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Abstract

The slip friction devices have been investigated and tested in several research studies.
Due to the laclof selfcentering feature, such dampers might show residual deformation
after moderate to severe earthquake astidn address this shortcoming, sedintering
friction-baseddampers were introduced that can preserve the advantages of friction
damper while introduce setentering feature to the systeihe Resilient Slip Friction

Joint (RSFJ) is among the available smdfitering devices that combsganslational
friction sliding with self-centering feature in one compact device &ag proven its
capability in various structural applicat®nnspired bythe RSFJ concepthroughthis

study, initially a new sekHcentering friction damperis introducel named as the
RotationalResilient Slip Friction Joint that combeherotational friction with sel
centering capability. The RotatiorBISFJ can provide remarkable flexibility in bakie
damper component design as well as various structural apphgaiihe force-
deformationprinciples ofthis newdamper were provided, along witts numerical
verification using finite element analysis. The performance of the darwasr
experimentally investigated,and the numerical outcomes were validated thg
experimental data. The resuhgyhlightthe dampecapability fora stable and repeatable
energy dissipation with no requirement for pegént maintenance, than can be utilized
for both new design and retrofit purposes.

As the major dcusof this study the possible applications of RSFJ dampkeve been
investigated for improving the seismic performance of curreparthquakerone
buildings (on both local and global lexg)l As for the local retrofitting, the RSFJ was
utilized as a haunch element &irengtheningf deficient RC beareolumnjoints. The
proposed system can preserve the benefits of conventional haunch retrofitting system
while offering the benefits of RSFJmdaer (reliable energy dissipation and recentering
force) toweakRC frames. On this basis, a numerical nonlinear model was developed and
a design procedure was provided for proper retrofit design of the haunches fer beam
column joints of the RC frames. Tvib@amcolumn joints (one interior and one exterior)
werethen selected as a case study for retrofit design and their improved performance
demonstraté their enhanced behaviour in terms of energy dissipation, stiffness and

strength improvement, along withimmal residual deformation.



As for the global retrofitting of deficient RC frasyéhe RSFioggle bracing system is
introduced and investigated numerically and experimentélg. RSFdoggle bracing
system can be activated within small drift valoéshe structure and preserve the frame
from excessive damagéwo scaleddeficient RC framgrepresenting typical psr&970s

RC moment resisting frames were constructed and tested to investigate the performance
of such retrofitting system, as compared to telframe. Material testingf the @ncrete
andsteel rebars as well #'edamper component testimgere conductetb gain accurate

data for numerical modellingRecommendationgegarding the proper design\edrious
aspects dthis retrofitting system we provided irnthethesis, including the brace buckling
design, instability consideration for the damper, as well as the overall system, connection
detailing and gusset plate desigequirements. Theexperimental observations
demonstratehe improved behawur of the frame in terms of energy dissipatemd
enhanced stiffness and strength for the upgraded RC frame. The numerical model could
also capture the behaviour of the system arthcceptable accuracis per the findings

of this study,the proposedetrofit solution carstrengtherthe nonductile RC frame

within a limited drift and replace the pinching behaviour of the deficient RC $raiitie

a repeatable reliable sefitag shapéysteresiperformance.



Attestation of Authorship

| hereby declarghat this submission is my own work and that, to the best of my

knowledge and belief, it contains no material previously published or written by another
person (except where explicitly defined in the acknowledgements), nor material which to
a substantial@ent has been submitted for the award of any other degree or diploma of a

university or other institutions of higher learning.
Signature: Sajad Veismoradi

Date: December 22



Acknowledgement

This study has been financially supported by the Ministry of Business, Innovation and
Employment of New Zealand (MBIE). The financial support provided by this institution

is greatly appreciated.

I would like to express mgeepestespect and gratitude tend my first supervisor, Dr.
Pouyan Zarnani fooffering me this wonderful PhD opportunity in the first place alhd

of his continuous help and motivation, during this journey. It was indeed a pleaslre
honour for me tavork with him and none of thesmitcomes would have been possible
without his mentorship and support. | also learned invaluable lessons from my second
supervisor, Prof. Pierre Quenneville, a true gentleman whose guidance helped me
throughout this researcfthank you both, for acceptingenin yourincredibleresearch

team, taking me under your wings and teaching me how to fly.

I would like to thank theprofessional technicians and mentors in AUT structural lab,
Dave Croft, Allan Dixon, Andrew Virtue and Stephen Hartley, as well asshgif
beskhyrounand his PhD student, Kelly (Huwyho helped me during the experimental

testing and setting up the data acquisition systems.

| am also very grateful to two expert examiners of my thesis, Prof. Marjan Popovski
(University of British Columbia,Canada) and Dr. Mustafa Mashal (ldaho State

University, United States of America) who devoted their time and carried out the review
of my work with patience, enthusiasm and scrutiny. Their valuable feedback and

comments have definitely elevated the thesis

Special thanks to all my friendsnd colleaguedrom the AUT PhD office and the
university of AucklandHamed, Farhad, Mohamad, Kaveh, Nick and Mohgeawere
there forme duringthe hard times and defined the teriind r i ends hi po a n

owe it © you all,for the goodnemories we hadt the university

Finally, I would like to express my deepest gratitude and love toward my famirgn,
my father, mother, my siblings (especially my younger brother, &artt)eir emotional
support and encourament. It is indeed because of you that | have reached to this stage

in my life, and for that, | am truly gratefurhis thesis is dedicated you.



Table of Contents

Y 6511 = T PRSP PPPRPP PPN I..
Attestation of AULIOISNID........uiii e Ll
ACKNOWIBAGEMENL. ...t eeeea e e e e e e e e e eeemeeeeee s v
Table Of CONENTS.......oooiii e eeeee e 1%
LIST Of fIUIES.... e viii
LiSt Of tabIES. ... Xiv
Declaration of ContribULION:..........ooi i XV
1. Chapter 1: INtrOUCTIONL. .....uuiiiiiiiiiiiiii ettt 1
1.1. Seismic design for new and existing buildings...........ccccooeeeiiieeercciieeeeeennn. 1
I D F= T 4]0 1T 1Y/ 01U 2
1.2.1. Fluid Viscous (FV) dampPerS...........uuuuuuiiiiiiieeeeniiiiiiss e e e e e e e e e s eneenenas 2
1.2.2. Metallic (or yielding) dampPeLS..........uuuuiiiiiiee e e aneen 4
1.2.3. FrICtION dAMPELS......ceviiiiiiiiiii e e et e e e e e e e e e e ameera s s e e e e e e e e e e aaaaeeees 5.

1.3. Damper geometrical CONfiQUIratioN.............uuuiiiiiii i reee 9
1.4. Selfcentering slip friction CONNECLIONS............vuiiiiiiii i 11
1.5. Objectives and Motivations of the research.............ccccovvviieeeee e 15
1.6. Organization oOf the thesIS............uuuiiiiiiii e 17
2. Chapter 2: Research Background...................uuuimmminiiiiiiiiiiiieeeeeece e 19
2.1, INETOTUCTION. ...ttt e n e e 19
2.2. Various Concepts for retrofit of RC buildings...........ccccovviiiiieennn. 22
2.3. PreVvioUS WOTKS.......ooiiiiiiiit e ceeea bbb e e e e e e e e e e 24
2.3.1. Conventional Strengthening...........ccooooiiviiiiccciiii e 24
2.32. Added damping to the SyStem...........ccoevviiiiiiiceeie s 28
2.3.3. Using base isolation SYStemMS...........civiiiiiiiiceiiie e eevemmeeens 30
2.3.4. Partial selective weakening...........coovvvuiiiiiiceeie e 31
2.3.5.Full selective WeaKening..........ccooveiiiiiiiiiieeeiiii e 33



2.4. Summary and CONCIUSIAN.............uuuuuniiis i e e e e e smren e e e eas 36

3. Chapter 3: Rotational Resilient Slip Friction Jaint.............ooooiiiiiiceee s 38
3. L. INETOTUCTION. ...ttt e e e e e 38
3.2, SCREF QAMPEE....ciiiiiiiiiiieee e eeeeae 40

3.2.1. friction plates pPerformanCe.........ccccuuurriiiiiireeiiie e eeeee e 42
3.2.2. Damper assembly performancCe...........ccccuvuurrimmmriiiiiiiiiieeeee e 47
3.2.3. Finite Element Analysis of the damper..............ccccimn e, a0
3.3. EXperimental teSting...........cooviiiiiiiiiieeee e 51
3.3.1. Disk SPring teStiNG.......uueiiiieieiee e eeeeie e eeeeeeee e 52
3.32. DamMPEr tESHING.....cciiieeeiiiiiic et cre e e e e e erre e e e e e e e 54
3.4. Damper's parameter effectS.........cooiiiiiiiiie e 57
3.5. Summary and Concluding Remarks.............cceiiiiiiieeeeiiiiiiciee e eeens 59

4. Chapter 4: Seismic Strengthening of Deficient RC Frames Using RSFJs as Haunches

............................................................................................................................. 61
O [ g1 oo [F{ox 1 o] o N PP PUPPPPPP PP 61
4.2. Seismic behaviour of deficient RC beaalumn joiNts...............eeevvviiiiiiiinee. 63
4.3. RSFJ haunch performance and design considerations..............cc...eee.... | 64
4.4. Retrofit Desigh and Recommendatians.............ccccuvvvvimmmnnniiiiiiiiiiiiieeeee 63
4.5. Numerical MOdeliNg.........uuiiiiiiiie et 72

4.5.1. Joint MOAElliNG........uvvueiiiiiiie e 2
4.5.2.Bar-slip MOUEl......ccooeeiiiiiiiiiieeee e 3
4.5.3. Joint shear MOdEL...........uuiiiiiiiiee e 74
4.5.4. RSFJ haunch modeling:........ccooviiiiiiiiiii e eeeee e 77
4.5.5. RC beancolumn joint model validation..............cccoooeeiiiiimeeiiiiiin e, 18
4.6. Retrofitting Case StUAIES........ccuuuiiiiiiiiiiiie e emme e e e eanes 79
4.7. Summary and Concluding Remarks............cc.uuuiiiiimmmiiiiiiiiiiieeeeeee e 85

5. Chapter 5: Seismic Retrofitting of RC Frames Using R8§dle Bracing Systems:
Analytical, Numerical and Experimental StUAIES..............eeviiiiiiieeciniiiiiiiiiiiieeeeen 87

Vi



Lo Y% I 11 (0 1o [ U1 1o ] o ISR 87

5.2. RSFJ Toggheracing SYSIEM.........cooiiiiiiiiiiiieeee s ee e 89
5.3.Preliminarynumerical analysis.............cccccuiiiiiimmmnnie e 91
5.4. Characteristics of the Deficient RC frame..........cccccovviiiiiiccd 94
5.5. Material properties amdsting..........ccooeeeiiiiiiiiiiice e 99
5.6. RSFJ damper deSIgMN......ccuiiiiiiieiiiii e 103
5.6.1. Damper CharacCteristiCS..........coouuuiiiiiiiiice e 104
5.6.2. Damper Component teStNG..........oovvvviiiiiiiimmre e 107
5.7. Retrofit Design coONSIAerations...............cceeeiiiiceeeeriiiiieie e e e e e e e e e eeeeeees 109
5.7.1. BraCe DESIQIL.....cccoiiiiiieeiieieemme e a e e e e 109
5.7.2. Stability CHteria......uuuieeieii e eeeeeeeeee e 111
5.7.3. Frame restraints and connection considerations...................ccceeuu... 116
5.7.4. GusSet plate deSIgN........uuuiiiiiii e eeer e 119

5.8. Experimental testing of the RC frames...............ooevvvvieeee e, 122
5.8.1. Instrumentation and Cyclic testing protacal..........ccccccvviiiieannnennnnnn. 123
5.8.2. Discusion of the gravity loading aCcCuracy..............occccuuvevvimmnnnienennnne 126
5.8.3. Results and diSCUSSION..........coouiiiiiiiiiiime e 129

5.9. Summary and CONCIUSION...........uuuiiiiiiiiiiieeeiiiiiiiee e 135
6. Chapter 6: Conclusions and Future Studies............cceevvevvieeere i 136
6.1. Summary and concluding remMarkS..........cooooviiiiiiiccc e 136
6.2. Proposed fUuture StUALES.........uuuuiiiiii e eeee e 138
REIBIENCES. ...t e e e e e e e e e 140
Appendix 1. Structural Drawings of the test setup and RC Frame................... 160

vii



List of figures

Figurel-1 The common passive energy dissipation devices and their hysteretic behaviour

. USSP 2
Figure1-2 The Pall Friction damper in cross bracing configuration and diagonal bracing
.............................................................................................................................. 6

Figurel-3 Components of the first introduced rotational Friction damper; Implementation
of the rotational friction dampen ia threestory steel building for shake table test...7
Figurel-4 (a) Longitudinal section of CEdb) Assembled CFD..............ccceevvvivinnees 8
Figurel-5 Schematic view of AFD: (a) longitudinal section; (b) Cross sectian.....8
Figure 1-6 (a) The propos® wall-type frictional damper; and (b) retrofit of R/C frame
using the wakltype friction dampPer..........coooiiiiiiiii e 9
Figure 1-7 Examples of using dampers with togglacing arrangement: (a)Viscous
Damper in a building in Boston, USA; and (b) Rotational friction damper in toggle
bracing arrangement for retrofitting a school in Seoul, South Korea................... 11

Figure1-8 Some of the possible installation layouts for scigatk damping system[32]

............................................................................................................................ 11
Figurel-9 (a) RSFJ components, (b) Assembled RSFJ, (c) to (f) RSFJ in different loading
stegps, and (g) flagghape NYSIEreSiS.... ... ciiiiii e 14

Figurel-10 Single friction RotationaRSFJ (top) and Rdii@nalRSFJ in series assembly
of two friction disks (DOOM).........coeeiiiiiiei e 15
Figurel-11 RotationaRSFJ in parallel assembly of four, six and eight friction dik&s
Figurel-12 Application of RotationaRSFJ for Haunch retrofit of RC beam column joint

............................................................................................................................ 17
Figure2-1 Examples of failure of poorly reinforced columns in past earthquake20
Figure2-2 Poor transverse detailing example of columns...............oceoevieeeeeeennnn. 20
Figure2-3 building collapse during 1999 Kocaeli earthquake in Turkey.............. 21
Figure2-4 The formation of sofstory mechanism for a RC building after 1999 Kocaeli
arthqUAaKE IN TUIKEY ... aeene e 22
Figure2-5 ADRS illustration of different retrofit strategies.............cccccvveeiiivieeen.n. 23

Figure2-6 examples of Reinforced Concrete jacketing retrofit for RC frame.......25
Figure2-7 Cast in place shear wall for the retrofit of RC frames.............cccvvveee. 25
Figure 2-8 Conventional Strengthening of RC frame using EBF (Massey University
Library, WelliNGtON).........couuuiiiii et e e e e e e e e e asmmmeees 26



Figure2-9 Lateral force versus storey drift hysteretic curves of test frames (bare frame vs

Fetrofitted framME).....ccoe oo 27
Figure2-10 The effect of added damping on the ADRS curve...............ccccueeen. 29
Figure 2-11 Exterior view of a 1%tory building and the installed F\VD................. 30
Figure2-12 The increasing trend of designing structures with seismic isolation in New
A= 1 = 1 o o PP 31
Figure2-13 Roof displacement numerical results of ast@y building during Lucerne
eartlguake (the whole plot, left and zoomiedplot, right)..............ceveiiiiiiiiieecnnnnes 31

