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ABSTRACT

The exterior beam-column joints (BCJs) within a moment-resisting frame must possess high
resistance against shear forces which goes hand in hand with the ability to withstand large
deformations when subjected to seismic loading. The failure of RC framed structure can
occur not only due to mechanical reasons but from environmental factors also. Corrosion is a
prime example of the premature deterioration of RC structures by degrading strength and

ductility of reinforcement.

Corrosion leads to the deposition of rust on the surface of reinforcing steel which causes a
volumetric expansion in the reinforcing bars. A volume increment of approximately six to ten
times that of the original steel bar can be experienced due to the formation of hydrated ferric
oxide (rust) (Fe203.xH20). Due to this volume expansion at the concrete/steel interface,
cracks can be experienced on the concrete surface once the concrete tensile strength
surpasses. Over a significant time, corrosion can lead to a drastic reduction in rebar cross-
sectional area. A deterioration of concrete and steel bond is also experienced due to the de-
scaling of reinforcing bars. These phenomena can severely degrade the energy dissipation
and load-carrying capacity of a corrosion-affected structure upon exposure to extreme
loading conditions like an earthquake, resulting in catastrophic failure.

The present experimental study is categorized into two parts where total 16 Exterior Beam-
Column joint specimens were cast and tested. In the first part, the seismic performance of
Exterior BCJ specimens subjected to corrosion damage at different levels was investigated.
Two different reinforcement detailing were adopted for BCJ (i.e. non-seismic and seismic).
The specimens were subjected to accelerated corrosion at three levels, finalized with the help
of pilot specimens. The corrosion was targeted at the junction of beam-column. Thereafter,
performance of control and corroded non-seismically and seismically detailed specimens
were reported and compared through various seismic parameters. The post-peak behaviour,
damage progression at higher displacements, and the ultimate failure modes of corrosion-

damaged specimens were covered extensively.

After assessing the performance degradation in corrosion-damaged specimens, the
rehabilitation of the specimens was a requirement to ensure safety within their service period.

Therefore, the second part of the experimental study focused on retrofitting of the corrosion-



damaged specimens was performed using High Strength Fiber Reinforced Concrete
(HSFRC). A new retrofitting scheme was proposed to address the treatment of the corrosion-
damaged reinforcing bars prior to the application of retrofitting material. The area to be
retrofitted was finalized by visually monitoring the corroded reinforcement cage of the pilot
specimen. The retrofitting material i.e. HSFRC was developed in the laboratory after
performing several trials focusing on workability and strength. The retrofitted specimens
were tested under reverse cyclic loading and the seismic performance was evaluated using
similar seismic parameters to first part of the study, so as to generate a comparison between

corrosion-damaged non-retrofitted and retrofitted specimens.

From the first part of the experimental study, it was concluded that seismically detailed
specimens having different levels of corrosion show superior performance when compared to
non-seismically detailed specimens. In general, the pitting effect on reinforcing bars leads
toward bar fracture under repetitive loading ultimately resulting in reduced ductility. The
ultimate failure mode shifted from shear failure at the junction of uncorroded BCJ to flexural
failure at beam surface (having fractured reinforcing bars) under corrosion damage. The
second part of the experimental study showed the significantly improved performance of
corrosion-damaged retrofitted specimens in terms of maximum load-carrying capacity,
stiffness, energy dissipation, and ductility. Due to the superior mechanical properties of
HSFRC, the delay in the fracture of severely pitted reinforcing bars was experienced.
Moreover, the damage progression during the cyclic loading was due to the presence of

hybrid steel fibers providing the crack bridging mechanism.

The results obtained from the first part of the experimental study were numerically validated
for all the tested specimens. Three-dimensional non-linear finite element (FE) models were
prepared for all the specimens in the software. The numerical models were validated with the
results obtained from the experimental study. It was noticed that the peak load-carrying
capacity values from numerical simulations agreed acceptably with the experimental values.
After the validation, the load-carrying capacity and damage progression of uncorroded and
corroded specimens were captured and evaluated with the help of parameters such as Von

Mises stress levels and Plastic Strain magnitude (PEMAG).



LIST OF PUBLICATIONS

The following publications in peer reviewed journals are the outcome of the present research

work:

1.

S. Dangwal, H. Singh, Behavior of corrosion damaged non-seismically and
seismically detailed reinforced concrete beam-column sub-assemblages under cyclic
loading, Eng. Fail. Anal. 146 (2023) 107135.
https://doi.org/10.1016/j.engfailanal.2023.107135. Impact Factor: 4

S. Dangwal, H. Singh, Seismic performance of corroded non-seismically and
seismically detailed RC beam-column joints rehabilitated with High Strength Fiber
Reinforced Concrete, Eng. Struct. 291 (2023) 116481.
https://doi.org/10.1016/j.engstruct.2023.116481. Impact Factor: 5.5

S. Dangwal and H. Singh, Numerical investigation of corroded reinforced concrete

exterior beam-column joints under quasi-static reverse cyclic loading.

https://doi.org/10.1002/suc0.202400132 Impact Factor: 3.2

Vi


https://doi.org/10.1016/j.engfailanal.2023.107135
https://doi.org/10.1016/j.engstruct.2023.116481
Numerical%20investigation%20of%20corroded%20reinforced%20concrete%20exterior%20beam‐column%20joints%20under%20quasi‐static%20reverse%20cyclic%20loading
Numerical%20investigation%20of%20corroded%20reinforced%20concrete%20exterior%20beam‐column%20joints%20under%20quasi‐static%20reverse%20cyclic%20loading
https://doi.org/10.1002/suco.202400132

TABLE OF CONTENTS

(O o I | [0 N PR i
ACKNOWLEDGEMENT ..ottt sttt sttt e e saa e e e nna e e ese e e e nneeeanes i
F N S 1 2 ¥ X SRR \Y
LIST OF PUBLICATIONS ...ttt ettt snae e nna e e e nnaeeanaeeens Vi
TABLE OF CONTENTS ..ottt ettt e e e e anaeeanae e Vil
LIST OF FIGURES ... ..ottt et e et e e e e s e e e neeeaneaeas Xii
LIST OF TABLES ...ttt e e et e e e nra e e e nneeas XXi
(O o 1 o I ST 1
INTRODUGCTION ..ottt sttt sttt st ettt eseebe st e e esesaeneeneanas 1
1.1 GENERAL oottt ettt ans 1
1.2 CORROSION RELATED DAMAGE/ACCIDENTS ....cocoviiieiieieesesiees e 3
1.3 CORROSION IN REINFORCED CONCRETE STRUCTURES........ccccoevvivriernnnn. 5
1.3 1 CarbONALION....cui ittt ettt bbb 6
1.3.2  Chloride-INduced COrrOSION .........civiiieieieieie ettt 7

1.4 CORROSION EFFECTS ON THE STRUCTURAL PERFORMANCE OF RC
MEIMBERS ...ttt r b ettt neene s 8
I S R © 1= o1 - | SRRSO 8
1.4.2  Corrosion-damaged Beam-Column JOINtS.........cccccviieieeiiiiesecie e 9
1.4.3  Retrofitting of Corroded Beam-Column JOINtS..........cccccevveviiieieeiese e 10
1.4.4  Numerical INVEStIgatioN...........coveiiiiiiie e 11
15 RESEARCH OBJECTIVES ....c.ociiieiie ettt 11
1.6 THESIS ORGANIZATION ..ottt ettt en s 12
1.7  CLOSING REMARKS ...ttt ettt e s nae e e nae e aneaeannee e 13
(O o 1 e I SRS 14
LITERATURE REVIEW ...ttt ettt ettt a e s sntan e e nnnaaee e 14
2.1 GENERAL ...ttt e e s 14

2.2 PHENOMENOLOGICAL MODEL OF REINFORCEMENT CORROSION IN
THE MARINE ENVIRONMENT ...ttt 14
2.2.1  Corrosion of Steel in Marine ENVIrONMENT..........cccccvevviieieeie e see e 14
2.2.2  Corrosion of Steel iN CONCIELE.........cccveveiieriee e 16
2.2.3  Supporting Field EVIAENCE. .......cccoviiiiiieriese e 18

vii



2.3 ACCELERATED REINFORCEMENT CORROSION: CONSTANT VOLTAGE

IMETHOD ..ottt sttt bt e st et ne et et e e be st e eneene s 21
2.4  REINFORCEMENT CORROSION ON BEAM-COLUMN JOINT .....ccccvvvrvrnnnnn. 22
2.4.1  EXperimental STUAIES ........ccveivieieiie e 22
2.5 RETROFITTING OF CORROSION-DAMAGED BEAM-COLUMN JOINT....... 29
2.5.1  EXperimental STUAIES ........ccoveiiieiieiiece e 30
2.6 FINITE ELEMENT MODELING .....ccceoiiitiiieisitceeese e 37
2.7 RESEARCH GAPS ..o 41
2.8 RESEARCH SIGNIFICANCE ..ottt 42
2.9 CLOSING REMARKS. ...ttt 42
(O o 1 e I TSRS 43
EXPERIMENTAL PROGRADM ...ttt ettt nae e e e snae e anneas 43
3.1 GENERAL ..ttt a e nes 43
3.2 MATERIALS ...ttt e et e et e e e ae e e e teeeennes 45
T80 R = 11T T OSSPSR 45
3.2.2  AGOIEOALES ...ttt ettt 45
3.2.3  REINFOICEMENT ...ttt sre e e 46
324 COPPEL WITES ..ttt ettt sttt ettt et te et et e st e e be et e sraereeneearaene e 46
3.2.5  Stainless Steel MESH .......coiiiiiiiicce s 47
3.3 DESIGN MIX DETAILS....co ottt 47
T 50 N B 1= T To | T Y PSSRSO 47
3.4 CASTING OF EXTERIOR BEAM-COLUMN JOINT (BCJ) SPECIMENS.......... 48
3.4.1  Description Of TeSt UNItS......ccceoiieiiiiiiiiiesie et 48
3.4.2  Casting of the BCJ SPECIMENS........cciiiiiiieiiecie et 49
3.5 CORROSION OF BEAM-COLUMN JOINT SPECIMENS .......c.cooovieiiiiiiriennnn, 50
3.5.1  Accelerated COrrosSion SCHEME.........coviiiiiiiiiiiisieee e 50
3.5.2  Pilot Study for the COrroSION ...........ccveiiiieiece e 52
3.5.3  Corrosion Levels and Crack Width Measurements ...........ccccocevererienenieeneennnn, 55
3.5.4  Estimation of CorroSion IMass LOSS........cccerierueriierieriesieseesieseesseesseeeesseeneeens 57
3.6 TEST SETUP AND LOADING PROTOCOL ....cceeeviieeiieeeiee e 61
3.6.1 Damage Level of BCJ SPECIMENS. ....c.oiiiiiriiriiriisiesiieieie e 63
3.7 DEVELOPMENT OF HIGH STRENGTH FIBER REINFORCED CONCRETE
[ 151 = 2103 TSSOSO 64
T 50 R |V -1 (=1 o - 1 S 64



T 01 0 T =T o =1 o | TN 64

3.7.1.2 P0zzolanic MaterialS ..........coeiiieiiiiiie ettt 64
N G T o [0 (=T I (L TP PRRSPPP 65
3714 SEEEIFIDEIS ..t 65
3.7.1.5  SUPEIPIASLICIZENS. ....civieiieie ettt re e reene e 66
3.7.2  Mix Procedure and Sample Preparation ............ccccocveveieeieenesieeseeseeee e 66
3.7.3  Material Testing Methodology .........cccooiiiiiiiiiiiece e, 67
3.7.3.1 Compressive Strength teSt.........ccoeiiiiiiiie e 67
3.7.3.2  Flexural Strength teSt.......c.ooiiiiie e e 69
3.8 RETROFITTING OF CORROSION-DAMAGED SPECIMENS USING HSFRC 70
3.9  CLOSING REMARKS ...ttt et e e e e e e enneas 74
(O o 1 e I SRS 75
SEISMIC BEHAVIOUR OF CORRODED BEAM-COLUMN JOINTS........cccccvvviieecieene, 75
O € = N | o PSSR 75
42 MONITORING DAMAGE IN CORRODED BCJ SPECIMENS ..........ccooevvveenen. 76
4.3 IMPRESSED CURRENT-TIME DURATION PLOT ..o 80
4.4 DAMAGE PROGRESSION OF BEAM-COLUMN JOINT SPECIMENS ............ 81
4.4.1  Damage Progression of Control Non-Seismic Specimen (NDU)...................... 81
4.4.2  Damage Progression of Corroded Non-Seismic (NDC) Specimens.................. 82
4.4.3  Damage Progression of Control Seismic Specimen (DU).........ccccccvvvevveireennen, 86
4.4.4  Damage Progression of Corroded Seismic Specimens (DC).........cccccvevveiveennenn. 87
45 HYSTERETIC BEHAVIOUR OF SPECIMENS........ccccooiiiiiiiinieece e 91
45.1  Hysteretic Load-Displacement Behaviour of Non-seismic Control and Corroded
SPECIMIENS ...ttt ettt ettt ettt e e s b e e st e e st e e b e e be et e eaeesaeesteeseeabeeateeatesreereeneeareere e 91
4.5.2  Hysteretic Load-Displacement Behaviour of Seismic Control and Corroded
SPECIMIENS ...ttt ettt st e st e e st e e ste e st e e be e be et e e aeesbeesteeaeesbeenbeentesreereeneeareere e 93
46 LOAD-DISPLACEMENT ENVELOPE CURVE AND DUCTILITY ..ccccovvcvviennnnn, 94
4.6.1  Comparison between Control Specimen and Corroded Specimens .................. 96
4.7  STIFFNESS DEGRADATION ...coiiiiiicitiiieesese e 102
4.8 ENERGY DISSIPATION ....ciiiiiiiieietete ettt 105
49 DAMAGE INDEX OF UNCORRODED AND CORRODED BCJs..........cccucuu.u.. 109
4.10 JOINT PRINCIPAL TENSILE STRESS.......ccoiitieiiiieeice e 112
4.10.1 Comparison between Control and Corrosion-damaged Specimens................. 113
4.11 CLOSING REMARKS ...ttt 115



CHAPTER S .o 116
RETROFITTING OF CORRODED BEAM-COLUMN JOINTS USING HIGH STRENGTH

FIBER REINFORCED CONCRETE ......cotiiiiiieisie ettt s 116
5.1 GENERAL ..ottt nn s 116
52 CRACK PATTERNS AND FAILURE MODES ........ccccoviiiiiinnieecenieesie e, 117

5.2.1  Damage Progression of Control and Retrofitted Non-seismic Specimens......118
5.2.2  Damage Progression of Control and Retrofitted Seismic Specimens.............. 122
53 HYSTERESIS BEHAVIOUR OF SPECIMENS ........cccooiiiiiiniiieieneecesieeen, 127
5.3.1  Hysteretic Load-Displacement Behaviour of Non-seismic Control and
Retrofitted SPECIMENS .....c.viieieieee et re e 127
5.3.2  Hysteretic Load-Displacement Behaviour of Seismic Control and Retrofitted
SPECIMIENS ...ttt ettt sttt s e e e st e e teer e e e be et e e st e sae e seesseebe e teentesbeeteeneeateenteeneenres 129
54 LOAD-DISPLACEMENT ENVELOPE CURVE AND DUCTILITY ......ccccereane. 130
5.4.1  Envelope curve of control and retrofitted Specimens ............ccccceevveveeieciennen, 131
55  STIFFNESS DEGRADATION ....ociiiiiiieiii ettt 137
56 ENERGY DISSIPATION .....occiiiiiiiiiiieise et 140
5.6.1  Comparison between control specimen and retrofitted specimens.................. 141
5.7 DAMAGE INDEX OF CONTROL AND RETROFITTED SPECIMENS ........... 144
5.7.1  Comparison of control and retrofitted SPECIMENS..........cccoeviriiiiiniiiieieenn 145
5.8  JOINT STRESSES ... .ottt e e 147
5.8.1  Comparison of Control and Retrofitted SPeCIMeNS...........cccocevvriririniiniicrnenn 147
5.9 CORROSION MONITORING OF THE RETROFITTED SPECIMENS. ............. 150
5.10 CLOSING REMARKS ... .ottt nee e nae e nee e 153

(O o 1 e I SRR SUSRUSRSRR 154

NON-LINEAR FINITE ELEMENT ANALYSIS ... 154
6.1  GENERAL ...t 154
6.2 MODELING OF CONCRETE ...ttt 155

6.2.1  Constitutive MOdeling .........ccoeiieiiiicceee e 155
6.2.2  Modeling Corrosion €ffEeCtS .........cccvciiiiiiiic e 156
6.2.2.1 Concrete in COMPIESSION ......viivieiieeiie it stie e see et e e sae e aeearne s 156
6.2.2.2  CONCIEte 1N TENSION ....ouiiiiiiieiieeite ettt 158
6.2.3  EIEMENTIYPE ..o 159
6.3 MODELING OF REINFORCEMENT BARS ......cccoviiiieiieeeee e, 160
6.3.1  Constitutive Modeling and Corrosion Effects ........c.cccccovvvivieiiiiiiciic e 160



6.3.2  EIemMeNnt TYPE ...t 164

6.4 CONSTRAINTS, BOUNDARY CONDITIONS, AND LOADING ......c..cceuerne. 165
8.5  MESHING ... ..ottt n s 167
6.5.1  MeSh CONVErgenCe StUAY .......c.ccvueiuieieiieieeie s esie et re e eneennees 167
6.6  VALIDATION OF NUMERICAL MODEL .....cccooiiiiiiiiieiieneees e, 169
6.7 NUMERICAL ANALYSIS OF THE PERFORMANCE OF CORRODED RC
EXTERIOR BCJS....cuiiiiiiiieiiiieiieiee ettt sttt sttt st ne it ane e 174
6.7.1  Load-Displacement HYSteresis CUIVE..........ccccvevveieiiere e seese e 175
6.7.1.1 Hysteretic Behaviour of Uncorroded BCJ Specimens..........ccccccevvevivenenne. 175
6.7.1.2 Hysteretic Behaviour of Corroded BCJ SPeCIMENS .........cccevvrvnierireeiennen, 175
6.7.2  Load-Displacement ENVElOpe CUIVE .........ccooiiiiiniiiceee s 176
6.7.3  Stiffness Degradation..........ccocuueiieiiieiise s 178
6.7.4  DamMAQE PrOgreSSION ......ocuiiiiiiiiiieiieiieie ittt sttt sttt 180
6.8 CLOSING REMARKS ...ttt e e nae e 188
(O o 1 e I USSR 189
CONCLUSIONS......c ettt b ettt ettt ettt b et ene e 189
8 R €1 = N = N SRR 189
7.2  SEISMIC PERFORMANCE OF CORRODED BEAM-COLUMN JOINTS........ 189
7.3 RETROFITTING OF CORRODED BEAM-COLUMN JOINT USING HSFRC.191
7.4  FINITE ELEMENT ANALYSIS ... 193
7.5  SCOPE OF FUTURE WORK .......coiiiiiiiisieiee et 195
REFERENGCES. ... .ottt sttt ettt ne et ene e 197

Xi



LIST OF FIGURES

Figure 1. 1 Severely corroded reinforcement bars degrading the performance of RC structure
(DUVNJAK €E Al 2021) ...ttt ettt b e ne e r e b e nres 2
Figure 1. 2 Corroded RC beams and columns damaged during earthquakes (a) Niigata-Ken

Chuetsu earthquake (2004) in Japan, (b) Pohang earthquake (2017) in Korea (Jung et al.

Figure 1. 3 Chloride-induced reinforcement corrosion in concrete (Ontario. Transportation
Engineering Branch. Bridge Office. 2008) .........cooieiiiiiiiiiciisieese e 6
Figure 1. 4 Proposed model of mean-value corrosion loss with respect to time of exposure
(IMEICNETS 20038) ......veueeeeete etttk b bbbttt b bbbttt 8

Figure 1. 5 Description of corrosion phases in the proposed model (Melchers 2003a) ............ 8

Figure 2. 1 Proposed phenomenological model for reinforcement corrosion in concrete
(Melchers @and Li 2006)..........ciuuieiiieeieienie ettt bbbt 18
Figure 2. 2 Corrosion loss data for (a) Kur Beach and the Point Reyes sites for both carbon
steel and copper steel, (b) for coupons exposed at Murmansk with interpreted trend lines
(bold) and best-fit lines (light) (Melchers 2007)..........coouiiririiiiiiieeee e 19
Figure 2. 3 Corrosion-time curve for steel bars inserted into concrete (Shalon 1959; Shalon
aNd RAPNEAT 1959) ... e 20

Figure 2. 4 PVC insulation on stirrups of beam and column and at longitudinal rebars of

column (Kanchanadevi and Ramanjaneyulu 2018) .........cccocvviiiiininieiieee e, 23
Figure 2. 5 Energy dissipation Of SPECIMENS ........ccueiiiriiiiiirerisieseeie e 25
Figure 2. 6 Rehabilitating schemes for SPECIMENS...........cooviiiiiiiiiieee e 30
Figure 2. 7 Energy dissipation behaviour of column SPECIMENS ..........cccccvveiirenininieieiee, 35

xii



Figure 2. 8 Cumulative energy curves of specimen CL1-C7 .......cccocevvevveieiieseeie e 37

Figure 2. 9 Equivalent plastic strain of concrete: (a) uncorroded and (b) corroded specimen 39

Figure 3. 1 Methodology for the experimental program...........cccccveveveevieiesieese e 44
Figure 3. 2 Stress-strain curve for control/uncorroded steel bars...........ccccccevvveviiiiiiciecee, 47

Figure 3. 3 Reinforcement detailings of RC Exterior (a) non-seismically detailed, and (b)

seismically detailed BCJ.........cvoiiiiiieee ettt nne s 49
Figure 3. 4 Construction details of beam-column joint SPECIMENS.........ccocvvvvveiiiiiiiieieeee 50
Figure 3. 5 Accelerated COrroSion teSt SEI-UpP......ccvviiiieiierieiieieesie st 51

Figure 3. 6 Impressed current-time duration representation of pilot specimens (a) non-

seismically detailed and (b) seismically detailed for determining different phases and

categorizing different levels of COrrOSION ..........cccciviiiiic i 53
Figure 3. 7 A visual description of specimens under different levels of corrosion. ................. 55
Figure 3. 8 Crack monitoring and measuring via Dino-Lite edge digital microscope ............ 56

Figure 3. 9 Specimens were distorted after the cyclic loading test for calculating mass loss .58

Figure 3. 10 Cutting and cleaning of corrosion-damaged reinforcement bars for the mass loss

.................................................................................................................................................. 59
Figure 3. 11 (a) & (b) Fractured stirrups, (c) & (d) cross-sectional area reduction and de-

scaling of longitudinal reinforcement Dars ...........cccoveee e 60
Figure 3. 12 Determining the mass loss for different levels of corroded specimens............... 60

Figure 3. 13 Load-displacement curve for tensile test for steel bars of different diameter .....61

Figure 3. 14 (a) Schematic diagram of the test setup, (b) Actual test setup for specimen under

FEVEISE CYCHC 10AUING ..ooviiiiiiiie et e see e be e s areere e 62
Figure 3. 15 Applied displacement-controlled cycle history ...........ccccovveviiiiiiie e, 63
Figure 3. 16 Crimped and hooked-end steel fiDers..........ccccovvieiiiiiii i, 65

xiii



Figure 3. 17 Test setup for determining compressive strength of HSFRC.............c.ccccevennne. 68

Figure 3. 18 Test setup to evaluate the stress-strain behaviour of HSFRC ...........c..ccccovenene. 68
Figure 3. 19 Stress-strain curve of HSFRC cylindrical Specimen ...........ccoccevveevviiciieveeinene 68
Figure 3. 20 Two-point bending test Set-up arrangement ..........cccccevveveeiesieeseenesee e 69
Figure 3. 21 Flexural failure of beam SPeCIMENS..........cccvviieieeiiiie e 70
Figure 3. 22 Corrosion-damaged reinforcement cage of reference specimen ...........c.cccocuo..... 72

Figure 3. 23 Geometrical dimensioning of dismantled concrete for HSFRC retrofitting in
COrroSion-damaged SPECIHMENS .........ciuveieieeiteetesee e e rte e e ste et e e e sreesreeseesraebeaneessaesreaneesraeeens 72
Figure 3. 24 The fracture, localized pitting of stirrups, descaling, and cross-sectional
reduction of longitudinal bars due to SEVEre COrrOSION ........cccccveveerieiie e 73

Figure 3. 25 (a) Application of anti-corrosive coating on the surface of corroded reinforcing

bar, (b) Specimen placed in formwork for retrofitting ...........c.ccooeviiic i, 73
Figure 3. 26 Table vibration provided to the retrofitted specimen ..........cccccovevviieieeieeinen, 73
Figure 4. 1 Set-up created for accelerated corrosion and continuous monitoring ................... 76

Figure 4. 2 (a) Rust deposition on the surface of stainless-steel mesh and (b) maximum crack
width for Level-1 corroded SPECIMEN .......cc.ooviiieiicic et 77
Figure 4. 3 (a) Dense rust deposition and (b) crack width measurement of Level-2 corroded

R 0110 [ 11 SR PTORTOSRURRPN 78
Figure 4. 4 (a) black clour water 0ozing out of the specimen along with rust at severe
corrosion level (b) measured crack width of Level-3 corroded specimen.............ccccceveeveennee. 79
Figure 4. 5 Impressed current variation with respect to the time duration for all the non-
SEISMIC BCJ SPECIMENS ...ttt ettt e et e e e b e s e e ba e e b e e beeenteenneeanes 80
Figure 4. 6 Impressed current variation with respect to the time duration for all the seismic
B SPECIMENS ...ttt ettt et e et e e be e e st e e s be e aa b e e beeesteesbeeanbeeareeenree e 81

Figure 4. 7 Ultimate failure 0f NDU. .........ccoooiiiiiiiic e 82

Xiv



Figure 4. 8 Ultimate failure 0Ff NDC-1.......ccooiiiiiee e 83

Figure 4. 9 Ultimate failure 0Ff NDC-2..........ccoiiieiiiie it 84
Figure 4. 10 Ultimate failure 0f NDC-3.........coooiiii e 84
Figure 4. 11 Fracture of corroded reinforcement Dar............cccccevveieiievecic s 85
Figure 4. 12 Ultimate failure 0f DU..........coi i 87
Figure 4. 13 Ultimate failure 0f DC-1 .......cov i 88
Figure 4. 14 Ultimate failure 0f DC-2 .......cooviieiieece e 89
Figure 4. 15 Ultimate failure 0f DC-3 .......cc.ooiiiiiee e e 89
Figure 4. 16 Widening of corrosion cracks at a higher drift ratio............cc.ccccoevviieiieinernenn, 90

Figure 4. 17 Load-displacement hysteresis curves for (a) NDU and (b) NDC-1 specimens...92
Figure 4. 18 Load-displacement hysteresis curves for (a) NDC-2 and (b) NDC-3 specimens92
Figure 4. 19 Load-displacement hysteresis curves for (a) DU and (b) DC-1 specimens........ 94
Figure 4. 20 Load-displacement hysteresis curves for (a) DC-2 and (b) DC-3 specimens .....94

Figure 4. 21 Procedure adopted to calculate the displacement ductility (Siva Chidambaram

and Agarwal 2015; Sharma and Bansal 2019)...........ccccveiiiiiiie i 95
Figure 4. 22 Envelop load-displacement curve of NDU and NDC-1 Specimen..................... 96
Figure 4. 23 Envelop load-displacement curve of NDU and NDC-2 Specimen..................... 97
Figure 4. 24 Envelop load-displacement curve of NDU and NDC-3 Specimen..................... 97
Figure 4. 25 Envelop load-displacement curve of DU and DC-1 Specimen.............cccccveuneane. 98
Figure 4. 26 Envelop load-displacement curve of DU and DC-2 Specimen.............cccccveuveane. 99
Figure 4. 27 Envelop load-displacement curve of DU and DC-3 Specimen.............cccccveueene. 99

Figure 4. 28 Load-displacement Envelope curve of control and corroded non-seismic
R 0101 1= PP PSR 100

Figure 4. 29 Load-displacement Envelope curve of control and corroded seismic specimens

XV



Figure 4. 30 Procedure adopted to calculate the stiffness..........cccevveieiieiiii i, 102
Figure 4. 31 Stiffness of control and corroded non-seismic SPECIMENS ..........cccccvveverieennenn, 103
Figure 4. 32 Stiffness of control and corroded seismic SPECIMENS.........cccccvevvevivereeriesieennnnn, 104
Figure 4. 33 Stiffness degradation curve of control and corroded non-seismic specimens...105
Figure 4. 34 Stiffness degradation curve of control and corroded seismic specimens.......... 105
Figure 4. 35 Calculation Procedure of Energy Dissipation for i™ 100p..........c.cccceevvevvvrvennnn. 106
Figure 4. 36 Per-cycle energy dissipation of control and corroded non-seismic specimens.107
Figure 4. 37 Per-cycle energy dissipation of control and corroded seismic specimens ........ 107
Figure 4. 38 Cumulative energy dissipation of control and corroded non-seismic specimens
................................................................................................................................................ 108
Figure 4. 39 Cumulative energy dissipation of control and corroded seismic specimens.....108
Figure 4. 40 Damage indices over displacement for control and corroded non-seismic

R 0110 [ 1L 4SS S 110
Figure 4. 41 Damage indices over displacement for control and corroded seismic specimens
................................................................................................................................................ 111
Figure 4. 42 Principal tensile stress of control and corroded non-seismic specimens........... 113
Figure 4. 43 Principal tensile stress of control and corroded seismic specimens.................. 114
Figure 5. 1 Impressed Current-Time Duration Plot for Non-seismic BCJ Specimens.......... 117
Figure 5. 2 Impressed Current-Time Duration Plot for Seismic BCJ Specimens ................. 117
Figure 5. 3 Ultimate failure 0f NDU..........ccooiiiiiiiiie e 119
Figure 5. 4 Ultimate failure 0f RND-1........ccooiiiiiiiie e 120
Figure 5. 5 Ultimate failure 0f RND-2.........cccioiiiiiiie e 121
Figure 5. 6 Ultimate failure of RND-3.........cciiiiiiiec e 121
Figure 5. 7 Ultimate failure of DU.........ccoo oo 123
Figure 5. 8 Ultimate failure 0f RD-1 ......cccoooiiiiiiicc e 124

XVi



Figure 5. 9 Ultimate failure 0F RD-2 ........coovoiiiiiie e 125
Figure 5. 10 Ultimate failure 0f RD-3 ........oooiiiiiece e 125
Figure 5. 11 Side view of the RD-3 specimen showing steel fiber-concrete bond................ 126
Figure 5. 12 Load-displacement hysteresis curves for (a) NDU and (b) RND-1 specimens.128

Figure 5. 13 Load-displacement hysteresis curves for (a) RND-2 and (b) RND-3 specimens

Figure 5. 14 Load-displacement hysteresis curves for (a) DU and (b) RD-1 specimens ......130

Figure 5. 15 Load-displacement hysteresis curves for (a) RD-2 and (b) RD-3 specimens ...130

Figure 5. 16 Comparison of the Envelop curve of the RND-1 and NDC-1 specimen .......... 131
Figure 5. 17 Comparison of the Envelop curve of the RND-2 and NDC-2 specimen .......... 132
Figure 5. 18 Comparison of the Envelop curve of the RND-3 and NDC-3 specimen .......... 133
Figure 5. 19 Comparison of the Envelop curve of the RD-1 and DC-1 specimen................ 133
Figure 5. 20 Comparison of the Envelop curve of the RD-2 and DC-2 specimen................ 134
Figure 5. 21 Comparison of the Envelop curve of the RD-3 and DC-3 specimen................ 134

Figure 5. 22 Load-displacement envelope curve of control and retrofitted non-seismic
R 0110 [ 1L 4SSO S 135

Figure 5. 23 Load-displacement envelope curve of control and retrofitted seismic specimens

Figure 5. 24 Peak to peak Stiffness versus Drift ratio of Control and Retrofitted non-seismic
R 0110 [ 1L 4SSO S 138

Figure 5. 25 Peak to peak Stiffness versus Drift ratio of Control and Retrofitted seismic

R 0101 1] PP 138
Figure 5. 26 Stiffness degradation of Control and Retrofitted non-seismic specimens......... 139
Figure 5. 27 Stiffness degradation of Control and Retrofitted seismic specimens................ 139

XVii



Figure 5. 28 Analytical curve representing calculation of energy dissipation and damping
Fatio (LiU @nd Li 2018).....cceeiieeii ettt sttt sne et enaesne e e anaenre s 140

Figure 5. 29 Cumulative energy dissipation of control and retrofitted non-seismic specimens

Figure 5. 30 Cumulative energy dissipation of control and retrofitted seismic specimens...142

Figure 5. 31 Equivalent viscosity damping of control and retrofitted non-seismic specimens

Figure 5. 32 Equivalent viscosity damping of control and retrofitted seismic specimens ....144

Figure 5. 33 Damage indices of all tested non-seismic SPeCIMeNS...........ccccevveveeveeveesieenenn, 146
Figure 5. 34 Damage indices of all tested seisSmiC SPECIMENS ...........ccceeveevveieiieieeie e, 146
Figure 5. 35 Principal tensile stress of control and retrofitted non-seismic specimens......... 148
Figure 5. 36 Principal tensile stress of control and retrofitted seismic specimens................. 148

Figure 5. 37 Schematic illustration of the test setup of half-cell potential measurement (Pour-

ghaz €t al. 2010). ....ccuieee e et e e sae e nre e a e ra e teeaenres 151
Figure 5. 38 Half-cell potential teSt SEIUP ......c.ecveiieiiiciciecce e 151
Figure 5. 39 Contour plot of POteNtial Ecorr........cveverierieieiiiiieiceeeieese e 153

Figure 6. 1 Flow chart presenting the steel corrosion effects on both steel and concrete

MALETIAIS ...ttt ettt b e bRt r ettt beere e e e 156
Figure 6. 2 Concrete constitutive relationship in (a) Compression and (b) Tension ............. 159
Figure 6. 3 Brick element (Eight-node) (Ridwan 2016) .........cccccceeiveiiiieeiieie e, 160

Figure 6. 4 Target corrosion affected length at the reinforcing bars surface (Dangwal and
SINGN 2023) ..o eee e et ee s e e e et s ettt e et e et r e en e 163
Figure 6. 5 Schematic configuration of corrosion site (part in red) on the surface of
reinforcing bars of (a) 8 mm (b) 10mm and (c) 12 mm diameter.........c.cccvvvvvieviieiieevneenne, 164

Figure 6. 6 Geometric model Of teSt SPECIMEN ........eeviiiiiiiie e 164

XViii



Figure 6. 7 Embedded reinforcement bars for (a) non-seismically detailed and (b) seismically

detailed BCJ SPECIMENS .......eoviiiieiieeie et ste et te e s reeste et e sreestessaesneesaeenaesseeteaneenreas 165
Figure 6. 8 Embedded ReiNfOrCEMENt ..........ccveiiiiiiiee e 166
Figure 6. 9 Boundary CONGITIONS. ...........couiiieieiieiee e 167
Figure 6. 10 Finite element MESN...........coiiiiiiie e 168

Figure 6. 11 Envelope curve of Experimental results and FE analysis for different values of
IMESN SIZE ..ottt 168
Figure 6. 12 Load-displacement response of non-seismic uncorroded/control experimental
and FEA specimen (a) Hysteresis curve; (b) Envelope CUrve .........cccccvvveveeve e ceece e, 170
Figure 6. 13 Load-displacement response of corroded (level-1) non-seismic experimental and
FEA specimen (a) Hysteresis curve; (b) ENVelope CUrVe .........cccceeivee e, 171
Figure 6. 14 Load-displacement response of corroded (level-2)non-seismic experimental and
FEA specimen (a) Hysteresis curve; (b) ENVelope CUrVe ........ccccveiveieiiccicc e, 171
Figure 6. 15 Load-displacement response of corroded (level -3) non-seismic experimental and
FEA specimen (a) Hysteresis curve; (b) ENVelope CUrVe ........cccceeiveieieciecc e, 171
Figure 6. 16 Fracture of reinforcing bars determined by Von-Mises Stress ............ccccevveunee. 172
Figure 6. 17 Load-displacement response of control/uncorroded seismic experimental and
FEA specimen (a) Hysteresis curve; (b) ENVelope CUrVe ........ccccvevveeiicceee e, 173
Figure 6. 18 Load-displacement response of corroded (level -1) seismic experimental and
FEA specimen (a) Hysteresis curve; (b) EnvVelope CUrVe ..o, 174
Figure 6. 19 Load-displacement response of corroded (level -2) seismic experimental and
FEA specimen (a) Hysteresis curve; (b) ENVEIOPE CUNVE ........c.coovviiiiiiiiiiece e 174
Figure 6. 20 Load-displacement response of corroded (level -3) seismic experimental and

FEA specimen (a) Hysteresis curve; (b) ENVEIOPE CUNVE ........c.covvviiiiiiiiiecse e 174

XiX



Figure 6. 21 Load-displacement envelop curves of uncorroded and corroded non-seismically
AELATIEA BCUS ... bbb 177
Figure 6. 22 Load-displacement envelop curves of uncorroded and corroded seismically
AELATIEA BCUS ... bbb 177
Figure 6. 23 Secant stiffness of uncorroded and corroded (a) non-seismically detailed and (b)
seismically detailed BCJIS .......c.ocviiieieiie ettt anes 179
Figure 6. 24 Crack patterns of non-seismically detailed specimens corresponding to + 0.2%

0] g1 10 =LA o TP S T TP TP U P PRURURPPRPIN 181
Figure 6. 25 Crack patterns of non-seismically detailed specimens corresponding to + 1%
AFITE FALIO .t b bbbttt 182
Figure 6. 26 Crack patterns of non-seismically detailed specimens corresponding to + 4.36%
0] g1 10 =LA o TSSO T TP TP PRURURPPRPIN 184

Figure 6. 27 Crack patterns of seismically detailed specimens corresponding to + 0.2% drift

XX



Table 1.

Table 3.

Table 3.

Table 3.

Table 3.

Table 3.

Table 3.

Table 3.

Table 3.

Table 4.

Table 4.

Table 4.

Table 4.

Table 4.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

Table 5.

