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ABSTRACT

In the current scenario of ever-increasing incidence of earthquakes around the world,
we need to carry out a macro level study and review the causes of earthquakes and
consequential effects of it and identification at Source and tracking it to the Society.
Natural calamities cause severe and more often than not, indescribable suffering,
loss of lives and livelihood, destruction of houses, properties, infrastructural
installations and facilities, separation of humans and great many other losses. Thus
the implications are multifaceted involving economic hardships, human sufferings

and a great deal of severely adverse social effects.

For ascertaining the structure responsiveness and resistance to earthquakes, the
source/ path parameters and site features need to be studied and depicted
scientifically toassess the geophysical as well as seismological effects. The
buildings which were designed and constructed according to the old codes may not
satisfy the requirements of the presently used seismic codes and design practices.
Therefore, it is crucial to reassess the codes to prevent economic loss and loss to

human life and property caused during earthquakes.

Buildings damaged in the past earthquakes or the existing buildings deficient to
resist seismic forces need to be retrofitted for better performance in future
earthquakes. Seismic evaluation is the first step before retrofitting procedures to
determine the most exposed and vulnerable members and deficiencies in a structure
in order to protect them during an event of an unexpected earthquake. The seismic
retrofit/rehabilitation procedure intents to enhance seismic performance of the
structure and rectify the insufficiencies by enhancing stiffness, strength or
deformation capacity and also improves connections. The present study deals with
the seismic retrofitting of two structures located in diverse seismic zones. Each
structure is retrofitted under two different schemes and the results are compared to
find out a better method of retrofitting for both structures. After the analysis, the
results were compared under time periods, base shear, and modal participating mass
ratios, bending moments and shear forces for all beams and moment capacities and
axial forces for all columns and were found satisfactory to withstand the design

earthquake forces and results are tabulated in the report.



uailn
i nel ya) ) GL_"A.B ¢ eﬂ....sd\ el e ‘5__5 Jo¥ Al duga asal oyl ‘éjl.__al\ el gk ‘5_._5
6...54....,3}@1\ e ICE Leale 4 yiall L5V 5 JY 1 P (\)L_x;\)n}‘s_.‘ﬁ\ Gl e

H\) ¢ d\)l)ll___\ PRI L_S);M Al o) st LWyl )l g (C) 5 b_.aﬁ_;.d\ ‘5_.._34__.:..\33_5 JJ..._AAAM

TEL_HQH\&J\)_SS\M}_LJ}&HULM\}'&}J\W“ S A L-j\)fmr.g 8 “5“‘5_._5‘}.7»&33

Ol Siaal) 5 J il ppen s G all iy )5 V0 il 8 8w o5, S Llal g3, ad oYL A
Al Gl e a e g s hatiaa V) B wie HLEVI e b JLallg 581 pall g A pall Al

3obal Lelaal) JBY) (e iS5
a—Bsall ol ad g ol / jaaddl @l y S il s e Y Al Jad By e (3Saill
ali 1) 3855 Sall g daaaall Alsall o) Al 3505 A0l gl il e Toale Logani

O—A “ASJ_‘ 1_351A B\AJA:\_UAAM (a:m_.a:\s‘ Ql_uz)l.&uxj ubbﬂ ¢ 1y “ <l .\Ua'h\ & _‘h ‘>I A3 Q\_A:!Js]\

a-u—@‘c‘ﬁﬂ‘@ R WIVEN | PP PR BOR -\ [ 3 WVEN | S P ] U 1| I3 X WS PP PR WO

OV DDA e ) clShiad)
A e e A8 (o Slad il A Al ) o A ald) J Y 5 by el i) Sl
=0 a5 ey AL el Y 3 b Sl oY sl Gl ) 2 lsas A 515

YU P F PP SCNG SR N P U SRR B M1 NP [P P W P D U *PN

eIV s ) N Jalill sal o) A lee aa g a8 giall J) 33 oL ) b sl

GJ .u\.;} B‘/«\ E‘\ 54 et Ji 2\_.1\)\ A }i 2 5 .Q. 2 3‘} d\)‘ A '] A )% .Aé“ 4 .\ji C:\ AA’;J n‘}j‘}j‘

S i) dga el 8 Jadl 38y yhay el i) A jlie a3y cpdlide cpal T 84y J S Sy

OSsl

LS_AA‘)C e_.hi‘j 4\3\_“:\:\8” cala AA‘}AM [SEEEEWEN 4_.\C‘54_um” J}JAHG‘}I_'.\.\S‘ s d_)hﬂb 4_;;:“)3&‘ A=

‘):\_)sﬂ\bﬁ‘éﬁ



AKNOWLDGEMENT

| would like to thank god without whom nothing is possible.

This dissertation was conducted under the supervision of Professor Abid Abu-
Tair. | would like to express my sincere appreciation for his guidance, inspiration,
valuable comments and continuous support that was provided to me throughout
this dissertation and on the course of my entire study at British University at

Dubai.

Above all, I would like to acknowledge my sincere gratitude to my father, mother
and brother for their continuous support, help and encouraging throughout and
guiding me with valuable suggestions throughout my work and motivating me at

the crucial stage of this dissertation.



Table of Contents

DECLARATION ...ttt bbbt b bbbt b bbbttt b ettt b et
COPYRIGHT AND INFORMATION TO USERS ........cooiiiiiiiieinie et
ABSTRACT L. b bbb bbb bbbt
AKNOWLDGEMENT ...ttt bbbt b et bbbt b et
TaDIE OF CONTENTS ... r ettt bbb bbb e et e st b et ben e i
LIST OF TLLUSTRATIONS ..ottt bbbttt bbb v
LIST OF TABLES ... oottt bbbttt bbb iX
LiSt OF ADDIEVIATIONS: ...t Xii
1. INTRODUGCTION: .ttt e b b e be e be e sbe e sreesnbeabeenbeenbeeneeas 1
1.1 Static and DYNamiC ANAIYSIS: .....cveiiiiiiiriite e 2

1.2 RESEAICN ODJECHIVES: .....eiiicii ettt be e et e s teeeesreenee st 3

2. LITERATURE REVIEW-0L ..ottt 5
2.1 SEISMIC ACTION: Lttt st e ettt st e sbaesnbeebeenbeen 5

2.2 SEISMIC RESISTANCE AND VULNERABILITY oottt 6

2.3 RISK ASSESSMENT . L. ittt sttt st e st e sraeenbeenbeenreens 8

2.4 EARTHQUAKE DAMAGE: ...ttt 10

2.4.1 Christ Church Earthquake, 2011 .......cccuviiiiiiiiieeiiieee e e e 11

2.4.2 Tohoku Earthquake, 2011 .....coociiiiieiiie et 14

2.4.3 Haiti Earthquake, 2010 ...ttt e e e e e e e e e e e nrreeeeaa e 15

2.4.4 Bhuj Earthquake, 2001 ...ttt et e e e e e e e nrreee e e e e 17



2.5 COMMON PROBLEMS ASSOCIATED WITH SEISMIC PERFORMANCE OF EXISTING

RC BUILDINGS: ...ttt bbbttt 20
2.5.1 INCOMPLETE LATERAL FORCE RESISTING SYSTEM: ....cccoiiiiiiiiineiice, 20

2.5.2 PLAN CONFIGURATION PROBLEMS:.........cooiiitiiiieiieese e 21

2.5.2.1 RE-ENTIraNt COMNEIS: ..uiiiiiiiiiiiiiiiieiiite ittt 21

2.5.2.2 Diaphragm Configuration: .........cceeciiiiiiiiiie et 21

2.5.3 SOFT STOREY EFFECTS: ..ottt 21

2.5.4 EXCESSIVE LATERAL FLEXIBILITY I .oiiiiiiieiieieise e 22

2.5.5 SHEAR FAILURE OF JOINTS: ...ttt 22

2.5.6 INADEQUATE DEVELOPMENT OF REINFORCING STEEL:........ccccoovvvnnirinnnn. 22

2.5.7 DETERIORATED CONDITION: ..ottt 23

2.5.8 POOR QUALITY OF CONSTRUCTION: ..ottt 23

2.6 STRATEGIES FOR SEISMIC RETROFITTING: .....oooiiiiiie e 23
2.7 NEED FOR SEISMIC RETROFITTING: ...ttt 26
3. LITERATURE REVIEW-02 ......coiiiiitiiitee ettt 29
3.1 SEISMIC RETROFITTING TECHNIQUES: ......ccoiiiiiiiiiieeeeee e 29

3. L1 BASE ISOIALION: ...ttt 31

3.2.2 Addition of NeW Shear WallS: ... 33

3.2.3 Addition OF NeW Steel BraCingsS:.....cccveieeiiieiieiieiiesiesiteesieesteesteesressneeeeeesreesressnessneesnes 35

3.2.4 Jacketing Techniques (Member retrofitting teChniques): ........cccoovveviiiieie i 37

3.2.4.1 Jacketing of COlUMINS: ....cccii it e e e e e rae s 38

3.2.4.2 FRP JACKELING: ..ttt st e e e st 39

3.2.4.3 Jacketing of DEAMS: ...uviiiiiiee e s 41



3.2 Main Issues in Seismic Retrofitting: ........cccovive i 45

3.2.1 SeismiC EVAlUQLION ...oouviiiiiiieiiete et 45

3.2.2 Design of Retrofitting SChemMe:........coiiiiiiice e 47

4. RESEARCH METHODOLOGY : ...ooiiiiiieiesiieie sttt sttt sttt st nbe e 48
A1 GBNEIAL ...ttt 48

4.2 General description of the BUIIAINGS: ........ccooiiiiiii s 49

4.3 SEISMIC EVAIUATION: ...t 50

4.3.1 Estimation of the capacity of the MembBEr: ... 50

4.3.2 Estimation of Demand of the member:........ccoceiriiiiiiiniii e 51

4.3.3 Identification of deficient members: ..., 51

4.4 Method Of DYNAMIC ANAIYSIS: .....citiiiiririeiieieeee st 51

4.5 Load COMDINATIONS: ....c.viiiieicics bbb 53

D G ASE STUD Y & ettt bt bt bttt b e bt bt b et enb e n e reenre e 54
5.1 GBNEIAL ... 54

5.2 Selection of the Retrofitting SCheME:...........cooiiiiiiii e 54

5.3 Selection of the Retrofitting Scheme for Structure-02: ..........cccoovvviieivccecie e 58

5.4 AsSumptions iN RetrOFItlING: .......ooeiiiiieirece e 61

5.5 Methods of analysis used for the Retrofitting of the structure: ............cooeivviveieirieee 61

6. DISCUSSION AND ANALYSIS RESULTS OF STRUCTURE-0L:.....ccoceviiivieiiecireieeniene 64
6.1 THME PEIIOG: .....ciitieiicit et 64

6.2 Mass Participation REIOS: .........cocviiiiirieieeee ettt 66



8.3 BaSE SNBAI: ...eii i e ittt et e ——te e et e a——————tteeer e e ——taee et a e ————aaaaaan 67

6.4 BENAING IMOMENTS: .....oviiiieieeeee ettt enea 68
8.5 SNEAI FOITE: ... .cuitieiieiet bbb 69
B.6 AXIAI FOICE. ...ttt bbb 69
0.7 SEOTCY DTS (AAs): -vveviirereiiteiteieiet ettt bbb e neene 70
7. DISCUSSION AND THE RESULTS OF ANALYSIS -STRUCTURE-02: .........ccooovviienenne 78
7.2 THME PEIIOO: ...ttt bbbtk 78
7.2 Mass PartiCipation RALIOS ..........ccecviiieieiiiic ettt 81
7.3 BASE SNBAIT ...t 82
7.4 BeNAING IMOMENTS: .....oiviieiieieieiei ettt bbbttt bbb e e nne 83
7.5 SNEAI FOCR: ...ttt b ettt 83
7.8 AXIAI FOTCR. ...ttt b bbbttt 84
7.7 STOTEY DIFITES: .ttt bbbt bbb e e nne 84
8. CONCLUSION: L.ttt ettt b e s bt e s bt e ss b e s n b e e be e beesbeesbeesbbeenaeenbeenbeens 92
9. RECOMMENDATIONS: ...t sttt st steesraeenbeenbee s 93
10. REFERENGCES: ... ..ottt et bbbt b et b ettt e be e sbe e sbeesaeeenne e 94
Appendix-A
Appendix-B



Figure-01:
Figure-02:
Figure-03:
Figure-04:
Figure-05:
Figure-06:
Figure-07:
Figure-08:
Figure-09:
Figure-10:
Figure-11:
Figure-12:
Figure-13:
Figure-14:
Figure-15:
Figure-16:
Figure-17:
Figure-18:
Figure-19:
Figure-20:
Figure-21:
Figure-22:
Figure-23:
Figure-24:
Figure-25:
Figure-26:
Figure-27:

LIST OF ILLUSTRATIONS

Elastic design spectrum of Eurocode 8, soil type A...............ceee... 05
Comparison between Seismic Resistance and Seismic Demand......... 06
Pictures from Christ Church Earthquake, 2011...................cc...... 12
Pictures from Tohoku Earthquake, 2011................ccoiiiiiiiiinnnnn. 13
Pictures from Haiti Earthquake, 2010..............ccoeiiiiiiiiiiiinn, 15
Pictures from Haiti Earthquake, 2010...............cooiiiiiiiiiiiinn, 16
Pictures from Bhuj Earthquake, 2001..............cccooiiiiiiiiin. 18
Base 1S01ation deviCes..........oevvieieieiiii e 29
Base 1S01ation deviCes. ...........ouveiiiiiii 30
Seismic Retrofitting with Addition of shear walls........................ 32
Seismic Retrofitting with Addition of shear walls........................ 32
Seismic Retrofitting with Addition of Steel bracings.................... 34
Seismic Retrofitting with Jacketing of Columns.......................... 37
Seismic Retrofitting with Jacketing of Columns using FRP wrapping..39

Seismic Retrofitting with Jacketing of Beams.....................ccec. 40
Seismic Retrofitting with Jacketing of Beams....................coeen 40
Supplementary Damping DeViCeS. ..........coevivririiiiiiiiieieiiieens 42
Supplementary Damping DevVviCes............ccoovviviiiiiiiiiieeianenne. 43
Typical floor plan with column layout......................ooiiin. 52
3D model from the software..............ocooiiiiiiiiiiii e 53
3D model from the software.............coooiiiiiiiii 54
Typical floor plan with column layout......................oooiiiinnnt. 55
3D model from the software. ..., 56
3D model from the software.............coooiiiiiiiiii e, 57
Modal mass participation ratios of Structure-01 under Scheme-01...... 63

Modal mass participation ratios of Structure-01 under Scheme-02...... 63

Story Drift of structure-01 in X-direction...........................e 74



Figure-28:
Figure-29:
Figure-30:
Figure-31:
Figure-32:
Figure-33:
Figure-34:
Figure-35:
Figure-36:
Figure-37:
Figure-38:
Figure-39:
Figure-40:
Figure-41:
Figure-42:
Figure-43:
Figure-44:
Figure-45:

Story Drift of structure-01 in Y-direction..............................l. 74
Modal Mass Participation Ratios of Structure-02 under Scheme-03.....78

Modal Mass Participation Ratios of Structure-01 under Scheme-04.....78

Story Drift of structure-02 in X-direction................................. 88
Story Drift of structure-02 in Y-direction......................cooeeenin, 88
Elevation view of frames 2, 3 and 4 (Structure-01)...................... 95
Elevation view of frames (Structure-01).............ccoooiiiiiiiiinnn, 96
Elevation view of frames (Structure-02)..............ccoovviiiiiiiinnn, 97
After retrofitting of strucrure-01 under scheme-01 on grids 1 & 5....98

After retrofitting of strucrure-01 under scheme-02....................... 99
After retrofitting of strucrure-02 under scheme-01....................... 100
Beam designation used on each floor on structure-01.................. 101
Column designation used on each floor on structure-01................ 102
Details of reinforcement of beams and columns for structure-01.....103

Beam designation used on each floor on structure-02.................. 104
Column designation used on each floor on structure-02................ 105
Details of reinforcement of beams and columns for structure-02.....106

Variation of the C/D ratio of the beams of structure-01 for bending ...127

moment at midspan after retrofitting (Beam Type-B1)-Structure-01

Figure-46:

Variation of the C/D ratio of the beams of structure-O1for bending....127

moment at supports after retrofitting (Beam Type-B1) Structure-01

Figure-47:

Variation of the C/D ratio of the beams of structure-01 for bending 128

moment at midspan after retrofitting (Beam Type-B2) Structure-01

Figure-48:

Variation of the C/D ratio of the beams of structure-01 for bending.128

moment at supports after retrofitting (Beam Type-B2) Structure-01

Figure-49:

Variation of the C/D ratio of the beams of structure-01 for shear....129

force after retrofitting with two schemes (Beam Type-B1) Structure-01

Figure-50:

Variation of the C/D ratio of the beams of structure-01 for shear...... 130

Vi



force after retrofitting with two schemes (Beam Type-B2) Structure-01
Figure-51: Variation of the C/D ratio for axial force of the columns of......... 130
structure-01 after retrofitting with two schemes (Column Type-C1)
Figure-52: Variation of the C/D ratio for moment (Mux) of the columns .........130
of structure-01 after retrofitting with two schemes (Column Type-C1)
Figure-53: Variation of the C/D ratio for axial force of the columns of .......... 131
structure-01 after retrofitting with two schemes (Column Type-C2)
Figure-54: Variation of the C/D ratio for moment (Mux) of the columns of..... 131
structure-01 after retrofitting with two schemes (Column Type-C2)
Figure-55: Variation of the C/D ratio of the beams of structure-02 for........... 132

bending moment at midspan after retrofitting with two schemes (Beam Type-
B1)

Figure-56: Variation of the C/D ratio of the beams of structure-02 for bending..132
moment at supports after retrofitting with two schemes (Beam Type-B1)

Figure-57: Variation of the C/D ratio of the beams of structure-02 for bending..133
moment at midspan after retrofitting with two schemes (Beam Type-B2)

Figure-58: Variation of the C/D ratio of the beams of structure-02 for bending.133
moment at supports after retrofitting with two schemes (Beam Type-B2)

Figure-59: Variation of the C/D ratio of the beams of structure-02 for shear...... 134
force after retrofitting with two schemes (Beam Type-B1)

Figure-60: Variation of the C/D ratio of the beams of structure-02 for shear....134
force after retrofitting with two schemes (Beam Type-B2)

Figure-61: Variation of the C/D ratio for axial force of the columns of ......... 135

structure-02 after retrofitting with two schemes (Column Type-C1)

Vii



Figure-62: Variation of the C/D ratio for moment Mux of the columns of....... 135
structure-02 after retrofitting with two schemes (Column Type-C1)
Figure-63: Variation of the C/D ratio for axial force of the columns of........... 137

structure-02 after retrofitting with two schemes (Column Type-C2)
Figure-64: Variation of the C/D ratio for moment Mux of the columns of

structure-02 after retrofitting with two schemes (Column Type-C2) ....... 137

viii



LIST OF TABLES

Table-01: Time period of structure under scheme-01.................ooiiiiiiininn.. 60
Table-02: Time period of structure under scheme-02.................c.oeiviinnn... 61
Table-03: Comparison of the base shear calculated from dynamic................. 63

analysis of the structure-01 under scheme-01 and scheme-02

Table-04: Bending Moment C/D ratio after retrofitting under Scheme-01 for......67
beam type-01 on figure-40

Table-05: Bending Moment C/D ratio after retrofitting under Scheme-02 for..... .68
beam type-01 on figure-40

Table-06: Shear force C/D ratio after retrofitting under Scheme-01 for beam..... 69
type-01 on figure-40

Table-07: Shear force C/D ratio after retrofitting under Scheme-01 for beam......70
type-01 on figure-40

Table-08: C/D ratio estimation of columns for axial force and Bending............. 71
moment after retrofitting under Scheme-01 for beam type-01 on figure-40

Table-09: C/D ratio estimation of columns for axial force and Bending............ 72

moment after retrofitting under Scheme-02 for beam type-01 on figure-40

Table-10: Time period of structure-02 under scheme-03....................ccoeneenis 75
Table-11: Time period of structure-02 under scheme-04........................oo.e. 76
Table-12: Comparison of the base shear calculated from dynamic analysis...... 77

of the structure-01 under scheme-03 and scheme-04

Table-13: Bending Moment C/D ratio after retrofitting under Scheme-03 for..... 81
beam type-01 on figure-43

Table-14: Bending Moment C/D ratio after retrofitting under Scheme-04 for..... 82
beam type-01 on figure-43

Table-15: Shear force C/D ratio after retrofitting under Scheme-03 for beam.... 83
type-01 on figure-43

Table-16: Shear force C/D ratio after retrofitting under Scheme-04 for beam...... 84



type-01 on figure-43

Table-17: C/D ratio estimation of columns for axial force and Bending............ 85
moment after retrofitting under Scheme-03 for beam type-01 on figure-43

Table-18: C/D ratio estimation of columns for axial force and Bending............ 86
moment after retrofitting under Scheme-04 for beam type-01 on figure-43

Table-19: Bending Moment C/D ratio after retrofitting under Scheme-01....... 106
for beam type-02 on figure-40

Table-20: Bending Moment C/D ratio after retrofitting under Scheme-02 for ...107
beam type-02 on figure-40

Table-21: Shear force C/D ratio after retrofitting under Scheme-01 for beam ...108
type-02 on figure-40

Table-22: Shear force C/D ratio after retrofitting under Scheme-01 for beam....109
type-02 on figure-40

Table-23: C/D ratio estimation of columns for axial force and Bending......... 110
moment after retrofitting under Scheme-01 for beam type-02 on figure-40

Table-24: C/D ratio estimation of columns for axial force and Bending......... 111
moment after retrofitting under Scheme-02 for beam type-02 on figure-40

Table-25: Bending Moment C/D ratio after retrofitting under Scheme-03 for...112
beam type-02 on figure-43

Table-26: Bending Moment C/D ratio after retrofitting under Scheme-04 for...113
beam type-02 on figure-43

Table-27: Shear force C/D ratio after retrofitting under Scheme-03 for beam...114
type-02 on figure-43

Table-28: Shear force C/D ratio after retrofitting under Scheme-04 for beam... 115
type-02 on figure-43

Table-29: C/D ratio estimation of columns for axial force and Bending......... 116
moment after retrofitting under Scheme-03 for beam type-02 on figure-43

Table-30: C/D ratio estimation of columns for axial force and Bending................ 117

moment after retrofitting under Scheme-04 for beam type-02 on figure-43



Table-31: Bending Moment C/D ratio after retrofitting under Scheme-01 for .............. 118
beam type-03 on figure-40
Table-32: Bending Moment C/D ratio after retrofitting under Scheme-02 for.............. 119

beam type-03 on figure-40

Table-33: Shear force C/D ratio after retrofitting under Scheme-01 for beam type-03... 120
on figure-40

Table-34: Shear force C/D ratio after retrofitting under Scheme-01 for beam type-03... 121
on figure-40

Table-35: Bending Moment C/D ratio after retrofitting under Scheme-03 for beam....... 122
type-03 on figure-43

Table-36: Bending Moment C/D ratio after retrofitting under Scheme-04 for beam....... 123
type-03 on figure-43

Table-37: Shear force C/D ratio after retrofitting under Scheme-03 for beam type-03....124
on figure-43

Table-38: Shear force C/D ratio after retrofitting under Scheme-04 for beam type-03....125

on figure-43

Xi



LIST OF ABBREVIATIONS:

ag = Design ground acceleration

T = Time period of response spectrum
Tg = Lower limit of the period

Tc = Upper limit of the period

DL = Dead load on the structure

LL = Live Load

Lr = Live loads on the roof

E-X = earthquake loads on X-direction
E-Y = earthquake loads on Y-direction
Mux = Moment of resistance of beams
Vs= Base shear

As = The storey drift for the structure
Sx = Shear force demands of the beams
Pur = Axial load of the member

Murx =

Murz =

Ux =

Uy =

Uz =

C = Capacity of the member

D = Demand of the member

xii



1. INTRODUCTION:

Earthquakes are the most common natural calamities which are more dangerous than
others due to its unpredictability. In simple terms it is an abrupt outburst of energy in
the earth’s crust, forming seismic waves. Upon its occurrence, saving lives and
properties is very difficult. The seismic waves will radiate outwards from the focal
source of the earthquake at various speeds, causing intense shaking at the earth’s
surfaces, leading to the collapse of buildings and roads and causing severe miseries

for the people and the environment around (Varam and Kumar, 2017).

For ascertaining the structure responsiveness and resistance to earthquakes, the
source and path parameters as well as site features need to be studied and depicted
scientifically to assess the geophysical as well as seismological effects. While
addressing resistance issues the serviceability of the structure together with
structural damage control and failure prevention aspects are to be adequately
considered with the ultimate objectives of down time reduction, minimizing repair
budgets and defending life so as to lead to performance boosting designs. It is
important to address strength, stiffness, ductility, hyper-strength and damping, and
present these in a hierarchical structure to decide on any earthquake response

strategy.

The maximum seismic resistance of a building is very critical to avoid or minimize
the damage happening to a structure during the occurrence of an earthquake. The
decision to strengthen it as a precautionary measure before the earthquake depends
on the current seismic resistance status of the building. To render a building

earthquake resistant, three levels of improvement of the existing RC frame buildings



are possible: (1) Repair wherein only visual or cosmetic modifications are effected,;
(2) Restoration in which case structural modifications are made so as to restore the
original performance of the building; (3) Retrofitting where structural modifications
are carried out to ensure higher performance of the building than that of the original
structure. The aforesaid measures of improvements are decided only after the
evaluating the current seismic resistance status of the structure (Agarwal, Chourasia

and Parashar, 2002).

Seismic Evaluation is the process of assessment and comparison between additional
resistance requirements as demanded by the earthquake scenarios and the current
readiness of the structure to meet such challenges. Any retrofitting strategies can be
decided only after this exercise which is done by calculating Demand-Capacity ratio
(DCR) for each structural member of the building, after which deficient members

are further evaluated for retrofitting (Agarwal, 2002).

The critical evaluation and decision to enhance the seismic resistance capability of
the building leads to Seismic Retrofitting which is the process of upgrading the
structural strength of an existing damaged or undamaged building to enable it to

resist probable earth quake generated forces in future.

