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Abstract

This paper investigates the seismic loss assessment of seismically isolated and non-isolated
buildings with steel moment or braced frames, designed by the seismic design standard
of ASCE/SEI 7-16. The seismic loss is calculated from the damage to structural and non-
structural components, as well as the demolition and the collapse of buildings. This study
demonstrates that the expected annual losses for seismically isolated buildings are half or
less than half of those calculated for non-isolated buildings. These losses depend on the
types of seismic isolation systems and seismic force resisting systems used. Among the
cases of isolated buildings studied in this paper, the most cost-effective systems are found
to be the buildings designed by minimum strength requirement in ASCE/SEI 7-16 and with
isolators which have displacement capacity 1.5 times larger than the minimum required in
ASCE/SEI 7-16, in terms of expected annual losses. This study also compares the results
obtained from different approaches of selection and scaling of ground motions. The follow-
ing research finds that when Incremental Dynamic Analysis approach with far-field ground
motion set in FEMA P695 is used, the computed expected total annual losses become dou-
bled from the Conditional Spectra approach.

Keywords Seismic loss assessment - Seismic isolation - ASCE/SEI 7 standard - Friction
pendulum isolator - Displacement restraint - Collapse probability

1 Background

Previous studies by first author (Kitayama and Constantinou 2018a, 2019a) and others
(Shenton and Lin 1993; Masroor and Mosqueda 2015; Sayani et al. 2011; Erduran et al.
2011) demonstrated that the seismic performance of seismically isolated buildings is supe-
rior to that of comparable non-isolated buildings in terms of reduced seismic demands,
such as reduced floor acceleration, reduced peak story drift and reduced residual story
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drift. Other studies (Kitayama and Constantinou, 2018b, 2019b; Bao et al. 2018) dem-
onstrated that increasing the displacement capacity of seismic isolation system or having
moat wall with higher design strength of isolated superstructures could reduce the collapse
probability and achieve the acceptable collapse probability defined by ASCE 7 seismic
design standards (ASCE 2010, 2017).

The above studies demonstrated that the seismically isolated buildings could be
designed to achieve higher performance than those comparable non-isolated buildings
under wide range of earthquake events. However, some owners of buildings, especially
those who own structures whose failure would not inhibit the availability of essential com-
munity services in an emergency situation (those belong to Risk Category IV in ASCE/SEI
7-16, 2017), may still choose non-isolated buildings because the initial costs of seismically
isolated buildings are generally higher than those of comparable non-isolated buildings.
A building owner is generally motivated by cost, and higher initial cost of a seismically
isolated building coupled with the difficulty of conveying the seismic performance benefits
have prevented seismic isolation from becoming mainstream design practice in the United
States (Ryan et al. 2010; Cilsalar 2019). While the seismic performance enhancement by
using seismic isolation systems would likely increase the initial cost, it is expected that this
increase might be compensated by benefits realized over the life of a structure (Terzic et al.
2012). To encourage the implementation of seismic isolation systems to a wider class of
structures, earthquake engineering professionals must be able to demonstrate those situa-
tions when the seismic isolation represents more appropriate and cost-effective earthquake
risk management (Cutfield et al. 2016).

One of the earliest studies of life cycle performance of seismically isolated buildings
was conducted by Thiel (1986). The study examined the different structural systems of
superstructures, disruption values, insurance coverage deductible, insurance cost, different
regions, and lifetime of structures. The study concluded that base isolation is an economi-
cally attractive option compared to other non-isolated structures while the level of eco-
nomic advantage of using seismic isolation has strong dependence on insurance parameters
and disruption costs.

Pyle et al. (1993) performed a life cycle cost assessment of three different seismic retro-
fit strategies (seismically isolated structure, and two non-isolated structures) for the State
of California Justice Building. The results demonstrated that the life cycle costs of the iso-
lated and non-isolated building (designed by minimum seismic requirements in State of
California Seismic Safety Commission 1991) were approximately the same because of the
nearly equal balance between the additional cost of special construction for the seismic iso-
lation and its net savings in earthquake losses over the life of the buildings. Note that while
the research and practice that followed often overlooked the life cycle cost when assessing
the seismic performance of seismically isolated buildings, Pyle et al.’s paper claims that
Senate Bill 920 (passed by the State of California in 1989), recognized the importance of
life cycle cost rather than simply initial cost.

Recently, Goda et al. (2010) investigated the seismic performance of seismically iso-
lated and non-isolated buildings by using simple 2-DOF and 1-DOF models, respectively.
The study demonstrated that the expected lifecycle cost for seismically isolated buildings
could be lowered by optimizing the strength of the superstructures. The study concluded
that the expected life cycle cost for seismically isolated buildings could be reduced by
20-40% by comparisons with non-isolated buildings when their design base shear strength
values were the same. In practice, the structural strengths of isolated superstructure and
non-isolated structure may be different (Kikuchi et al. 2008), and more realistic compari-
sons of lifecycle costs between isolated and non-isolated buildings are needed.
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More recent studies used PACT software that can implement the seismic loss assess-
ment based on the procedures that are detailed in FEMA P58 (2018). Cutfield et al. (2016)
investigated the life cycle performance of non-isolated buildings with Special Concentri-
cally Braced Frames (SCBF) and seismically isolated buildings with Ordinary Concen-
trically Braced Frames (OCBF). The study found that the performance of isolated build-
ings was governed by the potential for moat wall pounding. The study also concluded that
the cost-efficiency of using seismic isolation systems increases markedly if the increase
of initial cost by adding seismic isolation system is 2-3% of total building construction
cost. Sani et al. (2017) studied the seismic performance of low-rise buildings with Spe-
cial Moment Resisting Frames (SMF) with lead rubber seismic isolation bearings. The
study concluded that the increased initial construction cost of seismically isolated build-
ings in comparison with non-isolated buildings can be repaid within 741 years, depending
on the assumed discount rate and number of stories of buildings (4, 6 and 8 stories). The
study also presented that as the story number increases, the payoff time decreases, moreo-
ver, as discount rate increases, payoff time increases. A similar approach was utilized in
Ryan et al. (2010), which studied seismic performance of seismically isolated buildings
with Intermediate Moment Resisting Frame (IMRF) and OCBF, and non-isolated build-
ings with SCBF and SMF. The study concluded that the annual losses in the seismically
isolated buildings with OCBFs was about 25% of those with non-isolated buildings with
SCBF, however, the annual losses in the seismically isolated buildings with IMRF and
non-isolated buildings with SMF were about the same. The study also pointed out that
the possible cost premium of 8-12% for use of seismic isolation systems was deterrent for
most owners and the investigation to reduce such amount of premium was needed. Mayes
et al. (2013) studied the seismic performance of buildings with various seismic protective
systems. The study demonstrated that the seismically isolated buildings with braced frames
performed best in comparisons with buildings with moment frames and viscous dampers,
Buckling Restrained Braced Frames, SMF, Pres-Lam timber coupled-walls and cast-in-
place reinforced concrete shear wall, in terms of calculated repair costs and repair times
under the earthquake scenario of 10% in 50 years occurrence. Dong and Frangopol (2016)
studied seismic performance of seismically isolated building with IMRFs and non-isolated
buildings with SMFs. Their investigation examined various seismic performance indexes,
including repair loss, fatality loss, CO, emissions and downtime. The study concluded that
the seismic performance of seismically isolated buildings was superior to that of compara-
ble non-isolated buildings.

