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New trends in seismic design have resulted in propdsalseveral innovative seismic
protection strategies, among which the concefptaaiagereeself-centering systeshasreceived
considerablattention The concepnvolvesthe use o& recentering element to bring the structure
to its initial position anduse devices for energy dissipation while the primary structural system is
designed ttoedamagdreeunderdesign basis earthquak@ne challenge in implementing certain
typesofsk-c ent er i ng struct worpaelni Nyws texpsaniss onbe phgaj
the expansion of the frame when gapening at beam ends happersd causes large axial
compression force in the beam and may damage the floor diaphragm
In this studythefi s | ireckinglgi nk beamo me dntreduacddomveltane b e en
the beamgrowth issue inselfcentering systemsThree high-performance systesnof self
centeringeccentrically braced framsewith sliding rocking link beamgSCEBFSRLY9, self

centering momentresisting frame with sliding rocking beamgSCMRFSRB9, and self



centering modulabradng panels(SCMBP9 were developetty adopting such mechanism. The
energy dissipation of the developed systemsainly provided by repiceable hysteretidanping
(RHD) devices In the SCEBFSRL and SCMBP systemsther recentering capability is enabled
by adoptingposttensionedPT) steelstranded cables; andtile SCMRFSRBs itsrestoringforce
is provided by preloaded disc springs to facilitate thecprapression process of the roakiveam.
Analytical loaddisplacement relationships tife threesystems were formulated and cross
verified with nonlinear 3D continuum finite elemefRE) analysis results and tleir seismic
performance was studied through nonlinear static and dynamic analysis of prototype buildings
subjected tofar-field and neaffault ground motionsParametric studies wereconductedto
investigate the effect of key design paeters on the seismic pemfioarce of thestructures
Considering the applicability of the numerical simulation and computational efficiency, four types
of finite element model¢FEMSs) with varying levels of fidelity were developedfor SCMBP
systemsAdditionally, thesoil-structure interaction (8) effect on mitigating the seismic demands
of theSCMBPprototype building has been studied by simulating the soil stiffness with distributed
nonlinear springs as a discretized continuous medium based on the\Vnkidation methad
Lastly, a digital twin framework with pythonbased computationptoceduravasdeveloped
for performingan intensitybased seismic resilience assessmeS8MBP buildingson a regional
scale This digital twin model can also beterded to any other type of infrastructure system. The
seismic damage and loss assessment is performed in accordance vothpbeerevel FEMA
P-58 methodology and the resilience metrfesg. repair cost, repair timand probability of
irreparability)are visualized on geographical information systesoftware As a case study, the
regional seismic resilience okarly 2000 school buildings equipped with SCMBP systems was

investigated for a region covering the Bay arearrSan Francisco, California
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CHAPTER 1: Introduction
1.1 Background

Aiming to develop resilient seismic loadsisting systems which woulteduce post
earthquake structural repair workload and mitigate functional, Ibggrperformance self
centering systems haveceivedconsiderable attention from researchers in recent yEagesnain
goal of utilizingsuchsystems is toninimize the residual drift in the building and localize seismic
induced damages tthe fuse elenents which can be readily replaced aftar earthquake.
Therefore, the primary structural system is designed to hawva minor damage undeesign
basis earthquakeén most seHcentering systemwith typical flagshaped hysteresis loppost
tensioned(PT) members (e.g., steel strands) or shape memory alloys are used to provide the
restoring forces required to return the system tmitigl position and different types of dampers
(hysteretic, frictionalor viscous) may badoptedor energydissipation This concept was initially
implemented in unbonddeT precast concrete walls and frames in the early 1p90kand later

extended tdT steel momentesisting frame$MRFs)[3,4].

The fdreawt hgpageningexpansiin phenomenon is the el on
that occurs incertain types of selfentering structural systenad is a serious challenge in
utilizing such systemgsigure 1.1 shows a typical selfentering moment resistingaine and b
type eccentrically braced fran{EBF) subjected to a lateral loath the absencef the floor
diaphragm, the resultant gaps at the interface of the-b@aolumn connection in th®IRF and
the link beam endonnectionsn the EBF result inthe elongationof the distance between the two
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columns. However, the floor composite slab provides restraints against such elongation which

causes large axial compression force in the beam and may damage the floor diaphragm.

| Lo Li>Lo |

| | | |
R B T -

: ] | r G&p-’?{yl‘ F

| |

| |

|

4 Posttensioned cables | | |
|
|

i~ 4 — I~

| |

| |

|
|
| ; Gap I
|

I I 1

Lo Li>Lo

o __I}J__

(B)

Figurel.l Beamgrowth(gapopening expansig in self-centeringsystems(A) Self-centering

moment resistingrame; (B) SeHcentering Btype eccentrically braced frame

1.2 ResearchObjectives

The first goal of this research is to develop a new mechanism to be adopted in various types
of seltcentering systems to overcome the beaowth problem. For this purpose etisliding

2



rocking link beam mechanism is proposed to counteracbpgeping through the sliding of the
rocking link inside two bracket&ollowing this goal, this mechanism has been adopted in the self
centering eccentrically braced frame with a slidingkiog link beam (SCEBfSRL) systeni5].

In the developed system, the rocking link beam iscprapressed by PT cables which provide the
re-centering capability of the system. The energy dissipation capacity is mainly contributed by
replaceable hysteretic dampgi (RHD) devices which can be rapidly replaced after strong
earthquakes. An RHD device consists of multiple metallic hysteretic trapezoidal plates and a
holder bracket and the seismic energy is mostly dissipated by the flexural yielding mechanism of
theseplates. In sefcentering systems with the sliding rocking link beam mechanism, the free end
of the rocking link beam is placed inside the two brackets, and the beam growth (expansion) due
to the gapopening is counteracted through the horizontal slidiogement of the rocking beam
inside these brackets. The sliding of the rocking link also produces a friction force in the reverse

direction that contributes to the energy dissipation capacity of the system.

The recentering force in most of the seénterng systems is mainly provided by the steel
stranded cables that can be pestsioned (PT) using hydraulic jacks. As the second goal of this
research, a new type of selntering momentesisting frame with sliding rocking beams
(SCMRFSRB) has been dewmed in which the restoring force is provided by two sets of
preloaded disc spring6]. In the SCMRFSRB systems, the beam is divided into three pditie
side segments are connected to the colwvinie therocking link beam is placed in the middle
part andis precompressed by the PT steel rdnspreloading the disc spring¥he preloading
process ofthe disc springss performedusing hydraulic ramsvhich would facilitate the pre

compressing task of thenk beam considerably.



The third goal of this research is to develop a resilient portableesgéring modular panel
system that can be designed not only for new buildings but also to retrofit seismicaitdprer
low-code structures. To address theed, the sel€entering modular bracing panel (SCMBP)
system has been developed which could be prefabricated, transported to the site, and bolted to the
existing frame members (e.g., beams). Moreover, providing the posdib#ithievetie required
strergth and energy dissipation capacity only by adjusting the number of PT cables and/ or initial
posttensioning level along with sizing the fuse plates, makes this system highly appealing to

seismic retrofit applications.

Many of the seismically deficientractures are located near active faults where they might
be subjected to nedault ground motions with devastatingelocity pulse. Sucpulsesin ground
velocity history arise due the forward directivity effeabr nearby fractured faulendareusually
more demandinthanfar-field ground motion®ecause of the lorgeriod pulse. Investigating the
effect of neaiffault ground motions on the seismic performance of SCMBP systems is also another

objective of this research.

Typically considering the slstructure interaction (SSI) effect is beneficial to the seismic
performance of t he dterngdthwernad sn gbu e ftf ;e ctth ea nidp eardi
damping. This effect usually receives more attention for retrofitting purposes to Vakdaag of
its contribution to mitigating the seismic demands of the structural members. Sinee high
performance portable SCMBP systems are quite attractive for retrofitting purposes, considering
the effect of SSI on the seismic responses of these sysiesptimize the design is another goal

of this study.

According to the definition of resilience as a measure of robustness, redundancy,

resourcefulness, and rapidity of a syst@ih utilizing such highperformancenodularSCMBP
4



systemswvould enhance the resilience metrics of the buildings by reducing the recovery (repair)
time and increasing the system robustness ddartage free features and minimal residual drift
associated withhe self-centeringbehavior Therefore, using this systemadanitical infrastructures

that need to be highly resiliestich as school buildings or data warehowsasld benefit society

in terms of enhancing regional resilience which is the motivédiotine next goal of this research.

The fourthgoal of this research iso develop adigital twin modeling framework with a
computational workflow written in Python languagsing multiple packagder performing an
intensitybased seismic resilience assessme®G¥IBPbuildingson a regional scal&-EMA P
58 methodolog){8] was adopted and such a digitain model can be extended to any other
infrastructure systems. The results of the probabilistic seismic damage and loss assessment (e.g.
repair cost, repair time, probability of irreparability) generated in different contexts such as
graphs, tableand multiple shapefiles that can be visualized tlieeensionally in geographical
information system (GIS) softwareArcGIS proto present a more intelligible guantitative

evaluation of the regional seismic losses.

1.30rganization of This Dissertation

This dssertation describes the detailed nonlinear numerical simulation study and regional
seismic resilience assessment of newly developedsetéring systems with the sliding rocking

link beam mechanism and is organized into seven chapters as follows:

1 Chaper 1 provides background, motivations, and goals as well as the organization of

the dissertation.



Chapter 2 presents a review of previous research into the development-of self
centering eccentrically braced frame systems. Moreover, previous works orategion
resilience assessment of buildings are discussed.

Chapter 3 outlines a nonlinear numerical simulation study on thecesairing
eccentrically braced frame with a sliding rocking link beam (SGEBE) system.

The analytical relationships for predigithe system behavior are derived and verified
with finite element (FE) analysis results. A comparative study between the seismic
performance of the developed systems and conventional eccentrically braced frames
(CEBF) is conducted by performing nonlinasatic and dynamic analyses.

Chapter 4 describes the seismic design and performance study of tbenseding
momentresisting frame with sliding rocking beams (SCMBRB) system. A
prototype SCMRF building is designed and its seismic responses are investigated. A
series ofparametic studies have been performed to find the optimal values of the
design parameters suchtag length and location of the rocking beamwell ago
assesthe effect of energglissipatiorcapacity anghostyield stiffness on the structural
demands of thprototypebuilding.

Chapter 5 studies theonlinear seismic response behaviortioé selfcentering
modular braced panel (SCMBP) systeubjected to fafield and neafault ground
motion record considering the SSI effedtaking the applicability of thenumerical
simulation and computational efficienayto account four types of finite element
models (FEMSs) witlvaryinglevels of fidelity have beestudied for this system.

Chapter 6 presents the steps of the developed computational workflow for cogducti

an intensitybased seismic resilience assessment of SCMBRP buildings on a regional
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scale.As a case study, the regional seismic resilienageafly two thousandchool
buildingsequippedvith such systemwas investigated for the region covering tha Sa
Francisco Bay area of California.

Chapter 7 summarizes the research, outlines the conclusions, and proposes suggestions

for future study.



CHAPTER 2 Literature Revi ew

There have been previous studies on developingcsatiering eccentrically braced frames
(SCEBFs) as a seismic foreesisting system. The literature review begins itk preceding
work related to the different types of SCEBWhich is followed by reviging thestudieson the

seismic damage and loss assessment of buildings on a regional scale

2.1 Selfcentering Eccentrically Braced Frames (SCEBFs)

Eccentrical1lly braced frames (EBF), as seismic load resisting system in buildings, is
comprised of columns,ink beam, beam segment outside the link beam, and bracing. In
conventional EBFs (CEBF), link beams provide energy dissipation through ductile plastic
deformation [91 11]. However, severe link beam damage could cause significant residual

deformation that often makes the damaged structure too costly to[&jair

To reduce the residual deformation of EBFs after an earthqUakeg et al[13] applied the
self-centering concept to the connectidihe link beam to the adjacent beams by using PT strands
to provide the seltentering function. They examined the system behavior with two types of
frictional hinge damper and steel angle as energy dissipation devices by performing cyclic tests on
a full-scale onestory onespan EBF and reported that the frame was undamaged during all cyclic

tests with minor residual drifts.

Xu et al.[14i 16] studied utilizing supeelastic shape memory alloy (SMA) bolts and tendons

in the link beams of EBF systems with and without PT tendons. They devel@padatytical
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model and multscale finite elementmodel (FEM) to numerically investigate the cyclic
performance of the prototype system. They reported that the prototype system exhibits a robust
self-centering functionality with a flaghape hysteresis Ipdypical of secentering systems even
without PT tendons which are more an effective manipulator for the behavior of the system, and
make the system more flexible for engineering applications. Nevertheless, the system with PT
tendons (composite tendons®eds half SMA material compared to the model with pure SMA
tendons.Figure 2.1 shows the selentering link with PT composite tendons dridure 2.2

presents the prototype EBF and the deformation and stress distribution subjected to lateral loading.

main structural component Y
/ end plate /— anchor plate
~shearkey —link beam \
d = ‘ : ———— | =B e :
e IL_|n  ~SMArod - )
1= ‘ TI "L | P 1
2 (i : -—
e steel rod
e |
1
|- / |
) 1
(A) (B)

Figure2.1 Self-centerng link using PT composite tendons

(A) Before gapopening; (B) After gafpening (afteiXu et al.[16])

Tong et al[17] conducted quasstatic cyclic load tests on a ftdtale Dtype selfcentering
eccentrically braced frame (SCEBF) with replaceable hysteretic damping (RHD) devices. They
reported thathte stiffness, strength, recentericgpability, and energy dissipatiazapacity of the
SCEBF module frames with replat®HD devices were nearly similar to those of the original

structureafter performing cyclic loading up to 2.5% drift ratio. Furthermore, the RHD devices



were able to provide sufficient energy dissipationht® systemThe test setup of the prototype

SCEBF and the configuration of the rocking link are showriguire2.3.

collector beam link
600x200 x11x17 400%x200x8%13

steelrod SMA rod —

— [l Il —

2050

brace
250%250x10x15

3200

column
400x400x13x21

—-— — —
0 100 200 250 300 375 400 450 500

.
5150 |

(A) (B)

Figure2.2 (A) Prototype selcentering EBF; (B) Stress distributionHEM (after Xu et al.[16])

| nmn,

! b i
Ll Frotande  Eastcolumn Horizontal RHD devices
) | «
24 b n - "
! Rocking link
1)

~ Vertical
Bracket RHD devices

holdir// . -

Lateral load direction

(B)

(A)

Figure2.3 Prototype Dtype selicentering EBF with RHD devices: (A) Test setup; (B) Rocking

link beamconfiguration &fterTonget al.[17])
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Keivan and Zhangy 8] studied the seismic performance of a thstry Dtype and a four
story K-type SCEBFbuilding by performingresponse historgnalyss (RHA). They reported that
SCEBF buildings can be designed to have stiffness and ductility equalGaBtes The FBM of
the rocking zone with RHD devices is illustratedrigure 2.4. 1t should be noted that the gap
opening expansion phenomenon still existed with the proposed desigwoid a large axial force

caused by the restraint of the gap opening special detalliciygasthat suggested by Garlock et

al.[19] can be used.

Rigid Element

Rigid Element

;

1\ \
Gap Element

Figure2.4 Numerical model of the rocking link beam and RHD devind3-type and Ktype

SCEBF (afteiKeivan and Zhan§L8])

Chen et al[20] develped Dtype SCEBF based on superelastic SkAyles to provide self
centering performance. In the proposed system the link beam is connected to the adjacent members
using SMA and steel angles, enabling the balance of thecsealiering capability and energy
dissipation capacity. They numerically investigated the cyclic behavior of link beams in SMA

based Dtype SCEBFs and reported thidte link beam exhibited satisfactory sekéntering

11



performance as well as localizing all plastic deformations in SMA aetiastgles. The numerical

model and hysteresis response of the Shé&ed link beam are presentedrigure2.5.

