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Abstract

The overstrength, ductility, and the response modification factors of special concentric braced frames (SCBFs) and ordinary concentric
braced frames (OCBFs) were evaluated by performing pushover analysis of model structures with various stories and span leng
results were compared with those from nonlinear incremental dynamic analyses. According to the analysis results, the response mo
factors of model structures computed from pushover analysis were generally smaller than the values given in the design codes
low-rise SCBFs. The results of incremental dynamic analysis generally matched well with those obtained from pushover analysis.
© 2004 Published by Elsevier Ltd
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1. Introduction

Many seismic codes permit a reduction in design loa
taking advantage of the fact that the structures poss
significant reserve strength (overstrength) and capa
to dissipate energy (ductility). The overstrength and t
ductility are incorporated in structural design through a force
reduction factor or a response modification factor. The fac
represents the ratio of the forces that would develop un
the specified ground motion if the structure were to beha
elastically to the prescribed design forces at the stren
limit state. Such a design concept is based on the assumptio
that well-detailed structures can develop lateral strength
excess of their design strength and sustain large inela
deformation without collapse.

The role of the force reduction factor is essent
in designing the earthquake load-resisting elements.
response modification factors, which were first propos
in the ATC 3-06 report [1], were in fact selected through
committee consensus based on the observed performan
buildings during past earthquakes and on the estimate
system overstrength and damping, etc. [2].
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In documents such as ATC-19 [2] and ATC-34 [3], the
response modification factor was calculated as the prod
of three factors: overstrength factor, ductility factor, an
redundancy factor. Osteraas [4] conducted a detailed study
of reserve strength of three structural systems:distributed
moment frames, perimeter moment frames, and concen
braced frames designed following the allowable stre
design provisions with seismic loads per UBC seismic zo
4 and soiltype S2. They observed that the overstrength fac
of braced frames ranged between 2.8 and 2.2. Balen
and Huang [5] found that the overstrength factors an
the ductility factors were almost the same for inverte
V-braced and split X-braced frames. They also observ
that the response modification factors decreased when
number of stories increased. Forthree-, six-, and ten-story
braced frames, the response modification factor was fou
to vary from 8.5 to 3.5. Maheri and Akbari [6] investigated
the response modification factors of steel-braced reinforc
concrete framed dual systems. They found that t
addition of steel X- and knee-braces increased the respons
modification factor significantly, and that the number o
stories appeared to be the predominant variable. According
to the results of the above studies, the modification factor
appears to be a period and applied load-dependent fa
contrary to seismic design codes prescribing a single va
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Notation

Ag Gross sectional area of braces
Es Elastic modulus of members
Fcr Buckling stress of braces
Fy Nominal yield stress
KL Effective length of the compression members

such as columns and braces
Pcr Buckling strength of braces
Pn Nominal buckling strength of braces
Py Nominal axial yield force of braces
Qb Unbalanced load between the tensile yield and

compressive buckling loads of braces
R Response modification factor
Ro Overstrength factor
Rr Redundancy factor
Ry Ratio of the expected yield stress and the

nominal yield stress
Rµ Ductility factor
r Radius of gyration
Ve Natural period of the structure
Vd Maximum seismic demand for elastic re-

sponse
Vy Design base shear
T Base shear corresponding to the maximum

inelastic displacement
∆1.5% Axial deformation of the brace at the

maximum interstory drift of 1.5% of story
height

∆2.0% Axial deformation of the brace at the
maximum interstory drift of 2.0% of story
height

∆by Yield deformation of brace
∆cb Buckling deformation of brace
∆e Displacement of a corresponding elastic

structure
∆max Maximum displacement of a structure
∆y Yield displacement of a structure
µ Displacement ductility ratio of a structure
Φ Coefficient reflecting a soil condition
Φc Strength reduction factor of braces
θ Slope of braces

for all buildings with a specific structural system regardle
of building height and earthquake load level.

IBC 2000 [7] divides concentric braced frames int
ordinary concentric braced frames (OCBFs) and spec
concentric braced frames (SCBFs). The 1997 edition
the Seismic Provisions for Structural Steel Buildings [8]
of AISC introduced the SCBF based on experimen
and analytical works which showed that the post-buckling
behavior of concentrically braced frames could be grea
improved by limiting width/thickness ratios of structura
members and by maintaining closer spacing of stitch
l
f

l

y

and special design and detailing of end connections. T
AISC Seismic Provisions stipulate that a floor beam of a
SCBF, which is intersected by braces, shall be design
to support all the loads assuming that bracing is n
present. Also the beam needs to be designed considering
the maximum unbalanced vertical load applied to the bea
by the braces. Therefore the floor beams in an SCBF
generally stronger than those in an OCBF, and SCB
are expected to have increased ductility over OCBFs d
to lesser strength degradation when compression bra
buckle. Reflecting the difference, the IBC 2000 sugge
different response modification factors for SCBFs a
OCBFs,which are 6 and 5, respectively, although it provide
the same overstrength factor, which is 2.

