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With an emphasis on predictable performance, the paramount importance of performance-based earthquake
engineering (PBEE) in quantifying earthquake risks and facilitating the better-informed design of the built
environment to achieve earthquake resilience has been widely acknowledged. And the uses of damping systems,
i.e., structures incorporated with supplemental damping devices, have been recognized as an effective structural
development to increase the resilience of structures to earthquakes. This paper presents a uniform hazard
spectrum (UHS) based site-specific ground motion selection procedure, to implement the PBEE framework to
relate earthquake hazard to structural performance for structures with variable dynamic properties. This ground
motion selection procedure accounts for the effect of variable structural dynamic properties on hazard charac-
terization for structures with damping systems. A paradigm building site, on which the site-specific hazard from
the probabilistic seismic hazard analysis (PSHA) is consistent with the risk-targeted hazard from the design maps
of ASCE/SEI 7-10, is selected for the implementation of the procedure. Three suites of 40 ground motions
representing various hazard intensities at the building site are selected for time history dynamic analysis of a
prototype structure with nonlinear viscous damping system. Evaluated is the probability distribution of major
engineering demand parameters (EDPs) including story drift, residual story drift, floor velocity, and floor ac-
celeration. The results demonstrated that the major EDPs of a building structure with supplemental nonlinear
viscous dampers at a paradigm site can be estimated using the lognormal probability distribution, and the
proposed UHS-based site-specific ground motion selection procedure is critical to the performance assessment of
structures with variable dynamic properties in the PBEE framework.

1. Introduction needs in the aftermath of a major earthquake, researchers (e.g., Burton

etal. [9] and Bruneau et al. [10]) have discussed the engineering aspects

The idea of earthquake resilience has been zealously endorsed over
the past two decades when disastrous earthquake events in very
different parts of the world have questioned the capability of commu-
nities to reduce casualties, structural damages, and interruptions of
infrastructural facilities, when they are stroked by these extreme events.
In this regard, the need to establish earthquake-resilient communities
has been identified as the frontier challenge to be addressed by earth-
quake engineering research in a substantial amount of published works
on earthquake resilience [1-8]. As outlined in these published works, a
key aspect of resilience is to mitigate the lasting effects of earthquakes
on society and enhance the capacity for disaster recovery. Focused on
the question of how to increase the post-earthquake operationally of
structures and infrastructure facilities that are critical to a community’s
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of resilient communities and identified the engineering challenges on
the way to the built of resilient communities. One of the greatest chal-
lenges is to introduce resilience measure metrics and quantify resilience
for evaluation, which demands for methods to determine the expected
response of structures and to relate this to meaningful performance
metrics. With an emphasis on providing predictable performance under
multiple levels of earthquakes, the role of performance-based earth-
quake engineering (PBEE) [11-12] in quantifying earthquake risks and
facilitating the better-informed design of the built environment has been
regarded of paramount important to the establishment of earthquake
resilient communities. To address specific aspects of resilience, major
developments have been accomplished in PBEE over the past two de-
cades to relate quantitative measures of earthquake hazard to system
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performance metrics through probabilistic seismic hazard analysis
(PSHA) [13-14], advanced modeling and nonlinear response history
analysis [15-16], and performance quantification and assessment
[17-18]. As a result, performance quantification in terms of direct
economic losses and collapse risk due to earthquakes, as well as other
performance measures including risks of building closure, repair times,
and casualties are all included in the latest generation of PBEE frame-
work [12].

As one of the critical components of the PBEE framework for risk
assessment, the purpose of seismic hazard analysis is to characterize
earthquake hazard in terms of a ground motion intensity measure and
select ground motions to represent the characterized hazard for the site
of interest. Conventionally, the 5-percent damped spectral acceleration
for a given earthquake event at the fundamental period of a structure is
used to represent the ground motion intensity measure [19]. And, the
uniform hazard spectrum (UHS) from PSHA, of which the spectral ac-
celerations at each period have a uniform probability of exceedance
(POE) (e.g., 10% POE in 50 years), has been widely adopted as the target
hazard spectrum for ground motion selection. In the meantime, alter-
native hazard intensity measures and target hazard spectrum that are
supposed to be more suitable than the UHS have been put forward by
researchers for ground motion selection for better structural response
quantification [20-26]. Particularly, Baker and Cornell [20-21] pro-
posed the vector-valued intensity measure consisting of spectral accel-
eration and spectral shape indicator to account for the effect of ground
motion spectral shape on structural response. Based on this, the condi-
tional mean spectrum (CMS), of which the spectral accelerations were
computed conditional on a target spectral acceleration at a single period,
was proposed to be used as a target spectrum for ground motion selec-
tion [22]. As the CMS accounts for the correlation in spectral accelera-
tions at multiple periods, it has been regarded maintains the
probabilistic rigor of PSHA, and therefore, can be utilized as a useful
target spectrum to select ground motions to enable better quantitative
assessments about the probability distribution of structural response
from dynamic analysis. Accordingly, as an alternative to conventional
ground motion selection approaches utilizing the UHS as the target
hazard spectrum, this CMS-based ground motion selection approach has
gained increasing popularity in probabilistic seismic engineering as-
sessments. As a result, institutional reports such as the PEER report
2009/01 [27] and the NIST [28] have included both the UHS and CMS-
based approaches for ground motion selection for code-based design and
performance assessment of buildings using time history dynamic anal-
ysis. Nevertheless, as the CMS conditions on the spectral acceleration at
a single period, challenges remain for implementing this CMS-based
ground motion selection approach for structures sensitive to excitation
at multiple periods and accurate quantification of variability in
response. Moreover, with the ongoing development of structural systems
that are sensitive to loading rate for earthquake-resilient design, it is of
great importance to identify the most suitable ground motion selection
approach that benefits probability observation of structural response
and quantitative performance assessment from dynamic analysis.

Structures incorporated with supplemental damping devices are a
type of structure that has been established for use toward high-
performance objectives to minimize post-earthquake disruption.
Extensive research works have demonstrated that incorporating damp-
ing devices in structure design not only can reduce the engineering
demand parameters (EDPs) that necessitate special attention in the
design of nonstructural components, equipment, and contents, but also
can reduce the structural material cost and carbon footprint of the
structure [29-33]. The recent construction of The 181 Fremont tower in
San Francisco demonstrates the rising trend of implementation of
advanced damping technologies to enable the resilience-based design of
buildings to achieve a “Gold” rating as outlined in the REDi Rating
System [34]. With this rising trend of implementation, research works
have reported one of the distinctive characteristics of structures with
supplemental damping devices that needed to be considered in the
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design and analysis of such types of structures, i.e., the dynamic prop-
erties of these structures are variable during the excitations of dynamic
loadings. For instance, Sause et al. [35] revealed the dependence of
near-optimal damping on brace stiffness for structures with viscoelastic
dampers. Fu and Kasai [36] showed the stiffness and damping of
viscoelastic and viscous damper systems depend not only on the type of
damper but also on the mechanical interaction of the damper with the
structure. Lin and Chopra [37] found the effectiveness of nonlinear
dampers in structural response reduction depends on both bracing
stiffness and spectral region of the pseudo-velocity response spectrum of
ground motions. Dong et al. [38] experimentally observed the mecha-
nism of dynamic stiffness of steel frame structures with nonlinear
viscous dampers when subjected to ground motion excitations. In
practice, despite seismic design provisions such as those ASCE/SEI 41-
06 [39], FEMA P-750 [40], and ASCE/SEI 7-10 [41] have included
analysis procedures to promote the use of supplemental damping tech-
nology in seismic-resistant design, the loading dependent characteristics
of such type of structures has never been considered in the process of
ground motion selection for use in dynamic analysis and performance
assessment. Therefore, in order to reliably relate earthquake hazard
measures to the performance of structures with supplemental damping
devices, it’s necessary to account for the variable dynamic properties of
structures in ground motion selection.