1.1 Static and Dynamic Analysis:

The process of Seismic Evaluation and strengthening of an existing structure
commences with the visual study of the drawings and the structure itself. The aim of
the seismic evaluation is to diagnose the system weakness including the lack of
secondary load paths, incomplete moment resisting systems, lack of bracing or shear
wall to transfer all loads successfully to the foundation for distribution of mass and

stiffness. The analysis uses FEMA 273 for structure-01 and 1S1893:2002 for



structure-02 in the case study section of this document. The analysis uses code
specified lateral loads applied to a structure, modelled with an elastic linear stiffness.
Response spectrum analysis is used in the dynamic analysis to ensure better
distribution of forces that take care of the system irregularities and mass distribution

(Marletta, 2005).

1.2 Research Objectives:
The research question for this study is to check the stability of structures to withstand the effect
of earthquakes. The main argument raises on the structures which are designed according to the

old seismic codes and design practices will be able to withstand the design earthquake forces.
This dissertation executes the following:

e Review Seismic action, seismic resistance and vulnerability. Discussion of previously
occurred earthquakes and Risk Assessment.

e Discussion of common problems affecting seismic performance of RC structures and
techniques used in seismic retrofitting. Needs and strategies of retrofitting explained.

e Case study comprises of carrying out seismic evaluation in the both the structures
selected in different seismic zones.

e If the structures are found deficient to withstand the earthquake forces, then seismic
retrofitting is carried out.

e Selection of retrofitting schemes.

e To carry out retrofitting with two different schemes on the structure.

e After the retrofitting procedure, the results are compared for both schemes in the
structure under:

o Time Period



Modal Participating Mass Ratios

Base Shear

Bending moment and shear forces for beams
Moment of resistance and Axial forces for columns

Story Drrifts.



2. LITERATURE REVIEW-01

2.1 SEISMIC ACTION:
In order to determine the seismic action; importance class of the structure,
conditions of the project, geological studies and ground investigation should be

carried out.

The earthquake motion at a given point on the surface is represented by an elastic
ground acceleration response spectrum, hence forth calling it as “Elastic Response
Spectrum”.  The horizontal seismic action 1is described by two orthogonal
components assumed as being independent and represented by the same response
spectrum. When an earthquake affecting a site are generated by widely differing
sources, the possibility of using more than one shape of spectra to enable design

seismic action should be considered (Marletta, 2005).

In these cases, different values of ag (design ground acceleration) is defined for each
type of spectrum. Seismic action also depends on the characteristics of the structure
such as energy dissipation capacity and fundamental modes of vibration. The elastic
spectrum of eurocode-8 (EN-1998) for different values of damping is shown in

figure-01.

For very small time periods, the value of pseudo-spectral acceleration is considered
as the peak ground acceleration (PGA). At this point, the structure is rigid. When the
time period is increased, response spectrum is defined for each region (Marletta,

2005).



In the first region (0< T < Tg) where Tg is the lower limit of the period, the spectral
ordinates escalates linearly with the time period and on the second region where (Ts
< T < Tc¢); Tc is the upper limit of the period. At this region, the spectral ordinates
are independent of the time period and when the period is greater than Tc; spectral
ordinates decreases rapidly leading to the reciprocal of the time period. When the
time period decreases to Tp, spectral ordinates will decrease further leading to the

reciprocal of the time period squared.

T [s]

Figure-01: Elastic design spectrum of Eurocode 8, soil type A

(Source: Oliveto, 2002)

2.2 SEISMIC RESISTANCE AND VULNERABILITY:
A vulnerability evaluation is compulsory step before commencing the retrofitting
procedures in order to identify the number of deficient members and the quantum

and nature of such deficiencies. A probable earthquake is first characterized by



means of a Design Spectrum which depends on the energy dissipation capacity
through the Structure Behavior Factor. Assuming that the Structure Behavior Factor
for the structure being considered can be evaluated, the Design Spectrum can be

prepared. An example of such a spectrum is shown in Figure 01.

Over Resistant Structure

Design Spectrum

Vulnerable Structure

T [s]

Figure-02: Comparison between Seismic Demand and Seismic Resistance
(Source: Oliveto, 2002)

If the seismic resistance of a structure as depicted in the study is greater compared to
the one demanded by the design earthquake, it will be categorized as an over-
resistance structure and will therefore is not vulnerable to collapse during a sudden
earthquake. This case is showcased as the longer ordinate on Figure 02. A structure
with the seismic resistance as illustrated by such an ordinate is well capable in
withstanding an earthquake with an anchoring acceleration larger than that is

associated with the design earthquake.



Instead, if the seismic resistance of the structure correlates to the shorter ordinate as
shown in Figure 02, the resistance capacity is obviously less than the earthquake
demand. Thus the structure is vulnerable when compared to the design earthquake.
Therefore, the structure can only withstand an earthquake with an anchoring
acceleration fewer than the designed one. This necessitates retrofitting of the
structure to meet its inadequacy in design inequality to the extend as displayed in the

study.

Capacity > Demand

The design inequality stated above should be satisfied in terms of stiffness, not only
in resistance or strength. The stiffness capacity of the building should not be fewer
compared to the stiffness the probable earthquake demands from it. If not,
displacements will raise up, especially inter-story drifts, and damage could extend to
non-structural components also. The stiffness control is normally carried out

indirectly by checking the inter-story drifts [Oliveto and Marletta, 2005].

2.3 RISK ASSESSMENT:

Risk assessment is describing the general process and methods in order to:

= Identify the factors of hazards and risks with potentials to harm (hazard
identification).

= Zero in and evaluate all risks related to those hazards (evaluation and analysis
of risks).

= Determination of the apt ways for the elimination of such hazards as far as

possible, if not, to control and minimize those hazards (risk containment).



The recognition of the concern for human safety and life and the importance of
preserving it has ushered civil engineering professionals and experts to the
development of minimum codes and standards for buildings so as to resist seismic
damages. Fortunately, this is a worldwide recognition. These risks ought to outweigh
all other factors, mainly economic, which tend to oversee such hazard potentials.
This intense understanding needs to guide the owners, statutory agencies, institutions
and government departments as well as law making bodies. Earthquake engineering
based on seismic performance and risk identification needs to be thoroughly
considered for retrofitting of existing buildings or designing new buildings. These
will provide a framework for perceiving, determining and measuring the losses. This
mechanism based on earthquake engineering being in its infancy, the designs of
buildings continue to be based of the available codes and standards.

Unfortunately, in most communities, old structures which are archaic from seismic
resistance perspectives pose heavy and continuous risk. The building laws, codes,
specifications, rules and regulations need to recognize this risk for adequate
amendments which shall ensure that the owners of such structures carry out such
measures as to address and resolve shortages in seismic resistance capabilities of the
structures within a reasonable time.

Seismic Evaluation and retrofitting of structures are mainly contempt to provide
safety of lives, economic losses and to reduce the casualties during the occurrence of
a sudden tremor. In the past decades, interest has been raised to reduce the economic
losses caused by the devastating earthquake; this could either be the repairing costs
or due to the loss of use of the structure. The cost of retrofit, often comes above 25%
of the value of the structure, has also raised interest in researching the costs and

benefits of several methods of retrofitting and their various levels of performance



expected form the result. This interest in prediction of the damage levels expected in
a structure before and after retrofit has resulted in the improvement of formal
frameworks for performance based seismic engineering (FEMA, 1977), (Fajfar,

1997).

2.4 EARTHQUAKE DAMAGE:

Earthquake disaster, more often than not, tops the list of natural calamities unleashed
on mankind resulting in serious human injury, loss of life and economic losses. The
magnitude of a ground shaking at a particular location will determine the earthquake
damage. The tall buildings are mainly affected due to their height, and may fall
down or into each other (pounding). Earthquake occurring with liquefaction can be
very dangerous. This can lead to sinking of structures into the ground. Liquefaction
occurs due to the mixing of sand or soil with the ground water at the moment of
occurrence of a strong or moderate earthquake. When the soil gets mixed with
ground water, the ground becomes very soft and it acts like quick sand and
structures above it can get sinked. Other destructive effects on the structures due to
an earthquake are sliding away of foundation and their horizontal and vertical
movement that may make the structure unsafe. In many such events of severe and
moderate ground motions, civil engineering facilities, especially buildings, which
were supposed to be designed and constructed to provide protection against natural
hazards utterly failed to live up to the standards. The following are only some of

such structures that caved in and were devastated during earthquakes:
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2.4.1 Christ Church Earthquake, 2011

An earthquake, considered as the nation’s fifth deadliest disaster, with 6.2
magnitudes on the Richter scale occurred in New Zealand’s South Island on 22
February 2011. Heritage buildings suffered huge damage, including the Provincial
Council Chambers, Lyttelton’s Timeball Station, the Anglican Christchurch
Cathedral and the Catholic Cathedral of the Blessed Sacrament. More than half of
the building in the city has to be demolished since the earthquake happened. This

includes the tallest building in the city, the Hotel Grand Chancellor.

The mostly affected areas were Christ Church’s central city and the eastern suburbs;
with serious damages to structures and infrastructure which were already devastated
and weakened by the previous earthquake of 7.1 magnitude that happened in 2010.
Several buildings collapsed due to the earthquake, crushing a number of transports,
roads and other infrastructures and causing loss of human lives. Damages occurred
mostly to old buildings, particularly with unreinforced masonry and those built
before stringent earthquake codes were introduced. A six storey television building
which incorporated a medical clinic, a TV station and a school collapsed in the
earthquake, and fire out broke in the structure, killing 115 people (New Zealand,

2011).

It was later found that the construction of the building was faulty. The spire and part
of the tower of the Christ Church cathedrals were destroyed in the -earthquake,
seriously damaging the structure of the remaining building. The cathedral,
constructed of unreinforced masonry, had been retrofitted after the 2010 Canterbury
Earthquake, but those retrofits were not sufficient to protect the building from

another major earthquake. Christchurch implemented a retrofit code following the
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2010 earthquake. When the earthquake occurred, unreinforced masonry buildings
without retrofitting only had 1/10 of the code required design-level strength. This
further stresses the importance of having adequate retrofitting to bring buildings to
the design-level strength as stated in the code. The Catholic Cathedral of the Blessed
Sacrament was also seriously damaged, and the towers of the structure fell down. A
decision was made to remove the dome because the supporting structure was
weakened. Some of the hotels were at the point of collapse, and some other
buildings were dislocated by half a meter in the earthquake, and had dropped by one
meter on one of the sides. Some of the structures were damaged irreparably and
have the potential to bring down all the other structures if it fell; because of which

two-block radius around the hotel area had to be evacuated (Bruneau, 2011).

One of the major effects on the earthquake was liquefaction which produced
subsequent amount of silt. This cause subsequent loss of population in Christchurch
main urban area which fall behind the Wellington equivalent to reduction of

population in second to third most populous area in New Zealand.

Historic structures were badly damaged and its stone chambers had completely
collapsed. A substantial number of the churches were heavily and adversely affected

which were demolished days after the earthquake (Turner, 2012).
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Figure-03: Pictures from Christ Church Earthquake, 2011

(Source: Berenstein .E, 2011)
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2.4.2 Tohoku Earthquake, 2011
Another glaring example of the damages caused due to the inability of the structures

to challenge the earthquake was the Tohoku earthquake-2011 in Japan.

Referred to as the Great East Japan Earth Quake, it occurred in the pacific coast of
Tohoku with a magnitude of 9.0 to 9.1 in the Richter scale. This is rated as the
fourth most powerful earthquake in the world and the most powerful in the history
of Japan. Ten thousand people were killed and thousands of people were injured by

the powerful tsunami waves from the earthquake.

The damage to the infrastructure was very heavy, resulting in extensive and

widespread structural damages to dams, railways, roads, buildings etc.

Figure-04: Pictures from Tohoku Earthquake, 2011

(Source: News Tribune, 2011)
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2.4.3 Haiti Earthquake, 2010

One of the most devastating tragedies in human history, a catastrophic earthquake of
magnitude 7.0 hit the capital of Haiti on 12 January 2010. As per Haiti government
estimation 250,000 residences and 30,000 commercial buildings had collapsed or

were severely damaged which were required to be demolished.

Haiti’s engineering rules were so lacking that they didn’t have even building codes.
As a result the buildings which were erected without any reinforcement and
safeguarding features against earthquakes crumbled, Kkilling or ensnaring the
inhabitants. Many monumental buildings like cathedral, National Palace, UN Head
Quarters as well as government and legislative buildings were heavily impaired.
While the city’s infrastructures were still reeling under the adverse consequences Of
the previous storms and tornadoes during August-September 2008, the earthquake
came as a compounding misfortune. 15 per cent of the buildings in the town were
estimated to have perished. Amongst the widespread devastation and damage
throughout the city, vital infrastructure necessary to respond to the disaster were also
severely damaged or destroyed. This included hospitals, transport facilities and
communication systems. The earthquake destroyed the central tower of international
airport, damaged the seaport and made it unusable for immediate rescue operations

(DesRoches, 2011).

The earthquake also destroyed a nursing school in the capital and severely damaged
the country's primary midwifery school. The Haitian art world suffered great losses;
artworks were destroyed, and museums and art galleries were extensively damaged.
This included among them Port-au-Prince’s main art museum, Centre d'Art, College

Saint Pierre and Holy Trinity Cathedral. Some buildings performed better than their
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neighbours because of their low mass. For example, the wood-frame building
withstood the earthquake forces while the adjacent structure collapsed after being
reinforced concrete structure. Similarly, the one-story church had a light-metal roof
supported by masonry walls. Although it appeared to be constructed with materials

of poorer quality than those used in a neighbouring concrete bearing-wall house, the

masonry church structure suffered less damage (Comerio, 2011).

