SEISMIC PERFORMANCE OF STRUCTURAL STEEL
REINFORCED CONCRETE TRANSFER
COLUMNS IN BUILDING FRAMES

ABHISHEK JAIN

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



© Indian Institute of Technology Delhi (I11TD), New Delhi, 2024


Biswajit
Highlight


SEISMIC PERFORMANCE OF STRUCTURAL STEEL
REINFORCED CONCRETE TRANSFER
COLUMNS IN BUILDING FRAMES

by

ABHISHEK JAIN

DEPARTMENT OF CIVIL ENGINEERING

Submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
JULY 2024



CERTIFICATE

This is to certify that the thesis entitled, “Seismic Performance of Structural
Steel Reinforced Concrete Transfer Columns in Building Frames” being submitted by
Abhishek Jain to the Indian Institute of Technology Delhi, for the award of the 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 the 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.

s

Prof. Dipti Ranjan Sahoo Prof. A. K. Jain

Professor Professor (retired)

Department of Civil Engineering Department of Civil Engineering
Indian Institute of Technology Delhi Indian Institute of Technology Delhi

Hauz Khas, New Delhi-110016 (INDIA) Hauz Khas, New Delhi-110016 (INDIA)

Certificate I






ACKNOWLEDGEMENTS

I would like to express my deep and sincere gratitude to my supervisor, Prof. Dipti
Ranjan Sahoo, for his invaluable guidance, encouragement, and support. He always
understood that I needed to contribute to my business along with my studies and
supported me throughout this doctoral research journey. I am deeply indebted to Prof.
Arvind Kumar Jain for accepting me as his student, motivating me throughout the

doctoral research and financially supporting my research through available financial aid.

My appreciation also extends to the staff of the Structural Engineering laboratories,
Mpr. Nitin Chourasia and Mr. Biri Singh, and other supporting staff who have helped me
in the various stages of my experimental program. Moreover, I thank my entire research
committee (Prof. C. T. Dhanya, Prof. Alok Madan, and Prof. S. Pradyumna) for their
valuable suggestions that led me in the right direction. I am grateful to my dear friend,
Dr. Gautham Anbumani, for helping me throughout my research and inspiring me to
follow this topic. He extended his unconditional support when I needed it the most. |
thank Saurabh Sharma for his support for my experimental setup. I also thank my
seniors, Dr. Deepak Yadav and Dr. Rahul Bhartiya, for their advice and guidance on

tackling the hurdles throughout my journey.

I am thankful to my parents, Dr. Vinod Jain and Mrs. Vimi Jain, and my sister
Rashika, for supporting me in this journey and handling everything else so I can focus
on my Ph.D. I thank my wife, Tishya, for always believing in me and being patient
throughout. Lastly, I would not have applied for this course if it were not for my best

friend, Tushar Gupta’s motivation. He was there for me all along this journey.

Abhishek Jain.

Acknowledgements i






ABSTRACT

Concrete columns reinforced with structural steel, commonly known as steel-
reinforced concrete (SRC) columns, are widely used in the construction of buildings and
bridges because of their added advantages and benefits over conventional reinforced
concrete (RC) and steel columns. Many buildings are now being built with SRC columns
in some stories and RC columns in others. In such buildings, “transfer stories” consist of
hybrid SRC-RC columns that are made up of partial SRC and partial RC sections along
their heights. These transfer stories are prone to shear failure due to sudden changes in
load bearing and stiffness properties. The present study aims to investigate the influence
of the embedment length of structural steel in the hybrid SRC-RC columns on their load-

bearing behavior when bent about strong and weak axes.

In the first phase, both experimental and numerical studies have been conducted at
component levels to determine the optimum embedment length of structural steel and to
propose the detailing of steel reinforcement in the hybrid columns. Five large-scale test
specimens with varying lengths of embedment of structural steel were tested under
gradually increasing lateral cyclic displacements and constant axial loads. The main
parameters studied were the failure mechanism, hysteretic response, energy dissipation
potential, and lateral stiffness of test specimens. Test results showed that all SRC-RC
specimens, irrespective of the direction of lateral loading, had higher lateral strengths than
the RC columns. However, test specimens with the smaller embedment of structural steel

exhibited shear-dominated failure.

A numerical study based on finite element modeling was carried out to predict the
lateral strength and ductility parameters of SRC-RC columns. Three-dimensional

numerical models were created in a commercial software ABAQUS considering the
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concrete confinement by lateral ties and structural steel and the effect of embedment of
the lateral and longitudinal reinforcement in concrete. A parametric study was carried out
to investigate the lateral load-bearing capacity, ductility, and failure mechanism for
varying axial load ratios, embedment lengths, and reinforcement detailing of the transfer
columns. A structural steel embedment for 60% of column height with closer tie spacing

at the truncation regions exhibited nearly similar lateral performance as the SRC columns.

