9.

9.1 Scope

This chapter sets forth requirements for the Systematic
Rehabilitation of buildings using seismic isolation and
energy dissipation systems. Section 9.2 provides
analysis and design criteriafor seismic isolation
systems. Section 9.3 provides analysis and design
criteriafor passive energy dissipation systems.

Components and elements in buildings with seismic
isolation and energy dissipation systems shall also
comply with the requirements of Chapters 1 through 8
and 11 of this standard, unless modified by the
requirements of this chapter.

C9.1 Scope

The basic form and formulation of requirements for
seismic isolation and energy dissipation systems have
been established and coordinated with the
Rehabilitation Objectives, target Building Performance
Levels, and seismic ground shaking hazard criteria of
Chapter 1 and the linear and nonlinear procedures of
Chapter 3.

Criteriafor modeling the stiffness, strength, and
deformation capacities of conventional structural
components of buildings with seismic isolation or
energy dissipation systems are given in Chapters 5
through 8 and Chapter 10.

Limited guidance for other special seismic systems,
including active control systems, hybrid active and
passive systems, and tuned mass and liquid dampers, is
provided in this chapter.

Special seismic protective systems should be evaluated
as possible rehabilitation strategies based on the
Rehabilitation Objectives established for the building.

Seismic | solation and Energy Dissipation

Seismic isolation and energy dissipation systems are
viable design strategies that have already been used for
seismic rehabilitation 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 liquid dampers—
may also provide practical solutionsin the near future.
These systems are similar in that they enhance
performance during an earthquake by modifying the
building’s response characteristics.

Seismic isolation and energy dissipation systems will
not be appropriate design strategies for most buildings,
particularly buildings that have only Limited
Rehabilitation Objectives. In general, these systems
will be most applicable to the rehabilitation of
buildings whose owners desire superior earthquake
performance and can afford the special costs associated
with the design, fabrication, and installation of seismic
isolators and/or energy dissipation devices. These costs
are typically offset by the reduced need for stiffening
and strengthening measures that would otherwise be
required to meet Rehabilitation Objectives.

Seismic isolation and energy dissipation systems are
relatively new and sophisticated concepts that require
more extensive design and detailed analysis than do
most conventional rehabilitation schemes. Similarly,
design (peer) review isrequired for all rehabilitation
schemes that use either seismic isolation or energy
dissipation systems.

Seismic isolation and energy dissipation systems
include awide variety of concepts and devices. |n most
cases, these systems and devices will be implemented
with some additional conventional strengthening of the
structure; in al casesthey will require evaluation of
existing building elements. 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 rehabilitated
with seismic isolators and/or energy dissipation
devices.
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Seismic isolation is increasingly being considered for
historic buildings that are free-standing and have a
basement or bottom space of no particular historic
significance. In selecting such a solution, special
consideration should be given to the possibility that
historic or archaeological resources may be present at
the site. If historic or archaeol ogical resources are
present at the site, the guidance of the State Historic
Preservation Officer should be obtained in atimely
manner. Isolation is also often considered for essential
facilities, to protect valuabl e contents, and on buildings
with a complete but insufficiently strong lateral-force-
resisting system.

Conceptually, isolation reduces response of the
superstructure by “decoupling” the building from the
ground. Typical isolation systems reduce forces
transmitted to the superstructure by Iengthening the
period of the building and adding some amount of
damping. Added damping is an inherent property of
most isolators, but may also be provided by
supplemental energy dissipation devicesinstalled
across the isolation interface. Under favorable
conditions, the isolation system reduces drift in the
superstructure by a factor of at least two—and
sometimes by as much as factor of five—from that
which would occur if the building were not isolated.
Accelerations are also reduced in the structure,
although the amount of reduction depends on the force-
deflection characteristics of the isolators and may not
be as significant as the reduction of drift. Reduction of
drift in the superstructure protects structural
components and elements, as well as nonstructural
components sensitive to drift-induced damage.
Reduction of acceleration protects nonstructural
components that are sensitive to acceleration-induced
damage.

Passive energy dissipation devices add damping (and
sometimes stiffness) to the building. A wide variety of
passive energy dissipation devices are available,
including fluid viscous dampers, viscoel astic materials,
and hysteretic devices. |deally, 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, energy dissipation devicesreduce
drift of the structure by a factor of about two to three
(if no stiffness is added) and by larger factors if the
devices also add stiffness to the structure. Energy
dissipation devices will also reduce forcein the
structure—provided the structure is responding
elastically—but would not be expected to reduce force
in structures that are responding beyond yield.

Active control systems sense and resist building
motion, either by applying external force or by
modifying structural properties of active elements
(e.g., so-called “smart” braces). Tuned mass or liquid
dampers modify properties and add damping to key
building modes of vibration.

Special seismic systems, such asisolation or energy
dissipation systems, should be considered early in the
design process and be based on the Rehabilitation
Objectives established for the building (Chapter 2).
Whether a special seismic system isfound to be the
“correct” design strategy for building rehabilitation
will depend primarily on the performance required at
the specified level of earthquake demand. In general,
special seismic systems will be found to be more
attractive as arehabilitation strategy for buildings that
have more stringent Rehabilitation Objectives (i.e.,
higher levels of performance and more severe levels of
earthquake demand). Table C9-1 provides some simple
guidance on the performance levels for which isolation
and energy dissipation systems should be considered as
possible design strategies for building rehabilitation.
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Table C9-1 suggests that isolation systems should be
considered for achieving the Immediate Occupancy
Structural Performance Level and the Operational
Nonstructural Performance Level. Conversely,
isolation will likely not be an appropriate design
strategy for achieving the Collapse Prevention
Structural Performance Level. In general, isolation
systems provide significant protection to the building
structure, nonstructural components, and contents, but
at a cost that precludes practical application when the
budget and Rehabilitation Objectives are modest.

Energy dissipation systems should be considered in a
somewhat broader context than isolation systems. For
the taller buildings (where isolation systems may not
be feasible), energy dissipation systems should be
considered as a design strategy when performance
goalsinclude the Damage Control Performance Range.
Conversely, certain energy dissipation devices are
guite economical and might be practical for
performance goals that address only Limited Safety. In
genera, however, energy dissipation systems are more
likely to be an appropriate design strategy when the
desired Structural Performance Level is Life Safety, or
perhaps |mmediate Occupancy. Other objectives may
also influence the decision to use energy dissipation
devices, since these devices can also be useful for
control of building response due to small earthquakes,
wind, or mechanical loads.

9.2 Seismic | solation Systems

921 General Requirements

Seismic isolation systems using seismic isolators,
classified as either elastomeric or diding, as defined in
Section 9.2.2, shall comply with the requirements of
Section 9.2. Properties of seismic isolation systems
shall be based on Section 9.2.2. Seismic isolation
systems shall be designed and analyzed in accordance
with Section 9.2.3. Linear and nonlinear analyses shall
be performed, as required by Section 9.2.3, in
accordance with Sections 9.2.4 and 9.2.5, respectively.
Nonstructural components shall be rehabilitated in
accordance with Section 9.2.6. Additional requirements
for seismic isolation systems asdefined in Section 9.2.7
shall be met. Seismic isolation systems shall be
reviewed and tested in accordance with Sections 9.2.8
and 9.2.9, respectively.

The seismic isolation system shall include wind-
restraint and tie-down systems, if such systems are
required by this standard. The isolation system also
shall include supplemental energy dissipation devices,
if such devices are used to transmit force between the
structure above the isolation system and the structure
below the isolation system.

For seismically isolated structures, the coefficients Cp,
C,, C,, C3, and J defined in Chapter 3, shall be taken as
1.0

Table C9-1 Applicability of Isolation and Energy .
ClecEeiten Sysiems C9.21 General Requirements
Analysis methods and design criteriafor seismic
Performance | Performance , Energy isolation systems are based on criteriafor the
Level Range Isolation Dissipation Rehabilitation Objectives of Chapter 1
Operational Damage Very Limited
Control Likely The methods described in this section augment the
Immediate Likely Likely analysis requirements of Chapter 3. The analysis
Occupancy methods and other criteria of this section are based
Life Limited Limited Likely largely on FEMA 302, 1997 NEHRP Provisions.
Safety Safety
Collapse Not Limited
Prevention Practical
FEMA 356 Seismic Rehabilitation Prestandard 9-3
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Seismic isolation has typically been used as a
rehabilitation strategy that enhances the performance of
the building above that afforded by conventional
stiffening and strengthening schemes. Seismic isolation
rehabilitation projects have targeted performance at
least equal to, and commonly exceeding, the Basic
Safety Objective of this standard, effectively achieving
atarget Building Performance Level of Immediate
Occupancy or better.

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

922 M echanical Propertiesand Modeling
of Seismic I solation Systems
9.2.2.1 General

Seismic isolators shall be classified as either
elastomeric or diding. Elastomeric isolators shall
include any one of the following: high-damping rubber
bearings (HDR), low-damping rubber bearings (RB) or
low-damping rubber bearings with alead core (LRB).
Sliding isolators shall include flat assemblies or have a
curved surface, such as the friction-pendulum system
(FPS). Rolling systems shall be characterized as a
subset of diding systems. Rolling isolators shall be flat
assemblies or have a curved or conical surface, such as
the ball and cone system (BNC). Isolators that cannot
be classified as either elastomeric or sliding are not
addressed in this standard.

C9.2.21

A seismic isolation 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 composed entirely of one type of
seismic isolator, a combination of different types of
seismic isolators, or a combination of seismic isolators
acting in parallel with energy dissipation devices(i.e., a
hybrid system).

General

9.2.2.2 Mechanical Properties of Seismic
Isolators
9.2.2.2.1 Elastomeric Isolators

Force-deformation response properties shall be
established for elastomeric isolators taking into
consideration axial-shear interaction, bilateral
deformation, load history including the effects of
scragging of virgin elastomeric isolators, temperature,
and other environmental loads and aging effects over
the design life of the isolator.

For mathematical modeling of isolators, mechanical
characteristics based on analysis or available material
test properties shall be permitted. For design,
mechanical characteristics shall be based on tests of
isolator prototypes in accordance with Section 9.2.9.

C9.2.2.2.1 Elastomeric Isolators

Elastomeric bearings represent a common means for
introducing flexibility into an isolated structure. They
consist of thin layers of natural rubber that are
vulcanized and bonded to steel plates. Natura 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 essentialy linearly elastic and linearly
viscous behavior at large shear strains. The effective
damping istypically lessthan or equal to 0.07 for shear
strainsin the range of 0 to 2.0.

L ead-rubber bearings are generally constructed of
low-damping natural rubber with a preformed central
hole into which alead 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 MPain shear at normal temperature), and produces
hysteretic behavior that is 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-rubber bearings
generally exhibit characteristic strength that ensures
rigidity under service loads. Figure C9-1 shows an
idealized force-displacement relation of alead-rubber
bearing. The characteristic strength, Q, isrelated to the

lead plug area, Ap, and the shear yield stress of lead,

Oy :
YL
Elastomeric isolators are typically made of layers of
rubber separated by steel shims. Q= AchL (C9-1)
9-4 Seismic Rehabilitation Prestandard FEMA 356
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Figure C9-1 Idealized Hysteretic Force-Displacement

Relation of a Lead-Rubber Bearing

The post-yield stiffness, kp , istypically higher than the
shear stiffness of the bearing without the lead core:
_ A, Gf
P >t

(C9-2)

where A, isthe bonded rubber area, >t isthe total
rubber thickness, G is the shear modulus of rubber
(typically computed at shear strain of 0.5), and f| isa
factor larger than unity. Typicaly, f, is1.15, and the

elastic stiffness ranges between 6.5 to 10 times the post-
yield stiffness.

The behavior of lead-rubber bearings may be
represented by a bilinear hysteretic model. Computer
programs 3D-BASI S (Nagargjaiah et al.; Reinhorn et al.
(1994); Tsopelas et al. (1994b), and ETABS, Version 6
have the capability of modeling hysteretic behavior for
isolators. These models typically require definition of

three parameters, namely, the post-yield stiffness kp :
the yield force Fy, and the yield displacement D,, . For
lead-rubber bearingsin which the elastic stiffnessis
approximately equal to 6.5 kp , the yield displacement

can be estimated as:

- _Q :
D, = S5k (C9-3)
p
Theyield forceisthen given by:
Fy =Q+ kay (C9-4)

High-damping rubber bearings are made of specially
compounded rubber that exhibits effective damping
between 0.10 and 0.20 of critical. The increasein
effective damping of high-damping rubber is achieved
by the addition of chemical compounds that may also
affect other mechanical properties of rubber. Figure
C9-2 shows representative force-displacement loops of
a high-damping rubber bearing under scragged
conditions.