Figure-05: Pictures from Haiti Earthquake, 2010

(Source: Miyamoto International, 2010)
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Figure-06: Pictures from Haiti Earthquake, 2010

(Source: Semper.D, 2010)

2.4.4 Bhuj Earthquake,2001

The 2001 Gujarat earthquake, also known Bhuj earthquake occurred on 26" January
(52" Indian Republic day). The intraplate earthquake reached 7.7 on the moment
magnitude scale which is categorized as intensity “extreme” according to Mercalli

Intensity scale.

The severity of the earthquake was large that the effect was felt in places and far and
wide, as distant as about 2,000 kilo metres. But, it was the Kachchh region spread
over forty six thousand kilo metres and comprising twenty two percent of the whole
area of Gujarat that faced the brunt of the quake. Located along the western area of
Indian subcontinent, this region is highly seismic sensitive. The continental southern
region of peninsular India is fairly stable. On the north and east it has active plate
margins. The Kutchchh region is considered as a transitionary area between these
two areas. The seismic code 1S: 1893-1984 categorizes India into five seismic
zones, the fifth zone being considered as the most serious. However, for design

purpose, the total of five zones has been reduced into 4 by combining the first and
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the second zones into one. The regions around Bhuj are considered as an active

seismic zone featured in the most serious seismically sensitive category (Jain, 2012).

A review of the structures in the earthquake areas revealed that the majority of these
structures consisted of reinforced concrete framed structure or load-bearing. The
masonry units were made of random rubble stones, rough dressed stones, clay
bricks, and concrete blocks either solid or hollow. Mortars of mud, lime or cement
were used in assembling the units. The structure of the roof was made of Mangalore
clay tiles which were laid on timber planks, supported by purlins or rafters made
from wooden logs or made of reinforced concrete slab. In the building with more
than one storey, the floors and roofs are more often to be non reinforced concrete
slabs. The performance of the masonry structures, without any reinforcements, in the
Kachchh areas performed very poorly during the earthquake. The walls were neither
tied to each other nor to the floors and roofs. The random rubble constructions in
mud mortar performed the worst here.  Massive destruction and loss of life occured
from the collapsing of such large number of buildings. Many reinforced concrete
frame buildings, except in the first storey, reserved as parking locations, had infill
masonry walls. No wonder, the open first storey either collapsed or suffered serious
damages. The review of such failures confirmed the vulnerability of those structural
details which are known as causes of distress. In the majority of buildings, including
those to 10 and 12 storied, the reinforced concrete columns are supported on isolated
spread footings located at some depth below the ground level to go past the fill
material on the top. Generally, it is found that the quality of foundation soil is
judged on the basis of visual inspection, without any geotechnical investigation
having been carried out. Foundation ties are not provided. However, surprisingly, it

was found in the review process of the earthquake that masonry infills, even when
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not tied to the surrounding frame, could save the building from collapse, if such
infills are uniformly distributed throughout the height so that sudden changes in

stiffness and strength did not occur. (Pathak, 2012).

Figure-07: Pictures from Bhuj Earthquake, 2001

(Source: McGee.C, 2005)

19



2.5 COMMON PROBLEMS ASSOCIATED WITH SEISMIC
PERFORMANCE OF EXISTING RC BUILDINGS:

This section seeks to explain the common deficiencies found in reinforced concrete
structures which can result in the failure and collapse of the structure during

earthquakes.

2.5.1 INCOMPLETE LATERAL FORCE RESISTING SYSTEM:

One of the major causes of the collapsing of buildings during earthquake is the
absence of proper lateral force resisting system in the structure. In order to avoid a
collapse, every member in the structure should be connected positively to the whole
structure in such a way that the inertial loads generated by element motion in any

way can be transferred to the ground in a successful manner.

A complete frame includes moment frame, shear walls or braced frame. At each
level of considerable mass, a horizontal diaphragm is required for interconnecting
these vertical elements. Together, this assembly will provide adequate rigidity which

takes care of lateral structural deformations.

Expansion joints are one of the most common features of large structures, especially
in areas where temperatures vary from time to time. The structures with expansion
joints designed without a complete lateral force resisting system of the structural
segments on each side of the joints will result in a collapse. One other issue
commonly related to the buildings with expansion joints is the pounding onto the
adjacent structures. The intensity of the issue can be minimized if the diaphragm

levels on each side of the expansion joints are aligned (Sinha, 2012).
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2.5.2 PLAN CONFIGURATION PROBLEMS:

2.5.2.1 Re-entrant corners:

Re-entrant corners are the most common problems in building configuration (in
plan) taking the shape of an H, L, T or combination of these shapes. There are two
types of issues caused by re-entrant corners. The first issue is that they have a huge
tendency to create variations in rigidity and as a result differential motions are
caused which results in local stress concentration at the re-entrant corners at
different parts of the structure. The second issue is torsion. This arises because the
centre of rigidity and centre of mass cannot geometrically coincide for all possible

earthquake directions.

2.5.2.2 Diaphragm Configuration:

Diaphragm is one of the most important elements in the structure which helps in
transferring the laterals loads to vertical load resisting elements in the structure. It
acts as a horizontal beam on the structure providing enormous stability in lateral
direction. Diaphragm penetration and geometrical irregularities lead to torsion and

stress concentration in structures.

2.5.3 SOFT STOREY EFFECTS:

Soft storey is one of the vertical irregularities which decrease lateral stiffness of the
structure. This condition of the soft storey can develop at any floors in the structure
but it becomes critical when it appears on the first storey as the force generated on
the structure is concentrated most on this level of the structure. The soft storey at the

first level consists of a discontinuity of strength or stiffness, which occurs at the
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connections in second storey. Any change of vertical and horizontal structures at the

second storey also causes discontinuous load paths leading to soft storey.

2.5.4 EXCESSIVE LATERAL FLEXIBILITY:

Occasionally, collapse may occur in buildings equipped with complete lateral force resisting
systems, if excessive flexibility exists in the elements of their lateral force resisting. In the
case of ground shaking very large lateral displacements may happen to such buildings.
Significant gravity loading in structures causes instability when subjected to major lateral
deformation. Obviously, flexible structures built on deep soft soils sites may encounter

substantial seismic demands.

2.5.5 SHEAR FAILURE OF JOINTS:

The moment resisting frames may experience shear failure in its joints. Transfer of flexural
stress between the elements may lead to very large shear at the beam-column joints of the
moment resisting frames. The lateral confinement reinforcement in the column not passing
continuously through the joint zone causes failure at such joints. Comparatively slender

beams as well as frames having eccentric beam-column joints are normally weaker.

2.5.6 INADEQUATE DEVELOPMENT OF REINFORCING STEEL.:
Collapsing structures are more often than not seen with reinforcing steel of inadequate
development. The flexural reinforcing steel will yield in frames with inadequate strength to

minimum elastic at real deformation levels. The bond between the reinforcing steel and
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concrete is broken by cyclic loadings of repeated nature in the bars. This causes loss of

flexural strength and frame instability.

2.5.7 DETERIORATED CONDITION:

Deteriorated condition due to aging of the structure contributes to seismic failure of
the structures. Common problems resulting from deteriorated condition include
spalling of concrete and rusting of steel on structures constructed offshore and

mortar deteriorated due to drastic change in weather in concrete structures.

2.5.8 POOR QUALITY OF CONSTRUCTION:

Poor quality of construction has caused enormously to the earthquake induced
failure of structures. Mostly failures occur in the masonry walls (reinforced) because
grout is not placed in the reinforced cells. Low quality of mortar is the main reason
for this. Welded reinforcing steel splices are often brittle and fail prematurely if
proper care is not taken during the construction. Similar issues occur with welded

steel connections in steel structures.

2.6 STRATEGIES FOR SEISMIC RETROFITTING:

The primary purpose of retrofitting to counter seismic effects is the enhancement of
seismic behaviour structures including buildings in terms of its behaviour towards
seismic factors. Different strategies need to be considered for application to achieve
this. The future use of the structure needs to be the criterion for the selection of the

best retrofitting method and relies on a thorough perception and understanding of the
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dynamic behaviour of such structures (Holmes, 2000). The maximum coordinated
efforts for the optimal combination of stiffness, ultimate resistance and deformation

capacity needs to be pillar of any seismic retrofitting strategy. (Holmes, 2000).

The basic purpose of seismic retrofitting is the improvement in the rectification of
main weaknesses in the seismic performance of the structure intended to be
retrofitted. Most importantly, the connection between the new features and the
existing structures should invariably be seamless. Any effort to spread the effect of
seismic impact originating at the ground level to the whole building is a crucial

aspect (Holmes, 2000).

The first retrofitting strategy of ‘Improving Regularity’ limits the procedures
towards simplicity for the improvement in distinctive features of the building viz.
ultimate resistance, mass, stiffness, damping etc. A retrofitting scheme should
ensure that the new structural member should fit in a way so as to create a regularity
of the structural system [Thomas, 2008]. The second Strategy in retrofitting is
strengthening. The proven and most widely used method of retrofitting is enhancing
the existing structural systems with new elements of building or by doubling the
elements of the existing building. Additionally strengthened concrete walls or steel
trusses could be used for this. With this method the resistance and the toughness of
the structure is enhanced while retaining the same deformation capacity. As a result
of the larger extend of toughness thus achieved; the demand for deformation caused
by seismic impacts is reduced to the deformation capacity which is available

(Thomas, 2008).

Enhancing structural ductility is another retrofitting strategy. Achieving a plastic

deformation capacity which is above the vyield limit or the extent of elastic
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deformation capacity is known as enhancement of ductility. Usage of additional
bonded strips converts brittle structural elements like masonry walls more ductile.
The whole deformation capacity, elastic as well as plastic, is augmented with this

strategy, with only a slight improvement in the ultimate resistance and the stiffness.

An additional strategy is soothing or softening a structure. Soothing causes a
reduction in stiffness which reduces the forces by enhancing the displacement from
seismic action at the same time. One of the practical applications of this strategy is
the transformation of longitudinal bearing system of multi-span girder bridges from
rigid to floating on a pier. Applying the softening strategy with seismic isolation by
inserting a high damping and horizontally soft seismic bearings crafted from
reinforced rubber layers is a wide spread application in seismic retrofitting.
Another means of softening is practiced by removing the stiff struts, infills etc. to
result in a better horizontal deformation of the structural system. Reduction in
seismic impacts with damping process presents another possibility in retrofitting.
Damping increases reduction in seismic impacts. This can be carried out by inserting
multiple dampers as required. The application of supplementary dampers is
discussed further in ensuing sections. Seismic isolation is implemented by inserting
horizontally soft and high damping seismic bearing. This increases damping and
simultaneously reduces stiffness (Thomas, 2008).

Mass reduction is an additional strategy in seismic retrofitting. The inertial forces
and stresses generated by earthquakes are lesser when the mass of a building is
reduced. Mass reduction can be implemented by minimizing highest storeys and
roof level of the building. Practically, in most cases, this strategy is not applied

because of reduction in useable space in such buildings.
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The next strategy is to bring about a change in the use of the structure. Along with
structural changes, operational changes can also result in the reduction of seismic
effect. Declassification by downsizing the activities carried out inside a structure to
some lesser intense activity in terms of impact from seismic factors could be
possible. A hospital with activities requiring heavy transactions and population
could be downgraded to one of less intense activities or to a hostel thereby causing

reduction in Seismic action as a result of lower importance factors.

2.7 NEED FOR SEISMIC RETROFITTING:

Seismic Retrofitting is the modification of the existing structures to make them more
capable to resist earthquake forces. A higher degree of damage can be expected in a
structure during an earthquake if the seismic resistance of the structure is
inadequate. The decision to strengthen it ahead an unexpected earthquake depends
on the building’s current seismic resistance status. In recent years, seismic
requirements according to building standards have been getting distinctly more
rigorous. Because of the widespread negligence on these regulations, the question of

seismic safety is not only for older building but also for newer ones (Sinha, 2002).

Need for seismic retrofitting becomes mandatory to ensure the safety and security of
a building, structure functionality, machinery and inventory. One of the main
categories of the buildings prone to earthquake induced failures is that the buildings
are not designed according to the standard codes or lack of timely revision of codes
of practice and standards, and the members are designed only for withstanding
gravity loads. Therefore, the need for retrofitting arises for these structures. There

are buildings which are designed according to the old seismic codes which are no
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longer practically relevant. In such cases, seismic evaluation need to be carried out
in accordance with updated seismic codes and design practices for the building to be
protected from collapse. In the case of up-gradation of the seismic zone of a country,
seismic evaluation is necessary and if the demand is greater than the capacity after

calculating the C/D ratio, seismic retrofitting is required (Alam, 2015).

Seismic retrofitting is also needed when the structure gets deteriorated due to aging
or modification of the existing structure like increasing the number of stories or

carrying out an increase in the loading class etc.

