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Abstract

The overstrength, dutility, and the reponse modification factors of spaticoncentric braced frames@8Fs) and ordiary concentric
braced frames (OCBFs) were evaluated by performing pushover analysis of model structures with various stories and span lengths. The
results were compared with those from nonlinear incremental dynamic analyses. According to the analysis results, the response modification
factors of model structures computed from pushover analysis were generally smaller than the values given in the design codes except in
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 In documents such as ATC-12][and ATC-34 [3], the
response modification factor was calculated as the product

Many seismic codes permit a reduction in design loads, of three factors: overstrength factor, ductility factor, and
taking advantage of the fact that the structures possessredundancy factor. Osteraad fonducted a detailed study
significant reserve strength (overstrength) and capacity of reserve strength of three sttural systemsdistributed
to dissipate energy (ductility). The overstrength and the moment frames, perimeter moment frames, and concentric
ductility are incorporated in stotural design through aforce  braced frames designed following the allowable stress
reduction factor or a response modification factor. The factor design provisions with seismic loads per UBC seismic zone
represents the ratio of the forces that would develop under4 and soitype S2. They observed that the overstrength factor
the gecified ground motion if the structure were to behave of braced frames ranged between 2.8 and 2.2. Balendra
elastically to the prescribed design forces at the strengthand Huang %] found that the overstrength factors and
limit state. Such a design coept is based on the assumption the ductility factors were almost the same for inverted
that well-detailed structures can develop lateral strength in \-braced and split X-braced frames. They also observed
excess of their design strength and sustain large inelasticthat the response modification factors decreased when the
deformation without collapse. number of stories increased. Rree-, six-, and ten-story

The role of the force reduction factor is essential braced frames, the response modification factor was found
in designing the earthquake load-resisting elements. Theto varyfrom 8.5 to 3.5. Maheri and Akbarg] invedigated
response modification factors, which were first proposed the response modification factors of steel-braced reinforced
in the ATC 306 report L], were in fact selected through concrete framed dual systems. They found that the
committee consensus based on the observed performance ofddition of steel X- and knebraces increased the response
buildings during past earthquakes and on the estimates ofmodification factor significantly, and that the number of
system overstrengtind damping, etc.7). stories @peared to be the predomirtamriabk. According

to the results of the aboveusties, the modification factor
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Notation

Ag Gross sectional area of braces

Es Elastic modulus of members

Fer Buckling stress of braces

Fy Nominal yield stress

KL Effective length of the compression members
swch as columns and braces

Per 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

R Redundancy factor

Ry Ratio of the expcted yield stress and the
nominal yield stress

Ry Ductility factor

r Radus of gyration

Ve Natural period of the structure

\V/ Maximum seismic demand for elastic re-
sponse

Vy Design base shear

T Base shear corresponding to the maximum
inelastic displacement

A1s59 Axial deformation of the brace at the
maximum interstory drift of 1.5% of story
height

Az0y Axial deformation of the brace at the
maximum interstory drift of 2.0% of story
height

Apy  Yield deformation of brace

Ach Buckling deformation of brace

Ae Displacement of a corresponding elastic
structure

Amax ~Maximum displacement of a structure

Ay Yield displacement of a structure

n Displacement ductility ratio of a structure

¢ Coefficient reflecting a soil condition

b Strength reduction factor of braces

0 Slope of braces

for all buildings with a specific structural system regardless

of building height and earthquake load level.

IBC 2000 [7] divides concentric braced frames into

and special design and detailing of end connections. The
AISC Seismic Prowsions stipulate that a floor beam of an
SCBF, which is intersected by braces, shall be designed
to support all the loads assuming that bracing is not
present. Also the beam needs lie desined considering
the maximum unbalanced vertical load applied to the beam
by the braces. Therefore the floor beams in an SCBF are
generally stronger than those in an OCBF, and SCBFs
are expected to have increased ductility over OCBFs due
to lesser strength degradation when compression braces
buckle. Reflecting the difference, the IBC 2000 suggests
different response modification factors for SCBFs and
OCBFs,which ae 6 and 5, respectively, although it provides
the same overstrergfactor, which is 2.

