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The Effect of Frame Geometry on the Seismic
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Abstract—Conventional concentrically-braced
systems have limited drift capacity before bracekbng and related
damage leads to deterioration in strength anchesH. Self-centering
concentrically-braced frame (SC-CBF) systems haenkdeveloped
to increase drift capacity prior to initiation odmiage and minimize
residual drift. SC-CBFs differ from conventional E8in that the
SC-CBF columns are designed to uplift from the fiation at a
specified level of lateral loading, initiating agid-body rotation
(rocking) of the frame. Vertically-aligned post-séoning bars resist
uplift and provide a restoring force to return 8@-CBF columns to
the foundation (self-centering the system). Thipguapresents a
parametric study of different prototype buildingsing SC-CBFs.
The bay widths of the SC-CBFs have been variethése buildings
to study different geometries. Nonlinear numeriaablyses of the
different SC-CBFs are presented to illustrate tffece of frame
geometry on the behavior and dynamic response @fS86-CBF
system.

Keywords—Earthquake resistant structures, nonlinear analysis

seismic analysis, self-centering structural systems

|. INTRODUCTION

TEEL concentrically-braced frame (CBF) systems sifé

and economical earthquake-resistant steel fram&erags
that often have limited system ductility capacitefdre
structural damage initiates. Under the design bemithquake,
CBF systems are expected to undergo drift demdradctuse
the braces to buckle or yield, leading to residlrét after the
earthquake. Ductility capacity can be increasedutn the use
of buckling-restrained braces [1]-[2]; however, kiitg-
restrained braced frame systems may exhibit saamifi
residual drift after an earthquake [2]. Self-ceimigr
concentrically-braced frame (SC-CBF) systems haeenb
developed to maintain the advantages of convertiQit
systems (i.e., economy and stiffness) while inéngaghe
lateral drift capacity prior to the initiation ofractural damage
and decreasing the residual lateral drift [3].

SC-CBF systems that permit column uplift withoustraint
from the adjacent gravity load carrying beams haeen
developed [4]. Lateral forces are transmitted thi® SC-CBF
through lateral-load bearings that develop frictforces that
help resist uplift of the SC-CBF columns.
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frame (CBF) Previous research identified overturning moment thees

main strength parameter for the SC-CBF structured a
introduced a design parametgthat quantifies the overturning
moment resistance provided by the friction enenggidation
elements [5] is a function of frame geometry; in this study,
frame geometry is varied to determine the effect thud
variation of7 on the seismic response of SC-CBF systems.

This paper presents a parametric study of the resspof
SC-CBFs with different frame geometries (differeatues of
n). SC-CBF systems with similar floor plans but eifnt
frame bay widths were designed and studied. Statid
dynamic nonlinear numerical analysis results aesgmted for
each frame design to show the effect that chartiegalue of
n has on the performance and behavior of the SC£Btem.

Il. SYSTEM BEHAVIOR

The SC-CBF system considered in this study is shown
schematically in Fig. 1(a). The beams, columns, lanades of
the SC-CBF are in a conventional arrangement; hewev
details at the SC-CBF column bases permit decorsipresind
uplift, enabling rocking of the SC-CBF. Two setsamlumns
are indicated in Fig. 1(a): SC-CBF columns, whicte a
permitted to uplift from the foundation as shownFig. 1(b),
and the adjacent gravity columns, which do notfupht each
floor level, lateral-load bearings are designed triansmit
lateral inertia forces from the adjacent gravitjuocans (which
are connected to the floor diaphragms) into the CBE-
(which is not connected to the floor diaphragmsheSe
lateral-load bearings allow relative vertical dasmments
between the SC-CBF columns and the adjacent gravity
columns. Self-weight of the SC-CBF members, frictat the
lateral-load bearings, and post-tensioning (PTEderin the
PT bars resist column uplift and provide a restpforce after
uplift occurs. The SC-CBF includes a distributiomus to
transfer the PT bar force to the braces.

