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Abstract.

In this paper, the seismic performance of reinforced concrete braced frames (RC-BF) under far- and near-fault

motions was investigated. Four-, eight-, 12- and 16-story RC-BFs were designed on the basis of a code-design method for a high
risk seismic zone. Nonlinear static and dynamic analyses of the frames have been performed using OpenSees software. To
consider diverse characteristics of near-fault motions, records with forward-directivity and fling-step effects were employed.
From the results obtained in the analytical study it is concluded that the used design method was reasonable and the mean
maximum drift of the frames under all ground motion sets were in acceptable range. For intermediate- and high-rise buildings

the near-fault motions imposed higher demands than far-faults.
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1. Introduction

Dual system of reinforced concrete (RC) moment frame
with concrete shear walls has been used as a common
lateral load resisting system in design of different multi-
story buildings in many earthquake prone countries, like
USA, New Zealand and Iran. The behavior of structural
systems with contribution of RC-shear walls has been the
subject of a number of current research studies (Beiraghi et
al. 2015, Bekd et al. 2015, Jinemann et al. 2016, Li et al.
2015, Mostofinejad and Mohammadi Anaei 2012, Saad et
al. 2016, Wang et al. 2016). Although this system has many
advantages, it is not without problems. Heavy weight, large
footprint, somewhat difficult to construct, large lateral
stiffness and relatively high weight-to-strength ratio and
most importantly developing tension cracks and
compression crushing and spalling under large inelastic
cyclic displacements are some of these. The tension
cracking and compression spalling can result in serious
deterioration of stiffness and reduction in strength (Zhao
and Astanch-Asl 2004). In order to resolving these
problems, steel bracing of RC frames was investigated by
some researchers and nowadays bracing system is one of
the most effective systems to improve the seismic
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performance of reinforced concrete frames.

Most of the published studies analytically evaluated the
use of steel bracing systems for retrofitting seismically
inadequate reinforced concrete frames, such as (Abou-
Elfath and Ghobarah 2000, Badoux and Jirsa 1990, Del
Valle 1980, Del Valle et al. 1988, El-Amoury and Ghobarah
2005, Foutch er al. 1989, Tena-Colunga et al. 1996,
Viswanath et al. 2010). These analytical studies mentioned
that steel bracing is very well suited for lateral
strengthening and/or stiffening of multistory reinforced
concrete structures.

In case of experimental investigations, the similar
observations were reported and the efficiency of bracing
system in improving performance of RC frames was shown
(Bush ef al. 1991, Ghaffarzadeh and Maheri 2006, Huang et
al. 2014, Ju et al. 2014, Maheri and Ghaffarzadeh 2008,
Maheri and Sahebi 1997, Youssef et al. 2007).

Surveying literature reveals that there is little reported
works which consider structures composed of reinforced
concrete frames and steel bracings as a dual system.
Malekpour et al. (2013) utilized a direct displacement-based
design procedure to design dual system of RC-BFs. The
results demonstrated the efficiency of this procedure by
satisfying Life Safety performance level of all designed
frames (Malekpour et al. 2013). Massumi and Absalan
(2013) assessed the interaction between bracing system and
moment resisting frame in braced RC frames. They used the
results of experimental tests to make and calibrating micro-
models of experimental specimens with complete details in
ANSYS software. The results showed that the interaction
between RC frame and bracing system had a positive and
significant impact on improving the behavior of dual system
(Massumi and Absalan 2013).

The seismic behavior factor (R) of steel X-braced and
knee-braced RC buildings evaluated using inelastic

ISSN: 2092-7614 (Print), 2092-7622 (Online)



192 Reyhaneh Eskandari, Davoud Vafaei, Javid Vafaei and Mohammad Ebrahim Shemshadian

pushover analysis by Maheri and Akbari (2003). Similar
study on steel chevron-braced RC frames was done by
Akbari and Maheri in 2011. Since in designing dual
systems, the share of bracing system from the base shear is
an important parameter, they designed steel bracing systems
for three different shares of base shear (0, 50 and 100%).
The RC frame designed to resist the remaining base shear.
The results showed that it was beneficial to apportion the
base shear between the X-bracing system and RC frame
more evenly. Also for different ductility demands of dual
system tentative R values proposed (Akbari and Maheri
2011, Mabheri and Akbari 2003).

