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Abstract. In performance-based engineering, conservatism in acceptance criteria at
structural performance levels has increased the cost of retro�tting. In seismic rehabilitation
of structures, uncertainties associated with existing structures have been studied and
rehabilitation guidelines have been applied to deal with these uncertainties in terms of
reliability index. The secondary system, which is added to the existing structure, is
subject to uncertainties in seismic rehabilitation of structures. These uncertainties can
escalate the uncertainties of rehabilitated structures and may change the analysis results
such as reliability index parameter, values of fragility, and inter-story drift. Therefore, this
study investigated the reliability of the structure rehabilitated with steel shear wall and
performed a parametric study on the reliability index. The selected structure was a steel
moment frame, which was rehabilitated by the steel shear wall. The structure was subject
to incremental dynamic analysis before and after rehabilitation with probabilistic variables.
Based on the results, the values of the reliability index were obtained for the rehabilitated
structure in the presence of uncertainties. According to results, structural rehabilitation
reduced failure probability and consideration of uncertainties in the rehabilitated structure
increased the probability of failure. Therefore, existing conservatism was reduced.
© 2021 Sharif University of Technology. All rights reserved.

1. Introduction

Conservatism in acceptance criteria at structural per-
formance levels is an important problem and causes
high costs for retro�tting and reconstruction. It is
no wonder that, sometimes, the results of performance
evaluations are inaccurate. Siahos and Dritsos [1] eval-
uated the seismic performance of Reinforced Concrete
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(RC) structures according to conventional regulations
through pushover analysis. They found that all meth-
ods had overestimated the observed damage. Acun and
Sucuoglu [2,3] tested 12 full-scale columns designed for
bending failure. They proved that the performance
limits applied to common columns by the regulation
were very conservative in terms of test results, which
might lead to misleading outcomes when assessing the
seismic hazard of structures. Also, Ricci et al. [4] tested
old reinforced concrete columns and observed signi�-
cant conservatism concerning the results of the plastic
deformation model. Therefore, studies on design
criteria of regulations have shown that uncertainties in
the estimation of structural engineering problems are
inevitable.
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Structural system properties such as material
parameters, external loads, incomplete models, and
human factors are uncertain. Structural loads and
member resistance cannot be de�nitively modeled with
uncertainties when the structural response is simulated.
Although it is impossible to achieve absolute safety,
the possible range of demands and resistance can be
predicted and idealized. Consequently, probabilistic
design philosophy can provide a safety level for struc-
tures by predicting the probability of failure.

Hacking [5] categorized uncertainty sources in
probabilistic methods that are either aleatory or epis-
temic. Aleatory uncertainty is irreducible and results
from random changes in phenomena. Thus, these
uncertainties cannot be reduced. Structural parame-
ters such as material properties, geometry, and loads
are regarded as aleatory uncertainties. In contrast,
epistemic uncertainty can be reduced and it occurs
due to insu�cient data. This uncertainty diminishes
with increasing data. In 2007, considering di�er-
ent uncertainties, Zareian and Krawinkler proposed
a probabilistic method [6]. Dolsek [7] studied the
e�ects of epistemic uncertainty on the seismic capacity
of a 4-story concrete moment frame and selected a
set of structural modeling parameters as probabilistic
variables.

Vamvatsikos and Fragiadakis [8] used the
moment-rotation relationship with multi-linear non-
deterministic backbone curves for plastic beams. Using
di�erent statistical tools, they studied the e�ect of
these uncertainties on the performance of a 9-story steel
moment frame. This study considered the backbone
curve with six unknown parameters including yield
moment, ratio of post-yield hardening, end moment,
descending branch slope, remaining moment, and ulti-
mate rotation.

In 2014, Vamvatsikos [9] studied the uncertainties
of the model parameters. He investigated the e�ects
of these uncertainties on the seismic performance of
structures by means of a new algorithm and the
Latin Hypercube Sampling (LHS). In the same year,
Kaveh et al. [10] considered elastic modulus, loads, and
geometric parameters as probabilistic variables. They
tried to reduce the reliability index by presenting an al-
gorithm. Mathiasson and Medina [11] studied the col-
lapse probability of steel moment frame structures with
consideration of aleatory and epistemic uncertainties.