Figure 2-14 SelectiveWeakening strategy for improving frame ductile behaviour (a)
Existing RC frame; (b) cutting a few or all of the bottom longitudinal rebars in the beam
to reduce joint shear stress; and (c) full selective weakening by addinrtgpsisning
CADIES. .ttt e e e e e e e e et e e e e e e e e e e a e e e aaaa 33
Figure 2-15 Experimental testing comparison of a-p8¥0s shear wall and retrofitted
shear wall withifull selective weakening teChNIQUE.............coovviiiiiiieeniiiiiieee, 34
Figure2-16 The schematic photo of RC shear wall with coration of regular and self
centering friction connectors, and the ADRS curve obtained for the retrofitted building
(=T T ) PP SOPPPRP 35
Figure2-17 The experimental results comparison of RC beam column.jaint......36
Figure3-1 The SCRF damper and its components, including cap and middle plates, disk

springs, high strength bolt or rad...........ccccoooiiiiiiiccciiiiieeen e WAL
Figure3-2 Some examples of installation scheme for thdRE@lamper in bracing frames
Figure3-3 Symmetric friCtion PIAte...........uueiiiiiiiiiii e 44

Figure3-4 Free body diagram for symmetric friction plates: (a) at initial slipping; (b) at
ultimate loading; (c) at ultimatunloading (restoring); and (d) at restored positia@5
Figure 3-5 The FEM analysis of a sirglfriction plate: (a) stress distribution; (b)
comparison between analytical equations and FEM outcames...............ccceee.... 46
Figure3-6 Simplified damper model for implementing in SAP2000....................48
Figure 3-7 The influence of initial adjustment of friction disks for equal deflection: I:
Non-adjusted damper in its initial (a), closed stage (b) and opened stage (c); Il: Adjusted
damper in its three initial (d), closed (e) and opened stage (f)............ccvvvrrieennnns 48
Figure3-8 Comparison of the analytical formulation with Numerical model (SAP2000)
and FE analySiSADAQUS).......uuuuuiiiiiii e et eeee e e e e e e e e e e e e eeeneaaanaes 50
Figure3-9 Finite element analysis of the damper assembly:-Mim@s stressounter at

ultimate tension and COMPIESSIAN.........uuuuuiriiiiiiiieerrirrreeeee e e eee e e e e e e s eeereeeeeeeeeeens 51



Figure3-10 The utilized sleeve for testing asl springs.............covvvveviiiiicceeeennnns 53
Figure3-11 Cyclic testing of disk springs: (Left) Sample test of stack afid springs
up to the flattening load, and (Right) The obtained average deflection capacity of the disk

£5] 0] 117 53
Figure3-12 The SERF damper components: (a) The stack of disk springs, (b) The cap
and middle plates, (c) a closer look of the friction plates...........cccccceiiiieeenivennnns 55
Figure3-13 SGRF damper, at its resting, open and close positian..................... 56

Figure 3-14 The ForceDeflection hysteresis comparison of Experimental vs. Finite
Element Analysis for the SBF damper with different prstressing force scenarios: (a)
OkN, (b) 18KkN, (c) 40KN, andd 55KN...........ceeeiiiiiiiiiiiiceere e 56
Figure3-15 ideal loaedeflection graph for different stack of disk spring arranger&ént
Figure3-16 Numerical study on damper parameters' effects: (a) Number of disk springs,
(b) Number of parallel stacks, (c) Friction plates outer groove angle, and (d) Coefficient
(o) 1 o3 1 o o S UPUURRR 59
Figure3-17 Progressive stacking of disk springs: (a) An example stack of single, double
and trple parallel set in series; (b) The mditiear selfcentering hysteresis
behaviour of friCtion PIAte............oooeiiiiii e 59

Figure 4-1 Schematic view of RSFJ Haunch retrofitting system with various
configurations: a) Interior joint assembly withufohaunches, b) Exterior joint with
double haunches, and c) single haunch...............oooviee s 62
Figure4-2 Typicalrebar detailing for deficient RC joints: (a) Interior joint, (b) Exterior
joint with bar bentin, (c) Exterior joint with bar berbut, (d) Exterior joint with
insufficient anchorage, and (e) Exterior joint with end hook anchorage.............. 64

Figure 4-3 The RSFJ damper: (a) The comprising components of the RSFJ and the
damper assembly, (b) The joint behawicand (c) The effect of pr&ressing........... 65
Figure4-4 The geometry of the joint tested............uuuiiiiiiiiiceciiiiiee e 66
Figure4-5 The effect of restraining plates on the cyclic performance of the-pined

RSFJ: (a) the stiffness drop due to ax@htional behaviour of the RSFJ, (b)zopo of

the axial rotational behaviour of the RSFJ during compression load, (c) the effect of
restraining plate on the cyclic performance of the RSFJ, and (d) a photo of RSFJ with
restraining plate during compression l0ad................vueuiiicceeeeeeiiie e 67
Figure4-6 The symmetric cyclic flaghape behaviour of joint with added restrairg8

Figure 4-7 Different retrofit solutions with RSFJ haunches: (a) Interior joint with
quadrupé haunch subassembly (QHS), (b) Exterior joint with double haunch

subassembly (DHS), and (c) Exterior joint with single haunch subassembly.(SE9)
X



Figure 4-8 Shear and moment diagrams: (a) -netnofitted subassembly (NRS), (b)
Double Haunch Subassembly (DHS), and (c) Single Haunch Subassembly. (SHS)
Figure4-9 OpenSEES model for Interior and exterior beatumn joint assembly..73
Figure4-10 Barslip rotation behaviour in RC joint..............ccoovviiiiieeee e, 74
Figure4-11 Constitutive model of Pinching4 material for simulation of joint rotaffén
Figure4-12 SMA material for modeling RSFJ haunches: (left) the required parameters,
and (right) Calibration validation with experimental data...............ccccovvvmeeeeeeennn. 78
Figure4-13 Comparison of the foredeformation hysteresis curve of numerical model
and expeamental outcomes of neseismically designed RC joints: (a) PEER14 Interior

joint[156], (b) Experimental test Exterior joint B$157], (c) Interior Specimen E

03[158], and (Y Exterior joint teStNG UNIt G........ceveeiiiiiiiiiiiiiieeeeeeeee e 79
Figure 4-14 Selected test specimens for RC joint retrofit with RSFJ haunch: PEER14
(left)[156] and BSL (ML) ....cooeiieeeeeeee e e e e e 31

Figure4-15 The displacemetaiontrolled loading protocol applied for testing: (a) Interior
joint, and (D)EXIEIIOr JOINT........ooiiii e e e e e e e e e as 83
Figure4-16 Comparison of foredisplacement cyclic behaviour of the retr@itjoints
against the nornetrofitted assembly: (@) Interior joint, and (b) Exterior joint......... 83
Figure 4-17 The cyclic performance of RSFJ haunches in the retrofitted-belamn

joint assemblies: (a) Interior joint, and (b) Exterior joint.............ooevvviviieeeeeenennnee. 84
Figure 4-18 Comparison of cumulative energy dissipation for the cyclic loading: (a)
Interior joint, and (b) EXterior JOINt.............ccooiiiiiiiiieeee e 85
Figure 5-1 Schematic view of different toggleracing arrangement, as compared to
COMMON DracCing SYSEMIS ... ..ooiiiiiiiiirrer e e e e e e e e as 91
Figure 5-2 Section and reinforcement detail of the RC frame tested yadbon et

L 2 I | SRR 92
Figure 5-3 Comparison of the pushover results with the experimental hysteretic load
displacenent of the frame............uuuiiiiii e 94
Figure5-4 Performance of the retrofitted RC frame with R&ghle bracig system :

(a) Flagshape behaviour of the RSFJ adopted in the teyglee system gp=56.6,
Fur=113.1, Festoring12.9, Fres=s 6 . 4, e=0.18, and Defl ection
Cyclic pushover of the retrofitted frame up to 36mm lateral displacement......... 94
Figure5-5 The RC frame rebar detailing and section geometry dimension: (a) Overall

height and length of the frame, and (b) to (c) frame beam and column sectian.95

Xi



Figure5-6 The Rbre-based moment curvature analysis of the sampldr&®@e using
SAP2000 software: (a) Column section, (b) Equivalent bilinear memamature of the
column, and (C) BEaM SECHON.......ccoivi i eeieeee e 97

Figure5-7 Definition of beam and column moment strength for calculation of sway index

Figure5-8 The RC frame tested: (a) Actual frame, (b) Overall height, (c) Placement of
Reid eye anchors on top of columns, (d) Foundation pads dimentions, (e) Placement of
drossbachs fohe connection of foundation and RC frame...............ccccvvvveeennnes 100
Figure5-9 Concrete cylinder Sample testing of RR€ frame: (a) nine samples for the
frames and foundation, (b) testing the samples using UTM, (c) Obtained results for the
T2 10 0] 0] [T TSP PP PPPPPRP 102
Figure5-10 The tensile strength testing of the reinforcements employed in the RC frame:

(a) testing the rebars using UTM, (b) results of M10 rebars, and (c) results of M16 rebars

........................................................................................................................... 103
Figure5-11 RSFJ flag shape forceformation relationship...............cccccevvvvvieennne 105
Figure5-12 Equivalent prismatic column concept for the RSEJd........................ 107

Figure 5-13 RSFJ dampers component test: (a) Cap and middle slotted plates, (b)
ASSEMDIY TEST SETUP. ...eeiiiiiiiii e e 108
Figure5-14 RSFJ damper performance result: (a) calculated hystersis behaviour for the
first tuning, (b) Observed loadeformation behaviour for the first tuning, (c) calculated
hystersis behaviour for the second tuning, and (d) Observedi&fadnation behaviour

fOr the SECONT TUNING .......uiiiiiiiiiiiie e e e e 109
Figure5-15 Parameter definition of the togddeacing forces............ccccceviiiiiiieen. 110
Figure5-16 The RC RSFibggle bracing test setup: (a)The overall view of thegesip,

(b) the pinned connections for the braces, (c) constraint naming for the test setup; and (d)
the RSFJ dampéirace assembLy..........coooiiiiiiiiiccc e 112
Figure5-17 Stability of a general column: (a) General-eestrained column with length

L, (b) Equivalent pirpin column with Effective length KL; (c) Theoretical K factor for

the isolated columns with idealized end conditians.................uuvviiccciiieiiiiinnnnens 113

Figure5-18 Compressive performance of steel braces and their potential failure modes

Xii



Figure 5-20 Common failure modes of the passtalled anchors (ACB1819): (a)
tensile rupture, (b) concrete breait in tension, (c) bond failure, (d) anchor shear
rupture, (e) concrete breakout in shear, and (f) ancheoyrin sheat................... 116
Figure5-21 RC Frame restraints: (a) top view, [@&feral support provided for the RC
frame test setup (shown with red arrow); and (c) shear key that prevents frame sliding
(Shown With DIACK @ITOW)........cevviiiiiiiiiiie et e e e e e e 117

Figure 5-22 Concrete restraints detailing: (a) top brace to frame connection using stud
bars, (b) bottom brace ftame using floor high strength bars and stud bars, (c) maximum
avaliable space for anchor design, and (d) prestressed rods for connecting the frame to
1 0TS (o o T P UPPPPPPRPR 118
Figure5-23 Gusset plate tension and compression failure design criteriget(agction
fracture (b) gross section yielding failuré€g) block shear combined tension failure and

shea) (d)pureshear tear out (e) compression member considered for gusset plate design

........................................................................................................................... 120
Figure5-24 Finite Element analysis of gusset plate connections of the (a) damper brace,
(b) top brace, and (C) bottom Brace..............uiiiiiiieeecc e 122
Figure5-25 Instrumentation layout of the test setup.............coovvviviieeee e, 124
Figure5-26 Lderal loading history of the benchmark bare frame..................... 124

Figure5-27 Sample photos @hysical damages (cracks) on the benchmark frah25
Figure5-28 Crack patterns of the barerfra in different drift levels: (a) 0.5%, (b) 1.0%,

(€) 1.5%, QN () 2.0%0...cccueeeeeeeiiiee et ieeeee ettt 126
Figure5-29 The r@e effect contribution on the recorded base shear of the fram@8
Figure 5-30 Comparison of the initial and corrected backbone curve for the benchmark

DAre RC frAMI@ ..o 129
Figure 5-31 Hysteretic lateral loathteral deformation of the bare frame up to 1.5% drift
........................................................................................................................... 131

Figure 5-32 Retrofitted frame performance results: (a) Sample photos of RSFJ damper in
the retrofitted frame (b) the comparison of the cyclic behaviour of retrofitted frame
(Fslip=12.2 kN) against the benchmark bare frame..............cccccovveeeiei i, 132
Figure5-33 Numerical model results of the retrofitted frame (Fslip=12.2.kN)...133
Figure5-34 Experimental results for the second retrofit test vs. the first retrofitlid4t

Figure5-35 Energy dissipation of the reference frame and retrofitted frames for each drift

Xiii



List of tables

Tablel-1 The common geometricabnfigurations of the dampers in braced fram#86
Table3-1 Parameters for friction plate moded..............cccooevviiiiiiiceciiiiiii e, 46
Table3-2 Summary of the damper characteristiCs..........cccovveeivceeeciciiieee e, 50
Table4-1 The summarized empirical stress strain behaviour for the interior and exterior
JOINES. ettt e bbbttt enann e n e e e e e e e e e e e e as 17
Table4-2 Summary of the selected experimental tests for OpenSEES model validation
............................................................................................................................. 78

Table4-3 Calculated and assumed parameters for retrofitting of interior and exterior RC

joints uSiNg RSFJ hAUNCNES.......uiiiii e eeeeeeeeeeeeee e 81
Table 4-4 The RSFJ haunches utilized for retrofitting of interdord exterior joint
SUDASSEMDBIIES. ... 381
Table5-1 Amplification factor for different bracing system.................ccccceeennnns 91
Table5-2 Tuning characteristics of the RSFJs for the experimental testing......108
Table5-3 Changes in the rods prestressing forces due to.drift...............ccc.ncee.. 128

Table5-4 Recorded damper displacement during cyclic testing of the retrofitted frame

Xiv



Declaration of Contribution:

Manuscript 1 (Chapter 3): Development and parametric study of a new-seiftering

rotational friction dampefPublished in Engineering Structures)

Manuscript 2(Chapter 4). Seismic strengthening of deficient RC frames using self

centering friction haunchd®ublished in EngineeninStructures)

Manuscript 3 (Chapter 5): Seismic Retrofitting of RC Frames Using RS6dgle

Bracing Systems: Analytical, Numerical and Experimental Stu@iesbe Submitted

soon)
Manuscript 1 Manuscript 2 Manuscript 3
Contribution Contribution Cortribution
Authors
(%) Description (%) Description (%) Description
Sajad Veismorad 82 Main rese'e.lrch, g2 Main rese.a.lrch, 82 Main resggrch,
paper writing paper writing paper writing
) Assi ith , ) Assi ith )
Pouyan Zarnani 6 ssist Wlt test 6 Review 6 ssist W_'t test
Review Review
Pierre . 6 Review 6 Review 6 Review
Quenneville
Mohamad Mahdi Assist with test, Assist with test, .
6 6 6 Review

Yousetbeik

Review

Review

The authordo-authorshereby declare thaheir contributiors in the mentioned researc

papers is as mentioned in the table above:

Sajad Veismoradi Date:

Pouyan Zarnani

Pierre
Quenneville

Mohamad Mahdi

YousetBeik

26/04/2023
Date: 26/04/2023
Date: 26/04/2023
Date: 26/04/2023

XV

Signature

Signature

Signature

Signature

S
A

A pmono———

?SAQ gQUWWa\R

\‘
o ﬁ 4/
o M —_—

=



Chapter 1: Introduction

1.1. Seismic design fomew and existing buildings

The current conventional building design codeg mi dissipating the seismic energy
through introduction of some inelastic deformation in specific regions or structural
components of the buildings. As for tlstéeel moment resisting fransg usually the
connections and beam plastic hinges will experiencéntllastic deformation, while in
braced frames, the inelastic behaviour is accumulated in bidteesame philosophy is
also applicable for the reinforce concrete frames wplkastic hinges would occur due to
rebar yielding in the RC beams and shear walld thus the seismic enerdissipation
occurs[1]. By usingstructuraldampers, onean concentrate the input seismic energy at
predefined locations and protect the gravity loasisting system from inelastic
behaviour2, 3].

