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Abstract

for CBFs and from 1 to 1.4 for BRBFs.

Ductility factor, Overstrength factor

According to seismic design codes, nonlinear performance of structures is considered during strong earthquakes.
Seismic design provisions estimate the maximum roof and story drifts occurring during major earthquakes by
amplifying the drifts computed from elastic analysis at the prescribed seismic force level with a displacement
amplification factor. The present study tries to evaluate the displacement amplification factors of conventional
concentric braced frames (CBFs) and buckling restrained braced frames (BRBFs). As such, static nonlinear (pushover)
analysis and nonlinear dynamic time history analysis have been performed on the model buildings with single and
double bracing bays, and different stories and brace configurations (chevron V, invert V, and X bracing). It is
observed that the displacement amplification factors for BRBFs are higher than that of CBFs. Also, the number of
bracing bays and height of buildings have a profound effect on the displacement amplification factors. The
evaluated ratios between displacement amplification factors and.-response modification factors are from 1 to 1.12

Keywords: Buckling restrained braced frame, Concentrically steel braced frame, Displacement amplification factor,

Introduction

It is well recognized that most disasters due to moderate
or severe earthquake ground motions are caused by the
failure of civil engineering facilities, many of which were
presumed to have been designed and constructed to pro-
vide protection against natural hazards. Much of the
damages and collapse of structures during severe earth-
quakes primarily occurred due to excessive displacement
in stories. In force-based seismic design, the force de-
mand is generally determined on the basis of the struc-
tural linear response. Studies show that structures
designed by modern seismic code procedures are likely
to undergo large cyclic deformations in the inelastic
range when subjected to a severe tremor. In current
seismic codes, design base shears are calculated by redu-
cing the elastic to the inelastic strength demands using
the response modification factor (R) (Lee et al. 2004).
Similarly, the displacement demand of a structure is
estimated by multiplying a linear displacement response
by the displacement amplification factor (Cq). The
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displacement amplification factor is the structural re-
sponse parameter most widely employed for evaluating
the inelastic performance of structures. Cyq is also the
parameter explicitly or implicitly used in most common
design procedures.

There are several systems that can be used effectively
to provide resistance to seismic lateral forces. Conven-
tional concentric braced frame (CBF) and buckling re-
strained braced frame (BRBF) are the most efficient and
common structural systems in steel construction to re-
sist lateral forces, especially for structures in highly seis-
mic regions. The use of concentric braces in framed
structures offers an attractive system for seismic resist-
ance, primarily due to their efficiency in providing lateral
stiffness, hence limiting inter-story as well as overall
lateral deformations (Goggins et al. 2006). In other
words, because of complete truss action, steel braces im-
prove the lateral strength and stiffness of the structural
system and participate in seismic energy dissipation by
deforming inelastically during an earthquake (Davaran
and Hoveidae 2009).

Lateral displacements on structural buildings have
been of great concern for engineers. Several researchers
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have tried to investigate the displacement amplification
factors of structural systems. Uang and Maarouf (1994)
have discussed the effects of building and predominant
earthquake ratios, types of yield mechanisms, and struc-
tural overstrength on the displacement amplification fac-
tor. Kim and Choi (2004) showed that the structural
displacements decrease with the increase in BRB stiff-
ness. They also found that the story-wise distribution of
BRB, in proportion to the story drifts and story shears,
results in better structural performance. Mahmoudi
(2004) evaluated the displacement amplification factor
and proposed a value to estimate the maximum lateral
structural displacement, without using the nonlinear
analysis. He also calculated the ratio of displacement
amplification factor and response modification factor. In
their study, Kiggins and Uang (2006) found that the use
of BRB with steel moment frames will reduce residual
story drifts and permanent deformations which can con-
versely lead to obtaining larger value of response modifi-
cation factor.

Studies show various behavior factors for concentric
braced frames (Mahmoudi and Zaree 2010). Further-
more, based on the previous design provisions, codes
give constant value of displacement amplification factor
for conventional CBFs and BRBFs, which do not con-
sider the structure characteristic (number of stories and
bracing bays). To overcome this inadequacy, the present
paper has also focused on the evaluation of displacement
amplification factor and its relation to the response
modification factor of both CBFs and BRBFs. Here, the
nonlinear static pushover analysis and nonlinear dy-
namic time history analysis were conducted by consider-
ing the behavior of members in life safety structural
performance level as suggested by the Federal Emer-
gency Management Agency (FEMA)-356 (2000).

