TESTING AND EVALUATION OF
SHORT-CORE BUCKLING-RESTRAINED
BRACES FOR ENHANCED SEISMIC
PERFORMANCE OF STEEL FRAMES

MUHAMED SAFEER PANDIKKADAVATH

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER, 2017



© Indian Institute of Technology Delhi (IITD), New Delhi, 2017



TESTING AND EVALUATION OF SHORT-
CORE BUCKLING-RESTRAINED BRACES
FOR ENHANCED SEISMIC PERFORMANCE
OF STEEL FRAMES

by

MUHAMED SAFEER PANDIKKADAVATH
Department of Civil Engineering

Submitted
in fulfilment of the requirements of the degree of Doctor of Philosophy
to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

SEPTEMBER, 2017



CERTIFICATE

This is to certify that the thesis entitled, “Testing and Evaluation of Short-
Core Buckling-Restrained Braces for Enhanced Seismic Performance of Steel
Frames” being submitted by Muhamed Safeer Pandikkadavath to the Indian Institute
of Technology Delhi, for the award of degree of Doctor of Philosophy is a bonafide
record of research work carried out by him under my supervision and guidance. The
thesis, in my opinion has reached the requisite standard, fulfilling the requirements for

the award of degree of Doctor of Philosophy.

The research report and results presented in this thesis have not been submitted,

in part or full, to any University or Institute for the award of any degree or diploma.

Dr. Dipti Ranjan Sahoo

Associate Professor

Department of Civil Engineering

Indian Institute of Technology Delhi
Hauz Khas, New Delhi-110016 (INDIA)

Certificate i



ACKNOWLEDGEMENTS

My profound gratitude goes first to Prof. Dipti Ranjan Sahoo, who intensely
guided and encouraged me throughout my PhD program. His devotion for quality and
accuracy inspired me to work hard and to refine myself as a good researcher. His
humanitarian aspect at all the stages, gave strength to come back on right track. This
dissertation would never have been completed without his enduring and comprehensive
support. I would like to extend my gratitude to my entire research committee (Prof. Atul
Kumar Mittal, Chairman; Prof. A. K. Darpe and Prof. Vasant Matsagar) for their
valuable suggestions that led me in the right direction. My appreciation also extends to
Structural Engineering Laboratory staffs Biri Singh, Nitin Chourasia and supporting
staffs Sanjay Kashyap, Sanjay Kumar and Ramesh Chand who helped me in different

stages of my experimental program.

The support and understanding of my colleagues, Dr. P. C. Ashwin Kumar, Dr.
Oinam Romanbabu Meetei, Nitin Kumar and juniors have been helpful and valuable in
solving technical problems of this dissertation. Their presence and support made many
difficult situations much lighter. I am indebted to all my teachers especially Prof. T. K.
Datta, Prof. A. K. Nagpal, Prof. A. K. Jain, Prof. Ayothiraman R., Prof. Suresh Bhalla,
Prof. G. S. Benipal, Prof. Tanusree Chakraborty, Prof. R. P. R. Nair, Prof. Kouzer K.
M. and Prof. Vijayan P and the assistance and support from my affectionate teachers
namely Prof. K. V. Leela and Prof. Meera V. and Mrs. Sudha Vinod helped me to take

right decisions and to pass through many difficult situations efficiently. The physical

Acknowledgements fii



Testing and Evaluation of Short-core BRBs for Enhanced Seismic Performance of Steel Frames

and mental support from all my friends particularly, Mr. Arun Unnikrishnan (Pachu),
Mr. Ajish V. C., Mr. Noor Muhamed, Saqib Gulzar, Mr. Muhammad Arif A., Mrs.
Deepika Malpani, Prof. Dhanaraj K. J., Prof. Prince Asok, Prof. Manoj M., Prof. V. L.
Beena and Prof. Dhanya C. T. relieved my pressure and stimulated me to overcome the
obstacles. The unconditional love, care and support from my wife Mumthas K., my
daughter Khadeeja Safeer P. K., my brother Abdul Adhil P. K., my cousin Shameer K.
(Shemicca) and my uncle Abdul Kareem A. P. (Vaappu) have decisive role for making
this work a reality. Finally, I thank to my parents, students, siblings, relatives, well-
wishers for their mental, physical, and emotional support. Without their love, support,

and encouragement, I would not have finished this dissertation.

I dedicate this thesis to my late mother Khadeeja A. P., whose dream and passion
for knowledge laid the foundation for this dissertation. In the end, I thank God for all

his blessings and for giving all these wonderful people around me.

Muhamed Safeer Pandikkadavath

Acknowledgements iv



ABSTRACT

Concentrically braced frames (CBFs) with conventional buckling-type braces
(BTBs) experiences severe degradation in strength and stiffness under strong ground
motions. This results brace fracture and the formation of soft-story mechanism in CBFs.
Buckling-restrained braces (BRBs) can provide stable and balanced hysteretic response
along with excellent low-cycle fatigue capacity under inelastic reversed loading
conditions. However, buckling-restrained braced frames (BRBFs) are susceptible to
excessive residual drift response owing to the low axial stiffness of BRBs. The present
study is focussed on the enhancement of axial stiffness of BRBs in order to improve the
lateral stiffness of BRBFs as a whole. Two different methodologies are used to improve
the axial stiffness of BRBs, namely, (i) by reducing the length of yielding core segments
with a proportionate increase in the elastic segments of BRBs, referred to as a short-
yielding core BRB (SBRB), and (ii) by using a combined bracing system consisting of
a short BRB in series with elastic conventional steel brace segment, referred to as hybrid
BRB (HBRB). Since the SBRBs and HBRBs have, relatively shorter yielding segments,
the axial stiffness of these braces is expected to be higher than the conventional full-

length BRBs.