LIST OF TABLES

1 Global cost of corrosion by region by sectors (Billion US$ 2013) (Jafar Mazumder
...................................................................................................................................... 2
. 2 List of some renowned corrosion accidents (Jafar Mazumder 2020)..........c.cccn..... 4
1 Physical properties of CEMENT .........ccoiiiiiiiie e 45
2 Physical properties of Fine and Coarse aggregates ..........cccceoererereneneseeieeieennen, 46
3 M25 grade concrete mix design as per IS 10262 : 2019 .......cccoeovvivviiiiciiciicee 47
4 Nomenclature used for control and corroded SPECIMENS..........cccevererereriinieiienns 57
5 Physical properties of Silica Fume and Metakaolin ...........cccccoveviiiinie e 65
6 Properties Of Steel FIDEIS..........coi i 66
7 HSFRC MIX PIrOPOITIONS .....vvevieieiiieiteeite sttt ettt ste e sraeste et sre e e e e sre e nns 67
8 Nomenclature used for control and retrofitted Specimens..........c.cccccvvevevveereenenne 74
1 Summary of corrosion measurement in rebars .........ccccccevveveieie s, 79
2 Damage progression of all the non-seismic test SPecimens...........ccccoveveveereenenne. 86
3 Damage progression of all the seismic test SPECIMENS .........ccceevvevieiievieieeveeiee 90
4 Test results of all non-seismic and seiSMIC SPECIMENS ..........ccevvevieiieieerieeieennn 101
5 Damage Index of Control and Corrosion-Damaged Specimens..............c.cceeu..... 111
1 Summary of Corrosion measurement in Reinforcement bars.............cccccccevennane. 118
2 Damage progression of all the retrofitted non-seismic test specimens................. 122
3 Damage progression of all the retrofitted seismic test specimens........................ 126
4 Test results of all SPECIMENS .........covi i 136
5 Cumulative energy dissipation of control and retrofitted specimens ................... 142
6 Damage Index of Control and Retrofitted Specimens...........cccoeevvvveeiiiiie e, 147
7 Principal Tensile Stress of Control and Retrofitted specimens ...........cccccvevvennee. 149

XXi



Table 5. 8 Dependence between potential and corrosion probability (ASTM C876 2015) ..152

Table 6. 1 Identification of control and corroded SPECIMENS.........c.cccvevveieiieeieeie e 154
Table 6. 2 Concrete damage plasticity parameters for normal strength concrete................... 156
Table 6. 3 Properties 0f NOMINal CONCIELE ..........ccveiieiieieee e 159
Table 6. 4 Mechanical properties of steel reinforcing bars............ccccccoviveviiieiienc e 161
Table 6. 5 Comparison between experimental and numerical results ............ccccoecevvevvenenne 169

XXii



CHAPTER 1

INTRODUCTION

1.1 GENERAL

Reinforced concrete is a globally adopted building material used to construct durable
structures due to its low construction and maintenance cost, superior mechanical properties,
and excellent service life (Jung et al. 2022). However, certain factors including
environmental conditions, design errors, and changes in material properties may gradually
degrade the serviceability and life of the RC structure. Amongst various degrading factors,
corrosion of reinforcement bars is amongst the most frequent and leading causes of the
premature failure or collapse of RC structures (Goyal et al. 2018; Sharma 2018; Jung et al.
2022) . The concrete having a protective passive layer of alkaline nature (pH range of 12 to
13) is penetrated with the continuous ingress of chloride ions under extreme environmental
conditions. Thereafter, the presence of oxygen and moisture encourages new chemical
reactions in rebar and the surrounding concrete, which initiates corrosion (Sharma 2018).
Figure 1.1 shows that the corrosion can cause severe damage to the reinforcement and may
also shatter the concrete cover. This will ultimately degrade the serviceability and the
structural behaviour of reinforced concrete (RC) structure (Duvnjak et al. 2021). Corrosion
affects the durability of structures in two major ways. Firstly, the deposition of rust product at
the rebar surface significantly increases the volume of bars, thereby, generating additional
tensile stress at the interface of rebar-concrete, which eventually leads to the cracking and
spalling of concrete cover. Secondly, at the severe corrosion stage, a localized cross-sectional
area reduction of rebar accompanied by development of pits owing to localized dissolution of
steel leads to the decline of their ultimate tensile strength and ductility, which reduces the
structure’s load-bearing capacity (Almusallam et al. 1996; Cabrera 1996; Ahmad 2003;
Zhang et al. 2009; Goyal et al. 2019; Kanavaris et al. 2023).

Corrosion is amongst the most unavoidable problems being faced worldwide causing
immense loss of lives, infrastructure, and economic section at an immense rate (Javaherdashti
2011; Sharma 2018). In 2013, a global study on the cost of corrosion and preventive

strategies was conducted by the National Association of Corrosion Engineers (NACE). An



estimated cost of US$2.5 Trillion was reported for the global cost of corrosion (Koch 2017).
This study was utilized in Gross Domestic Product (GDP) and World Bank Economic sector
data to estimate the cost of corrosion. The global cost of corrosion was reported to be
approximately 3.4% of the GDP (Javaherdashti 2000, 2011; EI-Meligi 2010; Jafar Mazumder
2020). Table 1.1 below displays the Global cost (Billion US$) of corrosion in different

sectors.

Figure 1. 1 Severely corroded reinforcement bars degrading the performance of RC structure
(Duvnjak et al. 2021)

Table 1. 1 Global cost of corrosion by region by sectors (Billion US$ 2013) (Jafar Mazumder

2020)
Sector
Economic Regions  Agriculture Industry Services Total Total GDP %
US$ Billion ~ US$ Billion  US$ Billion  US$ Billion  US$ Billion  GDP

United States 2 303.2 146 451.3 16,270 2.7
India 17.7 20.3 32.3 70.3 1,670 4.2
European Region 3.5 401 297 7015 18,331 3.8
Arab World 13.3 34.2 92.6 140.1 2,789 5
China 56.2 192.5 146.2 394.9 9,330 4.2
Russia 5.4 37.2 41.9 84.5 2,113 4
Japan 0.6 45.9 5.1 51.6 5,002 1
Four Asian Tigers

Blus Macal 15 29.9 27.3 58.6 2,302 25
Rest of the World 52.4 382.5 117.6 552.5 16,057 3.4
Global 152.7 1446.7 906 2505.4 74,314 3.4




1.2 CORROSION RELATED DAMAGE/ACCIDENTS

In general, the ingress and propagation of corrosion may accelerate the degradation of
structural properties and severely reduce its service life (Otieno et al. 2016; Bahekar and
Gadve 2017). In many cases, this can lead to catastrophic failure of structures resulting in the
destruction of property and livelihood. Numerous corrosion-related incidents have gone
unreported throughout history for reasons of liability, or in some cases, mass level of
demolition of structure destroys the evidence of failure (Jafar Mazumder 2020). Some recent
disasters noticed globally due to corrosion damage were the Morandi bridge in Genoa, Italy
on August 14, 2018 (Rania et al. 2019) and the collapse of the Champlain Tower South
Condo, Florida on June 25, 2021 (Logan and Singh 2023). Additionally, frequent earthquakes
were experienced all around the globe with severe damage to infrastructure (Dogan 2015).
The severe corrosion of RC structures in earthquake-prone areas will surely impact their
seismic performance. Figure 1.2 shows the fractured corrosion-damaged structural members
under the Niigata-Ken Chuetsu earthquake (2004) in Japan, and the Pohang earthquake
(2017) in Korea (Jung et al. 2019). The propagation of corrosion degraded the tensile
performance of reinforcement bars over time. In addition, it also reduced the adhesion
between the surrounding concrete and steel reinforcing bars (Otieno et al. 2010; Andrade
2023). This degraded the seismic performance of structural members under severe
earthquakes resulting in complete failure (Dogan 2015). Table 1.2 lists some of the major
corrosion-related accidents and structural collapses that have occurred all over the world in
the last 50-60 years. From the table, it is evident that this problem has claimed many human

lives, and caused substantial monetary and environmental losses.

(a) (b)
Figure 1. 2 Corroded RC beams and columns damaged during earthquakes (a) Niigata-Ken
Chuetsu earthquake (2004) in Japan, (b) Pohang earthquake (2017) in Korea (Jung et al.
2019)
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Table 1. 2 List of some renowned corrosion accidents (Jafar Mazumder 2020)

Accidents Place Year Damage and Reason
The U.S. Highway 35 bridge connecting West Virginia, Kanauga,
Collapse  of Ohio. USA Ohio, and Point Pleasant collapsed into the Ohio River. Corrosion
Silver Bridge ’ 1967 fatigue and stress corrosion cracking were the prime reasons for the
collapse, claiming 46 lives.
The leakage of methylisocyanate (MIC) gas from the storage tanks
Bhopal Bhopal, due to corroded valves, pipelines, and other safety equipment. The
Accident India 1984 death rate was claimed to be more than 3000 and 500,000 people
were reported to be injured.
Collapse  of . .
The collapse of the concrete roof due to the stress corrosion cracking
the roof of Uster, . . . .
L . 1985 of stainless steel which was supporting the roof. The loss of lives was
Swimming Switzerland
reported to be 12.
Pool
The  Aloha Island  of A significant portion of the upper fuselage of a Boeing 737 was lost
Incident Maui, 1988 in an operating flight due to multiple corrosion fatigue damage. One
Hawaii flight attendant lost her life.
EL AL  Amsterdam, Two right englne.zs separated from the wing because the corro§|on-
Bogin 747 The Nether- damaged fuse pins were unable to hold the strut to the wings,
g 1992 resulting in the crash. 4-people were killed on board and more than 50
Crash lands
people on the ground.
Sewer Ex- . The galvanic corrosion of a galvanized steel pipeline blocked with a
. . Guadalaja- . L ) .
plosion in ra. Mexico 1992 steel gasoline pipeline resulted in the sewer explosion. The death and
Guadalajara ' injury rates were reported to be 215 and 1500 people.
Approximately 19800 tons of heavy fuel oil spilled and caused severe
Sinking of the  Brittany, economic consequences for the region The reason was the corrosion
Erika France 1999 in the main deck coaming, the portside, and starboard inert gas system
risers.
Pipeline . . L . -
Explosion  at New Mexi- A severe internal corrosion in a 30-inch natural gas pipeline led to a
P co, USA 2000 Natural Gas explosion in El Paso. 12 people were killed.
Carlsbad
Prudhoe Bay Prudhoe A leakage of approximately 267,000 gallons of crude oil was reported
Oil Spill Bay, Alaska 2006 duye to a corroded transit pipeline.
Rupture of a linois The Nihon Dempa Kogyo (NDK) Company experienced an explosion
High-Pres- USA ' 2009 due to the stress corrosion cracking of the walls of a pressure vessel.
sure Vessel This explosion killed 1-person and wounded several others.
Rupture of a Rupturing of a 30-inch diameter natural gas transmission pipeline due
Pennsylva- - . . .
Natural Gas . to corrosion along with two of the circumferential welds. One home
.. nia, USA 2016 .
Transmission was destroyed, three were partially damaged, and several homes were
Pipeline evacuated.
Ohio  State Rust caused the failure of a pendulum-type thrill ride during operation
. . Ohio, USA 5017 (due to rust the thickness of the ride beam’s wall was reduced). The
Fair accident

malfunction left 1-person dead and several others injured.




1.3 CORROSION IN REINFORCED CONCRETE STRUCTURES

Corrosion degrades structural performance primarily in two ways i.e., by causing the spalling
and cracking of surrounding concrete and through a gradual reduction in the cross-sectional
area of rebar. Therefore, comprehending the corrosion mechanism in relation to its beginning,

advancement, and severe damage is crucial.

Once the passive layer of concrete around the steel bar is breached, electrons and ions
exchange commence and reactions taking place result in the appearance of rust on the steel
surface. The oxidation of iron takes place in the anodic reaction when steel in concrete

corrodes thereby, releasing electrons and ferrous ions (Andrade 2007).

Fe — Fe™ + 2¢~  (anodic reaction) (1.1)

The reaction will take place in the availability of water and oxygen forming hydroxyl ions
(OH) (JP. 1390).

2e” + H,0 +1/2 O, — 20H (cathodic reaction) (1.2)

Hydroxyl ions generated from cathodic reaction combine with the ferrous ions to form
ferrous hydroxide (Fe(OH).). It can undergo additional oxidation to produce other oxides,
including ferric hydroxide. After undergoing several stages of oxidation and hydration

reactions, hydrated ferric oxide (rust) Fe2Og, is formed (JP. 1390).

Fe?* + 20H — Fe(OH); (1.3)
4Fe(OH)2 + O2 + 2H20 — 4Fe(OH)3 (1.4)
2Fe(OH)z — Fe203.H20 + 2H,0 (1.5)

Due to the accumulation of rust products over reinforcement, volume of the bar is
significantly increased. The presence of unhydrated ferric oxide can cause the volume of a
steel bar to swell to almost twice its original volume. In a hydrated state, a massive volume

increment of six to ten times of original steel volume at the steel-concrete interface is



experienced (JP. 1390; Andrade 2007; Dabas 2022). Owing to their volumetric dilation, the
rust-deposited bars exert additional tensile stress on concrete leading to the spalling and
cracking of the concrete, as shown in Figure 1.3. Ultimately, this leads to the exposure of
reinforcement bars within RC structures to the outer environment for further severe damage
(El Maaddawy et al. 2006; Sharma 2018).

<«4———salt laden water

Water seeps into
concrete through
\ capillary action

reinforcing steel

Cracks produced
due to increase in
volume of rusted
reinforcipg steel

rust formation

Figure 1. 3 Chloride-induced reinforcement corrosion in concrete (Ontario. Transportation
Engineering Branch. Bridge Office. 2008)

The two primary causes of corrosion of steel in any RC structures are Carbonation and
Chloride attack where through the pores in the concrete, foreign species enter and target the

steel reinforcement directly.

1.3.1 Carbonation

Carbonation leads to corrosion when the carbon dioxide penetrates the concrete through pores
and interacts with the hydroxides present in the concrete (Sharma 2018). Carbon dioxide
reacts to form carbonic acid (H2COz) which neutralizes the alkalies in the pore water without
attacking the cement paste. After that, the carbonic acid combines with the calcium
hydroxides found in the pores of the concrete to create calcium carbonate (CaCO3z) (JP.
1390). This process significantly reduces the pH level resulting in the passive layer depletion
of concrete and the commencement of uniform steel corrosion. Uniform corrosion is
experienced in carbonation with a severe reduction of pH level from pH > 13 to pH < 8
(Andrade 2007).



1.3.2 Chloride-Induced Corrosion

The two dominant sources of chloride intrusion in reinforced concrete structures are structure
exposure to marine surroundings along with splashing of de-icing agents against the concrete
structure surface during cold climates (Andrade 2007; Dabas 2022). The chloride penetration
severely attacks the passive layer while the pH of concrete does not drop overall (unlike
carbonation). The chlorides act as a catalyst for corrosion and react with the iron compound
to disintegrate the passive layer of oxides on the steel thereby, accelerating the process of
corrosion (JP. 1390; Andrade 2007; Dabas 2022). Mostly, localized pitting is associated with
the chloride attack on steel surface whereas, carbonation of concrete typically causes uniform
corrosion (CONTECVET IN309021 2001; Andrade 2007). The damage caused by localized
reinforcement corrosion is approximately 5 to 8 times higher than the damage caused by
uniform reinforcement corrosion along the rebar length (Dabas 2022). The reaction of

chloride ions with the iron compounds causes the production of FeCl in the passive layer.

Fe*? + 2CI- — FeCl; (cathodic reaction) (1.6)

Fe*2 + 2CI" + 2H,0 — Fe(OH)z + HCI (1.7)

Ferrous hydroxide (Fe(OH)2) forms rust when water and oxygen are present. The corrosion
product formation along with spalling, cracking, and delamination of steel bars is similar to
that of carbonation corrosion. However, a faster rate of corrosion is experienced for chloride

corrosion than compared to carbonation corrosion (Sharma 2018).

The phenomena and mechanism of steel corrosion in extreme marine environmental
conditions are generally referred to as the phenomenological model of steel corrosion, which
was proposed by Melchers 2003a. The entire corrosion procedure is divided into four parts
under this concept, as shown in Figure 1.4. The phases are briefly explained in the flowchart
given below, as shown in Figure 1.5. A comprehensive description of all phases is provided

later in section 2.2.1.



Corrosion loss &

S e, [
fs ' -
i Exposure time
e
|
Phase |1 l : 2 : 3 L: 4 Goe
- Aerobic o Anaerobic -

Figure 1. 4 Proposed model of mean-value corrosion loss with respect to time of exposure
(Melchers 2003a)

« Corrosion initiation stage >
* breakdown of the passive layer of iron oxides -
« intrusion of water and oxygen predominates the rate of corrosion g.
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Figure 1. 5 Description of corrosion phases in the proposed model (Melchers 2003a)

1.4 CORROSION EFFECTS ON THE STRUCTURAL PERFORMANCE OF RC
MEMBERS

1.4.1 General

The initiation and propagation periods can be used to broadly classify the service life of RC
structures exposed to corrosion (Cement 1982). In the period of initiation, the threshold value
of chloride concentration on the steel reinforcement surface is reached at which the passive

layer is destroyed causing the initiation of corrosion. Post the initiation period, the deposition
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of rust on the reinforcement continues through the propagation period (Cement 1982;
Bertolini 2008). Further, corrosion degrades the strength and ductility of corrosion-damaged
reinforcements significantly at the material level. Both the longitudinal and transverse
reinforcements within the structural member experience reduced cross-section area,
mechanical properties, and deteriorated bond strength due to corrosion (Gadve et al. 2010;
Kanchanadevi and Ramanjaneyulu 2018; Zhang and Li 2018a). The corrosive environment
also degrades the confining effect provided by the transverse reinforcements which results in
lower joint shear resistance (Vu et al. 2017). At the steel/concrete interface, the volume may
increase by a factor of six to ten (JP. 1390) due to reinforcement corrosion, which leads to
concrete cracking and spalling. Corrosion will not only shorten the life of existing structures
but also affect the seismic performance drastically, as can be seen in various research
performed on corroded structural members (Meda et al. 2014; Zhu and Francois 2014; Yu et
al. 2015; Ou and Nguyen 2016; Yang et al. 2016; Liu et al. 2017; Li et al. 2018).

1.4.2 Corrosion-damaged Beam-Column Joints

In an RC moment-resisting frame under seismic loading, the beam-column joints (BCJ) are
exposed to severe structural damage as they endure a combination of concentrated forces i.e.
(compressive, tensile, and shear). The external BCJ must possess high resistance against
shear forces which goes hand in hand with the ability to withstand large deformations when
subjected to seismic loading. It has been documented that shifting from traditional detailing
to seismic detailing practices can significantly arrest the loss of load-carrying capacity and
enhance post-peak ductility under cyclic loading. As the BCJs serve as the most critical
section in the RC structural frame when seismic and corrosion aspects are considered, the
assessment of this zone requires more attention for better understanding. In the existing
literature, very little research on the seismic behaviour of sub-assemblages affected by
corrosion has been published. Further, these studies mostly focus on the evaluation of a
decline in seismic performance either due to corroded stirrups or corroded longitudinal
reinforcement within BCJ. Targeting corrosion damage of both the transverse and
longitudinal reinforcements at the junction is necessary in order to fully examine the seismic
performance of a corroded exterior BCJ, which has not been reported in the literature in
depth. Moreover, the investigation and comparison of two types of reinforcement detailing
regimes for the BCJ (i.e., non-seismically and seismically detailed) having different rates of

corrosion damage have also not been covered extensively. The comparison would have



presented the importance of close stirrup arrangement, which is nowadays practiced all over

the world for reinforcement detailing regimes.
1.4.3 Retrofitting of Corroded Beam-Column Joints

Prevention of a catastrophic failure of the corrosion-damaged structures under extreme
loading conditions such as earthquakes, cyclones, etc. monitoring, assessing the damage
level, and repairing and strengthening is necessary. The serviceability and strength of RC
structural buildings deteriorate significantly due to the progression of corrosion, resulting in
degraded structural integrity and performance (Ahmad 2003). Thus, in order to improve the
service levels and timely restoration of corroded reinforced concrete structures, new materials
and techniques are desperately needed (Hou et al. 2019; Kamde and Pillai 2020; Yang et al.
2023).

Different repairing and strengthening techniques are applied using several advanced materials
to restore the degraded seismic properties of corrosion-damage structural members (Harilal et
al. 2021). Fiber-reinforced polymer (FRP) composites have a high strength-to-weight ratio
and exceptional corrosion resistance, making them a very appealing alternative to existing
confinement techniques (external steel hoop confinement or concrete jacketing) (Hosseini et
al. 2020; Yang et al. 2023). However, due to some disadvantages shown by FRP composites
at elevated temperatures (Journal 2005), cementitious matrices such as Fibre-reinforced
cementitious matrix (FRCM), textile-reinforced mortar (TRM) (de Felice et al. 2018), and
mineral-based composites (MBCs) (Blanksvard et al. 2009), have been recently practiced for
strengthening. The cementitious matrix plays a major role in determining how well the
FRCM strengthens the constrained concrete (Triantafillou et al. 2006; Garcia et al. 2010; Liu
et al. 2020b; Dai et al. 2021).

Majorly, all the retrofitting schemes, and materials adopted are applied externally at the
surface of corrosion-active concrete (Li et al. 2009, 2022a; Shen et al. 2021a). In some other
cases, the corroded concrete is chipped up to the cover depth, thereafter retrofitting material
is applied (Kobayashi and Rokugo 2013; Jayasree et al. 2016; Meda et al. 2016; Rajput et al.
2019). However, in the case of corrosion-affected surfaces, the entire removal of damaged
concrete, cleaning, and treating of damaged reinforcement bars for restraining the further

progression of corrosion is of prime concern. Otherwise, the formation of incipient anodes
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continues adjacent to the repaired section, leading to further progression of corrosion
(Mackechnie and Alexander 2001). As the corrosion is still active within the RC member, the
bars will continue to undergo pitting despite the application of retrofitting material. To date,
apart from limited corrosion patch-repairing studies of small sections, no major research

studies have proposed retrofitting techniques concerning this problem.
1.4.4 Numerical Investigation

The reinforcement corrosion within the concerned RC structural member is a complex
process including several factors. A significantly higher cost is associated with the process of
experimentally investigating and determining the consequence of corrosion. Therefore,
numerical analysis for the assessment of the behaviour of corroded RC structural members
will render a potentially significant cost-beneficial analysis procedure with a short
computational time and will allow the inclusion of various parameters. The numerical
simulation using non-linear Finite Element Analysis (FEA) has recently been widely adopted
for analyzing the complex physical phenomenon of corrosion damage. However, limited
numerical investigations have been performed on the seismic behaviour of different levels of
corroded Exterior BCJ subjected to reverse-cyclic loading. As of yet, no numerical work
comparing and analyzing the seismic performance of two types of reinforcement detailing

regimes with varying degrees of corrosion on exterior BCJs has been published.
1.5 RESEARCH OBJECTIVES

The current research primarily intends to comprehensively study the seismic performance of
Exterior BCJ exposed to different levels of corrosion damage. Moreover, the aim is to
propose and experimentally investigate a retrofitting technique that includes the treatment of
corrosion-active reinforcement bars to arrest the existing corrosion, before the application of
new material for retrofitting corrosion-damaged BCJ specimens. This research also intends to
numerically investigate and compare the seismic performance of non-seismically detailed and
seismically detailed specimens using FE Analysis. The objectives of this research are

mentioned below:

1. To compare the behaviour of both seismically vs non-seismically detailed exterior
Beam-Column Joint (BCJ) subjected to various levels of corrosion induced damage

under quasi-static cyclic loading with uncorroded control exterior BCJs.
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2. To compare the effect of retrofitting using High Strength Fiber Reinforced Concrete
(HSFRC) on the behaviour of seismically vs non-seismically detailed exterior Beam
Column Joint (BCJ) subjected to various levels of corrosion induced damage under

quasi-static cyclic loading.

3. To develop the Finite element models for the tested BCJ specimens and validate the

developed models using corresponding experimental results.
1.6 THESIS ORGANIZATION

Chapter 1 provides an idea related to the corrosion problems, calamities faced due to
corrosion worldwide, cost of corrosion, etc. The corrosion mechanism has been discussed and
its effect on reinforced concrete structures has been highlighted in brief. The research
objectives have also been outlined in this chapter.

Chapter 2 presents a comprehensive literature review which is categorized into four parts.
The first segment covers the field evidence supporting the phenomenological model of
reinforcement corrosion. In the second and third parts, the literature concerning the study of
corrosion-damaged RC structural members’s seismic behaviour and its behaviour after
retrofitting application has been presented. The fourth part covers the literature regarding the

numerical investigation of the corrosion-damaged RC members.

Chapter 3 discusses the experimental methodology, including properties of materials used,

accelerated corrosion test set-up, testing procedure, retrofitting strategy, and material used.

Chapter 4 reports experimental results and comparison of the seismic performance of
varying levels of corrosion-damaged Exterior BCJ specimens having two reinforcement

detailing types (i.e., non-seismic and seismic detailing).
Chapter 5 presents the result of corroded Exterior BCJs retrofitted with High Strength Fiber

Reinforced Concrete (HSFRC). Retrofitted specimens' seismic performance was examined

and contrasted with their respective control specimens.
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Chapter 6 cover the findings of numerical studies on the seismic behaviour of Exterior BCJs
damaged by corrosion. The experimental tests results were validated by means of numerical

study.

Chapter 7 lists the key conclusions drawn from the experimental and numerical investigation

and future research recommendations.
1.7 CLOSING REMARKS

The corrosion damage to RC structures has been discussed in this chapter. The corrosion
mechanism and progression in RC structures are briefly discussed, along with the severe
damage imparted to the RC structures. Finally, the corrosion effect on the structural
performance was highlighted along with the need to strengthen corrosion-damaged structures
for improving the performance and the service lifetime. The objectives of this research study

are briefly outlined.
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CHAPTER 2

LITERATURE REVIEW

2.1 GENERAL

To assess the severity of corrosion issues and the likelihood of their occurrence, models for
reinforcement corrosion are desirable (Melchers and Li 2006). Considering the fundamental
mechanics of corrosion and various influences of the concrete cover, a phenomenological
model was anticipated by Melchers in 1997 for the prediction of corrosion as a function of
time (MELCHERS 1997). The model, revised in 2003 (Melchers 2003a), as shown in Figure
1.4 categorized the entire corrosion process into four phases. Phases 1 and 2 in the corrosion
process are undertaken in aerobic conditions with a metal oxidation process while phases 3
and 4 are achieved under anaerobic conditions due to bacterial activity (Melchers 2003a,
2007; Melchers and Li 2006).

The safety, as well as performance of the corroded steel reinforcements within concrete
structures certainly will deteriorate with time. Therefore, it is a subject that continues to be of
interest to affected and existing structures worldwide. For this experimental research work,
the pilot specimen introduced to accelerated corrosion showed corrosion phases similar to the
phases experienced in the corrosion loss-time duration model proposed by Melchers 2003a;
Melchers and Li 2006. Therefore, the Melchers model has been followed to determine and

categorize the various phases of corrosion corresponding to time exposure duration.

2.2 PHENOMENOLOGICAL MODEL OF REINFORCEMENT CORROSION IN
THE MARINE ENVIRONMENT

2.2.1 Corrosion of Steel in Marine Environment

In 1997, Melchers postulated that the process of corrosion undergoes changes along with time
and could be categorized under a certain number of sequential phases (MELCHERS 1997).
The classification and detailed explanation of the four phases in the corrosion loss-exposure

time model is presented below:
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Phase 1

Phase 1 is also known as the initiation phase of corrosion where the oxygen rate entering
through the water at the rusting rebar governs the rate of corrosion. The entire phase is under
oxygen concentration control (Jones 1992). During this phase, the corrosion layer starts
building and depositing on the target corrosion surface. Due to its thin and permeable state,
the corrosion layer does not influence diffusion of oxygen. Phase 1, is, therefore, roughly
represented as a linear function, given by the initial corrosion rate ‘ro” (Melchers 2007),
shown in Figure 1.4.

Phase 2

The accumulation of the corrosion product layer over the corroded surface takes place in this
phase which eventually controls oxygen diffusion rate. The deposited corrosion film is
increased up to a limit that results in a decline in the oxygen supply rate which ultimately
results in lowering the rate of corrosion (Melchers 2003b, 2004). Due to building up of
corrosion layer with time, oxygen's accessibility to the damaged surface gets delayed and the
corrosion phase starts shifting towards an anaerobic environmental condition which is
assumed to occur at the time ‘ta’ as shown in Figure 1.4. The transition point ‘AP’ shows the
theoretical point of initiation of anaerobic conditions. It can also be concluded that the

transition from one phase of corrosion to another need not be smooth (Melchers 2003a).
Phase 3

By the end of phase 2 at the time ‘ta’ and from the transition point ‘AP’ as shown in Figure
1.4, the corrosion process steadily shifted from aerobic conditions to an anaerobic
environment. In this phase, the corrosion process commences under anaerobic conditions,
leading to the accelerated rate of corrosion because of growth of sulfate-reducing bacteria
(SRB). Rate of corrosion is high in this particular phase due to the rapid growth of SRB
which corresponds to the higher production rate of hydrogen sulfide at the metal interface.
Phase 3 is a brief, high-bacterial activity phase that causes a transient increase in corrosion

rate.
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Phase 4

This phase also has an anaerobic environment for corrosion and is also governed by the rate
of metabolism of SRB. This phase is almost at a steady state, with a corrosion rate that is
nearly linear with time. Unlike Phase 3, this phase of the corrosion process is categorized
under long-term, and several laboratory and experimental data support this behaviour. The

long-term corrosion rate ‘rs” is shown in Figure 1.4.
2.2.2 Corrosion of Steel in Concrete

The chemical protection of steel due to cement alkalinity and the physical barrier provided
against the external atmosphere due to the concrete cover persuaded everyone that the
reinforced concrete structures were going to have everlasting durability. However, the RC
structures exhibited corrosion after 20 to 50 years of exposure to different environmental
conditions and emerged as the most serious problem from the durability and economic
perspective. During the past two decades, service life prediction or corrosion occurrence time

has been a topic of keen interest among researchers (Andrade 2007).

As per the phenomenological model for reinforcement corrosion in concrete proposed by
Melchers and Li 2006, the corrosion process should resemble the model suggested for bare
steel bars in a saltwater environment once the surrounding concrete's alkaline influence is
eliminated. The phases experienced in the corrosion loss-time duration model (Melchers
2003a) as shown in Figure 1.4 were similar to the reinforcement corrosion model, as can be

seen in Figure 2.1.

This model works on the assumption that the chloride ions are present on the surface of RC at
the time zero which also represents the beginning of the diffusion phase D1. In phase D1, the
diffusion of chlorides into the concrete is the principal activity leading to the commencement
of local cracks at the time “tic” on the surface of the concrete cover. The timing of “tic”
depends on the application of the loading system type and intensity on the reinforced
concrete. In case of no load applied, no early microcracking was observed and tic will either
shift to ti or become ta, where tj represents the time at which chlorides reach reinforcement

and tac represents the threshold chloride/hydroxide ratio reached.
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In phase D2, there is a continuous or discontinuous supply of chlorides penetrating the
concrete, and simultaneously leaching of hydroxyl ions out of the concrete is experienced.
During this phase, the corrosion influence is almost negligible on the concrete but the
localized permeability increases due to the presence of cracks. At t the chloride
concentration has reached the reinforcement surface, and at time tsc the threshold limit
reaches where the chloride and hydroxyl ions and pH behave in a manner that directs towards

the commencement of corrosion.

During phase CO, corrosion rate increament can be observed as there is a continuous process
of diffusion, leading to a reduction in pH (Bentur 1997), as can be experienced in practical
situations and lab studies. Rebars are completely in the active corrosion phase and do not

affect the surrounding concrete cover.

Phase C1 represents the continuous rise in the corrosion rate which is governed by the rate of
supply of oxygen and water onto the surface of steel reinforcement. Due to the presence of
microcracks on the concrete surface, ingress of chloride ions, and greater permeability control
the corrosion rate “ro”’. Under the same environment, the corrosion rate of the reinforcement
bar in Phase C1 corresponds to the corrosion rate of a bare bar in Phase 1, as shown in Figure

14.

During phase C1, the ongoing build-up of corrosion product over the reinforcement increases
the radial stress at the interface of concrete-reinforcement, leading towards longitudinal
cracking and eventually concrete spalling. The piling up of corrosion products will increase
the resistance to oxygen diffusion, thereby retarding the rate of corrosion. This stage indicates
that the corrosion process has entered Phase C2 and is also represented by the reduction in the
slope of the curve. The longitudinal cracks will widen during this phase which eventually will
lead to severe spalling of concrete (Andrade et al. 1993). This phase corresponds to Phase 2

of the corrosion in the bare bar as per the corrosion loss-time duration model.

Due to the rust deposition on the reinforcement, oxygen diffusion rate is extremely less and
aerobic condition will shift towards anaerobic conditions and the corrosion process will
undergo in the presence of SRB. This condition is represented as Phase C3 and corresponds
to Phase 3 in Figure 1.4. The degradation of reinforcement and the widening of concrete

cracks occurs at an increasing pace. At this point, immersion-condition structures or
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externally waterproofed RC structures show signs of corrosion products (black spongy). (JP.
1390).
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Figure 2. 1 Proposed phenomenological model for reinforcement corrosion in concrete
(Melchers and Li 2006)

2.2.3 Supporting Field Evidence

The corrosion of steel reinforcement in fresh and brackish settings has been studied based on
various field observations and analyzed using the corrosion loss-time duration model as a

framework, as shown in Figure 1.4.

Kure Beach and Point Reyes

The data set for carbon and copper bearing steel at the 25m site in Kure Beach and 400m site
in Point Reyes (California Pacific coast) exposed for 12 years has been briefed by Albrecht
and Hall 2003 and shown in Figure 2.2 (a). The circled region in Figure 2.2 (a) indicates a
shift from phase 2 to phase 3 and the corresponding value of ta which is approximately 5
years. The nearly identical corrosion trend is experienced as was proposed by the Melchers

model of corrosion losses with time as shown in Figure 1.4.

Murmansk, Russia

Based on the data report of Knotkova and Vickova 1995, the corrosion loss under extremely
cold climatic conditions at Murmansk is presented in Figure 2.2 (b). As reported by (Hughes
et al. 1996), the corrosion loss drops down to negligible at a temperature of around -5°C,
therefore a slow rate of corrosion would be expected, as the average temperature experienced

in Murmansk, is around 1°C. From Figure 2.2 (b), despite the harsh environmental
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circumstances, it is evident that the data and best-fit curves show a higher level of

consistency with Melchers' theoretical model of corrosion loss.
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Figure 2. 2 Corrosion loss data for (a) Kur Beach and the Point Reyes sites for both carbon
steel and copper steel, (b) for coupons exposed at Murmansk with interpreted trend lines
(bold) and best-fit lines (light) (Melchers 2007).

Hikari, Japan

The copper-bearing and carbon steel vertical coupons were exposed for 8 years and were
oriented in a southerly direction. After almost three years of exposure, the data published by
Komp et al. 1993 and the best-fit trend lines clearly demonstrated a shift in the phase 2 to
phase 3 transition. The stages aligned with the model as shown in Figure 1.4. A similar
change in the corrosion phase was experienced in three types of steel exposed for 16 years at
Hainan Island, China. From the data reported by C. Liang 2004, the line of best fit for all
three types of steel showed a distinct tendency of phase 2 to phase 3 transition after three

years of exposure.

UK waters

Booth et al. 1967, 2007 reported the corrosion data for mild steel in the downstream and
upstream of the River Thames for up to 5 years. Due to the heavy pollutant inflow, a high rate
of corrosion is experienced due to high levels of nitrogen and ammonium level in the water.
The trend of corrosion and phases follows the phases proposed in the Melchers theoretical

corrosion loss-time duration model.
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European Waters

Blekkenhorst et al. 1986, 1988 have reported the data for high strength low alloy (HSLA)
steel immersed in the Harbour at Den Helder, the Netherlands at a depth of 45mm and 90mm
for the duration of 1.6 to 7.2 years. The corrosion data sets for copper-bearing steel reported
by Phull et al. 1997 at Isefjord, Studsvik, and Bohus-Malmon were used by Melchers 2003c
to construct the trend curves for ta, ro, and ca for the steel samples from different places.
Despite different transition time “ta” observed for every data set, the trend curves of these

parameters stand very close to the trend proposed by Melchers, as shown in Figure 1.4.

The Corrosion-Time Curve for Steel Bars Embedded in Concrete

The experimental data presented by Shalon and Rapheal 1959 displays the trend for corrosion
progress in mild steel reinforced bars immersed in seawater for the exposure period of 4
years. The corrosion percentage was measured by adopting a weight-loss analysis by
extracting the corroded rebar out of the specimen and weighing it. The corrosion loss-
exposure time data points are shown in Figure 2.3 and are consistent with the trend observed
in practice by Roberts et al. 2000. As per the reported corrosion data and Figure 2.3, it can be
found that the rate of corrosion increases rapidly from the time of corrosion initiation up to 3
months of corrosion duration. The gradual decrease in the rate of corrosion was experienced
from 0.5 years up to 2 years of corrosion duration, following the corrosion trend similar to the
bare steel bar in seawater (Melchers 2003a). After the exposure duration of 2 years, a
noteworthy increase in corrosion rate can be seen in Figure 2.3 representing the shift from
aerobic corrosion to anaerobic corrosion. The corrosion trend stands consistent with the trend

observed in the case of bare steel bars as shown in Figure 1.4.
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2.3 ACCELERATED REINFORCEMENT CORROSION: CONSTANT VOLTAGE
METHOD

In an RC structure, corrosion is a time-consuming process in its natural environment and will
take years or even decades, depending on the circumstances of exposure, before a discernible
deterioration occurs or cracks propagate (Tuutti 1977; Angst 2018). Getting enough
information about corrosion damage from field instances is a highly difficult and time-
consuming process for researchers. In order to reproduce reinforcement corrosion in a
laboratory setting more quickly, a number of accelerated corrosion procedures have been

used.

Utilizing the impressed current approach (electrolytic cell), advanced stages of degradation
can be reached in a comparatively short amount of time. Between the stainless steel mesh and
reinforcing bar, a direct electric current is impressed at a steady voltage. The corresponding
corrosion current is noted and via Faraday's law target mass loss is obtained. The embedded
reinforcement serves as an anode in this manner by being connected to the DC power
supply's positive terminal. The stainless-steel wire mesh serves as the cathode and is
connected to the negative terminal of the DC power supply. The current is impressed from
the cathode, via the concrete electrolyte solution to the embedded reinforcement, with or
without chloride ions.

Numerous studies have been reported on experimental testing using accelerated corrosion
(Andrade et al. 1993; ElI Maaddawy and Soudki 2003; Fang et al. 2004; Caré and Raharinaivo
2007), indicating that it is a controlled and convenient method to assess how corrosion
affects RC structural members' performance. Some literature regarding corrosion studies on
the reinforcement bars and RC structural members by adopting the constant voltage method

has been discussed below.

Sharma et al. 2018a, b investigated the deterioration in corroding RC beams using active and
passive techniques. Accelerated corrosion was introduced by maintaining a constant voltage
of 20V for the applied impressed current between rebars and stainless steel mesh. An
experimental study on the RC beams having different levels of corrosion was performed by
Acoustic Emission monitoring by Garhwal et al. 2020. To introduce accelerated corrosion in

the RC beams, a 10 V constant voltage was maintained throughout the experimental duration.
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Similarly, 10 V and 20 V was maintained for the accelerated corrosion in the testing done by
Garhwal et al. 2021 and Yadav et al. 2019. Sharma et al. 2020 studied corrosion inhibition

and adopted the accelerated corrosion technique by maintaining the constant voltage source.
2.4 REINFORCEMENT CORROSION ON BEAM-COLUMN JOINT

As prior earthquakes have demonstrated, under severe ground motion, the breakdown of a
Beam-Column joint (BCJ) in the framed constructions results in the worldwide failure of a
structure (Gujrat 2001, Indonesia 2004, Japan 2011, and Nepal 2015) (Chidambaram and
Agarwal 2016; Sharma and Bansal 2022). As a result, the frame structures, BCJ is designed
to improve inelastic response without compromising critical strength (Joint ACI-ASCE
Committee 352 2002; Committee and Institute 2008). However, joint behaviour deteriorates
under seismic events due to reinforcement corrosion, particularly for coastal structures
(Zhang and Li 2018a). A decreased energy dissipation capacity and bond failure are
experienced among RC members, resulting in degraded structural performance. The literature
on the structural and seismic performance of RC beam-column junctions exposed to varying
degrees of corrosion is covered in this section. The load-carrying capacity, stiffness, energy
dissipation and ductility of corrosion damaged BCJ were primarily focused and analysed.