Concentric braced frames

Bracings as lateral load-resistant system are one of the
most commonly used methods to resist lateral loads
such as earthquake. The braced frame response to earth-
quake loading depends mainly on the asymmetric axial
resistance of the bracing members (Broderick et al.
2008). Conventional steel bracings dissipate considerable
energy vielded under tension, but buckle without much
energy dissipation in the compression range of cyclic
loading (Kumar et al. 2007). If buckling of steel brace is
restrained and the same strength is ensured both in
tension and compression, the energy absorption of the
brace will be markedly increased, and the hysteretic
property will be simplified. Considering limited ductility
and energy dissipation capacity of conventional CBF sys-
tems, efforts were made to develop new systems with
stable hysteretic behavior, significant ductility, and large
energy dissipation capacity. One such system with an
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improved seismic behavior is the BRBF. A typical BRB
consists of a yielding steel core encased in a mortar-
filled steel hollow section to restrain buckling, non-
yielding and buckling restrained transition segments,
and non-yielding and unrestrained end zones (Figure 1)
(Sahoo and Chao 2010). Axial forces in BRBs are primar-
ily resisted by steel cores which are laterally braced
continuously by the surrounding mortar and steel en-
casement to avoid their buckling under compressive
loads. This allows the steel core to yield in tension and
compression, thereby significantly increasing the energy
dissipation capacities of BRBs as compared to conven-
tional steel braces (Figure 2)(Sahoo and Chao 2010).

Methods

Structural model and design

To evaluate the displacement amplification factor and its
relation to response modification factor, 30 conventional
CBFs and 20 BRBFs with 3, 5, 7, 10, and 12 stories as
well as a bay length of 5 m were designed. Three differ-
ent bracing types (ie, X, chevron V, and chevron
inverted V) for conventional CBFs and two bracing types
(chevron V and chevron inverted V) for BRBFs were
considered. The height of every model structure was fixed
at 3.2 m. Figure 3 shows the plan of the model structures
with the braces located in single and double bays. The
model buildings were designed to take into account the
Iranian Earthquake Resistance Design Code (Standard No.
2800) (BHRC 2005) and Iranian National Building Code,
part 10, steel structures design (MHUD 2009). The buck-
ling restrained brace members were designed according to
the seismic provision of AISC (2005). The beam-column
connections were assumed to be pinned so that the seis-
mic load was resisted mainly by braces.

For brace designs, the double channel sections and the
plate sections were used for CBFs and BRBFs, respectively.
The effective length factor (K) considered for brace design
is 0.5 for X braces, 1 for V and inverted V conventional
concentric braces, and 0 for buckling restrained braces.
Meanwhile, the IPB sections were used for the column in
3- and 5-story buildings, and the box sections were pre-
ferred in 7-, 10-, and 12-story buildings. Table 1 presents
details about the structural members selected for the
seven-story model frame with inverted V braces.

Displacement amplification factor

Both structural and nonstructural damages observed dur-
ing earthquake ground motions are primarily produced by
lateral displacements. Thus, the estimation of lateral
displacement demands is of significant importance in
performance-based design methods (Hajirasouliha and
Doostan 2010). According to modern seismic design pro-
visions, building structures undergo inelastic deformation
during severe earthquakes. Therefore, these provisions
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Figure 1 Typical BRB element. From Hussain et al. (2006).

Buckling Restrained Brace (BRB)
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permit a designer to reduce the elastic seismic force
demand through a response modification factor. The re-
sponse modification factor is the ratio required to main-
tain the structure from elastic to the inelastic design
strength. Since reduced seismic force is used in the design,
computed displacements from an elastic analysis are
amplified in order to estimate the actual deformations fol-
lowing a severe earthquake. The displacement (or drifts),
calculated through structural analysis, is not the real one;
rather, it is less than the maximum structural displace-
ment during strong tremors. The seismic design provi-
sions estimate the maximum roof displacement and story
drifts by augmenting the elastic analysis of displacement
amplification factor (Cy) (Uang and Maarouf 1994):

A = Aw x Cy (1)

where A, is the maximum inelastic displacement (roof
or story drifts), Ay is the displacement calculated by elas-
tic analysis, and Cq4 is the displacement amplification
factor.

