and then the analysis was repeated with the components rotated.
The results presented in the tables consist of the resultant isolator displacements and the
longitudinal and transverse shear forces at the pier and abutment locations. Results on
isolator axial forces and internal forces in deck and substructure elements were calculated
but not presented. It should be noted that the analysis does not include the effects of
accidental torsion.
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An important specification in obtaining the results of Tables 11-6 and 11-7 is that of
structural damping. Herein, the global damping matrix was assembled by specifying
modal damping to be 2% of critical in each mode of vibration.

TABLE 11-5 Parameters of Triple FP Bearings for Response History Analysis

Parameter Upper Bound Analysis | Lower Bound Analysis
Abutment Pier Abutment Pier
Supported Weight (kip) 336.5 936.5 336.5 936.5
Dynamic Mass' (kip-s“/in) 0.001 0.002 0.001 0.002
Link Element FP1 and FP2
Height2 (in) 12.0 12.0 12.0 12.0
Link Element FP1 and FP2
Vertical Stiffness? (kip/in) 68,000 | 68,000 68,000 68,000
Link Element(]!:Pl) Friction Fast 0.2880 0.1160 0.1740 0.0700
max,
Link EIement(]!:PZ) Friction Fast 0.0101 0.0710 0.0051 0.0423
max
Link Element FP1 Friction 0.1440 | 0.0580 0.0870 0.0350
Slow (fmin)
Link Element FP2 Friction 0.0051 0.0355 0.0025 0.0211
Slow (fmin)
Link Element FP1 Elastic
Stiffness (ip/in) 605.7 679.0 365.9 409.7
Link Element FP2 Elastic
Stiffness® (kip/in) 10.94 30.45 10.94 30.45
Link Element FP1 Effective 0 0 0 0
Stiffness® (Kip/in)
Link Element FP2 Effective
Stiffness® (kip/in) 2.0 5.57 2.0 5.57
Link Element FP1 Effective
Radius (in) 0 (flat) 0(flat) 0 (flat) 0 (flat)
Link Elemen.t FF_>2 Effective R4.0 R4.0 R4.0 84.0
Radius (in)
Link Element FP1 and FP2
Rate Parameter (sec/in) 1.27 1.27 1.27 1.27
Link Element FP1 and FP2 0 0 0 0
Torsional Stiffness (Kip-in/rad)
Link Element FP1 and FP2 0 0 0 0
Rotational Stiffness (Kip-in/rad)

elastic stiffness plus post-elastic stiffness).

1 Value approximately 1/1000 of the supported mass. Other values can be used.

2 Shear deformation location is at mid-height of element.
3 Elements have same axial stiffness. Calculated for E=14500ksi, height 12inch, diameter 12inch and divided by 2.

4 Calculated as W/2Rgs ,~W/2R¢ss 1in order to account for the way SAP2000 calculates the elastic stiffness (specified

5 Effective stiffness specified as the post-elastic stiffness (W/2Rg 1) in order to minimize parasitic damping effects.
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In SAP2000, the global damping matrix is calculated on the basis of the isolator element
specified effective stiffness and used in the dynamic analysis. Accordingly, some viscous
damping always “leaks” into the isolation system (see Sarlis et al, 2009), resulting in
reduction of isolator displacement demand prediction. The effect may be important and
caution should always be exercised in damping specification. In the analysis herein, the
problem was reduced by specifying low damping ratio and by assigning small values for
the effective isolator stiffness (herein specified as the post-elastic stiffness).

TABLE 11-6 Response History Analysis Results for Lower Bound Properties of the
Triple FP System in the Design Earthquake

Resultant Longitudinal Transverse |Additional Axial
Earthquake Disp!acement Sh.ear Sh.ear Fo.rce
(inch) (Kip) (Kip) (Kip)
Abut. Pier | Abut. Pier | Abut. Pier | Abut. Pier
01 NP 222 | 207 | 547 | 103.1 | 542 | 1167 | 247 | 503
02 NP 33.6 | 325 743 | 162.7 | 543 | 1152 | 21.5 | 446
03 NP 180 | 173 | 50.8 | 99.1 | 483 | 97.0 | 204 | 464
04 NP 18.5 169 | 57.7 | 1315 | 362 | 73.0 | 163 | 28.1
05 NP 13.2 12.8 529 | 109.9 | 43.5 94.1 150 | 342
06 NP 11.0 | 106 | 363 | 698 | 37.1 804 | 162 | 377
07 NP 6.9 7.0 36.4 | 682 | 36.0 | 75.6 140 | 302

Average 17.6 16.8 51.9 | 106.3 | 44.2 93.1 18.3 38.8

01 PN 21.7 | 20.1 650 | 1313 | 63.1 | 1273 | 23.6 | 444
02 PN 33.0 | 325 | 651 | 133.6 | 882 | 2193 | 26.1 72.3
03 PN 18.7 17.3 61.2 | 140.1 | 65.8 | 1403 | 233 | 484
04 PN 17.8 167 | 412 | 737 | 633 | 1389 | 21.7 | 504
05 PN 12.7 12.2 38.7 73.7 577 | 1205 | 19.6 | 46.9
06 PN 10.6 9.9 455 | 959 | 364 | 66.9 133 | 287
07 PN 7.1 7.5 374 | 887 | 394 | 77.1 133 | 29.0

Average 17.4 16.6 50.6 | 105.3 | 59.1 | 127.2 | 20.1 45.7

The peak displacement response is the maximum out of all 4 abutment isolators and all 4 pier isolators. The
forces given are the maximum for individual bearings at the abutment and pier locations.

The results of the dynamic analysis are larger than those of the simplified analysis and,
therefore, are used for the bearing safety check (see Appendix C). The calculated isolator
displacement demand in the DE is 17.6inch for the abutment bearings and 16.8inch for
the pier bearings. The abutment bearings are critical in terms of displacement capacity as
they experience more seismic and service displacements. The displacement capacity

201




should beD =025A,+A, =025A3+15A, .
bearings D = 0.25x3.0+1.5x17.6 = 27 2inch ,

capacity of the bearings prior to initiation of stiffening.

That 1is, for the

thus just within the displacement

abutment

TABLE 11-7 Response History Analysis Results for Upper Bound Properties of the
Triple FP System in the Design Earthquake

Resultant Longitudinal Transverse |Additional Axial
Earthquake Disp!acement Sh.ear Sh.ear Fo.rce
(inch) (kip) (Kip) (Kip)

Abut. Pier | Abut. Pier | Abut. Pier | Abut. Pier

01 NP 12.6 11.7 | 59.7 | 933 693 | 134.7 | 26.6 | 52.5
02 NP 20.7 194 | 904 | 1839 | 71.6 | 131.6 | 246 | 47.6
03 NP 12.9 122 | 720 | 1339 | 66.0 | 1154 | 26.8 | 53.1
04 NP 11.9 109 | 584 | 1104 | 659 | 1252 | 234 | 459
05 NP 11.0 103 | 543 88.4 | 653 | 123.6 | 23.7 | 442
06 NP 9.2 8.7 56.2 | 93.7 | 577 | 1056 | 233 | 53.0
07 NP 5.9 6.0 582 | 946 | 619 | 1120 | 207 | 42.0
Average 12.0 | 113 | 642 | 1140 | 654 | 1212 | 242 | 483
01 PN 12.5 11.8 | 721 | 137.0 | 70.7 | 132.8 | 23.7 | 61.9
02 PN 20.1 19.5 | 599 | 96.1 | 77.0 | 171.0 | 296 | 69.9
03 PN 137 | 125 | 754 | 1423 | 80.0 | 159.8 | 269 | 57.8
04 PN 11.3 107 | 632 | 1085 | 69.5 | 1302 | 234 | 52.8
05 PN 10.4 100 | 612 | 1042 | 755 | 1465 | 352 | 54.2
06 PN 9.3 8.3 63.8 | 1184 | 559 | 940 | 244 | 433
07 PN 6.3 6.5 563 | 114.0 | 59.9 | 1122 | 237 | 479
Average 119 | 113 | 645 | 1172 | 69.8 | 1352 | 26.7 | 554

The peak displacement response is the maximum out of all 4 abutment isolators and all 4 pier isolators. The
forces given are the maximum for individual bearings at the abutment and pier locations.

11.3.4 Summary

Table 11-8 presents a comparison of important response parameters calculated by
simplified analysis and by response history analysis. Note that the base shear is the total
force in the isolation system calculated on the basis of the calculated isolator
displacements as follows:
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In this equation R.;=84inch, W,;,~4x336.5=1346kip (weight on abutment bearings),
W ie=4x936.5=3746kip (weight on pier bearings), £,1,~0.090 for lower bound and 0.149
for upper bound (force at zero displacement divided by weight-see Appendix C, page C-
7) and £4,,,=0.056 for lower bound and 0.094 for upper bound (force at zero displacement
divided by weight-see Appendix C, page C-7). The shear is normalized by the weight
W=5092kip. Note that the base shear is not a quantity that is directly used in design.
Rather, the forces in the transverse and longitudinal direction at the abutment and pier
locations, as reported in Tables 11-6 and 11-7, are useful. The base shear is used herein
to indicate the level of isolation achieved.

TABLE 11-8 Calculated Response using Simplified and Response History Analysis

Upper Lower
Parameter Bound Bound
Analysis Analysis
Simplified Analysis Abutment Displacement in DE
N 10.2 11.7
Dabut (11'1)
Simplified Analysis Pier Displacement in DE 102 117
N . .
Dpier (ln)
Simplified Analysis Base Shear/Weight' 0.171 0.133
Response History Analysis Abutment Displacement in DE
2 12.0 17.6
Dabut (ln)
Response History Analysis Pier Displacement in DE
D (in)? 11.3 16.8
pier
Response History Analysis Base Shear/Weight” 0.177 0.166

1 Simplified analysis based on Appendix C. Value does not include increase for bi-directional excitation.
2 Response history analysis based on results of Tables 11-6 and 11-7, and use of equation (11-3).
Weight=5092kip

The response history analysis predicts larger isolator displacements than the simplified
method. As discussed in Appendix C, this was expected given that the scaling factors for
the motions used in the dynamic analysis were substantially larger than the factors based
on minimum acceptance criteria (see Section 10.4). Good agreement between the results
of simplified and response history analysis have been observed only when the minimum
acceptance criteria for scaling are used (Ozdemir and Constantinou, 2010).
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SECTION 12
DESIGN AND ANALYSIS OF LEAD-RUBBER ISOLATION SYSTEM FOR

EXAMPLE BRIDGE

12.1 Single Mode Analysis

Criteria for applicability of single mode analysis are presented in Table 3-4. Appendix D
presents the calculations for the analysis and safety check of the isolation system.
Identical bearings are selected for the pier and abutment locations despite the large
difference in the loads at the two locations. This is done for simplicity and economy. If
other criteria for design were considered, such as minimizing the transfer of shear at the
abutment locations, a combined elastomeric (without lead core) and lead rubber bearing
system could have been used. In such a system, lead rubber bearings are placed at the
piers and elastomeric bearings without lead core are placed at the abutment locations.

Drawings of the bearings are shown in Figure 12-1.
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FIGURE 12-1 Lead-Rubber Bearing for Bridge Example
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The pier bearings can safely accommodate approximately 24inch displacement (see
Appendix D), which should be sufficient for the calculated seismic MCE displacement of
20inch plus a portion of the service displacement (0.25inch) plus over 3inch of other
displacements (such as post-tensioning and shrinkage).

Table 12-1 presents a summary of the calculated displacement and force demands, the
effective properties of the isolated structure and the effective properties of each bearing.
These properties are useful in response spectrum, multi-mode analysis. The effective
stiffness was calculated using

K, =K, +% (12-1)

D

TABLE 12-1 Calculated Response using Simplified Analysis and Effective
Properties of Lead-Rubber Isolators

Upper Bound | Lower Bound

Parameter . .

Analysis Analysis
Displacement in DE D,, (in)' 5.8 9.1

Base Shear/Weight' 0.309 0.206
Pier Bearing Seismic Axial Force in DE (kip) 250 (600) 250 (600)
Pier Bearing Seismic Axial Force in MCE (kip)3 375 (900) 375 (900)

Effective Stiffness of Each Abutment Bearing in DE 343 1332

K, (k/in) : :
Effective Stiffness of Each Pier Bearing in DEK
) 34.32 15.26
(k/in)
Effective Damping in DE 0.300 0.270
Damping Parameter B in DE 1.711 1.659
Effective Period in DE T, (sec)
o 1.39 2.13
(Substructure Flexibility Neglected)
Effective Period in DE T, (sec)
1.52 NA
(Substructure Flexibility Considered)

1 Based on analysis in Appendix D for the DE.
2 Value is for 30% vertical+100% lateral combination (worst case for elastomeric bearing safety check), calculated
for the
DE and rounded up.
3 Same as for DE, multiplied by factor 1.5 and rounded up.
Abutment bearings not considered as load is less and not critical.
Value in parenthesis is seismic axial load for 100%vertical+30%]lateral combination of actions

Values of parameters in equation (12-1) are (see Appendix D for calculations): (a) for
each abutment bearing, K,=7.52k/in and Q,=52.8kip for lower bound and
K,=10.65k/in and Q,=137.3kip for upper bound, and (b) for each pier bearing,
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K,=7.52k/in and Q,=70.4kip for lower bound and K,=10.65k/in and Q,=137.3 kip for
upper bound.

Note that the axial load calculated for the critical pier bearings is for the
100%lateral+30%vertical combination of load actions. That is, the bearing adequacy is
assessed at maximum lateral displacement. Accordingly, the vertical load is calculated
for 30% of the vertical earthquake. Note that in the case of the Triple FP bearing, the
bearing adequacy was assessed for the vertical load based on 100% vertical earthquake at
the maximum displacement. That was conservative.

12.2 Multimode Response Spectrum Analysis

Multimode response spectrum analysis was not performed. However, the procedure is
outlined in terms of the linear properties used for each isolator and response spectrum
used in the analysis. For the analysis, each isolator is modeled as a wvertical 3-
dimensional beam element-rigidly connected at its two ends. Each element has length /4 ,
area 4, moment of inertia about both bending axes / and torsional constant./ .