Seismic retrofitting is essential to reduce hazard and loss from non-structural
elements and for buildings that have quality or safety problems due to design flaws
or deficiency in the construction quality. These problems are often met in new
construction and for the existing structures (Arora, 2015). When the buildings are
located close to the site of deep pit foundation of a new construction, this deep
excavation may cause unequal settlement of the surrounding soil and the
surrounding buildings may consequently face damages or risks. In this case, the

structure must check for seismic evaluation.

In most cases retrofit analysis techniques and design procedures are similar to those
applied to new designs, yet seismic evaluation and current status assessment of the

existing buildings is unique in the design of retrofitting schemes.

The lateral strength and ductility are the most crucial factors that govern the seismic
capacity of the structure. Before adopting the retrofitting technique, its objective
should be clearly defined. The purpose of retrofitting is to upgrade the strength and
ductility of the existing buildings so that it can withstand future earthquakes with

non-occurrence of damage or by incurring minimum damage (Sinha, 2002).
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The following concepts are recommended in seismic retrofitting:

1) Upgrade the ultimate strength of the complete structure.
2) Enhancing the ductility or deformation capacity of the structure.

3) Enhancing both of these ultimate strength and deformation capacity.
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3. LITERATURE REVIEW-02

3.1 SEISMIC RETROFITTING TECHNIQUES:

Seismic Retrofitting Techniques:

The retrofitting program for a building is decided on the basis of a properly carried
out seismic evaluation. Visual inspection of the drawings and the structure itself are
critical for the seismic retrofitting schemes and processes. Capacity and demand of
each member in the structure is identified for assessment and capacity by demand

ratio is calculated in the seismic evaluation (Belali, 2015).
There are two types of retrofitting: Local Retrofitting or Global Retrofitting.
Local Retrofitting:

This is adopted when a few components (such as columns, beams, connections,
shear walls, diaphragms, etc) in the existing building do not have substantial
strength and stiffness. In this retrofitting procedure, basic configuration of the
structure’s lateral force resisting system is kept intact. Some of the local deficiencies
observed in the structures are inadequate shear capacity in columns, lack of confine
of column core, existence of short and stiff columns, Lack of tie reinforcement in

beams etc.

Local retrofitting is carried out by enhancing the deformation capacity or ductility of
the components, without completely increasing the strength like placement of
jackets around the weakened concrete member (reinforced) to enhance its
confinement which can improve its ability to deform without causing degradation of
reinforcement splices or spalling. Local retrofitting schemes include the local

strengthening of columns, beams, slabs, slab to column or beam to column joints,
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walls and foundations. This strengthening allows one or more vulnerable members
or connections to resist the strength demand, without completely affecting the total
response of the structures. Local retrofitting procedure is considered as the most
economical alternative when only a few elements in the structures are deficient.
Local retrofitting techniques include: jacketing of columns, jacketing of beams,

jacketing of beam-column joints and strengthening individual foundations.

Global Retrofitting:

Global retrofitting techniques are required when the entire lateral load resisting
systems are found deficient. Global (Structural level) Retrofit methods include
conventional methods (increase seismic resistance of existing structures) or non-
conventional methods (reduction of seismic demand). The common way of global
retrofitting is to increase its strength and stiffness. This method concentrates on the
structural level and retrofit to obtain a better overall behavior of the entire structure

(Arora & Alam, 2015).

Large lateral deformations are included in the structure due to the ground shaking
which imposes increased ductility demand on the various members in the structure.
Addition of new shear walls or braced frames within an existing structure increases
its stiffness to a great extent, while some other existing structures have inadequate
strength, which causes inelastic behaviour at very low levels of the -earthquake
forces and results in large inelastic deformation demands throughout the structure.
By strengthening the structure, the threshold of lateral forces at which the damage
initiates, can be increased. Moment resisting frames, addition of new structural shear

wall or the addition of new bracings can be provided to add more flexibility and
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strength to the structures (Sinha, 2012). The following are some of the seismic

retrofitting techniques:

3.1.1 Base Isolation:

Inducting flexibility at the base of the structure horizontally, and infusing damping elements
simultaneously in order for restricting the amplitude of the motion which an earthquake
causes is, in principle, Seismic Isolation. The successful development of mechanical-energy
dissipaters as well as elastomers possessing high damping properties boosted the concept of
base isolation. The Use of Mechanical energy dissipation devices, combined with flexible
base isolation devices, controls the seismic response of the structure by limiting

displacements and forces. This significantly improves its seismic performance (Sinha, 2012).
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Figure-08: Base Isolation devices

(Sinha, 2012)
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Figure-09: Base Isolation devices
(Source: Kamrava.A , 2015)

The objective of these systems is to decouple the building structure from the
damaging components of the earthquake’s input motion so as to prevent the
superstructure of the building from absorbing the earthquake energy. The basic
requirements of these systems are: damping, flexibility and resistance to vertical and

other loads.

The main advantages of the base isolations are:

Better protection against earthquake due to the decreasing of shears,

e Superstructure will not need any reinforcement

e Foundation system will not require any reinforcement to resist overturning
moment, which is much smaller than those of the initial design.

e Least interruption in building activities

e Least requirement of temporary works

32



The commonly used base isolation systems these days are elastomeric bearing or
laminated rubber bearings and sliding isolation systems. Elastomeric bearings are
designed with a vertical stiffness, which are much higher than the horizontal

stiffness (Clemente, 2012).

3.2.2 Addition of new Shear walls:

Adding a new shear walls is one of the most common methods to increase the lateral
strength of the reinforced concrete building. It also helps in controlling drift.
Therefore, it is the simplest and the best approach for improving the seismic
performance which is usually used in retrofitting of non-ductile reinforced concrete
frame buildings. The newly added shear walls can either be precast or can be cast-

in-place elements.

Addition of shear walls are mostly preferred in the exterior of the buildings, but it
may hinder the windows and balcony layouts. New shear walls are not preferred on

the interiors so as to avoid interior moldings.

The addition of new shear walls to an existing structure can cause many technical
problems. Some of them are: transferring of diaphragm shear into the newly built
shear walls with the dowels, adding new collector and drag member to the
diaphragm, thereby increasing the weight and concentration of shear by the addition

walls which may affect the foundation (Agarwal, 2010).

Location of shear walls also matters a lot. It is desirable to locate the new shear wall
adjacent to the beam between columns so that only minimum slab demolition is

required with connections made to beams at all sides of the columns.
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Figure-10: Seismic Retrofitting with Addition of shear walls

(Source: Hueste, M., 2011)

Figure-11: Seismic Retrofitting with Addition of shear walls

(Source: Samor, R., 2013)
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3.2.3 Addition of New Steel Bracings:

Another most common method of strengthening a seismically damaged structure is
by the addition of steel bracing (cross bracings) on the exterior of the structure. One
of the main benefits of steel bracing is that the windows, balconies etc. will not be
hindered. Some of the other advantages of using steel bracings compared to other
retrofitting schemes are: it provides higher strength and stiffness; bracing will not
increase the weight of the structure to a great extent, and the foundation cost can
also be minimized. Since some of the retrofitting works can be pre-fabricated, much
less disturbance is caused to the occupant. Steel bracing retrofitting techniques can
be used with both concrete and steel structures. The installation of steel bracing
members can be an effective solution when large openings are required (Agarwal,

2010).

Newly added bracings always require vertical columns at both ends to resist
overturning forces to work vertically, as chords of a cantilever truss are arranged

horizontally at each floor level.

Several researchers have found that addition of steel bracings has performed well-

exhibited linear behaviour even up to twice the design code force.

Bracing should have low slenderness ratio so as to function effectively during
compression.  Skilled labour is crucial for steel bracing construction. Careful
considerations of connections of strengthening elements to the existing structures
and to the foundations have to be consciously designed to ensure proper shear
transfer. Local reinforcements to the columns may be needed to bear the increased

loads generated on them.
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3.2.4 Jacketing Techniques (Member retrofitting techniques):

Jacketing techniques which are cost effective in comparison to the global (structural
level) retrofitting are utilized in upgrading the strength of the seismically deficient
members. Addition of concrete, steel, fibre reinforced polymer (FRP) jackets as well
as jackets with high tension materials like carbon fibre, glass fibre etc. used in
confining reinforced concrete beams, columns, joints and foundation are a few of the
Jacketing techniques. Being the most efficacious, the strengthening of columns is

the most popular means of jacketing (Sarker, 2010).

Increasing concrete confinement by transverse fibre /reinforcement especially for
circular cross sectional columns, Enhancing shear strength by transverse fibre
Ireinforcement, Escalating flexural strength by longitudinal fibre/reinforcement, all

well anchored at critical sections are the paramount purposes of jacketing.

Jacketing is carried out by wrapping the entire circumference of the member with
transverse fibre which are either overlapped or welded for enhancing the concrete
confinement and shear strength. Members with circular cross-section are jacketed
for better confinement like this. Circular, oval or elliptical jackets with spaces
between them adequately filled with concrete, are used for jacketing square/

rectangular members.

Even though the flexural capacity of the building frames is not increased to any
great extent, the longitudinal fibres which are similar to longitudinal reinforcement
could be efficient option in enhancing the flexural strength of the member. This is
because the critical moments are concentrated at the ends of beam-column where it
is extremely difficult for most of the longitudinal fibres to pierce in through to get

anchorage.

37



Enhancing the seismic capacity of the moment resisting framed structures is
predominant purpose of jacketing. As the slab causes hindrance in the jacket, the
jacketing of reinforced concrete beams with slab is difficult. The design of the jacket
should invariably include  probable  distribution ~ of  loads thorough  out  the
structure. A change in the dynamic properties of the structure might in turn lead to

changes in lateral forces induced by an earthquake (Agarwal, 2010).

3.2.4.1 Jacketing of Columns:

Jacketing the damaged column is carried out by placing reinforcements of traverse as well as
longitudinal nature around the already existing columns and then filling the spaces with
concrete. The axial and shear strength of the columns is enhanced by this. Jacketing of
columns does not increase its ductility. A major advantage of jacketing of columns are that
they enhances the lateral load capacity of the structure in a reasonably uniform and distributed

way and thus avoiding concentration of stiffness as in the case of shear walls.

The jacketing method will not change the original geometry of the building. The
foundation loads will not be changed a lot. The jacketing of columns can be done in

two ways:

e Reinforced Concrete Jacketing

o Steel Jacketing

Jacketing increases the shear capacity of the columns in order to accomplish
strong column-weak beam design, and to improve the column’s flexural strength

by the longitudinal steel of the jackets.
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Figure-13: Seismic Retrofitting with Jacketing of Columns

(Source: Nasreen, S., 2016)

3.2.4.2 FRP Jacketing:
During a moderate or strong earthquake, it is very likely that the structure can
undergo inelastic deformation and to avoid these structures from collapsing; it

depends on the structure’s ductility and energy absorption capacity.

The application of composite materials has been developed in the strengthening and
retrofitting of seismically damaged RC structures through recent years, so that many

of the concrete structures would be strengthened by these materials.

One of these materials are FRP wrapping (fibre reinforced polymer) of reinforced
concrete columns. Jacketing with FRP increases ductility and compressive strength
of RC columns. FRP retrofitting enhances the compressive control region and it has

no effect on tension control region.
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The seismic retrofitting of chimneys, bridge piers and columns use light, high
strength and high durability continuous fibre reinforcement such as aramid, glass,
carbon etc. FRP wrapping has been developed to increase the flexural capacity of
the column, the technique known as Near-Surface Mounted (NSM) FRP rods are
proposed. Embedment of the rods is achieved by grooving the surface of the

member, to be strengthened along the desired direction.

The groove is filled halfway with epoxy paste. The FRP rod is placed in the groove
and lightly pressed, so as to force the paste to flow around the bar and fill

completely between the bar and the sides of the groove.

The groove is then filled with more paste and the surface is levelled. The presence of
jacket contributes to the stability of the rods and controls epoxy paste cracking. FRP
column jacketing systems reduce the maintenance needs of the columns and

improve their durability (Agarwal, 2010).

As mentioned above, two mainly used FRP are Glass fibre reinforced polymer
(GFRP) and carbon fibre reinforced polymer (CFRP). It was proved in several
studies that added confinement with CFRP at critical location can enhance its

ductility, strength and energy dissipation capacity.

The principle advantages of FRP jacketing techniques are:

i. Carbon fibre is flexible and can be made to contact the surface tightly
for a high degree of confinement.

ii.  Confinement is very strong and effective because carbon fibre is
highly strong and of high modulus of elasticity

iii.  The carbon fibre has light weight and rusting does not take place.
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Figure-14: Seismic Retrofitting with Jacketing of Columns using FRP wrapping

(Source: Sarafraz, M., 2008)

3.2.4.3 Jacketing of beams:

Jacketing of beam is endorsed and recommended extensively since it provides
continuity to the member and help in increasing the stiffness and strength of the
structure. While jacketing a beam, care should be taken while calculating flexural

resistance, to avoid the creation of strong beam-weak column system.

The jacketing of beam includes placing an additional layer of concrete around the
existing beam, together with the addition of longitudinal bars and stirrups, to
increase the shear and flexural capacities of the beam. The positive flexural capacity
of the beam at the face of the joint can be increased, based on the generated

confinement of concrete and the pattern and strength of the wraps (Sengupta, 2012).