2 Reserch scope

While the aforementioned studies provided some insights into the life cycle seismic loss
performance of seismically isolated buildings, there are more things that should be con-
sidered. Namely, some studies did not consider the displacement capacity of seismic iso-
lation bearings (Goda et al. 2010; Terzic et al. 2012; Mayes et al. 2013; Dong and Fran-
gopol 2016); other studies did not employ large number of recorded seismic ground
motions to consider the effect record-to-record variability on the results of assessment
(Goda et al. 2010; Dong and Frangopol 2016). Also, none of the studies considered the
contribution from residual story drift to the seismic loss calculation, which was found to
be significant for non-isolated reinforced concrete buildings by previous study (Ramirez
and Miranda 2012). In addition, some of the above studies (Ryan et al. 2010; Terzic et al.
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2012; Dong and Frangopol 2016; Cutfield et al. 2016) studied seismically isolated build-
ings that were designed based on the previous design standard (ASCE/SEI 7-10 2010) that
required smaller minimum design strength for isolated superstructures than the required
strength specified in the latest standard (ASCE/SEI 7-16 2017). The study of the isolated
buildings that are designed by different design standards (ASCE/SEI 7-10 or ASCE/SEI
7-16) resulted in different seismic performance in terms of peak story drift, peak residual
drift, peak floor acceleration and collapse probability (Kitayama and Constantinou 2018a,
2019a). Finally, none of the above studies considered appropriate set of ground motion
records for nonlinear seismic response analysis that are representative of various intensities
of earthquake events in terms of the acceleration response spectra shapes (Baker and Cor-
nel 2006). The study reported in this paper attempts to address the issues above that have
not yet been addressed.

This study investigates the seismic loss in terms of repair costs of structural and
non-structural components and cost that arises when demolition is needed and collapse
occurs in seismically isolated and non-isolated buildings with SCBFs and SMFs. The
6-story steel buildings in Kitayama and Constantinou (2018a, b; 2019a, b) are consid-
ered. The building plan and elevations are shown in Fig. 1. All buildings considered in
this paper were designed based on the requirements in ASCE/SEI 7-16 standard (2017).
The design and modeling details of seismically isolated and non-isolated buildings are
available in Kitayama and Constantinou (2018a, b; 2019a, b). The data from the results
of seismic response analysis in Kitayama and Constantinou (2018a, b; 2019a, b) are
used in this paper to compute seismic losses. This study first examines the seismic loss
by constructing the loss vulnerability curves for structural repair loss, non-structural
repair loss, demolition loss and collapse loss and total loss based on the methodolo-
gies developed by Ramirez and Miranda (2012) that explicitly considers the influence of
residual story drift. The selection and scaling of ground motions are conducted based on
NIST (2011) and Lin et al. (2013) to consider properly the spectral shape effect (Baker
and Cornel 2006). Subsequently, the expected annual losses are calculated by integrat-
ing the seismic hazard curves with the obtained loss vulnerability curves. Finally, the
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effect of different methods of selection and scaling of ground motions on the calculated
mean annual seismic losses is examined.

3 Methodology for seismic loss performance assessment

3.1 Overview

This study follows the seismic loss estimation methodology described in Hwang and
Lignos (2017a; b) which is based on the study by Ramirez and Miranda (2012). In this
study, spectral shape effect is properly accounted for by using Conditional Spectra for
selection and scaling of earthquake ground motions for seismic response analysis based
on NIST (2011) and Lin et al. (2013). The spectral shape effect on the seismic perfor-
mance of seismically isolated and non-isolated buildings was found to be significant
when computing collapse probability (Haselton et al. 2011; Kitayama and Constantinou
2018a, 2019b; Cilsalar and Constantinou 2020) and thus it may have an important effect
on the seismic loss estimation. More information regarding the ground motion selec-
tion and scaling for the structures studied in this paper can be found in Kitayama and
Constantinou (2018a). As an example, selected and scaled ground motions for seismic
response analysis of seismically isolated buildings, target Conditional Spectra (NIST
2011, and Lin et al. 2013) with target variations of + 2c, and Conditional Mean Spectra
(CMS; Baker 2011) for ten return periods are shown in Fig. 2. Note that the engineering
demand parameters (EDP; such as maximum story drift ratios, residual story drift ratios
and peak floor accelerations and collapse capacities) that were reported in Kitayama and
Constantinou (2018a, b; 2019a, b) are used in this paper.
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Fig.2 Example seismic response spectra for selection and scaling of ground motions for response history
analysis of seismically isolated buildings with lower bound isolator properties (T =3.66 s). a Conditional
spectrum with ground motions selected and scaled to fit the target spectrum, b conditional mean spectra
(CMS) for different return periods
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3.2 Formulas