Scragging is the process of subjecting an elastomeric
bearing to one or more cycles of large amplitude
displacement. The scragging process modifies the
molecular structure of the elastomer and resultsin more
stable hysteresis at strain levels lower than that to
which the elastomer was scragged. Althoughiit is
usually assumed that the scragged properties of an
elastomer remain unchanged with time, recent studies
by Cho and Retamal (1993) and Murotaet a. (1994)
suggest that partial recovery of unscragged propertiesis
likely. The extent of this recovery is dependent on the
elastomer compound.
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Figure C9-2 Force-Displacement Loops of a

High-Damping Rubber Bearing

Mathematical models capable of describing the
transition between virgin and scragged properties of
high-damping rubber bearings are not yet available. Itis
appropriate in this case to perform multiple analyses
with stable hysteretic models and obtain bounds on the
dynamic response. A smooth bilinear hysteretic model
that is capable of modeling the behavior depicted in
Figure C9-1 is appropriate for such analyses, aslong as
the peak shear strain is below the stiffening limit of
approximately 1.5 to 2.0, depending on the rubber
compound. Beyond this strain limit many elastomers
exhibit stiffening behavior, with tangent stiffness
approximately equal to twice the tangent stiffness prior
toinitiation of stiffening. For additional information,
refer to Tsopelas et al. (1994a).

To illustrate the calculations of parameters from
prototype bearings test data, Figure C9-3 shows
experimentally determined properties of the high-
damping rubber bearings, for which loops are shownin
Figure C9-2. The properties identified are the tangent

shear modulus, G, and the effective damping ratio, {3

(described by Equation (C9-18), which is now defined
for asingle bearing rather than the entire isolation
system), under scragged conditions. With reference to
Figure C9-1, G isrelated to the post-yielding stiffness
K, .

p
_ GA

ko = 2= (C9-5)

where A isthe bonded rubber area. The results of Figure
C9-3 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 tested elastomer.
Different conclusions may be drawn from the testing of
other high-damping rubber compounds.

The parameters of the bilinear hysteretic model may be
determined by use of the mechanical properties G and

Bess o aspecific shear strain, such asthe strain
corresponding to the design displacement D. The post-
yield stiffness kp is determined from Equation (C9-5),

whereas the characteristic strength, Q, can be
determined as:
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Q (C9-6)

(2-TiB)D - 2D,

where Dy istheyield displacement. Theyield
displacement isgenerally not known a priori. However,
experimental data suggest that Dy is approximately
equal to 0.05to 0.1 timesthetotal rubber thickness, 2t .
With theyield displacement approximately determined,
the model can be completely defined by determining
theyield force (Equation (C9-4)). It should be noted
that the characteristic strength may be aternatively

determined from the effective stiffness, k; (Equation
(C9-17)), of the bearing, as follows:

2
_ TBikeD

= 2(0-D)) (C9-7)

The effective stiffnessis a more readily determined
property than the post-yielding stiffness. The effective
stiffnessis commonly used to obtain the effective shear

modulus, Gt » defined as;

K g2t
it = ~p (C9-8)
The behavior of the bearing for which the force-
displacement loops are shown in Figure C9-2 is now
analytically constructed using the mechanical
properties at ashear strain of 1.0 and a bearing pressure
of 7.0 MPa. These properties are Gy = 0.50 MPaand

Befs = 0.16. With the bonded area and total thickness of

rubber known, and assuming Dy = 0.1xt, abilinear

hysteretic model was defined and implemented in the
program 3D-BASIS. The simulated loops are shown in
Figure C9-4, where it may be observed that the
caculated 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. Neverthel ess,
the analytical model will likely produce acceptable
results when the design parameters are based on the
mechanical properties at a strain corresponding to the
design displacement.
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Figure C9-4 Analytical Force-Displacement Loops of

High-Damping Rubber Bearing

Elastomeric bearings have finite vertical stiffness that
affects the vertical response of the isolated structure.
The vertical stiffness of an elastomeric bearing may be
obtained from

_EA

= = (C9-9)

where E_. isthe compression modulus. Although a

number of approximate empirical relations have been
proposed for the calculation of the compression
modulus, the correct expression for circular bearingsis

0 1

E + 25
© BG,S KD

(C9-10)

(Kelly, 1993) where K is the bulk modulus (typically
assumed to have avalue of 2000 MPa) and Sisthe
shape factor, which is defined as the ratio of the |loaded
area to the bonded perimeter of a single rubber layer.
For a circular bearing of bonded diameter ¢ and rubber
layer thicknesst, the shape factor is given by

-2 L
S i (Co-11)
Seismic elastomeric bearings are generally designed
with alarge shape factor, typically 12 to 20.
Considering an elastomeric bearing design with S= 15,
Ggtt =1 MPa, and K = 2000 MPag, the ratio of vertical

stiffness (Equation (C9-9)) to effective horizontal
stiffness (Equation (C9-8)) is approximately equal to
700. Thus, the vertical period of vibration of astructure
on elastomeric isolation bearings will be about 26 times

(i.e., ~/700) lessthan the horizontal period, on the order
of 0.1 second. This value of vertical period provides
potential for amplification of the vertical ground
acceleration by theisolation system. The primary effect
of this amplification isto change the vertical load on
the bearings, which may need to be considered for
certain design applications.

Another consideration in the design of seismically
isolated structures with elastomeric bearingsis
reduction in height of abearing with increasing lateral
deformation (Kelly, 1993). While this reduction of
height is typically small, it may be important when
elastomeric bearings are combined with other isolation
elementsthat are vertically rigid (such as sliding
bearings). In addition, incompatibilitiesin vertical
displacements may lead to aredistribution of loads.

9.2.2.2.2 Sliding Isolators

Force-deformation response properties shall be
established for dliding isolators, taking into
consideration contact pressure, rate of loading or
velocity, bilateral deformation, temperature,
contamination, and other environmental loads and
aging effects over the design life of the isolator.

Mechanical characteristics for use in mathematical
models shall be based on analysis and available material
test properties. Verification of isolator properties used

9-8 Seismic Rehabilitation Prestandard
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for design shall be based on tests of isolator prototypes
in accordance with Section 9.2.9.

C9.2.2.2.2 Sliding Isolators

Sliding bearings will tend to limit the transmission of
force to an isolated structure to a predetermined level.
While thisis 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
features, sliding bearings are typically used in
combination with arestoring force mechanism.

The lateral force developed in asliding bearing can be
defined as:

The normal load consists of the gravity load, W, the

effect of vertical ground acceleration, U,,, and the
additional seismic load due to overturning moment, Py:

U, P
N = W%L+EV+% (C9-13)

Thefirst term in Equation (C9-13) denotesthe restoring
force component, and the second term describes the
friction force. For flat sliding bearings, the radius of
curvature isinfinite, so the restoring force termin
Equation (C9-13) vanishes. For a spherical sliding
surface (Zayas et al., 1987), the radius of curvatureis
constant, so the bearing exhibitsalinear restoring force;
that is, under constant gravity load the stiffnessis equal

_N .
F= RU + HgN sgn (V) (Co-12) to W/R,, where R, isthe radius of the spherical
sliding surface. When the sliding surface takes aconical
where shape, the restoring force is constant. Figure C9-5
shows idealized force-displacement loops of sliding
U = Displacement bearings with flat, spherical, and conical surfaces.
U = Sliding velocity
R = Radius of curvature of sliding surface
Mg = Coefficient of sliding friction
N = Normal load on bearing
FEMA 356 Seismic Rehabilitation Prestandard 9-9
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Sliding bearings with either aflat or single curvature
spherical diding surface are typically made of PTFE or
PTFE-based compositesin contact with polished
stainless steel. The shape of the diding surface allows
large contact areas that, depending on the materials
used, are loaded to average bearing pressuresin the
range of 7 to 70 MPa. For interfaces with shapes other
than flat or spherical, the load needs to be transferred
through a bearing as illustrated in Figure C9-5 for the
conical dliding surface. Such an arrangement typically
resultsin avery low coefficient of friction.

For bearings with large contact area, and in the absence
of liquid lubricants, the coefficient of friction depends
on anumber of parameters, of which the three most
important are the composition of the sliding interface,
bearing pressure, and velocity of diding. For interfaces
composed of polished stainless steel in contact with
PTFE or PTFE-based composites, the coefficient of
sliding friction may be described by

I"ls = fmax - (fma_x_fmi n) exp (_a|U|) (C9_14)

Idealized Force Displacement Loops of Sliding Bearings

where parameters f .

coefficient of friction at small and large velocities of
sliding and under constant pressure, respectively, al as
depicted in Figure C9-6. Parameters f f and a

max’ ‘'min’
depend on the bearing pressure, although only the
dependency of 5 On pressure is of practical
significance. A good approximation to the experimental
data (Constantinou et al., 1993b) is

and frnax describe the

f =f

max maxo (fmaxo maxp) tanhep

(C9-15)

where the physical significance of parameters f, . -

and fmaxp isasillustrated in Figure C9-6. Thetermpis

the instantaneous bearing pressure, which is equal to
the normal load N computed by Equation (C9-13),
divided by the contact area; and € is a parameter that

controlsthe variation of f. . with pressure.
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Figure C9-6 illustrates another feature of sliding
bearings. On initiation of motion, the coefficient of

friction exhibits astatic or breakaway value, [g, which
istypicaly higher than the minimum vaue f .. .. To

demonstrate frictional properties, Figure C9-6 shows
the relation between bearing pressure and the friction

coefficients f ..., Mg, and f;, of aPTFE-based

composite materia in contact with polished stainless
steel at normal temperature. These data were compiled
from testing of bearings in four different testing
programs (Soong and Constantinou, 1994).

012+ O Tests at U.C. Barkeley (1987)
c ® Tests at U. Buffalo (Bridge Modsl 3/92)
© oio B Tests at U, Buffalo (7-Story Modsl 9/91)
£
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Figure C9-6 Coefficient of Friction of PTFE-based

Composite in Contact with Polished
Stainless Steel at Normal Temperature

Combined elastomeric-sliding isolation systems have
been used in buildings in the United States. Japanese
engineers have also used elastomeric bearingsin
combination with mild steel elements that are designed
to yield in strong earthquakes and enhance the energy
dissipation capability of the isolation system (Kelly,
1988). These mild steel elements exhibit either elasto-
plastic behavior or bilinear hysteretic behavior with low
post-yielding stiffness. Moreover, fluid viscous energy
dissipation devices have been used in combination with
elastomeric bearings. The behavior of fluid viscous
devicesis described in Section 9.3.3.2.3.

Hybrid seismic isolation systems composed of
elastomeric and sliding bearings should be modeled
taking into account the likely significant differencesin
the relationships between vertical displacement as a
function of horizontal displacement. The use of
elastomeric and sliding isolatorsin close proximity to
one another under vertically stiff structural framing
elements (e.g., reinforced concrete shear walls) may be
problematic and could result in significant
redistributions of gravity loads.

9.2.23

9.2.2.3.1 General

If the mechanical characteristics of a seismic isolator
are dependent on axia load (due to gravity, earthquake
overturning effects, and vertical earthquake shaking),
rate of loading (velocity), bilateral deformation,
temperature, or aging, then upper- and lower-bound
values of stiffness and damping shall be used in
multiple analyses of the model to determine the range
and sensitivity of response to design parameters.

Modeling of Isolators

9.2.2.3.2 Linear Models

The restoring force, F, of an isolator shall be calculated
as the product of effective stiffness, kg, and response
displacement, D:

The effective stiffness, kg, of an isolator shall be

calculated from test data using Equation (9-12). The
area enclosed by the force-displacement hysteresis|oop
shall be used to calculate the effective damping, Bes, of

an isolator using Equation (9-13). Effective stiffness
and effective damping shall be evaluated at all response
displacements of design interest.

C9.2.2.3.2 Linear Models

Linear procedures use effective stiffness, kg, and
effective damping, B, to characterize nonlinear
properties of isolators.