SMA and
steel angles

plecasiontin. ~ e

Displacement control
cyclic loading

Fixed boundary
(A)
15000 : : :
—— SMA-based LB| AN
10000 7
5000 y/ //
3 =
;g’ 0
} .
5000 / /
-10000 l/}
-15000
-0.09 -0.06 -0.03 0.00 003 006 0.09
Link beam rotation (rad)
(B)

Figure2.5 SMA-based link beam (A) Numerical model ;(B) Hysteresis response of the link

(after Chen et a[20])

Keivan and Zhand21] proposed SCEBF with vertical links termed SCEBRwith the

schematics shown figure2.6. In the proposed system a gap is provided between the free end of

12



the rocking link beam and the supporatttcommodatéhe vertical gagppening. They studied the
nonlinear behavior of SCEB¥ both analyticallyand numerically by performing nonlinear static
andRHA on a threestory prototype structur&he results of their work show that the structure has

the capability of recentering itself and RHD devices absorb most of the seismic damages. The

FEM and the hysresis of the module structure are showRigure2.7.

vy

Figure2.6 Schematic view of SCEBF modulestructure without RHD devicdafter Keivan

and Zhand21])
[
SCEBF-Y
500 :
400 |5 I i T 'I
3 mgriete ‘/
< 300 - /i
~ § 4
8 i o
o
5200 & e
[T il
———————— SAP2000
100 B e —— s
---- ANSYS
0 1
0 05 i e .
Roof Drift Ratio (%)
(A) ®

Figure2.7 Numerical simulation of SCEBF module with RHD deviceqA) FEM,; (B) Flag

shapedysteresigafter Keivan andzhang[21])
13



2.2 Regional Seismic Resilience Assessment

One of the | eading methodol ogies for regi ol

HAZUS program[22i 24] which provides data, standards, and tools for regional risk assessment
due b different hazards such as earthquakes, floods, and hurrif2bleasing the capacity
response spectrum method and by simulating buildings as-siegteeof-freedom systemi6i

29]. However, this method accompanies by several limitations such as considering thtg-veloci

pulse in the ground motion or estimating the loss at different s{8fgs

FEMA P-58 methodology8] is the statef-the-art componentevel method foprobabilistic
seismic loss assessment of the buildings by the implementation of the peak structural responses
from RHA as the engineering demand parameters (EDPSs). Using this method, the damage and loss
of the building are calculated by aggregating the damages inrtietusal and nonstructural
components in each story based on the component fragility curves and corresponding
consequences provided in the FEMA® databas{8,31,32] One of the challenges of utilizing
this methodology on a regional scale is the computing time of a large nunfREAaio obtain

the EDPs as well as the lack of information for assembling buildings' performance [B6¢&3$

Hori and Ichimurgd34] developed an integrated earthquake hazard and disaster simulation for
Japarthrough the macradicro analysisnethod. Through thigameworkthe waveform of strong
ground motion for a given scenario of an earthquake at the site of each bigilestighated which
is used for numerical analysissing multi-degreeof-freedom (MDOF) 6 buildings. They
conducted thérameworkfor a virtual and real city in Japan, and the resultefeal city are

presented ifrigure2.8
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(A) (B)

Figure2.8 The results of the earthquake hazard and disaster simulation of a city in Japan: (A)
Distribution of synthesized seismic index; (Bjapshot of structure respongafterHori and

Ichimura[34])

Zeng et al[30] proposed an approach for regional seismic loss prediction based on the FEMA
P-58 method by utilizing MDOImodels of the existing buildings for rapid calculation of the EDPs.
Depending on the structural system, they used either the medifiegh, bilinear elastoplastic,
or pinching model to simulate the nonlinear behavior of each story of the structure and conducted
an intensitybased loss prediction of the Tsinghua University campus consisting of 619 buildings
at three hazard levelBigure2.9 shows the cumulative distribution function and median loss ratio
of the entire campus under three hazard levels. They also investigatefiudece of velocity

pulse on the economic loss of the campus whighasentedn Figure2.10.

15



g 2 40%
= N E © Repair ¢
- cpair cost
B : b4 O Irreparable deformation V
8 0.75 : = 30% 1 mCollapse -
s | - A
it £

. =]
E 051 g 20% 1
s | g
- . ;
~— . = y
= 025};
e S 10%; /0
= =
= : =
E ol a " A A ) E
= 0% 10% 20% 30% 40% 50% = 0% o I

Total earthquake loss ratio SLE PBE MCE
PGA
(A) (B)

Figure2.9 Loss results otheentire campus under the three hazard levels
considered(A) Cumulative probability of the total earthquake loss tgf8) Distribution of the

total earthquake loss ratfafterZeng et al[30])
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Figure2.10 Influence of velocity pulse on the economic loss of the case study K(@dfierzeng

et al.[30])

Lu et al. [35] conducted a parametric sensitivity analysis for regional seismic damage
prediction of reinforced masonry buildings throdl®RHA using MDOF shear building model. They
adopted firstorder second moment and Monte Carlo methods for sensitivity analysis and as a case
studythey studied the seismic damagd 89 reinforced masonry buildings located at the Tsinghua
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University campus. Thprobability densityof each damage stdfter regional reinforced masonry

buildingsis presented ifrigure2.11.

Probability density

Probability density

Figure2.11 Probability density results foegionalreinforced masonry buildinggA) Slight

damage(B) Moderate damagéC) Extensivedamage; (D) Gmplete damag (afterLu et al.
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Lu et al.[36] developed an opesourcescenariebasedframework for regional earthquake
loss estimation of existingrbanbuildings(referred to as SimCentérameworl by performing
nonlinear RHA using MDOF shear building moddleeframeworkconsists of multiple modules
from obtaining the input ground motion to determining downtime and loss basedrEMAeP-

58 method[8]. They conducteda scenaricbased seismic damage and loss assessment for 1.8
million buildings in the San Francisco Bay asibjected to a simulated M 7Hayward Fault
earthquakecenarioFigure2.12 shows the visualization of théstribution of the median building

repair/rebuilding time in the Bay Aresaubjected t@ simulated earthquake.

Repair time/
Rebuilding time
I 0.0-0.2
0.2-0.4
0.4-0.6
0.6-0.8

M os-10

0 25 50 75 km

Figure2.12 Distribution of the median building repair/rebuilding time in the Bay Andgected

to a simulated M 7.®Hayward Fault earthqualseenariqafterLu et al.[36])
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Natur al Hazar ds Engineering Research | nf r a
Simulation Center (NHERI SimCenteallievelopedThe Regional Resilience Determination Tool
(R2D) [37,38] which is a graphicaluserinterface for the SimCenter application framework
designed to simulate the regional impact of hurricanes and earthguiakissenabled to run either

on the userod6s | ocal computer or seamlessly wi

Hu et al.[39] developed a storpased seismic loss prediction model of regiestalle
buildings based on a machine learning approach. They utilizchinelearning models to
consider the timéag effect of cost information and the loss ratio of buildings with different
occupanciesThey applied the framework tine Wangjiang Campus of Sichuan University in
China.The vsualizations othe spatialdistribution of seismicdamage and losse$ the campus

buildings are presented kgure2.13.
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Figure2.13 The methodological framework of regiorsdaleseismic loss prediction based on a

machine learning approac¢afterHu et al.[39])
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Figure2.14 Visualization ofthe spatialdistributionof seismic damage and lossd#ghe campus

buildings: (A)damage states; (B) Seismic losgafierHu et al.[39])

You et al[40] investigated the effect gklf-centering buildings on regional seismic resilience
based onhe HAZUS method.The hysteretic curve of a seléntering structure was modeled as a
weighted sum of the hysteresis of trayinal building and a multlinear elastic curveepresenting
the selfcentering systeras shown irFigure2.15. As a case study, they investigated the seismic
resilien@ ofa region in the San Francisco Bay Asetjected to mMW 7 scenaricearthquake
They reported that the smaller residual irgtary drift ratio (IDR) of seHcentering systems can
significantly reduce the probability of irreparability which resuftdawer seismic loss of self
centering buildings compared to conventional buildings in a Eiggure 2.16 show the regional
cumulative distribution functions of repair cost and repair time of buildings in the study area.

In many types of selentering systems, the yielding of the smhteringelemens such as
posttensionedPT) cables causegsartial or totalloss of restoring force which might result in a
large residual drift in such systems following an earthqu@ke consequences of the plasticity in
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the selfcentering element were not caered in the numerical models proposedvimu et al.

[40].

Self-centering structure Original structure

= (1 e aSC) X m ’ f +

dsc = 0.75

Multi-linear elastic material

asc X

Asc = 0.5 asc = 1

———

Figure2.15 Hysteresis curves @klf-centering structures(aft&iou et al.[40])
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Figure2.16 Cumulativedistributionfunctionsof the seismic lossefA) repair costs(B) repair

times(afterYou et al.[40])
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CHAPT B:Rlonlinear SeismicPer f or manc et yYSgardSe loff D
Centering Eccentrically Braced F
Li nk Beams

In this chaptey the nonlinear seismic behavior Dftype self-centering eccentrically braced
frames with sliding rocking link beamsSCEBFSRL) has ber investigatedThe analyticalload
displacementelationshipsf an SCEBFSRL module framarederivedand crossvalidated with
nonlinear finite elementFE) analysisresults The seismic performance of the proposed system
has beerstudied through nonlinear static and dynamic analysikrek andsix-story prototype
SCEBFSRL and CEBFbuildings under faffield and neafault ground motions. Finally, a
parametric study is prmed to investigate the effect of the energy dissipation capacifyastd

yield stiffness on the structural responses of such systems.

3.1 Description ofthe System Behavior

As shown inFigure3.1 the prototype SCEBSRL design consists of an eccentrically braced
steel frame with a sliding rocking link beam and RHD devices. Toem&ering capability of the
system is enabled by pesinsionedPT) steelstranded cables which are extended from the open
end of the rocking link beam to the outer flange of the column outside the link. Aftepgamng
occurs Figure3.2), the beam growth (expansidrbetween the rocking link and the beam outside
link) is accommodated by the leftward sliding moveneotf t he rocking | inkos

inside the corbels and thus this expansion would not occwebatthe columns (floor beams
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restrained the relative movement between the coluniihs)rocking link beam should be isolated

from the floor slab to allow the rocking action and -ggening phenomena to take place.

L

- r | € - ch -
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RHD
_ Collector Beam
~ £ S
o r;; ________ —
Rockin \ PT Cables
Link %

,-
3
C

9 Side loadtransfer beams
oy are not shown.

g
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| i =
- | L —
| i I __"
/ -
| =0 = '
| S
| R 4
(A) (B)

Figure3.2 Schematics of the rocking zonean SCEBFSRL system

(A) Undeformed shapeB] Sliding of the rocking link beam inside the corbels
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The lateralmovementof the two columns is restrained by the side {radsfer beams and
the floor deck on top of the rocking link seats on these beEmesSCEBFs are designed in such
a way that most of the damages will concentrate oiRthB devicesand therockinglink beam
will remain undamagedAs shown inFigure 3.3, an RHD device consists of multiple metallic
hysteretic trapezoidal plates and a holder bracket. Each plate is divided into a tapered length and a
rectangular tongue which is directly inserteto the slots of the holder bracket. After gagening

the energy dissipation of the system is provided by the flexural yielding mechanism of these plates.

(A) (B)

Figure3.3 Isometric View of an SCEBBRL system:
(A) Rocking zone with side loaansferring beam; (B) RHD device consisting of trapezoidal

plates and holder bracket

In Figure 3.4, different configurationsof RHD devices can be employed in SCEBRL
systemsanddepending on the required amount of energy dissipation, it is possible to install two
(cases A, B, and)®r four (cas®) devices on each frame. However, cBssnd cas€ must only

be utilizedwithin symmetric braced bay® that the structure will show an equal amount of energy

24



dissipation in reversal cycles. The energy dissipation capacity of the system provided by the RHD

plates is a function of the moment arm of the trapezoidal plates about the rocking point. This

implies that the RHD devices that are connected to the top and bottom fleasm\ and D do

not dissipate an equal amount of energy dissipation in eachytdé, but the sum of their energy

dissipation capacity is constant in hajfcles with a symmetric hysteresis. If the devices are

connected to one of the flanges oiitass B and C), the total amount of energy dissipation

changes in each hatfycle which results in an unsymmetric hysteresis unless a symmetric braced

bays is also adopted in the structure.
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Figure3.4 Different configuratiors of RHD devices
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In this section, theanalyticalload-displacement relationships of an SCEBRL module

frame shown inFigure 3.1 are presented. The analytical formulations of a bare SCHBRF
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module are presented first, and the contribution of RHD devices and the friction force to the total

response of the module frame will be described afterward
3.2.1 Bare SCEBFSRL without Fuse Device

The schematic hysteresis curve of a bare SCERE modules illustrated inFigure3.5. The
three key parameters are (1) initifffness + ; (2) base shear at gapening,6 ; (3) postgap
opening stiffnesst . The initial stiffness of an SCEBERL is a function of the éime section
sizes and geometry olfie frame. The base shear at -g@ening,6 , is a function of the pre
compression force in the flanges of the rocking link beam, which is generated {tgrsishing
the cables. The pegiapopening stiffness is provideby the PT cables through their elastic

elongation; thus, it can be adjusted by tuning the number and/or the length of the PT cables.

Base Shear

3 Drift

Figure3.5 Schematic load vslisplacemenbehavior of barselfcenteing systems with sliding

rocking link beam mechanism

As shown inFigure3.1, (hh h PAandOdenote the frame height, span length, beam
outside the link length, brace length, rocking link length, and the horizontal distance between the

free end of the rockm link to the center of the linkonnected column. In the following
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formulations) ,) and) expressthe moment of inertia of the beam outside the link, the rocking

link, and the columns, respectively. i A show the crossectional area ofie brace, beam

outside the link and theolumns and! and! represents theieb crosssectional area of the

beam outside the link and the rocking link beam, respecti¥eyd’ ar e Youngds modul

shear modulus of steel.

Before the gafppening theinitial stiffness of the SCEBBSRL module;+ is due to the elastic

stiffnessof the frameand can bexpressedisingEquation3.1.

PP P

Where+ b+ and+ representhe lateral stiffness of the frame due to thentribution of
axial, flexural, and sheastiffnessof the membersrespectively. The lateral stiffness due to the

contribution ofaxial stiffnessof themembersi would be calculated usirgquation3.2

(3.2)

+ % O
YT RT P

p — (3.3

Where+ h+ and+ denote the frame lateral stiffness duéh® contributiorof the brace,
thebeam outsid¢éhelink, and thecolumns The lateral stiffness due to thentribution offlexural

stiffness + , can be calculated usiigguation3.4.

P £ P (34)
+ o+

+
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LA A (O
)

+ 0% T (3.5)

( )
Where+ h+ and+ express the frame lateral stiffness due toctiribution ofthe beam
outside the linktherocking link beam, and the linkonnected column, respectively. The frame

lateral stiffness due to tlo®ntribution oftheshearstiffness of the members , can be calculated

usingEquation3.6.

+|.O

P
= (3.6)

' A
+ oz !ﬂ al !i (3.7)

Al-

Where+ and+ represent the frame lateral stiffness due tactidribution ofthe rocking

link and beam outside the link, respectively.

The freebody diagram of the rocking link is shownkigure3.6. The cable posensioning
process generates compression forge/2l in the rocking link flanges. Moreover, the bending
moment (\{.e) due to the verticahearforce . produces a pair of forces in the flanges {fefore
gapopening. Once the tensile action in one of the flanges reaches tbenppeession force due
to the postensioning of the cables {f#2=F,), the corresponding flange loses contact and gap
opening occurs. Before gagpening, thalistributionof the compresive stress over the thickness
of both flanges on the contact surface is nearly uniform. Therefore, the resultant compressive force
is located at the mithickness of the flange. As the tensile flange loses contact aftepgaing,
the stress pattern the connected flange transforms from a uniform to a linear pattern. Therefore,
the resultant force of the compressive stress over the contact surface shifts frincknielss to

onethird of the thickness from the outer surface of the flange. This phemonierms a smoother
28



transition from the initial to the secondary stiffness. To simplify the analytical derivation, the stress

distribution in the flange is assumed to be linear at the onset and after ibpeyépg therefore,
the distance between thecking points is equal td A -0, whereA andO arethe section

depth and flange thickness of the rocking link be@hear keys are placed adjacent to the rocking

points to restrain the vertical movement of the rocking link beam.

Vi
y Opr Ur Fpr/2-Fo
—_— T I /[ | —
doé
Fp1/2+Fy
s «—
e Shear key

Figure3.6 Free bodydiagramof arockinglink without fuse before gappening

The story shear of a bare frame at-gaening,6 , and the corresponding roof drift,, can

be expressed usirgguatiors 3.8and3.9.