Previously the braced frame, originally developed to re-
sist wind load, was widely investigated for seismic appli-
cation both experimental\®F11 and aralytically [12—15.

The focus of those studies was on the strength of individual
members, such as slenderness ratio or width/thickness ratio,
or on the elastic/inelastic behavior of braced frames for vari-
ous geometries or locations lofaces. The previous research
for evaluation of response modification factors has been car-
ried out withlimited model structures and design variables:
for example, braced frames in low seismic regidsis lpw-

story braced frames designed in accordance with allowable
stress desigmprocedure 4], and reinforced concrete struc-
ture strengthened by steel bracés However no research
has yet been conducted for comparison of behavior factors of
SCBFs and OCBFs diegied for the same loading conditions
following the Load and Resistance Factor Design procedure.

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

2. Response modification factors

Mazzolani and Pilusolff] addressed various theoretical
approaches to compute the response modification fagtor (
factor), such as the maximunggtic deformation approach,
the energy pproach, and the low-cycle fatigue approach.
ATC-19 proposed a simplified procedure to estimate the
response modification factors, in which the response

ordinary concentric braced frames (OCBFs) and special modification factor, R, is calculated as the product of
concentric braced frames (SCBFs). The 1997 edition of the three parameters that profoundly influence the seismic

the Seismic Provisions for Structural Steel Building} [
of AISC introduced the SCBF based on experimental

and analytical works which stwed that the post-buckling
behavior of concentrically braced frames could be greatly whereRy is the overstrength factor to account for the obser-

improved by limiting width/thickness ratios of structural

response of structures:
R=RyR,R (1)

vation that he maximum lateral strgth of a structure gen-

members and by maintaining closer spacing of stitches erally exceeds its design strength. Recently FEMA-369 [
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specified three components of overstrength factors in Braced bay
Table 5.2.7-1: design overstrength, material overstrength, @ Pl
a) Plan.

and system overstrengtR,, is a ductility factor which is a
measure of the global nonlinear response of a structure, and Lateral force
R is aredundancy factor to quantify the improved reliability » P
of seismic framing systems constructed with multiple lines
of strength. In this study it is assumed that there are plenty of b
vertical lines of seismic framing system, and the redundancy
factor is equal to 1.0. In this case the response modification

factor is determined as the product of the overstrength factor P Q

and the ductility factorFig. 1represents the base-shear ver-
sus roof displacement relation of a structure, which can be
developed by a nonlinear static analysis. The ductility factor
R, and the overstrength fact® are defined as follows:
= —, = — 2

v R=y )
whereVy is the design base she# is the maximum seis-
mic demand for elastic response, avigis the base shear
corresponding to the maximumelastic displacement. o 7> :- o

R.

(b) Brace configuration.

3. Design of model structures Fig. 2. Configuration of model structures.

Toewaluate the overstrength factors, ductility factors, and o every structural member. The braces were designed to
the response modification factors of braced frames, 3, 6, 9,yegist all lateral seismic loads, and the beam—column joints
12,15, 18, and 21 story SCBFs and 3, 6, and 9 story OCBFS,yere assumed to be pinned. The structural design was car-
with the bay length varl_ed as 6, 8, and 10 m were designed e out using the program code MIDAS-Getd]. To take
per the ‘Load and Resistance Factor Desidig][and the  he conventional design practice into consideration, the same
‘Seismic Proisions for Structural Steel Buildings8] of structual members were used in three consecutive stories.
AISC. The sbry height of every model structure was fixed The structural members selected for the nine-story model
to 3.6 m.Fig. Xa) shows the plan of the prototype struc- g ctues are listed inTable 1 Only the external braced
ture, and the chevron braces asedted in the mid-bay ofthe  f.3mes shown iFig. 2(a) were used for analyses.
perimeter framzesFGg. Ab)). The dead and live loads of 4.90 In the Seisrit Provisions for Structural Steel Buildings
and 245 kN/m?, resgectively, were used for gravity load, he slenderness ratios of cpnession members (columns

and the earthquake design base shear was determined basegyq praces) of inverted V-type SCBFs and OCBFs are
on the IBC 2000 using the following parameters: spectral ac- |imited as follows:

celerationSps = 0.5g andSp; = 0.3 g, SeismidJse Goup

II, soil type B (rock site), and the response modification fac- KL _ 587 Es for SCBF (3a)
tors= 6.0 for SCBF and 5.0 for OBF. A36 steelwasused r ~— Fy
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Table 1
Sectional propeies of nine-story model structures