Figure 4 represents the structural relations of a base
shear and roof displacement, which can be developed by
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Figure 2 Axial force displacement behavior of braces.
From AISC (2005).

a nonlinear analysis. In this figure, real nonlinear behav-
ior is idealized by a bilinear elasto-plastic relation.
Displacement amplification factor (Cyq) and response
modification factor (R) are determined as follows (Uang
and Maarouf 1994):

Ca=pu X Rs (2)

R=R, x Rg (3)

where R, is a reduction factor due to ductility, Ry is the
overstrength factor, and y is the structural ductility fac-
tor defined as follows:

(4)

where, according to Figure 4, A, is the maximum dis-
placement for the first life safety performance in the
structure, and A, is the yield displacement observed in
the structure.

Several formulas of reduction factor due to ductility
have been proposed by previous researchers such as
Riddell (1989), Nassar and Krawinkler (1992), Miranda
(1993), and Fajfar (2002). In the simple version of the
N2 method proposed by Fajfar (2002), R, is written as
follows:

= (ﬂ—l)TlC+ T < Tc)

R (5)
R, = p(T>T¢)

where T¢ is the characteristic period of the ground mo-
tion, and T is the fundamental period.

The strength revealed during the formation of plastic
hinges is called overstrength, which is one of the import-
ant parameters in seismic design of structures. The
overstrength factor Rg is defined by Mahmoudi and
Zaree (2011) as follows:

p— Vu
=V

Rs X Ry X Ry (6)
According to Figure 4, Vyy is the design base shear of

the building, and V,, is the base shear with relevance to


www.SID.ir

Mahmoudi and Zaree International Journal of Advanced Structural Engineering 2013, 5:13
http://www.advancedstructeng.com/content/5/1/13

Page 4 of 12

- J@5m

3@sm

3@s5m

3@5m

b o

&

k-
N
[

&

Figure 3 Plan views of buildings and brace locations in the frames.

Table 1 Sectional properties of seven-story model structures with inverted V braces

Braced type Number of story Interior column Exterior column Braces Beam

Conventional CBFs

Single bay brace frame 1 Box 150 x 150 x 10 Box150x150%10 2UNP120 IPE360
2 Box 150 x 150 x 10 Box150x150x10 2UNP160 IPE360
3 Box 150 x 150 x 10 Box 150 x 150 x 10 2UNP180 IPE360
4 Box 250 x 250 x 15 Box 150 x 150 x 10 2UNP200 IPE360
5 Box 250 x 250 x 15 Box 150 x 150 x 10 2UNP200 IPE360
6 Box 300 X 300 x 20 Box 150 x 150 x 10 2UNP220 IPE360
7 Box 300 x 300 x 20 Box 150 x 150 x 10 2UNP220 IPE360

Double bays brace frame 1 Box 150 x 150 x 10 Box 150 x 150 x 10 2UNP100 IPE360
2 Box 150 x 150 x 10 Box 150 x 150 x 10 2UNP120 IPE360
3 Box150 x 150 x 10 Box 150 x 150 x 10 2UNP120 IPE360
4 Box150 x 150 x 10 Box 150 x 150 x 10 2UNP140 IPE360
5 Box 200 x 200 x 15 Box 200 x 200 x 15 2UNP160 IPE360
6 Box 200 x 200 x 15 Box 200 x 200 x 15 2UNP160 IPE360
7 Box 250 x 250 x 15 Box 250 x 250 x 15 2UNP160 IPE360

BRBFs

Single bay brace frame 1 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x15 IPE360
2 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x15 IPE360
3 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x18 IPE360
4 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x20 IPE360
5 Box 200 x 200 x 15 Box 150 x 150 x 10 PL50x20 IPE360
6 Box 200 x 200 x 15 Box 150 x 150 x 10 PL50x20 IPE360
7 Box 200 x 200 x 15 Box 150 x 150 x 10 PLE0X20 IPE360

Double bays brace frame 1 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x10 IPE360
2 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x10 IPE360
3 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x10 IPE360
4 Box 150 x 150 x 10 Box 150 x 150 x 10 PL50x10 IPE360
5 Box 150 x 150 x 10 Box150 x 150 x 10 PL50x12 IPE360
6 Box 200 x 200 x 15 Box 200 x 200 x 15 PL50x12 IPE360
7 Box 200 x 200 x 15 Box 200 x 200 x 15 PL50x12 IPE360
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the first life safety performance of the structural mem-
bers. R; accounts the difference between actual and
nominal static yield strengths. For structural steel, a stat-
istical study shows that the value of R; may be taken as
1.05 (Schmidt and Bartlett 2002). The parameter R, may
be used to consider an increase in yield stress as a result
of strain rate effect during an earthquake. For the strain
rate effect, a value of 1.10 or a 10% increase could be
used (Uang 1991).