For response spectrum analysis, each isolator is modeled as a vertical 3-dimensional
beam element (rigidly connected at its two ends) of length 4 , area A, moment of inertia
about both bending axes / and torsional constant./ . The element length is the height of
the bearing, /4 =15.7inch, and the area is calculated as described below in order to
represent the vertical bearing stiffness. Note that the element is intentionally used with
rigid connections at its two ends so that PA effects are properly distributed to the top and
bottom parts of the bearing.

The vertical bearing stiffness was calculated using the theory presented in Section 9 of
the report. Particularly, the vertical stiffness in the laterally un-deformed configuration is
given by

-1
k=L L, 4 (12-2)
T |E 3K

r c

In equation (12-2), 7 is the total rubber thickness, A is the bonded rubber area
(however adjusted for the effects of rubber cover by adding the rubber thickness to the
rubber bonded diameter), K is the bulk modulus of rubber (assumed to be 290ksi or
2000MPa).

Moreover, E_ is the compression modulus given by
E =6GS’F (12-3)

In equation (12-3) G is the shear modulus of rubber, S is the shape factor and F'=1/ for
lead-rubber bearings (see Constantinou et al, 2007a). Note that for the calculation of the
vertical stiffness of the lead-rubber bearing we consider that the lead core does not exist
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and treat the bearing as one without a hole (for which parameter /=1). Also, we used the
nominal value of shear modulus G under static conditions in order to obtain a minimum
value of vertical stiffness that can also be used in the bearing performance specifications.
Calculations are presented in Appendix D.

Torsional constant is set J =0 or a number near zero since the bearing has insignificant
torsional resistance. Moreover, shear deformations in the element are de-activated (for
example, by specifying very large areas in shear). The moment of inertia of each element
is calculated by use of use of the following equation

Kej}"h3
" E (129

in which K ; is the effective stiffness of the bearing calculated in the simplified analysis
(see Table 12-1).

Values of parameters/ , 4, [ and E used for each bearing type are presented in Table
12-2.

TABLE 12-2 Values of Parameters #, A, I and E Used in Response Spectrum

Analysis of Lead-Rubber Bearing Isolation System

Bearing Upper Bound Lower Bound
. Parameter . .
Location Analysis Analysis
Effective Horizontal
Stiffness K, (k/in) 34.32 13.32
Vertical S‘Flffness 15,000 15,000
Abutment K, (din)
utien Height  (in) 15.7 15.7
Modulus E (ksi) 14,500 14,500
Area A (in’) 16.24 16.24
Moment of Inertia / (in") 0.76330 0.29625
Effective Horizontal
Stiffness K, (k/in) 34.32 1526
Vertical S‘Flffness 15,000 15,000
P; K (k/in)
et Height / (in) 15.7 15.7
Modulus £ (ksi) 14,500 14,500
Area 4 (in%) 16.24 16.24
Moment of Inertia / (in”) 0.76330 0.33939

Note that an arbitrary value is used for parameter £ . Also, it should be noted that the
model used to represent the elastomeric isolators properly represents the vertical and
shear stiffness but not the bending stiffness of the bearings. The bending stiffness of the
model of the bearings is given by EI/h which for the pier bearing in the lower bound
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analysis is equal to 313.4k-in/rad. The actual bending stiffness of the bearing is given
byE I /T , where E is the rotational modulus (~ E, /3=88.4ksi), I/, is the bonded
rubber area moment of inertia (=65410in*) and T is the rubber thickness (=7.18inch).
For the pier bearing in the lower bound analysis, the bending stiffness is 805,326k-in/rad,
which is several orders larger than the one of the model for response spectrum analysis.
However, the effect on the response of the isolated bridge is insignificant. The only effect
is on the shear strains due to rotation, which are conservatively calculated in the bearing
safety assessment.

Response spectrum analysis requires the use of the response spectrum of Figure 10-5
(5%-damped spectrum) after division by parameter B for periods larger than or equal to

087, , where T, is the effective period and B is the parameter that relates the 5%-

damped spectrum to the spectrum at the effective damping. Quantities7,;, B and the

effective damping are presented in Table 12-1. It should be noted that these quantities are
given in Table 12-1 for the upper and lower bound cases, both of which must be

analyzed. Values of 0.87,, are 1.1sec for upper bound analysis and 1.7sec for lower

bound analysis. Values of spectral acceleration required for use in the analysis are
presented in Table 12-3.

12.3 Dynamic Response History Analysis
12.3.1 Introduction

Dynamic response history analysis was performed using the seven scaled motions
described in Section 10.4 for the Design Earthquake (DE). The scale factors utilized are
the “Final Scale Factors” in Table 10-5. Note that dynamic analysis was performed only
for the DE, the results of which were utilized in design after multiplication by factor 1.5
per requirements described in Section 3.4.

12.3.2 Modeling for Dynamic Analysis and Ground Motion Histories

The isolated bridge structure was modeled in program SAP2000 (CSI, 2002) using the
bridge model described in Section 10 but with the isolators modeled as nonlinear
elements. Each lead-rubber bearing was modeled using a bilinear smooth hysteretic
element with bi-directional interaction that extends vertically between two nodes at the
location of the bearing. The parameters describing the behavior are the characteristic
strength O, , the post-elastic stiffness K, and the yield displacementY . Program SAP2000
utilizes the alternate parameters of initial (or elastic) stiffness K, yield force (or yield) F,
and the ratio of post-elastic to initial stiffness (or ratio) ». The parameters are related as
described below:

F,=0,+K,Y (12-5)
K—Fy (12-6)
Y
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(12-7)

TABLE 12-3 Spectral Acceleration Values for Use in Response Spectrum Analysis
of Isolated Bridge with Lead-Rubber Bearing System

Period T Spectral Spectral Acceleration | Spectral Acceleration
(sec) Acceleratl'on forl for Upper' Bound for Lower_ Bound
5%-Damping (g) Analysis () Analysis (9)
0.00 0.540 0.540 0.540
0.10 1.006 1.006 1.006
0.20 1.213 1.213 1.213
0.30 1.179 1.179 1.179
0.40 1.070 1.070 1.070
0.50 0.992 0.992 0.992
0.60 0.922 0.922 0.922
0.70 0.871 0.871 0.871
0.80 0.819 0.819 0.819
0.90 0.767 0.767 0.767
1.00 0.725 0.725 0.725
1.10 0.666 0.666 0.666
1.11 0.660 0.386 0.660
1.20 0.606 0.354 0.606
1.40 0.521 0.305 0.521
1.60 0.457 0.267 0.457
1.70 0.432 0.252 0.432
1.71 0.430 0.251 0.259
1.80 0.407 0.238 0.245
1.90 0.386 0.226 0.233
2.00 0.367 0.214 0.221
2.20 0.328 0.192 0.198
2.40 0.296 0.173 0.178
2.60 0.269 0.157 0.162
2.80 0.246 0.144 0.148
3.00 0.227 0.133 0.137
3.20 0.210 0.123 0.127
3.40 0.195 0.114 0.118
3.50 0.188 0.110 0.113
3.60 0.182 0.106 0.110
3.80 0.171 0.100 0.103
4.00 0.160 0.094 0.096
4.20 0.153 0.089 0.092

1 Vertical excitation spectrum is 0.7 times the 5%-damped horizontal spectrum
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Table 12-4 presents values of parameters for modeling the bearings in SAP2000. It
should be noted that an isolator height of 12inch was used in the dynamic response
history analysis, whereas the actual height is 15.7inch. This was used for simplicity so
that the same input file is used for dynamic analysis as in the Triple FP system analysis.
There is no effect on the results as the analysis did not account for P-A effects.

12.3.3 Analysis Results

Tables 12-5 and 12-6 present the results of lower bound and upper bound response
history analysis. The analysis was performed with the program SAP2000, Version
14.1.0, using the Fast Nonlinear Analysis (FNA) method with a large number of Ritz
vectors (129) so that the results are basically exact. Analysis was performed with the
fault-normal and fault-parallel components along the longitudinal and transverse
directions, respectively and then the analysis was repeated with the components rotated.
The results presented in the tables consist of the resultant isolator displacements and the
longitudinal and transverse shear forces at the pier and abutment locations. Results on
isolator axial forces and internal forces in deck and substructure elements were calculated
but not presented. It should be noted that the analysis does not include effects of
accidental torsion. Also and in consistency with the model used for the example of
Section 11, the global damping matrix was assembled by specifying modal damping to be
2% of critical in each mode of vibration and by specifying the same effective stiffness for
abutment and pier elements as specified in the Triple FP analysis of Section 11. This
ensures that the same Ritz vectors and the same global damping matrix are used in the
two analysis models.

TABLE 12-4 Parameters of Lead-Rubber Bearings used in Response History
Analysis in Program SAP2000
Parameter Upper Bound An_alysis Lower Bound An_alysis
Abutment Pier Abutment Pier
Supported Weight (kip) 336.5 936.5 336.5 936.5
Dynamic Mass (kip —sec’/in) 0.001 0.001 0.001 0.001
Element Height (in) 12 12 12 12
Shear Deformation Location (in) 6 6 6 6
Vertical Stiffness K (Kip/in) 15,000 15,000 15,000 15,000
Characteristic Strength O, (kip) 137.3 137.3 52.8 70.4
Post-elastic Stiffness K, (kip/in) 10.65 10.65 7.52 7.52
Effective Stiffness (Kip/in) 2.00 5.57 2.00 5.57
Yield Displacement Y (in) 1.00 1.00 1.00 1.00
Yield Force F, (kip) 147.95 147.95 60.32 77.92
Elastic Stiffness K (kip/in) 147.95 147.95 60.32 77.92
Ratio r 0.071984 | 0.071984 | 0.124668 | 0.096509
Rotational Stiffness (kip-in/rad) | 800,000 800,000 800,000 800,000
Torsional Stiffness (Kip-in/rad) 0 0 0 0

The results of dynamic analysis are larger than those of the simplified analysis and,
therefore, are used for the bearing safety check (see Appendix D). The calculated isolator
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displacement demand in the DE is 13.linch for the abutment bearings and 12.5inch for
the pier bearings. The pier bearings are critical as they are subjected to large axial load.

The displacement capacity should be D =0.25A;+A, ~=0.25A;+1.5A, . That is,

for the pier bearings D =0.25x1.0+1.5x12.5=19.0inch, thus comfortably within the
capacity of the bearings which have been shown to be adequate in Appendix D for
displacement of 20inch.

12.3.4 Summary

Table 12-7 presents a comparison of important response parameters calculated by
simplified analysis and by response history analysis. Note that the base shear is the total
force in the isolation system calculated on the basis of the calculated isolator
displacements as follows:

V=20 +KyD) (12:8)

8
i=1

€99
1

In this equation the subscript denotes a bearing characterized by strength O, and

post-elastic stiffness K 4 - Values of these quantities are given in Table 12-4. Also, Dp is

the resultant isolator displacement calculated in the dynamic analysis (from Tables 12-5
and 12-6). The shear is normalized by the weight W=5092kip. Note that the base shear
is not a quantity that is directly used in design. Rather, the forces in the transverse and
longitudinal direction at the abutment and pier locations, as reported in Tables 12-5 and
12-6 are useful. The base shear is used herein to indicate the level of isolation achieved.

The response history analysis predicts larger isolator displacements than the simplified
method. As discussed in Appendix D, this was expected given that the scaling factors for
the motions used in the dynamic analysis were substantially larger than the factors based
on minimum acceptance criteria (see Section 10.4). Good agreement between the results
of simplified and response history analysis have been observed only when the minimum
acceptance criteria for scaling are used (Ozdemir and Constantinou, 2010).

Note the designed bearing has substantial margin of safety (see details of adequacy
assessment in Appendix D). The bonded diameter of the bearing could be reduced to
32inch from 34inch and the number of rubber layers could be reduced to 23 from 26 and
the bearing would still be acceptable. However, as designed, the bearing can
accommodate additional service displacement such as due to shrinkage and post-
tensioning which were not considered in the bearing design. If the size is reduced, the
bearings need to be either installed pre-deformed or be re-positioned in service for
accommodating these displacements. Both procedures are complex for elastomeric
bearings so that we prefer a design capable of accommodating larger displacements.
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TABLE 12-5 Response History Analysis Results for Lower Bound Properties of the
Lead-Rubber System in the Design Earthquake

Resultant Longitudinal Transverse |Additional Axial
Earthquake Disp!acement Sh.ear Sh.ear Fo.rce
(inch) (Kip) (Kip) (Kip)

Abut. Pier | Abut. Pier | Abut. Pier | Abut. Pier

01 NP 13.9 13.8 | 112.0 | 116.0 | 141.7 | 1604 | 609 | 65.9
02 NP 216 | 206 | 196.1 | 196.7 | 969 | 111.2 | 449 | 36.6
03 NP 12.5 11.8 | 131.5 | 1425 | 1352 | 151.1 | 623 | 67.9
04 NP 14.5 132 | 150.6 | 158.8 | 982 | 112.6 | 54.0 | 644
05 NP 10.5 102 | 1314 | 141.0 | 1174 | 1337 | 57.0 | 67.2
06 NP 11.0 105 | 80.5 | 96.1 | 1232 | 136.1 | 572 | 61.3
07 NP 7.5 7.5 91.8 | 103.1 | 852 | 109.4 | 40.5 | 462
Average 13.1 | 125 | 127.7 | 136.3 | 114.0 | 1306 | 53.8 | 585
01 PN 14.4 13.5 | 145.0 | 143.1 | 1093 | 1245 | 55.6 | 67.1
02 PN 21.1 208 | 103.3 | 114.8 | 189.4 | 197.7 | 772 | 794
03 PN 12.3 11.7 | 137.0 | 1457 | 1302 | 147.7 | 609 | 67.2
04 PN 13.9 132 | 1004 | 110.6 | 144.0 | 1574 | 669 | 74.7
05 PN 10.2 10.0 | 120.8 | 1292 | 127.8 | 143.4 | 59.1 64.3
06 PN 11.0 103 | 123.7 | 1345 | 80.2 | 101.3 | 419 | 46.0
07 PN 7.9 7.8 88.6 | 106.8 | 914 | 107.4 | 463 51.4
Average 13.0 | 125 | 117.0 | 126.4 | 1246 | 1399 | 583 | 64.3

The peak displacement response is the maximum out of all 4 abutment isolators and all 4 pier isolators. The
forces given are the maximum for individual bearings at the abutment and pier locations.
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TABLE 12-6 Response History Analysis Results for Upper Bound Properties of the
Lead-Rubber System in the Design Earthquake

