_ A\ FONG % X

,\Pa\“.hﬂ@\%.\

"

. IN ANATYSIS AND DESIGN OF EARTHQUAKE RESISTANT STRUCTURES

1.5¢

wm
Z
=
3
«
=
(@]
>
B
o
ad
=
2
£
=
=
=
<
Z
T
@)
&
=
-
i
Z
c
>
Z

DEPARTMENT OF STRUCTURAL ENGINEERING

SCHOOL OF CIVIL ENGINEERING
M

Pushover Analysis & Seismic Rehabilitation of

a Reinforced Concrete Structure

Postgraduate Thesis
Babak Momeni
Student ID: 11021149

Submitted by:
October 2012
Athens, Greece

:
:
_ I
UWP
NI E







EOGNIKO METZOBIO [TOAYTEXNEIO
AIATMHMATIKO MMPOTPAMMA METAIITYXIAKON ETMIOYAQON
"AOMOZTATIKOZ EXEAIAZMOE KAl ANAAYEH KATAZKEYQON"

Axodnuoaixd érog 2010-2011
E&etootikn [eplodog Oxtwpplov 2011

AEATIO BAGMOAOI'TAX
METAIITYXIAKHX EPTAXIAL

PABAK MoOMEWL

Ovopotenmvopuo:

Ocpatuc TepLoy: DYNBAMAC AVALL RS oF STRUCTLURES
Tithoc: 7 PMS\’\«’ ove~Ny «Q &15’{5 ol a Y‘@LvrSU*(CLCL mc*‘@”ﬁ’_

Stucture Y
Hpepopunvia évapéng ekmévnong: 4 [ 2o

Tpiueing Emrpomn;:

L V. Wouwowsis (Emprénov)

g' E. Scpoumtzalic [hofemo

T C . Spidiopoy Lo Ass. Pro demon
Tomog kot nuepopnvia wopovoioonc: 25 / 10( 20|12

T TV SIOPP®OT TOL TEMKOD BaBurod AeONKay VoY ot AKOAOVHOL ETUEPOVS
Badpol pe Ta avticToya kprnpa fapdnTog:

o) o TNV EmMOTHOVIKY ERGPKELD, TANPOTNTO Kot TpeToTurio (50%): 40 (Babuse)
B) Ta v spappoyn o TpoPrfpata Sopoctatikod oyediacuod (30%): 40 (Babudq)
v) I v apovaiaon (20%): 40 (Bubudg)

Tehucog Badbpség: 10

ABfva /o
H Tpweing Emrpom
(vmoypagés)







Table of Contents

Subject Page
B Y o 1Yo = Vot SRR 17
2) Spectral Analysis (Response spectrum seismic loading) ........c..oeiieiiiiiiiiiiiii e 21
bR [} 4 feTo [1 ot o] o VU PSRN 21
2-2) Definition of @ RESPONSE SPECLIUM ......iiiiiiiiiiiiei e ee e e eee et e e e e e s arestanenaeeeesseesresennenans 22
2-3) Calculation of the Modal RESPONSE........ouuiiieiieee e ettt e e e e eeans 24
2-4) Typical RESPONSE SPECLIUM CUIVES .....iiiiiiieiiiiiieeeeeetiieeeaetiieee ettt esessinsesrstnnsessstassaesstatseessrannesasses 24
2-5) The CQC Method of Modal Combination..........ccciieiiiiiiiiiiiieiie e e eee e 27
R Y N DT 4 g T o Y=L i = [P URRTN 27
2-7) Direction of Earthquake in Spectral ANAIYSIS .....cciiviiiiiiiiiiiie ettt ee e e et e e e eeeeaa 28
2-8) Limitations of the Response Spectrum Method..........c..ccoieiiiiiiiiiiiiiiiie e 31
2-8-1) StOry Drift CalCUIATIONS ....ueneieeieee et e et e e e e e e eeeeans 31
2-8-2) Estimation of Spectra Stresses in BEaMS ... i veiiie ittt et eee e e st e eeeaes 32
2-8-3) Design Checks for Steel and Concrete BEamS .........ceiieiiiviiiiiiiieiieeeeeeriiieeiee e e eereees e e eee s 32
2-8-4) Calculation of Shear FOrce in BOIS .........ooviiiiiiie e 32

3) Non-linear Static Pushover Analysis in American Code (ATC-40) ......coouiieiiimieeee e 35
o I 1} o Yo 0 ot £ o] o TSR 35
3-2) Methods to perform Nonlinear ANalysis.........cooooiieiiiiiii et 37
3-2-1) Step by step procedures to determine Capacity ........ooovveeieiiiiiiie e 38
3-2-2) Step by step procedures to determine demand .........cooveiiiiiiiiiii i 42
3-2-2-1) Calculating Demand using the capacity spectrum Method .............cccoooiiiiiiiiiieiinne. 43
3-2-2-2) Calculating Demand using the displacement coefficient Method....................ccooceooeeit. 44

3-3) Evaluating the structure by the pushover analysis method............cccooeeviiiiiiiiiiie e, 44
3-4) Building performance levels and Franges...........coooveuiiiiiiii et 47
3-4-1) Structural Performance LEVEIS ..........cooiieeieeee e e e 49
3-4-1-1) Immediate Occupancy Performance LeVel (S-1) ...cvvviririeiieerieiieerienieeevenieeererieeesenenns 49

5



3-4-1-2) Life Safety Performance Level (S-3) ... o e 50

3-4-1-3) Collapse Prevention Performance Level (S5-5) .....oi oo 50
3-4-2) Structural Performance RANGES.........ueeiiiiiiiiiiiiiieeieeeeieevieieeseeeeeaevrertesaeeesaessansenenaaeesaessssrens 50
3-4-2-1) Damage Control Performance Range (5-2) ..oovveur i 50
3-4-2-2) Limited Safety Performance RANEE (S-4) ... oeee e 51
3-4-3) Non Structural Performance LEVEIS.............ovuiiiieiiiiiieeiiices e ee e ae e e e eeve et see e e aesrenrens 51
3-4-3-1) Operational Performance Level (N-A)...........ooo i 51
3-4-3-2) Immediate Occupancy Performance Level (N-B)........ccoooimiiiiiiieeeee e, 51
3-4-3-3) Life Safety Performance Level (N-C) ......cocoiiiiiiiiiiiiiee e e e e ee e as 52
3-4-3-4) Hazards Reduced Performance Level (N-D) ........oooimmieiiieeee et 52
3-5) Rehabilitation STrat@EIES .. ....ueiiiie e e e et e et e e e eee e e erae e e eaanns 52
3-5-1) SYSEEM COMPIELION. c.ciiiiiiiei i e e et eres e e e e s aesresteeeeesaessastensnaaeesaessenrens 52
3-5-1-1) Chords, Collectors, and DIags..........ccoieeiueieeeeee et e e e enanns 53
3-5-1-2) Element CONNECHIVITY ..covvueieeiii et et et e et ee e e e e e s vaateeessant e essantaessestraessentnns 53
3-5-1-3) Anchorage and Bracing of COMPONENLES .......cooviiiiiiieriiieiieeiiieesee e eeevreraes e e e e eeevveneeaenens 53
3-5-2) System strengthening and Stiffening.......c.oooimi i e 54
3-5-2-1) SHEAT WallS .ceieiieeii e et et e e et e e e e b et e e e s santeaessant e essantraessestraessentnns 54
3-5-2-2) BraCed FramM@S ..uuuueueeiieiiiiiiiiiiaeeeeesieetietiaeeeeeesrestnnesnsaseesssssresssnnsasessasssesssnnsasessassssssnnnnans 54
R e B I = UL o 1Y =L J SRR 55
3-5-2-4) MOMENT RESISTING FramEs. . ccuuuiiieiiiieieiii e eeeiis e erieeeeereeneeereeneeersenteessentsaessesanasesensnns 55
3-5-2-5) Diaphragm Strengthening ....... oo 55
3-5-3) Enhancing Deformation Capacity........oooueiiiiiei e e e 55
3-5-3-1) AddiNg CONTINEMENT...c.cuuiieeiici e et eeee e ee et ee e e s aeateeessenteeesentsaeesesanaeesensnns 56
3-5-3-2) Column Strengthening ........coieiiiiiiiiiiiiee e e et e e e e e seevaerie s e e e e seesrenennnnans 56
3-5-3-3) Local Stiffness REAUCTIONS ..........iieii e e 56
3-5-3-4) SUPPIEMENTAl SUPPOIT c.oveeieeiic e et et e er e ee et tea e eraentseessantaessentsaeesesanasesensnns 57
3-5-4) Reducing Earthquake Demands.........cccooiiiiiiiiiiiiiiei e eeee e ee e e e aeveanrnseeeeaesranrens 57
R B B = = 1Y =l o] = 4o « TSR 57
3-5-4-2) Energy Dissipation SYSteIMS couuu ittt eeeii e eeeris e eeiee e ereeeeereeneeeseent e e s sentaeeseranaeesennnns 58
3-5-4-3) Mass REAUCKION ...couueiiiii e et et e ee e e e e e e e eerae e e eenanns 58
3-6) Push-over Analysis in SAP 2000 .........cooue i et et e e e e e e ee e e e rnaans 59



4) Non-linear Static Push-over Analysis in Eurocode(Eurocode 8-Part 3)........c.ccoeiieireeiimiieeiieiiee e 61

4-1) Performance Requirements and compliance Criteria ...........ceeiimmieeiieiiiee e 61
4-1-1) Fundamental reqUIrEMENTS ......ucuieeiiiiiiiiiiiiiee e e eee et iee e e eeesaeereriaaeeeeessaesrenennnsaesssassrenennenans 61
L/ B ) W @o] 1 1Yo [ =T U=l o o] o =] o - DRSPSt 62
4-1-3) KNOWIEAZE TEVEIS ... et e et e e et te e e et eee e e ee e e e anranaaes 63

4-2) SErUCEUTAl ASSESSITIENT ..eeiiiiiiiiieieieeiitiiieiee e e e eseeetieriaeseeeetaeereseenesaaeesasssestenesaaessasssestenssnseseesssnrens 65
4-2-1) Nonlinear static analysis {(pushover analysis)....... oo 65

A-3) INTEIVENTIONS <. eeeeee e e e e e e e e e e e e e et ee e e e eeteeesestanesenaanesaesaneeenrannaaes 65
4-3-1) Type OF INLEIVENTION L.euvieiiiiiiiiiiiee e ee e e e e eeseee e e e e e s saesresteneaeesseesrenennnnans 65
4-3-2) NON-STrUCTUIal @l@MIENTS . ..ceeiiieie e e e e e et ee e e et ee e e e eeten e e eeraneaes 66
4-3-3) Strengthening of the CONCrete STrUCTUIES .......iiiiiiee e 67

4-3-3-1) Concrete JACKELING ......ovvviiiei e e ie e e e e et e e e e eeareatarta e e e e e seesrerennenans 67
4-3-3-2) S| JACKEEING - eeeeeie et e e nr s 67
4-3-3-3) FRP plating and WrapPing. ... it eeiiee e etee e e rtteeesatteeesaattaeesaastnesasstesassinaaas 67

4-3-4) Strengthening of the steel struCtUIres ..........coieeiiiiiiiiiiee e e ee e ns 68
4-3-4-1) Connection retrofitting (Beam-to-column connections) ...........c.ocoveeiieiiiiciieiiiee e, 68
4-3-4-1-1) Weld replaCemENT ....c.uue i et ee s e e et e e et e e ettt e eesbatneeesbanseeaeras 68
4-3-4-1-2) WeaKening strategiEs.......ccveeiiiiiiiiiiiiiiiei e e e eeetriies e e e seeta e eeeeeaersansensnaesesaessrnrens 68
4-3-4-1-3) Strengthening strat@@Iies ...... oo eiiieeii e et 69

5 T G 1= o T2/ = 71

R I o =] LR Y =Tt o] o F- RSP 71
B md-1) COIUMINS coiiiitiiiiiee e e eee ettt eies e e e et ettt iee e e e eetaestesessaaessaessesesnesaaassaessenssnsnasassessssnsensnnsesenssensens 71
R B 2 T=Y- T o o LSRR 76

5-2) Archit@CtUIal DIraWINES ...ieeiieeiieiiieiieeties e eetir e e et eeeetat e eestentaeetaannsesssennaesssnnsasssentsasesnsananessnsnns 81

R I A g ot (0] o= B =1V V2] oV £ R 92

Y I e X [ o V- PR 101

R o =Y [T oY X U1 o] o] o] |- 101
o BT To I I T T LSS 101
Lo B N V=N o - Vo LRSS 101



6-1-3) RESPONSE SPECTIUM .. .ceiteieiiiee ettt ettt e ettt e e e e e e e e e e mee e s nnaeeeentaaeeeennes 102

R W o T=Te o 1Y LR 102
6-2-1) Load cases definition .......ccoeiiiiiiiiiiiiiiee e e e e eere e se e e e aereaar st saeesaessaas st aeaeeaaees 102
6-2-2) Static case 10ad aSSIGNMENTS ... oo e et e e e ae e eenan 103
6-2-3) Response spectrum case 10ad assigNMENTS .........ooueiiiiiiiii i 103

6-3) Loading COMbBINGAEIONS .......iiiiiiiiiiiiei e e e e ettt ee e e e eereeasraeeeaessrasbsnenaneaessansressnnnnanens 104

SR o Y=To L= To] o] [Tor= | A To] o PSR 104
R N W T-Te [ oY= or= 1 Fol0| =] 1 To] o -J SR 104

6-4-1-1) GroOUNA FIOOT .oivueiiieeiiiiiiiiiiiee e e eseetee e e e eeteee v e e eeeesaessestenesaaeesaessessenenasesassssnsennen 104
o R N ST ¢ ol o o To | SRR 107

o e ) BT <Tote] o To I ol T Yo 1 SO 111
6-4-1-4) Third FIOOT ceiiiiiiiiiiee i et eiee e et ee e e e e e tee e v er e aeeesaessesteaesaaeesaessanssnenasesassssnsennen 115
6-4-1-5) FOUITh & Fifth FIOOIS .. coeeeeieeei e e e et ee e eenan 118
6-4-1-6) SIXEh FIOOF (ROOT) cevuuniiiiiiii ettt e e et e e et e e e e b e e e e baateeessant e essararaessenen 122
6-4-1-7) Seventh Floor (Lift ROOM ROOT) ....cooiiiiiiiiiiiiii e e e e e e e 126

