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Abstract
This paper investigates the effect of inherent damping modeling on the com-
puted seismic response and collapse performance of selected seismically isolated
buildings. The analyzed seismically isolated buildings were designed by the pro-
cedures of the ASCE/SEI 7–16 standard. The structure is a six-story perimeter
frame building designed with special moment resisting frames or with special
concentrically braced frames (SCBF) for a location in California. Three differ-
ent seismic isolation systems are considered: (i) triple friction pendulum (TFP)
bearings without moat walls, (ii) TFP bearings with moat walls (double con-
cave [DC] friction pendulum bearings with moat walls have effectively the same
ultimate behavior), and (iii) DC friction pendulum bearings without moat wall.
The superstructure inherent damping schemes considered are (i) zero damping,
(ii) modal damping, (iii) Zareian-Medina damping, (iv) added virtual viscous
dampers with and without force-caps, and (v) added virtual viscous dampers
with the same damping constant value. The response parameters computed are
peak floor accelerations, peak story drift ratios, peak residual story drift ratios,
peak isolator horizontal displacement, and floor acceleration spectra. Also, the
probability of collapse in the maximum considered earthquake (MCER) is com-
puted. It is shown that the modeling approach for the inherent damping has
minor effects on the computed responses and the collapse probability of the stud-
ied seismically isolated buildings, except for the peak floor acceleration and the
floor response spectra for periods below one second. It is suggested that a conve-
nient way to model inherent damping is to use virtual viscous dampers with all
having the same damping constant.

KEYWORDS
ASCE/SEI 7–16 standard, conditional spectra, inherent damping, seismic isolation, seismic
performance assessment, viscous damping

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Earthquake Engineering & Structural Dynamics published by John Wiley & Sons Ltd.

Earthquake Engng Struct Dyn. 2023;52:571–592. wileyonlinelibrary.com/journal/eqe 571

https://orcid.org/0000-0001-9416-3772
mailto:s.kitayama@leeds.ac.uk
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/eqe
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feqe.3773&domain=pdf&date_stamp=2022-11-29


572 KITAYAMA and CONSTANTINOU

1 INTRODUCTION

Nonlinear response history analysis is needed for performance-based seismic design and assessment of buildings.1 By
using properly scaled records of earthquake acceleration time histories on the ground, nonlinear response history analysis
computes a structural response that is consistent with the expected seismic demand at the site.2 While tools for performing
nonlinear response history analysis have been developed and their use by design professionals has been encouraged,3 the
procedure requires a large degree of engineering judgment comparedwith other simplified procedures, such as theEquiva-
lent Lateral Force andResponse Spectrumprocedures.4 As a result, the design and analysis processes require assumptions,
including nonlinear inelastic modeling of structures. It has been known that the structural models used in the analysis
affect the results of the design and assessment.5
One of the assumptions made by analysts is on modeling the inherent ability of structural systems to dissipate energy

while responding elastically at the global level. This ability is traditionally referred to as inherent damping and results from
a variety ofmechanisms including internalmaterial friction, hysteresis in non-structural elements, friction between struc-
tural and nonstructural elements, and radiation into the soil or surrounding fluid, etc.6,7 These energy dissipation mecha-
nisms in real structures are complex and difficult to accurately model. Thus, in practice, energy dissipation not associated
with structural inelastic action (which relates to damage) is typically accounted for by using viscous damping models.8
Recent research led to some degrees of agreement as to how to model inherent damping for seismically isolated build-

ings. One recommendation made was not to use mass-proportional damping. This is because using mass-proportional
damping results in unintended significant reduction of displacements as if viscous dampers existed between the building
and the ground.9–11 Another recommendation for modeling inherent damping for seismically isolated building is to use
zero-percent damping for the “purely isolated modes” (Figure 1) and constant non-zero damping values (e.g., 2% for steel
structures) for the higher modes.12–14 This is for minimizing the introduction of unintended damping in the isolation sys-
tem during construction of the global dampingmatrix (the so-called “damping leakage” or “spurious damping” problem).
The introduction of unintended damping in the isolation system is an important issue as for construction of the global
damping matrix, nonlinear elements in the isolation system are represented by equivalent elastic properties. While the
global damping matrix remains constant during response history analysis, the elements in the isolation system undergo
inelastic action that results in reduction of their effective stiffness and an unintendedmagnification of damping.While this
problem exists for all structures with elements that undergo inelastic action, it is particularly acute for seismically isolated
ones due to the large effective ductility ratio in the seismic isolation systemas discussed inHall,15 Sarlis andConstantinou12
and Chopra and McKenna.16 For example, consider that the isolation system has elastoplastic behavior with a yield dis-
placement Y (Y∼1 mm or less for a sliding isolation system) and yield strength FY (Figure 2). The inherent damping ratio is
specified as β (say 2% of critical) in eachmode of vibration and the elastic stiffness kel (= FY/Y) is used in the construction
of the inherent global damping matrix. Consider the isolation system displacement reaching a value of D, for which the
effective stiffness (secant stiffness) ks is FY/D. The damping ratio β is expressed as β= C/√(4mk), where C is the damping
constant,m is the mass and k is the stiffness of isolation system. When the value of stiffness changes from kel to ks while

F IGURE 1 Example of mode shapes of a seismically isolated building in two-dimensional representation
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KITAYAMA and CONSTANTINOU 573

F IGURE 2 Elastoplastic behavior for demonstrating “damping leakage” or “spurious damping”

C andm are constant, the value of β changes from β1 to β2, where β2 = β1∙√(kel/ks)= β1∙√(Y/D). For β1 = 0.02, Y= 1 mm
and D = 500 mm (this is representative of response for the MCER), the effective damping becomes equal to 0.447 and sig-
nificantly suppresses the isolation system displacements.12 To eliminate such unintended damping, it has been proposed
to use various forms of modal damping12 for isolated buildings and the use of other forms of modal damping16 or virtual
viscous dampers with limits on the peak damping force (“capped viscous damping15,17”) for the analysis of non-isolated
buildings. For isolated buildings, it is recommended that the stiffness matrix used for the construction of the global damp-
ing matrix be formulated using the purely isolated modes (Figure 1) with the effective first modal period calculated using
the post-elastic isolator stiffness (or a lesser value) and that constantmodal damping be assigned to the remainingmodes.12
Early studies of Hall18,19 used virtual viscous dampers for modeling damping in the superstructure of isolated buildings
based on adifferent approach than the oneused in this paper. They computed values of the damping constant for the virtual
dampers utilizing the first mode of the isolated building after removing the isolator elements.19 In this paper, the damping
constants for the virtual dampers are computed using the second mode of isolated building without removing the isolator
elements.We provide a discussion in Section 4.2 that this is amore appropriate approach formodeling damping in isolated
buildings.
While implementation of the procedure of Sarlis and Constantinou12 is easy in program SAP2000,20 it is not possible

to directly do so in many other programs, including OpenSees.21 In an effort to alleviate this problem, Kitayama and
Constantinou22–24 added artificial springs below the isolation bearings that are only active during the initial stage of the
analysis when the modal properties are computed, and the global damping matrix is constructed. While the authors have
used this approach in their studies, they recognized that: (a) there are other proposals for modeling inherent damping for
seismically isolated buildings and (b) other damping models proposed for non-isolated buildings have potential for use
in seismically isolated buildings. Accordingly, this study evaluates the effect that different inherent damping models have
on the results of a seismic performance assessment of selected seismically isolated buildings.
The following six models of inherent damping are considered: (a) Modal damping, (b) Zero damping, (c) Zareian-