Under low levels of lateral force, the structurefodms
elastically, similar to the response of a converdloCBF.
Overturning moment from the lateral forces causesdaction
in the compression force in one SC-CBF column; uhigher
levels of lateral force, this effect overcomes thmitial
compression in that SC-CBF column. This causeSt«CBF
column to decompress and uplift, and rocking bedravi
initiates as shown in Fig. 1(b). The rocking bebawonsists
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of two drift components: (1) elastic deformatioattiis similar  drift capacity prior to the initiation of structurdamage.
to that of a conventional CBF, and (2) rigid-bodytation Cyclic loading of an SC-CBF results in the hysteret

about the base of the compression column. behavior shown in Fig. 2(b). The dashed lines iatgicthe
hysteretic behavior of a bilinear elastic systerthwhe same
@) (b) strength OMp) under cyclic loading to the same peak roof
drift. The solid lines indicate the hysteretic bébaof an SC-
L Lateral-load —> . . L
1 ,7<‘kbearing(typ) Applied CBF with friction-based energy dissipation. Noteatttthe
Distribution ~ force friction at the lateral-load bearings increases thest-
Lo strut decompression stiffness of the SC-CBF with respethat of
PT bar (typ) the bilinear elastic stiffness. The flag-shapedsténesis
/Adia_cem —> exhibited by the SC-CBF is characteristic of selfiering
| gravity (tvp) structural systems. The width of the hysteresip lisoequal to
7 twice the overturning moment resisted by the foictin the
SC-CBF lateral-load bearing€DMgp, which is determined as follows
v column [5]:
(typ) ’
Psc.cer ’ Peo 4 4
Boay OMgp = Fep thep = DD F bep = ¥, ey, (1)

i=1 i=1
where p is the coefficient of friction at the lateral load
bearings between the SC-CBF columns and the adjacen

q A free-b_ody_ disgram_ o_f the ShC'CBFl_e;t Cf)lumng:]ravity columns;bgp is the distance between the SC-CBF
ecompression is shown in Fig. 2(a). The applieerovning column and the adjacent gravity column of the ofipaside

moment (from the Iatera_l forcés) is gqual Fo the overtu_rn_ir_19 (as shown in Fig. 1(b)): andl, is the base shear, which is
moment at decompressio®Nlp) and is resisted by the initial equal to the ratio of the applied overturning motr@m) to

PT bar force '?TO,)' the self-weight of the SC'C_:BF membersyq effective height of the structure Y. Therefore, (1) can be
(W), and the friction forces at the lateral-load lregs at each rewritten as [5]:

floor (Fep;). By definition, at column decompression, only one

Fig. 1 SC-CBF concept: (a) configuration; (b) raakbehavior.

SC-CBF column transmits vertical loads to the fatiwh. OMgp :,uE-ICMEﬂJED :/Jd@ECDM =n[OM (2)
Further increases in applied overturning momeritagilise the h h
SC-CBF column with zero vertical reaction to upfiom its Here 77 is a dimensionless design parameter relating the
base and will elongate the PT bars. overturning moment resisted by the friction in thteral load
bearings to the applied overturning moments a function of
@) (b) frame geometry and friction properties at the Htdoad
bearings.
S oM 7
Fi— OMy——"" Ill. PROTOTYPESTRUCTURES
Fep T Three prototype structures were designed using BEsC
Fi with friction-based energy dissipation as the Hitefiorce
Fepy lw resisting system. The prototype structures are-$tany office
Fi— 4 ® buildings designed for a site with stiff soil in Waluys, CA.
Feo I The prototype structures have equal floor areasidewtical
F— = 1 20Mgp

story heights. Building dimensions are given in.R¢g). The

v. 4 coefficient of friction (1) at the lateral load bearings between
T‘_ b the SC-CBF columns and the adjacent gravity colurisns
Fe assumed to be equal to 0.45 for all three protostpectures.
Therefore, to vary the parametgr the typical floor plans for
the prototype structures are different, as showrign 3. Each
CDrototype structure has four SC-CBFs in each doactbut
the bay widths of the SC-CBFs are varied. The SG<B
designed for the prototype structure floor plansvwahin Fig.
3(b), 3(c) and 3(d) will be called Frame "a," Frathe' and

response after column decompression because the p Jame ¢, respegtlvely, throughout this paper.
The total gravity loads per floor are equal for #itee

decompression stiffness is much less than theielstiffness .
of the SC-CBF. Therefore, the increases in elast%rototypes. The dead loads include the concreter fislab,

deformations and internal forces in the SC-CBF mamilare s_te:-el floor de_ck, mv_schanical equipment, floo_r aralling
limited by the rocking behavior, resulting in adar lateral finishes, cladding weight, and an estimated wejgit square

Fig. 2 SC-CBF behavior: (a) free body diagram &fiom
decompression; (b) hysteretic response.

