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ABSTRACT :

Existing reinforced concrete frame buildings withnmluctile detailing suffered severe damage and caassd
life during earthquakes. Different rehabilitatioysems have been developed to upgrade the seisniarmanc
of this kind of structurebefore being subjected to an earthquake: in paaticbuckling restrained steel bra
(BRB) offer many advantages.

BRB differs from a conventional brace in that icepable of yielding both in tension and comprassistead ¢
buckling thus exhibiting very favorable energy-ghssing characteristics.

The present paper deals with the seismic protectodnreinforced concrete frames. In particula
displacement-based procedure to design dissipBRER for the seismic protection of masonry-infilleéimes i
proposed. A twdeld performance objective is considered to prothetstructure against the collapse (ULS)
the nonstructural damage (DLS) by limiting global displaents and interstorey drifts so that structural iafit
integrity is grated under a given seismic event. Positioning ttaéméces in a structure to maximize tl
effectiveness at minimum cost is a very importastieé which is considered too.

As an example, an infilled-frame building, desigraadording to the non-seismitalian Code and thus only
vertical loads, is analyzed. A numerical studyreeistigate its seismic behavior with and withoutBBR carrie
out. Non linear static and dynamic time-historylgses to assess the effectiveness of the propetedititdion
design procedure are performed.

KEYWORDS: structural response, infilled r.c. frame, seisnmiat@ction.
1. INTRODUCTION

Buildings not designed according to seismic codesgnt structural deficiencies and might suffer @genand collapseher
subjected to seismic action; in this case rehaliiih aims to guarantee life safety of people. dogs designed according to
modern seismic concepts can usually resist evestrtmg seismic action thus preventing collapse buthe same time,
accepting some damages in structural and non stedlatomponents. In this case it midie reasonable to reduce struct
vulnerability. Common retrofitting aims to enhance structuralrgite (reducing ductility demand) or dissipation ahattility
(reducing drift and allowing plastic deformations).

In the last decade a very diffuse retrofitting systuses buckling restrained dissipative steel srgB&B) hat offer som
unquestionable advantages: openings adaptivegwaet weight increase, easy installation and minimnterference 1
buildings use, strength increase controlled, reledésipation increase.

The bracing member consists of a core steel pedpwed with a special coating to reduce frictiowd @ncased in
concrete-filled steel tube preventing steel corekbng in compression. Then, axial forces are absdrby the core onlyha
is free to lengthen and shorten, thus dissipatirygy by yielding both in tension and compression.

As any metallic damper, BRB behavior depends ogdtsmetry and mechanical characteristics. Thesieeeprovidea stabl
hysteretic energy dissipation with a cyclic resgopgactically coincident with the steel constitetiaw. The steel core can
realized in various ways according to the employtmsteel plates are useful with thin walls and st steeprovides hig
stiffness and resistanc&hese devices can replace a whole brace elementspecially in case of particularly sn
displacements and high stiffness, they can assheneanfiguration of short elements connected iiesdo a traditional brace.
In this work, a design procedure to determine theracteristics of dissipative steel braBa® retrofit an existing building is
discussed and verified. The procedure is basedsptadement response control and the use of welvknnon linearstatic
analysis.
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2. DESIGN METHOD

2.1. Relevant Parameters

In BRB design it is useful to be aware of dissipgtbraces effects on structural behavior:

1. initial stiffness increasing, 2. strength in@ieg, 3. modal shapes changing, 4. energy dissipaticreasing. Effects, 2
and 3 influence the structural capacity curve waffect 4 influences the demand curve.

A reasonable force-displacement model to descriRB Behavior is the bilinear law that defined by elastic axial stiffne
K'y, yielding forceF',, and hardening rati,.

So the main variables in design procedure aredlf@fing:

1. the plano-altimetric position of BRB that infhees device sizing because it modifies the bracathd deforme:
configuration;

2. the stiffnesK’y, that directly affects the elastic stiffness of bmaced structure;

3. the yielding forcé'y, (or the yielding displacemeiX,) that determines the point over which the BRB lsareffective tht
influencing both the resistance of the braced sirecand its energy dissipation capacity;

4. the hardening rati@, that affects both the resistance of the bracettstre and its dissipative capacity.