By assuming mutually exclusive and collectively exhaustive events of building collapse
and no collapse, and building demolition and no demolition, the mean of total seismic
losses conditioned on the seismic intensity measure IM=im, y; 1y, can be written as fol-
low (Hwang and Lignos, 2017a):

Hi, M = ML RIMNC (1 - Pl)lIM.NC) : (1 - PClIM) +HL, D" Pl)lIM,NC . (1 - PC\IM) + Hc 'PC|IM

ey
where ;g vnc 1S mean of losses because of repairs for structural and nonstructural com-
ponents conditioned on no collapse and no demolition given a seismic intensity IM =im;
My, p is mean of losses due to the demolition. Based on Hwang and Lignos (2017b), y; p
is assumed to be equal to the total replacement cost of the building. This includes the
total replacement cost of the building plus additional costs due to building demolition and
debris removal (=10% of the replacement cost based on Baradaran Shoraka et al. 2013)
minus the corresponding cost of those building components that can be recycled (=10% of
the replacement cost based on Hwang and Lignos 2017b). y; ¢ is mean value of loss due
to collapse. This loss corresponds to the total replacement cost of the building (Hwang and
Lignos 2017b). Given that this paper is discussing fairly modern structures (designed based
on ASCE/SEI 7-16, 2017) that are not prone to the progressive, pancake collapse (a col-
lapse mechanism that was often observed in the past—see Okada and Takai 2000; Adam
et al. 2018), the "collapse" that we consider in this paper is actually closer to a demolition
rather than an outright destruction of the building. Note that, in the end, when building is
demolished, adding 10% of the replacement cost to the total replacement cost of the build-
ing and then removing it for recycling brings us to the same values between y; |, and
Heic- Ppivne 18 probability that the building is demolished given an IM=im; Py is col-
lapse probability given an IM=im. yi; | v nc can be calculated as follows:

m n

HigRIMNC = Z Z / Hi,Ds; DS |EDPfEDP|IMdEDP )
i=1 j=0

where m is number of damageable components being considered; 7 is number of damage
states a component may experience; y;, ps, is mean repair cost for the i™ component being
in the /™ damage state; Jeppim 18 probablhty density function of the EDP given an IM= lm
Pps, [EpP is probability of the EDP of interest associated with the i component being the j
damage state given an EDP=edp. Note that frppy is assumed to follow a lognormal dis-
tribution defined by the median and logarithmic standard deviation. The PDS,.].|EDP is calcu-
lated by the following equation that can consider dependence of geometry of braces on
component fragility curves as (Hwang and Lignos, 2017a):

1 = Fpg, (EDP) - Fppg (GP) (G =0, i.e.,, no damage)
Pos,eop = 4 Fos, (EDP) - Fps (GP) = Fg | (EDP)- Fs | (GP) (1 <j <n)
Fps, (EDP) - Fyg (GP) G =n)
3)

where FDs,., (EDP) is fragility curve (=lognormal cumulative distribution function, exceed-

ance probability) for the ith component being in the jth damage state conditioned on an
EDP=edp; FDs,.f (GP) is cumulative distribution function for the ith component being in the
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Jjth damage state conditioned on a geometric parameter GP = gp. This is essentially a factor
to modify the FDs,., (EDP) and depends on the database compiled by Lignos and Karamanci

(2013). The Pppync in Eq. (1) is obtained by the following equation:

(S}

Ppivne = /PD\RSDRfRSDRHMdRSDR 4)
0

where frsprjv is probability density function of the maximum residual drift ratio along the
height of the building given an IM=im; Pprgpg is probability of having to demolish the
building conditioned on the maximum residual story drift ratio (RSDR) along the height
of the building, which is modeled by lognormal distribution with a median pprgpr =0.015
radians and a logarithmic standard deviation f,prspr = 0.3 based on Ramirez and Miranda
(2012). The P¢ypy in Eq. (1) is obtained by the following equation:

2
M (ln s—1In IMCOL’SO)
Pom =/ exp | — T ds

0 sﬂ\/ﬁ

&)

where f is a record-to-record variability of collapse uncertainty and IMq; s is the median
collapse intensity. # and IMq; 5o were computed based on Baker (2015). Note that in this
approach, repair cost uncertainty (Yang et al., 2009; FEMA, 2018) is not accounted for.
Note also that when there is no damage (j=0), the cost factor (= ”L:leSU) becomes zero
(=0), as noted in the Table in Appendix A. Thus, the inside product of Eq. (2) becomes
zero when j=0. For this case, the top line in Eq. (3) can be omitted, as in Eq. (7) in Brad-
ley et al. (2008). Note that if the cost uncertainty is accounted for, the Hr,ps, will have dis-
tribution, and depending on the sampling of distributions, they may become H,ps, #0
even when j=0.

The results of calculation from Eq. (1) are integrated with seismic hazard curves to
obtain expected annual loss (FAL) as:

[oe]

dA
EAL:/ﬂLrlIM ™M
0

dIM

diM (6)

where A, is mean annual frequency of exceeding particular seismic intensity measure.

The above loss assessment procedure is implemented in MATLAB (version 9.1.0; The
MathWorks, Inc. 2016) and the results are presented in the following sections. Source code
and associated documentation are available on an online repository at https://github.com/
shkma/LossAssessment [last accessed: 05.Feburary.2021].