& A
6 —

% (3.8)

Al-

. 6
Y [
+

(3.9)

Where& , is the total postensioning force in the stranded cabl&fer gapopening, the

stiffness of a bare frame, , is provided primarily by the PT cables and would be calculated

usingEquation3.10.
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p p
+ — = + (3.10

(3.12)

% A,
¢ A (

Where+ s the lateral stiffness provided by the PT cables,!landi, and% arethe

totalcrosss ect i onal ar ea, | en gtstrgndedtrettabds) regpartively. mo d u |
3.2.2 Contribution of RHD Devices to the Lateral Resistance of the Frame

RHD devces as seismic fuses are the main source of energy dissipation in the-SBEBF
systems. The flaghapecdhysteresisurve of an SCEBSRL module shown ifrigure3.7 is the
combination of a bare fram&i@ure3.5) and a mechanism frame with RHD devices ofRlye
key parameters are required to characterize the inelastic response behavi@CEBRSRL
module with RHD devices. These parameters(&yenitial stiffness,+ ; (2) base shear at gap
opening 6 ; (3) stiffness after gappening+ ; (4)sy st e moé sb6 ; &)postyieldstifimess,

+ .

Base Shear

3 3 Drift

Figure3.7 Schematidoad-displacemenbehavior ofself-centeringsystemswith sliding rocking

link beamsandfuse device
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The freebody diagramof a rocking link with RHD plates is shown kigure 3.8. Adding
RHD devices to an SCEBERL module frame increases the initial stiffnessgligibly by

increasing theotational stiffness of the rocking link beam.

Moreover, the base shear at gmening ireases slightly and would be estimateyl

multiplying the amplification factoq , by the gapopening force calculated lyquation3.8.

I 1 + $ (312

The secondargtiffness + , is mainly provided by the elasstifiness of RHD plates and PT

cables; nevertheless, the contribution of the latter is much less.

p p
+ - - - (313
+ T1+ $ 5 . (3.14)
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$ A , 0z60 (3.15)
$ , O §o (3.16)

In the above equations, denotes the contribution of the RHD plates to the lateral stiffness
after gapopeningl H andO are the quantity of RHD sets in a frame, the number of trapezoidal
plates in one RHD set, and tticknesf the base plate of an RHD devige.and+ are the
total length and flexural stiffness of one trapezoidal plate about its mino$Saxasd$ are the
moment arms of the trapezoidal plates to the rocking point. For an RHD plate sHeguré3.9,

the flexural stiffness can be calculated udtagiation3.17.

0,
, A%NO (317)
T8I
[ or [ LU pid (318
K . p

1 Cp pid C
roodji (3.19)
. AjA (3.20)

WhereA andO are the base width, and thickness of RHD pla@ther parameters are

definedin Figure3.9.

As the outermost fiber in the RHD plates reaches the yielding stress, the stiffness decreases
gradually until the entire section yieladghich has been simplified to a bilinear elastoplastic
behavior in the analytical derivation. They s t e m6 s6 isthesuenmajiardf the base shear
at gapopening,6 , and the additional strength provided by fuse elemeiits, and can be

calculatedrom Equation3.21
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In the aboveequations- , is the plastic moment of one RHiJateabout itsminor axis, &

is the RHD material yield stress, avidis the displacement correspondingtoghg s t e md s

After theformationof plastic hinges in RHD plates, theeralstiffnessdrops significantly.

p

6 6
IT- s
K
@A

AO

& T

. 6

Y _

+

Trapezoidal

Part

(3.21)

(3.22)

(3.2

(3.24)

(3.25)

strerl

The postyield stiffness + , is mainlyprovided by the axial stiffness of the PT cables; however,

the linear hardening of the RHD devices also contributes sligtitpostyield stiffness+ , can

be estimated usingquation3.26.
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p P
N — £ (3.26)

Where+ denotes the lateral stiffnesentributed bythe linear hardening of thieapezoidal
plates.After yielding the RHD plates, the story shear at any dsiftcan be calculated using

Equation3.27.
6 6 + 0¥ V¥ (3.27)

The relation betweethe PT cable elongatios; , and the lateral drifty, can be expressed

by Equation3.28.

D«

—: 0

A
c A

o2V Y (3.29)

z-\l-

As shown inFigure 3.7, without considering the effect of fuse hardening, the flag height of

the hysteretic responseabnost twice the strength provided by the RHD deviges (  ¢6

3.2.3 Effect of Friction Force

In the SCEBFSRL structures, the RHD devices are the main energy dissipation devices;
however,the relative movements of the sliding rocking link beam inside the corbels generate a
friction force which also contributes to the energy dissipation capatitye system based on
experimental observations. In addition to the energy dissipation, friction force slightly enhances
the structural properties by increasing strength and stiffness. In the analytical derivations, the
friction force has been modeled by /b o mb és fri cti on {digplacemeithe s c |
behavior of a bare SCEBERL with frictional contacts is shown Figure3.10 and the hysteresis

of frictional contacts is presented kigure3.11.
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The base shear at gapeningand gapclosing,6 , and the posgapopening stiffness

+ ,can be estimated usikgyuatiors 3.29 and3.30.

6 | 6 (3.29)
+ 1+ (3.30)
P
1 A A (3.31)
pY — &t

In the above relationships,andA arethe coefficient of friction and the height of the plate
connected to the free end of tleeking link beam.In this study, the friction coefficient between

the two mild steel surfaces has been assumed to be Os&@ lwm the author's previous

experimental tests and calibration study on thigpé SCEBF module frame.

Base Shear

3 Drift

Figure3.10 Schematic loadlisplacement behavior bfre selcentering systems with sliding

rocking link beamgonsidering thédrictional contacs
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Friction force .(L/ )

Drift

Figure3.11 Hysteretic response ofi¢tional contacts in SCEBERL

The overall loaedisplacement behavior of an SCEBRL with RHD devices and fricnal

contactshown inFigure3.12can be obtained by adding the effect of friction force to the hysteretic

behavior of an SCEBBERL with RHD devices.

Base Shear
e

)
30

3 3

Drift

Figure3.12 Schematic loadlisplacemenbehavior of selcentering systems with sliding rocking

link beams and fuse devicesnsideringhe effect of frictional contacts

The systens strength 6

, secondgy stiffness,+

, and thepostyield stiffness + , of

the system with combined energy dissipation mechanisms can be calculatdgqueitigrs 3.32

to (3.34.
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+ ]+ (3.39)

3.3 Finite Element Modeling

The 3D FEshown inFigure3.13was built in the FEanalysissoftwarei Ansysto capture the
local features and interactions between the components along with the global nonlinear response
behavior of the system; furthernggrplanar wireframdinite elementmodels (FEMs) were
calibrated by the 3D FE modeling results amere later used for nonlinearesponsehistory

analysis(RHA).

Figure3.13 3D continuumFEM of the SCEBFSRL module

The entire rocking zone consisting of the rocking link beam, RHD devices, coluneiscorb

and partial part of the brace, lhdonnected column, and collector beam were modeled using 20
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node SOLID186 hexahedrahaped elements. At the roc§irpoints, surfacesurface contact

elements were adopted between the contact surfaces of the rocking links flangesadgltdte

of the collectorbeam Fr i cti onal contact el ement senwer e en
plate and the inner surfacé the corbels Theother parts of thenembersvere modeled using

beam elements, and PT steel cables were modeled using link elementsuNade contact

elements were utilized between the two ends of the PT steel rods and the connecting surfaces

In the 2D wireframe numerical model, which was built in OpenSees software, all structural
components and nonlinear behaviors were included and the model was calibrated and cross
validated by the response of the 3D FEM. A schematic view of the numerical mduelotking
zone of an SCEBSRL module frame consisting of the rocking link beam, RHD devices, and PT

cables is shown iRigure3.14.

e PT cable —}— Gap element
| = Beam element Flat-slider element
® L o
m— Rigid link —— Equal DOF

Figure3.14 Numericalmodelingof the rocking zone in th 8 CEBFSRL module
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Frame members were modeled usithg if or ce BeamCol umno el ement
plasticity. Thetensiomn |l v behavi or of the PT eclaebn getsh owassp rmc
with AEl asti cPPGapo material serially connect
of the rocking Inks. Toapplythepostensi oni ng force in the PT cab
assigned to these el ements. AFl atSlidero el em
links and the brackets to model the vertical friction force and thedmtal compression force.

The pivot (rotating) points of the rocking link were modeled atthire of the flange thickness

from the outer sur f alceengotfh ot heel efmeanntgse .wi Ttwho AREzl €
were employed between the pivot @siof the rocking links and the support beam to simulate the
gapopening behavior. The RHD trapezoidal plates were divided into multiple segments in length

to simulate their trapezoi dal shape. Each se
element withdistributed plasticity. The contact points between the RHD plates and the slots of the

hol der brackets welrengwlel| elde mesnthgwiat i z@Eloast i

sides of the tip of the RHD trapezoidal plates.

ASt eel 020 nha OpenSeesllibrafy rwasrused for all structural members. The
hardening parameters of Q225LY lexeld steel were calibrated based on the material coupon
test data as shown kigure3.15. The combiation ofChaboche and isotropic hardening was used
in Ansys andthe i St-@2dé¢ mater i al with isotropic harden
OpenSeesThe calibrated hardening parameters utilized in both software areihistedle 3.1.
To crosscheck the hardening behavior of the fuse devices in the FE models, one trapezoidal fuse
plate was subjected to cyclic loading in both softwang, the results are illustratedrigure3.16

which certifies a good agreement between the two models.
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Table3.1 Calibrated hardening parameters of Q225 steel for numerical analysis

ANSYS
C1 . C2 5 Fy
Chaboche (MPa) 9 (MPa) 9 Isotropic  (MPa)
hardening hardening
2,000 340 800 10 225 50

OpenSees (Steel02)

Fy E

RO cR1 cR2 al a2 a3 a4
(MPa) (MPa)

225 2.0E+05 0.003 17 085 0.15 003 10 003 10

500 Coupon Test ------- Ansys
400 + ——-0OpenSees

300 |
200
100

-100 |
-200 |
-300 |
400 Lo

-0.03 -0.01 0.01 0.03
Strain

Stress (MPa)

Figure3.15 Calibration of the lowyield Q225 steel based on the material coupon test
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Figure3.16 Cyclic behavior of a trapezoidal plate in two FE software

3.4 Comparison of FE Simulation andAnalytical Results

In this section, the analytical formulas are creakdated with numerical simulation results
using 3D continuumFEMSs built in a general FEA software Ansys academic versiopl].
Member sizes of the module frame considered for the FE model are liStabl@B.2, in which
A A, OandO represent the total depth, flange width, flange thickness, and web thickness of the

structural member sections, respectively.

Table3.2 Members section size of the SCEBRL module frame (Unit: mm)

Member Section d tw bor tf Length
Column W 370 14 360 20 H=3300
Beam outside the link W 630 20 330 30 L4225
Rocking link W 350 30 250 40 e=1400
Brace HSS 220 12 220 12 Lp=5360
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Two sets of RHD devices each containing four trapezadaped steel plates were
employed. The thickness and total length of the RHD plates are 18 mm and 120 mm, respectively;
the latter is divided into a 30 mm tongue and a 90 mm slanted part. Theohilkléplates is 165
mm at the base which reduces to 60 mm linearly at the tongue. The trapezoidal plates were inserted
into the slots of the holder brackets from the tongue side. A total of twelve stranded cables were
posttensioned to 30% of their yiekiress. The crossectional area of each stranded cable is 140
mm?. Grade A992 steel was used for the frame members anyidtahvsteel Q225LY was adopted
for the RHD plates. The yielding and ultimate stress of the PT cables is 1690 MPa and 1860 MPa,
respetively. The analytical relationshipsere verified for the four cases of (1) bare frame; (2)
frame with RHD device; (3) bare frame with frictional contact; and (4) frame with combined
energy dissipation device¥he values of the key paramet&aculatedbased on thelerived
analytical relationship are presented imable 3.3 and the detailed calculation is covered in

Appendix B.1

Table3.3 Comparison between the results of the analytical relationships and numerical

simulation SCEBFSRL module frame (Units: KN, mm)

Bare Frame

Friction forcenotincluded Friction Force included

K i K bT VO K 2+fr K Z-fr V0+fr
Analytical 93.6 2.6 179.1 2.9 2.4 194.4
OpenSees 94.6 2.6 179.5 2.8 2.5 192
Ansys 94.8 2.7 175 2.7 2.4 192

Frame with Fuse Device

Friction forcenotincluded Friction Force included

KZ K3 Vy K3+fr V0+fr Vy+fr

Analytical 29.1 2.8 2725 3 203 296
OpenSees 29.8 3 275 3.1 199 297
Ansys 26.8 2.8 279 3 197 304
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The comparison between the analytical and numelizaldisplacement behavior dghe
module frameconsidering the four casesillustratedin Figure3.17 to Figure3.20 which certify
the accuracy of the analytical relationshipgredict the hysteretic rpense of the module frame

The VonMises stress contour of the rocking zone at 2.0% drift ratio is shofigume3.21.

500
§, 400
® 300 +
<
n
% 200 - = =OpenSees
@ g0 lf 000 e ANSYS
Analytical
0 1 1 1
0.0 0.5 1.0 1.5 2.0

Drift Ratio (%)

Figure3.17 Load-displacement behavior of bare SCEBRL module frame without fuse

devices and neglecting the friction force
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NN
o
o

300

200

Base Shear (kN)

100

Analytical

0 1 1
0.0 0.5 1.0 15 2.0
Drift Ratio (%)

Figure3.18 Load-displacement behavior of bare SCEBRL modue frame fuse devices and

neglecting the friction force
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Figure3.19 Load-displacement behavior of bare SCEBRL module frame considering the

effect of friction force
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Figure3.20 Comparison between thesults of the derivednalyticalrelationships andumerical

simulation result®f the SCEBFSRL module frameavith combined energy dissipation sources
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(B)

Figure3.21 Deformed shaped and Vémises stress contour of SCEEBRL module at 2% of

the drift ratio:(A) Elevation view(B) 3D view of the rocking zone
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3.5 Design of SCEBFSRL Systems

Potential critical events of the SCEERL systems include (1) gagpening in rocking link
beam; (2) yielding of RHD devices; (3) yielding of PT cables; (4) fracture of fuse devices; (5)
fracture of PT cables. At the design basis earthquake (DBE) level, the PT cables and the frame
members should neain fully elastic up to the drift demands of the structure. Minor yielding of the
PT cables is allowed at the riskrgeted maximum considered earthquake (MCIEvel;
nonetheless, PT cable fracture, fuse fracture, or abrupt frame failure such as bkéng Isunot

permitted at this level.

The frame members consisting of the columns, beam outside the link, braces, and rocking link
are cl assicfoinetdr oa sl efdfoorecceement s and shoul d esse
level. Therefore, they sluld be designed based on the ASCE/SEL67amplified load
combinations employing an appropriate overstrength faStoce theenergydissipationof self
centering structures inherently is less than conventional systems when subjected to cyclic loadings
a lower response modification factor, &jual to 6.5 is selected for this newly proposed system
based on a preliminary study following FEMAGRS' guideline.Additionally, an overstrength
factor equal to 3.5 was alsmlopted for the capacity design of those faraetrolled structural

members at the DBE level.

The performancelevel of the SCEBFSRL structuresMCEr is expectedto befic ol | aps e
p r e v e nfherefone,for. MCER, yielding of the PT cablesis acceptableput fractureis not
permitted.Theyielding of the PT cablesmight causepartial or total lossof posttensioningstress
which would resultin a residualdrift following an earthquakeNonethelessgvenif the structure
is subjectedo a very largestory drift andthe PT cablesare slacked the authorsfound from the

numericalsimulationstudy that the structurewould still maintainits stability becauséhe RHD
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platesyieldedandlockedin thebracketslots(thusRHD behavdike a partialmomentconnection)
which can be very helpful to provide partial strengthand stiffnessto the severelydamayed
structureat MCERr level earthquaketo avoid collapse.In orderto enablethe elasticresponsef
the PT cablesup to the drift demandat the DBE level, the minimum PT cablelengthwhichis a
function of the framekinematicsat 1.50%of the drift ratio andthe initial posttensioningforce

shouldbe providedasEquation3.35

s AOS%—O $2bp 3.3

Where& is the yield stress of the PT cabld3R% is the design intestory driftdemand

at the DBE level which is set to 1.5% for the hggrformance SCEBBRL systemsand the

other parameters were defined in the previous section. A key step in the seismic design of the
SCEBFSRL structures is determining the gajpening force and RBI plates. In a mulistory
building, the gagpening force and the fuse devices of each story should be designed based on
the corresponding design story shear derived from ASTEApplicable method. It will be shown

that by carefully proportioning theseva sources of strength, the peak drift responses of the
structure during an earthquake can be well controlled. The initial PT stress may range from 20%
to 45% of the yield stress depending on the adopted PT cable length. Rbstmyrbuilding,

Equation3.36 may be used for sizing the PT cables and RHD plates.