Resultant Longitudinal Transverse |Additional Axial
Earthquake Disp!acement Sh.ear Sh.ear Fo.rce
(inch) (Kip) (kip) (Kip)

Abut. Pier | Abut. Pier | Abut. Pier | Abut. Pier

01 NP 8.3 8.3 197.6 | 1863 | 1703 | 1789 | 740 | 76.7
02 NP 8.8 7.4 | 2285 | 210.6 | 160.6 | 1632 | 71.0 | 72.4
03 NP 9.4 7.8 | 2332 | 2159 | 186.0 | 179.2 | 882 | 95.5
04 NP 7.2 62 | 201.2 | 1854 | 201.1 | 1914 | 90.5 | 94.6
05 NP 100 | 10.1 | 201.0 | 185.9 | 2244 | 2242 | 88.7 | 817
06 NP 6.1 56 | 160.9 | 154.0 | 200.7 | 1947 | 849 | 882
07 NP 8.1 8.0 | 1740 | 1653 | 215.0 | 213.0 | 923 | 96.8
Average 8.3 7.6 | 1995 | 186.2 | 194.0 | 1921 | 842 | 874
01 PN 8.8 8.6 | 173.4 | 181.1 | 1923 | 1976 | 823 | 843
02 PN 8.5 8.1 177.6 | 140.2 | 2232 | 2165 | 93.1 | 93.3
03 PN 8.9 8.1 183.6 | 173.0 | 227.7 | 222.1 | 99.0 | 102.1
04 PN 8.3 6.6 | 2169 | 193.7 | 194.1 | 187.0 | 81.5 | 82.0
05 PN 10.7 9.8 | 239.5 | 220.3 | 1944 | 1903 | 82.3 81.8
06 PN 7.1 58 | 209.6 | 1949 | 1543 | 161.7 | 702 | 79.5
07 PN 8.8 7.8 | 2236 | 209.2 | 1753 | 1745 | 784 | 87.0
Average 8.7 78 | 2035 | 1875 | 1945 | 1928 | 838 | 87.1

The peak displacement response is the maximum out of all 4 abutment isolators and all 4 pier isolators. The
forces given are the maximum for individual bearings at the abutment and pier locations.
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TABLE 12-7 Calculated Response using Simplified and Response History Analysis

Upper Lower
Parameter Bound Bound
Analysis Analysis
Simplified Analysis Abutment Displacement in DE
. 1 5.8 9.1
Dabut (ln)
Simplified Analysis Pier Displacement in DE s g 91
N . .
Dpier (ln)
Simplified Analysis Base Shear/Weight' 0.309 0.206
Response History Analysis Abutment Displacement in DE
.2 8.7 13.1
Dabut (ln)
Response History Analysis Pier Displacement in DE
D (in)? 7.8 12.5
pier
Response History Analysis Base Shear/Weight” 0.354 0.248

1 Simplified analysis based on Appendix D. Note there is a small difference in the normalized shear in
Appendix D and as calculated by equation 12-7 using the displacements of Appendix D. It is due to
rounding of numbers. Displacement value does not include increase for bi-directional excitation.

2 Response history analysis based on results of Tables 12-6 and 12-7, and use of equation (12-8).

Weight=5092kip
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SECTION 13
DESIGN AND ANALYSIS OF SINGLE FRICTION PENDULUM ISOLATION

SYSTEM FOR EXAMPLE BRIDGE

13.1 Single Mode Analysis

Criteria for applicability of single mode analysis are presented in Table 3-4. Appendix E
presents the calculations for the analysis and safety check of the isolation system. The
selected bearing is a Single Friction Pendulum with the geometry shown in Figure 13-1.
The height of the bearing is 9inch. The displacement capacity of the bearing is
27.7inches, which is sufficient to accommodate the displacement in the maximum
earthquake plus portion of the displacement due to service loadings. The bearings should
be installed pre-deformed in order to accommodate displacements due to post-tensioning
and shrinkage.

L 74.0" |
| |’ 70.(]!! | |
] STAINLESS 2 0" BEARING |
STEEL SLIDER __LINER
“ L%M\ N
1 0-- STAINLESS | 5.07 16.0" | 50" .
" STEEL | | | | R 156.0

SURFACE

FIGURE 13-1 Single Friction Pendulum Bearing for Bridge Example

Note that all criteria for applicability of the single mode method of analysis are met.
Specifically, the effective period in the Design Earthquake (DE) is equal to or less than
2.90sec (limit is 3.0sec), the system meets the criteria for re-centering and the isolation
system does not limit the displacement to less than the calculated demand. Nevertheless,
dynamic response history analysis should be used to design the isolated structure but
subject to limits based on the results of the single mode analysis.

Table 13-1 presents a summary of the calculated displacement and force demands, the

effective properties of the isolated structure and the effective properties of each type of

bearing. These properties are useful in response spectrum, multi-mode analysis. The
effective stiffness was calculated using:

_w ,uW

K 13-1
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TABLE 13-1 Calculated Response using Simplified Analysis and Effective
Properties of Single FP Isolators

Upper Lower
Parameter Bound Bound
Analysis Analysis
Displacement in DE D, (in)' 9.7 11.4
Base Shear/Weight' 0.176 0.138
Pier Bearing Seismic Axial Force in MCE (kip)2 860.0 860.0
Effective Stiffness of Each Abutment Bearing in DE K 731 476
(k/in) ' '
Effective Stiffness of Each Pier Bearing in DE Keff (k/in) 15.50 10.78
Effective Damping in DE 0.300 0.300
Damping Parameter B in DE 1.711 1.711
Effective Period in DE T, (sec)
(Substructure Flexibility Neglected) 2.37 2.90
Effective Period in DE T, (sec)
(Substructure Flexibility Considered) 2.55 NA

1 Based on analysis in Appendix E for the DE.

2 Value is for 100% vertical+30% lateral combination of load actions (worst case for FP bearing safety
check), calculated for the DE, multiplied by factor 1.5 and rounded up. Abutment bearings not
considered as load is less and not critical.

In equation (13-1), R, =160inch (see Appendix E) and (a) W is equal to 336.5kip for
each abutment bearing, and friction coefficient x is equal to 0.090 for lower bound and

0.150 for upper bound of the abutment bearings, and (b) W is equal to 936.5kip for each
pier bearing and friction coefficient u is equal to 0.060 for lower bound and 0.100 for

upper bound of the pier bearings.
13.2 Multimode Response Spectrum Analysis

Multimode response spectrum analysis was not performed. However, the procedure is
outlined in terms of the linear properties used for each isolator and response spectrum
used in the analysis. For the analysis, each isolator is modeled as a vertical 3-
dimensional beam element-rigidly connected at the top and pin connected at the bottom.
These details are valid for the bearing placed with the concave sliding surface facing
down so that the entire P-A moment is transferred to the top (the location of the pin and
rigid ends must be reversed when the bearing is placed with the sliding surface facing
up). Each element has length 4 , area 4, moment of inertia about both bending axes 7
and torsional constant./ . The element length is the height of the bearing, /4 = 9inch and
its area is the area that carries the vertical load which is a circle of 16inch diameter.
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To properly represent the axial stiffness of the bearing, the modulus of elasticity is
specified to be related but less than the modulus of steel, so £=14,500ksi. (The bearing is
not exactly a solid piece of metal so that the modulus is reduced to half to approximate
the actual situation). Torsional constant is set J =0 or a number near zero since the
bearing has insignificant torsional resistance. Moreover, shear deformations in the
element are de-activated (for example, by specifying very large areas in shear). The
moment of inertia of each element is calculated by use of the following equation

K .h’
ngLE (13-2)

where K, is the effective stiffness of the bearing calculated in the simplified analysis
(see Table 13-1). Values of parametersi ,4, [ and E used for each bearing type are
presented in Table 13-2.

TABLE 13-2 Values of Parameters #, 4, I and E for Each Bearing in Response
Spectrum Analysis of Single FP System

Bearing Upper Bound Lower Bound
Location Parameter Analysis Analysis
Effective Horizontal
Stiffness K, (k/in) 731 4.76
Height 7 (in) 9.0 9.0
Abutment Modulus £ (ksi) 14,500 12,500
Area 4 (in) 201.1 201.1
Moment of Inertia / (in®) 0.12251 0.07977
Effective Horizontal
Stiffness K, (k/in) 1550 10.78
Height /4 (in) 9.0 9.0
Pier Modulus E (ksi) 14,500 14,500
Area 4 (in) 201.1 201.1
Moment of Inertia 0.25976 0.18066
I (in")

Response spectrum analysis requires the use of the response spectrum of Figure 10-5
(5%-damped spectrum) after division by parameter B for periods larger than or equal to
0.87,,, where T, is the effective period and B is the parameter that relates the 5%-

damped spectrum to the spectrum at the effective damping. Quantities7,,, B and the

effective damping are presented in Table 13-1. It should be noted that these quantities are
given in Table 13-1 for the upper and lower bound cases, both of which must be

analyzed. Values of 0.87,, are 1.9sec for upper bound analysis and 2.3sec for lower

bound analysis. Values of spectral acceleration required for use in the analysis are
presented in Table 13-3.
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TABLE 13-3 Spectral Acceleration Values for Use in Response Spectrum Analysis
of Isolated Bridge with Single FP System

Period T Spect_ral Spectral Acceleration | Spectral Acceleration
(sec) Acceleratl'on forl for Upper' Bound for Lower_ Bound
5%-Damping (g) Analysis () Analysis (9)
0.00 0.540 0.540 0.540
0.10 1.006 1.006 1.006
0.20 1.213 1.213 1.213
0.30 1.179 1.179 1.179
0.40 1.070 1.070 1.070
0.50 0.992 0.992 0.992
0.60 0.922 0.922 0.922
0.70 0.871 0.871 0.871
0.80 0.819 0.819 0.819
0.90 0.767 0.767 0.767
1.00 0.725 0.725 0.725
1.20 0.606 0.606 0.606
1.40 0.521 0.521 0.521
1.60 0.457 0.457 0.457
1.80 0.407 0.407 0.407
1.89 0.388 0.388 0.388
1.90 0.386 0.226 0.386
2.00 0.367 0.214 0.367
2.20 0.328 0.192 0.328
2.29 0.314 0.183 0.314
2.30 0.312 0.182 0.182
2.40 0.296 0.173 0.173
2.60 0.269 0.157 0.157
2.80 0.246 0.144 0.144
3.00 0.227 0.133 0.133
3.20 0.210 0.123 0.123
3.40 0.195 0.114 0.114
3.50 0.188 0.110 0.110
3.60 0.182 0.106 0.106
3.80 0.171 0.100 0.100
4.00 0.160 0.094 0.094
4.20 0.153 0.089 0.089
4.40 0.147 0.086 0.086
4.60 0.140 0.082 0.082
4.80 0.135 0.079 0.079
5.00 0.130 0.076 0.076

1 Vertical excitation spectrum is 0.7 times the 5%-damped horizontal spectrum
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13.3 Dynamic Response History Analysis
13.3.1 Introduction

Dynamic response history analysis was not performed but some information on the
modeling of the isolation system for response history analysis in program SAP2000 is
provided. Note that the single FP system has a behavior which is essentially the same as
that of the Triple FP system analyzed in Section 11 (except for the behavior after
stiffening, which is not utilized in either system nor is modeled in the dynamic analysis).
Accordingly, the results of the dynamic analysis of Section 11 have been used in the
design of the isolation system (see Appendix E).

13.3.2 Modeling for Dynamic Analysis

The isolated bridge structure may be modeled in the program SAP2000 (CSI, 2002) using
the bridge model described in Section 10 but with the isolators modeled as nonlinear
elements. In this model, each bearing is represented by a Friction Pendulum element in
SAP2000 that extends vertically between two nodes at the location of the bearing. The
distance between the nodes is the height of the bearing (in the multimode analysis, the
same two nodes formed the ends of a vertical beam element representing the isolator) and
with specified shear deformation at mid-height. Each element has the following degrees
of freedom (DOF):

a) Axial DOF, designated as Ul. This DOF is linear and the elastic vertical stiffness
must be specified. For the FP bearing, the elastic vertical stiffness should be
estimated as that of a column having the height of the bearing, diameter of the
inner slider and modulus of elasticity equal to one half the modulus of elasticity of
steel in order to account for the some limited flexibility in the bearing, which is
not a solid piece of metal.

b) Shear DOF in the two orthogonal directions, designated as U2 and U3. For elastic
analysis, the stiffness associated with these two DOF should be specified to be the
effective isolator stiffness calculated in the single mode analysis. For nonlinear
analysis, the radius, supported weight, frictional parameters FRICTION FAST,
FRICTION SLOW and RATE, and elastic stiffness need to be specified. More
details are provided below.

c) Torsional DOF, designated as R1. The torsional stiffness (elastic DOF) for FP
isolators is very small and specification of zero value is appropriate.

d) Rotational DOF, designated as R2 and R3. The rotational stiffness (elastic DOF)

is very small and should be specified as zero so that the structural elements above
and below the element are allowed to rotate as needed.
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Table 13-4 presents the values of the parameters of each bearing for use in the SAP2000

model.

TABLE 13-4 Parameters of Single FP Bearings for Response History Analysis

Upper Bound Analysis

Lower Bound Analysis

Parameter Abutment Pier Abutment Pier
Supported Weight (W) (kip) 336.5 936.5 336.5 936.5
Dynamic Mass® (kip-s-/in) 0.001 0.002 0.001 0.002
Link Element Height (in) 9.0 9.0 9.0 9.0
Link Element Vertical
Stiffness® (kip/in) 324,000 324,000 324,000 324,000
Link Element Friction Fast 0.150 0.100 0.090 0.060
. (fmaX) . .
Link Eleme(r]lt .F)rlctlon Slow 0.075 0.050 0.045 0.030
min
Link Element Radius (inch) 160.0 160.0 160.0 160.0
. . . X
Link Element.EI_astlc Stiffness 630.9 1170.6 378.6 700.4
(Kip/in)
Link Element Effective
Stiffness® (kip/in) 2.103 5.853 2.103 5.853
Link Element Rgte Parameter )54 )54 )54 )54
(sec/in)
L|nI_< Elemen_t T_or5|onal 0 0 0 0
Stiffness (kip-in/rad)
Link Element Rotational 0 0 0 0

Stiffness (Kip-in/rad)

A WO = O

Value approximately 1/1000 of the supported mass. Other values can be used.
Shear deformation location is at mid-height of element.
Vertical stiffness calculated for E=14500ksi, height 9inch and diameter 16inch.