For linear procedures (see FEMA 274 Section C9.2.3),
the seismic isolation system can be represented by an
equivalent linearly elastic model. Theforcein aseismic
isolation deviceis calcul ated as:

F = kgD (C9-16)
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where all terms are as defined in Section 9.2.2.3.2 of
this standard. The effective stiffness of the seismic
isolation device may be calculated from test data as
follows:

_ [P+ ]F

K . =
o at + |n]

(C9-17)

Figure C9-7 illustrates the physical significance of the
effective stiffness.

Analysis by alinear method requires that either each
seismic isolator or groups of seismic isolators be
represented by linear springs of either stiffness kg or
the combined effective stiffness of each group. The
energy dissipation capability of an isolation system is
generally represented by effective damping. Effective
damping is amplitude-dependent and calculated at
design displacement, D, asfollows:

8. - i[ ZED }
eff = o >
KefiD

(C9-18)

where ZEp isthe sum of the areas of the hysteresis

loops of all isolators, and K ; isthe sum of the

effective stiffnesses of all seismic isolation devices.
Both the area of the hysteresis|loops and the effective
stiffness are determined at the design displacement, D.

/]/k eff

ed At
P

F_

Displacement

Hysteretic behavior

k eff

F+ /
A- / A+
// Displacement

/F-

Viscoelastic behavior

Definition of Effective Stiffness of
Seismic Isolation Devices

Figure C9-7

The application of Equations (C9-16) through (C9-18)
to the design of isolation systemsis 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 C9.2.2.2.2. To
account for these effects, the following procedureis
proposed.
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In diding isolation systems, the relation between
horizontal force and vertical load is substantially linear
(see Equation (C9-16)). Accordingly, the net effect of
overturning moment on the mechanica behavior of a
group of bearingsis small and can be neglected.
Al-Hussaini et al. (1994) provided experimental results
that demonstrate this behavior up to the point of
imminent bearing uplift. Similar results are likely for

€l astomeric bearings.

1. The effect of vertical ground acceleration isto
modify theload on theisolators. If it isassumed that
the building isrigid in the vertical direction, and
axial forces due to overturning moments are absent,

the axial loads can vary between W(1-U/g) and

W(1+U/qg), where U isthe peak vertical ground
acceleration. However, recognizing that horizontal
and vertical ground motion components are likely
not correlated unlessin the near field, itis
appropriate to use a combination rule that uses only
afraction of the peak vertical ground acceleration.
Based on the use of 50% of the peak vertical ground
accel eration, maximum and minimum axial loadson
agiven isolator may be defined as:

Ne = W(1 + 0.20S,) (C9-19)

where the plus sign gives the maximum value and the
minus sign gives the minimum value. Equation (C9-19)
is based on the assumption that the short-period spectral
response parameter, Syg, is 2.5 times the peak value of
the vertical ground acceleration. For analysis for the
Maximum Considered Earthquake, the axial load
should be determined from

N, = W(1+0.20S,,9) (C9-20)
Equations (C9-19) and (C9-20) should be used with
caution if the building is located in the near field of a
major active fault. In thisinstance, expert advice should

be sought regarding correlation of horizontal and
vertical ground motion components.

Load N represents a constant load on isolators, which

can be used for determining the effective stiffness and
area of the hysteresis|oop. To obtain these properties,
the characteristic strength Q (see Figure C9-7) is
needed. For sliding isolators, Q can be taken as equal to

faxNe» where f . is determined at the bearing

pressure corresponding to load N, . For example, for a
dliding bearing with spherical diding surface of radius
R, (seeFigure C9-5), the effective stiffness and area of
the loop at the design displacement D are:

L1 fma%
K. = + N (C9-21)
of /R, D e
Loop Area = 4f . N.D (C9-22)

9.2.2.3.3 Nonlinear Models

The nonlinear force-deflection properties of isolators
shall be explicitly modeled if nonlinear procedures are
used.

Theinelastic (hysteretic) response of the isolators shall
represent damping. Additional viscous damping shall
not be included in the model unless supported by rate-
dependent tests of isolators.

C9.2.2.3.3 Nonlinear Models

For dynamic nonlinear time history analysis, the
seismic isolation elements should be explicitly
modeled. FEMA 274 Sections C9.2.2.2 through
C9.2.2.4 present relevant information. When
uncertainties exist, and when aspects of behavior
cannot be modeled, multiple analyses should be
performed in order to establish bounds on the dynamic
response.

FEMA 356
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For smplified nonlinear analysis, each seismic
isolation element can be modeled by an appropriate
rate-independent hysteretic model. Elastomeric
bearings may be modeled as bilinear hysteretic
elements as described in FEMA 274 Section C9.2.2.2.
Sliding bearings may also be modeled as bilinear
hysteretic elements with characteristic strength (see
Figure C9-5) given by

Q = fraxNe (C9-23)

where N, is determined by either Equation (C9-19) or
Equation (C9-20), and f ., isthe coefficient of diding

friction at the appropriate sliding velocity. The post-
yield stiffness can then be determined as:

NC
ko = = (C9-24)

p

where Risasdefined in FEMA 274 Section C9.2.2.2.B.
Theyield displacement Dy in a bilinear hysteretic
model of a dliding bearing should be very small,
perhaps on the order of 2 mm. Alternatively, a bilinear
hysteretic model for sliding bearings may be defined to
have an elastic stiffness that is at least 100 times larger

than the post-yield stiffness kp .

| solation devices that exhibit viscoelastic behavior as
shown in Figure C9-7 should be modeled as linearly

€lastic elements with effective stiffness keﬁc as
determined by Equation (C9-21).

9.2.2.4 Isolation System and Superstructure
Modeling
9.224.1 General

Mathematical models of the isolated building, including
the isolation system, the lateral-force-resisting system
of the superstructure, other structural components and
elements, and connections between the isolation system
and the structure, shall meet the requirements of
Chapters 2 and 3 and Sections 9.2.2.4.2 and 9.2.2.4.3.

9.2.2.4.2 Isolation System Model

The isolation system shall be modeled using
deformation characteristics developed and verified by
test in accordance with the requirements of

Section 9.2.9.

The isolation system shall be modeled with sufficient
detail to:

1. Account for the spatia distribution of isolator units.

2. Cadlculate trandation, in both horizontal directions,
and torsion of the structure above the isolation
interface, considering the most disadvantageous
location of mass eccentricity.

3. Assess overturning/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 more of these factors.

5. Assess forces due to P-A moments.

6. Account for nonlinear components. | solation
systems with nonlinear componentsinclude systems
that do not meet the criteria of Section 9.2.3.3.1,
Item 2.

9.2.2.4.3 Superstructure Model

The maximum displacement of each floor, the total
design displacement, and the total maximum
displacement across the isolation system shall be
calculated using amodel of the isolated building that
incorporates the force-deformation characteristics of
nonlinear components.

Calculation of design forces and displacementsin
primary components of the lateral-force-resisting
system using linearly elastic models of the isolated
structure shall be permitted if both of the following
criteria are met:

1. Pseudo-elastic properties assumed for nonlinear
isolation system components are based on the
maximum effective stiffness of the isolation system.

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

A lateral-force-resisting system that meets both of the
following criteria may be classified as linearly eastic:

1. For all deformation-controlled actions, Equation
(3-20) is satisfied using an m-factor equal to 1.0.
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2. For al force-controlled actions, Equation (3-21) is
satisfied.
9.2.3 General Criteriafor Seismic I solation
Design
9.2.3.1

The design, analysis, and testing of the isolation system
shall be based on the requirements of this section.

General

C9.23.1

Criteria for the seismic isolation of buildings are
divided into two sections:

General

1. Rehabilitation of the building.

2. Design, analysis, and testing of theisolation
system.

9.23.1.1 Stability of the Isolation System

The stability of the vertical load-carrying components
of the isolation system shall be verified by analysis and
test, asrequired by Section 9.2.9, for alatera
displacement equal to the total maximum displacement
computed in accordance with Section 9.2.4.3.5 or
Section 9.2.5.1.2, or for the maximum displacement
allowed by displacement-restraint devices, if such
devices are part of the isolation system.

9.2.3.1.2 Configuration Requirements

The isolated building shall be classified as regular or
irregular, as defined in Section 2.4.1.1, based on the
structural configuration of the structure above the
isolation system.

9.23.2

Ground shaking criteriafor the Design Earthquake and
the Maximum Considered Earthquake shall be
established in accordance with Section 1.6 as modified
by this section. The design Earthquake Hazard Level
shall be user-specified and shall be permitted to be
chosen equal to the BSE-1 Earthquake Hazard Level.
The Maximum Considered Earthquake shall be taken
equal to the BSE-2 Earthquake Hazard Level.

Ground Shaking Criteria

9.2.3.2.1 User-Specified Design Earthquake

For the Design Earthquake, the following ground
shaking criteria shall be established:

1. Short period spectral response acceleration
parameter, Sygand spectral response acceleration

parameter at 1.0 second, Sy4, in accordance with
Section 1.6.1.4.

2. Five-percent-damped response spectrum of the
design earthquake (when a response spectrum is
required for linear procedures by Section 9.2.3.3.2,
or to define acceleration time histories).

3. At least three acceleration time histories compatible
with the design earthquake spectrum (when
acceleration time histories are required for nonlinear
procedures by Section 9.2.3.3.3).

9.2.3.2.2 Maximum Considered Earthquake

For the BSE-2, the following ground shaking criteria
shall be established:

1. Short period spectral response acceleration
parameter, Sys and spectral response acceleration

parameter at 1.0 second, Sy, in accordance with
Section 1.6.1.4.

2. Five-percent-damped site-specific response
spectrum of the BSE-2 (when aresponse spectrum is
required for linear procedures by Section 9.2.3.3.2,
or to define acceleration time histories).

3. At least three acceleration time histories compatible
with the BSE-2 spectrum (when acceleration time
histories are required for nonlinear procedures by
Section 9.2.3.3.3).

9.2.3.3

9.2.33.1 Linear Procedures
Linear procedures shall be permitted for design of

seismically isolated buildings, provided the following
criteria are met.

Selection of Analysis Procedure

1. Thebuildingislocated on Soil Profile Type A, B, C,
or D;or Eif S1 > 0.6 for BSE-2.

2. Theisolation system meets all of the following
criteria

2.1. The effective stiffness of the isolation system
at the design displacement is greater than
one-third of the effective stiffness at 20% of
the design displacement.
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2.2. Theisolation system is capable of producing a
restoring force as specified in
Section 9.2.7.2.4.

2.3. Theisolation system has force-deflection
properties that are independent of the rate of
loading.

2.4. Theisolation system has force-deflection
properties that are independent of vertical load
and bilateral load.

2.5. When considering analysis procedures, for the
BSE-2, the isolation system does not limit
BSE-2 displacement to less than the ratio of
the design spectral response accel eration at one
second (Sy;) for the BSE-2 to that for the
Design Earthquake times the total design
displacement.

3. The structure above the isolation system exhibits
global elastic behavior for the earthquake motions
under consideration.

9.2.3.3.2 Response Spectrum Analysis

Response spectrum anaysis shall be used for design of
seismically isolated buildings that meet any of the
following criteria.

1. Thebuilding isover 65 feet (19.8 meters) in height.

2. Theeffective period of the structure, Ty, is greater
than three seconds.

3. The effective period of theisolated structure, Tp, is
less than or equal to three times the elastic, fixed-
base period of the structure above the isolation
system.

4. The structure above the isolation system isirregular
in configuration.

9.2.3.3.3 Nonlinear Procedures

Nonlinear procedures shall be used for design of
seismic-isolated buildings for which any of the
following conditions apply:

1. The structure above theisolation system is nonlinear
for the earthquake motions under consideration.

2. Theisolation system does not meet all of the criteria
of Section 9.2.3.3.1.

Nonlinear acceleration time history analysis shall be
performed for the design of seismically isolated
buildings for which conditions (1) and (2) apply.

C9.2.3.3

Linear procedures include prescriptive formulas and
Response Spectrum Analysis. Linear procedures based
on formulas (similar to the sei smic-coefficient equation
required for design of fixed-base buildings) prescribe
peak lateral displacement of the isolation system, and
define “minimum” design criteria that may be used for
design of avery limited class of isolated structures
(without confirmatory dynamic analyses). Thesesimple
formulas are useful for preliminary design and provide
ameans of expeditious review of more complex
calculations.

