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MaximumResidual Interstory Drift Ratio (MRIDR) is one of themost important EngineeringDemand Parameters
(EDPs) for evaluating the safety of structures after the occurrence of an earthquake. This EDP is used as an index
to decide about the retrofit or demolition of structures. Themain purpose of this study is to evaluate the effects of
using linear and nonlinear Fluid Viscous Dampers (FVDs) on the MRIDR response of steel Special Moment
Resisting Frames (SMRFs)with FVDs. Moreover, two vertical distributions of damping coefficients including Uni-
form Distribution (UD) and Interstory Drift Proportional Distribution determined based on the first mode defor-
mations (IDPD) are compared for the structures considered. The values of medianMRIDR capacity, median SaRD,
corresponding to different MRIDR levels are determined by performing Incremental Dynamic analyses (IDAs).
After computing the median SaRD for a specified MRIDR level and its corresponding logarithmic standard devia-
tion, the Mean Annual Frequency (MAF) of exceeding that MRIDR level (λRD) is computed. Based on the results,
the values of median SaRD for structures with linear FVDs are higher than those for structures with nonlinear
FVDs, and hence the values of λRD corresponding to structures with linear FVDs are lower than those for struc-
tures with nonlinear FVDs. In addition, for structures with a soft story, using IDPD to determine damping coeffi-
cients results in higher median SaRD values, and hence lower λRD values.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Maximum Interstory Drift Ratio (MIDR) has been extensively used
as an Engineering Demand Parameter (EDP) in most of the previous
studies existing in the technical literature. MIDR is the maximum of all
peak Interstory Drift Ratios (IDRs) observed along the height of a
multi-story frame, where peak IDR for a particular story is the peak of
the absolute values of IDR in the IDR time history response of the
story. MIDR is a useful parameter to predict structural damage or col-
lapse. Although collapse prediction is an important issue during life of
structures, another question is that if structures can be used after strong
ground motion or not. Recently, some researchers have focused on in-
vestigatingMaximum Residual Interstory Drift Ratio (MRIDR) response
of structures. Residual Interstory Drift Ratio (RIDR) for a particular story
is the last (absolute) value of the IDR time history of the story. The
MRIDR is the maximum RIDR of all the stories of the frame. Ruiz-García
and Miranda [1] reported that the amplitude and height-wise distribu-
tion of residual drift demands strongly depend on building framemech-
anism, hysteretic behavior of components, the height-wise system
structural overstrength and ground motion intensity. Bojórquez and
Ruiz-García [2] concluded that steel structures designed for MIDR
alian).
demand subjected to narrow-band groundmotion records may experi-
ence large permanent displacements that may lead to take the decision
of demolishing them. Christopoulos et al. [3] reported that residual drift
response strongly depends on post-yielding stiffness, maximum ductil-
ity demand and unloading stiffness of system. Ruiz-García and Aguilar
[4] presented a procedure to evaluate the aftershock seismic perfor-
mance of structures, which considers residual drift demands after the
mainshock. The results of their study indicated that the collapse poten-
tial under aftershocks depends on the modeling approach. Moreover, it
was concluded that the aftershock capacity corresponding to demoli-
tion (i.e., the aftershock capacity corresponding to reaching a residual
interstory drift value that necessitates the demolition of structure) is
lower than that of the aftershock collapse capacity, which means that
this parameter is a better measure of the structure residual capacity
against aftershocks. Sultana and Youssef [5] investigated the seismic
performance of steel Moment Resisting Frames (MRFs) utilizing
superelastic Shape Memory Alloys (SMAs). In their study, maximum
and residual interstory drifts were used to assess the seismic perfor-
mance of the structures considered. They showed that the optimum
use of superelastic SMA in the beam to column connections could min-
imize the residual drifts of the structures. McCormick et al. [6] con-
ducted a study to evaluate the psychological and physiological effects
of residual drifts on occupants of buildings in Japan. They reported
that residual interstory drifts of about 0.5% are perceptible for occupants
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of building, and reaching a residual interstory drift of 1.0% causes the
dizziness of occupants. Thus, they suggested the residual interstory
drift of 0.5% as the permissible residual drift level. FEMA P-58 [7] pre-
sents a simplified equation to estimate residual drift, and a building re-
pair fragility based on residual drift. Moreover, Appendix C in this
document includes a table identifying four levels of residual interstory
drift corresponding to four damage states (DS1-DS4). The first level
(DS1) is defined as reaching a residual interstory drift of 0.2%, which
represents a state that no structural readjustment is required; however,
building requires repairs to nonstructural components. The second level
(DS2) occurs when residual interstory drift approaches to 0.5%, imply-
ing that both structural and nonstructural components require realign-
ment and repair. The third level (DS3) corresponds to a residual
interstory drift of 1.0% inwhich significant structural readjustment is re-
quired to maintain the safety of building; however, the repair costs of
the building are not economically feasible. Finally, the fourth level
(DS4) is known as reaching a residual interstory drift of 1.0% to 4.0%
as a function of buildingductility, that is, building is in danger of collapse
due to aftershocks. These residual interstory drift levels are approxi-
mate, and have been determined according to a combination of judg-
ment and limits proposed in FEMA 356 [8]. Kitayama and
Constantinou [9] applied four residual interstory drift levels of 0.2%,
0.5%, 1.0% and 2.0%, corresponding to the four aforementioned damage
states, for probabilistic assessment of residual drift performance of
structures with fluidic self-centering systems.

In recent decades, using supplemental damping systems has been
developed to achieve higher performance levels in the design of new
structures and improve the seismic performance of existing structures
[10]. Among supplemental damping systems, Fluid Viscous Dampers
(FVDs), which include linear and nonlinear FVDs, are more widely
used [11]. The force generated in a FVD is determined as follows:

F ¼ C _uj jα sgn _uð Þ ð1Þ

where C is the damping coefficient, _u is the relative velocity between
two ends of damper andα is the velocity exponent of damper. A damper
with α = 1.0 is called linear FVD and a damper with α ≠ 1.0 is called
nonlinear FVD. Christopoulos and Filiatrault pointed out that the value
of α is in the range of 0.2–1.0 for seismic applications [12]. FVDs
manufactured by Taylor Devices Company [13] have velocity exponents
that are in the range of 0.3–1.0, whereas those manufactured by Jarret
Structures Company [14] have velocity exponents in the range of 0.1–
0.4. Simplicity in design is one of the important advantages of FVDs,
which makes them more popular than other dampers [15]. Several
studies have been performed on the seismic performance of structures
with FVDs. Mansoori and Moghadam [16] investigated using different
distributions of FVDs to reduce seismic responses of asymmetric struc-
tures. They concluded that the distribution of FVDs has a considerable
effect on the modal damping ratios of structures. Kim et al. [17] evalu-
ated the seismic performance of special truss moment frames equipped
with FVDs. They showed that adding FVDs to special truss moment
frameshas themost significant effect on the seismic fragility in the com-
plete damage state. Jamshidiha et al. [18] proposed three advanced sca-
lar Intensity Measures (IMs) to reliably predict the collapse capacity of
steel Special Moment Resisting Frames (SMRFs) equipped with FVDs.
These IMs include information about the spectral shape and duration
of ground motion records. Karavasilis and Seo [19] evaluated the seis-
mic structural and non-structural performance of self-centering and
conventional Single-Degree-of-Freedom (SDOF) systems with FVDs.
They showed that decreasing the strength of SDOF systems decreases
total accelerations, whereas added damping increases total accelera-
tions and decreases residual displacements. However, in some cases,
added damping may increase residual displacements of bilinear
elastoplastic SDOF systems. Bahnasy and Lavan [20] reported that byde-
creasing α, MRIDR responses of structures with FVDs increase, whereas
damper forces decrease. Different procedures exist in the technical
literature, to determine the viscous damping coefficients for a structure
equippedwith FVDs.Whittaker et al. [21] presented a procedure, which
is based on the equivalent lateral force and response spectrum analysis
methods of the 2000 NEHRP Provisions [22], for seismic design of build-
ings with energy dissipation systems. This procedure is the main refer-
ence of Chapter 18 in ASCE 7 [23] that is related to the design of new
buildings with energy dissipation systems, including buildings
equipped with FVDs. Landi et al. [24] proposed a procedure for the di-
rect determination of the supplemental viscous damping required for
the seismic retrofit of structureswith FVDs. The advantage of this proce-
dure is that it does not require performing several iterations. It is note-
worthy that there are several vertical distributions of damping
coefficients in the technical literature. Some of these distributions are
Uniform Distribution (UD), Mass Proportional Distribution (MPD),
Story Stiffness Proportional Distribution (SSTPD), Story Shear Propor-
tional Distribution (SSPD) and Interstory Drift Proportional Distribution
determined based on the first mode deformations (IDPD) [25].