For effective beam jackets, the use of closed stirrups as dowels involves closely
spaced drilling of the existing beam. The advantages of the concrete beam jacketing

are:
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e Jacketing by concrete can increase both flexural and shear capacities of a
beam.

e The compatibility of deformation between the existing and new concrete,
resistance against delamination, and durability are better as compared to a
new material on a different substrate.

e The analysis of retrofitted sections follows the principles of analysis of RC

sections.
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Figure-15: Seismic Retrofitting with Jacketing of Beams

Figure-16: Seismic Retrofitting with Jacketing of Beams

(Source: Khalaf, Q., 2015)
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3.2.5 Supplementary Damping Devices:

Mechanical devices capable of being incorporated in the frame structure and
disperse energy at discrete locations throughout the structure are known as
Supplemental damping systems. Such devices add damping and strengthen structural
systems, without causing any changes to the existing components. In retrofitting
lightly reinforced frames and other structures these were found extremely useful.
Supplemental stiffening and strength to structures that lack such properties, more
often than not, without any alternation in the existing components are also supplied
by damping devices.

In structures with insufficient stiffening and strength, Damping devices supply
supplemental stiffening and strength, usually without alteration in the existing
components. Supplementary dampers are provided by incorporating at strategic
locations in the building, simple and inexpensive frictional damping devices. Such
supplementary damping devices are effective in resisting seismic forces. The
incorporation of these devices does not necessitate major disturbances to the
structures making it capable of continuous use during retrofitting procedures.
However, a thorough understanding of the contribution of dampers towards the
enhancement of structures capacities and reduction in the seismic demand is critical
to the design process.

To implement this, braces containing yielding metal elements, fluid - viscous or
metal or solid visco-elastic or frictional dampers and hysteric dampers can be
incorporated into the lightly reinforced frames, similarly with solid metal braces in
the conventional retrofitting strategies. Also, visco-elastic or fluid filled walls as
infills for frames gained momentum are used in rehabilitation projects. These

method are flexible enough to provide greater degrees of either damping or stiffness,
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or even both. These techniques can also be instrumental in providing better control
in interactions with existing components and in reducing the seismic demands
without requiring any modification needs in the existing structural components.

For the rehabilitation of lightly reinforced concrete structures, modern and evolving
techniques of providing external coating were considered recently. Cementitious
coatings, or most modern epoxy layer reinforced with either glass, carbon or steel
fibres were introduced and utilized in the restoration of lightly reinforced concrete

piers or walls, for the purpose (Reinhorn, 1995).

High damping rubber

Intemnal flange steel plate /

External flange steel plate

Figure-17: Supplementary Damping Devices
(Source: Kamvara, A., 2015)

Designs using inertial forces lower than expected in an elastic response at the time
of earthquake, based on the principle that inelastic action will supply the structure
with significant energy dissipation potential so as to survive serious adverse events.
Modern seismic design practices invariably utilizes such design possibilities. The

inelastic action is thought to be developing in specially detailed critical regions,
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most commonly, close to connections, possessing ductile properties and capabilities

to dissipate energy with minimum deterioration [Kobe, 1995].

A substantially larger increase in damping may lead to a sizeable reduction in

accelerations, provided, the structure is retrofitted to respond only elastically.

Figure-18: Supplementary Damping Devices
(Source: Kamvara, A., 2015)

3.2 Main Issues in Seismic Retrofitting:

The following are the main challenges encountered in seismic retrofitting of

reinforced concrete structures.

3.2.1 Seismic Evaluation
The seismic evaluation has always challenged all stakeholders of buildings including

the owners, engineers and architects. The focus of seismic evaluation is on
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identifying the weak links in the structure having potentials to precipitate a failure in
the structure or component. The crux of this process is the juxtaposition of the
demands paused by a probable earthquake on one side and the earthquake resisting
capabilities of the building to challenge such demands on the other side. This
obviously necessitates thorough knowledge of the structures, its components,

material strength etc.
Seismic evaluation includes:

e Visual inspection and collection of general information
e Experimental procedures for modified material strength and safety factors.

e Performance objective and modified seismic action.

Seismic evaluation was difficult in olden days but this changed after the
development of FEMA 310. Moreover, ATC-14 offered the first technique for
adjusting the evaluation for the lack of proper detailing by using three-level
acceptance criteria.

Finally, to evaluate the strength of existing or damaged building for which suitable
mathematical models are required to be made. A detailed seismic analysis (linear or
non-linear) using response spectrum analysis, equivalent lateral force method or
pushover analysis need to be carried out with computer software. The deficiencies in
the members (beams and columns) are found out by calculating the capacity by
demand ratios and if the ratios are less than one, the member needs to be retrofitted

[Duggal, 2010]
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3.2.2 Design of Retrofitting Scheme:

The retrofitting techniques adopted for each building is unique. This can be found
out only after proper seismic evaluation and visual inspection. The main objective
should be to retrofit the existing structure but not making any major change to the
original geometry and the retrofitting scheme should be functionally and sometimes-
if possible, to the maximum extend, aesthetically compatible to the existing
building. The retrofitting scheme should be aimed to upgrade both ultimate strength
and ductility. One of the main aims in retrofitting is to create a continuous load path

to avoid the structural damage due to the discontinuous load path.
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4. RESEARCH METHODOLOGY:

4.1 General

The case study is carried out on two already constructed structures located in two
different seismic zones. The structure-01 is located in Mexico which is a high
seismic area. The building is a 12 storey hotel building constructed in 1927. The
lateral load resisting system for the structure was non-ductile reinforced concrete

frames. The foundation system was mat foundation on concrete friction piles.

The structure-02 is located in New Delhi, India which falls under zone IV of the
seismic map under 151893:2002. The building is a reinforced concrete framed
structure having 14 storeys. The lateral load resisting frame for the structure is
ordinary moment reinforced concrete frames. The foundation was considered fixed

above the base of the raft foundation.

In this chapter, description of the building features together with its details and the
process of seismic evaluation are discussed. Physical verification of the building to
verify any variations in the designed and as built could not be carried out. Localized
damages to the structure and the general deterioration of the building over a period
of time also could not be ascertained for these to be considered in the evaluation

procedure.
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4.2 General description of the buildings:

The structure-01 is a 12 storey hotel building of reinforced concrete. The building
consists of cast-in-place reinforced concrete columns and beams. The typical plan of
the existing building is shown in figure-18. The building consists of five frames in
X-direction and two frames in the Y direction and 37 metres in height above the
ground level. The supports of all frames are considered fixed with respect to

translation and rotation.

The floor system for the structure-01 is cast-in-place concrete joint beam
construction with 2.5 inch concrete slab. The sizes of all beams are 400mm
X400mm and those of all columns are 600mm X 600mm. The structure has no plan
irregularity like re-entrant corners, diaphragm discontinuity, out of plane offsets and

torsional irregularity.

The structure-02 is 14 storey (G+13) hospital building. The building consists of cast-
in-place reinforced concrete columns and beams. The typical plan of the existing
building is shown in figure-21. The building consists of five reinforced concrete
framed blocks (that is Bi, B2, Bz, Bs and central block).The frames of blocks B, are
considered in the study. The frames have spandrel walls (300mm thick and 1100mm
high) in between columns. Concrete ordinary moment resisting frames are expected
to resist the lateral forces including the earthquake forces in the existing building. In
X-direction frames consists of 4 bays at 6.5 metres each, in Z-direction 3 bays at 6
metres each and having 14 storeys with floor height of 3.1 metres. The supports of

all frames are considered fixed with respect to translation and rotation.

The floors of the buildings have 200mm thick, monolithically cast reinforced

concrete slabs, with beams and columns. The sizes of beams of the frames are
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500mm X 500mm and those of all columns are 700mm X 700mm. The structure is
considered to have no plan irregularity like re-entrant corners, diaphragm

discontinuity, out of plane offsets and torsional irregularity.

4.3 Seismic Evaluation:

The seismic evaluations of both retrofitted structures were carried out on two
schemes. The structure-01 was initially retrofitted with Steel cross bracings
(Scheme-01) and in the present study; it was retrofitted with reinforced concrete
ductile shear walls (scheme-02) while the structure-02 was initially retrofitted using
ductile reinforced concrete shear walls (scheme-03) and in the present study, the
same structure was retrofitted using steel cross bracing (scheme-04). The details of
reinforcements in members are shown in figure-40 and figure-43 as per available
drawings. The process of seismic evaluation is carried out in three stages as

explained below.

4.3.1 Estimation of the capacity of the member:

The capacity of the beams and columns are estimated under both schemes for
structure-01 and structure-02. For determining the capacity of the existing columns
and beams, Microsoft excel sheets are used to calculate the moment of resistance
and shear capacity of beams, and the axial load capacity and moment capacity of the
columns. The sheets are developed according to the limit state method. The excel
sheets for estimating the capacity of the member is attached on Appendix-B. Shear
force, bending moment and axial load capacity of the members are calculated on the
basis of available reinforcement details in figure-40 and figure-43. In all the beams

the bending moment capacities are computed at the start of the section; end of the
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section and on the middle of the span. Shear capacity is calculated only for the

beginning and end of the section.

4.3.2 Estimation of Demand of the member:

The seismic demands of beam and columns are computed from the dynamic analysis
of structure-01 and structure-02 under two schemes each using SAP-2000 software.
Response spectrum method is adopted using UBC-97 for rock site with 5%
damping. CQC combination was used to get peak response for dynamic analysis.
Demand of beams and columns are thereby estimated from their capacity by demand

ratios.

4.3.3 ldentification of deficient members:

After calculating the capacity (C) as explained from section 4.3.1 and the demand
(D) from section 4.3.2, the capacity by demand ratios are calculated. If the C/D ratio
calculated is less than one, this means member is deficient and retrofitting is a

requisition.

4.4 Method of Dynamic Analysis:
For the dynamic analysis of structure-O1 and structure-02 under both schemes,
response spectrum analysis is used. Dynamic analysis can be carried out using two

methods: time-history analysis and response spectrum analysis.

Time history analysis is an important technique for structural seismic analysis
especially when the evaluated structural response is non-linear. It determines the
response of the structure to a known ground motion at pre-determined time steps.

While on the other hand, the response spectrum analysis determines the responses
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for a few modes of vibration and then combining total response by suitable

combination rule.

In the present study, modal combination rules such as square root of sum of squares
(SRSS) or complete quadratic combination (CQC) can be wused to get peak
responses. SRSS gives better results for structures having well-spaced frequencies

while CQC provides better results for systems with closely spaced frequencies.

The response spectrum method is a dynamic analysis, because it uses the dynamic
characteristics such as natural frequencies, natural modes and modal damping ratios
of the structure and dynamic characteristics of ground motion through its response

spectrum.
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4.5 Load Combinations:
The load combinations considered for the detailed dynamic

2000 software are listed below:

e 1.4DL

e 12DL+1.6LL+0.5Lr
e 12DL+1.0LL+0.5Lr
o 1.2DL+1.6Lr+L

o 12DL+L+E-X

o 12DL+L+E-Y

e 0.9DL+E-X

e 0.9DL+E-Y

Where;

DL = Dead load on the structure

LL = Live Load

Lr = Live loads on the roof

E-X = earthquake loads on X-direction

E-Y = earthquake loads on Y-direction
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5. CASE STUDY:

Retrofitting of an Existing Reinforced Concrete Structure:

5.1 General:

This study involves retrofitting of two already retrofitted structures with two
different schemes and comparing their results. The first structure (Structure-01) is
situated in Mexico and the second structure (Structure-02) is situated in Delhi, India.
Structure-01 is a 13-storey multi-storey reinforced concrete structure constructed
before 1979 which faced the earthquake in 1979; the structure went through severe
spalling and seriously major and minor cracks. On the basis of seismic evaluation
carried out, it is found that large numbers of members in the structure are deficient
to resist design basis earthquake forces. Thus the need of seismic retrofitting of this
structure arises while the structure-02 is a 14-storey hospital building constructed in
Delhi. On the basis of seismic evaluation carried out, it is found that the lateral force
resisting frames are found very weak to resist the design earthquake force. This

leads to the need of seismic retrofitting on this structure.

5.2 Selection of the Retrofitting Scheme:

The seismic retrofitting can be done in various ways e.g. by strengthening the
individual members or by adding lateral force resisting systems like shear walls,
infill walls, and steel bracing or providing supplementary damping devices/ base

isolation at strategic location in the building for the energy dissipation.

The structure-01 was retrofitted and strengthened after the 1979 earthquake using
steel bracing in one direction on two frames and new infill reinforced walls in the

other direction. The floor plans of the structure-01 are shown in figure-18 while the
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elevation views of frames 2, 3 and 4 are shown in figure-32 and the frame 1 and 5 in

figure-33 in Appendix A.

In the study of structure-01, all efforts are made to retrofit the same building by
addition of ductile reinforced concrete shear walls at strategic location and the
results compared under various factors. Seismic Evaluation was done on the
structure to calculate the capacity by demand ratio of each member and conclude if
they are safe to resist the loads or not. Three types of beam reinforcement

arrangement are considered and are shown on figure-40.

Scheme-01: Structure initially retrofitted using Steel Bracing

Scheme-02: Structure retrofitted using ductile reinforced shear walls.
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Figure-19: Typical floor plan with column layout
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Scheme-01: Structure retrofitted using Steel Bracing.

Figure-20: 3D model from the software

56



Scheme-02: Retrofitted Structure Usin Ductile Reinforced Concrete Shear

Walls.