This paper proposes a site-specific ground motion selection proced-
ure, through which to implement the PBEE framework to relate earth-
quake hazard to structural performance for structures with variable
dynamic properties using the context of a steel structure with supple-
mental damping devices at a paradigm building site. In Section 2, this
paper begins by discussing the differences between the risk-target haz-
ard from ASCE/SEI 7-10 seismic design maps and the site-specific hazard
from PSHA, and assessing the suitability of ground motion selection
approaches using the UHS and CMS as the target hazard spectrum for
structures with variable dynamic properties. Based on this, Section 3
presents a site-specific ground motion selection procedure using the
target spectra of UHS. Then in Section 4, suits of ground motions rep-
resenting various hazard intensity levels at a paradigm building site are
selected for use in dynamic analysis of the reduced design of steel
structure with supplemental damping devices. Section 5 presents the
details of the design and modeling of the steel structure damped with
nonlinear viscous dampers. Finally, an evaluation of the probability
distribution of the major EDPs including peak story drift, residual story
drift, peak floor velocity, and peak floor acceleration is given in Section
6. Through the evaluation, it is demonstrated that the proposed UHS-
based site-specific ground motion selection procedure enabled the esti-
mation of the major EDPs of the paradigm structure using a probabilistic
approach, which is critical to the performance assessment of structures
with variable dynamic properties in the PBEE framework.

2. Site-specific hazard and target hazard spectrum
2.1. Ground motion maps and site-specific hazard

Historically, the earthquake ground motion maps in the NEHRP
Provisions and ASCE/SEI 7 Standards have been directly based on the
National Seismic Hazard Models (NSHM) of the U.S. Geological Survey
(USGS). Based on the 2008 update of the USGS NSHM for the conter-
minous United States [42], both the 2009 NEHRP Recommended
Seismic Provisions and the 2010 ASCE/SEI 7-10 Standard contain maps
of Risk-Targeted Maximum Considered Earthquake (MCER) spectral
response accelerations at 0.2 s and 1.0 s, denoted Sg and S, respectively,
for designing buildings and other structures. This risk-targeted MCEg
spectral acceleration intensity was adopted to achieve a more uniform
probability of collapse across various seismic zones within the U.S,,
recognizing the probability of collapse is not necessarily equal to the
probability of the ground motion intensity exceeding the maximum
considered earthquake (MCE) ground motion intensity which has a POE
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of 10% in 50 years. According to ASCE/SEI 7-10, the site-specific MCEg
spectral response acceleration at any period shall be taken as the lesser
of the spectral response accelerations from the probabilistic ground
motions and the deterministic ground motions. The probabilistic MCEg
spectral acceleration is defined as the spectral acceleration in the di-
rection of the maximum horizontal response represented by a 5-percent
damped acceleration response spectrum that is expected to result in a
1.0% probability of collapse within a 50-year period, while the deter-
ministic MCER spectral acceleration is defined as the 84th-percentile 5-
percent damped spectral acceleration in the direction of the maximum
horizontal response.

For a paradigm building site in southern California (latitude, longi-
tude = 33.979° N, 117.6° W; class D) with Ss=1.5 gand S; = 0.9 g, both
the MCEg response spectrum and the design spectrum of ASCE/SEI 7-10
can be determined, as shown in Fig. 1. The design spectrum represents
the design basis earthquake (DBE) hazard intensity which has a POE of
10% in 50 years. Also compared in the figure are the site-specific UHS
generated by the USGS and the UHS for an arbitrary component of
horizontal ground motions generated using the Campbell and Bozorgnia
(2008) ground motion model [43], referred to herein as the CBO8 model.
The CB08 model is one of the equally-weighted three ground motion
models that were implemented to generate the 2008 USGS seismic
hazard maps for crustal faults in the Western United States (WUS) [42].
As can be seen, although the USGS site-specific UHS with 2% POE in 50
years and the MCER spectrum of ASCE/SEI 7-10 have comparable
spectral accelerations at 0.2 s and 1.0 s, the discrepancies in spectral
accelerations over the period range tell the difference between the site-
specific hazard and the hazard represented by the ASCE/SEI 7-10
Standard spectrum. However, the UHS generated using the CB08 model
closely matches the USGS site-specific UHS for various hazard levels
including the intensity with 2%, 10%, and 50% POE in 50 years. In this
regard, for a specific site where the site-specific MCER spectral response
acceleration is governed by the probabilistic MCER spectral, the UHS
generated using the CBO8 model can be used as the target hazard
spectrum if the maximum structural response under an arbitrary ground
motion component regardless of direction is of interest. The target UHS
was generated using the OpenSHA program [44].

2.2. Target hazard spectrum

The objective of ground motion selection for a target hazard is to
provide a reliable prediction of structural response through dynamic
analysis. Thus, a target hazard spectrum to which the spectra of ground
motions are matched is required. The UHS and CMS are two types of
target hazard spectra that have been commonly used for ground motion
selection in literature and practice. The UHS is an envelope of the
spectral amplitudes at all periods that have the same POE (e.g., 50%,
10%, and 2% in 50 years) that are computed using the PSHA, which
hypothetically does not undervalue the hazard for a specific site of in-
terest. Though the UHS is not a genuine representative of the spectral
shape of any single ground motion, it has been legitimately replicated by
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the design spectra in seismic design provisions for use in seismic design.
On the other hand, as the CMS is constructed on the condition of a given
target spectral acceleration value for a specified hazard at a period of
interest, it is regarded as the expected response spectrum for ground
motions [22]. The conditional period of interest for the CMS is usually
the fundamental period of the structure or the period at which the
structure has a dominant dynamic response. If a structure has a domi-
nant dynamic response at multiple periods, or if the period corre-
sponding to the dominant structural response is indeterminate due to
variable dynamic characteristics under transit ground motion excita-
tions, multiple CMS target hazard spectra corresponding to multiple
periods of interest need to be considered. This dilemma poses a chal-
lenge for selecting ground motions to a CMS target hazard spectrum for
structures with variable dynamic properties such as structures with
supplemental damping devices of which the structural behavior is sen-
sitive to loading rate. For instance, Dong et al. [38] observed that the
identified first mode frequencies of structures with nonlinear viscous
dampers under the DBE and MCE ground motion excitations are 20%
~75% higher than the frequencies of the structures at rest, depending on
the supplemental damping level. Fig. 2 shows the comparison of the UHS
with the CMS conditioned on multiple periods of interest. As can be seen,
the spectral accelerations of a CMS conditioned on a shorter period of
interest (e.g., 0.75 s) are larger than those of a CMS conditioned on a
longer period of interest (e.g., 1.25 s) when the spectral periods are less
than 1.0 s, and smaller when the spectral periods are greater than 1.0 s.
Due to this challenge for implementing the CMS for ground motion se-
lection for structures sensitive to dynamic excitation at multiple periods,
epistemic uncertainty could arise in the observations of structural
response from dynamic analysis if ground motions are selected based on
the CMS that is conditioned on a longer period of interest than the
fundamental period of the structure. In the meantime, although the UHS
is not a genuine representative of the spectral shape of any single ground
motion, it is less likely to undervalue the hazard at a specific site.
Therefore, this study uses the UHS rather than the CMS as the target
hazard spectrum for ground motion selection for structures with
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Fig. 2. Comparison of UHS and CMS target hazard spectra.
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Fig. 1. ASCE/SEI 7-10 MCEg spectrum, design spectrum, and uniform hazard spectrum.
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variable dynamic properties (i.e., structures with supplemental damping
devices. Correspondingly, a procedure for ground motion selection for
such structures with damping devices at a specific site is developed in
Section 3.

