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In this research, the probabilistic seismic performance of asymmetric reinforced concrete wall-frame buildings with different
strength distributions incorporating foundation flexibility effects is examined. By using probability-based performance evaluation
approach, it is possible to provide a more accurate prediction of the different strength distribution effect on the seismic per-
formance of asymmetric buildings and find the most efficient strength distribution for meeting each performance level. ,ese
efficient distributions can be adopted in the performance-based design of asymmetric buildings. For this purpose, first, the
regression analysis and the concepts of efficiency and sufficiency were used to determine an optimal intensity measure (IM) for
incremental dynamic analysis and evaluating the seismic response of the considered building models.,en, the proper magnitude
of interstory drift capacity for this type of buildings in each limit state was estimated using the damage index concept. Finally, the
effects of different strength distributions and the flexibility of foundation were studied on the seismic performance of the
asymmetric buildings by investigating the mean annual frequencies of exceeding structural performance levels and confidence
levels to satisfy performance objectives. It is concluded that irregular distributions of stiffness and strength in the plan of a building
highly affect the seismic performance of buildings. Also, the results show that the optimum strength distribution is a function of
the objective performance level and these optimum strength distributions are the same for both fixed- and flexible-base con-
ditions. Meanwhile, the flexible effect of foundation increases the mean annual frequencies of exceedance within the range of 10%
to 45% and significantly decreases the confidence levels in most cases.

1. Introduction

,e experience of past earthquakes has demonstrated that
asymmetric buildings are more vulnerable to intensive
earthquakes compared to symmetric buildings. Irregular
distributions of stiffness and strength among the lateral
force-resisting elements (LFREs) of a building can result in
coupled lateral-torsional dynamic response which is the
main cause of extensive damages in asymmetric buildings
[1, 2]. So far, there have been two different concepts for
distribution of strength and stiffness among the LFREs of the
buildings. Earlier studies traditionally assumed that the
stiffness of an element is an independent parameter and can
be estimated based on its geometric characteristics.

However, in recent years, it has been pointed out that for
many commonly used LFREs such as concrete moment-
resisting frames and shear walls, stiffness is a strength-de-
pendent parameter and will be calculated after the strength
allocation among the LFREs [3–5]. ,ese two different types
of LFREs are called K-type [6] and D-type [7] elements,
respectively.

In D-type elements, the yield displacement is indepen-
dent of stiffness and strength and can be estimated based on
the geometry and material properties. ,erefore, it can be
said that stiffness and strength of a D-type element depend
on its yield displacement, and both stiffness and strength
eccentricities are important parameters that affect the
seismic response of structures [5]. Paulay [8] was the first to
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study the seismic behavior of asymmetric buildings com-
posed of elements having strength-dependent stiffness, and
he claimed that the common lateral strength allocation
specified in modern seismic building codes is not rational.
Tso and Myslimaj [9, 10] proposed a yield displacement
distribution-based approach for strength allocation to
D-type LFREs which does not need the information of
stiffness distribution prior to the strength allocation. ,ey
used a single-story wall-type model and investigated the
effects of different arrangements of centers of stiffness (CS)
and strength (CR) with respect to the center of mass (CM)
on the diaphragm rotation response of the model. ,ey
concluded that the optimal arrangement of the centers is one
where the centers of strength and stiffness are located on
opposite sides of the mass center. ,is configuration is
known as “balanced CS-CR location” in the literature. ,e
authors also demonstrated that there is a noticeable change
in the trend of the diaphragm rotation at different seismic
input levels. At lower earthquake levels, the minimum ro-
tations are obtained in the models with minimum stiffness
eccentricity, but there is a shift towards minimum strength
eccentricity as the seismic input level increases [9]. Shakib
and Ghasemi [11] studied the effects of near-fault and far-
fault ground motions on structural responses of asymmetric
buildings supported by wall elements.,eir results indicated
that considering D-type elements, in near-fault ground
motions, the balanced configuration of the stiffness and
strength centers leads to the minimum rotational response.
Aziminejad and Moghadam [12, 13] studied the perfor-
mance of wall-type asymmetric buildings by using nonlinear
dynamic analyses. ,e results were presented in the form of
different limit-state fragility curves. ,ey concluded that for
interstory drift responses, models with balanced configu-
ration and strength eccentricity equal to 0.25 of the distance
between CR and CS perform better. However, in general, the
proper configuration of centers differs significantly
depending on the selected engineering demand parameter.

Most of the above studies were carried out by employing
simple models with shear wall systems, while in most real
systems the frames are also involved in lateral-load resis-
tance. For this reason, in this study, the seismic performance
of plan-asymmetric reinforced concrete buildings with shear
wall-frame system has been evaluated. In addition, since
there is no general agreement on the optimal configuration
of the various centers, an attempt was made to quantify the
effects of different strength distributions on the seismic
performance of structures and identify a more reliable
configuration of centers in each limit state by using a
probabilistic performance assessment approach.

On the other hand, the global seismic behavior of a
specific structure may be totally different when it is founded
on flexible soil compared to a fixed base. ,is difference is
mainly due to the soil-structure interaction (SSI) phe-
nomenon. Several researchers have so far attempted to in-
corporate the effects of the foundation flexibility on
asymmetric buildings [14–16]. Shakib and Fuladgar [17]
studied the seismic response of asymmetric structures
composed of K-type elements with soil flexibility. ,ey
concluded that SSI effects reduce the lateral and torsional

responses of asymmetric buildings. However, as the struc-
tural period is increased, the effect of base flexibility is
noticeably decreased. ,ey also found that the eccentricity
ratio of the asymmetric system has a significant effect on the
response of soil-structure interaction. Roy and Chandra
Dutta [18] studied the inelastic seismic demand of low-rise
asymmetric buildings with soil flexibility and assuming that
the stiffness is independent of the strength in the LFREs of
the structural models. ,ey concluded that the nonlinear
behavior of the asymmetric system compared to the refer-
ence symmetric model is not extremely affected by SSI.
However, the effect of soil-structure interaction on the
nonlinear range of structural behavior may result in in-
creased damages. Shakib and Atefatdoost [19] performed
nonlinear analysis of three-dimensional dynamic soil-
structure interaction of asymmetric buildings with D-type
walls. ,eir results showed that with increasing base flexi-
bility, the slab rotation of asymmetric buildings decreases,
and the minimum slab rotation occurs when CS and CR are
on the opposite sides of CM (balanced condition). More
recently, Atefatdoost et al. [20] studied the effect of SSI on
the seismic response of idealized single-story asymmetric
buildings subject to near-fault pulse-like earthquakes. ,ey
concluded that for flexible-base structures, the reduction in
the base shear results only in the center of stiffness to control
torsional response; meanwhile, for structures with fixed
base, both centers of stiffness and strength are controlling.

In the literature, there is no study investigating base
flexibility effects on asymmetric buildings from the stand-
point of probabilistic performance-based earthquake engi-
neering. ,erefore, this study has provided an opportunity
to examine the influence of soil-foundation flexibility on the
seismic behavior, in addition to strength distribution effects
by implementing incremental dynamic analysis (IDA) and
reliability-based probabilistic approach. For this purpose,
first, the efficiency and sufficiency of different intensity
measures (IMs) for evaluating the seismic response of the
models were investigated and an optimal IM was chosen for
performance assessment. ,en, the proper magnitude of
interstory drift capacity for RC wall-frame buildings in each
limit state was estimated using the damage index concept.
Finally, the effect of different strength distributions was
studied on the probabilistic performance of asymmetric
buildings in fixed- and flexible-base conditions by evaluating
the mean annual frequencies of exceedance and confidence
levels to satisfy performance objectives.

