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In manymultistory buildings, basement levels are used as parking spaces. However, dimensions of reinforced concrete columns at
these levels cause them to be unideal parking spaces. An alternative is to replace the RC columns in middle frames with steel
columns that are not a part of seismic force resisting system and only support vertical loads, therefore have smaller sections. Using
simply supported steel columns under the base level is beneficial not only because they have smaller cross-sections which lead to
increasing the parking space but also these steel columns are easier to be replaced after any possible damages and can be
considered as convenient alternatives compared to ordinary RC columns in construction. In this research, seismic performance of
structures implementing the suggested alternative is evaluated using nonlinear static and dynamic analyses and compared to that
of regular counterparts. Results show that these structures pass the acceptability tests proposed by FEMA P695 methodology.
Moreover, seismic performance factors of these two structural systems have been calculated and proposed.

1. Introduction

To minimize casualties in large earthquakes, building codes
provide structural engineers with seismic design require-
ments. (is goal can be generally achieved by limiting the
probability of global structural collapse of buildings to
relatively low levels. However, not even total satisfaction of a
building code provisions can necessarily mean that a
building will meet certain performance objectives during
large earthquakes. Compared to the intended performance
objective of the building code, the performance exhibited by
the building may or may not be adequate. (erefore, a
methodology is needed for evaluating the performance of
any given building designed based on requirements of a
building code. (e methodology introduced in FEMA P695
satisfies this need and it has been used in this study.

In the system, the performance of which is evaluated in
this study, the upper part consists of special RC moment
frames. Several research efforts have focused on developing
methods to improve seismic design procedure of RC frames

beyond minimum code requirements [1–3] and perfor-
mance-based earthquake engineering is used to assess the
effectiveness of these improvements [4, 5]. Seismic collapse
safety of ductile moment frames has been assessed by
Haselton [6] and seismic collapse capacity of nonductile RC
frames is evaluated and compared with ductile moment
frames by Abbie et al. [7].

FEMA P695 introduces a methodology for quantifica-
tion of building seismic performance factors used in seismic
design and for specifying whether a structure satisfies the
seismic performance objectives of building codes using the
probabilistic assessment of collapse risk [8].

According to FEMA P695 methodology, Archetypes for
nonlinear analyses must be selected so that they cover
normal variations of key characteristics of structures [8],
characteristics capable of affecting the overall seismic be-
havior of structures such as height and bay length. (en,
archetypes with similarities in their structural behaviors and
characteristics are classified into distinct performance
groups.
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According to the ASCE 07-10, the base level location for
the structures with basement walls without any openings
and with compacted soil surrounding the walls is considered
from ground floor, where the basement wall ends [9, 10].

(is effort focuses on evaluating and comparing the
performance of two types of structural systems varying in
one aspect. At stories above the base level, both types consist
of special RC moment frames and dual systems (special RC
moment frames and special RC shear walls) on perimeter
frames. (e difference between two types is that, in one, the
middle frames in basement levels are special RC moment
frames, similar to stories above, but on the other, the col-
umns in these middle frames are replaced with steel columns
that are not a part of the SFRS. In this article, these two types
of buildings will be referred to as RCT (Typical RC system)
and RCN (New RC system), respectively.

Seismic performance of RC basement walls has been
evaluated alone [11], and research studies about combining
RC basement walls with special steel moment resisting
frames have been conducted [12, 13], but seismic perfor-
mance of RC frames with basement walls should be per-
formed as a prevalent construction method.

Basement stories are often used as parking spaces and the
relatively large dimensions of the RC columns in these levels,
especially in buildings with shorter bay lengths, could
prevent these levels from being ideal parking spaces. (ese
RC columns can be replaced with gravity steel columns. Not
being a part of SFRS and only bearing vertical loads, allows
the steel columns in middle frames to have sections with
relatively smaller dimensions and making these levels ideal
for the intended use.

Moreover, in this paper, an innovative connection has
been introduced for steel column-to-RC beam connections.
Requiring only bolts and not any reinforcements or rebars
and being relatively faster-to-fasten connections compared
to traditional counterparts could make this connection
preferable. Using only bolts, this connection can be easily
detached or replaced after any damages.

Seismic performance factors for RCT and RCN models
are not included in ASCE 07 Table 12-2.1. For designing
structures with two structural systems in which the upper
system is more flexible than the lower, ASCE 07 recom-
mends a two-stage analysis. In this paper, the entire
structure has been designed using only the seismic per-
formance factors of special RC moment resisting frames
instead of the recommended two-stage analysis. Results
show that based on the FEMA P695 method, this alternative
design does not negatively affect the performance of the
structures [11].