A preliminary study has been conducted on a six-story braced frame to
investigate the drift response and yield mechanism under seismic loading. Four types
of braces, namely, conventional buckling-type braces (BTBs), BRBs, SBRBs and
HBRBs are considered for the study frame. It is assumed that the inelastic force-
deformation characteristics of SBRBs and HBRBs are exactly same as the BRBs. Non-
linear static and dynamic analyses showed that the proposed SBRBs and HBRBs are
successful in enhancing the lateral stiffness of the braced frames and controlled the drift
response associated with them as compared to BRBF. Component tests are carried out
on reduced-scale SBRBs to investigate their inelastic response and the design
parameters associated with them. Three SBRB specimens with concrete-filled
detachable casings as buckling-restraining mechanisms are tested under the reversed
cyclic loading conditions. The results showed that SBRBs have acceptable inelastic
response and energy dissipation. The design parameters of SBRBs are comparable to

that of conventional BRBs up to an axial core strain of 4%.
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Successively, the variation in equivalent elastic axial stiffness of BRBs is
calculated assuming different segments of BRBs as linear spring models. Numerical
studies showed that reduction in yielding length of BRBs and increase in the cross-
sectional area of segments can improve the axial stiffness of BRBs. Both low cycle
fatigue criteria and higher mode compression buckling criteria are considered to
determine the limiting length of yielding core segments of BRBs for enhanced axial
stiffness. In case of low cycle fatigue criteria, Coffin-Mansion relationship is used in
conjunction with the code recommended qualifying cyclic loading protocols for BRBs.
Out of the two approaches, the highest value is taken as the limiting length for core
yielding segments of BRBs. Finite element analysis is carried out to predict the cyclic
response of BRBs using a commercial software ABAQUS. The main parameter varied
in the finite element models are the core yield lengths of BRBs. These models are
validated with the results of component tests of SBRBs. The analysis results quantified
the variation in elastic and post elastic stiffness as well as the ratio of post-yield stiffness

to elastic stiffness of BRBs for different core yield lengths.

Sub-assemblage tests are conducted on six HBRB specimens under the reversed
cyclic loading conditions. The main objective of this experimental investigation is to
study the overall cyclic response, the behaviour of connections between BRB and BTB
segments and the mode of failure of HBRB specimens. The same buckling inhibition
arrangement as used in the component testing of SBRBs has been considered for SBRB
segments of HBRB specimens. A rigid connection has been adopted at the interface of
the BTB and BRB segments of HBRB specimens. Test results showed that HBRBs have
excellent energy dissipation capacity with stable and balanced hysteresis. Strength
adjustment factors for HBRB are found to be increased at the higher axial strain levels.
Finally, a numerical study has been carried out on braced frames of different heights
with four different types of braces, i.e., BTBs, BRBs, SBRBs and HBRBs. Two
different values of response modification factor are considered in the design of study
frame. Non-linear static and dynamic analyses concluded that HBRBF and SBRBF
exhibited reduced drift response under design basis earthquake and maximum
considered earthquake hazard levels with a marginal increase in ductility demands on

SBRBs and HBRBs.
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Maximum ductility demand

Effective stress tensor

Equivalent viscous damping

Yield stress corresponding to zero plastic strain
Initial yield stress

Stresses along x, y and z axis

Resistance factor (LRFD)

System over-strength factor

Tension strength adjustment factor
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ADAS
AISC
ANSI
ASCE
ATC
BIB
BRB
BRBF
BTB
CBF
C-BRB
CUREE
DBE
DI

DL
EBF
FE
FEA
FEMA
FPB
HBF
HBRB
HBRBF
HCS
HDEB
HDRB
HSS
IBC
ICC
ISDR

LIST OF ACRONYMS

Added damping and added stiffness
American institute of steel construction
American national standard institute
American society of civil engineers
Applied technology council

Buckling inhibited braces
Buckling-restrained brace
Buckling-restrained braced frame
Buckling type brace

Concentrically braced frame
Conventional full length BRB
Consortium of universities for research on earthquake engineering
Design basis earthquake

Damage index

Dead load

Eccentrically braced frame

Finite element

Finite element analysis

Federal emergency management agency
Friction pendulum bearing

Hybrid braced frame

Hybrid buckling-restrained brace
Hybrid buckling-restrained braced frame
Hollow circular steel section

High damping elastomeric bearing
High damping rubber bearing

Hollow square/rectangular steel section
International building code
International code council

Inter-story drift ratio
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LL
LRB
LRFD
LVDT
MBRB
MCE
MRF
NCREE
PBPD
RDR
RLBRB
SAC
SAFYD
SBRB
SBRBF
SCBF
SCED
SD
SEAOC
SEI
SMRF
TADAS
TMF
USGS
UTM

Live load

Lead rubber bearing

Load and resistance factor design
Linearly variable differential transformer
Miniature BRB

Maximum considered earthquake
Moment resisting frame

National center for research on earthquake engineering
Performance based plastic design
Residual drift ratio

Reduced length BRB
SEAOC + ATC + CUREE

Shear and flexural yielding damper
Short-yielding core-length BRB
Short-yielding core-length BRB frame
Special concentrically braced frame

Self centering energy dissipative device
Standard deviation

Structural engineers association of California
Structural engineering institute

Special moment resisting frame
Triangular ADAS

Truss moment resisting frame

United states geological survey

Universal testing machine

List of Acronyms

XXX



	Muhamed Safeer Pandikkadavath (2011cez8023)-PhD Thesis-September-2017-Final.pdf



