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CHAPTER 14
SEISMIC ISOLATION AND ENERGY DISSIPATION

141 SCOPE

This chapter scis forth requirements for the systematic evalua-
tion and retrofit of buildings using seismic isolation and cnergy
dissipation systems. Section 14.2 provides analysis and design
criteria_for selsmic isolation systems. Section 43 pm‘]ﬁes
“inalysis and design criera lor passive energy dissipation
systems. Section 14.4 provides criteria for other control systems.
Any of the Performance Objectives are permitted for seismic
isolation and passive cnergy dissipation mctrofits.

Whenever cither the Reduced Performance Objective of
Section 2.2.3.1 orthe Partial Retrofit Objective of Section 2.2.3.2
is selected, the devices must be able to achieve performance
responses larger than those used for the Reduced Performance
Objectives.

Components and elements in buildings with seilsmic isolation
and passive energy dissipation systems shall also comply with
the requirements of Chapters | through 13 of this standard,
unless they are modified by the requirements of this chapter.
Independent design mview is required for all retrofit schemes
that use either seismic isolation or energy dissipation systems.

C14.1 SCOPE

The basic form and formulation of requirements for seismic
isolation and passive energy dissipation systems have been
established and coordinated with the performance objectives,
target Building Performance Levels, and Seismic Hazard Level
criteria of Chapter 2 and the linear and nonlinear procedures of
Chapter 7.

Criteria for modeling the stiffness, strength, and deformation
propertics of conventional structural components of buildings
with seismic isolation or passive energy dissipation systems are
given in Chapters 9 through 12.

Limited gmidance for other special seismic protective systems,
including active control systems, hybrid active and passive
systems, and tuned mass and liquid dampers, is provided in this
chapter. Seismic 1solation and passive encrgy dissipation systems
are viable design strategies that have been used for seismic ret-
rofit of a number of buildings. Other special seismic protective
systems—including active control, hybrid combinations of
active and passive energy devices, and tuned mass and hquid
dampers—may also provide practical solutions in the near
future. These systems are similar in that they enhance perfor-
mance during an carthquake by modifying the building's
response characteristics.

Seismic isolation and passive energy dissipation systems may
not be appropriate design strategies for buildings that have only
Limited Pedformance Objectives. In generl, these systems are
maost applicable to the retrofit of buildings whose owners desire
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superior earthquake performance and can afford the special costs
associated with the design, fabrication, and instal lation of seismic
isolators and/or passive cnergy dissipation devices. These costs
are typically offset by the reduced need for stiffening and
strengthening measures that would otherwise be required to meet
Performance Objectives.

Selsmic isolation and passive energy dissipation systems
mclude a wide variety of concepts and devices. In most cases,
these systems and devices ar implemented with some additional
conventional strengthening of the structure; in all cases, they
require evaluation of existing building components. As such, this
chapter supplements the requirements of other chapters of this
document with additional criteria and methods of analysis that
are appropriate for buildings retrofitted with seismic 1solators
and/or passive energy dissipation devices.

Conceptually, 1solation reduces response of the superstructure
by decoupling the building from the ground. Typical 1solation
systems reduce forces transmitted to the supestructure by
lengthening the period of the building and adding some amount
of damping,

Added damping 1= an inhemnt property of most solators,
but 1t may also be provided by supplemental passive energy
dissipation devices installed across the iselation interface.
Under favorable conditions, the isolation system can reduce
dnft in the supemstructure by a factor of at least two—and some-
times by as much as a factor of five—from that which would
oceur if the building were not isolated. Accelerations are also
reduced in the structure, although the amount of reduction
depends on the fore-deflection charactenstics of the isolators
and may not be as significant as the reduction of drift. Reduction
of doft in the supemstmcture protects structural components
and elements, as well as nonstructural components sensitive to
drift-induced damage. Reduction of acceleration protects non-
structural components that are sensitive to acceleration-induced
damage.

Passive energy dissipation devices add damping (and
sometimes stiffness) to the building. A wide waricty of passive
encigy dissipation devices are available, including viscous fluid
dampers, viscoelastic materials, and hystemtic devices. Ideally,
passive energy dissipation devices dampen earthquake excitation
of the structure that would otherwise cause higher levels of
response and damage to components of the building. Under
favorable conditions, passive encrgy dissipation devices can
reduce dnft of the structure by a factor of up to three (if no stiff-
ness is added) and by langer factors if the devices also add stiff-
ness to the structure. Passive encrgy dissipation devices also
reduce force in the structure—provided the stucture is respond-
ng neady elastically—but are not expected to significantly
reduce force in structures that are responding beyond yield,
resulting in structural damage.
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Active control damping systems sense and mesist building
motion, either by applying an extemal force or by modifying
structural properties of active components (e.g., so-called smart
braces). Tuned mass or lignid dampers modify properties and
add damping to key building modes of vibration. These systems
can be complicated to model and analyze and require specialized
knowledge and experience. Independent design review is neces-
sary for the design and construction of these systemns.

Special seismic systems. such as isolation or passive energy
dissipation systems, should be considersd carly in the design
process and should be based on the Pedormance Objectives
established for the building. Whether a special seismic system
iz found to be the appropriate or optimum design strategy for
building retrofit depends primarily on the target Building Perfor-
mance Level required at the specified Seismic Hazard Level. In
general, special protective seismic systems are found to be more
attractive as a retrofit strategy for buildings that have higher
performance objectives than for ordinary buildings (i.e., higher
Building Performance Lewels and/or more severe Seismic
Harard Levels).

The seismic response benefits generated from using an sola-
tion retrofit typically are not very effective or ecomomical for the
lowest performance objectives. In geneml. isolation systems
provide significant protection to the building structure, nonstrue -
tural components, and contents buat at a cost that may not be the
most feasible option whers the budget and Performence Orhjoc-
tives are modest. The scismic response benefits generated from
using energy dissipation retrofit can be effective andfor economi-
cal for the lowest Pedformance Objectives.

Passive energy dissipation systems have a wider range of
building height applications than do isolation systems. For the
tall buildings. passive energy dissipation systems should be con-
sidered as a prudent and potentially cost-effective design strat-
egy where performance objectives include the Damage Contral
Stmctural Performance Level. Centain passive encrgy dissipation
devices am quite economical and might be practical for mtrofits
that address only Limited Performance Objectives. In general,
however, passive energy dissipation systems are more likely to
be an appropriate design strategy where the desired performance
ohbjective 1z higher. Other criteria may also influence the decizion
to use passive energy dissipation devices, because these devices
can alzo be useful for control of building rezponse caused by
wind or mechanical loads.

Whenever either the Reduced Performance Objective of
Section 2.2.3.1 arthe Partial Retrofit Objective of Section 2.23.2
is selected, the structural design requirements are less than those
required for the potential seismic event. There is concern that
response to this potential carthquake could exceed the design
limits of the selsmic isolation or passive energy dissipation
devices, leading to device failure, Failure of these devices could
result in catastrophic performance of the building. Therefore,
the displacement design of these devices for these two lower
Performance Objectives requires a conservative multiplier on the
lower level multipliers or the use of a BSE-2E analysis to deter-
mine an appropriate device design displacement.

14.2 SEISMIC ISOLATION SYSTEMS

14.21 General Requirements Seismic isolation systems using
seismic isolators, classified as either elastomeric or sliding, as
defined in Section 14.2.2, shall comply with the requirements
of Section 14.2. Properiles of seismic isolation systems shall be
based on Section 14.2.2. Seismic isclation systems shall be
designed and analyzed in accordance with Section 14.2.3. Linecar
and nonlinear analyszs shall be performed. as required by Section
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1423, in accordance with Sections 14.2.4 and 14.2.5, respec-
tively. Monstructural components shall be rehabilitated in accor-
dance with Section 14.2.6. Additional requirments for seismic
isolation systems as defined in Section 14.2.7 shall be met.
Seismic isolation systems shall be tested n accordance with
Section 14.2.8.

The seismic izolation system shall include wind-restrant and
tic-down systems, if such systems are required by this standard.
The isolation system also shall include supplemental energy dis-
sipation. devices, if such devices are used to transmit fore
between the structure above the 1=olation system and the struc-
ture below the isolation system.

For seismically isolated structures, the coefficients Cy, Cy, Cy.
and J defined in Chapter 7. shall be taken as 1.0.

C14.2.1 General Requirements Analysis methods and design
critena for selsmic 1solation systems are based on criteria for the
Performance Objectives of Chapter 2.

The methods described in this section augment the analysis
requirements of Chapter 7. The analysis methods and other cn-
teria of this section are based largely on FEMA P-750, NEHRP
Recommended Seismic Provisions for Regulations for New
Buildings and Other Structures (2000c),

Seismic isolation has typically been used as a retrofit strategy
that enhances the performance of the building above that afforded
by conventional stiffening and strengthening schemes. Seismic
isolation retrofit projects have targeted performance at least
equal to, and commonly exceeding, the Basic Performance
Objective for Existing Buildings of this standard, effectively
achieving a target Building Performance Level of Immediate
Oecupancy or better.

A number of buildings rehabilitated with seismic isolators
have been historic. For these prajects, seismic 1solation reduced
the extent and intrusion of seismic modifications on the historical
fabric of the building that would otherwise be required to meet
desired performance levels.

14.2.2 Mechanical Properties and Modeling of Seismic Iso-
lation Systems Seismic isolators shall be classified as either
elastomeric or sliding. Elastomene isolators shall include any
one of the following: high-damping rubber bearings. low-
damping mbber bearings, or low-damping rubber bearings with
a lead core. Sliding isolators shall include flat assemblics or shall
have a curved surface, such as the friction pendulum system.
Rolling systems shall be characterized as a subset of sliding
systemz. Rolling izolators shall be flat assemblies or shall have
a curved or conical surface, such as the ball and cone system.
Isolators that cannot be classified as either elastomeric or sliding
are not addressed in this standard.

C14.2.2 Mechanical Properties and Modeling of Seismic
Isolation Systems A scismic izolation system is the collection
of all individual seismic isolators (and separate wind restraint
and tie-down devices, if such devices are used to meet the
requirements of this standard). Seismic isolation systems may be
compeosed entirely of one type of seismic isolator, a combination
of different types of seilsmic isolators, or a combination of
seismic isolators acting in parallel with energy dissipation
devices (Le., a hybrid system).

Elastomenc i1zolators are typically made of layers of rubber
separated by steel shims.

14.2.2.1 General Design_Properties Nominal design proper-

ties for each isolator size shall be established per Section
14.2.2.1.1 and upper and lower bound property variations shall
be established per Section 14.2.2.1.2 through 14.2.2.1.4.
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14.2.2. 1.1 Nominal Design Properties Nominal design proper-
ties for each 1solator size shall be established from either project-
specific prototype test data or prior prototype tests on an isolator
of similar size. These nominal design properties shall be modi-
fied by property variation or lambda (&) factors to account for
manufacturing tolerances, prototype test issues such as first-
cycle effects and long-term environmental effects to develop
upper- and lowerbound propertics for the design and analysis
of the 1solated structure, as specified in Section 14.2.2.1.4.

C14.2.2.1.1 Nominal Design Properties In the carly applica-
tions of base isolation technology, the design properties were
obtained from prototype tests, which generally led toan extended
design process. As the number of applications has increased. the
prototype test data that are now available from manufacturers of
the more widely used systems have increased significantly, and
it is now possible to get reasonably accurate nominal design
propertics from the manufacturers. These nominal design prop-
erties can either be confirmed by prototype tests later in the
design or construction phase of the project, or similarity may be
used to accept the prototype tests on which the nominal proper-
ties are based. This enables the design process to proceed like a
conventional project.