2.4.1 Experimental Studies

Kanchanadevi and Ramanjaneyulu 2018 investigated the seismic behaviour of corroded
exterior beam-column sub-assemblage (without and with seismic detailing). In this study,
only the longitudinal rebar present in the beam of the selected length was corroded. The
column rebars and stirrups of the beam and column were insulated from corrosion contact
using polyvinyl chloride self-adhesive tapes (shown in Figure 2.4). It was observed through
the damage progression of corroded specimens that the flexural crack initiates at the localized
pitting location. The longitudinal and splitting cracks along the rebars caused the corrosion
specimens to ultimately fail. Moreover, at higher drift fracturing of corroded rebars occurred.
When compared to corresponding control specimens, the experimental results showed an
alarming drop in the corroded specimens’ maximum load-carrying capacity, cumulative
energy dissipation, and ductility. The extreme load-carrying capacity in the non-seismic and
seismic corroded specimens was 0.67 and 0.64 times while cumulative energy dissipation
was 0.4 times and one-seventh of the value of the equivalent control specimens. Both the

corroded specimens (i.e., non-seismic and seismic) could withstand only a 2.94% drift ratio
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against 5.88% drift and a 7.05% drift ratio sustained by control non-seismic and seismic

specimens.
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Figure 2. 4 PVC insulation on stirrups of beam and column and at longitudinal rebars of
column (Kanchanadevi and Ramanjaneyulu 2018)

Zhang and Li 2021 conducted a study to evaluate the seismic response of corroded RC
exterior joints at two different column axial force ratio values (0.15 and 0.3). The specimens
were immersed in a 5% NaCl solution, and 500 pA/cm? of current density was maintained by
the use of an accelerated corrosion scheme. It was noted that the longitudinal reinforcements
of the beam and column were the main locations where the cracks originated and spread.
From the experimental results, it was noted that the highest average lateral resistance capacity
of highly corroded specimens having column axial ratios 0.15 and 0.3 reduced up to 20.6%
and 18.4%, respectively. Both axial force and corrosion had an impact on stiffness and
showed a reduction of up to 16.7% and 14% when compared to respective control specimens.
The joint shear force and joint shear strength transmitted from the beam have been
deteriorated by the corrosion of reinforcements. It was observed that the deteriorated bond
conditions at moderate and high corrosion levels were improved by a higher axial force ratio

thereby, resulting in better energy dissipation capacity.

Yang et al. 2019 reported a drop in each corroded specimens’ energy dissipation when
compared with uncorroded specimens. The longitudinal and U-shaped steel rebars were
where the corrosion cracks initially started to show and more intense and longer cracks were
experienced at the higher level of corrosion. The specimens having short key slot lengths

show higher load-bearing capacity and energy dissipation than the longer key slot length
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specimens, under the same corrosion level. From this study, it was reported that for the
Structure Comprised of Precast Prestressed Concrete Components (SCOPE) system in the
coastal region, the increased length of lapped splice between the steel strands and U-shape

bars cannot enhance the seismic performance of the structure.

Zhang and Li 2020 investigated the impact of corrosion using acoustic emission monitoring
on the RC-BCJ under cyclic loading. To introduce accelerated corrosion within the
specimens, a constant current density of 500 pA/cm? was maintained, and the entire
specimens were dipped in a 5% NaCl solution within the water tank. Due to corrosion, after
beam-yield failure, joint shear failure was the next failure mode for both corroded
specimens. A decrement of approximately 5.9% and 15.8% in the peak strength of corroded
joints was experienced for the specimens having corrosion levels of 2.86% and 6.15%,
respectively. As the corrosion level increased, cracks became wider in the beam region rather
than in the joint region, as can be seen through AE hits analysis. The AE hits collected in
corroded specimens were 1.6 and 4.2 times that of the uncorroded specimen, indicating that

corrosion level increment would result in the emission of more AE signals.

Zhang and Li 2022 conducted an experimental and analytical study on the seismic
performance of Interior BCJ with various levels of corrosion. A linear decrease in the joint
shear strength of the interior BCJ is observed as the corrosion level increases. A notable
reduction of 31.5% in lateral load resistance of corroded specimens was observed when
compared to the uncorroded specimen. A reduction of approximately 25.5% in the energy
dissipation was observed for the specimen having a 10% corrosion rate. Moreover, the energy
dissipated was augmented by the axial force. In this study, the specimens with a higher axial
force ratio had an average improvement in energy dissipation capacity of 21.5% (shown in
Figure 2.5). The model that was suggested using Open Sees was validated by a finite element
analysis, which demonstrated a respectable correlation with the outcomes of the experimental
tests.

Yang et al. 2020 performed an experimental and computational study of the precast
prestressed concrete frame's internal BCJ’s seismic response at various corrosion levels.
According to the authors, at the first stage of corrosion, cracks are generated in the direction
of longitudinal and U-shaped reinforcement bars. As the corrosion ratio increases, transversal

cracks appear and propagate wider resulting in bulging and cover falling off. The yield and
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ultimate load of the corroded specimens undergo a significant drop along with the degraded
ductility as the corrosion level rises. A numerical simulation representing the degradation of
corroded joints under seismic loading was conducted by developing a 3D FE model. A better
agreement between experimental results and analytical simulations was experienced when the
corrosion level was not very serious. When corrosion is more advanced, the structure

deteriorates unstably under cyclic loading.
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Figure 2. 5 Energy dissipation of specimens

Guan and Zheng 2018 performed an experimental pilot study on RC frame BCJ under an acid
rain cycle. Different concentrations of SO4> were adopted for simulating acid rain for this
experimental study. Different levels of corrosion were decided based on the number of spray
cycles on the specimens (i.e., 60, 120, 240, 360, and 480 circles). At an 11.6% corrosion level
which was achieved after spraying 480 cycles, a significant reduction of 90% in the corroded
specimens' energy dissipation coefficient was experienced with respect to control specimen.
In comparison to the corroded specimen with a lower axial compression ratio, the corroded
specimen with a higher axial compression ratio demonstrated a greater ultimate bearing
capacity and initial stiffness. The energy dissipation coefficient, total energy consumption,

and equivalent viscous coefficient all gradually dropped with rise in corrosion level.

Cheng et al. 2020 investigated the effect of stirrup corrosion on RC beam specimens at joints.
There were six full-scale RC beams casted. One specimen was kept uncorroded which acted
as a control specimen while in the other five specimens, accelerated corrosion was introduced
in the stirrups at five different levels (i.e., 6%, 12%, 18%, 24%, and 30%). The current

density was 0.4 mA/cm? and was kept constant throughout the entire corrosion duration and
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the corrosion current was 2.0 A. The shear-bearing capacity decreases significantly as
corrosion in stirrups increases. Seismic performance is enhanced by the stirrups' mild degree
of corrosion due to bond enhancement between corroded stirrups and surrounding concrete.
At higher corrosion levels, a significant reduction in the energy dissipation and ductility
coefficient was experienced and shear brittle failure replaced seismic failure as the mode of
failure. The corroded stirrups were even fractured during loading and had a minor
confinement effect on the core concrete. A bond slip between steel bars and concrete was
seen at a greater corrosion level (15.4%), which eventually lowers energy dissipation and
plastic deformation capability. The displacement ductility showed a reduction of up to 25.2%
and the stiffness degradation was increased by up to 29.5% respectively when compared to

the control specimen.

Ye et al. 2018 investigated the degradation of RC beams' shear behaviour by corroded
stirrups and longitudinal reinforcements. Thirteen RC beams in all, split into three groups,
were cast. Specimens with varying rates of stirrup corrosion make up the first category. It
was stated that as the rate of corrosion increases, shear cracks in the concrete cover occur and
the cross-sectional area of stirrups diminishes. Both shear and flexural cracks were seen on
the beam surface as the stirrups' corrosion rate rose. Furthermore, the critical shear cracks
entered the beam surface and resulted in the brittle shear failure. The shear cracks spread and
widened at a faster rate of corrosion. The stirrups and longitudinal reinforcement of the
specimens in group two have corroded at varying rates. The longitudinal steel bar corrosion
for beams with similar levels of stirrup corrosion had little impact on the shear behaviour.
The growth of stresses in the stirrups developed similarly to the increase in longitudinal
reinforcement bars' corrosion level, however the longitudinal reinforcement bars' strains rose
more quickly. The group two specimens showed a progressive decline in their bending
capacity, and the failure mode changed from shear failure to bending failure. The purpose of
the third group was to examine how the shear behaviour of corroded RC beams was affected
when either loss of bond behaviour or stirrup end anchorages was there. The specimens from
the third group indicate that, provided there is a strong link between the concrete and the
stirrups, corroded stirrups can still add to shear strength. The shear strength of the beam is not
affected by the corroded stirrups without end anchorage, and beam can be considered as a

beam without stirrups.

26



Zhang et al. 2018 investigated the combined impact of prolonged loads and reinforcement
corrosion on RC beam structural performance. The authors reported that the deflection of the
specimen corroded at 50 pA/cm? current density under a 50% load level was about 1.2 times
higher than under 33% load level and 3.7% higher than under 17% load level, provided with
the same corrosion density. From the experimental results, it was experienced that at lower
current density and higher load levels oxidation of corrosion progresses at an increasing rate.
This causes a high reinforcement volume expansion rate, which causes corrosion cracks to
initiate prematurely and spread quickly. This study indicates that when taking into account
the deflection of beams under simultaneous loadings, the corrosion effect cannot be

disregarded.

Zhu et al. 2013 performed an experimental investigation on the mechanical performance of
corroded reinforced concrete beams kept for 26 years in a chloride environment. Continuous
service loading was applied to the beams in order to simulate actual structural and climatic
conditions. A thorough investigation was conducted on the width of the beam cracks, the
reduction of the cross-sectional area, and the bond strength of the reinforcement. A three-
point loading technique was used to examine the load-deflection behaviour in order to gain a
better understanding of the mechanical performance of reinforced concrete beams as well as
the slip of corroded tensile bars. Approximately 67% of the diametric reduction of the
corroded reinforcement bars and a reduction of more than 50% in the ductility of corroded
bars were experienced when compared to the respective uncorroded bars. Because the
flexural capacity is more affected by the reduced cross-sectional area of corroded
reinforcements than the shear capacity, the failure mode shifted from brittle shear failure to

flexural failure mode.

Luo et al. 2020 reported a study on the seismic behaviour of concrete column joints having
individually corroded longitudinal or transverse reinforcements within the specimens. As the
rate of stirrup corrosion increased, there was a noticeable decrease in the specimens' shear-
bearing capacity and a weakening of the confining impact on core concrete. At the initial
level of stirrups corrosion, a small increment in the seismic performance was seen due to the
expansion of the steel surface thereby, imparting a strong bond between stirrups and
surrounding concrete. Specimen’s ductility and energy dissipation, having a 14.7% corrosion
ratio in the longitudinal, was reduced by 13% and 22% when compared with the uncorroded

specimen. However, for a specimen having a 15.2% corrosion ratio in the stirrup, a
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significant reduction of 20% and 36% was noted. It was determined that stirrup corrosion had
a more pronounced impact on stiffness and energy dissipation than longitudinal

reinforcement corrosion.

Rajput and Sharma 2018 reported reduced ductility ratio as the end result of a reduced
sustained load at the post-peak period caused by the severe corrosion of both longitudinal and
transverse reinforcement bars. Comparing the 10% and 15% corroded specimens to the
uncorroded specimen, the displacement ductility factor decreased to roughly 34% and 53%,
respectively. At greater corrosion levels, buckling of the corroded rebars with spalling and
crushing of the concrete cover as well as stirrup fracture were observed. Reduced strain
capacities and subsequently lower curvature values were the outcome of the deteriorating
state of the transverse reinforcement, which also caused an inferior mobilization of the tri-

axial state of stress.

Ma et al. 2012 conducted an experimental investigation to look at how circular RC columns
affected by corrosion would respond to cyclic loading. Tests were conducted on a total of 13
RC columns with corrosion ratios ranging from 0% to 15.1% and axial load ratios from 0.15
to 0.9. Due to their smaller diameter and thin clear concrete cover, the stirrups showed more
severe pitting and degradation when compared to the longitudinal reinforcement in the
column specimens. When lateral load increases on corroded specimens with an axial load
ratio of less than 0.5, transverse flexure cracks follow corrosion cracks in size, which
ultimately results in brittle failure. First, transverse flexure cracks were seen in the corroded
specimens with an axial load ratio greater than 0.5. As the lateral load rose, new diagonal
flexural cracks also appeared. As the load was increased further, longitudinal cracks got
wider, longitudinal rebars buckled, and the concrete at the column end spalled and got

crushed.

Yang et al. 2016 investigated the hysteretic behaviour of RC columns having corrosion-
damaged longitudinal rebars and stirrups at four different percentages. A total of five
cantilever RC columns were cast and corroded at four different corrosion rates i.e., 5%, 10%,
15%, and 20%. The corrosion crack width increases as the corrosion level increases and the
maximum crack width obtained was 1.5mm for a 16.8% corrosion rate. No obvious variation
in the energy dissipation was noted for the column specimen having a 5.1% corrosion

damage ratio. As the corrosion rate increases, a significant decrease in energy dissipation was
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experienced and for the specimen having a 16.8% corrosion rate, it drops by 50.8%. The
strength, stiffness, and mechanical characteristics of columns made of steel and concrete are

negatively impacted by an increase in corrosion, according to the authors’ research.
25 RETROFITTING OF CORROSION-DAMAGED BEAM-COLUMN JOINT

The deteriorated strength, energy dissipation, and stiffness due to corrosion damage
especially for RC structures situated near coastal zones or in earthquake-prone areas will lead
to catastrophic failure (Biondini et al. 2014; Meda et al. 2014). Total replacement of such
deficient structural members will be time-consuming as well as costly, therefore suitable
rehabilitation and strengthening strategies can be introduced to regain their original strength
and accordingly extend their service life (Ramachandra Murthy et al. 2018). The selection of
the appropriate retrofitting material is one of the biggest challenges for employing retrofitting
operations. The popular retrofitting techniques using Fibre-reinforced polymer (FRP)
composites such as Glass FRP (Olumns et al. 2001), aramid FRP (Zhang and Wu 2019),
carbon FRP (Masoud et al. 2001; Jiang et al. 2014; Hsu et al. 2019), basalt FRP (Wei et al.
2010; Shen et al. 2016), externally pre-stressed tendons (Nordin 2005), etc have been
extensively investigated. Apart from the extreme popularity and various dimensional benefits
(Buyukozturk 1998; Bakis et al. 2003; Attari et al. 2012), several drawbacks have been
identified including brittle failure, bond failure, and pre-mature failure under repetitive loads
(Ramachandra Murthy et al. 2018).

Because these materials are compatible with the current concrete, they have been developed
as cement-based retrofitting materials in response to these restrictions (Ramachandra Murthy
et al. 2018). Numerous Engineered cementitious composites (ECC) (Victor C. Li and
Cynthia Wu; Yu et al. 2018), including ultra-high strength concrete (UHSC) (Alaee and
Karihaloo 2003; Shin et al. 2015), high-performance fiber reinforced cementitious composite
(HPFRCC) (Bandelt and Billington 2016), Textile-reinforced concrete (TRC) (Yin et al.
2017)(Hegger et al. 2006), basalt reinforced mortar (BRM) (Di Ludovico et al. 2010) have
been developed for the strengthening of RC structures. These materials have great bonding
capacity with regular structural concrete, high toughness (ductility), high tensile and
compressive strength, and low permeability (Alaee and Karihaloo 2003; Benson and
Karihaloo 2005; Ramachandra Murthy et al. 2013; Shin et al. 2015). For this study, High
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strength fiber reinforced concrete (HSFRC) was used for the retrofitting of corrosion-

damaged seismically and non-seismically detailed beam-column joints.
2.5.1 Experimental Studies

Li et al. 2022b studied the performance of BCJ having corrosion damage and retrofitted with
basalt fiber-reinforced polymer (BFRP) sheets. For the rehabilitation scheme, one layer of the
BFRP sheet (thickness of 0.121 mm) was wrapped up to a certain length on all sides of the
beam and column surface (shown in Figure 2.6). The load-bearing capacity and ductility of
corrosion-damaged specimens improved significantly even though serious bulging and
delamination of BFRP sheets and spalling of concrete in the core area were found. A similar
degradation rate in the stiffness of test specimens was experienced and a decreasing pattern
was noted as the displacement increased. The advantage of BFRP sheet rehabilitation over
the seismic performance of corroded specimens was up to a certain extent, indicating that the
rehabilitating effectiveness was influenced by the reinforcement corrosion rate. From the
experimental observations, it was noted that the spalling and crushing of core concrete along
with the buckling of stirrups got retarded due to the BFRP sheets utilization, resulting in a
seismic behaviour. The increase of up to 23.3% in the cumulative energy dissipation of

corroded retrofitted specimens shows the effectiveness of the application of BFRP sheets.

(3) 1 floor of 300 mm width wrapped BFRP sheet rounc
the column (two sides)

(2) 1 floor of 250 mm width BFRP sheet along the
column axis: 300 mm from the beam surface across the
joint core (two sides)

(7) 1 floor of 50 mm width X-type BFRP
sheet throughout the diagonals of joint (two
sides)

(1) 1 floor of 200 mm width L-warpped
BFRP sheet at single corner: 300 mm 3

along the column and 500 mm along the
beam (four corners)

I
o e e e

(4) 1 floor of 300 mm width BFRP sheet
along beam axis: 500 mm from the column

surface over the joint core (two sides)

(6) 1 floor of 50 mm width U-wrapped B (5) 1 floor of 100 mm width U-wrapped

BFRP strip around the beam at the BFRP strip round the beam at the
interface spaced at 100 mm (two sides) interface (two sides)

Figure 2. 6 Rehabilitating schemes for specimens

Shen et al. 2021b repaired corrosion-damaged interior RC beam-column joints with basalt

fiber-reinforced polymer (BFRP) sheets. It was observed that at higher displacements all the
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repaired specimens showed the development of failure from the delaminating of BFRP sheets
to the crushing of the core concrete and local bucking of stirrups. With the exception of the
specimen with a 15% corrosion rate, all of the repaired specimens' displacement and load-
bearing capacity were restored to those of the reference specimen due to high corrosion
damage. Before the peak load, the viscous damping ratio of every repaired specimen was
higher than that of the reference specimen. It then decreased throughout the intermediate
stage and increased dramatically again at the higher drift ratio. The reason supporting this
behaviour is (a) an increase in brittleness due to hardened epoxy resins with BFRP sheets ;
(b) high bond strength between corroded reinforcement and surrounding concrete due to
corroded product filling (c) due to BFRP sheets, the buckling of corroded reinforcements and
concrete spalling in the joint area was delayed, resulting in higher viscous damping ratios at
the later loading stage. The BFRP sheet repair exhibited an improved strain reduction and
bond behaviour of the corroded stirrups, resulting in a seismic failure mode instead of brittle

failure at higher corrosion damage.

Shen et al. 2022 retrofitted earthquake-damaged corroded interior BCJ with basalt fiber-
reinforced polymer (BFRP) sheets. The corroded joints exhibited a notable rise in load-
bearing capacity and displacement up until the point at which the BFRP sheets separated
from the joint surface. After installing BFRP sheets, the buckling of damaged stirrups and the
spalling of concrete were successfully postponed, and the ductility of corroded specimens
injured by earthquakes suggests that they may recover. A similar failure mode i.e., bulging of
BFRP sheets at higher displacement resulting in delamination, stirrups buckling, and core
concrete crushing was experienced for all retrofitted specimens. When compared to the
corresponding control specimen, the corroded retrofitting specimens that had suffered
extensive and destructive pre-damage had a far reduced initial stiffness and energy
dissipation capability. The reason supporting this behaviour might be residual cracks on the
specimen surface and the yielding of corroded bars during earthquake damage, resulting in
the brittle failure mode.

Pan et al. 2022 examined RC beams for their flexural behaviour when subjected to the
coupled effect of corrosion damage and sustained loading strengthened with a Carbon Fibre
Reinforced Polymer (CFRP) anchorage system. Only the tensile reinforcements of the

specimens were corroded at a mild, moderate, and severe level of corrosion damage (5%,
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10%, and 20%) excluding the stirrups. The tensile bars' yielding and the concrete's crushing
at the top beam surface caused the failure mode for the control specimens. A completely
different failure mode for the strengthened specimens was observed which occurred due to
debonding between CFRP sheets and concrete interface followed by anchor pullout. When
compared to specimens that failed because of anchor pull-out and concrete cover separation,
the installation of CFRP anchors delayed the debonding of CFRP sheets, displaying higher
ductility to the damaged specimens. Along with the quick increase in displacement, the
reinforced specimens' load-carrying ability in the elastic region increased noticeably. The
utilization of the CFRP anchorage system resulted in a notably increased stiffness prior to
yielding, since CFRP sheets and anchors postponed the premature debonding of CFRP from
the concrete substrate, hence greatly enhancing the flexural performance of beams. The yield
and ultimate load of the reinforced specimens were negatively impacted by the prolonged
loading as they showed inferior performance when compared to strengthened specimens

which were not subjected to sustained loading.

Hou et al. 2019 repaired corroded RC beams repaired with ultra-high toughness cementitious
composite (UHTCC) and checked its flexural behaviour. Eight of the nine RC beams that
were cast were exposed to rapid corrosion. In this study, the maximum target corrosion ratio
was designated as 15%. The replacement of damaged concrete in the tension side of the
corroded specimens with the UHTCC layer varied from 30mm depth to 80mm layer depth.
Due to the UHTCC repairing, the macro cracks experienced in the specimens at the post-
yield stage were dispersed into many fine cracks. The initial load-carrying capability and
initial flexural capability in corrosion-damaged RC beams can be fully recovered within an

11.2% corrosion ratio by replacing the damaged concrete with UHTCC.

Jayasree et al. 2016 examined flexural performance experimentally in RC beams with
corroded reinforcements that were patched using the ferrocement jacketing method. Twenty-
one RC beams in all were cast; three of them were left uncorroded, and the other eleven were
corroded at three different percentages (5, 10%, and 15%). Three examples from each stage
of corrosion were tested without being repaired, and the remaining three were preloaded to
70% of their maximum loading capacity before the retrofit procedure (U-wrap ferrocement
jacketing) was carried out. In comparison to the control specimens, the modified specimens

exhibited reduced deflection. Comparing the corrosion-damaged beams to the control
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specimens, ferrocement retrofitting with a 1.2% volume fraction of mesh reinforcement can
increase the final load-carrying capability of the beams.. Nevertheless, it was found that
ferrocement retrofitting with a 1.2% volume fraction of mesh reinforcement was insufficient
for a higher corrosion ratio (i.e., 15%). Therefore, an extra mesh reinforcing layer is required

in order to restore the load-carrying capability.

El Maaddawy et al. 2007 examined the effectiveness of different degrees of corrosion-
damaged RC beams restored using carbon fiber-reinforced polymer (CFRP) sheets. When
compared to the ultimate strength of the corroded unrepaired and control specimens, there
was an increase of 51% and 41%, respectively, following the CFRP repair of the specimen
that corroded at a 9% corrosion rate. The rate of yield and ultimate load reductions for the
specimens restored with scheme 1 (continuous wrapping) were about 25% and 10% lower,
respectively, than that of the specimens fixed with scheme 2 (intermittent wrapping), as
corrosion advanced following repair. Nonetheless, after reinforcement mass loss of 28% and
34% in scheme 1 and scheme 2, the specimens' respective end strengths were roughly 22%
and 12% greater than those of the control specimen. When comparing the peak and ultimate
strength of the sustained load CFRP-repaired specimens to the non-sustaining load CFRP-
repaired specimens, no further discernible impacts were observed, with the exception of a
slightly elevated corrosion rate. The reason for the failure of the CFRP-repaired specimens
was the rupture or debonding of the CFRP sheets from the concrete interface, while the
failure of the control specimens was the yielding of reinforcement and the crushing of

concrete.

Yin et al. 2017 examined the seismic behaviour of RC columns that have been corroded and
reinforced with textile-reinforced concrete (TRC). Seven RC column specimens in all were
produced; two of these served as control specimens, and the other five underwent three
separate corrosion ratios of 5%, 10%, and 15%. Out of five corroded specimens, two of them
were strengthened with TRC first and then corroded and the remaining three specimens were
first corroded at three different corrosion ratios and then strengthened with TRC layers.
According to the findings, there is less of a chloride ion influence on the corrosion of steel
reinforcements when TRC reinforcement is applied. Furthermore, in comparison to the
corresponding control specimens, has also postponed and restricted the appearance of cracks

in the strengthened specimens. When compared to specimens strengthened with TRC
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reinforcement after corrosion damage, those whose application occurred prior to corrosion
damage exhibited superior seismic performance. When compared to the uncorroded
specimens, the TRC-strengthened corroded specimens showed a notable improvement in both
initial stiffness and load-bearing capacity.

Meda et al. 2016 studied the performance of RC columns that had corroded and were
strengthened with jackets made of high-performance fiber reinforced concrete (HPFRC).
Three specimens are available: the first was a reference specimen which was not corroded,
the second was corroded, and the third has been corroded initially and subsequently repaired
with a 40 mm thick HPFRC jacket. Only the column’s longitudinal reinforcement was
targeted for corrosion damage, and it corroded to the 20% target corrosion level. The
maximum strength and maximum deformation of the corroded specimen were found to be
26% and 50% lower, respectively, in comparison to the uncorroded specimen. When
compared to the uncorroded specimen, the HPFRC jacket repaired corroded specimen not
only recovered but also shown a notable improvement in ductility and load-carrying ability.
When comparing the maximum load-carrying capacity of HPFRC repaired specimens to
uncorroded and corroded specimens, respectively, an increase of 65% and 118% was
observed. A macro-crack that appeared between the foundation and column base caused the
restored specimen’'s strength to abruptly drop when it reached its max load. Because layer
HPFRC acted as a confinement, there was no concrete cover scattering or longitudinal

reinforcement deformation in the HPFRC-repaired specimen.

Rajput et al. 2019 investigated the seismic performance of corroded RC columns retrofitted
with advanced materials. The corroded specimen retrofitted with an HPFRC jacket, as
compared to control ones, holds good command over crack propagation at higher drifts. The
retrofitted specimens show appreciable recovery in the ultimate curvature as well as in the
flexural strength when compared to control under-confined and well-confined column
specimens. The retrofitted specimens show superior energy dissipation (i.e., up to 25%
higher) when compared to control specimens (shown in Figure 2.7). However, after a 3%
drift ratio, the energy dissipation reduces, and a steep post-peak response was experienced in
the retrofitted specimens. Due to the application of HPFRC jackets and GFRP sheets on the
retrofitted specimens, the spalling of concrete was resisted. Therefore, at higher drifts, no
sectional loss and no premature buckling of corrosion-damaged rebars were experienced

which resulted in better axial load-carrying capacity. It was noted that the specimen
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retrofitted with HPFRC and GFRP sheet showed improved strength and ductility when
compared to control well-confined specimen. According to the experimental findings, the
retrofitted specimens' seismic response was strengthened, and their deformability was
noticeably less than that of the control specimen. This behaviour was observed due to the

inferior post-peak response of HPFRC and GFRP material in tension.
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Figure 2. 7 Energy dissipation behaviour of column specimens

Yang et al. 2023 examine how corrosion-damaged RC columns that have been modified with
a BFRP-ultrahigh performance concrete (BFRP-UHPC) jacket behave in terms of axial
compressive behaviour. The concrete cover that was chipped and shredded due to corrosion
was replaced with BFRP sheets that were implanted internally in the UHPC matrix. The
replacement of corrosion-damaged stirrups with FRP composites at different spacing was
also considered under the retrofitting approach. When UHPC jackets were used to strengthen
corrosion-damaged specimens, there was a modest decrease in their ductility because UHPC
is a brittle material with a finite strain capacity, which means that once it cracks, it stops
giving strength. On the other hand, the specimens that were damaged by corrosion and
reinforced with a BFRP sheet and UHPC jacket wrapping exhibited higher ductility values.
When compared to specimens with wider stirrup spacing, the BFRP-wrapped UHPC jacket-
strengthened specimens with lower stirrups spacing exhibit a considerable rise in the peak
load as well as greater post-strengthening gains in axial load capacity. When reinforced with
a BFRP-UHPC jacket, the corrosion-damaged specimens fitted with UHPC shown an
additional increase in peak load of up to 18.92%. The specimens showed an increment of
roughly 74.6%-96.5%. However, due to consistent confining stresses and the larger confining
effect of circular cross-section RC columns, the post-strengthening rise in the axial load was

much higher in circular specimens than in square specimens in all examined specimens. The
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efficacy of this retrofitting method for RC columns with a circular cross-section was
indicated by an overall increase in the axial load capacity of 105.6% and 76.8%, respectively,

for the square and circular cross-section RC columns.

Yin et al. 2017 conducted an investigation to determine the extent to which reinforced
concrete (RC) columns could be enhanced with textile-reinforced concrete (TRC) at various
corrosion levels. Seven RC column specimens in all were cast an fabricated. In two
uncorroded control specimens, two specimens were strengthened with TRC first and then
corroded, and the remaining three were corroded first and then strengthened with TRC.
Three different corrosion rates i.e. 5%, 10%, and 15% were used for corrosion damage and
two layers of TRC were applied for strengthening purposes. When compared to control
specimens, the strengthened specimens showed slow crack development and fewer surface
cracks and exhibited better seismic performance. For specimens having a high corrosion rate,
a certain degree of damage is observed even though sufficiently high bearing capacity was
seen with the ultimate failure mode as bending failure. From the results of test specimens, it
was observed that the TRC strengthening method before corrosion was superior to that of
strengthening after corrosion. The TRC reinforcement reduced the corrosion degree by
inhibiting the erosion caused by chloride ions. For the high-level corrosion damage specimen
(i.e., 15%), the bearing capacity and deformation at the early phase of loading were better
than the control one but degraded rapidly at later stages due to severely damaged

reinforcements.

Karimipour and Edalati 2021 performed experimental investigation to look at the
performance of RC columns affected by corrosion that had been retrofitted with GFRP and
CFRP fabrics. It should be highlighted that CFRP had a greater impact than GFRP fabric in
preventing cracks from forming, spreading, and widening. Up to 10% corrosion level, the
specimens retrofitted with CFRP and GFRP layers showed significant improvements in
flexural strength and lateral deformation when compared to corroded specimens not
retrofitted with fiber fabrics. Furthermore, because CFRP fabric has a higher elasticity
modulus than GFRP, it has a greater impact on enhancing bearing capacity and flexural
strength than specimens that have been retrofitted with GFRP layers. A significant
improvement of approximately 58% in the ductility of severely damaged specimens having a
corrosion rate of 20% was seen by retrofitting with CFRP and GFRP retrofitting. It was found

that specimens without any retrofitting for corrosion levels below 15% exhibited a lower
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maximum deformation due to the action of CFRP and GFRP fabric. Retrofitting's impact on

lateral displacement was reduced by increasing the reinforcements' degree of corrosion.

Yao et al. 2019 strengthened corroded RC columns with Textile reinforced concrete (TRC)
under a chloride environment. The specimens were corroded and then strengthened with two
layers of TRC and afterward subjected to dry-wet cycles of chloride. The higher level
corroded strengthened specimen showed an increment in cumulative energy dissipation up to
75.73% when compared to the corroded unstrengthened specimen (shown in Figure 2.8). This
shows that TRC strengthening of corrosion damage specimens can recover and improve the
seismic performance at higher corrosion damage. It was found that the uncorroded
strengthened specimen, which was subjected to more dry-wet chloride cycles, performed
better seismically than the corroded strengthened specimen experiencing fewer dry-wet
chloride cycles. Indicating that the invasion rate of chloride ions can be delayed by adopting

the permanent templates produced by TRC.
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Figure 2. 8 Cumulative energy curves of specimen C1-C7

Note: <‘S” represents TRC strengthened specimens; ‘“U” represents that the specimen was not strengthened

2.6 FINITE ELEMENT MODELING

The numerical simulation using non-linear Finite Element Analysis (FEA) has recently been
widely adopted for analyzing the complex physical phenomenon of corrosion damage. The
low associated cost, short computational time, and the inclusion of various parameters
influencing corrosion damage are among the listed benefits numerical simulation holds over
the experimental work (Zhao et al. 2018; VVan Nguyen et al. 2022). The FEA is being used in

solving diverse engineering problems ranging from the analysis of simple parameters such as
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material properties (Partheepan et al. 2007) to complicated and tedious problems such as
crack behaviour (Choubey et al. 2006) and joint failure of the RC structural member (Kaviani
etal. 2021; Yang et al. 2021).

Zhang and Li 2018b developed a two-dimensional non-linear FE model for simulating the
seismic load of corroded RC exterior and interior BCJs using OpenSees software. The
corrosion damage to the concrete and steel reinforcement has been incorporated within the
model by adopting certain models. The primary parameters for simulating the corrosion
damage in the FE model are the decrease in the strength of the concrete cover, the reduction
in the cross-sectional area of steel bars, the degradation of yield strength and elastic modulus,
and the modified bond-slip behaviour. Following the experimental data' validation of the
suggested model, a parametric investigation was carried out on a total of 360 FE models (i.e.,
180 interior BCJ and 180 exterior BCJ specimens). The key parameters such as concrete
compressive strength, axial force ratio, corrosion levels, and stirrups spacing that influence
the joint behaviour under cyclic loadings were covered and analyzed. Regression equations
that predict the shear strength of corroded exterior and interior BCJs are developed using the

findings of the numerical analysis.

Yang et al. 2020 conducted a computational and experimental study on the seismic behaviour
of inner BCJ at different corrosion levels. The experimental data from this investigation alone
were used to validate the conclusions of the numerical simulation. By using a certain model,
parameters of corroded steel reinforcements, such as yield strength, ultimate strength, and
elastic modulus, were changed. Precast and cast-in-situ concrete were used to create a
surface-to-surface interface for the development of a three-dimensional (3D) FE model.
There is a considerable agreement between the experimental data and the envelope curve
behaviour of the corroded specimens derived from numerical simulations. A better agreement
amongst the numerical analysis results and experimental results was seen when the corrosion
rate was below 18%. Major cracks at middle of key slots occur as corrosion levels rise,
increasing the equivalent plastic strain (Figure 2.9). The findings indicate that the numerical

model could be applied to other research projects, like seismic fragility analysis, etc.
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Figure 2. 9 Equivalent plastic strain of concrete: (a) uncorroded and (b) corroded specimen

Di Carlo et al. 2017 proposed a three-dimensional FE model for examining the cyclic
behaviour of RC columns damaged by corrosion. Using TNO Diana (2005) software, the
nonlinear response of corrosion-damaged RC columns was investigated numerically. The
structure was modeled using eight-node isoparametric solid brick elements (HX24L), while
the reinforcement was described as a two-node, one-dimensional element. By changing a few
characteristics, such as the concrete cover's compressive strength, the tensile behaviour of the
concrete, the reinforcing bars' stress-strain relationship by using certain models, and the local
bond-slip behaviour in accordance with the model code, corrosion has been included to the
model. The author's experimental results validated the proposed model. A parametric study
was then conducted by modeling two more corrosion ratios (i.e., 10 and 30%) besides the

already discussed corrosion level of 20% to analyze the seismic performance.

Biswas et al. 2020 numerically examine numerically how RC beams with uneven
reinforcement corrosion behave structurally. This study proposes a three-dimensional (3D)
non-linear FE model as a simplified modeling approach to anticipate the reaction of
reinforced concrete (RC) structures under non-uniform corrosion. By incorporating specific
critical elements, such as corrosion-induced cracking, altering the mechanical characteristics
of the concrete and the steel reinforcing bars, and strengthening the link between the steel and
the concrete, the corrosion damage has been included to the model. The experimental results
acquired from this investigation alone were used to validate the suggested numerical model
with corrosion damage. A thorough parametric study was conducted following the numerical

model's validation to ascertain the effects of the volumetric transverse reinforcement ratio
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and the compressive strength of the concrete on the structural performance of RC beams with

uneven rebar corrosion.

Liu et al. 2021a conducted a numerical analysis to look at how the reinforcement corrosion
ratio affected the deformed behaviour of RC beams using the program ABAQUS. Certain
parameters, like the cross-section, yield, and ultimate strength of the corroded steel
reinforcements, were adjusted in accordance with specific models in order to account for the
corrosion damage. To replicate the impact of reinforcement corrosion on the numerical
model, the residual strength of the concrete damaged by corrosion and the bond deterioration
model were also used. The simulation revealed that the lateral load versus displacement
behaviour of the specimens with a corrosion rate of less than 7.5% is comparable to that of
the uncorroded specimen. A notable decrease in post-peak load and stiffness was observed as
displacement increased, for the specimens with a corrosion rate over 7.5%. As the corrosion
ratio rose, there was a noticeable decline in the bond stress between the surrounding concrete
and the corroded reinforcement as well as a decrease in ultimate plastic rotation. Longitudinal
reinforcement ratio and shear span ratio show a substantial effect on the deformation capacity
for specimens with corrosion ratios up to 7.5%; for specimens with higher corrosion ratios,
the effect is negligible. The equations for calculating the deformations of corroded
reinforcing steel beams at respective yield and ultimate limit states were derived based on
numerical simulation results. The research findings can be applied to the design and

assessment of RC structures' seismic performance from a life-cycle perspective.

Yang et al. 2015 used the ABAQUS to do numerical simulation analysis of the load bearing
capacity of corroded RC beams. To mimic the effects of corrosion damage and cyclic stress,
parameters including the steel cross-section area, yield, and ultimate strength of corroded
reinforcements are changed. In order to validate the ABAQUS software, the load-carrying
capability of the non-corroded RC beam was examined first. Next, the impact of fatigue and
corrosion on the model was examined. Seventy load cases in all were examined in the
numerical simulation including several corrosion ratios (i.e., 0%, 3%, 5%, 8%, 10%, 13%,
and 15%) and fatigue loading having cycle numbers ranging from 10 to 100 million. The
corroded specimens exhibited a considerable reduction in structural performance, precisely
the yield load and ultimate deflection, under the combined impacts of cyclic loading and
corrosion damage. The yield load shows an abrupt downfall when the cyclic number becomes

large and the corrosion ratio is beyond 10%. Under the influence of increasing fatigue
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loading cycle number and corrosion rate, RC beams' ultimate deflection was found to grow
both nonlinearly and linearly. It is evident from the numerical analysis that the influence of
the rate of corrosion outweighs that of the number of cyclic loadings, and that the effect
becomes more pronounced with higher loading counts.

Biondini and Vergani 2015 have proposed the three-dimensional non-linear FE analysis of
corroded RC beams. Both uniform and localized (pitting) corrosion are taken into account in
the numerical damage model. The key parameter modified to replicate the corrosion damage
after following certain models includes cross-section area reduction of the corroded bars,
diminished concrete strength and the corroded bars' decreased ductility due to splitting cracks
and spalling of concrete. The FE model of the corrosion-damaged beam has been validated
against the experimental results obtained from accelerated and natural corrosion-damaged RC
beams. In the second phase of the study, the three-dimensional non-linear RC arch bridge
having different damage scenarios and corrosion penetration levels was analyzed. The
simulation results have effectively displayed the performance of structural components and
members under corrosion attack. Based on the simulation response, a hierarchy of protection
techniques along with the maintenance and repair techniques against corrosion damage can

be proposed and adopted.
2.7 RESEARCH GAPS
Based on the literature review presented above, the following research gaps are listed below:

e There are very few experimental studies related to the comparison of seismic behavior
of Non-Seismically and Seismically detailed Exterior BCJs having corrosion damage

at the junction of beam-column at different rates.

e No experimental study has been reported on entirely replacing the corrosion-affected
concrete from the BCJ specimens and treating the damaged reinforcement bars prior
to the application of retrofitting material. The research studies present in the existing
literature are mostly focused on improving the mechanical performance of corrosion-
damaged structural members without concerning the possibility of reoccurrence of

corrosion in the pre-affected area.
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e FE modeling displaying and comparing the seismic performance of corroded Non-
Seismically and Seismically detailed Exterior BCJs at varying rates has not been
reported in the existing literature. The damage progression and ultimate failure pattern
of control and corroded BCJ specimens have not been covered in any of the existing
research studies.