3. Site-specific ground motion selection procedure for damped
structures

The procedure for selecting and scaling ground motions for a specific
seismic hazard level represented by the UHS at the building site has the
following steps:

Step 1: Characterize site-specific seismic hazard. The seismic haz-
ard at the building site should be characterized by performing PSHA.
The USGS Seismic Hazard Maps and Site-Specific Data tool (http
s://www.usgs.gov/programs/earthquake-hazards/seismic-hazard-map
s-and-site-specific-data) or the ASCE/SEI 7 hazard tool (https://asce
7hazardtool.online/) can be used to understand the hazard at a speci-
fied period, i.e., spectral response accelerations at 0.2 s and 1.0 s. The
USGS site-specific UHS at the building site should be compared to the
ASCE/SEI 7 spectrum, as like in Fig. 1, to discern the compatibility and
discrepancy between the site-specific hazard and the mapped hazard in
ASCE/SEI 7.

Step 2: Establish the target hazard spectrum. As the maximum
structural response under an arbitrary ground motion component,
regardless of direction, is of interest to the evaluation of engineering
demand parameters, the mapped spectral response accelerations in
ASCE /SEI 7-10 are maximum horizontal response direction based for
buildings. Thus, the UHS for an arbitrary component of horizontal
ground motions generated using the CB08 ground motion model [43]
can be used as the target hazard spectrum. Compared to other ground
motion models used in the USGS [45-46], the Campbell and Bozorgnia
model is able to predict the arbitrary horizontal component of ground
motions. The OpenSHA program [44] can be used to generate the target
UHS. As shown in Fig. 1, the predicted target hazard spectrum shall be
compared to the USGS site-specific UHS and the spectrum in ASCE/SEI
7-10 for various hazard levels, respectively.

Step 3: Hazard deaggregation. The contributions to the hazard from
various magnitude (M), distance (R), and epsilon (¢) combinations can
be calculated through the deaggregation of hazard. The epsilon (¢),
defined by Baker et al [21], is an indication of the shape of the response
spectrum for a ground motion. The deaggregation represents the con-
ditional probability of M, R and ¢ when the spectral acceleration exceeds
the hazard level at the building site. For instance, the mean M, R, and ¢
for the target hazard with 2% POE in 50 years at period range from 0.1 to
3.0 s at for the sleeted paradigm building site (i.e., site latitude, longi-
tude = 33.979° N, 117.6° W) can be obtained, which are listed in
Table 1. The mean earthquake magnitudes for the hazards at 0.2 s and
1.0 s are My, 6.62 and M,, 7.17, respectively.

Step 4: Ground motion amplitude scaling. Earthquake ground mo-
tion records from the PEER NGA Database [47] can be selected and
scaled to match the target UHS over a period range from 0.2 s to 4.0 s.
The PEER NGA database consists of 3551 multi-component records from
173 shallow crustal earthquakes with magnitudes ranging from 4.2 to

Table 1
Mean magnitude, distance, and epsilon from deaggregation of hazard with 2%
POE in 50 years at paradigm building site.

Period, T Spectral acceleration, =~ Magnitude, Distance, R Epsilon,

(s) Sa (g) M,, (kM) €
0.1 1.22 6.54 15.6 1.70
0.2 1.51 6.62 16.2 1.73
0.3 1.48 6.73 17.1 1.72
0.5 1.27 6.87 17.9 1.72
1.0 0.87 7.17 21.4 1.79
2.0 0.49 7.44 26.4 1.76

3.0 0.33 7.58 28.3 1.68
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7.9. The scale factor for each record is calculated using Equation (1):

21 Sa N (Ty)

—_———— 1
Z;‘:lszccord(Tj) ( )

scale factor =

where Si°"d(T;) is the spectral acceleration of the ground motion at
period Tj, S¢"®(T;) is the spectral acceleration of the target UHS at
period Tj, and n is the number of periods used for the calculation. A total
of 16 periods (i.e., n = 16) in the range of 0.2 to 4.0 s (i.e., 0.2, 0.25, 0.3,
0.4, 0.5, 0.6, 0.75, 0.85, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 s) are
recommended to use in the calculation.

Step 5: Matching indicator calculation. The match between each
scaled ground motion record and the target hazard spectrum is quanti-
fied by the sum of squared errors (SSE) [22], as Equation (2). A smaller
SSE indicates the scaled ground motion record more closely matches the
target hazard spectrum over the period range of interest.

SSE =" (InS=(T;) — InS“#(T;)) @)
=1

=

where InS®°™(T;) is the logarithm of the spectral acceleration of the
ground motion record at period Tj, and InSZ"#*(T;) is the logarithm of
the spectral acceleration of the target UHS at period T;. The 16 periods
used for the scale factor calculation are also used for the SSE calculation.
The logarithm of the spectral acceleration is used in Equation (2) based
on an assumption of lognormal distribution for the spectral accelerations
of ground motions at each period. Eventually, the median spectral ac-
celeration spectrum of the selected suite of ground motions can be ob-
tained using Equation (3), which is expected to match the target UHS.

smedian eNlEillnSif“’“l(i) 3)
where N is the total number of individual ground motions included in
the selected suite of ground motions, S i) is the spectral acceleration
of the i individual ground motion, and STe4i2" is the median spectral
acceleration of the suite of ground motions.

Step 6: Ground motion refinement. Depending on the number of
records desired to be included in the selected suite of ground motions,
records with smaller SSE values should be included with priority. To
better represent the hazard events sources at the building site, each suite
of ground motions should be refined by only including the ground mo-
tions with magnitudes and distances that are close to the deaggregation
results. Ground motions with large scale factors, with spectral shapes
that are significantly different than the target UHS, and without detailed
information about the recording stations, should be excluded from the
ground motion suite.

4. Paradigm building site and ground motions

A stiff soil site, where the hazard from PSHA is consistent with the
hazard represented by the ASCE/SEI 7-10 seismic maps, is selected as
the paradigm building site for this study. The site is located in Pomona,
California (latitude, longitude = 33.979° N, 117.6° W). According to
USGS, the spectral acceleration at 0.2 s and 1.0 s at this site are Sy = 1.51
g and S; = 0.87 g for hazard intensity with 2% POE in 50 years (i.e., the
MCE level intensity with a return period of 2475 years) (see Fig. 3) and
Ss = 1.01 g and S; = 0.54 g for hazard intensity with 10% POE in 50
years (i.e., the DBE level intensity with a return period of 475 years).
These values are substantially close to the values of S = 1.5 g and S; =
0.9 g for the MCE response spectrum and Ss = 1.0 g and S; = 0.6 g for the
DBE response spectrum from ASCE/SEI 7-10. As illustrated in Fig. 1, the
site-specific UHS generated using the CBO8 ground motion model are
compared with the response spectrum from ASCE/SEI 7-10 and the UHS
generated by the USGS for POE of 10% and 2% in 50 years, respectively.
These plots show the discrepancies in spectral accelerations of these
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Fig. 3. PSHA deaggregation of hazard with 2% POE in 50 years at 0.2 s and 1.0 s for the paradigm building site (USGS Unified Hazard Tool, https://earthquake.usgs.

gov/hazards/interactive/).

spectra are small for the paradigm site.