Medina damping, (d) Virtual dampers with force cap, (e) Virtual dampers without force cap and (f) Virtual dampers
with the same damping constant at all stories without force cap. The zero damping or “undamped” model was used in
seismic performance assessment studies of seismically isolated buildings by others.25 These models were applied in an
approach that satisfies the following conditions: (i) it eliminates or minimizes the problem of “damping leakage” in the
isolation system, (ii) it is separated from and does not duplicate the action of hysteretic or frictional damping in either
the structural elements or the seismic isolators, and (iii) the computational cost of inelastic time-history analysis is not
substantially increased. Details of these damping models are provided in a special section in this paper. Moreover, the
(somewhat popular) tangent stiffness proportional damping (i.e., through use of a stiffness matrix that is updated in
every time step) was not utilized as it was observed that (i) there was a substantial increase in the computational time
of inelastic time-history analysis, and (ii) there were frequent numerical convergence problems. The difficulties of using
time-dependent properties for modeling inherent damping for seismically isolated buildings were previously reported by
Pant.11 Furthermore, Chopra and McKenna16 recommended against the use of the tangent stiffness matrix to construct
an instantaneous damping matrix because it lacks a physical basis and has conceptual implications including negative
damping at large displacements.
While the analyses in this paper utilize the nonlinear direct-integration time-history method in program OpenSees21

and concentrate on seismically isolated buildings with sliding isolation bearings (triple friction pendulum or TFP and
double concave bearings or DC26), the findings are expected to be applicable to other isolation systems and other analysis
programs.
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574 KITAYAMA and CONSTANTINOU

F IGURE 3 Plan and elevation of analyzed seismically isolated buildings

Past studies10–12,14 also investigated the effect of superstructure damping on the response of seismically isolated build-
ings, in terms of peak floor acceleration, peak isolator displacement and peak story drift for specific seismic intensities
(e.g., scaled for design level earthquake), using a small number of ground motions and assuming elastic behavior of the
superstructure. The study of this paper investigates the effect of the superstructure dampingmodeling on the probabilistic
response of isolated buildings designed by the procedures of the ASCE/SEI 7 standard,27 considering ground motions of a
wide range of seismic intensities (with return periods ranging from 43 to 10,000 years) and with due consideration for the
inelastic response of the superstructure, and possible collapse of the superstructure and the isolation system. Results are
obtained in terms of mean annual frequencies of exceedance for various parameters (peak floor acceleration, peak isolator
displacement, peak story drift and peak residual story drift), and in terms of probabilities of collapse given the maximum
considered earthquake (MCER)27.

2 DESCRIPTION OF ANALYZED BUILDINGS

The plan and elevation of the analyzed building are shown in Figure 3. The original design of this building was presented
in SEAONC Volume 5 Seismic Design Manual28 and McVitty and Constantinou.29 The seismic weight at each floor was
based on previous studies.28,29 The building was assumed located on soil class D in San Francisco, CA (Latitude 37.783◦,
Longitude -122.392◦) with Risk-Targeted MCER27 spectral acceleration values of SMS = 1.5 g and SM1 = 0.9 g. The seismic
force resisting frames for the superstructures were designed for RI = 2 and detailed as Special Moment Resisting Frame
(SMF) or as Special Concentrically Braced Frame (SCBF). Figure 3 presents the sections of columns, beams, and braces
for the isolated buildings. Figure 3 also includes information of seismic floor weights.
The seismic isolation system considered in this study consisted either of TFP isolators with stiffening behavior and

without a moat wall, or TFP isolators with a moat wall or DC isolators without a moat wall. The ultimate behavior of
the TFP isolation system with a moat wall is effectively the same as that of a DC isolation system with a moat wall.
These isolation systems were designed based on the minimum requirements of Section 17 of ASCE/SEI 7–16.27 Identical
bearings were placed at each of the columns of the building but because of the differences in gravity load, the isola-
tors were modeled with different frictional properties at the inner and outer locations. McVitty and Constantinou29
and Kitayama and Constantinou22 presented details of the selection of the properties of the isolators based on pro-
totype bearing tests and application of bounding analysis principles. Figure 4 presents the geometric and frictional
properties of the isolators. The frictional properties are the lower bound values as those resulted in the largest displace-
ments and probabilities of collapse. Figure 4 also presents force-displacement loops of the TFP and the DC isolators.
Note that the moat wall is placed at displacement DM and initiation of stiffening occurs at DM, where DM is the maxi-
mum isolator displacement as computed by the procedures of ASCE/SEI 7–16.27 The DC isolators lack restrainer rings,
which has been a common practice in Europe.30 It is noted that the European Standard EN1512931 (Section 8.3.1.2.3)
prohibits the use of restrainer rings while ASCE/SEI 7–1627 does not have such requirement. Also, the TFP isola-
tors lack interior restrainer rings which nowadays is a common practice.32 When the DC isolation system is equipped
with a moat wall placed at the same location as that of the TFP system as shown in Figure 4, the two systems have
effectively the same ultimate behavior. Accordingly, results related to the ultimate behavior, such as the probability
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KITAYAMA and CONSTANTINOU 575

F IGURE 4 Drawings and force-displacement loops of triple FP and DC isolators

of collapse, obtained for the TFP system with a moat wall also apply for the corresponding DC system with a moat
wall.