Godinez-Dominguez and  Tena-Colunga (2010)
conducted nonlinear static analyses to evaluate the behavior
of 4 to 24 stories ductile moment-resisting reinforced
concrete concentric braced frame structures (RC-MRCBFs)
using chevron steel bracing. RC-MRCBFs designed using a
capacity design methodology adapted to the general
requirements of the seismic, reinforced concrete and steel
guidelines of Mexico’s Federal District Code (MFDC-04).
In order to had a comprehensive study for each building
they utilized three different values for the lateral strength
balance between the bracing system and the moment frame.
Up to 25%, up to 50% and nearly 75% of the lateral shear
strength provided by the columns of the RC moment-
resisting frame and the bracing system provided the rest.
Based on this research, the capacity design methodology
used by the authors was successful to design ductile RC-
MRCBFs when the columns of the moment frames resist at
least 50% of the total seismic shear force, without the
contribution of the bracing system. Also, in this research
some key design parameters, such as story drift at yielding,
ultimate drift capacities, and overstrength reduction factors,
were proposed (Godinez-Dominguez and Tena-Colunga
2010). Pursuing their previous study, Godinez-Dominguez
et al. (2012) published their findings for case studies on the
seismic behavior of RC-MRCBFs. The study mentioned
that if capacity design principles and specific design
parameters for the new design of reinforced concrete
chevron braced framed were utilized, appropriate global
ductility capacities and overstrength demands were
achieved, and a reasonable structural performance was
obtained (Godinez-Dominguez et al. 2012).

Although a huge body of knowledge obtained from
abovementioned studies, but there is a lack of information
about the global performance of this system, especially in
the proximity of an active fault. So, this study focuses on
the seismic performance of the dual RC diagonal steel
braced system. To address this issue, four-story, eight-story,
12-story and 16-story RC-BFs were designed for a high
seismically active area in accordance with Iranian Seismic
Design Code (4rth Edition (2014)), Iranian reinforced
concrete structures design code and Iranian steel structures
design code. OpenSees software was employed for
nonlinear static and dynamic analyses. Utilized earthquake
records were carefully selected so as to reflect
characteristics of ordinary far-fault records and typical near-
fault records having forward-directivity and fling-step
effects.

2. Design of model structures

To evaluate seismic performance of reinforced concrete
braced frames, four frames with different heights were
designed in compliance with three specifications namely,
Iranian Seismic Design Code (4rth Edition (2014)), Iranian
reinforced concrete structures design code and Iranian steel
structures design code. Structural models are four-story,
eight-story, 12-story, and 16-story RC-BFs with four 6 m
spans in each direction and 3.2 m story height. Exterior RC
frames with contribution of steel braces were used to resist
lateral seismic loads and interior frames were assumed to
carry only gravity loads. The plan view and the elevation of
the designed perimeter RC braced frames are shown in Fig.
1. Dead and live (or snow) loads of 6 kN/m? and 1.5 kN/m?
were used in roof level and 6 kN/m? and 2 kN/m? were used
in second levels for gravity loads. In all models steel type
ST37 with nominal yield strength equal to 235.4 MPa was
used for braces. The compressive strength of f, =24.53
MPa for the concrete and yielding stress equal to 412 MPa
for the steel reinforcement was assumed. The below
mentioned design procedure was considered for seismically
design of the frames.

1) Determination of the design factors.

2) Determination of the design equivalent lateral force.

3) Determination of the percentage of the lateral shear
strength provided separately by the steel bracing system and
moment frame.

4) Design braces for their percentage from the lateral
shear force.