2. Characteristics ofWall-Frame Buildings with
D-Type Elements

For studying the seismic behavior of wall-frame buildings
with D-type elements, first, the yield displacements of the
elements should be calculated. As previously mentioned,
research concerning the concrete moment-resisting frames
and shear walls has pointed out that the yield displacement
of these LFREs depends only on their geometric charac-
teristic and the properties of the material used and is es-
sentially independent of their strength [3, 5]. ,e yield
displacement of a cantilever shear wall, Δyw, as
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recommended by Paulay [3], can be obtained from the
following equation:

Δyw �
Cεyh2

lw
, (1)

in which εy is the steel reinforcement yield strain, lw is the
wall thickness, h is its height, and C is a coefficient which
quantifies the lateral force distribution pattern. For example,
for shear walls with lateral force applying at the top, C is
equal to 0.66 [3].

Also, for a concrete moment-resisting frame, the fol-
lowing equation can be used to estimate the yield dis-
placement at roof level [5]:

Δyf � 0.5εy

Lb

Db

h, (2)

where Lb and Db are the length and depth of the beam,
respectively.

According to Reference [3], within reasonable limits, the
strength of the elements may be assigned arbitrarily, and so
the designer has also the freedom to choose the fractions of
base shear force carried by the wall and the frame in wall-
frame buildings. ,is arbitrariness can make it possible for
the designer to choose the more rational and economical
design solution from a number of possible solutions [21].
After calculating the yield displacement of each element, Δyi,
and assigning its strength, Vi, its stiffness (Ki) can be es-
timated by the following equation:

Ki �
Vi

Δyi

. (3)

,e global yield displacement of the wall-frame system,
Δy, can also be obtained from

Δy �
Vt

Vw/Δyw) + Vf/Δyf),
(4)

where Vw and Vf are the wall and frame strengths,
respectively.

3. Numerical Modeling

3.1. Structural System. A single-story RC wall-frame system
is considered in this study as a reference symmetric model,
Model 1 (Figure 1). ,is model consists of a rigid deck of
plan dimensions 12m× 8m that is supported by two
reinforced concrete walls and two moment-resisting frames
in y-direction, and two walls and four moment-resisting
frames in x-direction, as shown in the figure. ,e story
height is considered equal to 3m. ,e model is assumed to
be located on a site with very high seismicity and a site-
specific earthquake acceleration of 0.35 g (Tehran, Iran)
according to the Iranian Seismic Design Code [22]. ,e
design gravity load of the model is 150 tonf, and the design
base shear, which has been calculated based on Reference
[22], is equal to 24 tonf. According to the definition of dual
wall-frame buildings in this code, the total base shear has
been distributed between walls and moment frames with the
ratio 3 to 1 in each direction. All walls have a length of 2m

and a thickness of 0.25m with two layers of distributed
reinforcement, φ16@150mm. Also, the same cross section of
0.3× 0.3m2 is considered for all beams and columns with
1.5% and 2.5% reinforcement ratios, respectively. A concrete
compressive strength of 21MPa and a yield strength of
300MPa are assumed for concrete and steel reinforcement,
respectively.

,e total lateral strengths of all asymmetric models
considered in the study (Models 2 to 10) along both di-
rections are assumed to be equal to that of the symmetric
model. In order to prepare the asymmetric models, the
dimensions of the cross sections and the yield strain of
reinforcements in the left and right side elements in the y-
direction are changed so that the normalized distance be-
tween the yield displacement center (CD) and the mass
center (CM) of the models becomes equal to 15%
(eD � 15%). To create strength eccentricity, a yield dis-
placement distribution-based approach has been used as
suggested by Tso and Myslimaj [9]. Based on this approach,
the strength assignment is accomplished by the following
two conditions: (a) the strength eccentricity, er, is considered
linearly proportional to the yield displacement eccentricity,
eD, by the relation “er � βeD,” where β is a variable pa-
rameter that is selected by the designer; and (b) the radius of
gyration for strength distribution is equal to that for the yield
displacement distribution. After distributing the strength
among the elements, the stiffness of each element can be
calculated by equation (3). ,e general properties of the
structural models are presented in Table 1. In this table, es is
the stiffness eccentricity, also expressed as a percentage of
the plan length dimension, like eD and er. T1, T2, and T3
represent the first three modal periods (two sway modes and
one torsional mode), and ωy and ωθ define the lateral sway
(corresponding to T1) and torsional (corresponding to T3)
frequencies of the structural models, respectively. ,e tor-
sional to the lateral frequency ratio (Ω) indicates that all
considered models are torsionally stiff (Ω> 1). To better
clarify the dynamic behavior of the models, the modal mass
participation factors for the sway mode in y-direction
(MPFyy and MPFyθ) and the torsional mode (MPFθy and
MPFθθ) are also shown in Table 1. It is clear that by reducing
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Figure 1: Arrangement of resisting elements in the plan.
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the parameter β from 1.0 to − 1.0, the correlation between the
lateral and torsional components of displacements increases,
consequently, the ratios of MPFyθ and MPFθy increase, and
the corresponding values for MPFyy and MPFθθ decrease.
,e mass center of all models has been considered at the
geometric center of the rigid diaphragm.

Dynamic nonlinear analyses of the models were per-
formed by OpenSees software [23]. ,e damping ratio of the
models was assumed 5%, and Rayleigh mass and stiffness
proportional damping was considered for damping prop-
erties [24]. ,e peak-oriented hysteretic model, proposed by
Ibarra et al. [25], was used for nonlinear modeling of the
elements. Based on this model, nonlinear behavior of beams
and columns is modeled by a linear middle part and two
lumped plastic hinges at the end of elements, and nonlinear
model of walls is composed of a linear part and one plastic
hinge at the base [26]. It should be noted that this model
considers all degradation modes including the basic and
postcapping strength and the loading and accelerated
unloading stiffness degradation effects in the cyclic response.
A typical backbone curve of the model is shown in Figure 2.
In this figure, My and Mc represent the yielding and capping
moment capacities which can be calculated based on the
lateral strength assigned to the element. θy, θp, and θpc are
the yielding, plastic, and postcapping rotation capacities for
the lumped plastic hinges, respectively. In this study, the
values of rotation capacities for shear walls and frame ele-
ments were adopted from Krawinkler and Zareian [26].
Based on this reference, θy can be calculated using the
geometric and mechanical characteristic of the element. For
moment-resisting frames, the parameters θp and θpc are
taken equal to 0.03 and 0.15, respectively, and for shear walls,
the corresponding parameters are assumed to be 0.02.

3.2. Foundation System. In this study, according to the
Iranian Seismic Design Code site classification [22], the
underlying soil is assumed to be of Type III
(175(m/s)<Vs30 < 375(m/s)) which is equivalent to Soil
Class D of ASCE 41-13 [27]. ,e properties of sandy soil
material considered for this study are listed in Table 2. ,e
Iranian Foundation Design Code [28] was used for the
design of strip foundations. Based on this code, the safety

factors of 3.0 and 1.5 were considered against the bearing
and sliding capacity failure of the foundations, respectively.
Figure 3 shows the arrangement and the dimensions of strip
footing elements considered in this study. As it is seen in the
figure, the adjacent footing elements were connected to each
other to enforce harmonized motions during the seismic
excitations.