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

(a) Special concentric braced frames

1-3 W14x 176 W10x 39 W27x 217 W16x 36 W8 x 35
6 4-6 W14x 109 W10x 30 W27x 217 W16x 36 W8 x 35
7-9 W14x 38 W10x 22 W27x 161 W16x 36 W8 x 24
1-3 W14x 193 W10x 54 W36x 260 W16x 67 W10x 45
8 4-6 W14x 109 W10x 39 W36x 230 W16x 67 W8 x 40
7-9 W14x 43 W10x 22 W36x 210 W16x 67 W8 x 35
1-3 W14x 211 W12x 65 W36x 439 W18x 86 W8 x 67
10 4-6 W14x 120 W12x 45 W36x 359 W18x 86 W8 x 58
7-9 W14 x 48 W12x 30 W36x 300 W18x 86 W8 x 48
(b) Ordinary concentric braced frames
1-3 W14x 211 W10x 49 W14 x 26 W16 x 36 W8 x 35
6 4-6 W14x 99 W10x 39 W14 x 26 W16 x 36 W8 x 35
7-9 W14x 43 W10x 26 W14 x 26 W16 x 36 W8 x 28
1-3 W14x 233 W10x 68 W14 x 43 W16 x 67 W8 x 48
8 4-6 W14x 120 W10x 45 W14 x 43 W16 x 67 W8 x 48
7-9 W14 x 48 W10x 30 W14 x 43 W16 x 67 W8 x 31
1-3 W14x 283 W12x 79 W14 x 53 W18x 86 W10x 54
10 4-6 W14x 132 W12x 58 W14 x 53 W18 x 86 W10x 49
7-9 W14x 61 W10x 33 W14x 53 W18x 86 W10x 45
KL E Lateral Beam
— <423/|=2 for OCBF (3b) force | L |
|

wherer is the radius of gyratiorKL is the effedve length, i ’ 0 0 ’
Es is the dastic modulus, andFy is the yield stress of Tension Compression
the members. fie width-to-thickness ratio specified in the brace brace
Seismic Prowsionof AISC Table 1-8-1 was also applied in
the design. For design of beams in SCBFs the unbalanced
load (Qp) between the tensile yield and compressive buck-
ling loads of braces as well asdigravity loads was consid-
ered. As shown irfrig. 3, the unbalanced load was obtained
as follows with the buckling load taken to be8@: Py:

/ Ob=(RyPy—0.3¢an)sinB\
Ry Py 0.30.P,

Fig. 3. Unbalanced force due to buckling of compression brace.

Qb = (RyPy — 0.3&:P,) x sing preferable due to thpaticipation of higher modes. In this

= (RyAgFy — 0.38:AgFcr) x sing 4) study the pushover analysis was employed to obtain the
inelastic responses of model structures, and the results of
the six-story SCBF were compared with those obtained from
dynamic analyses to verify the applicability of the static
procedure.

where Ry is the ratio of the expected yield stress and the
nominal yield stresgFy), for which 1.5is recommended
in the Seismic Provisiond]. Py is the nominal axial yield
force, P, is the nominal buckling strengtid;. is the strength
reduction factorf, is the buckling stress of braces, ahd