Elongation of the PT bars increases the PT barefor
providing a positive stiffness to the post-decorapian lateral
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foot of structural steel. The seismic mass of eéobr,
excluding the roof level, included the dead loags.72 kPa
for partitions, as per ASCE7 [6]. The “tributary®ismic
masses associated with the SC-CBF, from the fost fo the
roof, are: 377000 kg, 375000 kg, 375000 kg, andd)08&g.
The initial PT bar stresses are assumed to be ¢gul% of
the yield stress for all three frames.
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Fig. 3 Prototype structures: (a) typical elevatig;floor plan for
Frame "a;" (c) floor plan for Frame "b;" (d) floptan for Frame "c".

IV. DESIGNSUMMARY

The performance-based design procedure [5] for 8€-C
systems with friction-based energy dissipation sediin this
study to design prototype SC-CBFs with differenanfie
geometries.

TABLE |
FRAME PARAMETER COMPARISON
Frame "a" Frame "b" Frame "c"
Bpay (M) 6.9 9.2 12.2
n 0.25 0.35 0.48
W (kN) 203.6 173.8 202.4
Apt (mmZ) 10140 6120 4840
LGe 0.43 0.59 0.79
OMp (MN-m) 14.1 13.8 19.4
OMy (MN-m) 34.1 32.9 45.2

Table | shows that Frame "c," which has the higlfieshe
bay width, has the highest value mf conversely, Frame "a,"
which has the lowest frame bay width, has the lowekie of
n. As the value ofyincreases, the energy dissipation rgo
increases and the required PT bar area decredsesndmber
force design demands are highly dependent uporPThéar
yield force [5]; therefore, increasing helps to reduce the
sizes of the SC-CBF members. As the PT bar yietdefas
reduced (i.e., a®pr decreases), the force demands in these
members are reduced, and consequently the menziesrtend
to be reduced, as shown in Table II. Though the lbegraizes
decrease with increasing the weights of the structures do not
follow the same trend due to the differing framedtvi(i.e.,
beam and brace length) of the three prototypes.

TABLE Il
FRAME MEMBER SELECTION SUMMARY
Frames
Story "a" "b" "c"

1 W14x159 W14x109 W14x109

Braces 2 W14x109 W14x90 W14x90
3 W14x176 W14x132 W14x145

4 W14x90 W14x74 W14x68
1° W16x100 W16x100 W16x100

Beams 2 W16x77 W16x67 W16x67

3 W16x67 W16x67 W16x67

4 W16x89 W16x67 W16x67
1 W14x233 W14x159 W14x145
Columns 2 W14x233 W14x159 W14x145

3 W14x90 W14x68 W14x68

4 W14x90 W14x68 W14x68
Strut 4 W14x211  W14x120 W14x99

2indicates floor levels for beams

V. PUSHOVERRESPONSE

Pushover analyses of each frame were used to \héfythe
SC-CBFs exhibit the expected behavior and to coenfizeir
responses. The load profile used for each analysis
proportional to the first mode forces, calculateddd on the
elastic mode shapes of the fixed-base SC-CBF. Tia/ses
were performed using the OpenSEES nonlinear amsalysi
software [7]. The responses from monotonic pushanatyses
of all three frames are shown in Fig. 4, which pltite applied
overturning moment versus the roof drift.

The elastic stiffness of each frame is a functibthe SC-

Table | summarizes seven parameters of the SC-CEBIBF members; therefore, Frame "c" has a slightlyatgr