As a primary lateral load resisting system or in combination with other systems (dual
systems), dampers dissipate the seismic energy in structures and usudlBingre
designed as an ethe-shelf connector that can be checked or replaced in case of extreme
seismic eventsThis can make them suitable for design of the mhending or even
seismicstrengtheningdf the existing buildingsThis can facilitate the postarthquake

inspection and maintenance of dampguipped building after strong seismic events.

While different types of damping systerhave been introduced by researchers and
engineers, onean subdividehe dampersnto three main categms of passie, active

and hybridsystems[2]. As compared to the passive dampersivacand semactive
dampng systems can change their properties based on the load demand or other
parameters. However, they require external energy source to be activated, which has made
them less common than passive systems, although other factors secmasial and
reliability constraints could also be effectivetims regardHere, the focus of thihesis

is devoted to the passive dampers (with an emphasis on the ftigi@rsystems). In
general, two aspects for implementing a demgsystem in a structureould be the
selection ofa suitable ancefficient damper among the available options for the deism
strengtheningf the structure and adoptingpaeferablegeometrical configuration for

damper installation.



Figure 1-1 shows the common three different types afgers in the construction
industry, with the common foregeformation (hysteresis) curve. Each of them will be
explained below, with more emphasise on the friction dampers.

Viscous Fluid Metallic Friction

Construction AD. Ai 2

Idealized y /- \ Y /’ y

Hysteretic kS o S

Behavior \_,./ L_,__—/

Displacement Displacement Displacement

Idealized % Force Idealized 2 Force

Mechanical B Model Not »
Model Disp. Available Disp.

Figurel-1 The common passive energy dissipation dessgel their hysteretic behavioj4]

1.2.Damper types

As stated in the previous section, there are several types of dampers in the industry that
fall into three main categories namely viscous dampers, yielding dampers and friction

dampers.

1.2.1.Fluid Viscous EV) dampers

The FV damper idasically acentral piston inside a fluifilled tube which can dissipate

the energy by pushing the fluid through orifices and piston.idselenergy isonvered

into heatthroughthe action of viscousriction stresse the fluid. While friction and
yielding are displacemeitependent dampers (their force depends on the damper
displacement)viscousdampers are classified as veloaitgpendent energy dissipaters,
which means that the force induced in the damper, is a function of the velocity of the

sesmic load

0 626 (1)



In this equation, F represents the damper forastCh e dampi n g denotesst an:
the damping exponent parameter, having a value between 0.2 to 2.0 depending on specific
application§]. The damper can be activated at low displacement and requiimanal
restoring force with temperatunedependent propertieshe fluid wouldresist the force

only when the damper is moving, therefore the damper does not add stiffness to a
structure On this basis, it is possible to increase the damping ratio of a structure without
significant alteration of the structurgherent stiffness. Tik advantage could result in less
trial-anderror design that might be needed for other dampers such as yielding

damperfs].

Another @vantage of using viscous dampers is related to their capability of generating
forces that are otaf-phase displacement. In simpler terms, duarsgismic event, the
maximum damper forces happen when their displacement demands are zero (structure
passingts initial position with greatest velocity). On the other hand, when the structure
reaches its greatest deflection streke velocity reduces to zero which translates into
zero damper forgg].

While FV dampers could provide additional damping for the structure, they cannot be
considered as the main lateral load resisting system given the velocity dependency (i.e.,
absence o$ufficientresistance at low activatispeedl. Also, possible fluid leakages

one of the reliability concerns for the viscous danemwhich can necessitate the health
monitoring and inspection of the dampers during their service life and strong seismic
evens. Anotherlimitation is related to the fixed and unchangeable properties of the
viscous dampe While this cannot be considered as drawback for viscous dampers, yet
having a damping system which can be adjusted, even after its production, would provide
more flexibility for the designers and engineénscase of any calculation errors or design

changes

It is worth noting another type of dampers known as VElastic (VE) dampers which

act in between velocity dependemid displacement dependent devices. They are capable
of providing velocity dependent viscous damping, as well as displacedepanhdent
elastic restoring for¢&]. On this basis, their behaviour can be modelled using a simple
Kelvin solid model (a parallel summation of spring and a dashpot). The VE dampers have
the capability ofactivating at low displacements and adding damping to the system,

making them a suitablepton for frequent wind evestwith small deflection demaisd



As compared to earthquakes, the wind events might last for longer times, therefore they
are manufactured to be durable against fatigue and agewgers can find more info
about VE dampersn the related referendg@s 7]. As for the limitations of the VE
dampers, it came refered to its limited deformation capacity. Moreovetye to their
temperature and frequendgpendent behaviour, it might becessaryto consider an

upper bound and lower bound temperaturetiie analysis of such dampeunder the
frequency range of interesithin the recommended strain limits provided by the damper

manufacturer8, 9].

1.2.2.Metallic (or yielding) dampers

As their names implies, the yielding dampers dissipate the seismic energy through cyclic
yielding d steelcomponentgor other materia). The yielding occurs via axial loading

(like in BRB braceg10, 11), bending deformation (such as yielding plates in TADAS
systenfil2], YBS connectdi3, 14} or U-Shaped Flexural Plagd$]), shear deflection

(like in Slit damperfl6]) or a combined actiowhere in all the casethe seismic energy

is dissipated bythe plastic deformation. The metallic dampers can mevductile
hysteresis behaviour with reasonable price, as well asté@ngreliability. Moreover, the
materials and behaviours of such dampeksi@vnto practicing engine€f3]. However,
inelastic deformation means permanent damage and residual displacement on the system
which could necessitatbeinspecton ofthe conditim of the dampeafter the event. The
repla@ment otthe dampewould be requireéh case of extreme deformation possible
rupture (due to low cycle fatigieFor seismically active zones with high probability of
multiple aftershocks and limited time imels, the inspection and replacement of the
dampers could ba challenge and a costly proceés an illustration, after 2011 Great
Tohoku earthquake in Japan, 588 aftershocks with magnitude greater than M5.0 were
recorded in which 60 of thaftershocks were bigger than M6.0 and three of them were
bigger than M7.[17]. The accumulated damage due to consecutive earthquakies i
buildings equipped with yielding dampers would increase the risk of structural
collaps¢10]. Some of the steel giding dampers like YB&3] benefit from easy
inspectionand present stable strength withagngicant degradation (such as&haped
flexural plat¢l5]), while others like BRB are more challengiin terms of inspection,

since the steel core cannotdieeckedvisually[10].



1.2.3.Friction dampers

The friction dampers idsipate the energy via sliding of two rigid bodies. The
configuration of frictional components can take different shapes, which results in
different types of friction damping systems. However, almost all of the friction dampers
present certain advantag&sch as high level of initial stiffness and energy dissipation,
with stable cyclic behaviour. In general, friction dampers are daffinegeinsensitive to
temperature changes and can present their hysteresis behaviour over many cycles. They
are designed noto be activated during service loads and wind. Hence, there is no
possibility of failure due to fatigue, before an earthq{®e Moreover,most ofthe
dampers are tuneable, which metreir slipping force can be adjusted via tightening the
clampingbolts or changing other features of the damper. This can be considered as an
advantage over viscous dampers or metallic fuses with fixed -f@foemation
characteristics. However, the shdi interface condition might change over time (for
example, the sliding surfaces must be protected from corrosion) and although they remain
elastic after their performance, the permanent displacement in the device could be

considered as a major drawback tleese dampeig, 19]

During the past decades, several different types of friction dearmsonnections were
developed and tested by researchers. One of the faandysioneedevices in this field

is the Pall Friction Damper (PFD) whishkas introduced in 198Q20], and has been
employed in different forsof sliding, includng rotational and linear friction in cross
braces and diagonal braces as (8ll 21} Figure1-2 shows some of the applicat®of

the Pall Friction Dampers. Wu et[22] introduced an improved version of Pall damper,

by changing the shape of the core plate. The result was a more economical damper with

simpler configuration.



Figure1-2 The Pall Friction damper in cross bracing configuration (Left) and diagonal bracin
(Right)[21]

Mualla and Belef23] introduced the Rotational Friction (RF) damper and experimentally
analysed the performance of the damper at the Technology University of Denmark (See
Figure 1-3). The shaking table test afthreestory steel building equipped with RF
damper further demonstrated the performance of struatisreg ths type of dissipair.
Therotational friction damper has been utilized with various configurgtmma number

of new and existing buildings by Damptg24]. It is worth noting that unlike linear
friction dampers with constant rectangular hysteresis curve, the rotational friction
dampers present nonlinear ceydue to the second order geometric effects of the damper
in high deflectiof25]. This nonlinear behaviour has been witnessed by other researchers
as wel[26, 27]
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Figure1-3 Components of the first introduced rotational Friction dafi@3i(Left); Implementation of
the rotational friction damper in a thrsery steel building for shake table tg8] (Right)

Mirtaheri et. g29] introduced a Cylindrical Friction Damper (CFD), consisting of two
main parts (inner shaft and outer cylinder) (Bigirel-4). The two parts were assembled
such thathe inner shaftvas shrink fitted into the outer cylinder using external force.
Compared to other frictional dampers, the CFDs did not usestighgth bolts to induce
friction between contact surfaces; thereby it was more efficient in terms of caiestruc
costs, simplified design computations and increased reliability as compared to the other
types of frictional dampers. In another sti8f}, they introduced a seraictive adjustable
friction damper (AFD) which utilizes adjustable hydraulic pressure as a clamping force
(Figurel-5). One of the benefits such a damper, is that theaentering of the structure

can be assisted, after severe earthquakes.
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Cho and KwofB1] invented a frictional wall damper, to improve the performance of
existing RC frame (Figure 1-6). At first, the damper was developed as a btgpe
element; however, due to the local damages in the frame, they decided to focus on the
wall-type damper concept with a Teflon slider. Thaiimerical outcomes showed that
increasing the normal pressure acting on the frictional sliders could reduce the imposed

seismic damage on the RC fame elements.



Steel

‘/ plates =3
/ o ] o
Teflon _A '
‘¢ — Sliding wall
slider q 19 s damper
" B » | ~ damper
Bearing R q pressure
[ ] a L] — —
RIC Il/’:‘ =0 4z
wa g A | =4
4.

(a) (b)

Figure1-6 (a) The proposed watlype frictional damper; and (b) retrofit of R/C frame using the-w:
type friction dampdB1]

As can be noticed, different types of friction devices are being introduced by researchers
and practitioners. Almost all of the friction devices can be considered ddreagand
some of the dampers can also be adjusted &fgér manufacturing, meaning that their

force-deformation behaviour can be modified.
1.3.Damper geometrical configuration

Regarding the geometrical configuration of the dampers, one should pay attention to the
definition of structural dampers. A seismic damjpera structural component that
dissipates seismic energy whieexperienceselative motion (velocity or displacement)

at its bothends.Therefore the most effective locatisrfor installation of dampers is
where building motions are the largest. Whilélding motions are needed to activate the
dampers, it is worth noting that large building movements can affect the occupants'
comfort. Therefore, the design of the damping system is a combined effort to amplify the
building motion for activating the damipevhile keeping the movement in the acceptable
range for the occupants. While dampers can be designed to be activated with different
levels of deflection, researchdrave als@xploredthe possibility of using the damper in
various geometrical configurah as well. The common geometrical configuration for the
braced framess listed in theTable 1-1. While diagonal and chevron configuration are
very common in the construction industry, the toggle and scissor bracing configurations
are also available. As illustrated by Taylor on viscoarmplers, the Toggle brace damper
system can magnify the relatively small displacement in the buildings to provide the
opportunity for the damper to be activd@?]. This can be beneficial for increasing the

damping of stiff framing systemBigurel-7 shows some of the rie@pplication of toggle



bracing system with viscowmnd rotational frictiordampers. It is worth to note that the
toggle bracing system requires intricate modelling and design which should consider
proper ouwtof-plane constraints for the damper system. &doer, the experimental and
theoretical results of Zhaf®8] shows that the magnification factor changes with logdi

and is different when the force is applied in the pull or push direction. The other
configuration, known as Scissdack Dampng System,introduced andoatented by
Constantino[B4] (see theFigure1-8), can also magnyfthe effect of damping device,

with the added advantage of being more compact, as compared to the toggle bracing
system. For more information about the performance of@gmsk damping systems

and the experimental test results, it can be referi@8d]to

Table1-1 The common geometrical configuratiof the dampers in braced franfitg]

Geo'metrlc.:al Advantages Disadvantages
Configuration
Diagonal 1 Simple d_istribution oflamping | 1 Limited relative deformation
along height 9 Architectural freedom issues
9 Full horizontal movement 1 Less efficiency due to constraints of
Chevron transferfrom structure to attainable stiffness under small motior
damper 1 Architectural freedonssues
1 Good efficiency due to 1 More complex design and
amplification of small motions manufacturing
Toggle (could reach t@bout 23 times) | 1 More difficult modeling of toggle
system
1 Greater space requirement
1 More compact than toggle 1 Less efficiency compared toggle
Scissor system(s.pace sgving) system
9 Simpler installation between
columns with less distance

10



(b)

Figure1-7 Examples of using dampers with togdjieacing arrangementa)Viscous Dampein a building in
Boston, USA(Taylor DevicedR]; and p) Rotational friction dampen toggle bracing arrangement for
retrofitting aschool in Seoul, South KoréRamptech[R4].
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1.4. Selt-centering slip friction connectiors
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normalfunction36]. One of the key pameters that can reflect the difficulty in restoring
theearthquakehit structures and highlight the economic costhésesidual deformation

of the structure. As an illustration, the studies of Erockitwistopoulosand Tremblay

[37] showed that for the buildings with residual drift higher than 0.5%, the cost of
repairing andealignment of the damaged building could surpass the cost of rebuilding a
new one. As a result, seientering solutions and devices have found their way in the
construction industry to tackle the residual drift issues of the buildiftgyssevere evest
Readers are referred to the review work of Zhong@ndstopoulof38], for a state of

the art review of the setfentering seismic resistant structures.