Using the procedure in Section 3, three suites of 40 ground motions
were selected to represent the frequently occurring earthquake (FOE)
which has a POE of 50% in 50 years, DBE, and MCE hazard levels at the
building site. Detailed information for the suites of ground motions are

summarized in Tables 2, 3 and Table 4. The response spectra for these
ground motions, the median spectrum of the ground motions, and the
target hazard spectrum are plotted in log scale and compared in Fig. 4.
As can be seen, the median spectrum of each ground motion suite has
good agreement with the target spectrum over the period range of 0.1 s

Table 2
Ground motions at FOE hazard level.
D NGA Record No. Earthquake Ground motion record Scale Factor SSE
R (kM) M,, € Vs30 (m/s) Year Name
1 832 69.2 7.3 0.37 271.4 1992 Landers ABY000 1.48 0.74
2 832 69.2 7.3 0.44 271.4 1992 Landers ABY090 1.30 0.63
3 949 8.7 6.7 1.30 297.7 1994 Northridge ARL360 0.75 0.84
4 721 18.2 6.5 1.55 192.1 1987 Superstition Hills B-ICC0O00 0.63 0.79
5 138 28.8 7.4 0.24 338.6 1978 TABAS BOS-L1 1.71 0.61
6 838 34.9 7.3 0.48 370.8 1992 Landers BRS000 1.64 1.00
7 728 13.0 6.5 0.56 193.7 1987 Superstition Hills B-WSMO090 1.04 0.58
8 1181 47.3 7.6 0.14 271.3 1999 Chi-Chi, Taiwan CHY004-N 1.86 0.61
9 1208 24.1 7.6 1.15 442.2 1999 Chi-Chi, Taiwan CHYO046-N 0.91 0.33
10 1236 37.5 7.6 1.07 272.6 1999 Chi-Chi, Taiwan CHYO088-E 1.03 0.79
11 1042 12.5 6.7 0.83 446 1994 Northridge CWC270 0.78 0.62
12 850 21.8 7.3 1.20 345.4 1992 Landers DSP090 1.10 1.22
13 1605 6.6 7.1 2.81 276 1999 Duzce, Turkey DZC270 0.35 0.52
14 161 10.4 6.5 0.87 208.7 1979 Imperial Valley H-BRA315 0.85 0.56
15 334 42.0 6.4 0.19 338.5 1983 COALINGA H-COW090 1.29 0.94
16 778 24.8 6.9 1.73 215.5 1989 Loma Prieta HDA165 0.63 1.06
17 169 22.0 6.5 1.39 274.5 1979 Imperial Valley H-DLT262 0.72 0.79
18 169 22.0 6.5 1.66 274.5 1979 Imperial Valley H-DLT352 0.58 0.57
19 178 12.9 6.5 1.32 162.9 1979 Imperial Valley H-E03140 0.68 0.63
20 175 17.9 6.5 0.13 196.9 1979 Imperial Valley H-E12140 1.39 0.51
21 170 7.3 6.5 1.47 192.1 1979 Imperial Valley H-ECC002 0.69 1.18
22 1810 92.0 7.1 0.96 345.4 1999 Hector Mine HECTOR-11625090 1.35 1.11
23 1762 43.1 7.1 1.06 271.4 1999 Hector Mine HECTOR-21081360 1.13 0.54
24 185 7.7 6.5 1.22 202.9 1979 Imperial Valley H-HVP225 0.74 1.19
25 776 27.9 6.9 0.93 370.8 1989 Loma Prieta HSP090 0.81 0.87
26 1009 23.6 6.7 0.76 392.2 1994 Northridge NORTH5082A-235 0.91 0.92
27 316 16.7 5.9 1.44 348.7 1979 Westmorland PTS315 0.89 0.46
28 1085 5.2 6.7 3.23 370.5 1994 Northridge SCE018 0.28 0.41
29 787 30.9 6.9 1.46 425.3 1989 Loma Prieta SLC270 0.79 1.15
30 787 30.9 6.9 1.30 425.3 1989 Loma Prieta SLC360 0.64 1.23
31 802 8.5 6.9 1.60 370.8 1989 Loma Prieta STGO00O 0.58 1.01
32 1481 25.4 7.6 1.06 272.6 1999 Chi-Chi, Taiwan TCUO038-N 0.82 0.59
33 1484 26.3 7.6 1.08 272.6 1999 Chi-Chi, Taiwan TCUO42-E 0.89 0.28
34 1490 9.5 7.6 0.96 272.6 1999 Chi-Chi, Taiwan TCUOS50-E 1.03 0.63
35 1491 7.7 7.6 0.88 272.6 1999 Chi-Chi, Taiwan TCUO51-E 0.92 0.74
36 1495 6.4 7.6 1.45 272.6 1999 Chi-Chi, Taiwan TCUO55-E 0.67 0.48
37 1546 9.4 7.6 1.23 475.5 1999 Chi-Chi, Taiwan TCU122-N 0.74 0.61
38 1008 29.7 6.7 0.15 405.2 1994 Northridge W15090 1.56 0.80
39 803 9.3 6.9 2.15 370.8 1989 Loma Prieta WvVC270 0.52 117
40 900 23.6 7.3 0.89 353.6 1992 Landers YER360 0.97 0.73
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Table 3
Ground motions at DBE hazard level.
D NGA Record No. Earthquake Ground motion record Scale Factor SSE
R (kM) M, I3 Vs30 (m/s) Year Name
1 721 18.2 6.5 1.27 192.1 1987 Superstition Hills B-ICC000 1.33 1.22
2 729 23.9 6.5 1.27 207.5 1987 Superstition Hills B-IVW360 1.30 0.87
3 725 11.2 6.5 0.89 207.5 1987 Superstition Hills B-POE360 1.52 0.81
4 1208 24.1 7.6 0.87 442.2 1999 Chi-Chi, Taiwan CHY046-N 1.94 0.59
5 1209 24.1 7.6 0.75 272.6 1999 Chi-Chi, Taiwan CHY047-N 2.04 0.65
6 1042 12.5 6.7 0.55 446 1994 Northridge CWC270 1.66 0.85
7 850 21.8 7.3 0.91 345.4 1992 Landers DSP090 2.34 1.65
8 1158 15.4 7.5 1.24 276 1999 Kocaeli, Turkey DZC180 1.19 1.27
9 1605 6.6 7.1 2.53 276 1999 Duzce, Turkey DZC270 0.74 0.39
10 161 10.4 6.5 0.59 208.7 1979 Imperial Valley H-BRA315 1.80 1.03
11 778 24.8 6.9 1.45 215.5 1989 Loma Prieta HDA165 1.33 1.03
12 169 22.0 6.5 1.10 274.5 1979 Imperial Valley H-DLT262 1.52 0.94
13 169 22.0 6.5 1.38 274.5 1979 Imperial Valley H-DLT352 1.24 0.82
14 178 12.9 6.5 1.04 162.9 1979 Imperial Valley H-E03140 1.44 0.44
15 1810 92.0 7.1 0.67 345.4 1999 Hector Mine HECTOR-11625090 2.88 0.77
16 1762 43.1 7.1 0.77 271.4 1999 Hector Mine HECTOR-21081360 2.41 0.43
17 185 7.7 6.5 0.94 202.9 1979 Imperial Valley H-HVP225 1.56 0.87
18 776 27.9 6.9 0.64 370.8 1989 Loma Prieta HSP090 1.72 0.82
19 1013 5.9 6.7 1.74 629 1994 Northridge LDM334 1.09 0.48
20 316 16.7 5.9 1.16 348.7 1979 Westmorland PTS315 1.88 0.41
21 1063 6.5 6.7 2.25 282.3 1994 Northridge RRS318 0.66 1.64
22 1085 5.2 6.7 2.95 370.5 1994 Northridge SCE018 0.59 0.52
23 1085 5.2 6.7 2.29 370.5 1994 Northridge SCE288 0.81 1.24
24 787 30.9 6.9 1.18 425.3 1989 Loma Prieta SLC270 1.67 1.17
25 787 30.9 6.9 1.02 425.3 1989 Loma Prieta SLC360 1.35 1.74
26 1481 25.4 7.6 0.78 272.6 1999 Chi-Chi, Taiwan TCU038-N 1.74 0.66
27 1484 26.3 7.6 0.80 272.6 1999 Chi-Chi, Taiwan TCUO42-E 1.68 0.36
28 1484 26.3 7.6 0.80 272.6 1999 Chi-Chi, Taiwan TCUO042-N 1.81 1.01
29 1490 9.5 7.6 0.67 272.6 1999 Chi-Chi, Taiwan TCUO50-E 2.18 0.35
30 1491 7.7 7.6 0.60 272.6 1999 Chi-Chi, Taiwan TCUO51-E 1.95 0.42
31 1495 6.4 7.6 1.17 272.6 1999 Chi-Chi, Taiwan TCUO55-E 1.41 0.46
32 1495 6.4 7.6 0.84 272.6 1999 Chi-Chi, Taiwan TCUO055-N 1.59 0.99
33 1496 10.5 7.6 0.66 272.6 1999 Chi-Chi, Taiwan TCUO056-E 2.09 0.80
34 1496 10.5 7.6 0.77 272.6 1999 Chi-Chi, Taiwan TCU056-N 2.15 0.91
35 2655 19.3 6.2 0.63 475.5 1999 Chi-Chi, Taiwan TCU122-E 2.09 1.04
36 1546 9.4 7.6 0.95 475.5 1999 Chi-Chi, Taiwan TCU122-N 1.56 0.37
37 803 9.3 6.9 1.44 370.8 1989 Loma Prieta WVC000 1.25 1.40
38 803 9.3 6.9 1.87 370.8 1989 Loma Prieta WVC270 1.11 0.91
39 900 23.6 7.3 1.15 353.6 1992 Landers YER270 1.47 1.21
40 900 23.6 7.3 0.60 353.6 1992 Landers YER360 2.06 0.83