Eesults from testing of a small number of prototype isolators
may not necessarily provide the best estimate of the nominal
design properties and the associated upper- and lower-bound
specification limits. This potential discrepancy oceurs becanse a
single test result may be at the upper or lower end of the range
of a larger population.

14.2.2.1.2 Specijication Tolerance on Nominal Design Proper-
ties Lambda factors shall be established (8, e 800 &g jomer)
for the permissible variation of the average of the manufacturing
production test values from the nominal design value for each
isolator size. This tolerance shall be the same as that used for
the procurement of isolators for construction, and it 15 also
used to establish the upper- and lower-bound propertics of the
isolators for use in the design and analysis process (Section
14.22.1.4).

C14.2.2.1.2 Specification Tolerance or Nominal Design Pro-
perties As part of the design process, it is important to recognize
that there are varations in the nominal propertics caused by
manufacturing tolerances. This section specifies the lambda
factors for the manufacturing process, and these ame then used
with the property modification factors in Section [4.2.2.1.3 to
determine the upper- and lower-bound properties of the isolators
in Section 14.2.2.1.4 for use in the design and analysis process,

Recommended values for the specification tolerance on the
average properties of all isclators of a given size 1solator are
typically in the £10% to £15% range. For a £10% specification
tolerance, the corresponding lambda factors would be Ao uppe =
110 and Rapee tower = 0.90. Variations in individual isolator proper-
ties may be greater than the tolerance on the average properties
of all isolators of a given size, as discussed in Section 14.2.7.2.9.
It is recommended that the 1solator manufacturer be consulted
when establishing these tolerance values.

The wider specification tolerance for individual isolators
should be taken into account for isolator connection design by
amplifying the upper-bound analysis forces by the ratio of the
larnbda factors, e.g.. 1.15/1.10 for the example values here.

14.2.2.1.3 Propery Variation (A) Factors Property variation or
lambda () factors shall be established for cach isolator type to
account for both environmental and aging effects and prototy pe
test propertics such as first-cycle effects that are not accounted
for in the nominal design values. Lambda (L) factors for each
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significant effect shall be established that describe the expected
varations above and below the nominal value (1,00 and shall be
designated Ao upee 804 Rofrec jower

Upper-bound property modification factors, A, ., mg. shall be
determined for each isolator type by computing ﬁ.: product of
all the upperbound lambda (L) factors for environmental and
testing effects to get Aypepw. and similarly for all the lower-
bound lambda (3] factors to get Agowerrut

The system property adjustment factor (SPAF) used to modify
these values in Section 14.2.2.1.4 is 0.67 for all Performance
Levels.

C14.2.2.1.3 Property Variation (A) Facitors Section 14.2.7.1
requires the isolation system to be designed with consideration
given to other environmental conditions, including aging effects.
creep, fatigue, and operating temperatures. Prototype tests may
also indicate the need to address wvelocity effects, first-cycle
effects, and other effects that cause the isolator test properties
to vary from the nominal design properties. Lambda factors
are not required for any behavior that can be directly accounted
for in the analytical model of the isclator used in the analysis.
This section provides the lambda factor methodology for address-
ing these potential variations i sclator properties from the
nominal design properties. These vanations are then included
in the upper- and lower-bound isolator properties in Section
142214

Lambda factor values describe deviations in properties from
unity. For example. if aging effects are expected to cause a 155
ncrease in isolator effective stiffness over the considered design
life, then the corresponding lambda factor 15 1.15.

For elastomeric isolators, lambda factors should address
axial-shear interaction; bilateral deformation; load history,
ncluding firstcycle effects and the effects of scragging of virgin
elastomeric isolators, temperaturs: and other environmental
loads and aging effects over the design life of the isolatar.

For sliding isclators, lambda factors should address contact
pressure, rate of loading or velocity, bilateral deformation, tem-
perature, contamination, and other environmental loads and
aging effects over the design life of the isolator.

The system property adjustment factor (SPAF) was developed
on the basis that a full and simultaneous increase in each param-
eter does not occur at the same time. This work originated
with a report by Constantinou et al. (1999) that was then incor-
parated into the AASHTO Suide Specifications for Seismic Iro-
lation Design (1999 and 2010} and was also included in the
recommended AASHTO LRFD Bridge Design Specifications
(2012).

14.2.2.1.4 Upper- and Lower-Bound Design and Analvsis Pro-
perties Upper- and lower-bound design and analysis properties
for cach isclator size shall be determined for each modeling
parameter as follows:

Upper-bound design property =
Mominal design property (14-1a)
* {'-"SPH-‘WH[H' SPAF(A ypper pu — 1)]}
Upp-:r—hcu!md des.i,gn property = 1.3 (14-1b)
» Mominal design property
Lower-bound design propeny
= Nominal design property (14-2a)
3 { Aegpe gamvne [1— (SPAFUL = Bper pt )
Lower-bound design property < 0,85

14-2b
» Nominal design property ( )

Table Gid4-1. Upper-Bound Multiplier Using AASHTO
Lambda Factors

Flaln Laad
Unlubrosted  Lubrlowted  Elastomerks  Rubber
Varable PTFE ) FTFE ) =]
Aging 1.2 14 1.1 11
Velocity (L.)® ' * 1 1
Contamination () L1 11 1 1
Temperatue (L) 1.1 1.3 1.1 1.1
Seraging Moo 1 1 1 1
Azmmed lambda factor 110 110 L.10 1.10
for first-cycle effect
Multiple of sl lambda L.&0 2.20 133 1.33
factors
Upper-bound with 0.67 140 181 122 1.22
“TAr
Lambda factor for 110 110 L.10 1.10
specification
tolerance
Upper-bound 1.54 100 134 1.34
mu]ﬁggaer. including
specification
tolerance with 0.67
SPAF

“Sometimes Arst-cycle effect: {1y for low-damping rubber bearings with a
lead core.

FBy beatdeaigu valua,
“Firat-cycle effect for high-damping rubber tearings.

Upperbound strength, stiffness, and energy dissipation shall
be considered together as the upper-bound design and analysis
case, and lower-bound strength, stiffness, and ercrgy dissipation
shall be considersd together as the lowerbound design and
analysis case. At a minimum, upper- and lower-bound properties
shall be established for loads and displacements corresponding
to each hazard level being evaluated.

Cl4.2.2.1.4 Upper- and Lower-Bound Design and Aralysis Pro-
perties This section provides the methodology for combining
both the specification tolerances and the environmental and
prototype test property varation factors to obtain upper-
and lower-bound design and analysis properties for each
isolator size.

An upper- and lower-bound design and analysis property
shall be established for each modeling parameter required for
the selected methed of analysis. For example, effective stiffness
and damping are necessary for linear methods, and initial s6ff-
ness, postyield stiffness, and strength are necessary for nonlinear
methods,

The AASHTO recommended lambda factars am acceptable
for addressing the environmental and prototype testing effects,
but other rational judgments by the licensed design professional
may also be acceptable. A summary of results from using the
AASHTO recommendations for the upper-bound properties 1s
provided n Table Cl4-1 for a SPAF of 0.67, a first-cycle lambda
factor of 1.1, and a specification tolerance of £10%.

Temperature effects in bridge applications may be more
severe than in typical building applications. In addition, some
of the recommended factors n AASHTO (e.g., for the velocity
effect on (Qa for lead rubber isolators or for the scragging
effect for high damping rubber isolators) may be captured as
first-cycle effects in prototype testing and should not be accounted
for twice.

14.22.2 Mechanical Properties of Seismic Isolators
14.2.2.2.] Elastomeric Iselators For mathematical modeling

of isolators, mechanical characteristics based on analysis or

306

D ' Displacement

FlG. C14-1. Idealized Hysteretic Ferce—Dizplacement Relation
of a Lead and Rubber Bearing

available material test propertics shall be permitted. For design,
mechanical characteristics shall be based on tests of isclator
prototypes in accordance with Section 14.2.8,

(14.2.2.2.] Elastomeric Isolators Elastomeric bearings repre-
sent A common means for mtrod ucing flexibility into an isolated
structure. They consist of thin layers of natural mbber that are
vulcanized and bonded to steel plates. Natural rubber exhibits a
complex mechanical behavior, which can be described simply as
a combination of viscoelastic and hysteretic behavior, Low-
damping natural rubber bearings exhibit essentially linearly
elastic and linearly viscous behavior at large shear strains. The
effective damping is typically less than 0.07 equivalent viscous
damping for shear strains in the ranges of 0 to 2.00

Leadmbber bearngs are generally constructed of low-damping
natural rubber with a preformed central hole into which a lead
core is press fitted. Under lateral deformation, the lead core
deforms in almost pure shear, yields at low levels of stress
{approximately 8 to 10 MPa in shear at normal temperature), and
produces hystertic behavior that 1s stable over many cycles.
Unlike mild steel, lead recrystallizes at normal temperature
{about 20°C), so that repeated yielding does not cause fatigue
failure. Lead and mubber bearings generally exhibit characteristic
strength that ensures rigidity under service loads. Fig. Cl4-1
shows an idealized force—displacement relation of a lead and
rubber bearing. The characteristic strength. (2, 15 mlated to the
lead plug area, A, and the shear yield stress of lead. o

P=A0n (C14-1)
The postyield stiffness, k. is typically higher than the shear
stiffness of the bearing without the lead core:
L AGh
a=
Et
where A, = bonded rubber arca;
Ei= total ubber thickness;
(= shear modulus of rubber (ty pically computed at shear
strain of 0.5); and
fr= a factor larger than unity.

(C14-2)

Typically, fr.is 1.15, and the clastic stiffness ranges between
6.5 to 10 times the postyicld stiffness.

The behavior of leadmbber bearings may be represented by
a bilinear hysteretic model. Computer programs 3D-BASIS
(Magarajaiah et al. 1991, Reinhorn et al. 1994, and Tsopelas
ct al 1994), ETABS (CSI 2012a), and SAP2000 (CSI 2012b)
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FIG. C14-2. Force-Displacemant Loops of a High-Damping
ubber Bearing

hawve the capability of modeling hysteretic behavior for isolators.
These models typically require definition of three parameters.
namely, the postyield stiffness &, the yield force F, and the yield
displacement I, For leadrubber bearings in which the elastic
stiffness is approximately equal to 6.5 &, the yield displacement
can be estimated as

o
D =— -
¥ 5.5k, (Cl4-3)
The yield force is then given by
F=0+k,D, (Cl44)

High-damping rabber bearings are made of specially com-
pounded rubber that exhibits effective damping between
0,10 and 0.20 of critical. The ncrease in effective damping of
high-damping rubber 1z achieved by the addition of chemical
compounds that may also affect other mechanical properties of
mbber. Fig. C14-2 shows representative force—displacement
loops of a high-damping mbber bearing under scragged
conditions.

Scragging is the process of subjecting an elastomeric bearing
to one or momr cycles of large-amplitude displacement. The
seragging process modifies the molecular stmcture of the elas-
tomer and resulis in more stable hysteresis at stmin levels lower
than that to which the elastomer was scragged. Althongh it is
usually assumed that the scragged properiies of an elastomer
remain unchanged with time, studies by Cho and Retamal { 1993 )
and Murota et al (1994) suggest that partial recovery of
unscragged propertics is likely. The extent of this recovery is
dependent on the elastomer compound.