Such characteristics depend on mechanical propatimaterials (yielding strengtky, elastic modulug,, hardening ratig,)
and on BRB geometry (length inclination §,, cross section areg,).

Generally, it is possible to recognize in BRB atjoor of lengthl,; and sectiord,; in which yielding deglops and a mo
resistant remaining portion of lengih=l,-l,; and sectior,, (§5i%! FILFBIFIHIE. (b)). Such elements are connecte
series so that it follows:

Ky =l (1)
Kbl + sz
Fb’y = fbyAli (2)
I = F_b,y = h|
""K, E,° )

whereK'p=EpAni/lp; is the elastic stiffness of the dissipative partamdK',=EpAn/lp, is the brace stiffness (without damper).
In case of whole dissipative bradgsl,;, Av=Ap; andK'p=K'y;.
The systenB, connected to the structueis defined by the horizontal components:

K, =K cog 6, 4)
Foy = ngcosé?b (5)
Dby = DLy/COSHb (6)

In a design procedure it is reasonable to setdl@iing elements:

1. material propertiedy, E,, ), that are limited to commercial products;

2. planar configuration of bracds, (8, that is determined by architectural constraints;
3. yielding displacemend,, that depends on expected displacements of braceduse.
Finally BRB design, as discussed in this papemced to determine the stiffndss

2.2. BRB configuration

Placement in plant and elevation together withalltesion modality is a relevant matter in BRB desiGeometric restrain
usually influences braces positioning, in partictifes happens in presence of doors, windows, gassanfill and so on.
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Braces can be inserted in the frame bays or platesh external structure to be connected to thetiegi one.Then BRE
placement should be analyzed case by case evem# general considerations can be drawn. Bracesgmirsg influence
both structural deformation, since it modifies micgtapes, and damping devices effectiveness.

The addition of braces should reduce or eliminatentual translatiometation coupling effects, induce constant or lihg
increasing interstory drifts and maximize damping ainimize costs (Zhang and Soong, 1992).

Different criteria to optimize BRB stiffness distrilmn are proposed in scientific literature: const@neach story, proportior
to story shear, proportional to interstory driftsthis work the latter is assumed, then bracénst#isK,; depends omierstor
drift g:

Ky = KyCy (7)
where:
6 =— 8)
= (3]

This is a simple criteria aiming to make the defation of the braced frame to be linear.

3. Proposed Design Procedure

The following proposed design procedure for buckliegtrained dissipative braces (BRB) generalizes kimd Choi’
approach (2004)n the latter the required energy dissipationris/led by the hysteretic deformations of the BRiyavhile
the structure is assumed to remain elastic. Tisigraption makes the method not always applicable.

Generally, in case of strong seismic events, thettre could undergo plastic deformations thaukhbe take into account
BRB design procedure.

The procedure igerative because the addition of BRB modifies ttnacsural response and in particular the capaaitye
that has to be updated as long as BRB charactsresté being defined.

The proposed design procedure is based on thekn@iin Capacity Spectrum éthod where the total effective damping
braced structure,q s.gis expressed in terms of equivalent viscous daghpia linear combination of the equivalent darr
of the structure onlyeq s the equivalent damping of BRBqgand the inherent damping (usually 5% for r.c. structures &
2% for steel ones).

+V

eq S sHV (9)

|/eq,S+ B: 4

In a displacement based design perspective, tHerpgnce objective is selected at first as theetadisplacement to mee
selected Init state for a given seismic action. The requitetdl effective damping to make the maximum disptaent les
than the target one is then determined and the &Riional damping estimated as the differencevben the total dampi
and the hysteretidamping of the structure only. BRB characteristigg finally determined to guarantee the reqt
additional damping. Since it usually happens thatgerformance point of the braced structure fediht from the target or
iterations are needed until convergence.

The main steps of the procedure follow.

1. Define the seismic actiothe seismic action is defined in terms of elastgponse acceleration spectruis)

2. Select the target displacemettie target displacement is selected (for exartipetop displacemeri?;*) according to th
performance objective.

