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ABSTRACT

Conventional concentrically buckling-type steel braces are adopted as lateral
force-resisting systems to increase the lateral strength, lateral stiffness, and
displace+ment ductility. However, the global buckling of these braces under axial
compressive loads results in the low-cyclic fatigue failure and the reduced energy
dissipation potential under cyclic loading. This may lead to the formation of soft-story
hinge mechanism in concentrically braced frames. Buckling-restrained braces (BRBS)
are the special type of braces capable of yielding both in tension and compression
loadings. Thus, BRBs exhibit the stable and nearly-symmetric hysteretic response with
excellent displacement ductility under inelastic cyclic deformation. Conventional
BRBs are consisted of the central yielding core elements restrained by mortar-filled
casings. The main limitation of buckling-restrained frames (BRBFs) is their excessive

residual drift response under major seismic events.

The present study is focused on the development of all-steel BRBs (ABRBS)
with better self-centering potential in order to limit the excessive residual drift response
of BRBFs. A numerical investigation has been conducted to study the influence of
various geometric parameters, such as, friction and gap clearance between the central
core element and restraining systems, the position and detailing of stoppers on the core
elements, and the length of yielding core elements on the cyclic performance of all-
steel BRBs. A parametric study has been carried out using finite element analysis
method to determine the optimum values of these design parameters. An experimental
investigation has also been conducted on ABRBs having the steel yielding core
elements and the built-up steel angle sections as the restraining systems to study their
hysteretic response and overall performance under cyclic loading. The influence of
extruded and welded stoppers on the core elements on the cyclic performance of
ABRBsS has been evaluated.

In order to improve the self-centering potential, the ferrous-based shape-
memory alloy (Fe-SMA), instead of steel, is used in the yielding core elements of
ABRBs. Fe-SMA has the potential of providing self-centering during as well as the
cyclic loading using heat treatment. Fe-SMA is used only in the central yielding

segments those are welded to the elastic end segments of ABRBs. Five large-scale sub-
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assemblages consisting of FSMA BRB and the conventional structural steel sections
have been tested under cyclic loading conditions. The detailing of core plates and the
position of stoppers of BRBs are varied in the experimental investigation. The main
parameters investigated are the hysteretic response, failure mechanisms, strength-

adjustment factors, and energy dissipation potential of FSMA BRBs

Self-centering BRBs consisting of SMA rods along with steel core BRBs have
been proposed in the literature. In this study, a parametric study has been conducted
numerically to determine the influence of geometric properties of SMA rods on the
cyclic performance of self-centering BRBs. Both length and area of SMA rods are
varied in relative to those of the core elements of BRBs. The results of parametric study
are utilised in a study building to investigate its seismic performance. Nonlinear time-

history analysis has been conducted on the study frames with self-centering braces.

A new self-centering BRB consisting of SMA rods using a single outer casing
has been developed in this study. Two Nickle Titanium (NiTi) SMA rods are placed
symmetrically with respect to BRB core element. Experimental investigation has been
conducted on three self-centering BRB sub-assemblages with varying pre-stress levels
in SMA rods. The tests results proved the concept of telescopic braces with reduced
number of elements. Finally, a set of building frames representing the low- to high-rise
structures are considered for the evaluation of seismic response. These building frames
are designed as braced frames considering BRBs, self-centering BRBs and the
combination of both. Nonlinear static and dynamic analyses are conducted to evaluate
the lateral strength, failure mechanism, interstory drift and residual drift response of the
study frames. Ground motion time-histories representing the near-field earthquakes
have been considered in the nonlinear dynamic analyses. Both experimental and
numerical investigations concluded that the self-centering BRBs not only exhibited the
excellent energy dissipation potential but also controlled the residual drift response of

prototype building frames.
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Differential of initial stress and load of stiffness matrix

Initial penalty stiffness

Final penalty stiffness

Total stiffness

Axial stiffness of ABRB

Lateral stiffness of frame

Equivalent axial stiffness

Spring stiffness of member

Base state stiffness matrix

Material constant for Coffin-Mansion relationship

Post yield stiffness

Load stiffness matrix

Regression co-efficient for equivalent viscous damping
Work point to work point or end to end length of member
Length of yielding core of BRB