For nonlinear models, lumped plasticity approach is
used to model frame elements. Frame elements plastic
hinges are modeled using a stiffness and strength degrading
model developed by Ibarra et al. and modified by Lignos
[14, 15].

2. Designing Models

A set of archetypical structures are employed in the as-
sessment. (ese structures represent engineering design and

practice for RCT and RCN systems in high seismic regions.
16 structural designs encompass key structural design pa-
rameters including building heights from 3 to 15 stories
above the base level and from 2 to 5 basement levels, and bay
widths of 4 and 7m (13.12 to 22.97 ft.). As summarized in
Table 1, for both RCN and RCT archetypes, this table is
identical. All structures are space frame systems. (ese ar-
chetypes are classified into performance groups, each of
which includes structures with relatively similar configu-
ration and therefore structural behavior. Table 1 includes the
fundamental period (CuTa, defined by Equation (5)-(5) of
FEMA P695) T, the seismic base shear coefficient Cs, and the
maximum considered earthquake MCE-level spectral ac-
celeration SMT [8].

All Archetypes are designed using response spectrum
analysis procedure for seismic design category Dmax. Dead
and live loads are applied to stories and static and dynamic
soil loads are applied to basement walls according to ASCE
07-10 [9, 16]. A simplified method for considering the soil-
structure interaction is used for designing the models that
the soil is neglected but the wall is modeled. Each building
is designed according to the provisions of ASCE 7-10, ACI
318-14, and AISC 360-10 [9, 17, 18] and all applicable
requirements for detailing, stiffness, strength and capacity
design are met, except for two-stage analysis procedure. As
mentioned in ASCE 7-10, for structures having a flexible
upper portion above a rigid lower portion, a two-stage
analysis procedure can be used. (is study intentionally
does not implement this requirement and uses seismic
design coefficients of RC SMFs for designing both upper
and lower portions of the building. (e validity of this
assumption is put to test by FEMA P695 methodology.
According to Table 12.2-1 in ASCE 07–10, design coeffi-
cient and factors are R � 8, Cd � 5.5, and Ωo � 3 for RC
SMFs and R � 7, Cd � 5.5, and Ωo � 2.5 for special RC
shear walls [9].

Detailing and in some cases, sections of RC frame ele-
ments above the base level are different in RCN archetypes
compared to RCT counterparts. (e reason is the incapa-
bility of RCN buildings to transfer moments to stories below
the base level using RC columns of middle frames, since the
steel columns located at basement levels are not a part of
SFRS and can only provide support for gravity loads.
(erefore, there is a different distribution of forces in RCN
buildings. In middle frames, moments at both ends of RC
columns at the first story above the base level have smaller
values in RCN compared to their counterparts in RCT
buildings. On the contrary, beams located at the first story
and frame elements (both beam and column) and located at
upper stories have larger moments in RCN buildings. (e
different distribution of forces leads to different detailing
and section dimensions.

Steel columns have box sections and are connected to
beams with simple connections. Figure 1 shows a schematic
of these simple connections. By comparing the cross-section
areas of the steel and RC middle columns under the base
level, it has resulted that this substitution leads to approx-
imately 84% (as a mean value for all the archetypes) of cross-
section area reduction.
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3. Nonlinear Model Development

Figure 2 shows the nonlinear models created using OpenSees
structural analysis platform. Having shear walls in basement
levels, the outer frames display a different structural be-
havior compared to inner frames, therefore, neither can
represent the behavior of the entire structure. One solution
can be used to model two frames side-by-side to capture the
behavior of both types of frames and their interactions. (is
solution eliminates the need for modeling leaning columns
that capture the destabilizing P − Δ effects, since the gravity
system (i.e., steel columns in basement levels) is directly
modeled and the other frames are space frames [19]. (ese
two adjacent frames in the OpenSees model are connected
with hinged rigid elements (i.e., elastic element with a very
high Young’s modulus) that represent the slab connecting
these frames together.

Damage reports of earthquakes including (1971) San
Fernando and (1994) Northridge show that building base-
ment walls have never been damaged due to soil seismic
pressures [20]. Based on these reports, basement walls do not
exhibit a nonlinear behavior in earthquakes; therefore, the
basement walls are modeled as elastic elements using plane
stress for node quadrilateral elements in OpenSees named
QUAD with Young’s modulus of concrete. (e results also
show that these levels undergo extremely small drifts during
IDAs compared with nonbasement stories. Furthermore, for
modeling segments of basement walls that can contribute to
the response of modeled frames (i.e., parts of basement walls
perpendicular to directly modeled basement walls) are
modeled as elastic columns [21].