Torabian and Taghikhany [12] used the single-
degree-of-freedom system to investigate the uncer-
tainties of steel moment frames. Using Incremental
Dynamic Analysis (IDA) and the LHS method, they
investigated the aleatory and epistemic uncertainties of
structures. Kazantzi et al. [13] evaluated the e�ects of
uncertainty in resistance and ductility on the seismic
performance of a 4-story steel moment frame. They
used the force-deformation relationship for the model

derived from Lignos and Krawinkler's works [14]. They
showed that ignoring the uncertainties of a model might
yield non-conservative estimates of fragility in case
of local damage. In 2015, considering the reliabil-
ity of a structural system equipped with a damper,
Tubaldi et al. investigated the uncertainties of seismic
records [15].

In 2016, Asgarian and Ordoubadi [16] evalu-
ated other modeling parameters. They considered
four probabilistic variables including equivalent viscous
damping, e�ective seismic mass, yield strength, and
ultimate strength of steel. In the same year, Haji-
rasouliha et al. [17] studied the e�ect of uncertainty
in structural properties and ground motion on the
performance of braced frames. They examined a set
of 5-, 10-, and 15-story structures in various seismic
simulations and inspected the e�ects of mechanical
properties of structural elements, damping ratio, and
seismic stimulation using the Monte Carlo simulation
method. In 2016, Zhang et al. [18] studied uncertainties
in steel structures and considered uncertainties in cross-
section and structural loads as probabilistic variables.
In the same year, Holicky et al. [19] attempted to
improve the de�nitions of model uncertainty. Using
the model and empirical results, they proposed a gen-
eral methodology to determine the model' uncertainty
quality.

In 2017, Dyanati et al. [20] considered uncer-
tainties in the demand and capacity of the braced
frame system and examined the seismic performance
of these structures. In 2018, Jiang and Ye [21]
took into account di�erent sources of aleatory and
epistemic uncertainties for seismic risk assessment of
the structures. Using the LHS method, they modeled
random variables. They showed that the uncertainties
had a signi�cant impact on seismic risk assessment
of the structures. In 2019, Norouzi and Gerami [22]
studied the e�ect of uncertainty in characteristics of
the ground motion on the performance of steel moment
frames. Using the failure mechanism theory, Piluso
et al. [23] developed the seismic design method for
Moment-Resisting Frames (MRFs) with consideration
of the material uncertainties.

These researches have investigated the seismic
design of structures. In these researches, uncertainties
in the designed structures have been considered. In
seismic regulations such as FEMA-P695 [24], the model
and ground motion uncertainties are separately con-
sidered. In these regulations, uncertainties are taken
into consideration based on qualitative data in existing
structures. In seismic rehabilitation of structures, the
secondary system, added to the existing structure,
is subject to uncertainties. These uncertainties may
increase the uncertainties of the rehabilitated structure.

In Section 2, a 3-story steel moment frame is
selected and modeled as two-dimensional. In Section 3,
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Figure 1. Plan and height of the 3-story structure [25].

the structure is analyzed and rehabilitated with a steel
shear wall. Near-�eld and far-�eld records are used for
IDA. In Section 4, considering the probabilistic vari-
ables, an e�ective number of structural models are gen-
erated. The quanti�cation of uncertainties associated
with the steel shear wall is investigated to evaluate the
uncertainties in seismic rehabilitation. The seismic per-
formance evaluation of structures should be performed
using reliability-based methods. In this study, using
the reliability methods, the e�ect of uncertainties on
the seismic performance of the rehabilitated structure
is studied. In Sections 5 and 6, the results of the
analysis and conclusions are presented, respectively.

2. The structural model for seismic
performance evaluation

2.1. Selected structural model
In this study, a 3-story steel moment frame was
selected, which was designed based on the UBC1994
regulation [25]. In this structure, all common require-
ments of UBC1994 code were taken into account for
seismic and gravity design. The structure, located
in the center of Los Angeles and on sti� soil, was
designed as an o�ce building and a steel moment
frame. In this structure, perimeter steel MRFs were
used as structural systems. The plan and height of the

structure are given in Figure 1. The structure of the
lowest oor had rigid connections and the damping of
the structure was considered to be 2%. The beams
and columns were characterized by a yield strength of
50 kip and a modulus of elasticity of 29,000 ksi. The
sections assigned to structural members are presented
in Table 1.