2.8 RESEARCH SIGNIFICANCE

As the beam-column joint serves as the most critical section in the RC structural frame when
seismic and corrosion aspects are considered, the assessment of this zone requires more
attention for better understanding. A new retrofitting scheme has been proposed in this study
concerning the enhanced mechanical performance of corrosion-damaged structural members
and the assurance of a low probability of reoccurrence of corrosion in the pre-affected area.
The proposed retrofitting scheme can be a better alternative (when corrosion is considered) to
the jacketing technique that is commonly practiced at the actual site. This retrofitting scheme
will help restore the mechanical performance of corrosion-damaged structural members near
the coastal region and the structures lying under the high seismic zone.

Alongside, a numerical simulation was also performed via Finite Element (FE) models for the
corrosion-damaged exterior BCJs. The efficiency of the developed FE model was validated
based on a comparison with the results obtained from the experimental study performed by
the author. The developed FE models accurately predict the peak load-carrying capacity of
the corroded Exterior BCJs at any corrosion rate and also generate possible damage patterns
and ultimate failure modes. This may significantly reduce the cost of experimental study by
eliminating the need for testing a large number of specimens, and further also promote a
quicker understanding of the effect of damage caused by different corrosion rates on BCJs

among future researchers.
2.9 CLOSING REMARKS

This chapter covers the field evidence portraying the corrosion trend as per the Melchers
model. A comprehensive literature on the structural and seismic performance of corroded RC
structural members (precisely Exterior beam-column joint) with or without retrofitting
application was presented. The literature review of the numerical investigation performed on
the failure mode and performance of corroded members using FE modeling has also been

covered in detail.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 GENERAL

This part of the dissertation aims to determine the material physical properties used to prepare
M25-grade concrete and steel bars to cast the exterior BCJ specimens. Also, the various
levels of corrosion damage introduced in the BCJ specimens by adopting the accelerated
corrosion method have been discussed in detail in this chapter. In this study, a High Strength
Fiber Reinforced Concrete (HSFRC) was developed to retrofit the corrosion-damaged BCJ
specimens and is discussed in detail in this chapter. The entire methodology for the

experimental study has been presented in Figure 3.1.
Stage 1 (Exposure to accelerated corrosion)

» Design RC Exterior BCJs with non-seismically and seismically reinforcement
detailing,

> Prepare respective steel reinforcement cages with the parallel copper wire connection
on them for introducing accelerated corrosion,

» After casting, expose the BCJs to the accelerated corrosion regime.
Stage 2 (Structural testing) is divided into two parts:
Part 1

» Preparing loading setup,
> Apply quasi-static reverse cyclic loading.

Part 2

» The damage severity and extent were visually inspected after extracting the corrosion-
damaged reinforcement cage,

» Retrofitting scheme was decided,

» Retrofitting material (HSFRC) was developed,
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> After 28 days of curing, testing was performed under quasi-static reverse cyclic

loading.
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Figure 3. 1 Methodology for the experimental program

A total of 16 BCJ specimens have been cast and the entire experimental study has been
categorized into two parts. In the 1% part of the experimental study, two different
reinforcement detailing regimes (i.e., non-seismically detailed and seismically detailed)
exterior BCJ specimens were cast. The specimens were subjected to corrosion damage at
different levels. The seismic behaviour of all the corroded BCJ specimens was determined
and compared, under the effect of reverse cyclic loading. In the 2" part of the experimental
study, a retrofitting scheme was proposed by entirely removing corrosion-damaged concrete.
Thereafter, corroded reinforcing bars were treated with an anti-corrosive agent to arrest
further progression of corrosion. The corrosion-damaged BCJ specimens were then retrofitted
with the HSFRC to regain the load-bearing capacity and the seismic performance, which was

degraded due to the corrosion attack.

Out of the two reference specimens from each reinforcement detailing regime type, one
reference specimen was tested under reverse cyclic loading until the lateral load of specimens

dropped by 20% of the peak load, as reported in Chidambaram and Agarwal 2015; Sharma
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and Bansal 2022. Thereafter, the damage index (DI) was determined using the Park and Ang
model (Park and Ang 1985). The ultimate displacement (i.e., displacement at which DI > 1)
was evaluated from this model at which the specimen achieves complete failure. The second
reference specimen was selected for the pilot study to determine the pattern of corrosion
progression corresponding to corrosion exposure duration. The pilot specimen shows
variation in the corrosion pattern at certain durations (days) similar to the corrosion phases
proposed in the Phenomenological model of corrosion by Melchers and Li 2006. Based on
the different phases of corrosion experienced at a certain duration (days), three different

levels of corrosion were set for this experimental study.
3.2 MATERIALS
3.2.1 Binder

Ultratech 43-grade Ordinary Portland cement (OPC) was taken as a binder for developing the
M25-grade concrete. The cement was tested in the laboratory as per 1S 8112: 2013. Table 3.1

lists the physical properties of the cement used.

Table 3. 1 Physical properties of cement

Values specified by IS

Sr No Characteristics Test values
8112: 2013
1 Standard consistency (%) 31
2 Specific Gravity 3.12 3.15
3 Setting time (minutes)
Setting time (Initial) 80 30 (minimum)
Setting time (Final) 280 600 (maximum)
4 Compressive strength (MPa)
a) 3 days 25 23 (minimum)
b) 7 days 34 33 (minimum)
C) 28 days 46 43 (minimum)
5 Fineness (m%/kg) 310 225 (minimum)
6 Soundness (mm) 1.6 10 (maximum)

3.2.2 Aggregates

Two types of aggregates (i.e., fine aggregates and coarse aggregates) were used. The natural

river sand was taken as fine aggregates. The sieve analysis of sand was performed as per
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(1S:383 1970) (Reaffirmed 2002). The sand was classified as Zone Il FA. Coarse aggregates
of 20 mm (Maximum size of Aggregate, MSA) were used for making the concrete. The
experimental tests were conducted on the fine and coarse aggregates to evaluate certain
physical properties as per the guidelines provided in (1S:2386 (Part 1) 1963) (Reaffirmed
2002) and (IS 2386- Part 111 1963) (Reaffirmed 2002), which are presented in Table 3.2.

Table 3. 2 Physical properties of Fine and Coarse aggregates

Sr. No. Characteristics Test values
Fine Aggregates Coarse Aggregates
Type Natural sand Crushed
1 Specific Gravity 2.65 2.6
2 Water Absorption 1.03% 1.8%
3 Particle size range 150 microns - 4.75 mm 4.75 mm —20 mm

3.2.3 Reinforcement

8mm, 10mm, and 12mm diameter HYSD-TMT bars confirming (1S:1786 2008) were used as
reinforcements in the exterior BCJ specimens. The reinforcement bars were tested in a
Universal Testing machine having a capacity of 1000kN. The yield and ultimate tensile
strength of 12mm, 10mm, and 8mm diameter bars were found to be 528.59 MPa and 621.11
MPa; 640.96 MPa, and 715.91 MPa; and, 691.97 MPa and 784.85 MPa; respectively. The
load-displacement representation of the uncorroded reinforcing bars of different diameters is

shown in Figure 3.2.
3.2.4 Copper Wires

Fire-resistant copper wires were used to make the parallel connection on the reinforcement
cage to introduce corrosion into the steel bars. To complete the connection established over
the reinforcement bars by connecting them to the DC power supply, copper wires of two
different diameters (i.e., 1 and 1.5 sqg mm) were used. The thicker wire was used at the
corrosion-exposed reinforcement cage. It acts as a safeguard against the breaking of

connections during severe corrosion levels at longer corrosion exposure duration.
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3.2.5 Stainless Steel Mesh

A stainless-steel wire mesh confirming ASTM E2016 and 1SO 9044 standards having hole

sizes ranging from 0.2-0.5 mm was used. The stainless-steel wire mesh acts as a cathode in

the accelerated corrosion process.
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Figure 3. 2 Stress-strain curve for control/uncorroded steel bars
3.3 DESIGN MIX DETAILS
3.3.1 Design Mix

The exterior BCJ specimens (i.e., non-seismically detailed and seismically detailed) were cast
using normal-strength concrete with a characteristic concrete compressive strength of 25MPa.
The M25 grade concrete mix was designed as per (IS 10262 : 2019 2019) and is presented in
Table 3.3. The average compressive strength of the mix was determined by casting and
testing six cubes (i.e., three each for 7, and 28 days strength) of standard size of 150 mm, as
per (IS 516 1959), respectively.

Table 3. 3 M25 grade concrete mix design as per IS 10262 : 2019

Particulars Cement  Sand Coarse Water 7 days strength 28 days strength
(kg/m®  (kg/m®)  Aggregate (kg/m3)  (MPa) (MPa)
(kg/m?)
Quantity 388 670 1113 187 23 29
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3.4 CASTING OF EXTERIOR BEAM-COLUMN JOINT (BCJ) SPECIMENS
3.4.1 Description of Test Units

A total of 16 RC exterior BCJ specimens were cast. Two types of reinforcement detailing

regimes i.e., non-seismically detailed and seismically detailed specimens were adopted.

The non-seismically detailed Exterior BCJ specimens were designed as per the specification
of IS 456 2000, followed by the conventional detailing as per (SP34 1987). The
reinforcement configuration of the seismically detailed exterior BCJs was done as per the
specifications of IS 13920: 2016 (Indian Standard 2016). All the specimens had the same

dimensions.

For all the beam-column joint specimens, the beams were reinforced with the 2 nos. of 8 mm
and 3 nos. of 10 mm diameter deformed steel bars as top and bottom longitudinal
reinforcements. 8 mm diameter 2L stirrups were provided as the shear reinforcement. For the
column, 4 nos. of 12mm diameter were used as longitudinal reinforcing bars however for
transverse reinforcement 8 mm diameter bars were used. Figure 3.3 (a) shows the
reinforcement detailing for non-seismically detailed specimens. A spacing of 140 mm was
provided for the stirrups for the entire length of the beam. Whereas, for seismically detailed
specimens, a closer arrangement of stirrups with a spacing of 100 mm was provided, shown
in Figure 3.3 (b). Moreover, additional stirrups were also provided in the seismically detailed

specimens inside the joint core region at a spacing of 50 mm.

All the Exterior BCJ specimens were designed by following the strong column weak beam
concept. As per IS 13920:2016 (Indian Standard 2016), the sum of flexural capacities of
columns (3. Mc¢ ) meeting at any joint must be at least 1.4 times the sum of flexural capacities

of beams (3. M) for a strong column-weak beam joint. For this experimental study, all the

specimens designed have a column-to-beam flexural capacity ratio (3 Mc/ 3 Mp) of 2.6.
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3.4.2 Casting of the BCJ Specimens

The BCJ specimens were cast in mild steel moulds of the designated dimensions. The
reinforcement cages prepared for the non-seismically detailed and seismically detailed
specimens are shown in Figure 3.4 (a). The parallel connections of the copper wires were
installed on the reinforcement cages for the accelerated corrosion process (see Figure 3.4 (b).
Before casting, oiling of the mould is done to facilitate easy de-moulding. The cover blocks
of 25 mm were provided between the shuttering and the reinforcement cage to provide the
nominal cover all around the BCJ specimen (see Figure 3.4 (b)). The pouring of concrete into
the mould was done in two layers; each layer was vibrated uniformly using a 60 mm diameter
needle vibrator for voids removal from the fresh concrete (see Figure 3.4 (c)). Post-casting,
wet gunny bags were used to cover the specimens to provide curing for 28 days, as shown in
Figure 3.4 (d).
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(c) Needle vibrator used for uniform vibration ~ (d) Curing of the specimens

Figure 3. 4 Construction details of beam-column joint specimens
3.5 CORROSION OF BEAM-COLUMN JOINT SPECIMENS
3.5.1 Accelerated Corrosion Scheme

Under natural environmental conditions, it takes numerous years for the corrosion to occur,
effectively making it a very time-consuming process. Therefore, to conduct an experimental
study on the RC structural members having corrosion damage at different levels, an electro-
chemically accelerated corrosion method is adopted. The viability of this method can be
authenticated by the literature of numerous researchers (Meda et al. 2016; Liu and Li 2018;
Rajput et al. 2019; Shen et al. 2021a; Li et al. 2022a) and has manifested similar results as
those obtained from corrosion in the natural environment (Yuan et al. 2007; Mak et al. 2019).
For this study, accelerated corrosion was introduced and was targeted primarily at the
junction of BCJ, therefore all the wire connections were made within this region only, as can

be seen in Figure 3.5 (a). For introducing accelerated corrosion, the test setup includes a DC
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power supply (scientiFic PSD3210), stainless steel wire mesh, 3.5% NaCl solution, 1 and 1.5

sg. mm copper wires, alligator clips, and gunny bags.

The specimen was wrapped with gunny bags all around the target corrosion area. Above the
gunny bag wrapping, a stainless-steel wire mesh covering is provided. The stainless-steel
mesh is connected via an alligator clip to the DC power supply (at the negative terminal)
acting as a cathode. The reinforcement bars (with the help of a parallel wire connection
provided on the reinforcement cage, as shown in Figure 3.5 (a)), are connected to the DC
power supply (at the positive terminal) acting as an anode, as shown in Figure 3.5 (¢). A
continuous dripping of 3.5% NaCl solution is maintained over the mesh-covered region of the
BCJ specimens (Figure 3.5 (d)).

arallel connections of wire |
B, the reinforcement ca

s c
Wire taken out
for completing

Wire will act as anode |
connecting to the positive [

Negative terminal of DC
| power supply

S
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power supply: N
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Stainless steel wire mesh wrapping

(c) Wrapping of specimens along with connections (d) Setup for accelerated corrosion

Figure 3. 5 Accelerated corrosion test set-up
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3.5.2 Pilot Study for the Corrosion

One reference test specimen each from both the reinforcement detailing regimes was taken to
perform the pilot study. The behaviour and pattern of corrosion progression within the
specimens corresponding to corrosion exposure duration were observed. The accelerated
corrosion process starts by introducing the impressed current to the specimens via a DC
power supply. A steady voltage (10 V) was maintained throughout the experimental
corrosion exposure duration along with the continuous dripping of 3.5% NaCl solution. As
the corrosion exposure duration increases, variation in the impressed current intensity is
observed. The pilot specimens were visually monitored on a daily basis and the current
intensity was recorded with respect to the exposure duration of the corrosion. The specimens
were corroded up to the stage at which a constant rate of impressed current was noticed after
going through certain variations in the impressed current readings. Based on literature
regarding various corrosion models, it was observed that the corrosion pattern observed in the
pilot specimens shows a close resemblance to the pattern shown in the Phenomenological

model for reinforcing bar corrosion in concrete (Melchers and Li 2006).

Based on the current intensity-time duration plot of the pilot specimen with reference to the
Melchers model of corrosion (Melchers and Li 2006), four major phases of corrosion in the
pilot test specimens were categorized, as shown in Figure 3.6. The current intensity-time
duration plot for the non-seismically detailed pilot specimen is shown in Figure 3.6 (a) while
Figure 3.6 (b) shows that for the seismically detailed pilot specimen. Due to the difference in
the reinforcement detailing for both pilot specimens, the number of days required to achieve

the four phases of corrosion was different.
At every phase change of corrosion, the specimens were visually monitored and were also

unwrapped to check for the cracks generated due to the induced corrosion. The visual

description of each phase of corrosion is explained below and also illustrated in Figure 3.7.
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Figure 3. 6 Impressed current-time duration representation of pilot specimens (a) non-

seismically detailed and (b) seismically detailed for determining different phases and

categorizing different levels of corrosion

Phase 1: A linear increasing trend of the impressed current was experienced as the corrosion
duration proceeded. After a few days of initiation of the corrosion process, some brown
patches representing the rust products were visible on the gunny bags as well as on the steel
mesh surface, as shown in Figure 3.7 (a). When the specimens were unwrapped for checking,
fine hairline cracks were visible on the longitudinal surface of the column and beam (see
Figure 3.7 (b).

Phase 2: In this phase, a drop in the current intensity was experienced which lasted for some
instance of time. More rust deposition was seen on the mesh surface along with several new
red and brown patches (see Figure 3.7 (c). The reddish-brown liquid oozes out from the
specimen, as shown in Figure 3.7 (d).

Phase 3: This phase shows a sudden upward trend in the current intensity after a particular
duration. The rust deposits are denser at this phase and have taken the shape of long
suspended peaks at the surface of the mesh, as can be seen in Figure 3.7 (e). A dark brown
liquid carrying washed-off rust products was observed coming out of the specimens. When
the specimen was unwrapped, it was experienced that some new hairline cracks had appeared

and the existing cracks from 1st phase had widened (see Figure 3.7 ().
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Phase 4: A drop in current intensity was observed in this phase and after that, a constant rate
was experienced throughout the entire corrosion duration. The black liquid oozes out of
cracks along with some black rust particles, as shown in Figure 3.7 (g). During the
unwrapping of the specimen, deposited rust on the surface of the mesh surface is shown in
Figure 3.7 (h). The wider cracks along the longitudinal surface of beam and column were
experienced, as shown in Figure 3.7 (i). A noticeable reduction in the concrete cover around

the mesh and gunny bags-wrapped surface of BCJs was also experienced.

(e) Long suspended peaks of deposited rust (f) Wide cracks at higher levels of corrosion
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(9) Black liquid oozes out of cracks

- . - -

i

(1) Wider cracks along the longitudinal surface of the column

Figure 3. 7 A visual description of specimens under different levels of corrosion
3.5.3 Corrosion Levels and Crack Width Measurements

From Figure 3.6, it was observed that the reference test specimen undergoes certain phases of
corrosion corresponding to corrosion-exposure durations. The impressed current—time
duration graph of the pilot specimens was used to decide the three levels of corrosion for this
study. The corrosion levels are explained below in detail and are also highlighted in Figure

3.6 (a) and (b) for the non-seismically detailed and seismically detailed pilot specimens.

Level-1: Level-1 of corrosion was set at the end of phase 1, where the impressed current

stops increasing linearly and begins to follow a constant flow pattern.

Level-2: Level-2 of corrosion was set at the end of phase 3, where a sudden upward shoot in
impressed current drops down.
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Level-3: The last phase i.e., Phase 4 was set as Level-3 of corrosion, where the current
follows a constant pattern against corrosion duration and shows no sign of variation. This

level represents the most severe level of corrosion investigated in this study

After every level of corrosion, the pilot specimens were unwrapped and checked for the
cracks generated due to the induced corrosion. The width of these cracks on the beam and
column surface was measured with the help of a Dino-Lite edge digital microscope (series
AMT7915). This instrument has a resolution of 5 M pixels (2592x1944) and a magnification
range of 10x ~ 220x which allows for capturing a crystal-clear image of the crack. Thereafter,
the captured images were processed in the associated software (DinoCapture 2.0 version

1.5.44) for the exact dimensioning of the crack width, as shown in Figure 3.8.

Figure 3. 8 Crack monitoring and measuring via Dino-Lite edge digital microscope

All the non-seismic and seismic specimens were corroded by adopting the same accelerated
corrosion scheme as was followed for the pilot test specimens. The nomenclature adopted for
the corrosion-damaged specimens is shown in Table 3.4. The impressed current-time duration
plots for each specimen are provided in their respective results section of Chapter 4. These
respective plots are used to decide the corrosion duration for each specimen as per the
description of levels provided above.
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Table 3. 4 Nomenclature used for control and corroded specimens

Accelerated corrosion

Detailing Regime Specimen ID Corrosion level duration (days)
Non-Seismic NDU Control/Uncorroded -

NDC-1 1 9

NDC-2 2 22

NDC-3 3 30
Seismic DU Control/Uncorroded -

DC-1 1 25

DC-2 2 39

DC-3 3 45

3.5.4 Estimation of Corrosion Mass Loss

To determine the corrosion ratio for different corrosion levels, the estimation of mass loss is
performed. In this study, the mass loss of the respective corroded specimens was calculated
by adopting two different approaches i.e., Theoretical and Actual mass loss. To calculate the
theoretical mass loss of the corrosion-damaged reinforcing bars, the data from the impressed
current-time duration plot is required. The impressed current and time duration (in seconds)
were incorporated into the Faradays formula, shown in Equation 3.1 for calculating

theoretical mass loss for respective corrosion levels.

_ Mt

Am =
ZF

(3.1)

Where,

e Am is the corrosion mass loss (grams);

e |isimpressed current (ampere);

e trepresents duration of corrosion (seconds);

e M is the molar mass of a steel bar (grams per mole);
e Zisthe valency of iron;

e F represents Faraday’s constant (96,485 C/mol).

To validate the theoretical mass loss from the corroded bars, the actual mass loss of
reinforcement was determined using gravimetric analysis. For the actual mass loss

calculation, the specimens were distorted after the reverse cyclic loading test, and the
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corrosion-damaged reinforcement cage was extracted, as shown in Figure 3.9. The corroded
bars of the desired length (550 mm, based on the visual inspection, also shown in Figure 3.9)
were cut from the corroded reinforcement cage, as shown in Figure 3.10 (a). The rust deposits
along with loose concrete were knocked by a wire brush and were further cleaned with the
help of a 10% HCL solution, as shown in Figure 3.10 (b). Due to severe corrosion damage,
the localized pitting on the stirrups and longitudinal reinforcement bars can be visible,
resulting in the fracture of stirrups, cross-sectional area reduction, and de-scaling of
longitudinal reinforcing bars, as shown in Figure 3.11. The weight of bars of decided length
before corrosion and after the cleaning process of corroded reinforcement was noted, as
shown in Figure 3.12. The actual mass loss is determined by using the following formula
shown in Equation 3.2. After cutting and cleaning of corrosion-damaged reinforcing bars of
8mm, 10mm and 12mm diameters, tensile testing was done and the corresponding load-

displacement graphs are shown in Figure 3.13.

Wj—W¢

Mass loss (%) = x 100 (3.2)

Wi
Where,

e w; represents the initial mass of the decided length of rebars before corrosion;

e W represents the mass of reinforcing bars after the corrosion damage and cleaning

with acid.

Figure 3. 9 Specimens were distorted after the cyclic loading test for calculating mass loss
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(@) Corroded bars of desired length were cut (b) Cleaning and removal of deposited rust

Figure 3. 10 Cutting and cleaning of corrosion-damaged reinforcement bars for the mass loss

. SEY
Reduced diameter of stirrups,

(b)

s De-scaling of rebar surface
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Localized pitting and diametric reduction of rebarsgy

(d)
Figure 3. 11 (a) & (b) Fractured stirrups, (c) & (d) cross-sectional area reduction and de-

scaling of longitudinal reinforcement bars

Figure 3. 12 Determining the mass loss for different levels of corroded specimens
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Figure 3. 13 Load-displacement curve for tensile test for steel bars of different diameter

3.6 TEST SETUP AND LOADING PROTOCOL

The BCJ test specimens were placed on the fixed loading frame and were provided with
boundary conditions to keep them in a fixed position for testing purposes. For this test setup,
the column was positioned horizontally on the strong steel base of the frame, and the beam
was positioned at an angle of 90° to the base. The nut-J bolt (16 mm diameter) assembly
along with four roller plates was used to fix the column against cyclic loading. The column
was rested horizontally on the two roller plates, one at each side 100 mm from each end.
Similarly, two more roller plates were placed on the column surface aligned with the plates
placed at the bottom surface of the column. The two sets of plates are provided at each side of
the column containing four 16mm diameter nut-J bolt assemblies (two J-bolts on each side) to
hold the column surface at a fixed position against the strong loading frame. At one end of
the column, an axial force (approximately equal to 0.1fcAg) was applied with the help of a
double-acting hydraulic jack having a capacity of 300 kN, where fc represents the
compressive strength of concrete and Ag represents the area of cross-section of the column.
The axial load applied at the column was in the range of 70—75 kN. After the desired load
was applied at the column end, the loading knobs were firmly closed to keep the pressure
intact and arrest any drop in axial load throughout the experimental testing. The column from
the other end was supported against a fixed steel angle in order to produce an equal reaction.
The quasi-static reverse cyclic loading jack and related assembly are fixed through nut and
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bolt arrangements on the reaction wall to apply lateral loading on the beam surface. The
experimental test setup (schematic and actual) including the loading system and

instrumentation is shown in Figure 3.14 (a) and (b), respectively.
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Figure 3. 14 (a) Schematic diagram of the test setup, (b) Actual test setup for specimen under

reverse cyclic loading

The displacement-controlled cycles for this study were adopted as per the guidelines of the
American Concrete Institute (ACI) for acceptance criteria for moment frames (ACI 374.1-05
2005), as shown in Figure 3.15. With steps that are neither too small nor too large, the
sequence is meant to guarantee that displacements are increased gradually. Step sizes that are
too large could make it difficult to accurately estimate the system's drift capacity. Should the
steps be excessively small, loading repetitions could unreasonably soften the system, leading
to fictitious high maximum drifts and fictitious low maximum lateral resistances. Step sizes
that are too small can also cause the system's energy storage to shift more slowly than it
would during a significant event. In this regime, each drift increment consists of three large
reverse cycles followed by one small cycle (approximately 1/3 in the magnitude of the big

cycle) in negative and positive drift directions.

The reverse cyclic loading is applied via a hydraulic actuator having a capacity of 250 kN, at
the beam surface (see Figure 3.14). The loading is purely displacement-controlled with a
frequency of 0.2 Hz and the displacement is fed to the actuator through a program generated

in the computer and auxiliary controller. This sequence of controlled displacement cycles
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represents the similarity in drifts that are expected under earthquake motions and is adopted

by several researchers for the study of the behaviour of BCJs under seismic loading.
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Figure 3. 15 Applied displacement-controlled cycle history

3.6.1 Damage Level of BCJ Specimens

To set the loading protocol, two pilot specimens (one uncorroded specimen from each
reinforcement detailing regime) were tested under the reverse cyclic loading condition. As
the displacement progressed, flexural cracks developed along the beam and column surface
of these reference specimens, and the specimens failed ultimately due to the dislocation of the
beam from the beam-column junction. The damage caused by the reverse cyclic loading was
quantified using a damage index (DI). The damage index for the reference specimens was
calculated using the Park and Ang model which states that if (DI > 1.0), it indicates complete
collapse or failure of the member. From the experimental data of the pilot specimens, it was
experienced that the DI > 1.0 limit was achieved between the 11th and 12th displacement
cycle. Therefore, ultimate displacement was set at the 12th cycle (34 mm). Hence, all the test
specimens whether non-seismic or seismic were tested up to the displacement of 34 mm. The

damage index is calculated as per the Equation 3.3.

_Sm, B
DI = 5o T Fysuf dE (3.3)
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Where,

e M represents the maximum displacement obtained under cyclic loading;

e Jurepresents ultimate displacement capacity;

e dE shows incremental dissipated hysteretic energy;

e Fyisthe corresponding yield strength;

e [} symbolizes the strength degradation parameter with a value of 0.1 (I1.Villemure and
E.Ventura 1995), for well-reinforced concrete structures

3.7 DEVELOPMENT OF HIGH STRENGTH FIBER REINFORCED CONCRETE
(HSFRC)

An ideal shift has been experienced in the field of concrete with the evolution of high-
strength concrete (HSC). The superior mechanical properties along with the much-improved
durability parameters over conventional concrete have been reported from the various
experimental studies. Also, the presence of hybrid steel fibers in HSC forming High Strength
Fiber Reinforced concrete (HSFRC) renders higher ductility. These advantages have
encouraged the use of HSFRC as a retrofitting/repairing material in both field and research
applications. Therefore, the present experimental study applies HSFRC as a retrofitting

material for corrosion-damaged specimens along with the novel retrofitting technique.
3.7.1 Material
3.7.1.1 Cement

Ultratech 43-grade OPC was used to develop the High Strength Fiber Reinforced Concrete
(HSFRC). The physical properties are listed in Table 3.1.

3.7.1.2 Pozzolanic Materials

Along with the cement, certain pozzolanic materials were used as binders. The densified
Silica fume, and Metakaolin procured from Jaipur, Rajasthan (India) were used to develop

HSFRC. The physical properties of Silica fume and Metakaolin are shown in Table 3.5.
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3.7.1.3 Aggregates

The fine and coarse aggregates were used to develop the HSFRC. Natural river sand was used

as fine aggregates. For the coarse aggregates, a maximum size of up to 12.5 mm as per IS

10262 : 2019 was adopted.

Table 3. 5 Physical properties of Silica Fume and Metakaolin

Sr No Characteristics Test Values
Silica Fume Metakaolin
1 Color off-white off-pink
2 Specific Gravity 2.2 2.5
3 Mean Particle Size 0.15 microns 3 microns

3.7.1.4 Steel Fibers

Steel fibers of two types i.e., hooked-end steel fibers and crimped steel fibers were used in
the present study, as shown in Figure 3.16. The hooked-end steel fibers had mechanically
deformed hooks at both ends of the fibers while the crimped steel fibers had an undulated
surface along the length of the fibers. The aspect ratio and tensile strength of both steel fiber

types are presented in Table 3.6.

'”l”'i'”l‘m
l

R

e TR SR MR e

’
/
/
({
?
’
/
()
!

D S ———

?‘HH']!;II PEETT

Figure 3. 16 Crimped and hooked-end steel fibers
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Table 3. 6 Properties of Steel Fibers

Ultimate tensile

Fiber Types Length (mm) Diameter (mm) Aspect ratio
strength (MPa)
Crimped Steel
] 30 0.55 54.54 1200
fibers
Hooked steel fibers 60 0.75 80 1200

3.7.1.5 Superplasticizers

To reduce the water/binder ratio without compromising the flowability of concrete,
superplasticizers are used. For this study, a polycarboxylic ether-based superplasticizer i.e.,

Auramix 400 variant 456 manufactured by Fosroc, was used.
3.7.2  Mix Procedure and Sample Preparation

The variation in the water/binder ratio and superplasticizer dosage was done through several
trials to achieve good flowability along with higher compressive strength. The mix proportion
for HSFRC is presented in Table 3.7. The procedure for preparing the HSFRC is explained

below:

e Initially, the fine aggregates and coarse aggregates are mixed in the dry state in a
concrete mixer for 2 minutes.

e Thereafter, all the powder content including cement, silica fume, and metakaolin is
added to the mixer and dry mixed for approximately 2 minutes.

e The addition of hybrid steel fibers into the mix.

e The polycarboxylate ether-based superplasticizer is added to the calculated amount of
water content and the complete solution is added to the mix in three parts.

o 25% of the water solution (water + superplasticizer) was incorporated into the dry
mixture and for approximately 5 minutes the mixing was done. Again, 50% of the
water solution was added to the mix and the mixer was rotated for another 10 to 15
minutes. The method of addition of the water solution in parts was adopted to
minimize the water loss to the internal surface of the drum mixer. The concrete mixer
was timely stopped to break the ball-shaped formation of concrete which forms due

to the presence of steel fibers.
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e The remaining 25% of the water solution was added to the mix after breaking the
concrete balls within the mixer which entraps water inside them. Finally, the mixer is
rotated for approximately 10 minutes. The mixer was stopped at regular intervals to
break the concrete balls and to loosen up the concrete which gets struck at the surface
of the rotating drum during the continuous rotation.

e The prepared mix was filled in 150x150x150 mm cube moulds. The demoulding of
the cube specimens was done after 24 + 1 hours and cured in the temperature-

controlled water bath throughout the curing period of 28 days.

Table 3. 7 HSFRC mix proportions

Fine Coarse Silica Super- Water  Comp. Flex.

Materials  Cement Agarecate  agareqate  fume Metakaolin  plasticizer ~ binder ~ Strength  Strength
goreg goreg raio  (MPa)  (MPa)

HSFRC 1 0.98 1.23 0.14 0.14 0.02 0.23 85 9.5

3.7.3 Material Testing Methodology
3.7.3.1 Compressive strength test

The compressive strength of the mix was determined with the help of a Compression Testing
Machine (500-ton loading carrying capacity). The loading rate was 140 Kg/square
cm/minute. The average of three 150x150x150 mm size cubes was used to evaluate and
report the compressive strength, as shown in Figure 3.17. The average 28-day compressive

strength was experienced to be 85 MPa.

The cylinders of size 150 mm x 300 mm were cast to determine the axial stress-strain
behaviour of the developed HSFRC. At the surface of the test cylindrical specimen, two
strain gauges (60 mm gauge length) were installed in the axial direction, one each on the
opposing vertical faces, as shown in Figure 3.18. Figure 3.19 shows the experimental stress-

stain curve of the tested HSFRC cylindrical specimen.
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Figure 3. 17 Test setup for determining compressive strength of HSFRC

Figure 3. 18 Test setup to evaluate the stress-strain behaviour of HSFRC
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Figure 3. 19 Stress-strain curve of HSFRC cylindrical specimen
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3.7.3.2 Flexural strength test

The flexural strength of the developed mix was calculated as per the guidelines of IS 516
1959. The specimens of size 100x100x500 mm were cast and were tested after 28 days under
a two-point loading system, as shown in Figure 3.20. The rate of loading provided to the
specimen during the test was 180 kg/min, as per IS 516: 1959. The dominant flexural crack
can be seen progressing under bending, as shown in Figure 3.21. The flexural strength (f,)

has been calculated using equation 3.4 and is reported to be 9.5 MPa.
fo = 3pa/bd? (3.4)
where,

e p =maximum load (N)

e a = distance between the nearer support and the line of fracture
e L =supported length (mm)

e b =width of the specimen (mm)

e d = depth of the specimen at the fracture (mm)

Figure 3. 20 Two-point bending test Set-up arrangement
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Figure 3. 21 Flexural failure of beam specimens

3.8 RETROFITTING OF CORROSION-DAMAGED SPECIMENS USING HSFRC

The damaged concrete of the specimens due to severe corrosion is entirely removed up to a
particular length and is replaced by HSFRC. To identify the target region for repair, the
reference test specimen used for the pilot study of corrosion (refer to section 3.5.2) was cut
open by removal of the entire concrete to expose the corrosion-damaged reinforcement cage
(see Figure 3.22). From Figure 3.22, it can be observed that severe damage to the
reinforcement bars was experienced in the corrosion target area (i.e., around the junction of
the beam-column). It was visually observed that the corrosion-affected length for the beam
main reinforcement was up to 350 mm, initiating from the junction of BCJ. Similarly, the
column reinforcing bars were damaged up to a length of 150 mm from either side of the
junction. Therefore, a length of 400 mm for the beam and 200 mm length for either side of
the column from the interface of BCJ was finalized for the repairing scheme for this study.
Figure 3.23 (a) shows the removal of damaged concrete from the corroded BCJ specimens up
to the decided length. The removed concrete dimensions up to the selected length in the beam
and column side are illustrated in Figure 3.23 (b). After removing the damaged concrete from
test specimens, the fracture, localized pitting of stirrups, descaling, and cross-sectional
reduction of longitudinal bars due to severe corrosion were observed, as shown in Figure
3.24. To restore the ductility and strength of corrosion-damaged specimens, the HSFRC
rehabilitation scheme was performed in certain steps:
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1) Removing the existing damaged concrete entirely from the target repair region. The
end portion of the removed concrete surface is chipped at the slope of 1:8 in order to

avoid the abrupt plane change between the surface of the old concrete and HSFRC.

2) The rust products bonded on the reinforcing bar surface were extracted using a steel
wire brush. Thereafter, an anti-corrosive coating (Sika Rustop) was applied to the
damaged reinforcing bar to prevent further corrosion after the repair, as shown in
Figure 3.25 (a). This epoxy is applied in two coats with a time difference of 2-3 hours.

Subsequent concreting is done after 24 hours of coating.

3) A bonding agent (Sika Hibond) is applied at the surface of clean existing concrete to
provide a better bonding layer between old and new concrete and the specimen is
placed in a formwork, as shown in Figure 3.25 (b). The new concrete was added

within 4-5 hours of the bonding agent application.

4) The HSFRC is prepared and poured at the removed concrete area within the
formwork. Table vibration is provided to the entire specimen for uniform distribution

of fibers and concrete. Figure 3.26 shows the specimen retrofitted with HSFRC.

After 24 hours, the entire formwork is removed as HSFRC is set properly and is covered with
wet gunny bags for 28 days of curing. All the corrosion-damaged non-seismically and
seismically detailed BCJ specimens were similarly retrofitted with HSFRC and were tested
under the influence of quasi-static reverse cyclic loading. The nomenclature representing the
HSFRC retrofitted specimens is shown in Table 3.8. The words R, ND, D, and U indicate
Retrofitted, Non-seismic, Seismic, and Uncorroded, respectively. The impressed current-time

duration plots for each specimen are provided in their respective results section of Chapter 5.
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(@) Removal of corrosion damage concrete (b) Dimensioning of dismantled concrete area
Figure 3. 23 Geometrical dimensioning of dismantled concrete for HSFRC retrofitting in

corrosion-damaged specimens
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Figure 3. 24 The fracture, localized pitting of stirrups, descaling, and cross-sectional

reduction of longitudinal bars due to severe corrosion

Figure 3. 25 (a) Application of anti-corrosive coating on the surface of corroded reinforcing
bar, (b) Specimen placed in formwork for retrofitting

X

Figure 3. 26 Table vibration provided to the retrofitted specimen
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Table 3. 8 Nomenclature used for control and retrofitted specimens

Specimen ID Corrosion level Accelerated corrosion duration (days)
NDU Control/Uncorroded -

RND-1 1 13

RND-2 2 23

RND-3 3 32

DU Control/Uncorroded -

RD-1 1 22

RD-2 2 34

RD-3 3 45

3.9 CLOSING REMARKS

This chapter lists the experimental tasks undertaken to complete the entire testing and
retrofitting program. A pilot study was conducted on uncorroded specimens of each detailing
regime to determine and establish the ultimate displacement via damage index and different
corrosion levels for both the non-seismically and seismically detailed beam-column joint
specimens. High Strength Fiber Reinforced Concrete (HSFRC) was developed to be used as a
retrofitting material for corrosion-damaged specimens. The experimental study results are

presented in Chapters 4 and 5.
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CHAPTER 4

SEISMIC BEHAVIOUR OF CORRODED BEAM-COLUMN JOINTS

4.1 GENERAL

In this part of the dissertation, the results of stage 1 (accelerated corrosion exposure) and
stage 2 (part 1-structural testing of corroded BCJ specimens under reverse cyclic loading), are
presented. The detailed methodologies of both stages have already been explained previously
in Section 3.1. The BCJ specimens were subjected to corrosion (three different levels) and
then were tested under reverse cyclic loading conditions. To achieve this objective, firstly,
two reference specimens (one each from different reinforcement detailing regimes) were
selected for the pilot study of corrosion. Based on the pilot study, the test specimens (i.e.,
non-seismically and seismically detailed) were corroded to three different levels (explained in

detail in Section 3.5.2), also shown in Table 3.4.