3 MODEL FOR ANALYSIS

The analysis was performed in programOpenSees21 using a two-dimensional representation of the structure as illustrated
in Figure 5. Themodels used in this study are similar to those that were used in the previous studies by the authors22–24,33,34
but slightly simplified for the purpose of the research discussed in Section 1 in this paper (particularly, the panel zone35
was not explicitly modeled in this study). The models use the concentrated plasticity elements (nonlinear spring hinges)
for the beams and columns and the distributed plasticity elements (fiber sections) for the braces.36 The elastic stiffness
of beam-column elements between the concentrated plasticity springs was selected based on Ibarra and Krawinkler37 so
that the equivalent stiffness of the “rotational spring—elastic beam-column element—rotational spring” assembly was
equivalent to the stiffness of the actual frame members.
Figure 5 presents the model for the seismically isolated buildings with moment frame and braced frame. The frames

were modeled in their principal direction. The seismic force resisting frames in the perpendicular direction were not con-
sidered. Seismic ground motion was considered only in the principal (horizontal) direction with only horizontal ground
motion. In the models in Figure 5, each of the columns of the seismic force-resisting frame was supported by two isolator
models. One of the isolator models represents two internal isolators and the other one represents two exterior isolators
(i.e., contracted models). Note that interior and exterior isolators support different weights due to the locations of these
isolators (see Figure 3). Only half of the building was modeled (i.e., the total seismic weight of the building is 53,670 kN,
but the seismic weight of the modeled building was 26,835 kN). Tributary weights are also shown in the figure. Seismic
masses to the horizontal direction were assigned at the beam-to-column intersections in the seismic force-resisting frames
(i.e., at four nodes at each floor). The elements of the building other than the SMF or the SCBF (i.e., the gravity supporting
frames) were also modeled using leaning columns with the beams assumed to be simply connected to the columns. Two
sets of gravity load carrying leaning columns, one on the left and one on the right side of either the SMF or the SCBF are
linked to the frame to simulate P-Delta effects. The leaning columns aremodeled using elastic beam-column elements and
low-stiffness rotational springs. These columns havemoments of inertia and areas 100 times larger than the columns used
for the first story in order to approximately represent the aggregate effects of all the gravity columns.38 Truss elements are
used to link the SMF or the SCBF to the leaning columns and transfer the P-Delta effect. The truss elements have areas
100 times larger than the frame columns in the first story to represent aggregate effect of all the gravity beams and are
assumed to be axially rigid.38
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576 KITAYAMA and CONSTANTINOU

F IGURE 5 Model of six-story seismically isolated building (with artificial springs below isolators for constructing the global damping
matrix)

The model (see Figure 5) features artificial springs below the isolators that are active only during the initial phase of
the analysis so that the global damping matrix is properly constructed.22–24 The springs feature a gap (modeled using the
“Elastic-Perfectly Plastic Gap Material” in OpenSees, see Figure 5) of 0.025 mm. The gap did not cause any numerical
problems.
For the model of SCBF, the braces consisted of eight displacement-based fiber elements that are capable of tracing

flexural buckling (see Figure 5). In this study, braces were modeled to capture flexural buckling (fracture was not modeled
as previous study by the authors24 showed that it did not affect the results of seismic performance assessment of seismically
isolated buildings). The flexural buckling was modeled based on the recommendations of Karamanci and Lignos39 that
was based originally on the study by Uriz and Mahin.40 The parameters to model the braces are identical to those listed
in Table 4 in Kitayama and Constantinou.24 Note that the connections between braces and their gusset plates were not
modeled but instead, the braces were directly pinned-connected to the beam to column intersections with zero-length
rotational springs with a near-zero rotational stiffness. An initial camber of 0.1% of the total brace length was applied at
the brace midpoint to initiate buckling.
For the model of SMF, the model was developed with due considerations for the ultimate behavior of the beams and

columns based on Eads.38 Important details of the model were: (a) rotational springs at the ends of beams were modeled
using the Modified Ibarra-Krawinkler bilinear-hysteretic model,41 which is capable of simulating deteriorating hysteretic
moment-rotation relationship, and (b) rotational springs at the ends of columns were modeled using the bi-linear hys-
teretic element “Steel01 material” in OpenSees21 without strength or stiffness deterioration and with a ratio of elastic to
post-elastic stiffness equal to 0.002.
The TFP isolators were modeled using a modification of the series model.42,43 The DC isolators were modeled using

a bi-linear hysteretic model (based on the Steel01 material in OpenSees21). These models can simulate the behavior of
the isolators depicted in Figure 4. When moat walls were considered, the same isolators models were used but the moat
wall was placed at a distance equal to DCapacity of the isolator, which was equal to displacement DM. The isolation system
(when moat wall was considered) behaved as shown in Figure 4 but with a much higher stiffness beyond displacement
DCapacity. Analyses with values of the stiffness equal to 1000 times the stiffness of the TFP isolator in the stiffening regime
were used to model the moat wall. This moat wall model was also used in the previous studies by the authors.22,23,33,34 It
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KITAYAMA and CONSTANTINOU 577

should be noted that earlier studies22 established that the value of the moat wall stiffness has an insignificant effect on the
collapse performance. Specifically, results on the probability of collapse in the MCER were essentially the same when the
stiffness varied from 50 to 1000 times of the value of the TFP isolation system stiffness in the stiffening regime. Also, the
moat wall model features some hysteresis as seen in the loops of Figure 4, which results from the frictional behavior of the
TFP. Other moat wall models exist.19,44–46 The effect of using different models of moat wall on the seismic performance of
seismically isolated buildings is out of the scope of this paper-it is conceivable that the use of different moat wall models
may have some effect on the results presented in this article.
Finally, the TFP andDC isolatormodels feature linear elastic vertical stiffnesswhichwas calculated as half of the isolator

column stiffness using the area of the slider as the column area.12 That is, the vertical stiffness kVC = ASlider∙E/(2HTFP),
whereASlider is area of slider (diameter of 203 or 279 mm), E is Young’s modulus of steel (200,000MPa) andHTFP is height
of the bearing (320 mm). This estimate of stiffness is considered an upper bound on the vertical stiffness.

4 MODELING OF INHERENT DAMPING

4.1 Modeling inherent damping using modal damping

The damping matrix, CModal, is constructed as follows (known as the Wilson-Penzien damping)16,47,48:

𝐂𝐌𝐨𝐝𝐚𝐥 = 𝚽𝐓𝐜𝚽 (1)

𝐜 = 𝐦

(
𝑁∑
𝑛=1

2𝜁𝑛𝜔𝑛
𝑀𝑛

𝝓𝒏𝝓
𝐓
𝒏

)
𝐦 (2)

𝑀𝑛 = 𝝓𝒏𝐓𝐦𝝓𝒏 (3)

where ϕn is the nth mode shape of the undamped system, Φ = [ϕ1, ϕ2,. . . , ϕN] is a matrix containing in its columns the
mode shapes, m is a mass matrix, ζn is the nth mode damping ratio, and ωn is the nth mode frequency. This approach
allows for specification of the desired damping ratio in each mode of vibration.
For this study, the damping ratio was specified as 2% of critical in all modes except for the “purely isolated” modes (first

mode in the two-dimensional models used) for which the damping ratio was set equal to zero per directions in Sarlis and
Constantinou.12 In the modal damping model, the elastic properties of the structure were used to construct the global
damping matrix, which was then used in the nonlinear response history analysis. The application of the procedure for
the isolated building model is complicated by the fact that the isolated building models are extremely stiff in the elastic
range (for sliding systems, the elastic stiffness is the friction force at initiation of motion divided by some very small
“yield” displacement, uy, which in themodel of this study was set equal to 1 mm). To appropriately construct the damping
matrix, artificial horizontal, vertical, and rotational springs were placed below each isolator element to represent the
desired stiffness for the construction of the damping matrix as depicted in Figure 5. These springs were restrained to only
deflect by 0.025 mm in the horizontal direction so that in the nonlinear response history analysis they did not affect the
behavior of the isolators. The horizontal stiffness of these artificial springs, kadj (see Figure 5), was calculated by assuming
that springs with the elastic stiffness kel of isolators and the stiffness kadj of the artificial springs are connected in series to
result in post-elastic stiffness kd of isolators so that (W is the total weight of the building model, 26,835 kN, Reff1 = R1-h1;
μ2 is the coefficient of friction of surface 2; see Figure 4):