Regulations, published after the Northridge
earthquake, have made design recommendations for
the construction of plastic hinge in the beam and
away from the column surface. The displacement of
plastic hinge away from the column surface was done
by increasing the beam capacity on the column surface
by adding cover plates to the beam ange or reducing
the resistance of beam away from the column surface
through the reduction of the beam section.

By using the point plastic hinge on the beam and
away from the column surface, the plastic behavior of
beams was modeled. For point plastic hinges, a bilinear
moment-rotation relationship with strain hardening of
3% was used. Also, there was a bilinear moment-
rotation relationship with strain hardening of 3% for
the column.

OpenSees software [26] uses a combination of rigid
elements and rotational spring for modeling the panel
zone directly. Figure 2 presents the details of the
panel zone. Rotational spring provides sti�ness and

Table 1. Sections of the studied structure [25].

Story

Moment-resisting frame Gravity frames

Columns
Beam Columns Beam

Exterior Interior

1 W14� 257 W14� 311 W30� 116 W14� 68 W16� 26

2 W14� 257 W14� 311 W30� 116 W14� 68 W16� 26

3 W14� 257 W14� 311 W24� 62 W14� 68 W14� 22
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Figure 2. Analytical model for the panel zone [25].

Figure 3. The trilinear shear force-shear strain
relationship for the panel zone [25].

shear strength of the panel zone with a trilinear shear
force-shear strain relationship. The shear force-shear
strain relationship proposed by Krawinkler is shown in
Figure 3, which is used to describe the shear behavior
of the panel zone in this study. The control values
for yield force Vy, plastic force Vp, yield strain y, and
plastic strain p are given by:

Vy = 0:55fyedctw; (1)

Vp = Vy

 
1 +

3bcf t2cf
dbdctw

!
; (2)

y =
fyep
3G

; (3)

p = 4y; (4)

where dc is column depth; bcf is column ange width;
db is beam depth; tw is web thickness; tcf is column
ange thickness; and G is shear modulus.

The elastic sti�ness, Ke, and the post-yield sti�ness,
Kp, are calculated as the slopes of the elastic and
plastic zone, respectively.

2.2. Gravity and lateral loading
The studied structure is a steel structure consisting
of perimeter steel MRFs and interior Gravity Frames
(GFs). In this structure, the lateral load is carried by
the perimeter MRFs and the gravity load is carried by
perimeter MRFs and interior GFs. In Figure 1, the
perimeter MRFs are represented by continuous lines
and the interior GFs are represented by dashed lines.
The gravity load of the entire structure is 2281 kips
on the roof oor and 2108 kips on the other oors
(including dead load plus 20% live load). Due to
the symmetry of the structure, half of the structure
is considered in modeling. In the gravity load of
the structure, the contribution of parameter MRF is
determined based on the proportion of the structure
loading surface to the oor area. The gravity load of
each oor is applied to the beams of the oor, and
lateral load is applied as a point load at the height of
the structure.

In two-dimensional modeling, the e�ect of the
interior frames and orthogonal steel moment frames is
not considered. A gravity equivalent column (p-delta
column) has been used to consider the e�ect of interior
frames. The contribution of the p-delta column of a
gravity load is equal to the gravity load of the oor
minus the gravity load of the perimeter MRF (with
consideration of the e�ect of the structure symmetry).

On each oor, the inertia moment of the p-delta
column is equal to the inertia moment of columns of
interior frames and orthogonal steel moment frames.
At the beginning and end of the p-delta column (except
for the beginning of the column of the �rst oor),
bending spring with low sti�ness is de�ned to prevent
the transmission of bending moment. The p-delta
column is connected to the steel moment frame by
beams with sti�ness and strength equivalent to the
interior frame beams.