6-4-2) Loading Areas diViSIONS ..........ecii i et et e e ennan 127
6-4-3) BEAMS NUMIDEIS. . uut ittt et e eet e e et e e ettt e eetbata e eeebatsaeassansseassansaaasssntasssaraansssnes 135
6-4-4) Distribution of the loads (Beam’s Loading calculations)..........c..cocvvviiceiieriiieniiiiiiiien e, 136

7) Spectral Analysis With SAP 2000 .........cciieiiiiiiiiiiiiiee e eee et ciee e e e eeeeetteriaeeeeeesaesrsstrnnsaaessarsrersnnnnaeens 149
7-1) Spectral ANAlYSIS INPUES ....coeeeiee e e e e et e e e e e e e e e e e e eeraeeeeenas 149
7-2) SPectral ANalYSis OUTPULS ..evvueiieiiiii e eeiies e eet e eee e et eeeetet e eertannaeersnnnseerannnaessennsaessntaranssnnes 150
8) Pushover Analysis With SAP 2000 .........iiiiiiiii i et eee e e erret e eraaneseessene e essennaessntaaeesenen 167

8-1) PUShOVEr ANalysis INPUES......ueiiie e e et e e e e e e e e e e e eeaaeeeeenan 167
8-1-1) HINGE defiMiTiON c.coueeieiiie e e e e e e e e e et ae e eenan 167
8-1-2) Pushover load case definition .........coooeiieiiieiiii e e e e er e er et e e e et re e e eenen 172

8-2) Pushover ANalysis OULPULS .......oooiueiieeei e e e et e e e e e e e e e eeeeeenas 175
By RN e [ o =Yt d o] o TP 176

S e I 1] 4T TSP 176
8-2-1-2) PUSROVET CUIVES .....eeneieee et et et et e e e e e e e e e e e ee e e eeraeeeeenan 188



R e A -1 1V - Yl DT | - TSP 190

Ry e [1 ¢ -Tei o] o JO USSR 191
82270 ) HIN S e uu e iieeeiiiiiiiiee e e ee ettt eiaeeeeestaettariaeaeaessasssestensnaaassanssastsnesaaaesanssentenenaaeeseessensennnn 191
8-2-2-2) PUSNOVET CUIVES .....eeneeetee et ettt et e e e e e e e e e e mee e e enaeeeenraeeesenen 204
Ry e N -1 1V Yl DT | - [P 206

8-3) Assessment of the performance of the StruCture .........ccoooeeiiiiiiiiiiciiien e e 207
B T ) e [ =T ot 1o ] TP 207
e R Ao [1 ¢ =Ter o] o JE SR 209

9) Strengthening Of ThE STIUCTUIE ...... i e e et e e et e e e e e e e s beateeessant e essaraaessenen 211

9-1) Strategy SEIECHION . .vveeiee i e e ettt ee e e e ee ittt er e e e e e e e tras b e eaeetaesrar s aeens 211

9-2) RE-aNaIYSIS OUTPULS....oeee ettt et et e et e e et e e e e mee e e eneeesenraaeesennen 214

1o R ) B e [ o =Yt o ] o T U U PUP TS RURPPIRN 214
9-2-1-1) PUSNOVET CUIVES ....ueiiiiiiiiiiiiiee e e eeeieetieteeeeeeesaetvesteesaeeesaessestsnesaaessansssnsenenaasesassssssennen 214
1R R A N I 1V =Yl DT | = TP 216

1o R I e [1 ¢ =Ter o] o JE U US 217
9-2-2-1) PUSNOVET CUIVES ...uuneiiiiiiiiiiiiiee e e eeeieetietaeeeeeesaesrestanaeeesaessestsnesasessansssntensnaasesessssnsennes 217
1y A R -1 1V =Y il DT | = TP 220

9-3) Re-assesSMeENT Of The STrUCTUNE ...ovue ettt eer e e er e eeeraeneseeraena e esantaaeesenes 221
1o T I I Qe [ o =Tt o TP U U S OO P PR SUSURUSURUPUPPRt 221
1R Ry ) I Ae [1 ¢ -Ter £ To] o JE SR 224

0] T00e Yo LV 1Y o] o 1SRNt 229
N |0 =T =Y o T PRSP 231



10



List of Figures

Subject Page
Figure 2-1- Seismic Motion SiMUIGtor..........ooi e et e e e en e eeaas 22
Figure 2-2- Typical Earthquake Ground Acceleration............ccoiiiiioiiiiiion e e e e 25
Figure 2-3- Typical Earthquake Ground Displacements.........ceviviiieiieiiierieeriereeerier e eeriner e eerrntn e essrnnnsenenns 25
Figure 2-4- Relative Displacement Spectrum Y(m ) MaX......cccooiiiiiiieiieiiiiiiieee e eereee e e 26
Figure 2-5- Pseudo Acceleration Spectrum, Sa = W2y (0 ) MaX ... 26
Figure 2-6- A typical DeSIN SPECLIUM ... oein it e e et e e e ee e e e aataeeseeesntaennaeeans 28
Figure 2-7- Major earthquake MOtiONS. .......ooiiiii e et e et e e e e e e ee e e et e enaeaesans 29
Figure 3-1- A 1% mode approximation of a MDOF system generalized SDOF system........c...ccc.oovveeueenn... 37
Figure 3-2- Typical CApacCity CUIVE ....ccvviiiiiieiieeiiie s et s s eeres s aettessaestsessaestsensasstnssseestsnsseessnsssessrnnsseneres 40
Figure 3-3- Effect of the element strength degradation in capacity curves ........ccoceoveiiiviiiiiiiiiiiniviineennn. 41
Figure 3-4- SAWtooth Capacity CUIMNVE ......ooun et e e et e e eee e eata e e e eernaeaenaaeeans 41
Figure 3-5- Equal Displacement ApproXimation..........cccuui i e ete e e e eea e eeans 43
Figure 3-6- Break-down points in a typical capacity CUrVe ..........oviiiiiiiii e 45
Figure 3-7- Building performance I@VEIS.........coooiiuiiiiie et e e e e vt e e e vamtn e e e samnn e eeeans 48
Figure 3-8- Force-deformation diagram .......cciiveiieiiiiiiien e eever s eeries e eeris s eertsenseertnnnsesnsnsnsesssnnnseneres 59
Figure 5-1- Cross sections of the columns-Part 1. e e e 71
Figure 5-2- Cross sections of the columns-Part 2. 72
Figure 5-3- Cross sections of the columns-Part 3 ... ... e ea e e 72
Figure 5-4- Cross sections of the columns-Part 4 ... e e e e e eeaes 73
Figure 5-5- Cross sections of the columns-Part 5. e e e e 73
Figure 5-6- Architectural Drawings -Part L.........c.oeiiiiiiierieiiiierieeriereeerinereeerisenseertsensessrsnssessrnsssessrnnssessres 81
Figure 5-7- Architectural Drawings -Part 2........couuiiiiiiiiiii et e ettt e st e et s et s aateaesaas 82
Figure 5-8- Architectural Drawings -Part 3... ... ittt e et e e e e e e eenaeaenans 83
Figure 5-9- Architectural Drawings -Part d....... ..ottt e e e e e e e enaaaeeans 84
Figure 5-10- Architectural Drawings -Part 5. ... ..o i ettt e e e e e e e e e enaeaeeans 85
Figure 5-11- Architectural Drawings -Part 6...........coiiiiiiiiiiie e eeeer e e e e e vt e e e v e eesannn e aeenns 86
Figure 5-12- Architectural Drawings -Part 7.......cooeiiiiiiierieeiiien s eeries s eerier s eertses s eestnenseertnessesnsnsnsessrnnssensres 87

11



Figure 5-13- Architectural Drawings -Part 8...........cooiiiiiii ettt e et e et e e e e en e eeaas 88

Figure 5-14- Architectural Drawings -Part O.......... oottt e eeeeee e ree e enaeaeeans 89
Figure 5-15- Architectural Drawings -Part L10.........coiiiiiiiiiiin e ee e eeeer e ee v e ee vt e e evamen e eesannneaeeans 90
Figure 5-16- Architectural Drawings -Part 11.........coiiiiuiiiiiiin e e eeeer e ee e e e e vt e e eeamen e eesamen e aeeans 91
Figure 5-17- Structural Drawings -Part 1 ........oocoiiiiiiiie et e et e e et e e e st e e eetnt e e e srnnneeeeens 92
Figure 5-18- Structural Drawings -Part 2 .......o..c oottt et eeee e e e e e rnte e enaeaeeans 93
Figure 5-19- Structural Drawings -Part 3 . ... it e et e e et e e e e e et e enaeaeeans 94
Figure 5-20- Structural Drawings -Part 4 ..........coou ittt e et e e e e e ee e e e e enaeaeeans 95
Figure 5-21- Structural Drawings -Part5 ... ittt e e eee e e e et eena e eeans 96
Figure 5-22- Structural Drawings -Part 6 .........oooiuiiiiiii e e eeeer e e v e e e vt e e evamen e eesannn e aeeens 97
Figure 5-23- Structural Drawings -Part 7 .......coiviiiieiiieiiie st eerirer et eeries s ee vt s eestsenseertnnssesntnsssesssnnsseneres 98
Figure 5-24- Structural Drawings -Part 8 ..........coir i ettt e e et e e e e e e e eaa e eeaas 99
Figure 6-1- Loading Areas divisions- Part L........coooiiiiiiiiii i eeete e e e e et e eeaa s 127
Figure 6-2- Loading Areas divisions- Part 2........cooiiiiiiiiiii e e e e e e e e e et e eeaa s 128
Figure 6-3- Loading Areas divisions- Part 3........cou i ee e ee e e e e e e e e aane e aees 129
Figure 6-4- Loading Areas divisions- Part d........c..ooiiiiiiiiiiiie et ee e ee v e e e e e eesameneaees 130
Figure 6-5- Loading Areas divisions- Part 5 ... ..ot e eee e ee e e e e et e e et e eees 131
Figure 6-6- Loading Areas divisions- Part 6........c...iiiiiiiiii e e e e e e et e eeaa s 132
Figure 6-7- Loading Areas divisions- Part 7 ........coo it eete e e e e e e eeaa s 133
Figure 6-8- Loading Areas divisions- Part 8............iiiiiiiiiiii e e e tee e e e et e eera s 134
Figure 6-9- BEaMS NUMDEIS .. ...t e et ee e e e e e e e te e et e s aaneestaeesanneaasaaansanaes 135
Figure 7-1- Modal Load Cases window in SAP 2000 ..........coouiiiiiiiiiiiiiiien et eee e ee v e ee v e eeeaneneaees 149
Figure 7-2- Set load Cases 1o run Window in SAP 2000 ........oeviviiiierieiiierieeriereeerineneeerinsseessssneessrneneenes 150
Figure 7-3- Modal Deformed Shape- Mode 1 ... et e et e eeaae e, 151
Figure 7-4- Modal Deformed Shape- IMode 2 ... e e e e e e e eea e 152
Figure 7-5- Modal Deformed Shape- Mode 3 ....... .o e et er e eeaa s 153
Figure 7-6- Modal Deformed Shape- Mode 4 ....... ..o ee e ee v e e e v e e e vaneaees 154
Figure 7-7- Modal Deformed Shape- Mode 5 ... eeeer e ee e e e v e e e eam e aees 155
Figure 7-8- Modal Deformed Shape- Mode 6 .........oviiiiieeii et ee e e e e vt e e et e eees 156
Figure 7-9- Modal Deformed Shape- IMOde 7 ... ...t ete e e e e eeaae s 157
Figure 7-10- Modal Deformed Shape-IMode 8 ......... ... e e ete e e e e eera s 158
Figure 7-11- Modal Deformed Shape- IMode 9 ...... ... te e e er e eera s 159



Figure 7-12- Modal Deformed Shape- Mode 10 ..........ooiiiiiiiiii e e ete e e e e eeaa s 160