Previously the braced frame, originally developed to r
sist wind load, was widely investigated for seismic app
cation both experimentally [9–11] and analytically [12–15].
The focus of those studies was on the strength of individ
members, such as slenderness ratio or width/thickness ra
or on the elastic/inelastic behavior of braced frames for va
ous geometries or locations ofbraces. The previous researc
for evaluation of response modification factors has been c
ried out withlimited model structures and design variable
for example, braced frames in low seismic regions [5], low-
story braced frames designed in accordance with allowa
stress designprocedure [4], and reinforced concrete struc
ture strengthened by steel braces [6]. However no research
has yet been conducted for comparison of behavior factor
SCBFs and OCBFs designed for the same loading condition
following the Load and Resistance Factor Design procedu

The present study focuses on the evaluation
overstrength, ductility, and response modification factors o
twenty one SCBFs and nine OCBFs, designed in accorda
with IBC 2000 and AISC Seismic Provisions for Structur
Steel Buildings. Nonlinear static pushover analyses w
carried out to obtain such behavior factors, and the result
the six-story SCBF were compared with those of nonline
incremental dynamic analyses to verify the results
nonlinear static analysis procedure.

2. Response modification factors

Mazzolani and Piluso [16] addressed various theoretica
approaches to compute the response modification factorq-
factor), such as the maximum plastic deformation approach
the energy approach, and the low-cycle fatigue approac
ATC-19 proposed a simplified procedure to estimate t
response modification factors, in which the respon
modification factor, R, is calculated as the product o
the three parameters that profoundly influence the seism
response of structures:

R = RoRµ Rr (1)

whereRo is theoverstrength factor to account for the obse
vation that the maximum lateral strength of a structure gen-
erally exceeds its design strength. Recently FEMA-369 [17]
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Fig. 1. Lateral load–roof displacement relationship of a structure.

specified three components of overstrength factors
Table C5.2.7-1: design overstrength, material overstreng
and system overstrength.Rµ is a ductility factor which is a
measure of the global nonlinear response of a structure,
Rr is a redundancy factor to quantify the improved reliabili
of seismic framing systems constructed with multiple lin
of strength. In this study it is assumed that there are plent
vertical lines of seismic framing system, and the redundan
factor is equal to 1.0. In this case the response modifica
factor is determined as the product of the overstrength fa
and the ductility factor.Fig. 1 represents the base-shear ve
sus roof displacement relation of a structure, which can
developed by a nonlinear static analysis. The ductility fact
Rµ and the overstrength factorRo are defined as follows:

Rµ = Ve

Vy
, Ro = Vy

Vd
(2)

whereVd is the design base shear,Ve is the maximum seis-
mic demand for elastic response, andVy is the base shea
corresponding to the maximuminelastic displacement.

3. Design of model structures

To evaluate the overstrength factors, ductility factors, a
the response modification factors of braced frames, 3, 6
12, 15, 18, and 21 story SCBFs and 3, 6, and 9 story OCB
with the bay length varied as 6, 8, and 10 m were desig
per the ‘Load and Resistance Factor Design’ [18] and the
‘Seismic Provisions for Structural Steel Buildings’ [8] of
AISC. The story height of every model structure was fixe
to 3.6 m.Fig. 2(a) shows the plan of the prototype stru
ture, and the chevron braces are located in the mid-bay of the
perimeter frames (Fig. 2(b)). The dead and live loads of 4.9
and 2.45 kN/m2, respectively, were used for gravity load
and the earthquake design base shear was determined b
on the IBC 2000 using the following parameters: spectral
celerationSDS = 0.5 g andSD1 = 0.3 g, SeismicUse Group
II, soil type B (rock site), and the response modification fa
tors= 6.0 for SCBF and 5.0 for OCBF. A36 steel was used
d

f

r

,
s

ed

(a) Plan.

(b) Brace configuration.