After modeling using OpenSees software, the
structure was subjected to pushover analysis. The
pushover curve derived from this modeling and mod-
eled structures in Gupta and Krawinkler's report [25]
is presented in Figure 4. The lateral load for pushover
analysis is considered according to UBC1994 regula-
tion.

3. Structure rehabilitated with steel shear wall

In this study, the structure was modeled as two-
dimensional and evaluated to investigate the need for
rehabilitation. For seismic evaluation, the nonlinear
static analysis was used, while the bilinear moment-
rotation relationship was employed for modeling the
nonlinear behavior of members in the nonlinear static
analysis.

Based on the evaluations performed, weaknesses
of the structure were determined. The use of appro-
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Figure 4. Pushover curve of the SAC structure and the
studied structure.

Figure 5. Structure rehabilitated with the steel shear
wall.

priate methods is essential for correcting the weak-
nesses and performing the rehabilitation. According
to requirements of the structure, a proper strategy
should be applied to rehabilitation. In this paper,
system rehabilitation was used and the steel shear wall
was considered for the rehabilitation of the existing
structure.

When the structure is under rehabilitation with
a steel shear wall, the stress concentration in columns
grows along the shear wall; thus, these columns are
particularly needed for rehabilitation. A steel shear
wall with a low yield strength (Fy = 35 kip) was used
to prevent or mitigate this problem. Characteristics
of the employed shear wall are reported in Table 2.
Figure 5 displays the structure rehabilitated with a
steel shear wall. The studied structure was a steel
structure consisting of perimeter MRF and the middle
span of the perimeter MRF was rehabilitated with the

Table 2. Characteristics of the steel shear wall used to
rehabilitate the structure.

Story
Thickness of

steel shear wall
(inch)

Fy
(kip)

E
(ksi)

1 0.22
35 290002 0.22

3 0.12

shear wall. The strip model was used to model the steel
shear wall in OpenSees software.

4. Estimation of probabilistic seismic
performance

4.1. Probabilistic seismic performance
evaluation method

At this step, the structure is studied using IDA.
IDA is one of the most recent design methods based
on the performance in earthquake engineering, which
describes the behavior of the structure at di�erent
earthquake intensities. Due to the dynamic nature
of this method, the obtained results represent a more
realistic behavior of the structure.

In the IDA method, a certain numerical model of
the structure is considered; hence, this method includes
only aleatory uncertainties (uncertainties related to
various seismic records). In an extended method, with
the probabilistic distribution of the structural model,
IDA can be done. Thus, this method includes both
aleatory and epistemic uncertainties.

The required records must be selected and scaled
to conduct the IDA. In this study, ground motion
data include the number of far-�eld and near-�eld
records with di�erent frequency contents, durations,
and magnitudes. The near-�eld records are considered
at a distance of 15 km from the fault [27]. In this study,
all of the selected records are of soil D in accordance
with the classi�cation of NEHRP's site, given the
structure is located on sti� soil. Also, scaling is done
after selecting the records. Tables 3 and 4 outline the
selected far-�eld and near-�eld records.

According to NIST GCR 11-917-15 [28], for two-
dimensional analyses, ground motions should be scaled
such that the mean value of the response spectrum for a
set of ground motions is not lower than that of the site
design response spectrum within the periodic range of
0.2T to 1.5T. Figure 6 illustrates the design spectrum

Figure 6. The design spectrum and the scaled spectrum
of selected records along with the average range of these
records.
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Table 3. Details of the far-�eld records.

No. Earthquake Year Station MW Rib (km) Rrup (km)
1 San Fernando 1971 2516 Via Tejon PV 6.61 55.2 55.2
2 Tabas, Iran 1978 Ferdows 7.35 89.76 91.14
3 Imperial Valley06 1979 Coachella Canal #4 6.53 49.1 50.1
4 Victoria, Mexico 1980 SAHOP Casa Flores 6.33 39.1 39.3
5 Coalinga-01 1983 Park�eld-Cholame 6.36 55.05 55.77
6 N. Palm Springs 1986 Hesperia 6.06 71.7 72.97
7 Whittier Narrows-01 1987 Canyon Country-w lost 6 44.88 48.18
8 Loma Prieta 1989 Richmond City Hall 6.93 87.78 87.87
9 Landers 1992 Baker Fire Station 7.28 87.94 87.94
10 Northridge-01 1994 Huntington bch-Waikiki 6.69 66.43 69.5

Table 4. Details of the near-�eld records.