6 & 6 6 6 (3.36)

Where6 is the J’-story shear& the lateral force in thé'story, ands is the strength of the

j"-story.6 and6 are the gapening force and the strength provided by the RHD devices at
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the {M-story, respectively. In determining the shear strength of a story, it is suggested not to count
on the additional strength provided by the friction force for simplicity consideration. The friction
force increasesthey s t e mo6 shrosghHEqwatiog3t32) however, due to the butterfshaped
hysteretic behavior of the frictional contacts, this additional strength is not significant. Therefore,
excluding the effeadf friction force for designing the PT cables and RHD plates is conservative
and avoids unnecessary complexity. The total-perstioning force of thé"story,& , which

defines the required number of cables and their level oftpostoning, shoulte calculated from
Equation3.37, and the required plastic moment of an individual RHD plate would be calculated

usingEquation3.38

¢ A

& 6 5> (3.37)
. AL

SN e ee (3.39)

The two main attributes of the flaghaped hysteresis curve of sedintering systems that
would control the structural responses are the stiffness yatihich is theratio of thepostyield
stiffness to the initial stiffnesand the energy dissipation rafjo,, which is defined as the ratio
of the energy dissipation capacity of a smhtering system to a bilinear elastoplastic sy$tem

which is illustrate in Figureand would be estimated usi&gjuation3.39.
e ° 3.39
e (339

In the self-centering systems without any fuse devjcewould be equal to zero after

neglecting friction, and to guarantee the-selfitering performance of a system subjected to static
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loading, it is usually suggested to make v 1T PThe required strength thshould be provided

by the PT cableg , and theRHD platesf , should be defined usirtgquatiors 3.40and3.41.
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Figure3.22 Definition of energy dissipation ratip,,

3.6 Prototype SCEBFSRL Building

In order to study the seismic performance of the developed SGEBRhree andsix-story
prototype buildings, located in downtown Los Angeles, were designed and their nonlinear seismic
behavior was investigated in detail. For comparative stoaiydings with similar configurations

were designed using-fype conventional steel eccentric braced frames (GEBme geometry
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of the buildings has been adopted from the origgtraictures designed by Richards and U4
with some madifications in plan dimension and buildiregght The framing plan and elevation

of the structures are shownhkigure3.23.
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(A) (B)
Figure3.23 Plan and elevation view of the prototype EBF buildir{g¥threestory; (b)six-story
The designs are in accordance with ASCES{45] and AISC provision$46] and conply
with the required criteria of Seismic Design Category (SDC) E. The link beams in the CEBF
prototypes were sized based on the design basis earthquake and other structural members, i.e.,
columns, beams, and braces were designed in compliance with gheitgémited criteria
presented in AISC 3416%. In the SCEBFSRL buildings, all structural members including the

rocking link beams were designed based on appropriate seismic performance factors to guarantee
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their elastic behavior up to the ductile potentialtivd system subjected to the design basis
earthquakeThe total seismic mass of thieree and six-story buildings are 2,375,000 kg and
5,900,000 kg, respectively. Four braced bays are considered as the laterabist@y system
along each direction. iz to the symmetry in the building plan and the locations of the braced
bays only one eccentrically braced frame was considered as the prototype Fnade.members
were designed with A992 structural steel, and Q225LY-y@id steel (225 MPa) was usear f

the trapezoidal RHD plateRT steel cables are composed of seven-sigbngth stranded steel
wires made of A416GR270 steel with a nominal ciesstional area of 140 nfmin this study,

the material specification of PT cables was adopted from the Chinese st@aBdarti224[48] on

steel strands for prestressed concrete. According to this standaywldieg and ultimate stress

of Grade 270 steel cable is 1690 MPa and 1860 MPa which occurs at strains equal to 0.84% and
4.4%, respectivelyln both systems, braces were designedh Wi§S sections, and wide flange
sections were utilized for the other structural members. The rocking links in the SEFRABF
prototypes were designed with bilp sections due to their expected rigid behavior during rocking
movementsStructural member sis of CEBF an@CEBFSRL prototypes are listed ihable3.4
andTable3.5, respectively. The number of stranded PT cables, initiattpasioning stress level,
size, and the number of RHD plates utilized in each frame are preserfiedl@8.6. The PT
cables are extended from the open end of the rocking link to the aumtge bf the column outside
the link beam. In ththreestory SCEBFSRL prototype, two sets of RHD devices, each containing
six trapezoidakhaped steel plates, were employed, anthé six-story prototype, four sets of
RHD devices were used in thest to the fourth story, and two sets were used in the top two stories.
The length of all RHD plates is 120 mm, which is divided into a 90 mm tapered section and a 30

mm rectangular tongue.
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Table3.4 Membe sections of the two CEBF prototype buildir{@sit: mm)

Beam Outside | .
Story Brace (Linfggr:er::ted) (Beacr:no(ltuor:nr:acted) the Link Link Beam
threestory
1 HSS 10x10x1/2 W12x87 W12x53 W18x106 W12x72
2 HSS 9x9x1/2 W12x87 W12x53 W16x77 W10x68
3 HSS 8x8x3/8 W12x87 W12x53 W12x53 W8x35
six-story
1 HSS 10x10x7/8 W14x176 W14x159 W18x97 W16x77
2 HSS 10x10x7/8 W14x176 W14x159 W18x97 W16x77
3 HSS 10x10x3/4 W14x132 W14x132 W16x89 W14x82
4 HSS 10x10x3/4 W14x132 W14x132 W16x89 W14x68
5 HSS 9x9x3/4 W14x68 W14x48 W14x68 W10x60
6 HSS 9x9x3/4 W14x68 W14x48 W14x68 W8x35

Table3.5 Member sections of the two SCEEIRL prototype building§Unit: mm)

Beam Outside Rocking Link
Story Brace (LinE(OE:JUnTer::ted) (Bea(r:nocl:lj)r:nr;cted) the Link d x tN'?)fX tf
threestory
1 HSS 12x12x3/4  W14x193 W14x132 W21x201  420x30300x40
2 HSS 12x12x5/8 W14x193 W14x132 W21x182  410x25300x35
3 HSS 10x10x5/8  W14x193 W14x132 W21x122  380x25250x30
six-story
1 HSS 15x15x1.0 W14x426 W14x370 W27x307 550x43300x65
2 HSS 15x15x1.0 W14x426 W14x370 W27x307  550x40300x65
3 HSS 14x14x1.0 W14x311 W14x176 W24x306 520x35300x60
4 HSS 14x14x1.0 W14x311 W14x176 W24x306 520x35300x60
5 HSS 12x12x7/8  W14x145 W14x132 W21x201 450x30300x45
6 HSS 12x12x7/8  W14x145 W14x132 W21x201 450x30300x45
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Table3.6 Properties of the PT cable and RHD device of the SCEREbuildings (Unit: mm)

PT Cable RHD Device
Story  Quantity PT level (%F) Quantity/frame , x(A-A )xO

threestory

1 20 30 2 120x(17050)x22

2 18 30 2 120x(160640)x22

3 12 30 2 120x(15640)x18
six-story

1 28 35 4 120x(190660)x22

2 28 35 4 120x(190660)x22

3 28 30 4 120x(19060)x20

4 26 30 4 120x(16040)x20

5 24 25 2 120x(16040)x25

6 14 25 2 120x(15040)x20

3.7 Numerical Modeling for ResponseHistory Analysis

To study the nonlinear seismic behavior of SCEB¥#L in comparison with CEBF systems,
the three and six-story prototype EBF buildings shown iRigure 3.23 were employed for
numerical simulation. For each prototype, a 2D frame consisting of one braced bay aroa lean
column with seismic masses lumped on its nodes were modeled in a genetwites
OpenSee$49]. In the CEBF systems, the link beams were modeledfivitho r c e Bea mCo | un
elements with distributed plasticity based on the fdmation model to simulate the nonlinear
behavior under combined axial and flexural defornmetid’o simulate the shear deformation and
shear yielding of the link beams, three translational springs were assigned to each end of them.
The properties of these springs were calculated for monotonic and cyclic loadings separately as
follows: To perform onlinear static analysis, the spring properties proposed by Gdbuarate
used, and the modified method for cyclic loading proposed by Riclasds employed for

nonlinear dynamic analysis.
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3.8 Eigenvalueand Nonlinear Static Analyses

The modal shapes of the prototype buildings are showhigare 3.24 and the modal
properties are listed ifiable3.7. The natural period of ththreestory SCEBFSRL and CEBF
prototypes are 0.44 sec and 0.58 sec, and those sixtetory prototypes are 0.78 sec and 1.01
sec, respectively. The shorter naluperiods of the SCEBBRL prototypes are consistent with

their larger initial stiffness.

e =Y

P
8
(9p]
1
—0—Mode 1 Continuous line:
—A—Mode 2 SCEBFSRL
—¥— Mode 3
0 X Dashed line:

-1.0 0.0 1.0 CEBF

Figure3.24 Modal shapes of the prototypeildings: @) threestory, (B) six-story

To perform nonlinear static analysis, a nearly inverted trianghlapedload profile
conforming to the first mode shape was appliedddesof the learon-column, and the structure
was pushed to 2.0% of the radft ratio and unloaded. As illustrated fiigure 3.25, the elastic
limit of the SCEBFSRL buildings is larger than the corresponding CEBF buildings as they were
designed for a larger design base shear corresponding to a smaller seismic response modification

factor R of 6.5. The initial stiffness of the setntering structures is larger than the conventional
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structures. This is due to employing a more conservativestkangth factor for designing the

frame members of this new system to guarantee their elastic behavior at least up to design basis
earthquakeThe main differences between the conventional anecselfering structures can be

seen in residual drifpostyield stiffness, and energy dissipation. The unloading stiffness of the
CEBF prototypes is the same as the initial stiffness which resultangearesidual drift ratio equal

to 1.75% and 1.70% for thieree andsix-storybuildings, respectively. On the other hand, almost

zero residual drift is observed in the SCEBRL prototype buildings due to the-eentering
behavior provided by the PT dab. Additionally, thepostyield stiffness of the sel€entering
structures is larger than the conventional types. The energy dissipatiory ratmf, the seH
centering prototypes were calculated to be 42% and 44%, fonridse andsix-story buildings

respectively.

Table3.7 Modal properties of the CEBF and NB&CEBF prototypes

SCEBF CEBF
M Period Mass Participatior Period Mass Participation

ode . .

(sec) Ratio (sec) Ratio

threestory
1 044 86.9% 0.58 84. %%
2 0.38 10.%% 0.22 12.6%
3 0.19 2.4% 0.14 2.7%
six-story

1 0.78 74.8% 1.01 76.3%0
2 0.29 16.2%6 0.35 16.0%
3 0.17 4.6% 0.21 4.1%
4 0.13 2.1% 0.16 1.9%
5 0.10 1.2% 0.13 1.0%
6 0.08 1.1% 0.11 0.7
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Figure3.25 Pushover curves of the EBF prototype buildingstt{egestory; (b)six-story
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3.9 Nonlinear Dynamic Analysis

To study the nonlinear seismic response behavior of the prototype buildings subjected to
strong gound motions, nonline&®HA was performed at the DBE and MgEvels.Two sets of
Far-field (FF) andNearfield with strong pulses (NF) ground motions frahe FEMA P-695
database were adopted in this study. The FF record set consigtsnbftwo ground motion
component pairs (total ddrty-four horizontal ground motions) from sites located greater than or
equal to 10 km from fault rupture. To reduce the computing time, one ground motion from each
component pair was randomly selected RHA. The NF record set includdésurteenpairs of
horizontal ground motions (a total tienty-eigth horizontal ground motions) recorded at sites
less than 10 km from fault rupture. This record set was included to study the directivity and pulse
effectsof these ground motions on the structural responses of the protofyygespecifications
and acceleration history of all ground motions along with velocity history of thedandarecords
are included in Appendix A. including the acceleration historgawfd In the following section,
the structural responses of the prototype buildings are presented and discussed in detail for the FF
and NF record sets separateligure 3.26 and Figure 3.27 present the median acceleration
spectrum with 5% damping of the twesttyo far-field and twentyeight neaifault ground motions
for the theestory and éstory prototype buildings together with the DBAd MCE level spetra

of ASCE 716 [45]

57



—— ASCE at DBE h —— ASCE at DBE
25 1 ____. . 25 1w .
Median at DBE ; 1 Median at DBE
)
2 —— ASCE at MCE 2 )~ —— ASCE at MCE

Median at MCE > s . ee--- Median at MCE
~ 15
oo
n
1
0.5
: ; 0 S Treee—
0 1 2 3 4 5 0 1 2 3 4 5
Period (sec) Period (sec)
(A) (B)

Figure3.26 The design and mediatceleratiorspectra of the scaled ffield ground motions:

(A) threestory EBF prototype buildings; (Bjx-story EBF prototype buildings
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3.9.1 Far-field Record Set

The maximum intestory drift ratio (IDR) responses tiie three and sixstory buildings

subjected to the FF record seé presented iRigure3.28 andFigure3.29.
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Figure3.28 Maximum IDR of thethreestory EBF buildingsinder the Fafield record set

thethreestory SCEBFSRL building, the ensemble median value of the maximum drift responses

at the DBE and MCgklevels are 1.08% and 1.72%, respectively, compared to 1.32% and 2.54%

Maximum response refers to the maximum value of the peak responses among all stories. In

(A) DBE; (B) MCEr

59



in the CEBF building for DBE and MGE Similarly, in thesix-story SCEBFSRL building, the
median value of the maximum responses at the DBE andrMB&king levels are 1.31% and

1.86% whichare less than 1.50% and 2.80% in shestory CEBF building.

4.0
= . m SCEBF & CEBE
S CEBFMedian=1.50% SCEREMedian=
o 1.31%
@)
=20
?é __________
= 10
0.0

01 02 0304 0506 070809 10 11 12 13 14 15 16 17 18 19 20 21 22
Ground Motion

(A)

10.0
£ 8.0 CEBFMedian=2.80%
6.0
4.0
2.0
0.0

m SCEBF @ CEBF

%)

SCEBFMedian= 1.86%

Max. IDR

01 02 0304 0506 07 0809 10 11 12 13 14 15 16 17 18 19 20 21 22
Ground Motion

(B)

Figure3.29 Maximum IDR ofthesix-story EBF buildingsinder the Fafield record set

(A) DBE: (B) MCEx

The maximum residual IDRs of tlileree and sixstory prototype buildings at the DBE and
MCERr levels are compared Figure3.30 andFigure3.31, respectivelyThe median value of the
maximum residual IDRs at the DBE and M£IEvels are 0.34% and 0.96% in ttieeestory
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CEBF building, and 0.47% and 1.40% in #e-story CEBF building, respectively. Conversely,
both SCEBFSRL prototype buildings have almost zero residual drift values at the DBE (<0.002%)

and MCE (< 0.01%) levels.
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Figure3.30 MaximumresiduallDR of thethreestory EBF buildingsinder Faifield record set

(A) DBE; (B) MCEr
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Figure3.31 MaximumresiduallDR of thesix-story EBF buildingsunder the Fafield record set

(A) DBE; (B) MCEr

Figure 3.32 shows thevertical profile of the IDR of théhreestory prototypessubjected to
GM-15,whichcorrespond to thensembleanedian of the maximum drift responses of #&&EBF
SRLbuildingat DBE,along with 18'and 84" percentile values. In titareestory CEBF building,
the maximum drift is related to the first story at DBE and M@hereas, in the SCEBERL
building, the maimum drift responses occurthie roof The vertical profile of the IDR of the six
story buildings subjected to G, as the representative of the median IDR responses, is

presented irFigure3.33. In bothsix-story CEBF and SCEBBRL buildings, the maximum drift
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at DBE is related to the roof and fifth story, and at MQBebottomstoliesof the CEBF building

showthe largest responseéhile in the SCEBFSRL building the maximum drift occurs at the roof.