Fig. 2. Configuration of model structures.

for every structural member. The braces were designe
resist all lateral seismic loads, and the beam–column jo
were assumed to be pinned. The structural design was
ried out using the program code MIDAS-Gen [19]. To take
the conventional design practice into consideration, the sa
structural members were used in three consecutive stor
The structural members selected for the nine-story mo
structures are listed inTable 1. Only the external braced
frames shown inFig. 2(a) were used for analyses.

In the Seismic Provisions for Structural Steel Building
the slenderness ratios of compression members (column
and braces) of inverted V-type SCBFs and OCBFs
limited as follows:

KL

r
≤ 5.87

√
Es

Fy
for SCBF (3a)
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Table 1
Sectional properties of nine-story model structures

Span length (m) Story Interior col. Exterior col. Interior beam Exterior beam Brace

(a) Special concentric braced frames

6
1–3 W14× 176 W10× 39 W27× 217 W16× 36 W8× 35
4–6 W14× 109 W10× 30 W27× 217 W16× 36 W8× 35
7–9 W14× 38 W10× 22 W27× 161 W16× 36 W8× 24

8
1–3 W14× 193 W10× 54 W36× 260 W16× 67 W10× 45
4–6 W14× 109 W10× 39 W36× 230 W16× 67 W8× 40
7–9 W14× 43 W10× 22 W36× 210 W16× 67 W8× 35

10
1–3 W14× 211 W12× 65 W36× 439 W18× 86 W8× 67
4–6 W14× 120 W12× 45 W36× 359 W18× 86 W8× 58
7–9 W14× 48 W12× 30 W36× 300 W18× 86 W8× 48

(b) Ordinary concentric braced frames

6
1–3 W14× 211 W10× 49 W14× 26 W16× 36 W8× 35
4–6 W14× 99 W10× 39 W14× 26 W16× 36 W8× 35
7–9 W14× 43 W10× 26 W14× 26 W16× 36 W8× 28

8
1–3 W14× 233 W10× 68 W14× 43 W16× 67 W8× 48
4–6 W14× 120 W10× 45 W14× 43 W16× 67 W8× 48
7–9 W14× 48 W10× 30 W14× 43 W16× 67 W8× 31

10
1–3 W14× 283 W12× 79 W14× 53 W18× 86 W10× 54
4–6 W14× 132 W12× 58 W14× 53 W18× 86 W10× 49
7–9 W14× 61 W10× 33 W14× 53 W18× 86 W10× 45
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KL

r
≤ 4.23

√
Es

Fy
for OCBF (3b)

wherer is the radius of gyration,KL is the effective length,
Es is the elastic modulus, andFy is the yield stress of
the members. The width-to-thickness ratio specified in the
Seismic Provisionof AISC Table I-8-1 was also applied in
the design. For design of beams in SCBFs the unbalanc
load (Qb) between the tensile yield and compressive buc
ling loads of braces as well as the gravity loads was consid-
ered. As shown inFig. 3, the unbalanced load was obtaine
as follows with the buckling load taken to be 0.3ΦcPn:

Qb = (Ry Py − 0.3ΦcPn) × sinθ

= (Ry AgFy − 0.3ΦcAgFcr ) × sinθ (4)

where Ry is the ratio of the expected yield stress and th
nominal yield stress(Fy), for which 1.5 is recommended
in the Seismic Provision [8]. Py is the nominal axial yield
force,Pn is the nominal buckling strength,Φc is the strength
reduction factor,Fcr is the buckling stress of braces, andθ

is the slope of the brace as described inFig. 3.

4. Nonlinear static analysis of model structures

Mwafy and Elnashai [20] investigated the applicability
of the inelastic static (pushover) analysis and the inelast
dynamic analysis on 12 reinforced concrete buildings wi
various characteristics. They concluded that the sta
pushover analysis is more appropriate for low-rise a
short-period frame structures. For long-period or high
rise structures, however, the inelastic dynamic analysis
Fig. 3. Unbalanced force due to buckling of compression brace.

preferable due to the participation of higher modes. In this
study the pushover analysis was employed to obtain
inelastic responses of model structures, and the result
the six-story SCBF were compared with those obtained fr
dynamic analyses to verify the applicability of the stat
procedure.

4.1. Pushover analysis

Eigenvalue analyses were conducted first using
program DRAIN-2DX [21] to determine the elastic natura
periods and mode shapes of the model structures. T
pushover analyses were carried out to evaluate the glo
yield limit state and the structural capacity by progressive
increasing the lateral story forces proportional to t
fundamental mode shape. The post-yield stiffness of
beams and columns was assumed to be 2% of the in
stiffness, and that of the braces was assumed to be zero.
expected yield stress of structural members was assume
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(a) Tension brace.

