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ABSTRACT: The influence of the strength reduction factor due to nonlinear behavior (Ryt) on the
lateral strength of Single-Degree-Of-Freedom (SDOF) structures causes to limit the displacement
ductility demand to the predetermined maximum tolerable ductility. In addition, Rp is used for
determining the behavior factor in Multi-Degree-Of-Freedom (MDOF) structures. Following this, in
this paper, Ry and the inelastic displacement ratio (CR) for equivalent SDOF systems under strike-
parallel (NF-SP) and strike-normal (NF-SN) components of near-field ground motion, and also far-
field (FF) ground motion were assessed. Furthermore, CR obtained by this study was compared with
C1 proposed by FEMA440. The deflection amplification factor-to-behavior factor ratio (Cd/Ru) for
different ductility levels was computed. After evaluating the nonlinear effects of SDOF structures based
on Ry factors, these factors for MDOF structure were modified considering higher mode effects, and a
simplified practical expression was proposed to estimate the base shear modification factor. The results
indicated that Ry, corresponds to near and far-field ground motions can be different. In addition, CR
does not depend on the type of earthquake, and it converges to 1 by increasing the period of vibration. In
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addition, the modification factor can be increased with period and ductility demand.

1. INTRODUCTION

Most buildings are designed for a base shear smaller than
the elastic base shear associated with strong ground motion,
expecting them to deform beyond elastic behavior. Therefore,
seismic codes allow reduction in design forces produced by
nonlinear behavior, accounted for in force-based earthquake
resistant design, through the use of strength reduction
factors. These factors depend on several parameters which
the ductility level of structure is the most important. So
far, most relationships for strength reduction factors have
been presented for structures subjected to far-field ground
motion records [1-3]. Several studies have been conducted
to understand the behavior of strength reduction factors in
SDOF systems, but only a few have studied strength reduction
factors in MDOF systems or the required modification
to the results available from SDOF to be applicable to
MDOF structures [1-6]. Since real structures have several
degrees of freedom and various modes, such as transitional
displacements and torsional, the strength reduction factor for
an SDOF system should be modified for MDOF structural
systems by a modification factor.

In seismic codes, the proposed response modification
factor for lateral load-resisting systems is obtained from
experimental studies. Also, theoretical relationships can
be used. Following this, the strength reduction factor due
to nonlinear behavior (R ) can strongly affect the response
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modification factor of the structure. It is worth noting that
the parameters such as number of nonlinear members,
damping, type of nonlinear model, site conditions, period of
vibration and also soil parameters such as soil natural period,
focal depth and earthquake magnitude can affect the response
modification factor[2, 3, 7-11].

Furthermore, the response modification factor demand
depends on the type of earthquake record. To avoid illogical
responses, the average method is used. Following this, the
response modification factor demand for SDOF systems
under near and far-field earthquakes is different which this
matter less considered by researchers. The forward-directivity
has a remarkable effect on near-fault ground motions. As per
researches performed on forward-directivity effect, there are
two components for earthquakes. One is strike-normal and
the other is strike-parallel. In this paper, these components
are called as SN and SP, respectively. In addition, the normal
component of the displacement has a more destructive effect
compared with the parallel component. Therefore, in this
paper, the modification that should be applied to strength
reduction factors derived from simplified SDOF models to
account for MDOF structures in near and far-field ground
motions has been evaluated. Also, since Ry depends on
nonlinear time-history analysis results and also type of
earthquake record, it was determined for far and near-field
ground motions. To consider the effect of type of earthquake
on Ry, a comparison between far and near-field ground
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Fig. 1. Overall process of calculation of a) R and C, factors b)
Oy MpOF

motions for reinforced concrete frames with steel plate shear
wall has been conducted. Furthermore, to evaluate higher
mode effects and MDOF, the base shear modification factor
has been calculated, and an equation with effective variables
has been proposed.