Mathematical models capable of describing the transition
between virgin and scragged propertics of high-damping rubber
bearings are mot yet available. It is appropriate in this case to
perform multiple analyses with stable hystertic models and to
abtain bounds on the dynamic response. A smoath, bilinear hys-
teretic model that is capable of modeling the behavior depicted
in Fig. Cl14-1 15 appropriate for such analyses, as long as the
peak shear strain is below the stiffening limit of approximately
15 o 2.0, depending on the rubber compound. Beyond this
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FIG. C14-3. Tangent Shear Modulus and Effective Damping
Ratio of High-Damping Rubber Bearing

strain limit, many clastomers exhibit stiffening behaviar, with
tangent stiffness approximately equal to twice the tamgent stiff-
ness before initiation of stiffening. For additional information,
refer to Tsopelas and Constantinon {1994).

To illustrate the caleulations of parameters from test data on
prototype bearings, Fig. Cl4-3 shows expermentally deter-
mined properties of the high-damping rubber bearings, for which
loops are shown in Fig. C14-2. The propenties identified are the
tangent shear modulus, G, and the effective damping ratio, fig
{described by Eg. C14-18), which is now defined for a single
beanng (rather than the entire isolation system), under scragged
conditions. With reference to Fig. Cl4-1, & is related to the
postyiclding stiffness k.

_GA
T It
where A is the bonded mbber area. The resulis of Fig. C14-3

demonstrate that the tangent shear modulus and equivalent
damping ratio are only marginally affected by the frequency of
loading and the bearing pressure, within the indicated range for
the tesied elasiomer. Different conclusions may be drawn from
the testing of other high-damping rubber compounds.

The parameters of the bilinear hysterstic model may be deter-
mined by use of the mechanical properties (7 and [i g at aspecific
shear strain, such as the strain cormsponding to the design dis-
placement [, The postyield stiffness &, is determined from Eq.
(C14-5). whereas the characteristic strength, 3, can be deter-
mined as

[ (C14-5)

0= ek, D
T (2-TP.g)D-20,

where [} iz the yield displacement. The yield displacement is
generally not known a prion. However, experimental data
suggest that D? 1s approximately equal to 0.05 o 0.1 times the
total rubber thickness, Ei. With the yield displacement approxi-
mately determined, the model can be completely defined by

(Cl4-6)
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FIG. ©14-4. Analytical Force—Displacement Loops of High-
Damping Rubber Bearing

determining the yield foree (Eq. C14-4). It should be noted that
the charactenstic strength may be alternatively determined from
the effective stiffness, kg (Eq. Cl4-1T), of the bearing, as
follows:

_ Mgk D?
2(D-Dy)
The effective stiffness is a more readily determined property

than the postyielding stiffness. The effective stiffness 15 com-

monly used to obtain the effective shear modulus, G
defined as

o (CI4T)

ke Er
TA

The behavior of the beanng for which the force—displacement
loops are shown in Fig. ©14-2 is now analytically constructed
using the mechanical properiies at a shear strain of 1.0 and a
bearing pressure of 7.0 MPa. These properties am &g = 0.50 MPa
and fiz = 0.16. With the bonded arca and total thickness of
mubber known, and assuming Iy = 0.1Z4, a bilinear hysterctic
model was defined and implemented n the program 30-BASIS.
The simulated loops ar shown in Fig. Cl4-4, where it may be
observed that the calculated hysteresis loop at shear strain of 1.0
agrees well with the corresponding experimental hysteresis loop.
However, at lower peak shear strain. the analytical loops have a
constant characteristic strength, whereas the experimental loops
have a characteristic strength dependent on the shear strain
amplitude. Nevertheless, the analytical model is likely to produce
acceptable results where the design parameters are based on the
mechanical properties at a strin comesponding to the design
displacement.

Elastomernic bearings have finite vertical stiffness that affects
the vertical response of the isolated structure. The ventical suff-
ness of an elastomeric bearing may be obtained from

EA
h=3r

G (C14-8)

(C14-9)

where E_ is the compression modulus. Although o number of
approximate empincal relations have been proposed for the cal-
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culation of the compression modulus, the correct expression for
circular bearings is the following:

Er=[ 1_+i]1 (C14-10)
6GeS? K

where K is the bulk modulus (typically assumed to have a value
of 2,000 MPa) and § is the shape factor, which is defined as the
ratio of the loaded area to the perimeter area of a single rubber
layer (Kelly 1993). For a circular bearing of bonded diameter ¢
and rubber layer thickness i, the shape factor is given by

L

=— C14-11
4t ( )

Seismic elastomeric bearings ar generally designed with a
large shape factor, typically 12 to 20. Considering an elastomeric
bearing design with §= 15, Gz= | MPa, and K = 2,000 MPa,
the ratio of vertical stiffness (Eq. C14-9) to effective horizontal
siiffness (Eq. C14-8) is approximately equal to 700. Thos,
the vertical pericd of vibration of a structure on elastomeric
isolation bearings is about 26 tmes (ie., 7000 less than the
horizontal period, on the order of 0.1 5. This value of vertical
period provides potential for amplfication of the wvertical
ground acceleration by the isolation systemn. The primary effect
of this amplification is to change the vertical load on the bear-
mgs, which may need to be considered for cenain design
applications.

Another consideration mn the design of scismically isolated
structures with elastomeric bearings is reduction in height of
a bearing with ncreasing lateral deformation (Kelly 1993).
Whereas thiz reduction of height iz typically small, it may be
imporiant where elastomeric bearings are combined with other
isolation components that are vertically figid (such as shiding
bearings). In addition, incompatibilities in vertical displacements
may lead to a redistribution of loads.

14.2.2.2.2 Sliding Isolaters Mechanical characteristics for use
in mathematical models shall be based on analysis and available
material test properties. Venfication of isolator properties used
for design shall be based on tests of isolator prototypes, in accor-
dance with Section 14.2.8,

C14.2.2.2.2 Sliding Isolators Sliding bearings limit the trans-
mission of force to an isolated structure to a predetermined level.
Although this limit is desirable, the lack of significant restoring
force can result in significant variations in the peak displacement
response and can result in permanent offset displacements. To
avoid these undesirable featums, sliding bearings are typically
used In combination with a restoring foros mechanizsm.
The lateral force developed n a sliding bearing can be
defined as
N . :
F=ED+|.l,.i‘-s,gnij (C14-12)
where [ = displacement:
D = sliding velocity;
R = radiuz of curvature of shiding surface;
W, = coefficient of sliding friction;
N = normal load on the bearng: and
sgni D) = sign of sliding velocity vector; +1 or—1.

The normal load consists of the gravity load. W, the effect of
vertical ground acceleration, LY, and the additional selsmic fomre
caused by overturning moment, P,

N:W[1+E+£] (C14-13)
g W
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FlIG. Ci14-5. Idealized Force-Displacement Loops of Sliding Bearings

The first term in Eq. {Cl4-13) denotes the restoring fome
component, and the second term describes the frction force. For
flat sliding bearngs, the rads of curvature is mfinite, so the
restoring force term in Eq. (C14-13) vanishes. For a spherical
shding surface (Zayas et al. 1987}, the radius of curvatum is
constant, so the bearing exhibits a linear restoring force; that is,
under constant gravity load the stiffiess is equal o W/R,. where
R, is the radius of the spherical sliding surface. Where the shiding
surface takes a conical shape, the restoring force is constant. Fig.
C14-5 shows idealized force—displacement loops of sliding bear-
ings with flat, sphencal, and conical surfaces.

Sliding bearings with either a flat or single corvature spherical
sliding surface am typically made of polytetrafluoroethylene
(PTFE) or PTFE-based composites in contact with polished
stamnless steel. The shape of the sliding surface allows large
contact arcas that, depending on the materials used, ar loaded
to average bearing pressures in the mnge of 7 to 70 MPa. For
interfaces with shapes other than flat or sphencal, the load needs
to be transfermred through a bearing, as illustrated in Fig. C14-5
for the comical sliding surface. Such an arrangement typically
resulis in a very low coefficlent of friction.

For bearings with large contact area, and m the absence of
liquid lubrncants, the coefficient of friction depends on several
paramicters, of which the three most important are the composi-
tion of the sliding interface, bearing pressure, and velocity of
shding. For interfaces composed of polished stainless steel in
contact with PTFE or PTFE-based composites, the coefficient of
sliding friction may be described by

W= foum — Ufom — fudexp(—alU])  (C14-14)

where parameters o, and f,,, describe the coefficient of friction
at small and large velocities of sliding and under constant pres-
sure, respectively, all as depicted in Fig. Cl4-6. Parameters frmu.
Fein, and @ depend on the bearing pressure, although only the
dependency of foax on pressum is of practical significance.

A pood approximation to the experimental data {Constantinon
ctal. 1997) is

S = Fome = frmo = famp)tanh gp (C14-15)

where the physical significance of parmmeters f,,,, and fo,., is
as illustrated in Fig. Cl4-6. The term p is the nstantanecus
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beanng pressure, which is squal to the nommal load N computed
by Eq. (C14-13), divided by the contact area; and £ is a param-
eter that controls the variation of £, with pressure.

Fig. Cl4-6 illustrates another feature of shding bearmgs. On
mitiation of motion, the coefficient of friction exhibits a static
or breakaway value, g which is typically higher than the
minimum value fo.. To demonstrate frictional properties, Fig.
C14-6 shows the relation between bearing pressure and the fric-
tion coefficients fre, o and fur of a PTFE-based composite
material in contact with polished stainless steel at normal tem-
perature, These data wer compiled from testing of bearings in
four different testing programs (Soong and Constantinon 1994,

Combined clastomeric and sliding isolation systems have
been used in buildings in the United States. Japanese engineers
have also used elastomeric bearings in combination with mild
steel components that are designed to yield in strong eathguakes
and enhance the energy dissipation capability of the zolation
system (Kelly 1988). These mild steel components exhibit either
clastoplastic behavier or bilinear hysteretic behavior with low
postyielding stiffness. Moreover. fluid viscous energy dissipa-
tion devices have been used in combination with elastomeric
bearngs. The behavior of fluid viscous devices is described in
Section 143323
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Hybrid seismic isolation systems composed of elastomeric
and sliding bearings should be modeled taking into account the
likely significant differences in the relationships between verti-
cal displacement as a function of horizontal displacement. The
use of clastomenc and sliding isolators close to one another
under vertically stiff structural framing elements (e.g., reinforced
concmete shear walls) may ke problematic and could result in
significant redistributions of gravity loads.

14.2.2.3 Modeling of Isolators

14.2.2.3.] General The upper and lower-bound values of stiff-
ness and damping defined in Section 14.2.2.1.4 shall be used in
multiple analyses of the model to determine the range and sen-
sitivity of response to design parameters.

14.2.23.2 Linear Models The restoring force, F, of an isolator
shall be caleulated as the product of effective stiffness, kg, and
response displacement, Ik

F=lkyD (14-3)

The effective stiffness, kg of an 1solator shall be caloulated
fromtest data using Eq. (14-17). The arca enclosed by the force—
displacement hysteresis loop shall be used to calculate the effec-
tive damping, flg of an isolator using Eq. (14-18). Effective
stiffness and effective damping shall be evaluated at all response
displacements of design interest.

C14.2.2.3.2 Linear Models Linecar procedures use effective stiff-
ness, kg, and effective damping. B to chamcterize nonlinear
properties of solators.