Elastic stiffness calculated as f,;,W/Y, where Y=0.04inch.

Effective stiffness calculated as the post-elastic stiffness (W/R,) in order to minimize parasitic damping effects.
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SECTION 14
SUMMARY AND CONCLUSIONS

This report presented detailed analysis and design specifications for bridge bearings,
seismic isolators and related hardware that are based on the LRFD framework, are based
on similar fundamental principles, and are applicable through the same procedures
regardless of whether the application is for seismic-isolated or conventional bridges. The
procedures are cast in a form that allows the user to understand the margin of safety
inherent in the design. Moreover, the report presents the background theory on which the
analysis and design procedures are based.

The report also presents a number of detailed analysis and design examples. The
examples include several cases of design of bridge elastomeric bearings, a case of design
of a multidirectional spherical sliding bearing, and three cases of analysis and design of
an isolation system for an example bridge. The three cases are one for a triple FP
isolation system, one for a single FP isolation system and one for a lead-rubber isolation
system.

The presented procedures are limited to elastomeric bearings and to flat or spherically
shaped sliding bearings. In the case of elastomeric bearings, the design procedures cover
adequacy of the elastomer in terms of strains, stability, and adequacy of shim plates and
end plates. In the case of sliding bearings, the design procedures cover adequacy of the
end plates. For the special case of flat multidirectional spherical sliding bearings, the
design procedure is presented in sufficient detail to allow for complete design, including
details of various internal components and anchorage.

The design procedures utilize different acceptable limits for service, design earthquake
and maximum earthquake conditions. For service conditions, the design procedures
parallel those of the latest AASHTO LRFD Bridge Specifications (AASHTO, 2010)
except that equations are cast into simpler form. The maximum earthquake effects are
defined as those of the design earthquake multiplied by a factor. Currently, this factor for
California is specified as 1.5 for the effects on displacements in consistency with the
approach followed in the 2010 AASHTO Guide Specifications for Seismic Isolation
Design. The value of this factor is dependent on the site of the bridge and on the
properties of the seismic isolation system so that a single value cannot be representative
of all cases. It is believed that the value of 1.5 for this factor is conservative for
California. Moreover, the corresponding factor for forces is not specified and is left to
the Engineer to determine. The examples presented in the appendices utilize a factor for
the maximum earthquake force calculation equal to 1.5. This value should be regarded as
an upper bound on the likely values for this factor.

While the presented procedures and examples for seismic isolators are currently
applicable in California, they are easily adapted for use in other locations by utilizing the
applicable definition for the design earthquake and the related factors to account for the
effects of the maximum earthquake. However, the presented procedures for elastomeric
bridge bearings and for flat spherical sliding bridge bearings are highly specialized for
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application in California. Use of the procedures for these bearings in areas of lower
seismicity will likely result in conservative designs.
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APPENDIX A
DEVELOPMENT AND VERIFICATION OF SIMPLIFIED EXPRESSIONS FOR SHEAR
STRAIN IN RUBBER LAYERS FOR USE IS DESIGN OF ELASTOMERIC BEARINGS

A-1 Introduction

Elastomeric bearings are the combination of natural or synthetic rubber layers bonded to steel
shims used as composite elements to accommodate lateral displacements under axial loads in
structures. The low shear modulus of the rubber and the bonding to steel shims, considered as
rigid, allow the units to develop a low horizontal stiffness and high vertical stiffness respectively.
Figure A-1 illustrates the construction of an elastomeric bearing.

ALTERNATIVELY HOLES

TOP ‘STEEL PLATE FOR DOWELS
= HOLES FOR
= A BOLTING
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SN

RUBBER
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=/ ZANNKY

STEEL. -PLATES

BOTTOM STEEL PLATE
FIGURE A-1 Construction of an elastomeric bearing

Elastomeric bearings represent a commonly used system for seismic isolation. Also, elastomeric
bearings are used as regular bridge bearings for accommodating bridge movements due to effects
of temperature changes, traffic and creep and shrinkage of concrete. Also, elastomeric bearings
are used to provide vibration isolation from ground borne vibration in buildings. In general, the
construction of elastomeric bearings is similar regardless of the application. However, depending
on the application, the geometry and thickness of individual rubber layers differs. These
differences result in substantial differences in the distribution of strains in the rubber and in
capacity of the bearings to sustain load under deformation.
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In applications of seismic isolation, rubber bearing geometries typically consist of circular or
circular with a central hole or square bearings with small individual rubber layer thickness. In
applications of expansion bearings in bridges, the geometry is typically rectangular with the long
dimension placed perpendicular to the bridge axis (also direction of expansion or contraction) and
with a large individual rubber layer thickness. In vibration isolation applications rubber bearings
are typically circular or square with large individual rubber layer thickness. Moreover and
depending on the application, rubber of a range of material properties is used. Accordingly,
analysis of elastomeric bearings should consider (a) circular, circular hollow, rectangular and
square plan geometries, (b) a range of individual rubber thicknesses (typically expressed by the
shape factor) and (c) a range of material properties that include the shear modulus and the bulk
modulus of rubber.

Herein, a number of theoretical solutions derived on the basis of the “pressure solution”
assumption are investigated for rectangular, square, circular and circular hollow bearings. The
“pressure solution” is based on a number of simplified assumptions that reduces the problem of
derivation of expressions for the shear strains due to compression and rotation to one that has
analytical solutions, although in forms that are too complex for practical purposes. ‘“Pressure
solutions” developed by Stanton and Roeder (1982), Kartoum (1987), Chalhoub and Kelly
(1990) and Constantinou et al. (1992) were revisited and cast into forms that are useful for design
purposes. When too complex for design purposes, the solutions were reduced to simple forms
with parameters that can be obtained from graphs and tables. It is expected that these graphs or
tables will be become part of design specifications for elastomeric bearings. The accuracy of the
solutions has been investigated by comparison of results obtained in finite element analysis of a
range of geometries, loadings and material properties.

The presentation that follows distinguishes between compression and rotation of elastomeric
bearings. In the analysis, a single elastomeric layer is considered to be bonded to rigid ends.
This model represents an accurate depiction of the behavior of elastomeric bearings provided that
the reinforcing shims are sufficiently stiff to undergo bending deformations. This situation
typically occurs in elastomeric bearings in which the reinforcing shims are made of steel with a
minimum thickness of 1.5mm and designed by current design criteria. This assumption should
not be valid in general when the reinforcing shims are made of different materials and/or are
lesser thickness.
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A-2 Analysis of Compression
A-2.1 Introduction

The analysis of elastomeric bearings under compression is too complex to allow for simple
solutions that are practical in design. Even when linear elastic behavior and infinitesimal strains
are assumed, only one exact solution is known and applies to cylindrical rubber bonded layers
(Moghe and Neft, 1971). The solution that is available only for the compression stiffness of the
cylinder is in terms of an infinite series of Bessel functions-too complex for practical use.

Herein, we concentrate on solutions for the maximum shear strain as a result of compression of
single bonded layer of rubber. Figure A-2 illustrates the geometries considered in this work.
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FIGURE A-2 Dimensions of Single Bonded Rubber Layer

Under compression, a single bonded rubber layer undergoes the deformation field depicted in
Figure A-3 and results in distributions of vertical stress and shear strain that are approximately
shown in Figure A-3. It is known that the maximum shear stain due to compression occurs very
close to the free end on the bonded layer (for a hollow bonded layer it occurs very close to the
inner free end) so that it is very difficult to calculate the value based on computational mechanics
(Constantinou et al, 1992; 2007). Solutions based on simplified assumptions, as utilized herein,
predict the maximum shear strain to occur exactly at the free end as shown in Figure A-3. While
the location is incorrect, it is presumed that the value is slightly conservative.
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FIGURE A-3 Behavior of a Bonded Rubber Layer under Compression

The solutions evaluated herein are based on the “pressure solution” assumption. The major
advantage of these solutions is that (a) they provide solutions of good accuracy (as will be
demonstrated herein) without undue computational complexity, (b) account for the
compressibility of rubber, and (c) allow, under certain conditions for the derivation of simpler
asymptotic expansion solutions that are practical use. Other approximate solutions such as the
one developed by Gent and Lindley (1959) are not considered as they do not correctly account
for rubber compressibility.

The “pressure solution” is based on the seminal work of Conversy (1967), which was later
applied to a variety of geometries (Stanton and Roeder, 1982; Kartoum, 1987; Chalhoub and
Kelly, 1990; Constantinou et al., 1992). The basic assumptions of this theory are:

a) All normal stresses are equal (to the pressure) at any point within the constrained layer (thus
the solution is termed the “pressure solution” as it resembles hydrostatic pressure).

b) Points lying on a vertical line (z direction) have a parabolic dependency on variable z.

c¢) Horizontal plane sections remain horizontal after deformation.

d) Shear stresses in the horizontal plane (xy plane) are zero (1., = 0 where z is the vertical axis).

e) All normal stresses are equal to zero on the free lateral surfaces.

These assumptions lead to approximate solutions in terms of two basic parameters:
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a) Material properties: Bulk modulus to shear modulus ratio, K/G.
b) Geometric properties: shape factor S.

Koh and Kelly (1989) investigated and confirmed the validity of the “pressure solution” in
predicting the compression stiffness of square bonded layers by deriving a solution with all but
assumptions b) and c) above relaxed.  Other investigators relied on finite element analysis to
investigate the validity of the “pressure solution” (e.g., Constantinou et al, 1992; Konstantinidis
et al, 2008). This approach is also followed herein.

The shape factors S is defined as the ratio of the loaded area to the area free to bulge. For the
geometries shown in Figure A-2, the shape factor is given by the following equations:

e circular
D
S =— A—1
4t ( )
e circular hollow
5= D (A-2)
4t
e rectangular
L
(A-3)

S =0 +L/Bx

Analyses conducted for this work and presented considered the geometries of Figure A-2, shape
factor S in the range of 5 to 30, and K/G ratio of 2000, 4000, 6000 and infinity (incompressible
material). Note that the bulk modulus of rubber is typically assumed to be K=2000MPa (290ksi),
whereas rubber in applications of bridge bearings or seismic isolation have shear modulus G in
the range of about 0.5 to IMPa (75psi to 150psi). Accordingly, typical values of ratio K/G are
2000 to 4000.

A-2.2 Circular Bonded Rubber Layer in Compression

A pressure solution for circular elastomeric bearings subjected to compression by force P was
presented by Chalhoub and Kelly (1990) in terms of Bessel functions. The distribution of
pressure (equal to all three normal stresses at every point in a bonded rubber layer) is given by:

RACHS

p(r) = KSC [1 W

(A—4)

In equation (A-4), Iy is the modified Bessel function of first kind and order zero, € is the
compressive strain and B is a dimensionless factor defined as:
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(A-5)

B:sfgi (a-6)
/G

In the above equations, A is the bonded area of rubber, R is the radius of the bonded circular area,
S is the shape factor, K is the rubber bulk modulus and G is the rubber shear modulus. The
compression modulus E; is given by the following equation in terms of the modified Bessel
functions of first kind (I I;):

2L (B)]
BL,(B)

EC:K[I— (A-7)

The shear stress in the plane defined by the vertical axis (axis of compression) and the radial
direction and at the interface of rubber and steel shims is given by:

t dp

= - A_
Y2 T TG dar (A—8)

In this equation, t is the rubber layer thickness. Use of equations (A-4), (A-5), (A-7) and (A-8)
results in the following expressions for the pressure and shear strains in terms of load P:

o
plr) 0
P/ 1 2LB) (A—9)
B, (B)
Y, GS B Li(Br/R) )
P/ 4L | _2L() (A—10)
B, (B)
The maximum value of the shear strain, v, occurs for r=R, resulting in:
2
rGS_ 128" L) -

P/ &/ BB —2L,(B)

An asymptotic expansion of equation (A-11) valid for small values of parameter  (equivalently,
large values of bulk modulus by comparison to the shear modulus) is:

v GS 282
P = TRy
/A /)

Equation (A-12) indicates that the dimensionless quantity on the left side (normalized shear
strain) is always larger than unity and depends on the value of the shape factor and the
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compressibility of the material. Note that current design specifications (e.g., 1999 AASHTO and
its 2010 revision) use a value of unity regardless of the value of the shape factor. Values of the
normalized shear strain as calculated by equation (A-11) are tabulated in Table A-1 for values of
shape factor in the range of 5 to 30 and four values of K/G ratio. It may be observed in Table A-
1 that the normalized stain equals to or approximately equals to unity for incompressible material
or for small shape factors. However, there is substantial deviation from unity at large shape
factors, which should be of significance in seismic isolation applications, where large shape
factors are utilized.

TABLE A-1 Normalized Maximum Shear Strain Values for Circular Bonded Rubber
Layers

CIRCULAR

NORMALIZED SHEAR STRAIN y;/G:

S K/G

2000 | 4000 | 6000 |
s | 102 | 101 | 101 | 100
75 | 105 | 103 | 102 | 1.00
10 | 110 | 105 | 103 | 1.00
125 | 115 | 108 | 105 | 1.00
15 | 120 | 111 | 107 | 1.00
175 | 127 | L14 | 110 | 1.00
20 | 134 | 118 | 113 | 1.00
225 | 141 | 123 | 116 | 1.00
25 | 149 | 127 | 119 | 1.00
275 | 157 | 132 | 123 | 1.00
30 | 166 | 137 | 126 | 1.00

Figure A-4 presents graphs of the normalized maximum shear strain as calculated by equation
(A-11) (solid lines-presumed exact) and by equation (A-12) (dashed lines-approximate). The
approximate simple equation (A-12) provides slightly conservative predictions.

Figure A-4 also includes results obtained in finite analysis that is described in Section A-2.3.

Results obtained for values of K/G equal to 4000 or for incompressible material, and for shape
factor values S=5, 20 and 30 are in excellent agreement with the theoretical solution.
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FIGURE A-4 Normalized Maximum Shear Strain Values for Circular Pads

A-2.3 Finite Element Analysis of Circular Bonded Rubber Layers in Compression

Finite element analysis (FEA) was utilized to verify that the theoretical results based on the
The compression of circular bonded rubber layers is
an axi-symmetric problem that is easily modeled for finite element analysis. The FEA model
used isotropic axi-symmetric elements with quadratic displacement field and was implemented in

“pressure solution” are valid and accurate.

