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Summary

In many finite element platforms, a classical global damping matrix based on
the elastic stiffness of the system (including isolators) is usually developed as
part of the solution to the equations of motion of base-isolated buildings. The
conducted analytical and numerical investigations illustrate that this approach
can lead to the introduction of unintended damping to the first and higher
vibration modes and the spurious suppression of the respective structural
responses. A similar shortcoming might be observed even when a nonclassical
damping model (ie, an assembly of the superstructure and isolation system
damping sub-matrices) is used. For example, the use of Rayleigh damping
approach to develop the superstructure damping sub-matrix can lead to the
undesired addition of damping to the isolated mode arising from the mass-
proportional component of the superstructure damping. On the other hand,
the improper use of nonclassical stiffness-proportional damping (eg, determin-
ing the proportional damping coefficient, i, based on the first mode) can
result in assigning significant damping to the higher-modes and the unin-
tended mitigation of the higher-mode responses. Results show that a nonclas-
sical stiffness-proportional model in which §; is determined based on the
second modal period of a base-isolated building can reasonably specify the
intended damping to the higher modes without imparting undesirable
damping to the first mode. The nonclassical stiffness-proportional damping
can be introduced to the numerical model through explicit viscous damper ele-
ments attached between adjacent floors. In structural analysis software such as
SAP2000°, the desired nonclassical damping can be also modeled through spec-
ifying damping solely to the superstructure material.
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1 | INTRODUCTION

In a base isolated (BI) building, the superstructure (ie, the section of the structure above the isolation interface) is typ-
ically designed to remain in the elastic or near-elastic range during a design earthquake, and the isolation system pro-
vides the major source of seismic energy dissipation. As in many other types of structures, in BI buildings, secondary
sources of seismic energy dissipation also exist including (i) foundation damping due to soil nonlinearity and radiation
of seismic waves; (ii) friction and slippage in steel connections; (iii) opening and closing of micro-cracks in concrete
members; (iv) stressing of nonstructural components (eg, partition walls, mechanical equipment, fireproofing, etc.);
and (v) friction between structural and nonstructural components, among others. These secondary energy dissipation
mechanisms are usually represented by means of an equivalent viscous damping. This type of damping, also known
as inherent damping, is typically assumed to be between 1% and 5% of critical damping for different structures. This
assumption is mainly based on expert opinion, engineering judgment, and limited system identification studies of build-
ings that have experienced primarily small-amplitude vibrations (eg, ambient vibration). A few previous studies have
illustrated that the traditional use of the inherent damping (eg, the Rayleigh approach) in BI buildings can lead to
the introduction of an artificial viscous damping to the isolated (first) mode underestimating the first-mode structural
responses, such as isolators displacement demands. This phenomenon is termed as ‘damping leakage’ in the literature."
The present study addresses the effects of the damping leakage phenomenon on the seismic responses of BI buildings
with linear and nonlinear isolation systems. In addition to the first-mode dominated responses, which have been the
focus of a few previous studies, herein higher-mode dominated responses are also evaluated.

For the response history analysis of BI buildings, modal history and direct integration (DI) analysis methods are usu-
ally used. In a modal history analysis, a system of uncoupled equations of motion, which are developed for different
structural modes of vibration, is solved. The method of mode superposition is then used to combine the responses of
individual modes. On the other hand, the DI method solves the equations of motion in the coupled format using a
step-by-step integration. This approach is assumed to provide rather accurate response histories and is widely used in
many advanced finite element (FE) packages such as SAP2000%,> ETABS®,> ABAQUS®,* ANSYS®,” and OpenSees.®
However, as shown in this paper and identified in a few previous studies, this premise is not always true. In the modal
history analysis approach, the desired inherent damping ratio can be directly specified to the vibration modes of interest
(this option is readily available in engineering software platforms such as SAP2000° and ETABS®). Therefore, damping
leakage can be prevented by assigning zero damping to the isolated mode,' whereas non-zero damping values are spec-
ified to other modes to represent the energy dissipation in the superstructure modes. When the DI method is used, a
global viscous damping matrix is formed as part of the solution to the equations of motion, which makes it difficult
to prevent and control damping leakage. The focus of this paper is mainly on cases for which the equations of motion
are solved using the DI method. The rest of this section will address the details of modeling the global damping matrix
in the DI approach and the influence of such modeling decisions on the damping leakage phenomenon.

The matrix equation of motion for an n-story BI shear building is given by Equation (1).

MX (t)+Cx(t) + Kx(t)+BFp(t) = —Mr,(t), (1)
M:[mb 0 1 o L+ —ci] K—{ ki —ki}
) - ’ - S s
0 M| e = C e —ki K L

bxixi---xsf is the displacement vector of the system relative to the ground. Superscripts ‘s’ and ‘b’ refer to

where x=x s

the superstructure and base-isolators, respectively. r is a column vector of ones. X, is the ground acceleration. m® and c®
are, respectively, the isolated raft mass and the viscous (inherent) damping coefficient of the isolation systems (eg, the
damping coefficient of the rubber compound in elastomeric isolators). M®, C°, and K® are the mass, viscous damping,
and stiffness coefficient matrices of the superstructure, respectively. The constants ¢} and k] are the viscous damping
and lateral-stiffness coefficients of the superstructure at the first story, respectively. Fy, is the restoring force provided
by the isolators, which in this study is represented by either a bilinear or a linear element. The vector B = [1, O, ...,
0]" gives the position of the isolation system. From Equation (1), it can be seen that the global damping matrix of
the system, C, is not a direct superposition of the global stiffness, K, and mass, M, matrices. In other words, the global
viscous damping matrix in a BI building is non-proportional (or nonclassical).
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For the superstructure of a BI building, assuming a similar viscous damping mechanism throughout the height, clas-
sical (proportional) damping applies, and C® can be constructed based on the superposition of M® and K®. The C°® matrix
can be also constructed based on modal damping ratios. This study uses the proportional damping approach. Mass-
proportional damping (MD), stiffness-proportional damping (KD), and Rayleigh damping (RD) are well-known
formulations for this approach; the latter is widely utilized in modeling multi-degrees-of-freedom buildings. The imple-
mentation of both the MD and KD models requires assigning a specific superstructure damping ratio, &, to a single
mode (generally the first mode), whereas, in the RD model, specific damping ratios should be assigned to two selected
structural modes of vibration. These modes are traditionally the first mode and the mode at which the cumulative
modal mass ratio exceeds a relatively large value such as 95% (eg, this mode is the second mode for all isolated and
non-isolated buildings used in this study). In a general form of the RD model, damping ratios specified to the two
selected modes could be different. However, in this paper, a constant damping ratio is assigned to these two modes.
Equations (2a) to (2c) express C® for the MD, KD, and RD approaches, respectively:

Cp = amM®  where ay =28, (2a)
Cip=BK  where B =28/w, (2b)
Cip = amM*+B,K® where am = 28w w,/(w; + ;) and B =28/ (w] + @,). (20)

where a,,, and S are the constant coefficients of unit s* and s, respectively. " is the angular frequency corresponding to
the mode(s) selected for assigning the intended damping. The physical representations of the KD and MD are shown in
Figure 1. The KD component can be interpreted as inter-story dashpots that intend to model the energy dissipation
arising from story relative deformations. The MD can be visualized as dashpots attached between the fixed base and
each story mass. This latter type of damping, however, is difficult to justify physically.” .

Results of the present study show that the assigned (actual) values of damping to the isolated and/or superstructure
modes are highly dependent on the approach implemented to model C® and, in many cases, deviate from the intended
values. As a result, the seismic responses of BI buildings are highly sensitive to the details adopted for modeling the vis-
cous damping. Despite the importance of damping on dynamic responses, a consistent approach is not utilized in the
literature for modeling the viscous damping in BI buildings. Many research works dealing with BI buildings (eg, *'*)
used the RD approach in which the multipliers of mass and stiffness matrices were computed based on the BI modes.
Some other works adopted variants of the KD approach (eg, see >7).

The effect of the method of modeling the viscous damping on the seismic responses of BI buildings has not been stud-
ied to the level of detail in which this issue has been addressed for non-isolated (NI) structures (for information on
modeling the viscous damping in NI structures, the reader is referred to example studies in'*°). This discrepancy most
likely originates from the notion that energy dissipation provided by the inherent damping mechanisms in BI structures
is negligible as compared with the significantly higher energy dissipation of the damping compound of the isolation sys-
tem. However, it has been shown through a number of studies that the improper modeling of viscous damping can lead
to a significant underestimation of BI buildings seismic demands such as base displacement and floor acceleration
responses (see *>?7%), Results of these studies illustrate that the traditional application of RD (ie, Equation (2c) with
the elastic stiffness of isolators) could specify an unrealistically high damping to the first-mode of BI structures.