No. Earthquake Year Station MW Rib (km) Rrup (km)
1 Park�eld 1966 Cholame{Shandon 6.19 12.9 12.9
2 Gazli 1976 Karakyr 6.80 3.92 5.46
3 Coalinga 1983 Pleasant Valley p.p. bldg 6.36 7.69 8.41
4 N. Palm Springs 1986 North Palm Springs 6.06 0 4.04
5 Whittier Narrows-01 1987 Santa Fe Springs E. Joslin 6 11.47 14.49
6 Superstition Hills-02 1987 Parachute Test Site 6.54 0.95 0.95
7 Loma Prieta 1989 Gilroy Araay #2 6.93 10.38 11.07
8 Erzican, Turkey 1992 Erzican 6.69 0 4.38
9 Kobe 1995 KJMA 6.9 0.94 0.96
10 Chi-Chi 1999 TCU065 7.62 0.57 0.57

and scaled spectrum of selected records along with the
average range of these records.

4.2. Quanti�cation of the considered
uncertainties

Despite signi�cant uncertainties in the seismic demand
and capacity, the results of the design and evaluation
of the seismic performance of structures will be valid
only if these uncertainties have been considered with a
realistic approach. In other words, by using reliability
methods, designing and evaluating the seismic perfor-
mance of structures should be done.

The purpose of reliability is to express the com-
pleteness of failure probability. Each reliability issue
has two components: random variables and state
functions. Random variables express uncertainty in the
problem, while the state functions de�ne the failure
event. In general, the state function is de�ned as in
Eq. (5):

g(R;S) = R� S; (5)

where g denotes the limit state function and the state
g < 0 represents the failure of the structure. R and
S denote the capacity and demand, respectively, which

contain a set of random variables. By using basic statis-
tical distribution functions such as Probability Density
Function (PDF), the occurrence of these variables is
de�ned. The failure probability, Pf , is expressed as
multiple integrals in Eq. (6):

Pf = P (g � 0) =
Z
g�0

� � �
Z
f(x)dx; (6)

where f(x) is the PDF for basic random variables.
Variations of statistical distribution for the randomized
model and the number of random variables can com-
plicate the evaluation of Eq. (6) using the integration
method. On the other hand, simulation techniques
and second-moment methods are suitable for solving
structural reliability issues. In other words, reliability
methods constitute a solution to this integral and
can solve it with di�erent approaches. First-order
second-moment methods, �rst-order reliability, second-
order reliability, sampling method, and Monte Carlo
simulation are examples of reliability methods. In
this study, IDA analysis was used to calculate the
uncertainties caused by random parameters of the
structural system. IDA analysis, coupled with Monte
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Table 5. Statistical characteristics of random input variables.

Name Symbol Mean Coe�cient
of variation

Distribution Reference

Strain hardening ratio � 0.02 0.4 Normal Sadowski et al. [32,33]
Rayleigh's damping � 0.02 0.4 Normal Porter et al. [34]
Yield strength Fy 35 kip 0.07 Lognormal Melchers [35], JCSS [36]

Carlo simulation and sampling, considers uncertainties
of various parameters in the capacity and demand of
real systems.

Initially, the structure with basic parameters
underwent IDA analysis with selected seismic records.
The selected records involve extensive variations in
ground motion characteristics. The results of this step
were associated with the uncertainty caused by various
seismic records. At the next step, assuming Rayleigh's
damping, yield strength, and strain hardening of the
force-deformation relationship of steel shear wall as
probabilistic variables, an e�ective number of struc-
tural models were generated. Then, each structural
model was subject to IDA analysis for the selected
records. The results of this step included aleatory and
epistemic uncertainties.

Table 5 presents the statistical characteristics
of selected probability variables. In general, with
respect to probabilistic variables, 120 structural models
were used for three-story structures rehabilitated with
the steel shear wall. FEMA356 [29] proposed the
use of maximum drift ratio to capture the structural
performance levels and the corresponding damage of
structural components. In this study, inter-story drift
ratio (�) was employed to measure the damage. The
inter-story drift ratio was measured as the ratio of
relative displacement between oors to story height.