In this study, for models subjected to dynamic loads
although the soil surrounding the retaining walls is not

directly modeled, the effect of soil on the behavior of the
structure is accounted for using another method. Based on
this method, the soil is not modeled, and since the horizontal
resistance of soil is ignored, the masses in subterranean
floors are ignored as well [22–24].

(e lumped plasticity models have gained more popu-
larity for seismic response simulation of RC buildings
[8, 25, 26]. Lumped plasticity elements were used because of
their ability to capture rebar buckling and strain softening
which are critical for simulating the collapse of RC frames.
(e plastic hinges of frame elements (i.e., beams and col-
umns) are modeled using a stiffness and strength degrading
model with a peak-oriented hysteretic response, developed
by Ibarra et al. (2005) and modified by Lignos [14, 15, 25].

Figure 3 illustrates the backbone curve and cyclic be-
havior of the modified IMK (Ibarra Medina Krawinkler) in
terms of a moment-rotation relationship. (e backbone
curve has three key parameters, namely, the elastic stiffness,
postyield stiffness, and postcapping stiffness (strain soft-
ening). Postcapping stiffness and the displacement (ductility
capacity) at which this softening occurs are the most im-
portant contributors affecting the seismic collapse capacity
[6]. In the cyclic behavior of this model, the rate of cyclic
deterioration depends on the deterioration parameter, which
defines a reference energy-dissipation capacity for the
component denoting the cumulative plastic rotation ca-
pacity [15, 27, 28]. Parameters for RC frame elements models
are calibrated based on test data for RC columns with ductile
detailing and low to moderate axial loads ATC 72 [24].

Modeling nonlinear behavior using plastic hinges
when used in combination with Rayleigh damping could
lead to unrealistically large damping forces in plastic
hinges [29]. One solution for this problem is the approach
taken by Ibarra and Media. In this approach, each beam
element is modeled as a combination of an elastic beam
and rotational end spring(s). (ese zero-length springs
which do not have damping assigned to them are where the
plastic hinging is concentrated. In this model, the ratio of
the initial stiffness of end springs to the stiffness of elastic
beam element is defined by the parameter n. Relatively
large values of n are chosen and therefore most of elastic
deformation occurs in the elastic beam. All the damping is
assigned to the elastic beam as an equivalent stiffness-
proportional damping [30]. In this solution, relatively
large values of n are suggested [29]. Larger values of n can
make the numerical convergence in nonlinear analyses, a

Table 1: Archetype’s configuration development and design properties for SBCC and RBCC archetypes.

No. of performance
groups

Archetype design ID
number

No. of SMF
stories

No. of stories under the
base level

No. of
spans

Bay length
(m)

T
(sec)

SMT
(g) Cs

1 3U2B3B4mBL 3 2 3 4 0.55 1.5 0.125
2 3U2B3B7mBL 3 2 3 7 0.55 1.5 0.125

3
7U2B3B4mBL 7 3 3 4 1.16 0.78 0.065
11U4B3B4mBL 11 4 3 4 1.72 0.53 0.044
15U5B3B4mBL 15 5 3 4 2.27 0.53 0.044

4
7U2B3B7mBL 7 3 3 7 1.16 0.78 0.065
11U4B3B7mBL 11 4 3 7 1.72 0.53 0.044
15U5B3B7mBL 15 5 3 7 2.27 0.53 0.044

Bolt
Steel
plateSteel

column

RC beam

Figure 1: Schematic diagram of simple connections of steel col-
umns in RCN archetypes.
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more time-consuming and sometimes impossible process.
Another issue is the assumption of end moments (in the
original frame element) that are equal in value and sign
which is not the case in earthquakes [30].

F. Zareian and H. Krawinkler (2009) have asserted by using
elastic frame elements with stiffness modifiers, moment gra-
dient problem is eliminated, and considerably smaller values of
n can be used, leading to less time-consuming numerical
convergences in nonlinear analyses [30]. (erefore, in this
study, all elements are modeled by elastic frame elements with
stiffness modifiers and n value equal to one.

Rayleigh damping is applied equal to 5% of critical
damping in the first and third modes of the models. (e
Rayleigh damping stiffness-proportional term is assigned
only to the elastic frame elements with stiffness modifiers
while the mass-proportional term is assigned to all the frame
nodes with mass [6, 31–33].