Selection of Analysis Procedure

Response Spectrum Analysis is recommended for
design of isolated structures that have either (1) atall or
otherwise flexible superstructure, or (2) an irregular
superstructure. For most buildings, Response Spectrum
Analysiswill not predict significantly different
displacements of the isolation system than those
calculated by prescriptive formulas, provided both
calculations are based on the same effective stiffness
and damping properties of the isolation system. The
real benefit of Response Spectrum Analysisisnot in the
prediction of isolation system response, but rather inthe
calculation and distribution of forcesin the
superstructure. Response Spectrum Analysis permits
the use of more detailed models of the superstructure
that better estimate forces and deformations of
components and elements considering flexibility and
irregularity of the structural system.

Nonlinear procedures include the Nonlinear Static
Procedure (NSP) and the Nonlinear Dynamic
Procedure (NDP). The NSP is a static pushover
procedure, and the NDP is based on nonlinear Time
History Analysis. The NSP or the NDP is required for
isolated structures that do not have essentially linearly
elastic superstructures (during BSE-2 demand). In this
case, the superstructure would be modeled with
nonlinear elements and components.
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Time History Analysisisrequired for isolated
structures on very soft soil (i.e., Soil Profile Type E
when shaking is strong, or Soil Profile Type F) that
could shake the building with alarge number of cycles
of long-period motion, and for buildings with isolation
systems that are best characterized by nonlinear
models. Such isolation systems include:

1. Systems with more than about 30% effective
damping (because high levels of damping can
significantly affect higher-maode response of the
superstructure).

2. Systemsthat lack significant restoring force
(because these systems may not stay centered during
earthquake shaking).

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

4. Systemsthat are rate- or load-dependent (because
their properties will vary during earthquake
shaking).

For the types of isolation systems described above,
appropriate nonlinear properties must be used to model
isolators. Linear properties could be used to model the
superstructure, provided the superstructure’s response
is essentially linearly elastic for BSE-2 demand.

The restrictions placed on the use of linear procedures
effectively suggest that nonlinear procedures be used
for virtually all isolated buildings. However, lower-
bound limits on isolation system design displacement
and force are specified by this standard as a percentage
of the demand prescribed by the linear formulas, even
when dynamic analysisis used as the basis for design.
These lower-bound limits on key design attributes
ensure consistency in the design of isolated structures
and serve as a“ safety net” against gross underdesign.

Deformation Characteristics of the
Isolation System

9.24.2

The deformation characteristics of the isolation system
shall be based on tests performed in accordance with
Section 9.2.9.

The deformation characteristics of the isolation system
shall explicitly include the effects of the wind-restraint
and tie-down systems, and supplemental energy-
dissipation devices, if such systems and devices are
used to meet the design requirements of this standard.

9.24.3

9.243.1 Design Displacement

The isolation system shall be designed and constructed
to withstand, asa minimum, latera earthquake
displacements that act in the direction of each of the
main horizontal axes of the structure in accordance with
Equation (9-2):

Minimum Lateral Displacements

D, = [f#}% (9-2)

where:
Sx1 is evaluated for the Design Earthquake.

9.2.4.3.2 Effective Period at the Design

Displacement
The effective period, Tp, of theisolated building at the

design displacement shall be determined using the
deformation characteristics of the isolation system in
accordance with Equation (9-3):

W
Ty = 21 | (9-3)
KDming

9.2.4.3.3 Maximum Displacement

The maximum displacement of the isolation system,
Dy, inthe most critical direction of horizontal response

9.24 Linear Procedures shall be calculated in accordance with Equation (9-4):
9.24.1 General
g Sx1Tm
Seismically isolated buildings for which linear analysis Dy = [ 2}5— (99
procedures are selected based on the criteria of i M1
Section 9.2.3.3 shall be designed and constructed to
resist the earthquake displacements and forces specified where:
in this section, at a minimum.
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Sy isevaluated for the BSE-2.

Effective Period at the Maximum
Displacement

The effective period, Ty, of the isolated building at the
maximum displacement shall be determined using the
deformation characteristics of the isolation system in
accordance with Equation (9-5):

W
Ty = 21 | (9-5)
M
KMming

9.2.4.35 Total Displacement

The total design displacement, D1p, and the total
maximum displacement, D), of components of the
isolation system shall include additional displacement
due to actual and accidental torsion calcul ated
considering the spatia distribution of the effective
stiffness of the isolation system at the design
displacement and the most disadvantageous location of
mass eccentricity.

9.2434

Thetotal design displacement, Dp, and the total
maximum displacement, D1,, 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 Equations (9-6)
and (9-7):

12e

Drp = DD[1+y . 2} (9-6)
b™+d
12e

Drv = DM[1+V 2 2} ©7
b™+d

A value for the total maximum displacement, Dy, less

than the value prescribed by Equation (9-7), but not less
than 1.1 times Dy, shall be permitted, provided the

isolation system is shown by calculation to be
configured to resist torsion.

9.24.4
9.2441

Minimum Lateral Forces

Isolation System and Structural
Components and Elements at or below
the Isolation System

The isolation system, the foundation, and al other
structural components and el ements below the isolation

system shall be designed and constructed to withstand a
minimum lateral seismic force, Vy, prescribed by

Equation (9-8):
V, = K

bmaxPD (9-8)

9.24.4.2 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, Vg, equal to the val ue of

V},, prescribed by Equation (9-8).

9.2.4.4.3 Limits on Vg
The value of Vg shall be taken as not less than the
following:

1. The base shear corresponding to the design wind
load.

2. Thelateral seismic force required to fully activate
the isolation system factored by 1.5.

C9.2.4.4.3 Limits on Vg

Examples of lateral seismic forces required to fully
activate the isolation system include the yield level of a
softening system, the ultimate capacity of a sacrificial
wind-restraint system, or the break-away friction level
of adiding system.

9.24.4.4 Vertical Distribution of Force
The total force, Vg, shall be distributed over the height

of the structure above the isolation interface in
accordance with Equation (9-9):

V.w, h
F — S X X (9_9)

X n
Z w; h;

At each level designated as x, the force F, shall be

applied over the area of the building in accordance with
theweight, w,, distribution at that level, h,. Response of

structural components and elements shall be calculated
as the effect of the force F, applied at the appropriate

levels above the base.
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9.24.5

9.245.1 Earthquake Input

The Design Earthquake spectrum shall be used to
calculate the total design displacement of the isolation
system and the lateral forces and displacements of the
isolated building. The BSE-2 spectrum shall be used to
calculate the total maximum displacement of the
isolation system.

Response Spectrum Analysis

9.245.2 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 critical,
whichever isless. The damping value assigned to
higher modes of response shall be consistent with the
material type and stress level of the superstructure.

9.2.45.3 Combination of Earthquake Directions

Response spectrum analysis used to determine the total
design displacement and total maximum displacement
shall include simultaneous excitation of the model by
100% 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
isolation system shall be calculated as the vector sum of
the two orthogonal displacements.

9.2454 Scaling of Results

If thetotal design displacement determined by response
spectrum analysis is found to be less than the value of
D1p prescribed by Equation (9-6), or if the total
maximum displacement determined by response
spectrum anaysisis found to be less than the value of
D1 prescribed by Equation (9-7), then all response
parameters, including component actions and
deformations, shall be adjusted upward proportionally
to the D1p value, or the D1y, value, whichever is

greater, and used for design.

9.2.4.6

Components and elements of the building shall be
designed for forces and displacements estimated by
linear procedures using the acceptance criteria of
Section 3.4.2.2, except that deformation-controlled
components and elements shall be designed using
component m-factors equal to or lessthan 1.5.

Design Forces and Deformations

9.25

Seismically isolated buildings evaluated using
nonlinear procedures shall be represented by three-

Nonlinear Procedures

dimensional models that incorporate the nonlinear
characteristics of both the isolation system and the
structure above the isolation system.

9.251

9.25.1.1 General

The Nonlinear Static Procedure (NSP) for seismically
isolated buildings shall be based on the criteria of
Section 3.3.3, except that the target displacement and
pattern of applied lateral load shall be based on the
criteriagiven in Sections 9.2.5.1.2 and 9.2.5.1.3,
respectively.

Nonlinear Static Procedure

9.2.5.1.2 Target Displacement

In each principal direction, the building model shall be
pushed to the Design Earthquake target displacement,

Dp and to the BSE-2 target displacement, Dy,, as
defined by Equations (9-10) and (9-11):

D
Dy = D (9-10)
2
1. I
oo
D
A M
Dy = - (9-12)
OT o0

1+ 11_——1
' m

where T, is the effective period of the structure above
the isolation interface on a fixed base as prescribed by
Equation (3-14). Thetarget displacements, Dy, and Dy,
shall be evaluated at a control node that islocated at the

center of mass of the first floor above the isolation
interface.

9.2.5.1.3 Lateral Load Pattern

The pattern of applied lateral load shall be proportional
to the distribution of the product of building mass and
the deflected shape of the isolated mode of response at
the target displacement.

9.25.2

9.25.21 General

The Nonlinear Dynamic Procedure (NDP) for
seismically isolated buildings shall be based on the
nonlinear procedure requirements of Section 3.3.4,

Nonlinear Dynamic Procedure
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except that results shall be scaled for design based on
the criteria given in the following section.

9.25.2.2 Scaling of Results

If the design displacement determined by time-history
analysisislessthan the value of Dy, prescribed by
Equation (9-10), or if the maximum displacement
determined by response spectrum analysisis found to
be less than the value of Dy, prescribed by Equation
(9-11), then all response parameters, including
component actions and deformations, shall be adjusted
upward proportionally to the D, value or the Dy,

value, whichever is greater, and used for design.

9.25.3

Components and elements of the building shall be
designed for the forces and deformations estimated by
nonlinear procedures using the acceptance criteria of
Section 3.4.3.2.

Design Forces and Deformations

9.2.6

9.26.1

Permanent nonstructural components and the
attachments to them shall be designed to resist seismic
forces and displacementsas given in this section and the
applicable requirements of Chapter 11.

Nonstructural Components

General

9.2.6.2
9.2.6.2.1

Forces and Displacements

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 atotal 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 nonstructural components, or
portions thereof, to resist the total lateral seismic force
as required for conventional fixed-base buildings by
Chapter 11, shall be permitted.

9.2.6.2.2 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 maximum (horizontal) displacement
and maximum vertical displacement of the isolation

system at the total maximum (horizontal) displacement.
Components and elements that cross the isolation
interface shall not restrict displacement of the isolated
building or otherwise compromise the Rehabilitation
Objectives of the building.

9.2.6.2.3 Components and Elements below the

Isolation Interface
Nonstructural components, or portions thereof, that are
below the isolation interface shall be designed and
constructed in accordance with the requirements of
Chapter 11.

9.2.7

9271

The isolation system and the structural system shall
comply with the detailed system requirements specified
in Section 9.2.7.2 and 9.2.7.3, respectively.

Detailed System Requirements

General

9.2.7.2

9.2.7.2.1 Environmental Conditions

In addition to the requirements for vertical and lateral
loads induced by wind and earthquake, the isolation
system shall be designed with consideration given to
other environmental conditions, including aging effects,
creep, fatigue, operating temperature, and exposure to
moisture or damaging substances.

Isolation System

9.2.7.2.2 Wind Forces

Isolated buildings shall resist design wind loads at all
levels above the isolation interface in accordance with
the applicable wind design provisions. At the isolation
interface, awind-restraint system shall be provided to
limit lateral displacement in the isolation systemto a
value equal to that required between floors of the
structure above the isolation interface.

9.2.7.2.3 Fire Resistance

Fire resistance rating for the isolation system shall be
consistent with the requirements of columns, walls, or
other such elements of the building.

9.2.7.2.4 Lateral Restoring Force

The isolation system shall be configured to produce
either arestoring force such that the lateral force at the
total design displacement is at least 0.025W greater than
thelateral force at 50% of thetotal design displacement,
or arestoring force of not less than 0.05W at all
displacements greater than 50% of the total design
displacement.
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EXCEPTION: Theisolation system need not be
configured to produce a restoring force, as required
above, provided the isolation system is capable of
remaining stable under full vertical load and
accommodating atotal maximum displacement equal to
the greater of either 3.0 times the total design
displacement or 36 Sy, inches, where Sy, is calculated

for the BSE-2.

9.2.7.25 Displacement Restraint

Configuration of the isolation system to include a
displacement restraint that limits lateral displacement
due to the BSE-2 to less than the ratio of the design
spectral response acceleration parameter at one second
(Sxp) for the BSE-2 to that for the Design Earthquake
timesthe total design displacement shall be permitted,
provided that the seismically isolated building is
designed in accordance with the following criteriawhen
more stringent than the requirements of Section 9.2.3.