The reference specimens were tested under cyclic loading in order to set the loading protocol,
explained in detail in section 3.6.1. The control (uncorroded) and corroded specimens were
then tested to the pre-decided drift ratio. After the cyclic loading test was performed, the
corroded specimens were dismantled via a jackhammer, and the corrosion-damaged
reinforcement cage was extracted to calculate the mass loss. The theoretical and the actual
mass loss of reinforcement bars of each corrosion level specimen (calculated as per Section

3.5.4) along with the corresponding crack width is listed in Table 4.1.

The seismic performance of corrosion-damaged BCJ specimens has been determined in terms
of the load-displacement hysteresis curve and envelope curve, displacement ductility, energy
dissipation, stiffness degradation, and principal tensile stress. The obtained results of
respective control and corrosion-damaged specimens are analyzed and discussed in the
subsequent section. The seismic behaviour of different levels of corroded non-seismically

detailed and seismically detailed BCJ specimens has been reported and compared below.
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4.2 MONITORING DAMAGE IN CORRODED BCJ SPECIMENS

Figure 4.1 displays the experimental test setup for the continuous monitoring of impressed
current and behavioural changes occurring at the surface of specimens corresponding to the
time duration. A visual inspection of all the corroded BCJ specimens was done to determine
the damage level due to corrosion. For level 1 corroded specimens, minor spots of rust were
visible after 5 to 7 days of the active accelerated corrosion process. As the time duration
progresses, the deposition of rust increases, as seen in Figure 4.2 (a), and reddish-brown
colour water was observed dripping down the specimen. When the specimens were
unwrapped and cleaned, hairline cracks were visible on the longitudinal reinforcement

direction of the column and beam surface, shown in Figure 4.2.
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(b)

Figure 4. 2 (a) Rust deposition on the surface of stainless-steel mesh and (b) maximum crack

width for Level-1 corroded specimen

As the corrosion-exposure duration increases, severe rust deposition on the surface of steel
mesh can be experienced in the shape of long suspended peaks, as shown in Figure 4.3 (a).
The water dripping down the specimen now appeared to be dark brown, carrying the washed-
out rust products from inside the specimens. The specimens when unwrapped and cleaned
showed wider cracks on the longitudinal reinforcement direction of the column and beam
surface when compared to Level-1 specimens. The cracks were measured with the help of a
Dino-Lite edge digital microscope (series AM7915) having a magnification range of 10x ~
220x. These images were then processed in the associated software for accurate dimensioning
of crack width, as shown in Figure 4.3 (b).

(@)
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(b)
Figure 4. 3 (a) Dense rust deposition and (b) crack width measurement of Level-2 corroded

specimen

At Level-3 corrosion, the specimen showed immense deposition of rust on the mesh surface.
The black colour water along with rust products oozes out of the specimens, as shown in
Figure 4.4 (a). The cracks extended on the longitudinal surface of the beam and column and
were visible without even unwrapping the specimen. The crack width (up to 1.5 mm) as
shown in Figure 4.4 (b) was experienced on the surface of the specimen, which is alarmingly

dangerous for any structure.
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Figure 4. 4 (a) black colour water 0ozing out of the specimen along with rust at severe

corrosion level (b) measured crack width of Level-3 corroded specimen

Table 4. 1 Summary of corrosion measurement in rebars

. Rebars Mass gfter Average actual Theoretical Average crack
. Corrosion . corrosion .
Specimens level diameter damage mass loss mass loss width
(mm) : (%) (%) (mm)
(9)
8 405
10 959
NDC-1 1 5.193 5.869 0.629
12 1809
Stirrups 12535
8 3785
10 902.5
NDC-2 2 12 1797 10.173 11.43 0.989
Stirrups 1186
8 361.5
NDC-3 3 10 875 14.103 14.425 1.509
) 12 1707.5 ' ' '
Stirrups 1074
8 398.5
10 951
DC-1 1 7.85 777 0.286
12 1785.5
Stirrups 1679
8 3825
DC-2 2 10 o2 14.2 14 482
C- 12 1698 . .93 0.48
Stirrups 1490
8 396
10 943
DC-3 3 16.09 16.77 0.852
12 1726
Stirrups 1318.5
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4.3 IMPRESSED CURRENT-TIME DURATION PLOT

The impressed current corresponding to the time duration of the accelerated corrosion process
was recorded on an hourly basis every day. The variation in the current intensity is an
indicator of the change in the corrosion phases and was experienced in the test specimens
also. The impressed current-time duration plot for the corroded non-seismically and
seismically detailed BCJ specimens is displayed in Figure 4.5 and Figure 4.6, respectively. A
continuous linear rise in the impressed current was observed for the NDC-1 and DC-1
specimens at different durations, representing Level-1. After that, a constant rate of
impressed current can be observed representing the calm phase of corrosion, also reported in
the Melchers model, (refer to Figure 1.4). Thereafter, a sudden jump in the impressed current
can be noticed indicating the passive layer breakdown by the continuous ingress of chloride
ions resulting in the rapid corrosion process (i.e., Level-2). This can be visually experienced
by the amount of rust deposition on the mesh surface and reddish-brown liquid oozing out of
the wide cracks. With the increase of corrosion level (i.e., Level-3), the dark colour liquid
was seen 00zing out of the specimens along with the washed-away rust products. The time
duration for the non-seismically and seismically detailed BCJ specimens are seen to be
different due to the reinforcement detailing, however, the levels of corrosion achieved were

similar.
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Figure 4. 5 Impressed current variation with respect to the time duration for all the non-

seismic BCJ specimens
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Figure 4. 6 Impressed current variation with respect to the time duration for all the seismic

BCJ specimens
4.4 DAMAGE PROGRESSION OF BEAM-COLUMN JOINT SPECIMENS

The damage progression and the cracking pattern of the control and corrosion-damaged non-
seismically detailed and seismically detailed BCJ specimens were observed throughout the
displacement-controlled loading. During the test, the specimens were visually analyzed for
damage progression, crack propagation, and failure mode. The ultimate failure of the control
uncorroded specimen was due to a wide shear crack at the beam-column junction and the
propagation of the major cracks was up to 100 mm from the joint region towards the beam
and the column direction. Therefore, this area was selected for the target corrosion region and
all the parallel wire connections were made within this region only. The occurrence and
progression of cracks along the surface of the beam and column during loading are reported
in this section. The mode of failure for control and different levels of corroded specimens are
also discussed.

4.4.1 Damage Progression of Control Non-Seismic Specimen (NDU)

The control non-seismic BCJ specimens were positioned as shown in the experimental test
setup (described in section 3.6), shown in Figure 3.14. The specimen is subjected to
displacement-controlled loading and the corresponding damage is noted. At the drift ratio of

+ 0.35%, the hairline shear cracks at the beam-column junction start to appear from one side
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of the diagonal. From + 0.5% drift ratio onwards, the shear cracks were propagated from both
the diagonal sides of the beam-column junction. Along with the diagonal shear cracks at the
junction, hairline flexural cracks at the beam surface were observed as the drift ratio
progressed. At the beam surface more flexural cracks were observed accompanied by the
initiation of similar cracks at the surface of the column from + 1% drift ratio onwards. At a
drift of £ 1.75% and onwards, a clear sight of the widening of the shear cracks at the junction
of the beam-column was observed and the widening of flexural cracks was also seen. The
specimen ultimately failed due to the shear crack failure at the junction of BCJ, as shown in
Figure 4.7. This failure was noted at a drift ratio of +3.5% and higher. Simultaneously, the
spalling and scattering of the concrete cover were also experienced along with the buckling of

the longitudinal reinforcements.

-

Ultimate failure due to diagonal |
_joint shear cracks| |

Figure 4. 7 Ultimate failure of NDU

4.4.2 Damage Progression of Corroded Non-Seismic (NDC) Specimens

From the corroded test specimens, it was observed that the first flexural crack was generated
at a distance of 100 to 150 mm away from the joint region on the beam surface. Figures 4.8-
4.10 show the failure mode of different levels of corrosion damage specimens and the
dominant flexure crack at the beam surface. The appearance of flexural cracks during the
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early loading stage at this location was due to the localized pitting of the longitudinal

reinforcement bars.

In the level 1 corroded specimen (i.e., NDC-1), it was seen that + 0.25% drift ratio onwards,
the hairline flexural crack originated from one side of the beam surface, i.e., at the localized
pitting location. After the drift ratio of + 0.5%, the flexural crack propagated from both sides
of the beam surface at the location of 100 to 150 mm away from the joint region. As the drift
ratio progressed, the widening of the dominant flexural crack was experienced along with the

occurrence of some more flexural cracks on the surface of the beam and column.

The corrosion cracks which were already present at the longitudinal reinforcements directions
of the specimen widened at the higher drift ratio and the dismantling of loose concrete was
experienced from the cracks. From + 2.75% drift ratio onwards, the crumbling and scattering
of the concrete cover from the dominant wide flexural cracks were seen. The ultimate failure
of the NDC-1 specimen was due to the dismantling of the beam from the wide flexural crack

location, as shown in Figure 4.8.
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Figure 4. 8 Ultimate failure of NDC-1
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The Level 2 and Level 3 corroded specimens (i.e., NDC-2 and NDC-3) show the failure
pattern in the same manner as was experienced for the Level 1 corroded specimen. At the
drift of £ 2.2%, a breaking sound of the fracture of the reinforcement bar in the NDC-2
specimen was heard during the reverse cyclic loading. Correspondingly, a sudden drop in the
specimen load-carrying capacity was experienced during the load-displacement cycles. The

same was experienced for the Level 3 corroded specimen at the drift ratio of + 1.75%.
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Figure 4. 10 Ultimate failure of NDC-3
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The fracture of the 8mm diameter bar was visually confirmed when the loading test was
completed, as shown in Figure 4.11. The bar fracture was also noted when the corroded
specimens were cut open after the cyclic loading test for determining mass loss. The spalling
and shredding of a large amount of damaged concrete from the core region can be
experienced at higher displacement. The damage progression corresponding to the drift ratios

of control and corroded non-seismic specimens is shown in Table 4.2.
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Fracture of 8 mm diameter bar

Figure 4. 11 Fracture of corroded reinforcement bar
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Table 4. 2 Damage progression of all the non-seismic test specimens

D”.ft NDU NDC-1 NDC-2 NDC-3
Ratio
0.2 Hairline flexural cracks
initiate from severe
0.25 Hairline shear pitting location on the
cracks originate at beam surface
the beam-column - - Flexural cracks
A . Hairline flexural Hairline flexural cracks
junction L . . generated from both
0.35 cracks originate on originate on one side of .
) sides of the beam
one side of the beam the beam surface from a surface
- surface severe pitting location
Propagation of
Shear cracks,
0.5 Hairline flexural Widening of dominant
cracks observed at flexural crack, Widening
beam surface of the longitudinal
0.75 New flexural Wide flexural cracks Flexural cracks corrosion cracks present
1 cracks form on the ropaaating on both propagating on both sides at the beam surface,
beam surface, propagating of the beam surface Flexural failure mode
. sides of the beam ST .
Propagation of Widening of dominant
14 surface
Shear cracks flexural crack, New
flexural cracks, Widening Fracture of severely
1.75 — of the longitudinal pitted 8 mm reinforcing
V\I_ldenlng of corrosion cracks bar
dominant flexural . -
K i £ v bi Dislocation of the beam
2.2 Widening of shear cracks, Hairline Fracture of severely pitted at the location of
' cracks at column 8 mm reinforcing bar )
cracks dominant flexural crack
surface . :
Crumbling and scattering
2.75
of concrete cover
Crumbling of
35
concrete cover
l(leIJtelToatjei;a:)IrL:;? Dislocation of the Dislocation of the beam at Shatterlr::%\(l);concrete
Y . the location of dominant
436 shear cracks, beam at the location flexural crack
' Crumbling, and of the dominant
spalling of flexural crack
concrete

4.4.3 Damage Progression of Control Seismic Specimen (DU)

In the control seismic specimen, the damage was initiated with the occurrence of a hairline
shear crack at + 0.35% drift ratio, originating at the beam-column junction from one side.
From + 0.5% drift onward, the diagonal shear cracks start to propagate from both sides of the
specimen at the junction of the beam-column. From + 1% drift ratio onwards, hairline
flexural cracks were experienced on the beam surface which also appeared on the surface of
the column as the drift ratio progressed. Post a drift of + 2.2%, severe damage in the form of
diagonal shear cracks widening at the beam-column junction was experienced along with the
formation of a few more flexural cracks on the surface of the beam and column. When
compared to the control non-seismic specimen, few hairline cracks were experienced in the

control seismic specimen during initial drifts. This can be attributed to the closer stirrups
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detailing in the seismic specimens within the corrosion target area, thereby arresting the
widening and progression of the cracks. The ultimate failure of the control seismic specimens
was due to the dismantling of the beam from the beam-column junction due to the widening
of diagonal shear cracks, as shown in Figure 4.12. It was noticed that at the higher drifts, the
spalling and scattering of the concrete cover in the control seismic specimens was
comparatively less when compared to the uncorroded non-seismic specimen. The close
stirrups arrangement within the joint region holds the damaged concrete in place up to some

extent.
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Figure 4. 12 Ultimate failure of DU
4.4.4 Damage Progression of Corroded Seismic Specimens (DC)

The corroded seismic specimens showed a similar ultimate flexural failure as was
experienced for the non-seismic corroded specimens. For the 1st level corroded seismic
specimen (DC-1), the damage initiates in the form of diagonal shear cracks at the junction of
BCJ, at the drift of £ 0.5%. At the drift ratio of + 1%, the hairline flexural cracks start to
appear at a distance of approximately 150 mm from the joint intersection from one side of the
beam surface (i.e., the side having localized reinforcing bar pitting). From a drift ratio + 1%
onwards up to + 2.2%, the occurrence of new hairline flexural cracks was noticed along with

the widening of the dominant flexural crack on the beam surface. Also, the hairline cracks on
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the surface of the column were propagated during this drift range. The hairline corrosion
cracks present on the longitudinal surface of the column and the beam also widen and the
damaged concrete starts to shred at a higher drift ratio. At + 3.5% drift ratio, the spalling and
scattering of the concrete cover were noticed and the specimen ultimately failed due to the
widening of the dominant flexural crack, as shown in Figure 4.13.

splitting

Diagonal shear [
crack s

Figure 4. 13 Ultimate failure of DC-1

A similar failure pattern was shown by level 2 and level 3 corroded seismic specimens i.e.,
DC-2 and DC-3), as was experienced in the DC-1 specimen. For DC-2 and DC-3 specimens,
the flexural cracks on the beam surface were visible at + 0.5% drift ratio. For both specimens,
the hairline diagonal shear crack occurred at the junction of the beam-column at £1% drift
ratio. As the drift progresses, new hairline flexural cracks on the column and beam surface
originate and the widening of the existing flexural crack takes place. At the higher drift ratio,
a loud sound of rebar fracture was heard, as was experienced in the NDC-2 and NDC-3
specimens. Due to the close arrangement of stirrups in the target corrosion area of the seismic
specimens, the initiation of flexural cracks was slightly delayed. The failure mechanism was
transferred at the junction of the beam-column during initial displacement, resulting in the
occurrence of a hairline diagonal shear crack. However, the ultimate failure for both the
specimens was due to the widening of the dominant flexural crack and the beam dismantling
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from that region only, as shown in Figure 4.14 and Figure 4.15. The corrosion cracks present
in the longitudinal reinforcing bars direction of the beam and column expand at a higher drift
ratio, as shown in Figure 4.16. The shredding of the concrete cover was experienced around
the region of wide flexural cracks. The damage progression corresponding to the drift ratios

of control and corroded seismic specimens is shown in Table 4.3.

Flexural failure at the sever rebar pitting

Diagonal shear crack

Figure 4. 14 Ultimate failure of DC-2

ide flexural crack formation
eads to ultimate failure

Figure 4. 15 Ultimate failure of DC-3
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Figure 4. 16 Widening of corrosion cracks at a higher drift ratio

Table 4. 3 Damage progression of all the seismic test specimens

Drift

Crumbling of
concrete cover

of the dominant
flexural crack

. DU DC-1 DC-2 DC-3
Ratio
02 Hairline shear Hairline diagonal Hairline flexural crack Hglr_lme flexural c_racks
0.25 J I - . originate on one side of
—==——— cracks initiate at shear crack initiates originates on one side of
. . : the beam surface at
0.35 the junction of from one side of the  the beam surface L .
. . severe pitting location
BCJ from one side  joint surface T
0.5 Hairline flexural crack on
Hairline flexur one side of the beam Hairline flexural crack
0.75 ra K eri einute at surface, initiation of form on both sides of
' Shear cracks f[:h:csesvgre? ai t?te q hairline diagonal shear the beam surface
observed at the ; Y I cracks
junction of BCJ location on one side Propagation of flexural - .
- of the beam surface, . Widening of dominant
from both sides i~ . cracks on one side of
1 Hairline diagonal b . 'sh flexural crack, new
shear crack eam, Diagonal shear flexure cracks at beam
cracks observed surface
14 Long flexural cracks ~ Long and wide flexural
175 Widening of form on both sides of  cracks form on both sides  Fracture of 8 mm
' videning the beam surface of the beam surface reinforcing bar
diagonal shear ST
- Widening of I .
cracks, hairline - Widening of dominant
flexural cracks dominant flexural flexural crack, Fracture of S .
2.2 crack, new flexural o - Widening of dominant
observed at the severely pitted reinforcing
cracks at beam . flexural crack
column surface bar, Crumbling of
surface concrete cover
2.75 New flexural Widening of
cracks observed at  dominant flexural Dislocation of the beam
35 the column and crack, Shattering of from the location of
beam surface concrete cover . . dominant flexural crack
Ultimate failure Dislocation of the beam at
due to diagonal Dislocation of the the location of the
g beam at the location ~ dominant flexural crack Spalling and shattering
4.36 shear cracks,

of concrete cover
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45 HYSTERETIC BEHAVIOUR OF SPECIMENS

4.5.1 Hysteretic Load-Displacement Behaviour of Non-seismic Control and Corroded

Specimens

The load-displacement hysteretic plot represents the cyclic behaviour of specimens subjected
to reverse cyclic loading. The hysteresis load-displacement curve determines the structural
deformation, pinching effect, and load-slip behaviour of specimens under repeated cycles via
sensors provided within the actuator which is connected at the surface of the beam. In
general, during initial drifts, it was observed that the load-displacement hysteresis curves
were narrow representing a small area of the hysteresis loop, smaller residual distortion, and
low energy dissipation within the specimens. As the drift progresses, the wide hysteresis
loops were experienced soon after the yielding of longitudinal reinforcement indicating
increased dissipation of seismic energy due to the seismic nature of reinforcing bars. After
reaching the peak load, the hysteresis loop gradually starts to decline representing the fall in
stiffness and energy dissipation. During the ultimate stage of specimens, the hysteresis loop
shows a continuous declining trend thereby, representing the continuous reduction of the
load-carrying capacity and energy dissipation of the specimen. Due to the incrementation of
repeated cyclic loading, the plastic deformation accumulates at the plastic hinge region of the

specimens and degrades the overall mechanical performance.

A smooth and full shuttle-shaped load-displacement hysteresis curve can be seen for the
control non-seismic specimen as shown in Figure 4.17 (a). From the figure, it can be
experienced that the specimen shows no sign of load-slip behaviour and pinching effect
phenomenon, even at the higher loading cycles. However, in the case of corrosion-damaged
specimens pinching effect can be noticed. The NDC-1 specimen shows the strength
degradation at the higher displacement along with the slight bond-slip behaviour represented
by the pinching effect as shown in Figure 4.17 (b). During initial stage of corrosion, slightly
improved plastic deformation, energy dissipation, and bearing capacity are observed. This
can be attributed to the slight expansion of the diametric profile of reinforcement due to the
deposition of rust over the bar area. The rust layer roughens the outer surface of rebar and
enhances the bond between reinforcement and surrounding concrete which results in an
overall improvement of the mechanical properties of the specimen. However, at the higher

corrosion level, the cross-section of reinforcement bars gets reduced due to the corrosion
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attack resulting in a brittle failure. As can be observed from Figure 4.18 (a) and Figure 4.18
(b), the higher corrosion level specimens (i.e., NDC-2 and NDC-3) show severe sliding and
pinching phenomena due to the bond-slip behaviour between surrounding concrete and
reinforcement bars. Further, a brittle fracture of the corrosion-damaged reinforcement bar (8
mm diameter) led to a sudden drop in the specimen load-carrying capacity in the negative
drift, as can be observed in Figure 4.18 (a) and Figure 4.18 (b) for NDC-2 and NDC-3
specimens, respectively. The load suddenly drops from 9.38 kN to 0.13 kN at a -2.75% drift
ratio and from 7.03 kN to 2.76 kN at a -1.4% drift ratio for NDC-2 and NDC-3 specimens
respectively.
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Figure 4. 17 Load-displacement hysteresis curves for (a) NDU and (b) NDC-1 specimens
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Figure 4. 18 Load-displacement hysteresis curves for (a) NDC-2 and (b) NDC-3 specimens
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4.5.2 Hysteretic Load-Displacement Behaviour of Seismic Control and Corroded

Specimens

The control seismic specimen exhibited the same pattern of the hysteresis loop in the load-
displacement hysteresis curve as was experienced for the non-seismic control specimen.
However, the area under the hysteresis loop was dense and large as compared to the area
under the hysteretic loop of the non-seismic control specimen. Figure 4.19 (a) shows the
hysteresis curve of the seismic control specimen (DU) and also authenticates the significance
of closely spaced stirrups detailing in the joint region which resulted in better confinement in

the corrosion-affected zone leading to improved dissipation of energy.

When compared to the hysteresis curve of the NDC-1 specimen, the DC-1 specimen does not
show any sign of a pinching effect, even under higher loading, as shown in Figure 4.19 (b).
For instance, the peak load carrying capacity of the DC-1 specimen was -9.13 kN at the drift
ratio of -4.36% (34.07 mm), and for the NDC-1 specimen, it was -1.91 kN at the same drift
ratio. Figure 4.20 (a) and Figure 4.20 (b) show the hysteresis curve of the DC-2 and DC-3
specimens highlighting the pinching and sliding effects. Moreover, the fracture of the 8 mm
diameter longitudinal bar can also be spotted as there was a sudden fall in load capacity on
the negative cycle. The bond-slip behaviour was comparatively less and more uniform
hysteretic loops were seen in the corroded seismic specimens when compared to corroded
non-seismic specimens. The presence of additional stirrups in the joint area also delayed the
fracture of corrosion-damaged rebars which ultimately improved the seismic performance of
corroded seismic specimens over corroded non-seismic specimens. For instance, the fracture
of the 8 mm diameter bar was experienced for the NDC-3 specimen at a drift ratio of — 1.4 %,
while the same was noticed for DC-3 at — 2.2%, i.e. more than 50% higher drift than that for

the corresponding non-seismic detailed specimen.
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Figure 4. 19 Load-displacement hysteresis curves for (a) DU and (b) DC-1 specimens
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Figure 4. 20 Load-displacement hysteresis curves for (a) DC-2 and (b) DC-3 specimens

4.6 LOAD-DISPLACEMENT ENVELOPE CURVE AND DUCTILITY

A load-displacement envelope curve or skeleton curve encloses and represents all the peak
load of the displacement-controlled loading for each cycle in the respective negative and
positive drift. The seismic behaviour including load-bearing capacity, deformation at elastic,
elastic-plastic, and failure stage of specimens along with the respective ductility of the

specimen can be easily displayed with the help of an envelope curve.

The ductility of a structural component or member is defined as the ability to offer resistance

in the inelastic domain of response by sustaining large deformations (Paulay T 1992; Le-
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Trung et al. 2010). This allows an improved seismic performance in the structural element by
enabling it to dissipate higher energy in the post-elastic region prior to failure. In this
experimental study, the displacement ductility was calculated for all the specimens to
compare the performance of corrosion-damaged specimens with their respective control
specimen. Further, the ductility of different levels of corroded specimens of non-seismic and

seismic specimens was also evaluated and compared.

The displacement ductility is represented as a ratio of ultimate to yield displacement, as
shown in Equation 4.1. Figure 4.21 shows the procedure to calculate the ductility of the
specimens (Siva Chidambaram and Agarwal 2015; Sharma and Bansal 2019). Here, Py1 and
Pu2 represent the peak load in the positive and negative drift cycle, respectively. The
specimens were considered to reach the ultimate failure stage at 80% of the peak strength
(0.8 Py1) and the corresponding displacement was considered as the ultimate displacement in
the positive and negative drift (Au1, Au2), as shown in Figure 4.21. A point representing 50%
of the peak load (0.5 Py1) is marked at the backbone curve. To determine the yield
displacement, a tangent is drawn from the origin and passes through 0.5 Py on the backbone
curve to the point where the tangent crosses the horizontal line representing 80 % of the peak

strength (0.8 Py1) parallel to the x-axis, as shown in Figure 4.21.
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Figure 4. 21 Procedure adopted to calculate the displacement ductility (Siva Chidambaram
and Agarwal 2015; Sharma and Bansal 2019)
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4.6.1 Comparison between Control Specimen and Corroded Specimens

The analysis of the load-displacement envelope curve of corrosion-damaged specimens can
be done in two parts; (1) Pre-peak performance and (2) post-peak performance. From Figure
4.22, showing the load-displacement envelope curve of NDU and NDC-1, it can be seen that
the initial elastic stiffness of NDC-1 was slightly higher than that of the NDU. The reason
supporting this pattern is the deposition of the layer of rust on the reinforcing bars surface
which roughens the rebar contact surface and thereby enhances the bond between
surrounding concrete and the reinforcing bars. However, in the post-peak region, the NDC-1
specimen showed reduced load-bearing capacity due to corrosion-damaged reinforcement
bars, as they were unable to resist loads at higher drift ratios. A significant drop of
approximately 32.56 % in the peak load-carrying capacity in the negative drift ratio direction
was experienced for NDC-1 when compared to NDU specimens. Moreover, a slight reduction
was also noted in the ultimate displacement as this value for the NDU specimen was 34.07
mm, which was reduced to 21.45 mm (corresponding to 80% of peak strength in negative

drift) in the case of the NDC-1 specimen.
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Figure 4. 22 Envelop load-displacement curve of NDU and NDC-1 Specimen

The envelope curve of the NDC-2 specimen is prepared and compared with the NDU
response, as shown in Figure 4.23. The severe corrosion level has significantly affected the
load-carrying capacity along with the ductility. Due to the high corrosion rate, localized
pitting on the surface of stirrups and longitudinal reinforcements was experienced, which led
to the fracture of 8 mm diameter bars in the negative drift cycle at higher drift. When
compared to the NDU specimen, the NDC-2 specimen shows a significant reduction of

57.09% in the peak load-carrying capacity, in the negative drift direction. Also, the ultimate
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failure of the NDC-2 specimen, in the negative drift direction was experienced at 17.16 mm,

which is approximately half the value experienced for the NDU specimen.
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Figure 4. 23 Envelop load-displacement curve of NDU and NDC-2 Specimen

The failure pattern and response of the NDC-3 specimen were somewhat similar to the NDC-
2 specimen but with a higher rate of degradation of strength and ductility. The high rate of
corrosion severely damaged the concrete surface and reinforcement bars resulting in the
catastrophic specimen failure. Figure 4.24 shows the comparison of the load-displacement
envelope curve of NDC-3 and NDU specimens. From Figure 4.24, it can be observed that the
NDC-3 specimen was not able to dissipate the energy and stiffness even at the pre-peak stage
due to the degraded concrete surface owing to the corrosion cracks and severely pitted
reinforcement bars. The NDC-3 specimen shows a peak load of 7.43 kN which is 0.42 times
that of the NDU specimen along with an alarming reduced ultimate displacement of 10.92

mm which is approximately one-third of the value of ultimate displacement experienced for
the NDU specimen.
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Figure 4. 24 Envelop load-displacement curve of NDU and NDC-3 Specimen
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The failure pattern of the corroded seismic (DC) specimens is similar to non-corroded
seismic (NDC) specimens; however, they show comparatively superior performance as
compared to the NDC specimens at different corrosion levels. The load-displacement envelop
curve of DU and DC-1 specimens is shown in Figure 4.25. When compared to the DU
specimen, the DC-1 specimen shows a decrement of 25.88% in the peak load-carrying
capacity in the negative drift direction with the ultimate displacement at 27.29 mm. The DC-1
specimen shows lower load-bearing capacity and stiffness when compared to the DU
specimen. However, the close stirrups arrangement at the joint region enables the seismic
specimens to have higher stiffness, energy dissipation (refer sections 4.7 and 4.8
respectively), and better ductility (as indicated in Table 4.4 below) when compared to non-

seismic specimens, even at severe corrosion levels.
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Figure 4. 25 Envelop load-displacement curve of DU and DC-1 Specimen

As the corrosion level increases, a drop in the performance of specimens is significant. Figure
4.26 shows the load-displacement envelope response of DU and DC-2 specimens. A brittle
fracture of severely pitted reinforcement bars was seen during the cyclic loading, resulting in
pre-mature flexural failure of the specimen. When compared to the DU specimen, a
significant drop of approximately 48.95% in the peak load-bearing capacity of the DC-2
specimen was seen in the negative drift. Due to the fracture of the rebar during the reverse
cyclic loading, the seismic performance has degraded at an alarming rate. When compared to
the DU specimen, an alarming decline in the mechanical performance of the DC-2 specimen

was seen, however, shows superior performance when compared to the NDC-2 specimen.

The comparison of the load-displacement response of DU and DC-3 specimens is shown in

Figure 4.27. The DC-3 specimen showed the ultimate failure at the displacement of 17.16
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mm which is approximately half of the value of ultimate displacement experienced for the
DU specimen. A significant reduction in the peak load-carrying capacity was seen due to the
brittle fracture of corrosion-damaged reinforcement bars. However, when compared to the

NDC-3 specimen, the DC-3 specimen shows better seismic performance, even at a higher
corrosion rate.
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Figure 4. 26 Envelop load-displacement curve of DU and DC-2 Specimen
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Figure 4. 27 Envelop load-displacement curve of DU and DC-3 Specimen

The combined load-displacement envelop curve of control and corroded non-seismic and
seismic specimens is shown in Figure 4.28 and Figure 4.29, respectively. From the respective
figures, it can be observed that the initial elastic stiffness of all the corroded specimens (i.e.
non-seismic and seismic) was slightly higher than that of the respective uncorroded
specimens. The reason supporting this pattern is the deposition of the layer of rust on the
reinforcing bars surface which roughens the rebar contact surface and thereby enhances the
bond between reinforcing bars and surrounding concrete. Furthermore, it was noticed that at

the higher drift ratios, both the load-bearing capacity and stiffness of all corroded specimens
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dropped at a significant rate. A significant drop of approximately 32.56 % and 25.88 % in the
peak load-carrying capacity was experienced for the NDC-1 and DC-1 specimens at higher
drifts especially at the negative drift when compared to that of respective control specimens,
as can be seen from Table 4.4. For the severely corroded specimens (i.e. NDC-2, NDC-3,
DC-2, and DC-3) high plastic deformation along with the visible localized pitting on the
surface of stirrups and longitudinal reinforcements was seen when the samples were extracted
for analysis. This pitting led to the reduced cross-section of stirrups and 8 mm diameter

longitudinal reinforcing bars leading to the fracture of both.

Along with severe pitting, de-scaling of rebars, and degraded bond between rebars and the
surrounding concrete declines the seismic performance of corroded specimens. For instance,
the peak load carried by NDC-3 and DC-3 specimens was only 0.42 times and 0.67 times that
of NDU and DU specimens, respectively at the negative drift cycle. In general, the severely
corroded seismic specimens performed better than the corroded non-seismic specimens. The
peak load-bearing capacity of the DC-3 specimen was 8.54 % and 35.42 % superior to the
NDC-3 specimen in the respective positive and negative displacement.
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Figure 4. 28 Load-displacement Envelope curve of control and corroded non-seismic
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Table 4. 4 Test results of all non-seismic and seismic specimens

Specimens Peak Ultimate Displacement  Ductility
Positive Negative Positive Negative Ay Au/Ay
Pm Am Pm Am Pu Aut Py Aw2
(kN)  (mm)  (kN)  (mm) (kN)  (mm) (kN) (mm) (mm) H

NDU 29.17 259 1740 1294 2334 34.07 13.92 27 10.5 5.81
NDC-1 29.04 1365 13.13 1092 23.23 34.07 105 19 9 5.89
NDC-2 2953 17.16 11.08 7.8 23.62 3407 8.86 17 9 5.67
NDC-3 2752 1716 7.43 585  22.02 27 5.94 8.5 8 4.43
DU 3365 273 17.07 17.16 26.92 34.07 13.65 33 11 6.10
DC-1 3273 2145 1356 1092 26.19 305 10.85 245 8.9 6.17
DC-2 32.08 2145 1146 1092 25.66 34.07 9.17 14 8.25 5.82
DC-3 30.09 17.16 1151 7.8 24.07 32.5 921 125 8 5.62

It can also be observed that the displacement corresponding to ultimate failure was
significantly lower as the level of corrosion goes higher. Due to the presence of close stirrups
arrangement around the joint region, shear bearing capacity was improved in the seismic
specimens thereby making them sustain more drift under severe corrosion levels when
compared to non-seismic specimens. In the negative displacement cycle, the ultimate failure

of NDC-3 and DC-3 occurs at a displacement that is approximately 0.3 times and 0.4 times
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that of displacement corresponding to the ultimate failure of NDU and DU, respectively. The
ductility coefficient was used to determine and compare the post-yield displacement
behaviour of the specimens. The results for the ductility of all the specimens are presented in
Table 4.4. A comparison of ductility values exhibits a significant decline of 24% for the
specimen subjected to severe corrosion (NDC-3) relative to the control specimen (NDU). A
similar but much less significant decline of 8% has been observed in seismic detailed
specimens (DU vs DC-3), indicating that the closer arrangement of transverse reinforcement
can offset the post-yield effects of severe corrosion to some extent.

4.7 STIFFNESS DEGRADATION

Stiffness and stiffness degradation are the salient features signifying the seismic performance
of RC structural members. The slope of the line joining the peak points in loading cycles in
both the negative and positive directions is termed peak-to-peak stiffness (Antonopoulos et
al. 2003; Zohrevand and Mirmiran 2013). Figure 4.30 shows the procedure for calculating
stiffness for all the specimens. The stiffness (K;) for each cyclic displacement was calculated

with the help of Equation 4.2 mentioned below.

C— |+Pi,maX|+|_Pi,max|
1 |+Yi,max|+|_Yi,max|

(4.2)

Where, +Pimax, and -Pimax represent the peak lateral load corresponding to peak positive

displacement (+Yimax) and negative (-Yimax) displacement, respectively.

Pmax+

Defflection (+)

Deflection (mm)
P = (P e P V2

avg

D = ((D.m) +(Deﬂ))/2
avg
Pmax- ®7T tiffness (K) = PogPu

Figure 4. 30 Procedure adopted to calculate the stiffness
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Figure 4.31 shows the peak-to-peak stiffness plots of all the non-seismic specimens. During
the initial drifts, a slight increase in the stiffness of NDC-1, and NDC-2 specimens was seen.
This trend was experienced owing to the bond enhancement between surrounding concrete
and corrosion-damaged reinforcement bars due to the rust deposition on the reinforcing bar
surface. The stiffness of the NDC-1 specimen nearly follows the same linear pattern as was
experienced for the control specimen whereas, specimens NDC-2 and NDC-3 show a steep
reduction in the stiffness values. At the ultimate drift ratio (i.e., + 4.36 %), the control
specimen exhibits 38.71%, 40.43%, and 43.73% higher stiffness than the NDC-1, NDC-2,
and NDC-3 specimens, respectively.

Figure 4.32 shows the peak-to-peak stiffness plots of all the seismic specimens. A similar
trend of a slight increase in stiffness during the initial drifts was experienced by the corroded
seismic specimens, as was experienced by corroded non-seismic specimens. The severely
corroded seismic specimens show a comparatively more gradual fall in the stiffness values at
higher drifts when compared to that of severely corroded non-seismic specimens. When
compared to the DU specimen, DC-1, DC-2, and DC-3 specimens show a fall of 24.68%,
24.06%, and 37.65% in the stiffness values at the drift ratio of + 4.36 %, respectively which
is less when compared to the difference in the stiffness of NDU and corresponding NDC
specimens. The reason behind this improvement in stiffness is the confined arrangement of
stirrups which prevented further shear deformation in the plastic hinge region and thereby

provided the improved bearing capacity to the specimens at higher displacements.
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Figure 4. 31 Stiffness of control and corroded non-seismic specimens
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Figure 4. 32 Stiffness of control and corroded seismic specimens

The stiffness degradation of test specimens was represented in Figure 4.33 and Figure 4.34 as
the plot between stiffness degradation and drift ratio for all the non-seismic and seismic
specimens, respectively. The corrosion cracks present on the beam and column surface widen
as the drift progresses resulting in the shredding of concrete cover. This exposes the damaged
reinforcements within the corroded specimen to loading at an early stage when compared to
that of control specimens, thereby causing a rapid progression in the stiffness degradation. In
the case of NDC-2 and NDC-3 specimens, the stiffness drastically drops after a + 2.2% and +
1.75% drift ratio, representing the fracture of reinforcing bars, thus degrading the stiffness at
an alarming rate. Continuous steep degradation of stiffness was observed for the NDC-3
specimen which represents the inability of this highly corroded specimen to sustain load at a
higher drift ratio. However, when compared to corroded non-seismic specimens, the corroded
seismic specimens show lower stiffness degradation as the drift ratio progresses. Due to the
stirrups arrangement in the seismic samples, shear cracks are arrested within the joint region;
hence the additional confinement of concrete in the plastic hinge area allows it to maintain a

good bond with the reinforcement up to larger drift.
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Figure 4. 33 Stiffness degradation curve of control and corroded non-seismic specimens
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Figure 4. 34 Stiffness degradation curve of control and corroded seismic specimens

4.8 ENERGY DISSIPATION

The seismic behaviour of the structure under earthquake loading can be assessed using
energy dissipation capacity as it reflects the ability of the structure to absorb the input plastic
deformations and seismic energy. In the case of cyclic loading, the energy dissipation can be
calculated as the summation of the area falling under the load-displacement hysteresis loops

at different drift ratios (Bindhu et al. 2009; Saptarshi Sasmall,*,}, K. Ramanjaneyulul 2013;
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Sharma and Bansal 2019). The procedure to calculate the energy dissipation for any typical

loop is shown in Figure 4.35 below.

40 5
Area enclosed in the loop = Energy Dissipation
30

20

10 4

Load (kN)

-10 4

-20 4

20 15 10 5 0 5 10 15 20

Displacement (mm)

Figure 4. 35 Calculation Procedure of Energy Dissipation for i loop.