(e nonlinear models of structures employ a two-di-
mensional joint model which was added to OpenSees
framework by Altoontash. (e joint model accounts for the
finite joint size and includes a system of constraints and
rotational springs for direct modeling of the shear panel and
bond-slip behavior [8]. Figure 4 shows a schematic diagram
of this model.

4. Nonlinear Analyses

4.1. Nonlinear Static Analysis (Pushover). Nonlinear static
analysis (pushover) is performed for all archetypes by using a
first mode lateral load pattern in accordance with Section
6.3, FEMA P695, in order to compute the system over-
strength factor (Ω0) and period-based ductility µT. For a
given index archetype, the overstrength factor, Ω, is defined
as the ratio of maximum shear resistance, Vmax, to the design
base shear, V. For a given index archetype, the period-based
ductility, μT is defined as the ratio of ultimate roof drift
displacement, δu, to the effective yield roof drift displace-
ment δy,eff. (ese parameters are shown in an idealized
pushover curve in Figure 5. In order to quantify these values,
the lateral loads are increasingly applied until a loss of 20% of
the base shear capacity is achieved [8].

Pushover analysis provides insight into some of the
nonlinear behavior aspects of structures. However, since the
classical pushover analysis relies on constant lateral loads
patterns, it is incapable of capturing the effects of higher
modes. (erefore, it has been found to exhibit considerable
deviations from inelastic demands during dynamic analyses
and seismic events [34].

Figure 6 compares pushover curves for two models of
RCN and RCT. In these figures, the base shear and roof drift
are normalized by design base shear and building height,
respectively.

RCN models exhibit higher maximum shear resistances
compared to RCT models. (e reason is different detailing
and, in some models, different sections. Figure 7 shows
plastic hinge distribution in somemodels when the structure
is pushed to the ultimate roof drift displacement as defined
in FEMA P695. (e colors assigned to these plastic hinges
indicate the severity of plastic hinging at these points. (e
color cyan for example indicates that a plastic hinge has
undergone a rotation between 1 to 5 times larger than its
yield rotation. Absence of a circle indicates a rotation smaller
than the yield rotation.

As shown in Figure 7, RC beams located precisely above
the topmost steel columns in RCN models undergo con-
siderably more severe rotations. Since moments cannot be
transferred from RC columns to the simply connected steel
columns, these beams transfer the moments to outer frames,
thus undergo larger forces and rotations. Moreover, in RCN

4m
4m

4m

Figure 2: Plan view of archetypes and schematic nonlinear model of them.
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building compared to RCT counterparts, plastic hinging
occurs in more beams, and in most cases, it is more severe
which reflects a different distribution of forces in frame
elements.

4.2. Incremental Dynamic Analysis (IDA). IDA procedure
recommended by FEMA P695 involves performing a series
of nonlinear dynamic time-history analyses using 22 pairs of
ground motion records [35]. Individual ground motions are
scaled to increasing intensities until the structural model
reaches a global collapse point. (e lowest intensity at which
half of the ground motions cause the structural model
to collapse is the median collapse capacity, SCT. (e ratio of
SCT to maximum considered earthquake (MCE) spectral
acceleration at the fundamental period of each model (SMT)
defines the collapse margin ratio (CMR) of that model [8].

(e results of these time-history analyses for one ground
motion create a single IDA curve. An IDA curve is a diagram
of the ground motion intensity measure (IM) against an
engineering demand parameter (EDP). (e spectral accel-
eration corresponding to the first mode elastic vibration
period of the structure, Sa(T1), is a widely used ground
motion IM and the chosen EDP is the maximum interstory
drift [36–38].

For each archetype, a collapse fragility curve is defined
using a cumulative distribution function, which relates the
probability of collapse to the ground motion IM [39]. (e
standard deviation of natural logarithm and the median
collapse capacity, SCT, are the parameters which define the
collapse capacity [40].

Figure 8 shows IDA and 16, 50, and 84 percent fractile
curves for some of the archetypes with RCN and RCT
structural models as samples.

Figure 9 exhibits a comparison of the fragility curves of
these two models. Results show that fragility curves of
counterpart RCTand RCNmodels bear a close resemblance.

(ese fragility curves suggest that substituting RC col-
umns with simply supported steel columns at basement
stories does not negatively impact the seismic behavior of the
structure [41].