to 4.0 s for each hazard level. Fig. 5 shows the lognormal standard de-
viations of spectral accelerations of the ground motions varying over the
spectral periods. The average lognormal standard deviation is approxi-
mately 0.25 over the period range from 0.2 s to 3.0 s for each ground
motion suite, indicating the ground motions are fairly well matched to
the target hazard spectrum. Therefore, it would be reliable to use these
ground motions in time history dynamic analysis for engineering de-
mands prediction and seismic performance evaluation.

5. Design and modeling of prototype structure
5.1. Design of prototype structure

A typical three-story office building structure located on the para-
digm site is chosen for this study. For the seismic resistant design of the
building according to ASCE/SEI 7-10, moment resisting frames (MRFs)
are used as the lateral force resisting system, while damped brace frames
(DBFs) are used as the supplemental damping system. Large force ca-
pacity nonlinear viscous dampers with velocity exponent a = 0.44 were
used in the DBFs. Fig. 6(a) shows the six-bay by eight-bay floor plan of
the building. A total of eight identical pairs of single-bay MRF and DBF,
with four pairs in each horizontal direction, are distributed in the
perimeter of the building. The pairs of MRF and DBF work in parallel in
the same direction through the action of the floor diaphragm that
transfers the earthquake-induced inertial forces into the MRFs and DBFs.
Thus, a pair of MRF and DBF in one direction is studied herein as the

prototype structure, as shown in Fig. 6(b). The seismic tributary area for
the prototype structure is one-quarter of the total building area (i.e.,
three-bay by four-bay).