Figure 7-13- Modal Deformed Shape- Mode 11 ... e e ee e e e eeaa s 161
Figure 7-14- Modal Deformed Shape- Mode 12 ... ee e ee e ee vt e e e vaneeaees 162
Figure 8-1- Define Frame Hinge Properties Window in SAP 2000 .........ccoooiiiiiiiiiiiiniieien e e, 167
Figure 8-2- Beam Hinge Property Data Window in SAP 2000.........coooiiiiiiiiiiiien e eeeetn e ee v e 168
Figure 8-3- Frame Hinge Property Data for Beam Window in SAP 2000...........ccoiiiiiiiiiiiieiiiieeeieeeins 168
Figure 8-4- Column Hinge Property Data Window in SAP 2000.........ccouiiiiiiiiiiieeiic et eeev e eeaes 169
Figure 8-5- Frame Hinge Property Data for Column Window in SAP 2000.........cccooeiiiiiiiiiieiiiieeeieeeins 169
Figure 8-6- Beam Hinge Assignments Window in SAP 2000 .........c.coiuiiiiiiiiiiiiiie e et ee e eer e eer s 170
Figure 8-7- Column Hinge Assignments Window in SAP 2000...........ccoieiiiiiiiiiieien e eevin e e 171
Figure 8-8- Frame Hinge Assignments Overwrites Window in SAP 2000 ........c..ccvveeiieevieeneeevinineenrineneeens 171
Figure 8-9- Define Load Cases WIindow in SAP 2000 .........coiiiiiiieiiie e e eeeteee e eereeeaaes 172
Figure 8-10- Pushover load case definition in X direction Window in SAP 2000 ............ccceiiiiiiiiiiennnnen. 173
Figure 8-11- Pushover load case definition in Y direction Window in SAP 2000 ..............ccccovviiiiiniennnn.n. 174
Figure 8-12- Set Load Cases to Run Window in SAP 2000 .........ccouiiiiiiiiiiieiien et e eevies e eevie e ee v e aees 175
Figure 8-13- Push X deformed shape- Step O.....couiiiiii e e ee e ee e e e e e e e e aane e aees 176
Figure 8-14- Push X deformed shape-Step L. it eeter e eee e eee s e e ee e e e st eeees 177
Figure 8-15- Push X deformed shape-StEP 2..... it eeete e e e e e eera s 178
Figure 8-16- Push X deformed shape- Step 3 ... i e e e e e et e eera s 179
Figure 8-17- Push X deformed shape-StEP A.......... oot e e e e e et e aeaae s 180
Figure 8-18- Push X deformed shape- Step 5......oe i ete e e e e eera s 181
Figure 8-19- Push X deformed shape- StEP 6.....coueiiiiiii e ee e ee e e e e v e e e vam e aees 182
Figure 8-20- Push X deformed shape- STEP 7....cviie it s e eer s ee s s s aer s aeranssseessnsnsessrnsnsenns 183
Figure 8-21- Push X deformed shape-StEP 8.... .. e it e e e e e e e e aeaa s 184
Figure 8-22- Push X deformed shape- StEP ... e e e e e e e aera s 185
Figure 8-23- Push X deformed shape-Step 10 ........ooiiniiiiii i e e e e e e et e eera s 186
Figure 8-24- Push X deformed shape-Step 11 ....... i e ee e ee e e e vt e e e vaneneaees 187
Figure 8-25- Base reaction-displacement Curve in X direction ...........cooeiiiiiiiiiiicen e, 188
Figure 8-26- ATC-40 capacity spectrum Curve in X dir€Ction.........cciieiiiieiieeiiien e e eeeen e ee vt eens 189
Figure 8-27- Push Y deformed shape- SEEP O .....oieeiiieieeieee e et e e e er e eera s 191
Figure 8-28- Push Y deformed shape- SEEP L ..o e e te e e e et e eera s 192
Figure 8-29- Push Y deformed shape- SEEP 2 ...t e er e eera s 193



Figure 8-30- Push Y deformed shape- SEEP 3 ....e it e e et e eeaa s 194

Figure 8-31- Push Y deformed shape- SEEP 4 ......ooeeiiiniiiie e e e ete e e et e eerae e 195
Figure 8-32- Push Y deformed shape- STeP 5 ... ee e ee e e e e e e e e aame e aees 196
Figure 8-33- Push Y deformed shape-STeP B ....covueiiiiiieee e e ee e ee e e e e e e e e aameaees 197
Figure 8-34- Push Y deformed shape- STEP 7 ...ttt e et er e ee e e eee s e eestat e nestnnnaaaes 198
Figure 8-35- Push Y deformed shape- SEEP & ... e et e eere s 199
Figure 8-36- Push Y deformed shape- SEEP O .....oieeiiinieeie e e et e eeae s 200
Figure 8-37- Push Y deformed shape- SEEP 10 ........iiiniiiieiee e e e e te e e e et e eeaa s 201
Figure 8-38- Push Y deformed shape- Step 11 ... e e e e e e e e er e eeaa s 202
Figure 8-39- Push Y deformed shape-STep 12 ...c.uee i e ee e ee v e e e et e e e aane e aees 203
Figure 8-40- Base reaction-displacement Curve in Y dir€Ction .......c..ccvveriiiiiierieeiiien e eevien e ee e eens 204
Figure 8-41- ATC-40 capacity spectrum Curve in Y direction.........ccoeiiiiiiiiiiiie e, 205
Figure 8-42- Created Hinges in the Structure at the Performance Point (X direction)............................ 208
Figure 8-43- Created Hinges in the Structure at the Performance Point (Y direction)..........cc.c..c.ocee... 210
Figure 9-1- T1 Column Cross Section Area-Before and After the Strengthening .........cccccooiiiiiiinien . 211
Figure 9-2- T3 Column Cross Section Area-Before and After one sided strengthening .......................... 212
Figure 9-3- T4 Column Cross Section Area-Before and After the Strengthening........ccovcevieviiciiiiniienenes 212
Figure 9-4- T10 Column Cross Section Area-Before and After the Strengthening ....................ooL 213
Figure 9-5- T12 Column Cross Section Area-Before and After the Strengthening ................................ 213
Figure 9-6- Base reaction-displacement Curve in X direction...........ccoiiiiiiiiiiiiiiiie e 214
Figure 9-7- ATC-40 capacity spectrum Curve in X direction..............ccoiiiiiiiiiiiiiiiie e, 215
Figure 9-8- Base reaction-displacement Curve in Y direction ............ccooeiiiiiiiiiiiicen e 217
Figure 9-9- ATC-40 capacity spectrum Curve in Y dire@ClioN........c.veerieiiiierieeiienieerieneeerinenseerineneeesrneneeens 218
Figure 9-10- Created Hinges in the Structure around the Performance Point (X direction-step 2)......... 222
Figure 9-11- Created Hinges in the Structure around the Performance Point (X direction-step 3)......... 223
Figure 9-12- Created Hinges in the Structure around the Performance Point (Y direction-step 2)......... 225
Figure 9-13- Created Hinges in the Structure around the Performance Point (Y direction-step 3)......... 226

14



List of Tables

Subject Page
Table 4-1- Relationship between knowledge levels -Methods of analysis -Confidence factors................ 64
Table 5-1- Detailed Cross sections of the columns-Part 1.........cccccoiiiiiiiiiiiiie, 74
Table 5-2- Detailed Cross sections of the columns-Part 2 ... e 74
Table 5-3- Detailed Cross sections of the columns-Part 3 ... e, 75
Table 5-4- Detailed Cross sections of the columns-Part 4 ..o 75
Table 5-5- Detailed Cross sections of the columns-Part 5 ... e, 75
Table 5-6- Detailed Cross sections of the Beams-Part L.........cc.oooiiiiiiioi it 76
Table 5-7- Detailed Cross sections of the Beams-Part 2., 77
Table 5-8- Detailed Cross sections of the Beams-Part 3........ccoooiiiiiiiiiiiiiiiiie et 78
Table 5-9- Detailed Cross sections of the Beams-Part 4...........coooiiiiiiiiiiiiiiiiie e 79
Table 5-10- Detailed Cross sections of the Beams-Part 5.......cooooiiiiiiiiiii et 80
Table 5-11- Detailed Cross sections of the Beams-Part 6..........ooooiiiiiiiiiiiiiie e, 80
Table 6-1- Dead Loads ASSUMPTIONS........iiiiie et ee e es e e e eere e e et e e srntna e santnasesaessnseaansnnnss 101
Table 6-2- Live Loads ASSUMIPEIONS. ......ciiiiiiiirieerie e erieieerrerieesrtneiaessenenasssrnrnasssrsssasssrsssasssrsssnnsernrsnnss 101
Table 6-3- Response spectrum ASSUMPLIONS .....oiieiiii it ee e ce et e e e teee e et e eeteeetnneeetaeanaannns 102
Table 6-4- Load Cases definition ...... ... et ettt e e e 102
Table 6-5- Static case load assiGNMENTS ... e et e e e et e eaa s 103
Table 6-6- Response spectrum case load assignments-Part 1........c.cocoiiiiiiiiiiiiei i 103
Table 6-7- Response spectrum case load assignments-Part 2 ..........coooiiiiiiiiiiiciiee e 103
Table 6-8- Distribution of the [oads- Part 1........c..coiiiiiiiiiiiiiiiii et ee e e e 136
Table 6-9- Distribution of the l0ads-Part 2....... ... e 137
Table 6-10- Distribution of the loads-Part 3. .. ... e e 138
Table 6-11- Distribution of the loads-Part 4..... ... e 139
Table 6-12- Distribution of the loads- Part 5..... ... e 139
Table 6-13- Distribution of the 10ads- Part 6............ooiiiiiiiii e eee e e e eerenes 140
Table 6-14- Distribution of the 10ads- Part 7.........ccoiviiiiiiiiiiiiiiiiine e e eee e 141
Table 6-15- Distribution of the 10ads-Part 8..... ... e 141

15



Table 6-16- Distribution of the 10ads- Part O........oe ittt eeens 142

Table 6-17- Distribution of the 10ads- Part 10........c..coiiiiiiii e e 143
Table 6-18- Distribution of the loads-Part 11... ... et e 143
Table 6-19- Distribution of the loads- Part 12..........ooiiiiiiii e ee e e e eernes 144
Table 6-20- Distribution of the loads- Part 13.......ccoooiiiiiiiiiiiiii e e 145
Table 6-21- Distribution of the loads-Part 14... ... e e 145
Table 6-22- Distribution of the loads- Part 15...... ..o e e 146
Table 6-23- Distribution of the 10ads- Part 16........c..coiiiiii e e 147
Table 6-24- Distribution of the 10ads- Part 17...... oo e e 147
Table 6-25- Distribution of the loads- Part 18..........oo i ee e e e eern s 148
Table 6-26- Distribution of the loads- Part 19........c..cciiiiiiiiiiiiiiiiiiiii e e reee e 148
Table 7-1- Modal Load Participation Ratios ............oiiiniiiiii et et e eea s 163
Table 7-2- Modal Participating Mass Ratios, Part 1 of 3. ..., 163
Table 7-3- Modal Participating Mass Ratios, Part 2 of 3., 163
Table 7-4- Modal Participating Mass Ratios, Part 30f 3. e 164
Table 7-5- Modal Participation Factors, Part 1 of 2.......c.oiiiiiiiiie e 164
Table 7-6- Modal Participation Factors, Part 2 of 2. et e enr s 164
Table 7-7- Modal Periods and FreQUENCIES.......coouen i e e e e e e et e e et e e et e aeaan s 165
Table 7-8- Response Spectrum Modal Information, Part 1 of 2., 165
Table 7-9- Response Spectrum Modal Information, Part 2 of 2., 166
Table 8-1- Pushover curve tabular data in X direction ..ot 190
Table 8-2- Pushover curve demand capacity-ATC 40 tabular data in X direction...........ccoccooieniinnnnnnl. 190
Table 8-3- Pushover curve tabular data in Y direction ... 206
Table 8-4- Pushover curve demand capacity-ATC 40 tabular data in Y direction ..............c.ccoiiiinniil 206
Table 9-1- Pushover curve tabular data in X direction ...........coooiiiiiiiii e 216
Table 9-2- Pushover curve demand capacity-ATC 40 tabular data in X direction ............cccccceiiiinninil. 216
Table 9-3- Pushover curve tabular data in Y direction ... 220
Table 9-4- Pushover curve demand capacity-ATC 40 tabular datain Y direction ...........cccocoeiiviieniinnnnnns. 220

16



1) Abstract

Pushover Analysis & Seismic Rehabilitation of a Reinforced Concrete Structure

A thesis submitted in the partial fulfillment of requirement for the award of the degree of

M.Sc in Analysis and Design of Earthquake Resistant Structures

Submitted by: Babak Momeni

Student ID: 11021149

Under the supervision of:

Professor Vlasis Koumousis (N.T.U.A.)

October 2012

Athens, Greece

17



Engineers are constantly searching for new and more realistic methods to account for
the structural behavior. Performance based strategies need to estimate the inelastic
deformation and the associated damage in structures but elastic analysis cannot provide this
information. Nonlinear dynamic response history analysis can provide this information, but it is
a tedious procedure based on uncertainties coming from the excitation. So the scientists
proposed some new desigh methods and rehabilitation strategies that incorporate
performance based engineering concepts. It is clear that damage control should be considered
as a more explicit design consideration. This goal can be reached only by consideration of some
kind of non linear analysis into the seismic desigh methods. The most logical approach seems to
be a mixture of the nonlinear static analysis (pushover analysis) and the response spectrum
method.

The static pushover analysis procedure is becoming the dominant method implemented
in the computer to evaluate the seismic performance of structures. The method assumes that
the response of the structure can be checked by considering its first mode, and this mode
during a monotonic increase of loading governs the motion constantly. There are some
methods that are based on this methodology such as the capacity spectrum method (in ATC 40)
and the nonlinear static procedure (in FEMA 273). The second procedure is used in ATC 40 by
“displacement coefficient method” as an alternative method.

The Capacity Spectrum Method (CSM) approach is used to compare the structure’s
capacity with the demands of earthquake ground motion on the structure. A nonlinear force
displacement curve is used to represent the capacity of the structure (pushover curve). Using
the coefficients that represent effective modal masses and modal participation factors, the
base shear forces should be converted to equivalent spectral accelerations and the roof
displacements should be converted to equivalent spectral displacements. These spectral values
define the capacity spectrum. The earthquake ground motion demands can be represented by
response spectra that correspond to the level of equivalent viscous damping representing the
dissipated hysteretic energy. Finally both of the curves are drawn within a same graph to
determine the intersection point of the two curves that expresses the performance of the
structure to the design earthquake incorporated in the particular spectrum.

In this work a simplified method for nonlinear static analysis of building structures
subjected to monotonically increasing horizontal loading (pushover analysis) is presented using
the SAP 2000 software. Following a step by step analysis an approximate relationship between
the global base shear and top displacement of the structure is determined. During the analysis
the development of plastic hinges, at different stages, throughout the building are monitored.
The mathematical model, the base shear- top displacement relationships and the step by step

computational procedure are described. The method is applied for the analysis of an existing
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seven-story reinforced concrete building. The results are presented and the evaluation of the
building performance is discussed. Finally an appropriate type of intervention is proposed to
improve further the seismic behavior of the building.
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2) Spectral Analysis (Response spectrum seismic loading):

2-1) Introduction:

Linear elastic time history analysis results specific outputs such as member forces and
time history response of joint displacements. This method has two disadvantages:

1) It gives a large amount of output information that requires lots of time for computation
and doing all of the design checks.