In general, seltentering dampers have two maispects The restoring force anthe
energy dissiption [36]. The energy dissipatiosmspectcould beprovided byany of the
three different type of dampergviscous, metal yielding and friction) which was briefly
explained in the previous section. The restoring fasyectcan be provided byarious
elements and techniques sucltsaape Memory Alloy (SMAinaterials (see for example
[39, 40), synthetidFiber materials such as glass, carbon or argrefér to the works of
Christopoulos Tremblay andErochko [41, 42] for further details) prestressed steel
strands guch as seltentering steel moment frames with ptesisioned
connectionp!3]), posttensioned bars (see the works of Mashal, Palermo and Cddgini

for theintroduction of Accelerated Bridge Construction employing precast bridge bents
with selfcentering and energy dissipatjéd]) and prestressedisk spring (or any other
type ofcomponent wittspringactior)[45, 46] While the prestressed cables have already
been utilized in postensioned timber struatesj47, 48] precast concrete walt9],
moment framg&0], bracing membef41] and other structural systems, it is worth noting
that noticeable tendon force losses could occur during the service life of the structure
which would affect the efficiency of the system and necessitatésns@ning the
cable$s1] (in particular, in case of timber given the creejdoreover, the humidity
conditions could also affect thevel of thisloss[52]. As for the utilization of SMA for
recentering force, the general sedintering characteristics of SMA are quite prongsin
and they offer excellent fatigue life and high durability against corrosion; albeit their
higher costs as compared to other construction materials, might limit theifi]sdtge
should be pointed out that the price of SMA has dropped noticeably in the last decade and
it is expected to decrease even more in the near fulisréor the dik springs, their

compactness andarious sizes available for different foraange displacement
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capacities, antlexibility in terms of different arrangement for the stack of disk springs
can bring various options for engineers and researchers to pealidentering to their
systeng[53]. Such flexibility advantagevill be explained in section-8 of the thesis.

As stated above, setentering systems combine the energy dissipation and recentering
force aspectdo minimize the earthquake damage on the structbne ofthe recent
innovativedamping systems that has combined energy dissipation anckesé&dfing is

the Resilient Slip Friction Joint (RSFJ) which can resolve the potential residual drift
issues in structures after severe earthquake evenented by Zarnani and Quenneville

in 201954], the damper is comprised grooved middle plates with slotted holes and cap
plates with regular holes thatvuebeen clamped by stagbkf prestressed disk springs.
Given the clamping force demandgh strength bolts or rods are being u$edthe
assembly The loaddeformation 6the RSFJ is &uneabldlag-shape behaviour which is
repeatable, damageee andfull self-centering(SeeFigure 1-9[55]). It is worth to note

that such a flaghape behaviour has been witnessed and investigated in the previous
works of Nims et al[56] (Energy Dissipating Restraint (EDR) devicKpr et al[57]
(Ring-Spring dampégr Filiatrault et al[58] (Shapia Damper offriction springs
dampef7]).

The RSFJdamper has been investigated in different applications, including Rocking
timber shear wal[g6, 59] androcking RC shear walls with RSFJ as hdluvng60],
Rocking shear waller braced framewith RSF& as shear linf61, 62] steel and timber
bracing$63, 64} steel moment resisting frames with R63% tensioronly steel braces

[66, 67] etc.It hasalso been successfully implemented in réfd projects in New
Zealand and overseas such as the Nelson airport new terminal, Hutt Valley new medical
hub and Fast & Epp HQ Office in VancouéB]. Readers can find more info in the

mentioned references.

13



Disc Springs

I:resid
—>

®

(Aslip, Fslip) (Ault, Fult)

Force

(Aresid, Fresid) (Arest, Frest)

Displacement (2)

Figure1-9 (a) RSFJ components, (Bssembled RSFJ, (c) to (f) RSFJ in different loading steps, and (g3tikze
hysteresi§55]

This thesis is devoted to resilient seéintering connections that combine friction sliding
for dissipation of seismic energy and prestressed disk spring for restoring forcea First,
new selfcentering damper named RotatioRasilient Slip Friction Joint (Rotational
RSFJ or RRSFJ) is introduced whidhk basically a sel€entering rotational friction (SC

RF) damper andan integrate the recentering behaviour and energy dissipationpne
compactdevice with a simplearrangement. The introduced joint is flexible, both in
design and applications and utilizes friction for energy dissipation, while benefits from
prestressed stack of disk spring to provide recentering behawbile. the development

of the RotationaRSFJ is complete, it can be employed for designing of new structures

or retrofitting the existing buildings. Sind@enumber ofreferences and studiasgailable
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for designing of new structures with seéntering damgrs and connectior{gncluding

the available references for applications of RSFJ for new buildirigspas decided to
promote the novelty of the thesis even further by focussing the applications of such self
centering connections for retrofitting of cuntexisting buildings, due to a limited studies

conducted for this purpose.
1.5.Objectives and Motivations of the research

Two main objectivesvereconsidered for this thesis:

The first objective was to see if it is possible to imprdwe ¢apabilities of theurrent
RSFJ, in terms of damper deflection capacities for specific applications which requires
larger deflection. The RotationRSFJ which is the first setfentering rational friction
damper was introduced to answer stegfuirementsThis damper presés similar force
deformation behaviour like traditional RSFJ witddvantage oflarger deflection
capacitiesMoreover, its flexibility of design makes it more suitable for various desirable
force-deformationlevels Thanks tothe unique shapes of cap amsiddle platesthe
damperdoes not require slotted holes for providing deflectgimen therelativerotation

of the cap and middle plates. Moreover, itis more suited for mass production which could
reduce the cost of damper even mdfgure 1-10 and Figure 1-11 show some of the
possible shapes of the Rotatioi®bFJ, including single friction diskwo-series friction

disks, parallel four, six and eight frictiatisks. The damper will be investigated in
Chapter3 of the thesis.

Figure1-10 Single friction RotationaRSFJ (top) anéRotationalRSFJin series assembly ofvo
friction disks (bottom)
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Figurel-11 RotationaliRSFJ in parallel assembly of four, sixdagight friction disks

The second objective was to explore the possibility of employing RSFJ for retrofitting
andstrengthening of existing buildings local and global leveAcknowledging the fact
thatthe RSFJ is aewly developed damper and its aggliions is being investigated in
different potential newateral loading systemshe industry has already accepted the
damper as a resilient solution for desigrsegsmic resilienstructures. On the other hand,
further opportunitiegxist forthe existng buildings to utilize RSFJ for retrofit purposes
and thusfurther researchwas required toinvestigateits potentias for the existing
buildings as a strengthenisglution Utilizing RSFJ dampeifor retrofitting purposes is

a challenging subject, as it requires the proper design of the damping system for the
current building to employ the capabilities of the damper while aiming to preserve the
building as much as possiblghis wasnvestigatedy experimental testing of a RC frame
equipped with RSFJ damperSince the forceleformation behaviour of the RSFJ is
similar to RotationaRSFJwhich is a tuneable flaghape behaviouit could be stated

that the findings of the current thesis are aplie for both damper#s an illustration,

the results obtained for the fourth chapter of the thesis would be similar if the Rotational
RSFJis utilized as astructural damper for beaoolumnconnectiongetrofitting (Figure

1-12, as comparetb Figure4-1 in chapter 4)This is also the case for the experimental
testing of RC fame equipped with RSHKdggle bracing. Howeverniorder to simplify

this retrofit study, it was decided to employ the RSFJ for the experimental testing of the

interested deficierlRC frame.

Therestoringforce provided by th&@SFJdamper is another aspaghich is quite new
for the strengthening purposes and up t
experimental studies have utilized sedinering dampers for retrofittingAs it will be

stated in chapter 2, different methods can be implementedtfofittang of buildings.
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Such a decision is related to the current state ofattgeetbuilding and its surrounding,
available budgetetc If the goal of the retrofit is to minimize the residual drift of the
building, then implementing a retrofit soluti@nth restoring force mechaniswould be

crucial.

Figure1-12 Application of RotationaRSFJ for Haunch retrofit of RC beam colum
joint

1.6.Organization of the thesis

The thesis contains five chapt@nd two appendices as explained below:

Chapter 1 provides a short description about seismic dampers and exghai@ms and

objectives of the current thesis.

Chapter 2 providesa short literature review regarding tberrent deficiencies of old
earthquakerone RC frame and lists variouseismic retrofittingtechniquesof these

buildings, includingexamples oftructues retrofittedwvith seismic dampers.

Chapter 3 introduces an innovativRotationatRSFJ which is the first setfentering
rotational friction damperThis new dampeshars severalbenefits of RSFJ while
providing some flexibility in terms adamper deflection.

Chapter 4 focuses on the applications of using RSFJ for seismic strengthehiR@
framesat thelocal level. On this basis, the RC beanilumn joint is considered fdhe
retrofitting case study.

17



Chapter 5 investigates theexperimental testing oRC frames equipped with RSFJ
bracing systemThis can be considered as RC frame retrofittihthe global levelThis

chapter also provides somesightand recommendatiorregarding the component and
connection desigfor the RSFJ bracing. Toggleacing was selectesb that the damper
could be activated in smaller drift demandblus minimizing the drift on the brittle

benchmark RC frame.
Chapter 6 provides a summary and conclusion

Appendix 1 provides the structural drawing$the experimental componeriestedand

also covers thdesign of theest setup

Finally, it should be noted that since this thesis is written in the {i@sed formathere

would be some inevitable replication of information.
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Chapter 2: ResearchBackground

2.1.Introduction

The seismic vulnerability of existing RC buildings against strong earthquakes is one of
the importantopicsamong engineers and researchers. Many of the RC frames have been
designed based on outdated codes and they fail to provide ductile behaviour as per new
code requirementdnadequacy in design and construction procedures {wid970s

could be highlighteds a factor for potentialextensive damage and failures in the RC
elementg69]. The old RC buildinghave traditionallyutilized smooh rebarsas their
longitudinal reinforcement The bond between concrete and steel rebars affects the
performance of RC members. It is worthingtthat plain rebars caget debondeffom
concrete in severe earthquakes, due to Poisson edfettthus theware considered to be
vulnerable as per current seismic guidelj@@F Apart from the employment of smooth
rebars for the RC frame construction, the 4stnength concrete (below Z5 MPa and

in some extreme cases, below 10 MPa) could be listed as a construction inadequacy.

Another key element for poor behaviour of RC structures is devoted to poor detailing in
RC structural elementés an illustration, the reinforcement detailing deficien¢iage

been identified as a main factor for the collapse of CTV building in New Zealand, during
2011 February earthquakeG@tristchurcli7 1]. Figure2-1 presentsome of the witnessed

nonductile behaviour of concrete columns in historic seismic events.

While the pooretailings in columns are commonly encountered in-p8&0s buildings

in New Zealand, they can also be found in relatively newer buildings designed as per NZS
3101:1982 (in other worgshebuildings that were constructed between 1982 to 1995)
This wasdue to the assumptions that some columns could be treated as Secondary
Elements (gravity columns) and theretwybe exempted frortheminimum confinement
requirements’2]. Although they wer@ot considered as part of the lateral load resisting
system, they must be capable of tolerating the gravity loads while undergoing lateral
drifts. Unfortunately, the experimental tests performed at University of Canterbury

showed high vulnerability of sudolumns to sustain lateral displacem§gridé
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Figure2-1 Examples of failure gpoorly reinforced columns in past earthqudke3:
Left: Indian Hills Medical Centre (1994 Northridge earthquake)
Right: Olive View Hospial (1971 San Fernando earthquake)

Another reason for observing amnacceptable RC structural behaviaauld bethe
inadequate anchorage detailing for both longitudinal and transverse reinfor¢étrjents
In this regardthe relatively large spacing for the shear reinforcenmecblumns carbe
pinpointedwhich might trigger the buckling of longitudinal rebars, especially if the axial

load in the columnss relatively highand 90degree hookare utilized Figure2-2).

Spalled concrete cover

90-degree hook
(a) (b) l (c)

L 4

Displacement of bars
from as-built positions

Figure2-2 Poor transverse detailing examplkecolumng71]:
Inadequate shear rebar anchorage and lack of confinements for all the longitudinal bars
Lack of concrée support for the longitudinal bars after concrete spalling
Longitudinal bar buckling after concrete spalling
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The inadequate anchorage of beam main rebars into the REc&anm joints is another
example of poor RC performance behaviour which has been investigated by New Zealand
Assessment guidelines (B2]), as well as other researchers. The absence ofreteas

would indicate a lack of reliable joint shear mechanism for the medumn joint beyond

its diagonal crackingFigure 2-3 demonstrates the failure oh &C frame after 1999
Kocaeli earthquake in TurkgsA]. As can be noted, almaait of the nonlinear behaviour

of the frame is concentrated in its beaalumn joint which cannot be considered as a
ductile plastic mechanism. This can even result in building collapse and loss of its lateral

strength. This will be investigated in detaih Chapter 4.

Finally, the lack of capacity design considerasionold RC building can also threan

its seismic performance. In many older RC frames, the beams are often stronger than the
columng75]. The weakcolumn strongoeamconceptusually ends up in a nestesirable

column shear failure mechanismthe local level. Atthe global level, one could even
expect sofistory collapse mechanisihis is especially the case for the ground or lower
stories in old RC buildings were functiomafjuirements such as having more open spaces
and retail spaces would result in a weak g8} Figure 2-4 better illustrates the seft

story mechanism in an RC frame after 1999 Kocaeli earth{jiidke
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after 1999 Kocaeli earthquake in Turkes]

Taking into account thahé abovementioned issues are only a few deficiencies related
to existing old RC frames more information can be found in the NZ assessment
guidelines (CHy2] as well asn theliterature In resolving such seismic deficiency of
nontductile, or limited ductile RC frames, various seismic retrofitting techniques have
been introduced by researcheto preservethe RC frame from excessiveseismic
damages.This will be covered in the next section

2.2.Various Concepts for retrofit of RC buildings

To upgrade the seismic performance of RC frames, various techniques and strategies can
be aapted. Basedn the level of retrofitequired they could be categorized in member

level upgrading of the structure (itbe localstrengtheningsuch as beafwolumn joint
strengtheningwhich will be explained in chapter 4) or the whole structural level
upgrading (gbbal retrofitting, such as adding togdieacing system toraRC frame

explained in chapter 5).

Figure2-5, proposed by W. Y. Kam and his colleagu&$ better demonstrates various
retrofitting options within AcceleratioDisplacement Response Spectrum (ADRS)
domain.The ADRS curves can be obtained using acceleration and displacement spectrum
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in which the horizontal and vertical axis denotes the displanemspectrum and
acceleration spectrum. A retrofit plan aimstsurehat the structure capacity spectrum
reaches or surpasses the demand spectAsmncan be noted, different methods of

retrofitting can be adopted for this purpaeeluding:

1) Conventionaktrengtheningfér exampleadding shear watdlor concentric
braces)

2) Added damping to the systgsuch as adding viscous dampers)

3) Using base isolation systertig., decoupling the structure from the ground and
add isolators)

4) Partial selective weakeninguch as cutting a few rebars from the beams to
reduce the moment transferred to the column)

5) Full selective weakeningtlfat includes both selective weakening and

strengthening of the structut@ improve frame ductilityand resilience

Each of these techauies will be explained briefly in the next section, with some examples

from recent research studies.

