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1. ABSTRACT

This paper highlights an alternative seismic destyategy that concentrates damage in
removable steel yielding devices and protects @t of the structural system from
yielding. This design strategy is further enhanbgdising viscous dampers in parallel to
the steel yielding devices. A model for steel yiegddevices exhibiting non-degrading
hysteretic behaviour, such as slit steel deviaesg;dtrength steel shear panels and buckling
restrained braces is proposed. The model is fouolé & accurately predict the
experimentally obtained hysteresis and is impleegnn the OpenSees software. A
prototype steel building is designed following tpeoposed seismic design strategy.
Seismic analyses show that the building achievesddiate occupancy under the design
seismic action and rapid return to occupancy uritder maximum considered seismic
action.

2. INTRODUCTION

The European seismic code EC8 [1] covers convesttitateral-load resisting systems,
such as steel moment-resisting frames (MRFs), dedigto experience inelastic
deformations in main structural members (beamsunoos or braces) under strong
earthquakes. These inelastic deformations resultdifficult-to-repair damage and



downtime during which the building is repaired acahnot be used or occupied. To
overcome these problems, an alternative seismigrissrategy that concentrates damage
in removable steel yielding devices and protects rigést of the structural system from
yielding is highlighted. This design strategy istfier enhanced by using viscous dampers
in parallel to the steel yielding devices. A mofiel steel yielding devices exhibiting non-
degrading hysteretic behaviour, such as slit stiesices [2], low-strength steel shear
panels [3] and buckling restrained braces (BRB§$)d4roposed. The Bouc-Wen model
[5] is modified to simulate combined kinematic ardtropic hardening and is calibrated
against existing experimental results. The moddbisd able to accurately predict the
experimentally obtained hysteresis and is impleetm the OpenSees software [6] for
use in seismic response analysis of buildings aiiglel yielding devices.A prototype steel
building is designed according to EC8 and EC3 ¢lpfving the proposed seismic design
strategy. The results of seismic analyses show timatbuilding achieves immediate
occupancy (IO) under the design seismic action (PBBd rapid return to occupancy
(RRO) under the maximum considered seismic acht@QK).

3. PROPOSED MODEL FOR STEEL YIELDING DEVICE

The Bouc-Wen model has been used to model steklingedevices [4]. The model
accounts for kinematic hardening (i.e., post-yidlokce increase with increasing
deformation). However, it does not account forimropic hardening of steel components
under cyclic loading [2-4].

3.1 Mathematical formulation

The force output of the proposed modified Bouc-Wedel is:
F=pku+@-p)F,z Q)

whereu is the deformation across the eleméthe yield forcek the elastic stiffnesg is
the post-yield stiffness ratio that controls kingimehardening andz a dimensionless
hysteretic parameter obeying to the nonlinear défigal equation
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wheref, y andn are parameters controlling the shape of the smioygteresis, sgn() is the
signum function, and the overdot denotes derivatiith respect to time. The parameder
controls isotropic hardening and is calculated from
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whereup ¢ is the cumulative plastic deformatiam the yield deformation &/K), pe,p, and
pPon parameters that control the isotropic hardening rdtie to cumulative plastic
deformation, and®maxp and ®maxn the maximum possible values df for the fully
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saturated isotropic hardening condition, i.e.,fge—22, Oy— Dmaxp aNADPr— Dpaxp. ON
the other hand, wheu, =0.0,9,=0.0 and?,=0.0.

The current value of the paramedeiis calculated based on the following rulé&sy.
(3.@) is used to updat®, when the deformation increment changes from negaétiv
positive within the plastic region of the hystesesiq. (3.b) is used to updat®, when the
deformation increment changes from positive to tiegawithin the plastic region of the
hysteresis® equals tab, when a positive deformation increment occurs; @nelquals to
®,when a negative deformation increment occurs.

Typically, yielding devices exhibit the sansmtropic hardening in different loading
directions [2-3] and henc@maxp= Pmaxp andpep=pPon. However, the model can simulate
different isotropic hardening in different loadidgections (e.g., BRB hysteresis in [4]) by
using different values for the parameters in E§s)(and (3.b).

3.2 Modd calibration against experimental results
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Fig. 1. Test data and results from the proposed model for slit steel devices (left); low-yield steel
shear panels (center); and BRBs (right)

- Fy k p B y n | Ona Po RMS
Specimern (kN) | (kN/mm) X
Slit device
SL-3in[2] 194 9.80 0.040| 0.90 0.10 | 1.0 0.11 0.0130 0.07
Shear
panel S| 224.7| 441.9 0.005 0.56 044 | 1.0 0.28 0.0135 0.08
in [3]

0.15 0.10

©0.20) | ©15) | 913

BRB in [4] 1050 93.5 0.0173 0.84 0.16 | 1.0

Table 1. Model parameters calibrated from experimental results (*value of parameter for Eq. (3.b);
different isotropic hardening in tension and compression)

The parameters of the model are determined fromractexization test data on steel
yielding devices available in literature. An uncwamed nonlinear minimization method
is used to minimize the root mean square eRMS)

i(F, N I:expi )2
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whereN is the number of the available experimental fofeg data points ané is the
force of the model (sekq. (1)). Fig. 1 shows test data and results from the proposed
hysteretic model for slit steel devices [2], lovelg steel shear panels exhibiting
significant isotropic hardening [3] and BRBs extifg different isotropic hardening in
tension and compression [4]. Table 1 provides médron for the test specimens and the




model parameters as well as the RMS values whidicate the accuracy of the proposed
model.