ABAQUS. Due to symmetry only half of the bonded rubber layer was analyzed.

The finite element mesh used is shown in Figure A-5 and a typical result on the distribution of
shear strains is shown in Figure A-6 (shows portion of mesh close to the free surface). The mesh
had increasing refinement towards the free edge in order to correctly capture, if possible, the
expected large variation of the shear strain very close to the free boundary. The boundary

conditions implemented in the FEA model were:

e Zero displacements in the X and Y directions at the Y=0 surface.

e Zero displacement in the X direction and uniform downward displacement at Y=t.
e Zero displacement in the X direction at the axis of symmetry (X = 0).
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R
FIGURE A-5 Finite Element Mesh used in Rubber Layer Compression Analysis

FIGURE A-6 Contour Plot of Shear Strain in Circular Bonded Layer

For analysis, the thickness of the single rubber layer was selected arbitrarily to be t=10mm, the
imposed vertical displacement was selected to be Imm and analysis without geometric
nonlinearities was conducted. Dimension R was varied so that the shape factor S had values of 5,
20 or 30. Isotropic material properties were selected so that the ratio K/G was either infinity
(incompressible material) or 4000.

Selected results on the calculated distributions of normal stresses and shear strains for the case
K/G=4000 and S=5, 20 and 30 are presented in Figures A-7 to A-12. Evidently, the theoretical
“pressure solution” provides results of very good accuracy. Note that the expected sharp
variation of shear strain near the free boundary is captured in the FEA and that the peak value of
the strain is either accurately calculated by the theoretical solution or is slightly overestimated in
cases of small shape factors.
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A-2.4 Circular Hollow Bonded Rubber Layer in Compression

A pressure solution for circular hollow elastomeric bearings (external diameter D, and internal
diameter D;) subjected to compression by force P was presented by Constantinou et al (1992) in
terms of Bessel functions. Note that the solution applies to hollow bearings for which rubber is
allowed to freely bulge at the inner surface. Accordingly, the solution does not apply to lead-
rubber bearings for which the central hole is plugged with lead and rubber is not allowed to
bulge.

The distribution of pressure (equal to all three normal stresses at every point in a bonded rubber
layer) is given by:

p(r) = ByIy(ar) + B,Ky(ar) + Ke, (A—13)

_ Kgc [KO(BO) - KO(BI)]

B, = q (A—-14)
B, = KSC[IO(Bi)d_ IO(BO)] (A . 15)
d= IO(BO)KO(Bi) - Io(Bi)Ko(BO) (A—16)
B=Se [ Bi=S: e (A-17)
/G /G
Do g D _
S =T S; = it (A—18)
12G
o= <z (A-19)

In the above equations, Ky and K; are the modified Bessel function of second kind, order zero and
order one, respectively, K is the bulk modulus of rubber, G is the shear modulus of rubber, t is
the rubber layer thickness, € is the compressive strain given by equation (A-5) and E. is the
compression modulus given by:

( ] \
A= s, - s1,0)] [

+2[IO(BO) - IO(Bi)] [SoKl(Bo) — SiKl(Bi)]\/?_gG )

L d(S.*=S?)
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Equations (A-13) to (A-20) and (A-8) are utilized to arrive at the following equations in terms of
the load P:

p() _ {[Ko(B,) = Ko(B)]To(ar) + [1o(B,) — Lo(B,)]Ko(ar) + d}

P/A D (A-21)

A (1) KA 8 51,680 e
(S‘o2 - Siz) _[IO(BO) - IO(Bi)][SOK1 (Bo) - SiKI(Bi)]

% _ %S {[KO(BO) - KO(Bi)]Il(ar)I; [IO(Bi) - IO(BO)]KI (ar)} (A _ 23)

Equation (A-23) is used to calculate the peak value of shear strain y_ linner thAt occurs at the inner
surface where r = D;/2:

VC_GS ‘ . _ ES [KO(BO) — KO(Bi)]Il(Bi) — [IO(Bi) — IO(BO)]KI(Bi)
mner = K { ) }

P/ (A—24)
A

In the case of incompressible material (K/G=), Constantinou et al. (1992) reported that the
maximum shear strain at the inner surface is given by:

GS f
Yo | inner~ = (A —25)

P/A F

Dy.\2 Dy.2
_(ﬁ?) —ln(ﬁ:) -1

F= (A - 26)
(B - 1) mep’
i i
9?41 42
F=—0" . i (A - 27)

Beor)” (1-p)ne

Equation (A-25) predicts a value for the dimensionless shear strain much larger than unity. This
demonstrates the significant effect that the central hole has on the maximum shear strain.

The value of the shear strain at the outer surface is smaller than that at the inner surface but

important as it is additive to the maximum shear strain due to bearing rotation that occurs at the
outer surface. Equation (A-23) is used to calculate y_ | outer by using r = Do/2:
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(A—28)

108, o (Folt) ~KIE) ~[0) - 1(0 )
P / A K D
Values of the normalized shear strain as calculated by equations (A-24) and (A-28) are tabulated
in Tables A-2 and A-3, respectively for the inner and outer surfaces. Values of shape factor in

the range of 5 to 30, values of K/G ratio equal to 2000, 4000, 6000 and oo (incompressible
material) and diameter ratio of D,/D; =10 and D,/D; =5 are used.

Figures A-13 to A-16 present graphs of the normalized shear strain at the inner and the outer
surfaces as calculated by equations (A-24) and (A-28), respectively (solid lines-presumed exact)
and by equation (A-25) (dashed lines-approximate for inner surface strain). The approximate
equation (A-25) provides slightly conservative predictions for incompressible material behavior.
While the approximate equation is only valid for incompressible material behavior, it may be
observed that it provides reasonable estimates of the peak shear strain for all cases of shape
factors and material properties considered. This is due to the fact that the value of the peak shear
strain is dominated by the effects of the central hole (which is captured in the approximate
equation) rather than the material compressibility effects (which are not captured by the
simplified equation).

TABLE A-2 Normalized Maximum Shear Strain Values at the Inner Surface of Circular
Hollow Bonded Rubber Layers

INNER SURFACE
CIRCULAR HOLLOW DyD; =10 | CIRCULAR HOLLOW D,/D; = 5
NORMALIZED SHEAR STRAIN VPC/GS
A
K/G K/G

2000 | 4000 | 6000 © 2000 4000 6000 o0
5 3.18 3.18 3.18 3.18 2.34 2.33 2.33 2.33
7.5 3.19 3.18 3.18 3.18 2.35 2.34 2.34 2.33
10 3.19 3.18 3.18 3.18 2.36 2.35 2.34 2.33
12.5 3.20 3.19 3.18 3.18 2.38 2.35 2.35 2.33
15 3.21 3.19 3.19 3.18 241 2.37 2.35 2.33
17.5 3.22 3.20 3.19 3.18 2.44 2.38 2.36 2.33
20 3.25 3.20 3.19 3.18 2.47 2.40 2.37 2.33
22.5 3.27 3.21 3.20 3.18 2.51 242 2.39 2.33
25 3.30 3.23 3.21 3.18 2.55 2.44 2.40 2.33
27.5 3.34 3.24 3.21 3.18 2.60 2.46 242 2.33
30 3.38 3.26 3.22 3.18 2.66 2.49 2.43 2.33
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TABLE A-3 Normalized Maximum Shear Strain Values at the Outer Surface of Circular
Hollow Bonded Rubber Layers

OUTER SURFACE
CIRCULAR HOLLOW D,/D; =10 CIRCULAR HOLLOW D,/D; =5
NORMALIZED SHEAR STRAIN Ylg/GS
A
S K/G K/G
2000 4000 6000 o0 2000 | 4000 | 6000 o0
5 1.24 1.23 1.22 1.22 1.28 1.27 1.27 1.27
7.5 1.26 1.24 1.23 1.22 1.31 1.29 1.28 1.27
10 1.29 1.26 1.24 1.22 1.34 1.30 1.29 1.27
12.5 1.33 1.28 1.26 1.22 1.37 1.32 1.30 1.27
15 1.38 1.30 1.27 1.22 1.42 1.34 1.32 1.27
17.5 1.43 1.33 1.29 1.22 1.47 1.37 1.34 1.27
20 1.49 1.36 1.31 1.22 1.53 1.40 1.36 1.27
22.5 1.55 1.40 1.34 1.22 1.59 1.44 1.38 1.27
25 1.62 1.43 1.37 1.22 1.65 1.47 1.41 1.27
27.5 1.69 1.48 1.39 1.22 1.72 1.51 1.44 1.27
30 1.77 1.52 1.43 1.22 1.80 1.56 1.47 1.27

Figures A-13 to A-16 also include results obtained in finite analysis that is described in Section
A-2.5. Results obtained for values of K/G equal to 4000 or for incompressible material, and for
shape factor values S=5, 20 and 30 are in very good agreement with the theoretical solution.
Some finite element results in Figure A-13 indicate that the theoretical solution overestimates the
strain-however, the finite element results likely contain some error. As explained in Section A-
2.5, some finite element analysis results contain errors particularly for the prediction of the
maximum shear strain at the inner surface. This is due to the very sharp variation of the shear
strain very close to the free surface that is not correctly captured in the finite element analysis.
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A-2.5 Finite Element Analysis of Circular Hollow Bonded Rubber Layers in Compression

Finite element analysis (FEA) was utilized to verify that the theoretical results based on the
“pressure solution” are valid and accurate. The compression of circular hollow bonded rubber
layers is an axi-symmetric problem that is easily modeled for finite element analysis. The FEA
model used isotropic axi-symmetric elements with quadratic displacement field and was
implemented in ABAQUS. Due to symmetry only half of the bonded rubber was analyzed.

An example of finite element mesh (portion of mesh close to inner surface) used and results on
the distribution of shear strains is shown in Figure A-17. The boundary conditions implemented
in the FEA model were:

e Zero displacements in the X and Y directions at the Y=0 surface.

e Zero displacement in the X direction and uniform downward displacement at Y=t.

e

FIGURE A-17 Contour Plot of Shear Strain in Circular Hollow Bonded Layer

For analysis, the thickness of the single rubber layer was selected arbitrarily to be t=10mm, the
imposed vertical displacement was selected to be Imm and analysis without geometric
nonlinearities was conducted. Plan dimensions were varied so that the shape factor S had values
of 5, 20 or 30 and the ratio of diameters D,/D; was 5 or 10. Isotropic material properties were
selected so that the ratio K/G was either infinity (incompressible material) or 4000.

Selected results on the calculated distributions of normal stresses and shear strains for the case
K/G=4000, S=5, 20 and 30 and D,/D; =5 or 10 are presented in Figures A-18 to A-29. In general,
the results of finite element analysis confirm the validity and accuracy of the theoretical “pressure
solution” p. However, the finite element results for the case of shape factor S=5 contain errors as
detected by the fluctuating values of normal stress and shear strain at the free edges. The same
behavior was observed in analyses of other values of shape factor and with incompressible
material behavior. The errors are likely due the very sharp variation of strain with distance very
close to the edge that cannot be captured in finite element analysis. In this case, we reported the
values of shear strain in Figures A-13 to A-16 obtained by extrapolation to the free surface of the
last calculated stable value in the finite element analysis.
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-18 Normal Stress Distribution in Hollow Circular Pad for S=30 and Do/Di =10

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-19 Shear Strain Distribution in Hollow Circular Pad for S=30 and Do/Di =10
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-20 Normal Stress Distribution in Hollow Circular Pad for S=20 and Do/Di =10

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-21 Shear Strain Distribution in Hollow Circular Pad for S=20 and Do/Di =10
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Compressive stress distribution - CIRCULAR HOLLOW
25
——Theory (all three)
20
15 —or; FEA; K/G=4000;
0,; 0p; 0, §=5; Do/Di=10
/ 1.0
A ——oz; FEA; K/G=4000;
$=5; Do/Di=10
0.5
——00; FEA; K/G=4000;
0.0 $=5; Do/Di=10
0.0 0.2 04 0.6 0.8 1.0 12
2r/D,

FIGURE A-22 Normal Stress Distribution in Hollow Circular Pad for S=5 and Do/Di =10

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-23 Shear Strain Distribution in Hollow Circular Pad for S=5 and Do/Di =10
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-24 Normal Stress Distribution in Hollow Circular Pad for S=30 and Do/Di =5

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-25 Shear Strain Distribution in Hollow Circular Pad for S=30 and Do/Di =5
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-26 Normal Stress Distribution in Hollow Circular Pad for S=20 and Do/Di =5

Shear strain distribution - CIRCULAR HOLLOW

2.0

15

10

0.5

0.0 ——Theory

YGS s

P/A 4, —— FEA; K/G=4000;
1 $=20; Do/Di=5

20

25

-3.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2

2r/D,

FIGURE A-27 Shear Strain Distribution in Hollow Circular Pad for S=20 and Do/Di =5
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-28 Normal Stress Distribution in Hollow Circular Pad for S=5 and Do/Di =5

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-29 Shear Strain Distribution in Hollow Circular Pad for S=5 and Do/Di =5
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A-2.6 Rectangular Bonded Rubber Layer in Compression

A pressure solution for rectangular elastomeric bearings subjected to compression by force P was
originally presented by Conversy (1967). Subsequently, Stanton and Roeder (1982) and Kartoum
(1987) derived solutions in terms if infinite series of trigonometric functions. The two solutions
have some differences in the appearance of the equations but they produce essentially identical
numerical results. Herein, we choose to present the solution in Kartoum (1987) as many details
of the derivation are published.