,e well-known theory of beam on nonlinear Winkler
foundation (BNWF) was utilized for modeling the flexibility
of the foundation, as used in several studies [29–38]. ,e
simplicity and capability of the BNWF model in accounting
for nonlinear behavior of shallow foundations are its two
main beneficial features. ,is model includes elastic beam
elements to model the footing of the structure and linear/
nonlinear zero-length springs to capture the soil material
behavior [30]. ,e arrangement of these zero-length springs
is schematically shown in Figure 4(a).,e horizontal springs
are known as t-x and p-x springs which capture sliding and
passive resistance of the foundation in horizontal move-
ments, respectively. ,e vertical springs, called q-z springs,
are used to simulate footing uplift and compression yielding
in the soil medium. ,e nonlinear backbone curves of these
three different sets of springs are shown in Figures 4(b)–
4(d). ,e expressions describing the backbone curves of the
springs are similar and have been originally mentioned in
Reference [38].

Table 1: General properties of the building models.

Model no. β eD (%) er (%) es (%) T1 (s) T2 (s) T3 (s) ωy (rad/s) ωθ (rad/s)
Modal mass participation factors

(MPF) (%)
MPFyy � MPFθθ MPFyθ � MPFθy

1 Sym. 0.0 0.0 0.0 0.379 0.379 0.287 16.58 21.89 100 0
2 − 1.0 15.0 − 15.6 − 20.9 0.407 0.379 0.256 15.43 24.54 61.36 38.64
3 − 0.75 15.0 − 11.7 − 19.3 0.398 0.379 0.258 15.79 24.35 63.60 36.40
4 − 0.5 15.0 − 7.8 − 17.5 0.396 0.379 0.265 15.87 23.71 66.79 33.21
5 − 0.25 15.0 − 3.9 − 15.4 0.393 0.379 0.269 15.99 23.36 70.72 29.28
6 0.0 15.0 0.0 − 13.1 0.391 0.379 0.274 16.06 22.93 75.83 24.17
7 0.25 15.0 3.9 − 10.5 0.387 0.379 0.278 16.24 22.6 82.38 17.62
8 0.5 15.0 7.8 − 7.5 0.385 0.379 0.282 16.32 22.28 90.11 9.89
9 0.75 15.0 11.7 − 4.0 0.382 0.379 0.285 16.45 22.04 97.13 2.87
10 1.0 15.0 15.6 0.0 0.379 0.379 0.287 16.58 21.89 100 0

M

θ

″Strain-hardening″ ″Strain-softening″

Mc

My

θy θc θu

θp θpc

Figure 2: Monotonic backbone curve for reinforced concrete
elements.
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As shown in Figures 4(b)–4(d), each backbone curve has
two parts. In the elastic part of the backbone curve, a linear
load-displacement equation is considered, in which kin

shows the initial elastic stiffness:

F � kinδ. (5)

According to Reference [27], the initial elastic stiffness of
soil springs depends on the rigidity and bending stiffness of
the foundation. Strip foundations can be considered rigid
when

EI

L4 >
2
3
ksvB; ksv �

1.3G

B(1 − υ)
. (6)

In this equation, B and L are the width and length of the
footing, respectively, E is the elastic modulus of the footing
material (concrete), υ is Poisson’s ratio of soil, I is the second
moment of area of the footing section, and G is the shear
modulus of the soil material. Note that G is expected to
decline at large strains due to increasing seismic input levels;
this effect can be considered in the modeling by using ef-
fective shear modulus ratios. Table 3 summarizes the values
of shear modulus ratios recommended by ASCE 41-13 [27]
for soil type D.

After determining the rigidity of the foundation, the
vertical spring coefficient of the foundation can be calculated
using the following equation [27]:

kz �

GB

1 − υ
1.55

L

B
 

0.75
+ 0.8 , for a rigid foundation,

1.3G

B(1 − υ)
, for a flexible foundation.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(7)

Generally, the horizontal spring coefficients for both
rigid and flexible foundations are expressed as

kx �
GB

2 − υ
3.4

L

B
 

0.65
+ 1.2 ,

ky �
GB

2 − υ
3.4

L

B
 

0.65
+ 0.4

L

B
+ 0.8 .

(8)

In the nonlinear part, the backbone curve is defined by

F � Fult − Fult − F0( 
cδ50

cδ50 + δ − δ0



 

n

. (9)

In this equation, Fult and F0 are the ultimate and the
yielding capacities, respectively, δ50 is the displacement
where 50% of Fult is mobilized, δ0 is the displacement
corresponding to the yielding pressure, and c and n are
constants that control the shape of the nonlinear part of the
curve. Raychowdhury and Hutchinson [31] calibrated these
two constants from shallow footing tests, and some relations
were suggested by Harden et al. [32] for determination of δ50
for each set of springs, which were also used in the current
study.

For modeling of the soil material properties, the
QzSimple1 (Figure 4(b)), PxSimple1 (Figure 4(c)), and
TxSimple1 (Figure 4(d)) material models were employed
from OpenSees, and the spring elements were distributed
along the footings’ length according to the recommendation
by Harden et al. [32].

3.3. Ground Motions. A total number of 20 two-directional
ground motions described in Table 4 have been used in this
study, selected from the Ground Motion Database of the
Pacific Earthquake Engineering Research Center [39]. All
ground motion records were recorded on soil type D
(175(m/s)<Vs30 < 375(m/s)) with large magnitudes
(6.0<M< 7.5), and the closest distance to the fault rupture
(R) was considered larger than 10 km with no marks of
directivity effects.

4. Incremental Dynamic Analysis

,e effects of different strength distributions and soil-
structure interaction on the performance of the structural
models were examined by using the incremental dynamic
analysis (IDA) method. ,is method is considered as one of
the most efficient parametric analysis methods that can
accurately predict the complete range of the structural re-
sponse [40]. In the IDA method, the ground motion in-
tensity measure (IM) is employed as a connector between
seismicity properties and structural seismic analysis and the
seismic response of the structure is characterized by the
engineering demand parameter (EDP), as an observable
indicator. ,e most common EDP for structural buildings is

Table 2: Values of the soil modeling parameters.

Soil type Shear wave velocity Cohesion Friction angle Poisson’s ratio Mass density Initial shear modulus
Vs30 (m/s) C (MPa) φ° υ ρ (kg/m3) G0 (MPa)

D 250 0 35 0.3 1800 115

0.8 3.5

9.0

0.8

Figure 3: Plan of foundations.
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the maximum interstory drift ratio (θmax). ,e interstory
drift capacities at different performance levels for typical
lateral-load resisting systems of buildings have been defined
in different seismic codes [27, 41–43]. However, there is no
reference provided for interstory drift capacities for wall-
frame buildings. In this section, a suitable IM is determined
for the considered structural models by using regression
analysis and the concepts of efficiency and sufficiency. ,en,
an attempt was made to estimate interstory drift capacities of
wall-frame buildings in different limit states.