2) The analysis should be repeated for a number of different earthquake motions to make
sure that different frequency contents are considered.(26- Csiberkeley.com)

For the first time, the response spectrum method (RSM) was published by Maurice
Anthony Biot at Caltech in his doctoral thesis. It is a strategy to find earthquake response of
structures using vibrational mode shapes. He used the theories of Rayleigh for acoustics to
develop the mathematical method for n degree of freedom vibrational systems. He mentioned
that a building has a specific humber of normal modes of vibration, and each of them
corresponds to a certain frequency. He used the Fourier amplitude spectrum to find the
maximum amplitude of motion of a system: the sum of amplitudes for each separate mode of
vibration.

The “response spectrum” was used as a design concept in the middle of the 20t
century, for example in building codes in California after strong motion accelerograms became
popular, the designers started to use it in earthquake engineering in the 1970s as the primary
theoretical tool.

Using given masses, stiffness values, and dimensions of each storey the mathematical
model of a building can be created, and then for checking of the structure’s behavior the
earthquake acceleration records can be applied. System response can be indicated by the linear
superposition of single degree of freedom systems for various mode shapes and corresponding
natural frequencies. (20-Rebecca L. Johnson)

Using the response spectrum method of seismic analysis for estimation of
displacements and member forces in structural elements has some advantages. Using smooth
design spectra (in fact they are the average of several earthquake motions), the maximum
values of the displacements and member forces in each mode can be calculated with this
method. (26- Csiberkeley.com)
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2-2) Definition of a Response Spectrum:

A simple machine will be used to simulate the desired analysis. This simulator consists of
a mass, m, spring with constant k, and a damper with viscous damping constant, ¢ (with units of
force x time per length):

- Y
u(t) | VYV —
Y ”
.
M
e .

Figure 2-1- Seismic motion simulator

With the help of the Newton’s second law, the response of the system to a given ground
motion can be determined. The system responds to a ground displacement u(t) with absolute

displacement y(t):

miy +u)==kv-=cv
' ' (2.1)

C

2vVkm

or using natural, undamped, radial frequency, w, and damping ratio, § =

P+ 250y + @'y = -1
) (20-Rebecca L. Johnson)  (2.2)

For three dimensional seismic motion, the above equation is rewritten as:
3

(), + 28 @, vt + w;vit), P, i), + p, dit), + p i),

(2.3)

Where the three Mode Participation Factors are defined by P,; = —@ Mi in which i is equal to
X,y orz.

Two problems appear when we want to obtain the approximate response spectrum solution for

this equation:

1- For each direction of ground motion maximum peak forces and displacements must be
estimated.
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2- After the response for the three orthogonal directions is solved, the maximum response
due to the three components of earthquake motion acting at the same time should be
estimated too.

The modal combination issue due to one component of motion will be explained below. For
onhe direction, the above equation can be written as:

n > . N o B ..
v, + 26 w, (1, W, v, Py (T (2.4)

For solution of the this equation, with different values of w, we should have a specific
ground motion 1i(t)g, damping value and also we should assume that P,; = —1.0, then we can
plot a curve of the maximum peak response y(w ) pmax - For this acceleration input, the curve is
called the “displacement response spectrum” for the earthquake motion. A different curve can
be drawn for each different value of damping. A plot of wy(w ) max is called as the “pseudo
velocity spectrum” and a plot of W?y(w ) max is called as the “pseudo acceleration spectrum”.
These three curves are normally plotted as one curve on special log paper. However, these
pseudo values have minor significance and are not a main part of a response spectrum analysis.
The real values for maximum velocity and acceleration should be calculated from the solution
of this equation.

However there is a mathematical relationship between the pseudo acceleration
spectrum and the total acceleration spectrum. The total acceleration of the unit mass with a
single degree of freedom system, governed by the last equation, is given by:

i)y = () i), (2.5)

By solution of the last two equations at a same time we can have this equation:

ii(1r), = - v(t)=2Ewn (¢
\ .]_r . (\ ) - i ( } (2.6)

Therefore, for the specific case of zero damping, the total acceleration of the system is
equal to w?y(t). For this reason, the “displacement response spectrum” curve is usually not
plotted as modal displacement y(w ) pmax VS. w. It is better to present the curve in terms of S
(w) vs. a period T in seconds. Where:

S(w), =@’ v(w),,, and 7=
w (2.7)

The pseudo acceleration spectrum, S (w), , curve has the units of acceleration vs.

period and it has some physical significance for zero damping only. It is clear that all response
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spectrum curves are not a function of the properties of the structural system and they just
represent the properties of the earthquake at a specific site. After estimation of the linear
viscous damping properties of the structure, a proper response spectrum curve is selected. (7-
Chopra AK) (24- Steven L. Kramer) (26- Csiberkeley.com)

2-3) Calculation of the Modal Response:

For a structural model, the maximum modal displacement can be calculated for a typical
mode n with period T, and corresponding spectrum response value (w,) . The maximum
modal response associated with period T, is given by:

S(w )

V() ypx = >
@, (2.8)

The maximum modal displacement response of the structural model is calculated from

following equation:

u, = v(I ), .0,
! . ST (2.9)

The related internal modal forces, fi, , can be calculated from standard matrix structural
analysis using the same equations as needed in static analysis. (3- Amr S. Elnashai, Luigi Di Sarno)

2-4) Typical Response Spectrum Curves:

As an example, a ten second part of the Loma Prieta earthquake motions, recorded on a
soft site in the San Francisco Bay Area, is shown in the next figure. For this earthquake, the
response spectrum curves for displacement and pseudo acceleration are illustrated in the next
following figures:
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Typical Earthquake Ground Acceleration - Percent of Gravity:

a i 2 3 4 5 5 7 8 g 10
TIME - seconds

Figure 2-2- Typical Earthquake Ground Acceleration

Typical Earthquake Ground Displacements — Inches:

R
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TIME - seconds

Figure 2-3- Typical Earthquake Ground Displacements
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Relative Displacement Spectrum y( ) pax— Inches:
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Figure 2-5- Pseudo Acceleration Spectrum, S, = ®?y(® ) pax

(26- Csiberkeley.com)
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2-5) The CQC Method of Modal Combination:

One of the most conservative methods that can be used to calculate a peak value of
displacement or force within a structure is the sum of the absolute values of the modal
response. For this it should be assumed that the maximum modal values, for all modes, occur at
the same time.

For calculation of the values of displacement and forces there is also another method
that uses the Square Root of the Sum of the Squares, SRSS, on the maximum modal. There are
some assumptions in this method but the main one is that all of the maximum modal values are
statistically independent however for three dimensional structures that a large number of
frequencies are close to each other, this assumption is not realistic.

The Complete Quadratic Combination (CQC) method is more adequate. It was first
published in 1981. Nowadays it is used in most of the modern codes and computer software for
desighing and most of the engineers like to use that for seismic analysis. It is based on the
random vibration theories.

For estimation of the peak value of a typical force, from the maximum modal values, by
the CQC method (double summation equation), the following formula can be used:

(2.10)

Where f, is the modal force associated with mode n. The double summation is
performed for all modes. Similar equations can be used for node displacements, relative
displacements and base shears and overturning moments.

The cross-modal coefficients, p,, , for the CQC method with constant damping are

87 (L+r) "

(1) + 4% (L +r)

f' ')_-'j m —
(2.11)

where r=w, /w,, and must be equal to or less than 1.0. (3- Amr S. Elnashai, Luigi Di Sarno)

2-6) Design Spectra:

Currently, most of the building codes use some desigh spectra in the following form.

Design spectra are curves that represent the average spectra of many earthquakes:
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Figure 2-6- A typical Design Spectrum

Different Codes have some defined specific equations for each range of the spectrum
curve and for different soil types. For important structures it is better to have a site dependent
design spectrum which includes the effect of local soil conditions and distance to the nearest
faults by using the attenuation relations. (26- Csiberkeley.com)

2-7) Direction of Earthquake in Spectral Analysis:

In fact, a structure should be designed in a way that can resist earthquake motions from
all possible directions. For this purpose, some of the codes combine "100 percent of the
prescribed seismic forces in one direction plus 30 percent of the prescribed forces in the
perpendicular direction" to design different members while there are some other codes which
require the use of 40 percent rather than 30 percent. For rectangular structures which have
some clearly defined principal directions, these "percentage" rules gives approximately the
same results as the SRSS method.

It is better to focus more on the direction of earthquake based on the following results:

1- All of the motions that can be created during an earthquake have one principal
direction.
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2- When maximum ground acceleration initiates, a principal direction exists during a finite
period of time.

In fact for most of the structures that are located in areas with different geographical
characteristics the main direction cannot be realized so a wise designer tries to design the
structure so that it will be capable to resist an earthquake of a given magnitude from any
possible direction. In addition to the motion in the principal direction, there is a probability that
motions normal to that direction will occur at the same time. Also, because of the complex
nature of wave propagation in three dimensional modes, it is acceptable to assume that these
normal motions are statistically independent.

Because of the above mentioned assumptions the following criterion is used for designing:

e "A structure must resist a major earthquake motion of magnitude S; for all possible
angles 6 and, at the same time, resist earthquake motions of magnitude S, at 90° to
the angle 6 ". These motions are shown schematically in the figure below:

90

A

Plan View

-0

Figure 2-7- Major earthquake motions

From the above figure it is clear that the basic input spectra S; and S, are applied at an
arbitrary angle 6. At some specific point in the structure, a force, stress or displacement F is
produced by this input. To simplify the analysis, it will be assumed that the minor input
spectrum is some fraction of the major input spectrum or:

S, = aS, (2.12)

Where “a” is a number between 0 and 1.0.
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Recently, Menun and Der Kiureghian, presented the CQC3 method for the combination
of the effects of orthogonal spectrum. The main CQC3 equation for the estimation of a peak

value is:

!
F=[F +a'F}—(1—a*)(F} - F})sin’ 0 +2(1—a*)F, ,, sinfcosf+ F* ]’
(2.13)

Where:

=22 fouPun fon
Fg = Z ;ﬂm,—;f'—-} o Foom
Fo s = Z ;f};;,ﬁ o Lo
F = ZZ# P o S

in which fy, and fyy,are the modal values produced by 100 percent of the lateral spectrum
applied at 0 and 90 degrees respectively and f,, is the modal response from the vertical
spectrum which can be different from the lateral spectrum.

It is important to mention that for equal spectra a =1, the value of F is not a function of © and
the selection of the analysis reference system is arbitrary or:

(Fy +Fy +FC

}—_ﬁzur - \

(2.14)

This shows that it is possible to perform only one analysis, with any reference system,
and then the output structure will have all members that are capable to equally resist
earthquake motions from all probable directions. This method is acceptable by most building

codes.

For a=1 the CQC3 method reduces to the SRSS method. It seems that this is so
conservative since real ground motions of equal value in all directions have not been recorded
yet. Normally, the value of 6 is not known; therefore, it is necessary to calculate the critical
angle that produces the maximum response. Differentiation of the fundamental CQC3 equation
and setting the results to zero yields:
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1 2F o
6,=—tan' [

7
C

]

2 Fy = Fy, (2.15)

Two roots exist for the last equation that must be checked in order that the following equation
will be maximum:

1
Fuw=F +a’Fp—=(1—a’)(F, = Fy)sin” 8,-2(1—-a’)F, ., sinf_ cos@_ + F’]?
(2.16)

First of all a designer should try to select the desired reference system and then based
on this selection, for three dimensional response spectra analyses, the design of elements for
100 percent of the prescribed seismic forces in one direction plus 30 or 40 percent of the
prescribed forces applied in the perpendicular will be done. These percentage combination
rules are empirical and can underestimate the design forces in some specific members and
produce a member design which is relatively weak in one direction.

In the SRSS method, design forces will not be a function of the reference system
because in this method a combination of two 100 percent spectra analyses with respect to any
user defined orthogonal axes will be selected and this will produce design forces that are not a
function of the reference system. Therefore, the resulting structural design has equal resistance
to seismic motions from all directions. The CQC3 method should be used if a value of a less than
1.0 can be acceptable. It will produce realistic results that are not a function of the user
selected reference system. (26- Csiberkeley.com)

2-8) Limitations of the Response Spectrum Method:

It is clear that use of the response spectrum method has some limitations and also it will
never be an accurate method for nonlinear analysis of multi degree of freedom structures
because time variable is eliminated from the dynamical problem. Some of the limitations will be
mentioned in the following:

2-8-1) Story Drift Calculations:

All displacements produced by the response spectrum method are positive numbers, so
a plot of a dynamic displaced shape does not contain lots of information because each

displacement is an estimation of the maximum modal value. Interstory displacements are used
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to evaluate damage to nonstructural elements. They cannot be calculated directly from the
probable peak values of displacement.

2-8-2) Estimation of Spectra Stresses in Beams:

For calculation of the stresses in a beam the following relation can be used:

P Mx My
o=—+_—¥ 4=
A I_‘.- I (2.17)

This equation can be evaluated based on the coordinates of the each specified point in
the cross section and for the calculated maximum spectral axial force and moments (which are
all positive values). The calculated stress is a bit conservative because at a same time all forces
will probably not have their maximum values.

To have an exact response spectrum analysis, the evaluation of the above equation
should be done for each mode of vibration. In this procedure we should take into consideration
the relative sighs of axial forces and moments in each mode. Then the exact value of the
maximum stress can be calculated from the modal stresses using the CQC double summation
method.

2-8-3) Design Checks for Steel and Concrete Beams:

In most of the cases, the desigh strength ratios are a nonlinear function of the axial
forces in the members, so the ratios cannot be calculated in each mode and this is not
favorable because most design check equations for steel structures are based of design
strength ratios.

For concrete structures, because of the nonlinear behavior of concrete members, some
new studies should be performed to complete the method for the use of maximum spectral
forces in a design check equation. A time history analysis may be the only approach that will
produce logical design forces.