Base Isolation
+ Damping

Sa Conventional Sa Conventional Sa

Strengthening Dampening

—5 |
N Sd
(a)
P:ru'tial S‘elective Selective Weakening
2 Weakening Sa 4 . Strengthening

Original State @ Retrofitted State —— Capacity Spectrum

— Demand Spectrum ... Retrofitted Spectrum

Figure2-5 ADRS illustration of different retrofit strategies
(a) strengtheningb) addeddamping (c) base isolation(d) partial SW (weakening only{e) full SW
(Weakeningand further enhancement)
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2.3.Previous works

As stated in the previous section, the retrofitting of RC structures usually falls within one
of the 5 main categories. It is wbrnoting that the most suited retrofitting strategy
depends on various factors sueh theframe structural characteristics, the importance
level of the structure in terms of architectural or historical value, time, budget, the
permissible levels of imphaenting invasive methods for retrofitting, the available gap
between adjacent buildings, the soil type and geotechnical aspects of the, jetoject
Therefore, different retrofit solutions can be expeébed unique case. It is not the intend

of this thesis to justify aspecificretrofit scheme ovethe other options, rather to briefly

pinpoint their main features and limitations.

2.3.1.Conventional Strengthening

The typical retrofit strategy for the RC frames is mainly based on increasing the capacity
(strengthening) through introduction of additional structural elements. Suategy

could cover method such asadding jackets to the RC wall, additional shear wall
installation,attachingconventional braces to the RC frame. The goal here is to make sure
such elements wouldet activatal before inelastic deformation of the RC frame, thus
controlling the global lateral drift of the system and reducing the damag€ inae

member.

Figure 2-6 showsthe addition of RC jacketing to an existing RC frame. It should be
cleared that the performance of the RC jacketing depends ole ajifpctors including
whether the longitudinal bars are passing through the slab, how many sides of the column
receive the jacketingetc The main advantage of the jacketing could be the uniform
distributionof lateral load capacity, as compatedsheawall retrofitting or retrofit with

braces wherdateral load resistance is concentrated. As for the disadvantages of this
technique, one coullighlight the uncertainty with regard to the bonding betwten

jacket and the original RC membp#as].
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Figure2-6 examples oReinforced Concrete jacketing retrofit for RC frdifg]

The addition of shear wall is another common method employed by engiRgnse (

2-7). During the design process, engineers shpaydattention tehedistribution of walls

in plan and elevation and check if the inertial forces of the diaphragms can be transferred
to the wall through the connections of the watbithe existing frame. Moreover, it might

be required to modify the foundation (for example, adding screw piles) to withstand the
additional force introduced kthe shear wall. This is also the case for the conventional

strengthening with braces.

Figure2-7 Cast in place shear wall for the retrofit of RC fraf#s]

While the RC jacketing and shear wadre classified as wet retrofitting method, the
application of steel bracing edry retrofitting method which makes it easier to apply.
The steel bracing and its required connection elements can be prefabtiazediowing

fast onsite installation. Bsides, by comparing to regular shear walls, the overall weight

of the structure will not increase significantly, when the steel bracing is employed for
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retrofit. The bracing can provide opening which makes it more pleasing in terms of

architectural flexibity [79].

Early studies investigated the performance of the RC frames with conventional braces.
Moreover the researchers also explored the possibility of utiliEogentricallyBraced
Frames (EBE [80]) andBuckling RestrainedBraces (BRBE9]) for retrofitting of RC
frames (Figure 2-8). Thanks to theirstable andbdanced hysteresibehaviourand

improveddamping they canncreasehe energy dissipation of the system as well.

Figure2-8 Conventional Strengthening of RC frame using El
(MasseyUniversity Library, Wellington)

While the energy dissipation of the conventional braces is only limited to their plastic
elongation during tension cycles (given the buckling in the compression), the yielding of
the steel core in BRBs will occur in botnsion and compression cyclés compared

to steel moment resisting frames, RC frames are stiffer traidirreversible damage
initiates at their plastic deformation which is around 1% story [@1ft The BRBs can

be activated in low drifts of 0.2[@2] and increaséhe hysteretic damping of the system.

To illustrate the effectiveness of BRBs for RC frame retrofittihgekperimental testing
resultsof Zhang etal[75] studyis presented heréds can be noted, noticeable increase

in the strength and hysteretic energy dissipation can be achieved by BRBs. It should be
pointed though thahe frames retrofitted by BRBs might present residual displacement
after seismic events, as thiayl to provide any restoring force mechanism. This is also

the case for other methods of conventional strengthening.
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Another method of conventional strgthening for the RC structure is to utilize composite
materials such asiberreinforced polymers (FRP8) various forms (sheets, plate, rebar
etc.)and different materials (carbon, glass, aramid or other synthetic fiber matterials)
provide better cdinement for the concretand increase its strength and ductiBgj.

Since 1980s, the FRP strengthening has gained the atteftiesearchers and engineers

for the retrofitting of RC components, especially the columns and bridge piers. Although
FRPs can be employeals a composite jacketinfpr both rectangular and circular
columns, itprovidesbetter and more uniform confinement for the circular colyg#is

The confinement for the rectangular columns may depends on FRP reinforcement ratio,

correr radius, column aspect ratio and s{B86h

As compared to concrete and steel jacketitRRF provide some advantages in terms of
speed and ease of construction. It is algbtér and more durable and requires less
maintenanceHowever, the cost for such retrofit tend to be higher, as compared to
traditional retrofitting method@3]. Otherdrawback for such materiaihcludetheirlow
elastic modulus with elastigrittle behaviour and poor firesistancis6].

2.3.2.Added damping to the system

Based on the New Zealarithgineering Assessment Guidelin@art C2),the overall
viscous dampingf a system can include the n her e nt o)dthenhysteretic ( ¢

d a mp iny), gnd &deled damping due to supplemental viscous darging
By 0+Bhy+ Bd 1)

Therefore, any conventional strengthening tlsaexpected to experience inelastic
deformation suclasaddingBRBs can also be considereditrease thelampingof the
system. However, for added damping categdigure 2-5(b)), we only consider the
damping provided byiscous dampind-luid Viscous Dampers (FVD) whicdometimes
arereferred as justiscous dampers are cylindrical chambers filled with silicone fluid
liquid and convert the seismic energy into dissipated WMghen added to the existing
building, thedamper can dissipate the input energy and shrink down the demand curve in
the ADRS curve Figure 2-10), as this curve is associatedth the damped response
spectrum related to the effective global damping ratio of the building. Several studies
have explored the advantages of employing viscous dampers to increase energy

disspation of the building and reduce its d8ft]. A case study by Taylddeviceswhich
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is one of the pioneer manufacturers osocdus dampers highlights the improved
performance of d7-story brittle Pre-Northridge steel moment fran{eonstructed in
1970)with soft-story issue that was retrofittag tothe ASCE 4117 basic performance
objective for existing buildings (BPOE), witdrift reduction from 2.25% tdl%
(Gonzalez et #8]). Figure2-11 shows the building view and the installed damper in the

building.

The benefits of viscous dampensikethem a good option for seismic retrofitting. Since

the viscous dampers awe velocity-dependent component, the generated forces by
dampers are out of phase with the structural forces (lowest force occurs at zero velocity,
at the peak displacement of the building). Therefore, the base sheaFuLikequipped
buildings is lower than théuildings retrofitted by other types of dampers. However, it
should be stated that due to velodigpendence behaviour of such systems, more
complex analyses might be required for proper design of such components. Moreover,

the relatively higher costs of sudampers might limit their usage for retrofit purposes.

Spectral demand curve (=5%)
Spectral demand curve (§>5%) |
= = = Spectral capacity curve

025

S. [m]
d
Figure2-10 The effect of added damping on the ADRS c{8v¢§
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Figure 2-11 Exterior view ofa 17-story building andhe installed FVIB8]

2.3.3.Using base isolation systems

A research study by Whéker highlights the growing trend of using base isolation in
bridges, as well as building structurésgire 2-12[89]). While the overall number of
isolated structures remainetihe sameduring 2000s; however, after 201R011
Christchurch evest the number of isolated buildings increased noticeably, thanks to the
life-cycle cost benefits of base isolation devices and their harmony with the emerging
i dea eafamialgew desi g Whethp h is thelead Rilbker Bearing or
friction pendulum systemghe buildings equipped with isolatorare decoupled from
potential earthquakes and have a longer fundamental p&imckover,they receive
lower seismic energy, as a portion of seismic energissipated within the base isolation

elements.

While the isolation systems cdoe reasonablyadvantageous fahe short building by
shifting their fundamental period, their effectiveness sé¢ndlecrease for thieigh-rise
buildings which already hauarge period [90]. Some of the studies albaghlight that

if the incoming ground motion do not follow the stylised spectra (response decreasing
with increasing period), it might be possible thae isolated structure may experience
even larger damage as compared to a fbaskd structuf@l] (Figure2-13). More info
regarding such issue can be found in the research Byu@grrand Puthanpurayi[91].

It is also worth noting that isolated buildings need separation gap to perform well and if
the gap between adjacent structures would be small, the resuliidgndps pounding
would be even moréestructive[92]. Albeit, the most important factor for utilizing

seismic isolators for retrofit purposes, is the associated costs for using such systems.
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Unless for the structures with special occupancymmortant historical buildings, the

base isolator implementationight appeareconomically prohibitivehan other etrofit
solutions.This is due to the fact that significant intervention is required at the base level

to separate the structure from ground and provide the required space for the base isolators

to be installed.
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Figure2-12 The increasing trend of designing structures with seismic isolation in New Zggand
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Figure2-13 Roof displacemennhumerical results of an&ory building during Lucerne earthquatee

whole plot, left and zoomeih plot, right) (Carr andPuthanpurayjl202191])
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2.3.4.Partial selective weakening

Contrary to the common misconception that the retrofitting of the structure should involve
strengthening of the concerned structures, the selective weakening approach would aim
to improve the frame global behaviour by weakening the structure. The idea of selective
weakening was first suggested by Prieg88y and further investigated by Ireland et
al.[94], Kam, Pampanin arBlull [77] and a few other studies, where their strategy aimed

to change the global inelastic meclsmiof the structure and achieve higher deformation

(drift) capacity as a tradeff. An example in this regard is the induction of flexural hinges
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in the beam by cutting a few of the bottom longitudinal rebars in the RC moment resisting
frames. This can imease the frame overall ductility, especially if the frame does not
follow the strongcolumn weakbeam design philosophy. The dashioned brittle RC
frames with strongpeams and weagolumns can be modified in this regard and the
outcome would present diile beam hinges rather than brittle column hingegire2-14

better shows such concdpt existing inadequately detailed RC frasn@ossibilities are
aductile frame with reduced strength and improved ductditgductile frame with post
tensioned strengthenind\lso, other possibilities to bbriefly explained in the next

section.

It should be noted that such a technique can be considered as arfapbioly a few
special cases. Fauchretrofitting cases, a full selective weakenimgght be a better fit
asthe framewould gain sufficient lateratesistancewith higher deformation capacity
Albeit, this technique might not be the answehe drift inaement in the frameould
bring otherstructuralproblems such athe potentialpounding for close buildings, or
failure for buildingswith drift-sensitiveflooring systemse.g., hollowcore precast floor)
[72]). Besides, the level aftrusiveness for this techniquaght make it not feasible if it
has to be exerted all over the frame.(if all of the beam longitudinal rebars need to be

cut).
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Figure2-14 Selective Weakening strategy for improving frame ductile behgvidlir(a) Existing RC
frame; (b) cutting a few or all of the bottom longitudinal rebars in the beam to reduce joint shear stre
(c) full selective weakening by adding pastsioning cables

2.3.5.Full selective weakening

Weakening the structure would imprabe system ductility; but it also reduces the force
demand on the system and thus additional external reinforcement, strands, plates and
damping devices or FRP wrappingay berequired so that the structure can meet the
capacity demand-aving stated thathe literature shows that simultaneous weakening

and selcenteringapproachseens to be promisinglreland et a[94] experimentally
testeda weakenedepresentative pr&970s New ZealanBC wall with horizontal and
vertical cuts and pogénsioned strands. In their research, they have cut the entire base of
the wall and relied upon the energy dissipatiothefexternastrandsFigure2-15shows

the forcedeformation behaviour of W1 wall (bare wall, benchmark) and W1R wall
(horizontally cut and strengthened with ptatsioned cables). Their test also pinpointed

the capability of the strengthened system to be tuneable and present desirable behaviour,

depending on the retrofit aim.
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Figure2-15 Experimentatesting comparison of a pt70s shear wall and retrofitted shear wal
with full selective weakening techniq@d]

The similar concept was implemented for retrofitting of a precast shear wall RC building
(13-story apartment in Christchurch). By changing the main lakeaalresisting system
from atraditional sheawall to a rocking shear wall wittacombination ofegular friction

joint connectionsand the resilient slip friction jointconnections(RSFJ holddowns)

Using such an arrangemeriiashemi et gl95] propose a retrofit solution for an
earthquake prone building Christchurchiwith NBS rating below 34%) tocrease its

NBS ratingup t0100%(Figure2-16).
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Figure2-16 The schematic photo of RC shear wall with combination of regular andesgkringfriction
connectorfg8], and t he ADRS curve obtainf@d for

In another study, the beaocolumn joint component of the RC frame were subjected to
full selective weakening techniqué&igure 2-17[77]). While the undesirable wedge
mechanism of the beam column joint sagsembly(due to hook anchiage was
witnessed in the benchmark beam joint, the retrofitted joint was able to satisfactorily
improve subassembly deformation and energy dissipation, provided that the cbsnn

sufficient capacity.

While the selective weakenirtgchniquehas the ptential tobe implemented in both
traditionalRC shear wallandmoment frameshe concept for the shear wall (specifically
the retofit with resilient connectionsequires less alteration to the systmad thus easier
to implement. Moreover, the engimseneed to check that the incredsictility would

not trigger other drifrelated issues which was mentioned previously.
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2.4.Summary and Conclusion

In this chapter, some of the probable deficiencies of the old RC moment resisting frames
were briefly explained and variossrategiedor retrofitting of RC frames werksted.
Depending on the chosen strategy, the structural deasisof deficient RC frames

and permissible level omplementing invasive methodgarioussolutionscan be used

for the retrofit of theebuildings.

While acknowledging the advantages and disadvantages of various retrofit techniques,
for this study it was decided to follow the conventional strengthening technique with
minimal intervention to the RC frame. This is due to the fact that the deficient RC frames
in New Zealand and the rest of the world have dméh before1970s (more than 50
years ag), thus they might not be a suitable candidate for invasive retrofitting method.
Moreover, due to their brittle behaviour, they are more likely suffem residual
deformatiorand require restoring force mechanigmother reason could be the possible
pounding issue for the adjacent building, if they closely constructezhch other. For

this situation, the conventional strengthening may seems more appropriate.
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As for the following chapterswb retrofitting caseareinvestigated irthelocal (Chapter
4) and global leved (Chapter5), which both fall into the conventional strengthening
category.The tworetrofitting techniques include the characteristics of the utilR8&J
dampes, thus they offer reliable restoring force mechanism in case of extEsmis
evens.
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Chapter 3: Rotational Resilient Slip Friction Joint

3.1.Introduction

The recent earthquake events highlighted the importance of utilizing damage avoidance
design (DAD) or lomdamage design philosophy, to ensure structural safety and minimize
the economic impact of seismic event. As for the 20001 Canterbury earthquake
saies, with some unfortunate exceptions, the modern buildings performed as expected,
based on capacity desigiriterigd96], by showing ductile inelastibehaviour and
maintaining the gravity loading system. However, in many cases, the structures were
deemed too expeng&\o repair, leading to no other options than completeolitior[97].