For lincar procedures (see FEMA 274, Section Cl4.2.3
[FEMA 1997b]), the seismic isolation system can be represented
by an equivalent lincarly elastic model. The force in a seismic
isolation device is calculated as

FelkuyD (Cl4-16)

where all terms are as defined in Section 14.2.2.3.2 of this stan-
dard. The effective stiffness of the selsmic 1solation device may
be calculated from test data as follows:

Frl+|F

|-+

Fig. C14-T illustrates the physical significance of the effective
stiffness,

Analysis by a linear method requimrs that either each seismic
isolator or groups of seismic isolators be represented by linear
springs of either stiffness, &g, or the combined effective stiffness
of each group. The energy dissipation capability of an isolation
systemn 1s generally represented by effective damping. Effective
damping is amplitude dependent and caleulated at sach displace-
ment amplitude, as follows:

ke (Cl4-1T)

1 EE,
= ] (C14-18)

Per = 5 kran D

where ZE is the sum of the arcas of the hystersis loops of all
isolators, and kg is the sum of the effective stiffnesses of all
seismic isolation devices.

The application of Eq. (C14-16) through Eq. (C14-18) to
the design of isclation systems is complicated if the effective
stiffness and loop area depend on axial load. Multiple analyses
are then required to establish bounds on the properties and
response of the isolators. For example, sliding isolation systems
exhibit such dependencies as described in Section C14.2.2.2.2.
To account for these effects, the following procedure is
proposed.

Ho

Displacemeant

Hysteretic behavior

- —— -
(_/" / héplacement

(-~ A,

Viscoelastic behawvior

FIG. C14-7. Definition of Effective Stiffness of Seismic
lsolation Devices

1. Inshiding isolation systems, the relation between horizontal
force and vertical load is substantially linsar {see Eq. [C14-
16]). Accordingly, the net effect of owerturning moment on
the mechanical behavior of a group of bearings is small
and can be neglected.

Al-Hussaini et al. (1994 provided experimental results
that demonstrate this behavior up to the point of imminent
beanng uplift. Similar results are likely for elastomeric
beanngs.

2. The effect of vertical ground acceleration 15 to modify the
load on the isolators. If it is assumed that the building is
rigid in the vertical direction, and axial forces caused by
overturning moments are absent, the axial loads can vary
between W(I—U ."gj and W[l-'-U-"E:l. whem U is the peak
vertical ground accelermtion. Howewver, recogmzing that
horizontal and vertical ground motion components are
likely not comrelated unless in the near field, it s appropni-
ate to use a combination mle that uses only a fraction of
the peak vertical ground acceleration. Based on the use of
50% of the peak vertical ground acceleration, maximum
and minimom axial loads on a given isolator may be

defined as
=Wil+0.2085x) (C14-19)

whem the plos sign gives the maximum wvalue and the
minus sign gives the minimum valoe, Equation (C14-19)
15 based on the assumption that the short-period spectral
response parameter, Sys 15 2.5 times the peak value of
the wvertical ground acceleration. For analysis for the
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maximum considered earthquake, the axial load should be
determined from

Ne =Wil£0.205us) (C14-200

Eqgs. (C14-19) and (C14-20) should be used with caution if
the building is located in the near field of a major active fault.
In this instance, expert advice should be sought regarding cor-
relation of harizontal and vertical ground metion components.

Load Ne represents a constant load on isolators, which can be
used for determining the effective stiffness and arca of the hys-
teresis loop. To obtain these propertics, the characteristic strength
@ (see Fig. Cl4-T) is needed. For sliding isclators, 2 can be
taken as equal to f o N where £, is determined at the bearing
pressure corresponding to load Ne. For example, for a sliding
bearing with spherical sliding surface of radius Ry i=ee Fig. Cl4-
5). the effective stiffness and arca of the loop at the design dis-
placement D) are

by = —+== N C14-21
et [En o [ { |
Loop area = 4f g N D (Cl14-22)

14.2.2.3.3 Nonlinear Models The nonlinear upper- and lower-
bound force-deflection properties of isolators shall be explicitly
madeled if nonlinear analysis procedures are used.

The inelastic (hysterstic) model of the isolators shall represent
damping in the devices. Additional viscous damping shall not be
mncluded in the model of the isolators unless it is supported by
rate-dependent tests of isolators. Viscous damping in the struc-
tural modes shall be separately considered.

14.2.2.3.3 Nonlinear Models For dynamic nonlinear time-
history analysis, the seismic isolation components should be
explicitly modeled. FEMA 274, in Sections C14.2.2.2 through
C14.2.2 4 (FEMA 1997h). presents relevant information. Where
uncertamties exist and where aspects of behavior cannot be
madeled, multiple analyses should be performed with appropri-
ate lambda factors, as described In Section 14.2.2.1.3.

Inhernt damping in isclated structures must be considered
separately for the isolated and superstructure modes. For
example, whereas a value of 5% may be appropriate for the
superstructure, a value of 2% or less may be appropriate for the
isolated modes. This issue may be further complicated where
coupled isolated and superstructure modes occur

For simplified nonlinear analysis, each seismic 1solation com-
ponent can be modeled by an appropriate rate-independent hys-
teretic model. Elastomeric bearngs may be modeled as bilinear
hysteretic components, as described in FEMA 274, Section
C14.2.2.2 (1997k). Shding bearings may also be modeled as
bilinear hysteretic components with characteristic strength (see
Fig. C14-5), given by

2= fomNc (C14-23)

where Ne is determined by either Eq. (Cl4-19) or Eg.
(C14-207, and fou is the cocfficient of sliding friction at the
approprate sliding velocity, The postyield stiffness can then be
determined as

N

]

where R is as defined in FEMA 274, Section Cl4.222B
(1997b). The yield displacement [, in a bilinear hysteretic model

of a sliding beanng should be very small, perhaps on the order
of 2 mm. Alternatively, a bilinear hysteretic mode! for sliding

(C14-24)
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bearings may be defined to have an elastic stiffness that is at
least 100 times larger than the postyield stiffness, k..

Isolation devices that exhibit viscoelastic behavior as shown
n Fig. C14-7 should be modeled as linsarly elastic components
with effective stiffness kg as determined by Eq. (C14-210

14.2.24 lIsolation System and Superstructure Modeling

14.2.2.4.1 Geneml Mathematical models of the isolated build-
ing. ncluding the isclation system, the selsmic-force-resisting
system of the superstructure, other structural components and
clements, and connections between the isolation system and the

structure, shall meet the requirements of Chapter 7 and Sections
142242 and 14.2.2.4.3,

14.22.4.2 Isolation System Model The isolation system shall
be modeled using upper- and lower-bound deformation charac-
teristics developed and verified by test m accordance with the
requirements of Section [4.2.2.1.4.

The 1solation system shall be modeled with sufficient detail to

1. Account for the spatial distnbution of isclator units;

2. Caleulate translation, in both horizontal directions. and
torsion of the structure abowve the isolation interface,
considering the most disadvantageous location of mass
ecoentncity;

3. Assess overtuming andfor uplift forces on individual
isolators;

4. Account for the effects of vertical load, bilateral load, and/
or the rate of loading, if the force-deflection properties of
the isolation system are dependent on one or mone of these
factors;

. Assess forces caused by P-delta moments; and

6. Account for nonlinear components. Isolation systems with
nonlinear components include systems that do not meet the
criteria of Section 14.2.3.3.1, Item 2.

n

14.2.2.4.3 Superstructure Model The maximum displacement
of each floor, the total design displacement, and the total
maximum displacement across the isclation system shall be
calculated using a model of the isolated building that incor-
porates the force—deformation  characteristics of nonlinear
components.

Caleulation of design forces and displacements in primary
components of the selsmic-force-resisting system using linearly
elastic models of the 1solated structure above the isolation system
shall be permitted if bath of the following critena are met:

1. Peeudo-clastic properies assumed for nonlinear isolation
system components are based on the upper-bound effective
stiffness of the lsclation system: and

2. The seismic-force-resisting system remains linearly elastic
for the carthquake demand level of interest.

A seismic-force-msisting system that meets both of the fol-
lowing criteria may be classified as linearly elastic:

1. Far all deformation-contrelled actions, Eq. (7-36) is satis-
fied using an m-factor equal to the lesser of the following:
those specified for the component or Performance Level, 1.5
forthe Immediate Occupancy and Life Safety Performance
Level and 2.0 for the Collapse Prevention Performance
Level; and

2. For all force-controlled actions, Eq. (7-3T) is satisfied.

14.2.3 General Criteria for Seismic Isolation Design

14.2.3.1 General The design, analysis, and testing of the isola-
tion systemn shall be based on the requirements of this section,
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C14.23.1 General Criteria for the ssismic isolation of build-
ings are divided into two sections:

1. Retrofit of the building; and
2. Design, analysis, and testing of the isolation system.

14.2.3. 1.1 Srability of the Isolation System The stability of the
vertical-load carying components of the 1solation system shall
be verified by analysis and test, as reguired by Section 14.2.8,
for a lateral displacement equal to the total maximum displace-
ment computed In accordance with Section 142435 or
Section 14.2.5.1.2, or for the maximum displacement allowed
by displacement-restraint devices, if such devices are part of the
isolation system.

14.23.1.2 Configurarion Reguiremenis The isolated building
shall be classified as regular or imegular, as defined in Section
7.3.1.1, based on the structural configuration of the strcture
above the isolation system.

14.2.3.2 Seismic Hazard Criteria Seismic hazard critena for
the dezign carthquake, BSE-1X, and the maximum considered
carthquake, BSE-2X, shall be established in accordance with
Section 2.4 as modified by this section. The design Seismic
Hazard Level shall be user specified and shall be permitted to
be chosen equal to the BSE-1E or BSE-IN Scizmic Hazard
Level. The maximum considered earthquake, BSE-2X, shall be
taken equal to the BSE-2E or the BSE-2N Seismic Hazard Level,
depending on whether the BSE-1E or BSE-IN. respectively, 15
chosen for the design carthquake.

14.2.3.2.1 User-Specified Design Earthquake: BSE-IX For the
design earthquake, BSE-1X, the following selsmic hazard crite-
ria shall be established:

1. Sheori-penod spectral response acceleration parameter, Sy,
and spectral response acceleration parameter at 1.0 =, S,
in accordance with Section 2.4.1 or 2.4.2:

2. Five-pement-damped response spectrum of the dezign
carthquake (where a response spectrum is required for
linear procedures by Section 14.2.3.3.2, orto define ground
motion acceleration histories): and

3. Ground motion acceleration histones compatible with the
design earthquake spectmim, as specified in Section 2.4.2.2
(where ground motion accelertion histories are required
for nonlinear procedures by Section 14.2.3.3.3).

14.23.2.2 Maximum Considered Earthguake: BSE-2X For the
maximum considered earthquake, BSE-ZX, the following seis-
mic hazard criteria shall be established:

1. Short-period spectral response acceleration parameter, Sy,
and spectral response acceleration parameter at 1s, Sy, in
accordance with Section 2.4.1 or 2.4.2;

2. Five-percent-damped site-specific response spectum of
the BSE-2E or BSE-2N (where a msponse spectrum 15
required for linear procedures by Section 14.2.3.3.2, or to
define ground motion acceleration histaries): and

3. Ground motion acceleration histories compatible with the
BSE-2E or BSE-2N spectrum, as specified in Section
24.2.2 {where ground motion acceleration histories are
required for nonlinear procedures by Section 14.2.3.33),

14.2.3.3 Selection of Analysis Procedure A lincar or nonlinear
analysis procedure in Sections 14.2.3.3.] through 142333
shall be used.