4.1. Push lysi
is the slope of the lace as described Fig. 3. ushover analyss

Eigenvalue analyses were conducted first using the
4. Nonlinear static analysisof modd structures program DRAIN-2DX R1] to deermine the elastic natural
periods and mode shapes of the model structures. Then
Mwafy and ElnashaiZ(] investigated the applicability = pushover analyses were carried out to evaluate the global
of the inelafic static (pushover) analysis and the inelastic yield limit state and the structural capacity by progressively
dynamic analysis on 12 reinforced concrete buildings with increasing the lateral story forces proportional to the
various characteristics. They concluded that the static fundamental mode shape. The post-yield stiffness of the
pushover analysis is more appropriate for low-rise and beams and columns was assumed to be 2% of the initial
short-period frame structures. For long-period or high- stiffness, and that of the braces was assumed to be zero. The
rise structures, however, the inelastic dynamic analysis is expected yield stress of structural members was assumed to
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Vi 7 Fig. 6. Pushover curves of the nine-story structures.

Fig. 5. Modeling ofP—delta effect. that the stiffness of the SCBF decreases slightly by the

buckling of a compressive brace, and the maximum strength
be 1.5 times the nominal yield stress as recommended byis reached slightly before theadi yielding of a tensile brace.
the Seismic Provisions for Structural Steel Buildingkfpr The maximum strength is about three times as high as
ASTM A36 steel. The phenomenological model proposed the design base shear. However in the OCBF, the structure
by Jain and Goel, which was also presented in FEMA- behaves elastically and then the strength drops sharply at
274 22), was used for modeling nonlinear behavior of the occurrence ofhie first buckling of the compression
braces Fig. 4). The post-buckling residual compression brace and the subsequent yielding of beams connected to
force is set to be 20% of the buckling load as given in Tables the buckled brace. The lateral strength of the structure
5-8 of FEMA-273 R3]. The P-A effect was considered by  slightly increases with further redistribution of loads, but
employing the dummy column, shown Kig. 5 which is drops again at buckling of braces in other stories. It also
subjected to the gravity load of interior frames not included can be observed both in the SCBF and OCBF that as
in the analysis models. the span legth increases the stiffness and strength of the
Fig. 6(a) and (b) show the pushover curves of the nine- system ireaseFig. 7 shows the inter-story drift ratio of
story SCBF and OCBF structure®spectively. In the base  the nine-story structure with 6 m span length, where it can
shear—roof displacement cursethe points corresponding be observed that large drift occurs in lower stories where
to the design base shear, the first buckling and yielding buckling occurs in bracesig. 8depicts the state of damage
of braces, maximum inter-story drift of 1.5% and 2.0% of in structural members and the ductility ratio in braces of
story heght are indicated. In the figures it can be observed the nine-story SCBFs. It cahe observed that when the
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Fig. 7. Inter-story drift ratio of te nine-stoy strudures with 6 m span
length.

maximum inter-story drift reaches 1.5% of the story

SEAOC-BIlue Book 24] regulates thdimit state of SCBFs
and OCBFs for the collapse prevention stage as 2.2% and
1.5% of the maximum story drift or as the maximum story
dudility ratio of 5.0. In FEMA-356 P5] the maimum inter-
story drift ratio of a braced frame is limited to 2.0% for the
collapse prevention performance level, which is significantly
smaller than he 5.0% story drift ratio recommended for
moment frames. In an elemelevel, FEMA-356 regulates
the acceptance criteria of t@le and compressive braces
classified as primary components in the collapse prevention
stage as nine times the yield deformatiafy,y) and seven
times the buckling deformatio@cp), resgectively. In this
study the global limit state of 2.0% maximum inter-story
drift ratio is used to define the collapse state of an SCBF, and
1.5% of the maximum inter-story drift ratios for an OCBF.
At the global limit state, th fracture limit state of each
member is also checked. The local failure criteria are also
checked at the 2.0% of the maximum drift ratio in OCBF for
comparison.

Figs. 8and9 demonstrate that some of the braces under
compression reach a limiting state when the maximum inter-
story drift reaches 1.5% of thdory height. Although not
onetension brace reached a limiting state, it would be rea-
sonable to consider some of them already failed because of
the hi-directional nature of earthquakes. However it should
be noted that a global failure may not occur by failure of few
braces. Therefore to consider 2.0% of maximum inter-story
drift ratio for the SCBF and 1.5% for the OCBF as a global
limiting state of a braced frame appears to be reasonable. For
comparison the behavior factoat 2.0% dft ratio were also
obtained in the OCBF.