2-8-4) Calculation of Shear Force in Bolts:

Calculating of the maximum shear force from a vector summation is not acceptable
because the x and y shears do not have their maximum values at the same time. The logical way
to estimate the maximum shear forces in a bolt is to check the maximum bolt shear at several
different angles about the bolt axis. But this procedure is a tedious one and it is better to use

32



computer software to do that. The same problem exists if principal stresses should be
calculated from a response spectrum analysis. The maximum and minimum values of the stress
at each point in the structure can be calculated by checking at several angles. (26-
Csiberkeley.com)
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3) Non-linear Static Pushover Analysis in American Code (ATC-40):

3-1) Introduction:

Using elastic analysis, the location of the first yielding can be found. It gives a good
indication of the elastic capacity of the analyzed structure. Despite of all these facts, it cannot
predict failure mechanisms and account for redistribution of forces during progressive yielding
which are essential issues in modern design.

If someone wants to identify the modes of failure and the potential of collapse, he
should use inelastic analysis procedures. Using the inelastic procedures for design and
evaluation, the behavior of the structures which are subjected to major earthquakes can be
monitored. (Where it is assumed that the elastic capacity of the structure will be exceeded)
Although this is associated with some new uncertainties related with code and elastic
procedures.

When a structure is subjected to an earthquake, some displacements (and in turn
deformations) in its individual elements can be seen. In the beginning, the element
deformations will be in their elastic (linear) range and no damage will occur but at the advanced
levels, element deformations will be more than their linear elastic capacities and some
damages will be experienced in the building.

To have a proper seismic performance, one should try to limit the lateral displacements
that are initiated from the earthquake, to levels at which the damage sustained by the
building's elements will be consistent to the needed performance objective and this can be
achieved by having an adequate lateral force resisting system. The basic factors that affect the
lateral force resisting system's ability to perform well include:

e The building's mass, stiffness, damping, and layout configuration
e The deformation capacity of its elements

e The intensity and frequency content of the earthquake it must resist. (6-ATC-1996)

For seismic performance evaluation of old and new structures, the static pushover
analysis can be used. This type of analysis gives some output information on seismic demands
imposed by the desigh earthquake on the structural system and its components.

The pushover analysis is a static nonlinear analysis. In this kind of analysis the structure
will be loaded under permanent vertical loads and gradually increasing lateral loads that
approximately simulates the earthquake forces. Then a graph of the total base shear vs. top
displacement in a structure can be plotted by this analysis. By help of this plot any premature
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failure or weakness in the structure can be tracked. This process continues up to failure and
finally the designer will be able to determine the collapse load and ductility capacity. Also the
plastic rotation in the elements can be monitored, and lateral inelastic forces versus
displacement response for whole of the structure can be analytically computed. By help of this
kind of analysis the deficiencies of a structure can be determined and then the proper
rehabilitation strategy can be selected.

Using the pushover analysis, the expected performance of structural systems can be
evaluated. This can be done by derivation of the performance of the structural system by
estimating its strength and deformation demands in design earthquakes by applying of static
inelastic analysis, and comparing these demands to available capacities at the performance
levels of interest.

The most important performance parameters that are usually evaluated are:

v" global drift, interstory drift

v" Inelastic element deformations (either absolute or normalized with respect to a vield
value)

v" Deformations between elements

v" Element connection forces (for elements and connections that cannot sustain inelastic
deformations).

The inelastic static pushover analysis is a method for estimation of seismic force and
deformation demands. It calculates with an approximate procedure the redistribution of
internal forces that no longer can be resisted within the elastic range of structural behavior of
elements.

There is a critical concept in this kind of analysis and this is the “target displacement”.
Performing the pushover analysis leads to estimation of the target displacement magnitude, as
a representative displacement, at which seismic performance evaluation of the structure is to
be valid. In fact the target displacement serves as an estimation of the global displacement of
the structure is expected to experience in an expected design earthquake.

In this procedure we assume that a MDOF structure can be simulated by an equivalent
SDOF system and the target displacement of the original structure can be estimated by the
target displacement of the SDOF mass center. This concept is acceptable only with some
limitations and only if great care is taken in incorporating in the predicted SDOF displacement
demand all the important ground motion and structural response characteristics that
significantly affect the maximum displacement of the MDOF structure. In this assumption the
maximum MDOF displacement is controlled by a single shape factor and the higher mode
effects are not considered: (19- Pu Yang And Yayong Wang)
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Figure 3-1- A 1* mode approximation of a MDOF system generalized SDOF system

As it was mentioned before, in this approach, the model of the building is subjected to
monotonically increasing lateral forces or displacements. This procedure continues until either
a target displacement is reached, or the building collapses. The target displacement represents
the maximum probable displacement to be experienced during the design earthquake. Finally
the capacity curve can be plotted which can be compared with design spectrum of the
members and the designer can determine whether the building is safe or needs strengthening
and in what extent. (3- Amr S. Elnashai, Luigi Di Sarno) (15- M. Seifi, J. Noorzaei, M. S. Jaafar, E.
Yazdan Panah) (18- Peter Fajfar, M.EERI) (27-architectjaved.com)

3-2) Methods to perform Nonlinear Analysis:

There are two main components in this type of analysis: demand and capacity. Demand
is a representation of the earthquake intensity and capacity is a representation of the
structure's ability to resist applied lateral forces. There are some simplified nonlinear analysis
procedures using pushover methods such as the capacity spectrum method and the
displacement coefficient method. In these methods, three primary elements are needed to
determine: capacity, demand (displacement) and performance. In the following all of these

elements will be explained:

Capacity:

The strength and deformation capacities of the elements of a structure have a
significant impact to the overall capacity of a structure. Some form of the nonlinear analysis,
such as the pushover procedure, should be used to determine the capacities beyond the elastic
limits. This procedure uses a series of sequential elastic analyses in a step by step procedure,
appended in a way to approximate a force displacement capacity diagram of the overall
structure. The mathematical model of the structure is modified to consider reduced resistance
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of yielding components. A lateral force distribution is again applied until additional components
yield. This process is continued until the structure becomes unstable or until a predetermined
limit is reached.

Demand (displacement):

Because of the ground motions during an earthquake, complex horizontal displacement
patterns can be produced in structures that may vary with time and it is impractical to track this
motion at every time step to determine structural desigh requirements. In nonlinear analysis
methods it is better to use a set of lateral displacements as a design requirement. For a given
structure and earthquake, the displacement demand is an estimate of the maximum expected
response of the building during the earthquake.

Performance:

After plotting of the capacity and demand curves, a performance check can be done to
verify that structural and nonstructural components are not damaged beyond the acceptable
limits of the performance levels for the forces and displacements that are needed by the
displacement demand.

In the following sections, step by step procedures to determine capacity, demand and
performance will be explained.

3-2-1) Step by step procedures to determine capacity:

By calculating and plotting the pushover curve of a structure, the structure capacity can
be determined. In other words structure capacity is represented by a pushover curve. There are
some ways that someone can do that but the best way is tracking the base shear and the roof
displacement to plot the force displacement curve. It assumes that the main mode of vibration
of a structure is its first mode and based on this assumption the capacity curve is generally
plotted to represent the first mode response of the structure. It should be mentioned that this
assumption is generally valid for buildings with fundamental periods of vibration less than
about one second so for structures with higher periods, the other modes of vibration should be
considered too.

The derivation steps can be summarized as below:
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10.

11

Modeling of the structure within the software.

Applying a single concentrated horizontal force at the top of the structure and the

gravity loads that correspond to dead loads and 30% of live loads.

Alternatively applying lateral forces to each story following one of the methods below:

e |n proportion to the standard code procedure without the concentrated force “F” at
the top

e |In proportion to the product of story masses and first mode shape of the elastic
model of the structure.

Same as Level 3 until the first yielding appears. For each increment beyond yielding,

adjust the forces to be consistent with the changing deflected shape.

Same as levels 3 and 4, but include the effects of the higher modes of vibration for

determination of the vyielding in individual structural elements while plotting the

capacity curve for the building in terms of first mode lateral forces and displacements.

The higher mode effects may be determined by doing higher mode pushover analyses

(modal push-over analysis, Chopra) (i.e., loads may be applied increasingly in proportion

to a mode shape other than the fundamental mode shape to determine its inelastic

behavior.) For the higher modes the structure is being both pushed and pulled

concurrently to maintain the mode shape.

Calculating elemental forces for the required combinations of vertical and lateral loads.

Recording the base shear and the roof displacement. (It is also useful to record member

forces and rotations because they will be needed for the performance check)

Revising the model using zero (or very small) stiffness for the yielded elements.

Applying a new increment of lateral load to the modified structure such that another

element (or group of elements) yields. (The actual forces and rotations for elements at

the beginning of an increment are equal to those at the end of the previous increment.

However, each new application of an increment of lateral load needs a separate analysis

which should start from zero initial conditions. Thus, for determination of the vielding

time of the next element, the forces from the current analysis should be added to the

sum of those from the previous increments. Also, for determination of the element

rotations, the rotations from the current analysis should be added to the sum of those

from the previous increments.)

Adding the increment of lateral loads and the corresponding increment of roof

displacement to the previous totals to give the accumulated values of base shear and

roof displacement.

. Repeating steps 8, 9 and 10 until the structure reaches an ultimate limit, such as:

-Instability because of P-A effects
-Distortions clearly beyond the desired performance level
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-An element (or group of elements) reaches a lateral deformation level at which

significant strength degradation begins

-An element (or group of elements) reaches a lateral deformation level at which loss of
gravity load carrying capacity appears

The below figure is a typical capacity curve:

Yield point for element

1 Incrament of
|
lateral load or group of elements

L=
-a

]

=

oy

o

= Analysis segments
m

Capacity curva

Roof Displacement

Figure 3-2- Typical capacity curve

12. If the incremental loading is stopped in step 11 because of reaching a lateral
deformation level at which all or a big portion of an element's (or group of elements)
load cannot be carried more (Just because its strength has significantly degraded), then
the stiffness of that element(s) is reduced, or eliminated. A new capacity curve can then
be plotted, starting with step 3 of this step by step process. For a complete definition of
the overall loss of strength, create as many additional pushover curves as necessary. The
below figure illustrates this process, for an example where three different capacity

curves are required.
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Figure 3-3- Effect of the element strength degradation in capacity curves

Now we can plot the final capacity curve. For this issue, initially follow the first curve,
then a transition to the second curve at the displacement corresponding to the initial strength
degradation should be done, and so on. This curve will have a "sawtooth™ shape, as shown in

the figure below:

Base Shear

Degradad “sawtooth”
capacity curve shown
with solid line

- -

K kE:ai::au:.it\,-' curve #3
i Capacity curve #2

—Capacity curve #1

" Roof Displacement

Figure 3-4- Sawtooth Capacity Curve
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3-2-2) Step by step procedures to determine demand:

For a given performance level, to determine compliance with that level, a displacement
which is consistent with the seismic demand, along the capacity curve must be determined.
Two methods for determining this displacement will be mentioned in the following:

The capacity spectrum method is based on searching and finding a point on the capacity
spectrum that also is located on the suitable demand response spectrum, modified (reduced)
for nonlinear effects. The demand displacement in the capacity spectrum method is related to
the performance point on the capacity spectrum which the seismic capacity of the structure is
equal to the seismic demand imposed on the structure by the specified earthquake.

The second method that is used in FEMA-273 called the coefficient method. This
method is based on statistical analysis of the results of time history analysis of single degree of
freedom models of different types. The demand displacement in the coefficient method is
called the target displacement.

Equal displacement approximation:

Applying the “equal displacement approximation” method, we can estimate the
displacement related to a given seismic demand. This estimation will be based on the this
assumption that the inelastic spectral displacement is same as that which would exist if the
structure behaves completely elastic. In some cases, especially for the longer period ranges (T>
1.0 seconds), the “equal displacement approximation” will usually gives some similar results to
the capacity spectrum and coefficient methods. In other cases, especially for the short period,
ranges (T<0.5 seconds) the resulted displacements from the simple approximation may be
deeply different from the results obtained using the capacity spectrum or coefficient methods.
(Less than)

The equal displacement method is often a useful tool for estimation of the initial trial
performance point in the iterative capacity spectrum procedures:

In the following the graphical representation of this method is illustrated:
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Figure 3-5- Equal Displacement Approximation

3-2-2-1) Calculating Demand using the capacity spectrum Method:

The Performance Point must fulfill the two conditions below in order to satisfy the

method’s requirements:

1) The point must be located on the capacity spectrum curve in order to represent the
structure at a given displacement.

2) The point must be located on a spectral demand curve which is modified (reduced) from
the elastic five percent damped design spectrum that represents the nonlinear demand

at the same structural displacement.

In this methodology, spectral reduction factors are given in connection with the effective
damping. An effective damping (approximate one) can be calculated based on the shape of the
capacity curve, the estimated displacement demand and the resulting hysteresis loop. Probable
deficiencies in the real building hysteresis loops, including the effects of degradation and
duration, are considered by reductions in equivalent viscous damping values (that are
theoretically calculated). Generally, determination of the performance point requires a trial and

error searching procedure for satisfaction of the two criterions that are mentioned above.
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3-2-2-2) Calculating Demand using the displacement coefficient Method:

In this method, the target displacement obtained using the displacement coefficient
method will be equal to the resulted displacement from the equal displacement method
modified by different coefficients. The displacement coefficient method presents a direct
numerical procedure for displacement demand calculation. In this method there is no need to
convert the capacity curve to the spectral coordinates. (6-ATC-1996)

3-3) Evaluating the structure by the pushover analysis method:

In some of the analysis methods, the seismic capacity and the seismic demand can be
compared with each other to evaluate the response of the structure. Also after applying the
required strengthening, the same methods can be used to investigate or verify that if the
intervention is effective or not.