5) Determination of the column sizes and resulting axial
load ratios (important for column ductility)

6) Design beams and columns for their percentage from
the lateral shear force by considering strong column-weak
beam principle even if code does not require it.

7) Control the maximum allowable interstory drift for
dual system.

It is noticeable that some of these steps iterated for
several times to earn the best design by guaranteeing the
expected collapse mechanism of strong column—weak
beam-weaker brace.

The frames designed for regions with seismic high
hazard level and stiff soil site condition (class D based on
FEMAZ356 soil classification). According to Iranian seismic
design code the design base shear is determined as follows
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Fig. 1 Plan and elevation of the designed perimeter RC
braced buildings
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Fig. 2 Design spectra for seismic high hazard zone
according to Iranian Seismic Design Code

where V is base shear force of structure, C is seismic
coefficient and W is the equivalent weight of the structure
which is equal to total dead load plus percentage of live
load. AxB1xN is the design spectral acceleration (S,), which
depends on the seismic hazard level of the site, soil type and
fundamental period of the structure (T). N is the correction
factor to incorporate the near-fault earthquake effects on the
response spectrum shape. I is the importance factor and R,
is the response modification factor.

The assumptions of seismic design parameters included
stiff soil, importance factor of one (for residential building),
response modification factors of 6 and seismic zone factor
(A) of 0.35. The -corresponding acceleration design
spectrum is depicted in Fig. 2.

In order to have a ductile structure, the RC frame is
designed to sustain up to 50 percent of the lateral loads and
bracing system designed to resist the remaining, on the
bases of findings of Maheri and Akbari (2003) and
Godinez-Dominguez and Tena-Colunga (2010).

For the first elements, steel braces were designed.
Seismically compacted box sections were employed and the
limiting slenderness ratios for special concentric braced
frames, proposed by Iranian steel structures design code
(which is similar to other international codes (AISC360-05
2005, UBC-97 1997)), were considered in the design of
these elements.

Since the flexural behavior of columns depends on the
level of axial compression force of columns, to gain
reasonable ductility it was necessary to limit the axial force
of these elements. So, the initial cross sections of the
columns were calculated based on the maximum expected
axial forces transmitted from braces to columns (P,) by
taking into account the following limitation

P
Ag > 05uf ’ (2)

C

To finalize the columns design and determining
geometric characteristics of the beams with their
reinforcements, elastic analysis were conducted on bare RC
frames. These frames were designed on the basis of strong
column-weak beam principle by checking > M>1.2Y M, at
each joint. In this formula which established in Iranian
reinforced concrete structures design code, Y M. is the sum
of moment design value of the top and bottom column end

on the joint. > M, is the sum of moment design value of the
left and right beam end on the joint. In case of shear design
of the elements, adequate reinforcement determined to
prevent a nonductile shear failure before developing full
flexural strength of member. It is worth noting that lateral
reinforcement of RC elements tends to improve ductility by
preventing premature shear failures and by confining the
compression zone. More detailed description of design
procedure can be found in Godinez-Dominguez and Tena-
Colunga (2010).

3. Development of building models

After designing previously stated frames, nonlinear
static and dynamic analyses should be performed to
investigate system behavior under diverse characteristics of
earthquakes. So, it is necessary to construct nonlinear
accurate models to carry out the analyses. This modeling
was carried out with the aim of nonlinear modeling
capabilities of the Open Source for Earthquake Engineering
Simulation (OpenSees) software developed by the PEER
Center (Mazzoni et al. 2007). The computer simulation of
braces and RC elements with their assumptions made are
presented in the following.