C14.2.3.3 Selection of Analysis Procedure Lincar static and
linear response spectrum procedumes include prescriptive formu-
las and response spectrum analyzis. Linear procedures based on
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formulas (similar to the ssismic-coeffi cient equation required for
design of fixed-base buildings) prescribe peak lateral displace-
ment of the 1salation system and define minimum design eniteria
that may be used for design of a limited class of isolated struc-
tures {without confimnatory dynamic analyses). These simple
formulas are useful for preliminary design and provide a means
of expeditions review of more complex calculations.

Response spectrum analysis is recommended for design of
isolated structures that have either (1) a tall or otheraise fexible
superstructure or {2} an imegular superstructure. For most build-
ings, response spectmim analysis does not predict significantly
different displacements of the 1solation system than those calou-
lated by prescriptive formulas, provided that both caleulations
are based on the same effective stiffncss and damping propenics
of the isolation system. The real benefit of response spectrum
analysis is not in the prediction of isolation system response but,
rather. in the calculation and distribution of forces in the super-
structure, Response spectrum analysis permits the use of more
detailed models of the superstructure that better estimate forces
and deformations of components and elements considering flex-
ibility and imegulanty of the structural system.

Nonlinear procedures nclude the nonlinear static procedurs
(M5P) and the nonlinear dynamic procedure (NDP). The N3P is
a static pushover procedure, and the NDP is based on nonlinear
time-history analysis. The NSP or the NDP is reguired for
isolated structures that do not have essentially lincarly elastic
superstructures {during BSE-2X demand). In this case, the super-
structure would be modeled with nonlinear components.

Time-history analysis is required for isolated structures on
very soft so1l (1.e., Soil Profile Type E where shaking is strong,
or Soil Profile Type F) that could shake the building with a large
number of cycles of long-penod motion, and for buildings with
1solation systems that are best characterized by nonlinear models.
Such izclation systems include the following:

1. Systems with momr than about 30% effective damping
{because high levels of damping can significantly affect
higher mode response of the superstructuns):

2. Systems that lack significant restoring force (because
these systems may not stay centered during ecarthquake
shaking):

3. Systems that are expected to exceed the sway-space
clearance with adjacent stmictums (because impact with
adjacent structures could impose large demands on the
superstructure); and

4. Systems that are rate or load dependent (because their
properties vary during earthquake shaking).

For the types of isolation systems described above, appropn-
ate nonlinear properties must be used to model solators. Linear
propertics could be used to model the superstructure, provided
that the superstructure’s response 1s essentially lincarly elastic
for BSE-2X demand.

The restrictions placed on the use of linear procedures effec-
tively suggest that nonlinear procedures should be used for virtu-
ally all isolated buildings. However, lower-bound limits on
1solation system design displacement and force are specified by
this standard as a percentage of the demand prescribed by the
lincar formulaz, even wher dynamic analysis is used as the basis
for design. These lowerbound limits on key design attributes
ensure consistency in the design of solated structures and serve
as a “safety net” against gross underdesign.

14.2.3.3.] Lirear Procedures Linear static and linear msponse

specimum procedures shall be permitted for design of seismically
isolated buildings, provided the following criteria are met:

STANDARD 41-13



1. The bullding is located on Soil Profile Type A, B. C, ar I
or Eif §1 < 0.6 for BSE-2X;
2. The isolation system meets all of the following criteria:

2.1. The effective stiffness of the 1solation system at the
design displacement is greater than one-third of
the effective stiffness at 20% of the design
displacement:

2.2. The isolation system is capable of producing a restor-
ing force as specified in Section 14.2.7.2.4:

2.3, Where considenng analysis procedures, for the
BSE-IX, the isolation system does not limit BSE-2X
displacement to less than the ratio of the design spec-
tral response ncceleration at | s (8y,) for the BSE-2X
to that for the design earthquake times the total design
displacement: and

3. The stracture above the isolation system exhibits incar elastic
behavior for the earthquake motions under consideration.

14.2.3.3.2 Response Spectrum Analysis Response spectrum anal-
ysis shall be used for design of seismically isolated buildings
that meet any of the following criteria:

1. The building 15 more than 65 fi (198 m) in height above
the isolation plane:

2. The effective period of the structure, T, is greater than 3 s,
when evaluated for nominal isolator properties cormspond-
mg to BSE-2X demands;

3. The cffective period of the isolated structure, T, 15 less
than or equal to three times the elastic, fixed-base period
of the structure above the solation system when evaluated
for nominal isolator properties corresponding to BSE-1X
demands; or

4. The structure above the isolation plane is irregular in con-
figuration as defined in Section 7.3.1.1.

I14.2.3.3.3 Nonlinear Procedures Monlinear static or msponse
history analysis procedures shall be used for design of seismic-
isolated buildings for which cither of the following conditions
apply:

1. The structure above the isolation plane cannot be classified
lincarly elastic as defined in Section 14.2.24.3 for the
earthquake motions under consideration; and

2. The isolation system does not meet all of the criteria of
Section 14.2.3.3.1.

Monlinear acceleration response history analysis shall be per-
formed for the design of seismically isolated buildings when
both conditions (1) and (2) apply.

14.24 Linear Procedures

14.24.1 General Seismically isolated buildings for which
linear analysis procedurss are selected based on the criteria of
Section 14.2.3.3 shall be designed and constructed to resist the
carthquake displacements and forces specified in this section, at
1 minimum.

14.24.2 Deformation Characteristics of the Isolation System
The deformation characteristics of the isolation system shall be
based on upper- and lower-bound properties as defined in Section
14.2.2.14.

The deformation characteristics of the isolation system shall
explicitly include the effects of the wind-restraint and tie-down
systems and of supplemental enerey dissipation devices, if such
systems and devices are used to meet the design requirements of
this standard.
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14.24.3 Minimum Lateral Displacements Isclation system
displacements shall be checked at the BSE-1X and BSE-2X
hazard levels using the following formula and the lower-bound
1solator properties established in Section 14.2.2.1.4. If a Limited
Performance Objective (LPO) is selected and a BSE-2X analysis
15 not performed, then the maximum displacements shall be
200% of the calculated BSE-1X displacement.

14.2.4.3.1 Design Dvsplacement The isolation system shall be
designed and constructed to withstand, as a minimum, lateral
carthquake displacements, Dp, that act in the direction of cach
of the main horizontal axes of the structure in accordance with

Eq. (1441

e 18aln
Dp= [41-13 J B, (14-4)
where Sy 1= evaluated for the BSE-1X;

Tp = the effective period, in seconds, of the seismic-
isolated structure at the design displacement in the
direction under consideration;

Bry = anumernical damping coefficient equalt to the value
of By per Section 2.4.1.7.1 at the value fo; and

Bp = I=olation system equivalent viscous damping at the
displacement for the hazard level under consider-
ation, determined separately for upper- and lower-
bound propertics

142432 Effective Period at the Design Displacement The
effective period. Tp, of the solated building at the design dis-
placement for the BSE-1X hazard shall be determined using the
lowerbound deformation charactenstics of the isolation system
m accordance with Eq. (14-5):
W

Kng
where W = effective seismic weight; and
Kp is effective stiffness of the isolation system at the design
displacement in the horizontal direction under consideration.

Tp=1Ix (14-5)

14.2.4.3.3 Maximum Displacement The maximum displacement
of the isclation system, Dy, in the most critical direction of hori-
zontal rsponse shall be caleulated in accordance with Eq. (14-
&), unless govemed by Section 14.2.4.3,

2 VEnly
Dy _[4IL1 ] By (14-6)
where 5y is evaluated for the BSE-2X;

Ty = the effective period, in seconds, of the scismic-
1zolated structure at the design displacement i the
direction under consideration:

By; = anumerical damping coefficient equalt to the value
of By per Section 2.4.1.7.1 at the value Sy and

By = Isolation system equivalent viscous damping at the
displacement for the hazard level under consider-
ation, determined separately for upper- and lower-
bound properties.

14.2.4.3.4 Effective Period at the Maximum Displacement The
effective period, Ty, of the isolated building at the maximum
displacement for the BSE-2X event shall be determined using
the lower-bound deformation charactenstics of the isolation
system in accordance with Eq. (14-T):

Ty =1nm W {14-T)
Kug
where W = effective scismic weight; and
H3

Ky 15 effective stiffness of the isolation system at the design
displacement in the horizontal direction under consideration.

14.24.3.5 Total Displacement The total design displacement,
Dip. and the total maximum displacement, Dy of components
of the isolation system shall mnclude additional displacement
caused by actual and accidental torsion caleulated considering
the spatial distribution of the effective stiffness of the isolation
system at the design displacement and the most disadvantageous
location of mass eccentricity.

The total design displacement, Dy, and the total maximum
displacement, Dy, of components of an isolation system with a
uniform spatial distribution of effective stiffness at the design
displacement shall be taken as not less than that prescribed by
Eqgs. (14-8) and (14-0):

12¢
= —_— i
D DD[1+_1 bH—d’] (14-8)
Dy =D [l+ -—EE ] (14-9)
Bt R ’

where yw=the distance between the center of ngidity of the isola-
tion system rigidity and the element of intemrst, mea-
sured perpendicular to the direction of seismic
loading under consideration;
¢ = actual eccentncity measured in plan between the
center of mass of the structure above the isolation
interface and the center of rigidity of the isolation
system, plus accidental eccentricity taken as 5% of
the maximum building dimension perpendicular
tor the direction of force under consideration:

d = the longest plan dimension of the building:
b =the shortest plan dimension of the bullding, mea-
sured perpendicular to o)
Dy = the design displacement, at the center of ngidity of

the 1sclation system in the direction under consider-
ation per Eq. (14-4); and

Dy = the maximum displacement at the center of rigidity
of the isolation system n the direction under consid-
eration per Eq. (14-6).

A value for the total maximum displacement, Dy, less than
the value prescribed by Eq. (1499, but not less than 1.1 times
Dy, shall be pemitted, provided the NDP or NSP analysis
method is used.

14.24.4 Minimum Lateral Seismic Forces

14.24.4.1 Isolation Svstem and Structural Components and
Elements at or Below the Isolation System The isolation system,
the foundation, and all other structural components and elements
at or below the 1solation system shall be designed and con-
structed to withstand a minimum lateral selsmic force, V;. using
the upperbound properties of the isclation system and BSE-1X
as prescribed by Eq. (14-10):

Vy = KDy (14-10)

142442 Structural Components and Elements Above the
Isolation System The components and elements above the
isolation system shall be designed and constructed to resist a
minimum lateral seismic force equal to the maximum value of
V;. prescribed by Eq. (14-10).

14.2.44.3 Limits on Vi The value of Vi shall be taken as not
less than the following:

1. The base shear comesponding to the design wind load; and

2. The lateral scismic force required to fully activate the
isolation system factored by 1.5 when considering nominal
isolator properties, or factored by 1.0 when considering
upper-bound properties.

C14.2.4.4.3 Limirs on ¥V, Examples of lateral seismic forces
required to fully activate the isolation system include the yicld
level of a softening system, the ultimate capacity of a sacrificial
wind-restraint system, orthe breakaway friction level of a shding
systerm.