According to the quantile values, the peak drifts of the CEBF buildings are more scattered at the

bottom storiegeompared to the SCEBERL buildings and at the other stories, thispersionsare

comparable.
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Figure3.32 Vertical profile of the IDR othethreestory EBF buildings with 18and 84"

percentile values of the peak responsesger the Fafield record set(A) DBE; (B) MCEr
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Figure3.33 Vertical profile of the IDR of theix-story EBF buildings with 18and 84"

percentile values of the peak responsedger the Fafield record set(A) DBE; (B) MCEr

The stress response of the PT cables at DBE should not exceed the yielding stress, and at
MCERr fracture is not permitted. In thiereestory prototype, thensemble median of the maximum
strain responses of the PT cables are 0.0047 and 0.0061 at DBE ardaM€Eose of theix-
story prototype are 0.0045 and 0.0056, respectively, whichedog the yielding strain of cables
equal to 0.0085n thethreestory building only under one ground motion, and in #ig-story
building under two ground motions yielding in the PT cable was observed at.NlkEmaximum

strain demand of the PT cables in thieeestory SCEBFSRL building is presented Figure3.34.
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Figure3.34 Maximum PT cable strain ithe SCEBF prototypg under the FF record set:

(A) threestory; (B) sixstory

Nonstructuralcomponents in buildings are generally sensitive to floor acceleration. The
ensemble average amplification factor (averafyall ground motion casesyvhich is defined as
the peak floor acceleration to the corresponding peak ground acceleration (PGA), and bound
values with one standard deviation that reflects 68% confidence intervalbfakstory andsix-
story prototypes are shown kigure 3.35 andFigure 3.36, respectively. It can be observed that

the maximum amplification factor overall sies of the SCEBSRL buildings are generally larger
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than the CEBF buildings. This can be explained by the fact that the SSEBMbuildings are
designed with a larger base shear (because of utilizing a smaller response modification factor of

6.5 which leds to relatively larger acceleration responses of these buildings compared to the

CEBF buildings.
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Figure3.35Mean value of the peak floacceleratiorof thethreestory EBFbuildings with 68%
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Figure3.36 Mean value of the peak floacceleratiorof thesix-story EBF buildings with 68%
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3.9.2 Near-field Record Set

The maximum IDR responsestbe threeand sixstorybuildingssubjected to the NF record

setare presented ifrigure 3.37 and Figure 3.38. In thethreestory SCEBFSRL building, the

ensemble median value of the maximumtdesponses at the DBE and M&lEvels are B5%

and2.98%, respectively, compared 20336 and4.72% in the CEBF building for DBE and MGE

In the six-story SCEBFSRL building, the median value of the maximum responses at the DBE

and MCE shaking levels are 13% and2.18% which are less than 1% and 293% in thesix-

story CEBF building
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Figure3.37 Maximum IDR of thethreestory EBF buildingsinder Neaffield record set(A)

DBE; (B) MCEr
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Drift Ratio (%)

Drift Ratio (%)

under few ground motions specifically at M&#hich would result in extreme damage or even
collapse of the building. On the other hand, the drift responses in the SERIBBuildings are

effectively contolled under all ground motions even at MCt#zhich shows the capability of such
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Figure3.38 Maximum IDR of thesix-story EBF buildingsinder Neaffield record set

(a) DBE; (b) MCEx

It can be observed that both threadsix-story CEBF structures, underwent very large IDR

systems to resist the detrimental velocity pulses of-faedir earthquakes.

MCERr levels are compared iRigure3.39 andFigure3.40, respectivelyThe median value of the

The maximum residual IDRs of tlileree and sixstory prototype buildings at the DBE and
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maximum residual IDRs at the DBE and M&IEvels are @7% and1.37%6 in thethreestory
CEBF building, and G6% and 1.9% in thesix-story CEBF buildig, respectively. Conversely,
both SCEBFSRL prototype buildings have almost zero residual drift values at the DBEL%).0

and MCE (< 0.(8%) levels.
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Figure3.39 MaximumresiduallDR of thethreestory EBF buildingsinder the Neafield record

set (a) DBE; (b) MCR
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Figure3.41 andFigure 3.42 show thevertical profile of the IDR of théhree and sixstory
buildings subjectedto GM-11, corresponding tdhe ensemblemedian of the maximum drift
responses of thBCEBFSRL building at DBE,along with 18' and 84" percentile values. In the
threestory CEBF building, the maximum drift is related to the first story at DBE and iMMCE
whereas, in the SCEBF building, the maximum drift responses octhe #itp two storiedn the
six-story CEBFouilding, the bottom two stories experience the largest drift at both ground motion
intensities while in th& CEBF buildingthe drift responseare more uniform along the height and

the bottom story has the least IDR response at DBE andkM@Both threeand sixstory SCEBF
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buildings, the dispersion of the IDR responses is almost uniform along the height of the building,

but in the CEBF builehgs, the dispersion increases from the roof to the ground level.
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The maximum strain demand of the PT cables inttimee and sixstory SCEBFSRL
buildings is presented ifrigure 3.43. In the threestory prototype, the ensemble median of the
maximum strain responses of the PT cables aré0.80d 0.084 at DBE and MCE, and those

of thesix-story prototype are 0.80 and 0.087, respectively
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Figure3.43 Maximum PT cable strain ithe SCEBF prototypg under the NF record set:

(A) threestory; (B) sixstory

No yielding occurred in the PT cables either inttimeestoryor six-story buildings at DBE.

Under few ground motionst MCEg, the yielding was observed but the maximum strain in the PT
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cables is still far beyond the material's ultimate strain (~4.5%) which certifies their acceptable

performance under suchhayhly demanding record set at such large intensity.

The statistical data of the structural responses of the prototype buildings under FF and NF
record sets have been summarized able 3.8 to Table 3.11. In summary,both SCEBFSRL
prototype buildings exhibited satisfactory design performance in terms of drift control, re

centeringoehavior, PT cable response, and concentrated damages in the fuse devices.

Table3.8 Statisticaldata of the maximum story drift ratio at DBE

SCEBF CEBF
Mean COV Median Mean COV Median
Record set
threestory
Farfield 1.11% 24% 1.08% 1.72% 4% 1.32%
Nearfield 1.66% 32% 1.65% 3.15% 68% 2.35%
six-story
Farfield 143% 36% 1.31% 1.73% 42% 1.50%

Nearfield 1.66% 21% 1.33% 212% 72% 1.51%

Table3.9 Statistical data of the maximustory drift ratio at MCE

SCEBF CEBF
Record set Mean COV Median Mean COV Median

threestory
Farfield 1.82% 32% 1.72% 3.38% 65% 2.54%
Nearfield 2.96% 37% 2.98% 6.79% 74% 4.72%
six-story
Farfield 207% 41% 1.86% 353% 84% 2.80%
Nearfield 2.34% 33% 2.18% 458% 93% 2.93%
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Table3.10 The nedian of the maximum residu@R of the prototype buildings

DBE MCEr
Prototype Record set

SCEBF CEBF SCEBF CEBF
Farfield 0.001% 0.34% 0.01% 0.96%

threestory ,
Neakrfield 0.011% 0.87% 0.03% 1.37%
. Farfield 0.002% 0.47% 0.01% 1.40%

six-story _
Nearfield 0.003% 0.56% 0.02% 1.49%

Table3.11 The median of the maximum strain of the PT cables in the SEE8Fbuildings

Prototype Record set DBE MCEr
Farfield 0.0046 0.0061
threestory _
Nearfield 0.0059 0.0086
. Farfield 0.0045 0.0056
six-story _
Nearfield 0.0050 0.0067

3.9.3 Typical case

A typical ground motion case corresponding to the median value ¢éDBe in thethree
story building is presented to view the detaiRHA results For this purpose, the structural
responses of the first story in ttheeestory CEBF and SCEBBERL prototypes subjected @&M-
15 of the FF record sedt the DBE levelhave beerllustrated. The story drift time histories of
these two cases are shownrFigure3.44. The peak drift responses are 1.34% and 0.82% in the
CEBF and SCEBFSRL prototypes, respectively. The residual drift equal to 0.34% is observed in

the CBBF case, while the SCEBSRL case demonstrates a fulaentering performance.
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FF recordset

The corresponding hysteresis curves of these two cases are sHeigureB.45. Due to the
steel hardening behavior of the RHD plates under cyclic loading, the hysteresis loop of the SCEBF
SRL case seems foe partially selfcentering; however, the story still-centered itself after

dynamic shaking as shown kigure3.44.
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Figure3.45 1st story tysteretic loops of ththreestory EBF buildings under GM.5 of the FF

record set(a) SCEBFSRL (b) CEBF
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Thestresgesponse of the PT cablasd frictional contacts ithe SCEBFSRL case is plotted
in Figure3.46. The bottom flat segment indicates the initial PT stress level equal to 30% of the
yield stress. The stress in the PT cables starts to increasthafiapopening in the story which
occurs at 0.14% drift ratio. The quarediipseshaped hysteresis logpf the PT cablesply that
during the unloading stage, the stress in the PT cable is largenti@loading stage at the same
drift ratio. This is due to the partial recovery of the frame elastic deformation during unloading
until the RHD plates yid in the reverse directiorit is worth noting that the larger the energy
dissipation ratio is, the larger difference between the axial stress in the PT cables during the loading

and unloading stages occurs.
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Figure3.46 1st storyForce vs. story driftelationshipof thethreestory EBF buildings under

GM-15 of the FF record sdtA) PT cables;(B) Frictional contacts

3.10Parametric Study

One of the appealing attributes of the smhtering systems resides in the relative flexibility
in adjusting the structural properties such as stiffness, strength, and energy dissipation capacity

which are controlled by different physical components ecmanisms in the SCEBF systems. For
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example, as shown earlier in analytical formulations, its initial stiffness is a function of the
geometry and section sizes of the EBF frame members. Its strength is dictated bydpeniag

force and the fuse strefmgtThe gapopening force can be tuned by adjusting the-parssioning

force in the PT cables. Its energy dissipation capacity is mainly related to the fuse strength, and

thepostyieldst i f f ness can be tuned by the PT cabl ed:

The energy dissipation ratip,, and the stiffness ratig,, are two overall parameters of
SCEBFs that are closely related to the abmesmtioned structural properties. For any required
strength, it is possible to make a valid design with different endiggypation levels; however,
there is a lower bound value desired for drift control purpose and an upper bound value of energy
dissipation capacity to deliver the seHntering performance. The energy dissipation ratio of
interest can be realized by praponing the fuse strength and pastsioning force in the PT
cables. In order to examine the effect of the energy dissipation and stiffness ratios on the seismic
behavior of the SCEBBRL structures, and define the acceptable range of these parameters, a
parametric study was performed in this study. fhineestory SCEBFSRL prototype building was
utilized for this purpose, and PT cables and RHD plates were designed for 16 different cases by
considering the energy dissipation rafio, and the stiffnessatio,| , as the variables. The
specification of the PT cables and the section size of the RHD plates (base width x thickness) are
listed inTable3.12 All cases were designed for the same design base shear value and thus have
almost identical elastic limit strength. Four different values of 25%, 40%, 50%, and 60% were
considered for , and for each ratio, four different valuesjoivere examined bysing different
combinations of PT cable quantities with two different fieasioning stress levels (equal to either

25% or 40%) and PT caldleength equal to either one or two baydth.
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The pushover curves of the cases with the bounding limifs afqual to 25% and 60% are
shown inFigure3.47. It should be noted that the frictional contacts at sliding rocking links were
also included in the model; however, tretdfactor is calculated based on the energy dissipation

value provided by the RHD plates only.

Table3.12 Specification of the cases of the parametric study

5 Cable Qty. Lpt/ RHD Base
No Case Be(%) Us(%) PT(%Fy) 15t 2" 39 Bay Width (mm)
1 B25Al 15 25 28 26 16 1
2 B25A2 11 40 18 16 10 1 1st 180x13
25 2nd-140x18
3 B25A3 9 25 28 26 16 2 3ra-140x15
4 B25A4 6 40 18 16 10 2
5 B40-Al 14 25 24 22 14 1
6 B40-A2 9 40 16 14 10 1 1st 170x25
40 2nd-150x25
7 B40-A3 8 25 24 22 14 2 3rd150%20
8 B40-A4 6 40 16 14 10 2
9 B50-A1l 12 25 20 18 12 1
10 B50-A2 9 40 12 12 8 1 1st170x22
50 2nd-160x22
11 B50-A3 7 25 20 18 12 2 3ra-150x18
12 B50-A4 5 40 12 12 8 2
13 B60-Al 11 25 16 14 10 1
14 B60-A2 8 40 10 10 6 1 1st200x25
60 2nd-190x25
15 B60-A3 6 25 16 14 10 2 3rd-190x20
16 B60-A4 5 40 10 10 6 2

The ensemble medianf the maximum IDR of these cas@sder the FF and NF record sets
at the DBE and MCklevels are presented igure3.48. It is found thatunder the FF record set
such drift responses of all cases kess than 1.50% and 2.30% at the DBE and Mé@gls, and

under the NF record set the drift responses are less than 2.35% and 4.2% at DBE atelV/MEE
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The maximum IDR response is related to case-B2%ith the least energy dissipation capacity
andthe PT cables and the largest initial PT level. Except for the casels withg v pthe drift
responsesinder the NF record set dess than 2.00% and 3.50% at DBE and M@tensities,

respectively.
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Figure3.47 Base shear vs. roof drifelationshipof the SCEBFSRL cass for parametric study:
(A) e=85% (B) =B0% (C) =b0% (D) ==B0%
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Figure3.48 Median of the maximum IDResponsesf the parametric study cases:

(A) Farfield record set(B) Nearfield record set

All cases are able to fully veenter at DBEInder both record setsd the median value of
the maximum esidual story drifts of all cases is less than 0.Gl#b 0.05%at the MCERr level
under the FF and NF record sets, respectiwghich is much smaller than the permissible
construction tolerance for plumbness. Therefore, even the caseps wétual to 60% which
presents a partial setentering behavior in the hysteresis loop, are still able to fulgenger

themselves after damic shaking. Selecting a value less than 25% foresults in larger drift
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responses, and if exceeds 60%, the saentering ability of this particulahreestory SCEBF
building might be negatively affected. The PT cable stress ratios (maximum tabkets yield
stress) are shown figure3.49. Under the FF record set the ensemble median of the maximum
strain in the PT cables is less than the yielding siraal cases at DBE and MGENo yielding
is observed dDBE of the NF record set, howeve\2 cases show yielding at MGbut still far

from the ultimate strain which is acceptablel can meet the expected performance criteria.
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Figure3.49 Median of the maximuroable straimesponsesf the parametric study cases:

(A) Farfield record set(B) Nearfield record set
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Figure 3.50 shows the trends of varying energy dissipation and stiffness ratio effect on the

story drift response of threestory SCEBFSRL building in this parameter study.
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Figure3.50 Effect of energydissipation capacity and stiffness ratio on the median value of

maximum IDR responses: (A) FF record set; (B) NF record set
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It can be observed thhy increasingthe energy dissipation ratio, the drift responses can be
effectively reducedespecially at the MCElevel. For examplainder the FF record séhe drift
responses of case B@&A with| =60% are 32% and 43% less than the drift responses of case
B25-A1 with =25% at the DBE and MCglevels, respectively. The slope of the contour lines
of 1 shows the effectiveness of the stiffness ratianitigating the drift responsdt can be
observed that the stiffness ratio is more effective in reducing the structural responseganflhear
ground motions with a velocity pulse. Under both record $kés|arger the energy dissipation
ratio is, the less effect the stiffness ratio has on reducing the drift responses of theFystben
low-energy dissipation casesjof=25% the stiffness rad hasthelargesteffect on mitigating the

drift responsesspecifically under the NF record set

3.11Summary Remarks

Thischapter presentdble nonlinear seismic study of the sedintering eccentric braced frame
systems with sliding rocking link beams (SCEBRL). Analytical relationships of an SCEBF
SRL module frame subjected to lateral loading were formulated andvatidated by the rests
of nonlinear finite element (FE) simulation analysis. Planar wireframe FE models for nonlinear
response historgnalysigRHA) were verified by comparing nonlinear static analysis results from
more sophisticated FE models with solid elements. Thengejgerformance of the SCEBFRL
system along withthe conventional eccentric braced frame (CEBF) system was studied by
conducting nonlinear static and dynamic analysthiaestory andsix-story prototype buildings,

and the following results are obsedve

1 The ensemble median value of the maximum IDRs of the SEH®Fbuildings are less than

1.5% and 2.0% at the DBE and MgEvelsunder the Fafield (FF) record set and less than
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1.65% and 3.0% under the Ndaald (NF) record setand the prototype buiings have almost

zero residual drift value (< B%o) at the MCE levelunder both record sets

1 The ensemble median values of the maximuosttensioned PT) cable stress ratios of the
SCEBFSRL buildings are equal to 55% and 75% of the yield stress BBEeand MCR levels
under the~F record setsin thethreestory building, only under one ground motion, and in the
6-story building under two ground motions yielding in the PT cable was observed ai. MCE
Under the Neafault record set, the cab#dress ratio in the threand sixstory buildings are
70% and 60% at DBE. The PT cables in the tisteey building yield under almost half of the
ground motions at MCE however,the maximum strain is far below the ultimate strain in all

ground motions.

1 The SCEBFSRL prototype buildings exhibited satisfactory design expected performance in
terms of drift response, 1@entering behavior, PT cable stress, and damages in fuse devices. It
should be noted that the seismic performance factors for this newlysaw system are selected
based on a preliminary study followinthe FEMA P-695 [42] guideline and a more
comprehensive study is needed for an adequate characterization of the seismic response

parameters of the SCEBFRL systems.