1. BSE-2responseis calculated in accordance with the
dynamic analysis requirements of Section 9.2.5,
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
structural components and elements below the
isolation system, shall exceed the force and
displacement demands of the BSE-2.

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

4. The displacement restraint does not become
effective at a displacement less than 0.75 times the
total design displacement, unlessit is demonstrated
by analysisthat earlier engagement does not result in
unsatisfactory performance.

9.2.7.2.6 Vertical Load Stability

Each component of the isolation system shall be
designed to be stable under the full maximum vertical
load, 1.2Qp + Q| + |Qg/, and the minimum vertical

load, 0.8Qp - |Qg|, at ahorizontal displacement equal to

the total maximum displacement. The earthquake
vertical load on an individual isolator unit, Qg, shall be

based on peak building response due to the BSE-2.

9.2.7.2.7 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 overturning calculations shall be
based on the BSE-2, and the vertical restoring force
shall be based on the building’s weight, W, above the
isolation interface.

Local uplift of individual components and elements
shall be permitted, provided the resulting deflections do
not cause overstress or instability of theisolator units or
other building components and elements. A tie-down
system to limit local uplift of individual components
and elements shall be permitted, provided that the
seismically isolated building is designed in accordance
with the following criteriawhen more stringent than the
reguirements of Section 9.2.3.

1. BSE-2 responseis calculated in accordance with the
dynamic analysis requirements of Section 9.2.5,
explicitly considering the nonlinear characteristics
of the isolation system and the structure above the
isolation system.

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

3. Theisolation system is designed and shown by test
to be stable (Section 9.2.9.2.4) for BSE-2 |oads that
include additional vertical load due to the tie-down
system.

9.2.7.2.8 Inspection and Replacement

Access for inspection and replacement of all
components and el ements of the isolation system shall
be provided.

9.2.7.2.9 Manufacturing Quality Control

A manufacturing quality control testing program for
isolator units shall be established by the engineer
responsible for the structural design.

9.2.7.3

9.2.7.3.1 Horizontal Distribution of Force

A horizonta diaphragm or other structural components
and elements shall provide continuity above the
isolation interface. The diaphragm or other structural
components and elements shall have adequate strength

Structural System
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and ductility to transmit forces (due to non-uniform
ground motion) calculated in accordance with this
section from one part of the building to another, and
have sufficient stiffness to effect rigid diaphragm
response above the isolation interface.

9.2.7.3.2 Building Separations

Separations between the isolated building and
surrounding retaining walls or other fixed obstructions
shall be not less than the total design displacement.

9.2.8 Design Review

9.28.1

A review of the design of the isolation system and
related test programs shall be performed by an
independent engineering team, including persons
experienced in seismic analysis methods and the theory
and application of seismic isolation.

General

9.2.8.2

Isolation system design review shall include the
following:

Isolation System

1. Site-specific seismic criteria, including site-specific
spectraand ground motion time history, and all other

design criteria developed specificaly for the project.

2. Preliminary design, including the determination of
the total design and total maximum displacement of
the isolation system, and the lateral force design
level.

3. Isolation system prototype testing in accordance
with Section 9.2.9.

4. Final design of the isolated building and supporting
analyses.

5. Isolation system quality control testing in

accordance with Section 9.2.7.2.9.
9.2.9 I solation System Testing and Design
Properties
9.2.9.1 General

The deformation characteristics and damping values of
the isolation system used in the design and analysis of
seismically isolated structures shall be based on the
following tests of a selected sample of the components
prior to construction.

The isolation system components to be tested shall
include isolators and components of the wind restraint
system and supplemental energy dissipation devicesif
such components and devices are used in the design.

The tests specified in this section establish design

properties of the isolation system, and shall not be
considered as satisfying the manufacturing quality
control testing requirements of Section 9.2.7.2.9.

9.2.9.2

9.2.9.2.1 General

Prototype tests shall be performed separately on two
full-size specimens of each type and size of isolator of
the isolation system. The test specimens shall include
components of the wind restraint system, as well as
individual isolators, if such components are used in the
design. Supplementary energy dissipation devices shall
be tested in accordance with Section 9.3.8. Specimens
tested shall not be used for construction unless
approved by the engineer responsible for the structural
design.

Prototype Tests

9.2.9.2.2 Record

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

9.2.9.2.3 Sequence and Cycles

The following sequence of tests shall be performed for
the prescribed number of cycles at avertica load equal
to the average Qp + 0.5Q, on al isolators of acommon

type and size:

1. Twenty fully reversed cycles of loading at alateral
force corresponding to the wind design force.

2. Threefully reversed cycles of loading at each of the
following displacements: 0.25Dp,, 0.50Dp, 1.0Dp,

and 1.0Dy,.

3. Threefully reversed cycles at the total maximum
displacement, 1.0Dy.

4. 30Sy1 / SxgBp1, but not less than 10, fully reversed
cyclesof loading at the design displacement, 1.0Dp,.
Sx1 and Sygshall be evaluated for the Design
Earthquake.
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9.29.24 Vertical Load-Carrying Isolators

If anisolator is also avertical-load-carrying element,
then Item 2 of the sequence of cyclic tests specified in
Section 9.2.9.2.3 shall be performed for two additional
vertical load cases:

1. 1.2Qp + 0.5Q_ + |Qgl
2. 0.8Qp - |Qgl

where D, L, and E refer to dead, live, and earthquake
loads. Qp and Q| are asdefined in Section 3.2.8. The
vertical test load on an individual isolator unit shall
include the load increment Qg due to earthquake

overturning, and shall be equal to or greater than the
peak earthquake vertical force response corresponding
to the test displacement being evaluated. In these tests,
the combined vertical load shall be taken as the typical
or average downward force on al isolators of a
common type and size.

9.2.9.25 Isolators Dependent on Loading Rates

If the force-deflection properties of the isolators are
dependent on the rate of loading, then each set of tests
specified in Sections 9.2.9.2.3 and 9.2.9.2.4 shall be
performed dynamically at afrequency equal to the
inverse of the effective period, Tp, of the isolated

structure.

EXCEPTION: If reduced-scal e prototype specimens
are used to quantify rate-dependent properties of
isolators, the reduced-scal e prototype specimens shall
be of the same type and material and be manufactured
with the same processes and quality as full-scale
prototypes, and shall be tested at a frequency that
represents full-scal e prototype loading rates.

The force-deflection properties of an isolator shall be
considered to be dependent on the rate of loading if
thereis greater than a plus or minus 10% differencein
the effective stiffness at the design displacement

(1) when tested at a frequency equal to the inverse of
the effective period of the isolated structure and

(2) when tested at any frequency in the range of 0.1 to
2.0 timesthe inverse of the effective period of the
isolated structure.

9.2.9.2.6 Isolators Dependent on Bilateral Load

If the force-deflection properties of the isolators are
dependent on bilateral load, then the tests specified in

Sections 9.2.9.2.3 and 9.2.9.2.5 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;
0.75and 1.0; and 1.0 and 1.0.

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 manufactured with the same
processes and quality as full-scale prototypes.

The force-deflection properties of an isolator shall be
considered to be dependent on bilateral load, if the
bilateral and unilateral force-deflection properties have
greater than a plus or minus 15% difference in effective
stiffness at the design displacement.

9.2.9.2.7 Maximum and Minimum Vertical Load
Isolatorsthat 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 1.2Qp + 1.0Q, + |Qg| shall
be taken as the maximum vertica force, and the
combined vertical load of 0. 8Qp - |Qg| shall betaken as

the minimum vertical force, on any oneisolator of a
common type and size. The earthquake vertica load on
an individual isolator, Qg, shall be based on peak

building response due to the BSE-2.

9.2.9.2.8 Sacrificial Wind-Restraint Systems

If asacrificial wind-restraint system is part of the
isolation system, then the ultimate capacity shall be
established by testing in accordance with this section.

9.2.9.2.9 Testing Similar Units
Prototype tests need not be performed if anisolator unit,

when compared to another tested unit, complies with
the following criteria

1. Isof similar dimensional characteristics.

2. Isof the same type and materials.

3. Isfabricated using identical manufacturing and
quality control procedures.

The testing exemption shall be approved by the review
team specified in Section 9.2.8.
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9.2.9.3 Determination of Force-Deflection

Characteristics

The force-deflection characteristics of the isolation
system shall be based on the cyclic load testing of
isolator prototypes specified in Section 9.2.9.2.3.

Asrequired, the effective stiffness of an isolator unit,
Kefr» Shall be cal cul ated for each cycle of deformation by

Equation (9-12):

_F+F

= (9-12)
a*]+|a]

Keft

whereF" andF~ arethe positive and negative forces at

positive and negative test displacements, A* and A™,
respectively.

As required, the effective damping of an isolator unit,
Besr» shall be calculated for each cycle of deformation by

Equation (9-13):

Bff:Z{ ELoop }
e
Mkl + [a)?

(9-13)

where the energy dissipated per cycle of loading, E| oo,
and the effective stiffness, ke, are based on test

displacements, A* and A™.

9.2.9.4 System Adequacy

The performance of the test specimens shall be assessed
as adequate if the following conditions are satisfied.

1. Theforce-deflection plots of all tests specifiedin
Section 9.2.9.2 have a nonnegative incremental
force-carrying capacity.

2. For each increment of test displacement specified in
Section 9.2.9.2.3, Item 2, and for each vertical load
case specified in Section 9.2.9.2.3, the following
criteria are met:

2.1. Thereisno greater than a plus or minus 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.

2.2. Thereisno greater than a15% differencein the
average value of effective stiffness of the two
test specimens of a common type and size of
the isolator unit over the required three cycles
of test.

3. For each specimen there is no greater than a plus
or minus 20% changein theinitial effective stiffness
of each test specimen over the 30Sy,/ SxgBp1, but
not less than 10, cycles of the test specified in
Section 9.2.9.2.3, Item 3. Sy, and Sygshall be
evauated for the Design Earthquake.

4. For each specimen there is no greater than a 20%
decreasein the initial effective damping over the
30Sx1/ SxgBp1, but not less than 10, cycles of the

test specified in Section 9.2.9.2.3, Item 4. Sy, and
Skgshall be evaluated for the Design Earthquake.

5. All specimens of vertical-load-carrying elements of
the isolation system remain stable at the total
maximum displacement for static |oad as prescribed
in Section 9.2.9.2.6.

6. The effective stiffness and effective damping of test
specimens fall within the limits specified by the
engineer responsible for structural design.

9.295 Design Properties of the Isolation
System
9.2.9.5.1 Maximum and Minimum Effective

Stiffness

At the design displacement, the maximum and
minimum effective stiffness of the isolation system,
Kpmax ad Kpins shall be based on the cyclic tests of
Section 9.2.9.2 and calculated by Equations (9-14) and
(9-15):

S 1Fo et 5 Pl e

Kpmax = 2D, (9-14)
_ X‘Fg‘min + Z‘F—D‘min
Kpmin = 2D, (9-15)

At the maximum displacement, the maximum and
minimum effective stiffness of the isolation system
shall be based on cyclic tests of Section 9.2.9.2 and
calculated by Equations (9-16) and (9-17):
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S Pt S [Fiv e

KMrnax = 2D (9-16)
M
+ f—
5 Fidmin* 5 [Fulm
M|min M|min
KMmin = 2D (9-17)
M
9.2.95.2 Effective Damping

At the design displacement, the effective damping of
the isolation system, Bp, shall be based on the cyclic
tests of Section 9.2.9.2 and calculated by Equation
(9-18):

1] >Ep
Bo = 5 5 (9-18)
K D
Dmax~ D
In Equation (9-18), the total energy dissipated in the
isolation system per displacement cycle, XEp, shall be

taken asthe sum of the energy dissipated per cycleinall

isolators measured at test displacements, A" and A
that are equal in magnitude to the design displacement,
Dp.

At the maximum displacement, the effective damping
of the isolation system, 3, shall be based on the cyclic
tests of Section 9.2.9.2 and calculated by Equation
(9-19):

E
1 M
Bw = g{—z—z‘ (9-19)
K D
Mmax—M
In Equation (9-19), the total energy dissipated in the
isolation system per displacement cycle, ZE),, shall be

taken asthe sum of the energy dissipated per cyclein all
isolators measured at test displacements, A+ and A,

that are equal in magnitude to the maximum
displacement, Dy,.