3.1 Steel brace modeling

In order to model bracing elements in a way that make it
possible to capture post buckling behavior of these
elements, nonlinear beam-column element using fiber
sections was employed. Since in the formulation of this
element both usual and geometric stiffness matrix was
contributed, it is capable of predicting linear or nonlinear
buckling of braces during severe earthquakes (Asgarian et
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Fig. 3 Hysteretic response of HSS 4x4x1/4 hollow strut,
(a) Experimental (Black et al. 1980), (b) analytical
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al. 2005, Uriz et al. 2008). Large displacement effects were
considered in model through the corotational transformation
approach proposed by Crisfield (Crisfield 1991). The
Giuffre-Menegotto-Pinto material (Steel02) was assigned to
braces. An initial imperfection equal to 0.005 of the length
of the elements was implemented in the middle of each
brace length to trigger overall buckling in these elements
(Farahi and Mofid 2013 ; Uriz and Mahin 2008). The
trigger overall buckling in these elements (Farahi and Mofid
2013 ; Uriz and Mahin 2008). The comparison of
experimental with analytical results for a hollow HSS
4x4%1/4 strut, modeled in abovementioned way, under a
cyclic loading has been shown in Fig. 3.

3.2 RC elements modeling

To model all RC beams and columns the nonlinear
beam-column element that utilizes a layered fiber section
was used. Ten points of integration were used along each
element length in each step of the analysis. This model
captures the cracking behavior of the concrete section using
a uniaxial concrete constitutive law, and tracks the spread of
plasticity through the element cross section and along the
element length. It also captures the axial-flexural
interaction, automatically. A significant limitation of the
fiber model is its inability to simulate the collapse behavior
of a ductile RC frame. Consequently this problem is one of
the limitations of the model, which may be considered in
the future studies. The fibers in each cross section were
assigned material properties to represent either unconfined
concrete, confined concrete, or steel reinforcement. The
confined strength and stress-strain behavior of the concrete
was determined on the basis of Mander model (Mander et
al. 1988).

For reinforcing steel, from the library of materials
introduced in OpenSees, ‘Steel02’ material was assigned.
On the other hand, a no tensile strength uniaxial material
which is based on Kent-Scott-Park (1971) model was taken
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Fig. 6 Pushover analysis results for 4-, 8-, 12- and 16-
story RC-BFs

into consideration to simulate the inelastic behavior of both
confined and unconfined concrete. Stress-strain curve of
utilized models are depicted in Fig. 4.

Fardis and Biskinis (2003) estimate that approximately
35% of the plastic-rotation capacity of RC elements comes
from the strain penetration or bond-slip of the longitudinal
reinforcing bars (Fardis and Biskinis 2003). In order to
provide an analytical model by considering these effects, a
bond-slip spring in series with the fiber element was used to
capture the bond-slip deformations up to flexural yielding
and the steel strain-hardening stiffness was adjusted to
capture bond-slip and shear flexibility in the post-yield
regime. Additional information about modeling details can
be found in Peer Report 2007/12 (Haselton et al. 2007). In
order to validate the prediction accuracy of the mentioned
analytical model, the experimental studies by Gill et al. (test
No. 4) (Gill et al. 1979) and Kono and Watanabe (test No.
DIN60) (Kono and Watanabe 2002) were employed. The
excellent agreement between the numerical results and the
corresponding experimental measurements in Fig. 5 is
observed.

For the dynamic evaluations, one half of the total
building mass was applied to the frame and distributed
proportionally to the floor nodes. Furthermore, the
Newmark method with integration parameters of »=0.5 and
$=0.25 was utilized to solve the equations of motion. In the
dynamic analysis, the 5% Rayleigh damping was specified
in the first and third modes.

4. Numerical analysis

Static-pushover analyses were performed to ensure
similar system strength between the bare RC and braced
frames designs and to investigate the relative stiffness of
each frame type. It is noticeable that braced frames have
non-moment beam-to-column connection. The pushover
analyses used the lateral force distribution prescribed by the
equivalent lateral force procedure (Iranian Seismic Design
Code). The static-pushover curves of the frames with a
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Table 1 Characteristics of selected ground motions

R? . . PGA PGV
No. Year Earthquake M Mech. Station
4 " (km) @ (cms)

a) Far-Fault motions

FF1 1952 Kerncounty 7.5 36.2 TH/REV Taft 0.18 17.50
FF2 1994 Northridge 6.7 23.7 TH Century CCC 026 21.19
. Desert Hot Spr.