𝑘d =
𝑊

2𝑅eff1
(4)

𝑘el =
𝜇2 𝑊

𝑢y
(5)

𝑘adj =
𝑘el 𝑘d
𝑘el − 𝑘d

(6)
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578 KITAYAMA and CONSTANTINOU

For simplicity, the total value of stiffness kadj was calculated (for all isolators) and then divided by the number of hor-
izontal artificial springs with kadj ( = 4 in Figure 5) below isolators. Moreover, the frequency below which the damping
ratio was set equal to zero (“purely isolated mode”) was set equal to the inverse of the period based on the post-elastic

stiffness, computed as 2𝜋
√

2𝑅ef f1

𝑔
. This damping model will be called in the rest of this paper as “Modal” for brevity.

The artificial springs (soft springs) are necessary so that seismically isolated buildings have proper modal shapes to be
able to properly construct the damping matrix. Without using the artificial springs, the modes of a seismically isolated
building are computed in program OpenSees using the initial stiffness of isolators, which is very large. The first mode
vibration should be the “purely isolatedmode” (as shown Figure 1), which can be obtained only when using small stiffness
for the isolation system. Also, we observed that when “modal damping” was used in the SCBF with DC isolators without
a moat wall, the “damping leakage” problem could occasionally occur. This was avoided by using a slightly larger gap
than 0.025 mm (Figure 5) (e.g., 0.05 mm) or using a smaller value for the stiffness for the artificial springs (smaller than
W/2Reff1, as also recommended by Sarlis and Constantinou12).

4.2 Modeling inherent damping using virtual linear viscous dampers

A recent study by Qian, Chopra and McKenna49 made use of virtual linear viscous dampers to model inherent damping.
The damping constantCj (j denotes story number—see Figure 3) for the viscous dampers is considered proportional to the
story stiffness Kj, that is, Cj = αKj (α is a factor to be determined; one damper is used for each story in the model used for
nonlinear response history analysis). The relationship between the damper force at story j, Fd,j, and the relative velocity
�̇�
𝑗
between the adjacent floors is written as:

𝐹d,𝑗 = 𝐶𝑗�̇�𝑗 =
(
𝛼𝐾𝑗

)
⋅ �̇�

𝑗
(7)

The study by Qian, Chopra and McKenna49 imposed limits on the positive and negative damping forces (“caps”). The
use of force caps was originally proposed by Hall.15 In these studies,15,49 the damping forces are capped at 2ζm times the
yield strength (or peak shear strength) of each story, where ζm is the damping ratio formth mode vibration. For non-isolated
structures, the m = 1 was used.15,49 The story stiffness Kj in Equation (7) may be computed as the elastic stiffness which
is computed from the value of 2ζm times the yield strength and the corresponding story drift from the push-over analysis
or linear response history analysis. The modal damping ratio ζm for the six-story analyzed seismically isolated buildings
is given by the following equation:

𝜁𝑚 =
𝑇𝑚
4𝜋

⋅

∑6

𝑗 = 1
𝐶𝑗 ⋅ cos

2𝜃𝑗 ⋅ 𝛿
2
𝑗,𝑚∑7

𝑖 = 2
𝑤𝑖∕𝑔 ⋅ 𝜑

2
𝑖,𝑚

=
𝑇𝑚
4𝜋

⋅

∑6

𝑗 = 1

(
𝛼 ⋅ 𝐾𝑗

)
⋅ cos2𝜃𝑗 ⋅ 𝛿

2
𝑗,𝑚∑7

𝑖 = 2
𝑤𝑖∕𝑔 ⋅ 𝜑

2
𝑖,𝑚

(8)

where Tm is the mth modal period, wi is the seismic weight at the ith floor (it starts from i = 2 as the first floor
mass, i = 1, is related to the level where isolation devices are located [below 1st floor] and the inherent damping is
not considered at that level), φi,m is the mth modal displacement at ith floor, θj is the angle of inclination of damper
at jth story, and δj,m is modal drift for jth story (= φi,m-φi-1,m) for mth mode. Note that the modal displacements used
were normalized so that the top floor modal displacement is equal to unity. Note that the Equation (8) is based on
Qian, Chopra and McKenna49 but adjusted by adding the cosine-terms for the effect of the angle of inclination of
the dampers based on Ramirez.50 A recent study by Anajafi14 made use of a simplification of Equation (8) and used
the second mode of vibration (or mixed mode as shown in Figure 1) but did not include damper force caps. The use
of the second mode of vibration is important as it is associated with deformation of the superstructure as seen in
Figure 1.
In this study, the inherent damping is modeled using virtual linear viscous dampers based on the approach described

above with use of Equation (8) and based on the modal properties of second mode of vibration (m = 2). The stiff-
ness Kj was obtained from static pushover analysis using a lateral force distribution proportional to the floor mass
(= wi/g) times the second modal displacements (= φi,2). Unlike the study of Anajafi14 which modeled the building
superstructure using linear elastic elements and did not include the force-cap for the dampers (based on the observa-
tion that the peak damper forces in limited number of nonlinear response history analyses were small—about 0.01 W,
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KITAYAMA and CONSTANTINOU 579

whereW is the total seismic weight), the building of this study (see Figure 5) was modeled using nonlinear elements to
simulate yielding of beams, columns, and braces, and the design base shear forces (per seismic force resisting frame)
that was used to design the buildings with RI = 2 were 3930 kN/2 = 1965 kN and the seismic weight (half of the
building; see Figure 1) was 26845 kN. Thus, the Fy/W≈1965 kN/26835 kN≈0.07. By comparison, in the Anajafi,14 the
damper peak force was 0.01 W, which as portion of the yield force is 0.01W≈0.01∙(Fy/0.07) = 0.14Fy, which exceeds
the force corresponding to the recommended cap limit of damper force per Hall15 and Qian, Chopra and McKenna.49
This limit is 2ζmFy = 2∙0.02∙Fy = 0.04Fy (when 2% inherent damping is used). Thus, the cap limit in the damper
force needed to be included in the damping model. Hereafter, this damping model is called “Dampers,wCap” for
brevity.
Additionally, other simpler models are considered in this study, as the authors noticed that the inclusion of force-cap

in dampers slowed down the speed of computation of nonlinear response history analysis in OpenSees (possibly due
to the abrupt change in damping force at the force cap). Also, the computation of story stiffness requires additional
analysis (push-over analysis or linear response history analysis as recommended per Qian, Chopra and McKenna49)
that are dependent on the types of lateral force distribution (in the case of pushover analysis) and on the selection of
ground motion records used for linear response history analysis. Thus, the following two additional simpler models were
considered:

∙ Same as above but with the force cap removed,
∙ Same as above butwith the force cap removed and the damping constantsCjmade to be the same for all stories (identical
virtual dampers at each story).