Figure A-30 presents the geometry of a single rectangular bonded layer. A compressive force P
applies in the vertical (z) direction. Plan dimensions are L. and B. A square bearing has B=L. A
rectangular bearing has B>L and a strip bearing has B—oo.

e
-~

L

L/2 L/2
FIGURE A-30 Geometry of Rectangular Bonded Rubber Layer

The distribution of pressure (equal to all three normal stresses at every point in a bonded rubber
layer) is given by:

o n—1
48L2G8 Z (—1)T<1_coshm) nX
C

X, Y) = — A—-29
P(X.Y) t2 'R, coshf, o8 ( )

L
n=135

In the above equation, &, = P/AE. (compressive strain-equation B-5) where E. is the
compression modulus

A-26



1536GS? < tanh,
ST LY S (1
1.3 n n

n=1,3,5
Also,

48 S%*(1 + L/B)2

K/G  n’n2 (A=3D)

R A—32
}"n - f n ( - )
[ — A—33
"7 2(L/B) Ra (A—33)

Use of the definition of the compressive strain (equation A-5) and (A-30) in (A-29), the
expression for the pressure becomes:

n—1
w (-2 coshA, Y nnX
pX,Y) w35 p3R 2 (- coshO Jeos

P/ T2 » L - tanhe (A=34)
A n=135 AR 2 ( )
The two non-zero components of shear strain are given by:
t dp
Y =™ 775G X (A —35)
t dp
"v2 = T2G oy (A - 36)
Substitution of (A-34) in (A-35) and (A-36) results in:
n-1
w (=1)2 . coshi,Y nnX
yszS nz n=1,3,5 2R 2 ( COShe ) (A 37)
P/ ~8(1+L/B " tanhen B
/ A ( /B) =135 4R > (1 - )
(=17 sinkn,
- —1) 2 sinhA,Y nnX
yyzGS B 2 n=1,35 an (COShG )co A1
P/ 8(1+L/B) % | — tanhG ( )
A =135 4R —5 2 ( )

The maximum value of shear strain yy, = y. occurs at the location (see Figure A-30) Y =0 and X
==£L/2. For square bearings, the maximum shear strain is yx, = Y. at Y = 0 and X = £L/2, which
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is equal to yy,at X =0 and Y = +L/2. The normalized value of maximum shear strain at location
Y=0and X==+L/2 is

. Lo 1
vGs  m Ze=aspp (U Gogpg) -0
P/ L. 1 tanh® a
/A 8(1+ B) Zn=135 R’ (1- 0, %)

Tables A-4 to A-7 present values of the normalized maximum shear strain values for rectangular
bearings for a range of values of shape factor, K/G ratio of 2000, 4000, 6000 and o
(incompressible material), and aspect ratio L/B in the range of 0 (strip bearing) to 1 (square
bearing). Values of the normalized maximum shear strain are also plotted in Figures A-31 to A-
34.

TABLE A-4 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=2000

RECTANGULAR
K/G = 2000 NORMALIZED SHEAR STRAIN VPC/GS
A

LBl 0 | 02 | 04 | 06 | 08 1
s

5 153 | 144 | 139 | 133 | 127 | 122

75 155 | 145 | 141 | 135 | 130 | 125

10 157 | 148 | 143 | 138 | 133 | 129

125 160 | 151 | 146 | 141 | 137 | 134

I5 64 | 154 | 150 | 146 | 142 | 139

175 169 | 159 | 1.54 | 151 | 148 | 145

20 174 | 164 | 1.60 | 156 | 1.54 | 152

225 179 | 170 | 1.65 | 1.63 | 1.61 | 159

25 185 | 176 | 172 | 1.69 | 1.68 | 166

275 192 | 183 | 179 | 177 | 175 | 174

30 198 | 190 | 1.86 | 1.84 | 183 | 182
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TABLE A-5 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=4000

RECTANGULAR
K/G = 4000 NORMALIZED SHEAR STRAIN YIS/GS
A
L/B 0 0.2 0.4 0.6 0.8 1
S

5 1.52 1.43 1.39 1.33 1.26 1.21
7.5 1.53 1.44 1.40 1.34 1.27 1.22
10 1.54 1.45 1.41 1.35 1.29 1.24
12.5 1.56 1.47 1.42 1.37 1.31 1.27
15 1.58 1.48 1.44 1.39 1.34 1.30
17.5 1.60 1.50 1.46 1.41 1.37 1.33
20 1.63 1.53 1.48 1.44 1.40 1.37
22.5 1.66 1.56 1.51 1.48 1.44 1.41
25 1.69 1.59 1.55 1.51 1.48 1.46
27.5 1.72 1.63 1.58 1.55 1.52 1.50
30 1.76 1.67 1.62 1.59 1.57 1.55

TABLE A-6 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=6000

RECTANGULAR
K/G = 6000 NORMALIZED SHEAR STRAIN YIS;}AS
L/B 0 0.2 0.4 0.6 0.8 1
S
5 1.52 1.43 1.39 1.32 1.26 1.21
7.5 1.52 1.44 1.39 1.33 1.27 1.22
10 1.53 1.44 1.40 1.34 1.28 1.23
12.5 1.54 1.45 1.41 1.35 1.29 1.25
15 1.56 1.46 1.42 1.36 1.31 1.27
17.5 1.57 1.48 1.43 1.38 1.33 1.29
20 1.59 1.49 1.45 1.40 1.35 1.32
22.5 1.61 1.51 1.47 1.42 1.38 1.35
25 1.63 1.53 1.49 1.45 1.41 1.38
27.5 1.66 1.56 1.51 1.47 1.44 1.41
30 1.68 1.59 1.54 1.50 1.47 1.45

A-29




TABLE A-7 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=00

RECTANGULAR
K/G = NORMALIZED SHEAR STRAIN y;/GS
A
L/B 0 0.2 0.4 0.6 0.8 1
S
5 1.51 1.43 1.38 1.32 1.25 1.20
7.5 1.51 1.43 1.38 1.32 1.25 1.20
10 1.51 1.43 1.38 1.32 1.25 1.20
12.5 1.51 1.43 1.38 1.32 1.25 1.20
15 1.51 1.43 1.38 1.32 1.25 1.20
17.5 1.51 1.43 1.38 1.32 1.25 1.20
20 1.51 1.43 1.38 1.32 1.25 1.20
22.5 1.51 1.43 1.38 1.32 1.25 1.20
25 1.51 1.43 1.38 1.32 1.25 1.20
27.5 1.51 1.43 1.38 1.32 1.25 1.20
30 1.51 1.43 1.38 1.32 1.25 1.20
RECTANGULAR BEARINGS, K/G = 2000
2.2
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2.0
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FIGURE A-31 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=2000
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RECTANGULAR BEARINGS, K/G = 4000
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FIGURE A-32 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=4000
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FIGURE A-33 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=6000
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FIGURE A-34 Normalized Maximum Shear Strain Values of Rectangular Bonded Rubber
Layers for K/G=o0

The graphs in Figures A-32 (K/G=4000) and A-34 (incompressible material) also include data
obtained in finite element analysis of square bearings for three different values of the shape
factor. The results of finite element analysis provide verification of the accuracy of the
theoretical solution. Details of the finite element analysis are presented in Section A-2.7.

A-2.7 Finite Element Analysis of Square Bonded Rubber Layers in Compression

Finite element analysis (FEA) was utilized to verify that the theoretical results based on the
“pressure solution” are valid and accurate. Only square bearings were analyzed. The
compression of square bonded rubber layers is a three-dimensional problem that is easily
modeled for finite element analysis, however is computationally complex due to the large number
of elements required. The FEA model used isotropic hexahedral, 20-noded elements and was
implemented in ABAQUS. Due to symmetry only one quarter of the bearing was analyzed with
dimensions L x B/2 x t/2. Only one element was used over the depth of t/2 and this may have led
to some errors in the analysis.

The finite element mesh used is shown in Figure A-35 and a typical result on the distribution of

shear strains is shown in Figure A-36. The boundary conditions implemented in the FEA model

(see Figure A-35 for axis directions) were:

e Zero displacements in the Y direction at the Y=0 surface.

e Zero displacement in the X, Y and Z directions at point X=L/2, Y=0 and Z=B/2 (center of
bearing).

e Zero displacement in the X and Z directions and uniform downward displacement at Y=t/2.
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e Zero displacement in the Z direction at the axis of symmetry Z=B/2.
Y

FIGURE A-35 Three-dimensional Finite Element Mesh used in Rubber Layer
Compression

FIGURE A-36 Contour Plot of the Shear Strain in XY Plane (maximum occurs at Z=B/2)

Selected results on the calculated distributions of normal stresses and shear strains for the case
K/G=4000 and shape factor S=5, 20 and 30 are presented in Figures A-37 to A-42. The shown
distributions of stresses and strains are presented for the coordinate system shown in Figure A-
30. In general, the results of finite element analysis confirm the validity and accuracy of the
theoretical “pressure solution”. However, it may be seen that the finite element results for the
normal stress are slightly higher than those predicted by the theoretical solution. This does not
affect the prediction of shear strains which are related to the slope of the normal stress-that slope
being accurately predicted by the theoretical solution. Also, the finite element solution for the
shear strains shows fluctuating values in the neighborhood of the free edges. These fluctuations
are accompanied by incorrect results on the normal stress at the same locations (for example, see
Figure A-41-the normal stress o should be zero at the free boundary but is not). When the shear
strain values exhibited fluctuating behavior, the value of peak shear strain reported in Figures A-
32 and A-34 were obtained by interpolation of the fluctuating values. This may have introduced
some error in the finite element results of Figures A-32 and A-34.
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Compressive stress distribution at Y=0
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FIGURE A-37 Normal Stress Distribution in Square Pad for S=30
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FIGURE A-38 Shear Strain Distribution in Square Pad for S=30
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FIGURE A-39 Normal Stress Distribution in Square Pad for S=20
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FIGURE A-40 Shear Strain Distribution in Square Pad for S=20
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Compressive stress distribution at Y=0
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FIGURE A-41 Normal Stress Distribution in Square Pad for S=5
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FIGURE A-42 Shear Strain Distribution in Square Pad for S=5



A-3 ANALYSIS OF ROTATION
A-3.1 Introduction

Like the analysis of compression, the analysis of elastomeric bearings subjected to rotation is too
complex to allow for simple solutions that are practical in design. Herein, we concentrate on
solutions for the maximum shear strain as a result of rotation of single bonded layer of rubber.
Figure A-43 illustrates the problem considered in this work. Considering a single constrained
rubber layer, a moment M along the transverse axis induces a rotation 0 causing a maximum
shear strain near the free edge of the pad and compressive stresses as shown in Figure A-43. For
this analysis, variables of interest are the maximum shear strain vy, and the rotational modulus E;,
which will be discussed later in this section.

Available solutions for the distribution of stresses and strain in bonded rubber layers subjected to
rotation are based on the simplifications of the “pressure solution” (Conversy 1967). The basic
assumptions of this theory are the same as those for compression presented in Section A-2.1. The
difference in the case of rotation is that the imposed displacement field is not constant but rather
linearly varying. The solutions utilized herein are the one of Chalhoub and Kelly (1990) for the
circular pad and the one of Kartoum (1987) for the rectangular pad. No published solution is
available for the circular hollow pad. In this case the results presented herein are based on finite
element analysis.

SHEAR

\ STRAIN
I Ye

VERTICAL

/U/ STRESS

FIGURE A-43 Behavior of a Constrained Rubber Layer Subjected to Rotation
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A-3.2 Circular Bonded Rubber Layer Subjected to Rotation

Similar to the solution for the compression of circular pads, Chalhoub and Kelly (1990) derived a
“pressure solution” for the rotation of circular bonded rubber layers. The distribution of pressure
(equal to all three normal stresses at every point in a bonded rubber layer) is given by:

Il (7»1‘)
[;(AR)

p(r,a) = 9%[R —r] sina (A—41)

In equation (A-41), 0 is the imposed angle of rotation of the pad (see Figure A-43), R is the
radius of the circular area (R=D/2, where D is the diameter) and r (radial dimension) and o (angle
measured from the y-axis) are the polar coordinates. Also, I; is the modified Bessel function of
the first kind and order one and K is the rubber bulk modulus. Angle o equals zero along the axis
of rotation (also axis of moment).

The moment inducing rotation 0 is given by:

tKOR? (ARI,(AR) A2R%\ =K@ A’R° A*R?
=—— — ~ 1- (A—42)
t 2\ LR) 4 t 96 1536
12
A= (A —43)

©

In equation (A-42), I, is the modified Bessel function of the first kind and order two. Also, the
approximate expression in the same equation is valid for small values of parameter AR.
Equation (A-42) is used to obtain the rotational modulus E,, valid for small values of parameter
AR (equivalent to large bulk to shear modulus ratio or small shape factor):

Mt KA’R? A’R?
= (A — 44)

E = —= 1 —
' 10 24 1536

In (A-44), I is the moment of inertia of the cross section of the pad about the axis of rotation:

[=— (A—45)
Another quantity utilized in the presentation of results is the maximum “bending” stress

opdefined as:

_ MR

b = (A —46)
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The distribution of pressure along the axis for which a=0 (maximum pressure) is given by the
following equation, in  which  the expression  for  maximum  bending
stress oy, for small values of parameter AR is used:

L) 1
p(r) 24 [Il(xR_) i]

o AR? < sz2>

(A —47)
1 = 1335

The shear strain along the radial axis r for a=0 is obtained by use of equations (A-8) and (A-41)
and is given by:

(K/G)6 { AR Il(kr)] }

= Iy(Ar) — -1 A —48
e =5 how 103 T (#=49)
In equation (A-48), Iy is the modified Bessel function of the first kind and order zero. The
maximum shear strain y, occurs at r= R and is given below after being cast in a normalized form
and in terms of parameters S and K/G:

vt _K/Q) SV12 15(28,/12G/K) . (A — 49)
D’0  16S* |\/K/GI,(2Sy/12G/K)

The normalization of the peak shear strain is such that it can be compared to values currently
specified in design standards and specifications (e.g., 1999 AASHTO and its 2010 revision).
These specifications utilize a value of the normalized shear strain equal to 0.5-a value appropriate
for strip bearings of incompressible material.

Table A-8 presents values of normalized maximum shear strain calculated by equation (A-49).
(Note that values are truncated to accuracy of two decimals. The exact value of the normalized
strain for infinite ratio of K/G is 0.375). It may be noted that values of the normalized shear
strain may be substantially less than 0.5 at large shape factors utilized in seismic isolation
applications.