Mass proportional

2 Y dashpots Stiffness proportional
7 ~ dashpots
7
; > Superstructure
— 4—/ Base mass
/ <«—— Base isolator

7 %

FIGURE 1 Physical representation of the proportional damping models in a base-isolated shear building
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A few previous studies have proposed solutions to mitigate the problems associated with modeling viscous
damping in BI buildings. For example, for BI buildings with a linear isolation system, Ryan and Polanco®’ showed
that using the KD approach and computing 8, based on the fundamental mode of the fixed-base superstructure
would result in a reasonable specification of damping to the isolated mode. For nonlinear isolation systems, Hall*®
and Pant et al*® proposed using variants of the KD approach in which the damping matrix was developed based
on the post-elastic stiffness of isolators. Kitayama and Constantinou®' suggested a solution for cases in which the
global damping matrix was constructed based on modal damping ratios. In this method, zero damping was specified
to the first mode, a constant non-zero damping to the other modes, and the global stiffness of the system was mod-
ified to implement the desired stiffness of the isolators for computing the global damping matrix. The aforemen-
tioned works were mostly focused on first-mode dominated responses such as isolator displacement. Only the
studies conducted by Pant et al** and Dao and Ryan,? in addition to first-mode responses, considered higher-mode
responses such as short-period floor spectral acceleration responses. These two studies were based on comparisons
between experimental data and responses from numerical models. For example, Dao and Ryan®® developed numer-
ical models for a full-scale five-story steel moment frame building that was isolated by triple pendulum bearings.
They conducted response history analyses under two ground motion records and concluded that using RD approach
along with supplemental damping in the first structural mode could reasonably capture the experimental data. The
additional lack of studies addressing the effect of modeling the viscous damping on the higher-mode responses of BI
buildings might be due to the notion that in BI buildings the contribution of higher modes is not significant as their
mass participation is relatively low. For example, Chopra’ stated that ‘the higher modes [of BI buildings] are essen-
tially not excited by the ground motion—although their [ground] pseudo-accelerations are large—because their
modal static responses are very small’. However, as discussed in the early works of Kelly and Tsai*? and Tsai and
Kelly,” the coupling between the equations of motion in BI buildings can lead to the presence of significant
higher-mode dominated responses. Similarly, the present study also shows that modal mass participation is not a
reliable indicator of the relative importance of higher-mode responses in BI buildings. An evaluation of the results
of several others studies on BI buildings, available in the literature, can readily reveal the significance of the high-
frequency content of floor acceleration responses (eg, see the floor spectra illustrated for tested BI buildings in**~°
and for numerical BI models in**>°).

This study addresses challenges encountered in modeling the viscous (inherent) damping in BI buildings. More spe-
cifically, the effect of the phenomenon known as damping leakage on the first- and higher-mode responses of BI build-
ings is investigated. It is worthwhile noting that in the context of this study, a higher-mode response relates exclusively to
the short-period floor spectral accelerations. The study includes two main parts. The first part investigates the damping
leakage phenomenon in BI buildings with linear isolation systems. In this section, the mathematical models are devel-
oped using MATLAB®.?” The second part deals with BI buildings with bilinear isolation systems. In this second part, the
important challenges of modeling a nonclassical viscous damping matrix for BI buildings in FE programs are addressed.
The results of the analytical and numerical investigations are used to provide recommendations for the proper modeling
of viscous damping in BI buildings.

2 | LINEAR ISOLATION SYSTEMS

The hysteretic energy dissipation of the isolation system is usually incorporated into the numerical model of a BI
building through an explicit nonlinear element. However, in particular applications and research studies, a linear
spring-dashpot element, with an equivalent damping c® and lateral-stiffness k®, is used to represent the isolation system
behavior. The simplicity of linear isolation systems and their fast computation time allow for conducting a large number
of numerical simulations to identify behavioral trends. For linear BI buildings, the isolation system restoring force in
Equation (1) is given by the equation Fy, = k"x", and the entire energy dissipation of the isolation system is represented
byc® = 2§bw1 (mb + Z;’ml?), where & is the isolation system (equivalent) damping ratio, and w; is the angular frequency
of the first mode of the BI building.

This section primarily evaluates the sensitivity of the structural responses of BI buildings with a linear isolation sys-
tem (denoted as linear BI buildings hereinafter) to the adopted approach for constructing the superstructure's viscous
damping matrix, C°. Six different scenarios are examined for modeling the C® matrix. These scenarios are based on com-
binations that pair one of the three predefined proportional damping formulations (ie, MD, KD, or RD) with one of the
two methods of selecting modal periods (ie, the NT or BI periods) for computing o, and/or fi. Table 1 summarizes the
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details of the six superstructure various damping models. Modal analyses are performed to evaluate the damping spec-
ified by different superstructure viscous damping models to the modal responses of linear BI buildings. Response history
analyses are conducted to further verify the results of the modal analyses and propose a damping model that can prop-
erly assign the intended damping to the isolated and superstructure modes and, therefore, satisfactorily capture the
seismic responses of BI buildings.

2.1 | Predictions of modal analysis for linear base-isolated buildings

2.1.1 | Classical modal analysis

In the first vibration mode (ie, the isolated mode) of a well-designed BI building, the superstructure moves essentially as
a rigid body without large inter-story drift motions. Hence, the superstructure viscous damping has a relatively small
effect on the damping of a BI building in the first mode. One of the basic premises in this section is that the damping
specified to the first mode of a BI building should be close to the isolation system damping, denoted as the target (intended)
first-mode damping herein. This section estimates the error introduced by different damping models presented in Table 1
to the damping of the first mode of linear BI buildings.

In a BI building, the presence of a nonclassical global damping matrix implies that modal periods, damping ratios,
and modal vectors depend not only on the mass and stiffness matrices but also on the damping matrix. As a result,
the modal equations are coupled, and classical modal analysis, which neglects the off-diagonal terms of the general-
ized damping matrix, is not applicable.” However, in many studies (eg, ”*’), the results of classical modal analysis
are used to roughly predict the overall behavior of BI systems. This practice is adopted in this section to approxi-
mately estimate the viscous damping specified to the vibration modes of linear BI buildings. Ignoring the off-
diagonal terms of the transformed matrix, <I>l.TCtI>i, the modal damping ratio at the i-th mode of vibration of a linear
BI building is

o/ Co,

20, (0TM@) o

§i

where w; and the vector ®; are the i-th circular frequency and i-th mode shape of the BI building, respectively. Assum-
ing that the superstructure behaves as rigid in the isolated mode, ®, = ones(1, n+1). For a general formulation of vis-
cous damping (ie, the RD approach), the superstructure damping matrix is given by the equation C* = a,,M® + $, K" If
identical characteristics (ie, story mass, lateral-story stiffness and distribution of viscous damping) are assumed through-
out the height of the superstructure, the global damping matrix of the BI building is

c_ &+ apm® + Bk —Bik* @
- _ s s s ’
Pk amM” + B K (n+1)(n+1)
TABLE 1 Superstructure viscous damping models used in this study
Damping formulation; modes Damping formulation; modes for computing
Nomenclature for computing «,,, and/or S Nomenclature am and/or By
MD-NI Mass-proportional; MD-BI Mass-proportional; first BI mode
first NI mode
KD-NI Stiffness-proportional; KD-BI Stiffness-proportional; first BI mode

first NI mode
RD-NI Rayleigh; first two NI modes RD-BI Rayleigh; first two BI modes
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Substituting the respective parameters into Equation (3), the assigned viscous damping to the first mode is

DCP, " +an(nm'+mP) P o

= = 4 5
2w, (P M, ) 201 (nms + mb) 2w (nms +mb) 2 )

&

The first term in Equation (5) is basically the target (intended) damping at the isolated mode, &, and therefore the
second term is the additional (unintended) damping denoted as £]"" herein. This error term is produced by the math-
ematical procedure adopted for modeling the global damping matrix. As seen, the value of £ is independent of the
coefficient 5, meaning that the KD component does not impart an extra damping to the first mode of a linear BI build-
ing (ie, the KD-NI and KD-BI models introduce no damping error to the first mode). In other words, the incorporated
error is the exclusive result of the MD component. This conclusion can be also intuitively drawn from an evaluation of
Figure 1. The MD dashpots shown in this figure are activated when the building vibrates in the isolated mode. There-
fore, the MD component introduces damping to the isolated mode that is beyond the damping provided by the isolation
system (these observations corroborate the results of Ryan and Polanco®’).