Nowadays, the seismic assessment of existing structures and design
of new structures is often performed by employing probabilistic ap-
proaches, such as that outlined by the Performance-Based Earthquake
Engineering (PBEE) framework [26–29], developed by researchers in
Pacific Earthquake Engineering Research (PEER) center. The PEER
PBEE framework has four stages including seismic hazard analysis, seis-
mic demand analysis, damage analysis and loss analysis. The result of
each stage is expressed by an intermediate variable. These intermediate
variables are IM, EDP, Damage Measure (DM) and Decision Variable
(DV), respectively. One of the important issues in using the PEER PBEE
framework is to select the proper EDP. EDPs are important parameters
to evaluate the seismic performance of structures, and include struc-
tural responses such as force, maximum floor acceleration, MIDR,
MRIDR, etc. By applying the two first stages of the PEER PBEE frame-
work, the Mean Annual Frequency (MAF) of exceeding a specified
level of an EDP can be obtained. Dall'Asta et al. [30] showed that MAFs
of exceeding low levels of MIDR (e.g., MIDR b 0.01) for structures with
nonlinear FVDs are lower than those for structures with linear FVDs,
whereas for higher levels of MIDR, the trend is reversed. Tubaldi et al.
[31] evaluated the effects of nonlinear behavior of FVDs on seismic re-
sponse of SDOF systems in a probabilistic framework. They concluded
that using deterministic approaches that neglect the dispersion of re-
sponse has some limitations for the assessment of system reliability.
Dall'Asta et al. [32] investigated the effect of variability in FVDproperties
due manufacturing on the probabilistic performance of SDOF systems
equipped with linear and nonlinear FVDs. They concluded that short-
period SDOF systems are more sensitive to FVD property variation
than long-period ones. In the last decade, MRIDR is one of the important
EDPs that has attracted the attention of researchers. Ruiz-García andMi-
randa [33] implemented a probabilistic approach to estimateMRIDRde-
mands in buildings, and used this approach to compute residual drift
demand hazard curves for multi-story frames. Kitayama and
Constantinou [9] reported that the important parameter affecting the
residual drift fragilities of structures with fluidic self-centering systems
is the increase in the ultimate capacity of self-centering device-brace
system. Daylami and Mahdavipour [34] performed a probabilistic as-
sessment of MRIDR response of dual systems including Buckling Re-
strained Braced Frames (BRBFs). By comparing the obtained residual
drift demand hazard curves, they concluded that using BRBFs as a dual
system significantly improves the residual drift performance, when
compared with using BRBFs alone. Although there are some studies, in
the technical literature, that have evaluatedMAFs of exceeding different
MRIDR levels, but research works on probabilistic assessment of
MRIDRs for structures with FVDs are rare. Dimopoulos et al. [35] inves-
tigated the potential of post-tensioned Self-CenteringMoment Resisting
Frames (SC-MRFs) and FVDs to mitigate the economic seismic losses in
steel buildings. They considered both the probability of collapse and the
probability of demolition due to excessive RIDRs, using the PEER PBEE
methodology, and concluded that supplemental viscous damping is
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more effective than post-tensioning in reducing the repair cost for seis-
mic intensities equal to or lower than the Maximum Considered Earth-
quake (MCE). Tzimas et al. [36] studied the collapse risk and residual
drift performance of steel buildings using SC-MRFs and FVDs in near-
fault regions. They found that the SC-MRF with FVDs achieves signifi-
cant reductions in collapse risk and probability of exceedance of
MRIDR values compared with a MRF.

The purpose of this studywas to assess the effects of using linear and
nonlinear FVDs and the distributions of their respective damping coeffi-
cients on the MRIDR response of SMRFs equipped with FVDs, in a prob-
abilistic framework. For this purpose, three steel SMRFs were selected
and their performance was improved by adding FVDs. Two vertical dis-
tributions of damping coefficients, i.e., UD and IDPD, were considered to
equip each of the steel SMRFs with FVDs. Then, by performing Incre-
mental Dynamic Analyses (IDAs) [37], the median MRIDR capacities
(median SaRD) of the SMRFs equipped with linear and nonlinear FVDs
were computed, and their corresponding fragility curves were devel-
oped. By combining the fragility curves, corresponding to different
MRIDR levels, for each of the structures and the seismic hazard curve
for the pseudo spectral acceleration at the fundamental period of the
structure, MAFs of exceeding different levels of MRIDR (i.e., λRD values)
were calculated. Finally, conclusions were drawn on the effects of
damper nonlinearity and vertical distributions of damping coefficients
on the residual drift performance of SMRFs with FVDs.

2. Structures selected and modeling

In this study, 3- and 9-story steel SMRF structures with a regular
plan and perimeter frame system were considered. These structures
were designed for seismic conditions in Los Angeles, seismic zone 4 de-
fined in UBC 94 [38], according to the post-Northridge seismic design
criteria and are part of the SAC steel project [39]. More details about
these structures are available in FEMA-355C [40]. In addition, to assess
the effect of soft story, a new structure (i.e., 3-story-h1-1.4 structure)
was generated by increasing the first story height of the 3-story struc-
ture by a factor of 1.4. Thus, the first story in the new structure is a
soft story that has increased ductility demands. This soft-story structure
is representative of a structure that requires seismic retrofit. Other re-
searchers (e.g., Apostolakis and Dargush [41] and Hamidia et al. [42])
have also applied such a method to generate soft-story structures. It
was assumed that the structures were located at a site with soil class
D in Los Angeles having latitude 33.996°N and longitude 118.162°W,
which is a typical non-near-field site with high seismicity [43]. The pa-
rameters of the ASCE 7 [23] risk-targeted Maximum Considered Earth-
quake (MCER) response spectrum for the site of interest, which are
SMS= 2.167 g and SM1=1.124 g, were obtained from the USGSwebsite
[44]. Then, the seismic performance of the structures was improved by
adding FVDs. Diagonal and horizontal configurations are commonly
Fig. 1. Structures considered and the arra
used for installing FVDs to stories of buildings. In the first configuration,
displacement of damper is less than interstory drift, whereas in the sec-
ond one, displacement of damper is equal to interstory drift. Thus, the
second configuration is more effective than the first one. However, in
this study, similar to many studies existing in the technical literature
(e.g., [30, 42, 45]), the diagonal configuration was selected to equip
the considered structures with FVDs. Fig. 1 indicates the structures con-
sidered and the arrangement of FVDs in these structures.