The conventional seismi@sisting frames such as concentrically or eccentrically braced
frames (CBFs and EBFs) and moment resistiagnes (MRFS) can provide adequate
safety against seismic event, provided that the dissipative members and/or connections
are designed with sufficient strength, ductility and energy dissipation. The buckling
restrained braces (BRBs) can also achieve lagkl of confidence for the designed
performance objectivgEl, 14] thanks to their stable and balanced hystetashaviour.
However, the satisfactory performance of such systems is achieved through plastic
deformation in member/connections etc., which might result in residual deformation of
the system. The accumulation of plastic deformation might inevitably pgrévemapid
restoration of structural function, increase the {asthquake repair cost, or even
increase the risk of building collapse, in case of any upcoming after§h@jcks resolve

of the mentioned issues, energy dissipation devices (dampers) can be implemented in
building to concentrate the input energy dissipation adpfied locations and protect

the gravityloadresisting systems from inelasbehaviouf3]. While the performance of

the dampeequipped structures depends on the energy absorption capability of the
damper, awvell as its cyclidoehaviour it can be stated that dampers will generally reduce
the kinematic and elastic energy of the structure, which results in smaller stress in the
structural membef88]. This dudy introduces a new damaffee selfcentering

rotational friction damper, which is denoted hereafter alRE@amper.

The frictional devices dissipate the seismic energy through utilizing dry Coulomb friction
between the surfaces of two rigid bodiese Tonfiguration of frictional components can

take different shapes and forms, which will result in different types of friction damping
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systems. However, almost all of the friction dampers present certain advantages such as
high level of initial stiffness rad energy dissipation, with stable cycbehaviour In

general, friction dampers are damdgee, insensitive to temperature changes and can
present their hysteresksehaviourover many cycld2]. They are designed not to be
activated during service loads and wind. Hence, there is no possibility of failure due to
fatigue, befoe an earthquak®9]. Moreover, most of the friction dgers are tunable,

which means their slipping force can be adjusted (for example, by tightening the bolts or
changing the prstressing force of the damper), which could be considered as an

advantage over metallic fuses with fixed fodeformation charaetistics.

The friction damper utilization in the building industry dates back in 1980s, when Pall
Friction Dampers (PFDs) with linear and rotational friction sliding were employed in
cross braces and diagonal braced frd@%<s.00] The PFDs were improved later by Wu

et. a[22] via changing the shape of the core plate. Mualla and Bagintroduced the
Rotational Friction (RF) damper and experimentally validated its performance via one
story scaled braced frame. Since then, a number of studies have aimed to modify the
damper or investigate its application for new and existing buildsegsfor examplg26,

101, 102] among many others). Mirtaheri et[28] introduced a Cylindrical Friction
Damper (CFD), by shrink fitting inner shaft into a {reated outer cylinder. Compared

to other frictionhdampers, the CFDs did not use higihength bolts to induce friction
between contact surfaces; thereby it was more efficient in terms of construction costs. In
another studig0], they introduced a seractive adjustable friction damper (AFD) which
utilizes controllable hydraulic pressure as a clamping force. Among the benefits of such
a damper could be that the-gentering of the structure cde assisted after severe
earthquakes. Wang et[403] introduced a passive damper with variable sadbbped
force-displacemenbehaviourcalled Arcsurfaced Friction damper and highlighted the
capability of their damping system for protection of container crane structures. Wei et
al.[104] proposed a vertitaspringviscous dampeconcave Coulomb friction isolation
system and utilized IDA analyses and performamased design for seismic vulnerability

assessment.

Recently, a number of seatentering (SC) friction devices were introduced and
investigated by earchers, which can reduce or even eliminate the residual displacement
of the structures subjected to strong earthquakes. Unlike typical friction dampers with

rectangular or parallelogram shape hysteresis, theceseléring systems offer a flag
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shapebehaviourthat can return to its initial state upon unloafli®®-107], thanks to the
restoring force mechanism that works in parallel with energy dissipation system. Some
of the introduced selfentering friction systems are: Energy DissipgtRestraint
(EDR)[56], SC friction spring dampgr08], SCF98], Resilient Slip friction Joih54]

and prestressed spring setentering energy dissipation (B EDJ107]. In this study,

a new sehlcentering damper named S€léntering Rotational Friction (SRF) Damper

is introduced which can integrate the recentebelgaviourand energy dissipation, all in

one compact package. The energy dissipation occurs through rotational friction sliding
on the especially designed groove surfaces called friction plates, while the prestressing
stack of disk springs would provide the reqdirestoring force for the damper. The-SC

RF damper can offer the engineers with flexibility, both in damper design and structural
applications. Here, firstly, the device is investigated at component level and the analytical
equations are derived to preditte hysteresis performance of the damper, force vs
deflection. Secondly, the numerical modelling of the damper is conducted and verified
by finite element analysis. Then, the overall performance of the damper is evaluated by
experimental tests. As for text step, a parametric study is carried out to numerically

investigate several factors influencing the performance of the system.
3.2.SC-RF damper

Figure3-1 presentghe schematic view of the SRF damper, which consists of cap and
middle plate (the orange and black plates), clamped together bys&rgesed stack of

disk springs (conical washers) and high strength rod (or bolt). The friction sliding occurs
in the cicular parts of groove surfaces of the plates, denoted as friction plates, which
produces a flaghaped momesnbtationbehaviour As can be noted, the overall form of

the damper is similar to a typical Rotational Friction damper introduced by Mualla and
Belev[23]. The structural applications of Rfamper include base isolation systems, as
well as different types of braced frajh@9]. Additionally, the experimental and
theoretical outcomes for Rifamper confirm its stable nearly symmetrical hysteresis over
many cycles without any damages to the steel plates. Also, the flexibitigsign and
structural applications are some other advantages of such damper. Albeit the lack of self
centering could pinpoint the risk of residual drifts for the buildings equipped with RF

damper in active seismic areas.
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The SCRF damper can keep the benefits of-&Rfmper, while providing the self
centering capability for the system. As an illustration, some of the possible applications
of the SGRF damper in different bracing systems are depict&agire3-2, while other
structural applications such as base isolation systems, rocking shear walls, and shear links
in EBF systems is possible as @ll, 110] It is worth noting that for the chevron
configuration, dampers are pgin connected, while the stability criteria for the diagonal
bracing system requas the damper to be installed in fixgah condition. In the following,

the analytical performance of the friction plates and damper assembly are investigated in
detail.

Figure3-1 The SCRF damper and its components, including cap and middle plates, disk springs, t
strength bolt or rod
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Figure3-2 Some examples of installati@ehemdor the SCRF damper in bracing frames
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3.2.1.friction plate s performance

The general concept and performance of theREGlamper is similar to RSFJ as they
both comprise of especially grooved cap and middle plates, clamped-$ftygaged high
strength bolt (or rods) and pstressed disk springs (Readers could fnore information
about RSFJ and its applications [68-67, 111, 112] As compared to RSFJ which
dissipates the energy through axial friction, theF¥Cdamper utilizes rotational friction

in the friction plates to dissipatihe seismic energy. In addition to presented 2x2
symmetric damper irFigure 3-1, other possible configurations for friction plates
including asymmetric (two cap plates) and symmetric (two cap plates and one middle
plate) with different number of friction plates (2x3, 3»8c.) are possible, based on

specific force or deflection demand for each design.

Figure3-3 represents the friction plate consisting of two cap plates and aittenplate

with curved sliding surfaces. As can be seen from theiep of the figure, the overall
projected circular surface of the friction plate is divided by eight slicé&od 5e¢ whi ct
indicates the maximum theoretical rotation capacity of thedrigplate (Obviously, other
angles can also be wused, based on design
rotations, the cap plates would jump into the next groove. However, the deflection
capacity of the disk springs are designed to limgttbtation capacity of the plates and
prevent such behaviour The figure shows that the sliding surfaces of theREGlamper
present variable groove angle (d) which i
of rotation & — ). It is wath to note that such geometry can be defined by helical
curves AB and A'B' which have the equal height increment L. The mentioned height
increase for the helical curves AB and A'B' is depicted irFtgare3-3. The reason for

utilizing such specific form for the friction plates is to provide surface contact in the cap
and middle plates and prevent any linear or point contact between the plates which might

result inhigh stress concentration.

By dividing the friction disks using eight equal slices and concentric circles with radius
increment ofYi , the whole friction surfaces can be divided into several concentric
clusters with nearly constant groove angléAs an illustration, irFigure3-3, the whole
friction plate is divided to 8 slices with 9 concentric clusters (the four highlighted red
clusters are assumed to have constant groove angle over the le¥gthAxtcordingly,

the overall momentotation performance of the friction plate is the sum oftileenents

42



of all clusters, acting in parallel, as they have the same rotation during sliding. When the
external moment overcomes the friction resistance between the plates, the rotational
sliding occurs. At the slipping motion, all the clusters initiatestigéng simultaneously

and have the same rotation. By multiplying the force of each engaged cluster into the
associated lever arm (r), toward the center of friction plate and summing the calculated
moment for all the clusters, thesidfor the friction phte can be calculated. It is worth
noting that each cluster act like a translational R&HJwith clamping force that is
divided by the number of working clusters. If we assume that the cap plates have
sufficient thickness that can uniformly distribute the bolt clamping force among the
clusters, the following equations for determining the slip madngeRip) of a single

symmetric friction plate can be drawn:

0 % Y OA+ % 'Y OA+ (1)
g ——— (2)

0 5 OEL ' Al

v °© U ST XTo omk @)
By substituting the Eq. 1 and Eq. 2 in the EqQ. 3, we can get:
JET O OB+ Al-O -
Py Y Y K16 o0&
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¢O 0 ‘ %ol . Qi
- — i
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Where n equals to thrumber of clusters working in the friction plate. The factor 4 relates
to the number of sliding surfaces that are experiencing frictional sliding. The restored
moment can also be calculated in a similar manner

¢O 5 0 ° %

) i Q0 v N % o I Qi (5)

Where L is the height of the groove,uRs the radius of the friction plate;\Rlenotes the
radius of the bolt hole arf&represent the projected angle of each sliding surface. Some

of the common possible choicesféac oul d be 30e, 45¢e, 60¢e or
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8, 6 and 4 slices, respectively. It should be noted that only half of the sliding surfaces are
in contact in the clockwise rotation, while in the opposite rotational sliding of the friction
plates, the other half will engage in frictional sliding.

Thepr& t i c al r aucgnée in therrangelofel2~80 degrees. Also, the static and

ki netic coeffi ci enta nodi respactivaly) areoim the(rahgenob t e d
0.12~0.20, depending on the surface roughness and the type of steel. Previoosagse

hi ghlight that the difference betWe&%l & h
[46]). The ultimate moment upon loading and restoring moment W Mestoring Can

be cal cul at g dkasid¥orprwe g lhaaed Hyi@in the equations 4 and 5,
respectively. The free body diagram for the four stag@sashentrotationbehaviourof

a symmetric friction plates can be seerFayure3-4. It is worth to note that the ultimate

force in the bolt (foity), can be calculatd usi ng t he f ol lsandhkkng e
represent the total deflection capacity of the stack of disk spring and their corresponding
stiffness, when they are becoming fully flattened (conical washers become fully

compressed).

e

O O 0 (6)

Disk Spring

Sliding Surface

Cap Plate Friction cluster

Middle Plate

Figure3-3 Symmetric friction plate
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lFbolt,pr
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(b) Fbolt,u

1 Fbolt,pr
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Mrestored
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Mrestoring
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Fbolt,u (d) I Fbolt,pr

(c)

Figure3-4 Free body diagram for symmetric friction plates: (a) at initial slipping; (b) at
ultimate loading; (c) at ultimate unloading (restoring); and (d) at restored position

To verify the predicted equations, the finite element model of an asymmetric friction plate
was conducted using ABAQUS software platfft@8]. The friction plates werassumed

t o have outsidelgeoowet ang@lvax6adbnim andadi u
Rin=18mm. The disk springs were assumed to bespessed atdp=66kN and provide

the ultimate force of bu= 1 3 2 k N <W.B76rhm, g@presenting a stack of nine disk
springs placed in series with ultimate capacity of 132kN with deflection capacity of
1. 75mm per disk. The assumed stack of di
for the friction plate. The slip motion was allowed utilizing a contact element with
surfaceto-surface discretization. The tangenti@haviourof the contact was modelled

by penalty method with static and kinetic friction coefficient equal to 0.18. For the normal
direction, the presswmverclosure feature of the Hacdntact was assumddr the

friction model.Table 3-1 summarizes the assumed values for modelling of the friction
plate and thd=igure 3-5 shows the VofMises stress contours of a single asymmetric
friction plate and compares the analytical predictions versus the obtained FE results,

which are in a very good agreement.
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Table3-1 Parameters for friction plate modelling

Parameter Unit Value

Rin mm 18.0

Rout mm 62.5

Fb,pr kN 66.0

Fb,ult kN 132.0

Disk flattening load kN 132.0

Disk Deflection Capacity mm 1.75
No. of Disks - 9

Coefficient ofFriction - 0.18

S, Mises (MPa)

() T

+0.0e+00

Ultimate moment

Slip momen
2 \
Restored moment\

Restoring moment

(b)

Moment (KN.m)
o

9 4
3T == Abaqus Simulation ]
-®-Analytical Formulation
-4 1 1 | | 1
-30 -20 -10 0 10 20 30

Rotation (degree)

Figure3-5 The FEM analysis of a single friction plate) étress distribution;n) comparison between analytic:
equations and FEM outcomes
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3.2.2.Damper assemblyperformance

The SCRF damper comprised of several cap and middle plates, clamped by means of
bolts and prestressed disk springs. The friction plates can be manufactured along with
the plates as a single part or be produced separately and then connected to tfierplates
example, by welding), which may make it more appealing in terms of mass production.
Figure3-6 shows the damper and the simplified structural model for theelagsembly,

with a selfcentering rotational spring connecting the cap and middle plate. The damper
can be modelled in commercially available structural designing software (such as
SAP2000114)), for checking the interh#rces in the cap and middle plates. In addition

to the characteristics of disk springs, different length of plates could also be selected (L1,
L2 and L3), based on each specific design requirement. In general, increasing the plate
length would result imore deflection capacity with lower force. The effective length of

the device (the distance between the two pin ends) can be calculated using the below
equation:

. ....cbO O OAITO
0 £ "QAEDMENQG AT o

(7)

Where the parameter U can be obtained by:

0 OF1

OAl ——— . 8
| L L v AITO (8)

The four friction disks act in parallel as they have equal rotation during the device
performancfl15]. The relation between the damper force and the moment of each

friction plate is calculated using following equation:

T0

O % o GEi ©

Where M is the frictional moment provided by each friction plate. One important aspect
for the damper is adjustirthe orientation of the friction plates (selection of appropriate
angle between cap plates and mi ddRigarepl at
3-6) to ensure the same amount of deflection for the damper in its open and closed
position (ultimate tension and ultimate compression stage). For the bracing
configurations, it is preferred for the device to show similar deflection in both tension and

compressiorstate. It should be noted that the rotation capacity of the friction plates is
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equal on both clockwise and countdockwise direction and this is rather a geometric
situation associated with the platEggure3-7 better illustrate this phenomenon for a-SC

RF damper having friction plate diamet er
L1=L>=220mm and k=230mm. The Figres3.7-a, 3.7-b and3.7-c (case I) shows the
damper with b=90 at the resting, cl ose a
device written in each stage. As for the case llufag3.7-d, 3.7-e and3.7-f demonstrates

t he same da m{2108 atthe resting,<lbs® &nd open positidnich is
calibrated to present equal ultimate deflection at both tension and compression. The

|l ength of the damper indicates that when
deflection for tension and compression (86414.7=89.4mm in tension andl&.7-
612.3=102.4mm in compression),; whil e th
deflection for the same damper with similag Lrandlsand modi fi ed b=10

equal for both tension and compression (

3 7 3
(- wa )

O ©O

(@) (b) KT
e B @
. 0 @ T / @ Rotational
Spring

Figure3-6 Simplified damper model for implementing in SAP2000

| ot
9)
o
o

cpod™

Figure3-7 The influence of initial adjustment of friction disks for equal deflectioitdn-adjusted
damper in its initial (a), closed stage (b) and opened stage (c); Il: Adjusted damper in its three
(d), closed (e) and opened stage (f).