4.3. Overstrength factors

The capacity envelopes obtained from pushover analysis
were utilized to evaluate overstrength factors. To find out
the yield point, a stight line was drawn in such a way
that the area under the original curve is equal to that of
the idealized one as recommended in FEMA-33§| ffor
structues with negative post-yield stiffnes$ig. 10). It
is recommendedhtat the yield strength of the idealized
force—displacement curve should not be taken as greater

height most of the braces under compression buckle.than the maximum base shearde of the actual pushover
No plastic hinge can be observed in beams which were curve. The base shear at yield and the maximum strength
designed considering the vertical unbalanced force. Theof all the analysis model structures are presentelhlrie 2
corresponding results for OCBFs with the same height and and the overstrength factors are plottedrig. 11. It can be

bay length & shown inFig. 9, which suggests that damage
is concentrated in braces @ieams located in the lower

observed that the overstrength factors of SCBF structures
increase as the span length increases and the number of

three stories. Compared to the SCBF, the ductility demand stories @&creases. However those of OCBFs are not much

in braces is much higher in the OCBF.
4.2. Failure state of braced frames
The failure criteria of a structure are generally defined

in two levels: local and global levels. Appendix I: Tentative
guidelines for performance-basseismicengineering of the

affected by the change in span length. As the span length
increases, the gravity load and the design base shear increase
if other design conditions remain the same. Also increased
are: (i) the bending moment in beams and columns; (ii) axial
load in columns; and consequently (iii) the nominal strength
of structural members. The increase in base shear in SCBFs
results in increase in brace size, the unbalanced force acting
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on the floor beams, the size of beams, and consequently  g.co shear
the overstrength factors. However in OCBFs, in which the A
unbalanced force is not considered, the increase in cross-
sectional area of structdranembersis not as significant Negative post-
as in SCBFs. For example, when the span lengths of the V- sl eHinicen.
three-story SCBF and OCBF increase from 6 to 8 m, the ] -
increase in design base sh&aalmost the same (33.3% and
33.6%, respectively). However the increase in yield strength 0.6Vy =
in SCBF, which is 72.2%, is significantly larger than that of [l
the OCBF, whichis 43.6%. This explains the observation
that the increase in overstrength factors in SCBFs is larger
than that in OCBFs when the span length increases.

In SCBFs, the overstrength factors are generally larger
than the value specified in IBC-2000, which is 2, except for
the 21-story structure with span length of 6 m. In OCBF
structues, however, the overstrength factors turned out to

|
|
|
|
I
|
|
I
1

»

y Ay
Roof Displacement
(a) Idealized curve for negative post-yield slope.

be smaller than the specified value of 2. These results are 3500 , _—

. . . _ < 1.5% interstory drift ratio
compatible with the FEMA-369 report ] which sttes that X 2.0% interstory drift ratio
overstrength factors for braced frames vary from1.5t0 2.0. It~ 30907
alsg can be observed th_at the overstren_gth factors of OCBFs, 2500 1 maiasns asmen | |
estimated at the 1.5% inter-syodrift ratio, are somewhat = | curve of SCBF \ Actual pushover curve of SCBF
larger than those estimated at the 2.0% inter-story drift. The ‘\:f- 2000 = /"“_ ===
analysis results show that the overstrength factors of SCBFs g i 2
are about two to three times larger than those of OCBFs. As & 1500 — o ,

. . @ 4 Idealized force-displacement
mentioned earlier, the larger overstrength factors result from 4 %\ curve of OCBF

. - Q g

the useof larger beams designed considering the unbalanced ~ 1000 - fe S,
force in braces. This also contributes to the distribution of . /" L N
plastic hinges in almost all stories in SCBFs, whereas in 500 —1 - % - - - Sl bl L
OCBFs theplastic hinges are concentrated in a few lower 1 @ Yield point of idealized curve
stories as seen iRigs. 8and9. This imdies that son after A L B LI [ I LA L L L