To investigate the effects of damper nonlinearity, four values of ve-
locity exponent, i.e., α = 0.25, 0.5, 0.75 and 1.0 were considered for
the FVDs. The Open System for earthquake engineering simulation
(OpenSees) [46] was used to model the structures. In order to consider
the nonlinear behavior of columns, distributed plasticity force-based
beam-column elements were applied. Each of the force-based beam-
column elements has five integration points along its length, and a
fiber section assigned to these integration points. The nonlinear behav-
ior of each fiber was simulated using the Menegotto-Pinto steel model
(i.e., the Steel02material in theOpenSees), assuming an elasticmodulus
of 200 GPa and a strain hardening ratio of 0.002. Therefore, cyclic dete-
rioration in columnswas neglected. It should bementioned that a strain
hardening ratio of 0.002 has been used in other studies such as those
performed by Seo et al. [47] and Kitayama and Constantinou [9]. Using
a concentrated plasticity approach [43, 48], beams were modeled by
elastic beam-column elements and two nonlinear zero-length rota-
tional spring elements at their ends, representingflexural plastic hinges.
The modified Ibarra-Krawinkler model (Bilin) [49] was applied to sim-
ulate the behavior of the zero-length elements. The second order P–Δ
effects of gravity columns were considered by a leaning column located
beside the frame, connected to the frame with axially rigid truss ele-
ments. The leaning column consists of elastic beam-column elements
having areas 100 times those for the frame columns. Zero-length rota-
tional spring elements with very small stiffness values were used to
connect these beam-column elements to the nodes located in the floor
levels, which are at the ends of the aforementioned axially rigid truss el-
ements. Table 1 presents thefirst to thirdmode periods of the structures
considered.

3. Equipping the structures with supplemental FVDs

In this study, the procedure proposed by Landi et al. [24] was used to
determine the supplemental viscous damping required to enhance the
seismic performance of the structures. For this purpose, the values of
yield base shear (Vy) and roof displacement corresponding to the de-
sired performance level of the structures should be obtained. To obtain
Vy, base shear-roof displacement curves of the structures were deter-
mined by using nonlinear static pushover analyses, considering lateral
load distributions proportional to the first mode shapes of the struc-
tures. Each of these curves was plotted up to the roof displacement
ngement of FVDs in these structures.



Table 1
First to third mode periods of the structures considered (s).

Structure First mode Second mode Third mode

3-story 0.95 0.30 0.14
3-story-h1-1.4 1.20 0.36 0.15
9-story 2.08 0.78 0.44
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corresponding to 85% of the maximum base shear. Then, Vy was calcu-
lated by converting the base shear-roof displacement curve to an ideal-
ized elasto-perfectly plastic curve, according to themethod presented in
the Italian building code [50]. A MIDR of 0.015 under the Design Basis
Earthquake (DBE) of ASCE 7 [23]was selected as the target performance
level to equip the structures with FVDs. In other words, the roof dis-
placement corresponding to a MIDR of 0.015 is the target roof displace-
ment. The DBE has a design response spectrum that is 2/3 times the
MCER response spectrum, which usually has b 15% difference with the
MCE response spectrum having 2.0% probability of exceedance in
50 years [51]. Fig. 2 shows the base shear-roof displacement curve and
its corresponding idealized elasto-perfectly plastic curve for the 3-
story structure.

The procedure applied to determine supplemental viscous damping
ratios is based on using spectral capacity and demand curves in Acceler-
ation Displacement Response Spectrum (ADRS) format. In general, the
effective damping ratio for a structure equippedwith FVDs is calculated
as follows:

ξeff ¼ ξi þ ξh þ ξv ð2Þ

where ξi is the inherent viscous damping ratio, ξh is the equivalent vis-
cous damping ratio due to hysteretic behavior of structure and ξv is the
supplemental viscous damping ratio. To compute ξeff, demand and ca-
pacity curves should be converted to the ADRS format. The idealized
base shear-roof displacement (capacity) curve can be converted to the
capacity spectrum as follows:

Sa ¼ Vb

M1
ð3Þ

Sd ¼ Droof

Г1φroof1
ð4Þ

M1 ¼
∑N

i¼1 miφi1

� �2
PN

i¼1 miφ2
i1

ð5Þ

Г1 ¼
PN

i¼1 miφi1PN
i¼1 miφ2

i1

ð6Þ
Fig. 2. Base shear-roof displacement curve and its corresponding idealized elasto-perfectly
plastic curve for the 3-story structure.
where Vb is the base shear andM1 is the effectivemodalmass of the first
mode of structure; Droof is the roof displacement and Г1φroof1 is the nor-
malizedmodal participation factor [1, 33] that is calculated bymultiply-
ing the modal participation factor of the first mode of structure, Г1, by
the modal deformation at the roof level corresponding to the first
mode shape, φroof1. In Eqs. (5) and (6), φi1 is the ordinate of the first
mode shape at the top of the ith story, mi is the mass of the ith story
and N is the number of stories. Fig. 3 indicates the demand spectrum
and the capacity spectrum of the 3-story structure, where Sdm and Say
are the target roof displacement and the yielding acceleration in the
ADRS format. In this figure, elastic acceleration demand (Sael) is the or-
dinate of the intersection point of the demand spectrum and the line
drawn from the center of coordinates passing through the point corre-
sponding to Sdm on the capacity spectrum. The calculation of ξeff is de-
pendent on parameter B, which is obtained from the following
equation:

B ¼ Sael
Say

: ð7Þ

After the calculation of B, ξeff can be obtained using a table presented by
Ramirez et al. [45], which relates the values of B to their corresponding
damping ratios.

Determining the supplemental viscous damping ratio, ξv, requires to
consider the actual hysteretic behavior of structure using ξh, that is de-
fined as:

ξh ¼ 2qh
π

1−
1
μ

� �
ð8Þ

where μ is the ductility demand, and qh is the ratio of the actual area of
the hysteresis loop of structure to that of an idealized elasto-perfectly
plastic system. Parameter qh can be calculated according to the equation
presented in ASCE 7 [23] as:

0:5≤qh ¼ 0:67
TS

T1
≤1:0 ð9Þ

where TS is the transition period between the constant acceleration and
constant velocity regions of ASCE 7 [23] design response spectrum, and
T1 is the fundamental period of structure. Assuming ξi = 0.05, parame-
ter ξv can be calculated using the following equation:

ξv ¼ ξeff− ξi þ
2qh
π

1−
1
μ

� �� �
: ð10Þ

When a structure equipped with FVDs experiences nonlinear deforma-
tions in its desired performance level, ξv can be obtained as follows:

ξv ¼ ξve: μð Þ1−α
2 ð11Þ
Fig. 3. Demand spectrum and the capacity spectrum of the 3-story structure.
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where ξve is the supplemental viscous damping ratio assuming a linear
behavior for the structure. After attaching FVDs with a specific value
of velocity exponent, α, to a structure, ξve can be calculated as follows:

ξve ¼
PNd

j¼1 f j
1þαφrj1

1þα Droof
α−1 2πð ÞαT2−α

1 λ j C j

8π3
PNs

i¼1 mið Þφi1
2

ð12Þ

where Nd and Ns are the number of dampers and stories, respectively;
Droof is the roof displacement, Cj is the damping coefficient of the jth
damper, fj = cos θj is the displacement magnification factor, θj is the
angle of damper direction with the horizontal axis, φrj1 is the relative
deformation between the horizontal degrees of freedom at the ends of
the jth damper corresponding to the first mode shape, and φi1 and mi

are the first mode shape ordinate at the top of the ith story and the
mass of the ith story, respectively; and λj is a function of α, which can
be determined from the relationship presented in [45]. In this study,
two vertical distributions of damping coefficients including UD and
IDPD were considered. UD was selected due to its simplicity, whereas
the reason for the selection of IDPD is that using this distribution leads
to higher damping coefficients for soft stories. By applying Eq. (12)
and each of the distributions, the damping coefficients corresponding
to these distributions can be obtained as [25]:

C ¼ ξve8π3PNs
i¼1 mið Þφi1

2PNd
j¼1 2πð ÞαT2−α

1 λ jDroof
α−1 f j

1þαφrj1
1þα

ð13Þ

Ck ¼
γkξve8π3PNs

i¼1 mið Þφi1
2PNd

j¼1 2πð ÞαT2−α
1 λ jγ jDroof

α−1 f j
1þαφrj1

1þα
ð14Þ

where C is the damping coefficient for all the dampers in the case of
using UD, Ck is the damping coefficient of the dampers located at the
kth story in the case of using IDPD, and γk is the interstory drift corre-
sponding to the first mode shape of the structure in the kth story. The
values of ξv, μ and Droof for the considered structures are presented in
Table 2. Given these values for each of the structures, Eqs. (11) to (14)
were applied to determine the damping coefficients corresponding to
UD and IDPD. Table 3 presents damping coefficients determined for
one of the FVDs added to each of stories given different design scenarios
for the structures. There are some studies in the technical literature that
have investigated the effect of FVD supporting brace flexibility on the
seismic response of structures with FVDs. Londoño et al. [52] proposed
a filter design solution to size supporting braces of linear FVDs, and
showed that using this procedure the behavior of brace-damper assem-
bly within a specific frequency bandwidth is nearly as a pure dashpot.
Lin and Chopra [53] pointed out that for a ratio of Maxwell relaxation
time to the period of SDOF system b 0.02, brace flexibility has a small ef-
fect on the response of system. Thus, similar to the study performed by
Hamidia et al. [42], to simulate FVDs, their supporting braces were con-
sidered as rigid. Furthermore, it was assumed that FVDs do not reach
their stroke limits under seismic excitations. In other words, this as-
sumptionmeans that FVDs have beenmanufactured with strokes limits
large enough to prevent reaching these limits under very large IDRs.
Such an assumption has also been considered by other researchers
[36, 47, 54, 55].

Using the results of pushover analyses, and assuming ξv equal to
zero, Eqs. (2) to (9) were applied to determine the MIDR for each of
the structures without FVDs under the DBE, in an iterative process. In
Table 2
Values of ξv, μ and Droof for the considered structures.

Structure ξv μ Droof (cm)

3-story 0.138 1.466 4.130
3-story-h1-1.4 0.238 1.106 6.343
9-story 0.139 1.362 14.882
each iteration of this process, a value for the roof displacement, Droof,
under the DBE was assumed, and after obtaining B and its correspond-
ing ξh, the value of μwas calculated based on Eq. (8). Then, the value ob-
tained from multiplying the yield displacement in the capacity
spectrum by μ and Г1φroof1 was compared with the assumed Droof. If
the value obtained for the roof displacement was close the assumed
Droof with an acceptable tolerance (i.e., with b 1% difference), the value
of MIDR corresponding to Droof was extracted from the results of push-
over analysis. The values of MIDR under the DBE determined for the
3-story, 3-story-h1-1.4 and 9-story structures without FVDs using the
aforementioned process are 0.019, 0.023 and 0.021, respectively.

4. Methodology used for probabilistic residual drift assessment of
the structures

In this study, the IDAmethod [37] was applied as a tool for probabi-
listic residual drift assessment of the structures. For this purpose, Sa(T1)
and MRIDR were respectively considered as IM and EDP for performing
IDAs, assuming four levels of MRIDR (i.e., MRIDR= 0.2%, 0.5%, 1.0% and
2.0%) as limit states. In fact, for each of the structures, SaRD correspond-
ing to a specified MRIDR level is a random variable that represents the
distribution of Sa(T1) values resulting in that MRIDR level in the struc-
ture, obtained using different ground motion records. Given a ground
motion record used for performing IDA, SaRD is the capacity of the struc-
ture to resist the specifiedMRIDR level, in terms of Sa(T1); and thus it is
termed MRIDR capacity. To perform IDAs, 67 high-amplitude ground
motion records used by Yakhchalian et al. [56–58], which were ex-
tracted from the general far-field ground motion set used by Haselton
and Deierlein [43] including 78 ground motion records, were selected.
Hamidia et al. [42] have also used a far-field ground motion set includ-
ing 44 ground motion records, extracted from these 78 ground motion
records, for seismic collapse assessment of the 3- and 9-story SAC build-
ings designed for Los Angeles, equipped with FVDs. It should be men-
tioned that to accurately compute MRIDR capacities, i.e., SaRD values,
the analyses were continued with zero input acceleration at the end of
each record until the structure came to rest. Moreover, if a MIDR of
0.15 was exceeded before reaching the desired value of MRIDR, analysis
was stopped and Sa(T1) corresponding to MIDR= 0.15 was considered
as MRIDR capacity, SaRD. The reason for this issue is that when MIDR is
equal to 0.15, the building is considered as collapsed. A similar assump-
tion has been used by Kitayama and Constantinou [9]. It should bemen-
tioned that for obtaining SaRD values corresponding to a specified
MRIDR level, the hunt and fill algorithm [37] was used to reduce the
number of nonlinear dynamic analyses required. Fig. 4 illustrates the
IDA curves of the 3-story structure equippedwith FVDs assuming a uni-
formvertical distribution of damping coefficients (i.e., 3-story-UD struc-
ture) and α = 0.75, corresponding to MRIDR = 0.2% and 0.5%.
Comparing Fig. 4(a) with Fig. 4(b) in the MRIDR range of 0–0.2% indi-
cates that the global trends of the IDA curves in both thefigures are sim-
ilar, but differences between the IDA curves can be observed, which are
due to using the hunt and fill algorithm.

Assuming a lognormal distribution for SaRD values, the probability of
exceeding a specified value ofMRIDR, x, given Sa(T1)= Sa, can be calcu-
lated using the following equation:

P RDǀSað Þ ¼ P RD≥x ǀ Sa T1ð Þ ¼ Sa½ � ¼ Φ
lnSa− lnSaRD

σ lnSaRD

 !
ð15Þ

where Φ() is the cumulative distribution function of the standard
normal distribution; and lnSaRD and σlnSaRD are the logarithmic mean
and standard deviation of SaRD values, respectively, that can be obtained
as:

lnSaRD ¼ 1
n

Xn
i¼1

lnSaRDi

� � ð16Þ



Table 3
Damping coefficients determined for one of the FVDs added to each of stories, given different design scenarios for the structures, kN×(s/m)α.

Structure α Story

1 2 3 4 5 6 7 8 9

3-story-UD 0.25 480.24
0.5 892.86
0.75 1648.53
1.0 3024.46

3-story-IDPD 0.25 422.63 524.14 480.35
0.5 784.29 972.68 891.46
0.75 1642.97 1792.58 1445.11
1.0 3008.68 3283.63 2647.92

3-story-h1-1.4-UD 0.25 948.55
0.5 1803.03
0.75 3391.50
1.0 6320.33

3-story-h1-1.4-IDPD 0.25 1258.42 730.38 587.76
0.5 2347.56 1362.32 1096.05
0.75 4335.34 2515.49 2024.69
1.0 7940.25 4607.59 3707.43

9-story-UD 0.25 582.97
0.5 1377.11
0.75 3227.21
1.0 7509.44

9-story-IDPD 0.25 804.26 569.26 570.94 581.97 549.21 520.22 550.21 525.81 405.80
0.5 1887.59 1336.08 1339.71 1365.95 1288.91 1220.81 1291.42 1234.21 952.31
0.75 4393.36 3109.75 3118.84 3178.97 2999.99 2841.28 3005.58 2872.05 2216.96
1.0 10,152.10 7185.45 7206.47 7346.57 6933.27 6567.26 6945.53 6637.31 5122.46
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σ lnSaRD ¼ 1
n−1

∑
n

i¼1
lnSaRDi

− lnSaRD
� �2� 	0:5

ð17Þ

where lnSaRDi
is the natural logarithm of SaRD computed using the

ith record, and n is the number of ground motion records used for
the analyses. It should be mentioned that the method used in this
study, to obtain fragility curves, is capacity method [59], whereas
the method applied by Ruiz-García and Miranda [33] is stripe
method [59]. When using the capacity method, given each level of
MRIDR, the logarithmic standard deviation of SaRD values, obtained
by performing IDAs, is calculated. However, when using the
stripe method, given each level of Sa(T1), the logarithmic standard
deviation of MRIDR is calculated. In fact, the method used in
this study is similar to that employed by Kitayama and
Constantinou [9].