4 Structures and isolation systems considered

The 6-story seismically isolated and non-isolated steel buildings in Kitayama and Constan-
tinou (2018a, b; 2019a, b) were considered. The original design of the seismically isolated
building was presented in SEAOC Volume 5 Seismic Design Manual (SEAOC 2014) and
McVitty and Constantinou (2015). The total seismic weight of the buildings when seis-
mically isolated is 53,670 kN. When non-isolated, the weight is 45,285 kN. The build-
ings were assumed to be located on soil class D in San Francisco, CA (Latitude 37.783°,
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Longitude -122.392°) with Risk-Targeted Maximum Considered Earthquake (MCEg;
ASCE/SEI 7-16 2017) spectral acceleration values of Sy;g=1.5 g and S,;;=0.9 g. For the
Design Earthquake (DE; ASCE 2017), the parameters are Spg=1.0 g and Sp; =0.6 g. All
floors are classified for office occupancy (Risk Category II; ASCE/SEI 7-16 2017). The
seismic force resisting frames for the isolated buildings were designed as follows: (a) per
minimum criteria for R;=2.0 for the MCEy and (b) for R;=1.0 for the MCEy, (per ASCE/
SEI 7-16). The comparable non-isolated building was designed based on Sect. 12.8.4.2 in
ASCE/SEI 7-16 2017. Also, comparable non-isolated structures were designed with R=6,
£,=2, C4=5 for the SCBF and with R=38, £,=3, C4=5.5 for the SMF. Note that the
Sect. 17.5.4.2 of ASCE/SEI 7-16 (2017) specifies that the R; factor for the seismically iso-
lated superstructure shall be three-eighths of the value of R given in Table 12.2-1, with a
maximum value not greater than 2.0 and a minimum value not less than 1.0. The data from
the results of seismic response analysis in Kitayama and Constantinou (2018a, b; 2019a,
b), in terms of peak floor acceleration, peak and residual story drift ratio and probability
of collapse, are used in this study. The member section properties and other details in the
design of buildings can be found in Kitayama and Constantinou (2018a, b).

5 Component fragility curves

In calculating Eq. (3), the information of component fragility curves for components that
are dependent and are not dependent on the geometric parameters, FDS;,. (EDP) and
Fps, (GP), respectively, are used. This fragility information is expressed as median value
(= ;;EDP) and dispersion factor (= f,zpp; lognormal standard deviation). Values of pppp
and S gpp for computing Fps, (EDP) are summarized in Appendix A with the information
of repair cost parameter Hr,ps, for each component and damage state. Also, the values of
ugp and By, gp for computing FDSy(GP) are summarized in Appendix B. The information in
Appendix B is from Lignos and Karamanci (2013). Note that for buildings with SMFs, the
dependence of geometric parameters on component fragility curves is not considered thus
F, DS, (GP) in Eq. (3) is replaced with unity.

6 Total replacement cost of the buildings

Based on the studies of Thiel (1986), Mayes et al. (1990), Pyle et al. (1993), and Charleson
and Allaf (2012), the cost differential between the seismically isolated and non-isolated
buildings is the sum of the followings:

(i) Increased cost of the seismic isolation bearings and structural support systems;
(i1) Increased cost to allow for architectural accommodation of isolator displacement;
(iii) Increased cost to construct moat retaining wall around the entire perimeter of the
building;
(iv) Savings by designing the isolated superstructure to a lower force level,
(v) Savings by reducing the number of bracings for some or all mechanical (non-struc-
tural components) systems; and
(vi) Increased cost of design services.
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Based on Ryan et al. (2010), the increased costs for i. to iii. above are estimated to be
883 USD/m? (=82 USD/ft?). This study considers four different types of seismic iso-
lation systems for buildings with SCBF and SMF, as listed in Table 1. Those are triple
friction pendulum (TFP; Fenz and Constantinou 2008)—the size of these bearings were
determined based on the minimum requirement per ASCE/SEI 7-16 (ASCE 2017) without
moat wall (TFP-1); TFP with moat wall at the onset of hardening regime (TFP-1, with
moat wall); TFP with larger displacement capacity without moat wall (TFP-3); and dou-
ble concave friction pendulum bearing (DC; Fenz and Constantinou 2006) with minimum
required size per ASCE/SEI 7-16 (ASCE 2017) without moat wall (DC-1). The details of
selected seismic isolation bearings are available in Kitayama and Constantinou (2018a, b;
2019a, b).

Construction of moat wall increases the cost. Based on the study by Ryan et al. (2010),
the unit cost of constructing moat wall (with moat cover) costs 98 USD/m? (=9.06 USD/
ft%). The single floor area of building is calculated to be 1756 mZ/floor for all buildings
considered in this study (see Fig. 1 for building geometry). Thus, when the moat wall is
not constructed, a total of (approximately) 98 USD/m*x 1756 m*>=171,234 USD is dis-
counted. Also, when the larger size isolators are used (TFP-3 instead of TFP-1), it was
assumed that the cost for seismic isolation system increases by 5% (from the cost of TFP-
1), based on the reported costs of conventional isolators that are in the thousands of dollars
(Konstantinidis and Kelly 2012; Ahmad et al. 2020). Note that the difference in the costs
when using different seismic isolation bearings (TFP or DC) was not considered in this
study (i.e., the costs for TFP and DC were assumed to be the same).

Since the isolated buildings with braced frames (especially the ones designed by
R;=2) use smaller structural braces (i.e., smaller Hollow Structural Section or HSS
braces) than the non-isolated buildings, some cost savings should be considered. This
saving is estimated by the numbers of stories (in this case, braces at 1st and 2nd stories),
quantities (=144 in total), and median cost of braces corresponding to DS;; (“Round
HSS”) in Appendix A (=47,882USD for non-isolated; 37,014USD for isolated) as:
% - 144 - (47,882 — 37,014) = 521, 664USD. Alternatively, one may compute the cost sav-
ings of structural elements based on the assumed weight of materials (ex. 4000USD/ton for
steel, Ryan et al. 2010).

Thiel (1986) reported that the cost of bracing mechanical systems to meet the California
Hospital Code is approximately 22-43 USD/m? (=2-4 USD/ft?). This implies that the cost
saving by using reduced number of braces for mechanical systems when seismic isolation
is used is not negligible for hospital building. This study examined office buildings, and it
is assumed that there is much less mechanical bracing in the structures, thus this cost sav-
ing (“v.”) is not considered in this study. Also, the increased cost of design service (‘“vi.”
above) for seismically isolated buildings is ignored in this study due to the unavailability
of this information. Note that elements of seismic isolation systems are considered strong
enough so that they will not have any damage (i.e., no repair action is needed for seismic
isolation systems). Thus, the fragility and repair cost parameters for seismic isolation sys-
tems are not developed in this study.