Hereafter, these additional damping models are called “Dampers,w/oCap” and “Dampers,SameC”, respectively, for
brevity.
Note that artificial springs as described in Section 4.1 and depicted in Figure 5 to control the modal characteristics

of buildings are still needed in the computation of stiffnesses and modal periods and displacements for use in Equa-
tion (8) to compute Cj. However, they are not needed for the nonlinear response history analysis when “Dampers,wCap”
or “Dampers,w/oCap” or “Dampers,SameC” is used to model inherent damping.
Figure 6 presents the results of pushover analysis for seismically isolated buildings with SMF (top row) and SCBF

(bottom row). The figures on the left show the story shear force versus the story drift ratio for each story when the lateral
forces in the pushover analysis are based on the second mode vibration (m = 2) of the seismically isolated building. The
peak story shear force or strength was used to compute the cap force for each damper (i.e., using 2ζmFy,j, where Fy,j is the
peak strength of each story j). Also, the stiffness Kj to implement Equation (7) were obtained based on 2ζmFy,j and the
corresponding displacement from the pushover curves.
It is seen from the Figure 6 (left) that the first and second stories did not yield. Therefore, the force cap of the dampers at

the first and second stories were determined based on the results of pushover analysis using first mode lateral forces. The
center graphs in Figure 6 show the pushover curves in this case. Also, the right graphs of Figure 6 show base shear force
vs roof drift ratio for the two cases of loads based on the first and second modes. It is seen in the graphs on the right that
the isolation bearings did not move (slide) in the pushover analysis for lateral loads that were proportional to the second
mode displacements. This demonstrates that the second mode of vibration in seismically isolated buildings is dominated
by superstructure deformation.
In modeling the dampers with and without force caps in OpenSees,21 the twoNodeLink element with BilinearOil-

Dampermaterial was used. The BilinearOilDampermaterial51 was used tomodel dampers as this uniaxial material allows
users to specify “caps” in the damper force. Figure 7 illustrates how the dampers were placed in the model in OpenSees.

4.3 Modeling inherent damping using element-specific initial stiffness proportional
damping

Zareian and Medina52 proposed, for non-isolated buildings, a model of inherent damping in which the global damping
matrix is constructed using the stiffness proportional method (a subset of the Rayleigh method48) with a constant
stiffness matrix that is assembled by assigning zero stiffness-proportional damping to structural elements that may
experience inelastic deformations. The moment frames in Zareian and Medina52 were modeled using concentrated
plasticity elements (nonlinear spring hinges) for the beams and columns, and with linear elastic representation of the
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580 KITAYAMA and CONSTANTINOU

F IGURE 6 Pushover curves of seismically isolated building. Left: Story shear force vs story drift ratio-loads proportional to second
mode. Center: Story shear force vs story drift ratio-loads proportional to first mode. Right: Comparison of base shear vs roof drift ratio curves
based on first and second modes

beam-column elements between the concentrated plasticity springs37 as done in this study and described in Section 3.
In the stiffness proportional damping method, the damping ratio ζ is proportional to ω, is expressed by the following
equation48:

𝜁 =
𝑎1.𝜔

2
=
2.𝜁𝑚
𝜔𝑚

.
𝜔

2
(9)

where a1 is the coefficient by which the stiffness matrix is multiplied to obtain the damping matrix ( = 2ζm/ωm, ωm is the
frequency of mth mode, ζm is the damping ratio of the mth mode). In this study, the coefficient a1 was computed using
the second mode frequency. For the buildings with SMF, ζ2 = 0.02 and ω2 = 6.78 rad/sec, and damping was assigned to
the beams and columns that were modeled by elastic-beam column elements (damping was not assigned to any yield-
ing springs). For the buildings with SCBF, ζ2 = 0.02, ω2 = 16.73 rad/sec, and damping was assigned to the beams and
columns that weremodeled by elastic-beam column elements, and to the braces that weremodeled by displacement-based
beam-column elements with fiber cross sections that can simulate nonlinear elasto-plastic behavior. Note in modeling
inherent damping for seismically isolated buildings, use of artificial springs below the isolators (see Figure 5) is still
needed to properly form the stiffness matrix and avoid “damping leakage” problems. Hereafter, this damping model is
called “Zareian-Medina” for brevity.
Figure 8 shows the dependency of the damping ratio, ζ, on frequency for the considered dampingmodels of Sections 4.1,

4.2, and 4.3. Equations (1) to (3) were used to compute damping ratio for the “Modal” case, Equation (8) was used for the
cases of “Dampers, wCap,” “Dampers, w/oCap,” and “Dampers, SameC” and Equation (9) was used for the “Zareian-
Medina” case. It is seen that all damping models have 2% ( = 0.02) damping ratio at the second modal frequencies (the
dots in the figure denote the modes). Also, in the case of SMF, the Zareian-Medina model diverges from other models and
results in higher values of the damping ratio for modes higher than the 3rd, whereas in case of the SCBF, the same model
diverges from othermodels after 7th. These relationships are used in the next section of this paper to provide interpretation
of the results of seismic performance assessment of seismically isolated buildingswhen the superstructure remains elastic.
Note that in the braced frame buildings of this study, the “modal damping” and “Zareian-Medina” damping methods

were used in structures with braces which were modeled using distributed plasticity models. Chopra and McKenna16
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KITAYAMA and CONSTANTINOU 581

F IGURE 7 Inherent damping models with virtual viscous dampers

F IGURE 8 Damping ratio as function of frequency (and mode) for various damping models for the analyzed seismically isolated
buildings

compared the seismic response of 20-story non-isolated buildings modelled by distributed plasticity elements (like the
braces in this study). They observed that a damping amplification problem did not occur when distributed plasticity ele-
ments were used. Accordingly, we used the “modal damping” and “Zareian-Medina” methods and applied damping to
the braces, which were modeled using distributed plasticity elements.