(b) Compression brace.

Fig. 4. Simplified analysis model for force–displacement relationship
brace.

Fig. 5. Modeling ofP–delta effect.

be 1.5 times the nominal yield stress as recommended
the Seismic Provisions for Structural Steel Buildings [8] for
ASTM A36 steel. The phenomenological model propose
by Jain and Goel, which was also presented in FEMA
274 [22], was used for modeling nonlinear behavior o
braces (Fig. 4). The post-buckling residual compressio
force is set to be 20% of the buckling load as given in Tabl
5–8 of FEMA-273 [23]. The P–∆ effect was considered by
employing the dummy column, shown inFig. 5, which is
subjected to the gravity load of interior frames not include
in the analysis models.

Fig. 6(a) and (b) show the pushover curves of the nin
story SCBF and OCBF structures, respectively. In the base
shear–roof displacement curves, the points corresponding
to the design base shear, the first buckling and yieldi
of braces, maximum inter-story drift of 1.5% and 2.0% o
story height are indicated. In the figures it can be observe
(a) SCBF.

(b) OCBF.

Fig. 6. Pushover curves of the nine-story structures.

that the stiffness of the SCBF decreases slightly by
buckling of a compressive brace, and the maximum stren
is reached slightly before the first yielding of a tensile brace
The maximum strength is about three times as high
the design base shear. However in the OCBF, the struc
behaves elastically and then the strength drops sharpl
the occurrence of the first buckling of the compression
brace and the subsequent yielding of beams connecte
the buckled brace. The lateral strength of the struct
slightly increases with further redistribution of loads, b
drops again at buckling of braces in other stories. It a
can be observed both in the SCBF and OCBF that
the span length increases the stiffness and strength of t
system increase.Fig. 7 shows the inter-story drift ratio of
the nine-story structure with 6 m span length, where it c
be observed that large drift occurs in lower stories whe
buckling occurs in braces.Fig. 8depicts the state of damag
in structural members and the ductility ratio in braces
the nine-story SCBFs. It canbe observed that when the
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(a) SCBF.

(b) OCBF.

Fig. 7. Inter-story drift ratio of the nine-story structures with 6 m span
length.

maximum inter-story drift reaches 1.5% of the stor
height most of the braces under compression buck
No plastic hinge can be observed in beams which we
designed considering the vertical unbalanced force. T
corresponding results for OCBFs with the same height a
bay length are shown inFig. 9, which suggests that damage
is concentrated in braces and beams located in the lower
three stories. Compared to the SCBF, the ductility dema
in braces is much higher in the OCBF.

4.2. Failure state of braced frames

The failure criteria of a structure are generally define
in two levels: local and global levels. Appendix I: Tentativ
guidelines for performance-based seismicengineering of the
.

e
d

d

SEAOC-Blue Book [24] regulates thelimit state of SCBFs
and OCBFs for the collapse prevention stage as 2.2%
1.5% of the maximum story drift or as the maximum sto
ductility ratio of 5.0. In FEMA-356 [25] the maximum inter-
story drift ratio of a braced frame is limited to 2.0% for th
collapse prevention performance level, which is significan
smaller than the 5.0% story drift ratio recommended fo
moment frames. In an element level, FEMA-356 regulates
the acceptance criteria of tensile and compressive brace
classified as primary components in the collapse preven
stage as nine times the yield deformation(∆by) and seven
times the buckling deformation(∆cb), respectively. In this
study the global limit state of 2.0% maximum inter-stor
drift ratio is used to define the collapse state of an SCBF, a
1.5% of the maximum inter-story drift ratios for an OCBF
At the global limit state, the fracture limit state of each
member is also checked. The local failure criteria are a
checked at the 2.0% of the maximum drift ratio in OCBF fo
comparison.

Figs. 8and9 demonstrate that some of the braces und
compression reach a limiting state when the maximum int
story drift reaches 1.5% of the story height. Although not
onetension brace reached a limiting state, it would be re
sonable to consider some of them already failed becaus
the bi-directional nature of earthquakes. However it shou
be noted that a global failure may not occur by failure of fe
braces. Therefore to consider 2.0% of maximum inter-sto
drift ratio for the SCBF and 1.5% for the OCBF as a glob
limiting state of a braced frame appears to be reasonable.
comparison the behavior factors at 2.0% drift ratio were also
obtained in the OCBF.