Figure-21: 3D model from the software
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5.3 Selection of the Retrofitting Scheme for Structure-02:

In the study of structure-02, almost the same procedures were adopted. The
structure-02 was initially retrofitted and strengthened by the addition of ductile
reinforced concrete shear walls on the exterior frames along grids 1, 4 between A-B
and D-E and along grids A and E between 1-2 and 3-4. The floor plan of the

structure-02 is shown on figure-21.
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Figure-22: Typical floor plan with column layout

Scheme-03: Retrofitted Structure using ductile reinforced shear walls.

Scheme-04: Structure initially retrofitted using Steel Bracing
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Scheme-03: Retrofitted Structure using Ductile Reinforced Shear Walls.

Figure-23: 3D model from the software

In the present study, the efforts are made to retrofit the same building by the addition
of steel bracing in one direction on two frames on grids A and E and new infill

reinforced walls on the grids 1 and 4.
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Figure-24: 3D model from the software



Seismic Evaluation was done on both the structures (scheme-03 and scheme-04) to
calculate the capacity by demand ratio of each member and concludes if they are
safe to resist the loads or not. The results of the above are shown on table-13-18 and
table 25-38 in appendix A. Seismic evaluation was carried out considering three
types of beam reinforcement arrangement shown in figure-43. After retrofitting both
the structures with their respective retrofitting schemes, the results under various
factors were compared between their retrofitted results and the new retrofitted

results.

5.4 Assumptions in Retrofitting:

The following assumptions are made while retrofitting:

e The foundation of the building is assumed to be safe to withstand the
increased load due to the addition of steel bracing (Scheme-01 and Scheme-
04) or addition of shear walls (Scheme-02 and Schmeme-03).

e Neglecting the effect of stiffness of the infill, bare frame is analysed.

e Infill walls are considered not to carry loads

5.5 Methods of analysis used for the Retrofitting of the structure:
The Seismic evaluation was initially carried out on the structure-O1 before the
retrofitting procedure and was found that most of the members have their capacity

by demand ratios (C/D ratios) less than 1 which makes them unsafe.
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The structure-01 was severely damaged during the 1979 earthquake and was initially
retrofitted using steel cross bracings and it performed well during the 1985
earthquake even though this structure was situated near the major earthquake

affected areas.

This study involves the retrofitting of the same building with reinforced ductile
shear walls and comparing the results of structure under both schemes with regard to
their time periods, modal participating mass ratios, base shears, bending moments

and shear forces for beams, axial forces and moment of columns and story drifts.

Seismic evaluation was also done on structure-02 and the results shows that most of
the structure has their capacity by demand ratios to be less than 1. Initially this
structure was retrofitted using ductile reinforced concrete shear walls and they are
performing well with this scheme. The present study considers the steel bracing as
the retrofitting scheme for the structure and comparing the results to understand

which scheme is better in resisting earthquakes.

For the dynamic analysis of structure-01 and structure-02, response spectrum
analysis is used which considers the dynamic characteristics such as natural

frequencies, natural mode and damping ratio of the structure.

There are no vertical irregularities in both structures like stiffness irregularity (soft
storey effects), mass irregularity, vertical geometric irregularity, unsymmetrical
bracings and in plane discontinuity and there are no horizontal irregularities like
torsion irregularity, re-entrant corners, diaphragm discontinuity, out of plane offsets

irregularity and non-parallel system irregularity.
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The present study considered Response spectrum analysis for the dynamic analysis

of the structures to obtain accurate results.

After the retrofitting procedures for all the schemes, capacity demand ratios of the
members are again calculated to verify the safety of the members. The results of the
capacity by demand ratios are tabulated in table-5-15. The results of time periods,
Modal participating mass ratios, Base shears, bending moments and shear forces for
beams (at beginning, midspan and end of the beams), axial forces and moment of
columns (at the start and end) are calculated for the structures under two schemes
are compared. The story drifts for both the structures are calculated under both the
schemes and compared to check which scheme for a particular structure has lower
story drift compared to the other scheme. The results of the story drifts are shown
graphically in figure-26 and 27 for structure-01 and figure-30 and 31 for structure-
02 in X and Y direction. The results for beam type-01 in figure-40 and 43 for all
floors are shown below while rest of the tabulated results are shown in Appendix-A

and graphical results are shown on figure-44-63.
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6. DISCUSSION AND ANALYSIS RESULTS OF
STRUCTURE-01:

The following results are obtained from the dynamic analysis of the retrofitted

models under both schemes for structure-01.

Scheme-01: Structure initially retrofitted using Steel Bracing

Scheme-02: Structure retrofitted using ductile reinforced shear walls

6.1 Time Period:

The time periods of the fundamental modes of structure-01 after the seismic

retrofitting under both schemes are tabulated below.

Modes Time Period (sec)
1 1.9011
2 1.338
3 0.9832
4 0.6154
5 0.4445
6 0.3490
7 0.3265
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8 0.2557
9 0.247
10 0.2442
11 0.2352
12 0.1837

Table-01: Time period of structure under scheme-01

Modes Time Period (sec)
il 2.099
2 1.0933
3 0.9794
4 0.677
5 0.5362
6 0.4762
7 0.3841
8 0.363
9 0.3302

10 0.281
11 0.2664
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12 0.2631

Table-02: Time period of structure under scheme-02

The time period of structure-O1 under scheme-01 is less compared to the time
periods under scheme-02. The value of time periods largely depends on the
flexibility and mass of the structure. Larger time periods in the structure gives more
flexibility to the structure. Flexible structure can undergo large relative horizontal
displacements which may result in the damage of the structure. Thus seismic

retrofitting under scheme-01 is considered more effective as compared to retrofitting

under scheme-02.

6.2 Mass Participation Ratios:

The result obtained for the Modal mass participation ratios are shown below:

TABLE: Modal Participating Mass Ratios

Period UXx Uy uz SumUX | SumUY | SumUZ RX RY RZ SumRX | SumRY | SumRZ
Sec | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless
1.901] 0.802 0.000/ 0.000] 0.802 0.000f 0.000] 0.000] 0.147| 0.000] 0.000f 0.147| 0.000

TABLE: Modal Participating Mass Ratios

Period UX Uy 974 SumUX | SumUY | SumUZ RX RY RZ SumRX | SumRY | SumRZ
Sec Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless

2.0949 | 0.8100 | 0.0000 | 0.0000 § 0.8100 | 0.0000 § 0.0000 | 0.0000 § 0.2400 | 0.0000 | 0.0000 | 0.2400 | 0.0000

1.0933 | 0.0000 § 0.7400 | 0.0000 § 0.8100 | 0.7400 | 0.0000 | 0.0001 j§ 0.0000 | 0.0037 | 0.0001 | 0.2400 | 0.0037

0.9794 | 0.0000 g 0.0043 | 0.0000 § 0.8100 § 0.7500 § 0.0000 § 0.0000 y 0.0001 | 0.6800 | 0.0002 | 0.2400 | 0.6800

0.6778 | 0.0984 | 0.0000 | 0.0000 | 0.9100 | 0.7500 § 0.0000 | 0.0000 § 0.3400 | 0.0000 | 0.0002 | 0.5700 | 0.6800

0.5363 | 0.0000 | 0.0085 | 0.0000 | 0.9100 | 0.7600 § 0.0000 | 0.5600 § 0.0000 | 0.0001 | 0.5600 | 0.5700 | 0.6800

0.4763 | 0.0000 § 0.0001 | 0.0000 j 0.9100 | 0.7600 § 0.0000 | 0.0028 § 0.0000 | 0.0126 | 0.5600 | 0.5700 | 0.7000

0.3842 | 0.0358 § 0.0000 § 0.0000 § 0.9400 | 0.7600 § 0.0000 | 0.0000 § 0.0403 | 0.0000 | 0.5600 | 0.6100 | 0.7000

0.3631 | 0.0000 | 0.1800 | 0.0000 | 0.9400 | 0.9400 | 0.0000 | 0.0709 § 0.0000 | 0.0009 | 0.6400 | 0.6100 | 0.7000

0.3302 | 0.0000 J 0.0006 | 0.0000 § 0.9400 | 0.9400 § 0.0000 | 0.0003 § 0.0000 | 0.2300 | 0.6400 | 0.6100 | 0.9300

0.2807 | 0.0000 § 0.0011 | 0.0000 § 0.9400 § 0.9400 § 0.0000 § 0.2000 § 0.0000 § 0.0003 | 0.8300 | 0.6100 | 0.9300

0.2662 | 0.0066 § 0.0000 | 0.0000 § 0.9500 | 0.9400 j 0.0000 | 0.0036 § 0.0174 | 0.0018 | 0.8300 | 0.6300 | 0.9300

0.2631 | 0.0000 § 0.0000 ] 0.0000 j§ 0.9500 § 0.9400 § 0.0001 | 0.0000 § 0.0000 | 0.0000 ] 0.8300 | 0.6300 J 0.9300
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Figure-25: Modal mass participation ratios of Structure-01 under Scheme-01
Figure-26: Modal mass participation ratios of Structure-01 under Scheme-02

Modal Participating mass ratios for structure-01 under scheme-01 and scheme-02
are shown in figure-24 and figure-25. Modal Participating mass ratios of Structure-
01 under scheme-01 is 94% while under scheme-02, the ratio is 95%. In both the
cases, the modal participating mass ratio is above 90% which shows that sufficient
numbers of modes are combined to obtain modal mass participation of at least 90
percent of the actual mass in each of the orthogonal horizontal directions of response

considered by the model

6.3 Base Shear:
Base shear (Vs) calculated from the dynamic analysis carried out using SAP-2000
software on the structure-01 under scheme-01 and scheme-02 are tabulated in table-

03

Base Shear After Retrofitting in kN

Retrofitted using Steel Bracing (Scheme-01) | Retrofitted using Ductile Reinforced Shear

Walls (Scheme-02)

1407.527 1525.209
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Table-03: Comparison of the base shear calculated from dynamic analysis of the structure-01

under scheme-01 and scheme-02

Base shear (Vs) calculated from the above table is 1407.527 kN for Scheme-01
while the base shear is 1525.209 kN for scheme-02. Base shear for scheme-02 is
higher compared to scheme-O1. Therefore, scheme-02 is more effective as compared
to scheme-01. The base shear calculated from the response spectrum load case is
1211.95 kN for scheme-O1 while it is 1307.521 kN for scheme-02. Therefore, the
combined response for the modal base shear is less than 85 percent of the calculated

base shear.

6.4 Bending Moments:
The bending moment demands and hence their capacity-demand ratios for the
structure-01 under scheme-O1 and scheme-02 are tabulated in table-04, 05 for beam
type-01 on figure-40. The bending moments for beam type-02 and 03 are tabulated on

Appendix-A on table-19, 20, 25, 26, 30, 31.

Before retrofitting, most of the beams and columns were deficient to withstand the
bending moment demands as their capacities by demand ratios were less than one. But
after retrofitting under both schemes, all the beams and column sections became safe
for the bending moment demands as they have obtained capacity by demand ratios to

be greater than one.

The variation of the capacity by demand ratios of the beams and the columns under
scheme-01 and scheme-02 at supports and mid span are shown in Figure-44, 45, 46,

and 47 on Appendix-A.
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6.5 Shear Force:

Shear force demands (Sx) of the beams with their capacity by demand ratios of
structure-01 after retrofitting under scheme-01 and scheme-02 are tabulated in table-
06 (scheme-01) and table-07 (scheme-02) for beam type-01 in figure-40. The results
of beam type-02 and beam type-03 in figure-40 are tabulated in appendix-A on table
21, 22, 27, 28, 33, 34. Before retrofitting, most of the beams were deficient to

withstand shear forces and obtained capacity by demand ratios less than one.

After retrofitting under both schemes, capacity by demand ratios comes out to be

greater than one which makes them safe to withstand shear forces.

Comparative variations of storey shear at different storey after retrofitting under

both schemes are shown in figure-48 and figure-49 in Appendix-A.

6.6 Axial Force:

Axial forces capacity by demand of the columns of the structure-01 after retrofitting
under scheme-01 is tabulated in table-08 and under scheme-02 is tabulated in table-
09 for column type-01 shown on figure-40 and the results for column type-02 are

shown on appendix-A.

All the columns have become safe after the retrofitting procedure under both
schemes since their capacity demand ratios are greater than one. During seismic
evaluation two types of column reinforcement arrangement are considered for

interior and exterior columns as are shown in figure-40
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The variations of the capacity by demand ratios for the axial force and moment
(Muyx) of the columns after retrofitting under both are shown in figure-60, 61

(Column type-01) and figure-62, 63(Column type-02).

6.7 Storey Drifts (As):
The storey drift (A;) for the structure-01 under scheme-01 and scheme-02 in X and Y
direction are plotted in figure-26 and 27. Storey drifts calculated under scheme-01 is

less compared to scheme-02.
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Figure-27: Story Drift of structure-01 in X-direction
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Figure-28: Story Drift of structure-01 in Y-direction
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7. DISCUSSION AND THE RESULTS OF ANALYSIS -
STRUCTURE-02:

The following results are obtained from the dynamic analysis of the retrofitted

models under both schemes for structure-02.

Scheme-03: Structure initially retrofitted using ductile reinforced shear walls.