0 5 10 15 20 25 30 35 40 45 50

the first buckling of a brace a@nconsequent formation of HsiF diplacamehit (i)

plastic hinges in the beam, thedaal-load resisting capacity
of the OCBF structure decreases rapidly, resulting in lower
overstreng’u factors. Fig. 10. Idealized force—displacement curve for braced frames.
The overstrength factors of OCBFs obtained in this
study are somewhat smaller than obtained by Uang and
Bertero [LQ] from the experiments of the 30%-scaled model estimation of the overstrength factor is essential to guarantee
with slabs, which is 2.4. The larger value for overstrength seismic safety of structures.
factor seems to be contributed from the participation of the
slab in resisting the unbalanced force of braces. Itis reported
that the composite action of a composite beam increases thet.4. Ductility factors
bending stiffness about 10-15% and the bending strength

about 5-10% 13]. Therefore the results of the current The ductility factorR, was obtained using the system

study for overstrength factors, which were obtained from dudility factor 1« by the procedure proposed by Newmark
analytical study using bare frames without a slab, may be and Hall p6 and Miranda and Bertero27. Newmark

considered as a lower bound. and Hall proposed the following equations for the system

In IBC 2000 some special elements and components dudility factors:
are required to be designed for the special seismic load
combinations in which the earthquake load effect is R. =10 (T <0039
multiplied by the system overstrength factor. This is. 0 R, =y2u—-1 (0.12< T <0.039 (5)
ensure that the elements have enough strength to resist th

: = (T>1059

maximum force transferred from the other elements of the
lateral force resisting system. If the overstrength factor is whereT is the natural pead of the structure. Miranda and
underestimated, the transferred force is also underestimatedBertero e&vebped generaR,,—.—T relationships using 124
and this may lead to unsafe design. Therefore preciseground motions recorded on a wide range of soil conditions.

(b) Bilinear representation of nine-story OCBF (6 m span).
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Table 2
Results of pushover analysis for model structures (Unit: kN, cm, s)
(8) Special concentric braced frames
Span length (m) # of stories
3 6 12 15 B 21
6 Period 0.46 B8 1.44 2.07 2.79 3.54 4.40
Vg 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
Ay 3.76 10.14 21.74 32.02 46.42 62.97 79.59
A 10.52 17.60 36.80 46.64 64.69 86.03 104.00
8 Period 0.40 a8 1.27 1.79 2.38 2.99 3.64
Vg 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
Ay 3.37 9.74 17.49 28.21 39.02 54.88 70.45
A 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
Vg 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
Ay 3.97 9.08 16.99 26.65 35.04 43.82 52.80
A 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 0.3 0.85 139
Vg 537.75 886.70 988.53
Vy 739.58 707.57 1406.47 1180.93 1397.30 1303.77
Ay 1.29 1.24 5.95 11.70 10.92
A 6.32 8.18 12.19 20.22 26.11
8 Period 0.2 0.73 120
Vg 719.77 1187.84 1322.50
Vy 1062.35 981.99 1825.24 1493.26 1743.65 1645.02
Ay 1.25 1.16 4.19 343 7.95 7.49
A 6.07 7.90 11.28 15.16 15.14 20.93
10 Period 0.37 0.66 1.12
Vg 910.68 1502.87 1675.10
Vy 1428.47 1261.42 2318.14 1981.09 2551.42 2339.41
Ay 1.03 0.92 3.35 2.86 7.53 6.90
A 5.94 7.80 11.15 14.88 18.14 24.23

The following equation is for a rock site:

1 1

_ 1.5(In(T)—0.6)2
10T —uT 2T

d=1+

where @ is a coefficient reflecting a soil condition. The
system ductility ratiox is obtained by dividing the
roof displacement at the limit state by the system yield

displacement.