FF3 1992 BigBear 64 40.1 SS (New Fire Stn.) 0.23 19.14

Moorpark
FF4 1994 Northridge 6.7 264 TH (Ventura Fire  0.29 20.97
Stn.)
FFS 1994 Northridge 6.7 269 TH  SaumsSteet 45 4359
School
FF6 1971 SanFernando 6.6 23.5 TH  Co@iSOld 457 5500
Ridge Route
FF7 1992 Landers 7.3 85.0 SS Baker 0.11 942

FF8 1989 LomaPricta 7.0 674 OB Presidio 0.10 1291

FF9 1994 Northridge 6.7 575 TH lominallsland o6 ) o9
Fire Stn. 111

FF10 1994 Northridge 6.7 442 TH Montebello  0.18  9.41

b) Near-Fault motions (Forward-Rupture Directivity)

F%%z 1984 Morgan Hill 6.1 1.5 SS COy](:J)t:nI;ake 1.16 80.29
F%ﬁi 1989 Loma Prieta 7.0 5.1 OB Corralitos 0.64 5520
F&Fﬁ“ 1989 LomaPrieta 7.0 45 OB  Gilroy STA#2 037 32.92
F%IES 1992 Erzincan 6.7 2.0 SS Erzincan 0.50 64.32
F&l;6 1992 Meﬁggzino 71 159 TH Gefr’lztr;(;lisat,ore 0.66 90.16
Py 1994 Northridge 67 86 TH Rinaé‘tiril_Rec- 0.84 17479
FI\;IJFI;S 1994 Northridge 6.7 62 TH Je“;‘]’:nf it 042 10630
F&}BQ 1999 Kocaeli 74 11.0 SS Duzce 0.31 5885
ngl 1987 Super'stition 64 07 sS Parachpte Test 045 112.00
0 Hills Site
¢) Near-Fault motions (Fling-Step)
T:SFI 1999  Kocaeli 74 32  SS Sakarya  0.41 82.05
T}:ISFZ 1999  Chi-Chi 7.6 30 TH TCU068  0.50 277.56
T}fsz 1999  Chi-Chi 7.6 79 TH TCUO72 046 83.60
I:SF4 1999  Chi-Chi 7.6 138 TH TCUO74  0.59 68.90
I}:ISFS 1999  Chi-Chi 7.6 114 TH TCU084  0.98 140.43
I}:ISF() 1999  Chi-Chi 7.6 22 TH TCUI29 098 66.92
I];ISF7 1999  Chi-Chi 7.6 45 TH TCU082 022 50.49
lest 1999  Chi-Chi 7.6 83 TH TCUO78 043 41.88
T}stg 1999  Chi-Chi 7.6 32 TH TCUO76 033 65.93
FT\;F]O 1999  Chi-Chi 7.6 11.0 TH TCUO79 057 68.06

'Faulting Mechanism=TH: Thrust, REV: Reverse; SS: Strike-slip;
OB: Oblique

2Closest distance to fault

sequence of yield attainments by the frame members are
provided in Fig. 6. From the results obtained by the
analyses it is indicated that braced frames are stiffer than

bare RC frames when designed to have equal strength. At
first, buckling occurs in braces (shown by symbol A).
Then, the beams reach their moment yield limit (shown by
symbol m). The models are continually pushed over to reach
the 2% roof drift. With increasing number of stories the first
brace buckling step and first beam hinging step are going to
be closer and occur in nearly the same roof displacement.
The first yield point of the beam in 4-, 8-, 12- and 16-story
frames occurs when the roof displacement of the frame is
2.06, 1.76, 1.33 and 1.07 times of those of first brace
buckling, respectively. These results are in good agreement
with the results obtained by Godinez-Dominguez and Tena-
Colunga (2010). It is also confirmed with pushover results
that the bare RC and braced models had almost similar
elastic strength (lateral load at first buckling /yielding), as
was intended.