After determining themedian SaRD for a structure,which is the expo-
nential of lnSaRD, Residual DriftMarginRatio (RDMR) can be calculated,
Fig. 4. IDA curves of the 3-story-UD structure with α = 0.75 c
by dividing the median SaRD of the structure by the ordinate of ASCE 7
[23] MCER response spectrum at the fundamental period of the struc-
ture (SaMCER(T1)), as follows:

RDMR ¼ Median SaRD
SaMCER T1ð Þ : ð18Þ

In this study, MAFs of exceeding different levels of MRIDR, i.e., λRD

values, were used for evaluating the residual drift performance of the
structures. To compute λRD for a specified level of MRIDR, the seismic
hazard curve of the site of interest and the fragility curve corre-
sponding to that level of MRIDR are required. Hazard curves for the
site were obtained from the USGS website [60] given the periods of
0.75, 1.0, 2.0 and 3.0 s. Because the fundamental periods of the struc-
tures considered are different from these periods, the approach ap-
plied by Eads [61] was used to interpolate the hazard curves
required with respect to the fundamental periods of the structures.
After obtaining the hazard curve and the fragility curve
orresponding to the MRIDR levels of a) 0.2% and b) 0.5%.



Table 5
Ratios of the median of MIDR values to the MRIDR level assumed for computing SaRD
values, given the four MRIDR levels considered, for the structures with and without FVDs.

Structure Damper velocity α
(exponent) RD =

0.2%
RD =
0.5%

RD =
1.0%

RD =
2.0%

3-story – 7.252 4.537 3.414 2.683
3-story-UD 0.25 6.827 3.895 2.997 2.356

0.5 6.855 4.027 3.052 2.446
0.75 6.983 4.105 3.119 2.461
1.0 7.026 4.259 3.205 2.488

3-story-IDPD 0.25 6.897 4.087 3.008 2.438
0.5 6.940 4.112 3.061 2.465
0.75 6.997 4.138 3.156 2.481
1.0 7.062 4.260 3.284 2.515

3-story-h1-1.4 – 9.312 6.012 4.681 3.534
3-story-h1-1.4-UD 0.25 8.042 4.993 3.619 2.668

0.5 8.552 5.165 3.761 2.773
0.75 8.773 5.225 3.940 2.938
1.0 8.801 5.368 4.036 3.063

3-story-h1-1.4-IDPD 0.25 8.694 5.026 3.707 2.730
0.5 8.734 5.188 3.884 2.913
0.75 8.756 5.409 4.043 3.118
1.0 9.187 5.794 4.460 3.309

9-story – 7.442 4.632 3.513 2.732
9-story-UD 0.25 6.872 4.012 2.999 2.383

0.5 6.862 4.036 3.086 2.451
0.75 6.987 4.156 3.136 2.460
1.0 7.056 4.324 3.115 2.493

9-story-IDPD 0.25 6.926 4.113 3.009 2.446
0.5 6.955 4.156 3.098 2.471
0.75 7.013 4.183 3.199 2.496
1.0 7.098 4.336 3.292 2.523
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corresponding to a specified level of MRIDR, λRD can be calculated as
follows [9]:

λRD ¼
Z∞
0

P RDǀSað Þ � dλSa Sað Þj j ð19Þ

where P(RDǀSa) is the probability of exceeding the consideredMRIDR
value given Sa(T1) = Sa, and λSa(Sa) is the MAF of exceeding Sa. By
multiplying the right-hand side of Eq. (19) by d(Sa) and dividing it
by d(Sa), this equation is rewritten as follows:

λRD ¼
Z∞
0

P RDǀSað Þ � dλSa Sað Þ
d Sað Þ










� d Sað Þ ð20Þ

where dλSaðSaÞ
dðSaÞ is the slope of the hazard curve. The integral in Eq. (20)

can be calculated numerically using Eq. (21).

λRD ¼
X∞
i¼1

P RDǀSaið Þ � dλSa Saið Þ
d Sað Þ










� ΔSa ð21Þ

5. Obtaining residual drift margin ratios (RDMRs) and their
corresponding fragility curves

In this section, the results obtained for the SMRFs with and without
FVDs are presented in the form of RDMRs and their corresponding re-
sidual drift fragilities. In addition, a comparison is conducted between
the two types of vertical distributions of damping coefficients (i.e., UD
and IDPD) in different levels of MRIDR. Table 4 presents the values of
RDMR and their corresponding logarithmic standard deviations, σlnSaRD,
for the structures without FVDs, and the structures with FVDs given the
two vertical distributions of damping coefficients. Comparing the values
of RDMR for the structureswith andwithout FVDs, indicates that adding
supplemental viscous damping to the structures leads to considerable
increase in the RDMR values. Furthermore, most of the values obtained
Table 4
Values of RDMR and σlnSaRD for the structures with and without FVDs.

Structure Damper velocity α (exponent) RDMR (σlnS

RD = 0.2%

3-story – 0.302 (0.34
3-story-UD 0.25 0.562 (0.30

0.5 0.594 (0.32
0.75 0.628 (0.33
1.0 0.655 (0.34

3-story-IDPD 0.25 0.550 (0.28
0.5 0.567 (0.30
0.75 0.594 (0.33
1.0 0.626 (0.36

3-story-h1-1.4 – 0.420 (0.34
3-story-h1-1.4-UD 0.25 0.702 (0.34

0.5 0.777 (0.40
0.75 0.848 (0.43
1.0 0.909 (0.45

3-story-h1-1.4-IDPD 0.25 0.775 (0.38
0.5 0.845 (0.42
0.75 0.942 (0.43
1.0 0.984 (0.45

9-story – 0.376 (0.39
9-story-UD 0.25 0.492 (0.30

0.5 0.540 (0.32
0.75 0.579 (0.34
1.0 0.603 (0.34

9-story-IDPD 0.25 0.520 (0.31
0.5 0.540 (0.31
0.75 0.583 (0.33
1.0 0.614 (0.34
for the logarithmic standard deviation of SaRD,σlnSaRD, are in the range of
0.3–0.5. This range is in agreement with the results obtained by
Kitayama and Constantinou [9].