To confirm displacement amplification factor (Cy)
obtained from pushover analysis, Equation 7 was used
for dynamic analysis:

Amax
C, = —max
d AW

X R1 X R2 X Rsp (7)

where Ay is the design displacement, and Rsp is the
post-buckling overstrength factor for CBFs. The post-
buckling factors for CBFs in type V, inverted V, and X
with single and two bracing bays are 1.11, 1.08, and 1.28,
respectively (Mahmoudi and Zaree 2011).

Considering Equations 2 and 3, the ratio of C4 and R
is thus:

Ca_pn xR _p (8)
R R, x Rs R,

According to Equation 8, it is feasible to evaluate the
ratio of u/R, instead of C4/R. For building frame sys-
tems, various codes present the numerical values of the
ratio between Cyq and R. For instance, this ratio for con-
centrically steel braced frames is from 0.5 to 1 in
NEHRP (1994) and IBC (2000) and is equal to 0.7 in the
Iranian Earthquake Resistance Design Code (Standard
No. 2800) (BHRC 2005).
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Table 2 Characteristics of earthquake ground motions

Record Year Peak ground acceleration(g) Duration(s)
El Centro 1940 0.348 53.7
Naghan 1977 0.723 5
Tabas 1978 0915 25

Nonlinear analysis

Most structures experience inelastic deformations when
subjected to severe earthquake ground motions. There-
fore, the nonlinear behavior of structures should be
taken into account to have accurate estimation of de-
formation demands. The extensive set of nonlinear ana-
lyses of the model buildings presented opportunities for
the investigation of a large number of different response
characteristics. Different performance criteria were also
defined to verify structural or nonstructural elements
under various performance-levels. Structural perform-
ance level life safety (LS) is considered for the C4 assess-
ment carried out in the present study. In the LS
performance, the structure, or any part of it, does not
collapse, retaining integrity and residual load capacity
after the earthquake. The structure is significantly dam-
aged and may have moderate permanent drifts but re-
tains its full vertical load bearing capacity and sufficient
residual lateral strength and stiffness to protect life even
during strong aftershocks. Thus, nonlinear static (push-
over) analysis and nonlinear time history analysis were
used at life safety structural performance level. To do so,
the SNAP-2DX (Rai et al. 1996) program was used.

Nonlinear static (pushover) analysis

Pushover analyses provide information on many re-
sponse characteristics that cannot be obtained from an
elastic static or elastic dynamic analysis. Furthermore,
the ability of nonlinear static procedures to predict
the maximum roof displacement caused by ground
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Figure 5 Generalized force-deformation relation for steel brace
elements (FEMA-356). From Hajirasouliha and Doostan (2010).
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Table 3 Displacement amplification factors for concentric braced frames result from pushover analysis