4.1. 0e Optimal Intensity Measure. As mentioned at the
beginning of this section, an IM serves as an interface pa-
rameter between seismic hazard and structural seismic
analysis and this implies that to have a more accurate
prediction of the structural demand, the correlation between

EDPs and the selected IM is highly important in perfor-
mance-based earthquake engineering. According to Refer-
ence [44], the required characteristics for selecting an
appropriate IM are efficiency and sufficiency. An efficient IM
leads to a relatively small variability of EDP given IM and
consequently a small number of ground motion records and
dynamic analyses to evaluate the probability of exceedance
of an EDP given IM [44]. On the other hand, a sufficient IM
is defined as one that results in an EDP that is conditionally
independent of earthquake magnitude (M) and source-to-
site distance (R) [44]. Using a sufficient IM is favorable
because it neutralizes the effects of magnitude and source
distance on the estimation of EDP [44]. Many studies are
reported in the literature on the specification of efficient and
sufficient IMs in estimating seismic demands of structures.
,e most commonly used IMs for structural buildings are
peak ground acceleration (PGA), peak ground velocity
(PGV), and spectral acceleration at the fundamental period
of structure (SA(T1)). Elenas andMeskouris [45] studied the
correlation between alternative IM parameters and damage
indices of reinforced concrete frames. ,ey concluded that
PGV correlates well to the displacement response EDPs
compared to PGA. Akkar and Küçükdoǧan [46] also con-
firmed that PGV can be considered as a reasonable IM for

Beam-column elements Footing

Nonlinear
p-x and t-x springs

Nonlinear q-z springs

Superstructure

Soil

(a)

N
or

m
al

iz
ed

 la
te

ra
l l

oa
d,

 q
/q

ul
t

–20 –10 0 10 20 30–30
Normalized lateral displacement, z/z50

–0.2

0

0.2

0.4

0.6

0.8

1

(b)

N
or

m
al

iz
ed

 la
te

ra
l l

oa
d,

 p
/p

ul
t

–20 –10 0 10 20 30–30
Normalized lateral displacement, x/x50

–1

–0.5

0

0.5

1

(c)

N
or

m
al

iz
ed

 la
te

ra
l l

oa
d,

 t/
t u

lt

–20 –10 0 10 20 30–30
Normalized lateral displacement, x/x50

–1

–0.5

0

0.5

1

(d)

Figure 4: (a) BNWF model; (b) q-z spring behavior; (c) p-x spring behavior; (d) t-x spring behavior.

Table 3: Effective shear modulus ratio (G/G0) [27].

Soil type
Effective peak ground acceleration (g)

0 0.1 0.4 0.8
D 1.0 0.9 0.5 0.1
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predicting the peak nonlinear displacement response of
structural systems. On the other hand, a number of previous
studies have shown that SA(T1) is a more efficient IM than
PGA for drift response EDPs [47, 48]. However, for some
structures, SA(T1) may produce undesirable results from the
efficiency or the sufficiency point of view [44, 49–54].
Cordova et al. [49] proposed a two-parameter seismic in-
tensity measure, SA(T1)R

0.5
Sa , which reflects both spectral

intensity and shape.,eir results indicated that the proposed
IM significantly decreases the number of ground motion
records necessary in time history analyses. Vamvatsikos and
Cornell [50] studied three different types of building with
different fundamental periods and found that when the
influence of higher modes is negligible, taking the spectral
acceleration at an optimum period higher than the first-
mode period provides good efficiency. Bianchini et al. [55]
and Pirizadeh and Shakib [56] demonstrated that SA,avg
equal to SA(αT1 − ηT1) which is defined as the elastic 5%-
damped geometric mean of the spectral accelerations over
the range of periods from αT1to ηT1 with α� 0.5 and η� 1.5
is an appropriate IM for multistory steel moment-resisting
frame buildings. It was concluded that selecting SA,avg as the
IM can significantly reduce the variability of IDA curves
with respect to the elastic 5%-damped first-mode spectral
acceleration (SA(T1, 5%)) and PGA. Eads et al. [57] studied
the performance of spectral acceleration averaged over a
period range (SA,avg) as an IM for estimating the collapse risk
of the RC multistory moment-resisting frame and also wall-
type structures. ,ey concluded that SA,avg, calculated using
an appropriate period range, is generally more efficient and
sufficient and provides more stable collapse risk estimates
than SA(T1). ,ey also found that a period range from 0.2T1
to 3T1 is more likely to be an optimal range for considered
structures. Tsantaki et al. [52] compared two alternative IMs,
SA,avg and SA(T1) considering P-delta effects, with the widely
used IM, and SA(T1) without P-delta, and found that both

proposed IMs are more efficient than the benchmark IM. In
this study, SA(T1 − 1.6T1) was suggested as an optimal
averaged IM for SDOF structures with fundamental periods
larger than 0.15 sec. Kohrangi et al. [53, 54] investigated the
efficiency and sufficiency of scalar and vector groundmotion
IMs including SA(T1) and SA,avg for the seismic response
assessment of RC frame buildings. ,ey observed that SA,avg
is more likely to be the most efficient IM in the estimation of
structural responses. However, employing vector IMs leads
to an improvement in response prediction efficiency. Al-
Baadani and Al-Shameri [58] investigated several IMs for
evaluation of the seismic response of RC frame minarets and
concluded that the optimal IM for these structures is
SA(T1, 2T1) which defines as the geometric mean of the
spectral accelerations at T1 and 2T1. Colajanni et al. [59]
carried out a correlation study between interstory drift ratios
and three different intensity measure parameters, including
PGA, PGV, and SA(T1) in irregular RC structures. ,e
results of their study confirmed that PGV is highly correlated
to drift responses, and as a result, it is more efficient than
PGA and SA(T1).

Based on the IMs used in the abovementioned studies, 30
different IMs as categorized in Table 5 were considered as
potential IMs for predicting the seismic response of the
considered structural models in this study. ,e optimal one
was identified based on both efficiency and sufficiency
characteristics.

4.1.1. Efficiency. According to Reference [60], a natural
logarithmic correlation can be chosen between EDP and IM
to utilize a linear regression of the natural logarithms of IM
and EDP:

EDP � a(IM)
b⟶ ln(EDP) � ln(a) + b ln(IM). (10)

,us, efficiency can be measured based on the condi-
tional standard deviation of the regression, σ ln EDP|IM, which

Table 4: ,e ground motion records used in this study.

No. Earthquake name Station name Year M R (km)
1 San Fernando LA-Hollywood Stor FF 1971 6.61 22.8
2 Loma Prieta Gilroy Array #3 1989 6.93 12.8
3 Landers Yermo Fire Station 1992 7.28 23.6
4 Duzce, Turkey Bolu 1999 7.14 12.0
5 Northridge-01 Canyon Country-W Lost Cany 1994 6.69 12.4
6 Borah Peak TRA-642 ETR Reactor Bldg 1983 6.88 79.6
7 San Fernando Santa Felita Dam 1971 6.61 24.9
8 Irpinia, Italy-02 Sturno 1980 6.20 20.4
9 Loma Prieta APEEL 10-Skyline 1989 6.93 41.9
10 Loma Prieta WAHO 1989 6.93 17.5
11 Georgia, USSR Ambralauri 1991 6.20 63.6
12 Loma Prieta Gilroy Array #7 1989 6.93 22.7
13 Taiwan SMART1 (45) SMART1 O10 1986 7.30 56.9
14 Irpinia, Italy-02 Bovino 1980 6.20 43.5
15 Coalinga-01 Parkfield-Cholame 12W 1983 6.36 55.8
16 N. Palm Springs Winchester Page Bros R 1986 6.06 38.2
17 San Fernando 2516 Via Tejon PV 1971 6.61 55.2
18 Superstition Hills-02 Plaster City 1987 6.54 22.3
19 Superstition Hills-02 Superstition Mtn Camera 1987 6.54 15.6
20 Superstition Hills-02 Calipatria Fire Station 1987 6.54 27.0
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depends on two regression coefficients (a, b) and can be
calculated by equation (11). ,e lower values of σ belong to a
more efficient IM [58, 61, 62]:

σ ln EDP|IM � βEDP|IM �

���������������������������

(ln(EDP) − ln(a) − b ln(IM))2


m − 2



,

(11)

where the total number of dynamic analyses has been
denoted by m.