The total replacement cost of the non-isolated buildings with SCBF and SMF are
estimated by assuming that the square meter costs of buildings with SCBF and SMF are
1,880 USD/m? and 2,690 USD/m?, respectively, based on Hwang and Lignos (2017a;
b). The total replacement cost for seismically isolated building is calculated by adding
and subtracting the increased and saved costs calculated above (“i—vi”) from the total
replacement cost of non-isolated buildings. Table 1 summarizes replacement costs for all
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buildings. The estimated replacement costs are consistent with the recent previous studies
(Ryan et al. 2010; Terzic et al. 2012).

7 Results and discussion of seismic loss assessment

This section provides results of seismic loss assessment. The calculation of Eq. (6)
needs seismic hazard data, which are obtained for the site (Latitude 37.783°, Longi-
tude — 122.392°) from USGS website (https://earthquake.usgs.gov/hazards/interactive/
[last accessed 4.0ct.2020]). See Fig. 3 for the seismic hazard curves used in this study. For
more information, see Kitayama and Constantinou (2018a, 2019a).

7.1 Loss vulnerability curves

Figure 4 presents loss vulnerability curves for the selected cases in Table 1. These figures
show the relationship between intensity of ground motions (i.e., return period in this study)
and mean of total seismic losses (= K jvs S€€ Eq. (1)) normalized by total replacement cost
(see Table 1). The use of return period for horizontal axis of vulnerability curves, instead of
other intensity measures used in other studies, such as spectral acceleration at the structural
fundamental period, Sa(7;) (Ramirez et al. 2012; Hwang and Lignos 2017a, b), enables direct
comparisons between vulnerability curves of different structural systems that have different 7.

Note in case of the seismically isolated buildings, the return periods correspond to the
spectral acceleration at the effective period of vibration, Ty, (Sect. 17 in ASCE 2017). The
values of spectral accelerations are used as an intensity measure when integrating the vul-
nerability curves with seismic hazard curves to obtain expected annual loss (EAL) in Eq. (6).

The comparisons of vulnerability curves between non-isolated (Fig. 4a, b) and isolated
structures (Fig. 4c, d, e, f) indicate that isolated structures can mitigate seismic loss caused
by frequent seismic events (small return periods). Comparisons of vulnerability curves
between TFP with moat walls and DC without moat wall indicate that the seismic loss of
seismically isolated buildings with DC systems are mostly resulted from collapse. Earlier
studies by first author (Kitayama and Constantinou 2018a, b; 2019a, b) presented that the
collapse of buildings with DC isolation systems without moat wall were caused by collapse
of seismic isolation bearings led by excessive isolator displacement. As shown in Fig. 4(e)
and (f), the vulnerability curves of collapse and total loss are almost identical.

Fig.3 Seismic hazard curves for 10° . - ;
buildings studied e

5% Damping |

Aga[1/Year]
S

— 7=0.524 sec. * \
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Fig.4 Loss vulnerability curves of selected structural systems: a Non-isolated SCBF; b Non-isolated SMF;
¢ Isolated SCBF designed with R;=2, with TFP and with moat wall; d Isolated SMF designed with R;=2,
with TFP and with moat wall; e Isolated SCBF designed with R;=2, with DC and without moat wall; f Iso-
lated SMF designed with R;=2, with DC and without moat wall

It is seen from Fig. 4(a) that for non-isolated SCBF, the loss from damage to struc-
tural components contribute largely under the lower intensity (=small return period) earth-
quakes. This is because the considered buildings with SCBF have a large number of braces
in the seismic force resisting frames (see Fig. 1). Also, it is seen from Fig. 4b for non-
isolated SMF, contribution of demolition loss is significant. This observation is consistent
with the previous studies of non-isolated steel buildings (Hwang and Lignos, 2017a, b).
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Fig.5 Normalized expected annual losses for non-isolated and isolated steel frame buildings

7.2 Expected annual loss

Figure 5 presents the expected annual loss (FAL) of all cases in Table 1, which were cal-
culated from Eq. (6) and the information presented in Fig. 4. It is seen from the figure that
the normalized EAL for all the isolated buildings are smaller than the corresponding non-
isolated buildings. For non-isolated buildings with SCBFs, the largest contribution to the
EAL is structural repair loss that is caused by the peak story drift. For isolated buildings
with SCBFs, the collapse of buildings are the major contributor to the total EALs. For non-
isolated buildings with SMFs, the largest contribution to the EAL is demolition loss that is
caused by the residual story drift. This is also seen for the isolated buildings with SMFs.
When DC bearings are used in seismic isolation system and moat wall is not used, the con-
tribution of collapse is the largest loss among other losses for both buildings with SCBFs
and SMFs. This is because when DC bearings are used in the seismic isolation systems, the
damage to the superstructures is mitigated by the reduced floor acceleration and reduced
story drift (Kitayama and Constantinou, 2018a, 2019a).