Brace type Number Single bay brace frame Double bays brace frame
of story u Re R, Cq R C4/R u Rs R, Cq R Cy/R
Conventional CBFs
Chevron inverted V 3 145 4.24 131 6.15 555 1.1 1.53 6.09 1.35 9.31 822 1.13
5 144 375 144 540 540 1.00 1.26 5.08 1.26 6.40 640 1.00
7 1.39 3.72 1.39 517 517 1.00 1.25 4.74 1.25 592 592 1.00
10 1.30 351 130 4.56 4.56 1.00 1.19 470 1.19 5.59 559 1.00
12 1.29 350 129 451 451 1.00 1.18 429 1.18 5.06 5.06 1.00
Chevron V 3 148 3.82 1.32 5.65 5.04 112 1.39 522 1.26 7.25 6.58 1.11
5 1.38 298 138 411 411 1.00 1.34 4.05 1.34 543 543 1.00
7 142 2.88 142 4.08 4.08 1.00 1.28 367 1.28 469 4.69 1.00
10 1.35 2.80 1.35 3.78 3.78 1.00 1.26 341 1.26 4.29 4.29 1.00
12 132 278 132 3.66 366 1.00 1.26 327 1.26 4.05 4.05 1.00
X brace 3 1.68 361 149 6.06 5.38 1.13 1.50 5.86 1.34 8.79 7.85 1.12
5 1.51 338 1.51 5.10 5.10 1.00 1.44 4.46 144 6.28 6.28 1.00
7 1.52 3.05 152 4.64 4.64 1.00 145 4.16 145 6.03 6.03 1.00
10 148 292 148 432 432 1.00 1.37 396 137 542 542 1.00
12 142 2.86 142 4.06 4.06 1.00 1.37 3.67 137 503 5.03 1.00
BRBFs
Chevron inverted V 3 947 241 6.76 22.82 16.30 140 933 341 6.68 31.80 22.85 1.39
5 8.94 1.78 8.94 15.90 15.90 1.00 7.31 260 7.31 19.00 19.00 1.00
7 7.54 1.74 7.54 1312 13.12 1.00 6.72 2.36 6.72 589 5.89 1.00
10 591 157 591 927 927 1.00 6.25 2.00 6.25 251 251 1.00
12 5.02 1.40 5.02 7.02 7.02 1.00 5.25 1.78 525 9.34 9.34 1.00
Chevron V 3 877 253 6.30 2218 1593 1.39 8.89 3.39 6.38 30.13 21.62 1.39
5 8.07 1.85 8.07 14.96 14.96 1.00 7.09 243 7.09 17.23 17.23 1.00
7 7.25 1.84 7.25 13.34 13.34 1.00 6.91 2.19 6.91 1513 1513 1.00
10 549 1.70 549 9.33 9.33 1.00 6.24 1.76 6.24 10.98 10.98 1.00
12 475 1.58 475 7.50 7.50 1.00 5.11 148 5.11 7.56 7.56 1.00



www.SID.ir

Mahmoudi and Zaree International Journal of Advanced Structural Engineering 2013, 5:13

http://www.advancedstructeng.com/content/5/1/13

Page 7 of 12

200 250
i 200 4
150 |
100
100
E 50 s
=
i -0.08 .04 [IX1]] .04 0.08 012 016 -0.05 A} 005 [[B11] 015
g 50 ’
2 £100 4
-150
150 1 i
=2y =250
Roof Displacement(m) Roof Displacement(m)
Single Bay Brace frames Double Bays Brace frames
a Naghan

250

1 / ; s o0

g )
T
. T 1 1
s t
o o8 -0.04 0.12 016 -0.05 0.15
Z
&
Roof Displacement(m) Roof Displacement(m)
Single Bay Brace frames Double Bays Brace frame
b Tabas
208 250
150 - 00
150 1
100
. 1o 4
:_E- 2, 50 4
g | 5 | ‘ /
ﬁ -0.08 -0.04 (X 0.12 0.16 005 .00 5 0.10 015
2 5 0]
é =100 4
=150 A
=200 -
<250 -
Roof Displacement(m) Roof Displacement(m)
Single Bay Brace frames Double Bays Brace frame
¢ Elcentro

Figure 7 Nonlinear time history curves for seven-story conventional inverted V CBFs. (a) Naghan, (b) Tabas, and (c) El Centro earthquakes.



www.SID.ir

Mahmoudi and Zaree International Journal of Advanced Structural Engineering 2013, 5:13

http://www.advancedstructeng.com/content/5/1/13

Page 8 of 12

45

/’_\/-

50

\

)
£ ]
; w
=
g — - - : ; . . . : : y
Fooa0 f030 g2 a0 00 020 30 40 050 040 b 010 020 b 040 050
o
g ]
T <50 A
Roof Displacement(m) Roof Displacement(m)
Single Bay Brace frames Double Bays Brace frames
a Naghan
45 S0 -
36 40
27 1 30
18 2
)
g 9 4 10 -
7 020 000 g 0.10 0.20 0.30 0.40 0.50 -0.20 o0 0.50
o
& -18 4 2
27 -30
-36 40 -
Roof Displacement(m) Roof Displacement(m)
Single Bay Brace frames Double Bays Brace frames
b Tabas
5“ -
=
2
T
F 020 0.10 0.50 020
2
i

Roof Displacement(m)

Single Bay Brace frames

¢ Elcentro

Figure 8 Nonlinear time history curves for seven-story inverted V BRBFs. (a) Naghan, (b) Tabas, and (c) El Centro earthquakes.