,e results of regression analysis for all investigated IMs,
in terms of dispersion values (σ), are presented in Table 6 for
the symmetric model of reference and six asymmetric
models with different β values as defined in Table 1. It can be
seen that in all models, the maximum value for σ among all
IMs belongs to PGD (IM no. 3), which shows that this IM is
the least effective one. After PGD, PGA (no. 1), SA(0.2T1 −

1.5T1) (no. 7), and SA(T1 − 4T1) (no. 30) have less efficiency
in most cases. Furthermore, it can be observed that among
peak ground responses, PGV (IM no. 2) with lower dis-
persion values represents a good IM from the efficiency
point of view compared to PGA and PGD. ,e efficiency of
this velocity-based IM is even higher than that of some
spectral acceleration-based IMs, including SA(T1),
SA(T1, 2T1), SA(0.75T1 − 4T1), SA(T1 − 3.5T1), and
SA(T1 − 4T1). Among all IMs, SA(0.5T1 − 2.5T1) (no. 15)
has the smallest dispersion value for the asymmetric models
with β� − 1.0 and − 0.5, which have large stiffness eccen-
tricities. In the other models, SA(0.75T1 − 2.5T1) (no. 21)
with minimum σ is the most efficient IM.

Figure 5 demonstrates a comparison between the least
and the most efficient IMs for the symmetric model (PGD
and SA(0.75T1 − 2.5T1)). It is observed that there is a higher
dispersion in the diagram ln(θmax) and ln(PGD) than that in
ln(θmax) and ln(SA(0.75T1 − 2.5T1)). ,e corresponding
results are shown in Figure 6 for the asymmetric model with
β� − 1.0, where it is seen that the scattering about the re-
gression trend line for SA(0.5T1 − 2.5T1), as the most effi-
cient IM, is smaller than that for PGD.

4.1.2. Sufficiency. Using a one-parameter regression analysis
of the residuals on the earthquake record characteristics (M
and ln(R)) simplifies the procedure for quantifying the
sufficiency of an IM [44]. ,e residuals indicate the dif-
ference between the EDP values obtained from dynamic
analysis and the estimated ones from the regression fit.

According to Reference [44], the statistical significance of
the regression estimate on M and ln(R) and consequently
the sufficiency of IM can be measured by the p value, so that
a small p value for a given IM (less than about 0.05) indicates
that the considered IM is insufficient.

,e sufficiency results of all considered IMs are pre-
sented in Table 7, where the p values higher than 0.05 for
both M and R parameters are highlighted. As shown in the
table, the sufficiency of SA(0.5T1 − 2.5T1) (IM no. 15) and
SA(0.75T1 − 2.5T1) (no. 21), which were the most efficient
IMs, is not acceptable. Among peak ground responses, only
PGV in the symmetric model provides good sufficiency with
respect to both M and R parameters. It can also be seen that
SA(0.5T1 − 4T1) (no. 18), SA(0.75T1 − 3.5T1) (no. 23),
SA(0.75T1 − 4T1) (no. 24), SA(T1 − 3.5T1) (no. 29), and
SA(T1 − 4T1) (no. 30) are sufficient IMs in terms of M and R

for all models. On the other hand, according to Table 6,
SA(0.75T1 − 3.5T1) has the least σ among these five suffi-
cient IMs and hence is the most efficient of the group.
,erefore, SA(0.75T1 − 3.5T1) is selected as the optimal IM
for the structural models used in this study. For example, the
sufficiency results of this IM are presented in Figures 7 and 8
for the symmetric model and the asymmetric model with
β� − 1.0, respectively. For improved readability,
SA(0.75T1 − 3.5T1) is renamed SA,avg in the IDA curves
presented in the next sections.

4.2. Interstory Drift Capacities. In this paper, following the
ASCE 41-13 [27], three common performance levels, in-
cluding immediate occupancy (IO), life safety (LS), and
collapse prevention (CP) levels are used for the probabilistic
performance-based analysis. According to this code, the
interstory drift capacities for these performance levels are
determined to be 0.5%, 1%, and 2% for RC wall-type
buildings, and 1%, 2%, and 4% for RC frame buildings,
respectively. However, there is no information about the
interstory drift capacities for wall-frame buildings. Jeong
et al. [63] used the limit states of ductile walls suggested in
Reference [64] for fragility analysis of wall-frame buildings
in their study; these interstory drift capacities were 0.7%,
1.5%, and 2.5% for the IO, LS, and CP performance levels,
respectively. In this section, an attempt has been made to
obtain a more precise estimate of the interstory drift ca-
pacities for the wall-frame buildings used in this study. For
this purpose, a damage index concept was used based on the
idea that the state of structural damage due to seismic loads

Table 5: Intensity measures considered in the analysis.

IM no. Intensity measure descriptor Definition
1 PGA Peak ground acceleration
2 PGV Peak ground velocity
3 PGD Peak ground displacement
4 SA(T1) Spectral acceleration at fundamental period
5 SA(T1, T2, T3) Geometric mean of the spectral accelerations at T1, T2, and T3
6 SA(T1, 2T1) Geometric mean of the spectral accelerations at T1 and 2T1

7–30 SA(αT1 − ηT1)

Geometric mean of the spectral accelerations over the range of periods from αT1 to ηT1
α� 0.2, 0.5, 0.75 and 1

η� 1.5, 2, 2.5, 3, 3.5 and 4

8 Advances in Civil Engineering



can be quantified by a mathematical indicator called the
damage index (DI). ,e most commonly used damage index
is the Park–Ang model [65] that is expressed by deformation
and hysteretic energy due to an earthquake excitation.
Kunnath et al. [66] recommended a modification for the
Park–Ang model in which the deformation terms of the

model were replaced by the rotation ones as presented in the
following equation:

DIcomponent �
θm − θr

θu − θr

+ β
Eh

Myθu

, (12)

ln (θmax) = –6.101 + 0.6507 ln (PGD)
σ = 0.854 
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Figure 5: Comparison of the efficiency of two IMs for the symmetric model: (a) PGD; (b) SA(0.75T1 − 2.5T1).

Table 6: ,e dispersion values (σ) obtained from regression analysis for all IMs.