Dynamic analyses using 30 scaled earthquake ground
motions were performed for each model. The selected
earthquakes consist of 10 ordinary far-fault records, 10
near-fault ground motions having forward-directivity and
10 near-fault ground motions having fling effects. Forward-
directivity and fling-step are two main characteristics of
near-fault ground motions. The effects of these
characteristics on different kinds of buildings were assessed
in several studies (Eskandari and Vafaei 2015, Kalkan and
Kunnath 2006, Vafaei and Eskandari 2015, 2016). In this
study, to have a comprehensive study with considering
diverse characteristics of earthquakes, these records were
utilized. Many of the employed records were used by
Kalkan and Kunnath (2007) (Kalkan and Kunnath 2007).
Pertinent information on the ground motion data sets are
summarized in Table 1. Ground motions were scaled to
match the design spectra with minimum error in the period
range of 0.6 s to 4.0 s. In Fig. 7 the scaled acceleration
spectra for each ten earthquake records, along with the
design acceleration spectrum for the site is presented.

Mean value 39
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' . ' Design spectrum H R ' Design spectrum
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Fig. 7 Design spectrum and individual earthquake
spectra (5% damping)
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Since the maximum interstory drift ratio (IDR) can
present an appropriate measure for the evaluation of
damages inflicted by the Earthquake on the structural and
non-structural components, in the present study this
quantity is used as the primary measure of seismic demand.
The maximum IDR of the four-, eight-, 12- and 16-story
RC-BFs are presented in Figs. 8 and 9. For the four-story
frames under most of the records, regardless of their
characteristics, nearly similar profiles were produced.
Because the first mode of vibration was dominant, the
largest demand is generally concentrated at the lower story
levels. The largest demand is caused by the NF-FWD3
record, which produced a 2.03 percent interstory drift at the
second story.

For the eight story buildings, the similar profiles were
shown for all the far-fault records, whereas the results of
near-fault records were so disperse. The maximum IDR of
the first story level of these frames subjected to forward-
directivity earthquakes was varying from (NF-FWD?2)
0.21% to (NF-FWD8) 2.81%. For records with fling effects,
the similar results were observed. The peak IDR of three
sets of records at the critical floor that is caused by FF10,
NF-FWDS, and NF-FS9 records were 1.41%, 2.81% and
2.36%, respectively. For all records, the maximum demand
distributed uniformly throughout the frame heights, and all
floor components were utilized to dissipate seismic input
energy.

In case of 12- and 16-story high-rise frames similar
observations were shown. Although due to predominant
effects of higher modes the maximum IDR was occurred in
upper floors, but the IDR of the other stories were
significant too. The results dispersion for near-fault motions
was significant and they imposed higher demands than far-
faults, especially records having forward-directivity effects.

—H—NF-FWD1 —%— NF-FWD2 —o— NF-FS2

—#&— NF-FWD3 NF-FWD4 NF-FS4
% NF-FWDS NF-FWD6 NF-FS6
—+— NF-FWD7 NF-FWD8 NF-FS8

NF-FWD9 NF-FWD10 NF-FS10

4 I —t—
3 0 1 2 3 0 1 2 3
Maximum IDR (%h) Maximum IDR (%h)

Maximum IDR (%h)

Maximum IDR (%h)
(@) (b) (©)

Fig. 8 Max interstory drift of four-story and eight-story

RC-braced frames for (a) far-fault motions, (b) near-fault

motions having forward directivity effects (c) near-fault

motions having fling effects

Maximum IDR (%h)

—8—NF-FWD1 —%— NF-FWD2

—#— NF-FWD3 NF-FWD4
—%— NF-FWD5 NF-FWD6 % NF-FS5 NF-FS6
—+— NF-FWD7 NF-FWD8 —+— NF-FS7 NF-FS8

NF-FWD9 NF-FWD10 NF-FS9 NF-FS10

0

0 1 2 3 0 1 2 3 0 1 2 3
Maximum IDR (%h) Maximum IDR (%h) Maximum IDR (%h)

(@) (b) (c)
Fig. 9 Max interstory drift of 12-story and 16-story RC-
braced frames for (a) far-fault motions, (b) near-fault
motions having forward directivity effects (c) near-fault
motions having fling effects

Of the entire data set, the NF-FWDI1 record generated the
highest demand, 1.73 and 1.84 percent interstory drift for
12- and 16-story frames, respectively. Finally, from the
observations of the IDR profiles it is indicated that all RC-
braced frames under each set of motions had reasonable
mean maximum drift values (less than 2%).