Table 5 indicates the ratios of the median of MIDR values to the
MRIDR level assumed for computing SaRD values, given the four
MRIDR levels considered, for the structures with and without FVDs. To
aRD)

RD = 0.5% RD = 1.0% RD = 2.0%

0) 0.443 (0.397) 0.724 (0.404) 1.144 (0.432)
9) 0.794 (0.410) 1.116 (0.472) 1.624 (0.402)
7) 0.832 (0.450) 1.192 (0.480) 1.700 (0.422)
4) 0.899 (0.477) 1.278 (0.492) 1.860 (0.441)
5) 0.997 (0.492) 1.436 (0.505) 2.034 (0.462)
1) 0.794 (0.464) 1.110 (0.475) 1.613 (0.402)
8) 0.826 (0.484) 1.173 (0.484) 1.692 (0.431)
3) 0.883 (0.489) 1.249 (0.492) 1.763 (0.441)
9) 0.967 (0.492) 1.386 (0.499) 1.961 (0.461)
1) 0.683 (0.398) 1.021 (0.408) 1.360 (0.421)
5) 0.985 (0.424) 1.282 (0.396) 1.673 (0.355)
5) 1.066 (0.423) 1.386 (0.397) 1.869 (0.367)
7) 1.142 (0.430) 1.561 (0.398) 2.153 (0.383)
9) 1.215 (0.436) 1.770 (0.399) 2.524 (0.412)
2) 1.048 (0.430) 1.249 (0.391) 1.774 (0.359)
7) 1.132 (0.432) 1.497 (0.394) 1.990 (0.363)
7) 1.243 (0.435) 1.709 (0.396) 2.394 (0.390)
5) 1.347 (0.442) 1.951 (0.401) 2.619 (0.421)
7) 0.555 (0.420) 0.879 (0.459) 1.198 (0.411)
6) 0.733 (0.392) 1.028 (0.434) 1.331 (0.401)
5) 0.785 (0.423) 1.122 (0.438) 1.392 (0.414)
2) 0.852 (0.447) 1.208 (0.442) 1.537 (0.428)
7) 0.935 (0.467) 1.323 (0.444) 1.717 (0.441)
9) 0.737 (0.389) 1.029 (0.434) 1.358 (0.409)
4) 0.792 (0.420) 1.154 (0.439) 1.431 (0.413)
4) 0.863 (0.445) 1.258 (0.437) 1.587 (0.435)
2) 0.941 (0.462) 1.412 (0.447) 1.839 (0.481)



Fig. 5. Fragility curves corresponding to the limit state ofMRIDR=2.0% for a) 3-story-UD, b) 9-story-UD, c) 3-story-h1-1.4-UD, d) 3-story-IDPD, e) 9-story-IDPD and f) 3-story-h1-1.4-IDPD
structures.
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calculate these ratios for a structure, given each of the fourMRIDR levels
considered for obtaining SaRD values, the median of MIDR values of the
structure corresponding to SaRD values was divided by the MRIDR level
of interest. It can be seen that as the MRIDR level assumed increases
from0.2% to 2.0%, the ratio of themedian ofMIDR values to the assumed
MRIDR level decreases. In fact, when a structure undergoes higher non-
linear deformations, this ratio decreases. In addition, given a level of
MRIDR assumed for obtaining SaRD values, the ratio of the median of
MIDR values, corresponding to SaRD values, to that MRIDR level for a
structurewithout FVDs is higher than those for the corresponding struc-
tures with FVDs. The effects of damper velocity exponent and the verti-
cal distribution of damping coefficients on the residual drift
performance of the structures are described in the following sub-
sections.

5.1. Investigating the effect of damper velocity exponent

According to the results presented in Table 4, it can be seen that
given each of theMRIDR levels assumed, a structure equipped with lin-
ear FVDs (i.e., α= 1.0) has a higher RDMR value than those of the cor-
responding structures equipped with nonlinear FVDs (i.e., α ≠ 1.0). For
the structures with nonlinear FVDs, as the value of α decreases, the
value of RDMR decreases correspondingly. In other words, a structure
with linear FVDs has higher median SaRD values than those of the
Fig. 6. Values of Median SaRD (UD)/Median SaRD (IDPD) corresponding to the differ
structures with nonlinear FVDs; and by decreasing the value of α, the
values of median SaRD decrease. According to the results, in the worst
case for the 3-story-UD structure with α = 0.25, the value of RDMR
given MRIDR = 1.0%, is 0.777 times that for the 3-story-UD structure
with α = 1.0. In the best case for this structure, the value of RDMR
given MRIDR = 0.2%, is 0.858 times that for the 3-story-UD structure
with α = 1.0. In addition, in the worst case for the 3-story-h1-1.4-UD
structure with α = 0.25, the value of RDMR given MRIDR = 2.0%, is
0.663 times that obtained assuming α = 1.0. In the best case for the
3-story-h1-1.4-UD structure with α = 0.25, the value of RDMR given
MRIDR = 0.5%, is 0.811 times that obtained assuming α = 1.0. For the
9-story-UD structure with α = 0.25, in the worst case, the value of
RDMR given MRIDR = 2.0%, is 0.775 times that for the 9-story-UD
structure with α = 1.0; whereas in the best case for this structure, the
value of RDMR given MRIDR = 0.2%, is 0.816 times that obtained as-
suming α = 1.0. Fig. 5 illustrates the fragility curves of the structures
corresponding to the limit state of MRIDR = 2.0%. It can be seen that
for a specific value of Sa(T1), the probability of exceeding the desired
MRIDR level for a structure equipped with linear FVDs, is lower than
those for the corresponding structures equipped with nonlinear FVDs.
Furthermore, among the structures with nonlinear FVDs (i.e., α =
0.25, 0.5 and 0.75), by increasing the value of α, the probability of ex-
ceeding the desired MRIDR level decreases. Comparing the results pre-
sented in Table 5 for similar structures with FVDs having different
ent levels of MRIDR for a) 3-story, b) 9-story and c) 3-story-h1-1.4 structures.



Fig. 7. Fragility curves of the structures with UD and IDPD corresponding to the limit state of MRIDR = 0.2%; a) 3-story, b) 9-story and c) 3-story-h1-1.4.
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values of α, it can be seen that given each of the MRIDR levels, decreas-
ing α leads to decrease in the ratio of the median of MIDR values to the
MRIDR level of interest.

5.2. Comparison of the vertical distributions of damping coefficients

By comparing the results presented in Table 4 for the two vertical
distributions of damping coefficients, it can be seen that the values of
RDMR corresponding to MRIDR = 2.0% for the 3-story-UD structures
with FVDs having α values of 0.25, 0.5, 0.75 and 1.0, are 1.624, 1.70,
1.86 and 2.034, respectively; whereas the values of RDMR for the 3-
story-IDPD structures are 1.613, 1.692, 1.763 and 1.961, respectively.
Therefore, the values of RDMR for the 3-story-UD structure are slightly
higher than those for the 3-story-IDPD structure. It should be noted the
trend obtained from comparing the 9-story-UD and 9-story-IDPD struc-
tures is reverse. In other words, the RDMR values for the 9-story-IDPD
structure are higher than those for the 9-story-UD structure. Further-
more, the trend obtained for the 3-story-h1-1.4 structures is similar to
that obtained for the 9-story structures. Fig. 6 compares the residual
drift performance of the structures equipped with FVDs using IDPD
and UD schematically. It indicates the values of median SaRD for the
structures with UD normalized to the corresponding values of median
SaRD for the structures with IDPD. It can be seen that the normalized
Table 6
MAFs of exceeding different levels of MRIDR for the structures with and without FVDs.