<50

Roof Displacement(m)

Double Bays Brace frames



www.SID.ir

Mahmoudi and Zaree International Journal of Advanced Structural Engineering 2013, 5:13
http://www.advancedstructeng.com/content/5/1/13

Page 9 of 12

Table 4 Displacement amplification factors for concentric braced frame results from dynamic analysis

Brace type Number Single bay brace frame Double bay brace frame
of story Ay(mm) Amax(mm) Ca Aw(mm) Amax(mm) Ca
Conventional CBFs
Chevron inverted V 3 10 48 6.03 4 31 9.27
5 20 82 524 14 72 6.55
7 36 134 4.84 27 127 6.03
10 77 279 4.64 60 247 529
12 113 370 421 89 330 475
Chevron V 3 11 47 545 6 35 732
5 25 87 4.26 19 78 521
7 45 139 3.87 32 123 4.86
10 86 255 370 73 231 397
12 125 346 346 101 314 3.86
X brace 3 8 34 6.21 6 34 895
5 20 75 5.54 15 67 6.60
7 37 121 4.83 28 117 6.18
10 77 230 4.39 62 216 517
12 125 333 3.93 90 298 490
BRBFs
Chevron inverted V 3 13 248 21.87 7 199 3236
5 31 420 1540 19 340 20.14
7 42 460 12,57 32 406 14.69
10 91 708 8.99 71 691 11.26
12 154 956 7.15 117 915 9.06
Chevron V 3 13 229 2098 8 208 293
5 33 407 14.34 21 327 17.96
7 42 506 13.98 40 491 1513
10 91 991 8.82 74 725 10.28
12 152 943 7.14 128 840 7.56
a b
10 36 -
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: iroringuill I R Chrn s iy
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Figure 9 Displacement amplification factors for concentric braced frames
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motion for CBFs was emphasized (Moghaddam and
Hajirasouliha 2006). To achieve overstrength factor (Rs),
ductility factor (), reduction factor due to ductility (R,),
and finally displacement amplification factor (Cy) and its
relation to response modification factor (R), the push-
over analysis was carried out by subjecting a structure to
monotonically increasing lateral forces with an invariant
height-wise distribution.

Nonlinear time history analysis

Nonlinear time history analysis of a detailed analytical
model is perhaps the best option to estimate deform-
ation demands (Hajirasouliha and Doostan 2010). Al-
though pushover analysis has advantages over elastic
analysis procedures, underlying assumptions, the accur-
acy of pushover predictions, and limitations of current
pushover procedures must be identified. Thus, nonlinear
time history analyses have been performed to confirm
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the adequacy of static (pushover) analyses. Nonlinear
dynamic analyses were carried out by employing suites
of time history of the El Centro, Naghan, and Tabas
earthquake matching with the design spectrum. The
properties of the records used for this study are summa-
rized in Table 2.

Modeling nonlinear behavior of braces, a generalized
force-deformation relation was used for steel brace elem-
ent as suggested by FEMA-356 (2000) (Figure 5). For
buckling restrained braces, the model presented in Tables
five, six, and seven in FEMA-356 (2000) were considered
for both tension and compression behavior (Figure 5). The
post-yield stiffness of beams, columns, and braces was ini-
tially assumed to be 2%. In Figure 5, Q, Q,, and A are the
generalized component load, expected strength, and com-
ponent displacement, respectively. For conventional brace
in compression, the residual strength after degradation is
20% of the buckling strength, and life safety plastic

Table 5 Comparison of displacement amplification factors for concentric braced frames

Brace type Number Single bay brace frame Double bay brace frame
of story Pushover analysis Time history analysis Pushover analysis Time history analysis

Conventional CBFs

Chevron inverted V 3 6.15 6.03 931 9.27
5 540 524 640 6.55
7 517 4.84 5.92 6.03
10 4.56 4.64 559 529
12 451 421 5.06 475

Chevron V 3 5.65 545 7.25 7.32
5 411 4.26 543 521
7 4.08 387 4.69 4.86
10 3.78 3.70 4.29 3.97
12 3.66 346 4.05 3.86

X brace 3 6.06 6.21 879 895
5 5.10 5.54 6.28 6.60
7 464 4.83 6.03 6.18
10 432 439 542 5.17
12 4.06 393 5.03 4.90

BRBFs

Chevron inverted V 3 2282 2187 31.80 3236
5 15.90 1540 19.00 20.14
7 1312 12.57 5.89 14.69
10 9.27 899 251 11.26
12 7.02 7.15 9.34 9.06