3. Define the capacity curvéhe capacity curve of the braced structs8 in terms of top displacement and base sh2a¥/)
is determined by a pushover analysis. A simple msldape load profile can be usef:M @ Notice that the structure on8js
considered at the first iteration.

4. Define the equivalent bilinear capacity curtke capacity curve is approximated by a simpléndar curveD,-F., that is
completely defined by the yielding poifd,, Fs+,,y) and the hardening ratj., (Ds,, Fsy, G Of thestructure only at the fir
iteration).

5. Define equivalent single degree of freedomoF system is converted insDOF system by transforming the capacity ct
into the capacity spectrur®{-S,,)
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(10)

where/ is the patrticipation factor of the modal sha;pmldL:ﬂMl.

6. Evaluate the required equivalent viscous dampthg equivalent viscous dampimeqs.gOf the braced structure to m:
the displacement of the equivalesiboF system equal to the target spectral displacenSantD,/(/ @) is determinec
According to the Capacity Spectrum Method, this pisng corresponds to a reduced demapdctra that meets the capa
spectrum at the target displacement:

V;q,SO-B | Sd(V*eq$ I): Sc (11)
7. Evaluate the equivalent viscous damping of thecstire only the equivalent viscous damping due to possibédastic
deformation of the structure only*¢qs at the target displacement is determined. SineeBRB addiction modifies tl

structure and then its capacity curvé,sis evaluated as the difference between the damyiitige braced structurg*¢q s.s
and the damping supplied by the BRB.q g
e (12)

Vegs = max{v wqs 5V

where:

o (D*):i ED,B(D*) _ Zj(l_ﬁbj)(Déi_Dlliiyy)':byj,y
) are, (0] SENCD

Y 2
eq B T

(13)

being D" the story displacement vector Bf and Epg and Ess.s the corresponding energy dissipated and straimggne
determined from the capacity curve of the bracedcsire respectively. The axial displacement of daenpingbrace at th
j™floor D'y; can be determined from its inclination angigand interstorey drif§j=D;-Dj.1: D'y=3Cc0b;.

At the first iteration step* ¢4 sis directly given considering the structure only:

F,D.-D.F(D) .
D.F (D)

_ _2
Veas= > _I_T (14)

wherex depends on the real structural behavior (ATC406)9
8. Evaluate the additional equivalent viscous dampihg equivalentviscous damping needed to be supplied by the Bl
make sure that the maximum displacement of thetsirel with braces does not exceed the target displant is evaluated:

—x * *

V :Veqs B eq S_V (15)

eq B

9. Determine BRB axial stiffnesthe BRB axial stiffness to achieve the requirdditional damping is evaluated. Assurr
BRB with bilinear behavior at each storey:

, oy ) Fo
214(1_ﬁb1)Kb1 (lb,-Jj cost; -1 EbZ'ij:

f j ] 1 r
Zj D;Fy +Z,- [ zbEy] (1_13131) Kiil0; c0S8; +*2:3ijqu'2 Coﬂ?}
b

;oL
8 41
2

(16)

wherefy; is the yielding strengttE, is the elastic modulus an@; is the hardening ratio of the BRB; and g are the stot
displacement and the interstory drift'&floor (determined from the pushover analysis &imdisplacemend,) respectivel
andly; is the BRB length gt"-floor.

Select braces configuration according to archit@ttoonstraints and assembly the ved@@#[Cy1, Coo, ..., Cojs ..., Con] tha



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

defines BRB story stiffness distribution as given(8). Thus, corresponding BRB axial stiffness at edahbrfis K',=[K'y,
K'qu ceey K’bj: vey K'bn]:K’b Cb-
Assuming BRB made of the same materiig|~f,y and5,=/4) it follows from (16):

V..sy DFg
K, =l 484 19 o2 S (17)
2 C- CZVeq,B
where:
— fby 2 fby
Cl = E(l—ﬁb)zj ij |ij1 COSHbj - lbj E (18)
b
_nfy, T , ,
C = >E (1-4,) 2., &ly0; coss +318sz G;0; cod, (19)
b

10. Check convergencaisually, the stiffness given by (118 not the final solution because it differs frahe one used
determine the capacity curve. In this case, steps 8 to 9 must be repeated until the top displas#meets the target one.
After convergence, the BRB sections are designed.