14.2.44.4 Vertical Distribution of Ferce The level immediately
abowve the isolation plane is defined as the isolation base level.
The lateral seismic force apportioned to the superstructure above
the isolation base level, V. shall be determined in accordance
with Eq. (14-11):

(22801
W, ] (14-11)

r o We
V=W 3
where W, = effective selsmmc weight of the structure above the
isolation base level (kip or kN
The shear force ¥ shall be distributed over the height of the
structure ahove the isolation mterface n accordance with the
following equations:

At the isolation base level, the force shall be
R=V.-V¥; (14-12)

For the superstructure above the isolation base level, the
forces shall be

F.= erwnhxm
T (14-13)
3wt
=
The mnertia force distribution exponent shall be
by = 14B T =4 (14-14)

where ¥, = Total lateral seismic design force or shear on ele-

ments above the isolation base level as prescribed
by Eq. (14-11);

W, = Portion of W that is located at or assigned to level
i m, or x, respectively;

h, = Height above the isolation base level i a, or x,
mspectively;

w; = Portion of W that is located at or assigned to level
i, m, or x, respectively;

" R . . - -



At cach level designated as x, the force F; or F, shall be
apphied over the area of the building in accordance with the
weight, w,, distribution at that level, b, Response of stmctural
components and elements shall be calculated as the effect of the
force F, applied at the appropriate levels above the base.

C14.2.4.4.4 Vertical Distribution of Force In previous provi-
sions, the vertical distribution included the weight of the slab
level directly above the isolators when proportioning story
forces. In this section, the vertical distribution of forces caleu-
lates the force at the base level immediately above the isolation
plane then distributes the remainder of the base shear among the
levels above based on York and Ryan (2008). The vertical dis-
tribution of forces 15 based on the effective damping and super-
structure period and aligns more closely with distributions found
by a nonlincar response history analysis of a representative set
of 1solated buildings.

14.24.5 Response Spectrum Analysis

14.24.5.1 Earthquake Input The BSE-1X spectrum shall be
used to calculate the total design displacement of the isolation
system and the seismic forces and displacements of the isolated
building. The BSE-2X spectrum shall be used to calculate the
total maximum displacement of the 1solation system. unless an
LPO is selected. The analyses shall be performed forboth upper-
and lowerbound isclator properties.

14.24.5.2 Modal Damping Response spectrum analysis shall
be performed, using a damping value for isolated modes equal
to the effective damping of the isolation system, or 30% of criti-
cal, whichever is less. The damping valoe assigned to higher
modes of response shall be consistent with the value required for
fixed-base analysis of the same structure. Separate modal
damping ratics shall be computed for analyses performed using
upper- and lower-bound isolator properties,

14.24.5.3 Combinarion of Earthguake Directions Response
spectrum analysis used to determine the total design displace-
ment and total maximum displacement shall include simultane-
ous excitation of the model by 1009 of the most critical direction
of ground motion, and not less than 30% of the ground motion
in the orthogonal axis. The maximum displacement of the isala-
tion systemn shall be calculated as the vector sum of the two
orthogonal displacements.

142454 Scaling of Results If the total design displacement
determined by response spectrum analysis is found to be less
than the value of Dy prescobed by Eq. (14-8), or if the total
maximum displacement determined by response spectrum anal-
ysis 15 found to be less than the value of Dy prescnbed by Eqg.
(14-9), then all response parameters, including component
actions and deformations, shall be adjusted by the greater of the
fol lowing:

1. Dy, J displacement determined by response spectrum anal-
ysis for BSE-1X, or

2. Dy ! displacement determined by response spectrum anal-
ysis for BEE-2X.

The shear at any story shall not be less than that resulting from
the application of the story forces caleulated vsing Section
14.2.4.4 4 and a value of ¥, equal to the base shear obtained from
the response spectum analysis in the dimction of interest.

14.24.6 Design Forces and Deformations Components and
clements of the building shall be designed for forces and dis-
placements estimated by linear procedures using the acceptance
crtena of Section 7.5.2.2, using appropriate m-values as speci-
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fied n Chapters 8 through 12, For all deformation-controlled
actions, Eq. (7-26) 1s satisfied using an m-factor equal to the
lesser of the following: those specified for the component at the
selected Performance Level or 1.5 for the Immediate Oecupancy
or Life Safety Performance Levels and 2.0 for the Collapse
Prevention Performance Level.

Components and elements shall be separately checked for the
demands corresponding to analyses performed with upper- and
lowerbound isolator properties.

14.2.5 Nonlinear Procedures Seismically isolated buildings eval-
uated using nonlinear procedures shall be represented by three-
dimensional models that incorporate the nonlinear characteristics
of both the 1solation system and the structure above the 1solation
system.

14.2.51 Nonolinear Static Procedure

14.2.5.1.1 General The nonlinear static procedure (MSP) for
seismically isolated buildings shall be based on the criteria of
Section 7.4.2, except that the target displacement and pattern of
applied seismic forces shall be based on the criteria given in
Sections 14.2.5.1.2 and 14.2.5.1.3, respectively.

14.2.5.1.2 Target Displacement In cach principal direction, the
building model shall be pushed to the BSE-1X target displace-

ment, [¥p, and to the BSE-2X target displacement, I¥y, as
defined by Eqs. (14-15) and (14-16):

Dp=——~ z (14-15)
l+[T—']
o

Dy = z (14-16)
l+[£]
o

where T, is the effective period of the stmicture above the isola-
tion interface on a fixed base, as preseribed by Eq. (7-27). The
target displacements, IFp and I¥ . shall be evaluated at a control
node that is located at the center of mass of the first floor above
the isolation interface.

14.2.5.1.3 Seismic Force Pattern The pattern of applied seismic
forces shall be as required by Section 14.2.4.4.4.

14.2.5.1.4 Design Forces and Deformations Components and
clements of the building shall be designed for the forces and
deformations estimated by nonlinear procedures and using the
acceptance cnteria of Section 7.5.3.2.

14.2.5.2 Nonlinear Dynamic Procedure

14.2.5.2.1 General The nonlinear dynamic procedure (NDP) for
selsmically isolated buildings shall be based on the nonlincar
procedure requirements of Section 7.4.4, except that results shall
be scaled for design based on the criteria given in the following
section.

14.2.52.2 Scaling of Results If the design displacement deter-
mined by nonlinear response history analysis is less than
80% of the I¥p walue prescribed by Eg. (14-15), or if the
maximum displacement determined by response spectrum analy-
sis 15 found to be less than 80% of the value of ¥y prescribed
by Eq. (14-16), then all response parameters, including compo-
nent actions and deformations, shall be adjusted by the greater
of the following:

1. 0.800F g f displacement determined by time-history analy-
sis for BSE-1X, or

Table Cid4-2. Analysis Cases for Evaluation of Effect of
Accidental Ecceniricity

Case Isclator Properties Anoldental Eocenirioky
1 Lower bound Mo

Ia Lower bound Yez, X direction
Ih Lower bound Yes, I direction

2. 080Dy f displacement determined by time-history analy-
sis for BSE-2X.

14.25.3 Torsion In liew of pedforming analyses with mass
shifted along each principal axis in tum to account for accidental
eccentricity, 1t is permitted to establish amplification factors on
forces, drifts, and deformations that allow results determined
using a center-of-mass analysis to bound the results of all the
mass-eccentric cases.

A mass ecocentricity of not less than 2% is acceptable for use
in all seismically izolated structures for which an NDP analysis
iz performed.

C14.25.3 Torsion To avoid the need to perform a large number
of nonlinear response history analyses that include the suites of
ground motion acceleration histories for both BSE-1X and
BSE-2X events, the upper and lower isolator properties, and five
or more locations of the center of mass, this change has been
made so that the center of mass resulis can be scaled and used
to account for the mass eccentricity n different quadrants.

The following procedure is one acceptable method of develop-
ing appropriate amplification factors for deformations and forces
for uze with center-of-mass NDP analyses, to account for the
effects of accidental torsion. The use of other rationally based
amplification factors is permitted.

The most critical dircctions for moving the caleulated center
of mass are such that the accidental eccentrcity adds to the
inherent eccentricity in each principal direction at each level. For
cach of these two eccentric mass cases, and with lower-bound
isolator properties, the suite of nonlinear response history analy-
ses should b= run, and the results should be processed. The
analysis cases are defined in Table C14-2,

The results from Cases Ila and IIb are then compared with
those: from Case [ The following amplification factors (ratio of
Case lla or b response to Case [ response) ar computed:

1. The amplification of story drift in the strocture at the plan
location with the highest dnft, enveloped over all stories.

2. The amplification of frame-line shear fores at cach story
for the frame subjected to the maximum drift.

The larger of the two resulting scalars on drift should be used
as the deformation amplifier, and the larger of the two resulting
scalars on force should be used as the fore amplifier. If both of
these scalars are less than 1.1, the effects of accidental torsion
need not be considered. If either scalar is greater than or equal
to 1.1, the effects of accidental eccentricity should be considered
as follows: NDP analyses for the inherent mass eccentricity case
should be mn, considenng the variation of isolator properties.
Response quantities should be computed per Section 7.2.3. For
each isolator property variation, all deformation response quanti-
ties should be increased by the deformation amplifier and all
force quantities should be increased by the fore amplifier,
before being used for evaluation or design.

14.254 Design Forees and Deformations Components and
elements of the building shall be designed for the forces and
deformations estimated by nonlinear procedures using the accep-
tance criteria of Section 7.5.3.2,
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14.2.6 Nonstructural Components

14.2.6.1 General Permanent nonstmctural components and the
attachments to them shall be designed to resist seismic forces
and displacements as given in this section and the applicable
requirrments of Chapter 13,

14.2.6.2 Forces and Displacements

14.2.6.2.1 Components and Elements at or Above the Isolation
Interface Nonstructural components, or portions thereof, that
are at or above the isolation interface shall be designed to resist
a total lateral seismic force equal to the maximum dynamic
response of the element or component under consideration.

EXCEPTION: Design of elements of seismically isolated
structures and nonstmctural components, or portions therof,

to msist the total lateral seismic force as required for conven-
tional fixed-base buildings by Chapter 13 shall be permitted.

14.2.6.2.2 Components and Elements that Cross the Isolation
Interface Nonstructural components, or portions thereof, that
cross the isolation interface shall be designed to withstand the
total maximuom (horizontal) displacement and maximom vertical
displacement of the isclation system at the total maximum (hori-
zontal) displacement. Components and elements that eross the
isolation interface shall not restrict displacement of the isolated
building or otherwise compromise the Performance Objectives
of the building.

14.2.6.2.3 Components and Elememis Below the Isolation
Interface Nonstructural components, or portions thereof, that
are below the isclation interface shall be designed and con-
structed in accordance with the requirements of Chapter 13.

14.2.7 Detalled Systemn Requirements The isolation system
and the structural system shall comply with the detailed system
requirements specified in Section 14.2.7.1, 14.2.7.2, and 14.2.7.3,

14.2.7.1 Design Review A review of the design of a structure
with an isolation systern and related test programs shall be per-
formed by an independent engineer (or engineers) expericnced
in design and analysis of structures incorporating isolation
systems, in accordance with the requirements of Section 1.5.10.

As a minimurmn, the following items shall be included in the
design review:

1. Project design criteria;

2. Device selection;

3. Preliminary design, including the determination of the
structure lateral displacements and the isclation system
displacement and force demands;

4. Review of a prototype testing program to be conducted n
accordance with Section 14.2.8.2, or of the basis for use of
data from similar isolators;

5. Fmal design of the building. incorporating the isolation
system and the supporting analyses: and

6. Review of the manofacturing quality control testing
program.

C14.2.7.1 Design Review In the carly applications of isclation,
many design review panels included three individuals to cover
the range of expertise required in the design review, including
the site-specific seismic and other criteria and witnessing proto-
type testing of the devices. Design review may now be per-
formed by just one individual. On more significant stctures, a
local jurisdiction may require a design review panel with two or
three individuals, but for many structurs incorporating an isola-
tion system, one well qualified and experienced design mviewer
is adequate.
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Review of the seismic and other dynamic input is still required
because this review should be a part of the project design criteria.
Whereas review of the prototype test program is mandated, the
design reviewer is no longer required to witness the prototype
tests.