A performance-based design approach is used for the integrated
design between the MREF (i.e., the LFRS) and the DBF (i.e., supplemental
damping system) of the prototype structure for desired performance
objectives [48]. According to the requirement of ASCE/SEI 7-10, the
MRF is designed for a minimum strength level, that is, the 75% of the
base shear strength demand determined from the equivalent lateral
force (ELF) procedure with parameters R = 8, Cq = 5.5, Sps = 1.0 g, Sp1
= 0.6 g. Therefore, the MRF is referred to as a reduced strength design of
MREF in this study. Given the design strength, the MRF is sized according
to AISC 360-10 [49] and AISC 341-10 [50], using wide flange sections
with ASTM A992 steel for the beams and columns. Also, reduced beam
sections are used in the MRF to protect the beam-to-column welded
connections. As the supplemental damping system of the structure, the
members of the DBF are sized to supposedly remain elastic when sub-
jected to the DBE level ground motions. Considering the practical
availability of nonlinear viscous dampers with a force capacity of 600 kN
and the need to use the same structure for large-scale experimental study
[33], the pair of MRF and DBF are downsized with a scale factor of 0.6
for this study, as shown in Fig. 6(b) for the elevation view. As can be
seen, the structure is horizontally restrained at the ground level, and the
columns of the MRF and DBF are pinned at the column base. Chevron
diagonal braces are used to connect the damper to the floors in each
story of the DBF. The gravity system tributary to the MRF and DBF is
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Table 4
Ground motions at MCE hazard level.
D NGA RecordNo. Earthquake Ground motion record Scale Factor SSE
R (kM) M, e Vs30 (m/s) Year Name
1 729 23.9 6.5 1.28 207.5 1987 Superstition Hills B-IVW360 2.09 0.62
2 725 11.2 6.5 0.90 207.5 1987 Superstition Hills B-POE360 2.44 1.12
3 1208 24.1 7.6 0.73 442.2 1999 Chi-Chi, Taiwan CHY046-N 3.12 0.83
4 1042 12.5 6.7 1.33 446 1994 Northridge CWC270 2.67 1.08
5 850 21.8 7.3 0.86 345.4 1992 Landers DSP090 3.77 1.96
6 1158 15.4 7.5 1.27 276 1999 Kocaeli, Turkey DZC180 1.91 1.14
7 1605 6.6 7.1 1.69 276 1999 Duzce, Turkey DZC270 1.19 0.41
8 161 10.4 6.5 0.67 208.7 1979 Imperial Valley H-BRA315 2.89 1.37
9 778 24.8 6.9 0.82 215.5 1989 Loma Prieta HDA165 2.15 1.09
10 169 22.0 6.5 0.39 274.5 1979 Imperial Valley H-DLT262 2.45 1.10
11 169 22.0 6.5 1.44 274.5 1979 Imperial Valley H-DLT352 1.99 1.04
12 178 129 6.5 0.46 162.9 1979 Imperial Valley H-E03140 2.31 0.46
13 170 7.3 6.5 1.23 192.1 1979 Imperial Valley H-ECC002 2.35 1.43
14 170 7.3 6.5 0.95 192.1 1979 Imperial Valley H-ECC092 2.44 1.42
15 1762 43.1 7.1 0.28 271.4 1999 Hector Mine HECTOR-21081090 3.65 1.13
16 1794 31.1 7.1 0.75 379.3 1999 Hector Mine HECTOR-22170090 4.27 2.54
17 185 7.7 6.5 0.83 202.9 1979 Imperial Valley H-HVP225 2.52 0.79
18 185 7.7 6.5 0.63 202.9 1979 Imperial Valley H-HVP315 2.87 1.92
19 776 27.9 6.9 2.58 370.8 1989 Loma Prieta HSP000 1.26 2.86
20 776 27.9 6.9 1.20 370.8 1989 Loma Prieta HSP090 2.76 0.87
21 864 11.0 7.3 1.46 379.3 1992 Landers JOS090 1.92 1.87
22 1010 23.6 6.7 1.13 413.8 1994 Northridge NORTHR-5082-235 291 2.28
23 316 16.7 5.9 0.76 348.7 1979 Westmorland PTS315 3.03 0.47
24 1063 6.5 6.7 2.03 282.3 1994 Northridge RRS318 1.07 1.93
25 1085 5.2 6.7 0.96 370.5 1994 Northridge SCE018 0.95 0.67
26 1085 5.2 6.7 2.63 370.5 1994 Northridge SCE288 1.30 1.31
27 802 8.5 6.9 1.29 370.8 1989 Loma Prieta STG000 1.97 1.71
28 802 8.5 6.9 1.05 370.8 1989 Loma Prieta STG090 2.78 1.36
29 1077 26.5 6.7 1.11 336.2 1994 Northridge STM360 2.62 2.40
30 1484 26.3 7.6 0.64 272.6 1999 Chi-Chi, Taiwan TCUO42-E 2.69 0.51
31 1491 7.7 7.6 1.07 272.6 1999 Chi-Chi, Taiwan TCUO51-E 3.15 0.35
32 1495 6.4 7.6 0.92 272.6 1999 Chi-Chi, Taiwan TCUO55-N 2.57 0.73
33 1496 10.5 7.6 0.76 272.6 1999 Chi-Chi, Taiwan TCUO056-E 3.36 0.59
34 1496 10.5 7.6 0.40 272.6 1999 Chi-Chi, Taiwan TCU056-N.at2 3.46 0.67
35 1546 9.4 7.6 0.28 475.5 1999 Chi-Chi, Taiwan TCU122-E.at2 3.01 0.97
36 1045 5.5 6.7 1.56 285.9 1994 Northridge WPI316.at2 1.72 1.49
37 803 9.3 6.9 1.55 370.8 1989 Loma Prieta WVC000.at2 2.02 1.52
38 803 9.3 6.9 1.85 370.8 1989 Loma Prieta WVC270.at2 1.78 0.85
39 900 23.6 7.3 1.67 353.6 1992 Landers YER270.at2 2.37 1.19
40 900 23.6 7.3 0.96 353.6 1992 Landers YER360.at2 3.31 0.98

represented by a lean-on column with lumped masses and gravity loads
at each floor level. The resulting 0.6-scaled prototype structure of MRF
and DBF without dampers (hereinafter referred to as the undamped
structure) has a fundamental period of 1.02 s, with story drift design
predictions of 2.62% and 3.93% under the DBE and MCE level, respec-
tively. For the structure including the MRF and DBF with dampers
(hereinafter referred to as the damped structure), the equivalent viscous
damping ratios (&) provided by the dampers are estimated using the
lateral force energy (LFE) method [35], which are 35% and 26% under
the DBE and MCE, respectively. The corresponding story drift pre-
dictions of the damped structure are 1.25% and 2.05% under the DBE
and MCE, respectively. The reductions in story drifts by incorporating
dampers into the structure are 52% and 48% under the DBE and MCE,
respectively.

5.2. Modeling of prototype structure

To quantity the response of the structure under the selected ground
motions with various intensities, a nonlinear numerical model of the
structure is developed using the program OpenSees [51] for time history
dynamic analysis. The beams and columns of the MRF and DBF are
modeled using nonlinear beam-column fiber element. The nonlinear
beam-column fiber element is based on a force formulation (i.e., flexi-
bility based formulation) which considers the spread of plasticity
distributed along the length of the element. The integration along the
element is based on the Gauss-Lobatto quadrature rule. Each column in

each story of the MRF and DBF is modeled with one element. Due to the
use of reduced beam sections at the ends of the beam in each story of the
MRF, each beam in the MRF is modeled with 14 elements to better
model the plasticity distribution at the ends of the beam. Seven fiber
sections (i.e., integration points) are used along the length of these el-
ements. Each fiber section is discretized into 22 fibers, with 12 fibers for
the web and 5 fibers for each flange of the wide-flange steel sections. The
axial force-deformation and moment-curvature response of each fiber
section is accounted for by integrating the material stress-strain rela-
tionship from each fiber to give the resultant section behavior. The shear
force-deformation response is accounted for by a shear force-shear
deformation response associated with the fiber section. The "Steel01"
material, which has a uniaxial bilinear stress-strain relationship with
strain hardening, is used for the fibers at each section. The panel zone
elements are used to model the shear deformation and uniform bending
deformation of the panel zones of the beam-to-column connections. The
elastic modulus and yielding stress of the material are 200,000 MPa and
345 MPa, respectively, and the strain hardening ratio (i.e., the ratio of
the post-yielding modulus over the elastic modules) is 0.01. For the DBF,
the chevron diagonal braces are modeled with linear elastic beam-
column elements. The clevis connections that connect the damper to
the braces and floor beams are modeled using the panel-zone elements
to include shear deformation and uniform bending deformation of the
panel zones of these components. The nonlinear viscous dampers are
modeled using the Nonlinear Maxwell damper model [52]. The
nonlinear Maxwell damper model, which consists of a nonlinear elastic
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Fig. 4. Spectra and median spectrum of ground motions at various hazard levels: (a) FOE; (b) DBE; (c) MCE.
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Fig. 5. Lognormal standard deviations of the spectral accelerations of ground motions versus spectral period: (a) FOE; (b) DBE; (c) MCE.

spring and a nonlinear dashpot connected in series, was validated to
provide a simulated damper response that matches well with the damper
response obtained from the characterization tests [53]. This damper
model is implemented in OpenSees as a new uniaxial material using a
zero-length element to represent the force-deformation and force-
-velocity response quantities of a nonlinear viscous damper.