9.3 Passive Energy Dissipation
Systems

931

Passive energy dissipation systems classified as either
displacement-dependent, vel ocity-dependent, or other,
as defined in Section 9.3.3, shall comply with the
requirements of Section 9.3. Linear and nonlinear
analyses shall be performed, as required, in accordance
with Section 9.3.4 and 9.3.5, respectively. Additional
requirements for passive energy dissipation systems, as
defined in Section 9.3.6, shall be met. Passive energy
dissipation systems shall be reviewed and tested in
accordance with Sections 9.3.7 and 9.3.8, respectively.

General Requirements

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

The mathematical model of the rehabilitated building
shall include the plan and vertical distribution of the
energy dissipation devices. Analyses shall account for
the dependence of the devices on excitation frequency,
ambient and operating temperature, velocity, sustained
loads, and bilateral |oads. Multiple analyses of the
building shall be conducted to bound the effects of each
varying mechanical characteristic of the devices.

Energy dissipation devices shall be capable of
sustaining larger displacements for displacement-
dependent devices and larger velocities for velocity-
dependent devices than the maximum calculated for the
BSE-2 in accordance with the following criteria:

1. If four or more energy dissipation devices are
provided in agiven story of abuilding in one
principal direction of the building, with a minimum
of two devices located on each side of the center of
stiffness of the story in the direction under
consideration, al energy dissipation devices shall be
capable of sustaining displacements equal to 130%
of the maximum calculated displacement in the
deviceinthe BSE-2. A velocity-dependent device as
described in Section 9.3.3 shall be capable of
sustaining the force associated with a velocity equal
to 130% of the maximum cal culated velocity for that
devicein the BSE-2.
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2. If fewer than four energy dissipation devices are
provided in a given story of abuilding in one
principal direction of the building, or fewer than two
devices are 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 200%
of the maximum cal culated displacement in the
devicein the BSE-2. A velocity-dependent device
shall be capable of sustaining the force associated
with avelocity equal to 200% of the maximum
calculated velocity for that device in the BSE-2.

The components and connections transferring forces
between the energy dissipation devices shall be
designed to remain linearly elastic for the forces
described in items 1 or 2 above.

C9.3.1 General Requirements

The increase in displacement (and velocity) capacity is
dependent on the level of redundancy in the
supplemental damping system.

Passive energy dissipation is an emerging technology
that enhances the performance of the building by
adding damping (and in some cases, stiffness) to the
building. The primary use of energy dissipation devices
isto reduce earthquake displacement of the structure.
Energy dissipation devices will also reduce force in the
structure—provided the structure is responding
elastically—but would not be expected to reduce force
in structures that are responding beyond yield.

For most applications, energy dissipation provides an
alternative approach to conventional stiffening and
strengthening schemes, and would be expected to
achieve comparable performance levels. In general,
these devices would be expected to be good candidates
for projects that have atarget Building Performance
Level of Life Safety or perhaps Immediate Occupancy,
but would be expected to have only limited
applicability to projects with atarget Building
Performance L evel of Collapse Prevention.

Other objectives may also influence the decision to use
energy dissipation devices since these devices can also
be useful for control of building response due to small
earthquakes, wind, or mechanical loads. The analysis
procedures set forth in this standard are approximate.
Roof displacements calculated using the linear and
nonlinear procedures are likely to be more accurate
than the corresponding estimates of interstory drift and
relative velocity between adjacent stories. Accordingly,
this standard requires that energy dissipation devices be
capable of sustaining larger displacements (and
velocities for velocity-dependent devices) than the
maxima calculated by analysisin the BSE-2.
Recognizing that the response of a building frame
incorporating four or more devicesin each principal
direction in each story will be more reliable than a
frame with fewer devicesin each principal direction,
the increase in displacement (and velocity) capacity is
dependent on the level of redundancy in the
supplemental damping system. The increased force
shall be used to design the framing that supports the
energy dissipation devices—eflecting the objective of
keeping the device support framing elastic in the
BSE-2. Theincreasesin force and displacement
capacity listed in this standard are based on the
judgment of the authors.

9.3.2 I mplementation of Energy Dissipation

Devices

Energy dissipation devices shall beimplemented in
accordance with requirements specified in Chapters 1
through 3 but as modified in the subsegquent sections of
this chapter.

9.3.3 Modeling of Energy Dissipation
Devices

Displacement-dependent devices shall include devices
that exhibit either rigid-plastic (friction devices),
bilinear (metallic yielding devices), or trilinear
hysteresis. The response of displacement-dependent
devices shall be independent of velocity and frequency
of excitation. Velocity-dependent devices shall include
solid and fluid viscodl astic devices, and fluid viscous
devices. Devices not classified as displacement- or
velocity-dependent shall be classified as “ other.”

Models of the energy dissipation system shall include
the stiffness of structural componentsthat are part of the
load path between energy dissipation devices and the
ground and whose flexibility affects the performance of
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the energy dissipation system, including components of
the foundation, braces that work in series with the
energy dissipation devices, and connections between
braces and the energy dissipation devices.

Energy dissipation devices shall be modeled as
described in the following subsections, unless approved
methods are used.

C9.3.3 Modeding of Energy Dissipation
Devices

Examples of “other” devices include shape- memory
aloys (superelastic effect), friction-spring assemblies
with recentering capability, and fluid restoring force-
damping devices.

9.3.3.1

A displacement-dependent device shall have aforce-
displacement relationship that is a function of the
relative displacement between each end of the device.
The response of a displacement-dependent device shall
be independent of the relative velocity between each
end of the device and frequency of excitation.

Displacement-Dependent Devices

Displacement-dependent devices shall be modeled in
sufficient detail to capture their force- displacement
response, and their dependence, if any, on axial-shear-
flexure interaction, or bilateral deformation response.

For evaluating the response of a displacement-
dependent device from testing data, the forcein a
displacement-dependent device shall be calculated in
accordance with Equation (9-20):

where the effective stiffness, kg, of the deviceis
calculated in accordance with Equation (9-21):

_F+]F

= (9-22)
p*| +|p7]

I(eff

The forcesin the device, F* and F ~, shall be evaluated
at displacements D™ and D™, respectively.

9.3.3.2

9.3.3.2.1 Solid Viscoelastic Devices

Solid viscoelastic devices shall be modeled using a
spring and dashpot in parallel (Kelvin model). The
spring and dashpot constants selected shall capture the
frequency and temperature dependence of the device
consistent with fundamental frequency of the
rehabilitated building (f,), and the operating
temperature range. If the cyclic response of a

viscod astic solid device cannot be captured by single
estimates of the spring and dashpot constants, the
response of the rehabilitated building shall be estimated
by multiple analyses of the building frame, using
limiting upper- and lower-bound values for the spring
and dashpot constants.

Velocity-Dependent Devices

Theforcein aviscoe astic device shall bedetermined in
accordance with Equation (9-22):

where C is the damping coefficient for the viscoel astic
device, D istherelative displacement between each end

of the device, D isthe relative velocity between each
end of the device, and kg iS the effective stiffness of the
device calculated in accordance with Equation (9-23):

_ ]

= = K’ (9-23)
p*| +|p7

keff

whereK' isthe storage stiffness.

The damping coefficient for the device shall be
calculated in accordance with Equation (9-24):

W "
c-—b _K (9-24)
Ty D> W
('o.l. ave

where K" isthe loss stiffness, the angular frequency w;
isequal to 21y, D, e is the average of the absolute

values of displacements D™ and D™, and Wp isthe area
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enclosed by one complete cycle of the force-
displacement response of the device.

C9.3.3.2.1 Solid Viscoelastic Devices

The cyclic response of viscoelastic solidsis generally
dependent on the frequency and amplitude of the
motion and the operating temperature (including
temperature rise due to excitation).

9.3.3.2.2 Fluid Viscoelastic Devices

Fluid viscoelastic devices shall be modeled using a
spring and dashpot in series (Maxwell model). The
spring and dashpot constants selected shall capture the
frequency and temperature dependence of the device
consistent with fundamental frequency of the
rehabilitated building (f,), and the operating
temperature range. If the cyclic response of a
viscoelastic fluid device cannot be captured by single
estimates of the spring and dashpot constants, the
response of the rehabilitated building shall be estimated
by multiple analyses of the building frame, using
limiting upper- and lower-bound values for the spring
and dashpot constants.

C9.3.3.2.2 Fluid Viscoelastic Devices

The cyclic response of viscoelastic fluid devicesis
generaly dependent on the frequency and amplitude of
the motion and the operating temperature (including
temperature rise due to excitation).

9.3.3.2.3 Fluid Viscous Devices

Linear fluid viscous dampers exhibiting stiffness in the
frequency range 0.5 f; to 2.0 f; shall be modeled as a

fluid viscoelastic device.

In the absence of stiffnessin the frequency range 0.5 f;
to 2.0 f;, the force in the fluid viscous device shall be
computed in accordance with Equation (9-25):

F = ColDl" sgn(D) (9-25)

where Cy is the damping coefficient for the device, a is

the velocity exponent for the device, D istherelative
velocity between each end of the device, and sgn isthe
signum function that, in this case, definesthe sign of the
relative velocity term.

9.3.3.3

Energy dissipation devices not classified as either
displacement-dependent or velocity-dependent shall be
modeled using approved methods. Such models shall
accurately describe the force-vel ocity-displacement
response of the device under all sources of loading
including gravity, seismic, and thermal.

Other Types of Devices

C9.3.3.3

Other energy dissipating devices, such as those having
hysteresis of the type shown in Figure C9-8, require
modeling techniques different from those described
above. Tsopelas and Constantinou (1994a), Nims et al.
(1993), and Pekcan et al. (1995) describe analytical
models for some of these devices.

Other Types of Devices

Force
Force

Dynamic

— Displacement D Displacement

Fluid restoring
force/damping device

Frictional-spring device
with recentering capability

Figure C9-8 Idealized Force-Displacement Loops of
Energy Dissipation Devices with
Recentering Capability

9.34 Linear Procedures

Linear procedures shall be permitted only if the
following criteria are met:

1. Theframing system exclusive of the energy
dissipation devices remainslinearly elastic for the
selected Earthquake Hazard Level after the effects of
added damping are considered.

2. The effective damping afforded by the energy
dissipation does not exceed 30% of critical in the
fundamental mode.

3. The secant stiffness of each energy dissipation
device, calculated at the maximum displacement in
the device, isincluded in the mathematical model of
the rehabilitated building.
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4. When evaluating the regularity of abuilding, the
energy dissipation devices are included in the
mathematical model.

9.34.1

9.3.4.1.1 Displacement-Dependent Devices

Use of The Linear Static Procedure (L SP) shall be
permitted to analyze displacement-dependent energy
dissipation devices, provided that in addition to the
requirements of Section 9.3.4, the following
reguirements are satisfied:

Linear Static Procedure

1. Theratio of the maximum resistancein each story, in
the direction under consideration, to the story shear
demand calculated using Equations (3-11) and
(3-12), shall range between 80% and 120% of the
average value of theratio for al stories. The
maximum story resistance shall include the
contributions from all components, elements, and
energy dissipation devices.

2. The maximum resistance of all energy dissipation
devicesin astory, in the direction under
consideration, shall not exceed 50% of the resistance
of the remainder of the framing where said
resistance is calculated at the displacements
anticipated in the BSE-2. Aging and environmental
effects shall be considered in calculating the
maximum resistance of the energy dissipation
devices.

The pseudolateral 1oad of Equation (3-10) shall be
reduced by the damping modification factors of
Table 1-6 to account for the energy dissipation
(damping) afforded by the energy dissipation
devices. The damping effect shall be calculated in
accordance with Equation (9-26):

>

=B+1— 9-26
Bett = P+ 2, (9-26)

where 3 is the damping in the framing system and
shall be set equal to 0.05 unless modified in
Section 1.6.1.4, W shall be taken as the work done

by devicej in one complete cycle corresponding to
floor displacements 9;, the summation extends over

all devicesj, and W isthe maximum strain energy in
the frame, determined using Equation (9-27):

_1
i

where F; shall be taken asthe inertiaforce at floor

level i and the summation extends over all floor
levels.