5 EFFECT OF INHERENT DAMPINGMODEL ON SEISMIC PERFORMANCE

For the seismic performance evaluation of this study, the mean annual frequency of exceeding the engineering demand
parameters (EDPs) of peak floor acceleration, peak story drift ratio, peak residual story drift ratio, and peak isolator hori-
zontal displacement are considered. These EDPs are indicators of damage to the structural and non-structural systems and
the contents of the buildings.53 The peak isolator horizontal displacement is important in assessing failure of the seismic
isolation system and collapse of the building. Also, collapse fragility curves for the buildings are constructed and used to
assess the effect of the different inherent damping models on the collapse performance.
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582 KITAYAMA and CONSTANTINOU

F IGURE 9 Acceleration response spectra (5%-damped) of motions used for response history analysis of seismically isolated buildings for
return period of 144, 475, and 1485 years

5.1 Selection and scaling of ground motions for nonlinear response history analysis

The records of ground motions used for nonlinear response history analysis are identical to those used in Kitayama
and Constantinou.22,24,33 Background information can be found in NIST3 and Lin.54 A total of 400 ground motions
were selected and scaled to represent ten different seismic intensities (40 records for each intensity) as measured by
the earthquake return periods of 43, 144, 289, 475, 949, 1485, 2475, 3899, 7462 and 10,000 years for period of 3.66 s
that corresponds to the effective period TM at the maximum isolator displacement, DM (Section 17.5.3.2 in ASCE/SEI
7–1627). The multiple stripe analysis technique55 was used for the analyses as it allowed for the use of different sets
of hazard-consistent ground motions at each intensity level (i.e., return period). The results of the study are pre-
sented in the form of relationships between specific EDP values and the annual frequency of exceeding these EDP
values. More information regarding the ground motion selection and scaling for the structures studied in this paper
can be found in Kitayama and Constantinou.22 As an example, selected and scaled ground motions for the seis-
mic response analysis of seismically isolated buildings, target Conditional Spectra3,54 with target variations of ±2σ,
and Conditional Mean Spectra (CMS56) for three different return periods (144, 475, and 1485 years) are shown in
Figure 9.
Details for each of the 400 ground motions used in the analysis, including peak values of acceleration, velocity and

displacement, and time histories of acceleration, velocity, and displacement, are provided in a digital appendix.57

5.2 Effect of inherent damping model on seismic performance of seismically isolated
buildings

The mean annual frequency of a EDP exceeding a value y, λ(EDP > y) was computed. The calculation of λ(EDP > y) was
based on NIST3 and Lin54 as follows:

𝜆 (EDP > 𝑦) =

𝑛∑
𝑖=1

𝑃 (𝐸𝐷𝑃 > 𝑦| 𝑆𝑎 (𝑇M) = 𝑥𝑖) ⋅ 𝜆 (𝑆𝑎 (𝑇M) = 𝑥𝑖) (10)

𝜆 (𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 0.5 { 𝜆 (𝑆𝑎 (𝑇M) > 𝑥𝑖−1) − 𝜆 (𝑆𝑎 (𝑇M) > 𝑥𝑖+1)} (11)

where n is the number of considered spectral acceleration Sa(TM) amplitudes (in this study n= 10, the number of seismic
intensities or return periods considered). xi is the spectral acceleration at the period T = 3.66 s for ith return period (see
Figure 9). Also, λ(Sa(TM)= xi) is the rate of observing Sa(TM) in some small range represented by the discrete amplitude xi.
𝑃(EDP > 𝑦|Sa(𝑇M) = 𝑥𝑖) is the probability of the EDP that exceeds a value of y conditioned at the intensity of Sa(TM)= xi.
The calculation of 𝑃(EDP > 𝑦|Sa(𝑇M) = 𝑥𝑖) depends on the EDP as follows3,54:
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KITAYAMA and CONSTANTINOU 583

F IGURE 10 Mean annual frequencies of exceedance for various EDP of seismically isolated buildings with SMF

1. For the peak story drift ratio (EDP = PSDR):

𝑃 (𝑃𝑆𝐷𝑅 > 𝑦| 𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 𝑃 (𝐶) + (1 − 𝑃 (𝐶))

(
1 − Φ

(
𝑙𝑛𝑦 − 𝜇𝑙𝑛𝑃𝑆𝐷𝑅

𝜎𝑙𝑛𝑃𝑆𝐷𝑅

))
(12)

In Equation (12), μlnPSDR and σlnPSDR are the mean and standard deviation of lnPSDR values given Sa(T1) = xi in which
collapse did not occur. Note that 𝑃 (𝑃𝑆𝐷𝑅 > 𝑦|𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 1 was assumed when all 40 ground motions at a spe-
cific return period causes collapse of building. Φ is the normal cumulative distribution function. When collapse was
observed in a nonlinear response history analysis, the peak story drift ratio was removed from the calculation of term
“Φ(lny-μlnRSDR/σlnPSDR)” in Equation (12). P(C) is the probability of exceeding collapse limits given Sa(TM) = xi. It was
obtained by constructing a collapse fragility curve (i.e., cumulative distribution function) using the method of maximum
likelihood.58,59 Collapse was defined using the following criteria:

a. Collapse of the isolators when the lateral displacement exceeds DUltimate (see Figure 4).
b. Collapse of the superstructure when the story drift exceeds 0.05 for the SCBF22,60 and 0.1 for the SMF.22,61
c. Instability as detected by termination of the analysis program due to large increment in story drift and/or large

increment in isolator displacement over a small time strep.

2. For the peak residual drift ratio (EDP = PRDR) and the peak isolator displacement (EDP = PID), the same procedure
applies with Equation (12) used but PSDR replaced by PRDR or PID. Note that 𝑃 (𝑃𝑅𝐷𝑅 > 𝑦|𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 1 and
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584 KITAYAMA and CONSTANTINOU

F IGURE 11 Mean annual frequencies of exceedance for various EDP of seismically isolated buildings with SCBF

𝑃 (𝑃𝐼𝐷 > 𝑦|𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 1 were assumed when all 40 ground motions at a specific return period causes collapse
of building.