IM no. IM
σ

Sym. model β� − 1.0 β� − 0.5 β� 0.0 β� 0.5 β� 0.75 β� 1.0
1 PGA 0.509 0.461 0.471 0.514 0.492 0.509 0.523
2 PGV 0.381 0.370 0.344 0.389 0.347 0.367 0.371
3 PGD 0.854 0.798 0.782 0.812 0.800 0.829 0.854
4 SA(T1) 0.423 0.371 0.379 0.434 0.403 0.414 0.411
5 SA(T1, T2, T3) 0.422 0.369 0.379 0.433 0.399 0.411 0.411
6 SA(T1, 2T1) 0.423 0.371 0.379 0.434 0.403 0.414 0.411
7 SA(0.2T1 − 1.5T1) 0.439 0.387 0.402 0.454 0.419 0.428 0.434
8 SA(0.2T1 − 2T1) 0.377 0.334 0.345 0.401 0.354 0.357 0.361
9 SA(0.2T1 − 2.5T1) 0.340 0.311 0.313 0.375 0.319 0.318 0.321
10 SA(0.2T1 − 3T1) 0.335 0.315 0.312 0.370 0.315 0.314 0.316
11 SA(0.2T1 − 3.5T1) 0.345 0.330 0.320 0.372 0.325 0.326 0.326
12 SA(0.2T1 − 4T1) 0.361 0.348 0.334 0.381 0.342 0.345 0.344
13 SA(0.5T1 − 1.5T1) 0.398 0.347 0.362 0.417 0.376 0.379 0.380
14 SA(0.5T1 − 2T1) 0.346 0.306 0.314 0.373 0.319 0.316 0.315
15 SA(0.5T1 − 2.5T1) 0.323 0.298 0.297 0.358 0.299 0.294 0.292
16 SA(0.5T1 − 3T1) 0.332 0.315 0.309 0.365 0.309 0.307 0.305
17 SA(0.5T1 − 3.5T1) 0.355 0.342 0.329 0.378 0.333 0.334 0.332
18 SA(0.5T1 − 4T1) 0.378 0.367 0.350 0.393 0.358 0.362 0.360
19 SA(0.75T1 − 1.5T1) 0.388 0.34 0.353 0.406 0.364 0.364 0.361
20 SA(0.75T1 − 2T1) 0.336 0.299 0.305 0.362 0.307 0.301 0.296
21 SA(0.75T1 − 2.5T1) 0.322 0.302 0.299 0.357 0.298 0.292 0.288
22 SA(0.75T1 − 3T1) 0.344 0.330 0.321 0.373 0.320 0.318 0.316
23 SA(0.75T1 − 3.5T1) 0.375 0.363 0.349 0.393 0.352 0.355 0.353
24 SA(0.75T1 − 4T1) 0.403 0.391 0.373 0.411 0.381 0.386 0.385
25 SA(T1 − 1.5T1) 0.394 0.347 0.359 0.408 0.369 0.366 0.362
26 SA(T1 − 2T1) 0.342 0.306 0.311 0.364 0.312 0.303 0.297
27 SA(T1 − 2.5T1) 0.335 0.316 0.311 0.366 0.310 0.303 0.299
28 SA(T1 − 3T1) 0.362 0.348 0.338 0.387 0.338 0.336 0.334
29 SA(T1 − 3.5T1) 0.397 0.384 0.369 0.410 0.373 0.376 0.375
30 SA(T1 − 4T1) 0.425 0.412 0.394 0.429 0.403 0.409 0.408
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where θm is the maximum rotation during the loading time,
θu is the ultimate rotation capacity, θr is the recoverable
rotation when unloading, My is the yield moment, and Eh is
the dissipated energy of each structural component.

DI for an individual story can be computed using
the weighting factor based on hysteretic energy
dissipated at the component (Ei) as shown in the following
equation:

Table 7: ,e p values obtained from regression analysis for all IMs.
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Figure 6: Comparison of the efficiency of two IMs for the asymmetric model with β� − 1.0: (a) PGD; (b) SA(0.5T1 − 2.5T1).
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DIstory � 
n

i�1
λi,component · DIi,component,

λi,component �
Ei


n
i�1 Ei

 
component

.

(13)

Park and Ang [65] classified damage levels into five
categories defined in Table 8. According to this table, the
interstory drift ratios in which the damage indices reach the
limits of 0.25, 0.4, and 0.8 represent the interstory drift
capacities for IO, LS, and CP performance levels, respec-
tively. So, knowing this fact, in this paper, the following
procedure was used to find the interstory drift capacities.

First, IDA curves were generated in the SA,avg − θmax
plane for each earthquake record. ,en, based on nonlinear
analysis data, the damage index in each intensity level
(SA,avg) was calculated and the damage index curves versus
SA,avg were obtained for all ground motion records, and the
intensity levels (SA,avgs) corresponding to DI� 0.25, 0.4, and
0.8 were extracted from damage index curves. Finally, the
interstory drift values corresponding to these SA,avgs were
determined from IDA curves. For example, this procedure is
shown for the symmetric model in Figure 9 and Table 9.

,e same procedure was used for each structural model,
and the average of interstory drift capacities for 20 ground
motion records in each performance level was calculated
(Table 10). ,en, to have one unique criterion for the
performance evaluation of all models, the average of the
interstory drift capacities of the 10 models, as calculated in
the last row of Table 10, was used as the interstory drift
capacities for three performance levels. As it can be seen
from the table, the interstory drift ratios of 0.9%, 1.6%, and
2.9% were estimated as the IO, LS, and CP limit-state ca-
pacities, respectively, for the wall-frame structural models
used in this study. It is worth noting that these values are
between the two corresponding aforementioned interstory
drift values proposed by ASCE 41-13 [27] for shear walls and
RC moment-resisting frames in each limit state.
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Figure 7: Sufficiency of SA(0.75T1 − 3.5T1) for the symmetric model with respect to (a) magnitude (M) and (b) distance (R).

Table 8: ,e relation between damage index and damage state.

Damage state Definition
No damage DI< 0.1
Minor damage (IO performance level) 0.1<DI< 0.25
Moderate damage (LS performance level) 0.25<DI< 0.4
Severe damage (CP performance level) 0.4<DI< 0.8
Collapse DI> 0.8
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Figure 8: Sufficiency of SA(0.75T1 − 3.5T1) for the asymmetric model with β� − 1.0 with respect to (a) magnitude (M) and (b) distance (R).
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Figure 9: Damage analysis of the symmetric model: (a) interstory drift ratio versus SA,avg; (b) damage index versus SA,avg.

Table 9: SA,avg and interstory drift values corresponding to DI� 0.25, 0.4, and 0.8 in the symmetric model.

Record no.
IO (DI� 0.25) LS (DI� 0.4) CP (DI� 0.8)

SA,avg (g) θmax (%) SA,avg (g) θmax (%) SA,avg (g) θmax (%)

1 0.37 0.53 0.84 1.78 0.94 2.70
2 0.35 0.66 0.75 2.06 0.86 2.96
3 0.48 0.57 0.75 2.03 0.80 3.68
4 0.32 0.67 0.60 2.06 0.77 3.25
5 0.43 0.86 0.56 1.33 0.72 2.84
6 0.35 0.76 0.85 1.39 1.30 2.57
7 0.58 0.64 1.09 1.46 1.47 3.09
8 0.37 0.82 0.60 1.60 1.14 2.62
9 0.39 0.74 0.63 1.64 0.83 2.83
10 0.46 0.71 0.82 1.41 1.44 2.86
11 0.56 0.78 0.82 1.41 1.26 3.12
12 0.31 0.81 0.67 1.34 1.18 2.60
13 0.51 0.79 0.66 1.40 0.86 2.70
14 0.55 0.85 0.89 1.47 1.24 2.69
15 0.66 0.94 0.85 1.28 1.13 2.32
16 0.44 0.78 0.63 1.26 1.18 3.24
17 0.54 0.87 0.69 1.30 0.96 2.41
18 0.41 0.89 0.57 1.35 0.95 2.49
19 0.59 0.72 0.84 1.28 1.14 2.55
20 0.51 0.76 0.84 1.52 1.24 2.72
θmax,avg (%) 0.76 1.52 2.81

Table 10: ,e average values of the interstory drift ratios corresponding to DI� 0.25, 0.4, and 0.8 in the models.

Model no. β
θmax,avg (%)

IO (DI� 0.25) LS (DI� 0.4) CP (DI� 0.8)

1 Sym. model 0.76 1.52 2.81
2 − 1.0 0.96 1.76 3.15
3 − 0.75 0.94 1.72 3.05
4 − 0.5 0.92 1.65 3.01
5 − 0.25 0.90 1.61 2.95
6 0.0 0.87 1.55 2.67
7 0.25 0.82 1.49 2.80
8 0.5 0.78 1.55 2.82
9 0.75 0.82 1.60 2.90
10 1.0 0.86 1.71 2.96

Average (%) 0.9 1.6 2.9
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4.3. Median IDA Curves. For investigating the effects of
strength distribution on the seismic response of the struc-
tures, the median IDA curves of all models (with different β
values) were derived, as shown in Figure 10. As expected, it is
apparent from Figure 10 that the median IM capacities of all
asymmetric models are reduced over the whole range of the
response compared to the symmetric model. However, in most
cases, the reduction effects of the flexible-base asymmetric
models on the IM capacities are slightly higher than the fixed-
base ones. In both fixed- and flexible-base conditions, the
asymmetric models with β� 0.0, 0.25, and 0.5 have better
performance than the other asymmetric models, which is also
expected since these models have minimum strength eccen-
tricity and balanced configurations. Furthermore, the largest
IM capacity reduction happens in the asymmetric model with
β� − 1.0, which has maximum es and er compared to other
asymmetric cases, and its stiffness and strength centers are both
located on one side of the mass center.