For derivation of the capacity spectrum, an approximate nonlinear incremental static
analysis for the structure can be used and in the process of performing this incremental
nonlinear static analysis, a capacity curve can be plotted for the building. In fact this capacity
curve is a plot of the total lateral seismic shear force demand "V" on the structure for different
increments of loading, against the lateral deflection (displacement) of the building at the roof
level because of the applied lateral forces. If a building had infinite linear elastic capacity, this
capacity curve would be a straight line. Then the slope of that line would be equal to the global
stiffness of the structure but because real buildings do not have infinite linear elastic capacities,
the capacity curve usually consists of a series of straight line segments with decreasing slope
trend, representing the progressive degradation of the structural stiffness that happens just
because of this fact that the building is subjected to the increased lateral displacement,
yielding, and damage. If somebody draws a straight line from the origin of the plot to a point on
the curve at any lateral displacement, d, the slop of this line represents the secant or effective
stiffness of the structure when pushed laterally to that displacement. A typical capacity curve is

shown below:
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Figure 3-6- Break-down points in a typical capacity curve

In this figure, the points that are shown by the squares represent the occurrence of

important events in the lateral response history of the structure. Some of them are:

-Initiation of the yield in a particular structural element or a specific type of damage, such as

spalling of cover concrete on a column or shear failure of a spandrel element.

Each point is determined by a different analysis sequence. Then by evaluating the
cumulative effects of damage that is initiated at each of the individual events and the overall
behavior of the structure at increasing lateral displacements, it will be possible to determine
some points on the capacity curve in which total structural lateral displacements that are
related to the limits on the various structural performance levels are represented, as it has

been done in this figure.

Usually some element deformation parameters such as the plastic chord rotation of a
beam or shear angle of a wall are selected as limiting values. For these limitations, some
acceptance criteria exist which are reasonable approximate estimates of the average
deformations at which certain types of element behavior such as cracking, yielding, spalling, or
crushing. After doing the incremental static nonlinear analyses the structure can be evaluated

for the acceptance criteria by checking the cumulative deformations of all important structural

elements.
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At the specific points on the capacity curve, someone can see some local deformation
and maybe sometimes a few elements exceeds the allowable deformation limits for a structural
performance level but this does not necessarily mean that at that points the structure as a
whole reaches that structural performance level. Most of the structures consist of many
elements and have considerable redundancy so by having some damage to a small group of
these elements; we cannot say that the whole of the structure is in an unacceptable condition
concerning the overall performance of the building. For locating of the points along the capacity
curve for a structure related to its different structural performance levels, the performance of
the building should be analyzed as a whole and then the impact of the predicted damage for
the various elements on the overall behavior of the building should be considered.

One of the concepts that should be considered in these issues is differentiating between
the "primary" and "secondary" elements. Primary elements are needed as a part of the vertical
and lateral force resisting system for the structure and all of the remaining elements are
secondary elements. Since degradation of the secondary elements does not have a deep impact
on the lateral load resisting capacity of the building, secondary elements are usually permitted
to sustain more damages than primary ones. Sometimes, when the development process of the
capacity curve is doing, it is obvious that a few elements fail to meet the acceptance criteria for
a given performance level at an increment of lateral loading and displacement. In such kind of
cases the desigher can consider these nonconforming elements as secondary. This action
enable us to use more liberal acceptance criteria for these few secondary elements.

By converting of the capacity curve from lateral force (V) vs. lateral displacement (d)
coordinates to spectral acceleration (Sa) vs. spectral displacement (Sd) coordinates, the
capacity spectrum curve for the structure can be derived. This can be done by using the modal
shape vectors, participation factors and modal masses (which are obtained from a modal
analysis of the structure). In the capacity curve with the Sa vs. Sd coordinates, we can draw
some radial lines from the origin of the plot through the curve at different spectral
displacements. These lines have a slope of (w')z, where w' is the radial frequency of the
effective (or secant) first mode response of the structure (if the structure is subjected to an
earthquake to reach to that spectral displacement). For calculation of the effective period of
the structure for each of these radial lines, the equation T' = 2t/ w' can be used (if it is pushed
to given spectral displacements).

In the capacity spectrum method, using an elastic response spectrum, the seismic
demand can be determined at the first step. This spectrum is plotted in spectral ordinates
format representing the spectral acceleration as a function of spectral displacement. With this
procedure the demand spectrum can be overlaid on the capacity spectrum for the building. If
the intersection of the demand and capacity spectra will be located in the linear limits of the
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capacity, this would define the real displacement for the structure but usually the point is not in
the linear limits of the capacity and some inelastic nonlinear behavior can be seen during
analyses too.

To find the point where demand and capacity are equal, the designer selects a point on
the capacity spectrum as an initial estimate and then with the spectral acceleration and
displacement defined by this point, the engineer then can calculate reduction factors to apply
to the 5% elastic spectrum to consider the hysteretic energy dissipation, or effective damping,
associated with the specific point. If the reduced demand spectrum intersects the capacity
spectrum at or near the initial assumed point, then it is the solution for the unique point where
capacity equals demand. When the performance point has been found, the designer can check
the acceptability of a rehabilitation strategy to see if it meets the project higher performance
objectives or not. This can be checked by evaluating where the performance point falls on the
capacity curve. With this information, the effectiveness of different rehabilitation strategies to
achieve the project performance objectives can be assessed and one of them can be selected.

3-4) Building performance levels and ranges:

In below, the definition of the building performance levels and ranges will be elaborated:

Performance level:

The potential condition of a building after an earthquake; a well defined point on a scale
measuring how much loss is caused by earthquake. (This loss may be in terms of property,
operational capability or even casualties)

Performance range:

This is defined as a band of performance, rather than a discrete performance level.

Designations of performance levels and ranges:

Each Performance level has two separated concepts to be described: damage of structural and
damage of nonstructural systems; structural designations are S-1 through S-5 and nonstructural
designations are N-A through N-D.
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Building performance level:

To have a complete description of an overall damage level, a combination of a structural
performance level and a nonstructural performance level is needed. There are various methods
and design criteria to achieve several different levels and ranges of seismic performance. Four
Building Performance Levels are Collapse Prevention, Life Safety, Immediate Occupancy, and
Operational. Each level is related to a discrete point on a continuous scale which describes the
building’s expected performance. (Or alternatively how much damage, economic loss and
disruption may occur).

higher perfermance
less loss

Operational Level

Backup utility services
maintain functions: very little
damage. (S1+NA)

Immediate Occupancy Level
The building receives a “green
tag” (safe to cccupy) inspection
rating: any repairs are minar.
(S1+NB)

Life Safety Level

Structure remains stable and
has significant reserve
capacity: hazardous
nonstructural damage is
controlled. (S3+NC)

Collapse Prevention Level
The building remains standing,
but only barely; any other
damage or loss is acceptable.
(S5+NE)

Iower performance
more loss

Figure 3-7- Building performance levels

Performance levels consist of a structural performance level that describes the limiting
damage state of the structural systems and a nonstructural performance level that describes
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the limiting damage state of the nonstructural systems. Using three structural performance
levels and four nonstructural performance levels, all of the four basic building performance
levels can be formed.

The three Structural Performance Levels and two Structural Performance Ranges consist of:
*S-1: Immediate Occupancy Performance Level

¢S-2: Damage Control Performance Range (extends between Life Safety and Immediate
Occupancy Performance Levels)

¢S-3: Life Safety Performance Level

eS-4: Limited Safety Performance Range (extends between Life Safety and Collapse
Prevention Performance Levels)

¢ S-5: Collapse Prevention Performance Level

In addition, there is the designation of S-6, structural performance not considered, for the
situation where only nonstructural improvements are made.

The four Nonstructural Performance Levels are:
¢ N-A: Operational Performance Level

¢ N-B: Immediate Occupancy Performance Level
¢ N-C: Life Safety Performance Level

¢ N-D: Hazards Reduced Performance Level

In addition, there is the designation of N-E, nonstructural performance not considered, for the
situation where only structural improvements are made.

Combining of the performance of both structural and nonstructural components, building
performance can be formed.

3-4-1) Structural Performance Levels:

3-4-1-1) Immediate Occupancy Performance Level (S-1):

This performance level is related to the post earthquake damage state in which only

very limited structural damage has been appeared. The main vertical and lateral force resisting
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systems of the building keep nearly all of their pre earthquake strength and stiffness. The risk of
life threatening injury because of structural damage is too low, and although some minor
structural repairs may be needed, these would generally not be mandatory prior to the

reoccupancy.

3-4-1-2) Life Safety Performance Level (S-3):

This performance level is related to the post earthquake damage state in which
considerable damage in the structure can be discovered, but some margin against partial or
total structural collapse exists. Although some structural elements and components are deeply
damaged, but there is not any large falling debris hazards inside or outside of the building.
Maybe there exists some injuries during the earthquake but generally the overall risk of life
threatening injury as a result of structural damage is low. It will be possible to repair the
structure but because of the high expenses this may not be practical.

3-4-1-3) Collapse Prevention Performance Level (S-5):

This performance level is related to the post earthquake damage state in which the
building is close to experience partial or total collapse. Considerable damage to the structure
has happened, potentially including significant degradation in the stiffness and strength of the
lateral force resisting system, permanent lateral deformation of the structure will be large but
amount of the decreasing in vertical load carrying capacity will be limited.

However, all of the main elements of the gravity load resisting system must be capable
to carry their gravity load demands. High risk of injury because of the falling hazards from
structural debris may exist. It is impractical to repair the structure technically and is not safe for
reoccupancy, because aftershock activity could cause collapse.

3-4-2) Structural Performance Ranges:

3-4-2-1) Damage Control Performance Range (S-2):

This performance level is related to the post earthquake continuous range of damage
states which involve less damage than the Life Safety level, but more than the Immediate

Occupancy level. For this range, it is better to design in a way to minimize repair and operation
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stoppage time as a partial means of protecting valuable equipment and contents or to protect
historic features when the cost of design for Immediate Occupancy is high.

By interpolating between the values provided for the Immediate Occupancy (S-1) and
Life Safety (S-3) levels, we can find the proper design parameters for this range.

3-4-2-2) Limited Safety Performance Range (S-4):

This performance level is related to the post earthquake continuous range of damage
states which involve less damage than the Collapse Prevention level, but more than the Life
Safety level. By interpolating between the values provided for the Life Safety (S-3) and Collapse
Prevention (S-5) levels, we can find the proper design parameters for this range.

3-4-3) Non Structural Performance Levels:

3-4-3-1) Operational Performance Level (N-A):

This nonstructural performance level is related to the post earthquake damage state in
which the nonstructural components are capable to support the building’s planned function. At
this level, although minor repair of some equipment may be required but most nonstructural
systems needed for normal use of the building such as lighting, plumbing, etc. are functional.
Also some considerations beyond those that are normally within the sole province of the
structural engineer are needed.

3-4-3-2) Immediate Occupancy Performance Level (N-B):

This nonstructural performance level is related to the post earthquake damage state in
which only limited nonstructural damage has happened. Basic access and life safety systems,
such as doors, stairways, elevators, emergency lighting, fire alarms, and suppression systems,
remain functional. Although some of the windows can be broken and maybe some slight

damage to some components can be seen too.

Assuming that the building is structurally safe, it is expected that residents could safely
remain in the building, although maybe the building cannot be used normally and some cleanup
may be needed. Some elements may experience some damage and cannot be functional but
generally elements of mechanical and electrical systems in the building are structurally secured
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and capable to function. Power, water, natural gas, communications lines, and other facilities
needed for normal building use may not be reachable. The risk of life threatening injury
because of nonstructural damage is very low.

3-4-3-3) Life Safety Performance Level (N-C):

This nonstructural performance level is related to the post earthquake damage state in
which potentially deep and costly damage has happened to nonstructural elements but they do
not drive out and fall in, threatening life safety inside or outside of the building. Exit routes in
the building are not totally blocked. Some injuries may happen during the earthquake because
of the nonstructural elements failure but overally the risk of life threatening injury is too low.
Damaged nonstructural components can be reconstructed but this may need lots of hard work.

3-4-3-4) Hazards Reduced Performance Level (N-D):

This nonstructural performance level is related to the post earthquake damage state, in
which extensive damage has occurred to the nonstructural components but there is not any
danger of posing to a hazard for some people because of falling large or heavy items parapets,
cladding panels, heavy plaster ceilings, or storage but some serious injury could happen
because of falling debris. Failures that could injure large numbers of persons inside or outside
the building should be prevented. Emergency exits, fire suppression systems, and similar life
safety issues are not addressed in this performance level. (3- Amr S. Elnashai, Luigi Di Sarno) (6-
ATC-1996) (11- FEMA 356)

3-5) Rehabilitation strategies:

Below some of the most important rehabilitation strategies can be stated:

3-5-1) system completion:

To have a complete lateral force resisting system, the structure should have some basic
elements such as diaphragms and walls or frames. The designer can use the system completion
strategies to make the system complete or to guarantee that the system behaves as it is
designated. In these kinds of structures the capacity spectrum intersects the demand spectra at
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an acceptable performance point however before reaching that point some local failure events
would happen. Common deficiencies that may lead to such kind of local failures include:

-A lack of adequate chord and collector elements at diaphragms
-Inadequate bearing length at precast element supports
-Inadequate anchorage or bracing of structural or nonstructural components. (6-ATC-1996)

If the designer tries to add the missing elements to the structure, the structure will be
capable to behave in the desired mode. Usually this strategy must be executed with some other
strategies to obtain a building with the desired seismic performance characteristics. In the

following we will mention the most important elements of this strategy:

3-5-1-1) Chords, Collectors, and Drags:

Diaphragms, chords, collectors, and drags maybe constructed of new reinforced
concrete beams/struts or of flush mounted steel plates or members with drilled in anchors.
Where there are existing beams, these may be converted to the collector elements by
improvement of their capacity or strengthening of the end connections. This method is very
common for timber diaphragms or for some older concrete structures.

3-5-1-2) Element Connectivity:

Because most of concrete structures are monolithically constructed, they have
adequate nominal interconnection between elements. For the buildings which consist of
precast elements, some supplemental interconnection of elements may be required. This can
usually be done by adding steel hardware between elements at their end connections.