4.3. Overstrength factors

The capacity envelopes obtained from pushover analy
were utilized to evaluate overstrength factors. To find o
the yield point, a straight line was drawn in such a way
that the area under the original curve is equal to that
the idealized one as recommended in FEMA-356 [25] for
structures with negative post-yield stiffness (Fig. 10). It
is recommended that the yield strength of the idealize
force–displacement curve should not be taken as gre
than the maximum base shear force of the actual pushove
curve. The base shear at yield and the maximum stren
of all the analysis model structures are presented inTable 2,
and the overstrength factors are plotted inFig. 11. It can be
observed that the overstrength factors of SCBF structu
increase as the span length increases and the numbe
stories decreases. However those of OCBFs are not mu
affected by the change in span length. As the span len
increases, the gravity load and the design base shear incr
if other design conditions remain the same. Also increas
are: (i) the bending moment in beams and columns; (ii) ax
load in columns; and consequently (iii) the nominal streng
of structural members. The increase in base shear in SC
results in increase in brace size, the unbalanced force ac
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(a) 6 m span.
(b) 8 m span.

(c) 10 m span.

Fig. 8. Locations of inelastic deformation and brace ductility ratios of the nine-story SCBFs.

(a) 6 m bay length. (b) 8 m bay length. (c) 10 m bay length.

Fig. 9. Location of inelastic deformation and brace ductility ratios of the nine-story OCBFs.
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on the floor beams, the size of beams, and conseque
the overstrength factors. However in OCBFs, in which t
unbalanced force is not considered, the increase in cro
sectional area of structural membersis not as significant
as in SCBFs. For example, when the span lengths of
three-story SCBF and OCBF increase from 6 to 8 m, t
increase in design base shearis almost the same (33.3% an
33.6%, respectively). However the increase in yield streng
in SCBF, which is 72.2%, is significantly larger than that o
the OCBF, whichis 43.6%. This explains the observatio
that the increase in overstrength factors in SCBFs is lar
than that in OCBFs when the span length increases.

In SCBFs, the overstrength factors are generally larg
than the value specified in IBC-2000, which is 2, except f
the 21-story structure with span length of 6 m. In OCB
structures, however, the overstrength factors turned out
be smaller than the specified value of 2. These results
compatible with the FEMA-369 report [17] which states that
overstrength factors for braced frames vary from 1.5 to 2.0
also can be observed that the overstrength factors of OCB
estimated at the 1.5% inter-story drift ratio, are somewhat
larger than those estimated at the 2.0% inter-story drift. T
analysis results show that the overstrength factors of SCB
are about two to three times larger than those of OCBFs.
mentioned earlier, the larger overstrength factors result fr
the useof larger beams designed considering the unbalan
force in braces. This also contributes to the distribution
plastic hinges in almost all stories in SCBFs, whereas
OCBFs theplastic hinges are concentrated in a few low
stories as seen inFigs. 8and9. This implies that soon after
the first buckling of a brace and consequent formation of
plastic hinges in the beam, the lateral-load resisting capacity
of the OCBF structure decreases rapidly, resulting in low
overstrength factors.

The overstrength factors of OCBFs obtained in th
study are somewhat smaller than obtained by Uang a
Bertero [10] from the experiments of the 30%-scaled mod
with slabs, which is 2.4. The larger value for overstreng
factor seems to be contributed from the participation of t
slab in resisting the unbalanced force of braces. It is repor
that the composite action of a composite beam increases
bending stiffness about 10–15% and the bending stren
about 5–10% [13]. Therefore the results of the curren
study for overstrength factors, which were obtained fro
analytical study using bare frames without a slab, may
considered as a lower bound.

In IBC 2000 some special elements and compone
are required to be designed for the special seismic lo
combinations in which the earthquake load effect
multiplied by the system overstrength factor. This is t
ensure that the elements have enough strength to resis
maximum force transferred from the other elements of t
lateral force resisting system. If the overstrength factor
underestimated, the transferred force is also underestima
and this may lead to unsafe design. Therefore prec
ly
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(a) Idealized curve for negative post-yield slope.

(b) Bilinear representation of nine-story OCBF (6 m span).

Fig. 10. Idealized force–displacement curve for braced frames.

estimation of the overstrength factor is essential to guaran
seismic safety of structures.