In order to examine the effect of the energy dissipation maticand the stiffness ratig, , on
the seismic behavior of the SCEERL structures, and define the acceptable range of these

parameters, a parametric study was performed and the following findings are summarized:

1 The drift responses can be effectively controlled by increasing the enisgigation ratio,
especially at the MCklevel. The effect of energy dissipation and stiffness ratios are more

significant under the nedault ground motions with a velocity pulse.
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1 For the low energy dissipation caseg ofequal to 25% the stiffness ratio has a larger effect on
mitigating the drift esponses. The larger the energy dissipation ratio is, the less effect the

stiffness ratio has on reducing the drift responses of the system.
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CHAPTER 4: Seismic Design LedtkRen ngr ma
Mome-Rési sting Frames Bedrms Sandi n
Prel oaded Disc Springs

In this chaptey the analytical and numerical study of a newly developedceeifering
momentresisting frame system is presented in which the preloaded disc springs are employed as
the recentering element, and the shdirocking beam behavior is adopted to overcome the beam
growthissue The analytical loadlisplacement relationships ogalf-centering momentesisting
frame with sliding rocking beamSCMRFSRB) module are presented and verified by the results
of a ronlinear finite element (FE) analysia.threestory Prototype SCMRFSRB building has
beendesigned andts seismic performances investigated through numerical simulation. The
effect of the length and location of the rocking beam on the seismic respiotise prototype
building has beerstudied and finally, the effect of energy dissipation capacity postyield
stiffness on the structural demands of the prototype is investigated through a parametric study, and
the feasibility of a system design with a low amount of f@ssioning force and a large energy

dissipation ratio of up to 90% is assessed.

4.1 Description of the System Behavior

As shown inFigure4.1, in the SCMRFSRB systems, the beam is divided into three parts
The side segments are connected to thenwo$while the middle part, which is termed the rocking
beam, is pr&eompressed by theosttensioned (PT3teel rody preloading the disc springs. The

PT steel rods are elongated from the cap plate of the disc spring to the free end of the rocking
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beam.Two sets of disc springs are mounteccoa ¢ h s i d e o f Thérkgairedbrestoning s we b
force is generated by pmmmpressing the disc springs using hydraulic rams. The free end of the

rocking beam is placed inside the two brackets connected todhaf g#re longer beam segment.

Loz e ™ PT steel ro \

[T f : 1] \\ [+—"Shear key
- \ T

| !!!!lllllllllllllllll!!! 0

Q
------------

|
-
/ : /Pr\eloaded

RHD device disc springs

_”gﬁ* Trapezoidal Set of fuse plates *%T Outer Tube
fuse plate [ |

| HH HHl L

Combinedstacking

Holder of disc springs

bracket N

Figure4.1 Schematics andomponent®f the SCMRFSRB module

It will be shown that the best seismic performance can be attained by placing the free end of
the rocking beam in theiddle of the bay width. The beam growth (expansion) dubdgap
opening is counteracted by sliding the rocking beam inside these brackets. Since there is a vertical
reaction force equal to the beam shear between the rocking beam and the brackeds)ghe sl
movement of the rocking beam produces a varying friction force in the horizontal direction, which

would also contribute to the energy dissipation of the system. The rocking beam should be isolated
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from the floor slab to allow gappening to occur. Ténlateral movement of the two columns is
restrained by the side lodchnsfer beam, which would also carry the major part of the gravity

load. The energy dissipation capacity of the system is mainly provideeiby

4.2 Analytical Expressions of SCMRFS R B 6 mictugak Properties

In this section, the analytical loatisplacement relationships of an SCMBRB module
frame shown inFigure 4.1, are presented. The analytical formulations of a bare module are
presented first, and the contribution of RHD devices and the friction force to the total response of

the module frame will bdescribed afterward.
4.2.1 Bare SCMRF-SRB Module without FuseDevice

Theschematidysteresis curve aelf-centering systems with sliding rocking link mechanism
is illustrated in Figure 3.®ith the key parameters ¢f) initial stiffness;+ ; (2) base shear gap
opening,6 ; (3) postgapopening stiffness+ . The initial stiffness of an SCMRERB is a
function of frame section sizes and geometry of the frame. The base sheaopeiag.6 , is a
function of the precompression force in the flanges oétfocking beam, which is generated by
the preloaded disc springs. The pgapopening stiffness is provided by the disc springs through
their elastic deformation; thus, it can be adjusted by tuning the size and/or stacking the discs in

series or parallejroups.

As shown irFigure4.1, (hh h  andAdenote the frame height, bay width, shorter beam
segment length, longer beam segment length, and rocking beam length. In the following
formulations,) ,) and) denotes the moment of inertia of the beam segments, rocking beam,
and columns, respectively B and! represent the crossectional area of the beam segments,

rocking beam, and columns, respectivelyii  and! denote the web crossectional area of
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the beam segments, rocking beam, and columns, respechivalydO express the stion depth
and flange thickness of the rocking be&and’ ar e Youngdés modul us and

steel.

Before the gajpening, the initial stiffness of the SCMFIRB module+ is due to the

framés elastic stiffness and can be expressed usmgtion 4.1.

p P P
relia 41

Where+ h+ and+ represent the lateral stiffness of the frame due to the contribution of
flexural, shear, and axial deformation of the frame members, respectively, and are developed based
on the principle of virtualvork. The lateral stiffness due to the flexural deformation of members,

+ would be calculated usirfgquationd.2.

(4.2)

(4.3)

Where+ h+ and+ represent the frame lateral stiffness due to the contribution of the
flexural deformation of the rocking beam, beam segments, and columns, respectively. The lateral

stiffness due to the shear defations,+ , would be obtained usirfgquation4.4.

(4.4)

(4.5)
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Where+ h+ and+ represent the frame lateral stiffness due to the contribution of the shear
deformation of the rocking beam, beam segments, and columns, respectively. The frame lateral
stiffness due to the axial deformatiosts, is primarily due to the contribution oflconns and can

be formulated usingquation4.6.

A - 4.6
¢( ( (4.6)

The freebody diagram of a rocking beam is showrfFigure4.2. The preloading process of
the two sets of disc springs generates -parssioning force in the steel rods which produces
compression force in the flanges of the rocking beam. In additiohetiteng moment (¥.e) due
to the vertical force M produces a pair of forces in the flanges before@zgning. Once the
tensile action in one of the flanges reaches thepnegpression force due to the preloading of the
disc springs, the correspondiftgnge loses contact and gapening occursShear keys are placed

adjacent to the rocking points to restrain the vertical movement of the rocking link beam.
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Figure4.2 Free bodydiagramof arockingbeamwithoutfuse device in SCMRISRB system

After gapopening, the stress pattern over the thickness of the connecting flange transforms
from a uniform to a linear pattern. Therefore, the resultant compressive force shifts from mid

thickness to oethird of the thickness from the outer surface of the flange. The beam 6hear,
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and story shea , of a bare frame at gagpeningand the corresponding story drilt,, can be

expressed usingquationst.7 to 4.9.

& A

6 R (4.7)
6 6 :3(— (4.8)
. 6

Yoo (4.9)

Where& s the total axial force in the steel rods dughtepreloading of the disc springs,

andA A -Qis the vertical distance between the rocking points of the rocking beam. After

gapopening, the stiffness of a bare frame, , ismainly provided primarily by the disc springs

and would be calculated usiBguation4.10.

(4.10)

cA2C (4.12)

In the above relationshiiscis the lateral stiffness due to the contribution of the disc springs

and the steel rods, ais is the equivalenaxial stiffness of the combination of two sets of disc

springs and the PT steel rods and can be obtained (4sli2zg

(4.12)

Where ks is the axial stiffness of the PT steel rods anrdidthe equivalent stiffness of the

total sets of disc springs. The axial stiffness of the PT steel regdsydlld be calculated using
Equation4.13.
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% |
(4.13)

Where% A and, are Youngds mosedidnal area, andolengtt of ther 0 s s

PT steel rods.
The geometry of a single disc spring is showrrigure4.3. The relationship between the

axial compressive force, F(s), of a single disc springitarnelastic deflection, s, can be expressed

by Equation4.14 [26].

&0 T0/03—03+:)(—3+:)E o:)[E O
0 [ *$ @ ® 0°0 co P (4.14)
| De
| % |
D;

T v

Cizzzmr—— pri
e K77

# v I

Parallel Series Combined

Figure4.3 Geometry of a single disc spring and types of stacking
mo g, u liuss Poofi ©dsi mBnad&theprraitnigo ,

i's Youngos
O is the free height (maximum

Where E,
reduced thickness (for discs with t > 6mm), dad |
deflectioncapacity) of the disc springDandE 1  Qare the nominal thickss and nominal
free height of the disc spring. Other parameters can be calculated using the following relationships.
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$
L (4.15)

1 P
Py
AN T < (4.16)
1 p A
+ l ul # (4.17)
q q '
0
# ° (4.18)
p O g ,u O ¢ '
?3‘6 O T Owdﬁ) O U
" # 0 |
5 o¢o P P (4.19)
o)

Figure 1.1 shows the forceleflection curves of single disc sprégith different ratios of
E j O The vertical axis shows the ratio of the force of the disc spring, F, over the force of the disc
springin the flattened position, F&( E ). As can be seetthe curvature of the curves highly
depends on the ratio of j Oand as this ratio increases, the behavior becomes more quadratic.
According to DIN EN 16983 [27], disc springs are categorizealthreeseries A, B, and C with
respect to this ratio. For series A wihj O 1@ the stiffness is almost linear. In this study, all
utilized disc springs were selected from this category, therefore, in analytical formulations, the
stiffness was assumed to be &neThe elastic stiffness of the singlisc spring, KDS, witlk j O

& can be approximated yquation4.20.

93



T% O

Yoo Fs rE (4.20
1.4
1.2 +
1.0 +
o 08
L !
L 0.6 |
i ——Series A - h0/t=0.4
0.4 | Series B - h0/t=0.7b
0.2 ——Series C - h0/t=1.3
Y —h0/t=2.0
OO 1 | L 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0
s/h'0

Figure4.4 Forcedeflectioncurveof disc springs

For a given disc size, it is possible to increase the stiffness and resistance through parallel
stacking. Moreover, the deflection capacity of interest could be obtained by stacking the discs in
series. Therefore, by using the combinealdgtay, both resistance and deformation capacity of
interest would be achieved. The combined stacking of the disc springs in a rocking beam test is
shown inFigure4.5. The equivalent stiffness of the two sets of disc springs in combined stacking

utilized in SCMRFSRB systems can be obtained by the following equation.

C.
> (4.22)

Where. and. are the number of disc springs in parallel stacking and the number of groups
of discs in serial stacking in each set of combined stacking. It is recommended to set the design

limit to 75% of the total deformation capacity of the set of disc springs1f§ (Q [27] since
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the actual behavior might deviate from the analytical prediction at larger deflections which follows

by a progressive increase in force.
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Figure4.5 Combined stacking of the disc springs in the rocking beam test

It should be noted that the relative movement between the disc springs in parallel stacking and
between the disc springs and the top/bottom connection plates produces a friction force that
contributes to the energy dissipation of the system. However, due to the small coefficient of friction
between these surfaces (0.8085)[51,52] this effect is not considerable compared to the energy

dissipation of the system and is not considered in this study.

4.2.2 SCMRF-SRB Module with RHD Devices

The schematic hysteresis curve of an SCMSRB with RHD devices is shown gure 3.7
The key parameters required to characterize the inelastic response behavior of an-SRBIRF
module with RHD devices are (1) initial stiffness,; (2) base shear at gapening,6 ; (3)

stiffness after gappening+ ; (4)s y st e md s6 ; E)Ypostyieldstiffmess,+ .

Adding the RHDdeviceswvould increase thibase shear at gagpeningnegligibly. This effect
would be considered by multiplyirte amplification factqry  hcalculated fromEquation 3.12
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to the gapopening force, ¥, obtained byEquation4.8. The secondary stiffness, , which is
mainly provided by the elastic stiffness of RHD plates #red discspringsis obtained using

Equation4.22.

p P
- (4.22)

In the above equations, isthe contribution of the RHD plates to the lateral stiffness after

gapopeningwhich iscalculated from EquatioB.14.

The freebody diagram of a rocking beam wittHR plates is shown ifrigure4.6. As the
lateral load increases, the bending moment in the RHD plates due to thé fareeases linearly
until the outermost fiber in the RHD plates yields. After yielding starts, the stiffness decreases
gradually until the RHD plates reach their plastic moment, In the analytical derivation, the
bilinear elastoplastic material behavior was assumedédrRHD plates. The systésstrength6
is the summation of the base shear at-gagning,6 , and the additionad y st emdés str e

provided by fuse element8, , and can be calculated throughuationst.23to 4.27.

6 6 6 (4.23)
6 6 (4.24)
T - s
6 — % (4.25)
$ @A ., O (4.26
AO
- & 00— (4.27)
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. . 6
Yoy (4.28)

Where6 is thebeamshear corresponding to tkey s t e mé growdedrbg thegRHD
devices] A h andO denote the number of RHD sets in a frame, the number of RHD plates
in one set, the length of one RHD plate, and the thickness of the plate connecting the RHD plates
to the rocking beam, respectively. , is the plastic moment of one RHate about its mmor
axis,& is theRHD material yield stresé andO are the base width and thickness of the RHD

plates, and/ is the displacement correspondingtoshg st emds strengt h

It should be ntedthat Equation4.24 which relates the beam shear to the base shear is valid
only for onestory module frames with pinned column bases. For ratdtiy buildings and/or fixed
column bases, an approximate methochsas the portal frame method which is explained in the
next section should be utilized.
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Figure4.6 Freebody diagram of aockinglink with RHD plates in S®IRF-SRB

After theformationof plastic hinges in the RHD plates, the lateral stiffness drops significantly.
Thepostyield stiffness,+ , is mainlyprovided by the elastic stiffness of the disc springs; however,

the linear hardening of RHD devices also contributes slightly. For SESHRB systems with
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fixed column bases, the flexural stiffness of columns would also contribute footitgield

stiffness.
p P
+ — (4.29

Wheret+ isthe lateral stiffnessontributed bythe linear hardening of theapezoidaplates.
According toEquation4.25, in addition to the specification of the trapezoigkites, the length
and depth of the rocking beaaitsoaffect the amount of energy dissipation, as by increasing the
depth and/or reducing the length of the rocking beam, a larger amount of energy dissipation could

be obtained.
4.2.3 Effect of Friction Force

After gapopening, the free end of the rocking beam slides inside the brackets. Based on the
experimental observations, this relative movement is accompanied by a friction force in the reverse
direction and is proportional to the shear force in the rockiegm.The schematic load
displacement behavior of a bare RF-SRBwith frictional contacts ipresentedn Figure 3.10,
and the behavior of the system with fuse devices and friction fosteignin Figure 3.11. The
effect of the friction force on the key parameters of the hysteresis curve (kepeaing force,
syst emb s inittat stiftnessg, tséawdary stiffness, angostyield stiffness) would be

considered by multiplying the friction factqr, , to these parameters as explained in Chapter 3.

4.3 Limit States and Design Procedures of SCMRISRB Systems

Considering the system behavior, the potentgalificant events of the SCMRERB systems
are (1)gapopening in rocking beam; (2) yielding of RHD devices; (3) yielding of frame members

or PT steel rods; (4) strength degradation due to fracture of fuse devices, fracture of PT steel rods
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or buckling of olumns. In the experimental tests [18], no sign of yielding was reported in the disc
spring up to the flattened position; however even if minor yielding occurs in the disc springs at
large deformations, it will result in a minor PT loss because the applted deflection in the

disc springs due to preloading process is much larger than the unrecovered deformation due to
minor PT loss; therefore, yielding of the disc springs is not considered as a critical event. Under
design bases earthquake (DBtBeframemembersand PT steel rods should remain fully elgstic

and underisk-targeted maximum considered earthque€ER), any strength degradation due

to fracture of frame members, PT steel rod, or fuse devices should be prevented.