Chevron V 3 2218 20.98 30.13 293
5 14.96 14.34 1723 17.96
7 13.34 13.98 1513 1513
10 9.33 8.82 10.98 10.28
12 7.50 7.14 7.56 7.56
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deformation Arg is equal to 5Ac (Ac is the axial deform-
ation at expected buckling load). On the other hand, for
conventional brace in tension and buckling restrained
brace, the life safety plastic deformation A;g is equal to
7At (At is the axial deformation at expected tensile yield-
ing load). Based on earlier tests, the compression strength
of BRB was assumed to be 10% larger than the strength in
tension (Clark 2000). In this paper, the compression
strength for BRB is considered equal to the tension
strength. To capture the greatest demands on braces and
beams, flexible beams were used.

Results and discussion

Base shear vs. maximum roof displacement nonlinear
pushover analysis for a seven-story inverted V CBF and
BRBF with single and double bracing bays are shown in
Figure 6. As it is shown, the stiffness of CBF is higher
than BRBE, whereas the ductility for BRBF is higher
compared to CBF. Table 3 shows the displacement amp-
lification factors (Cq) and its relations to response modi-
fication factors (R) for both CBFs and BRBFs. Figures 7
and 8 show nonlinear dynamic time history analysis re-
sults of the El Centro, Naghan, and Tabas earthquakes for
a seven-story inverted V CBF and BRBF with single and
double bracing bays. Table 4 shows the displacement amp-
lification factors (Cq) for both CBFs and BRBFs assessed
from nonlinear dynamic time history analysis.

The ductility in CBFs has lower values due to deterior-
ation in strength and degradation of stiffness due to
brace buckling in cyclic loading. Thus, it can be said that
the overstrength factors have main effects on displace-
ment amplification factors for CBFs. The number of
bracing bays and structure height have an effect on
overstrength and thus on Cg On the other hand, these
factors as such have no obvious result on ductility, so
changing the structure height and the number of bracing
bay has no effect on the ratio Cy4/R.

In BRBFs, because of brace energy dissipation capacity
in tension and compression, the ductility has high values
and becomes the main parameter to determine displace-
ment amplification factors. Also, structure height has a
profound effect on ductility, so for BRBFs, variation in the
number of stories has obvious impression on displacement
amplification factors and the ratio C4/R. On the other
hand, structure characteristic cause little variation in
overstrength factors and so in Cq and the ratio Cy/R.

Variation in displacement amplification factors for dif-
ferent types of concentric braced frames are shown in
Figure 9. The comparison of pushover and nonlinear
dynamic analysis displacement amplification factors are
shown in Table 5. According to the results, pushover
analysis provides good predictions of seismic demands
for concentrically braced steel frames.
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Conclusions

This paper assesses the displacement amplification factor
(Cy) and the ratio between Cy and R factor of 30 conven-
tional CBFs and 20 BRBFs in life safety structural perform-
ance level. For this purpose, the nonlinear static (pushover)
analysis and nonlinear dynamic time history analysis have
been performed on the buildings with single and two bra-
cing bays, various stories, and different buckling restrained
brace and conventional brace configurations. The beam-
column connections were assumed to be pinned so that
the seismic load was resisted mainly by braces. The results
of this study can be summarized as follows:

e The displacement amplification factors increase with
the decrease of structure height and the increase in
the number of bracing bays. However, the number
of bracing bays has no effect on the ratio C4/R in
both CBFs and BRBFs. The ratio between Cq and R
factor is from 1 to 1.12 and 1 to 1.4 for CBFs and
BRBFs, respectively.

e The displacement amplification factors for CBFs in
type V, inverted V, and X are evaluated as 4.40, 5.20,
and 4.90 for single bracing bay and as 5.40, 6.80, and
6.60, respectively, for double bracing bays.

o The obtained displacement amplification factors for
different types of BRBFs with single bracing bay vary
from 7 to 22.50, and for double bracing bays, these
are from 8 to 31.

e The structure height in CBFs has no effect on ratio
C4/R, but in BRBFs, this has an effect on the ratio
Ca/R because of ductility variation. Thus, in ductile
brace frame systems (high ductility) and stiff
buildings (low fundamental period), the ratio C4/R is
higher than 1 when the fundamental period (7) is
lower than the period of the ground motion (7¢).
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