Based on the correlatidretween the force of damper ahé induced moment of friction
disk (eq.10), and the overall length of tltevicein each value of frictiomplaterotation,

the forcedisplacement curve of thdevicecan be evaluated®n this basis, a prototype
damper with 100mm deflection capacity was desigiée:. cyclic performance of the
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prototypedamperwas simulatedusing SAP2000 software pack§typ4]. The damper

friction link elementfor modelling the momentotationbehaviourwas calibrated based

on the slip mment, loading and unloading stiffness of th&elM c ur v e . 't shot
that the nonlinear analysis model in the SAP2000 software must include geometric
nonlinearitesof Rp and | arge di spl ace me rAdisplacement c al ¢
responseequal to the proposed analytical equations indhapter Table3-2 presents a
summary of thelesigned prototype damper, with the assumed and required parameters
Figure 3-8 compares thecalculated forceleflection behaviour from theoretical
formulations and the flaghaped hysteresis obtainedm SAP2000 numerical outcome.
Theforce-deformationvalue of the dampédras been plotted f@%, 25%, 50%, 75% and

100% rotation capacity of the friction plates during loading and unloading of damper).

As can be noted, the pedip stiffness of th&GRF dampers variable andakes a slight
nonlinear form This isdue to thed a mp secohdorder geometric effects (the factor
pjOBTinEq.100 . However, as the frictnéniinearitpl at e
tends to become more lineg@ssuming that the performance of the damper is nearly
linear, the equivalent viscous damping, based on the hysteretic energy dissipation can be

eval uated wusing[llBflacobsends approach

co O
1 “ 6

(10)

Where areas Al, A2 and A3 are shown inRlgaire3-8. The damping ratio of the damper

can be adjusted by changing the surface friction (via changing the surface roughness or
surface treatmehtand groove angles. For the prototype damper, the calculated damping
was calculated as 8.1%. Although usieguivalent viscous damping concept might
present some errors in the conversion of friction damping to equivalent viscous

damping117], theutilized Jacobsen's approach seems suifableractical purposes.
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Table3-2 Summary of the damper characteristics

Parameter Unit Value
Cap plate thickness mm 12
Middle plate thickness mm 20
b degree 108
h N Friction plate diameter mm 125
Damper Characteristic: Inner holediameter mm 36
Outer groove angle{ ) degree 15
grooves' height increment (L) mm 13.15
Coefficient of Friction - 0.18
Disk spring ultimate force kN 132
Assumed disk spring Disk spring deflection capacity mm 1.75
parameters Prestressing force (Fb,pr) kN 66
No. of disk spring per bolt per side - 9
Slipping stiffness (loading) kN.mm/rad  7368.9
- Slipping stiffness (unloading) kN.mm/rad  2458.1
SAP2000 Parameters Precompression displacement (dc) rad -0.468
Stopdisplacement (ds) rad 0.47

150 1

.......................................................................

100

50

Force (kN)
o

50 L _
ol =—SAP2000 |
) == Abaqus simulation

O Analytical Formulation
SRS S S 1

Deflection (mm)

Figure3-8 Comparison of the analytical formulation with Numerical model (SAP2000) and FI
analysis (Abaqus)

3.2.3.Finite Element Analysis of the damper

To validate the analytical equations for tteamperassembly and also verify the SAP2000
model, the sameéevicewas modelled in Abaqus FE analysis software. The standard
solver was employed for the analysis. The high strength stgeb96MPa and
F.=860MPa with 18% elongation) with isotropic hardenbehaviourwas considered
material modelling. The cap plates amildle plates were modelled using deformable
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solid parts meshed by C3D8R finite element (anofle linear brick with reduced
integration). Tdowerthe solution time needed by the software, only the upper half of the
damperwas modelled (two cap plates tvihalf of the middle plate)with proper
symmetrical boundary conditiozor the contact modelling, both the "Hard contact”
normal behaviour(to avoid overclosure) along with tangenteghaviourwith relative

sliding (by assigning Coulomb friction law)wa consi dered with sin
for both static and kinetic friction coefficients. Instead of modelling the rods and the stack
of disk springs, their prstressing effects wesmulatedusing spring/dashpot feature of

the software. The analysisaaconductecconsidering two loading steps: (i) applying the
pre-stressing force on the cap plate (to simulate the bolt clamping) and (ii) displacement
history applicationFigure3-9 depicts the/on-Mises stress contour of tdamperatpre-
stressing stage and durit@Omm compressn andtensiondeflection while the results

of the finite element model is compared with numenisatelling(SAP2000 model), as

well asanalytical formulations in thEigure3-8. As can be notedhe cap plates managed

to distribute the prstressing force uniformly in the friction plate, where dnlyial stress
concentration without any plastification is withessed at the sharp corners of the grooves
near the rotation center of friction plate. Moreovke FE outputs are in good agreement

with the derived analyticaind numerical modelling

S, Mises (MPa)

|- +6.2526+00
- +5.471e+00
L +2.691e+00
© +3.911e+00
- +31131e+00

Pre-stressing stage

Compression (fully colsed) Teiisio (Rally oipéii)

S, Mises (MPa)

+2.4e+02

Figure3-9 Finite element analysis of the damper assembly:-Méses stress counter at ultimate
tension and compression

3.3.Experimental testing

In order to experimentally investigate the hysterbgbaviourof the SGRF damper, a
series of tests were conducted on the da
prototype damper. It should be noted that the high strength bolts (or rods) are designed to
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remain fully elastic during the expected performancenefdevice and their results were
not included in thischapter for brevity. Experimental tests include obtaining the
performance of disk springs, as well as cyclic performance of the damper, to validate the

FE model and derived equations.

3.3.1.Disk Spring teding

In general the disk spring's performanée assumed to be linearly elastic upite
flattened loafb7]. As the disk springs surpass their flattened point, their stiffness
increases rapidly with small deflection. However, the experimental tests of disk springs
usually do not show such a sharp flattenend point and rather shows a transition between
these two phases which could differ based on thember of parameters including
different number of disk springs. Moreover, based on the arrangement of disk springs, the
interaction between the disk springs and bolt or rod, and also the interaction between the
edges bdisk springssome variation between the calculated characteristics load curve
and actual loading of the disk springs could be witnesBeerefore, it was decided to
investigate whether the resulting frictional forces can alter deflection capacite of th
overall disk springs stack. To do so, a set-of/8e forcebased test were applied on the
various stacks of 1 to 21 disk springs up to their flattening load. The cyclic load ranged
from 0.5kN to 135kN (slightly higher than the nominal disk springefiattg load,132kN)

to make sure the disk springs are-pe¢118]. For safety reasons, an especial sleeve was
utilized for test Figure3-10). The elastic deflection of the test sleeve (without any disk
spring) at the force of 135KN, were subtractenmn the overall deflection of the test to
provide the gross deflection of the klisprings (including the elastic deflection of the
rod). The presence of initial 0.5kN force would prevents any slackness movement in the
disk springs, during the tesbuch atest setupcan simulatethe performance of disk
springsstackon a real dampemith acceptable accurackigure3-11 showsthe results

for a sample stack of disk spring and #werage deflection capacity of the disk Bps,

based on their lagycle As can be noticed, the friction forces are negligible for the stack

of disk springs and the average deflection capacity remains uniform (1.56mm) for
different number of disk springexcept foithe stack obneto threedisk springwhich is

in therange Of 1.2~1.33. As for these stack of disk sprisggller value of deflection
capacity was witnessed which is mainly related to the first disk spring that has more
contact surface with the top flat plate. The friction characteristics between traidiks

spring and the flat plate is also different from the friction forces between two disk springs
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which can slightly change the results. However, as the number of disk springs in the stack
increases, the smaller deflection capacity of the first diskgwill be distributed in the
bigger stack.

(&

L
A

Figure3-10 The utilized sleeve for testing of disk springs

140 T T T T

1207

—
@ o o
o O o

Force (kN)

S
o

20

[—Stack of 11 disk]

0 5 10 15 20 25
Deflection (mm)

1 2 3 4 5 6 f/ 8 9 10 11 12 13 44 15 16 47 18 19 200 21
No. of stack of disk spring

Figure3-11 Cyclic testing of disk springs: (Left) Sample test of stack of 11 disk springs up to t
flattening load, and (Right) The obtained average deflection capacity of the disk springs
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3.3.2.Damper testing

The high strength steel plates£F00 MPa, E=860MPa) weraised for manufacturing

the cap and middle plates of the prototype dampiyure 3-12 shows the damper
components including its cap and middle plates and a closer photo from one of the friction
surfaces of the plates. It is worth noting that due to the curved surface of the friction
plates, a special cutter was utilized for CNC machiniagiréate the friction plates, as
accurately as possible. It is worth noting that the friction surfaceerwent specific
surface treatmento minimize any chance of material wearing due to high friction. The
device was assembled with nine stack of dskngs on each side. The disks were preset,

to eliminate any types of drop in the hysteresis curve of the device. To do se, a pre
stressing device attached to the rod to impose a flattening load to the disk springs, up to

the disk spring ultimate deflectidoad (132KN) and then release the force.

The damper was tested with Universal Testing Machine (UTM) as shown kigilne

3-13, with four different prestressingforce (F—=0kN, 18kN, 40kN and 55kN), up to
100mm deflection in tension and compression as well. The loading protocol includes
quasistatic progressive tension and compression displacement cycles of +25mm,
+50mm, £75mm and £100mm. The loading rate werecsetl as 1mm/s and each cycle
repeated three times to validate the performance of the system over repeated cycles. It is
worth to note that the damper was initially tested without amgpessing, then the pre
stressing increased to minimize any failusks and also cover the whole performance

of the device with various pigressing as well. The results for each test are then
compared with Abaqus FE mode€&igure3-14). The coefficient of friction was calibrated

to 0.13, as it would fit better with experimental results. As can be noted, the experimental
results are in agreement with the Finite Element Analysis. Regarding the experimental
test with 55kN prestressig force Figure3-14-d), an slight jump in the experimental test
can be noted, which is due to the elastic-w@ar behaviourof the disk springs, when

they have rached their deflection capacity and are about to be full flattened.
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Figure3-12 The SCRF damper components: (a) The stack of disk springé, (b) The cap and middle plates,
(c) acloser look of the friction plates
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Figure3-13 SG-RF damper, at its resting, open and close position
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Figure3-14 The ForcéDeflectionhysteresis comparison of Experimental vs. Finite Element Anal
for the SCRF damper with different prstressing force scenarios: (a) OkN, (b) 18kN, (c) 40kN, ai
(d) 55kN
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3.4.Damper's parameter effects

As for this part of the study, some of the influelggorarameter affecting the performance

of the damper were investigated. Since the performance of the device is directly related
to the friction platedehaviour the parametric study is focused on the friction plates,
rather than the whole dampessembly. Generally, two main categories affect the damper
performance which are parameters related to disk spring arrangement (series, parallel,
etc.) and characteristics related to the friction plates (coefficient of friction, and groove

angle).

As for the disk spring arrangement, different stacks of disk springs can be utilized for
providing wide range of foredeflections, which can offer more flexibility for the
designers and researchers. Different stacking arrangements can be employed for the
damper mcluding parallel, series or combination of bd#mgure 3-15 shows the ideal
load-deflection graph for different disk spring arrangements. As can be seen, while
putting the disk in in double and parallel stack would double and triple the ultimate load,

arranging the disk in series will result in increased deflection capacity.

The effect of increasing the number of disk springs on the performance of the friction
plate is shown in théigure 3-16-a, while the effect of single vs. double stack of disk
spring arrangement is depicted on fhgure 3-16-b. As can be seen from the figures,
while increasing the number of series stacking does not change the Mslip and Mult, it
increases the rotation capacity of the friction plates. On the otherdw@ualing the stack

of disks does not change the rotation capacity of the damper, whereas it can double up
the Mslip and Mult of the friction plate and increase the damping of the system as well.
Moreover, parallel stacks of disk springs can present daot®n between the disk
springs surfaces known as sédmpening within the stack of disk spring which is not
included in theFigure3-16-b and can change the aatyperformance of the disk springs,

as compared to the calculated performance. Therefore, it is recommended to lubricate the
surfaces of disks in parallel stacks and the maximum number of parallel sets be limited
to four to reduce the deviation from calatdd characteristics of the disk spring stack to

the actual measured ones.

Regarding characteristics related to the friction plates, the coefficient of friction (COF)
and groove angle are investigatédyure 3-16-c demonstrate the effect of outer groove

anglesontheM{ curve of the friction plates.
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groove angles would increase the Mslip and Mult of the friction plate, hatlptice of
lowering the friction plate rotation capacity. This is due to the increased vertical
movement of the cap plate, because of larger grooves &nglee 3-16-d pinpoints the

effect of different coefficient of friction (COF)onthet™® cur ve of t he fri
can be seen, higher coefficient of friction means higher damping ratios (hysteresis curve)
for the device. On the other hand, higher COFs redaiger restoring force to ensure

the selfcentering of the damper.

While the most prevalent engineering applications usually utilize parallel or series
stacking of disk springs, other options such as progressive stacking could also be utilized
for the dek spring arrangement of friction plates. On this basis, the disks become flat
consecutively and provide a progressively increasing stiffness. This can be achieved by
either stacking disks of various thickness in series, or stacking single, double End trip
parallel set in series, as it is showirigure3-17-a. Accordingly, the prstressed friction

plate demonstrates a progressively increasing +odiar selicertering flagshape
(Figure3-17-b) with distinctive posslipping stiffnesses (zones). The single, double and
triple parallel set of disk springs would reach theiragdy in turn and become flat, as

the load increases in the stack of disk springs. When the single parallel set becomes flat,
the hysteresis curve surpasses the zone 1 and enters the zone 2 where double and triple
parallel sets of disk springs have defiectcapacity, while the zone 3 is provided by the
remaining deflection capacity of the triple parallel set of disk springs when the single and
double parallel sets have reached their ultimate force. Such a progressoentaihg
behavioumight be hgbful in specific applications and situations where the damper needs
to be separately optimized for various seismic intensities at the same time (for example,

adaptive seftentering dampers and shocking absorbers).

3 | =@=Single Disk Spring
- Double stack in series m m
—#-Two Disk in Series Three Disks in Series

2 Double Stack in Series

M| —m-Three Disks in Series
. J

Two Disk in Series Three Parallel Stack

Three Parallel Stack

Disk Spring Ultimate load

e

Single Disk Spring Two Parallel Stack

0 1 2 3
Disk Spring Deflection

Figure3-15ideal loaddeflection graph for different stack of disk spring arrangement
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Figure3-16 Numerical study on damper parameters' effects: (a) Number of disk springs, (b) Nu
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Figure3-17 Progressive stacking of disk springs: (a) An example stack of single, double and ti
parallel setn series; (b) The muHinear selfcentering hysteresis M behaviourof friction plate

3.5.Summary and Concluding Remarks

In this chapter an innovative sel€entering damper named Séléntering Rotational

Friction damper(SGRF damper) wasntroduced and investigatedumerically and
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analytically. This novel damper can be designed based on different force/deformation
demands and be utilized in different structural systems as well. The flexibility of the
damper regarding the length of cap anuidle plates, the friction plate characteristics

and arrangements and also various arrangement of disk springs can provide the designers

to optimally design the damper for each specific performance.