Fig. 12 plots the inter-story drift and story shear force
relationship in each storyfothe nine-story SCBF and
OCBF structures with span length of 6 m. Based on
the figures the story ductility ratios were computed and
presented irFig. 13. It can be observed ifig. 13 that the

(6)

maximum gory ductility ratio becomes 3.55 and 7.04 for
SCBF and OCBF, respectiyelwhen tle maximuminter-
story drift reaches 2% of the story height. In the case of
OCBF, the story ductility ratio exceeds 5.0 specified in
SEAOC R4 for the limit state of the collapse prevention
performance level. This is contributed not only from the
buckling of the braces but also from the plastic deformation
in beams caused by the unbalanced force between
the tensile yieldig and compressive buckling force of
braces.

Figs. 14and 15 show the system ductility factoR, of
braced frames when the maximum story drift ratio reaches
2.0% for the SCBF and 1.5 and 2.0% for the OCBF. In
most cases the factors computed by Miranda and Bertero
turned out to be larger than those by Newmark and Hall.
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@ the height of building increases except for the three-story
g T OCBF computedusing Miranda and Bertero’s equation.
1 This can be understood in referenceé-tg. 16, which shows
| that the ductility factor computed by Miranda and Bertero

% increases as the ductility ratio increases up to 6 (up to 8
0 T for longer period structure), but then decreases in further
G ’ increase of ductility ratio. As the ductility ratios of the three-
Number of Stories

story OCBF are slargeas 6.8 and 8.4 for the bay length of
8 and 10 m, respectively, the ductility factoR, decreases to
4.4 and 3.8, respectively.

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

Fig. 11. Overstrength faots of model structures.
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length.

10 m bay length has response modification factors larger
4.5. Response modification factors than the IBC 2000 specified value of 5. The response
modification factors obtained at 2.0% maximum inter-
The response modification factors, presenteBigs. 17 story drift are slightly largethan thos obtained at 1.5%
and 18, are computed by multiplying the overstrength inter-story drift. Considering that most OCBFs reach the
and the ductility factors obtained in the previous sections. limit state of the collapse prevention stage, as observed
In SCBF the response madification factors are obtainedin Figs. 9and 13, it would be reasonable to compute the
when the maximum inter-stprdrift ratio reaches 2.0%, response modification factor at 1.5% maximum inter-story
while the factors at 5% and 2.0% inter-story drifts are  drift.
obtained in OCBF. It can be observed that the response The response modification factors for OCBFs obtained
modification factors decrease as the span length decreasem this study are soewhat smber than those obtained by
and the height of the building increases. In the three- and Balendra and Huandd] with 3-, 6-, ard 10-story inverted-V-
six-story SCBF structures the response modification factors braced frames, which are 8.52, 5.23, and 3.74, respectively.
turns out to be larger than 6 which is prescribed in IBC The ductility factors are quite similar in both studies;
2000, and in higher structures the factors are generally however the overstrength factors of their study, which range
less than 6. For OCBF only the three-story structure with from 2.48 to 5.57, are larger than those of the current study.
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Fig. 15. System ductility factors of OCBFs.

These differences can be explained by the difference in5. Comparison with incremental dynamic analysis
seismic load usednithe stretural design. The ratios of results
baseshear to seismic gravity loal/p/ Wy, of theiranalysis

models are 1.4%, 1.4%, and 2.2% for the 3-, 6-, and 10- A series of incremental dynamic analyses were per-
story structures, respectiyemhile those of our models are  formed until all the predefirklimit states were exceeded
12.5%, 10.2%, and 7.6% for the 3-, 6-, and 9-story OCBF i\ order to verify the results of static analyses. Among the
structues, respectively. This implies that their models are time history records developed for the SAC proje29||
assumed to be located in a low-seismic region, while the six records which match well ith the design spectrum
study models of the current study are designed for higher (Sps = 0.5 g, Sp1 = 0.3 g) were selected for dynamic
seismic lods. These results match with findings of Jain analyses. The response spectra and the design spectrum are
and Navin Pg| that the overstrength factors of structures depicted inFig. 19. Inelagic time-history analyses were car-

in a low-seismic region are five times as large as those inried out using the six-story SCBF model structure with 8 m
high-seismic region. Therefore it can be concluded that the span length usig the program SNAP-2DX3[0], and the
structure designed for relatively low seismic load tends to dynamic pushover envelopesre obtained by plotting the
have higher residual strength for seismic load. point corresponding to the maximum base shear and the
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Fig. 16. Comparison of ductility factors computed from Newmark and Hall
and Miranda and Bertero’s equations.