9.3.4.1.2 Velocity-Dependent Devices

Use of the LSP shall be permitted to analyze velocity-
dependent energy dissipation devices, provided that in
addition to the requirements of Section 9.3.4, the
following requirements are satisfied:

1. The maximum resistance of all energy dissipation
devicesin astory in the direction under
consideration shall not exceed 50% of the resistance
of the remainder of the framing where said
resistance is calculated at the displacements
anticipated in the BSE-2. Aging and environmental
effects shall be considered in calculating the
maximum resistance of the energy dissipation
devices.

2. The pseudolatera load of Equation (3-10) shall be
reduced by the damping modification factors of
Table 1-6 to account for the energy dissipation
(damping) afforded by the energy dissipation
devices. The damping effect shall be calculated in
accordance with Equation (9-28):

2V
Best = B+ 7=

eff — 4T[Wk (9' 28)

where 3 is the damping in the structural frame and shall
be set equal to 0.05 unless modified in

Section 1.6.1.5.3, W, shall be taken as the work done by
devicej in one complete cycle corresponding to floor
displacements §;, the summation extends over all
devicesj, and W is the maximum strain energy in the
frame, determined using Equation (9-27).

The work done by linear viscous devicej in one
complete cycle of loading shall be calculated in
accordance with Equation (9-29):

2
W_:2T[

2
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where T is the fundamental period of the rehabilitated
building including the stiffness of the velocity-
dependent devices, C; is the damping constant for

devicej, and &, isthe relative displacement between the
ends of devicej along the axis of devicej.

Calculation of effective damping in accordance with

Equation (9-30) rather than Equation (9-28) shall be
permitted for linear viscous devices:

2, 2
TZCJ- cos Bj @

Berf = B+ (9-30)

Vg, 2
4T[Z Dg [lq)l
|

where ej isthe angle of inclination of devicej to the

horizontal, @, J- isthe first mode relative displacement

between the ends of devicej in the horizontal direction,
w; isthe reactive weight of floor level i, @, isthefirst

mode displacement at floor level i, and other terms are
as defined above.

9.3.4.1.3 Design Actions

The design actions for components of the rehabilitated
building shall be calculated in three distinct stages of
deformation as follows. The maximum action shall be
used for design.

1. At the stage of maximum drift. The lateral forces
at each level of the building shall be calculated using
Equation (3-11), where V is the modified equivalent
base shear.

2. At the stage of maximum velocity and zero drift.
The viscous component of force in each energy
dissipation device shall be calculated by Equations

(9-22) or (9-25), where the relative velocity D is
given by 2mtf; D, where D isthe relative
displacement between the ends of the device
calculated at the stage of maximum drift. The
calculated viscous forces shall be applied to the
mathematical model of the building at the points of
attachment of the devices and in directions
consistent with the deformed shape of the building at
maximum drift. The horizontal inertiaforces at each
floor level of the building shall be applied

concurrently with the viscous forces so that the
horizontal displacement of each floor level is zero.

3. At the stage of maximum floor acceleration.
Design actions in components of the rehabilitated
building shall be determined as the sum of actions
determined at the stage of maximum drift times CF,,

and actions determined at the stage of maximum
velocity times CF,, where

CF, = cos[tan (2B4)] (9-31)

CF, = sin[tan (2B )] (9-32)

inwhich B isdefined by either Equation (9-28) or
Equation (9-30).

9.3.4.2

If the Linear Dynamic Procedure (LDP) is selected
based on the requirements of Section 9.2.3.3 and
Section 2.4, the LDP of Section 3.3.2.2 shall be
followed unless explicitly modified by this section.

Linear Dynamic Procedure

Use of the response spectrum method of the LDP shall
be permitted when the effective damping in the
fundamental mode of the rehabilitated building, in each
principal direction, does not exceed 30% of critical.

9.3.4.2.1 Displacement-Dependent Devices

Application of the LDP for the analysis of rehabilitated
buildings incorporating displacement-dependent
devices shall comply with the restrictions set forth in
Section 9.34.1.1.

For analysis by the Response Spectrum Method,
maodification of the 5%-damped response spectrum
shall be permitted to account for the damping afforded
by the displacement-dependent energy dissipation
devices. The 5%-damped accel eration spectrum shall be
reduced by the modal-dependent damping modification
factor, B, either Bg or B4, for periods in the vicinity of
the mode under consideration; the value of B will be
different for each mode of vibration. The damping
maodification factor in each significant mode shall be
determined using Table 1-6 and the calculated effective
damping in that mode. The effective damping shall be
determined using a procedure similar to that described
in Section 9.3.4.1.1.
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If the maximum base shear force calculated by dynamic
analysisisless than 80% of the modified equivalent
base shear of Section 9.3.4.1, component and element
actions and deformations shall be proportionally
increased to correspond to 80% of the modified
equivalent base shear.

9.34.2.2 Velocity-Dependent Devices

For analysis by the Response Spectrum Method,
modification of the 5%-damped response spectrum
shall be permitted to account for the damping afforded
by the vel ocity-dependent energy dissipation devices.
The 5%-damped accel eration spectrum shall be reduced
by the modal-dependent damping modification factor,
B, either Bgor B, for periodsin the vicinity of the mode
under consideration; note that the value of B will be
different for each mode of vibration. The damping
maodification factor in each significant mode shall be
determined using Table 1-6 and the calcul ated effective
damping in that mode.

The effective damping in the m-th mode of vibration
(Bgff — ) shall be calculated in accordance with

Equation (9-33):

2 W
Beff—m = Bm + 4T[\Nmk

(9-33)
where 3, isthe m-th mode damping in the building
frame, W, iswork done by device j in one complete
cycle corresponding to modal floor displacements
and W,y is the maximum strain energy in the framein
the m-th mode, determined using Equation (9-34):

_1
i

where F,; is the m-th mode horizontal inertia force at
floor level i and d,, is the m-th mode horizontal

displacement at floor level i. The work done by linear
viscous device j in one complete cycle of loading in the
m-th mode may be calculated in accordance with
Equation (9-35):

2
_ 2T 2
W . = ——Cémrj

=T (9-35)

where T, is the m-th mode period of the rehabilitated

building including the stiffness of the velocity-
dependent devices, C; is the damping constant for

devicej, and 8y is the mth mode relative

displacement between the ends of device j aong the
axis of devicej.

In addition to direct application of the Response
Spectrum Method in accordance with this section to
obtain member actions at maximum drift, member
actions at maximum velocity and maximum
acceleration in each significant mode shall be
determined using the procedure described in
Sections 9.3.4.1.2. The combination factors CF; and

CF, shall be determined based on Equations (9-31) and
(9-32) using Bes _m for the m-th mode.

If the maximum base shear force calculated by dynamic
anaysisisless than 80% of the modified equivalent
base shear of Section 9.3.4.1, component and element
actions and deformations shall be proportionally
increased to correspond to 80% of the modified
equivalent base shear.

9.35

9.35.1

If the Nonlinear Static Procedure (NSP) is selected
based on the requirements of Section 9.2.3.3 and
Section 2.4, the NSP of Section 3.3.3 shall be followed
unless explicitly modified by this section.

Nonlinear Procedures

Nonlinear Static Procedure

The nonlinear mathematical model of the rehabilitated
building shall include the nonlinear force-velocity-
displacement characteristics of the energy dissipation
devices explicitly, and the mechanical characteristics of
the components supporting the devices. Stiffness
characteristics shall be consistent with the deformations
corresponding to the target displacement and a
frequency equal to theinverse of period T, asdefined in

Section 3.3.3.2.

The nonlinear mathematical model of the rehabilitated
building shall include the nonlinear force-velocity-
displacement characteristics of the energy dissipation
devices, and the mechanical characteristics of the
components supporting the devices. Energy dissipation
devices with stiffness and damping characteristics that
are dependent on excitation frequency and/or
temperature shall be modeled with characteristics
consistent with (1) the deformations expected at the

FEMA 356

Seismic Rehabilitation Prestandard 9-31



Chapter 9: Seismic Isolation and
Energy Dissipation

target displacement, and (2) afrequency equal to the
inverse of the effective period.

Equation (3-15) shall be used to calculate the target
displacement.

C9.35.1 Nonlinear Static Procedure

Benefits of Adding Energy Dissipation Devices

The benefit of adding displacement-dependent energy
dissipation devicesis recognized in this standard by the
increase in building stiffness afforded by such devices,
and the reduction in target displacement associated with
thereductionin Tg. The aternative NSP uses adifferent

strategy to calculate the target displacement and
explicitly recognizes the added damping provided by
the energy dissipation devices.

The benefits of adding vel ocity-dependent energy
dissipation devices are recognized by the increase in
stiffness and equivalent viscous damping in the
building frame. For most vel ocity-dependent devices,
the primary benefit will result from the added viscous
damping. Higher-mode damping forces in the energy
dissipation devices must be evaluated regardless of the
NSP used.

9.35.1.1 Displacement-Dependent Devices

The stiffness characteristics of the energy dissipation
devices shal beincluded in the mathematical model.

9.3.5.1.2 Velocity-Dependent Devices

The target displacement and the spectral acceleration in
Equation (3-15) shall be reduced to account for the
damping added by the vel ocity-dependent energy
dissipation devices. The calculation of the damping
effect shall be calculated in accordance with Equation
(9-36):

>V
Bett = B+ ij_Nk (9-36)
where (3 is the damping in the structural frame and shall
be set equal to 0.05 unless modified in Section 1.6.1.5,
W shall be taken as the work done by devicej in one
compl ete cycle corresponding to floor displacements
9;, the summation extends over all devicesj, and W is

the maximum strain energy in the frame, determined
using Equation (9-27).

The work done by device j in one complete cycle of
loading shall be cal culated based on Equation (9-37):

2

_ 21 2

V\/j =T Cjérj
SS

(9-37)

where Tg is the secant fundamental period of the
rehabilitated building including the stiffness of the
velocity-dependent devices (if any), calculated using
Equation (3-14) but replacing the effective stiffness
(Ke) with the secant stiffness (Ky) at the target
displacement as shown in Figure 9-1; C; is the damping
constant for devicej; and &;; isthe relative displacement
between the ends of devicej along the axis of device|j at
aroof displacement corresponding to the target
displacement.

=
& . o
= V"'_—,l'l_" " .
il | I.‘ ;
@ LA ;
o / ; '
i . |K'\-:
II :
085 j 7
III
i M
.'i_|.' P
Roof displacemant
Figure 9-1 Calculation of Secant Stiffness, Kg

The acceptance criteria of Section 3.4.3 shall apply to
buildings incorporating energy dissipation devices.
Checking for displacement-controlled actions shall use
deformations corresponding to the target displacement.
Checking for force-controlled actions shall use
component actions calculated for three limit states:
maximum drift, maximum velocity, and maximum
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acceleration. Maximum actions shall be used for design.
Higher-mode effects shall be explicitly eva uated.

C9.3.5.1.2 Velocity-Dependent Devices

The use of Equation (9-36) will generaly capture the
maximum displacement of the building.

9.3.5.2 Nonlinear Dynamic Procedure

If the Nonlinear Dynamic Procedure (NDP) is selected
based on the requirements of Section 9.2.3.3 and
Section 2.4, anonlinear time history analysis shall be
performed as required by Section 3.3.4.2, except as
modified by this section. The mathematical model shall
account for both the plan and vertical spatial
distribution of the energy dissipation devicesin the
rehabilitated building. If the energy dissipation devices
are dependent on excitation frequency, operating
temperature (including temperature rise due to
excitation), deformation (or strain), velocity, sustained
loads, and bilateral loads, such dependence shall be
accounted for in the analysis by assuming upper- and
lower-bound properties to bound the solution.

The viscous forces in vel ocity-dependent energy
dissipation devices shall be included in the calculation
of design actions and deformations. Substitution of
viscous effects in energy dissipation devices by global
structural damping for nonlinear time-history analysis
shall not be permitted.

C9.3.5.2

If energy dissipation devices are dependent on loading
frequency, operating temperature (including
temperature rise due to excitation), deformation (or
strain), velocity, sustained loads, and bilateral 1oads,
such dependence should be accounted for in the
nonlinear time history analysis. One way to account for
variations in the force-deformation response of energy
dissipation devicesis to perform multiple analyses of
the rehabilitated building using the likely bounding
response characteristics of the energy dissipation
devices. The design of the rehabilitated building,
including the energy dissipation devices, should be
based on the maximum responses computed from the
multiple analyses.

Nonlinear Dynamic Procedure

The viscous forces (if any) developed in the seismic
framing system should be accounted for in the analysis
and design of the seismic framing system. Evaluation of
member action histories should be based on nodal
displacements (operating on member stiffness matrices)
and nodal velocities (operating on member damping
matrices).