FEMA356 proposed Immediate Occupancy (IO),
Life Safety (LS), and Collapse Prevention (CP) per-
formance levels as three structural performance levels
with allowable drift ratios of 0.7%, 2.5%, and 5%,
respectively. In this study, spatial acceleration in the
main period of the structure (Sa) was considered to
measure seismic intensity. Fragility function Fr(x),
which indicates the exceedance probability of di�erent
damage states, is expressed by Eq. (7) [30]:

Fr(x) = �
��

lnx� lnSa
�
=�R

�
; (7)

where Sa is the median value of structural fragility in
unit Sa, �R is the standard deviation of lognormal of
the system fragility, and � denotes standard normalized
cumulative distribution function. Distribution param-
eter, �R, which expresses the uncertainties associated
with seismic demand and structural capacity, is calcu-
lated through Eq. (8):

�R =
q
�DjS2

a
+ �2

c : (8)

The uncertainty in seismic demand (�DjSa) is ex-
pressed by dispersion at �max, while the uncertainty
in structural capacity (�c) depends on di�erent states
of structural damage. �c is equal to 0.25 for IO and
LS limit states and it is 0.15 for CP limit state [31].
The annual exceedance probability of the limit state is
de�ned by Eq. (9) [30]:

PLS = k0S
�k
a exp

�
(k�R)2

2

�
; (9)

where k0S
�k
a indicates a seismic hazard and the expo-

nential term is the correction coe�cient, which applies
the variability of demand and capacity. In Eq. (9), k0
and k denote the risk scale and the slope of the seismic
hazard curve, respectively.

5. Results and discussion

5.1. Incremental dynamic analysis
In the �rst section of results, summarized IDA curves
(16th, 50th, and 84th percentiles of capacity) are given
in Figures 7 and 8 for pre- and post-rehabilitation
states of the structure in three limit states (IO, LS,
and CP). Pre-rehabilitation results are presented as
the baseline state. IDA curves in Figures 7 and 8 are
related to far-�eld and near-�eld records, respectively.
A comparison between IDA curves suggests that the
maximum inter-story drift is greatly reduced by the re-

Figure 7. Incremental Dynamic Analysis (IDA) curves of
the structure for three limit states under far-�eld records.
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Figure 8. Incremental Dynamic Analysis (IDA) curves of
the structure for three limit states under near-�eld records.

habilitation of the steel moment frame with steel shear
wall due to the enhanced capacity of the structure.

5.2. Sensitivity analysis
In this section, Rayleigh's damping, yield strength, and
strain hardening of the force-deformation relationship
of the steel shear wall are assumed as probabilistic vari-
ables. Then, the sensitivity of the structural response
rehabilitated with the steel shear wall is evaluated in
relation to each of these parameters.

Base values and appropriate range of values for
these probabilistic parameters were considered. Strain

hardening is de�ned as a function of elastic sti�ness in
the force-deformation relationship for the steel shear
wall. The sensitivity analysis for this parameter was
performed with values of 0%, 2%, and 5%. The value of
2% was considered as the base value for this parameter.
In Figure 9, IDA curves are presented for the structure
rehabilitated with a steel shear wall with the base value
and the range of variations. According to Figure 9(a),
the structural response to the strain hardening param-
eter of the force-deformation relationship of the steel
shear wall has minimum sensitivity. The sensitivity of
the structural response to this parameter was obtained
at about 13%.

In this study, Rayleigh's damping of the struc-
ture was considered to be 2% as the base value in
the sensitivity analysis, which was performed for this
parameter with values of 0%, 2%, and 5%, as displayed
in Figure 9(b). Regarding rehabilitation of the existing
structure, the yield strength of the steel shear wall
was 35 kip. This value was considered as the base
value for yield strength. The evaluation results for the
sensitivity of the structural response to yield strength
of steel shear wall with values of 30, 35, and 40 kip
are given in Figure 9(c). The sensitivity rates of the
structural response to Rayleigh's damping and yield
strength parameters were obtained about 16% and
23.6%, respectively. As observed, the e�ect of yield
strength parameter on the structural response was
greater than those of other two parameters.