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

To obtain behavior factors, the six dynamic pushover
envelopes were averaged and the average curve was fitted
into a bi-linear curve. The overstrength factor obtained in
this way is 2.88 which is 11%smaller tha the fctor
obtained from the static pushover curve. However the
dudility 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 obtained
from the static pushover curve. Consequently the response
modification factoresults in 5.76—6.1ith the mean value
of 5.75, which is almost identical to the value obtained from
static pusover analysis (which is 5.74).

6. Conclusions

The overstrengttductility, and the rgsonse modification
factors of the 21 special concentric braced frames and
9 ordinary concentric braced frames with various stories
and span lengths were evaluated by performing pushover
analyses. Some of the results were compared with those
from nonlinear incremental dynamic analyses. The model
structures were designed for relatively large seismic load and
the beam-caimn connections were assumed to be pinned

Response modification factor (R)

Response modification factor (R)

so that the seismic load was resisted mainly by braces. (o)

Swch design conditions are expected to produce somewhat
conservative results for response modification factors. The
resuts of this study can be summarized as follows:

(1) The overstrength factors increased as the structure

height decreased and the span length increased. In
SCBFs, the factar tumed out to be 1.9-3.17 for 6 m
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Fig. 17. Response modification factors of SCBFs.

span, 243-4.10 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 1.32to0 1.59 (1.5% maximum inter-story
drift ratio) and 1.24 to 1.40 (2.0% drift ratio), which are
significantly smaller than 2.0. The underestimation of
overstrengthdctors in design codes may lead to unsafe
design by underestimating the seismic force transferred
to a critical element fromhe other elements of the
lateral force resisting system.

The dudility factors were obtained as 1.28-2.2
(Newmark and Hall procedure) and 1.29-2.49 (Miranda
and Bertero) for SCBFs with limit state of 2% maximum
inter-story drift ratio, ad as 1.73-3.24 (Newmark
and Hall) and 1.95-3.95 (Miranda and Bertero) for
OCBFs with 15% maximum drift ratio. As in the case
of overstrength factors, the ductility factors increased
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Fig. 18. Response modification factors of OCBFs.

as the structure height decreased and the bay length(4) The maximum base shear envelopes obtained by
increased. incremental dynamic analyses generally formed an
The response modification factors were in the ranges ~ UPPer bound to the static pushover curve. The response
2.49-6.8 (6 m span), 3.01-9.08 (8 m span), and modification factors obtalned_ f_rom the two different
3.77-9.55 (10 m span) for SCBFs, and 2.44-5.09 for ~ Proceduresturned out to be similar.

OCBFs when the Newmarknd Hall procedure was

applied to compute ductilitfactors. As the response It turned out that the earthquake-resisting capacity of
modification factors were computed by multiplying braced frames, especially OCBFs, was generally less than
overstrength and ductility factors, they also increased the level specified in a design code such as IBC 2000.
as the structure height decreased and the span lengtiHowever, considering the fact that braced frames have
increased. In SCBFs the response modification factors superior load-resisting capacity as long as the compression
turned out to be smaller thahe ode-specified value braces do not buckle, it would be reasonable to design
of 6.0 in most model structures except the three-story brace frames as rather more strength based by reducing
structures. The response modification factors were lessthe response modification factor. In fact, the response
than the code value of 5.0 in all OCBF model structures. modification factors for the intermediate steel moment
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frames and the ordinary steel moment frames specified
in FEMA-302 [31] were 6 and 4, respectively; however,
based on new findings from recent research, they were

reduced to 4.5 and 3.5, respectively, in FEMA-3&2][
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