3. For the peak floor acceleration (EDP = PFA):

𝑃 (𝑃𝐹𝐴 > 𝑦| 𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 1 − Φ

(
𝑙𝑛𝑦 − 𝜇𝑙𝑛𝑃𝐹𝐴

𝜎𝑙𝑛𝑃𝐹𝐴

)
(13)

Here, μlnPFA and σlnPFA are the mean and standard deviation of the lnPFA values given Sa(TM) = xi. Note that
𝑃 (𝑃𝐹𝐴 > 𝑦|𝑆𝑎 (𝑇M) = 𝑥𝑖 ) = 0 was assumed when all 40 ground motions at a specific return period cause collapse of
building. When collapse was observed in a nonlinear response history analysis, the peak floor acceleration was removed
from the calculation of term “Φ(lny-μlnPFA/σlnPFA)” in Equation (13).
Figures 10 and 11 present the computed 𝜆(EDP > 𝑦) for the seismically isolated buildings with moment frames (SMF)

and buildings with braced frames (SCBF), respectively. Evidently, there are major effects of the inherent damping model-
ing on the calculated mean annual frequencies of exceeding limits of the peak floor acceleration for both SMF and SCBF,
especially when the inherent damping was zero (“No damp” in Figures 10 and 11). The inclusion of the inherent damp-
ing using the “Zareian-Medina” model consistently resulted in a noticeable reduction in the mean annual frequency of
peak floor acceleration, due apparently to high damping in higher modes of vibration (see Figure 8). The underestimation
of peak floor acceleration may have an impact on the seismic performance assessment of buildings when performance
of acceleration-sensitive nonstructural components is considered. It is seen that the EDPs from other inherent damp-
ing models (i.e., “Modal,” “Dampers, wCap,” “Dampers, w/oCap,” “Dampers, SameC”) for both SMF and SCBF do not
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KITAYAMA and CONSTANTINOU 585

F IGURE 1 2 Collapse fragility curves of seismically isolated buildings for different inherent damping models

have noticeable differences. It is noted that regardless of which inherent damping models was used, the mean annual
frequencies of peak isolator displacements were almost identical.
The results in Figures 10 and 11 apply for the case of superstructure inherent damping ratio of 0.02 in the first mode as

seen in Figure 8 (also for zero damping). The value of 0.02 for the inherent damping is typically used for steel buildings.62
However, the results and observations made above could have been affected by the small value of damping. Accordingly,
the analysis was repeated having changed the value of damping to 0.05. Results are presented digital appendix,57 where
we observed the same trends as those seen in Figures 10 and 11 for the case of 0.02 damping ratio.

5.3 Effect of inherent damping model on seismic collapse probabilities of seismically
isolated buildings

Collapse fragility curves were constructed by fitting the empirical collapse data with a lognormal distribution. The empir-
ical collapse data were in the form of the probability of collapse (number of collapse cases divided by the number of
analyses) versus 10 distinct values of the seismic intensity as measured by the spectral acceleration at TM (for return
periods of 43–10,000 years). Figure 12 presents the collapse fragility curves of the isolated buildings for the five differ-
ent inherent dampingmodels. Each of the fragility curves is characterized by themedian, 𝑆𝑎Collapse(𝑇M) (value of spectral
acceleration forwhich the probability of collapse is 0.5), and the dispersion, βRTR, which reflects the uncertainty of collapse
capacity due to the record-to-record variability of the groundmotions used in the nonlinear response history analysis. The
results of Figure 12 show that the different inherent damping models have no effect on the collapse fragility curves for the
isolated buildings except in the case of SCBF with the TFP system (with moat wall) and only when the “Zareian-Medina”
damping model was used. In this case, the “Zareian-Medina” model underpredicted the probability of collapse.
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586 KITAYAMA and CONSTANTINOU

TABLE 1 Collapse probabilities of seismically isolated buildings in MCER (PCollapse,MCE)

SMF SCBF
TFP without
moat wall

TFP with wall/DC
with moat wall

DC without
moat wall

TFP without
moat wall

TFP with wall/DC
with moat wall

DC without
moat wall

Modal 3.9 2.7 41.5 10.2 11.3 39.8
No damp 4.1 3.0 41.9 10.6 11.3 39.8
Zareian-Medina 4.0 2.7 41.5 10.0 7.9 39.8
Dampers, wCap 3.9 2.6 41.5 10.2 10.7 39.8
Dampers, w/oCap 3.7 2.7 41.5 10.0 8.9 39.8
Dampers, SameC 3.9 2.7 41.5 10.2 9.8 39.8

Collapse fragility curves when the inherent damping is 0.05 rather than 0.02 are provided in the digital appendix,57
where the same observations can be made as those related to Figure 12 for the case of 0.02.

5.4 Effect of inherent damping model on the probability of collapse at MCER

While the fragility curves in Figure 12 show small differenceswhen different inherent dampingmodels are used, it is useful
to compute the probabilities of collapse given the occurrence of the MCER. The probability of collapse at MCER is used
to assess “acceptable” collapse performance of buildings in accordance with the Table 1.3-2 in ASCE/SEI 7–16 standard.27
These probabilities may be affected when using different inherent damping models. The calculation of the probabilities
of collapse given the occurrence of the MCER, PCollapse,MCE, was computed as follows:

𝑃Collapse,MCE =

1

∫
0

1

𝑠𝛽TOT
√
2𝜋

exp

[
−
(ln 𝑠 − 𝐴𝐶𝑀𝑅)

2

2𝛽2TOT

]
𝑑𝑠 (14)

𝐴𝐶𝑀𝑅 =
𝑆𝑎Collapse (𝑇M)

𝑆𝑎MCE (𝑇M)
(15)

𝛽TOT =

√
𝛽2RTR + 𝛽2DR + 𝛽2TD + 𝛽2MDL (16)

where 𝑆𝑎Collapse(𝑇M) is obtained from Figure 11 (explained in Section 5.3 in this paper), SaMCE(TM) is the spectral acceler-
ation of MCER at TM (SaMCE(TM)= 0.246 g), βTOT is the total uncertainty, βDR is the design requirements-related collapse
uncertainty, βTD is the test data-related collapse uncertainty and βMDL is the modeling-related collapse uncertainty. The
following quality ratings and related uncertainties were used: good with βMDL = 0.2 for modeling; good with βTD = 0.2
for test data and superior with βDR = 0.1 for design requirements (same assumptions made in FEMA,44 and Masroor and
Mosqueda63).
Table 1 presents the computed value of PCollapse,MCE for each of the inherent damping models considered. In general,

the different inherent damping models have insignificant or minor effect on the probability of collapse in the MCER.
When a moat wall was used for seismically isolated buildings with SCBF and when the “Zareian-Medina,” or “Dampers,
w/oCap” or “Dampers, SameC”modelswere used (particularly the case of “Zareian-Medina”), the probabilities of collapse
decreased slightly. This may be explained by the higher damping provided by these models as seen in Figure 8. While the
difference in collapse probabilities between the high value (11.3%) and the low value (7.9%) for the SCBF with TFP/DC
and a moat wall may not be significant, care may be needed when the moat walls are modeled and when stiff seismic
force-resisting systems are used for the superstructure (such as braced frames or shear walls). It is also noted that there is
almost no effect of the inherent dampingmodel (including the case of zero damping) in the value of PCollapse,MCE whenDC
isolators without a moat wall were used. This implies that collapse was due to isolator failure rather than superstructure
failure. Details on the number of collapses of each type considered (excessive drift, excessive isolator displacement or
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KITAYAMA and CONSTANTINOU 587