Figure 9. The sensitivity of median Incremental Dynamic Analysis (IDA) curve to probabilistic parameters: (a) The
e�ect of the strain hardening of the force-deformation relationship of the steel shear wall, (b) the e�ect of Rayleigh's
damping parameter of the structure, and (c) the e�ect of the yield strength parameter of the steel shear wall.
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5.3. Quanti�cation of the uncertainties
The curves derived from IDA analysis and fragility
curves of the structure under far-�eld and near-�eld
records are shown in Figures 10{13. The seismic
fragility analysis represents the exceedance probability
of structural damage states against records with a
speci�c intensity. The maximum inter-story drift ratio
was selected as the damage indicator for fragility
analysis, and three levels of drift (0.7%, 2.5%, and 5%)
were determined based on the FEMA356 performance
levels (IO, LS, and CP).

The uncertainties associated with seismic demand
and structural capacity were taken into account. Ta-
bles 6 and 7 report the values of �DjSa and �R for
pre- and post-rehabilitation with consideration of the
uncertainties. The median value of fragility (Sa) in
terms of spatial acceleration was calculated through
Eq. (7) for the structural pre- and post-rehabilitation.
Furthermore, this parameter was calculated for the

Figure 10. Incremental Dynamic Analysis (IDA) curve of
the structure under far-�eld records.

Figure 11. Incremental Dynamic Analysis (IDA) curve of
the structure under near-�eld records.

rehabilitated structure in terms of uncertainties. The
fragility curves of the rehabilitated structure with
and without consideration of uncertainties are demon-
strated at performance levels for far-�eld and near-�eld
records in Figures 12 and 13, respectively.

According to Tables 6 and 7, with the rehabilita-
tion of the structure, the median value of fragility in the
LS limit state increased from 0.47 g to 1.27 g under far-
�eld records and from 0.57 g to 1.49 g under near-�eld
records. As can be seen, following the rehabilitation
of the structure, the median values of fragility also
grow in other limit states. The comparison of fragility
curves of the rehabilitated structure with and without
consideration of uncertainties indicated that consider-
ation of uncertainties had reduced the median value of
fragility. Comparison of IDA curves of the rehabilitated
structure with and without consideration of uncer-
tainties demonstrated that uncertainties increased the
maximum inter-story drift up to 27.6% and 16.4%

Table 6. Seismic demand and median fragility values of structures under far-�eld records.

Case �DjSa
�R Sa(g)

IO LS CP IO LS CP

Base building 0.32 0.41 0.41 0.36 0.11 0.47 0.79
Rehabilitated building 0.25 0.35 0.35 0.29 0.63 1.27 1.82
Rehabilitated building with consideration of uncertainties 0.24 0.34 0.34 0.28 0.59 1.22 1.73

Table 7. Seismic demand and median fragility values of structures under near-�eld records.

Case �DjSa
�R Sa(g)

IO LS CP IO LS CP

Base building 0.38 0.45 0.45 0.41 0.13 0.57 1
Rehabilitated building 0.26 0.36 0.36 0.30 0.74 1.49 2.14
Rehabilitated building with consideration of uncertainties 0.25 0.35 0.35 0.29 0.71 1.43 2.03
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Figure 12. Fragility curve for di�erent limit states under far-�eld records: (a) Immediate Occupancy (IO) limit state, (b)
Life Safety (LS) limit state, and (c) Collapse Prevention (CP) limit state.

Figure 13. Fragility curve for di�erent limit states under near-�eld records: (a) Immediate Occupancy (IO) limit state,
(b) Life Safety (LS) limit state, and (c) Collapse Prevention (CP) limit state.

under far-�eld and near-�eld records, respectively. It
is suggested that consideration of uncertainties reduces
the existing conservatism.