,e flexible effect of soil can be examined considering
the curves shown in Figure 11. ,e three common per-
formance levels, IO, LS, and CP, were also defined on the
median IDA curves of this figure. Based on the results of the
previous section, the IO and LS points are placed where θmax
reaches 0.9% and 1.6%, respectively, and the CP perfor-
mance limit is violated at θmax � 2.9%. For a better com-
parison, the ratios of IM capacities of the models with
flexible-base conditions to those of the corresponding model
with fixed base are extracted from Figure 11 and shown in
Figure 12. It is clear from this figure that the IM capacities
corresponding to all performance levels of the flexible-base
models reduce with regard to those of the fixed-base ones.
,emaximum reduction rate is about 11%which is observed
in the asymmetric models with β� − 1.0 and 1.0 for the IO
performance level.

5. Evaluation of Structural Performance

,edata from the IDA study are employed in the probabilistic
seismic performance evaluation of structural models, which
characterizes the reliability of the models under the seismic
hazard levels [41, 67–69]. Based on this approach, the mean
annual frequencies of exceeding structural performance levels
and the confidence levels in satisfying performance objectives
were used to quantify the effects of different strength dis-
tributions and also soil flexibility on the probabilistic per-
formance of the structural models considered in this study.
For this purpose, first a seismic hazard curve appropriate for
this study is defined, and then the abovementioned quantities
are evaluated in the next sections.

5.1. Seismic Hazard Curve. In this study, the seismic hazard
curve defined in Figure 13 was used in the evaluation of the
seismic performance of the models. ,is curve has been
developed from the information of the base hazard curve of
Tehran used in Reference [70]. ,e latter hazard curve,
which has been obtained from the probabilistic seismic
hazard analysis (PSHA) method, is for the elastic 5%-

damped first-mode spectral acceleration (SA(T1, 5%)), while
we needed a curve corresponding to the optimal IM used in
this study (SA,avg � SA(0.75T1 − 3.5T1)). In order to address
this issue, a similar procedure to the one used in the previous
paper of the author [56] was applied in the current study as
well. Based on this procedure, the “standard design response
spectrum” of the Iranian Seismic Design Code [22] for the
considered site (Tehran) was used to infer SA,avg from
SA(T1). According to this code, the design spectral accel-
eration is defined as

SA(T) � ABI, (14)

in which A is the site-specific earthquake acceleration which
is equal to 0.35 g for Tehran, I is the importance factor which
is equal to 1.0 for residential buildings with “moderate
importance,” and B is the building response factor which can
be defined by the following formulas:

B � B1N;

B1 � S0 + S − S0 + 1( 
T

T0
 , 0<T<T0,

B1 � S + 1 , T0 <T<Ts,

B1 � (S + 1)
Ts

T
 , T>Ts,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(15)

where T0, Ts, S, and S0 are the parameters determined from
the soil type and seismicity level.

As mentioned before, the structural models are assumed
to be located in Tehran with very high seismicity and the
underlying soil is classified as Type III. ,erefore, according
to the Iranian Seismic Design Code [22], the values of
T0, Ts, S, and S0 are equal to 0.15, 0.7, 1.1, and 1.75,
respectively.

N is the spectrummodification factor which is defined as

N � 1, T<Ts,

N �
0.7

4 − Ts

T − Ts(  + 1, Ts <T< 4 sec,

N � 1.7, T> 4 sec.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

Based on the above formulas, the “standard design re-
sponse spectrum” for the considered site is derived and
shown in Figure 14.

By using the information of the design spectrum and
considering the fact that all points on that have the same
probability of occurrence, we can define a conversion factor
of 0.835 between SA,avg and SA(T1) and calculate the value of
SA,avg corresponding to each SA(T1) by equation (17). Final
SA,avg-based hazard curve used in the study is illustrated in
Figure 13.

SA,avg �
0.804
0.963

 ∗ SA T1(  � 0.835∗ SA T1( . (17)
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5.2. 0e Mean Annual Frequencies of Different Performance
Limit States. In this section, the effect of strength distri-
bution on the mean annual frequency (MAF) of exceeding
the IO, LS, and CP performance levels in both fixed- and
flexible-base models is evaluated. Here, the equations
adopted by the Pacific Earthquake Engineering Research
Center [60] are used to estimate the MAFs. In this frame-
work, the general form of MAF is illustrated as

λPL �  F IMc
| IM 

dλ(IM)

dIM




dIM, (18)

where F(IMc | IM) is the cumulative distribution function
(CDF) of the IM for a limit-state capacity and λ(IM) is the
spectral acceleration hazard.

By fitting a power-law function between the interstory
drift demands and the spectral accelerations (as in equation
(10)) and then considering a similar simplification for λ(IM)

at each level of IM (λ(IM) � k0IM− k), it is possible to
provide a closed-form analytical solution for equation (18)
and derive a straightforward equation for the MAF in the
IM-based approach as follows [60]:

λPL � λ IMc
  e

(1/2)k2β2
IMc

 
. (19)

In this equation, IMc is the median of the IM capacity, k

is the logarithmic slope of the locally approximated hazard
curve at IMc, and β

IMc is the standard deviation of the natural
logarithm of the IM capacity. In this process, λ(IMc) and k are
calculated by using the SA,avg-based hazard curve of Tehran
illustrated in Figure 13.

It is also worth mentioning that equation (19) has so far
been used by several researchers (e.g., Cordova et al. [49];
Jalayer and Cornell [69]; Pirizadeh and Shakib [56]; and
Shakib and Homaei [37]) as a closed-form solution for

calculating λPL. Additionally, the accuracy of the closed-
form solutions has also been examined by Medina [71] and
Jalayer and Cornell [69], and it was observed that the results
of the closed-form expression are reasonably close to those
of the numerical integration.

In this section, the mean annual frequencies of exceeding
the three common performance levels calculated by equation
(19) for the symmetric and asymmetric models with fixed
and flexible base are presented in Tables 11 and 12. Fur-
thermore, Figure 15 shows the ratio of MAFs of asymmetric
models to the symmetric one. According to the results, the
following observations can be made:

(i) In most cases, the asymmetric models have larger
MAF values in comparison with the symmetric
model. Also, in the models with SSI effect, the
difference between the MAF of the symmetric and
asymmetric models is larger than in the fixed-base
condition.

(ii) In the IO and LS performance levels, except for
models with β� 0.5 and 0.25, theMAF values for the
flexible-base asymmetric models increase by up to
60% relative to the symmetric model. ,e increase
rate is about 40% in the models with fixed base.

(iii) ,e increase of MAF is more remarkable for the CP
performance level. At this performance level, the
MAF values for the asymmetric model with β� − 1.0
(having maximum stiffness eccentricity) are ap-
proximately twice the MAF values for the sym-
metric model. After this case, the model with
β� − 0.75 has the maximum MAF value among the
asymmetric models.