Structure Damper velocity α (exponent) λRD

RD = 0.2%

3-story – 6.552 × 10
3-story-UD 0.25 2.371 × 10

0.5 2.145 × 10
0.75 1.894 × 10
1.0 1.743 × 10

3-story-IDPD 0.25 2.403 × 10
0.5 2.231 × 10
0.75 2.169 × 10
1.0 2.020 × 10

3-story-h1-1.4 – 5.413 × 10
3-story-h1-1.4-UD 0.25 1.482 × 10

0.5 1.285 × 10
0.75 1.115 × 10
1.0 9.833 × 10

3-story-h1-1.4-IDPD 0.25 1.237 × 10
0.5 1.098 × 10
0.75 8.908 × 10
1.0 7.588 × 10

9-story – 1.542 × 10
9-story-UD 0.25 2.312 × 10

0.5 1.963 × 10
0.75 1.752 × 10
1.0 1.614 × 10

9-story-IDPD 0.25 2.101 × 10
0.5 1.955 × 10
0.75 1.721 × 10
1.0 1.550 × 10
values of median SaRD for the 3-story structures are higher than 1.0 (in
the range of 1.001 to 1.058), whereas for the 9-story structures, the nor-
malized values of median SaRD are lower than 1.0 (in the range of 0.934
to 0.994). Moreover, for the 3-story-h1-1.4 structures, the normalized
values of median SaRD are lower than 1.0 (in the range of 0.899 to
0.964). Therefore, it can be inferred that for the structures with a soft
story, using IDPD to determine damping coefficients leads to higher
RDMR values, i.e., up to 7% and 11% increase in RDMR values for the 9-
story and 3-story-h1-1.4 structures, respectively. This is because of the
fact that the ductility demand of the first (soft) story is higher than
those of the other stories, and when IDPD is used, the damping coeffi-
cient for the first story is greater than those for the other stories;
whereas when UD is used, the damping coefficients of all the stories
are identical.

Fig. 7 indicates a comparison between the fragility curves of the
structures with UD and IDPD of FVDs having α values of 0.25 and 1.0.
For brevity, this comparison is only for the limit state of MRIDR =
0.2%, but the same trend has been observed for the other MRIDR levels.
According to this figure, the probability of exceeding the desiredMRIDR
level for the 3-story-UD structurewithα value of 0.25 or 1.0 given a spe-
cific value of Sa(T1), is slightly lower than that for the 3-story-IDPD
structure with the same value of α; whereas a reverse trend is observed
for the 9-story and 3-story-h1-1.4 structures. It can therefore be
RD = 0.5% RD = 1.0% RD = 2.0%

−3 3.184× 10−3 8.701× 10−4 2.021× 10−4

−3 1.230 × 10−3 5.930 × 10−4 1.524 × 10−4

−3 1.199 × 10−3 5.095 × 10−4 1.418 × 10−4

−3 1.055 × 10−3 4.365 × 10−4 1.142 × 10−4

−3 8.463 × 10−4 3.283 × 10−4 9.307 × 10−5

−3 1.231 × 10−3 6.083 × 10−4 1.557 × 10−4

−3 1.229 × 10−3 5.387 × 10−4 1.492 × 10−4

−3 1.140 × 10−3 4.657 × 10−4 1.364 × 10−4

−3 9.318 × 10−4 3.561 × 10−4 1.046 × 10−4

−3 1.938 × 10−3 6.169 × 10−4 2.374 × 10−4

−3 7.318 × 10−4 3.194 × 10−4 1.735 × 10−4

−3 5.898 × 10−4 2.524 × 10−4 8.362 × 10−5

−3 4.953 × 10−4 1.746 × 10−4 5.355 × 10−5

−4 4.229 × 10−4 1.154 × 10−4 3.428 × 10−5

−3 6.385 × 10−4 2.821 × 10−4 9.736 × 10−5

−3 5.125 × 10−4 2.089 × 10−4 6.542 × 10−5

−4 3.968 × 10−4 1.282 × 10−4 3.733 × 10−5

−4 3.207 × 10−4 8.321 × 10−5 3.126 × 10−5

−2 9.167 × 10−3 4.251 × 10−3 2.233 × 10−3

−3 1.145 × 10−3 5.707 × 10−4 2.719 × 10−4

−3 1.037 × 10−3 4.653 × 10−4 2.483 × 10−4

−3 9.041 × 10−4 3.914 × 10−4 1.947 × 10−4

−3 7.621 × 10−4 3.079 × 10−4 1.466 × 10−4

−3 1.127 × 10−3 5.711 × 10−4 2.624 × 10−4

−3 1.005 × 10−3 4.355 × 10−4 2.283 × 10−4

−3 8.723 × 10−4 3.643 × 10−4 1.816 × 10−4

−3 7.428 × 10−4 2.598 × 10−4 1.373 × 10−4
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concluded that for the structures having a soft story, the probabilities of
exceeding different MRIDR levels in the case of using UD, are slightly
higher than the corresponding values in the case of using IDPD.

Whittle et al. [62] compared five different vertical distributions of
damping coefficients and showed that usingUDand SSTPD leads to sim-
ilar MRIDR values. However, the results of the present study show that
using UD and IDPD may lead to different residual drift performance for
steel SMRFswith FVDs. The reason for difference in conclusions in terms
of the effect of the vertical distribution of damping coefficients on
MRIDR is that the buildings studied by Whittle et al. do not have a soft
story, whereas two of the buildings considered in this study are soft-
story buildings. Moreover, the study performed by Whittle et al. was
limited to seismic intensities up to MCE, while the present study carries
out IDA up to intensities higher than the MCE.

6. Evaluating MAFs of exceeding different levels of MRIDR

Due to the importance ofMRIDR tomake a decision about rebuilding
or repairing of a structure after earthquake, and to estimate the insur-
ance cost of the structure by the insurance company, the PEER PBEE
framework can be applied to obtain MAFs of exceeding different levels
of MRIDR (i.e., λRD values corresponding to different MRIDR levels).
Table 6 indicates the values of λRD corresponding to the four previously
mentioned MRIDR levels for the structures with and without FVDs.
Comparing the values of λRD for the structures with and without FVDs
indicates that adding supplemental viscous damping to the structures
leads to considerable reductions in the values of λRD, especially for the
Fig. 8. Variations of λRD versus MRIDR given different values of α, for a) 3-story-UD, b) 3-stor
structures.
structures with a soft story. According to the results presented in this
table, it can be seen that the lowest values of λRD for all the structures
with FVDs given different MRIDR levels, belong to the structures with
linear FVDs. Moreover, when the value of α decreases, the value of λRD

increases correspondingly. Fig. 8 illustrates the variations of λRD values
of the structures with FVDs, having different values of α (i.e., α =
0.25, 0.5, 0.75 and 1.0), versus different levels of MRIDR. It can be seen
that the curves in Fig. 8(a), obtained assuming different values of α,
have lower dispersion compared with those in Fig. 8(b). It appears
that the main difference between Fig. 8(a) and (b), which are related
to the 3-story-UD and 3-story-h1-1.4-UD structures, is due to the differ-
ence between the values of ξv for these structures. In other words, the
values of ξv for these structures are 0.138 and 0.238, respectively, and
increasing the value of ξv increases the dispersion of the curves obtained
assuming different values of α. By comparing Fig. 8(d) and (e), which
are related to the 3-story-IDPD and 3-story-h1-1.4-IDPD structures, a
similar trend can be observed. It is worth noting that for higher values
of MRIDR the increase in dispersion between the curves is more
significant.