5.4. Annual exceedance probability of the limit
states

The annual exceedance probability of three limit states
was calculated through Eq. (9) for the base and
rehabilitated buildings with and without consideration
of uncertainties. In Eq. (9), k0 and k are seismic

hazard parameters equal to 3.03e-4 and 2.69 for Los
Angeles city [37]. The results of annual exceedance
probability are presented in Tables 8 and 9. The annual
exceedance probability of the IO limit state decreased
from 0.2109 to 0.0016 and from 0.1524 to 0.0011 with
the rehabilitation of the structure under far-�eld and
near-�eld records, respectively. This probability also
diminished for LS and CP limit states, suggesting that
the seismic performance of the structure was better
through the rehabilitation of the structure.
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Table 8. Annual exceedance probability of three limit
states under far-�eld records.

Case

Annual exceedance
probability (PLS)

IO LS CP

Base building 0.2109 0.00424 0.000913
Rehabilitated building 0.0016 0.00025 0.000082
Rehabilitated building
with consideration of
uncertainties

0.0019 0.00027 0.000092

Table 9. Annual exceedance probability of three limit
states under near-�eld records.

Case

Annual exceedance
probability (PLS)

IO LS CP

Base building 0.1524 0.00286 0.000557
Rehabilitated building 0.0011 0.00017 0.000048
Rehabilitated building
with consideration of
uncertainties

0.0012 0.00018 0.000061

The results revealed that the annual exceedance
probability of the IO limit state increased from 0.0016
to 0.0019 and from 0.0011 to 0.0012 with consideration
of uncertainties in the rehabilitated structure under
far-�eld and near-�eld records, respectively. Finally,
a comparison between the results of Tables 8 and 9
showed that a reduction or an increase in annual ex-
ceedance probability under far-�eld records was greater
than that under near-�eld records. Based on the
response spectrum of selected far-�eld records, this may
be due to the greater impact of these records in the
main period of the rehabilitated structure.

6. Conclusions

In this study, a 3-story structure of the SAC project
was selected and veri�ed in OpenSees software. The
studied structure was then analyzed and rehabilitated
with a steel shear wall. Near-�eld and far-�eld records
were used for incremental dynamic analysis and these
records were scaled based on the design spectrum
for the site. The selected records involved extensive
variations of the ground motion characteristics. For the
selected seismic records, the structure was subjected to
incremental dynamic analysis with basic parameters.
The results of this step captured the uncertainty
caused by various seismic records. As demonstrated by
analysis results, the far-�eld records had greater e�ects
on the results due to their greater impact on the main
period of the rehabilitated structure.

At the next step, by assuming Rayleigh's damp-
ing, yield strength, and strain hardening of the force-
deformation relationship of steel shear wall as prob-
abilistic variables, an e�ective number of structural
models were generated and subjected to an incremental
dynamic analysis of selected records. The results
of this step included both aleatory and epistemic
uncertainties.

The sensitivity of structural response to each of
the selected probability parameters was investigated
under sensitivity analysis. The results of sensitivity
analysis revealed that the response of the structure had
the least sensitivity to the strain hardening parameter
of the force-deformation relationship of the steel shear
wall (13%) and the highest sensitivity to the yield
strength parameter of the steel shear wall (23.6%).

In this study, the incremental dynamic analysis
was carried out on the pre- and post-rehabilitation
structures. The obtained Incremental Dynamic Anal-
ysis (IDA) curves revealed that rehabilitation of the
steel moment frame with a steel shear wall signi�cantly
reduced the maximum inter-story drift of the structure
in the considered limit states. Comparison of the
rehabilitated structure curves with and without con-
sideration of uncertainties demonstrated that taking
uncertainties in account increased the maximum inter-
story drift up to 27.6% and 16.4% under far-�eld and
near-�eld records, respectively. It can be suggested
that consideration of uncertainties reduces the existing
conservatism.

Finally, the annual exceedance probability of the
selected limit states was calculated for the base and
rehabilitated buildings with and without consideration
of uncertainties. The annual exceedance probability
of the selected limit states diminished through the
rehabilitation of the structure under far-�eld and near-
�eld records, suggesting that the seismic performance
of the structure improved through the rehabilitation of
the structure. The results revealed that the annual
exceedance probability of the three limit states in-
creased by 8{18.75% and 5.9{27.1% with consideration
of uncertainties in the rehabilitated structure under far-
�eld and near-�eld records, respectively.
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