To account for the P-A effects due to the gravity loads, a lean-on
column is included in the model to simulate the gravity system in the
seismic tributary area of a pair of MRF and DBF. The lean-on column is
pinned at the ground level and modeled with one elastic beam-column
element in each story of the structure. Gravity loads are applied at
each floor level to introduce P-A effects into the model. In OpenSees, the
geometric nonlinearity of the elements is included by using the corota-
tional geometric transformation for the lean-on column elements. The
seismic masses for the structure are the effective seismic weight of the
seismic tributary area of a pair of MRF and DBF, divided by the

acceleration of gravity. In the model, the masses are assigned to the
nodes of the lean-on column. To model an assumed rigid floor dia-
phragm, the nodes at 1/2 and 2/3 span and the top flange of the floor
beams of the MRF and DBF are slaved to the nodes of the lean-on column
at each floor level. This model transfers the inertial forces due to the
floor masses on the lean-on column into the MRF and DBF. The inherent
damping used in the model represents the energy dissipation charac-
teristics of the building during low-amplitude dynamic response. The
inherent damping is modeled using Rayleigh damping. The Rayleigh
damping model is based on a 2% damping ratio for the first and second
modes of the prototype structure. To account for the nonlinear behavior
of the structure, the Newmark constant average acceleration method
[54] and the modified Newton-Raphson iteration method were used to
integrate the equations of motion of the numerical model. Iteration
terminates when the incremental displacement becomes small enough,
which is judged by the Euclidean norm of the incremental displacement
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Fig. 6. Prototype building and structure.

to be smaller than 1 x 108,
6. Observations and quantification of seismic response
6.1. Reduction in structural EDPs

The EDPs that can be used to predict damages to structural and
nonstructural components such as peak story drift, residual story drift,
peak floor velocity, peak absolute floor acceleration, and peak base
shear are evaluated herein. The absolute floor acceleration response is
obtained as the summation of the relative floor acceleration response
and the ground acceleration. Tables 5-7 summarize the mean and co-
efficient of variance (CoV) values of the EDPs from the dynamic analysis
of the undamped and damped structures with the selected suites of FOE,
DBE, and MCE ground motions. The EDPs of the undamped and damped
structures are compared to assess the effectiveness of the dampers in
reducing the quantities of the EDPs and enhancing the resilience of the
structure. Overall, the CoV values suggest the dispersion in the residual
story drift response is larger than that in other EDPs. The reason is that
the residual story drift response of a structure is not only largely
dependent on its elasto-plastic behavior that is closely associated with
the intensity of the ground motions, but also dependent on the time
history characteristics of the ground motions. When yielding occurred to
the structure at a moderate hazard level (e.g., the damped structure at
the DBE hazard level) or the structure had been substantially yielded at a
severe hazard level (e.g., the undamped structure at the MCE hazard
level), due to a widespread observation of the residual story drift
response, the dispersion in the residual story drift response of the
structure at a higher hazard level (e.g., DBE, MCE) is larger than that at a
lower hazard level (e.g., FOE). For this reason, ground motion suits with
a reasonable number of records are required to reliably assess the
seismic performance of a structure in terms of residual story drift
response.

For the structures under the FOE, the EDPs are substantially reduced
by incorporating the damping devices in the structure. In particular, the
mean peak story drift and residual story drift response are reduced by up

Table 5
Reduction of structural response under FOE hazard level ground motions.

70% and 90%, respectively, which essentially eliminated the permeant
deformation of the structure and achieved the fully operational perfor-
mance after the shaking of the earthquakes. According to the criteria in
ASCE/SEI 41-06, the use of supplemental damping devices elevated the
performance of the structure from “Life Safety” to “Immediate Occu-
pancy” which requires a peak story drift ratio of less than 0.7%. In
addition, the supplemental damping devices considerably reduced the
peak floor velocity and peak floor acceleration EDPs that are more
correlated with the damages of nonstructural components by nearly
50%. The mean peak floor acceleration response is diminished to 0.2 g,
which indicates the nonstructural components in the building would be
robust if designed following the requirement of Section 13.3 of ASCE/
SEI 7-10 that the horizontal design force of nonstructural components
shall not be taken less than 30% of the component’s seismic weight for a
building site with Spg = 1.0 g and nonstructural component importance
factor I, = 1.0.

For the structures under the DBE, the undamped structure has a
mean peak story drift of 2.52%, thus barely achieved the “Life Safety”
performance by meeting the story drift limitation requirement of 2.50%
in ASCE/SEI 41-06 for the risk category I or II structures that represent a
low risk to human life in the event of failure. The damped structure has
significantly less story drift response than the undamped structure, and
satisfies the drift limitation requirement of 1.50% in ASCE/SEI 41-06 for
risk category IV structures (i.e., structures that are designated as
essential facilities). In parallel, the supplemental damping devices
validly reduced the residual story drift by 70% to only 0.11%. However,
the reduction in the peak floor acceleration is not as effective as in the
peak floor velocity under the DBE, neither as effective as that under the
FOE.

During the shaking of the MCE hazard level ground motions, the
incorporation of the damping devices improved the seismic performance
of the structure from the “Collapse Prevention” level with the peak story
drift ratio of 4.29% to the “Life Safety” level with the peak story drift
ratio of 2.33%. As well, the residual story drift of the undamped struc-
ture is reduced to a value of less than 0.5% which is considered as a
limitation that can affect the function of nonstructural components such

Structure Peak story drift Residual story drift Floor velocity Floor acceleration MRF base Shear Structure base shear
Mean (%) CoV Mean (%) CoV Mean (m/s) CoV Mean (g) CoV Mean (kN) CoV Mean (kN) CoV

Undamped 1.31 0.18 0.11 0.89 0.49 0.14 0.38 0.11 491 0.08 729 0.10

Damped 0.39 0.22 0.01 0.35 0.20 0.17 0.21 0.15 233 0.22 507 0.16

Reduction 70% 92% 59%

45% 53% 30%
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Structure Peak story drift Residual story drift Floor velocity Floor acceleration MREF base Shear Structure base shear
Mean (%) CoV Mean (%) CoV Mean (m/s) CoV Mean (g) CoV Mean (kN) CoV Mean (kN) CoV
Undamped 2.52 0.23 0.37 0.98 0.80 0.14 0.57 0.12 637 0.06 1008 0.09
Damped 1.17 0.25 0.11 1.04 0.47 0.17 0.47 0.15 493 0.18 928 0.18
Reduction 54% 70% 41% 18% 23% 8%
Table 7

Reduction of structural response under MCE hazard level ground motions.

Structure Peak story drift Residual story drift Floor velocity Floor acceleration MRF base Shear Structure base shear

Mean (%) CoV Mean (%) CoV Mean (m/s) CoV Mean (g) CoV Mean (kN) CoV Mean (kN) CoV
Undamped 4.29 0.23 1.05 0.82 1.13 0.15 0.70 0.12 714 0.07 1173 0.07
Damped 2.33 0.24 0.47 0.87 0.81 0.16 0.64 0.14 653 0.08 1278 0.12
Reduction 46% 55% 28% 9% 8% -9%

as doors, windows, and interior partitions [55-56]. Thus, the damped
structure is essentially operational after an MCE earthquake event. The
reductions in the peak floor velocity and peak floor acceleration under
the MCE are much less than that under the FOE and DBE, which in-
dicates the efficacy of the supplemental damping in mitigating the floor
velocity and floor acceleration response declines with the increases of
ground motion intensity. The reductions in the floor acceleration are
highly correlated with the reductions in the MRF base shear. This
observation validates that the efficacy of supplemental damping in floor
acceleration suppression diminishes when the peak floor acceleration is
related to the lateral strength of the structure after the yielding of the
MREF at higher intensity levels of earthquakes.