designs: frame bay widthbg,), design parametey, total SC-
CBF member weightW), the area of the PT barégf), the
hysteretic energy dissipation ratio5], the overturning
moment capacity at decompressiorOMp), and the
overturning moment capacity at PT bar yieldif@\y). The
member selections for the three designs are sumedhiin
Table 1.
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elastic stiffness than the other frames. The listdte of
column decompression is a function of the init@ice in the
PT bars, the weight of the SC-CBF members, andrdrae
width. As shown in Table | and Fig. 4, Frame "c'shhe
highest value oDMp, whereas the values @My for Frame
"a" and Frame "b" are very close; the differencénitial PT
bar forces and frame weights for Frames “a” andai® offset
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by the difference in frame width. Note that thetbyssis loops beams, columns, and braces of the SC-CBF were ewhds
in Fig. 5 show a reduction in slope bef@W; is reached; this linear elastic to permit the determination of thennber force
is likely due to redistribution of the friction foes at the demands required to keep the members linear eldsie PT

lateral-load bearings. As shown in Table | and BigFrame

bars were modeled using nonlinear beam-column eleme

"c" has the highest value @dDMy and Frame "b" has the with a post-yielding stiffness equal to 2% of theilastic
lowest.OMy is a function of PT bar area and frame width. Thstiffness. The gap opening behavior at the colursebd was

roof drift capacity at PT bar yielding, which isfanction of
initial PT bar stress and frame geometry, is thghdst for
Frame "a" and the lowest for Frame "c." Therefdoe,these
designs with identical initial stresses in the Parsh the
increase in frame width (increase in the valugofesults in a
decrease in the roof drift capacity at PT bar yiejd

o]
o

Frame "c"
\\
N

3 Frame "a"

a
o
|

N
o
I

Frame "b"

N
o
|

Overturning Moment (MN-m)
= w
o o

o

0.5 1.0 15 2.0 2.5 3.0
Roof Drift (%)
Fig. 4 Monotonic pushover response to PT bar yigjdi

o
o

The difference in energy dissipation ratj@) for the three
SC-CBF designs, as tabulated in Table 1, is evigehig. 5,
which shows results from cyclic pushover analyse$% roof
drift. Frame “c” has a relatively wide hysteresiop with a
high value ofOMp, and has the highest value&f Frame "a"
and Frame "b" have similar values &Mp; however, the
hysteresis loop for Frame "b" is wider than thaFcdme "a;"
therefore G is greater for Frame "b" than for Frame "a.”

50
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g ______-// Frame "g
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 5 Cyclic pushover response to 1% roof drift

VI. SEISMIC RESPONSE

A suite of 30 scaled DBE-level ground motions [Shswv

used to determine the seismic response of eachefrdime
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modeled using gap elements that resist compregsibmo
tension. The friction behavior at the lateral Idsehrings was
modeled using contact friction elements. Contadttifm

elements are gap elements that develop a frictiomcef
perpendicular to the applied compressive force. |digly
damping was used with 2% damping in the first madeé 5%
in the third mode.
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5 0.9
S T
x f\\g\@
X~ 8
o 8
0.3
Frame "a" Frame "b" Frame "c"
n=0.25 n=0.35 7=0.48
0.0
Fig. 6 Dynamic peak roof drift response for 30 DR¥el ground
motions

Fig. 6 shows the peak roof drift response for deaime for
the 30 DBE-level ground motions. The peak roof tdrif
response tends to decrease with increaginfhe mean peak
roof drift values are 0.99%, 0.91%, and 0.82% fankes "a,"
"b," and "c," respectively. This trend in peak fradrift
response is consistent with the effect of the aseein S
shown in Table I.

1.2
I o
51.0 e g
L Z 8
e mean 8 ° ARL360 ®
~og  OP) . 8 / =
. o @
&
: O S
o] g 8
8 0.6 1 8
©
£
04
z Frame "a" Frame "b" Frame "c"
n=0.25 n=0.35 n=0.48
0.2

Fig. 7 Dynamic peak PT bar force response nornhlzePT yield
force for 30 DBE-level ground motions
Fig. 7 shows the peak PT bar force response naethby

1SN1:0000000091950263



Open Science Index, Civil and Environmental Engineering VVol:6, No:2, 2012 publications.waset.org/14272.pdf

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering
Vol:6, No:2, 2012

the PT bar yield force; as noted in Table |, eaChRCBF has a record was chosen as representative of the SC-@BBRViDr
different PT bar area, leading to different PT biaid forces. because the peak roof drift and normalized PT loacef
Normalized PT bar force values exceeding 1.0 inditlzat PT responses for Frames "a," "b," and "c" follow ttentls of the
bars yielded; the increased force response is dustrin mean values.