Table 2 illustrates the value of the £;" parameter for the six different superstructure viscous damping models eval-
uated in this section. The value of the £&"*" associated with the MD-NI and RD-NI models is a function of the fraction
w3 /w; (ie, the ratio of the frequency of the first mode of the NI superstructure to that of the BI building). This latter
observation implies that the greater the separation between the fundamental frequency of the NI superstructure and
of the isolation system, the larger the difference between the first-mode damping ratio and the target value. This con-
clusion was also reported by Ryan and Polanco®” through the modal damping analysis of example BI buildings. The
fraction wf}/w; for the practical range of BI buildings is usually greater than 3.0. Therefore, the lower bound value of

17" produced by the MD-NI model is 3.08". Assuming w$ = 3w}, which is the case for regular moment resisting frame
systems and also for the linear shear building studied next, the minimum value of £ for the RD-NI model is 2.3&.
The MD-BI and RD-BI models lead to a £ whose value is limited to & (note that for the practical range of BI build-
ings, the fraction w,/(w,+w,) tends to unity). The above mentioned results suggest that among the considered methods,
the KD approach, regardless of whether Sy is determined based on the NI or BI fundamental frequency, can reliably

specify the intended damping to the isolated mode of a linear BI building.

2.1.2 | Generalized modal analysis

In this section, generalized modal analysis’ is conducted for representative linear BI buildings with isolated periods, T°,
of 1.8, 3.0, and 4.2 s and different superstructure-isolator damping ratios. For all BI configurations, the superstructure is
a six-story shear frame with identical characteristics in all stories and a fixed-base fundamental period,T®, of 0.6 s. The
mass of the isolation system is assumed to be the same as the typical story mass. Isolator-superstructure damping com-
binations that pair two different & values of 5% and 10% and three different £ values of 5%, 15%, and 30% are examined.
Characteristics such as the 5% damping for the isolation system and the 10% inherent damping for the superstructure,
although unrealistic, are used as extreme cases for comparison purposes.

The analysis results show that, for the studied BI configurations, the modal mass participation ratios of the higher
modes are relatively small (ie, less than 1%). However, as illustrated in this section and identified by a few previous stud-
ies (eg, **), modal mass participation ratio may not be a reliable predictor of the importance of higher-mode responses in
a BI building because of the coupling of the modal equations. Table 3 illustrates the estimated modal damping ratios of
the first three modes for the BI buildings assuming different damping models. As seen, the estimated modal damping
ratio for the isolated mode (first mode) by the KD-NI and KD-BI models in all configurations is close to the first-mode
target damping ratio, whereas the other four damping models result in greater first-mode damping ratios than those

TABLE 2 The value of the £&]"™" parameter for the six superstructure viscous damping models

Damping model S Damping model EFoE
MD-NI £t ooy MD-BI 3
KD-NI 0 KD-BI 0

RD-NI Ewlws/ [601 (aﬁi + w;)} RD-BI Ewy/(wytwy)
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TABLE 3 Estimated modal damping ratios for different superstructure viscous damping models

T° = 1.8 (s) T° = 3.0 (s) T° = 4.2 (s)

Damping
Modal damping % Modal damping % Modal damping %

model Config. & & & Config. & & & Config. & & &
MD-NI £=75% 19.2 43 2.2 &=5% 29.7 3.7 1.8 £=5% 398 34 1.7
KD-NI & =59 43 10.6 18.6 & =59 4.7 10.1 18.4 & =59 49 9.9 18.3
RD-NI 15.4 5.9 6.3 23.4 5.3 6.0 31.0 5.1 5.9
MD-BI 9.2 2.5 1.2 9.7 1.6 0.7 9.8 1.1 0.5
KD-BI 4.6 28.5 54.3 4.9 46.6 90.2 4.9 65.0 126.1
RD-BI 8.5 6.4 9.1 9.2 5.9 9.4 9.5 5.7 9.5
MD-NI &= 5% 27.5 7.6 3.7 &= 5% 39.1 5.7 2.8 E=5% 495 4.9 2.4
KD-NI &£=15% 126 13.9 20.2 &£=15% 141 12.2 19.3 &=15% 145 11.4 18.9
RD-NI 23.7 9.2 7.9 32.8 7.4 7.0 40.7 6.5 6.6
MD-BI 17.5 5.9 2.8 19.1 3.6 1.6 19.5 2.6 1.2
KD-BI 12.9 31.8 55.9 14.2 48.7 91.1 146 664 12638
RD-BI 16.8 9.7 10.7 18.6 8.0 10.3 19.2 7.1 10.1
MD-NI £ =5% 40.0 12.6 6.0 &= 5% 53.2 8.8 4.1 £=5% 641 7.1 33
KD-NI &=30% 251 18.9 225 & =30% 282 15.2 20.7 & =30% 291 13.6 19.9
RD-NI 36.2 14.2 10.2 46.9 10.4 8.3 55.2 8.7 7.5
MD-BI 30.0 10.9 5.1 33.2 6.7 3.0 34.1 4.8 2.1
KD-BI 254 36.8 58.2 28.3 51.7 92.5 292 686 127.8
RD-BI 29.3 14.7 13.0 32.7 11.0 11.7 33.7 9.3 11.1
MD-NI £=10% 342 6.9 35 £=10% 547 6.4 3.2 &£=10% 748 6.1 3.1
KD-NI & = 5% 45 19.5 36.5 & =59 4.8 19.3 36.4 & =5% 4.9 19.1 36.3
RD-NI 26.6 10.1 11.9 420 9.6 11.6 57.1 9.4 11.5
MD-BI 14.2 3.4 1.7 14.7 2.1 1.0 14.8 1.5 0.7
KD-BI 5.0 55.3 107.9 5.0 92.3 180.0 50 1292 2520
RD-BI 12.8 11.1 17.5 13.8 10.8 18.3 14.1 10.6 18.7

intended implying the leakage of the superstructure damping to the isolated mode. These results are consistent with
those of Section 2.1.1.

The second premise used in this study is that the second mode of a BI building is controlled by the superstructure mass
and stiffness, and, as a result, the damping ratio of this mode should be comparable with the superstructure viscous
damping ratio at its first few modes. As consistently seen in Table 3, the resulting higher-mode damping ratios are highly
sensitive to the adopted approach for constructing C%. For example, for the BI building with T° = 3.0 s, & = 5%, and
£ = 15%, the estimated second-mode damping by different approaches varies from 3.6% to 48.7% implying a significant
sensitivity. It is also apparent that, for all BI configurations, the MD models provide the lower-bound estimates of the
higher-mode damping, which in many cases are smaller than the target values. An evaluation of the results reveals
the presence of an apparent leakage of the isolation system damping to the damping of the higher modes. For all
damping models, as the isolation system damping increases while other parameters are unchanged, the specified
damping to the higher modes significantly increases. For example, consider the modal damping ratios of the MD-BI
model for the configurations with T° = 3.0 s and & = 5%. In this case, increasing the isolation system damping from
5% to 30% results in an increase in the second-mode damping ratio from 1.6% to 6.7%. The results of response history
analyses of Section 2.2 illustrate that only when the isolation system damping is low (ie, the leakage of the isolation sys-
tem damping to the superstructure modes is insignificant), the estimated higher-mode damping ratios shown in Table 3
are meaningful (ie, correlated with the amplitude of the higher-mode seismic responses). An evaluation of the damping
ratios for such cases illustrates that only the RD-NI and RD-BI models can specify reasonable damping values to the
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higher-modes. One can interpret that the KD-NI and KD-BI models (ie, the models that provide reliable first-mode
damping ratios) fail to assign the intended damping to the higher modes. As seen in Table 3, even when the value of
the isolation system damping is not significant, the apparent higher-mode damping ratios estimated by these models
are significantly greater than the intended values.

The results of this section illustrate that using the proportional damping approaches to model the superstructure vis-
cous damping can lead to the introduction of an artificial damping to the vibration modes of BI buildings. It is evident
that, in this case, if a modal history analysis method is used to solve the equations of motion, the structural responses
can be significantly underestimated. The next section investigates whether these superstructure damping models lead to
similar drawbacks when a DI response history analysis method is conducted. The correlations of the estimated damping
ratios with the structural responses are also investigated (eg, if an apparent large value of damping of the higher-mode
predicted by a damping model is associated with a significant mitigation of the higher-mode responses). The results are
used to introduce a damping model that can reliably capture the first- and higher-mode responses of BI buildings.

2.2 | Sensitivity of the responses of linear base-isolated buildings to the superstructure
viscous damping model

This section investigates the effect of the choice of the superstructure viscous damping model on the seismic responses
of linear BI buildings when the DI method is used to solve the equations of motion. Preliminary analyses illustrate that
the extent of this effect depends on the characteristics of input ground motion records.>® Therefore, in this section,
response history analyses are conducted using a set of 20 far-field ground motions, and mean responses are evaluated
to address this record-to-record variability. A total of 30 six-story BI building models are developed based on different
combinations of the following structural parameters: T°/T = (3.0:1.0:7.0), & = (2%, 5%), and §b = (5%, 15%, 30%).
For all configurations, T° = 0.60 s is assumed. For a given BI configuration, six different variants are evaluated, which
correspond to the six different superstructure viscous damping models introduced in Table 1. Hence, for a structural
response of interest, six different mean values are obtained from the response history analyses. The extent of the vari-
ation in these mean values can illustrate the sensitivity of a structural response to the choice of the superstructure vis-
cous damping model.