(iv) ,e minimum MAF values among the asymmetric
models are highlighted in Tables 11 and 12. It can be
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Figure 10: Median IDA curves of the symmetric and asymmetric models: (a) fixed base; (b) flexible base.
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seen that for the IO and LS performance levels, the
smallest MAFs belong to the asymmetric models
with β� 0.5 and 0.25, respectively. As mentioned

before, these models have balanced and near bal-
anced configurations of CS and CR, respectively.
However, for the CP performance level, the
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Figure 11: ,e median IDA curve of various models with fixed base and flexible base.
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asymmetric model with zero strength eccentricity
(β� 0.0) has the smallest MAF value, and its be-
havior is closer to the symmetric model. It is notable
that with regard to optimum strength distributions,
the trends of the strength distribution effect are
similar for both cases of fixed- and flexible-base
conditions, and the same results are obtained from
both conditions.

,e ratio of the MAFs of the flexible-base models to the
fixed-base ones is shown in Figure 16. It is apparent that the
flexible effect of soil significantly increases theMAF values of

the models in most cases. ,e highest rate of increase is
observed for the CP performance level within the range of
10% to 45%. However, the increase is reduced to up to 20%
for the IO and LS performance levels.

5.3. 0e Confidence Level of Meeting the Performance Levels.
In a probabilistic performance evaluation format, it is
possible to examine the building performance by estimating
a level of confidence of the building about the desired
performance objective being met [68].,is format takes into
account the randomness and uncertainty due to the seismic
hazard and the structural capacity in the analysis. According
to the following equations, the confidence level for satisfying
a specific performance objective (CL) can be evaluated based
on the standard Gaussian approach:

CL � Φ −
1

βUT

ln
cRD

ϕRC
  ,

βUT �

���������

β2UD + β2UC



,

cR � e
(k/2b)β2RD( ).

ϕR � e
− (k/2b)β2RC( ),

(20)

where C and D are the median drift capacity and median
drift demand, respectively, which can be derived from the
IDA method. ϕR and cR are the factors that characterize the
randomness in the prediction of the capacity and demand,
respectively. Additionally, βUT is defined as the dispersion
parameter which considers the epistemic uncertainty in the
estimation of demand and capacity, and βRD and βRC are the
standard deviation of the natural logarithmic of the drift
capacity and demand, respectively. Finally, b is a parameter
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that reflects the power-law relationship between θmax de-
mand and IM.

In this section, the confidence levels for meeting the
performance levels are investigated for both the fixed- and
flexible-base structural models. For this purpose, the con-
fidence levels for satisfying the performance levels are cal-
culated for different intensity levels (SA,avgs) (see Figures 17
and 18). It can be observed that in many cases in both the
fixed- and flexible-base conditions, the symmetric model has
higher confidence levels than the asymmetric models. For

the IO and LS performance levels, the asymmetric model
with β� − 1.0 (with maximum stiffness eccentricity) has the
lowest confidence levels. However, for the CP performance
level, the lowest confidence is achieved in the asymmetric
model with β� 1.0 (with maximum strength eccentricity and
zero stiffness eccentricity).

For a more complete comparison, the IM capacities
corresponding to 70% confidence in satisfying each limit
state are extracted from the figures and shown in Table 13.
,e higher IM values, highlighted in the table, reflect better
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Table 11: ,e mean annual frequency of exceeding the IO, LS, and CP performance levels of structures with fixed base.

Table 12: ,e mean annual frequency of exceeding the IO, LS, and CP performance levels of structures with flexible base.
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Figure 17: Confidence levels for models with fixed base: (a) IO, (b) LS, and (c) CP.
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probabilistic performance. Similar to what was seen in the
previous section for the MAF values, for both the fixed- and
flexible-base conditions, the asymmetric models with β� 0.5
and 0.25 have the best performance in the IO and LS limit
state, respectively, but for the CP limit sate, the asymmetric
model with no strength eccentricity (β� 0.0) performs
better. Furthermore, except for the models with β� 0.5 and
0.25, the IM capacities of the asymmetric models corre-
sponding to CL� 70% are reduced by 2 to 30% relative to
that of the symmetric model. It is also observed that the IM
capacities of the flexible-base models corresponding to
CL� 70% are decreased by up to 15% in comparison with
those of the fixed-base models.

6. Conclusion

,is study used the incremental dynamic analysis (IDA)
method to investigate the effect of different strength dis-
tributions on the seismic performance of single-story plan-
asymmetric reinforced concrete buildings with wall-frame
systems in the framework of probabilistic-based earthquake
engineering. Two different base conditions (fixed and
flexible) were considered for the structural models, and an

attempt was made to find the most efficient strength dis-
tribution for meeting each performance level in each base
condition. Firstly, an optimal intensity measure (IM) was
selected for the structures. ,en, the interstory drift ca-
pacities of the structures for three common performance
levels (immediate occupancy, life safety, and collapse pre-
vention) were estimated using the damage index concept.
Finally, the probabilistic performance of the structural
models was evaluated in terms of the mean annual frequency
of exceeding different performance limit states and their
confidence level. ,e following main conclusions were
drawn:

(1) According to the result derived from the investiga-
tion of efficiency and sufficiency of 30 candidate IMs,
the average SA(0.75T1 − 3.5T1) was selected as the
optimal IM for the considered structural models.

(2) ,e interstory drift ratios of 0.9%, 1.6%, and 2.9%
were estimated as the appropriate IO, LS, and CP
limit-state capacities, respectively, for the wall-frame
structural models of this study.

(3) ,e nonuniform distribution of strength and stiff-
ness properties in the plan has remarkable effects on
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Figure 18: Confidence levels for models with flexible base: (a) IO, (b) LS, and (c) CP.

Table 13: IM capacities corresponding to CL� 70% in the models with fixed and flexible base.
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the seismic performance of the buildings, and by
using an appropriate strength distribution, the
negative effects of plan-asymmetry can be reduced.

(4) ,e optimum strength distribution is a function of the
performance level objective. In the IO performance
level, a desirable strength distribution is the one which
results in a balanced configuration of the centers of
stiffness and strength, where the eccentricities of both
parameters are almost equal (β� 0.5). In the LS
performance level, the best probabilistic performance
could be achieved in the asymmetric model with a
nearly balanced configuration (β� 0.25) in which the
strength eccentricity is smaller than the stiffness ec-
centricity. However, in the CP performance level, the
asymmetric model with zero strength eccentricity
(β� 0.0) performs better. ,ese optimum strength
distributions can be adopted in the performance-
based design of asymmetric buildings.

(5) ,e lowest confidence levels of meeting performance
levels were observed in the asymmetric models with
β� − 1.0 and − 0.75 (with the center of stiffness being
on the same side as the center of strength) and β� 1.0
and 0.75 (having zero or almost zero stiffness
eccentricity).

(6) Soil-structure interaction effect reduces the IM ca-
pacities corresponding to a given confidence level in
meeting performance objectives. ,is implies that
ignoring the effect of soil flexibility in the design
practice of the asymmetric buildings can result in
overestimating the seismic capacity, and this phe-
nomenon should be taken into consideration in the
design of this type of buildings.

(7) ,e introduction of soil flexibility in the models
increases the mean annual frequency of exceedance
of the performance levels. ,e maximum rate of
increase is about 20% for the IO and LS performance
levels. However, this rate is observed within the
range of 10% to 45% for the CP performance level.

(8) ,e effect of soil flexibility does not influence the
optimum strength distributions for improving the
seismic performance of wall-frame asymmetric
models, and the optimum configurations are the
same for the structures with fixed and flexible base.
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