4.4. Ductility factors

The ductility factorRµ was obtained using the system
ductility factor µ by the procedure proposed by Newmark
and Hall [26] and Miranda and Bertero [27]. Newmark
and Hall proposed the following equations for the syste
ductility factors:

Rµ = 1.0 (T < 0.03 s)

Rµ = √
2µ − 1 (0.12< T < 0.03 s)

Rµ = µ (T > 1.0 s)

(5)

whereT is the natural period of the structure. Miranda and
Bertero developed generalRµ–µ–T relationships using 124
ground motions recorded on a wide range of soil condition
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Table 2
Results of pushover analysis for model structures (Unit: kN, cm, s)

(a) Special concentric braced frames

Span length (m) # of stories
3 6 9 12 15 18 21

6 Period 0.46 0.88 1.44 2.07 2.79 3.54 4.40
Vd 413.64 677.37 749.66 805.57 851.79 891.51 926.52
Vy 1312.35 1905.64 2156.55 2052.35 1956.65 1859.12 1763.84
∆y 3.76 10.14 21.74 32.02 46.42 62.97 79.59
∆ 10.52 17.60 36.80 46.64 64.69 86.03 104.00

8 Period 0.40 0.78 1.27 1.79 2.38 2.99 3.64
Vd 551.49 903.17 999.52 1074.07 1135.68 1188.65 1235.36
Vy 2260.00 2922.22 2908.47 3113.54 2962.59 3142.05 2997.25
∆y 3.37 9.74 17.49 28.21 39.02 54.88 70.45
∆ 9.96 18.24 32.61 45.58 60.56 76.10 89.81

10 Period 0.37 0.69 1.15 1.57 2.16 2.69 3.23
Vd 689.39 1128.96 1249.42 1342.61 1419.60 1485.84 1544.20
Vy 3220.49 4086.61 4228.91 4438.15 4109.37 3909.55 3837.53
∆y 3.97 9.08 16.99 26.65 35.04 43.82 52.80
∆ 10.26 17.80 30.21 45.32 57.62 68.93 80.10

(b) Ordinary concentric braced frames

Span length (m) # of stories
3 6 9
1.5% Drift 2.0% Drift 1.5% Drift 2.0% Drift 1.5% Drift 2.0% Drift

6 Period 0.43 0.85 1.39
Vd 537.75 886.70 988.53
Vy 739.58 707.57 1406.47 1180.93 1397.30 1303.77
∆y 1.29 1.24 5.95 4.99 11.70 10.92
∆ 6.32 8.18 12.19 16.13 20.22 26.11

8 Period 0.42 0.73 1.20
Vd 719.77 1187.84 1322.50
Vy 1062.35 981.99 1825.24 1493.26 1743.65 1645.02
∆y 1.25 1.16 4.19 3.43 7.95 7.49
∆ 6.07 7.90 11.28 15.16 15.14 20.93

10 Period 0.37 0.66 1.12
Vd 910.68 1502.87 1675.10
Vy 1428.47 1261.42 2318.14 1981.09 2551.42 2339.41
∆y 1.03 0.92 3.35 2.86 7.53 6.90
∆ 5.94 7.80 11.15 14.88 18.14 24.23
d
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The following equation is for a rock site:

Rµ = µ − 1

Φ
+ 1

Φ = 1 + 1

10T − µT
− 1

2T
e−1.5(ln(T)−0.6)2

(6)

where Φ is a coefficient reflecting a soil condition. The
system ductility ratio µ is obtained by dividing the
roof displacement at the limit state by the system yiel
displacement.

Fig. 12 plots the inter-story drift and story shear force
relationship in each story of the nine-story SCBF and
OCBF structures with span length of 6 m. Based o
the figures the story ductility ratios were computed an
presented inFig. 13. It can be observed inFig. 13 that the
maximum story ductility ratio becomes 3.55 and 7.04 fo
SCBF and OCBF, respectively, when the maximuminter-
story drift reaches 2% of the story height. In the case
OCBF, the story ductility ratio exceeds 5.0 specified i
SEAOC [24] for the limit state of the collapse prevention
performance level. This is contributed not only from th
buckling of the braces but also from the plastic deformatio
in beams caused by the unbalanced force betwe
the tensile yielding and compressive buckling force o
braces.

Figs. 14and15 show the system ductility factorRµ of
braced frames when the maximum story drift ratio reach
2.0% for the SCBF and 1.5 and 2.0% for the OCBF. I
most cases the factors computed by Miranda and Berte
turned out to be larger than those by Newmark and Ha
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(a) SCBFs.

(b) OCBFs (1.5% inter-story drift).

(c) OCBF (2.0% inter-story drift).

Fig. 11. Overstrength factors of model structures.
(a) SCBF.

(b) OCBF.