The energy dissipation of the specimens at each drift ratio under the influence of quasi-static
reverse cyclic loading can be determined through a per cyclic energy dissipation plot.
Referring to Figure 3.15, each drift increment (loop) consists of 3 large reverse cycles; hence
12 loops correspond to 36 large cycles. Figure 4.36 and Figure 4.37 show the energy
dissipation per cycle for the control and corroded non-seismic and seismic specimens,
respectively. From the figures, it can be experienced that both the control specimens (i.e.,
non-seismic and seismic) show a continuous rise in energy dissipation with the advancing
cycle of loading. In contrast, the corroded specimens of both the non-seismic and seismic
categories presented a sudden drop in energy dissipation at a particular drift ratio. The reason
supporting this pattern was the fracture of rebars at certain drifts and the degradation of the
bond between the surrounding concrete and the corrosion-damaged reinforcing bars. The
maximum energy dissipation (per cycle) for the NDU, NDC-1, NDC-2, and NDC-3
specimens was 810.9 kN-mm, 500.55 kN-mm, 352.38 kN-mm and 163.78 kN-mm at the
respective drift ratio of + 4.36%, + 2.75%, + 2.2% and + 1.4%. When compared to corroded
non-seismic specimens, the corroded seismic (DC) specimens exhibit higher energy
dissipation, and the drop in energy dissipation was experienced at a higher drift ratio when
compared to NDC specimens. The seismic specimens (i.e., DU, DC-1 DC-2, and DC-3) show
approximately 18.67%, 43.78%, 11.99%, and 38.91% higher energy dissipation per cycle
when compared to the NDU, NDC-1, NDC-2, and NDC-3 specimens, respectively.
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Figure 4. 36 Per-cycle energy dissipation of control and corroded non-seismic specimens
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Figure 4. 37 Per-cycle energy dissipation of control and corroded seismic specimens

Figure 4.38 and Figure 4.39 represent the cumulative energy dissipation of the non-seismic
and seismic specimens, respectively corresponding to the drift ratio. For the control
specimens, the cumulative energy dissipation shows a linear increasing pattern as the drift
ratio progresses. However, for the corrosion-damaged specimens, cumulative energy
dissipation increases linearly up to a certain drift and thereafter the curve goes flattened up to
the ultimate displacement. The cumulative energy dissipation of NDC-1, NDC-2, and NDC-3
specimens was 0.77, 0.57, and 0.31 times that of the NDU specimen, at the ultimate drift ratio
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of + 4.36%. For DC-1, DC-2, and DC-3 specimens, it was 0.86. 0.47 and 0.4 times that of the
DU specimen. When compared to the non-seismic corroded specimens, the seismic corroded
specimens showed higher cumulative energy dissipation. The cumulative energy dissipation
of DU and DC-3 specimens was 20.32% and 35.09% higher than that of NDU and NDC-3
specimens, showing the importance of a close confined arrangement of stirrups. However, it
was experienced that as the level of corrosion exceeds 10% both for non-seismic and seismic
specimens, the energy dissipation plunges to half or lower the value as compared to control
specimens at the same drift, showing a major degradation in the seismic performance of

corroded specimen.
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Figure 4. 38 Cumulative energy dissipation of control and corroded non-seismic specimens
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Figure 4. 39 Cumulative energy dissipation of control and corroded seismic specimens
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4.9 DAMAGE INDEX OF UNCORRODED AND CORRODED BCJs

The damage in the RC structures is related to inelastic deformations (Kappos 2020). The
damage index is a quantitative dimensionless parameter that normalizes structural damage on
a scale of 0 to 1 by using various damage variables (Karayannis et al. 2008; Kappos 2020).
The damage index of control and corrosion-damaged specimens for this study was calculated
by adopting the Park and Ang model (Park and Ang 1985; Park et al. 1987) since this model
was validated using experimental data from a variety of RC structures that were damaged in
previous earthquakes (Karayannis et al. 2008). As per this model, the damage index (DlI)
range varies from 0 to 1. When the DI value exceeds 1, the structure is meant to be
completely damaged and collapsed (Park and Ang 1985; Park et al. 1987). The damage index
of the reference test specimens was also calculated according to this model (as discussed in
Section 3.6.1), to decide the number of cyclic displacements. This model expresses the
damage index (DI) as a linear function of the effect of repeated cyclic loadings and the

maximum deformation (Park and Ang 1985), as mentioned in equation 4.3 below:

_Sm, B
DI = ot Fyauf dE (4.3)

Where,
e dm represents maximum displacement obtained under cyclic loading
e Jy represents ultimate displacement capacity
e [} symbolizes the strength degradation parameter with a value of 0.1(l.Villemure and
E.Ventura 1995), for well-reinforced concrete structures
e Fy represent corresponding yield strength

e dE represents incremental dissipated hysteretic energy

Figure 4.40 and Figure 4.41 present the progression of the damage index with respect to the
displacement for non-seismic and seismic specimens, respectively. The damage index values
of all the test specimens are shown in Table 4.5. The NDU specimen experienced complete
failure at + 3.5% drift ratio. However, when compared to NDU, the NDC-1 specimen fails
ultimately at an early drift. Similarly, severely corrosion-damaged specimens (i.e., NDC-2
and NDC-3 specimens) show ultimate failure much before the NDC-1 specimen. Due to

highly damaged reinforcement bars and their significantly reduced bond with surrounding
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concrete, the post-yield performance was degraded up to a large extent. In the NDC-2 and
NDC-3 specimens, it was observed that the damage index showed a significant rise after the
fracture of the corroded bar. A similar trend for the damage index of corroded seismic
specimens was noticed as was observed for corroded non-seismic specimens. Table 4.5
illustrates that the seismic specimens having closer stirrups arrangement exhibited improved
damage tolerance even under severe corrosion levels. Despite the fracture of the 8 mm bar,
this arrangement exhibited improved shear resistance and also provided better grip over core

concrete helping it to withstand damage even at higher drifts.

Figure 4.40 and Figure 4.41 shows that when the corrosion rate is below 10% (i.e., NDC-1
and DC-1), the effect of close stirrups arrangement can be experienced, as the DC-1 specimen
showed a lower damage index value when compared to the NDC-1 specimen. The damage
index plot shows that the NDC-1 specimen crossed the value of 1 at the drift ratio of +
2.75%, whereas the DC-1 specimen achieved a complete failure at the drift of + 3.5%. It can
be observed that severe damage has been received by highly corroded specimens, whether
non-seismic or seismic detailed. The complete damage of NDC-3 and DC-3 was encountered
at a drift ratio of + 1.75% and + 2.2%, respectively which is approximately half of the drift
ratio required for the complete damage of NDU and DU i.e., + 3.5%. Further, the DI value
signifies that corroded seismic specimens exhibit better damage resistance at higher

displacement when compared to corroded non-seismic specimens.
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Figure 4. 40 Damage indices over displacement for control and corroded non-seismic
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Figure 4. 41 Damage indices over displacement for control and corroded seismic specimens

Table 4. 5 Damage Index of Control and Corrosion-Damaged Specimens

Drift
_ Displacement Damage Index (DI)
ratio
NDU NDC-1 NDC-2 NDC-3 DU DC-1 DC-2 DC-3
0.2 1.56 0.049 0.059 0.062 0.089  0.047 0.057 0.065 0.070
0.25 1.95 0.062 0.074 0.079 0.113  0.059 0.072 0.082  0.089
0.35 2.73 0.087 0.105 0.111 0.161 0.083 0.102 0.117 0.125
0.5 3.9 0.126 0.151 0.161 0.235 0.120 0.148 0.172 0.182
0.75 5.85 0.191 0.231 0.246 0.365 0.182  0.225 0.260 0.277
1 7.79 0.257 0.317 0.337 0508 0246 0306 0.370 0.381
14 10.92 0.365 0.462 0.494 0.729 0.354 0.440 0.540 0.560
1.75 13.65 0.470 0.611 0.654 0.901 0459 0.571 0.710 0.740
2.2 17.16 0.616 0.815 0.874 1.123 0.604 0.753 0.910 0.922
2.75 21.45 0.810 1.078 1.085 1.394 0.793  0.997 1.110 1.140
35 27.29 1.087 1.360 1.346 1.763 1.062 1.323 1.380 1.434
4.36 34.07 1.429 1.648 1.643 2.184 1.389 1.671 1.700 1.786
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410 JOINT PRINCIPAL TENSILE STRESS

The combined effect of the applied joint shear and the axial load on the column produces

principal compressive and tensile stresses which results in diagonal cracking or crushing of

concrete in the joint core (Tran and Hadi 2017). An improvement in the beam-column joint

performance under the effect of reverse cyclic loading is experienced if the joints possess

higher endurance to the applied principal tensile stress. The following equations (4.4-4.6)

suggested by Priestley 1997 were used for calculating joint principal tensile stress.

Tjh =

P (Lb Lb+0.5DC)
Ahcore

dp Lc

op = (Nc+ P)/(bchc)

_% , |[op? , 2
or=—+ |7t T
Where

e Tjn represents joint horizontal shear stress

e P represents peak cyclic load corresponding to the controlled displacement
e Ancore represents horizontal cross-section area of the joint core

e L, represents the beam length

e dy is the effective depth of the beam

e D represents the total depth of the beam

e L. isthe column length

e opis axial compressive stress

e N represents the column axial compressive load applied using a hydraulic jack

e Db represents the column width
e hc represents the column depth

e ot represents the principal tensile stress
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4.10.1 Comparison between Control and Corrosion-damaged Specimens

Figure 4.42 shows the principal tensile stress vs drift ratio plot for uncorroded and corroded
non-seismic specimens representing the variation in principal stress as the specimen
undergoes higher displacement. It has been observed that the control non-seismic (NDU)
specimen shows the maximum tensile stress resistance up to 3.5% and 1.75 % drift ratio in
the respective positive and negative displacement. Thereafter, a decline in the principal
tensile stress resistance capacity was noticed, as the drift progressed. The figure also indicates
that all corroded specimens offered a slightly better resistance to tensile stress at initial drifts.
This can be attributed to the deposition of a layer of rust on the reinforcing bars surface in the
early stages of corrosion, which roughened up its contact surface (thus allowing a stronger
bond) with the surrounding concrete. For the level-1 corroded specimen, i.e. NDC-1 having
slight corrosion damage, the maximum tensile stress was observed at the drift of 2.2% and
1.4% in the positive and negative displacement. A decline of 15% in the maximum principal
tensile stress capacity was noted in the NDC-1 specimen when compared to that of the NDU
specimen. For the NDC-2 and NDC-3 specimens having severe corrosion damage, the
corresponding decline was 21.2%, and 32.11% at the respective negative drift of 1%, and
0.75%. The progressive widening of cracks along the longitudinal direction of the column
and beam led to the crumbling and dismantling of the concrete cover under high cyclic
loading. Moreover, a significant reduction in the negative drift was experienced due to the
fracture of a severely pitted 8 mm diameter reinforcement bar. These factors combined to

result in a lower resistance to the principal stress.
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Figure 4. 42 Principal tensile stress of control and corroded non-seismic specimens
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A similar trend was experienced for the corroded seismic specimens as was seen in the
corroded non-seismic specimens, as shown in Figure 4.43. The control seismic (DU)
specimen shows the maximum tensile stress resistance capacity up to 3.5% and 2.2 % drift
ratio in the respective positive and negative displacement. The DC-1 specimen shows
maximum tensile stress resistance up to the drift of 2.75% and 1.75% at the positive and
negative drift, respectively. When compared to the DU specimen, DC-1, DC-2, and DC-3
exhibited a decrement in the maximum tensile stress resistance up to 12%, 18.9%, and 19.3%
at the respective drift of 1.75%, 1.4%, and 1% in the negative drift. However, the corroded
seismic specimens resisted tensile stress better than the corroded non-seismic specimens,
even at higher displacements. The DC-3 specimen sustains the tensile stresses up to the drift
of 1% which is slightly higher than that for the NDC-3 specimen (0.75% drift ratio), in the
negative displacement cycles. This is remarkably lower when compared to the NDU and DU
specimens which were able to sustain the applied stresses up to 1.75% and 2.2% drift,
respectively. A significant reduction of approximately 46.68% and 44.32% in the principal
tensile stress of NDC-3 and DC-3 specimens at the drift of 1.75% and 2.2% was seen when
compared to that of NDU and DU specimens, respectively. This was a clear indicator of the
degraded post-elastic behaviour which is due to the weak bond between high corrosion-

damaged reinforcing bars and surrounding concrete.
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Figure 4. 43 Principal tensile stress of control and corroded seismic specimens
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411 CLOSING REMARKS

This chapter explores the effects of corrosion damage (having different corrosion rates) at the
junction of beam column under the influence of reverse cyclic loading. The seismic
performance of different levels of corroded non-seismically detailed specimens was
investigated, compared, and discussed with that of seismically detailed specimens. The
change in the ultimate failure pattern of uncorroded and corroded specimens was reported. As
discerned based on analysis of various seismic parameters, the corroded seismic detailed
specimens showed better seismic performance than the corresponding corroded non-seismic

detailed specimens owing to the closer arrangement of stirrups.
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CHAPTER 5

RETROFITTING OF CORRODED BEAM-COLUMN JOINTS USING
HIGH STRENGTH FIBER REINFORCED CONCRETE

5.1 GENERAL

In this chapter, the results of the seismic performance of the corroded non-seismically and
seismically detailed specimens retrofitted with High Strength Fiber Reinforced Concrete
(HSFRC) are reported. This part of the experimental study corresponds to stage 2 (part 2-
retrofitting and structural testing of corrosion-damaged specimens). Initially, the non-seismic
and seismic test specimens were corroded to three different levels by following the procedure
explained in detail in Section 3.5.3. Figure 5.1 and Figure 5.2 show the respective impressed
current-time duration plots for all the test specimens. The monitoring and measurement of
cracks due to corrosion at different levels was done in a similar manner as was reported in
Chapter 4 (Section 4.2) and the crack width is reported in Table 5.1.

The methodology followed for retrofitting the corroded specimens has already been outlined
previously in Section 3.8. The corroded specimens were cut open to remove the damaged
concrete up to the desired length. After cleaning and treating the corroded reinforcement bars,
the specimens were retrofitted with High Strength Fiber Reinforced Concrete (HSFRC). The
mix proportions and test results of the HSFRC mix are already presented in Section 3.7. The

nomenclature used for the HSFRC retrofitted specimens is shown in Table 3.8.

The retrofitted specimens were cured for 28 days and were tested under reverse cyclic
loading. After the testing was complete, all the corroded specimens were cut open and the
corroded rebars were extracted in order to calculate the mass loss. The actual mass loss and
theoretical mass loss for each level of corroded non-seismically and seismically detailed
specimens are presented in Table 5.1. The seismic response of the retrofitted specimens was
determined in terms of hysteresis load-displacement curve, envelop curve, ductility, energy

dissipation, stiffness degradation, and principal tensile stress.
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Figure 5. 2 Impressed Current-Time Duration Plot for Seismic BCJ Specimens

5.2 CRACK PATTERNS AND FAILURE MODES

In this study, all the Exterior BCJ specimens (i.e. non-seismic and seismic detailing) were
cast following the strong column weak beam mechanism. As per this mechanism, the plastic
hinge formation takes place at the beam end, at the intersection of the beam and column
surface, providing adequate energy dissipation for the structure under a seismic environment.
The crack patterns and failure mode of all the tested specimens including control and
corrosion-damaged retrofitted specimens during the entire progression of the drifts have been
explained in this section.
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Table 5. 1 Summary of Corrosion measurement in Reinforcement bars

. . . Actual
Max. corrosion  Rebar Cum. theoretical Theoretical . Average
. . . . corrosion .
Specimens  current diameter  mass loss corrosion ratio crack width

@) mm (@ %) ratio (mm)

(%)
8

10
RND-1 1.9 12 215.569 5.90 5.56 0.612

Stirrups

8
10

RND-2 3.33 12 610.508 13.07 13.10 0.972

Stirrups

8
10
RND-3 1.09 12 829.665 17.76 17.25 1.404

Stirrups

8
10
RD-1 1.49 12 459.432 8.79 8.66 0.288

Stirrups

8

10
RD-2 3.5 12 869.195 16.63 16.43 0.584

Stirrups

8
10
RD-3 1.19 12 1061.645 20.32 21.15 0.972

Stirrups

5.2.1 Damage Progression of Control and Retrofitted Non-seismic Specimens

During the initial cyclic loading, the damage on the surface of the control specimen initiates
with the occurrence of hairline shear cracks at the junction of the beam-column. Initially, the
shear crack originated from one side of the diagonal at the junction of beam-column i.e., the
side having 8 mm diameter longitudinal reinforcement bars. As the drift ratio progresses, the
hairline shear cracks occur from both diagonals at the beam-column junction. For this
specimen, the diagonal shear cracks were visible at + 0.5% drift ratio. From + 0.5% drift ratio
onwards, hairline flexural cracks were visible on the surface of the beam. The propagation

and widening of the existing shear cracks occurred as the drift progressed. From + 1.75% to +
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3.5% drift ratio, the damage on the specimen surface was mostly channelized towards the
widening of the shear cracks; the propagation of the flexural cracks was relatively
insignificant. At the higher drift ratios, the spalling and scattering of the concrete cover were
experienced along with the yielding of the longitudinal reinforcement. After + 3.5% drift, the
ultimate failure of the specimen was experienced due to the widening of diagonal shear

cracks at the junction of the beam-column, as shown in Figure 5.3.

idehad

Flexure cracks on beam and column surface

Figure 5. 3 Ultimate failure of NDU

When compared to the control non-seismic specimen, minimal flexural cracks were
experienced on the surface of the HSFRC retrofitted specimens. Due to the presence of hybrid
steel fibers, minor cracks were arrested during the continuous ongoing loading, and the
widening of the dominant cracks was also resisted up to a certain extent. As the cyclic
loading was applied to the RND-1 specimen, no hairline cracks were experienced on the
beam and column surface during early drifts. A hairline shear crack was observed at the
junction of the beam-column at a drift ratio of + 0.75%. As the drift ratio progresses, the
widening of the shear crack takes place and no flexural cracks were experienced on the
surface of the specimens due to the presence of hybrid steel fibers. Even though the
longitudinal rebars were corrosion-damaged and suffered cross-sectional reduction, a similar
failure pattern to that of the control specimens was experienced. From + 2.75 % drift ratio

onward, the shear cracks at the beam-column junction become wide enough to ultimately fail
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the specimen, as shown in Figure 5.4. The dismantling sound due to the breaking of the bond
between steel fibers and the concrete surface under the influence of higher cyclic loading was
heard. Due to the presence of uniformly distributed hybrid steel fibers, no scattering and
spalling of the concrete cover were experienced.

Figure 5. 4 Ultimate failure of RND-1

A similar failure pattern was experienced for the RND-2 specimen. In addition, at the drift
ratio of £ 0.75% and £ 1.75%, a hairline flexural crack was observed respectively at the beam
and column surface. At higher drifts, a loud sound was heard directed towards the brittle
fracture of the corrosion-damaged reinforcement bar which was also experienced in the
negative drift of the hysteresis curve. Despite the fracture of the 8 mm bar, the damage was
channelized towards the joint shear failure due to the widening of the shear cracks at the
junction of the beam-column, instead of failing from the fracture reinforcing bar location, as
shown in Figure 5.5. In the RND-3 specimen, firstly a shear crack was observed at + 0.75%
drift ratio. Thereafter, the hairline flexural crack at the drift ratio of £ 1.4% was experienced
at the surface of the beam from one side. A fracture of the localized pitted reinforcement bar
was experienced for the RND-3 specimen; this was similar to that observed for the RND-2
specimen but at a smaller drift ratio. The rebars of the RND-3 specimen were severely
damaged and were unable to transfer adequate ductility. Therefore, the flexural cracks at the

localized pitting location widen as the drift progresses and the specimens ultimately fail due
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to flexural failure, as shown in Figure 5.6. However, even at the flexural failure due to
severely damaged reinforcement bars, the spalling and scattering of the concrete cover were
restricted due to the binding effect provided over concrete by hybrid steel fibers. Table 5.2
shows a comparative analysis of damage progression in retrofitted non-seismic detailed

specimens and the corresponding control specimen.

from the junction of j§
-

BCJ

Figure 5. 6 Ultimate failure of RND-3
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Table 5. 2 Damage progression of all the retrofitted non-seismic test specimens

Drift

. NDU RND-1 RND-2 RND-3
Ratio
02 Hairline shear No sign of cracks on the
0.25 cracks originate at No sign of cracks on the g
—_— surface of beam-column
0.35 the beam-column surface of beam-column
) junction No sign of cracks on
Propagation of the surface of beam-
Shear cracks, column Hairline shear cracks at
0.5 Hairline flexural the junction of beam- Hairline shear cracks at
cracks observed at column the junction of beam-
beam surface column
0.75 New flexural
1 cracks form on the  Hairline shear cracks -
. . Hairline flexural crack on —
beam surface, at the junction of Hairline flexural crack
. the surface of the beam
1.4 Propagation of beam-column on the surface of beam
Shear cracks and column.
- Widening of flexure
175 Hairline flexural crack on crack at the surface of
the beam and column
T the beam
surface. Widening of Fracture of severel
29 shear crack at the junction itted 8 mm reinforc?/n
' Widening of shear of beam-column P bar g
crack at the junction - .
o of beam-column Dlsmant_llng sound due to
Widening of shear breaking of the bond
cracks between steel fibers and
2.75
concrete. Fracture of
severely pitted 8 mm
diameter reinforcing bar  Dislocation of the beam
Dismantling sound from the dominant
due to breaking of flexural crack location.
35 .
bond between steel Dislocation of the beam No spalling and
fibers and concrete - . shattering of concrete
Ultimate failure from the junction of the cover
due to diagonal beam-column.
shear cra%ks Ultimate failure at No scattering and spalling
4.36 : ' the junction of the of concrete cover
Crumbling, and
- beam column
spalling of
concrete

5.2.2 Damage Progression of Control and Retrofitted Seismic Specimens

The failure mode of the control seismic (DU) specimen is similar to that experienced for the
control non-seismic specimen (NDU) i.e., joint shear failure. Under the influence of cyclic
loading, the hairline diagonal shear cracks were observed at the junction of the beam-column
at + 0.5% drift ratio. As the drift progressed, hairline flexural cracks initiated at the column
and beam surface. It was observed that as compared to the NDU specimen, fewer hairline
flexure cracks appeared at the surface of the specimens during initial drifts, as minor cracks
were arrested due to the closer stirrups arrangement within the joint intersection area. From +

2.2% drift ratio onwards, the widening of the dominant shear crack at the beam-column
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junction takes place. Thereafter, the spalling and scattering of the concrete cover were
observed which was comparatively lower than that of the NDU specimen. The DU specimen
experienced a wide shear crack at the beam-column junction resulting in the ultimate failure,
as shown in Figure 5.7.

P

/’, |
P

Flexure cracks on beam and column surface

Figure 5. 7 Ultimate failure of DU

The presence of the hybrid steel fibers in retrofitted specimens not only improved the flexural
performance of the concrete but also delayed the progression and widening of cracks to some
extent. The failure pattern of retrofitted seismic detailed specimens was similar to that of
retrofitted non-seismic detailed specimens. Around the drift ratio of + 0.75%, the hairline
shear cracks were observed at the junction of the RD-1 and RD-2 specimens. This was in
stark contrast to control (DU) specimens where hairline shear cracks had started to appear on
one face at approximately half this drift ratio (around + 0.3% and beyond). During the entire
loading cycle, no flexural cracks were observed on the RD-1 specimen surface. For the RD-2
specimen, only 1 flexural crack was spotted on the surface of the beam originating from one
side of the beam surface. The ultimate failure experienced by RD-1 and RD-2 specimens was
due to the widening of the shear crack present at the junction of the specimens, as shown in
Figure 5.8 and Figure 5.9, respectively. At higher drifts, the soft sound of fibers dismantling
from the concrete surface was also heard, particularly at the location of the wide shear crack.
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Figure 5. 8 Ultimate failure of RD-1

For specimen RD-3, hairline shear cracks were initiated at the beam-column junction at £
0.5% drift ratio. At a drift of £ 1%, hairline flexural cracks started originating from the
localized pitting location at the beam surface, accompanied by the widening of the shear
crack at the junction of the specimen. As the drift progressed, the pre-existing cracks
widened, followed by the fracture of the corrosion-damaged reinforcement bar at a drift of +
2.2%. The fracture was also confirmed by the loud sound during the cyclic loading. Figure
5.10 displays the failure pattern of the RD-3 specimen. Due to the severely damaged
reinforcing bars, the post-yield performance was degraded and RD-3 was unable to follow the
plastic hinge mechanism at the beam end surface at the beam-column junction. Due to the
presence of hybrid steel fibers, the spalling and scattering of the concrete cover were resisted,
even for the highly corroded specimens at the ultimate displacement, presented in Figure
5.11. Table 5.3 shows a comparative analysis of damage progression in retrofitted seismic

detailed specimens and the corresponding control specimen.
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Figure 5. 10 Ultimate failure of RD-3
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Figure 5. 11 Side view of the RD-3 specimen showing steel fiber-concrete bond

Table 5. 3 Damage progression of all the retrofitted seismic test specimens

RD-3

No sign of damage on
the beam-column
surface

Hairline shear cracks at
the junction of beam-
column

Hairline flexural crack
on the beam and column
surface.

Fracture of severely
pitted 8 mm reinforcing
bar

Widening of flexure
crack at the surface of
the beam

Crumbling of
concrete cover

Ultimate failure at the
junction of the beam
column

Drift by RD-1 RD-2
Ratio
02 Ha'r“n? ghear No sign of cracks on No sign of damage on
0.25 cracks initiate at
ST . - the beam-column the beam-column
0.35 the junction of surface surface
0.5 BCJ from one side
Shear cracks Hairline shear cracks at
Hairline shear cracks the junction of beam-
0.75 observed at the - :
- . at the junction of column
junction of BCJ
. beam-column
from both sides
1 .
Propagation of flexural
1.4 .
Widenina of cracks on one side of
175 di ! enlr:gr? beam, Diagonal shear
' lagonal shear cracks observed
cracks, hairline
flexural cracks
2.2 observed at the Widenina of shear Widening of shear crack
column surface crack at tghe unction of at the junction of beam-
beam-columjn column. No scattering
2.75 New flexural and spalling of concrete
cracks observed at
the column and Fracture of severely
3.5 beam surface pitted 8 mm diameter
reinforcing bar
Dismantling sound due
Ultlmate_ failure to breaking of the Dislocation of the beam
due to diagonal bond between steel from the iunction of the
4.36 shear cracks, fibers and concrete. !

beam-column

Dislocation of the beam
from the dominant
flexural crack location.

No spalling and
shattering of concrete
cover
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5.3 HYSTERESIS BEHAVIOUR OF SPECIMENS

5.3.1 Hysteretic Load-Displacement Behaviour of Non-seismic Control and Retrofitted

Specimens

The hysteresis loops in the load-displacement hysteresis plot represent the area of energy
dissipation which is an indicator of damage received (accumulated) by the specimen under
cyclic loading. The smaller loops which are generally observed during the initiation of
loading show less damage received by the specimen. As the loading progresses, much wider
and larger hysteresis loops can be observed representing severe damage and high energy

dissipation under the respective load.

Figure 5.12 (a) displays the load-displacement hysteresis response of the control non-seismic
specimen (NDU). It can be observed that the hysteresis loops generated during initial drift
ratios were narrow and small, as the specimen has not reached the yielding stage and thus
accumulated very little damage. As the reverse cyclic displacement progresses, the damage
imparted to the structure is represented in the form of large and wide hysteresis loops. During
the ultimate loading stage of the specimen, the hysteresis loops show a continuous declining
trend representing degraded load-bearing capacity and reduced damage tolerance. The control
specimen when compared with the retrofitted specimens showed wide and large hysteresis
loops during the initial drift ratios. Due to the superior properties of HSFRC, enhanced
damage tolerance and load-bearing capacity were observed for Level 1 and Level 2 retrofitted

non-seismic and seismic specimens, when compared to their respective control specimens.

Figures 5.12 (b) and Figure 5.13 show the load-displacement hysteresis curve for the
retrofitted non-seismic specimens. Figure 5.12 (b) shows the high load-bearing capacity of
the RND-1 specimen during the initial drift when compared to that of the NDU specimen. It
can also be observed that the hysteresis loops present in the hysteresis curve of the RND-1
specimen are much wider and larger when compared to the hysteresis loops of the NDU
specimen. The peak load of the RND-1 specimen was 33.67% higher than that of NDU.
Figure 5.13 (a) and (b) present the hysteresis loops experienced for RND-2 and RND-3
specimens, respectively. During initial drifts, the damage tolerance and load-bearing capacity
were better than the control specimen. However, at higher drifts, a sudden drop in the load-
bearing capacity in the negative drift was observed. Due to the fracture of severely pitted 8
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mm diameter rebar; this was also visually confirmed after opening the specimen post the
cyclic loading test and extracting the corroded reinforcement cage. As visible from Figure
5.13, the severely corroded retrofitted specimens were unable to recover the load-bearing
capacity at higher displacements due to the corrosion-damaged reinforcement bars. Due to
the retrofitting technique, the fracture of the corrosion-damaged reinforcement bar was
delayed, thereby allowing recovery in the ductile behaviour of the specimens up to a certain
extent. For instance, the fracture of 8 mm bar the for highly corroded retrofitted specimen
RND-3 was observed at a drift of 2.2%, as compared to the bar fracture at 1.4% for NDC-3

(non-retrofitted specimen; refer Table 4.2).
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Figure 5. 12 Load-displacement hysteresis curves for (a) NDU and (b) RND-1 specimens
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Figure 5. 13 Load-displacement hysteresis curves for (a) RND-2 and (b) RND-3 specimens
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5.3.2 Hysteretic Load-Displacement Behaviour of Seismic Control and Retrofitted

Specimens

Figure 5.14 (a) shows the hysteretic load-displacement response of the control seismic
specimen (DU). When compared to the hysteresis plot of NDU, wider hysteresis loops are
experienced for DU, owing to the additional confinement provided to concrete through the
closer stirrups arrangements within the joint intersection region. The large envelop area of the
hysteresis loop was experienced along with the higher load-bearing capacity. Similar to
NDU, the hysteretic loops were comparatively narrow and small during initial drifts and
became large and wide as the cyclic loading progressed. Figures 5.14 (b) and Figure 5.15
show the load-displacement hysteresis curve for the retrofitted seismic specimens. Figure
5.14 (b) shows a significant increase in the load-bearing capacity of the RD-1 specimen along
with the much wider hysteresis loop when compared to that of the DU specimen. Figures
5.15 (a) and (b) show that the load-carrying capacity of the corrosion-damaged specimens
(i.e. RD-2 and RD-3) was recovered during the initial drifts, but continued to deteriorate at
higher drifts, even after retrofitting. This can be attributed to the reduced strength and
ductility exhibited by the severely damaged reinforcement bars. At higher drifts, the fracture
of rebar was experienced causing a sudden drop in the load at the negative drift. However, the
sudden brittle failure of the specimens was prevented owing to the presence of hybrid steel
fibers which were able to bridge the cracks and provide sufficient ductility even after the
fracture of the corrosion-damaged reinforcing bar. From the hysteresis curve of corrosion,
Level-1 retrofitted specimens i.e. RND-1 and RD-1, it can be observed that not only load-
bearing capacity was recovered but also increased up to a certain extent. When compared to
retrofitted non-seismic specimens, the seismic retrofitted specimens exhibit more dense and
wide hysteresis loops. The close arrangement of stirrups within the target corrosion area

enhances the seismic behaviour.
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Figure 5. 14 Load-displacement hysteresis curves for (a) DU and (b) RD-1 specimens
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Figure 5. 15 Load-displacement hysteresis curves for (a) RD-2 and (b) RD-3 specimens
5.4 LOAD-DISPLACEMENT ENVELOPE CURVE AND DUCTILITY

A load-displacement envelope curve represents the peak load in the negative and positive
directions of each drift. With the help of envelope curves, seismic parameters like load-
bearing capacity, elastic and plastic behaviour, and ductility can visualized and evaluated
easily. The following sections provide a comparison of the envelope curves of respective
non-retrofitted specimens and retrofitted specimens, at the same level of corrosion. The peak
load capacity of each specimen is also compared to get a better understanding of the
efficiency of the adopted retrofitting strategy. Finally, the post-peak plastic behaviour of all

specimens is evaluated and presented as displacement ductility in Table 5.4.
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5.4.1 Envelope curve of control and retrofitted specimens

Figure 5.16 displays a comparison of the envelope curves of the NDC-1 and RND-1
specimens. It can be experienced that the retrofitted specimen exhibited higher elastic
stiffness when compared to that of the respective non-retrofitted specimen at the same
corrosion level. The superior mechanical properties of HSFRC and the presence of hybrid
steel fibers are the major reasons supporting this behaviour. The peak load resisted by the
specimen NDC-1 during the cyclic loading in the negative and positive drift was 13.13 kN
and 29.04 kN, respectively. The maximum load-carrying capacity of the RND-1 specimen
was reported as 23.26 kN and 32.09 kN, respectively in the negative and positive drift. Due to
the presence of hybrid steel fibers, the minor cracks were arrested and the major cracks were
delayed during the loading. The ultimate failure mode of the RND-1 specimen even after
having corrosion-damaged reinforcement bars was experienced to be the same as was
experienced for control specimens NDU, as both specimens failed through a dominant shear
crack at the beam-column junction. This is a clear indicator that the adopted retrofitting
technique is capable of fully recovering the degradation in strength at lower corrosion levels,
and may even provide a slight increase in a load-carrying capacity beyond uncorroded control
specimens (the peak load capacity for NDU specimens was 17.4 KN and 29.17 kN during the

negative and positive drift cycles, respectively).
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Figure 5. 16 Comparison of the Envelop curve of the RND-1 and NDC-1 specimen

The envelope curve of the RND-2 specimen is compared with the NDC-2 specimen, as
shown in Figure 5.17. The peak load of the RND-2 specimen was observed as 29.89 kN and
18.59 kN in the positive and negative drift direction against 29.53 kN and 11.08 kN achieved
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for the DC-2 specimen. Figure 5.17 shows the increased initial stiffness of the RND-2
specimen despite having severely pitted reinforcement bars. The degraded ductility of the
corrosion-damaged reinforcing bars was compensated due to the presence of hybrid steel
fibers, and the fracture of the severely pitted bars was delayed under the high displacement.
Despite presenting a fracture of the reinforcement bar during cyclic loading, the ultimate
failure mode was the same as that of the NDU specimen. Further, a slight increase in load
capacity even beyond NDU specimens is noted, testifying to the efficiency of the retrofitting
strategy even at moderate corrosion levels.
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Figure 5. 17 Comparison of the Envelop curve of the RND-2 and NDC-2 specimen

At level-3 corrosion, the fracture of stirrups and longitudinal reinforcement bars due to
localized pitting was seen. The Level-3 corroded bars displayed the ductility value reduced to
half the ductility value experienced for uncorroded bars (refer to Figure 3.13). Figure 5.18
shows the envelop curve of the RND-3 specimen compared with the NDC-3 specimen. The
pre-peak performance of RND-3 specimens was better when compared to the NDC-3
specimen, owing to the presence of HSFRC. The steel fibers have provided enough ductility
to delay the fracture of localized pitted 8 mm diameter reinforcement bars. The ultimate
failure of the RND-3 specimen was due to a dominant flexural crack at the beam surface, as
the bond between severe corrosion-damaged concrete and hybrid steel fibers was not

adequate to transfer the failure mechanism to the junction of the beam-column.
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Figure 5. 18 Comparison of the Envelop curve of the RND-3 and NDC-3 specimen

A similar behaviour was experienced for the seismically retrofitted specimens as was seen for
the non-seismic specimens but with higher damage tolerance and drift progression. Figure
5.19 displays the envelop curve of the RD-1 specimen compared with the DC-1 specimen. It
can be seen that the RD-1 specimen exhibits approximately 70.71% and 3.71% higher
maximum load-bearing capacity than the respective DC-1 specimen, in the negative and
positive drift direction. At the pre-peak stage, the RD-1 specimen shows higher stiffness and

energy dissipation when compared to the DU specimen, due to the superior mechanical
properties of HSFRC and hybrid steel fiber.
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Figure 5. 19 Comparison of the Envelop curve of the RD-1 and DC-1 specimen

Figure 5.20 and Figure 5.21 show the load-displacement envelop curve of RD-2 and RD-3
specimens compared with the DC-2 and DC-3 specimens, respectively. Despite having
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localized pitting at the severe corrosion levels resulting in fracture of rebar at higher
displacements, the retrofitted specimens show a significant increase in load-bearing capacity
at the negative drift. When compared to the DC-2 and DC-3 specimens, the RD-2 and RD-3
specimens show approximately 78.70% and 64.0% higher maximum load-carrying capacity
in the negative drift direction, respectively. The ultimate failure mode experienced in the case
of the RD-2 specimen was similar to that of the uncorroded DU specimen, due to superior
ductility provided by hybrid steel fibers. However, in the case of the RD-3 specimen, the
ultimate failure was due to a dominant flexural crack originating from the location of the

fractured bar. The bars were damaged up to such an extent that post-elastic recovery was not
possible for the RD-3 specimen.
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Figure 5. 20 Comparison of the Envelop curve of the RD-2 and DC-2 specimen
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Figure 5. 21 Comparison of the Envelop curve of the RD-3 and DC-3 specimen
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Figure 5.22 and Figure 5.23 show the combined load-displacement envelop curve of control
and retrofitted non-seismic and seismic specimens, respectively. The retrofitted non-seismic
detailed specimens when compared with the retrofitted seismic detailed specimens exhibited
superior load-bearing capacity and ductility, even at the higher corrosion level. When
compared to the RND-1- RND3 specimens, the RD-1-RD-3 specimens show 5%,10%, and
16.75% higher load-carrying capacity, respectively. Even though the seismic specimens had a
high corrosion rate in every corrosion level when compared to non-seismic specimens, the
close detailing of stirrups in seismic specimens improves bearing capacity, plastic

deformation, and ductility.

Load (kN)

—a— RND-3

T
-40 -30 -20 -10 0 10 20 30 40
Displacement (mm)

Figure 5. 22 Load-displacement envelope curve of control and retrofitted non-seismic

specimens
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Figure 5. 23 Load-displacement envelope curve of control and retrofitted seismic specimens
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To provide a better comparison of the load-carrying capacity between control and retrofitted
specimens, a strength index (SF) was computed following Equation 5.1 and is also shown in
Table 5.4.

Sp = (Favg)retroﬁtted (5-1-)

(Fan)control

Where Favg represents an average of the peak load values in the negative and positive drift.

From the strength index parameter, it can be seen that the retrofitting has provided an
increment in the load-carrying capacity by a factor of 1.18 and 1.11 for RND-1 and RD-1,
respectively. Whereas, for the severely corrosion-damaged retrofitted specimens (i.e., RND-
2, RND-3, RD-2, and RD-3), the index indicates almost the same strength approximately the

same as was seen for respective control specimens

The ultimate failure for the specimen is designated at 80% of the maximum load (in the
envelope curve). The procedure for the calculation of ductility has already been outlined in
detail in Section 4.6 and Figure 4.21. The ductility of all the test specimens has been shown
in Table 5.4. It can be observed that HSFRC retrofitting has prevented a significant drop in
the ductility, even though the corrosion-damaged specimens experienced a fracture of
reinforcing bars during the cyclic loading.

Table 5. 4 Test results of all specimens

Strength

Specimens Peak Ultimate Ductility
Factor
Load Displacement Load Displacement (Sr) Au/Ay
(+) ) (+) Q) +) ) (+) Q] (%) u
(kN) (kN) (mm) (mm) (kN) (kN) (mm)  (mm)

NDU 29.175 17.40 25.9 12.94 2334 1392 34.077 27 - 5.81
RND-1 32.096 23.26 13.65 5.85 25.67 18.6  34.077 9 1.18 6.15
RND-2 29.89 1859 10.92 10.92 23912 14.872 22 14 1.04 5.95
RND-3 2794 1775 10.92 7.799 22352 142 22 12 0.98 5.57

DU 33.656 17.07 27.3 17.16 2692 13.65 34.077 33 - 6.09

RD-1 3359 2315 10.92 10.92 26.87 1852 34.077 16 111 6.34

RD-2 3282 2048 10.92 7.8 26.25 16.38 245 135 1.05 6.17

RD-3 32.62 1886 13.65 5.85 26.09 15.08 21 13 1.01 591
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5.5 STIFFNESS DEGRADATION

The stiffness is categorized as the ability of an RC structural member to endure the
deformation under the specified loading criteria. The stiffness generally deteriorates at
advanced stages of cyclic loading. Post-yielding, the stiffness degradation of lower rate in the
structural member leads to the lengthening of the post-elastic plateau. This allows the
structure to dissipate higher energy through increased plastic deformation, thereby enhancing
its seismic performance. The procedure to calculate the secant stiffness is schematically
illustrated in Section 4.7 (Figure 4.30), and the corresponding formula is mentioned in

Equation 4.2.