Floor acceleration spectra can illustrate the significance of different structural modes simultaneously and, therefore,
are used for the initial evaluations conducted in this section. Subsequently, additional engineering demand parameters
(EDPs) are evaluated to further verify the results. Floor spectra are generally used for the estimation of seismic demands
on nonstructural components. In the section, for developing floor spectra, the component period, T., is varied from 0 to
1.5T°. The assumed component damping ratio is 2% that is a reasonable value for most typical nonstructural compo-
nents.*® Figures 2A—C illustrate the mean 2%-damped roof pseudo-spectral acceleration (FSa) responses for three repre-
sentative BI structures with the same isolated period of 1.8 s but different & and/or & values, exposed to the 20 far-field
ground motion records. The configuration shown in Figure 2C with unrealistic values of damping is presented for com-
parison purposes.

An evaluation of Figure 2 illustrates that for a given roof-spectrum period, especially for periods in the vicinity of the
modal periods of the BI buildings, the variation between the estimated values of FSa obtained from different viscous
damping models is significant. The MD and RD models (especially the MD-BI) do not lead to a significant suppression
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FIGURE 2 Mean 2%-damped roof pseudo-acceleration spectra of the BI configurations with an isolated period of 1.8 s for different
superstructure damping models [Colour figure can be viewed at wileyonlinelibrary.com]
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of the floor spectral ordinates in the vicinity of the higher modes but significantly mitigate the floor spectral values in
the vicinity of the fundamental mode. An opposite trend is observed for the KD models. These observations are consis-
tent with the results of Section 2.1.2 where it was shown that, for example, the KD methods assign a reasonable
first-mode damping but a fictitiously large second-mode damping to the vibration modes of a linear BI building. An
evaluation of the floor spectral values in the vicinity of the second mode suggests that the RD models provide a more
reasonable estimate of higher-mode responses, as discussed next. It is well-understood that when the isolation system
damping is relatively low (eg, 5%), the superstructure and isolated raft are essentially decoupled. In this condition, given
the relatively high stiffness of the superstructure with respect to the isolation system, the superstructure’s behavior is
consistent with that of a semi-rigid body (ie, close to a single-degree-of-freedom system). Therefore, for such a BI
configuration, the higher-mode dominated responses (ie, spikes in the short-period range of the roof spectra) should
be relatively small. When, in addition to the low damping of the isolation system, the superstructure is highly damped
(eg, 10% as considered in Figure 2C), the superstructure relative deformations decrease even more, and the superstruc-
ture tends to experience rigid-body translation. In this case, higher-mode effects are significantly mitigated. On the other
hand, when the isolation system damping is relatively large (eg, Figure 2C), due to the coupling of the vibration modes,
the higher mode effects are expected to be considerable. An evaluation of Figures 2A-C illustrates that the RD models
more reasonably meet these expectations.

A comparison of the floor spectra presented in Figures 2A and B reveals that the coupling effect, which is amplified
by the isolation system damping, can impart seismic energy to the higher modes. This is consistent with the findings of
Kelly and Tsai**> and Hall*' for far-field ground motions. As seen, with increasing the isolation system damping from 5%
(Figure 2A) to 30% (Figure 2B), for a given damping model (except for the MD-BI), the floor spectral ordinates in the
vicinity of the second mode increase. For example, this increase for the RD-BI model is from 0.69 g to 0.93 g. From
the results of modal analysis (Table 1), it is observed that increasing the isolation system damping increases the
higher-mode damping values. The results of the present section illustrate that correlations do not exist between the esti-
mated higher-mode damping values and the magnitudes of the higher-mode responses as the greater higher-mode
damping ratios are associated with greater responses rather than smaller responses. In other words, the increased
damping ratios due to the high value of the isolation system damping are fictitious (or apparent). This important
conclusion illustrates that the results of modal analysis for the higher-mode damping are meaningful (ie, correlated with
higher-mode responses) only when the isolation system damping is low.

The sensitivity of three different EDPs to the choice of the superstructure viscous damping model is evaluated next
for many BI configurations with different characteristics. For a given EDP and structural model, six different mean
values are obtained from analysis subject to a single ground motion record. These six values are normalized to the value
of the EDP for the KD-NI model. This normalization facilitates the understanding of the variation in the values of the
EDP due to the superstructure viscous damping model. The three considered EDPs are peak base drift (PBD), peak roof
acceleration (PRA), and peak component acceleration (PCA) responses. Most typical nonstructural components are
situated in the period range [0-0.5] s.* On the other hand, the higher modal periods of the BI configurations studied
herein are smaller than 0.5 s. In the present section, the maximum value of the roof spectral acceleration ordinates
across the period range [0-0.5] s is referred to as the PCA and is a representative of the higher-mode responses.

Figure 3A illustrates the mean normalized PBD responses of different BI buildings for the considered damping
models, assuming a fixed & value of 2%. In this figure, the R parameter is the period ratio, T°/T5. Figure 3B presents
similar results for the BI buildings with & = 5%. As consistently seen, the mean PBD estimates of the KD-NI and
KD-BI methods are very close to one another and govern those of the other damping models. The mean PBD responses
for the RD-BI and MD-BI methods are fairly close to one another and are up to 20% below those estimated when

1.0 [efole[eooTeTeTofetoretefotoye 1.0 [gFefo e oo e Tetororore 5
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FIGURE 3 Mean normalized peak base drift responses for different superstructure damping models: (A) & = 2%; (B) & = 5% [Colour
figure can be viewed at wileyonlinelibrary.com]
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applying the KD-NI approach (see Figure 3B). The mean PBD estimates of the MD-NI and RD-NI methods are up to
60% smaller than those of the KD-NI. These observations are consistent with the trend identified in the first-mode
damping ratio in Section 2.1. An evaluation of Figures 3A and 3B illustrates that with increasing the value of &, the sen-
sitivity of the PBD responses to the damping model increases.

Figures 4A and B demonstrate, respectively, the variation of the mean normalized PRA and PCA responses for the BI
configurations with & = 5%. Figure 4A reveals that for the configurations with & within the practical range (ie, & = 15%
and 30%), the KD-BI, which provides the near upper-bound estimates of the PDB, results in the lower-bound PRA
responses. Figure 4B shows that the KD-BI and MD-BI provide the lower- and upper-bound estimates of the PCA
responses, respectively. For configurations with characteristics within the practical range (ie, R > 3.0 and & > 15%),
the mean normalized PCA responses obtained from analysis with different damping models could vary from 0.35 to
2.5, which illustrates that higher-mode responses are highly sensitive to the choice of the superstructure damping
model. In general, with increasing £ while keeping the other structural parameters constant, the sensitivity of the mean
estimates of the considered EPDs to the damping model tends to decrease (ie, less variation is observed). On the con-
trary, for most cases, an increase in the value of T° while keeping the other parameters constant, causes an amplification
in the variation of the mean EDPs.

2.3 | Recommendations for modeling the superstructure viscous damping in linear base-
isolated buildings

In the previous section, it was shown that the traditional use of the RD models (ie, specifying the intended damping
either to the first two modes of the fixed-base superstructure or BI building) can provide reasonable estimates of
higher-mode responses but this approach underestimates the first-mode responses arising from the MD component.
The KD component of the superstructure inherent damping does not impart undesirable damping to the isolated mode
of the BI buildings, regardless of the mode used for determining the proportional damping coefficient, 8. However, it
was shown that the traditional use of the KD as recommended in previous studies (ie, determining Sy based on the first
modal period of the fixed-base superstructure or the BI building) would introduce significant additional (and unin-
tended) damping to the higher-modes, and, as a result, in many cases, higher-modes responses are virtually damped
out. In this section, it is shown that the KD approach, when used properly, could provide a reasonable estimate of
the higher-mode responses of linear BI buildings. In essence, the higher mode effects in a BI building are due to the
superstructure inter-story deformations. To mitigate the higher-mode responses of a BI building without significantly
altering the first-mode responses, proper inter-story dampers are needed. By definition, the KD component of the super-
structure inherent damping is meant to simulate this suppression. The second mode of the BI building is essentially the
first superstructure mode. This mode controls the inter-story drift motions for the studied buildings. Therefore, a reason-
able approach for the suppression of higher modes is to implement the KD and assign the intended superstructure
damping to the second mode of the BI building. Results illustrate that this approach, for the low-damping isolation sys-
tems (where the results of modal analysis are meaningful), results in a second mode damping close to the intended one.
For example, modal analysis illustrates that for the configuration with T° = 1.8 s, & = 10%, and & = 5%, the estimated
second mode damping by this approach is 11% (ie, very close to the intended &), and for the configuration with & = 5%
and & = 5%, this value is 6.3%. Further analyses show that if & is close to zero (ie, the case without the leakage of the