Scheme-04: Structure retrofitted using Steel Bracing

The dynamic analysis is carried out on structure-02 (constructed in Delhi) under
both schemes and the results like time period, mass participation ratios, base shears,
bending moments, shear forces and axial forces are compared. The results are shown

on the tables below and are graphically represented in the appendix-A.

Initially seismic evaluation is carried out by estimating capacity and demand and
thereby computing the capacity by demand ratios for the structure before and after
retrofitting procedures. Before retrofitting, most of the members in the structure
were unable to withstand the shear forces and bending moments. Bending moments
of the section are calculated at the beginning, end of the section and at the midspan
of the section while shear force is calculated for the start and end of the sections. But
after the retrofitting procedure under scheme-O1 and scheme-02, all the beams and

column sections have their capacity by demand ratios greater than one.

7.2 Time Period:
The time periods of the fundamental modes of structure-02 after the seismic

retrofitting under both schemes:
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Modes Time Period (sec)
1 1.3462
2 1.3402
3 1.2288
4 0.4318
5 0.43037
6 0.3968
7 0.3672
8 0.2984
9 0.2807
10 0.2411

11 0.2284
12 0.1972

Table-10: Time period of structure-02 under scheme-03
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Modes Time Period (sec)
1 1.6827
2 1.5501
3 1.3904
4 0.5468
5 0.4977
6 0.4456
7 0.3104
8 0.2833
9 0.2573

10 0.2088
11 0.1969
12 0.1811

Table-11: Time period of structure-02 under scheme-04

The time period of structure-02 under scheme-03 is less compared to the time
periods under scheme-04. The value of time periods
flexibility and mass of the structure. Larger time periods in the structure gives more
flexibility to the structure. Flexible structure can undergo large relative horizontal
displacements which may result

retrofitting under scheme-03 is considered more effective as compared to retrofitting

under scheme-04.
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7.2 Mass Participation Ratios:

The result obtained for the Modal Mass Participation Ratios are shown below:

TABLE: Modal Participating Mass Ratios

Period UX uy Uz SumUX | SumUY | SumUZ RX RY RZ SumRX | SumRY SumRZ
Sec Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless
0.9881 0.0000; 0.8732 0.0000 0.0000f 0.8732 0.0000 0.1461 0.0000 0.0000] 0.1461 0.0000 0.0000;
0.9792 0.8747 0.0000f  0.0000 0.8747y  0.8732 0.0000 0.0000 0.1070 0.0000f 0.1461 0.1070 0.0000
0.7593 0.0000; 0.0000]  0.0000 0.8747)  0.8732 0.0000; 0.0000 0.0000; 0.8147)  0.1461 0.1070 0.8147
0.5265 0.0000 0.0092 0.0000 0.8747)  0.8825 0.0000; 0.5305 0.0000 0.0000] 0.6766 0.1070 0.8147
0.5254 0.0041 0.0000)  0.0000 0.8788] 0.8825 0.0000 0.0000 0.4690 0.0000] 0.6766 0.5760 0.8147
0.4303 0.0000; 0.0000I 0.0000 0.8783] 0.8825 0.0000 0.0000 0.0000 0.0336] 0.6766 0.5760 0.8483]
0.3225 0.0534 0.0000  0.0000 0.9322] 0.8825 0.0000; 0.0000 0.0148 0.0000] 0.6766 0.5908] 0.8483|
0.3176 0.0000 0.0504 0.0000 0.9322] 0.9328 0.0000; 0.0213]  0.0000 0.0000f 0.6979 0.S908I 0.8483|
0.2962 0.0000 0.0000)  0.0000 0.9322) 0.9328 0.0000 0.0000 0.0000; 0.0849] 0.6979 0.5908| 0.9332
0.2162 0.0176 0.0000]  0.0000 0.9498] 0.9328 0.0000; 0.0000 0.0500 0.0000] 0.6979 0.6409' 0.9332
0.2126 0.0000 0.0183 0.0000 0.9498] 0.9511 0.0000 0.0578]  0.0000 0.0000] 0.7557 0.6409I 0.9332
0.1995 0.0000 0.0000]  0.0000 0.9498] 0.9511 0.0000 0.0000 0.0000 0.0136] 0.7557 0.6409I 0.9468]

Figure-29: Modal Mass Participation Ratios of Structure-02 under Scheme-03
TABLE: Modal Participating Mass Ratios

Period Ux uy Uz SumUX | SumUY | SumUZ RX RY RZ SumRX | SumRY | SumRZ
Sec Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless | Unitless
1.6827) 07925  0.0000}  0.0000f 0.7925] 0.0000f 0.0000f  0.0000  0.1494]  0.0000] 0.0000f 0.1494]  0.0000}
15502  0.0000f 0.7794]  0.0000) 07925 0.7794] 0.0000f  0.1889)  0.0000f  0.0000f 0.1889] 0.1494 0.0000]
1.3905]  0.0000] ©0.0000] 0.0000f 0.7925] 0.7794] 0.0000f 0.0000] 0.0000] 07797 0.1889] 0.1494]  0.7797
0.5468 0.0996, 0.0000; 0.00001 0.8920] 0.7794 0.0000; 0.0000; 0.3677 0.0000F 0.18891 0.5171 0.7797,
04977)  0.0000f 0.1132)  0.0000f 0.8920] 0.8926]  0.0000f  0.4195]  0.0000)  0.0000} 0.6084) 0.5171  0.7797
044571  0.0000] o0.0000] ©0.0000] 0.8920] 0.8926] o0.0000f 0.0000] 0.0000] 0.1120 0.6084] 05171]  0.8918
03105] 00374 0.0000] 0.0000] 09205 0.8926] 0.0000f 0.0000] 0.0391] 0.0000] 06084 05562] 0.8918
0.2833] 0.0000f 0.0365] 0.0000f 0.9295] 0.9291] 0.0000f  0.0467)  0.0000]  0.0000] 0.6551] 0.5562]  0.8918
02573]  0.0000] 0.0000] 0.0000] 09295] 0.9291] 0.0000f 0.0000] 0.0000] 0.0357] 0.6551] 05562] 0.9274
0.2089 0.0210 0.0000 0.0000f 0.9504] 0.9291 0.0000 0.0000 0.0622 0.0000f 0.6551}] 0.6183 0.9274
0.1969]  0.0000f  0.0198]  0.0000f 0.9504] 0.9488]  0.0000]  0.0684]  0.0000)  0.0000f 0.7236} 0.6183]  0.9274
0.1811]  0.0000f 0.0000f  0.0000f 0.9504] 0.9488] 0.0000] 0.00000] 0.0000] 0.0192) 0.7236] 0.6183]  0.9466

Figure-30: Modal Mass Participation Ratios of Structure-01 under Scheme-04
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Modal Participating mass ratios for structure-02 under scheme-03 and scheme-04
are shown in figure-00 and figure-00. Modal Participating mass ratios of Structure-
02 under scheme-03 is 94% while under scheme-04, the ratio is 95%. In both the
cases, the modal participating mass ratio is above 90% which shows that sufficient
numbers of modes are combined to obtain modal mass participation of at least 90
percent of the actual mass in each of the orthogonal horizontal directions of response

considered by the model

7.3 Base Shear:
Base shear (Vs) calculated from the dynamic analysis carried out using SAP-2000
software on the structure-01 under scheme-03 and scheme-04 are tabulated in table-

12.

Base Shear After Retrofitting in kN

Retrofitted using Ductile Reinforced Shear | Retrofitted using Steel Bracing (Scheme-04)
Walls (Scheme-03)

4464.997 3184.592

Table-12: Comparison of the base shear calculated from dynamic analysis of the structure-01

under scheme-03 and scheme-04

Base shear calculated from the above table is 4464.997 kN for Scheme-03 while the
base shear is 3184.592 kN for scheme-04. Base shear for scheme-03 is higher
compared to scheme-04. Therefore, scheme-03 is more effective as compared to

scheme-04. The base shear calculated from the response spectrum load case is
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3746.193 kN for scheme-01 while it is 2667.476 kN for scheme-02. Therefore, the
combined response for the modal base shear is less than 85 percent of the calculated

base shear.

7.4 Bending Moments:
The bending moment demands and hence their capacity-demand ratios are calculated
for the structure-02 under scheme-03 and scheme-04. Results of bending moments of
three beams types (beams with different reinforcement arrangement shown in figure-

43) on each floor are tabulated in table-13, 14 and tables 35-38 on appendix-A.

Before retrofitting most of the beams and columns were deficient to withstand the
bending moment demands as their capacity by demand ratios was less than one. But
after retrofitting under both schemes, all the beams and column sections became safe
for the bending moment demands as they have obtained capacity by demand ratios to

be greater than one.

The variation of the capacity by demand ratios of the beams and the columns under

scheme-03 and scheme-04 at supports and mid span are shown in Figure-54-59.

7.5 Shear Force:

Shear force demands (Sx) of the beams with their capacity by demand ratios after
retrofitting under scheme-03 and scheme-04 are tabulated in table-15(scheme-03) and
table-16 (scheme-04) for beam type-01 as shown in figure-43. Results of bending
moments of beams types-02 and beam type-03 on each floor are tabulated in table-27,

28, 33, 34, 3, 7, 38 on appendix-A.

Before retrofitting, most of the beams were deficient to withstand shear forces and

obtained capacity by demand ratios less than one. After retrofitting under both
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schemes, capacity by demand ratios comes out to be greater than one which makes

them safe to withstand shear forces.

Comparative variations of story shear at different storeys after retrofitting under both

schemes are shown in figure-58, 59.

7.6 Axial Force:

Capacity by demand calculated for the axial force and uniaxial and biaxial bending
moments of the columns after retrofitting under scheme-03 is tabulated in table-17
and under scheme-04 is tabulated in table-18 for column type-01 as shown in figure-

43.

All the columns have become safe after the retrofitting procedure under both

schemes since their capacity demand ratios are greater than one.

The variations of the capacity by demand ratios for the axial force of the columns
after retrofitting under both are shown in figure-29 (column type-01) and figure-30

(column type-02).

7.7 Storey Drifts:
The storey drift (As) for the structure-02 under scheme-03 and scheme-04 in X and
Y direction are plotted in figure-30, 31. Storey drifts calculated under scheme-04 is

less compared to scheme-03.
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Figure-31: Story Drift of structure-02 in X-direction
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Figure-32: Story Drift of structure-02 in Y-direction
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8. CONCLUSION:

The case study conducted on Structure-01 and Structure-02 invariably leads to the

following conclusions:

e The seismic evaluation of both structures depicts most of the beams and columns in both

the Structures to be deficient to resist design earthquake forces and in serious need of
seismic retrofitting.
The initial retrofitting scheme having been found inadequate in resisting the design
earthquake forces, augmentation of retrofitting was envisaged in both structures, with new
retrofitting schemes, and a comparison of the results.
The comparison of time periods of Structure-01 under Scheme-01 (addition of steel
bracings) and Scheme-02 (addition of ductile reinforced shear walls) substantiated the
following:
> The time period under Scheme-01 is less than that for Scheme-02.
> Larger the time period in the Structure, higher the flexibility to the
Structure and, flexible Structure can undergo large horizontal
displacements.
> Whereas similar comparison of Structure-02 under Scheme-03
(addition of ductile reinforced shear walls) and Scheme-04 (addition of
steel bracings) indicated the time periods of Scheme-03 to be less than
that in Scheme-04.
The comparison of the results of base shear for Structure-01 showed the base shear to
have increased in Scheme-02 when compared to Scheme-01. While for Structure-02, the
base shear for Scheme-03 is much higher when compared to Scheme-04.
The computation of the Mass Participation Ratios for Structure-01 and Structure-02 under
both the Schemes indicated excellent ratios exceeding 90% in all the four cases.
The calculation of the Shear Forces and Bending Moment for all beams and axial forces
as well as Moment Capacity of all columns in all the four Schemes proved most of the
members to be resistant to withstand the design earthquake forces.
The result of Story drift has shown that for Structure-01, Scheme-02 has larger story drift
as compared to Scheme-01 while for Structure-02, Scheme-03 has larger story drift as
compared to Scheme-04.
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9. RECOMMENDATIONS:

I recommend the following for further studies on the seismic retrofitting of both multi-storied

Structures:

e The intensity of the shock being directly related to the soil type and the soil stratification,
further studies are warranted to ensure the adequacy of the foundation based on the soil

Structure interaction.

¢ In addition to the two seismic retrofitting Schemes (addition of ductile reinforced shear
walls and addition of steel bracing) adopted for the present study, further researches could
be carried out towards the application of addition of infill masonry walls, or base isolation

techniques.

e All the analyses and designs for the current study were done in single computer aided
software (SAP-2000), a widely accepted software in engineering for structural analysis and
design. For further studies, it is desirable to use another computer application for checking,
comparison and confirmation of the results, different structural analysis software is

recommended rather than depending on a single software source.

e This study applied linear analyses on three-dimensional model with basic structural
framing which excluded certain structural elements like lifts, stairs and mechanical
equipment. Non-linear time-history analyses with response spectrum analysis were not
carried out. Therefore, three-dimensional non-linear analyses in terms of time-history

analysis and pushover analysis are strongly recommended in further studies.

e The detailing of framing elements and design of connections are of paramount importance.
However, time constraints pre-empted these elements in the scope of this study.
Consideration and application of connection designs in the seismic retrofits are, therefore,

recommended in future research efforts.
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