3.3 Design of dlit steel devices

Chan and Albermani [2] designed and tested steatele fabricated from a short length of
an | section with a number of slits cut from thebwkeaving a number of strips between
the two flanges to deform in flexure and dissipatergy by forming plastic hinges at their
ends. As shown ifrig. 2, the variables involved in the design of the dewace the strip
lengthly, strip depthb and web thickneds
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Fig. 2. Slit steel device designed and tested in [2]

Based on the analysis presented in [2], the yiee&hgthP, of the device is equal to

B nyo th?
Py = Cy TO (5)

whereng is the number of strips in the deviegjs the yield strength of the material agyd
is a correction factor to be determined by expentaleresults. In addition, the elastic
stiffnessk, of the device is calculated through [2]

n, Etb®
k, =C, 5‘|3 (6)
0

whereE is the Young’'s modulus amgiis a stiffness correction factor to be determingd b
experimental results.

The mean values of the corrections facjandc, were found equal to 1.45 and 0.22,
respectively.Eq. (5) provides the force level at which the device \geltiowever, the
ultimate strengthk,, of the device is needed in order to enable rigdiabpacity design of
the main structural members of the frame (beanmapuws and braces). The mean value of
the ratio of the ultimate device strength to thedsistrength, i.eF/Fy, was found equal to
1.32. Another design parameter is the ultimate icydeformation capacity; before
fracture. Based on the tests presented iny2]can be approximately considered equal to
350y.

4. DAMAGE-FREE STEEL BUILDING WITH SLIT DEVICES AND VISCOUS
DAMPERS

4.1 Prototype building



Fig. 3 (left) shows the plan view of the 5-story, 3-bgy3bay prototype office building
used for the study. The design study focuses orperimeter MRF in the N-S direction.
This MRF is designed either as a conventional MRBEoan MRF with steel slit devices
and viscous dampers in order to compare their seisesponse. The slit devices are
supported by braces and connected to the bottargdlaf the beam. The viscous dampers
are inserted in an interior gravity frame (with gionnections) of the building. The MRF
with slit devices and the gravity frame with vissodampers form a hybrid system,
referred to herein as the steel MRF with slit degiand viscous dampers, which is shown
in Fig. 3 (right). The yield stress of structural steel isu@qto 275 MPa. The design
response spectrum of the EC8 with a peak groundeaatien of 0.3g and ground type B
represents the DBE.
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Fig. 3. Prototype building structure: plan view (left); perimeter steel MRF with slit steel devices and
interior gravity frame with viscous dampers (right)

4.2 Design of conventional MRF

The perimeter MRF of the building is designed a®mventional steel MRF according to
EC3 and ECB8. The behaviour factprs equal to 6.5. A 0.75% serviceability limit dmet
peak story driftfmax under the frequently occurred earthquake (FOHB) witensity equal
to 40% of the intensity of the DBE is adopted.

4.3 Design of steel MRF with dlit devices and viscous dampers

The following performance objectives are defined:|Q under the DBE: The targetmax

is set equal to 1% so that: (a) drift-sensitive -stmctural elements can avoid damage
when designed not to interfere with structural defations [1]; (b) residual story drift

to be lower than 0.18,,=0.151%=0.15% [8] and be easily repaired by replacing
damaged slit dampers without disturbing buildingugmation; and (c) main structural
members to be damage-free. RBO under the MCE: The MCE has intensity 150% the
intensity of the DBE and hencé.=1.51%=1.5% permits to avoid yielding in main
structural members, whil&=0.151.5%=0.225%<0.5% ensures that repairing slit yrgdi
devices and drift-sensitive non-structural elemewi be financially viable [9]. In
addition, slit devices should be designed to aviratture under the deformations
associated withmna=1.5%.

Theq factor is equal to 6.5 and defines the force lewelhich slit devices are expected
to yield. The slit devices dimensions are selectasetd on Eqgs. (5) and (6) in order to
provide the required stiffness and strength. Bearmokymns and braces are designed to
avoid yielding and buckling under the ultimate givices forces using standard capacity
design rules. Under the DBE, the MRF with slit degi©ia®ma=1.5%. Nonlinear viscous



dampers are designed to provide a supplementabugsdamping ratids equal to 18%
according to

Z (Zﬂ)aT 2—a/1j C ura_l ((Pj - (Pj-1)1+a
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wherej denotes a specific story of the MRdjs the velocity exponent of the nonlinear
viscous dampers (equal to Q.9)the fundamental period of vibratioh,a dimensionless
parameterc the damper constang; the amplitude of the roof displacement,the story
mass, andyp the coordinate of the first mode shape [10]. Addi8% damping to the
inherent 2% damping of the MRF provides a resp@psetrum damping reduction factor
equal to 1.5 [10] and hence, thg,xunder the DBE is reduced to 1.5%/1.5=1.0%.