In this chapter the analytical equations for calcufagithe forcedeflectionbehaviourof

the device were derived and validated using numerical and finite element analysis.
Mor eover, t he parameters affecting t he
investigated. The performance of the device was experinetdaled with different pre
stressing forces and were validated by finite element model. Moreover, the performance
of the disk spring stack was investigated as well. Through this new damper introduced to
be used either in new or existing earthqupkene structures, the buildings could be
reoccupied quickly with minimal business interruption and repair costs after severe

earthquake events.
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Chapter 4. Seismic Strengthening of Deficient RC

Frames Using RSF3 as Haunches

4.1.Introduction

During the pastlecades, seismic retrofittiggdrepairing of existing reinforced concrete
(RC) frame has been the subject of variostudie$l]. Evidence from the past
earthquakes in high seismic regions (such as Christchurch[PIH]1Kermanshah, Iran,
2017 [120], among many others) hasghlighted the necessity for strengthening and
retrofitting of underdesigned RC franseto improve their seismic capacity. Different
retrofitting techniques can be utilized for either global retrofitting of the system (such as
adding BRBJ[121] or dissipative bracewith dampers alonghe entire framgl11, 122]

and use okhear walls) or local strengthening of the weak structural elefh28}. In

this regard, the RC beaoolumn joint (defined as the region surrountgdhebeam and
column interfaces) has received considerable attention among the researchers; as a key
component in the frame performance. Usually, the-ggsmically designed RC joints
suffer from improper transverse reinforcement which might triggerféiiure of the
frame before formation dieam plastic hinges. Accordingly, the system would show a
brittle behaviourduring strong earthquakes without much warning in the form of large

drifts, which could lead to serious consequences.

To improve the pedrmance of RC joints, several technighesebeen introduced and
tested by researchers includinge ofshotcrete jackefl24], FRP laminatg425] or
rebar§l26], ferrocement jackets with chamf¢t27] and enlarging the RC joirfi28,
129]. Recentlyanotherattempt has been devoted to adhpthaunch retrofitting system
to redirect the shear stress flow from the joint regiand impose a more ductile beam
plastic hinge mechanism, instead of a brittle joint shear f§ll8@& As a pioneeng
study, Pampanin et g131] demonstrated the efficiency of such system and proposed a
retrofit designprocedureVarious types of haunch systehave been implemented in the
RC joint retrofitting such as fulljastened haunch systgh32], reinforcel concrete
hauncleq4133], Buckling Restrained Haunch&84] and haunch viscoelastic damping
bracefl35].
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This study introduces the Resilient Slip Friction Joint (RSFJ) haunch system for
retrofitting of deficient RC beartolumn joints. As atuneableself-centering friction
damper that is pipin connected to the beamolumn connection ahacs as a haunch
elementthe RSFJ can preserve the benefitscofiventionahaunch retrofitting system
while offering reliable energy dissipation and recentering force for the RC frame. The
schematic diagram of the RSFJ haunch retrofitting assemblyoisnsin Figure 4-1.

While such a method can also increase the lateral stiffness of the frame, it is more suited
for RC cases with inadequate shear capacity for the jéistsompared to the traditional

wet retofitting methods for RC frames (such as adding shear walls to the system, or
concrete jacketing), the proposed retrofit solution is a dry construction method which is
easier to implement with minimal serviceability disruption of the system. It can provide
reliable energy dissipation and seismic performance during multiple seismic scenarios
(mainshock aftershock eventslhis chapterexperimentally investigates the efficiency

of RSFJ with pinne@ndconnectios for haunch retrofitting. The OpenSEES softevar
platform is utilized to develop a simple numerical model to simulate thseiemically
designed RC joints with different reinforcement details, as welfoasthe model
retrofitted withthe RSFJ haunches. With the helpté developed model, a step biep
retrofit desigrprocedurds proposed for strengthening of RC joints with RSFJ haunches.
Two case studies includintipe interior and exterior joirst of a RC frameare then
retrofitted by RSFJ haunches to check the efficacyistétrofitting systemThe results
highlight the improved performance of the retrofitted cases, in terms of strength, energy

dissipation and residual drift, as compared to theretmofitted RC frame systems.

Figure4-1 Scrematic view of RSFJ Haunch retrofitting system with various configurations: a) Int
joint assembly with four haunches, b) Exterior joint with double haunches, and c) single hau
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4.2.Seismic behaviour of @ficient RC beanmicolumn joints

Different failure mechanisms can be expected in uddsrgned or noseismically
designed RC beairolumn connections, which is mainly due to the poor reinforcement
detailing in the joint regiorf-igure4-2 summarizes some of the typical detailing in such
weak bearrcolumn joint regions. The lack of shear reinforcement in the RC beam column
connection will adversely affect the pasacking behaviour of the RC joint. Fsuch

joints, the compression strut mechanism of the RC beam column connection is the only
source of transferring shear force in the system and its efficiency is linked to the beam
longitudinal rebar anchorade6]. While interior joints normally show a hardening
behaviour after joint diagonal cracking, the exterior joints might show a potential strength
degradatiof131]. For example, in the joint type (b) with bar bémiarrangement, after
diagoral cracking of the joint, the diagonal strut can be preserved until the cracks open
up at the hooks' region. The joint type (c), however fails to provide an effective point for
developing compression strut mechanism and further the joint resistance bannot
guaranteed in such casgs37]. Regarding the joint type (d) with limited bottom bar
embedment (below 150mm, as sudgdsdy referenc§l38]), the bond failure prevents

the formation of diagonal compressive strut, thus the joint will probably showeage
failure during the upward load, while the shear failure happens during progressive
downward loadinfl39]. Thereby, fo the exterior joints with limited bottom bar
embedment, a nesymmetrical backbone curve is expected during cyclic loading. In
Figure4-2, the last configuration fahe exterior joint (type (e) with end hook anchorage),
offers a brittle failure with sudden lodmbaring loss, due to the expulsion of the outer face
of the column through the Aconcrete wedg:
failure, the shearesistance shows negligible hardening behaviour, with limited ductility

for the bearrcolumn connection assembly.

As for the retrofitting of the RC frames, it is essential to accurately predict the
performance of the beanolumn joints, to betteassess the frame capacity and provide
the suitable retrofitting solution. By reasonably evaluating the maximum allowable shear
stress in the joint, the ultimate capacity of the connection can be calculated, which will

be covered in following sections
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Figure4-2 Typical rebar detailing for deficient RC joints: (a) Interior joint, (b) Exterior joint with k
bentin, (c) Exterior joint with bar berbut, (d) Exterior joint with insufficient anchorage, a@)
Exterior joint with end hook anchorage

4.3.RSFJ haunch performance and design considerations

The Resilient Slip Friction Joint (RSKE34] is a selfcentering frictiondamper that
dissipates the input energy througk relativerictional sliding of cap and middle plates
(Figure4-3-a). The special groove shapes of the cap and middlespéddeg with the
stack of disk springs will provida restoring force for the damper that gaeventthe
residual drift of the structure after a seismic evBeiaders could find more infmation
about the RSFJ damper and its applicationthé@referenceg6l, 63, 64, 67, 112, 140,
141]. By assuming that the coefficient of friction would be constant on the sliding
surfacefl17], the performance of the damper would be a-flagpe behaviour which can
be tuned and adjustealith respect to differenkevel of prestressing force in the disc
springs Figure4-3-b andFigure4-3-c). The flag shape behaviour of the damper with and
without prestressing force is showrHigure4-3 which can be quantified using Eq. 1 and
Eqg. 2:
- E 3OA1 ORI AlfO
& ¢l & Cg A'ﬁOI[OéT (1)

) EsO0AT OFT {AIfO
& & ¢ A17O (O] @

In which, ¥ shows the target axial displacement of the damfyés,the angle of grooves,

e 1 s the coef fKsasithe stiffness of stdck of disc spongs. Rarameter

finihO i ndi cates the numberFigaré4-3aokt 8 ) gFpoamd c h
shows the prestressing force in the disk springs. One of the advantages of the friction
dampers over the onegth yielding is that the stiffness and strength of the system are
decoupled and not codependent. This means that by adjusting the prestressing force, the

slip resistancef the damper can be changed while the initial elastic stiffness is intact. It
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is worth notirg that if the prestressing force is zero, there would &®ipoesistancand
initial stiffness Figure 4-3-c) while the damper can work and danme tenergy with

triangular flagshape.
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Nut\A
~—

~
Cap plate
\

Disk spring
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(@)

Fo. Axial Displacement
ultimate - 2.

Fslip
F 7
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A Frestorea == .
max restore - :

Damping

Axial Force

Effect of
Prestressin

(b) (c)
Figure4-3 The RSFJ damper: (a) The comprising components of the RSFJ and the damper as:
(b) The joint behaviour, and (c) The effectpré-stressing

It is desired that thRSFJhaunches are installeshd attachetb the RC frame using pin

end suppors. This will induce only axial forces in the haunches and make the RSFJs
middle and cap plates desigasierand the sizes smallefhe reasn is that thereavill be

no rotational deformation compatibility requirements at the supports areésdt, there

will be no extra bending and shear densanmdthe damper. In this manner, the following
testing program is performed on tRSFJ prototypelamper shown irfFigure 4-4 to
further investigate the feasibility of using the RSFJ withggmend condition. It is worth
noting that the effects of scaling errors were neglected in the experimenita B}sFor

the testing program, a revered cyclic displacergentrolled test with increasing
amplitude of displacement from zero to 15 mm with increment steps of 3 mm was
conducted. Each cycleas rpeatedwice and the loading rate was equal to 1 mm/s. The

number of disk springs were set to be 3&(81), the stiffness of the stack of disc was
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0.74 kN/mm, theangleof the grooves was 30 degseand the coefficient of friction was

0.17. The experim#al results are shown Figure4-5.
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Figure4-4 The geometry of the joint tested
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Due to RSFJ rotational flexibility63, 64, 143] the posiactivation stiffness might
degrade as a consequence of seadér actions. This issue is rooted in the possibility
of relative rotation betwedhemiddle and cap plasavhen the damper is experiencing a
compressivdorce. The reduction of pesictivation stiffness can be notedrigure4-5-

a, where the difference betwettre black and red lines is vivid ithe compression zone
(the RSFJ wagxhibiting both axial and rotational movemenas shown irFigure4-5-

b). In order to tackle this issue, four #&dzhal plates were bolted to the middle plate to
provide lateral supports atichit the relative rotation betweeghemiddle and cap plase
Theses plates and their attachrsevgre designed for 2.5% of the damper ultimate axial
load [144] (as the common design practice for the lateral supports required resistance)
Figure4-5-c andFigure4-5-d demonstrate the effectiveness of the mentioned restraining
plates. It is worth noting that such restraining attachments and the capcplait be

manufactured asne component

In the abovementioned two cases, tlsép forcewas zero as there was no prestressing
force in the diss The disc springs were prestressed up to 10 kN to increasigtfmce
Figure 4-6 shows the performance of RSFJ wihp force of 16.6 kN, where the
performance in tension and compression is identical due to employmentdtiitienal

restrainingplates, preventing the joint rotation.
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Figure4-5 The effect of restraining plates on the cyclic performance of the jpimed RSFJ: (a) the
stiffness drop due to axiabtational behaviour of the RSFJ, (b) a photo of the axial rotational
behaviour of the RSFJ during compression load, (c) the effeestraining plate on the cyclic

performance of the RSFJ, and (d) a photo of RSFJ with restraining plate during compression
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Figure4-6 The symmetric cyclic flagghape behaviour of joint withdded restraints

4.4.Retrofit Design and Recommendations

The occurrence of shear cracking at the joint core of the old RC buildings can jeopardize
the integrity of the whole frame when subjected to earthquakes. It is worth to note that by
merelyretrofitting the joint, the new strength associated with the joint might change the
strength hierarchy of the system, leading to an adverse damage on the beams or columns.
In general, an ideal retrofit solution should increase the overall seismic capfattity

system while improving the strength hierarchy of the frame in a way that during major
events, the least severe damage mechanisms happen before undesirable critical failure
mechanism420]. Readers are referred to the works of Pampanin[&8a].for further

details.

Figure4-7 shows some of theossiblearrangements for attachment of RSFJ haunches to
the bearcolumn joint, including 4, 2 and 1 haunches for interior and exteriorsjoint
Adding the RSFJ haunches will introduce a resisting force along its axis, which will
change the force flow in thentire bearrtolumn connection assembls an illustration,

the schematic internal shear and moment forces in the external joints are depicted in
Figure 4-8, for a Non-Retrofited Subassembly (NRS), Double Haunch Subassembly
(DHS) and Single Haunch Subassembly (SHS). The single haunch would be suitable for
meeting architectural requirement, though with less efficient reduction of joint internal
demand and an asymmetric force ditribution. The internal shear and moment
distribution in the haunch system can be calculated by either the formulas presented

the previous studies (see for examfl81, 145), or viathe numerical modelling which
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is describedin the next section. Through thewontribution of axial resistance the
haunches decrease the joint shear force and transfer the shear to beams and columns.
While they alterthe shear and axial foreen the beams and columns, they also relocate

the maximummoment in the beam and column sectjdgrom thebeamcolumn interface

to the point of RSFJ intersection b&ndingmoment reduction can be noticed in the RSFJ
haunch intersection point, which is due to the offset of the haunch from the joint
intersection point. Besides protecting the structures from joint shear failure and relocating
the beam plastic hinges, the RSRlimches can offer energy dissipation and restoring

force under large deformation, which can decrease the residual drifts in tharfRC

(b)

Figure4-7 Different retrofit solutions with RSHJaunches: (a) Interior joint with quadruple haunc
subassembly (QHS), (b) Exterior joint with double haunch subassembly (DHS), and (c) Exterio
with single haunch subassembly (SHS)
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Figure4-8 Shea and moment diagrams: (a) nogtrofitted subassembly (NRS), (b) Double Haunc
Subassembly (DHS), and (c) Single Haunch Subassembly (SHS)

The following design steps are proposed to retrofit using RSFJ haunches. It should be
pointed out that the proposeetrofit design procedure would prevent the joint shear
failure mechanism and impose a flexural plastic hinge in the beam. Also, the added
damping and restoring force of the RSFJs would improve the system performance as well
as its residual drift. On thisasis, the &p and ke of the joints are tuned in such a way

that during high seismic events, the flexural hinge in the beam is being formed (a
minimum force of kip in the RSFJ haunch is required) while the column hinge
mechanism and shear failurebath beams and columns are prevented by proper tuning
of the Fut. The contribution of friction damping in the joint will increase the damping
feature of the system while the restoring force of the damper would decrease the residual
drift in the system. Té following retrofitting procedure is utilized here for retrofit

designing of the RC beagolumn joints using RSFJ haunches:
Step 1: Determine the maximum allowable beam | umn | oi ntay. S hear st

Step 2: Determine the maximum sheapacities of the beam and colummn (@nd % n),
based on the following equatidtd6, 147]:
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