5. Performance Evaluation

(emost important parameter in FEMA P695 methodology
is the adjusted collapse margin ratio (ACMR). Whether or
not a specific structure satisfies the seismic performance
objectives set by codes is determined using ACMR. (is
parameter is obtained by multiplying the CMR by spectral
shape factor (SSF) for each structural model:

ACMR � SSF × CMR. (1)

Baker and Cornell (2006) showed that rare ground
motions in the western United States have a distinctive
spectral shape that is different from the shape of the design
spectrum in ASCE 7-10. (e shape of these rare ground
motions is peaked at the period of interest rapidly and drops
at shorter and longer periods. Selecting a unique set of
ground motions that have the appropriate shape for each
site, hazard level and structural period of interest is not
feasible; hence, FEMA P695 recommends using SSF—which
is a function of fundamental period and period-based
ductility—to remove this conservative bias [8].

Acceptable values of ACMR are based on total system
collapse uncertainty, βTOT, and established acceptable values

Panel zone

Beam-end
zone

Column-end
zone

Figure 4: Schematic diagram of joint2D [8].

Roof displacement
δy.eff δu

0.8Vmax

V

Vmax

Base
shear

Figure 5: Idealized pushover curve [8].
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for probability of collapse. (e total system collapse un-
certainty is obtained using the following formula:

βTOT �

���������������������

β2RTR + β2DR + β2TD + β2MLD

􏽱

. (2)

According to FEMA P695, in the performance evalua-
tion of the systems with relatively large period-based duc-
tilities (μT ≥ 3), the constant value of 0.4 is considered for
record-to-record uncertainty (βRTR) [8].
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Figure 7: Sideway collapse mechanism of archetype 11 and 15-story buildings with 4m-long bay lengths under pushover analysis to δu
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ACI 318-14 design requirements have been utilized in
this study. Since this code includes lessons learned from
recent major earthquakes and represents many years of
experiment and development, for assessing uncertainty
according to FEMAP695methodology, design requirements
are categorized as superior (A) and the value of 0.1 is
considered for βDR.

(e test data used in this article contain both cyclic and
monotonic loading protocols and cover a wide range of
column design configurations. Nevertheless, a number of
these loading protocols are not continued to deformations
large enough to observe strength loss. Moreover, these test
data do not include beam elements with attached slabs. In
addition, only column element tests were utilized for the
calibration of the element model, while subassemblage tests
and full-scale tests were not used. Considering the above
observations, the test data are categorized as Good (B) and
the value of 0.2 is assigned to βTD [8].

Many detailing and capacity design requirements con-
trol RC frame buildings, which limits possible modes of
failure. (e primary expected mode of failure is flexural
hinging leading to sideways collapse. By capturing postpeak
degrading response under both cyclic and monotonic
loading, the modeling approach can simulate flexural
hinging and sideway collapse. Furthermore, the modeling
approach can simulate structural response directly up to

collapse point by simulating all expected modes of damage
that could lead to collapse. However, despite being calibrated
using column data, the model was not well calibrated to
beam-slabs and it does not capture axial-flexural interaction
in columns. Additionally, for modeling soil-structure in-
teraction, a simplified method is used, and basement walls
were assumed to remain elastic up to global collapse of the
structure. Consequently, the modeling quality is categorized
as good (B) and the value of 0.5 is assigned to βMDL.

Using values assigned to different sources of uncertainty
discussed above, the total system collapse uncertainty of the
structural models, βTOT, is calculated to 0.675. For the
evaluation of the response modification coefficient based on
FEMA P695 methodology, acceptable seismic performance
is achieved when the average value of ACMR for each
performance group exceeds the acceptable value of the
ACMR corresponding to the collapse probability of 10%
(ACMR10%) and individual value of ACMR for each ar-
chetype exceeds the acceptable value of the ACMR corre-
sponding to the collapse probability of 20% (ACMR20%).
Using Tables 7-3 in FEMA P695 and a total system collapse
uncertainty, ACMR20% and ACMR10% values are found to be
1.76 and 2.38, respectively [8].

Tables 2 and 3 summarize the results obtained from
numerous IDA and pushover analyses for both RCT and
RCN structural models.

Table 2: Collapse performance evaluation of RCT archetypes.