numerical instability) for each of the analyzed systems, in each of the 10 seismic hazard intensities are presented in the
digital appendix.57 It should be noted that by counting the number of failures by type (excessive drift, excessive isolator
displacement or termination of analysis) one may realize that there are combined types of failure in which there could
have been excessive drift and excessive isolator displacement, or excessive drift and termination of the analysis. The digital
appendix57 includes also the computed probabilities of collapse in the MCER when the damping is 0.05 rather than 0.02,
and again the same trends are observed as in the case of 0.02 damping. It may be noted that there is a small decrease
in the probabilities of collapse for 0.05 damping when moat walls are used, likely due to reduction in the superstructure
deformation caused by the higher inherent damping.
Note that this paper considered buildings designed using the minimum criteria for seismic isolation systems according

to ASCE/SEI 7–16.27 This led to unacceptably large probabilities of collapse for some seismic isolation system designs as
seen in the results of Table 1. As shown in Figure 4, the force-displacement loops of TFP and DC are almost identical up
to the initiation of hardening of TFP. If a moat wall is used in the DC isolation system at a displacement identical to that
of the TFP, as shown in Figure 4, the two systems would have identical ultimate behavior that is controlled by the moat
wall. Accordingly, the results of Table 1 on the probability of collapse for the TFPwith amoat wall also apply for the nearly
identical DC system with a moat wall.

5.5 Effect of inherent damping model on seismic floor acceleration spectra

While the peak floor acceleration discussed in the Section 5.2 in this paper is used in the contemporary seismic perfor-
mance assessment procedure in FEMA P58,53 some non-structural components may be sensitive to spectral accelerations
at other values of period.64–68
In this section, floor acceleration spectra are presented for each inherent damping model, for each seismically isolated

building and for groundmotions for the return period of 475 years. According toMolina Hutt,69 the selected intensity level
( = return period of 475 years) is representative of the expected earthquake defined by the San Francisco Planning and
Urban Research Association to define resilience. This expected earthquake corresponds to a magnitude of 7.2 earthquake
scenario, which is an event that can be expected conservatively, but reasonablywithin the lifetime of a structure. Figures 13
and 14 present the mean floor acceleration spectra for the seismically isolated buildings with SMF and SCBF, respectively,
for the 1st, 4th and 7th floors. It is evident that when the inherent damping is zero (case “No Damp”), the floor acceleration
spectra are much higher than the cases that inherent damping was properly modeled. The difference is significant for
periods less than one second,wheremost secondary systemshave their period. It is also observed that the floor acceleration
spectra are consistently lowerwhen the inherent dampingmodel of “Zareian-Medina”was used, especially for periods less
than one second, due to the higher damping this model provides in the higher modes of vibration. The results presented
in Figures 13 and 14 demonstrate the significance of the inherent damping model in seismic performance evaluation of
non-structural components. The insensitivity of inherent damping models in predicting floor spectral accelerations for
periods larger than 1 s is because seismic isolation reduces deformations in the superstructure.
Results comparable to those of Figures 13 and 14 but for inherent damping of 0.05 rather than 0.02 are presented in the

digital appendix.57 The observations made for the case of 0.02 damping also apply for the higher value of damping.

6 SUMMARY AND CONCLUSIONS

This study examined the effect of different inherent damping models on the seismic performance of seismically isolated
buildings with steel special moment-resisting frames and steel SCBFs, which were designed using the minimum require-
ments of ASCE/SEI 7–16.27 Three different isolation systems were considered: TFP isolators without moat walls, TFP
isolators with moat wall and DC isolators without moat walls. The main difference between the TFP and the DC iso-
lators was in the stiffening behavior of the TFP isolators which reduced the potential for collapse of the isolators (or
eliminated collapse of the isolators when moat walls were used). DC isolators with moat walls have effectively the same
ultimate behavior as TFP isolator with moat walls when the moat walls are placed as considered in this study. Accord-
ingly, the collapse performance of the TFP system with moat walls is considered to also apply for the DC with moat
walls. The inherent damping models examined were: (i) modal damping (called “Modal” in this paper), (ii) linear viscous
dampers (called “Dampers,wCap,” or “Dampers,w/oCap” or “Dampers,SameC” depending on the inclusion of limits in
the damping force or specification of damping constants); (iii) element specific initial stiffness proportional damping
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588 KITAYAMA and CONSTANTINOU

F IGURE 13 Mean floor acceleration spectra of seismically isolated buildings with SMF in 475-year return period round motions

(called “Zareian-Medina”). The seismically isolated building without any inherent damping model was also considered
(called “No damp”). All considered inherent damping models were modeled for seismically isolated buildings so that
the peak isolator displacement demand was properly calculated without any significant “damping leakage” in isolation
system. Two cases of damping value were considered: 0.02 and 0.05 in the second mode.
The assessment of performance was based on the calculation of mean annual frequencies of exceeding specific values

of EDPs (peak floor acceleration, peak story drift, peak residual story drift and peak isolator displacement) and on collapse
fragility curves constructed using a suite of 400 motions to represent seismic intensities ranging from 43 to 10,000 years
of return period for a particular site in California. The collapse fragility curves were then used to compute probabilities
of collapse given the MCER. The observations of the study, applicable for the two cases of damping value, 0.02 and 0.05,
are:
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KITAYAMA and CONSTANTINOU 589

F IGURE 14 Mean floor acceleration spectra of seismically isolated buildings with SCBF in 475-year return period round motions

a. The various inherent damping models considered had insignificant differences in the prediction of the mean annual
frequencies of various EDPs, the mean floor response spectra and the probability of collapse given the MCER, except
for the “Zareian-Medina” model which, for some cases, underpredicted these quantities. This was due to higher values
of damping ratio for this model in the higher modes of vibration.

b. Inherent damping needs to be modeled to properly predict responses related to floor peak accelerations and floor
spectral accelerations for periods less than about one second. Specifically, specifying zero inherent damping overes-
timates the peak floor acceleration and the floor response spectra for periods below one second, and underestimates
the frequency of occurrence of small/medium values of peak story drift ratio. However, for computing the peak isola-
tor displacement and the collapse probability, use of zero inherent damping does not have any adverse effect on the
computed results.
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590 KITAYAMA and CONSTANTINOU

c. The “Dampers,SameC”model in which inherent damping is modeled using virtual linear viscous dampers of the same
damping constant without any damper force cap (see Figure 7) was the simplest without the need for complex pre-
liminary calculations (e.g., the “Dampers,wCap”, and “Dampers,w/oCap” models require push-over analysis or linear
response history analysis) or the use of artificial springs below each isolator for the nonlinear response history analysis.
It was also the fastest in terms of execution of nonlinear response history analysis. We recommend its use.

The effect of vertical groundmotion on the seismic performance of seismically isolated buildings was not considered in
this paper. It is known that the vertical ground motion has insignificant effects on the isolator displacement demands but
has some effect on the base shear force and the floor accelerations.70–72 The effect of using different inherent damping on
the seismic performance of seismically isolated buildings considering the effect of vertical groundmotions may be worthy
of future investigation.
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