As mentioned earlier, in the design of the dual system it
is assumed that each of the RC and braced frames could
resist one half of the story shear, separately. To assessment
each systems contribution from the story shear in the dual
system, the ratio of mean of lateral shear forces resisted by
columns to total story shear for each RC-braced frame is
presented in Fig. 10. To gain comprehensive insight, the
results were presented in the various IDR ranges. For low
values of the IDR, i.e. IDR<0.5%, due to higher initial
stiffness of the braced frames, the columns lateral resisted
forces was so less than half (about 26% of the total story
shear). By increasing the IDR wvalues the columns
contribution from the shear force were increased. For
0.5<IDR<1, I<IDR<1.5 and IDR more than 1.5 percent the
columns share from lateral loads were 31%, 42% and 47%,
respectively, and the rest was provided by the bracing
system. These results demonstrated that for IDR more than
1% the shear force distributed almost evenly between
columns and braces.

In order to assessment the sequence of yield/buckle
attainments by the frame members, the first
yielding/buckling times of the elements are presented in
Fig. 11. The results are for 12-story building in which
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Fig. 10 The ratio of lateral shear forces resisted by
columns to total story shear for 4-, 8-, 12- and 16-
story RC-braced frames

the largest demand among each earthquake category was
caused by FF7, NF-FWDI1 and NF-FS9 records. Although
the presented results were for 12-story frames, these
observations were generalizable to the entire frames and all
records.

For frame under far-fault record (FF7), the first element
which bucked/yielded was the brace of the second story
level. It was buckled at 13.98th second of the record
(t=13.98 s). Then the buckling/yielding propagated to other
elements of the frame. The results of each floor indicate that
the brace buckles earlier than beam hinging. The last
yielding was occurred in columns of 3rd and 4th story level
at t=27.02 s. In case of near-fault motions (NF-FWD1 and
NF-FS9) similar results were observed and at each story the
first buckling/yielding was belong to the braces. In velocity
time histories of Fig. 11 the times of the first and last
buckling/yielding of the components were specified with ts
and t. For near-fault records of NF-FWD1 and NF-FS9 the
difference of ty and tf was less than far-fault records, and
plastification of the elements were occurred by a single high
amplitude velocity pulses (releasing abrupt energy in a short
period of time); Whereas, in velocity time history of FF7
record many reversed cycles were shown. Following
previous figure, the elements yielding mappings of the same
building and same records are presented in Fig. 12. In this
figure, 0/0., is the ratio of the plastic rotation demand to the
plastic rotation capacity of the component, which 6., was
calculated with empirical equations provided by
(Panagiotakos and Fardis 2001); and L, is the magnitude of
the buckling length, which defines the failure of the brace.