Fig. 12. Inter-story drift and story shear force relationship of nine-story
structures (6 m span).

It can be observed that in both SCBF and OCBF th
ductility factors decrease as the span length decreases
the height of building increases except for the three-sto
OCBF computedusing Miranda and Bertero’s equation
This can be understood in reference toFig. 16, which shows
that the ductility factor computed by Miranda and Berter
increases as the ductility ratio increases up to 6 (up to
for longer period structure), but then decreases in furth
increase of ductility ratio. As the ductility ratios of the three
story OCBF are as largeas 6.8 and 8.4 for the bay length o
8 and10m, respectively, the ductility factorRµ decreases to
4.4 and 3.8, respectively.
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(a) SCBF.

(b) OCBF.

Fig. 13. Story ductility ratios of the nine-story structures with 6 m spa
length.

4.5. Response modification factors

The response modification factors, presented inFigs. 17
and 18, are computed by multiplying the overstrength
and the ductility factors obtained in the previous section
In SCBF the response modification factors are obtain
when the maximum inter-story drift ratio reaches 2.0%,
while the factors at 1.5% and 2.0% inter-story drifts are
obtained in OCBF. It can be observed that the respon
modification factors decrease as the span length decrea
and the height of the building increases. In the three- a
six-story SCBF structures the response modification facto
turns out to be larger than 6 which is prescribed in IB
2000, and in higher structures the factors are genera
less than 6. For OCBF only the three-story structure wi
.

e
es

s

y

(a) Newmark and Hall.

(b) Miranda and Bertero.

Fig. 14. System ductility factors of SCBFs.

10 m bay length has response modification factors larg
than the IBC 2000 specified value of 5. The respon
modification factors obtained at 2.0% maximum inte
story drift are slightly largerthan those obtained at 1.5%
inter-story drift. Considering that most OCBFs reach th
limit state of the collapse prevention stage, as observ
in Figs. 9 and 13, it would be reasonable to compute th
response modification factor at 1.5% maximum inter-sto
drift.

The response modification factors for OCBFs obtaine
in this study are somewhat smaller than those obtained by
Balendra and Huang [5] with 3-, 6-, and 10-story inverted-V-
braced frames, which are 8.52, 5.23, and 3.74, respectiv
The ductility factors are quite similar in both studies
however the overstrength factors of their study, which ran
from 2.48 to 5.57, are larger than those of the current stud
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(a) Newmark and Hall (1.5% drift). (b) Miranda and Bertero (1.5% drift).

(c) Newmark and Hall (2.0% drift). (d) Miranda and Bertero (2.0% drift).

Fig. 15. System ductility factors of OCBFs.
These differences can be explained by the difference in
seismic load used in the structural design. The ratios of
baseshear to seismic gravity load,Vb/Wg, of theiranalysis
models are 1.4%, 1.4%, and 2.2% for the 3-, 6-, and 10-
story structures, respectively; while those of our models are
12.5%, 10.2%, and 7.6% for the 3-, 6-, and 9-story OCBF
structures, respectively. This implies that their models are
assumed to be located in a low-seismic region, while the
study models of the current study are designed for higher
seismic loads. These results match with findings of Jain
and Navin [28] that the overstrength factors of structures
in a low-seismic region are five times as large as those in
high-seismic region. Therefore it can be concluded that the
structure designed for relatively low seismic load tends to
have higher residual strength for seismic load.

-

are

e

5. Comparison with incremental dynamic analysis
results

A series of incremental dynamic analyses were per
formed until all the predefined limit states were exceeded
in order to verify the results of static analyses. Among the
time history records developed for the SAC project [29],
six records which match well with the design spectrum
(SDS = 0.5 g, SD1 = 0.3 g) were selected for dynamic
analyses. The response spectra and the design spectrum
depicted inFig. 19. Inelastic time-history analyses were car-
ried out using the six-story SCBF model structure with 8 m
span length using the program SNAP-2DX [30], and the
dynamic pushover envelopes were obtained by plotting the
point corresponding to the maximum base shear and th
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Fig. 16. Comparison of ductility factors computed from Newmark and Hal
and Miranda and Bertero’s equations.

maximum top-story displacement computed for each scale
record. The intensities of the time history records were va
ied by multiplying appropriatescaling factors. The dynamic
pushover envelopes were compared with the static pushov
curve inFig. 20, which shows that the dynamic envelopes
form upper bound for displacement larger than the yiel
point.