hardening in the PT bars. The peak normalized RTfdrae The dynamic roof drift response of each frame to
response for Frame "a" is less than 1.0 for eacth®f30 DBE_ARL360 is shown for each frame in Fig. 8. Ttealp
ground motions. For Frame "b" and Frame "c", thakpe roof drift responses to DBE_ARL360 are 0.85%, 0.73%d
normalized PT bar force response marginally excde@ifor 0.66%, for Frames "a," "b," and "c" respectivetljdwing the
several ground motions. In general, the peak ndazewlPT trend of the mean values for the frames (i.e., esing peak
bar force response tends to increase slightly initheasings.  roof drift response with increasing.

The average normalized peak PT bar force respamse3.74, (@)
0.80, and 0.82 for Frames "a," "b," and "c" respebt 0.8 80 =
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Fig. 9 Dynamic PT bar force normalized by PT yifecte and
1.0 column gap opening response to DBE_ARL360: (a) Eereari' (b)
0 5 10 15 20 Frame "b;" (c) Frame "c."

Time (s) . .
Fig. 8 Dynamic roof drift response to DBE_ARL368) Frame "a"; Flg.' 9 shows the dynamic PT bar force and colunse tgmp
(b) Frame "b"; (c) Frame "c". o.pemlng response of each frame to D.BE_ARL360. For
The peak roof drift and normalized PT bar forcepoeses Simplicity, only the column base gap opening at féfe SC-
to DBE_ARL360 are also indicated in Fig. 6 and FigThis CBF column is shown. Following the expected behawab

International Scholarly and Scientific Research & Innovation 6(2) 2012 87 1SN1:0000000091950263



Open Science Index, Civil and Environmental Engineering VVol:6, No:2, 2012 publications.waset.org/14272.pdf

World Academy of Science, Engineering and Technology
International Journal of Civil and Environmental Engineering
Vol:6, No:2, 2012

SC-CBF systems, the PT bar force is at its maxinmdman the
column base gap opening is at its maximum. Thesegpalso This paper describes a study of SC-CBF systems with
correspond to the times of maximum roof drift ($88. 8).  friction-based energy dissipation and varied frayeemetry.
The magnitude of the column gap opening is higheFfame  Three different prototype frames were considerettiimstudy.
"c," but the maximum normalized PT bar force is nofonlinear static and dynamic analyses were perfdrite
significantly affected by, increasing only slightly with getermine the effect of changing the frame geomgtrgreby

VII. SUMMARY AND CONCLUSION

increasing;.

@)

a
o

N
[é)]

o

changing the design paramet@r on the behavior of the SC-
CBF system.Design comparisons show that increatieg
value of7 tends to reduce the member sizes and the areh of P
steel, while increasing the energy dissipationorgi. The
total weight of the SC-CBF is a function of PT laaea, frame
member sizes, and the SC-CBF bay width; theretbwre is

no simple relationship between and the weight of the
structural members.Static analysis results showt e

)
a

Overturning Moment (MN-m)

o)
o

-1.0 -0.5 0.0 0.5 1.0

Roof Drift (%)

overturning moment capacities at decompressionRihdar
yielding are not exclusively functions aof, but are also
dependent upon the weight of the structure andPthebar
area. Dynamic analysis results indicate that irgingn the
frame width (increasing the value gj tends to decrease the
peak roof drift response, which is consistent wiith effect of

®) the increase in energy dissipation ratio. The pboditya of the

a
o

N
(&)

o

N
o1
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Fig. 10 Dynamic overturning moment versus rooftdrfsteretic
response to DBE_ARL360: (a) Frame "a;" (b) Framé (& Frame
"c.

Overturning Momenet (MN-m)

1.0 10 7

Fig. 10 shows the overturning moment-roof drift teystic
response of each frame to DBE_ARL360. Each franmbés
the flag-shaped hysteresis loops that are chaistateof SC
systems. The deviation from consistent bilinear dvér is
likely due to higher mode effects on overturningnmenit after
rocking [5].
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SC-CBF system reaching the PT bar yielding limatestunder
DBE level ground motions tends to increase slightith the
increase in the value af;, however, the probability of PT bar
yielding is in accordance with the SC-CBF perforoebased
design criteria.
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