Following a preliminary study based on FEMAGB5 [28], a response modification factor, R,
eqgual to 6.5, and an overstrength factor equal tar& @dopted here for the proposed system. The
frame members including the columns, be-am seg]
controll edo el ements and shoul-t6 [29]eseisthie wadg n e d
combinations including theverstrength factor. The designy s t e mé should be praviged h
by the RHD devices and gapening force; therefore, they should be sized based on the design
force level. In a multstory building, the gappening force and the size of fuse plategadh
story should be calculated based on the beam shear corresponding to the design story shear derived
from ASCE7 applicable method. The design beam shear force in the stories would be calculated
from a secondargrder elastic analysis; however, in alpnéinary design, an approximate method
such as the Portal method would be utilized to estimate the design beam shear.-$torygmm
bay SCMRFSRB frame with similar bay width equal to L, the design beam shear forces of each

story would be estimated lblge following relationships.
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v _ E

6 P E (4.30)
8 e g
o i N

Where6 , 6 and( are the design beam shear, design story shear, and story height of the j

th story, respectively. The constants equal to 1.0 for fixedolumn bases and 0.5 for pinned
column bases. Moreover, if the stability coefficient of the story (per defined bAS® ) , dj
greater than 10%, the design beam shear forces should be amplified by the ratie df)1/(1

Equation4.31 may be used for sizing the disprings and RHD plates.

6 6 6 6 (4.31)

Where6 6 and6 are the beam shear in ththjstory corresponding to the story strength,
gapopening force, and the story strength provided by the fuse plates, respectively. In the next step,
thes y st e md shousld be @strigutett between the gggening force an®HD plates based
on the energy dissipation ratio of intergstwhich is defined as the ratio of the energy dissipation
capacity of a seltentering system to a bilinear elastoplastic system [30] and would be estimated

usingEquation4.32.

6 6
% 6 6 (4.32)

Without considering the friction force, in the se#ntering systems without any fuse
device,r is equal to zero, and to guarantee the-sgiitering performance of a system subjected
to static loading, it is usually suggested to make v 1 Phowever, it will be shown that it is

possible to design an SCMFERB structure witlp L Tt Rvithout negativly affecting the re
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centering behavior of the system subjected to dynamic loading. The beam shear force

corresponding to the required gapening force in theth story,6 , and the beam shear force
corresponding to the required strength provided kyRHID plates in theth story,6 , should

be defined using the following expressions.
6 p o1 6 (4.33)

6 16t (4.34)

The total required PT force generated by the preloaded disc springs g@hte®iy,&
defines the combination of size, the number of discs in parallel stacking, and the amount of
preloading and should be obtained from Equad@3. The required plastic moment of a single

RHD plate would be calculated using Equatio3b.

& g A
A O (4.35)
g g
) TT % (4.36)

As mentioned in the previous section, the friction force increases the story strength; however,
it is suggested not to count on the aiddial strength providelly the friction force for designing

the disc springs and RHD plates since this additional strength is not significant at small drifts.

After defining the size and number of disc springs in the parallel stacking based on the
requiredPT force, the number of groups in serial stacking should be determined based on the
required deflection capacity of the disc springs by considering the following two criteria: (1) the
total deformation of the sets of disc springs should not exceed 789 deflection capacity at

the drift demands of the system under DBE [27]; (2) the deformation capacity should be large
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enough so that the disc springs do not reach the flattened position up to the drift demands of the
system under MCE Considering the drift limits of the SCMRERB systems to be 2.0% and
3.5% at DBE and MCE; the required deformation capacity of the sets of disc spangscan be

obtained by the following relationships.

T L 3 3 (3t b 32— i‘—’A (4.37)
A

3 3 od b (4.38)

c A

Where 3 is the total deformation of the disc springs due to preload, 3and the
displacement at gappening, and other parameters were defined in the previous section. It should
be noted that the elastic deformation of the PT steel rods and frame membérissitered in

the above equations whianeconservative assumptisan

4.4 Numerical Modeling and Verification of Analytical Formulations

In this section, the loadisplacement behavior of an SCMISRB is predicted by the
analytical relationships and cresgalidated with the results of numerical simulations. The 3D
continuum finite element mod€FEM) was built in a general FEnalysissoftwarei Ansys
academic version [31]. The JEEM is used to capture the local features and interactions between
the components along with the global nonlinear response behavior of the system; furthermore, the
planar wireframe model created using another get it softwaré OpenSees [32] was calibrated

by the 3D FE modeling results and were later used for nonliesponse historgnalysiSRHA).

4.5 SCMRF-SRB M odule Specification

For the SCMRFSRB module shown ifrigure4.1, the following geometry was considered:

H=3300 mm; Lb1=1605 mm; Lb2=3005 mm, and e=1400 mm. The frame members are made of
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Grade A992 steel with a yield stress of 345 MPa. Section sizes fofithe members are listed in
Table4.1, in whichA A, OandO represent the total depth, flange width, flange thickness, and
web thickness of the sections, redpady. The yield stress of disc springs is 1600 MPa [27] and
two sets of combined stacking disc springs preload2d%oof their total deflection capacity were

employed. Each set contaiiseedisc springs in parallel stacking and ten groups in serial stacking.

The dimensions of the disc springs utilized in the module frame are listebia4.2. One
PT steel rod made of A772 steel DYWIDAG bar with a nominal diameft@&@pt=38 mm was
employed to connect the cap plate of each set of disc springs to the plate connected to the free end
of the rocking beam. The yielding and ultimate stress of A772 st880isMPa and 1035 MPa,
respectively. Two sets of RHD devices each containing four trapezbidpke steel plates were
installed on each rocking beam. The thickness of RHD plates is 18 mm and their length is equal to
120 mm comprising of a 30 mm tongue ardrdm slanted part. The width of the plates is 165
mm at the base which reduces to 60 mm linearly at the tongue. The RHD plates are magde of low
yield steel Q225LY with a yield stress of 225 MPa. The combined Chaboche and isotropic
hardening (Fy=225 MPa, b85C1=20,000 MPa, g1=340, C2=800 MPa, g2=10) was used in
Ansys anr0d2 of Sriaeteelr i al with isotropic hardeni ng

R0=17, cR1=0.85, cR2=0.15, a1=a3=0.03, a2=a4=1.0) was employed in OpenSees

Table4.1 Members section size of ttBefCMRFSRB module frame (Unit: mm)

Member Section d tw br tf Length
Column W 500 20 360 30 H=3300
350 30 250 40 e=1400
630 30 330 30 Lp=1605
630 30 330 30 Ly»=3005

Rocking beam

Beam segment 1

= £ =

Beam segment 2
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Table4.2 Dimensions of the Disc Springs in SCMHSIRB module framé€Unit: mm)

Outer Diameter Inner Diameter Height Thickness
De Di |0 t 6
180 92 16.5 12.1

4.6 Numerical Modeling

The 3D FE model of the SCMRERB module shown iRigure4.7 was established in Ansys
software [31]. The entire rocking zone consisting of the rocking beam, fuse devices, disc springs,
and parts of the beam was modeled usingi@fe SOLID186 hexahedrahaped elements with
guadratic displacement behavior that captare plasticity, large deflection, and stress stiffening.

At the rocking points, surfaegurface contact elements were adopted between the contact surfaces
of the rocking beam flanges and the -grate of the beam segment. On the free end of the rocking
beam, the contact condition between the-plade of the rocking beam and the brackets was
modeled using frictional contact elements. In each set of disc springs, the contact condition of the
first and last disc springs and the top/bottom connection phaess modeled using nodrirface

contact elements. The periphery nodes of the disc springs were restrained against tangential
direction so that they are only allowed to move along the radial direction of the disc springs. The
surfacesurface contact elemeswere adopted between the surfaces of the disc springs in parallel
stacking placed on top of each other. The disc springs in serial stacking were connected by node
to-node coupling translational degrees of freedom on the contact lines. The columnstiahd pa
parts of the beam segments were modeled using beam elements, and the PT steel rods were
modeled using link elements. Nedarface contact elements were utilized between the two ends

of the PT steel rods and the outer surfaces of the cap platedi$trsprings and the espdiate of

the rocking beam.
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In the numerical model, the mesh size of those components which are not supposed to undergo
large plastic deformation such as beams and columns is 20mm which is reduced to 10mm at the
end of the rockindgpeam to capture the local behavior at the pivot points more precisely. For RHD
plates and disc springs that experience large deformation, a mesh sensitivity analysis was
performed to ensure the mesh independence requirement is satisfied. In this sesisitlyita
single disc spring was modeled using a different number of elements equal to 320, 2880, 5824,

and 8640, and for an RHD plate, the number of elements was 666, 1134, 3796, and 10866.

Figure4.7 3D continuumFEM of the SCMRFSRB moduleand components
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According to their function in the SCMRERB systems, the disc spring was subjected to
axial loading while the RHD plate was subjected to lateral loading. Thedispldcement
behavior of these two components using different numbers of elements is presé&igeds.8.

The results were converged if the number of elements exceeds 2280, and 1134 for a disc spring
and RHD plate, respectively. In the FE model of the SCNIRB module, the disc springs were

modded using 5824 elements and the RHD plates were modeled with 3796 elements.

30 400 320
25 e
= 200 | 2880 4
= 20 E 300 —.-— 5824 ///'/
= = —--—38640 Z
S 10 3 I
— 100
5 L
0 1 1 1 1 1 1 1 1 1 O : : : ' .
0 5 10 0 0.5 1
Displacement (mm) s/hD
(A) (B)

Figure4.8 Meshsensitivityon the loaedisplacement behaviofA) Fuseplate; 8) Disc spring

A schematic view of the planar wireframe model of the rocking zone consisting of the rocking
beam, RHD devices, and sets of disc springs is showigire4.9. Thewireframe model was
built in OpenSess in which the frame members
with distributed plasticity and At woNodelLink?o
order to model the compressionly behavior ofte di scs and apply the p
materi al in conjunction with AElIl asticPPGapo mae
capacity of the sets of di sc springs was mod

stiffressandaningil gap equal to the deformation capaci
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elements were utilized at the contact points of the rocking beam and the brackets to model the
horizontal friction force and the normal compression force. The pivot (rgjapioints of the

rocking beam were modeled at ethérd of the flange thickness from the outer surface due to the

linear stress distribution assumption over the thickness of the flange. To simulate-tipegizg

behavi or ;| ethyd hfdz erlicElhharst $ cRPGlapi materi al wer
pivot points of the rocking beam and the main beam. To model the varyingseaism of the

RHD pl at es, mul tiple Af or ce Be asadiant weramodeledl e me n
in series connectiong.he horizontal restraint of the RHD plates inside the bracket holder was
modeled using a rigid compressionn | y -lIfieznegrton 06 el ement bet ween eac

RHD plates and the bracket hol der . uséddfotalel 020

structural members.

P
@ %D Y
] OO 5\
| 7N - PT Rod
T NL Beam Element
> Rigid Element
Two Node Link
Gap Element
Flat Slider Element
Equal DOF

Figure4.9 Numerical modeling of the SCMR&RB module structure

The detailed analytical calculations are covered in Appendix Bh2. key parameters
calculated from analyticaklationship are K= 23.9 kKN/mm; \¢"™ = 120.1 kN; \/*" = 212.8 kN,

and K™ =1.9 kN/mm.Figure4.10 shows the pushover curve of the module frame based on the
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analytical relationships and results of the 3D FE and wireframe numerical simulatidrig)aed

3.21 shows the VosMises stress contour of the rocking zone at 200%e drift ratio.

350 ,
----- Analytical
= 300 r ——ANSYS
‘_E' 250 | — OpenSees
@
% 200
o 190
g 100
M
50
0
0.0 0.5 1.0 15 2.0

Drift Ratio (%)

Figure4.10 Comparison between the results of the analytical derivation and FE moalietitey

SCMRFESRB module

4.7 Prototype SCMRF-SRB Building Prototype

The seismic performance of SCMFERB systems was studied through nonlinear static and
RHA of athreestory prototype building, located in downtown Seattle. The framing plan and
elevation of the structure are showrFigure4.12. Four momentesisting frame$MRFs) were
considered along each periphery elevation as the lateralrdsading system. Due to the
symmetry in the building plan, one building elevation cstsg of fourMRFswas consideretbr
the numericamodelng. The total seismic mass of the buildings is 2,375,000 kg which is divided

uniformly between the two periphery SCMfSIRB systems in each direction.
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Figure4.11 Deformed shaped and VéMises stress contour of SCMFRSRB module at 2% of

the drift ratio:(A) Elevation view(B) 3D view of the rocking zone
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Figure4.12 Plan and elevation view of the prototype SCMERB building

The structure is designed based on the load combinations of ASGHE?8] and is assigned
to the Seismic Design Category D. All structural members including columns, beam segments,
and rocking beams were designed using seismic load combinations witaratrength factor to
remain elastic up to the drift demands of the structure at the DBE level. The same material
properties mentioned in the previous section were utilized. Columns, beam segments, and rocking
beams were designed with wide flange buptsctions which are listed ihable5.4. Two sets of
disc springs and two sets of RHD devices were employed inMEh The specifications of each

set of disc springs @RHD devices utilized in each story are present&cie4.4.

Table4.3 Member sections of the prototype SCMRBRB building (Unit: mm)
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Section DimensiondX t - br X t7)

Story Column Beam Rocking Beam
1 550x30450x60 600x25350x50 400x26250x30
2 550x30450x60 500x20300x35 350x15250x25
3 550x30450x60 450x15250x25 300x16250x20

Table4.4 Properties of the RHD plates and dsgeings of the prototype building (Unit: mm)

RHD Plate Specifications Preload Disc Spring Specifications
Story Qty L b by tr (%) p s D D o Ot
1 2x4 140 25 60 25 25 3 17 200 112 175 14
2 2x4 140 25 55 18 25 2 14 200 112 16.2 12
3 2x4 140 25 50 12 25 1 12 200 102 16.2 12

4.8 Nonlinear Static Analysis

The mode shapes of the prototype building are showigire4.13. The natural periods of
the three modes are 1.02 sec, 0.29 sec, and 0.13 sec and the first mode is the dominant mode with
a modal participation factor equal to 92%. The pushover was coddusitegy an approximately
inverted triangulashaped load profile conforming to the first mode shape. The loads were applied
to nodes of the leaon-column, and the structure was pushed to 2.0% of the roof drift ratio and
unloaded. The pushover curve of ®E MRFSRB system is presentedfigure4.14, according
to which the energy dissipation ratjo,, of was calculated to be 50%. Moreover, the structure

could recerter itself after unloading due to the restoring forces provided by the disc springs.
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Figure4.13 Modal shapes of thiareestory SCMRFSRB prototype building
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Figure4.14 Pushover curvef thethreestory SCMRFSRB prototype building
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4.9 Nonlinear ResponseHistory Analysis

The seismic performance of the prototype building at the DBE andkN&®EIs was evaluated
through nonlineaRHA. For this purpose, the féield (FF)record set of ground motions from the
FEMA P-695 [28] database consisting efenty-two ground motion component pairs (a total of
forty-four) horizontal ground motion records) was employBuke specifications and adegation
history of the ground motions are included in AppendixG%xe ground motion from each
component pair was selected for nonlinB&tA. The Newmar k method with
was utilized for the numerical analysis. System damping was introducegdalsssical Rayleigh
damping by assigning a 5% viscous damping ratio to the first and second modes of the numerical
model. The nonlinear springs, flat sliders, rigidmentsand gap elements that may bring about
damping leakage were excluded from Reghedamping. The residual drifts were calculated as
the average value of the drift response of the structures in free vibration over the last ten seconds
of zero padding in each ground motidiigure4.16 presents the acceleration response spectrum
with 5% damping of the twentlyvo farfield ground motions together with the median spectrum

and ASCE 716 [45] design response spectrum at DBE and M@&kels.

3
—— ASCE at DBE
2.5 I e Median at DBE
2 L "i'\/"\ —— ASCE at MCE
@ ‘,' '\ ----- Median at MCE
o 15
n

Period (sec)
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Figure4.15 The spectral acceleration and median spectrum of the record set

4.10Resultsand Discussions

In this section, the results of the nonlin€tA of the prototype building subjected to the
ground motions of the record set are presented. The maximum value of the peak responses between
the three stories is reported as the maximum response. The maximustantedriftratio (IDR)
demands of the prototydmiilding are shown inFigure4.16 with an ensemble median value of

1.74% and 2.49% at the DBE and M{Evels, respectively.

DBE Median=1.74% MCE Median=2 .9% MCE

Max IDR (%)
ornNwWAO O
O O O O O o o

809 10 11 12 13 14
Ground Motion

Figure4.16 Maximum IDR response of thECMRFSRB prototype building

The vertical profile of the IDR responses subjected to the ground motied3Ghich results
in the demands close to the median value, along with 16th and 84th percentile values of the peak

drifts are presented Figure4.17.