14.2.7.2 Isolation System

14.2.7.2.1 Environmental Conditions In addition to the require-
ments for vertical loads and lateral forces induced by wind and
carthquake, the isolation system shall be designed with consid-
eration given to other environmental conditions, including aging
effects. creep, fatigue, operating temperature, and exposure to
moisture or damaging substances. Design for isolator property
variation 15 addressed in Section 14.2.2.1.3.

14.2.7.2.2 Wind Forces lsolated buldings shall resist design
wind loads at all levels above the isolation interface in accor-
dance with the applicable wind design provisions. At the isola-
tion interface, a wind-restraint system shall be provided to limit
lateral displacement in the isolation system to a value equal to
that required between foars of the stucture above the isolation
interface.

14.2.7.2.3 Fire Resistance Fire resistance rating for the isola-
tion system shall be consistent with the requirements of columns,
walls, or other such components of the building.

14.2.7.2.4 Lareral Restoring Force The isolation system shall
be configured to produce either a restonng force such that
the seismic force at the total design displacement 1= at least
0.025W greater than the scismic force at 50% of the total
design displacement, or a restoring force of not less than 0.05W
at all displacements greater than 350% of the total design
displace ment.

EXCEPTION: The isolation system need not be configured
to produce a restoring force, as required above, provided that
the isolation system 15 capable of remaining stable under full
vertical load and accommeoedating a total maximum displace-
ment equal to the greater of either 3.0 times the total design
displacement or 3685y in., where Sy is caleulated for the
BSE-ZX or where NDP is used.

14.2.7.2.5 Displacement Restraint Configuration of the isola-
tion system to include a displacement restraint that limits lateral
displacement caused by the BSE-2X to less than the ratio of the
design spectral response acceleration pammeter at 1s (5y) for
the BSE-ZX to that for the design carthquake times the total
design displacement shall be permitted, provided that the
seismically isolated building 15 designed in accordance with the
following critena where they are more stringent than the require-

ments of Section 14.2.3:

I. BSE-2X response is caleulated in accordance with the
dynamic analysis requirements of Section 14.2.5, explicitly
considering the nonlinear characteristics of the isolation
system and the structure above the isolation system;

2. The ultimate capacity of the isolation system, and struc-
tural compenents and elements below the 1sclation system,
shall exceed the force and displacement demands of the
BSE-IX;

3. The structure above the isolation system is checked for
stability and ductility demand of the BSE-2ZX; and

4. The displacement restraint does not become effective
at a displacement less than 0.75 tmes the total design
displacement. unless it is demonstrated by analysis that
carlier engagement does not result in unsatisfactory
performance.

Seismic Evaluation and Retrofit of Existing Buildings

14.2.7.2.6 Vertical Load Stability Each component of the isola-
tion system shall be designed to be stable under the full maximum
vertical load. .20 + Oy + ¢, and the minimum vertical load,
080y — 10, at a horizontal displacement equal to the total
maximum displacement. The earthquake ventical force on an
mdividual isolator unit, (g shall be based on peak building
response cansed by the BSE-2X. The maximum vertical loads
and maximum displacements may be the envelope of the upper-
and lower-bound results, or the upper- and lower-bound results
may be treated separately, in which case two vertical load stabil-
ity tests shall be required.

14.2.72.7 Overturning The factor of safety against global
structural overturning at the isolation interface shall be not less
than 1.0 for required load combinations. All gravity and seismic
loading conditions shall be investigated. Seismic forces for over-
turning caleulations shall be based on the BSE-2X, and the verti-
cal restoring force shall be based on the building’s weight, W,
above the 1solation interface.

Local uplift of individual components and elements shall be
permitted. provided that the resulting deflections do not cause
overstress or instability of the isolator units or other building
components and elements. A tie-down system to limit local uplift
of individual components and elements shall be permitted, pro-
vided that the seismically isolated bailding is designed in accor-
dance with the following crteria where they are more stringent
than the requirements of Section 14.2.3:

I. BSE-2X response 15 calculated in accordance with the
dynamic analysis requirements of Section 14.2.5, explicitly
considering the nonlinear characteristics of the isolation
system and the structure above the isolation system;

. The ultimate capacity of the te-down system exceeds the
force and displacement demands of the BSE-2ZX: and

3. The 1solation system is designed and shown by test to be

stable per Section 14.2.8.2.4 for BSE-2X loads that include
additional vertical load because of the tie-down system.

[

C14.2.7.2.7 Overturning As noted in Section [4.2.4.3, when-
ever a Limited Performance Objective is selected, the displace-
ment design requirements for the devices are 200% of the
BSE-1X values.

For example, if the selected pedformance objective is Imme di-
ate Occupancy i the BSE-1X earthquake, then the isolation
system must accommodate 2009 of the BSE-1X displacement
demands (205, Similar requirements have not been defined for
1solator axial load and wplift displacement demands becanse a
simple scalar could not be readily established.

If the registered design professional believes that axial loads
and/or uplift displacements may be significantly higher at the
BSE-2X than those observed at the BSE-1X, then it is recom-
mended that the BSE-2X system performance be investigated to
charcterize and design for these demands.

14.2.72.8 Inspection and Replacement Access for inspection
and replacement of all components and elements of the 1solation
system shall be provided.

14.27.2.0 Mamfacturing Quality Control A manufacturing qual-
ity control testing program for isolator units shall be established
by the registered design professional. At o minimum, this testing
program shall confirm the adequacy of isolator component mate-
rial properties and evaluate the acceptability of results from a
specified sample of tested isolator units. The test results shall be
verified to fall within the acceptable mnge described in the
project specifications. These limits shall be the same as the
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specification tolerances on nominal design properties established
in Section 14.2.2.1.2.

CI4.2.7.2.9 Mamifactiring Quality Control The registered design
professional must define in the project specifications the scope
of the manufacturing quality control test program, as well as
allowable varations in the measured properties of the production
1solation units. Typically, 100% of the isolators of a given size
are tested in combined compression and shear, and the allowable
variation of the mean test result shall be within the specified
tolerance of Section 14.2.2.1.2 {typically £10% or £15% from
the nominal design properties). Individual isolators may be per-
mitted a wider vanation (+15% or +209%) when all isolators of
a given size are tested. If less than 100% of the isolators of a
given size are tested, then cach isolator shall meet the specified
tolerance of Section 14.2.2.1.2.

For example, the mean of the effective stiffness for all tested
isolators might be permitted to vary no more than £10% from
the specified value, but the effective stiffness for any individual
isolator may be permitted to vary no more than 15% from the
specified value. The registered design professional must decide
on the acceptable mnge of vanation of isolator properties on a
project-by-project basis,

Another aspect of the quality control test program that must
beestablished by the registered design professional is the number
of production isolation units that must be tested. This number
can range from a small sample (recommended to be at least 206:)
of the total number of isclation units produced o 100% of the
isolator produced. Typical practice has been to perform quality
control testing on all isolators, but there 1s no codified requime-
ment to do so. Factors that may figure into a decision on the
proportion of production isolators to test include the complexity
of the isolator or test, expected variations in material properties,
and the expenience of the manufacturer in producing the speci-
fied type and size of isolator

The most important class of testing to be performed in a
quality control program is combined compression and shear
testing. This test reveals the most relevant characteristics of the
completed isolator and permits the designer to verify that the
production isolators provide load-deflection behavior that is
consistent with the structural design assumptions. Although ver-
tical load-deflection tests have histoncally been specified in
quality control testing programs, these test data are typically of
limited value. Consideration should be given to the overall cost
and schedule effects of performing multiple types of quality
control tests, and only those tests that are directly relevant to
verifying the design properties of the isolators should be
specified.

The quality control program should also include testing of
isolator component materials in a similar fashion to other con-
struction materials for the project. The objective of this material
testing is to ensume consistency throughout the entire mn of
production isolators for the project with a previously tested pro-
totype isolator. The registered design professional should coor-
dinate with the solator manufacturer to establish the details of
the material testing program.

14.27.3 Structural System
14.2.7.3.1 Horizonmal Distribution of Force A horizontal dia-

phragm or other structural components and clements shall
provide continuity above the isolation interface. The diaphragm
or other structural components and elements shall have adequate
strength and ductility to transmit forces (because of nonuniform
ground motion) caleulated n accordance with this section
from one part of the building to another and shall have sufficient

e

stiffness to effect ngid diaphragm response above the isolation
interface.

14.2.7.3.2 Building Separations Separations between the 1so-
lated building and surrounding retaining walls or other fixed
obstructions shall be not less than the total maximum displace-
ment or 2005 of the total design displacement if a Limited
Performance Objective has been selected.

1428 Isolation System Testing and Design Properties

14.28.1 General The deformation charactenstics and damping
values of the isolation system vsed in the design and analysis of
seismically isolated structures shall be based on the following
tests of prototype samples of the isolator dewvices before
construction.

The isolation system components to be tested shall include
isolators, components of the wind-mestraint system. and supple-
mental energy dissipation devices, if such components and
devices are used in the design.

The tests specified in this section establish nominal design
properties of the isolation system and shall not be considered as
satisfying the manufacturing quality control testing requirements
of Section 14.2.7.2.9,

14.2.8.2 Prototype Tests

14.2.82.1 General Prototype tests shall be performed sepa-
rately on two full -sized specimens of each type and size of isola-
tor of the isolation system. The test specimens shall include
components of the wind-restraint system, as well as individual
1solators, if such components are used in the design. Supple-
mental energy dissipation devices shall be tested in accordance
with Section 14.3.8. Specimens tested shall not be used for
construction unless approved by the registered design profes-
sional msponsible for the stuctural design.

14.2.82.2 Recond For each cycle of tests, the foroe-deflection
and hysteretic behavior of the test specimen shall be recorded.

14.2.8.2.3 Sequence and Cycles The following sequence of tests
shall be performed for the prescribed number of cycles at a verti-
cal load equal to the average (Jp + 050 on all isolators of a
common type and size:

1. Twenty fully reversed cycles of loading at a lateral fore
comesponding to the wind design force;

2. Three fully reversed cycles of loading at each of the fol-
lowing displacements: 0.250,, 0.500g, 1.00g, from the
BSE-1X level and L.ODy: from the BSE-ZX level:

3. Three fully reversed cycles at the total maximum displace-
ment., 10D from the BSE-2X level and

4. 308y / (8xsBpi ). but not less than 10, fully reversed cycles
of loading at the design displacement. 1.0D0p. Sy and Sxs
shall be evaluated for the BSE-1X level.

14.2.82.4 Vertical Load - Carrving Isolators If an isolator is
also a vertical-load-carying component, then Item 2 of the
sequence of cyclic tests specified in Section 14.2.8.2.3 shall be
performed for two additional vertical load cases:

1. 1200+ 0.50; +104); and
2. 0800 — 10l

where I} L, and E refer to dead, live, and carthguake loads,
respectively. (Op and {4 are as defined in Section 7.2.2. The
vertical test load on an individual 1solator unit shall include the
load increment ¢ caused by earthquake overtuming and shall
be equal to or greater than the peak earthquake vertical fore
response corresponding to the test displacement being evaluated.
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In these tests, the combined vertical load shall be taken as the
typical or average downward force on all isolators of a common
type and size.