1.6 3
s - MD-NI
= 14 2523 la /\\ /\'\ - KD-NI

A 2 A ML
~ A /ﬂ w1 s & 2la N \/ - RD-NI
g 12 N /W\\/F‘A\‘\/’I A\/,‘”/‘ 3 \\\/ \//cr“l R ~=MD-BI
e AP M 2 e iig el pdgandia) o KDBI
g 1 gg\')%%\ §{\.\-e \\e e-e% ° ;E_ 1 o [o-lo|olo]edofetete e te teloto E’{Rb]z;)B(IZ
Z 0814 | ™ \O/A\.\\./ \\ z 0.5 .-—.—_._*"-'*‘\oﬂr”\o-—o/.\.--. I:|5b=0:15
Ceb=o.
0.6 R=3.0 R=4.0 R=5.0 R=6.0 R=17.0 0 R=3.0 R=4.0 R=5.0 R=6.0 R=17.0 § 030
(A) (B)

FIGURE 4 (A) Mean normalized peak roof acceleration responses; (B) Mean normalized peak component acceleration responses; for
different superstructure damping models (& = 5%) [Colour figure can be viewed at wileyonlinelibrary.com]
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isolation system damping to the superstructure modes), the estimated second-mode damping by this approach tends to
&.

Figure 5 presents an evaluation of the proposed KD-BI approach using the mean roof acceleration spectra of three
representative BI buildings. As seen, the response estimate of the proposed approach in the vicinity of the first mode
is fairly close to that of the traditional KD (ie, the intended response). In the vicinity of the higher modes, the floor spec-
tral acceleration responses captured by the proposed KD-BI are in between the upper-bound (ie, the estimation of the
MD-BI) and the lower-bound responses.

The short-period floor spectral acceleration responses are used to estimate seismic demands on nonstructural com-
ponents whose integrity and operability are of paramount importance. Therefore, it might be reasonable (and conserva-
tive) to consider the upper-bound estimates as the intended responses. An evaluation of the simulation results illustrates
that with simple modifications with respect to the traditional application, the RD-BI model can approximately capture
the upper-bound estimates of both higher-mode and first-mode responses. In this approach, for a linear shear-type BI
building with a total of n horizontal degrees of freedom, the two selected modal frequencies for assigning & are w,/2
and w,, rather than the widely used w; and w, (ie, the first two angular frequencies of the BI building). With respect
to the traditional RD, this approach reduces the damping specified to the BI modes, and, as a result, the response esti-
mates tend to the upper bound values. The results of this method are also shown in Figure 5.

3 | BILINEAR ISOLATION SYSTEMS

This section investigates the effects of the improper modeling of viscous damping on the seismic responses of BI build-
ings with bilinear isolation systems. For the analyses conducted in this section, the FE models are developed in the
SAP2000° interface. Although the modeling procedure in SAP2000° is highlighted, most of the presented methodologies
and discussions are also applicable to other FE software packages. Results of nonlinear response history analyses are
used to propose practical approaches for the proper modeling of viscous damping in BI buildings with bilinear isolators.

3.1 | Nonlinear direct integration versus fast nonlinear analysis

Nonlinear DI (NLDI) and nonlinear modal time-history analysis, also known as fast nonlinear analysis (FNA),** are
widely used for the response history analysis of BI buildings (eg, SAP2000° offers both methods). The NLDI approach
solves the complete set of equilibrium equations (ie, the coupled equations of motion) at every time step. In this
approach, if a system becomes nonlinear, it may be necessary to reassemble the stiffness matrix for the complete struc-
tural system at each time step. Also, iterations may be required within each time increment to achieve convergence and
satisfy equilibrium. Therefore, this method is computationally intensive.** In the FNA approach, element nonlinear
responses are treated as unbalanced forces that are grouped with external loads.*® This method reduces the large set
of global equilibrium equations to a relatively small number of uncoupled second order differential equations. As a
result, the FNA has the advantage of much faster computational time as compared with the NLDI. Furthermore, as first
identified by Sarlis and Constantinou® and corroborated in this section, another advantage of the FNA over the NLDI
method is the inherent ability of this approach to control the phenomenon of damping leakage in BI buildings. In
the FNA approach, contrary to the NLDI, a matrix equation of motion including a global damping matrix is not solved,
and, instead, modal damping ratios are directly applied to the uncoupled modal equations. For example, the FNA
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FIGURE 5 Evaluation of the proposed viscous damping models based on the mean 2%-damped roof pseudo-acceleration spectra of three
representative linear BI building configurations [Colour figure can be viewed at wileyonlinelibrary.com]
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method in SAP2000° gives the user the ability to assign the global values of viscous damping for all modes, and, at the
same time, damping ratios can be manually overridden for a number of modes. Therefore, the damping leakage phe-
nomenon can be readily prevented by specifying a 0% damping to the isolated mode, whereas non-zero damping values
are assigned to the other modes.! In the NLDI approach, as discussed in Section 2, due to the existence of a global
damping matrix, the mitigation of damping leakage is more challenging. It is worth noting that in the FNA approach,
special considerations should be given for selecting a sufficient number of Ritz vector modes and also incorporating
global P-A effects (see Sarlis and Constantinou' for details). In SAP2000°%, this method is mostly applicable when the
number of nonlinear elements is limited, and they are modeled using a nonlinear link element.

3.2 | Damping leakage for an example bilinear base-isolation system studied in this paper

A five-span four-story isolated frame is used herein to evaluate damping leakage due to different viscous damping
models in BI buildings with bilinear isolation systems. The superstructure, which is adopted from a BI building pre-
sented in Sarlis and Constantinou,’ is a two-dimensional slice of an actual steel moment resisting frame with rigid
beam-column connections. The seismic weight of each story is 4804 kN, which is equally distributed across a floor level
as lumped masses at beam-column joints. The periods of the first three modes of the fixed-base superstructure are 0.78,
0.25, and 0.14 s. It is assumed that the superstructure is supported on six lead rubber bearings (LRBs). A floor with the
same weight as the typical floors' weight is added right above the isolation interface. Two types of LRBs with different
characteristics are examined. In the first type of the LRB, the ratio of the yield strength of the total of the six LRBs to the
superstructure’s seismic weight, F,/W, is 0.05, and the yield displacement of the LRBs, x, is 10 mm. For the second
type, these values are 0.10 and 20 mm, respectively (as seen, the two LRB types have the same initial stiffness). The

post-elastic stiffness of the LRBs, kge, is 10% of their elastic (initial) stiffness, kle’l. These characteristics are within typical

ranges used in practice. The periods of the first three modes of the isolated frame computed based on kge are 2.91, 0.45,
and 0.22 s. The isolated building configurations are excited by three ground motions recorded at distances more than 10
km from the rupture fault: ABBAR-T: the east-west component of the 1990 Manjil earthquake (magnitude 7.4) recorded
at Abbar station; GO3090: the east-west component of the 1999 Loma Prieta earthquake (magnitude 6.9) recorded at
Gilroy Array #3 station; and YER360: the north-south component of the 1992 Landers earthquake (magnitude 7.3)
recorded at Yermo Fire station. The PGA of the individual records is scaled to 0.60 g, which is the design PGA assuming
a site of high seismicity in California, USA. Figure 6 illustrates the scaled 5%-damped pseudo-acceleration spectra of the
three selected ground motion records.

3.3 | Damping leakage in the fast nonlinear analysis method

The damping leakage to the isolated mode introduced by the FNA method was first identified by Sarlis and
Constantinou.’ They showed that the stiffness of the isolators used for the modal analysis has a significant effect on this
phenomenon. In some available FE platforms, this stiffness could be adjusted to be different than the initial stiffness of
the isolators. For example, in SAP2000®'s implementation of the FNA, modal damping ratios are specified to the
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FIGURE 6 Amplitude-scaled 5%-damped pseudo-acceleration response spectra of the selected ground motion records along with a design
spectrum for a site of high seismicity [Colour figure can be viewed at wileyonlinelibrary.com]
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vibration modes that are computed based on a predefined isolator stiffness, referred to as the ‘effective stiffness’ in the
characteristics of the rubber isolator element. Although the value of this effective stiffness remains constant throughout
the response, it can be selected to be significantly smaller than the initial stiffness of isolators. This section, while cor-
roborating the results of Sarlis and Constantinou,® extends the discussion to the higher-mode dominated responses.
More specifically, the effects of the value of the structural parameters including the stiffness of the isolators used for
modal analysis (ie, the introduced effective stiffness in SAP2000%), the yield strength of the isolators, and also the spec-
ified viscous damping on the extent of damping leakage to the isolated mode and superstructure modes are investigated.
Two different input effective stiffness, kEff, values are used: the elastic stiffness and post-elastic stiffness of the isolators
(ie, k'gl and kBe). Overall, three different analysis cases are examined: (i) damping for all modes is 0%; (ii) damping for all

modes is 5% and k% = kge; and (iii) damping for all modes is 5% and kl; = k%. The analysis case with 0% damping
assigned to all modes is considered as the baseline for the evaluation of the first-mode damping leakage. Figure 7A illus-
trates the normalized base shear versus the base displacement response obtained from different analysis cases for the BI
configuration with Fy/W = 0.10 subject to the scaled ABBAR-T record. Figure 7B presents similar results for the con-
figuration with F/W = 0.05.