CONVENTIONAL MRF MRF WITH SLIT DEVICES AND VISCOUDAMPERS
T [Steel |G Slit Slit T [Steel |G
(s.) weigh{DBE Damper device (device ((s.) weighiDBE

StoryColumnBeam (kN) [MCE |ColumnBeam |constant geometryNumber (kN)" [MCE
(kN(s./mm)>3}it/bll,  jof strips

(mm) Nsi
1 |HEB40(PE45( HEB280IPE27D33.2 15/66/44013
> |HEB40(IPE45 HEB28[PE27(38.0 15/53/35015
3 HEBAOGPE4OQL7(180 | L2 PHEB28DIPE21034.0 15/53/35013 [1.50124 |00
4 HEB36(IPE4O( HEB24DIPE24025 1 15/53/35010
5 |HEB36(IPE36( HEB24DIPE24019.1 15/53/3508

Table 2. Properties of conventional and proposed steel MRFs ('Includes the steel weight of the stiff
braces used to support slit devices and viscous dampers)

Table 2 provides design details for the coneeal MRF and the MRF with slit
devices and viscous dampers and shows the sigmifleenefits (lowelnax and reduced
steel weight) offered by the proposed seismic destcategy. In addition, Table 2 shows
that slit devices and nonlinear viscous damperg lcagt-effective practical sizes.

5. NONLINEAR DYNAMIC ANALYSES

The proposed model for steel yielding devices islemgnted in OpenSees and used to
model slit devices. Nonlinear viscous dampers avdetted to have a force outpiyt

fy =M sgng) (8)

wherev is the velocity across the damper. A fiber beanurmwl is used to model beams,
columns and braces, while nonlinear rotationalngysrialong with kinematic constraints are
used to model panel zones. Twenty ground motioatedcto the DBE and MCE level
were used for nonlinear dynamic analysis [Hif).4 shows statistics dfimax and 6, from
nonlinear dynamic analyses and indicates bettdopeance for the MRF with dampers.
In addition, the values df.x andé; are very close to the design target values anéiroon
that the proposed MRF achieves 10 under the DBERRO® under the MCE.
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Fig. 4. Statistics of peak story drifts and residual story drifts of the conventional MRF and the MRF

with slit devices and viscous dampers

5. SUMMARY AND CONCLUSIONS

A seismic design strategy that concentrates danragemovable yielding devices and
protects the rest of the structure from yieldinghwsapacity design rules was discussed.
This design strategy was further enhanced by usisgous dampers in parallel to the

yielding devices. A model for steel yielding dedcexhibiting combined kinematic and

isotropic hardening was proposed and calibratethagexisting experimental results. The
results of seismic analyses of a building desigaedording to the proposed design
strategy indicated that the building is able toieed immediate occupancy under the
design seismic action.
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MONTEAOIIOIHXH THX YETEPHTIKHX XYMIIEPI®OPAYX METAAAIKQN
AITIOXBEXTHPOQN KAI ITPOTAXH MEOOAOAOTI'TAX ANTIXEIZEMIKOY
XXEAIAXMOY MHAENIKHYX BAABHX

H mapodoo epyocio emukevipdveror o€ pion EVOALOKTIKY OTPATNYIKY] OVTIGEIGUIKOD
oyxedlacpoy 1 omoia Pociletar otn YpNON UETOAMKOV ATOCPESTHP®V Kol KAVOVOV
KOVOTIKOD GYESCHOD Yo TN TANPN omoeuyn PAAPNG ot KOplo dopukd cTotyeion Tng
kataokevns. H ovykekpipévn peboroyio avtioeiopikod oxedlacoy EVIGYDETOL TEPULTEP®
HEG® NG xpNong mpootiféuevns 1Eddovg amodcPeonc. H epyacio apyucd tpoteivel éva véo
HOVTELO TPOCOUOIMONG TNG VOTEPNTIKNG GLUTEPIPOPAS UETOAMKOV amocPestipmv. To
LOVTEAO TPOGOHOLDVEL He  OKpifelo  TEWPAPATIKA OomoTEAECHATA  avaKLKMIOUEVNC
QOPTIONG UETOAAIK®DV OTOGRECTNPOV KOl VAOTOLEITOL TPOYPUUUOTIOTIKA ®G VOUOS Un
YPOUUKNG cuumeptpopds oto Aoywopikd OpenSeesEva petadiikd ktiplo oyedialetan pe
Bdon v TPOTEWVOUEVT] GTPOTIYIKT OVTICEIGHKOD OXEOOGHLOV. MN YPUUUIKES SVVOUIKES
OVOAVGELS ATOJEIKVOOVY OTL TO KTIPLO EMTVYYAVEL EMTEAECTIKOTNTO QAUEGNS EMAVAPOPAS
G€ KOVOVIKT XpNOT1 VO T GEIGUIKN dpAoT GYESIAGIOD.