In the second phase, the assessment of the seismic performance of building frames
with SRC-RC columns was carried out numerically using OpenSees software. The
numerical model was validated with the published experimental results of SRC-RC
columns at the component level and the building frames at the structure level. A five-
story building frame with SRC columns at the ground story and RC columns in other
stories was considered as the ‘study frame’. Nonlinear static (pushover) and time-history
(dynamic) analyses were carried out to investigate the base shear vs. roof displacement
response, failure mechanism, and drift response of the study frame. For dynamic analyses,
a suite of twenty-two ground motions scaled to the maximum considered earthquake
(MCE) and design basis earthquake (DBE) hazard levels were considered for the site. It
was observed that the frames with the lower embedment of structural steel performed
poorly owing to a sudden story shear failure. The increase in embedment alleviated this
shear failure. In addition, an incremental dynamic analysis (IDA) was carried out to
investigate the seismic collapse performance and to develop seismic fragility curves of
the study frame. Building frames with smaller embedments (especially in the minor axis)
exhibited a higher probability of collapse. It was concluded that a higher embedment of
structural steel in the SRC-RC column should be adopted along with ductile detailing of

the truncation zone for improved seismic performance of building frames.
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NIKS

WIS F¥Td J Yaferd dspie TY, O AR R SWrd-yafird sobic
(SRC) TH & ¥0 H ST 9IaT 8, URURS UEferd dsbic (RC) 3R 3T WY R
Id SfARad BRI R AT & HRUT SARG! 3R Yal & i § e w9 4
SUANT {31 STTaT 8 | FS SHR 3(d $& Hioral H SRC WH 3R $S H RC WH & 1Y
SIS 1361 8 | Ul SHRGT H, “RIMTARUN HSe (Tranfer stories) H T31oS THSHRE-
3R (SRC-RC) TH MBI & o 3HifRIh THIR (SRC) 3R 3ifRres 3Rt (RC)
SIIHTT & DT $aTs & A § 81d & | YR T8 3R HSRal Uil & S/ giRac-
& HRUT g9 RIMIARU HSTd § Hazet [Awberdl &1 Wal gidl g | IaH 3T Bl
J5Y BISISS SRC-RC HHT H WD 3T Bl TISHC TaTs b UHIT B ofid
HRAT ¢ O I8 Holgd 3R HHSR 3feff & 3R HIST ST 5|

Ugd RO H, YUl 3R IS T Gl DI gedh (had TH) TRI IR
Tferdt fob T 1T § i TRETeH S¥UTd b1 SfTaRf Sica cars Ui Bl o Heb
3R TR TiHT H 3T Y IhRUT &1 faaRur TRaTiad foal o 9b | TRa-Ted S8Td
o1 faftrer idde daTs & 1Y Uie 98 UM & TRieT Ufaesy &1 Bife U T ggd
o1ef Thig faRTH 3R RR 31effa YR & ded i&un fan a1 T Augs of
31ege fobu T A 3 A faweeran o, fewerfes ufdfsan, Soif sruoa e, SR uRiermn
ey & U1 SERdT | TRi&oT uRomE! § udt g i 9t SRe-Re feRey, wrf UR
&1 =N &1 tRaTg fad AT, Re Wl &1 gamT & S Ut a1 19 d 3| gTetifds, Bic
3{TdRA (TaSHe) aTel STTA & A1 TEOT FHAT A BHeR-I-THH fawerar uafRid 31
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TRTHD 3T, U dd ATSIAT (Finite element modeling) & 3TUYR TR,
SRC-RC YT 1 uref wifde SR a1 19 St & qaiqae & & forg fasam mar
-3mart T=ITHS Hisal B! afoifus TruediRk ABAQUS H s T, foras ursf
§eT SR TAEIHS ST GRT HebIc Bt URRET 3R dHepie § urf 3R srjesd
RGBT B SAARH &b THIE B & H 34T 77| Teb 37eaa fovar a1 ford fafia
31eff HR 30T, AR daTs 3R RIFTARU Wl & YealhRur faavur & forg ursf
HR-TE &, TRIdT 3R fIWeIdT o3 &t g &1 o b | TWH Bt HaTs B 60% B
foTT T XTI 3iddRH & Iy 3R fawye &4 # gy U 3faRId & I1Y,
SRC &iHT & G Uty yaxH yafRid foar

W WU H, SRC-RC WUl & WY Yo glal & YbUd UeRiF &1 qeuid—
IRSHTHD FU T OpenSees TIHCATR BT ST B fhdl 71| IATHSD AISd Dl

geh (WH) TR TR SRC-RC TWHI & 3R TET TR W YaT e/l & UBIRId
TARTIES UROTHT & T1Y FaTiid faar | Yo IR SRC Wt 3R 3= Tfora & R

IHT o I T Ul HSTel Ha gldl Bl g giar & U H JHE T YR
HARA 1 B fai= ufafear, fawadr 43, 3R sremA g @) fgte ufafear ot
o & forg RIS FR’RR (qRIshar) iR gra-sfaem @faefia) fazawo fee |
Tferfiet fawer T 3 forg, if¥iedd A T8 YU (MCE) 3R fSSlTgH 3R Y& U (DBE)

FAR & TRl W Whd (B T TR Y-3HGIel BT THh e FRe & (o [aar faar

TN g 39T T fob S 3idd e dTd TR ST dTd &ldl o 3D JioTdl

HA! [T & HRUT WRIS UG BT SqaxH & gig 7 30 HeRe! [qmadl &l
w4 [T 39& Sramar, YoUla Ia- UeRH &1 S a1 3R 31eqg- gid &t YU
Al deh fasRid w1 & fofe ue gfg=ia nfaRiia fagewor apa) foan man sie
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3fqATH (AU =0 ¥ HHGR 318 T) a1 Ha el § gdd Bt IH1aAT i ot
frspe fAeren M fb waH ral & dgaR YUl UekH & fN SRC-RC WY H
RIS ST & I AR I UgUT b1 ST Ao 3R [y & &1 aeien
faaRoT 3o ST =R T
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