An evaluation of Figure 7, consistent with the results of Sarlis and Constantinou,’ illustrates that the damping leak-
age phenomenon is more pronounced when the elastic stiffness of the LRBs is used for modal analysis. For the consid-
ered case study, the elastic stiffness of the LRBs is 10 times their post-elastic stiffness. Therefore, for the analysis case
with kEl, when the LRBs experience inelastic actions, the generated viscous damping force in the isolated mode would
be relatively large with respect to the isolators shear force. As a result, the peak base displacement (PBD) and peak nor-
malized base shear (Vi,,x/W) demands are significantly underestimated. For example, in Figure 7B, the PBD response
for the baseline case with no damping leakage is 0.44 m. For this configuration, the damping leakage phenomenon
in the analysis cases with kge and k¥ causes the PBD response to reduce to 0.30 m (ie, 32% underestimation) and
0.20 m (ie, 55% underestimation), respectively. For these two analysis cases, the V},../W demand is underestimated
by 25% and 46%, respectively. As seen, the underestimation of the response in the analysis case with k'gl is more signif-
icant. It is also observed that the adverse effect of damping leakage is more highlighted for the configuration with a
lower yield strength, Fy. For example, for the configuration with F,/W = 0.10, damping leakage in the analysis with

kgl results in reducing the PBD from 0.22 m to 0.15 m (ie, 32% underestimation), whereas for Fy/W = 0.05, as discussed
above, this underestimation is as large as 55%. This observation is further elaborated next. Equation (6) can approximate

the equivalent damping ratio, §'Eq, generated by the hysteretic behavior of the LRBs**:

£ 2(1-a)(u—1)

= 7l T e = D] (©)

where u is the shear displacement ductility ratio defined as the ratio of the isolator maximum displacement response to
the isolator yield displacement, and « is the isolator post-elastic stiffness ratio, kge /k2. The response for the analysis

cases with 0% damping (ie, with no damping leakage) are used to estimate the value of §l;q for each LRB type. Substitut-

ing the respective quantities in Equation (6), for the configurations with F/W = 0.05 and 0.10, the value of §Eq is 11%
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and 26%, respectively. As seen, §Eq for the configuration with F y/W = 0.05 is much smaller, and, hence, the seismic
responses for this configuration are more influenced by the damping leakage. Similar analyses are performed assuming
modal damping ratios other than 5%. Results illustrate that the damping leakage phenomenon is much more pro-
nounced when the specified modal damping is higher. For example, for the configuration with F,/W = 0.05 subject
to the scaled ABBAR-T record, damping leakage in the analysis case with kgl and 2% damping would reduce the PBD
from 0.44 m to 0.28 m (ie, 36% underestimation), whereas, as discussed previously, this underestimation for the analysis
case with k';l and 5% damping is up to 55%.

Figures 8A and B illustrate, respectively, the roof acceleration time histories and the 2%-damped roof acceleration
spectra for the configuration with F/W = 0.05 subject to the scaled ABBAR-T record, assuming different damping sce-
narios. As seen in Figure 8A, the roof acceleration responses for the analysis case with 0% damping assigned to all
modes are significantly greater than those for the two analysis cases with 5% damping. It is observed that, when a 5%
damping is assigned to all modes, the roof acceleration responses are weakly sensitive to the selection of klgl or kge. Sim-
ilar conclusions can be drawn from the evaluation of the roof spectra shown in Figure 8B. In addition, Figure 8B reveals
that in the analysis case with 0% damping assigned to all modes, the floor spectral acceleration responses in the vicinity
of the higher modes are unrealistically large because these modes are virtually undamped.

To further verify the abovementioned observations, similar analyses are performed on the BI configuration with F'y/
W = 0.10 subject to the scaled GO3090 record, and the results are presented in Table 4 for four different damping sce-
narios: (i) 0% damping is specified to all modes; (ii) 0% damping is specified to the first mode and 5% to the higher
modes; (iii) 5% damping is assigned to the first mode and 0% damping to the higher modes; and (iv) 5% damping is
assigned to all modes. For each damping scenario, the analyses are performed when the input kgff value is either set

equal to kgl or k';e, resulting in a total of eight analysis cases. The results presented in Table 4 mainly corroborate those
obtained from the analyses subject to the ABBAR-T record. Additional observations are discussed next. When a non-
zero damping is assigned to the isolated mode, the PBD and V,,.,/W responses are strongly dependent on the value
of the input kgff, whereas with assigning a zero damping to the isolated mode, these EDPs are weakly dependent on
the value of kl;. For a given damping scenario (rows 1 to 4), the PRA and PCA responses are not very sensitive to
the choice of k'e’ff. An evaluation of the results also reveals that the PRA response is not significantly influenced by
the first structural mode because when the first-mode damping increases from 0% to 5% and other modal damping ratios
remain unchanged, the amplitude of the PRA response is not meaningfully altered (compare the PRA responses in the
first and third rows of Table 4). On the contrary, this EDP is highly affected by the higher modes because, for example,

TABLE 4 Evaluation of EDPs obtained from the FNA using different modeling approaches for the BI building with F,/W = 0.10 subjected
to the scaled GO3090 record

Vinax/ W PBD (m) PRA (g) PCA (g)
Specified modal damping kY kb, kS kbe k5 kb, kY IS,
0% to all modes 0.26 0.26 0.34 0.34 0.66 0.66 4.80 4.80
0% to 1st mode; 5% to higher modes 0.25 0.26 0.32 0.33 0.46 0.48 2.24 2.65
5% to 1st mode; 0% to higher modes 0.22 0.24 0.26 0.30 0.63 0.65 4.37 4.24

5% to all modes 0.21 0.24 0.25 0.30 0.46 0.47 248 2.20
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in the analysis case with kge when the higher-mode damping is increased from 0% to 5% and the first-mode damping is

fixed at 0%, the PRA reduces from 0.66 g to 0.48 g (compare the PRA responses in the first and second rows of Table 4).

Results of this section suggest that applying the FNA method with 0% first-mode damping override and a constant
non-zero higher-mode damping can be considered a reasonable solution to prevent damping leakage to the isolated
mode and simultaneously provide reliable higher-mode responses. This approach is selected as a baseline to evaluate
the response estimates of other approaches presented in the next sections.

3.4 | Damping leakage in the direct integration analysis method

In the NLDI method, the proportional damping is usually used to model the inherent damping of a structure. In this
approach, the global inherent damping matrix in many cases is constructed through applying the proportional damping
coefficients to the global stiffness and mass matrices of the system. For example, this is the case when the proportional
damping is introduced through the Load Case in SAP2000°. Implementing this method implies that the nonclassical
aspect of the global damping matrix of a BI building is not maintained. On the other hand, in many FE software pack-
ages, by default, the elastic stiffness of the isolator (ie, the stiffness of the element at zero initial conditions regardless of
its current nonlinear state), kel, is used to develop the global damping matrix. The combination of these two issues could
potentially amplify damping leakage to the first mode of a BI building. The accuracy of this statement is examined
through a simplified formulation presented next. Assume that a nonlinear isolation system at a given time instant
can be represented by an effective stiffness, k¥, and an effective damping, c%;. Assuming a classical RD based on the
elastic stiffness of the system, the global inherent damping matrix is given by C' = a,,M + K.}, where K, is the elastic
global stiffness matrix of the BI building. Incorporating the isolation system effective damping into C’, the global (equiv-
alent) C matrix is

O + amm® + Bkl + Bik® —Byk*

7
—Bik’ amM°® + B K° @

(n+1)(n+1)

Assuming that the superstructure moves as a rigid body in the isolated mode, Equation (3) is used to compute the
assigned damping to the first mode of the BI building:

S + (nm® + m®) et + Bk _ P O Bkl
2w, (nms + mb) 20w (nms +mb) 2w, 2w, (nms + mP)’

§1 = €]

The first term in Equation (8) is basically §'fo (ie, the intended first-mode damping), and the two other terms are the
error introduced to the isolated-mode damping. Letting N = w,/w;, the RD coefficients are

N 28 1

ot = 28w, and == _- 9)

Substituting a,, and fx into Equation (8), the first-mode damping error is

N kD 1
(irror _ gs + > g el s ) (10)
N+1 (w))"(nms+mP) N+1
In Equation (10), the term (w;)*(nm® + mP) is the effective stiffness of the isolation system, kgff, and hence, the error
term can be expressed by Equation (11).