The peak-to-peak stiffness comparison with respect to the drift ratio of control and retrofitted
non-seismic detailed specimens is shown in Figure 5.24. A significant improvement in the
initial stiffness of retrofitted specimens was experienced when compared to the stiffness of
the control specimen. An increment of approximately 78.35%, 65.59%, and 54.45% was
observed in the initial stiffness of RND-1, RND-2, and RND-3 specimens when compared to
that of the NDU specimen. The HSFRC provided good bond strength with the steel
reinforcing bars and the steel fibers impart high crack resistance thereby improving flexural
performance under cyclic loading. Though the reinforcement bars within the retrofitted
specimens were corrosion damaged, the specimens exhibited higher stiffness and post-yield
strength up to a certain drift ratio. From Figure 5.24, it can be observed that the specimen
RND-1 shows stiffness higher than the NDU specimen up to the drift ratio of + 2.2 % and
showed a similar stiffness pattern as that of the control specimens even at the higher drift
ratio. For the RND-2 and RND-3 specimens, lower stiffness values than that of control
specimens were experienced after the drift of £1.75% and +1.4%, respectively. Due to the
severely damaged longitudinal and transverse reinforcement bars, the stiffness was not

recovered at the higher displacements.

Figure 5.25 shows the peak-to-peak stiffness plot with the drift ratio of control and retrofitted
seismic detailed specimens. When compared to the respective control specimen, RD-1, RD-2,
and RD-3 specimens showed 83.82%, 65%, and 42% higher initial stiffness. The retrofitting
scheme performed remarkably well to not only recover the stiffness of corrosion-damaged
specimens but also increase these values as compared to the stiffness of specimen DU up to a

certain drift ratio. The stiffness value of the RD-1 specimen became lower than that of the
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DU specimen only beyond the drift ratio of + 2.75%. Similarly, for the RD-2 and RD-3
specimens, the stiffness was higher than that of control uncorroded specimen DU till the drift
ratio of + 2.2% and + 1.75, respectively. It can be observed from the figure that the RD-1
specimen has recovered the stiffness and followed the same trend as was experienced for the
control specimen at the higher drifts. Although all the retrofitted specimens (i.e., non-seismic
and seismic) showed higher stiffness at the initial drifts when compared to respective control
specimens, the seismic detailed retrofitted specimens recovered stiffness up to higher drifts,

when compared to that of the non-seismic ones.
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Figure 5. 24 Peak to peak Stiffness versus Drift ratio of Control and Retrofitted non-seismic
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Figure 5. 25 Peak to peak Stiffness versus Drift ratio of Control and Retrofitted seismic

specimens
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Figure 5.26 and Figure 5.27 show the stiffness degradation curve corresponding to the drift
ratio for all the non-seismic and seismic retrofitted specimens, respectively. It has been
observed that the stiffness degradation rate corresponding to the successive increment in
negative lateral displacement was higher than that in positive lateral displacement. This
behaviour was experienced due to the fracture of corrosion-damaged stirrups and severely
pitted 8 mm diameter bar in the negative displacement cycles. The damaged stirrups and
longitudinal reinforcement bars exhibited inferior tensile strength resulting in brittle failure
and high stiffness degradation of the specimens at higher displacement. It can be experienced
that RND-1 and RD-1 specimens show negligible stiffness degradation at higher drift ratios
when compared to respective control specimens. This signifies that the specimens having a

corrosion rate under 10% can be fully recovered in terms of stiffness and post-yield response.

Stiffness (KN/mm)

Drift ratio (%)

Figure 5. 26 Stiffness degradation of Control and Retrofitted non-seismic specimens

Stiffness (kKN/mm)

Drift ratio (%)

Figure 5. 27 Stiffness degradation of Control and Retrofitted seismic specimens
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The RND-2, RND-3, and RD-2, RD-3 specimens show a sudden rise in stiffness degradation
at a certain negative drift ratio, representing fracture in the longitudinal reinforcing bar. After
the fracture of the bar, the expansion of the dominant crack width was resisted due to the
presence of hybrid steel fibers, resulting in low stiffness degradation even at the ultimate drift
ratio. It can be experienced that the fracture of the rebar has been delayed in the seismic
specimens when compared to that of retrofitted non-seismic specimens. The RD-3 specimen
showed better post-yield behaviour and a 19.13% increase in stiffness at = 2.2% drift ratio
when compared to that of the RND-3 specimen. This demonstrates the better performance of
retrofitted seismic specimens even at severe corrosion levels due to confined stirrups
arrangement at the joint intersection area. The stiffness degradations of all retrofitted
specimens (non-seismic and seismic) were significantly improved up to a certain

displacement.
5.6 ENERGY DISSIPATION

The energy dissipation capacity is defined as the ability of the RC structures to dissipate the
input energy under severe loading conditions such as earthquakes. The energy dissipation of
the specimen is determined by considering the enclosed region of the hysteretic loop at every
cyclic displacement, as indicated in Section 4.8 (Figure 4.35). The energy dissipation of
specimens can be mainly evaluated under two parameters. The first one is cumulative energy
dissipation which is the summation of energy dissipation obtained under successive
displacement cycles. The second one is the equivalent viscous damping ratio (&eq), Which
reflects the dissipated energy of the structure under the seismic loading. The energy

dissipation and damping ratio calculation model is shown in Figure 5.28.

Lateral force

Displacement

Figure 5. 28 Analytical curve representing calculation of energy dissipation and damping
ratio (Liu and Li 2018)
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The equivalent viscous damping ratio (&eq) Of all the test specimens is calculated by using

equations 5.2 and 5.3.

(Pm)i(Amax)i
(Be)y =t man 52
_ (ED)i 0
Sea = e (5:3)
Where,

o (Ee)irepresents dissipated elastic energy
e (Pm)iis the maximum load in the cyclic loops
e (Amax)iis the maximum displacement in the cyclic loops

o (Ep)iis energy dissipation in the i cycle of hysteresis loops.
5.6.1 Comparison between control specimen and retrofitted specimens

The HSFRC retrofitting improved the lateral drift capacity even though the beam-column
joint specimens were severely damaged due to corrosion. It reflects that the retrofitting
strategy enables the corrosion-damaged specimens to dissipate the energy up to higher lateral
drifts. Figure 5.29 and Figure 5.30 represents the plots for cumulative energy dissipation of
control and retrofitted non-seismic and seismic specimens, respectively with respect to the

drift ratio. The corresponding numerical values are presented in Table 5.5.
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Figure 5. 29 Cumulative energy dissipation of control and retrofitted non-seismic specimens
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Figure 5. 30 Cumulative energy dissipation of control and retrofitted seismic specimens

Table 5. 5 Cumulative energy dissipation of control and retrofitted specimens

5" Cycle Drift NDU DU RND-1 RND-2  RND-3 RD-1 RD-2 RD-3
No Ratio

o) (kN- (kN- (kN- (KN- (kN-mim) (kN- (kN- (kN-

mm) mm) mm) mm) mm) mm) mm)

1 3 0.2 4.003 3.639 4.04 4.64 4.02 4.48 8.33 6.24
2 6 0.25 8.998 8.388 10.53 10.58 9.77 10.50 14.47 12.92
3 9 035 17.643 15.101 23.55 22.07 20.96 23.12 27.29 26.12
4 12 0.5 30.614  26.977  49.57 43.97 40.68 45.43 50.36 50.10
5 15 0.75 53.003 53.328 101.73 91.95 82.02 88.71 94.11 100.97
6 18 1 84.161  96.626 189.97 165.17 150.85 157.27 163.93 177.02
7 21 1.4 151.33  196.73 332.46 313.38  349.6 306.96 309.15 317.33
8 24 1.75 26094 353.90 535.94 52798  605.34 517.69 536.15 549.85
9 27 2.2 47162  627.62 833.35 820.85  894.10 829.61 862.98 860.33
10 30 275 815.86 1047.75 1202.72 115145 1030.83 1226.80 1201.13 1091.99
11 33 35 136290 1691.79 1462.10 1370.96 1155.77 167422 145498 1272.89
12 36 436 211035 2539.21 174588 1574.89 1299.24 2097.40 1700 1430.22

A significant increment in the energy dissipation during the initial drifts was experienced in
retrofitted specimens when compared to control specimens, owing to the superior mechanical
properties of HSFRC and the presence of hybrid steel fibers which provided a better
resistance against tensile cracking. At + 0.5% drift ratio, RND-1, RND-2, and RND-3
specimens showed approximately 100.5%, 68.77%, and 52.04% higher energy dissipation
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than that of the NDU specimen. For RD-1, RD-2, and RD-3 specimens, the increment in the
energy dissipation at the same drift was up to 83.77% 89.9%, and 97.52% when compared to
the respective DU specimen. From the figure, it can be seen that up to + 2.75% drift, a
significant increment in the cumulative energy dissipation of retrofitted specimens was
experienced when compared to the control specimens. Thereafter, the curve tends to go flat
due to the inferior tensile strength of corrosion-damaged reinforcing bars. As the drift
progressed, a drop in the energy dissipation was experienced at a certain drift representing a
fracture in the severely pitted reinforcement bar. However, when compared to the energy
dissipation of retrofitted non-seismic specimens, the seismic retrofitted specimens exhibit
high dissipation of energy at higher drifts, due to the close stirrups arrangement at the beam-
column interface region. At the ultimate drift of + 4.36%, the RD-1, RD-2, and RD-3
specimens show 20.13%, 8%, and 10% higher cumulative energy dissipation when compared
to RND-1, RND-2, and RND-3 specimens, respectively.

As reported in several studies, the RC members having a high equivalent viscous damping
ratio possess better energy dissipation capacity. Figure 5.31 and Figure 5.32 show the
equivalent viscous damping ratios plotted against the drift ratio for the retrofitted non-seismic
and seismic detailed specimens, respectively. A significant increase in the equivalent viscous
damping ratio values of the retrofitted specimens was experienced during the early drift ratio,
signifying the improved dissipation of energy. At the drift ratio of + 0.5%, the specimens
RND1-RND3 show an increment of approximately 18.24%, 14.78%, and 6.23% in the
equivalent viscous damping ratio values when compared to the respective control specimen.
Similarly, for RD1-RD3 specimens an increment of approximately 25%, 44.44%, and
52.22% was observed when compared to the respective control specimen. When compared to
the respective control specimens, the retrofitted non-seismic and seismic specimens achieve
up to 88.5% and 59.05% higher equivalent viscous damping ratio values, respectively.
Thereafter, a declining trend in viscous damping ratio values was observed at higher

displacement cycles.

After the drift ratio of £+ 2.75%, the equivalent viscous damping values of retrofitted
specimens (i.e., RND-3 and RD-3) were less than the respective control specimens,
representing the non-recoverable damage at higher drifts. It was seen that the retrofitted

seismic detailed specimens exhibit a high damping ratio at higher displacements when
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compared to that of the retrofitted non-seismic detailed specimens. At + 3.5% drift ratio, the
equivalent viscous damping ratio of RD1-RD3 specimens was 46.51%, 14%, and 90.56%
higher than that of RND1-RND3 specimens, respectively. With the retrofitting using HSFRC,
the concrete spalling and buckling of the corrosion-damaged reinforcing bars got delayed.
This in turn improved the load-displacement behaviour and ultimately resulted in higher

viscous damping ratios of retrofitted non-seismic and seismic specimens.
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Figure 5. 31 Equivalent viscosity damping of control and retrofitted non-seismic specimens
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Figure 5. 32 Equivalent viscosity damping of control and retrofitted seismic specimens
5.7 DAMAGE INDEX OF CONTROL AND RETROFITTED SPECIMENS

For this study, the damage experienced by all the test specimens under the reverse cyclic

loading was quantified by adopting the Park and Ang damage index (Park and Ang 1985).
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The damage index (DI) represents the severity of the damage through values ranging from 0
to 1. If the damage index value is 1 or above, the entire specimen is considered to have
achieved ultimate failure (completely damaged). The formula and procedure for the
calculation of DI have already been discussed previously in Section 4.9 (Equation 4.3).

5.7.1 Comparison of control and retrofitted specimens

Figure 5.33 shows the damage index of control and retrofitted non-seismic specimens
corresponding to the progressing displacements. The NDU specimen experienced complete
failure at the drift ratio of 3.5%, as the Damage index was higher than 1 at this drift. When
compared to the NDU specimen, the RND-1 specimen shows considerably less damage as the
displacement progresses. The RND-1 specimen was completely damaged at the drift ratio of
4.36%, owing to the hybrid steel fibers which increased the damage resistance of the
specimen. The presence of hybrid steel fibers developed the bridging effect on the high-
strength concrete, which ultimately improved the tensile and flexural performance of the
retrofitted specimens even at higher displacements for specimens subjected to lower
corrosion rates. The RND-2 specimen showed a similar damage index as was seen for the
NDU specimen. The RND-3 specimen showed a slightly higher damage index when
compared to the NDU specimen. Beyond the drift ratio + 2.75%, the RND-2 and RND-3
specimens exhibited ultimate failure. Despite the fracture of the corrosion-damaged
longitudinal reinforcement bar at higher drifts, the retrofitted specimens showed considerable
damage tolerance, even for the severely corroded specimen. The values of damage index for
all the tested specimens corresponding to the drift are presented in Table 5.6. As compared to
the NDU specimen, RND-1 and RND-2 specimens showed 22.22% and 1.23% less damage
index values respectively at + 2.75% drift ratio. The RND-3 specimen showed a similar

damage index value as was experienced for the NDU specimen.

The damage index pattern observed for control and retrofitted seismic detailed specimens was
similar to that noted for the non-seismic detailed specimens. Figure 5.34 illustrates the
damage index of control and retrofitted seismic specimens corresponding to the drift ratio.
The RD-1 specimen shows significantly lower damage index values than the DU specimen.
This signifies the recovery and enhancement of the damage resistance of corrosion-damaged
specimens (having a corrosion rate of less than 10%) after the application of HSFRC
retrofitting. At the drift ratio of +2.75%, the RD-1 and RD-2 specimens show 30.64%, and
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8% respectively lower damage index values when compared to that of the DU specimen.
However, the RD-3 specimen showed a similar damage index value as was experienced for
the DU specimen. The non-seismic retrofitted specimens when compared with the seismic
retrofitted specimens exhibit superior damage tolerance, even at higher drift ratios. The close
stirrups arrangement at the beam-column intersection of the seismic specimens provided
additional shear resistance capacity. When compared to RND-1-RND-3 specimens, the RD-
1-RD-3 specimens show 13%, 8.75%, and 2% superior damaged tolerance at the drift ratio of
+2.75%.
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Figure 5. 33 Damage indices of all tested non-seismic specimens

0.8-
a)
% 061
=
=
[0]
& 04
2o
3
0B
--u-- DU
021 —=— RD-1
s RD-2
. -+ RD-3
' 1 2 3 4 5

Drift ratio (%)

Figure 5. 34 Damage indices of all tested seismic specimens
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Table 5. 6 Damage Index of Control and Retrofitted Specimens

Drift )
atio Displacement Damage Index (D)

NDU  RND-1 RND-2 RND-3 DU RD-1 RD-2 RD-3
0.2 1.56 0.049  0.040 0.044 0.050 0.047 0.032 0.042 0.046
0.25 1.95 0.062  0.050 0.060 0.060 0.059 0.040 0.053  0.059
0.35 2.73 0.087  0.070 0.080 0.084 0.083 0.060 0.008 0.084
0.5 3.9 0.126  0.100 0.120 0.122 0.120 0.082 0110 0.122
0.75 5.85 0.191  0.150 0.180 0.190 0.182 0.130 0.200 0.187
1 7.79 0.257  0.202 0.242 0.260 0.246 0.171 0230  0.257
1.4 10.92 0.365 0.300 0.351 0.383 0.354 0.250 0.330 0.370
1.75 13.65 0.470  0.400 0.460 0.510 0.459 0.323 0430 0.487
2.2 17.16 0.616  0.500 0.600 0.663 0.604 0424 0567 0.638
2.75 21.45 0.810 0.630 0.800 0.815 0.793 0.550 0.730  0.801
35 27.29 1.087  0.800 1.000 1.010 1.062 0.709 0.950 1.001
4.36 34.07 1.429  1.000 1.200 1.233 1.389 0900 1.124  1.225

5.8 JOINT STRESSES

The damage encountered by the RC structural member under seismic loading can be assessed
by determining the principal tensile stresses within the joint interface. The principal tensile
stress at the joint for all the test specimens has been calculated by adopting the procedure

outlined in Section 4.10 (using equations 4.4-4.6).
5.8.1 Comparison of Control and Retrofitted Specimens

The principal tensile stress of control unretrofitted and retrofitted non-seismic specimens is
shown in Figure 5.35. The maximum principal tensile resistance capacity in the NDU
specimens was 6.62 MPa and 4.67 MPa at the drift ratio of 3.5% and 1.75% at the positive
and negative displacement, respectively. The maximum improvement of the principal tensile
capacity of the RND-1 specimen during positive and negative drift was approximately 1.1
times and 1.2 times over the NDU specimen. Similarly, for the RND-2 and RND-3 specimens
that had severely damaged reinforcement bars, the principal tensile resistance capacity was
recovered when compared to the respective control specimen up to a certain drift. The
retrofitted specimens experience improved initial principal tensile stress-carrying capacity,

owing to the presence of hybrid steel fibers. However, at higher drifts, due to the fracture of
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severely pitted rebars and shattering of concrete-fiber bond, a rapid degradation in tensile

stress carrying capacity was experienced.

Principal tensile stress (MPa)
B

Drift ratio (%)

Figure 5. 35 Principal tensile stress of control and retrofitted non-seismic specimens

Principal tensile stress (MPa)
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Drift ratio (%)

Figure 5. 36 Principal tensile stress of control and retrofitted seismic specimens

Figure 5.36 shows the principal tensile stress plot of control unretrofitted and retrofitted
seismic specimens against the drift ratio. For the DU specimen, the maximum principal
tensile resistance capacity was 4.62 MPa and 7.38 MPa at 2.2% and 3.5% drift ratio, at the
negative and positive displacement, respectively. When compared to the DU specimen, the
RD-1 specimen shows up to 1.22 times improvement in the maximum principal tensile stress

carrying capacity. Similarly, the RD-2 specimen shows 1.12 times higher principal tensile
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resisting capacity in the negative drift when compared to the control unretrofitted specimen.
The RD-3 specimens showed approximately similar maximum tensile stress resistance up to a
certain drift as was experienced for DU specimens, signifying the recovery of tensile stress

even for the severely corrosion-damaged specimens.

Table 5.7 shows the principal tensile stress for all control and retrofitted specimens. The
retrofitted seismic specimens show superior tensile stress resistance capacity than the
retrofitted non-seismic specimens, at all the drift levels. The close arrangements of stirrups
allow the seismic specimens to bear tensile stress even for the severely corroded specimens
and at the higher drifts when compared to retrofitted non-seismic specimens. The RD-3
specimen shows up to 12.34% higher tensile stress-resisting capacity (maximum) with
respect to the maximum stress for the RND-3 specimen.

Table 5. 7 Principal Tensile Stress of Control and Retrofitted specimens

RD;:; NDU RND-1 RND-2 RND-3 DU RD-1 RD-2 RD-3
(%) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
4.36 6.58 6.32 5.77 4,92 6.84 6.77 5.86 4.69
3.5 6.62 6.48 6.11 5.81 7.38 6.89 6.1 5.11
2.75 6.53 6.70 6.23 5.84 7.34 6.98 6.55 6.24
2.2 6.48 6.99 6.31 5.88 7.31 7.10 7.03 6.65
1.75 6.56 7.11 6.54 6.02 7.27 7.31 7.08 7.20
1.4 6.22 7.06 6.74 6.41 6.70 7.37 7.24 6.88
1 5.41 6.38 6.42 6.40 5.73 6.81 6.29 6.24
0.75 4.81 5.89 5.78 5.86 4.82 6.18 571 5.52
0.5 4.18 5.16 5.01 5.06 3.77 5.49 5.04 4.72
0.35 3.76 4.56 4.48 4.58 3.18 4.90 4.61 4.02
0.25 3.46 4.04 4.04 4.27 2.79 441 411 3.20
0.2 3.28 3.78 3.78 4.01 2.72 4.08 3.80 2.84
0 0 0 0 0 0 0 0 0
-0.2 2.98 4.07 3.79 3.35 2.96 3.83 3.70 4.32
-0.25 3.21 4.42 3.88 3.49 3.12 4.06 3.94 4.40
-0.35 3.32 4.83 4.16 3.79 3.46 4.34 4.19 453
-0.5 3.54 5.25 4.50 4.20 3.91 4.72 452 4.76
-0.75 4.08 5.63 473 4.56 4.25 5.35 4.97 4.90
-1 4.38 5.62 4,78 4,72 4.33 5.55 5.17 4.84
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-1.4 4.61 4.63 4.86 4.61 4.43 5.61 5.13 4.72

-1.75 4.67 4.28 4.49 4.01 4.48 5.33 4.59 4.04
-2.2 4.45 4.00 3.56 3.21 4.61 491 3.67 3.42
-2.75 4.34 3.54 3.00 2.67 451 3.92 2.93 2.50
-3.5 4.3 3.05 2.54 2.66 4.15 3.61 2.57 2.52
-4.36 4.21 3.11 2.57 2.64 4.06 3.40 2.62 2.53

5.9 CORROSION MONITORING OF THE RETROFITTED SPECIMENS

Detection of the probability of corrosion within RC structures is of prime concern to
adequately plan the maintenance and replacement of damaged concrete structures (Berger et
al. 2011; Beck et al. 2012; Verma et al. 2014). Half-cell potential (HCP) mapping, a
standardized non-destructive technique is primarily the most widely adopted method for steel
corrosion monitoring in RC structures (Elsener 2001; Elsener et al. 2003; Gonzélez et al.
2004; Song and Saraswathy 2007; Structures 2008; Pradhan et al. 2009; ASTM C876 2015;
Jung et al. 2019; Adriman et al. 2022; Almashakbeh et al. 2022; Kumar Tiwari et al. 2023).
This method is performed and interpreted following the guidelines of (Conshohocken 2009;
ASTM C876 2015). In this method, the measurement of the potential difference between an
external electrode placed at the concrete surface and the embedded steel reinforcement was
done with the help of high-impedance voltmeter. An accurate test setup including proper
electrical connectivity between reinforcing bars and voltmeter and also a wet surface between
the concrete surface and external electrode is essential for determining reliable results (Pour-
ghaz et al. 2010; Sadowski 2013). A schematic representation of the test setup of Half-cell
potential is shown in Figure 5.37.

In this study, the half-cell potential mapping was done for the retrofitted specimen to monitor
and determine the potential values. Firstly, the potential values of the corroded specimen
(before the treatment of reinforcement bars) were measured. Thereafter, the retrofitting
scheme adopted in this study was applied to the corrosion-damaged specimen, and the
damaged concrete was entirely replaced from the target repair region with HSFRC.
Moreover, the corroded reinforcing bars were cleaned and treated with anti-corrosion agents.
Thereafter, the continuous monitoring of the potential values was undertaken for the next 4
months (with a periodic 1-month interval). The test setup for the half-cell potential test is
shown in Figure 5.38. Table 5.8 illustrates the reference potential values as per ASTM C876
for categorizing the probability of corrosion in the specimen.
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Figure 5. 37 Schematic illustration of the test setup of half-cell potential measurement (Pour-
ghaz et al. 2010).
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Figure 5. 38 Half-cell potential test setup
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Table 5. 8 Dependence between potential and corrosion probability (ASTM C876 2015)

No. Potential Ecorr, mV Probability of Corrosion

Reference electrode

Cu/CuSo4
1 <-426 mV Severe Corrosion
2 <-276 mV High risk, 90% probability of corrosion
3 -126 mV to -275 mV Intermediate risk, uncertain corrosion
4 0 mV to -125 mV Low risk, 10% probability of corrosion

Figure 5.39 shows the half-cell potential (HCP) measurements for the time period of 4
months plotted on a contour map for visual interpretation. From the table and the figure, it
can be seen that after the corrosion exposure and before the treatment of reinforcing bars, the
HCP was in the range of 407-477 mVse, indicating a severe corrosion probability. After
cleaning and treating corroded reinforcement bars with an anti-corrosive agent and replacing
damaged concrete with HSFRC, the potential was noted again. After 1 month of reinforcing
bars treatment and retrofitting, the HCP were in the range of 277-315 mVsc indicating high
corrosion risk. After 60 days (2 months) of retrofitting, the potential values dropped at the
range of 97-133 mVsce and thereafter maintained a constant potential range of 70-140 mVsce
indicating low corrosion risk for the following next 2 months, as can be seen in Figure 5.39.
This indicates the suitability of the adopted retrofitting scheme in removing corrosion from

the structure and reducing the probability of recurrence of the same at later stages.
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Figure 5. 39 Contour plot of potential Ecor.

5.10 CLOSING REMARKS

This chapter presents an insight into the effectiveness of the HSFRC retrofitting scheme as a

seismic performance improvement strategy for rehabilitated RC structures. The seismic

parameters indicate the improved performance of corrosion-damaged specimens when

compared to respective control uncorroded specimens, especially for low and moderate

corrosion rates even at high cyclic drift. The retrofitted specimen was continuously monitored

for the corrosion probability in the time frame of 4 months with the help of the Half-cell

potential method, which indicated significantly lowered chances of recurrence of corrosion

within the specimens.
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CHAPTER 6

NON-LINEAR FINITE ELEMENT ANALYSIS

6.1 GENERAL

This chapter presents a 3D non-linear finite element analysis (FEA) of the seismic behaviour
of the corrosion-damaged RC exterior BCJ. The general-purpose FE software ABAQUS was
used to validate the experimental results presented in Chapter 4. The corrosion-induced
damage in the Exterior BCJs was modeled by considering an equivalent reduction in the
cross-section of reinforcement and simultaneously modifying the properties of both concrete
and steel by reducing their strength. The reinforcement detailing, geometry, and different
levels of corrosion for non-seismically and seismically detailed BCJs were assumed in
agreement with the experimental methodology mentioned in Chapter 3. Table 6.1 shows the
description and identification of control and different levels of corroded non-seismically
detailed and seismically detailed specimens. The performance of the corrosion-damaged BCJ
specimens was numerically assessed by analyzing the load-displacement curves, post-peak
response, and the damage progression leading to ultimate failure.

Table 6. 1 Identification of control and corroded specimens

S.No Specimen Identification
Description Corrosion level

1 Non-Seismically Uncorroded NDU-N

2 detailed 1 NDCL1-N

3 2nd NDCL2-N

4 3 NDCL3-N

5 Seismically Uncorroded DU-N

6 detailed 1t DCL1-N

7 2nd DCL2-N

8 3 DCL3-N
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6.2 MODELING OF CONCRETE
6.2.1 Constitutive Modeling

In ABAQUS, the behaviour of plain concrete under varying conditions of loading can be
described by several constitutive models such as the Brittle cracking model, Smeared crack
model, and Concrete damage plasticity (CDP) model. The brittle crack model is adopted to
simulate the concrete when it is possible to assume that the compressive response will stay
elastic and that tensile cracking is the only cause of material nonlinearity. The smeared crack
model is used when the response of unreinforced and reinforced concrete is simulated under
pressure of low-confinement subjected to monotonic loading. The CDP model is capable of
capturing and modeling the non-linear behaviour of materials of quasi-brittle nature, both in
compression and tension appropriately (Najafgholipour et al. 2017; Behnam et al. 2018;
Bahraq et al. 2019). Furthermore, the CDP model provides effectiveness in analyzing
concrete structures under dynamic, cyclic, and monotonic loading (Najafgholipour et al.
2017; Behnam et al. 2018), therefore is adopted for this study. The CDP model used in
ABAQUS has presented the modeling of the nonlinear behaviour and post-peak behaviour of
concrete with better accuracy when compared to experimental test results (Abdelatif et al.
2015; Genikomsou and Polak 2015; Wosatko et al. 2015). A CDP model needs a number of
input parameters as shown in Table 6.2, in order to generalize the uniaxial stress-strain

properties of concrete to the three-dimensional stress space. These are listed below:

e Stress-strain values when the concrete is subjected to compression and tension

e The dilation angle that determines the plastic flow direction through the incremental
plastic strain vector (y)

e The flow potential eccentricity (default value = 0.1)

e The ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive
stress (fbo/fco). According to Lubliner et al. (Lubliner et al. 1989), the value ranges
between 1.10 to 1.16. The default value in ABAQUS is 1.16.

e The viscosity parameter (w)

e The ratio of the second stress invariant on the tensile meridian to that on the
compressive meridian at the initial yield for any given value of pressure invariant
such that the maximum principal stress is negative (k). The value ranges between 0.5
and 1. In ABAQUS, the default value of k is 0.667.
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Table 6. 2 Concrete damage plasticity parameters for normal strength concrete

. Dilation o o
Material Eccentricity  fho/fco k Viscosity Parameter
Angle
Normal
35° 0.1 1.16 0.667 0.007985
concrete

6.2.2 Modeling Corrosion effects

The FE models were provided with the actual corrosion rates obtained from the experimental
study as reported in Chapter 4, for simulating effects of corrosion. The properties such as
different percentages of corrosion rate and stress-strain data for different diameters of
reinforcing bars having different corrosion rates were adopted. An overview of corrosion

effects accounted for Non-linear FE analysis is shown in Figure 6.1.
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Figure 6. 1 Flow chart presenting the steel corrosion effects on both steel and concrete

materials
6.2.2.1 Concrete in Compression
The behaviour of concrete in compression was simulated according to the model proposed by

Mander JB, Priestley MJN 1989 with the parameters defined according to the experimental
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results (Dangwal and Singh 2023). The input values for the parameters like modulus of

elasticity, peak strength, Poisson ratio, etc. have been reported in Table 6.3.

Due to the rust deposition over the bar surface at the concrete-reinforcing bar interface in RC
components during the corrosion process, additional tensile stresses are generated on the
concrete region. This gives rise to spalling and cracking of concrete cover resulting in the loss
of strength. Capozucca and Cerri 2003 proposed a modified law for considering corrosion
damage in the compressive zone of RC beams. However, this law was limited to
microcracked concrete and not suitable for concrete having significant corrosion damage. As
suggested by D. Coronelli and P. Gambarova 2004, the cracking and spalling of the concrete
due to corrosion damage can be reflected by reducing the strength of the concrete cover.
Several numerical studies have adopted the reduction in the strength of concrete cover to
replicate the damage due to spalling and cracking in the concrete due to corrosion (D.
Coronelli and P. Gambarova 2004; Zhao et al. 2018; Liu et al. 2021b; Van Nguyen et al.

2022). A reduced value of compressive strength of the corroded elements (fc<°r ) was adopted

as shown in Figure 6.2 (a); this was calculated in accordance with the relationship proposed

by D. Coronelli and P. Gambarova 2004, as shown in equation 6.1 below:

(6.1)

e [ represents the compressive strength of corrosion-damaged concrete,

e f. represents the compressive strength of undamaged and uncorroded concrete,

k is the coefficient related to bar roughness and diameter (for medium diameter ribbed
bars, k=0.1), as suggested by Capé 1999

¢ 1S strain corresponding to peak compressive stress f;’

&, represents average tensile strain perpendicular to the direction of the applied

compression, in the cracked concrete.

& = (bf— bo)/bo (62)

br— bo = Nbars Wer (6.3)
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Wer = 2iUjcorr = ZM(Vrs_l)X (6.4)
Where

e bsrepresents beam width increased by cracking due to corrosion

e b, represents section width in the original state

e Npars represents compression bar in numbers (top layer)

e W represents the total crack width associated with a corrosion level X

e Ui corr represents each corrosion crack opening

e Visrepresents the ratio of oxides volumetric expansion to the original material (Vs=2,
(Molina et al. 1993))

e X represents the corrosion attack depth
6.2.2.2 Concrete in Tension

The tensile behaviour of concrete (Figure 6.2. (b)) is modeled through the softening function
proposed by Cornelissen et al. 1986; Hordijk DA. 1991. The tensile peak strength from the
experimental data (Split tensile test performed in the laboratory; refer Table 6.3) is taken as
2.5 MPa. To acquire accuracy in the simulation results, the deterioration parameters also play
a significant role. Therefore, the concrete damage parameters under compression and tension

(dc and d) were adopted using equations 6.5 and 6.6, proposed by Birtel and Mark 2006.

E—l
de= 1 TcZe 6.5
‘ efL(biC—l)+0'CEc‘1 (6:5)
di= 1 — —~2tE (6.6)
! etPL(bit—l)+0'tEC‘1 .
where

e 0, = compressive stress

e 0, = tensile stress

e &P =Dplastic compressive strain
e &Pl =plastic tensile strain

e Ec = initial elastic modulus

e bc = scaling factor between inelastic strain and plastic strain, in compression
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constant range 0 < bc < 1

e b= scaling factor between inelastic strain and plastic strain, in tension

constant range 0 < b < 1

Je - fi

Eco

(@) (b)

Figure 6. 2 Concrete constitutive relationship in (a) Compression and (b) Tension

Table 6. 3 Properties of nominal concrete

Properties Normal concrete
Modulus of elasticity (GPa) 23

Poisson ratio 0.2

Specific weight (kg/m?3) 2400
Compressive strength (MPa) 24

Split tensile strength (MPa) 2.5

6.2.3 Element type

The element library of ABAQUS has first-order and modified second-order interpolation
elements in 2 or 3 dimensions. The quadrilateral and triangular linear elements are available
in 2D whereas, triangular prism, tetrahedral, and hexahedral linear elements are available in
3D. The hexahedral elements with reduced integration (8-node linear brick element C3D8R)
(Gebreyohaness 2013; Ridwan 2016) were used to model the concrete since they provide the
best results for the minimum computational cost in three-dimensional analysis and have
higher converging capabilities owing to the increased node count (Puso and Solberg 2006).

The C3D8R geometry represents eight nodes, having three degrees (translational) of freedom
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per node, allowing for trilinear stress variations, as shown in Figure 6.3. This element type
has also been successfully implemented in modeling the concrete beam-column junction
subjected to reverse cyclic loading (Danesh, F., Esmaeeli, E. and Alam 2008; Abbas et al.
2014). The concrete BCJ model is displayed in Figure 6.6.

face 6

Figure 6. 3 Brick element (Eight-node) (Ridwan 2016)
6.3 MODELING OF REINFORCEMENT BARS
6.3.1 Constitutive Modeling and Corrosion Effects

The material reaction of steel reinforcement beyond its yield point was described by the von
Mises yield criterion combined with the isotropic hardening response (Ridwan 2016). A
linear elastic nature of the steel was assumed up to the yield having a Young’s modulus of
approximately 200 GPa and a poissons ratio of 0.28. The properties of steel reinforcing bars
of 8 mm, 10 mm, and 12 mm diameter bars were defined from the tensile testing stress-strain
data and are presented in Table 6.4. Following tensile testing, the stress-strain data were
transformed into a true stress-logarithmic plastic strain format and entered into ABAQUS
using equations 6.6 and 6.7 (Thaker 2016).

Gtrue = Onom (1+ Snom) (6.6)

Etrue = ln (1+ Snom) = O't;ue (67)
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Where

e otueand Ewue represent respective true stress and true strain

¢ cnomand Enom represent respective nominal stress and strain

e Erepresents the modulus of elasticity

Table 6. 4 Mechanical properties of steel reinforcing bars

Properties Reinforcing Steel
Longitudinal reinforcement Shear reinforcement
Bar diameter (mm) 8 10 12 8
Modulus of elasticity (GPa) 195.0 191.0 200.0 195.0
Poisson ratio 0.28 0.28 0.28 0.28
Specific weight (kg/m?®) 7850 7850 7850 7850
Yield strength (MPa) 640.96 691.97 528.59 640.96

Ultimate tensile strength (MPa)  715.91 784.85 621.11 715.91

In the current experimental study, the corrosion damage was targeted at the joint region.
From the visual examination, it was experienced that the damage due to corrosion extended
up to an approximate length of 550 mm in the beam and column direction from the beam-
column junction, as displayed in Figure 6.4. Therefore, replicating experimental conditions,
non-uniform corrosion was modeled by merging two steel bars of different lengths (i.e., 550
mm length + remaining length as per specifications). The highlighted bar length (red colour)
shown in Figure 6.5 represents the non-uniform corroded region. In the literature, the
corrosion effect on the reinforcement has been modeled by reducing the cross-section area of
rebars and simultaneously modifying the mechanical properties of corrosion-damaged
reinforcement bars (Du et al. 2005; Zhang et al. 2012; Finozzi et al. 2018; Imperatore and
Rinaldi 2019; Zeng et al. 2020; Van Nguyen et al. 2022). For different corrosion rates, the
cross-sectional area reduction and modified stress-strain properties were adopted for the
highlighted length only. For uncorroded specimens, the entire reinforcing bar length was
modeled using the original area of cross-section and tensile properties of steel bars as
mentioned in Table 6.4. In this numerical simulation, the cross-sectional area reduction of the
corroded reinforcing bars was adopted by following Equation 6.8 (Biswas et al. 2020; Liu et
al. 2021b).
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As(Xcr) = ”TDZ( - )1(0%) (6.8)

Wo—Wce o

Xcr = 100 6.9)

Wo

Where

e D represents the reinforcement bar diameter

e W, and wc represent the weight of uncorroded and corroded reinforcements from the
experimental data (Dangwal and Singh 2023)

e Xcr represents the corrosion ratio from the experimental data (Dangwal and Singh
2023)

The values of wo, we and Xcr are adopted as per the data presented in Chapter 4 (Table 4.1).
The mechanical properties like yield strength, elastic modulus, ultimate strain, and ultimate
strength show a decline as the corrosion percentage increases as per Equations 6.10-6.13
proposed by Wang and Liu 2008; Wu and Yuan 2008.

fe=(1- 0.00198 Xcr) £ (6.10)
Es= (1-0.00113 Xcr) Es (6.11)
7=(1-0.0019 Xcr) f2 (6.12)
&= (1- 0.021 Xcr) &u (6.13)
Where

e fy represents the nominal yield strength and fu represents the ultimate strength of
uncorroded reinforcing bars
e f,° represents the nominal yield strength and f.° represents the ultimate strength after

the corrosion damage
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e Esand Es° represent the nominal elastic modulus of uncorroded and corrosion damage
reinforcing bars, respectively
e & and &° represent the nominal ultimate strain of uncorroded and corrosion-damaged

reinforcement bars, respectively.

Figure 6. 4 Target corrosion affected length at the reinforcing bars surface (Dangwal and
Singh 2023)

(@) (b)
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(©)

Figure 6. 5 Schematic configuration of corrosion site (part in red) on the surface of

reinforcing bars of (a) 8 mm (b) 10mm and (c) 12 mm diameter
6.3.2 Element Type

In ABAQUS, several element types are available that can be employed to model steel
reinforcement bars such as beam elements (i.e., linear (B31), and quadratic (B32)), and truss
elements (T3D2). Gebreyohaness 2013 performed a series of analyses to compare the
suitability of both element types to model reinforcement bars. It was reported that the result
accuracy was not affected significantly by using either of the elements. However, a higher
computational cost and model run-time were associated with the usage of beam elements
when compared to that of the truss elements. The beam element showed over-prediction of
strength degradation and post-peak stiffness when compared with the truss element response
(Ridwan 2016). Hence, a three-dimensional truss element with two nodes (T3D2) was used in
modeling the longitudinal and transverse reinforcing bars throughout this numerical study.
The embedded reinforcement bars for non-seismically detailed and seismically detailed BCJ

specimens are shown in Figure 6.7 (a) and (b).