The maximum residual IDR of the prototype is presentdtdguare4.18, which shows almost
zero median residual IDR at the DBE and M{d#&vels (< 0.01%). Only under one ground motion
at MCEg, the maximum residual drift is more than 0.2% which is due to the yielding of the PT

steel rod and large inelastic deformation in the frame members; specifically the beam segments.
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Figure4.17 Vertical profile of the IDR othe SCMRFSRB prototypebuilding with 16" and 84"

percentile values of the peak responses
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Figure4.18 Maximum residualDR response of thE CMRFSRB prototype building

The deflection ratio demandsnés’hod of the sets of disc springs are showrFigure4.19.

The ensemble median of the maximum deflection ratio response of the disc springs at DBE is 45%
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which is less than the design limit of 75%. At Mg Ehe ensemble median is 70%, and only under

2 out of 22 ground motions, the disc springs reached their flattened position.
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Figure4.19 Maximum deflection ratio (s§) of the disc springs of tffCMRF~SRB prototype

building

The maximum normal stress response (maximum stress/yield stress) of the beam and columns

at DBE are shown irigure4.20 with the ensemble median value of 70% and /B8%ypectively.

BeamMedian= 70% ColumnMedian=73% EBeam O Column

Max. Normal Stress Ratio

010203040506070809 1011121314 151617 18 19 20 21 22
Ground Motion

Figure4.20 Maximum normal stress ratio g&(/Fy) in the frame members of tts«CMRFSRB

prototype building
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In summary, the SCMEBRB prototype building exhibited satisfactory degignformance
in terms of drift control, reentering behavior, responses of frame members, disc springs, and steel

PT rods.

4.11Structural Demands of aTypical Case

In this section, the structural demands of the prototype building subjected to a typical ground
motion case are presented. For this purpose, the structural responses of the third story subjected to
GM-09 are illustrated at the DBE level. According to the story degponse historghown in
Figure4.21, the peak IDR response is equal to 1.30% and the story demonstrates-egutereng
performance with almost zero residual drift. The hysteresis behavior of the third story is illustrated
in Figure4.22 and the loadleflection behavior of the sets of disc springs is shown in Figgtee
4.24. The preload and maximum deflection ratio in the disc springs correspond to 25% and 45%

of the total deformation capacity of the disc springs.
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Figure4.21 3rdi story IDR history of the prototype building under @4 at DBE
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Figure4.22 load-displacement behaviaf the 3rd story of the prototype building under GG®

at DBE
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Figure 4.23 Stressstrainbehaviorof a trapezoidal fuse plate in the Bstbry of the prototype

building under GM09 at DBE
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Figure4.24 Forcedeflection of the disc springs in the Bstlory of the prototype building under

GM-09 at DBE
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Figure4.25 Hysteresis of the frictional contacts in thei3tbry of the prototype buildings under

GM-09at DBE
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4.12Parametric Study

To find the optimal values for the design parameters sutheagngth and location of the
rocking beamas well asinvestigatethe effect of energy dissipation capacity gmubktyield
stiffness on the structural demands of the prototyp&ling, different parametric studies have

been performed in this section.
4.12.1 Location of the Rocking Beam

Finding the optimal location of the rocking beam within the beam span length is one of the
critical design parameters of the SCMBRB systems based on preliminary study results. In
SCMRFESRB structures, the lateral movement of the two columns must be restrained by the side
loadtransfer beams [17], and since the metal deck floor slab is attachedtoptflange of these
beams, the tributary gravity load area of the moment frames within the building plan is not
considerable. Therefore, to determine the optimal location of the rocking beam, only the behavior
of the system under the lateral loads wasstdered. If the SCMRBRL module shown ifrigure
4.1 is subjected to a lateral load, P, the bending moment in the beam varies linearly from one
column to another wh the total height oP*H. In case the rocking beam is directly connected to
the column, the maximum moment equal to P*H occurs at one end while the moment is almost
zero at the other end, and if the free end of the rocking beam is shifted to thgamian identical
moment equal to 0.5P*H happens at each end of the beam segments. As a result, the beam segment
in the first case requires a larger section, despite being subjected to a comparable lateral load.
Additionally, in the analytical formulation a@he initial stiffness, by considering the length of the
beam segment connected to the free end of the rocking beams the variable and equating the

derivative of the initial stiffness to zero, the maximum initial stiffness could be obtained when the
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length of the beam segment connected to the rocking beam is equal to half of the spandength (L

e + L= L/2).

The effect of the location of the rocking beam was further investigated by conducting a
parametric study on thbreestory SCMRFSRB prototy building shown irFigure4.26. Three
different cases in which the free end of the rocking beam was assumed to be located at: (1) mid
span, (2) quartespan, and (Bendspan, were considered aRtHA subjected to the suite of 22
ground motions were conducted. The maximum IDR of the three cases is compagedan.27,
and as expected, the minimum and maximum responses are related th aasecase,
respectively. As a result, the optimal design will be achieved if the free end of the rocking beam

is located at migpan.

L/2 | L/4

\[d

. e F  F cses 5

Case-3

Figure4.26 Location of the rocking beam in the case studies
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Figure4.27 Maximum IDRrespons@f the prototype building considering differdatations for

the free end of the rocking beam
4.12.2 Length of the Rocking Beam

The length of the rocking beam (or the rotation angle) directly affects the design of the disc
springs and the fuse devices. According to Eqgns. (7) and (23), the shorter the pbeckinig, the

less restoring force and fuse device capacity are required to achieve a spegifed e mé6s st r et

Additionally, the postyield stiffness and the length of the rocking beam are inversely
proportional per Eqn. (10). On the other hand, acagrth Eqns. (39) and (40) the shorter length
of the rocking beam corresponds to a larger amount of the required deformation capacity of the
disc springs. If the length of the rocking beam is too long, the expected nearly rigid rocking
behavior will be advesely affected, on the other hand, if the length is too short, the large rotation
angle of the rocking beam results in large plastic strains in the fuse plates under the cyclic loading

which might cause overly large ductility demand on the RHD trapezolakais.

To investigate the effect of the length of the rocking beam on the seismic performance of the
proposed system a parametric study was performed by considering the length of the rocking beam,

e, equal to 10%, 15%, and 20% of the bay width. The fpeodon of the disc springs and fuse
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devices of the first case where e=10%L is present@&dbie4.4 where the preload is equal to 25%

of the disc deflection capacity.

The same size of disc springs was used for two other cases with a larger preload equal to 38%
and 50% of the disc deformaticapacity. The fuse devices of the second and third cases were

designed based on the corresponding length of the rocking beam.

The pushover curve of the three cases is showkigare 4.28, and the maximum IDR
responses subjected to the suite of ground motions are presertad@.29. The results showed
that although the larger length of the rocking beam results in jpestyield stiffness, the median

of maximum IDR responses was almost unchanged.
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Figure4.28 Pushover curves of the case studies with different lengths of the rocking beam
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Figure4.29 Maximum IDR response of the prototype building considering different lengths for

the rocking beam
4.12.3 Energy Dissipation andPostYield Stiffness

One of the key steps in the design process of SCERB systems is to design the two
strength components, whicheafuse plates and disc sprindfies y st e mod sshoald bee ngt h
provided by the fuse devices and gggening force (through preloaded disc springs) and their

contribution depends on the energy dissipation ratio,

Additionally, the required PT force wabe generated by using different sizes and/or the
number of disc springs with specified preloading levels. For example, the same amount of PT force
would be generated using larger disc springs with a lower preload or smaller disc springs with a

larger préoad.

Thepostyield stiffness is a function of the stiffness of the sets of disc springs; therefore, using
different sizes of disc springs with different preloads, which would generate the same PT force,
results in differenpostyield stiffness. As a rest, it is possible to attain the required strength with

some flexibility in the design of fuse plates and disc springs.
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Previous studies showed thatstyield stiffness is a primary factor affecting the residual
deformations of notinear systems underydamic loading53i 56]. To investigate the effect of
the energy dissipation ratip, , and stiffness ratig, , which is defined as thgostyield stffness
to the initial stiffness, on the structural demands of the prototype building, a parametric study was

conducted by considering these two key parameters as the influencing variables.

The disc springs and RHD plates were designed for eight diffeases based on the same
design base shear. The detailed specifications of each case are summaraee 4b6. Four
different values of equal to 25%, 50%, 75%, and 90% were considered as the main category.
The cases with equal to 75% and 90% were included to investigate the seismic performance of
a tasksimpler and more costompetitive cases since energy dissipation provided by RiHDe&a
more economically delivered than preloaded disc springs, which show partiakistfing
performance under static loads. Two valueg ofvere considered for each valpe by using
different sizes and combinations of disc springs with differetnbaddevels. The pushover curves

of all cases are presentedHigure4.30.
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Table4.5 Specifications of the cases in the parametric study (Unit: mm)

Disc Springs Specifications  RHD Plate Specificatior
(each set) (each set)

Story P S Do Di o t Qty Lr bt bp tr

e Preload

Case
% % lo

w

14 250 127 21.8 16
14 225 112 20.5 16
15 200 112 17.5 14

N

140 170 60 18
140 170 60 12
140 170 60 8

B25A1 25 25

24 200 112 16.2 12
19 200 82 16.6 12
15 200 92 15.6 10

140 170 60 18
140 170 60 12
140 170 60 8

B25A2 25 50

20 200 112 175 14
16 200 112 16.2 12
14 200 102 16.2 12

140 170 60 25
140 160 55 18
140 150 50 12

B50-A1 50 25

24 200 112 16.2 12
21 200 112 16.2 12
31 125 71 104 8

140 170 60 25
140 160 55 18
140 150 50 12

B50-A2 50 50

18 200 112 16.2 12
16 200 112 16.2 12
23 125 71 104 8

140 200 70 28
140 200 70 20
140 150 50 15

B75Al1 75 25

24 200 112 16.2 12
20 180 92 14.0 10
26 125 61 96 8

140 200 70 28
140 200 70 20
140 150 50 15

B75A2 75 50

13 200 102 16.2 12
20 200 102 16.2 12
26 125 64 106 8

140 210 75 30
140 160 55 25
140 170 60 15

B90-A1 90 10

15 200 102 16.2 12
20 125 64 106 8
26 100 51 82 6

140 210 75 30
140 160 55 25
140 170 60 15

B90-A2 90 25
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Figure4.30 Base shear vs. roof drift relationship of the SCMRFs for parametric study:
(A) bE=25%; (B) bBE=50%; (C) bE=75 %,;

The ensemble median of the maximum IDRs of the cases at the DBE andI®&€E with
16th and 84th percentile values of the peak responses are presdfitpare.31 according to

which the design IDR limit of 2.0% and 3.5% at DBE an@HB4 was satisfied in all cases. It was
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also found that the cases with the sgmand differenfy has almost equal median IDR demands.
Additionally, the mediamf IDR responses decreases ifincreases as the cases withequal to
90% has the smallest median IDR response equal to 1.63% at DBE and the largest median IDR

equal to 1.93% relates to the cases yitlequal to 25%.
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Figure4.31 Ensemble median of the maximuBR responses the parametric study cases

with 16th and 84th percentile values of the peak responses

As shown inFigure4.32, the ensemble median residual IDR of all cases is neglidgiaén
for the cases witlhh equal to 90%this ratio is less than 0.03% and 0.04% at DBE and MCE
respectively, which is minor and implies thecentering performance of the cases withHarger

than 50% subjected to dynamic loads.

The ensemble median of the deflection ratioojs#ii the disc springs at DBE and M
presented ifrigure4.33. It is found that the median disc deflection ratio of all cases was less than
75% at DBE and in none of the cases, the median deflection ratio reached the flatteimadatosi

MCEr.
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Figure4.32 Ensemble median of the maximuesidual IDRresponses ithe parametric study

cases with 16th and 84th percentile values of the peak responses
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Figure4.33 Ensemble median of the maximutisc deflectiorresponsgin the parametric study

cases with 16th and 84fiercentile values of the peak responses

As a result, all cases were able to fulfill the expected performance in terms of IDR responses,
residual drift, and reentering behavior and would define a valid design span for this particular

threestory SCMRFSRB building.
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4.13Summary Remarks

In thischaptey the seismic performance of the sedintering momentesisting frame system
with a sliding rocking beam and preloaded disc springs (SCBRB) was investigated through
analytical and numerical si mul at i osypopediesi es .
were derived and croshecked by the results of the continuum finite element (FE) model. The
design procedure was demonstrated with a tbtesy prototype building case study and its seismic
performance was evaluated through nonlinear nigaestatic and dynamic analyses. The length
and optimal location of the rocking beam within the frame girder were discussed, and the seismic
performance of the prototype buildings was studied through a parametric study by considering the
energy dissipatio ratio, , and stiffness ratig, , which is defined as theostyield stiffness to
the initial stiffness, as the varying parameters. Based on the results of the nonlinear numerical

simulation study of the considered prototype structure, the follownaiiniys can be made:

1 The SCMRFSRB systems can be designed to achieve the target design performance in terms of
inter-story drift ratio (IDR), recentering performance, and the response of the disc springs, post

tensioned (PT) steel rods, and frame membech as beams and columns.

1 It is viable in the design of SCMRERB by selecting values varying between 25% and 90%.
It is shown in this study that thkreestory prototype buildings with g larger than 50% can
still retain selfcentering behavior wile achieving more economical construction with lower
requirements for the PT components of the system. Usingrlanggues not only lead to smaller
IDR demands but also results in a lower amount of initial PT force and the required number of

disc sprimgs which makes such design economically more affordable.
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1 The optimal design in terms of the location of the rocking beam could be made if the free end of
the rocking beam is placed at the msjgan. Moreover, by selecting the length of the rocking
beam betwen 10%20% of the bay width, the target design performance could be achieved;
however, the larger length of the rocking beam corresponds to a larger required PT force and

fuse strength.

1 The required PT force may be achieved by selecting different conansaof sizes and
guantities oflisc springs with properly determined preload levels which would result in different
stiffness ratios] . While such different combinations would not have any significant effect on
the structural responses, employing lardiesc springs with lower preloading levels leads to

fewer disc springs requirement and a larger stiffness gatioyhich isdesirable.
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CHAPTERONI iNwuenaerr i c al Si mul aCeinane rStnugd y

Modul ar Br aCa mgi cPenrsier gl cSauirle
l nteraction

In this chapter, the nonlinear seismic response behavior etesgringmodularbradang
panels(SCMBP) subjected to fafield and neafault earthquakes has been investigated through
numerical simulation considering the ssiftucture interaction (SSI) effect. Analytical formulas of
the loaddisplacement relationship of @CMBP have been fully derived and are verified with
nonlinear 3D continum finite elemen{FE) analysis results. Considering the applicability of the
numerical simulation and computational efficiency, four types of finite element models (FEMS)

with different levels ovaryinghave been developed.

In order to verify the anticipated performarafethe developed system, nonlinear response

history analyss (RHA)have beemperformedon threestory and sixstory prototype buildings. For

the threestory building, a parametric study was performed to emarthe effect of the energy
dissipation capacity amabstyield stiffness on the structural demands. For thesgixy prototype

the effecs of the neaifault ground motions with a velocity pulse on the structural responses were
investigated. Additionallythe SSI effect on mitigating the seismic demands of thestery
prototype building has been studied by simulating the soil stiffness with distributed nonlinear
springs as a discretized continuous medium based d@etra on Nonlineawinkler Foundation

method.
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5.1 Description of the System Behavior

The schematic of thECMBPmodule frame is shown fhigure5.1 The connection of the
braces to the beato-column joints is pinned while the other end of the braces has a fixed
connection to the support beaRosttensioned RT) cables provide the reentering capability of
the system and are elongated from the émeb of the rocking links to the end of the strut columns.

In this module frame, the two struts are acting as cantilever columns. In case a larger length of PT
cables should be provided, it is possible to bend the cables at the floor level and elomgate the
through the floor beam and connect them to the outer flange of the main cqRthn$he
horizontal movement of the free end of the ragkiinks is restrained by the two brackets which

are located on the sides of the links.

Strut Column

Column

Support i
Beam L
RHD o

Rocking Link Device

Figure5.1 Schematics o6CMBPmodule insertethto a steel frame
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After gapopening the free end of the rocking link beams slides inside the braEigaise(
5.2). The relative movemeni generates a friction force in the vertical direction which also
contributes to the energy dissipation of the system. Replaceable hysteretic dampers (RHD) are the
main seismiduse devices for energy dissipation which would dissipate the seismic energy through
the flexural yielding mechanism. It is possible to utilize different arrangements of RHD sets in the
rocking links and in case a large amount of energy dissipation isedqup to 4 RHD sets can

be installed on each rocking link as showifrigure5.3.

P

Elongation of
PT Cables

[l

Figure5.2 Sliding movement of the rocking link inside the bracketS@GMBP

Figureb5.3 Different arrangements of RHD devices
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