1
error 11
§N+1+§ N—|—1 D

The second term in Equation (11) is proportional to the fraction k3 /kl;. As seen, because k!, is used for developing
the C matrix, the incorporated damping error is relatively large. For example, for a BI building with effective periods of
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T, = 3.0 and T, = 0.50 s, and k', /k%: = 8.0 (which are selected based on the case study of Section 3.3), the adopted

approach results in &™ = 2.0, For this example, using k% for developing the C matrix in Equation (7), which is

not simple in a platform such as SAP2000°, would replace the k7 /k; ratio by unity resulting in &™" = £°.

Following a similar methodology, one can show that if the classical KD model with the initial stiffness of the isolators
is used for developing the C matrix in Equation (7), the value of £ can be obtained by Equation (12). In this case, for
the abovementioned BI building example, the value of £ is 8.0¢°, which implies a significant damping leakage. This
observation suggests that the traditional use of the KD in a platform such as SAP2000° can result in a significant

underestimation of first-mode responses. However, if the KD model based on k¥ is used for computing the C matrix,
€1Tor

the fraction kEl / k'gff in Equation (12) is replaced by unity, and the §;"° parameter would default to &°.

87 = &k ke - (12)

In the rest of this section, the damping leakage in the NLDI approach is investigated using the case study BI building
presented in Section 3.3. For the numerical analyses in this section, the intended viscous damping is specified to the
effective modes of the BI buildings (ie, the modes with periods computed based on kge). Hereinafter, for brevity, the term
‘effective’ is removed from the expression ‘effective mode’. An approach adopted in an analysis example provided in the
SAP2000"'s verification manual for bilinear isolators is also examined. In this approach, for the NLDI analysis, a variant
of the classical KD is used in which Sy is computed based on the second modal period of the BI building. This method
intends to limit the viscous damping specified to the first and higher modes. For example, for the case of the BI building
studied herein, assuming a viscous damping ratio of 5%, the traditional use of the KD (ie, fx based on the first modal
period) results in assigning 5% and 32% damping to the first and second modes, respectively. However, if the KD variant
proposed by the SAP2000®'s verification manual is used, these quantities are close to 1% and 5%, respectively. The results
of the FNA with 0% first-mode damping override (introduced as the baseline in Section 3.3) are used for the evaluation
of the accuracy of the analysis cases investigated herein. For the analyses conducted in this section, unless mentioned
otherwise, (i) the value of the specified viscous damping is 5%; (ii) the proportional damping coefficients are applied to
the structure as a whole (ie, defined through the Load Case in SAP2000%) implying a classical damping; and (iii) for the
RD method, the intended viscous damping is specified to the first two modes of the BI building.

Figure 9A illustrates the normalized base shear versus the base displacement for the configuration with Q,/W = 0.05
exposed to the scaled ABBAR-T record, assuming different analysis cases. The results of the NLDI approach with three
damping models including the traditional RD, the traditional KD, and the KD proposed by SAP2000® are presented
along with the results of the baseline case. Results presented in Figure 9A, consistent with those of the analytical solu-
tion provided earlier in this section, illustrate that using the NLDI method with the traditional KD leads to a significant
first-mode damping leakage and consequently the underestimation of the PBD and Vy,.,/W responses by 73% and 60%,
respectively. These underestimations for the NLDI analysis cases with the traditional RD are 47% and 40%, and with the
SAP2000* modified KD approach are 40% and 33%, respectively. As seen, determining (3 based on the second mode
instead of the first mode mitigates the adverse effects of damping leakage inherent in the classical KD; however, the
remaining damping leakage is still significant. An additional variant of the classical RD in which 0% damping is spec-
ified to the first mode and 5% to the second mode is also examined. The results (omitted for brevity) show that for the
configuration with F,/W = 0.05 subjected to the scaled ABBAR-T and GO3090 ground motions, applying this variant of
the RD method leads to an underestimation of the PBD by 41% and 31%, respectively. Figure 9B illustrates the 2%-
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damped roof acceleration spectra for the four analysis cases introduced above. It is observed that the response estimates
of the NLDI method with the traditional RD and modified KD models for the floor spectral ordinates in the vicinity of
the second mode are close to those of the FNA approach with damping override. Nevertheless, the traditional KD model
leads to a significant underestimation of these responses. It is also evident that none of the three NLDI variants can pro-
vide a reasonable estimation of the floor spectral ordinates in the vicinity of the first mode.

3.5 | Proposed solutions to eliminate the shortcomings associated with modeling viscous
damping in the direct integration analysis method

When using the NLDI approach for the response history analysis of a BI building, a nonclassical viscous damping
matrix should be developed. The mathematical model used to develop this matrix should be able to (i) prevent the leak-
age of the superstructure damping to the isolated mode and (ii) accurately specify the intended superstructure damping
to the higher modes. To achieve the first objective in FE platforms that by default construct a global classical damping
matrix (eg, SAP2000%), the global proportional damping coefficients (eg, those introduced through the Load Case menu
in SAP2000) should be set equal to zero. As illustrated by Sarlis and Constantinou," this approach can satisfactorily
capture the first-mode responses (eg, see Figure 10A); however, it cannot provide a reasonable estimate of the floor
acceleration responses. As seen in Figure 10B, this approach leads to unrealistically larger short-period floor accelera-
tion responses as it leaves the higher modes (superstructure modes) virtually undamped. This section proposes solutions
for this latter shortcoming.

In Section 2.3, it was discussed that the KD component of the superstructure mitigates the higher-mode responses
(superstructure responses) in a BI building. For the i-th story, the desired horizontal damping force provided by the
KD term of the superstructure damping can be expressed by Equation (13).

(F1Y), =Bk (x5 — %5y). (13)

In Equation (13), X] is the horizontal velocity of the i-th floor with respect to the ground; k; is the lateral stiffness of
the i-th story defined herein as the load (story shear-force) required to produce a unit displacement of a subassembly
consisting of the i-th story's columns fixed at the bottom end and the beams above; B, = 2&*%*'/w,, where &8 is
the intended viscous damping ratio (eg, 0.05), and w, is the second angular frequency of the BI building computed based
on the post-elastic stiffness of the isolators. In an FE platform, explicit viscous damping elements attached between the
adjacent floors can generate the desired damping force given by Equation (13). The details of modeling these viscous
damping elements in an analysis program such as SAP2000” are provided next. In SAP2000%, the Exponential Maxwell
Damper element, denoted as the viscous damper (VD) hereinafter, can be adjusted to generate the damping force given
by Equation (13). This element includes a dashpot in series with a linear spring. The nonlinear force-velocity relation-
ship of the VD can be expressed as

FY=k"A=c"d. (14)

where k" is the spring stiffness; C*® is the damping coefficient; A is the deformation across the spring; d is the defor-
mation rate across the dashpot; and A is the damping exponent. Theoretically, for a given story, every span of the frame
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should be equipped with identical VDs to represent a uniform distribution of the inherent damping throughout the
story. However, as illustrated later in this section, for the studied BI buildings, the axial force demands on the attached
VDs are not significant with respect to the columns' gravity forces (ie, the local effects are insignificant). Furthermore, in
the FE model used in this study, the horizontal displacements of all nodes of a given floor are constrained together.
Therefore, it is reasonable to assume that a single VD attached at the middle span of a story of the frame can represent
the entire inherent damping in the story. Figure 11 illustrates the schematic model of the four-story BI building with the
proposed VDs attached diagonally between the adjacent floors. To minimize the axial deformations of the spring com-
ponent of the VDs and obtain the behavior desired for the purpose of this study (ie, pure damping), a relatively large
value is assigned to kv, Therefore, the total deformation of the VD element would be the deformation of the dashpot,

d. For the i-th story, d; ~ (xf - )'cf_l)Cos(Gi), where 6; is the angle the attached VD makes with the horizontal. The hor-
izontal component of the VD force should simulate the KD force given by Equation (13). Therefore, the A exponent
should be equal to unity, and the damping coefficient C\ should satisfy Equation (15).

Cl4 = Bk} /Cos?(6)). (15)

As an illustrative example, for the studied four-story frame, k; = 4.06x10° kN/m; 6; = 0.46 rad; and assuming a vis-
cous damping ratio of 5%, B = 7.2x107° s. Substituting these parameters into Equation (15), C‘l’d is equal to 3.64x10°
kN-s/m.