Key to the acceptable response of a rehabilitated
building incorporating energy dissipation devicesisthe
stable response of the energy dissipation devices. The
forces and deformations in the energy dissipation
devices that develop during the Design Earthquake
should be demonstrated to be adequate by prototype
testing in accordance with Section 9.3.8.

9.3.6

9.3.6.1

The energy dissipation system and the remainder of the
lateral-force-resisting system shall comply with the
detailed systems requirements specified in this section.

Detailed Systems Requirements

General

9.3.6.2 Operating Temperature

The analysis of arehabilitated building shall account for
variationsin the force-displacement response of the
energy dissipation devices due to variation in the
ambient temperature and temperature rise due to
earthquake cyclic excitation. Multiple analysis shall be
performed to bound the seismic response of the building
during the Design Earthquake, and develop limits for
defining the acceptabl e response of the prototype
devices and production devices.

C9.3.6.2

The force-displacement response of an energy
dissipation device will generally be dependent on
ambient temperature and temperature rise due to cyclic
or earthquake excitation.

Operating Temperature

9.3.6.3

In addition to the requirements for vertical and lateral
loads induced by wind and earthquake actions, the
energy dissipation devices shall be designed with
consideration given to other environmental conditions,
including aging effects, creep, fatigue, ambient
temperature, and exposure to moisture and damaging
substances.

Environmental Conditions
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9.3.6.4

The fatigue life of energy dissipation devices, or
components thereof, including seals in afluid viscous
device, shall be investigated and shown to be adequate
for the design life of the devices. Devices subject to
failure by low-cycle fatigue shall resist wind forcesin
the linearly elastic range.

Wind Forces

9.3.6.5

Access for ingpection and replacement of the energy
dissipation devices shall be provided.

Inspection and Replacement

9.3.6.6

A manufacturing quality control plan for production of
energy dissipation devices shall be established by the
engineer of record. This plan shall include descriptions
of the manufacturing processes, inspection procedures,
and testing necessary to ensure quality control of
production devices.

Manufacturing Quality Control

9.3.6.7

The engineer of record shall establish a maintenance
and testing schedule for energy dissipation devicesto
ensure reliable response of the devices over the design
life of the devices. The degree of maintenance and
testing shall reflect the established in-service history of
the devices.

Maintenance

9.3.7

9.3.7.1

Design review of all rehabilitated buildings
incorporating energy dissipation devices shall be
performed in accordance with the requirements of
Section 2.7, unless modified by the requirements of this
section. Design review of the energy dissipation system
and related test programs shall be performed by an
independent engineering review panel that includes
persons experienced in seismic analysis and the theory
and application of energy dissipation methods.

Design Review

General

The following items shall be included in the design
review:

1. Preliminary design including sizing of the devices.

2. Prototype testing conducted in accordance with
Section 9.3.8.2.

3. Final design of the rehabilitated building and
supporting analyses.

4. Manufacturing quality control program for the
energy dissipation devices.

9.3.8 Required Tests of Energy Dissipation
Devices
9.3.8.1 General

The force-displacement relations and damping values
assumed in the design of the energy dissipation system
shall be confirmed by the tests conducted in accordance
with this section prior to production of devices for
construction. If tests conducted in accordance with this
section precede the design phase of a project, the results
of the testing program shall be used for the design.

The tests specified in this section shall be conducted to:
(1) confirm the force-displacement properties of the
energy dissipation devices assumed for design, and

(2) demonstrate the robustness of individual devicesto
extreme seismic excitation. These tests shall not be
considered as satisfying the manufacturing quality
control (production) plan of Section 9.3.6.6.

The engineer of record shall provide explicit acceptance
criteriafor the effective stiffness and damping values
established by the prototype tests. These criteria shall
reflect the values assumed in design, account for likely
variationsin material properties, and provide limiting
response values outside of which deviceswill be
rejected.

The engineer of record shall provide explicit acceptance
criteriafor the effective stiffness and damping values
established by the production tests of Section 9.3.6.6.
The results of the prototype tests shall form the basis of
the acceptance criteriafor the production tests unlessan
aternate basis is established by the engineer of record
in the specification. Such acceptance criteria shall
recognize the influence of loading history on the
response of individual devices by requiring production
testing of devices prior to prototype testing.

The fabrication and quality control procedures used for
all prototype and production devices shall be identical.
These procedures shall be approved by the engineer of
record prior to the fabrication of prototype devices.
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9.3.8.2

9.3.8.2.1 General

The following prototype tests shall be performed
separately on two full-size devices of each type and size
used in the design. If approved by the engineer of
record, selection of representative sizes of each type of
device shall be permitted for prototype testing, rather
than each type and size, provided that the fabrication
and quality control procedures are identical for each
type and size of devices used in the rehabilitated
building.

Prototype Tests

Test specimens shall not be used for construction unless
approved in writing by the engineer of record.

9.3.8.2.2 Data Recording

The force-deflection relationship for each cycle of each
test shall be recorded electronically.

9.3.8.2.3 Sequence and Cycles of Testing

For the following minimum test sequence, each energy
dissipation device shall be loaded to simulate the
gravity loads on the device asinstalled in the building
and the extreme ambient temperatures anticipated.

1. Each device shall be loaded with the number of
cycles expected in the design wind storm, but not
less than 2000 fully-reversed cycles of load
(displacement-dependent and viscoel astic devices)
or displacement (viscous devices) at amplitudes
expected in the design wind storm, at a frequency
egual to theinverse of the fundamental period of the
rehabilitated building.

EXCEPTION: Devices not subject to wind-induced
forces or displacements need not be subjected to
these tests.

2. Each device shall be loaded with 20 fully reversed
cycles at the displacement in the energy dissipation
device corresponding to the BSE-2, at a frequency
equal to theinverse of the fundamental period of the
rehabilitated building.

EXCEPTION: Testing methods for energy
dissipation devices other than those noted above
shall be permitted, provided that: (1) equivalency
between the proposed method and cyclic testing can
be demonstrated; (2) the proposed method captures
the dependence of the energy dissipation device
response to ambient temperature, frequency of

loading, and temperature rise during testing; and (3)
the proposed method is approved by the engineer of
record.

C9.3.8.2.3 Sequence and Cycles of Testing

Energy dissipation devices should not form part of the
gravity-load-resisting system, but may be required to
support some gravity load.

9.3.8.24 Devices Dependent on Velocity and/or

Frequency of Excitation
If the force-deformation properties of the energy
dissipation devices at any displacement less than or
egual to the total design displacement change by more
than 15% for changesin testing frequency from 0.5f; to

2.0 f4, the preceding tests shall be performed at
frequencies equal to 0.5f;, f;, and 2.0 f;.

EXCEPTION: If reduced-scale prototypes are used to
guantify the rate-dependent properties of energy
dissipation devices, the reduced-scale prototypes shall
be of the same type and materials—and manufactured
with the same processes and quality control
procedures—as full-scale prototypes, and tested at a
similitude-scaled frequency that represents the full-
scale loading rates.

9.3.8.2.5 Devices Dependent on Bilateral

Displacement
If the energy dissipation devices are subjected to
bilateral deformation, the preceding tests shall be made
at both zero bilateral displacement, and peak lateral
displacement in the BSE-2.

EXCEPTION: If reduced-scale prototypes are used to
quantify the bilateral displacement properties of the
energy dissipation devices, the reduced-scal e prototypes
shall be of the same type and materials, and
manufactured with the same processes and quality
control procedures asfull-scale prototypes, and tested at
similitude-scaled displacements that represent the full-
scal e displacements.

9.3.8.2.6 Testing Similar Devices

Energy dissipation devices that are (1) of similar size,
identical materials, interna construction, and static and
dynamic internal pressures (if any), and (2) fabricated
with identical internal processes and manufacturing
quality control procedures, and that have been
previously tested by an independent |aboratory in the
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manner described above need not be tested, provided
that:

1. All pertinent testing data are made available to, and
are approved by, the engineer of record.

2. The manufacturer can substantiate the similarity of
the previously tested devices to the satisfaction of
the engineer of record.

3. The submission of datafrom a previous testing
program is approved in writing by the engineer of
record.

9.3.8.3 Determination of Force-Displacement

Characteristics

The force-displacement characteristics of an energy
dissipation device shall be based on the cyclic load and
displacement tests of prototype devices specified in
Section 9.3.8.2.

Asrequired, the effective stiffness (k) of an energy
dissipation device with stiffness shall be calculated for
each cycle of deformation in accordance with Equation
(9-38):

_ L+ lE

= (9-39)
NEYN

I(eff

where forces F* and F~ shall be calculated at

displacements A™ and A~, respectively. The effective
stiffness of an energy dissipation device shall be
established at the test displacements givenin
Section 9.3.8.2.3.

The equivalent viscous damping of an energy
dissipation device (Bgf) exhibiting stiffness shall be
calculated for each cycle of deformation based on
Equation (9-39):

1 W
Bett = 53 (9-39)
efanve

where kg shall be calculated in accordance with
Equation (9-38), and W shall be taken asthe area

enclosed by one complete cycle of the force-
displacement response for a single energy dissipation

device at a prototype test displacement (A4,e) equal to

the average of the absolute values of displacements A*
and A~

9.3.84

The performance of a prototype device shall be
considered adequate if all of the following conditions
are satisfied:

System Adequacy

1. The force-displacement curvesfor thetestsin
Section 9.3.8.2.3 have nonnegative incremental
force-carrying capacities.

EXCEPTION: Energy dissipation devices that
exhibit velocity-dependent behavior need not
comply with this requirement.

2. Within each test of Section 9.3.8.2.3, the effective
stiffness (k) Of @ prototype energy dissipation
device for any one cycle does not differ by more
than plus or minus 15% from the average effective
stiffness as calculated from all cyclesin that test.

EXCEPTIONS: (1) The 15% limit may be
increased by the engineer of record in the
specification, provided that the increased limit has
been demonstrated by analysisto not have a
deleterious effect on the response of the rehabilitated
building. (2) Fluid viscous energy dissipation
devices, and other devices that do not have effective
stiffness, need not comply with this requirement.

3. Within each test of Section 9.3.8.2.3, the maximum
force and minimum force at zero displacement for a
prototype device for any one cycle does not differ by
more than plus or minus 15% from the average
maximum and minimum forces as calculated from
al cyclesin that test.

EXCEPTION: The 15% limit may be increased by
the engineer of record in the specification, provided
that the increased limit has been demonstrated by
analysisto not have a deleterious effect on the
response of the rehabilitated building.

4. Within each test of Section 9.3.8.2.3, the area of the
hysteresis loop (Wp) of a prototype energy
dissipation device for any one cycle does not differ
by more than plus or minus 15% from the average
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area of the hysteresis curve as calculated from all
cyclesin that test.

EXCEPTION: The 15% limit may be increased by
the engineer of record in the specification, provided
that the increased limit has been demonstrated by
analysis to not have a deleterious effect on the
response of the rehabilitated building.

5. For displacement-dependent devices, the average
effective stiffness, average maximum and minimum
force at zero displacement, and average area of the
hysteresis loop (Wp), calculated for each test in the

sequence described in Section 9.3.8.2.3, shall fall
within the limits set by the engineer of record in the
specification. The area of the hysteresis loop at the
end of cyclic testing shall not differ by more than
plus or minus 15% from the average area of the 20
test cycles.

6. For velocity-dependent devices, the average
maximum and minimum force at zero displacement,
effective stiffness (for viscoelastic devices only),
and average area of the hysteresis loop (Wp),

calculated for each test in the sequence described in
Section 9.3.8.2.3, shall fall within the limits set by
the engineer of record in the specification.

94 Other Response Control Systems

The analysis and design of other response control
systems shall be reviewed by an independent
engineering review panel in accordance with the
requirements of Section 9.3.7. This review panel shall
be selected by the owner prior to the devel opment of the
preliminary design.

C9.4 Other Response Control Systems

Response control strategies other than base isolation
(Section 9.2) and passive energy dissipation

(Section 9.3) systems have been proposed. Dynamic
vibration absorption and active control systems are two
such response control strategies. Although both
dynamic vibration absorption and active control
systems have been implemented to control the wind-
induced vibration of buildings, the technology is not
sufficiently mature and the necessary hardware is not
sufficiently robust to warrant the preparation of general
guidelines for the implementation of other response
control systems.
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