@ Springer



1156 Bulletin of Earthquake Engineering (2022) 20:1143-1168

7.3 Effect of ground motion selection and scaling on the results of seismic loss
assessment

In the previous studies of seismic loss assessment of buildings, researchers used differ-
ent ways of selection and scaling of ground motions for seismic response analysis. For
example, Bradley et al. (2008), Ramirez and Miranda (2012), Ramirez et al. (2012),
Dimopoulos et al. (2016), Sani et al. (2017) and Nikellis et al. (2019) used Incremental
Dynamic Analysis (IDA; Vamvatsikos and Cornell 2002) to obtain EDP. The ground
motion records used in these IDAs have large magnitudes and peak ground accelerations
that may cause collapse of buildings and such records are scaled to represent frequent
earthquake event (using small scale factors) and to represent rare earthquake event
(using large scale factors). Thus, such analysis may not be suitable for seismic assess-
ment of buildings which examines building performance under frequent to rare earth-
quake events as the ground motion records are not representative of frequent earthquake
events. By recognizing that the collapse fragility curves obtained from IDA does not
account for spectral shape effect (Baker and Cornell 2006), some researchers (Hwang
and Lignos 2017a, b) modified the median values of spectral accelerations at the col-
lapse of buildings (i.e., median collapse capacities) by multiplying factors (such factors
have values that are usually larger than 1) based on Haselton et al. (2011) to consider
spectral shape effect. However, since such modification only adjusts the values of Pqyy
in Eq. (1), it may not improve the seismic loss evaluation in terms of total value of EAL.
Recent study by Elkady et al. (2018) computed earthquake induced loss of eight story
buildings with steel moment frames using Conditional Spectrum approach based on Lin
et al. (2013) that is similar to the approach used in the previous sections in this paper.
Since the selection and scaling of the ground motions for seismic response analysis are
the first major steps of loss assessment process (Krawinkler 2002), it is of interest to
know the effect of using different approaches of selection and scaling of ground motions
on the computed values of EAL. In this study, two additional approaches are compared
with the Conditional Spectra approach that were presented in the previous sections:
(i) IDA without adjustment of collapse fragility curves for spectral shape effect, and
(i) IDA with adjustment of collapse fragility curves based on Haselton et al. (2011)
to consider spectral shape (hereafter, “SS”) effect. The procedure of how the collapse
fragility curves are adjusted for spectral shape effect is detailed in Kitayama and Con-
stantinou (2018a). Note that the record set used for IDA is the far-field record set in
FEMA P-695 (2009) with acceleration records of peak ground acceleration larger than
0.2g and magnitude larger than 6.5. This set of ground motions was commonly used in
the previous seismic loss assessment studies (Ramirez and Miranda 2012; Ramirez et al.
2012; Dimopoulos et al. 2016; Nikellis et al. 2019; etc.). Figure 6 summarizes both IDA
approach and Conditional Spectra approach for selection and scaling of ground motions.
The detailed information of both approaches is available in Kitayama and Constantinou
(2018a).

Figure 7 presents the normalized EALs for non-isolated and seismically isolated steel
frame buildings. Note that when the EDPs were obtained from IDA and the spectral
shape effect was ignored for computing collapse fragility curves (i.e., without adjust-
ment for collapse capacity or Pqypy in Eq. (1)), it is denoted as “IDA w/o. SS adjust-
ment.” Similarly, when the EDPs were obtained from IDA and the collapse fragil-
ity curves were adjusted by the spectral shape factor (per Haselton et al., 2011), it is
denoted as “IDA w. SS adjustment.” By comparing the total normalized EALs between
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Figs. 5 and 7, there are clear differences between the values computed from Conditional
Spectra approach (NIST 2011; Lin et al. 2013; see Fig. 5) and IDA approach (with and
without SS effect, in Fig. 7). The total normalized EALs for both non-isolated and iso-
lated buildings with SCBFs calculated from IDA approaches (in Fig. 7) are about twice
of those from Conditional Spectra approach (in Fig. 5). The total normalized FALs for
both non-isolated and isolated buildings with SMFs calculated from IDA approach (in
Fig. 7) are more than twice of those from Conditional Spectra approach (in Fig. 5). By
looking at the disaggregation of the total loss to five different losses (structural loss,
non-structural repair losses, demolition loss and collapse loss), it is seen that while total
loss are different from different approaches (i.e., Conditional spectra approach, IDA
w/o. SS adjustment and IDA w. SS adjustment), the contributions to total losses from
each of five losses (=each of five normalized losses divided by normalized total losses)
are almost same.

When comparing the results between “IDA w/o. SS adjustment” and “IDA w. SS
adjustment” in Fig. 7, it is seen that the consideration of SS effect reduces the seismic
loss from collapse in all structures. The effect of SS is minor for non-isolated buildings
with both SCBFs and SMFs because the contribution of collapse to the total loss is
small for non-isolated buildings. This is in contrast with the results of collapse perfor-
mance in terms of collapse probability conditioned at the Maximum Considered Earth-
quake (MCEy), in which SS effect made the large difference in the calculated values of
probabilities of collapse at MCEy (probabilities of collapse were 6.3 and 3.4% when
SS effect was not considered and considered, respectively, for buildings with SCBFs;
probabilities of collapse were 0.87 and 0.02% when SS effect was not considered and
considered, respectively, for buildings with SMFs; see Tables 3 and 5 in Kitayama and
Constantinou 2019b). The effect of SS on the calculated total loss for seismically iso-
lated buildings is more significant than those of non-isolated buildings because the ratio
of losses computed from collapse in the seismically isolated buildings are larger than
those in non-isolated buildings.

Table 2 Total EAL for studied cases from IDA approach with and without spectral shape adjustment

Size and type of isolators™ EAL (USD)

IDA w/o. SS adjust- IDA w. SS

ment adjustment
Non-isolated SCBF NA 34,015 33,313
Isolated SCBF (R,=1) TFP-1 19,731 12,256
Isolated SCBF (R;=2) TFP-1 19,509 14,711
Isolated SCBF (R;=2) TFP-1 (with moat wall) 21,666 16,145
Isolated SCBF (R;=2) TFP-3 12,729 9,052
Isolated SCBF (R,=2) DC-1 25,338 17,209
Non-isolated SMF NA 79,590 78,296
Isolated SMRF (R;=1) TFP-1 29,024 21,165
Isolated SMRF (R;=2) TFP-1 29,386 24,020
Isolated SMRF (R;=2) TFP-1 (with moat wall) 30,677 29,497
Isolated SMBF (R;=2) TFP-3 22,193 18,969
Isolated SMBF (R;=2) DC-1 44,998 35,544

“a. For detail of notations, please refer to Kitayama and Constantinou (2018a, b; 2019a, b)
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Table 2 presents the results of calculated total EAL for all studied cases for differ-
ent ground motion selection and scaling approaches. Comparisons of EALs (in USD)
between Tables 1 and 2 suggest that the Conditional Spectra approach (in Table 1) com-
putes the EALs that are about half of EALs computed from IDA approach (in Table 2)
for most structural systems considered in this study. Since the Conditional Spectra
approach provides more accurate results by selecting and scaling all the ground motions
for appropriate spectral shapes and for different intensities, the results of EALs obtained
from IDA approach may be considered as over-conservative.