3-5-1-3) Anchorage and Bracing of Components:

Reaching to some specific performance objectives, the architectural, mechanical, and
electrical components of the building must be adequately braced and anchored to resist inertial
forces and the drifts that are initiated from the response of the building to the earthquake.
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3-5-2) System strengthening and Stiffening:

This strategy is the most common seismic performance rehabilitation approach that can
be used for buildings with insufficient lateral force resisting systems. These two mentioned
concepts are closely related but different. By strengthening a structure its capacity for bearing
of the total lateral force that are required to initiate damage in the structure, increases. If this
strengthening is done without stiffening, then the structure can achieve larger lateral
displacements without damage but in fact most of the retrofit systems that increase structural
strength, such as the addition of walls or frames, will increase structural stiffness too. There are
some exceptions such as relatively local retrofit actions that strengthen existing elements
without greatly altering their stiffness. For example, in most of the older concrete frames, lap
splice lengths are inadequate for longitudinal reinforcing, resulting in a low flexural strength. By
providing of the enough confinement around the splices, their performance improves and this
allows the frame to develop greater strength without significant impacts on its stiffness. These
kinds of measures most probably can improve the frame's deformation capacity too.

In fact system strengthening and stiffening strategies are correlated because most of
the systems which strengthen a structure also simultaneously stiffen it too. Similarly stiffening
technigues also usually result in a strength increase. Typical systems that are used for stiffening
and strengthening include addition of new vertical elements, including shear walls, braced
frames, buttresses, or moment resisting frames or diaphragms. In the following we will explain
some of the most important elements of this strategy:

3-5-2-1) Shear Walls:

Construction of new shear walls in an existing concrete structure is one of the most
common strategies that is used for seismic upgrading. It is an extremely effective method of
increasing both building strength and stiffness. Shear walls are compatible with most existing
concrete structures and also they are economical.

3-5-2-2) Braced Frames:

Using braced steel frames are another common method of enhancing an existing
building's stiffness and strength. Generally braced frames provide lower levels of stiffness and
strength but they add less mass to the structure compared to the shear walls. They can be
constructed with less disruption of the building and this helps us to loss less light. Also they
have a smaller effect on traffic patterns in the building.
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3-5-2-3) Buttresses:

Buttresses are braced frames or shear walls. They should be installed perpendicular to
an exterior wall of the structure to provide supplemental stiffness and strength. This system is
suitable to use specially when during construction the building must remain occupied because
most of the construction work, can be done on the building exterior and this minimizes the
disturbance to building occupants. Sometimes an additional floor space can be used to buttress
the original structure for added seismic resistance.

3-5-2-4) Moment Resisting Frames:

This is an effective strategy to add strength to a building without substantially increasing
its stiffness. They can be installed with relatively minimal impact on floor space because they
are relatively open.

3-5-2-5) Diaphragm Strengthening:

Usually most of the concrete buildings have adequate diaphragms but there are some
exceptions such as presentation of large openings or offsets in the vertical elements of the
system which produce locally high demands. Methods of enhancing diaphragms include the
provision of topping slabs, metal plates laminated onto the top surface of the slab, or horizontal
braced diaphragms beneath the concrete slabs. For buildings with timber diaphragms,
diaphragm strengthening can be achieved by increasing the existing nailing in the sheathing,
replacing the sheathing with stronger material, or overlaying the existing sheathing with
plywood.

3-5-3) Enhancing Deformation capacity:

One of the newer methods to improve the building seismic performance especially for
the concrete structures is to increase the ability of the individual elements within the building
to resist deformations induced by the building response. Some of the methods in this strategy
are adding confinement to the existing elements, making local reductions in stiffness, modifying
columns to alter mechanisms, and providing supplemental support at areas subject to
deformation induced failure. Compared to the structural strengthening and stiffening, these
methods have less effect on the architecture of the building. In the following we will explain
some of the most important elements of this strategy:
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3-5-3-1) Adding Confinement:

By providing of the exterior confinement jacketing, the deformation capacity of non
ductile concrete columns can be improved. Jacketing may consist of continuous steel plates
encasing the existing element, reinforced concrete annuluses, and fiber reinforced plastic
fabrics.

3-5-3-2) Column Strengthening:

In most of the old concrete structures, beams are stronger than columns. These kinds of
structures tend to have single story mechanisms and all of the inelastic deformation demand
initiated because of earthquake develops in the story in which the mechanism has created.
Because in such cases displacement demands is concentrated in a single story, the columns can
experience very large local inelastic deformation demands at relatively low levels of total
structure lateral displacement. So it is better to strengthen the columns such that the beams
become the weaker elements, this will allow us to have much larger overall structural drifts to
be reached and will prevent formation of story mechanisms.

3-5-3-3) Local Stiffness Reductions:

To prevent unwanted damage modes, local reductions in stiffness can be a useful way.
Also this strategy is useful to minimize damage to a few scattered elements that their actions
are not critical for the building's overall performance. Because in many of older concrete
structures some deep spandrels exist, there is a danger to have some short column failures at
perimeter walls. Probability of having this kind of failure can be reduced by establishing joints
between the face of the column and adjacent architectural elements, such as spandrel panels
or infills that create the condition. Some buildings may have one or more walls that are
constructed for architectural reasons and they do not have a critical structural action. These
walls may be too stiff and sometimes they can attract more lateral force than they can resist.
Even they can have some torsional response or they can introduce discontinuous load paths
into the structure. By Local demolition of these elements or modification of them we can
reduce their stiffness and this can result in a cost effective performance improvement for the
structure.
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3-5-3-4) Supplemental Support:

There are some deficient gravity load bearing elements which do not do a critical action
in the lateral force resisting system of the structure but whose support can be endangered by
large lateral building deflections. This method can be useful to improve their action. For
example, flat slabs may be subjected to punching shear failures due to lateral building
deformations. To improve their behavior, some supplemental bearing supports at columns
could be provided. As another example, we can provide some supplemental bearing supports
for precast beams which have inadequate bearing length.

3-5-4) Reducing Earthquake Demands:

Sometimes instead of increasing of the capacity of the building to resist earthquake
induced forces and deformations, it is better to decrease the demand forces and deformations
by some kind of modification. In fact, the demand spectrum for the structure, rather than the
capacity spectrum, is modified. Methods for this strategy are such as reductions in the
building's mass and the installation of systems for base isolation and/or energy dissipation.
Unfortunately the mentioned instruments are more expensive compared to the other
rehabilitation methods so these kinds of methods are usually proper for the buildings that are
more important and have critical occupancies with sensitive equipment or it is needed to
function rapidly after the earthquake. These kinds of strategies are also more attractive for the
retrofitting of the historic structures because for applying such kind of strategies we need less
extensive invasive construction. It should be mentioned that the designer should not rely a lot
to these kinds of strategies for retrofitting of the historic buildings because in fact many
structures employing a strategy of reducing earthquake demands also require some additional
strengthening and stiffening. In the following we will explain some of the most important
elements of this strategy:

3-5-4-1) Base Isolation:

In this method some compliant bearings within a single level of the building's vertical
load carrying system will be installed. It is better to install them near the base. The bearings are
designed to have relatively low lateral stiffness, extensive lateral deformation capacity and may
also have better energy dissipation characteristics. By installation of an isolation system, a
considerable increase in the building's fundamental response period and its effective damping
can be seen. Since the isolation bearings have much greater lateral compliance than does the

structure itself. Lateral deformation demands produced by the earthquake tend to concentrate
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in the bearings themselves. All of the above mentioned hints help the structure that is located
above the isolation bearings to greatly reduce the lateral demands.

The amount of energy dissipation in a given displacement for a structure that is base
isolated is clearly different from that which occurs for the same structure with a fixed base
condition. So the designer should recompute the effective damping of the family of demand
curves at various maximum structural displacements to be able to overlay the demand and the
capacity spectra for a base isolated structure. Also it should be mentioned that by installation of
the base isolation bearings significant reductions in overall structural stiffness will be took place
and so it takes greater displacements to reach to the same effective damping. However,
because the isolated system is capable of safety accommodating bigger displacements than the
fixed base structure, it will be also capable of mobilizing much larger effective damping when it
is isolated.

3-5-4-2) Energy Dissipation Systems:

By applying this method the ability of the structure to dampen earthquake response
with a benign behavior through either viscous or hysteretic damping will increases. This method
requires the installation of energy dissipation units (EDUs) within the lateral force resisting
system. The EDUs dissipate energy and in this process reduce the displacement demands on the
structure. Before installation of EDUs usually we need to install some vertical braced frames to
act as a mounting platform for the units and usually this lead to a simultaneous increase in
system stiffness too. Generally energy dissipation systems are more expensive than the
common systems that are used for stiffening and strengthening of a building but they have the
potential to improve the performance. The most important effect however is on the demand
spectra. The efficiency of the EDUs in dissipating energy leads to a much greater effective
damping at any displacement.

3-5-4-3) Mass Reduction:

We can greatly improve the performance of some buildings by reducing the building
mass. By reducing of the building mass, the building's natural period, the amount of inertial
force that develops during its response and the total displacement demand on the structure
will reduce too. This strategy can be applied by elimination of the heavy nonstructural
elements, such as cladding, water tanks, and storage. In the critical situations, mass reduction
can be done by removing one or more building stories. (6-ATC-1996) (11- FEMA 356)
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3-6) Push-over Analysis in SAP 2000:

In SAP2000, a frame element is modeled as a line element having linearly elastic
properties and nonlinear force-displacement characteristics and then the hinge properties for
different frames (beams and columns) can be defined and assighed to all of them. The force-
deformation diagram for an element is shown in below:

AN C

Foree

Deformation

Figure 3-8- Force-deformation diagram

Point A is related to the unloaded condition and point B represents yielding of the
element. The ordinate at C is related to nominal strength and abscissa at C is related to the
deformation at which significant strength degradation begins. The sudden fall from C to D
represents the initial failure of the element and resistance to lateral loads beyond point C is
usually unreliable. The remaining resistance from D to E allows the frame elements to bear the
gravity loads. Beyond point E, the maximum deformation capacity, gravity load cannot be
sustained anymore. Hinges can be assigned at any number of locations (potential yielding
points) along the span of the frame element as well as element ends. Uncoupled moment (M2
andM3), torsion (T), axial force (P) and shear (V2 and V3) force displacement relations can be
defined. When the axial load of the column changes under lateral loading, there is also a
coupledP-M2-M3 (PMM) hinge which yields based on the interaction of axial force and bending
moments at the hinge location. Also, more than one type of hinge can be assigned at the same
location of a frame element. There are three types of hinge properties in SAP2000: default
hinge properties, user-defined hinge properties and generated hinge properties. We only can
assigh the “default hinge properties” and “user-defined hinge properties” to the frame
elements. (5- Ashraf Habibullah and Stephen Pyle) (8-Chung- Yue Wang and Shaing-Yung Ho) (22-
Sermin Oguz)
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4) Non-linear Static Push-over Analysis in Eurocode(Eurocode 8-Part 3):

4-1) Performance Requirements and compliance Criteria:

4-1-1) Fundamental requirements:

Based on the Eurocode three Limit States (LS), which is called Near Collapse (NC),
Significant Damage (SD), and Damage Limitation (DL) can be defined as follows:

LS of Near Collapse (NC). The structure is heavily damaged, with a limited remaining lateral
strength and stiffness, although vertical elements are still capable of bearing vertical loads.
Most of the non structural components have collapsed. Large permanent drifts are present. The
structure is near collapse and would probably not sustain another earthquake, even with a
moderate intensity.

LS of Significant Damage (SD). The structure is heavily damaged, with a limited remaining
lateral strength and stiffness, although vertical elements are still capable of bearing vertical
loads. Non structural components are damaged, although partitions and infills have not failed
out of plane. Moderate permanent drifts are present. The structure can withstand after shocks
with moderate intensity but repairing of the structure will be uneconomic.

LS of Damage Limitation (DL). The structure is only slightly damaged, most of the structural
elements are prevented from significant yielding and they keep their strength and stiffness
properties. Non structural components, such as partitions and infills, may crack widely, but they
could be repaired economically. Permanent drifts are not significant and the structure does not
need any repair measures.

For each limit state a return period for the seismic action should be selected and this can be
done by help of the National Annex of each country but also the below values can be used for
new buildings:

— LS of Near Collapse (NC): 2.475 years, corresponding to a probability of exceedance of 2% in
50 years

— LS of Significant Damage (SD): 475 years, corresponding to a probability of exceedance of 10%
in 50 years

— LS of Damage Limitation (DL): 225 years, corresponding to a probability of exceedance of 20%
in 50 years.
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4-1-2) Compliance criteria:

Before evaluation of the structural elements, they should be grouped into two main
groups: ‘ductile’ and ‘brittle’. Except when using the qg-factor approach, the former shall be
verified by checking that demands do not exceed the corresponding capacities regarding to the
deformations. The latter shall be verified by checking that demands do not exceed the
corresponding capacities in terms of strengths. Also there are some other structural elements
that are called “secondary seismic”. These elements shall be checked with the same criteria as
primary seismic ones, but just we should use less conservative estimates of their capacity.

Also a g factor method may be used, and in that case all of structural elements shall be
verified by checking that demands due to the reduced seismic action do not exceed the

corresponding capacities in terms of strengths.

For the calculation of the capacities of ductile or brittle elements, average value
properties of the existing materials shall be used. These values can directly be obtained from in-
situ tests and from the additional sources of information and then they should be divided by
the confidence.

In the near collapse (NC) limit state, for ductile elements ultimate deformations and for
the brittle ones ultimate strengths should be considered in calculation of the capacities. The g-
factor is generally not applicable for checking this Limit State.

The values of g = 1.5 and 2.0 can be recommended to be used for reinforced concrete
and steel structures respectively, also the higher values of g can be used based on the local and
global available ductility and the definition of the Significant Damage Limit State.

In the significant damage limit state, capacities shall be based on damage related
deformations for ductile elements and on conservatively estimated strengths for brittle ones.
Except when using the g-factor method, demands shall be based on the reduced seismic action
and capacities shall be evaluated same as for non seismic design situations.

In the damage limitation (DL) limit state, capacities shall be based on yield strengths for
both of the ductile and brittle structural elements. Except when using the g-factor method,
comparison between the demands and capacities should be done based on the average inter
storey drift.
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4-1-3) Knowledge levels:

There are three knowledge levels that can be used for the selection of the system of
analysis; Limited knowledge {KL1), Normal knowledge (KL2), Full knowledge (KL3).