Based on the results from the two vertical distributions of damping
coefficients (i.e., UD and IDPD), presented in Table 6, the values of λRD
corresponding to MRIDR = 0.2% for the 3-story-UD structures with α
values of 0.25, 0.5, 0.75 and 1.0, are 2.371 × 10−3, 2.145× 10−3,
1.894× 10−3 and 1.743× 10−3, respectively, whereas the corresponding
values of λRD for the 3-story-IDPD structures are 2.403× 10−3,
2.231× 10−3, 2.169 × 10−3 and 2.020 × 10−3, respectively. It should
be mentioned that similar trends exist for the other levels of MRIDR.
y-h1-1.4-UD, c) 9-story-UD, d) 3-story-IDPD, e) 3-story-h1-1.4-IDPD and f) 9-story-IDPD
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In summary, using UD for the 3-story structure, with identical story
heights, leads to an average decrease of 6.7% in λRD values calculated
for the 3-story-UD structures, given all the values of α and considered
MRIDR levels, compared with those for the 3-story-IDPD structures.
The values of λRD corresponding to MRIDR = 0.2% for the 9-story-UD
structures equipped with FVDs having α values of 0.25, 0.5, 0.75 and
1.0, are 2.312 × 10−3, 1.963 × 10−3, 1.752 × 10−3 and 1.614 × 10−3, re-
spectively, whereas the corresponding values of λRD for the 9-story-
IDPD structures are 2.101 × 10−3, 1.955 × 10−3, 1.721 × 10−3 and
1.550 × 10−3, respectively. A comparison of the results for the 9-
story-UD and 9-story-IDPD structures given the other MRIDR levels, in-
dicates that this trend is also valid for these MRIDR levels. In general,
using IDPD for the 9-story structure, with a soft story, leads to an aver-
age decrease of 5% in λRD values calculated for the 9-story-IDPD struc-
tures, given all the values of α and considered MRIDR levels,
compared with those for the 9-story-UD structures. The values of λRD

corresponding to MRIDR = 0.2% for the 3-story-h1-1.4-UD structures
with α values of 0.25, 0.5, 0.75 and 1.0, are 1.482 × 10−3, 1.285
× 10−3, 1.115 × 10−3 and 9.833 × 10−4, respectively, whereas the cor-
responding values of λRD for the 3-story-h1-1.4-IDPD structures are
1.237 × 10−3, 1.098 × 10−3, 8.908 × 10−4 and 7.588 × 10−4, respec-
tively. Furthermore, when comparing the residual drift performance of
the 3-story-h1-1.4-UD and 3-story-h1-1.4-IDPD structures given the
other MRIDR levels, similar results are observed. In summary, in the
case of the 3-story-h1-1.4 structure, with a soft story, using IDPD leads
to an average decrease of 20.8% in λRD values calculated for the 3-
story-h1-1.4-IDPD structures, given all the values of α and considered
MRIDR levels, compared with those for the 3-story-h1-1.4-UD struc-
tures. It is noteworthy that the performance improvement obtained
using IDPD for this structure is more significant than that for the 9-
story structure. The reason for this issue is the higher value of ξv for
the 3-story-h1-1.4 structure compared with that for the 9-story
structure.

According to the results, given the value of ξv for each of the three
structures considered, using Eqs. (11) to (14) for different values of α
does not lead to the same value of λRD. In other words, applying these
equations, existing in the technical literature, for different values of α
Fig. 9.De-aggregation curves of residual drift hazard given different levels ofMRIDR, for a) 3-sto
α = 0.25) structures.
does not guarantee the same probabilistic residual drift performance,
and the value of α for FVDs certainly affects the results. It is noteworthy
that Dall'Asta et al. [30] reported similar results in the case of using
MIDR as an EDP. However, they considered structures equipped with
FVDs that have a samemeanMIDR at the design intensity level obtained
from nonlinear dynamic analyses, whereas the structures considered in
this study were designed to have a MIDR of 0.015 using the procedure
described in Section 3, which is based on applying pushover analysis.

Fig. 9 illustrates the de-aggregation curves of residual drift hazard,
given different levels of MRIDR, for the 3-story and 9-story structures
with FVDs having α values of 0.25 and 1.0. Based on Eq. (21), the ordi-

nate of each point in a de-aggregation curve is PðRDǀSaiÞ � j dλSaðSaiÞ
dðSaÞ j,

which is the calculated by multiplying the ordinate of residual drift fra-
gility curve, given Sa(T1) = Sai, by the slope of seismic hazard curve
given Sa(T1) = Sai, in absolute form. It should be noted that the area
under eachof the curves indicates the value of λRD for the corresponding
structure and MRIDR level. According to this figure, as the area under a
curve increases, the regions with lower spectral accelerations have
higher contribution in the area under the curve. In other words, as the
desired MRIDR level decreases (i.e., MRIDR = 0.2%), lower spectral ac-
celerations are required to reach that MRIDR level.
7. Conclusions

In this study, probabilistic residual drift assessment of steel SMRFs
with linear and nonlinear FVDs was conducted. For this purpose, three
SMRFs and two vertical distributions of damping coefficients including
Uniform Distribution (UD) and Interstory Drift Proportional Distribu-
tion determined based on the first mode deformations (IDPD) were
considered. To evaluate the effect of damper nonlinearity, four values
of velocity exponent, i.e., α = 0.25, 0.5, 0.75 and 1.0, were assumed.
Moreover, four MRIDR levels were considered for performing IDAs.
Then, the median MRIDR capacities (median SaRD) of the structures
equippedwith linear and nonlinear FVDswere estimated, and their cor-
responding fragility curves were developed. After developing fragility
curves for different levels of MRIDR, by combining them with their
ry (UD,α=1.0), b) 9-story (UD, α=1.0), c) 3-story (UD, α=0.25) and d) 9-story (UD,
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corresponding seismic hazard curve, MAFs of exceeding different levels
of MRIDR (λRD) were calculated. The conclusions of this study are sum-
marized as follows:

• The structures equipped with linear FVDs (i.e., α = 1.0) have higher
median SaRD values compared with those obtained for the corre-
sponding structures with nonlinear FVDs (i.e., α = 0.25, 0.5 and
0.75). Moreover, among the structures with nonlinear FVDs, as the
value of α increases, the median SaRD increases correspondingly. For
example, according to the results for the 3-story-h1-1.4-UD structure,
in theworst case, the Residual DriftMargin Ratio (RDMR) correspond-
ing to α= 0.25 and MRIDR = 2.0% is 0.663 times that corresponding
to α = 1.0.

• For each of the three structures considered, the lowest value ofMAF of
exceeding eachMRIDR level (λRD) belongs to the structure with linear
FVDs, and by decreasing the value of α, the value of λRD increases cor-
respondingly.

• For the 3-story-h1-1.4 structure, which has the highest value of sup-
plemental viscous damping ratio (ξv) among the structures consid-
ered, the difference of λRD values given different values of α, is more
obvious for higher levels of MRIDR.

• Comparing the median SaRD values obtained assuming the two verti-
cal distributions of damping coefficients (i.e., UD and IDPD), it can
be seen that using IDPD for the structures with a soft story (i.e., the
3-story-h1-1.4 and 9-story structures) results in higher median SaRD
values than those obtained using UD. However, for the 3-story struc-
ture, which does not have a soft story, using UD leads to higher me-
dian SaRD values than those obtained using IDPD.

• According to the values of λRD calculated assuming the two vertical
distributions of damping coefficients (i.e., UD and IDPD), it can be con-
cluded that using IDPD for the 3-story-h1-1.4 and 9-story structures,
with a soft story, results in average decreases of 20.8% and 5% in λRD
values (given all the values ofα and consideredMRIDR levels), respec-
tively, compared with those obtained using UD. Moreover, for the 3-
story structure, which does not have a soft story, using UD causes an
average decrease of 6.7% in λRD values, given all the values of α and
considered MRIDR levels, compared with those obtained using IDPD.

• The results obtained for differentMRIDR levels indicate that given the
value of ξv for each of the three considered structures, using Eqs. (11)
to (14) assuming different values of α does not result in a same λRD

value, representing a same probabilistic residual drift performance.
In fact, using these simplified design equations, which exist in the
technical literature to proportion linear or nonlinear FVDs (with dif-
ferent values of α) based on a specific value of ξv, does not guarantee
the same probabilistic residual drift performance, and the value of ve-
locity exponent for FVDs certainly affects the results.
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