8 Limitations of this study

This paper offered a comprehensive investigation of seismic loss for seismically iso-
lated and non-isolated steel buildings. However, a number of limitations of the present
study should be pointed out. Such limitations may provide the basis for further research,
which are listed as follow:

e While this study did not use vertical ground motions, the full-scale testing of seismi-
cally isolated buildings in E-Defense facility demonstrated that the vertical ground
motions might cause damage to acceleration sensitive non-structural components
and contents in the seismically isolated buildings (Furukawa et al. 2013).

e While this study considered structures with SCBFs and SMFs as superstructures on
the seismic isolation systems, structural designers may use the Intermediate Moment
Resisting Frames (IMRF) and Ordinary Concentric Braced Frames (OCBF) for
moment frames and braced frames, respectively, on the seismic isolation systems,
because those are more cost-effective structural systems than SMF and SCBF (Ryan
et al. 2010; Sayani et al. 2011; Terzic et al. 2012; Masroor and Mosqueda 2015; Cut-
fielf et al. 2016).

e While the IDA was used with a simple IM of Sa(7) and a set of far-field ground
motions from FEMA (2009), there are many more options (Kohrangi et al. 2020).
Also, the use of Conditional Spectra with Sa(T)) is not a panacea, and it may have
issues of its own. It is certainly a better option versus IDA with a random far-field
record set. Such concern was discussed more in detail for non-isolated buildings in
Kohrangi et al. (2016).

e Cost-benefit analysis (Bradley et al. 2008; Dimopoulos et al. 2016; Ahmad et al.
2019) was not conducted in this paper. Future study may investigate how much is
saved by constructing seismically isolated buildings (in comparison with non-iso-
lated buildings) through the initial investment. The data presented in this paper may
be used in such studies.

e The life cycle seismic performance assessment investigated in this paper focused
on calculation of the seismic losses that arise from the repair effort needed to return
a damaged building to its undamaged state. Other types of seismic losses, such as
due to business interruption during structural and non-structural repair, and build-
ing closure (downtime) might also contribute to total seismic losses (Comerio 2006;
Mitrani-Reiser 2007), however, such studies were left for future investigation.

e This study focused on the seismic loss assessment of seismically isolated buildings
designed for far-field ground motions. Future investigations may address the seismic
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loss of seismically isolated buildings designed for sites within 3 mi (5 km) of the
active fault that controls the hazard.

Also, the height, weight and shape of a building as well as the seismicity of the area
may influence the results of loss assessment (Charleson and Allaf 2012; Molina Hutt
et al. 2016). Although considerations of these might change the presented results in this
paper, these are the limitation of this study that are worthy of future investigation.

9 Conclusions

This paper presented seismic loss assessment of seismically isolated and comparable
non-isolated steel framed buildings. The study considered six-story office buildings
located in California that were designed by the latest seismic design standard, ASCE/
SEI 7-16 (ASCE 2017). The different strength of isolated buildings, different sizes of
seismic isolation bearings, and different types of seismic isolation systems were consid-
ered in the loss assessment. The Conditional Spectra approach (NIST 2011; Lin et al.
2013) was used for selection and scaling of seismic ground motions. The study also
investigated the effect of using more common approach for selection and scaling of seis-
mic ground motion records (i.e., IDA approach) on the results of seismic loss assess-
ment. The main findings are summarized as follows:

1. As far as the specific structural configuration, specific occupancy type and specific
location are considered, seismically isolated buildings can reduce the expected annual
seismic loss by about half or less than half in comparisons with non-isolated buildings.
This finding was true when both Conditional Spectra approach and more commonly used
Incremental Dynamic Analysis approach with FEMA P-695 far-field ground motion set
were used.

2. The seismic loss due to the damage to structural elements was the major contributors
to the total seismic loss in the non-isolated buildings with SCBFs in terms of expected
annual loss. On the other hand, the seismic loss due to the collapse was the major con-
tributors to the total seismic loss in the seismically isolated buildings with SCBF.

3. The seismic loss due to the damage to drift sensitive non-structural components and
loss due to the demolition were the major contributors to the total seismic loss in the
non-isolated buildings with SMFs, in terms of expected annual loss. On the other hand,
the seismic loss due to the collapse and the demolition were the major contributors to
the total seismic loss in the seismically isolated buildings with SMF.

4.  When the DC isolators were used for seismic isolation systems, the contribution of col-
lapse loss to the total loss was large.

5. The most cost-effective seismic isolation systems were buildings designed by R;=2
(i.e., minimum required strength of superstructures per ASCE/SEI 7-16 standard) and
with the size triple friction pendulum isolators with the displacement capacity of 1.5
times of minimum required by ASCE/SEI 7-16 (i.e., TFP-3 or displacement capacity of
1.5Dy—see Kitayama and Constantinou 2018a, b), in terms of expected annual losses.
This was true regardless of framing systems used (SCBF or SMF) and regardless of
approaches of selection and scaling of ground motions for seismic response analysis.

6. When IDA approaches (Vamvatsikos and Cornell 2002) with and without spectral shape
correction and with far-field ground motion set in FEMA (2009) were used, the total
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expected annual loss became twice or more than twice of those calculated by Condi-
tional Spectra approach, depending on the structural systems considered. Note that the
IDA results can be fairly inconsistent from record set to record set and site to site, thus
more research is needed to generalize the information.
7. When the spectral shape effect on the collapse fragility curve was accounted for based
on Haselton et al. (2011), the expected annual loss (FAL) of seismically isolated build-
ings were reduced. However, it had relatively less effect on the results of seismic loss

of non-isolated buildings.