Eigen vectors

Number of backstresses

Higher mode compression buckling order

Number of fatigue cycles before failure

number of cycles required to cause failure in i cycle
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Ni
Puc
Put
Pyt
QN
Qoo

SP
SG
Ss
Sw
S1
Sp1
Sobs

Sm1

Swms

Ss

wi /center
Ok

p

Yk

Aby

Number of displacement strain amplitudes in i"" cycle
ABRB maximum compressive force reached

ABRB maximum tensile force reached

ABRB tensile yield force

Incremental loading

The maximum change in the size of the yield surface

Response modification factor

Material over-strength factor

String-pot potentiometer

Strain gauges

Gap of restraining from strong surface of BRB

Gap of restraining from the weak surface of BRB

Mapped MCE spectral response acceleration parameter at 1s

Design spectral response acceleration parameter at 1s

Design spectral response acceleration parameter at short periods
(0.2s)

MCE spectral response acceleration parameter at 1s

MCE spectral response acceleration parameter at short periods (0.2s)
Mapped MCE spectral response acceleration parameter at short
periods (0.2s)

Thickness of the member

Approximate time-period of the structure

Thickness of the BRB steel core plate

Design base shear

Different buckling mode

Normalized vector

Seismic weight of the structure

Wide of the BRB core plate

Portion of the total effective seismic weight at height i or x
Backstress

Compression strength adjustment factor

Rate of decrease of kinematic hardening moduli

Yield displacement of brace

List of Symbols
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&/ec

&p

ép

&t

Ai

u

Ave
Aveto

HMcum

Mmxm

GuL

ox/ oy/ ox
W
zD’TL

Q

Axial core strain of brace
Elastic strain
Plastic strain

Total axial core strain of braces

Eigen value
Ductility

The calculated mean value from Inter story and residual drift
Mean + standard deviation
Cumulative ductility demand
Maximum ductility demand
Effective stress tensor

The damping of the system
Stress triaxiality

the maximum displacement
Transformation stress
Revers transformation stress
Equivalent viscous damping

The eigen value
The buckling mode

Equivalent viscous damping

Initial yield stress

The rate at which the kinematic hardening modulus decreases
Stresses along x, y and z-axis

Tension strength adjustment factor

The natural frequency of the system

System over-strength factor
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ADAS
AISC
ANSI
ASCE
ABRBs
BC
BRB
BRBF
BFRP
CBF
DBE
DC-SCB
EBF
FE
FEMA
Fe
FSMA
HCS
HSS
ISDR
MCE
MRF
NAO
NiTi
NRCD
PT
RDR
RCD
SAC
SAFYD
SC

LIST OF ACRONYMS

Added damping and added stiffness
American institute of steel construction
American national standard institute
American institute of civil engineers
All-steel buckling restrained brace
Beam-column connection
Buckling-restrained brace
Buckling-restrained braced frame
Basalt fiber reinforced polymer
Concentrically braced frame

Design basis earthquake

Dual-core self-centering braces
Eccentrically braced frame

Finite element

Federal emergency management agency
Ferus

Ferus based shape memory alloy
Hollow circular steel section
Hollow square/rectangular steel section
Inter-story drift ratio

Maximum considered earthquake
Moment resisting frame
Non-asbestos-organic material
Nickle and Titanium
Non-re-centering devices
Post-tensioning

Residual drift ratio

Re-centering devices

SEAOC + ATC +

Shear and flexural-yielding damper
Self-centering

List of Acronyms
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SCB
SCBF
SC-BRB
SCED
SD
SDOF
SEAOC
SFDB
SFDB-NF
SMA
SMRF
SRCD
TADAS
UTM
UMAT

self-centeirng braces

Special concentrically braced frame
Self-centering buckling restrained braces
Self-centering energy dissipative device
Standard deviation

Single degree of freedom

Structural engineers association of California
self-centering friction damping brace
SFDB without friction element

Shape memory alloy

Special moment-resisting frame
Supplemental re-centering devices
Triangular ADAS

Universal testing machine

User define material

List of Acronyms
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