2. CASE STUDY

The proposed design procedure is applied to re@afexisting r.c. frame structudesigned to resist vertical lo:
only. This structure is a 2D r.c. regular framghwthree bays (5.000 m long) and three storie85@.m high]
Beams and columns have 2800 mnf and 406200 mnf rectangular cross sections respectively waihforcing
arrangement shown in Figure 1. Design vertical $o@kcluding self weight, include 5.00 kNrdead loads ar
2.00 kNn¥ live loads. The structure rises in a seismic avbih is characterizely an EC8 elastic respol
spectrum, soil type B, with a peak ground accdlenaif 0.30 g.

Structural analysis is carried out with the prog@deOpenSeediber non linear models are used both for frame
elements and braces. In particular Kent and Padeirend a modified Stanton and McNiven model haanb
adopted for concrete and steel materials, respgdgt{Figure 2, Figure 3).
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Figure 1. Details obeams (right) and columns (left) cross section
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Figure 2. Cyclic model of unconfined and confinedarete.
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Figure 3. Cyclic model of the reinforcing steel.

According to the proposed approach, pushover agsligave been carried out to defihe tapacity curves and
evaluate the structural response of both existimfjlmaced frame. First mode proportional load fesfhave bee
applied but it is worth noticing that different Ki& of pushover methods (e.g. multimodal or adaptbeild b
used as well if considered more suitable for thgppse without any changes in the procedure.

The Capacity Spectrum Method is used to predictpgrformance point of the structure and then tdusta it
corresponding seismic response in terms of hor&@ahory displacements and damage distribution.

The performance point of the existing structureemms of base shear and top displacemeM,#227 kN anc
D=50 mm and, as shown in Figure 5(a), the strudtaea shear type deformation and is heavily damagjbd
plastic hinges spreading mainly at the ends ofdiver columns.

Then, the performance objective is to reduce mamirdisplacements so as to avoid structural damagase ok
0.30 g seismic event.

A target top displacement equal to 25 mm is selectieis value is about 80 less than the maximum 1
displacement of the existing frame and about 3%heftotal height of the framé&hen it is assumed to be the ta
displacement to meet a serviceability limit state.

BRB configuration has been chosen according toitaatiral constraints and devices designed forstlecte
performance objective.

45( 60
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0+ T T T . . . . . .
0 100 200 300 400 0 1 2 3 4 5 6 7
D, [mm] n°iter [-]
Figure 3. (a) BRB effect on capacity curves, (fétenance top displacement of the braced frameacth step
(iter=0 is the original frame).
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As shown in Figure 3(a), BRB addition modifies tapacity curveof the existing frame and thus its performe
point. The iterative procedure converges quickltheotarget displacement as depicted in Figure 3(b)

The performance point of the braced frame with BReBigned at step 2 is defined by a base sWg&819kN anc
a top displacemem=24 mm (practically coincident with the target ane)

Non linear dynamic analyses have been performedgess the effectiveness of the proposed procedure.
Twenty-one natural earthquakes on different sqesyand different peak ground acceleratioage been select
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to perform incremental non linear dynamic analy$&ssults in terms of capacity curves are showniguré 4
Notice that BRB addition makes the deformationtef frame much more sensitive to the fundamentalenw
vibration so that pushover analysis results becameh more effective.
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Figure 4. Capacity curves vs. incremental nonliyaxamic analyses of bare and braced frame.

The mean maximum base shear and top displacenmentdynamic analyses with pga=0.30 g are equaBfiokN
and 61 mm for the bare frame and 305 kN and 25 owrthe braced one which area very good agreement w
the ones estimated by means of the Capacity Spedttethod and in particular with the target top thspment.
As shown in Figure 5, the addition BRB significantly reduces damages with respechéodriginal frame: at ti
target displacement all BRB are yielded and digsipamergy enough to make the braced frame ablartovs ¢
0.30 g earthquake almost with no structural dam&gesBRB allows retrofitting of the original sttuce.

@ @ D
p
®© © © ©

Figure 5. Damage distributions of existing andafitbed frame.

Other examples on 2D and 3D frame structures &engn (Albanesi et al., 2007a, 2007b, 2008).
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