Figure 6. 6 Geometric model of test specimen
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Figure 6. 7 Embedded reinforcement bars for (a) non-seismically detailed and (b) seismically

detailed BCJ specimens
6.4 CONSTRAINTS, BOUNDARY CONDITIONS, AND LOADING

The constraint feature present in the interaction module defines and signifies the restrictions
on the degree of freedom. The degree of freedom between regions of a model can be
constrained, suppressed, or resumed to vary the analysis. There are various types of
constraints available in the interaction module and can be applied as per the model analysis

requirement.

An EMBEDDED REGION constraint was provided in the proposed model to embed the
reinforcing bars cage within the concrete BCJ model. The embedded element technique
generally specifies an element or group of elements located within a host element, the
response of which will be utilized to constrain the translational degree of freedom of the
embedded nodes. The reinforcement cage was assigned as the embedded region and the
concrete BCJ model was assigned as the host region, as shown in Figure 6.8. Another
constraint was provided at the top of the beam surface as a Tie constraint. A tie constraint is
applied to restrain the relative motion between two separate surfaces even though both
surfaces have different meshes applied over them. A reference point “R1” to which the
displacement cycles were appointed was selected as the master surface while the top surface

of the beam was selected as the slave surface, as can be seen in Figure 6.9.
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The boundary conditions and loading conditions assigned to the numerical model were
identical to those adopted for the experimental study. Both the column ends were fixed by
providing ENCASTRE boundary conditions, constraining all the active structural degrees of
freedom. The axial load of 0.1Aqfc was applied at a uniform rate on one side of the column
replicating the gravity loading, as was provided in the experimental study keeping the other
end of the column fixed (Kaviani et al. 2021; Fayaz et al. 2022).

The analysis of the numerical model continued up to the maximum displacement of 34 mm,
similar to the experimental study, and was assigned at the reference point “R1, as shown in
Figure 6.9. A complete displacement cycle comprises two halves (i.e., positive and negative),
adopted as per the guidelines of the American Concrete Institute (ACI 374.1-05 2005). The
total duration for the numerical simulation can be defined by the parameter “Step Time”. In
the present experimental study, a displacement-controlled loading was applied with a
frequency of 0.2 cycles/sec (f = 0.2). Therefore, all the specimens in FE modeling were tested
at this frequency only, and based on this step time was finalized. The maximum displacement
of 34 mm was divided into twelve intervals, each having four cycles (three large and one
small). Thus, a total of 48 cycles were generated, each having a 5 seconds time interval,

resulting in a total step time of 240 seconds.

Figure 6. 8 Embedded Reinforcement
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Cyclic loading

Column axial
pressure load

Figure 6. 9 Boundary conditions
6.5 MESHING

The meshes over the parts and assemblies created within ABAQUS/CAE are applied via the
mesh module. The application of sufficiently refined mesh is important to ensure the
accuracy of ABAQUS simulation results. The process of assigning mesh attributes such as
mesh techniques, seeds, and element type to the parts and assemblies of the model is feature-
based. For all the solid elements used in the FE model, structured meshing was adopted as the
matrices based on structure meshing are fast and easy to assemble. The mesh density along
the boundary and also in the interior of the region is determined by the seeds along the edge
of the selected region. Seeds can be identified as markers that are placed along the edges of a

selected region to specify the target mesh density, as shown in Figure 6.10.
6.5.1 Mesh Convergence study

A mesh convergence study was performed to determine an optimal size mesh which allows
an accurate prediction of BCJ specimen response while minimizing the computational effort.
A total of five element size mesh (i.e., 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm) were
uniformly assigned to the control beam-column joint specimen model. Figure 6.11 illustrates

the mesh convergence results for the control specimen under reverse cyclic loading and the
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similarity in the convergence of all the element sizes mesh. The load-displacement envelope
curve obtained for each element size mesh was compared with the envelope curve of control
specimens taken from the experimental study (Section 4.6). The numerical result of the
specimen having an element mesh size of 50 mm shows a closer agreement with the
experimental test result in terms of maximum load when compared to other element sizes.

Therefore, an element mesh size of 50 mm was adopted for all the specimens.
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Figure 6. 10 Finite element mesh
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Figure 6. 11 Envelope curve of Experimental results and FE analysis for different values of
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6.6 VALIDATION OF NUMERICAL MODEL

The FE analysis results of non-seismically and seismically detailed specimens were validated
with the experimental study results presented in Chapter 4. The maximum load obtained from
the FE analysis and experimental results under the influence of cyclic loading were compared
in Table 6.5. To express the model accuracy and the associated over and underestimation of
the non-linear FEA, the error (%) is evaluated based on the relation given in Behnam et al.
2018; Liu et al. 2021b; Yimer and Aure 2022, also presented in Table 6.5.

NLFEA result—Experimental result

Error (%) =

(6.14)

Experimental result

In general, the error in the estimation of peak load capacity for all specimens is below 10%,
which is a clear indicator of the ability of the FE model to closely estimate the experimental

load-carrying capacity.

Table 6. 5 Comparison between experimental and numerical results

. Corrosion
Specimen n Fmax (KN)
Level
Description Identification Exp. FE Dif (%)
N NDU-N Uncorroded - 23.28 25.34 8.84
on-
o NDCL1-N 1 5.19 21.08 22.29 5.74
Seismically
NDCL2-N 2nd 10.17 20.3 22.13 9.01
detailed
NDCL3-N 3 14.1 17.47 19.76 13.1
DU-N Uncorroded - 25.36 27.84 9.77
Seismically DCL1-N 1t 7.85 23.14 24.75 6.95
detailed DCL2-N 2nd 14.2 21.77 22.88 5.09
DCL3-N 3 16.09 20.75 22.08 6.4

“n” represents the average mass corrosion ratios of the reinforcing steel bar; Fmax is the peak load-carrying
capacity of the specimen (average value of the peak load in the negative and positive loading cycles); Dif (%) =
[(predicted-exp.)/exp.] x 100, (Liu et al. 2021b).

The experimental and numerical load-displacement hysteresis and envelope curve at a drift
ratio of + 4.36% are presented in Figure 6.12 (a) and Figure 6.12 (b). The FEM shows an
excellent prediction of peak load in both the negative and positive displacement direction,
post-peak response, and ultimate failure pattern for the uncorroded specimen (NDU-N), when

compared to the experimental uncorroded specimen (NDU), as shown in Figure 6.12. The
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results exhibit wider hysteresis loops from FE modeling when compared to experimental
results. This behaviour of hysteresis loops may occur due to the adoption of an embedded
method for simulating the interaction between reinforcement bars and concrete surfaces
(Yimer and Aure 2022).
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Figure 6. 12 Load-displacement response of non-seismic uncorroded/control experimental
and FEA specimen (a) Hysteresis curve; (b) Envelope curve

Figure 6.13 shows the hysteretic and envelope curve comparison of the numerical specimen
(NDCL1-N) with the reported experimental results of the specimen (NDC-1). The NDC-1
shows better stiffness at the pre-peak stage than NDCL1-N, as the diametric profile of the
reinforcement bar increases due to the deposition of rust on the surface, resulting in an
increased bond between the rebar and concrete surface. This parameter was not replicated in
the FE modeling, therefore showing the slight difference in the elastic stiffness. The peak
loading carrying capacity from the numerical simulation shows a close correlation with the
experimental result with an error (%) of 5.74%. Figure 6.14 and Figure 6.15 illustrate the
comparison between numerically simulated and experimental test results for non-ductile
detailed specimens at the 2" and 3™ levels of corrosion, respectively. The figure shows good
agreement between numerical modeling and experimental test results for specimens NDCL2-
N and NDCL3-N in terms of maximum load-carrying capacity, post-peak response, and
ductility. The NDCL2-N specimen shows a difference of approximately 9% in the peak load
response of numerical and experimental results. The hysteresis loops of the corroded
specimens (i.e., NDCL2-N and NDLC3-N) were represented up to a particular displacement
on the negative displacement side. This was experienced due to the fracture of 8 mm diameter
reinforcing bars for the specimens having higher corrosion rates (specifically > 10%, for both

the reinforcement detailing regime specimens).
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Figure 6. 13 Load-displacement response of corroded (level-1) non-seismic experimental and

FEA specimen (a) Hysteresis curve; (b) Envelope curve

40
304 -
30 /"’K.::
[ ]
20 20 ./
z
Z 104 =
Z —= 10
= g
E o 8
— 0 n
40 \ J
10 e —a—NDC-2
201 "'"\::’r —e—NDCL2-N

T T T T
<40 30 -20 -10 0 10 20 30 40

Displacement (mm) Displacement (mm)

(@) (b)
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Figure 6. 15 Load-displacement response of corroded (level -3) non-seismic experimental and

FEA specimen (a) Hysteresis curve; (b) Envelope curve
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The fracture of reinforcement bars in the corrosion-damaged specimens is determined by Von
Mises stress representation. Before the distortional energy reaches its yielding point, the
material is under an equivalent amount of stress, which is represented by the von Mises
stress. The maximum Von Mises stress reached 724 MPa (for 2" and 3" level corroded non-
seismic detailed and seismic detailed specimens), as shown in Figure 6.16, which exceeds the
experimentally obtained ultimate tensile stress value of 8 mm diameter reinforcing bars (i.e.,
715.91 MPa), (Refer to Table 6.4). This exhibits the fracture of the 8 mm diameter bars
which causes a sudden decrement in the load-carrying capacity, as shown by the numerical
results. A similar trend was noted in the experimental study (Chapter 4, Figure 4.18 and
4.20). This depicts the capability of the FE model to capture the fracture modes of the
corrosion-damaged reinforcement bars. The post-peak response showing the fracture of
severely corroded reinforcement bars during cyclic loading was also well simulated. In the
NDCL3-N specimen, the fracture of corrosion damage bars was experienced at early
displacements (i.e., 7.79 mm) when compared to the displacement of the NDCL2-N specimen
(i.e., 17.16 mm), as the damage level was higher, thereby sustaining fewer displacements
before fracture. A reduction of approximately 29% and 54% in the peak load-carrying
capacity was observed for NDCL2-N and NDCL3-N specimens in the negative cycle, when

compared to the NDU-N, due to severe corrosion damage.
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Figure 6. 16 Fracture of reinforcing bars determined by VVon-Mises stress
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Figure 6.17 (a) and (b) show the experimental (DU) and numerical (DU-N) load-
displacement hysteresis and envelope curve response of uncorroded seismic specimens at an
ultimate drift ratio of + 4.36%. For the seismically detailed uncorroded specimen, DU-N
exhibits an average peak load of 27.84 kN against the peak load of 25.36 kN for the
corresponding experimental specimen DU. The FE analysis shows an excellent prediction of
peak load in both the positive and negative displacement direction when compared to the
experimentally tested specimen. Figure 6.18-6.20 compares experimental and FEA results for
different levels of corrosion-damaged seismic specimens. The error (%) displaying the model
accuracy shows a value of less than 10% for all the specimens (Refer Table 6.5 above). The
fracture of 8 mm diameter reinforcing bars was also experienced for the seismically detailed
specimens as was experienced for non-seismically detailed specimens, at higher corrosion
levels. However, when compared to non-seismically detailed corroded specimens, the
seismically detailed corroded specimens show higher peak load and ductility.
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Figure 6. 18 Load-displacement response of corroded (level -1) seismic experimental and

FEA specimen (a) Hysteresis curve; (b) Envelope curve
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Figure 6. 19 Load-displacement response of corroded (level -2) seismic experimental and

FEA specimen (a) Hysteresis curve; (b) Envelope curve
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Figure 6. 20 Load-displacement response of corroded (level -3) seismic experimental and

FEA specimen (a) Hysteresis curve; (b) Envelope curve

6.7 NUMERICAL ANALYSIS OF THE PERFORMANCE OF CORRODED RC
EXTERIOR BCJs

After validating the FE simulation results against the experimental results, the numerical
assessment of the load-bearing capacity of different levels of corrosion-damaged BCJ
specimens was carried out in this section. The parameters like load-carrying capacity,
stiffness degradation, and ductility of the corroded non-seismically detailed and seismically
detailed specimens were numerically analyzed and compared. Also, the damage progression

at the surface of concrete for different levels of corrosion damage was analyzed with the help
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of the parameter PEMAG and was compared with the ultimate damage pattern reported in the

experimental study.
6.7.1 Load-Displacement Hysteresis Curve
6.7.1.1 Hysteretic Behaviour of Uncorroded BCJ Specimens

The hysteretic behaviour of the specimen represents the relationship between the lateral force
and displacement applied at the top surface of the beam. The comparison of the numerical
and experimental hysteretic responses of the uncorroded non-seismically detailed and
seismically detailed specimens is shown in Figure 6.12 (a) and Figure 6.17 (a), respectively.
This displays the numerical model accuracy for effectively simulating every loading cycle
both in terms of strength as well as stiffness. For non-seismically detailed uncorroded
specimens (NDU-N), the maximum load in the negative and positive cycles is 18 kN and
32.68 kN corresponding to the displacement of 10.92 mm and 27.29 mm, respectively. For
the seismically detailed uncorroded specimen (DU-N), the maximum load in the negative and
positive cycles is 20.32 kN and 35.36 kN corresponding to the displacement of 13.65 mm and
27.29 mm, respectively.

The cyclic behaviour of the specimen is characterized by a gradual reduction in strength and
stiffness corresponding to the increasing displacement. In the negative displacement cycle,
the strength reduction is observed at a gentle rate. The ultimate failure (i.e., where the
ultimate load is 0.8 times the maximum load) (Siva Chidambaram and Agarwal 2015;
Sharma and Bansal 2019) is reached for non-seismically detailed and seismically detailed
uncorroded specimens at the respective displacements of 21.45 mm and 34.07 mm. A similar
hysteresis behaviour of uncorroded specimens was experienced in the experimental study (
Refer Section 4.5).

6.7.1.2 Hysteretic Behaviour of Corroded BCJ Specimens

Figures 6.13-6.15 (a) and Figures 6.18-6.20 (a) show the comparison of the numerical
hysteretic responses and experimental hysteretic responses of the corrosion-damaged non-
seismically detailed and seismically detailed specimens, respectively. The hysteretic
behaviour of corroded seismically detailed specimens shows better load-carrying capacity
than non-seismically detailed specimens. The specimen DCL1-N exhibits a higher load-
bearing capacity of 31.56 kKN and 15.24 kN at the ultimate drift of + 4.36% and — 4.36%
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respectively when compared to the 29.6 kN and 12.45 kN load for NDCL1-N specimen. A
significant improvement in the post-peak performance and ductility can be observed for

seismically detailed specimens when compared with the non-seismically detailed specimens.

For the NDCL3-N specimen, the peak load-carrying capacity dropped to 27.85 kN and 11.67
kN at the corresponding displacement of 21.45 mm and 5.85 mm in the respective positive
and negative drift cycles. In comparison, for the DCL3-N specimen, the peak load-carrying
capacity dropped to 30.05 kN and 14.12 kN at the corresponding displacement of 17.16 mm
and 7.79 mm in the respective positive and negative displacement cycles. A significant
reduction of load-bearing capacity and ductility can be experienced due to the fractured 8 mm
diameter corroded bars, also visible in the hysteresis response of corroded specimens. The
peak load of the DCL3-N was 11.74% higher when compared to the peak load of NDCL3-N,
and it also exhibited fracture of corroded reinforcing bars at higher displacement than
NDCL3-N. A higher peak load and stiffness were observed in the corroded seismically
detailed specimen (DCL3-N), owing to the closer arrangement of stirrups (which ultimately
provides a better confining action to the enclosed concrete) when compared to the corroded
non-seismically detailed specimen (NDCL3-N). These results show a close resemblance to

the results reported in the experimental study.
6.7.2 Load-Displacement Envelope Curve

Figure 6.21 presents the numerical load-displacement curves for the non-seismically detailed
BCJ specimens having three different levels of corrosion rate. In comparison to the NDU-N
specimen, the NDCL1-N specimen showed a decrement of approximately 8% and 25% in the
maximum load in the positive and negative displacement cycle. A significant drop of 19.53%
and 54% in the peak load of the NDCL3-N specimen was seen as compared to the NDU-N
specimen, in the positive and negative displacement cycles respectively. The 8mm diameter
bars showed much more severe damage when compared to the 10 mm diameter bars and even

got fractured at higher displacement.

Figure 6.22 depicts the numerical load-displacement envelope curves for the seismically
detailed specimens. From a comparison of Figures 6.21 and 6.22, it can be observed that the
corroded seismic specimens show better load-bearing capacity when compared to the
corroded non-seismic specimens. Even for the highest corrosion rate specimen (i.e., NDCL3-
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N and DCL3-N), the DCL3-N specimen showed approximately 10% and 21% higher peak
load than the NDCL3-N specimen, in respective positive and negative drift directions. The
closer stirrups arrangement in the seismic detailed specimens resulted in better load-bearing
capacity even at the high corrosion rate, showing a similar trend as was experienced in the

experimental study.
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Figure 6. 21 Load-displacement envelop curves of uncorroded and corroded non-seismically
detailed BCJs
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Figure 6. 22 Load-displacement envelop curves of uncorroded and corroded seismically
detailed BCJs
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Due to the high corrosion rate at the reinforcement bars, the 8 mm diameter bars were unable
to resist higher cyclic displacements and were fractured during the numerical analysis.
Fracture of reinforcing bars led to a significant drop in the ductility of the corrosion-damaged
specimens. The ultimate displacement in the negative cycle (i.e. side having 8 mm diameter
bars) drops from 21.45 mm for the NDU-N specimen to 17.16 mm and 7.79 mm for NDCL2-
N and NDCL3-N specimens, respectively. Similarly, the ultimate displacement showed a
drop from 34.07 mm for the DU-N specimen to 17.16 mm and 10.92 mm for the DCL2-N
and DCL3-N specimens, respectively. Therefore, for both the reinforcement detailing regime
specimens, the ultimate displacement of severely corroded specimens (NDCL3-N and DCL3-
N) was experienced to drop to approximately one-third of the value observed for the
respective control specimens (which almost replicates the behaviour as observed in the

experimental study, Sections 4.6.
6.7.3 Stiffness Degradation

The post-elastic behaviour of the structural member can be evaluated by using the
degradation rate of stiffness under the influence of cyclic displacement. The stiffness is
approximated as the slope of the line joining the peak-to-peak points in each loading drift
both on the positive and negative cycles. The secant stiffness at different cyclic drifts was
determined by Eq. 6.15 (Mostofinejad and Akhlaghi 2017; Yimer and Aure 2022).

_ PP
- Di+_Di_ (615)

K;

Where K represents the secant stiffness of each cycle, Di** and Dj represent the displacement
corresponding to the per cyclic peak load P;* and P; in the respective positive and negative

loading direction.

The secant stiffness of the control and different levels of corroded specimens have been
evaluated from the performed numerical simulations. Figure 6.23 (a) and (b) show the
stiffness degradation of all the non-seismically detailed and seismically detailed specimens,
respectively. As the corrosion rate increases, an increase in the degradation of stiffness is
observed. From the numerical simulation, it can be observed that significant degradation was
seen at the negative cycle (having an 8 mm diameter fracture) when compared to the positive

cycle, for all corroded specimens. When compared to the control specimen (NDU-N), a
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decrement of approximately 15.22%, 24.16%, and 26.98% in the initial stiffness of NDCL1-
N, NDCL2-N, and NDCL3-N specimens was noticed, in the negative cycle. For DCL1-N,
DCL2- N, and DCL3-N specimens it was calculated to be 3.04%, 11.92%, and 16.55% when
compared to DU-N, comparatively much less when compared to corroded non-seismic

specimens.
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Figure 6. 23 Secant stiffness of uncorroded and corroded (a) non-seismically detailed and (b)

seismically detailed BCJs
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The fracture of corrosion-damage reinforcement bars at higher displacement causes
significant degradation in stiffness at the post-elastic region resulting in the overall reduction
of seismic performance. An alarming reduction of approximately 77.11% in the stiffness of
the NDCL3-N specimen was observed at the drift of £1% when compared to that of the
NDU-N specimen. Whereas, for the DCL3-N specimen the degradation in the stiffness was
54.32% at the drift ratio of +1.4% when compared to the DU-N specimen. In the case of the
corroded seismically detailed specimens (DCL3-N), the stiffness degradation occurs at a
lower rate and at a comparatively higher displacement level when compared to the corroded
non-seismically detailed specimens (NDCL3-N). Under the seismic environment, slow
stiffness degradation is a desirable characteristic, as sudden loss in stiffness within the RC

member will result in a catastrophic failure.

The FE model has simulated the stiffness degradation for each cycle in very close agreement
with the results presented in the experimental study. As the specimen NDCL3-N exhibited
rebar fracture at the drift of 1%, a percentage error of the average stiffness value was
considered at this drift ratio. The specimens NDU-N and NDCL3-N displayed prediction
errors of +1% and -8.55% when compared to the results reported in the experimental study.
Similarly, for the specimens DU-N and DCL3-N, the prediction error of +11% and -4.27%
was noted at the drift ratio of +£1.4%, when compared to that of experimental test results,
respectively. This implies a good agreement of numerical results with the results reported

from the experimental study.
6.7.4 Damage Progression

As the cyclic loading progressed, damage to the specimen surface was encountered with the
help of cracks. A comparison between control and corroded specimens is presented in terms
of damage progression via damage parameters provided by ABAQUS. As per the CDP
model, the damage is estimated in the form of crack distribution that can be approximately
represented by the development of tensile damage (Liu et al. 2020a). In the CDP model, the
localized damage due to crack propagation is primarily indicated by the maximum plastic
strain (Najafgholipour et al. 2017)(Behnam et al. 2018). The parameter Plastic Strain
magnitude (PEMAG) was used to analyze the damage and crack progression at the surface of

control and corroded specimens. The damage and crack progression on the concrete surface
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of control and corroded non-seismically detailed specimens at different drift ratios are shown
in Figures 6.24 - 6.26.

Figure 6.24 shows the flexural crack initiation at the surface of the beam of all the non-
seismically detailed specimens at + 0.2% drift ratio. As drift progressed, minor diagonal shear
cracks were experienced at the junction of the beam-column. It can be observed from Figure
6.24 (a) that for specimen NDU-N the damage was more focused at the junction of the beam-
column whereas the damage progresses at a higher rate toward the surface of the beam for all
the corrosion-damaged specimens. The corroded specimens i.e. Figures 6.24 (b-d)
experienced more damage and cracks propagation on the surface of the beam represented by

higher plastic strain magnitude when compared to the NDU-N specimen.
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Figure 6. 24 Crack patterns of non-seismically detailed specimens corresponding to + 0.2%

drift ratio
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The damage was also analyzed at + 1% drift ratio, where the fracture of corroded reinforcing
bars was experienced for the level-3 corroded specimen (NDCL3-N). Therefore, for all the
specimens the damage was analyzed at this particular drift. Figure 6.25 shows the dense crack
formation and damage at the control and corroded specimens at the drift ratio of + 1%. From
Figure 6.25 (a) it can be observed that the damage progresses uniformly at the column and
beam surface due to the failure specified at the junction of the beam-column. However,
Figures 6.25 (b)-(d) show that the damage has been targeted at the fracture bar location
present at the surface of the beam. The dominant crack can be visible at the surface of the
beams of the corroded specimens thereby, directing the ultimate failure towards flexural

failure, similar to behaviour experienced in the experimental results (Refer Table 4.2).
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The comparison of the ultimate failure mode of the control uncorroded and corroded
specimens with the experimental results (Dangwal and Singh 2023) at the maximum drift of
+ 4.36% is illustrated in Figure 6.26. For the uncorroded specimen (NDU-N), major damage
was observed at the plastic hinge location leading toward the ultimate failure as joint shear
failure, as presented in Figure 6.26 (a). It was experienced that more cracks were
concentrated at the beam-column junction as the drift ratio progressed. However, for the
corroded specimens, the localized damage represented by plastic strain at the surface of the
beam was observed, as presented in Figures 6.26 (b)-(d). The ultimate failure was
experienced due to the widening of the flexural cracks on the specimen surface, similar to the
behaviour observed in the experimental study, as indicated by the figures shown here and in
Table 4.6. These results clearly indicate that the numerical model is capable of capturing the

damage progression modes for any corroded or uncorroded specimen at various drift levels
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Figure 6.27 shows the initiation of damage progression at the surface of concrete for all the
seismically detailed specimens at + 0.2% drift ratio. The flexural cracks can be observed at
the beam-column junction of the specimens. Figure 6.27 shows that less damage has been
exhibited by the concrete surface of seismically detailed specimens when it is compared with
the non-seismically detailed specimens. The fracture of reinforcements was experienced at +
1.4% drift ratio for the level-3 corroded specimen (DCL3-N). Therefore, the damage to all
the specimens was analyzed at this drift as shown in Figure 6.28. From the figure, it can be
experienced that the damage has been transferred to the beam-column junction along with the

damage at the location of the fracture of the reinforcing bars on the beam surface.
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The comparison of the ultimate failure mode of the control uncorroded and corroded
seismically detailed specimens with the experimental results at the maximum drift of + 4.36%
is illustrated in Figure 6.29. For the uncorroded specimen (DU-N), major damage was
experienced at the beam-column junction of the specimen or the plastic hinge location, as
displayed in Figure 6.29 (a). The ultimate failure was because of the severe damage to the
concrete surface at the beam-column junction, similar to the pattern observed for the
specimen NDU-N. Figures 6.29 (b) -(d) show that for the corroded specimens, the damage
was localized at the fracture location of reinforcing bars but was also transferred at the beam-
column junction due to the arrangement of the close spacing of the stirrups at the target
corrosion area. It can also be noted from a comparison of Figures 6.26 and 6.29 that
comparatively less damage has been exhibited by the seismically detailed specimens when

compared with the specimens having non-seismic detailing.
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6.8 CLOSING REMARKS

This chapter presents a numerical investigation performed to study the performance of
control (uncorroded) and different level corroded specimens subjected to seismic loading
with the help of three-dimensional FE models. The numerical models were validated with the
results reported in the experimental study presented in Chapter 4. Moreover, the numerical
assessment of different levels of corrosion-damaged specimens with two different
reinforcement detailing regimes was carried out, and the results were compared and reported
using parameters like load-displacement hysteresis and envelope curves, ductility, and

stiffness degradation.
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CHAPTER 7

CONCLUSIONS

7.1 GENERAL

The aim of the present research is to provide a fundamental understanding of the seismic
response of RC Exterior BCJs having corrosion damage at different levels targeted at the
beam-column junction. Further, this study also aimed to propose and evaluate the
effectiveness of a rehabilitation technique for corrosion-damaged specimens under seismic
loading using High Strength Fiber Reinforced Concrete (HSFRC). To meet these objectives,
the research has been categorized into two parts i.e., Experimental and Finite element
investigation. Numerical investigation was also validated with the results of the experimental

study.

The first part of the experimental study included the fabrication and testing of Exterior BCJs
of two detailing regime types i.e., non-seismically detailed and seismically detailed.
Accelerated corrosion was introduced and targeted at the junction of beam-column at three
different levels. All the test specimens were tested under the influence of reverse cyclic
loading. In the second part of the experimental study, the corrosion-damaged BCJs were
retrofitted with HSFRC in order to regain the degraded seismic performance. The specimens
were tested under reverse cyclic loading and the behaviour was determined with the help of

seismic parameters.

The numerical investigation of Exterior BCJs corroded at different levels was done via Finite
element modeling using ABAQUS software. The results achieved from the numerical FE
model were validated against the experimental results, presented in Chapter 4. Thereafter, the
validated models were used to numerically analyze the seismic performance of different level
corroded specimens with the help of parameters like load-displacement envelope curves,
Energy dissipation, and Stiffness degradation under the influence of seismic loading.

7.2 SEISMIC PERFORMANCE OF CORRODED BEAM-COLUMN JOINTS

The experimental study shows the effect of corrosion damage (having different corrosion

rates) on the seismic performance of the Exterior BCJ. The seismic parameters of non-
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seismically detailed and seismically detailed BCJ specimens were determined and compared

for the different levels of corrosion. Based on the outcomes of the proposed experimental

study, the following conclusions can be drawn:

1.

Slightly improved load-bearing capacity along with an increase in other seismic
parameters (like stiffness, energy dissipation) was experienced during the initial stage
of corrosion. This can be attributed to the slight expansion of the diametric profile of
reinforcement due to the deposition of rust over the bar area. This led to an
enhancement in the bond between reinforcement and surrounding concrete, resulting
in an overall improvement of the mechanical properties of the specimens, during the

elastic stage.

The ultimate failure mode shifted from diagonal shear cracks at the beam-column
junction for the control specimens to flexural failure for all the corroded specimens.
For corrosion-damaged specimens, a wide dominant flexure crack was experienced at

the surface of the beam, at the localized pitting locations on the longitudinal bar.

The brittle fracture of severely pitted 8mm diameter bars during cyclic loading
significantly drops the load-carrying capacity and the ductility at an alarming rate.
The peak load capacity of severely corroded NDC-3 and DC-3 specimens was 0.42
times and 0.67 times the respective peak load capacity of uncorroded NDU and DU
specimens, in the negative displacement cycle. Moreover, the ultimate displacement
of NDC-3 and DC-3 showed a steep reduction; it was only 0.3 times and 0.4 times as

that was experienced for respective uncorroded specimens.

With the increase in the corrosion levels, the seismic behaviour indicators such as
energy dissipation capacity and stiffness show considerable degradation in the
performance. For the highest corrosion level (i.e., NDC-3 and DC-3) specimens,
approximately 68.68% and 59.89% reduction in the cumulative energy dissipation
was observed (with respect to the respective control specimen), displaying the severe

effect of corrosion on the stability of the structural members.

The seismically detailed corroded specimens performed better than the non-
seismically detailed corroded specimens at any corrosion level owing to the additional
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confinement provided by the transverse reinforcement in the joint area. This helped in
improving the load-slip behaviour and peak load-carrying capacity of the specimens.
The DC-3 specimen showed a 35.48% higher peak load-carrying capacity and 35.09%
higher energy dissipation capacity, as compared to the NDC-3 specimen.

. Corresponding to the peak level of corrosion (i.e., 14% and 16% for NDC-3 and DC-
3, respectively), the maximum load-carrying capacity was reduced by 57.31% and
32.57%, respectively when compared to respective control specimens (NDU and DU),
during negative cycle of loading. Further, at this severe corrosion level, well-confined
seismic detailed specimens showed far better results by enhancing the shear bearing
capacity, and post-elastic behaviour, thus providing higher damage tolerance capacity

as compared to non-seismic specimens.

. The structural damage to the corroded specimens was represented by the damage
index (DI). It was observed that the complete damage of NDC-3 and DC-3 was
encountered at a drift ratio of £ 1.75% and + 2.2% which is approximately half of the
drift ratio required for the complete damage of NDU and DU i.e., = 3.5%. All the
corroded seismic specimens present better damage resistance at higher displacement

when compared to the corroded non-seismic specimens.

It was observed that both the yield and the ultimate strength of corroded bars were
reduced when compared to uncorroded bars. Moreover, a sharp reduction in ductility
was also seen due to the presence of pits. Further, the yielding plateau was almost
completely absent for all corroded bars, thereby indicating a shift towards brittle
failure in reinforcing bars, which may severely degrade the displacement ductility and

energy dissipation of the corrosion-damaged Beam column joints.

7.3 RETROFITTING OF CORRODED BEAM-COLUMN JOINT USING HSFRC

The experimental test results of the present study display that the HSFRC is a promising

retrofitting material to enhance the seismic performance of different levels of corroded

Exterior BCJ for opted geometrical dimensions. After the retrofitting of corrosion-damaged

BCJ specimens with HSFRC, a significant improvement or regain in the seismic parameters

was experienced. Some of the major conclusions are drawn below:
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. The ultimate failure pattern of the corrosion-damaged HSFRC retrofitted specimens
was similar to the failure pattern experienced for the control specimens, also
displaying fewer cracks at the surface of the beam-column joint under higher reverse

loading, indicating improved or recovered mechanical performance.

. The retrofitted specimens showed minimal spalling and crushing of concrete, during
higher drifts due to crack bridging mechanisms owing to the presence of hybrid steel
fibers in HSFRC. Due to the superior mechanical properties of HSFRC, the fracture
of severely pitted reinforcement bars got delayed under higher displacement. This
allowed the specimens to maintain seismic failure mechanisms even at severe levels
of corrosion. Besides, the post-peak ductility was restored up to a certain extent when

compared to uncorroded specimens.

. A significant improvement in the load-bearing capacity (i.e., up to 34 % and 36 %)
was experienced for non-seismic and seismic retrofitted specimens over respective
control specimens. In general, the retrofitted seismic specimens performed better than
the retrofitted non-seismic specimens. For instance, the peak load-carrying capacity of
the RD-3 specimen having a corrosion rate of 20.32 % was 6.25 % and 16.75 %
higher than that of the RND-3 specimen with a corrosion rate of 17.76 %, respectively
in negative and positive drift cycles.

. When compared to retrofitted non-seismic detailed specimens, the retrofitted seismic
detailed specimens performed better at higher corrosion levels. The seismic retrofitted
specimens showed up to 90 % higher equivalent viscous damping ratio than the non-
seismic specimens even at the peak level of corrosion. The close detailing of stirrups
in seismic specimens resulted in an improvement in bearing capacity, plastic

deformation, and ductility.

. An increment of approximately 47% in the cumulative energy dissipation of
retrofitted specimens (i.e., RND-1) was experienced when compared to control
(uncorroded) specimens at the drift ratio of + 2.75%, respectively. Thereafter, a steep
post-peak response was experienced due to the inferior tensile strength of corrosion-

damaged reinforcement bars owing to the brittle fracture under reverse loading.
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6. The initial stiffness increased significantly up to 78.35 % and 84 % for the HPFRC
retrofitted Level 1 corroded non-seismic and seismic specimens when compared to
respective control specimens. Specimen RND-1 and RD-1 showed similar rates of
stiffness degradation as observed in respective control specimens at higher drifts,
indicating that the stiffness can be completely recovered for specimens having

corrosion rates up to 10 %.

7. A higher damage tolerance capacity was exhibited by the retrofitted specimens, as the
damage index of RND-1 and RD-1 specimens was much lower than that of respective
control specimens. Level 2 and Level 3 corroded non-seismic and seismic retrofitted
specimens have nearly the same damage tolerance as their respective control
specimens up to the elastic limit. The damage tolerance for RND-3 and RD-3
specimens having respective corrosion rates of 17.76 % and 20.32 % was not

recovered at higher drifts.
7.4 FINITE ELEMENT ANALYSIS

A numerical investigation was performed with the help of the FE analysis based on modeling
the effect of reinforcement corrosion at different levels on the seismic performance of the
Exterior beam-column joint. The constitutive models were incorporated with the
experimental data and observations for performing numerical simulations and were validated
with the results of this experimental study. Thereafter, a numerical assessment of the
performance of corroded specimens with two different reinforcement detailing regimes were

compared and reported. Based on the FE analysis, the following conclusions can be drawn:

1. A mesh convergence study was performed to determine the suitable element mesh
size leading to a closer agreement with the experimental response. A total of five
element sizes i.e., 30 mm, 40 mm, 50 mm, 60 mm, and 70 mm were adopted as a
uniform size mesh. The results displayed a significant variation in the peak load
capacity as the element size varies. For this study, a 50 mm element size presented
considerably good agreement between the FE analysis prediction and the reported

experimental results.
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2. The FE models developed were able to replicate the fracture of severely corrosion-
damaged reinforcement bars under reverse cyclic loading. The reinforcing steel
material response was described using the von Mises yield criterion. However, the
stress-strain data from tensile testing was used to characterize the attributes of the

reinforcement, including modulus of elasticity, yield stress, and ultimate stress.

3. The damage progression for the control and corroded specimens was closely captured
with the help of parameter PEMAG. At the initial drift of £ 0.2%, the damage was
observed at the junction of the corroded beam-column which shifted and focused
towards the surface of the beam at an intermediate drift ratio of + 1%. The PEMAG
value shows a maximum increment at a drift ratio of + 4.36%, representing maximum
plastic strain distortion. The ultimate failure mode was accurately predicted via wide
crack formation at the surface of the uncorroded and corroded specimens, as they

closely matched the respective experimental results.

4. The FE models displayed a good prediction of peak-load capacity for different levels
of corroded non-seismically detailed and seismically detailed specimens through
load-displacement curves. However, the pinching behaviour in the corroded
specimens (as observed in the experimental results, Chapter 4) was not replicated, as
the load-slip parameter was not included in the model due to certain limitations,
resulting in the plump shape of the hysteresis curve during the unloading phase of

cyclic loading.

5. Based on the numerical assessment, the load-bearing capacity of the BCJ decreased
significantly with an increase in the level of corrosion. For the highest corrosion level
(i.e., mass loss of 14.1% for NDCL3-N and 16.09% for DCL3-N), a tremendous
decline of approximately 54.24% and 43.9% in the peak load carrying capacity was
observed when compared to respective control specimens. A lower reduction in peak
load carrying capacity was experienced for seismically detailed specimens when
compared to non-seismically detailed specimens, indicating improved confinement

provided to concrete by a close arrangement of stirrups.
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6. A significant reduction in seismic parameters like energy dissipation and ductility
was observed for higher levels of corrosion. The cumulative energy dissipated by the
NDCL3-N was 0.5 times that of the control uncorroded specimen (NDU-N).
Moreover, the ductility was significantly deteriorated by the corrosion damage
leading to premature failure under cyclic loading. For the highest-level corroded
specimen, the ductility was reported to be only one-third of the corresponding value

reported for the control specimen.

7. The stiffness was severely degraded with an increase in corrosion rate. The corroded
specimens show a considerable decline of approximately 27% in the initial stiffness
when compared to the respective control specimens. For the highly corroded
specimen i.e., NDCL3-N and DCL3-N specimens, a stiffness degradation of
approximately 77.11% at the drift of + 1% and 54.23% at + 1.4% drift was seen. For
the corroded seismically detailed specimens, the loss of stiffness occurs at a
comparatively higher displacement level and at a lower rate when compared to the

corroded non-seismically detailed specimens.

7.5 SCOPE OF FUTURE WORK

Based on the work conducted in this research, the following can be recommended for future

work:

1. The durability parameters of the developed HSFRC can be studied in detail.
Polypropylene fibers (PPF) can be considered along with steel fibers, as PPF
improves the post-cracking behavior of concrete and imparts superior durability. The
scope of combining hooked-end steel fibers, crimped steel fibers, and polypropylene
fibers (PPF)) can be verified to develop a sustainable retrofitting material.

2. The seismic performance of corrosion-damaged retrofitted specimens by replacing the

severely pitted transverse or longitudinal reinforcement bars can be evaluated

experimentally and validated using FE modeling.
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3. The effect of accelerated corrosion on the seismic performance of structural members
entirely cast with HSFRC can be evaluated experimentally. Such members are
expected to possess a better resistance to corrosive environments and seismic loadings
individually. However, their combined effect needs to be examined due to the paucity
of any such studies in the literature.
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