To obtain behavior factors, the six dynamic pushove
envelopes were averaged and the average curve was fit
into a bi-linear curve. The overstrength factor obtained i
this way is 2.88 which is 11%smaller than the factor
obtained from the static pushover curve. However th
ductility factor computed for each record using the Newmark
and Hall procedure ranges from 1.65 to 2.13 with the
mean value of 1.99, which is larger than 1.78 obtaine
from the static pushover curve. Consequently the respon
modification factorresults in 5.76–6.14with the mean value
of 5.75, which is almost identical to the value obtained from
static pushover analysis (which is 5.74).

6. Conclusions

The overstrength,ductility, and the response modification
factors of the 21 special concentric braced frames an
9 ordinary concentric braced frames with various storie
and span lengths were evaluated by performing pushov
analyses. Some of the results were compared with tho
from nonlinear incremental dynamic analyses. The mod
structures were designed for relatively large seismic load an
the beam–column connections were assumed to be pinne
so that the seismic load was resisted mainly by brace
Such design conditions are expected to produce somewh
conservative results for response modification factors. Th
results of this study can be summarized as follows:

(1) The overstrength factors increased as the structu
height decreased and the span length increased.
SCBFs, the factors turned out to be 1.9–3.17 for 6 m
r

d

r

t

(a) Newmark and Hall.

(b) Miranda and Bertero.

Fig. 17. Response modification factors of SCBFs.

span, 2.43–4.10 for 8 m span, and 2.49–4.67 for 10 m
span, which are generally larger than the IBC 2000
specified value of 2.0. In OCBFs, however, the factors
ranged between 1.32 to 1.59 (1.5% maximum inter-stor
drift ratio) and 1.24 to 1.40 (2.0% drift ratio), which are
significantly smaller than 2.0. The underestimation o
overstrength factors in design codes may lead to unsaf
design by underestimating the seismic force transferre
to a critical element from the other elements of the
lateral force resisting system.

(2) The ductility factors were obtained as 1.28–2.2
(Newmark and Hall procedure) and 1.29–2.49 (Mirand
and Bertero) for SCBFs with limit state of 2% maximum
inter-story drift ratio, and as 1.73–3.24 (Newmark
and Hall) and 1.95–3.95 (Miranda and Bertero) for
OCBFs with 1.5% maximum drift ratio. As in the case
of overstrength factors, the ductility factors increased
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(a) Newmark and Hall (1.5% drift). (b) Miranda and Bertero (1.5% drift).

(c) Newmark and Hall (2.0% drift). (d) Miranda and Bertero (2.0% drift).

Fig. 18. Response modification factors of OCBFs.
gt

e
nd
for

g
d

ng
or

ry
es
s.

by
an
nse
t

of
han
0.
ve
ion
ign
cing
se
nt
as the structure height decreased and the bay len
increased.

(3) The response modification factors were in the rang
2.49–6.8 (6 m span), 3.01–9.08 (8 m span), a
3.77–9.55 (10 m span) for SCBFs, and 2.44–5.09
OCBFs when the Newmark and Hall procedure was
applied to compute ductilityfactors. As the response
modification factors were computed by multiplyin
overstrength and ductility factors, they also increase
as the structure height decreased and the span le
increased. In SCBFs the response modification fact
turned out to be smaller than the code-specified value
of 6.0 in most model structures except the three-sto
structures. The response modification factors were l
than the code value of 5.0 in all OCBF model structure
h

s

th
s

s

(4) The maximum base shear envelopes obtained
incremental dynamic analyses generally formed
upper bound to the static pushover curve. The respo
modification factors obtained from the two differen
procedures turned out to be similar.

It turned out that the earthquake-resisting capacity
braced frames, especially OCBFs, was generally less t
the level specified in a design code such as IBC 200
However, considering the fact that braced frames ha
superior load-resisting capacity as long as the compress
braces do not buckle, it would be reasonable to des
brace frames as rather more strength based by redu
the response modification factor. In fact, the respon
modification factors for the intermediate steel mome
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Fig. 19. Design spectrum and response spectra of selected earthquake
records.

Fig. 20. Static and dynamic pushover curves of the six-story SCBF.

frames and the ordinary steel moment frames specifi
in FEMA-302 [31] were 6 and 4, respectively; however,
based on new findings from recent research, they we
reduced to 4.5 and 3.5, respectively, in FEMA-368 [32].
Also the response modification factors need to be define
in various performance levelsconsidering seismic hazard
levels, number of stories, target ductility ratios, etc. I
this regard further research still needs to be perform
considering various design variables to propose mo
reasonable behavior factors for concentric braced frames
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