Also can be observed is that, due to the inclusion of the damper force
that is in-phase with the story drift of the supplemental damping system,
the base shear of the damped structure does not necessarily decrease
from that of the undamped structure. At the FOE hazard level, when the
MRF of the damped structure is essentially elastic and has a much
smaller story drift than the MRF of the undamped structure, the decrease
of the base shear from the undamped structure to the damped structure
is significant. At the DBE hazard level, with the occurrence of yielding in
the MRF of the damped structure, the discrepancy in the base shear of
the MRF between the damped and undamped structures diminishes,
which reduces the discrepancy in the total base shear from the un-
damped structure to the damped structure. At the MCE hazard level,
when the MRFs of both the damped and undamped structures are sub-
stantially yielded and have similar base shear forces, the inclusion of the
damper force that is in-phase with the story drift of the structure under
the perversely causes the total base shear increases from the undamped
structure to the damped structure.

6.2. Probability distribution of EDPs

Fig. 7 shows the probability of exceedance (POE) of the peak story
drift of the structures under the FOE, DBE, and MCE hazard level ground
motions. In the figure, the data points are the POE by counting the sorted
peak values of the EDPs from the dynamic analysis using the suite of 40
ground motions at each hazard level, and the continuous lines are the
lognormal distribution that fits the data points. In order to verify
whether a lognormal probability distribution can be assumed for the
EDPs, a Kolmogorov-Smirnov goodness of fit test [57] is conducted. It
can be seen that the lognormal probability distribution assumption is
reasonable for the story drift response of both the undamped and
damped structures. Accordingly, the probability of the peak story drift
exceeding the limit for a certain performance level can be estimated. For
instance, the failure probability for the “Life Safety” and “Collapse
prevention” performance level for the undamped structure can be pre-
dicted as 47% and 21% under the DBE and MCE hazard level ground
motions, respectively. And it is predictable that the damped structure
can essentially eliminate the risk of structural failure causing life safety
under the DBE and building collapse under the MCE. The lognormal
probability distribution assumption is also applied to the peak floor
velocity and peak absolute floor acceleration at all hazard levels. As
shown in Fig. 8 and Fig. 9, though the fits of the data with the lognormal
probability distribution for floor velocity and floor acceleration are not
as good as that for story drift, still all data points lie between the limits of
acceptability. Hence, the lognormal assumption is also reasonable for
floor velocity and floor acceleration response. This is a very important
observation since this provides a basis for the prediction of economic
losses due to damages of nonstructural components.

Fig. 10 shows the variations of logarithmic standard deviations of the
EDPs over earthquake intensity levels. It can be seen that, for both the
undamped and damped structures, the logarithmic standard deviations

1

1 | RHA RHA RHA
= RHA-damped = RHA-damped = RHA-damped
08 Lognormal Lognormal 0.8 Lognormal
L —— Lognormal-damped —— Lognormal-damped —— Lognormal-damped
w06 3 o 0.6
o F-g -~~~ ~"~"~"-—-®*x~~-------79 O oA m-----Rm---------oe Qo r--&-----fc------------
=04 ¢ =04
02 r 0.2
0 - 0 - 0
020406081012141.61.820 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45 1.0 2.0 3.0 40 50 6.0 7.0 8.0
Peak stoy drift (%) Peak stoy drift (%) Peak stoy drift (%)
(a) FOE (b) DBE (c) MCE

Fig. 7. Lognormal probability distribution of peak story drift response at various hazard levels of intensity.
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Fig. 8. Lognormal probability distribution of peak floor velocity response at various hazard levels of intensity.
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Fig. 9. Lognormal probability distribution of peak floor acceleration response at various hazard levels of intensity.
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Fig. 10. Variations of logarithmic standard deviation of EDPs with earthquake intensity level.

(o) for the considered EDPs are small and do not obviously increase with
the increasing of ground motion intensity. Particularly, the logarithmic
standard deviations of peak floor velocity and peak floor acceleration
are rather uniform at various levels of ground motion intensities, indi-
cating that these EDPs have comparable shapes of a lognormal proba-
bility distribution. Moreover, the logarithmic standard deviations of
these EDPs are approximately equivalent to the average lognormal
standard deviations of the spectral accelerations of ground motions
(which is 0.25 as given in Section 4), indicating the variability in the
selected ground motions leads no increase of uncertainties in the
considered EDPs for both the undamped and damped structures.

hazard from probabilistic seismic hazard analysis (PSHA), as well as
the suitability of ground motion selection approaches using the uniform
hazard spectrum (UHS) and conditional mean spectrum (CMS) as the
target hazard spectrum for structures with variable dynamic properties.
Based on this, a site-specific ground motion selection procedure using
the UHS is proposed for structures with supplemental damping devices.
Then, three suites of 40 ground motions at hazard level intensities with
2%, 10%, and 50% probability of exceedance in 50 years, representing
the FOE, DBE, and MCE seismic intensities, are selected for a paradigm
building site. These ground motions are used for the dynamic analysis of
a performance-based design prototype structure with nonlinear viscous
dampers. Using the results from the dynamic analysis, evaluated are the
probabilistic distributions of major engineering demand parameters
(EDPs) including peak story drift, residual story drift, peak floor veloc-
ity, and peak floor acceleration, as well as the effectiveness of supple-
mental damping in structural resilience enhancement. The major
conclusions of this study are as follows:

7. Summary and conclusions

A study is performed to implement the performance-based earth-
quake engineering (PBEE) framework to relate site-specific earthquake
hazard to structural response prediction for structures with variable
dynamic properties. Stated are the differences between the risk-target
hazard from ASCE/SEI 7-10 seismic design maps and the site-specific
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(1) The UHS-based site-specific ground motion selection procedure is
able to generate ground motion suites for reliable response
quantification of structures with variable dynamic properties (e.
g., structures with supplemental damping systems).

Using the UHS-based site-specific ground motion selection pro-
cedure, the major EDPs, including peak story drift, peak floor
velocity, and peak floor acceleration response, can be estimated
using a probabilistic approach.

By relating site-specific hazard to performance quantification, the
UHS-based site-specific ground motion selection procedure is
critical to the performance assessment of structures with variable
dynamic properties in the PBEE framework.

With a better characterization of earthquake hazard and proba-
bility observation of structural response from dynamic analysis in
the PBEE framework, the paradigm type of structure with sup-
plemental nonlinear viscous dampers can be better used for
structural resilience enhancement under various levels of seismic
intensity.

(2

3

(€))

Using the structure with supplemental viscous damping devices as a
paradigm of structures with variable dynamic properties, this study
demonstrates the estimations of EDPs using a site-specific UHS-based
method of ground motion selection is critical to the structural perfor-
mance assessment. Insights from this study can be utilized for future
development of a more rigorous approach to assess the conditional
probability distribution of the major EDPs on ground motion uncertainty
for various types of structures (e.g., structures with semi-active or active
structural control technology, self-centering technology, and base
isolation technology, that are not considered as the context in the study)
with a broad range of design parameters and building sites. Continuing
on this work, the authors believe it would be meaningful to develop a
database of structural response at various intensity levels of ground
motions and a probabilistic model that can be used to reliably assess the
conditional probability distribution of EDPs accounting for the uncer-
tainty in ground motions. Using this database and model, the PBEE
framework can be better implemented to quantify the risk of structures
in future ground motions.
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