Values of the normalized maximum shear strain are plotted in Figure A-44. The figure also
includes results of finite element analysis which is described in Section A-3.3. The results of
finite element analysis are for the case of K/G=4000 or oo (incompressible material) and of shape
factor S equal to 5, 20 or 30. The finite element results confirm the validity and accuracy of the
results of the theoretical solution. Further details are provided in Section A-3.3.
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TABLE A-8 Maximum Normalized Shear Strain Values of Circular Bonded Rubber Layer
Subjected to Rotation

CIRCULAR
2
NORMALIZED SHEAR STRAIN g; 5
3 K/G
2000 4000 6000 0

5 0.37 0.37 0.37 0.37
7.5 0.36 0.36 0.37 0.37
10 0.34 0.36 0.36 0.37
12.5 0.33 0.35 0.36 0.37
15 0.31 0.34 0.35 0.37
17.5 0.30 0.33 0.34 0.37
20 0.28 0.32 0.33 0.37
22.5 0.27 0.31 0.32 0.37
25 0.25 0.29 0.32 0.37
27.5 0.24 0.28 0.31 0.37
30 0.23 0.27 0.30 0.37

CIRCULAR BEARINGS
0.40
_ T 2 ——K/G=2000
035

0:30 \\\‘ ——K/G= 4000
\\

0.25
T~ ——K/G= 6000

vet?
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0.10

* FEA; K/G = 4000

0.05

A FEA;K/G=oo

0.00
0 5 10 15 20 25 30 35

SHAPE FACTOR S

FIGURE A-44 Normalized Maximum Shear Strain of Circular Rubber Bonded Layer
Subjected to Rotation
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A-3.3 Finite Element Analysis of Circular Bonded Rubber Layers Subjected to Rotation

Unlike compression, rotation of circular bonded pads is not an axi-symmetric problem and a 3-
dimensional mesh is needed for finite element analysis. This analysis was conducted as linear
elastic with solid isotropic elements having a quadratic displacement field. Symmetry was
utilized so that half of the pad was analyzed. Figure B-45 shows a plan view of the finite element
mesh used together with calculated contours of shear strain y_ for rotation about the Y axis. The

maximum shear strain y, occurs very close to the free surface as shown in Figure A-45.

The boundary conditions implemented in the finite element model (see Figure A-45 for axis

directions) were:

e Zero displacements in the X, Y and Z directions at the Y=0 surface (bottom).

e Zero displacement in the X and Y directions at the Y=t surface (top)

e Downwards displacement in the Z (vertical direction) at the Y=t surface (top) equal to 6X,
where 0 is the imposed angle of rotation (herein used a unit value).

e Zero displacements in the Y and Z directions at the surface X=0.

FIGURE A-45 Finite Element Mesh and Contour Plot of Shear Strain vy, in Circular
Bonded Rubber Layer Subjected to Rotation about Axis Y

Figures A-46 to A-51 present selected results of the finite element analysis for the normalized
compressive stress (presented in cylindrical coordinates) and the normalized shear strain along
axis X=0 in circular bonded layers under rotation and compares them to theoretical results based
on equations (A-47) and (A-48). Results are presented for shape factor values S=5, 20 and 30
and for K/G=4000. There is very agreement between the finite element analysis and the
theoretical results except for some small differences in the distribution of normal stress at the free
boundary in the S=5 case (Figure A-50). In this case, the finite element analysis results contain
some small error as evident in the prediction of non-zero stress o, at the free boundary.
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FIGURE A-46 Normalized Normal Stress in Circular Bonded Layer of S=30 Subject to
Rotation
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FIGURE A-47 Normalized Shear Strain in Circular Bonded Layer of S=30 Subject to
Rotation
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Compressive stress distribution - CIRCULAR
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FIGURE A-48 Normalized Normal Stress in Circular Bonded Layer of S=20 Subject to
Rotation
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FIGURE A-49 Normalized Shear Strain in Circular Bonded Layer of S=20 Subject to
Rotation
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Compressive stress distribution - CIRCULAR
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FIGURE A-50 Normalized Normal Stress in Circular Bonded Layer of S=5 Subject to
Rotation
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FIGURE A-51 Normalized Shear Strain in Circular Bonded Layer of S=5 Subject to
Rotation
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A-3.4 Circular Hollow Bonded Rubber Layer Subjected to Rotation

There is no published theoretical solution for the distribution of stresses in bonded circular
hollow rubber pads subjected to rotation. Herein, finite element analysis is used to derive results
for the maximum shear strain. The results are cast into a form that is useful for the design of
elastomeric bearings. It should be noted that like the case of compression the results apply for
hollow bearings in which rubber is allowed to freely bulge at the inner surface. The solution does
not apply to lead-rubber bearings for which the central hole is plugged with lead and rubber is not
allowed to bulge.

The finite element mesh utilized followed the example of the circular pad described in Section A-
3.3 except for the inclusion of a central hole. The boundary conditions implemented in the finite
element model were identical to those for the circular pad. Figure A-52 presents a representative
plan view of the finite element mesh used together with calculated contours of shear strain y_, for

rotation about the Y axis. The maximum shear strain y, occurs very close to the outer free
surface as shown in the figure. However, a large value of shear strain also occurs very close to
the inner free surface.

Analysis was conducted for shape factors S=5, 20 and 30, ratio K/G=2000, 4000, 6000 and o
(incompressible material) and diameter ratio Do/D; = 5 and 10. Calculated values of the
maximum shear strain were normalized and are presented in Tables A-9 and A-10, respectively

for the outer and inner surfaces of the hollow circular pad. The normalized maximum shear
2

o t
strain is defined as er
D20

specifications for the design of elastomeric bearings (e.g., 1999 AASHTO and its 2010 revision)
assign a value of 0.5 to this quantity regardless of geometry or material properties. The data in
Table A-9 and A-10 suggest lower values than 0.5 for the normalized shear strain.

, where v, is the maximum value of the shear strain. Note that current

Fd__,-rﬂ"

INNERSIRFACE

OUTERSURFACE

FIGURE A-52 Finite Element Mesh and Contour Plot of Shear Strain y,, in Circular
Hollow Bonded Rubber Layer Subjected to Rotation about Axis Y
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Calculated values of stresses and shear strains along axis X in the finite element analysis are
presented in Figures A-53 to A-64. These graphs present (a) normal stresses (c:, 69 and o)
divided by the maximum value of normal stress (so that in each graph the normalized stress has a

2
. . . t . . .
peak value of unity) and (b) shear strains y,, normalized as B‘%e Note that direction X is the
o

same as the radial direction r so thatyy, =y, . The plotted distributions of stress and strain
indicate accuracy in the results of finite element analysis except for some errors in the case of
shape factor of 5 where fluctuating shear strains and normal stresses were calculated.

TABLE A-9 Maximum Normalized Shear Strain Values at the Outer Surface of Circular
Hollow Bonded Rubber Layer Subjected to Rotation

CIRCULAR HOLLOW
t2
NORMALIZED SHEAR STRAIN AT OUTER SURFACE gr 25
(o]
Dy/D; =10 D,/Di=5
S K/G K/G
2000 4000 6000 0 2000 4000 6000 o0
5 0.37 0.38 0.38 0.38 0.36 0.36 0.37 0.37
20 0.27 0.31 0.33 0.38 0.25 0.29 0.31 0.37
30 0.22 0.27 0.29 0.38 0.20 0.25 0.27 0.37

TABLE A-9 Maximum Normalized Shear Strain Values at the Inner Surface of Circular
Hollow Bonded Rubber Layer Subjected to Rotation

CIRCULAR HOLLOW
tZ
NORMALIZED SHEAR STRAIN AT INNER SURFACE gr 75
(o]
Do/Di=10 Do/Di=5
S K/G K/G
2000 4000 6000 0 2000 4000 6000 0
5 0.30 0.31 0.31 0.32 0.31 031 0.32 0.33
20 0.18 0.23 0.26 0.33 0.18 0.23 0.25 0.33
30 0.12 0.19 0.23 0.33 0.12 0.18 0.22 0.33
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-53 Normalized Normal Stress in Circular Hollow Bonded Layer of S=30 and
K/G=4000 Subject to Rotation

Shear strain distribution - CIRCULAR HOLLOW
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FIGURE A-54 Normalized Shear Strain in Circular Hollow Bonded Layer of S=30 and
K/G=4000 Subject to Rotation
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-55 Normalized Normal Stress in Circular Hollow Bonded Layer of S=30 and
Incompressible Material Subject to Rotation
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FIGURE A-56 Normalized Shear Strain in Circular Hollow Bonded Layer of S=30 and
Incompressible Material Subject to Rotation
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-57 Normalized Normal Stress in Circular Hollow Bonded Layer of S=20 and
K/G=4000 Subject to Rotation
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FIGURE A-58 Normalized Shear Strain in Circular Hollow Bonded Layer of S=20 and
K/G=4000 Subject to Rotation
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-59 Normalized Normal Stress in Circular Hollow Bonded Layer of S=20 and
Incompressible Material Subject to Rotation
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FIGURE A-60 Normalized Shear Strain in Circular Hollow Bonded Layer of S=20 and
Incompressible Material Subject to Rotation
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-61 Normalized Normal Stress in Circular Hollow Bonded Layer of S=5 and
K/G=4000 Subject to Rotation
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FIGURE A-62 Normalized Shear Strain in Circular Hollow Bonded Layer of S=5 and
K/G=4000 Subject to Rotation
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Compressive stress distribution - CIRCULAR HOLLOW
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FIGURE A-63 Normalized Normal Stress in Circular Hollow Bonded Layer of S=5 and
Incompressible Material Subject to Rotation
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FIGURE A-64 Normalized Shear Strain in Circular Hollow Bonded Layer of S=5 and
Incompressible Material Subject to Rotation
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A-3.5 Rectangular Bonded Rubber Layer Subjected to Rotation

The analysis for rotation of rectangular bearings follows closely the analysis for compression.
Theoretical results for rotation of compressible rectangular pads based on the “pressure solution”
have been presented by Conversy (1967), Stanton and Roeder (1982) and Kartoum (1987).
Herein, we concentrate on the solution presented by Kartoum (1987).

Consider a rectangular block of dimensions L x B x t, as shown in Figure A-30 and subjected to
rotation by angle 6 about axis Y (corresponding moment about Y axis is M). The “pressure
solution” is given by:

X) 3GL0 (—1)<n+l>[ coshunYl  2nnX A 50)
plA, YY) =—73 32 - n —
ot £ n Q, coshe_ L
12 [sa+Yol
Q= [l+= B (A—51)
( /G) nmn
w12 (A-52)
W, = -
"o sa+tpre s &/pr
S(1+ L/t
9, =1 —— 2 (A—53)
*/p)
The moment M inducing rotation 9 is:
3GL5 BG tanh(p A— 54
2 Tt n4Q ( )

The rotational modulus is defined as follows where I is the moment of inertia (I=L°B/12):

Mt

E, =— A—55
Using (B-54), the rotational modulus is derived as
_ 72GS’(1 +L/B)’ _ tanh
ArLmry 9, o 36
T o 04 Q

Similar to equation (A-46), the bending stress is defined as
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ML

=— A—57
% = 71 ( )
By use of (A-54), the bending stress is obtained as

9GL39 tanh(p A _Eg
The normalized pressure is then obtained as:
—1)@+D coshp Y
le( D 3 [1 - }tl“ sinzﬁnX

p(X, Y) _ TT 1'13Qrl Cos (Pn A — 59

o, 3 L1 tanhg_ ( )

n=1 n4Qn2 -

The shear strains y,_ and v, are obtained by use of equations (A-35) and (A-36) and after
normalization they are:

v, 3 S (=D T coshu Y|  2nzm
— == 5 — Ccos (A —60)
L6 = — n?Q ~ | coshe L
2 © .
szt 3 (—1)@* [sinhp Y] . 2nm
=— i X A—61
2 Z n?Q, | coshg_ ST ( )

The maximum shear strain is y_ and occurs at Y = 0 and X =+L/2 for B>L. For square bearings
(B=L), the peak strain occurs at Y=0 and X =+L/2 and is equal to the strain at X=0 and Y=+L/2.
The maximum value of the shear strain, denoted as v, is given by the following equation, after
normalization:

0

n+l
z( D I : lcosnn (A—62)

nZQ cosh ?,

Tables A-11 to A-14 present values of the normalized maximum shear strain values for
rectangular bearings for a range of values of shape factor, K/G ratio of 2000, 4000, 6000 and o
(incompressible material), and aspect ratio L/B in the range of 0 (strip bearing) to 1 (square
bearing). Values of the normalized maximum shear strain are also plotted in Figures A-65 to A-
68. The values of the normalized shear strain are generally less than 0.5 (value for strip bearing
of incompressible material). They are substantially less than 0.5 for square bearings of large
shape factor which is of significance in seismic isolation. Note that current specifications for
elastomeric bearing design (e.g., 1999 AASHTO and its 2010 revision) specify a value for the
normalized shear strain equal to 0.5 regardless of geometry or material properties.
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TABLE A-11 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=2000 Subjected to Rotation

RECTANGULAR
2
K/G =2000 NORMALIZED SHEAR STRAIN Yert ;
L/B 0 0.2 0.4 0.6 0.8 1
S

5 0.49 0.49 0.49 0.48 0.47 0.46
7.5 0.49 0.48 0.48 0.47 0.46 0.44
10 0.48 0.47 0.46 0.45 0.44 0.42
12.5 0.47 0.46 0.45 0.43 0.41 0.39
15 0.46 0.44 0.43 0.41 0.39 0.37
17.5 0.45 0.43 0.41 0.39 0.37 0.35
20 0.43 0.41 0.39 0.37 0.35 0.32
22.5 0.42 0.39 0.37 0.35 0.32 0.30
25 0.41 0.38 0.35 0.33 0.31 0.28
27.5 0.39 0.36 0.34 0.31 0.29 0.27
30 0.38 0.35 0.32 0.29 0.27 0.25

TABLE A-12 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=4000 Subjected to Rotation

RECTANGULAR

2

K/G = 4000 NORMALIZED SHEAR STRAIN %

L/B 0 0.2 0.4 0.6 0.8 1
S

5 0.50 0.49 0.49 0.49 0.48 0.46
7.5 0.49 0.49 0.49 0.48 0.47 0.45
10 0.49 0.48 0.48 0.47 0.46 0.44
12.5 0.48 0.48 0.47 0.46 0.45 0.43
15 0.48 0.47 0.46 0.45 0.43 0.41
17.5 0.47 0.46 0.45 0.43 0.42 0.40
20 0.46 0.45 0.43 0.42 0.40 0.38
22.5 0.45 0.44 0.42 0.40 0.38 0.36
25 0.45 0.43 0.41 0.39 0.37 0.35
27.5 0.44 0.42 0.39 0.37 0.35 0.33
30 0.43 0.40 0.38 0.36 0.34 0.31
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TABLE A-13 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=6000 Subjected to Rotation

RECTANGULAR
2
K/G = 6000 NORMALIZED SHEAR STRAIN Yerte
LB 0 0.2 0.4 0.6 0.8 1
S

5 0.50 0.50 0.50 0.49 0.48 0.47
7.5 0.49 0.49 0.49 0.49 0.48 0.46
10 0.49 0.49 0.49 0.48 0.47 0.45
12.5 0.49 0.48 0.48 0.47 0.46 0.44
15 0.48 0.48 0.47 0.46 0.45 0.43
17.5 0.48 0.47 0.46 0.45 0.44 0.42
20 0.47 0.46 0.45 0.44 0.42 0.40
22.5 0.47 0.46 0.44 0.43 0.41 0.39
25 0.46 0.45 0.43 0.42 0.40 0.38
27.5 0.45 0.44 0.42 0.40 0.38 0.36
30 0.45 0.43 0.41 0.39 0.37 0.35

Figures A-66 and A-68 also include results of finite element analysis for square bearings with
K/G=4000 or incompressible material and shape factor S=5, 20 or 30. Details of the finite
element analysis are presented in Section A-3.6. Evidently, the finite element analysis results
confirm the validity and accuracy of the theoretical solution.