The proposed VDs are incorporated into the FE model, and NLDI analyses are conducted for the three scaled ground
motion records. Figure 12A illustrates the axial force-deformation loops of the attached VD at the first story for the BI
configuration with Fy/W = 0.10 subjected to the scaled ABBAR-T record. Figure 12B presents similar results for the BI
configuration with F,/W = 0.05. As seen in Figures 12A and B, for both configurations, the axial force of the VD
element is limited to 0.01W. The horizontal component of this force is 9.0x10~*W, which is significantly smaller than
the building maximum base shear (ie, 0.26W). The summation of the vertical components of the VDs forces at all stories
is limited to 0.04W, whereas the gravity force of the column adjacent to the VDs is 0.17 W implying that VDs alter the
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FIGURE 12 Axial force-deformation hysteretic loops for the attached viscous damper at the first story of the BI building subject to the
scaled ABBAR-T record: (A) Fy/W = 0.10; (B) F,/W = 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]
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column maximum axial force by only 10%. Therefore, the local effect of the VDs is not significant. Furthermore, given
the load combinations used for designing structural elements (eg, those used in ASCE/SEI 7-16*°) and the relatively
small seismic forces generated by these supplementary VDs, gravity loads are to govern the design of the considered col-
umns. If for a given BI building, the axial force of the VD elements is significant, the VDs should be distributed at every
span of the frame to minimize their local and global effects.

Figure 13 presents an evaluation of the proposed approach using the responses of the two BI configurations to the
scaled ABBAR-T record. In this figure, in addition to the results of the proposed approach and the baseline case (the
FNA with damping override), the results for the NLDI approach with 5% traditional RD (5% global damping to the first
two modes of the BI building) are also presented for comparison purposes. As seen, the NLDI with 5% RD underesti-
mates structural responses, especially first-mode responses, with respect to the baseline case (eg, see isolator displace-
ment and shear force responses in Figure 13B). The results consistently illustrate that the response estimates of the
proposed approach, especially the peak responses that are usually used for design proposes, are fairly close to those
of the baseline case. The estimates of the proposed methods for the floor spectral accelerations in the vicinity of the sec-
ond mode, which dominate the floor spectrum, and also in the vicinity of the first mode closely match those of the base-
line case. The baseline case specifies a constant 5% viscous damping to the second and higher modes. However, in the
proposed approach, the KD coefficient was computed based on specifying 5% damping to the second mode, and
therefore, a higher damping value is automatically specified to the third and higher modes. As a result, the estimates
of the spectral acceleration responses in the vicinity of the third and higher modes based on the proposed approach
are lower than those of the baseline case.

An alternative solution is also proposed that might be software-specific and not available in some FE platforms. In
SAP2000% a nonclassical damping matrix that does not alter the first-mode damping can be developed using ‘material
damping’. In this software, the intended viscous damping can be specified to the materials of interest (instead of the
Load Case). This allows for the specification of the viscous damping only to the superstructure material in a BI building.
Adopting this approach, the proportional damping coefficients are not applied to the global stiffness and mass matrices
of the BI building but instead are applied to the superstructure elements, and as a result, a nonclassical damping matrix
is developed. The accuracy of this method is examined in Figures 14A and 14B. As seen, this approach results in base-
shear hysteresis loops and roof spectral acceleration ordinates that are analogous to those of the FNA approach with
damping override.
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TABLE 5 The values of the selected seismic responses of the BI configuration with Fy/W = 0.05 subject to the three ground motions
records for different analysis cases

Event The scaled ABBAR-T The scaled GO3090 The scaled YER360
NLDI ® NLDI NLDI

FNA?* RD5 RD0O Mat. VD FNA RD5 RDO Mat. VD FNA RD5 RDO Mat. VD
Vimadd W 0.26 0.16 027 0.26 0.26  0.26 020 026 0.25 026 027 023 027 027 0.27
PBD (m) 043 022 044 043 043 042 030 042 042 042 044 037 045 044 044
PRD (m) 0.48 0.26 0.50 0.48 048 048 0.33 0.49 0.48 048 0.50 0.42 0.51 0.50 0.50
PRA (g) 031 024 058  0.30 029 037 031 056 036 0.34  0.39 031 0.53 037 0.35
PCA(g) 20 1.8 3.4 2.0 1.8 2.0 1.6 4.4 1.9 1.8 2.1 2.1 4.6 2.1 1.9

Note: (a) FNA with 0% first-mode damping override and 5% higher-mode damping (the baseline case). (b) NLDI approach with four different damping models:
RD5 and RDO imply, respectively, RD with 5% and 0% damping for the first two modes of the BI building; the term ‘VD’ refers to the proposed approach with 0%
damping together with the additional VDs; the acronym ‘Mat.” implies 5% KD assigned to the superstructure material.

Table 5 presents the values of various seismic responses of the configuration with F,/W = 0.05 subject to the
three scaled ground motion records for different analysis cases including the NLDI approach with the proposed
damping models (ie, the supplemental VDs and material damping). Results presented in this table consistently illus-
trate that both proposed approaches can provide responses fairly close to those of the baseline analysis case, whereas,
the NLDI method with the widely used 5% RD can significantly underestimate both first- and higher-mode domi-
nated responses.

4 | CONCLUSIONS

This study addresses challenges encountered in modeling the viscous (inherent) damping in base-isolated (BI) buildings
with linear and bilinear isolation systems. The conducted numerical and analytical investigations illustrate that the
mathematical method adopted for the Finite Element (FE) modeling and analysis of a BI building can lead to the
unintended addition of damping to the vibration modes of the building. It is shown that this phenomenon, referred
to as ‘damping leakage’, can result in a significant underestimation of the first- and/or higher-mode responses. Direct
Integration (DI) and modal history analysis are widely used for the response history analysis of BI buildings. When a
modal history analysis is used, the global inherent damping could be directly specified to the vibration modes of interest.
Therefore, as identified in a previous study' and corroborated in this research, damping leakage can be readily
prevented by assigning a zero damping to the isolated mode, whereas the desired non-zero damping values can be
assigned to the higher modes. For example, this feature is available in the SAP2000®'s implementation of the Nonlinear
Modal History Analysis, also known as Fast Nonlinear Analysis (FNA). When the DI method is used for the response
history analysis of a BI building, a global viscous damping matrix is formed as part of the solution to the equations of
motion, which makes the mitigation of damping leakage a challenging task. This study provides solutions to address
this challenge. The results of the FNA approach are used as a baseline to evaluate the applicability of the proposed
solutions.
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In many FE platforms, when implementing the DI method, for developing the global damping matrix, proportional
damping coefficients are applied to the 'global’ mass and stiffness matrices of the system (for example this is the case
when proportional damping is introduced through the Load Case in SAP2000®). Adopting this approach for a BI build-
ing results in a classical damping matrix. Furthermore, this global damping matrix is usually developed based on the
elastic stiffness of the system (including isolators) and remains constant during the responses as opposed to being
updated based on the current nonlinear stiffness of the system (isolators) at each time step. The combination of these
two latter issues results in significant damping leakage to the isolated mode and the spurious suppression of the first-
mode responses (up to 50% for the studied cases). Results of this research show that a nonclassical damping model
(ie, the assembly of the superstructure and isolation system damping sub-matrices) might also fail to accurately specify
the intended damping values to the vibration modes. Using the Rayleigh damping approach to develop the superstruc-
ture damping sub-matrix can lead to the undesired addition of damping to the first (isolated) mode arising from the
mass-proportional component of the superstructure damping. In the isolated mode, the superstructure tends to move
as a rigid body with no significant inter-story deformations.?” Therefore, as identified in a few previous studies, the
superstructure damping at the isolated mode is insignificant suggesting that the mass-proportional component of the
superstructure damping should be removed from the global damping matrix to reliably capture the first-mode
responses. The remaining challenge is the proper modeling of the viscous damping for the higher (superstructure)
modes.

The higher-mode responses in a BI building are controlled by the superstructure inter-story deformations. Therefore,
to achieve the desirable mitigation of the higher-mode responses, inter-story dashpots can be incorporated into the
mathematical model of the building. The stiffness-proportional damping (KD) specified to the superstructure 'alone’
(ie, a nonclassical variant of the KD) can simulate this behavior. In this approach, the coefficient multiplying the super-
structure stiffness matrix should be determined based on the second modal period of the BI building. The results of the
response history analyses illustrate that this approach can properly assign the intended damping to the higher modes
without imparting undesirable damping to the first mode. Therefore, this method can provide reliable estimates of
the first- and higher-mode responses of BI buildings. It is worthwhile noting that, if in this method the stiffness matrix
multiplier is based on the first mode (of either superstructure or BI structure) as recommended in a few previous stud-
ies, unrealistically large damping ratios are assigned to the higher modes resulting in the unintended suppression of the
higher-mode responses (in some cases, higher-mode effects are virtually damped out). The desired nonclassical KD can
be introduced to the numerical model through explicit viscous damper elements attached between adjacent floors. In a
class of program such as SAP2000%, an alternative method to remove viscous damping from the isolated mode and spec-
ify viscous damping exclusively to the superstructure modes is the use of material damping.
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