2. RESEARCH METHODOLOGY

Since the main objective of this study was to assess the
strength reduction factor due to nonlinear behavior (Ru) and
also inelastic displacement ratio (C,) of reinforced concrete
moment-resisting frames with steel plate shear wall under
far and near-field ground motions. The assumptions are
presented for determining these factors.

The elastic period of vibration for the finite element
models was considered in the range of 0.98-2.89 Sec; because,
the period of most structures (low-, medium- and high-rise
buildings) is in this range. Meanwhile, the frames have been
designed for five levels of target ductility (1, 2, 3, 4, and 5),
where the value of one specifies that the structure has an
elastic behavior. All of the frames were modeled as the SDOF
system. In this structure, the unit mass was selected and the
stiffness of the element was adjusted to provide the desired
period. In addition, to model the SDOF system in OpenSees
software, a zero-length element was selected. Furthermore, to
define the post-yield stiftness, a gradient of 3% (a=3%) for
the strain-hardening region was used. For all models, the
inherent structural damping ratio was assumed equal to 5%.
To solve the nonlinear time history equation, the Newmark-
Beta method was selected. In Fig. 1, the overall process of
calculation of R and C, factors is shown.

3. CONCLUSIONS

Since the strength reduction factor due to nonlinear
behavior (Ru) and also the inelastic displacement ratio (C,)
are used for determining the response modification factor of
MDOF structures and, also the required target displacement
for performance-based seismic design, in this paper, the
effects of NF-SN, NF-SP and FF ground motionson R and C,
have been investigated. Also, C, obtained from this study was
compared with C, proposed by FAMA440. Furthermore, the
modification factor for R of MDOF systems was evaluated
considering the fundamental period (first mode). Finally,
the effects of higher modes and MDOF on the base shear
modification factor (e, ,,,,, ) and the behavior modification
factor (1/0, ypor) were assessed. The following conclusions
can be drawn from this investigation:

1- By increasing the period of vibration, R is constantly
increased for NF-SN and NF-SP ground motions. This
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factor in FF ground motion is decreased up to a specific
value and after that is increased. In low-rise buildings, R ,
corresponds to FF ground motion, is greater than NF ground
motions. Furthermore, the maximum amount of R in high-
rise building was determined for NEF-SP grounci1 motion.
Therefore, the most effect of FF and NF-SP earthquakes is
related to low and high-rise buildings, respectively.

2- For the structures with a short period, and subjected to
near-field ground motions, R does not depend on the ductility
demand (p). Also, for small values of ductility, by increasing
T, R, converges to . It is called the equal displacement rule.

3- The use of R, corresponding to FF ground motion
may lead to a conservative value for NF ground motion. In
addition, R related to NF ground motion is lower than FF
ground motion. For T>1.59 Sec, R, corresponds to NF-SP
ground motion is higher than FF ground motion. Following
this, the use of R, corresponds to FF ground motion may lead
to a conservative value for NF-SP ground motion.

4- By increasing T, C, converges to 1. In addition, in low-
rise buildings, C, depends on p and T, severely.

5- C,(SN)-to-C,(FF) ratio is increased by increasing . By
considering the fact that this ratio is greater than 1, the use of
C,(FF) is nonconservative in comparison with C (SN). For
T<1.59 Sec, C,(SP)-to-C_(FF) ratio corresponding to ductility
levels is greater than 1. Meanwhile, for T>1.59 Sec, this ratio
is decreased and converges to lower than 1, by increasing p.

6- Base on the comparison of C, with C proposed by
FEMA440, the use of C, for near-field earthquakes and low-
rise building, is conservative. Furthermore, C,, corresponds
to NF-SN ground motion, and for T<1.59 Sec, is greater than
1.4 times compared with C,. In addition, C_(SN)-to-C, ratio
is increased by increasing u. Meanwhile, for NF-SN ground
motion, this ratio is greater than 1 and also C,(SP)-to-C, ratio
is less than 1. Therefore, the use of C, proposed by FEMA440
is conservative for NF ground motions.
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