TABLE A-14 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with Incompressible Material Subjected to Rotation

RECTANGULAR

2

K/G =0 NORMALIZED SHEAR STRAIN YL: -

LB| o0 0.2 0.4 0.6 0.8 1
S

5 0.50 0.50 0.50 0.50 0.49 0.47
7.5 0.50 0.50 0.50 0.50 0.49 0.47
10 0.50 0.50 0.50 0.50 0.49 0.47
12.5 0.50 0.50 0.50 0.50 0.49 0.47
15 0.50 0.50 0.50 0.50 0.49 0.47
17.5 0.50 0.50 0.50 0.49 0.49 0.47
20 0.50 0.50 0.50 0.49 0.49 0.47
225 0.50 0.50 0.50 0.49 0.49 0.47
25 0.50 0.50 0.50 0.49 0.49 0.47
27.5 0.50 0.50 0.50 0.49 0.49 0.47
30 0.50 0.50 0.50 0.49 0.49 0.47
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FIGURE A-65 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=2000 Subjected to Rotation
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FIGURE A-66 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=4000 Subjected to Rotation
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RECTANGULAR BEARINGS, K/G = 6000
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FIGURE A-67 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with K/G=6000 Subjected to Rotation
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FIGURE A-68 Maximum Normalized Shear Strain Values at of Rectangular Bonded
Rubber Layer with Incompressible Material Subjected to Rotation
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A-3.6 Finite Element Analysis of Rectangular Bonded Rubber Layers Subjected to Rotation

Finite element analysis was conducted for square bonded layers. Similar to the analysis of the

circular pad in rotation, the finite element mesh utilized solid isotropic elements with quadratic

displacement field. Half of the bearing was modeled with dimensions L/2 x B x t. Figure A-69

shows a plan of the utilized mesh and an example of result for the shear strain y,,. The

boundary conditions implemented in the finite element model (see Figure 45 for axis directions)

were:

e Zero displacements in the X, Y and Z directions at the Y=0 surface (bottom).

e Zero displacement in the X and Y directions at the Y=t surface (top)

e Downwards displacement in the Z (vertical direction) at the Y=t surface (top) equal to 6X,
where 0 is the imposed angle of rotation (herein used a unit value).

e Zero displacements in the Y and Z directions at the surface X=0.

L/2

L 2

i
-

Y

FIGURE A-69 Finite Element Mesh and Contour Plot of Shear Strain vy, in Square Bonded
Rubber Layer Subjected to Rotation about Axis Y

Results of finite element analysis are presented in Figures A-70 to A-75 for K/G=4000 and shape
factor S=5, 20 or 30. These results consist of distributions of normalized normal stress and
normalized shear strain along the X axis and for Y=0. The finite element results are compared to
the theoretical results based on equations (A-59) and (A-61). The theoretical and finite element
analysis results compare very well, confirming thus the accuracy of the theoretical solution. Note
that some differences in the results of the two analyses for shape factor 5 are due to errors in the
finite element analysis which incorrectly predicts some non-zero normal stress o, at the free
boundary and also fluctuating values of shear strain.
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FIGURE A-70 Normalized Normal Stress in Square Bonded Layer of S=30 Subject to
Rotation
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FIGURE A-71 Normalized Shear Strain in Square Bonded Layer of S=30 Subject to
Rotation
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Compressive stress distribution at Y=0
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FIGURE A-72 Normalized Normal Stress in Square Bonded Layer of S=20 Subject to
Rotation
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FIGURE A-73 Normalized Shear Strain in Square Bonded Layer of S=20 Subject to
Rotation
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Compressive stress distribution at Y=0
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FIGURE A-74 Normalized Shear Strain in Square Bonded Layer of S=5 Subject to

Rotation
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FIGURE A-75 Normalized Shear Strain in Square Bonded Layer of S=5 Subject to

Rotation
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A-4 ANALYSIS OF SHEAR

Elastomeric bearings are typically constructed with large shape factor with values larger than 5.
In bridge applications, typically values of the shape factor are around 10. In seismic isolation
applications, much larger values are often utilized-with typical value of 20 to 30. Under such
geometric conditions a rubber bearing subjected to lateral deformation experiences pure shear
(Stanton and Roeder, 1982). Accordingly, the shear strain in the rubber, y;, is calculated as:

Y, == (A—63)

In this equation, A i the lateral deformation due and T; is the total thickness of rubber.
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A-5 ANALYSIS OF TORSION

Torsion in elastomeric bearings is induced by the plan rotation of the structure due to (a)
eccentricity between the center of mass and the center of resistance of the isolation system and
(b) torsional ground motion. In general, the effect of torsion is to increase the lateral bearing

displacement and to induce a torsional angle of rotation ¢. This angle of rotation is of the order
of 0.01rad (Constantinou et al, 2007)

The increase in the lateral displacement due to torsion is typically included in the calculation of
the shear strain (see Section 4). The angle of rotation induces additional shear strain that is
additive to the shear strain due to lateral deformation:

y=¢= (A~ 64)

In (A-64), r is the distance of the edge of the bearing to the center of the bearing (=radius for
circular bearing). Dimension r is typically equal to or greater than T,, so that the shear strain due
to rotation ¢ is of the order of 0.01 and thus insignificant. Accordingly, the effect of torsion only
needs to be included in the calculation of the lateral displacement whereas the angle of rotation
has insignificant effect on shear strain.
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A-6 PROPOSED EQUATIONS FOR CALCULATING SHEAR STRAINS IN RUBBER
BEARINGS

A-6.1 Introduction

The design of elastomeric bearings (consisting of several layers of rubber and steel shims)
requires the calculation of rubber shear strains due to the combined effects of compression by
load P, rotation of the top of the bearing with respect to its bottom by angle 6 and lateral
displacement of the top of the bearing with respect to its bottom by amount A. These load,
displacement and rotation include combinations of various effects (e.g., dead load and live load
or static and cyclic components of rotation) and appropriate load factors. A bearing is
characterized by its geometry (rectangular, square, circular or circular with central hole), plan
dimensions, the shape factor S (presumed to be the same for all rubber layers), individual rubber
layer thickness t (presumed to be the same for all rubber layers) and its total rubber thickness T;.
The bonded rubber area is A. When square, the plan dimensions are L by L. When rectangular,
the dimensions are L by B with B>L and the axis of rotation is along the long dimension B.
When circular, the diameter is D. When the bearing is circular hollow, the outside diameter is D,
and the inner diameter is D;. The mechanical properties of rubber are the shear modulus G and
the bulk modulus K.

A-6.2 Shear Strain due to Compression

The maximum shear strain due to compression should be calculated by:

P
~ AGS

Y, f; (A —65)

The maximum shear strain due to compression occurs at the free surface of circular bearings.
Factor fis given in Table A-1.

For square bearings, the maximum shear strain occurs at the middle of each side and at the free
surface. For rectangular bearings (B>L) the maximum shear strain occurs in the middle of the

side of dimension B at the free surface. Factor f}is given in Tables A-4 to A-7.

For circular hollow bearings the maximum shear strain occurs at the inner free surface. Factor
fiis given in Table A-2. However, the shear strain should also be calculated for outer free surface
for which factor fjis given in Table A-3.

A-6.3 Shear Strain due to Rotation

The maximum shear strain due to rotation should be calculated by the following equations.

f,  for square and for rectangular bearings (A —606)
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For square bearings, the maximum shear strain occurs at the middle of each side and at the free
surface. For rectangular bearings (B>L) the maximum shear strain occurs in the middle of the
side of dimension B at the free surface and factor f,is given in Tables A-11 to A-14.

D%0
(T,

Y, = f,  for circular bearings (A—067)

The maximum shear strain due to rotation occurs at the free surface of circular bearings and
factor f,is given in Table A-8.

_ D0
e T T,

f,  for circular hollow bearings (A—68)

For circular hollow bearings the maximum shear strain at the inner free surface should be
calculated using factor f, in Table A-10. The shear strain at the outer free surface should be
calculated using factor f,is given in Table A-9.

A-6.3 Shear Strain due to Lateral Deformation

The shear strain due to lateral bearing deformation should be calculated by:

(A — 69)
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A-7 SUMMARY AND CONCLUSIONS

This work concentrated on the derivation of simple, practical and accurate expressions for the
prediction of the maximum shear strain in elastomeric bearings subjected to pure compression,
pure rotation and pure shear. The derived expressions were based on published theoretical
results that utilized the approximate “pressure solution” procedure. Since the theoretical
solutions are approximate, the validity and accuracy of the results was investigated for selected
cases of geometry and material properties using finite element analysis. Moreover, finite
element results were utilized in deriving expressions for the shear strain due to rotation for the
case of circular hollow bearings since a theoretical solution was not available.

Equations for predicting the maximum shear strain in circular, circular hollow and rectangular
rubber bonded layers were cast in forms that are typically used in standards and specifications
for design (e.g., 1999 AASHTO Guide Specifications and its 2010 revision) but multiplied by a
factor that reflects the effects of type of loading, geometric shape, shape factor, material
properties and location where the maximum value occurs. Values of this factor have been
tabulated for ease in use for design.

P
AGs 11
where factor f; has the value of unity in current design specifications. This work shows that
values of this factor may be substantially higher than unity depending on the existence of a
central hole, for small values of the ratio of bulk to shear modulus, for large shape factors and for
rectangular shapes.

Specifically, the maximum shear strain due to compression has been expressed as y, =

2
. . . L0
Moreover, the maximum shear strain due to rotation has been expressed as y = ?fz where
T

factor f, has the value equal to 0.5 in current design specifications. This work shows that values
of this factor may be substantially less than 0.5 for small values of the ratio of bulk to shear
modulus and for large shape factors regardless of geometric shape.

A-67



A-8 REFERENCES

1y

2)

3)

4)

5)

6)

7)

8)

9)

American Association of State Highway and Transportation Officials (1999 and 2010),
"Guide Specifications for Seismic Isolation Design." Washington D.C.

Chalhoub, M. S. and Kelly, J. M.(1990), "Effect of Bulk Compressibility on the Stiffness
of Cylindrical Base Isolation Bearings." Int. J. of Solids and Structures, Vol. 26, No. 7,
pp. 743-760.

Constantinou, M. C, Whittaker, A. S., Kalpakidis, Y., Fenz, D. M. and Warn G. P.
(2007), "Performace of Seismic Isolation Hardware under Service and Seismic Loading,"

Multidisciplinary Center for Earthquake Engineering Research, Technical Report
MCEER-07-0012, Buffalo, NY.

Constantinou, M. C., Kartoum, A. and Kelly, J. M. (1992), , "Analysis of Compression of
Hollow Circular Elastomeric Bearings," Engineering Structures, Vol. 14, No.2, pp. 103-
111.

Conversy, F. (1967), "Appareils d'Appui en Caoutchouc Frette." Annales des Ponts et
Chaussies, Vol. VI, Nov.-Dec.

Gent, A.N. and Lindley, P.B. (1959), “The Compression of Bonded Rubber Blocks”,
Proc. Institution of Mechanical Engineers, Vol. 173, pp. 111-122.

Kartoum, A. (1987), "A Contribution to the Analysis of Elastomeric Bearings." M.S.
Thesis, Department of Civil Engineering, Drexel University, Philadelphia, PA.

Koh, C. G. and Kelly, J.M. (1989), “Compression Stiffness of Bonded Square Layers of
Nearly Incompressible Material,” Engineering Structures, Vo. 11, pp. 9-15.

Konstantinidis, D., Kelly, J. M. and Makris, N. (2008), "Experimental Investigations on
the Seismic Response of Bridge Bearings," Report No. EERC 2008-02, Earthquake
Engineering Research Center, University of California, Berkeley.

10) Mogue, S. R. and Neft, H. F. (1971), "Elastic Deformations of Constrained Cylinders." J.

of Applied Mechanics, ASME, Vol. 38, pp. 393-399.

11) Stanton J.F. and Roeder C.W. (1982), "Elastomeric Bearings Design, Construction and

Materials,” NCHRP Report 248, Transportation Research Board, Washington D.C.

A-68



i Service Loads, Displacements and
Appendlx B Rotations for Bearings

Three-Span Bridge with Skew

Determination of Service Loads, Displacements and Rotations for a Three-Span Bridge
with Skew

The following Appendix illustrates the use of the American Association of State Highway and
Transportation Officials - LRFD Bridge Design Specifications, 4th Edition, 2007 (AASHTO LRFD 2007) in
the determination of service loads and rotations for bearings on a three-span continuous bridge with
skew.

Fortions of AASHTO LRFD 2007 are included throughout this Appendix as direct text, figures and tables
and are credited by the actual Article numbers. Furthermore, these sections are printed in normal,
non-italicized font.

Commentary on the application of the AASHTO LRFD 2007 specifications, calculations and analyses as
they apply to the example problem are printed in italicized font.
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Service Loads, Displacements and
Rotations for Bearings
Three-Span Bridge with Skew

Appendix B

Determination of Service Loads and Rotations for a Three-Span Bridge with Skew
3.5.1- Permanent Loads - Dead Loads: DC, DW, and EV
Dead Load shall include the weight of all components of the structure, appurtenances and

utilities attached thereto, earth cover, weari