From observations of this figure, it is revealed that
collapse mechanisms for models subjected to a far-or near-
fault motion (regardless of the type of the record) correlate
reasonably well with the expected failure mechanism of
strong column—weak beam—weaker brace. At each story
level the first plastic deformation was occurred in a brace
element. Besides the inelastic bucking of the braces
significant plastic rotations for beams and some columns
were shown. The results caused by near-fault motions were
much more and they imposed higher demands than far-
faults. The maximum plastic rotation of the beams for FF7,
NF-FWDI1 and NF-FS9 records are 0.550.,, 0.810., and
0.796.., respectively. These rotations produced at the
elements of the 10th, third and 9th floor of the 12-story
frame, which respectively 1.31, 1.73 and 1.66 percent of
drifts was shown. According to these findings it is obvious
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Fig. 11 Plastification in the 12-story frame under (a) typical
far-fault ground motion (FF7), (b) typical near-fault ground
motion with forward-directivity effect (NF-FWDI), (c)
typical near-fault ground motion with fling-step effect (NF-
FS9) (d) velocity time histories
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Fig. 12 Mapping of accumulated plastic rotations for 12
story frame under (a) typical far-fault ground motion (FF7),
(b) typical near-fault ground motion with forward-
directivity effect (NF-FWD1), (c) typical near-fault ground
motion with fling-step effect (NF-FS9)
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that very large drifts are not obtained by free. Review the
IDR profiles in Figs. 8 and 9 reveals that under several
destructive near-fault records the frames (especially 8-story
one) may collapse before obtaining high IDR values.

In case of columns, plastic hinge rotations observed in
just some of the lower stories. These plastic rotations have
smaller magnitude respect to those obtained in beams.
Plastic hinge rotations in columns at their base were
unavoidable, because of the fixed-base modeling
assumption, but they are usually small.

5. Conclusions

In this study, a code-design method was utilized to
design the dual system of reinforced concrete braced
frames. The nonlinear performance of the designed frames
was evaluated by utilizing static-pushover analyses and
dynamic analyses. The earthquake recordings were
carefully compiled so as to reflect characteristics of normal
far-fault records and typical near-fault records having
forward-directivity and fling effects. The following can be
concluded from the research:

The utilized code-design method was reasonable and the
mean maximum IDR of the frames under all ground motion
sets were in acceptable range (less than 2%).

Collapse mechanisms for models, regardless of the type
of the record, correlate reasonably well with the expected
failure mechanism of strong column-weak beam-weaker
brace.

Near-fault records in some cases were more destructive.
Generally, these motions imposed higher demands than far-
faults on all frames, with exception of 4-story frame which
the results of far- and near-fault records were nearer. For
low-rise frames due to more effects of first mode the largest
demands were occurred in lower stories. For intermediate-
and high-rise frames, though due to predominant effects of
higher modes the maximum IDR was occurred in upper
floors, the IDR of the other stories were significant too. The
maximum demand distributed uniformly throughout the
frame heights, and all floor components were utilized to
dissipate seismic input energy.

For intermediate- and high-rise frames, the results
dispersion for near-fault motions, especially with forward-
directivity effects, was significant.

The static-pushover results indicate that braced frames
(with simple beam-to-column connections) were stiffer than
RC frames when designed to have equal strength.

In the dual system, for stories with IDR more than 1%
the shear force distributed almost evenly between RC
(columns) and braced frames.

For near-fault records the plastification of the elements
were occurred by a single high amplitude velocity pulses
(releasing abrupt energy in a short period of time), Whereas,
in velocity time history of far-fault record many reversed
cycles were shown.

Besides the inelastic bucking of the braces, significant
plastic rotations for beams and some columns of the RC-
braced frames were observed.

This research should be continued to gain fully

understanding of the behavior of RC-BFs with considering
different bracing configuration and other characteristics of
the ground motions.
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List of notation

f, concrete compressive strength

fe.  concrete crushing strength

\% base shear force of structure

C seismic coefficient

W  the equivalent weight of the structure which is
equal to total dead load plus percentage of live load

Sa  design spectral acceleration obtains from
AxB1xN

A design base acceleration (in relation to gravity
acceleration g)

B1  response coefficient of the building

N correction factor to incorporate the near-fault
earthquake effects on the response spectrum shape

T fundamental period of the structure

| importance factor

R response modification factor

Ay gross area of the column
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Py, maximum expected axial force which may
develop in column

M. moment design value of the column

Mp  moment design value of the beam

3 brace axial displacement

€o  concrete strain at maximum strength

€u  concrete strain at crushing strength

E initial elastic tangent

E,  post-yield tangent

ts time of the first buckling/yielding of the first
element during an earthquake

t time of the first buckling/yielding of the last
element during an earthquake