No. of performance
groups

Archetype design ID
number

No. of SMF
stories Ω μt Sct Smt CMR SSF ACMR Accept

ACMR
Pass or
fail

1 3U2B3B4mBL 3 2.77 8.77 3.9 1.5 2.6 1.33 3.46 1.8 P
Group performance 2.77 3.46 2.45 P
2 3U2B3B7mBL 3 2.65 7.88 3.33 1.5 2.22 1.33 2.96 1.8 P

Group performance
3

2.65 2.96 2.45 P
7U3B3B4mBL 7 2.19 7.68 2.14 0.78 2.75 1.49 4.09 1.8 P
11U4B3B4mBL 11 2.08 7.53 1.17 0.53 2.21 1.6 3.54 1.8 P
15U5B3B4mBL 15 1.72 8.28 0.98 0.53 1.85 1.5 2.77 1.8 P

Group performance 1.99 3.47 2.45 P

4
7U3B3B7mBL 7 2.38 8.23 1.8 0.78 2.31 1.49 3.45 1.8 P
11U4B3B7mBL 11 2.62 9.74 1.23 0.53 2.32 1.6 3.71 1.8 P
15U5B3B7mBL 15 2.27 7 1.09 0.53 2.06 1.5 3.09 1.8 P

Group performance 2.42 3.41 2.45 P

Table 3: Collapse performance evaluation of RCN archetypes.

No. of performance
group

Archetype design ID
number

No. of SMF
stories Ω μt Sct Smt CMR SSF ACMR Accept

ACMR
Pass or
fail

1 3U2B3B4mBL 3 2.83 8.42 3.75 1.5 2.5 1.33 3.33 1.8 P
Group performance 2.83 3.33 2.45 P
2 3U2B3B7mBL 3 2.7 8.59 3.45 1.5 2.3 1.33 3.06 1.8 P
Group performance 2.7 3.06 2.45 P

3
7U3B3B4mBL 7 2.23 8.78 2.25 0.78 2.89 1.49 4.31 1.8 P
11U4B3B4mBL 11 2.47 7.14 1.23 0.53 2.32 1.6 3.71 1.8 P
15U5B3B4mBL 15 2.16 7.24 1.09 0.53 2.06 1.5 3.09 1.8 P

Group performance 2.27 3.7 2.45 P

4
7U3B3B7mBL 7 2.56 7.33 1.99 0.78 2.55 1.49 3.81 1.8 P
11U4B3B7mBL 11 2.74 7.88 1.23 0.53 2.32 1.6 3.71 1.8 P
15U5B3B7mBL 15 2.38 6.61 1.05 0.53 1.99 1.5 2.98 1.8 P

Group performance 2.56 3.5 2.45 P
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Results show that all archetypes pass the acceptability
check for seismic performance. (e value of the system
overstrength factor,Ωo, for use in design should not be taken
less than the largest average value of overstrength, Ω, of any
performance group. Based on the results summarized in
tables above, 2.83 is the highest average value for over-
strength; therefore, the overstrength of the system can be
conservatively considered 3, and the same value is specified
in ASCE 7–10 for special RC moment frames [8].

6. Conclusions

In this study, typical RC columns in middle frames at
basement levels are substituted with simply connected steel
columns to make these levels more ideal parking spaces by
decreasing the space occupied by structural elements, i.e.,
columns. Seismic performance of structures with RC col-
umns (RCT) and those with the substituted steel columns at
basement levels (RCN) was evaluated based on the FEMA
P695 method. To evaluate the seismic performance of these
structures, 16 archetypical structures where designed
according to building codes, modeled in OpenSees platform
and analyzed using pushover and IDA analyses.

Both RCT and RCN structures can be designed using
response modification and overstrength factors 8 and 3,
respectively. In order to design either RCN or RCT struc-
tures, seismic performance factors of special RC frames
R� 8, Cd � 5.5, and Ωo � 3 can be used for designing both
upper and lower parts (i.e., special RC frames and dual
systems) of the structure. In other words, the two-stage
analysis procedure recommended by ASCE 7-10 does not
need to be applied to neither RCN nor RCT structures. A
regular one-stage analysis will suffice.

Inspecting plastic hinging occurrences in structural
models when structures are pushed to effective yield drift in
pushover analyses show that collector beams at the bottom
of the first story above the base level of RCN archetypes are
more prone to plastic hinging compared to their RCT
counterparts. (e reason is the different load paths in RCN
buildings and the role these beams play in transferring forces
from RC columns in middle frames to RC columns and walls
in lower levels.

Because of different detailing and frame element sections
in RC frames above the base level compared to RCT
buildings, RCN structures have higher overstrength values.

RCN structures exhibit a similar or improved seismic
performance compared to RCT building, therefore
substituting RC columns by simply connected steel columns
does not seem to negatively impact the overall behavior
seismic of the structure.

Data Availability

(e data used to support the findings of this study are
available from the corresponding author upon request.
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