The maximum vertical loads and maximum displacements
shall be the envelope of those determined from separate analyses
using upper- and lower-bound isolator properties. Alternatively,
it is acceptable to perform multiple tests for the combinations of
vertical load and honzontal displacement obtained from the
upper- and lower-bound isolator property analyses.

14.2.82.5 Isolators Dependent on Loading Rates If the force-
deflection propertics of the 1sclators are dependent on the rate of
loading, then each set of tests specified in Sections 14.2.8.2.3
and 14.2.8.2.4 shall be performed dynamically at a frequency
equal to the mverse of the effective period. Ty, of the isolated
structure. Altematively, lambda (&) factors for velocity effects
may be established using data from testing of similar isolators
in accordance with Section 14.2.2.1.3.

EXCEPTION: If reduced-scale prototype specimens are used
to quantify rate-dependent properties of isolators, the reduced-
scale prototype specimens shall be of the same ty pe and mate-
rial and shall be manufactured with the same processes and
quality as the full-scale prototypes; they shall also be tested
at a frequency that represents full-scale prototype loading
rates.

The force-deflection properties of an isolator shall be consid-
ered to be dependent on the rate of loading if there 1s greater
than a 210% difference in the effective stiffness at the design
displacement { 1) where tested at a frequency equal to the mverse
of the effective period of the solated structure, and (2) where
tested at any frequency in the range of 0.1 to 2.0 times the mverse
of the effective period of the isolated structure.

14.2.82.6 Isclators Dependent on Bilateral Load If the force-
deflection properties of the isolators are dependent on bilateral
load, then the tests specified in Sections 14.2.8.2.3 and 14.2.8.24
shall be augmented to include bilateral load at the following
increments of the total design displacement: 0.25 and 1.0, 0.50
and 1.0, 0.75 and 1.0, and 1.0 and 1.0. Altematively, lambda (L)
factors for bilateral effects may be established using data from
testing of similar isolators in accordance with Section 14.2.2.1.3.

EXCEPTION: If reduced-scale prototype specimens are used
to quantify bilateral-load-dependent properties, then such
scaled specimens shall be of the same type and material and
shall be manufactured with the same processes and quality as
full-scale prototypes.

The force-deflection properties of an isolator shall be consid-
ered to be dependent on bilateral load if the bilateral and unilat-
eral force-deflection properties have greater than a x15%
difference in effective stiffness at the design displacement.

14.2.82.7 Mavimum and Minimum Vertical Load Isolators that
carry vertical load shall be statically tested for the maximum and
minimum vertical load at the total maximum displacement. In
these tests, the combined vertical loads of 1205 + 1,00, + 12l
shall be taken as the maximum vertical force, and the combined
vertical load of 0,800 — 106 shall be taken as the minimum verti-
cal force on any one isolator of a common type and size. The
carthquake vertical load on an individual isolator, JF. shall be
based on peak building response caused by the BSE-2X,

The maximum vertical loads and maximum displacements
shall be the envelope of those determined from separate analyses
using upper- and lower-bound isolator properiies. Alternatively,
1t is acceptable to perform multiple tests for the combinations of
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vertical load and horizontal displacement obtained from the
upper- and lower-bound isolator property analyses.

14.2.82.8 Sacrificial Wind-Restraint Svstems If a sacnficial
wind-restraint system is part of the iselation system, then the
ultimate capacity shall be established by testing In accordance
with this section,

14.2.82.9 Testing Similar Units Prototype tests need not be
performed if an isolator unit, where compared with another
tested unit. complies with the following criteria:

L. It 1= of similar dimensional characteristics:

2. It is of the same type and materials; and

3. It is fabricated using identical manufacturing and quality
control procedures.

The testing exemption shall be approved by the independent
design reviewer specified in Section 14.2.7.1.

C14.2.8.2.9 Testing Similar Units Suggested limits for dimen-
siomal similarity are £20% for overall dimensions and key char-
acteristic dimensions. The previously tested unit should have
been subjected to test forces and displacements that result in at
least the same or more severe demand than anticipated for the
project prototype isolators.

14.2.8.3 Determination of Force-Deflection Characteristics
The fore-deflection characteristics of the 1solation system shall
be based on the cyclic load testing of isolator prototypes speci-
fied in Section 14.2.8.2.3.

As required, the effective stiffness of an isolator unit, kg, shall
be calculated for each cycle of deformation by Eq. (14-17]:

Frl+|F
P L

ja*f+fa]
where F* and F- are the positive and negative forces at positive
and negative test displacements, A* and A, respectively.

As required, the effective damping of an isclator unit, P,
shall be calculated for each cycle of deformation by Eq.

(14183
2
e = —, ﬁrﬁ (14-18)
Tl Ren(ja7+[a7])

where the energy dissipated per cyele of loading, By, and the
effective stiffness, kg are based on test displacements, A%
and A~

14.2.8.4 System Adequacy The performance of the test speci-
mens shall be assessed as adequate if the following conditions
are satisfied:

(1417

1. The force-deflection plots of all tests specified in Section
14.2.82 have a nonnegative incremental foroe-carrying
capacity.

. Foreach increment of test displacement specified in Section
14.2.8.2.3, Item 2, and for each vertical load case specified
in Section 14.2.8.2.4, the following criteria are met:

2.1. Them is no greater than a £15% difference between
the effective stiffness at each of the three cycles of
test and the average value of effective stiffness for
each test specimen; and

2.2, Ther is no greater than a 15% difference in the
average value of effective stiffness of the two test
specimens of a common type and size of the solator
unit over the required three cycles of test.

3. For cach specimen them is no greater than a £20% change

in the initial effective stiffness of cach test specimen over
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the 308y, ¢ SgBr. but not less than 10, cycles of the test
specified in Section 14.2.8.2.3, Item 3. 5y, and Sy shall b=
evalnated for the BSE-1X event.

4. Foreach specimen, there is no greater than a 209 decrease
in the nitial effective damping over the 308y/8 By, . but
not less than 10, cycles of the test specified n Section
142,823, Item 4. 8y and Sy shall be evaluated for the
BSE-1X event.

5. All specimens of vertical-load camrying components of the
isolation systern remain stable at the total maximum dis-
placement for static load as prescobed in Section [4.2.8.2.4.

6. The effective stiffness and effective damping of test speci-
mens fall within the limits specified by the registered
design professional as described by the lambda factors (R)
in Section 14.2.2.1.2.

14.28.5 Nominal Properties of the Isolation System

14.2.8.5.1 Isolator Effective Stiffness The nominal effective saff-
ness of the isolation system shall be based on the average proper-
tics from the three-cycle tests of Section [4.2.8.2 at cach
displacement level. If isolator properties are dependent on axial
load, they may be averaged across the three test axial loads.
Lambda factors shall be established, as appropnate, to account
for wanations from the nominal average propertics for use in
Section 14.2.2.1.3.

The forces corresponding to these effective stiffnesses shall
be used to establish a nominal backbone curve for each isolator
type fior use in the NSP

The ratio of the maximum and minimum isolator effective
stiffness over each cycle to the average over three cycles shall
beused to establish &, factors as required in Section 14.2.2.1.3.

o Lidka i (14-19)
20,

o L (14-20)
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Cl4.2.85.1 Isolator Effective Stiffress These testing provisions
imply that lambda factors far cyclic variation can be established
using the results of the three cycle tests specified In Section
14.2.8.2.3, As an alternative to the use of lambda factors, cychic
variation of isolator properties may be captured directly in the
analysis,

Ifthe registered design professional believes that the isolation
system may be subjected to a long duration of shaking, it may
be appropriate to consider property vanation over a larger
number of cycles,

142852 Effective Damping At both the BSE-1X and BSE-2X
dizplacements, the nominal effective damping of the isolation

system, [, shall be based on the cyclic tests of Section 14.2.8.2
and shall be calculated by Eqs. (14-21) and (14-22):

1 { ZE,
—— | =850 -21)
Po M[m;] (14-21)
1| EEg J
- 1 14-22)
Pu= o Kx D (

In Eqgs. (14-21) and (14-22), the total energy dissipated in the
isolation system per displacement cycle, ZE, shall be taken as
the sum of the average energy dissipated per cycle in all isolators
measured at test displacements, A" and A~, that are three cycle
tests equal in magnitude to the design displacement under con-
sideration for the BSE-1X and BSE-2ZX event. Lambda factors
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shall be developed to account for variations from the nominal
average propertics.

14.2.8.5.3 Isolator Nominal Design Properties for Analvsis
When nonlinear analysis is used. similar methods to those
descnbed above shall be used to compute the relevant modeling
parameters for each isolator type, such as isolator initial and
postyield stiffness and isolator strength. The selected modeling
parameters shall result in reasonable agreement between the
shape of the nominal and test hysteresis loop for each isclator
type. The selected modeling parameters shall be applicable over
the expected range of displacements, or separate propertics shall
be developed n accordance with Sections 14.2.2.1.3 and
14.2.2.1.4. The isalation system effective stiffness and damping
shall be developed separately corresponding to upper- and
lower-bound isolator modeling parameters.

14.3 PASSIVE ENERGY DISSIPATION SYSTEMS

14.3.1 General Requirements Passive energy dissipation sys-
tems classified as displacement dependent, velocity dependent. or
other, as defined in Section 14.3.3, shall comply with the require-
ments of Section 14.3. Lincar and nonlinear analyses shall be
performed, as mquired. in accordance with Section 14.3.4 and
14.3.5, respectively. Additional requirements for passive encrgy
dissipation systems, as defined in Section 14.3.6, shall be met.
Passive energy dissipation systems shall be reviewed and tested
mn accordance with Sections 14.3.7 and 14.3.8, respectively.

The energy dissipation devices shall be designed with consid-
eration given to environmental conditions, including wind, aging
effects, creep, fatigue, ambient temperature, operating tempera-
ture, and exposure to moisture or damaging substances.

For woluntary seismic upgrades, a Limited Performance
Objective (LPO) of Life Safety at BSE-1X is permitted. Howewver,
the damping devices shall have reserve capacity beyond the
BSE-1X demands. If an LPO is adopted, each story shall have
at least four energy dissipation devices in cach principal direc-
tion of the building, with at least two devices located on each
side of the center of stiffness of the story in the direction under
considertion.

The mathematical model of the building shall include the plan
and vertical distribution of the energy dissipation devices, Anal-
yses shall account for the dependence of the devices on excita-
tion frequency, ambient and operating temperature, velocity,
sustained loads, and bilateral loads. Multiple analyses of the
building shall be conducted to bound the effects of the varying
mechanical chamcteristics of the devices,

Energy dissipation devices shall be capable of sustaining
larger displacements and forces for displacement-dependent
devices and larger displacements, velocities, and forces for
velocity-dependent devices than the maximum calculated for the
BSE-ZX or BSE-1X for an LPO in accordance with the follow-
ing criteria:

1. If four or more encrgy dissipation devices are provided n
a given story of a building in one principal direction of the
building, with a4 minimum of two devices located on each
side of the center of stiffness of the story in the direction
under consideration. all energy dissipation devices shall be
capable of sustaining displacements equal to 130% of the
maximum caleulated displacement in the device in the
BSE-2X or 200 of the maximum calculated displacement
n the device at BSE-1X for an LPO. A velocity-dependent
device, as described in Section 14.3.3, shall be capable of
sustaining the force and displacemnent associated with a
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