Appendix 1

Median values and dispersion factors of component fragility curves F Ds; (EDP) and repair

cost parameters for buildings with SCBF or SMF (Unless noted, data are from Hwang and

Lignos 2017a).
Category Component Damage Unit  Fragility Repair cost  Quantity
description States parameters (total)
(DS)
EDP HeDP Pinkne Hi,\Ds,
(USD™VY)
Structural ~ Column base DS, EAT SDR™  0.04 0.40 19,224 16
compo- (W <223 kg/m)
nents
DS, 0.07 0.40 27,263
DS;; 0.10 0.40 32,423
Column base DS, EA SDR 0.04 0.40 20,082
(223 kg/m<W
<446 kg/m)
DS, 0.07 0.40 29,395
DS, 0.10 0.40 36,657
Column base DS, EA SDR 0.04 0.40 21,363
(446 kg/m<W)
DS, 0.07 0.40 32,567
DS;; 0.10 0.40 41,890
Column splices DS, EA SDR 0.04 0.40 9,446 64
(W <223 kg/m)
DS, 0.07 0.40 11,246
DS; 0.10 0.40 38,473
Column splices DS;, EA SDR 0.04 0.40 10,246
(223 kg/m
<W <446 kg/m)
DS, 0.07 0.40 13,012
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Category Component Damage Unit  Fragility Repair cost  Quantity
description States parameters (total)
(DS)

EDP HEDP PraEpp Hr,Ds

(USDQV,VI)
DS; 0.10 0.40 42,533
Column splices DS, EA SDR 0.04 0.40 11,446
(446 kg/m < W)
DS, 0.07 0.40 14,812
DS;; 0.10 0.40 47,594
Column DS;, EA SDR 0.03 0.30 16,033 192
(w2
DS, 0.04 0.30 25,933
DS, 0.05 0.30 25,933
Column DS, EA SDR 0.03 0.30 17,033
w2y
DS, 0.04 0.30 28,433
DS;; 0.05 0.30 28,433
Round HSS DS;, EA SDR 0.0041 0.51 29,983 144
(Weight <60 kg/m)
(SCBF only) !
DS, 0.0096 0.45 37,014
DS;; 0.0275  0.51 37,014
Round HSS DS, EA SDR 0.0041 051 29,983
(61 kg/m < Weight
<147 kg/m)
(SCBF only) *!
DS, 0.0096 045 47,115
DS;; 0.0275  0.51 47,882
Moment connection DS;; EA SDR 0.03 0.30 16,033 48
(one-sided <W27,
SMF only)
DS, 0.04 0.30 25,933
DS;; 0.05 0.30 25,933

Moment connection DS;; EA SDR 0.03 0.30 17,033
(one-sided > W27,

SMF only)
DS, 0.04 0.30 28,433
DS, 0.05 0.30 28,433
Moment connection DS;; EA SDR 0.03 0.30 30,400 48
(two-sided <W27,
SMF only)
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Category Component Damage Unit  Fragility Repair cost  Quantity
description States parameters (total)
(DS)
EDP HeDP Punepe Hu,lDs,
(USD™VY
DS, 0.04 0.30 47,000
DS;; 0.05 0.30 47,000
Moment connection DS;; EA SDR 0.03 0.30 30,400
(two-sided > W27,
SMF only)
DS, 0.04 0.30 52,399
DS;; 0.05 0.30 52,399
Shear tab connec- DS EA SDR 0.04 0.40 12,107 624
tions (SCBF)
480
(SMF)
DS, 0.08 0.40 12,357
DS;; 0.11 0.40 12,357
Corrugated slab”> DS, m? SDR 0.00375 0.13 18 10,535
DS, 0.01 0.22 33
DS;; 0.05 0.35 57
Non-structural Drywall partition ~ DS;; 6m>  SDR 0.0039  0.17 90 1,756
components
(Drift-sensi-
tive)
DS, 0.0085 0.23 530
Drywall finish DS, 6m>  SDR 0.0039 0.17 90 1,756
DS, 0.0085 0.23 250
Exterior glazing DS, Pane  SDR 0.04 0.36 440 1,427
DS, 0.046  0.33 440
Non-structural Suspended Ceiling, DS; 232m?> PFA™I 109" 030 3,542 45
components SDC D,E (€3]
(Acceleration- (Ip =1.0),
sensitive) Area (A):
A>232m?,
Vert & Lat
support”
DS, 1.69 0307 29,337
DS 191" 030" 55200
Braced automatic DS, 3.66 m PFA 32™ 1.40™ 900 786
sprinklers*4 (g)
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Category Component Damage Unit  Fragility Repair cost  Quantity
description States parameters (total)
(DS)

EDP Hepp Pruepp Hr,|Ds
v, vi
(USD )

Elevator DS, EA  PGA™ 050 028 868 2
(8

*[: EA=Each component; *II: SDR = Story drift ratio; *III: PFA =Peak floor acceleration; *IV: PGA =Peak
ground acceleration; *V: USD = United States Dollar; *VI: y LoIDS; =0; *VII: Note: The section properties
of the gravity frames (columns and beams) are determined based on the previous studies (SEAOC 2014;
McVitty and Constantinou 2015). The following gravity columns are considered: W12 x96, W12x 58 and
W12 %35 for 1* and 2nd stories, 3rd and 4th stories and 5th and 6th stories, respectively. Also, the following
gravity beams are considered: W33 x 118 for the 1% floor (isolated buildings only) and W21 x 44 for other
floors (both isolated and non-isolated buildings).; *1: From Lignos and Karamanci (2013).; *2: From Hwang
et al. (2015).; *3: From FEMA (2018).; *4: From Appendix B.5.1. in Porter and Kiremidjian (2001).

Appendix 2

Median values and dispersion factors for cumulative distribution function F DS’,j(EDP)
(Lignos and Karamanci 2013).

Assembly description Fragility parameters
(GP=KL/r)
Damage state Hkwir Piokwir
Round HSS brace DS, 63.6 0.46
DS, 66.1 0.45
DS;; 68.9 0.40
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