There are some factors that can be used for selection of the knowledge level such as
geometrical properties of the structural system, detail of the reinforcements and the
connections, and the mechanical properties of the materials.

In the Limited knowledge level, the geometry of the structure and member sizes are
known either from construction drawings or from observation. From detailed construction
drawings the structural details are not known and they can be assumed based on the simulated
design in accordance with usual practice at the time of construction and no direct information
from the mechanical properties of the used materials is available, either from original design
information or from original test reports. Default values should be assumed in accordance with
standards at the time of construction. Structural evaluation based on a state of limited
knowledge should be done with linear analysis methods, either static or dynamic.

In the normal knowledge level, the geometry of the structure and member sizes are
known either from outline construction drawings or from a survey. The structural details are
known either from incomplete detailed construction drawings or from extended in-situ
inspection. The mechanical properties of the used materials is available either from original
design specifications or from extended in-situ tests. Structural evaluation based on this state of
knowledge may be done through either linear or nonlinear analysis methods, either static or
dynamic.

In the full knowledge level, the geometry of the structure and member sizes are known
overally either from the complete set of construction drawings or from an extensive survey. The
structural details are known either from a complete set of detailed construction drawings or
from extensive in-situ inspection. The mechanical properties of the used materials are available
either from original test reports or from extensive in-situ tests.

In the below table the relationship between knowledge levels and applicable methods
of analysis and confidence factors is illustrated:
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mlﬁ::ifg ¢ Geometry Details Matenals Analysis CF
Simulated design |Default values in
in accordance witliaccordance with
relevant practice  [standards of the
KLI and {time of LF-MRS | CFguy
from limited in-  |constuction
sifi inspection  |and
from limited in-
sirn testing
From mcomplete |From original
original detailed |design
From original o psmiction specifications with|
-:mrlm; drawings with limited -sivi
CONSMUCTIOn =
KL2 drawings with [limited in-sini  [testing All CFrr2
sample visual iy pecrion or
survey )
or or from extended jr-
from full from extended in- |sitn testing
survey sify inspection
From original From original test
detailed reports with
Cconsmction limited ir-sin
drawings with testing
KL3 limited ir-sir or All CFris
mspection from
or icomprehensive
from in-situ testing
comprehensive
in-sin INspection

NOTE The values ascribed to the confidence factors to be used in a country may be found i its

National Annex. The recommended values are CFrpy = 1.35. CFgpy = 1.20 and CFyy; = 1.00.

Table 4-1- Relationship between knowledge levels -Methods of analysis -Confidence factors

64



4-2) Structural Assessment:

To find out that an existing undamaged or damaged building can fulfill the required limit
state appropriate to the seismic action or not, an assessment should be done. For the analysis
one of the below methods can be used:

- lateral force analysis (linear),

- modal response spectrum analysis (linear),
- non-linear static (pushover) analysis,

- non-linear time history dynamic analysis.
- g-factor approach.

In the following the nonlinear static analysis (pushover analysis) will be described.

4-2-1) Nonlinear static analysis (pushover analysis):

In the nonlinear static analysis the structure will be subjected to the constant gravity
loads and monotonically increasing horizontal loads. In this procedure at least two vertical

III

distributions of lateral loads should be applied: “uniform” and “modal” patterns. First pattern is
based on lateral forces that are proportional to mass regardless of height (uniform response
acceleration) and the second one is proportional to lateral forces consistent with the lateral
force distribution which is determined in the elastic analysis. Lateral loads should be applied at
the location of the masses in the model. Then the relation between base shear force and the
control displacement should be extracted based on a target displacement and then the capacity

curve graph can be plotted.

4-3) Interventions:

4-3-1) Type of intervention:

The intervention strategies should be able to improve the capacity of lateral force
resisting systems and horizontal diaphragms and decrease the demand imposed by seismic
actions. The retrofitted structural systems should have homogeneous mass, stiffness and
strength (the distribution of them). The latter issue help the structure not to have torsional
effects and soft storey mechanisms. Also they should have enough mass and stiffness to avoid
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highly flexible structures. Finally they should guarantee to have a uniform load path and
prevent brittle failures. There are different types of intervention that can be used some of them
are summarizes below:

a) Local or overall modification of damaged or undamaged elements (repair,
strengthening or full replacement).

b) Addition of new structural elements (e.g. bracings or infill walls; steel, etc);

c) Modification of the structural system (widening of joints, elimination of some
structural joints, elimination of vulnerable elements, modification into more regular or
more ductile arrangements);

d) Addition of a new structural system to bear some or all of the entire seismic action;
e) Transformation of existing non structural members into structural members;

f) Installation of passive protection devices through either base isolation or dissipative
bracing

g) Mass reduction (Removal of unused equipment and storage loads, Replacement of
heavy cladding systems with lighter systems, replacement of masonry partition walls
with lighter systems, removal of one or more storeys,...)

h) Restriction or changing of building application;
i) Partial demolition;

j) Enhancement of ductility of the structure.

k) Seismic isolation.

[) Supplemental damping.

Also more than one of these strategies can be selected at the same time for a structure.

4-3-2) Non-structural elements:

There are different types of interventions that can be used. Repairing or strengthening
of non structural elements is sometimes important because in addition to functional
requirements, the seismic behavior of these kinds of elements may endanger the life of
occupants. Some of them are summarizes below:
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a) Appropriate connections to structural elements.
b) Increasing the resistance of non structural elements.

c) Taking measures of anchorage to prevent possible falling out of parts of these
elements.

4-3-3) Strengthening of the concrete structures:

4-3-3-1) Concrete jacketing:

Applying the concrete jackets for columns and walls can increase the bearing capacity,
flexural and shear strength, deformation capacity or strength of deficient lap splices. The
thickness of the jackets should be such that longitudinal and transverse reinforcement can be
placed with an adequate cover. If increasing of the flexural strength is needed, longitudinal bars
should be continued to the related storey through holes in the slab, while horizontal ties should

be placed in the joint region through horizontal holes drilled in the beams.

4-3-3-2) Steel jacketing:

Applying the steel jackets for columns can increase the shear strength and improve the
strength of deficient lap splices. They can also increase ductility through confinement. They are
usually consist of four corner angles to which either continuous steel plates, or thicker discrete
horizontal steel straps, are welded. Corner angles may be epoxy bonded to the concrete or just
adhere to it without gaps along the entire height. Straps may be pre heated just before the
welding, in order to provide some positive confinement on the column.

4-3-3-3) FRP plating and wrapping:

Applying of the FRP (fiber reinforced polymers) can improve the shear capacity of
columns and walls and the ductility of the members at their ends and also can prevent the lap
splice failure, with the help of added confinement in the form of FRP jackets, with the fibers
oriented along the perimeter.
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4-3-4) Strengthening of the steel structures:

4-3-4-1) Connection retrofitting (Beam-to-column connections):

The most important goal is to remove the beam plastic hinge away from the column
face. This kind of retrofitting can be done with weld replacement, or a weakening strategy, or a
strengthening strategy.

4-3-4-1-1) Weld replacement:

The old filler material should be removed and replaced with a new material with high
quality. For strengthening and stiffening of the column panel transverse stiffeners at the top
and bottom of the panel zone should be used. Transverse and web stiffeners should be welded
to column flanges and to the web with complete joint penetration welds.

4-3-4-1-2) Weakening strategies:

A) Connections with RBS beams:

By Reduced Beam Sections (RBS), formation of the plastic hinges will be transferred to
the reduced section and this can decrease the probability of the fracture at the beam flange
welds and in the nearby heat affected zones. The beam should be connected to the column
flange either with welded webs or with shear tabs welded to the column flange face and to the
beam web.

B) Semi-rigid connections:

If the goal is to reach to the large plastic deformations without risk of fracture, then
applying of the semi rigid or partial strength connections (steel or composite) will be useful. For
design, it can be assumed that the shear resistance is provided by the components on the web
and the flexural resistance by the beam flanges and the slab reinforcement, if any.
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4-3-4-1-3) Strengthening strategies:

A) Haunched connections:

By adding haunches, beam to column connections may be strengthened. These
haunches can only be added to the bottom, or to the top and the bottom of the beam flanges.
Although adding of the haunches to the bottom flange is easier, because bottom flanges are
more accessible than top ones and also the composite slab (if it exists), does not have to be
removed. The most effective type of haunch is triangular T-shaped one. Transverse stiffeners at
the level of the top and bottom beam flanges and also at the haunch edges should be used to
strengthen the column panel zone and the column web and the beam web respectively. They
should be completely welded to the both column and the beam flanges.

B) Cover plate connections:

These kinds of connections can reduce the stress at the welds of the beam flange and
they can force yielding in the beam to occur at the end of the cover plates. They can be used
only at the bottom beam flange, or at the top and bottom beam flanges at the same time. (10-
Eurocode 8- Part 3)
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5) Geometry:

In the following chapters the inelastic methods presented above, will be applied for the

analysis of a reinforced concrete building. The results will be presented and finally an

appropriate type of intervention will be considered to improve the seismic behavior of the

building. This residential building has seven stories. The first four stories are bigger while the

three remaining stories are in a setback. The characteristics of the stories can be summarized as

below:

5-1) Frame Sections:

The sections that are used for beams and columns can be summarized as follows:

5-1-1) Columns:

The cross sections of the columns will be shown in below:

A) Underground to 5% floor:
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Figure 5-1- Cross sections of the columns-Part 1
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B) Last storey (6™ or Lift room):
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The detailed cross section of the columns in each storey with their related reinforcement can

be summarized in the tables below:

Under Ground 20030 14 D200+2 0 14 +14 O 12 6.29E-03 35x90 16 ® 20 5.03E-03
Ground Floor 200%30 14 0200+2014+14 0 12 6.29E-03 35x90 16 ® 20 5.03E-03
1st 200x30 14 ©200+20 14+ 14012 6.29E-03 35x%90 16 ® 20 5.03E-03
2nd 20030 14 ® 20+ 2 © 14 + 14 O 12 6.29E-03 35x90 16 © 20 5.03E-03
3rd 20030 14 ®©20+2 014+ 14 O 10 5.81E-03 35x%90 16 ®© 20 5.03E-03
4th 20030 14 ®©20+2 O 14 +14 O 10 5.81E-03 35x90 16 ® 20 5.03E-03
S5th 200%30 14 ®©20+2 014+ 14 © 10 5.81E-03 35x90 16 ® 20 5.03E-03
(6th) Lift Room 50%30/30x45 8® 20 2.51E-03 35x%90 16 ® 20 5.03E-03

Table 5-1- Detailed Cross sections of the columns-Part 1

Under Ground 30x200 14 ®20+2 D 14 +14 O 12 6.29E-03 200%x30/30x210 (26 ® 20 + D 14 + 46 O 12 1.40E-02
Ground Floor 30x200 14 ®20+2 D 14 +14 O 12 6.29E-03 200x30/30x210 (26 @ 20 + D 14 + 46 O 12 1.40E-02
1st 30x200 14 ©20+2 Q14 +14 O 12 6.29E-03 200x30/30x210 (26 @ 20 + D 14 + 46 O 12 1.40E-02
2nd 30%200 14 ©®20+2 @ 14 +14 ® 12 6.29E-03 200%30/30x210 (26 ® 20 + ® 14 + 46 @ 12 1.40E-02
3rd 30x200 14 ©®20+2 014 +14 0 10 5.81E-03 200x30/30x210 (26 ® 20 + O 14 + 46 O 12 1.40E-02
4th 30%200 14 ©®20+2 014 +14 0 10 5.81E-03 200%30/30%210 (26 ® 20 + O 14 + 46 ® 10 1.24E-02
5th 30x200 14 ©20+2 014 +140 10 5.81E-03 200%x30/30x210 (26 ® 20 + O 14 + 46 O 10 1.24E-02
(6th) Lift Room 30%x210/200x30 (20 ® 20 + ® 14 + 46 ® 10 1.05E-02

Table 5-2- Detailed Cross sections of the columns-Part 2
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Under Ground 90%35 16 © 20 5.03E-03 80%35 16 © 20 5.03E-03 80x40 16 © 20 5.03E-03
Ground Floor 90x35 16 ® 20 5.03E-03 80x35 16 @ 20 5.03E-03 80x40 16 ©® 20 5.03E-03
Ist 90x35 16 ® 20 5.03E-03 80x%35 16 ® 20 5.03E-03 80x40 16 © 20 5.03E-03
2nd 90x35 16 @ 20 5.03E-03 80x%35 16 @ 20 5.03E-03 80x40 16 © 20 5.03E-03
3rd 90x35 16 ® 20 5.03E-03 80x35 16 ® 20 5.03E-03 80x40 16 ® 20 5.03E-03
4th 90x35 16 ® 20 5.03E-03 80x35 16 ® 20 5.03E-03 80x40 16 ® 20 5.03E-03
5th 90x35 16 ® 20 5.03E-03 80x35 16 ® 20 5.03E-03 80x40 16 ® 20 5.03E-03
(6th) Lift Room

Table 5-3- Detailed Cross sections of the columns-Part 3

Under Ground 90x35 16 © 20 5.03E-03 80x40 16 O® 20 5.03E-03 20030 14O 20+20 14 + 14 O 12 6.29E-03
Ground Floor 90x35 16 O© 20 5.03E-03 80x40 16 ® 20 5.03E-03 20030 14 Q0 20+20 14 + 14 O 12 6.29E-03
Ist 90x35 16 O© 20 5.03E-03 80x40 16 ® 20 5.03E-03 200x30 14 QO 20+20 14 + 14 O 12 6.29E-03
2nd 90x35 16 © 20 5.03E-03 80x40 16 ® 20 5.03E-03 200x30 14O 20+2Q0 14+ 14 O 12 6.29E-03
3rd 90x35 16 © 20 5.03E-03 80x40 16 ¢ 20 5.03E-03
4th 90x35 16 ®© 20 5.03E-03 80x40 16 ® 20 5.03E-03
5th 90x35 16 ®© 20 5.03E-03 80x40 16 ® 20 5.03E-03
(6th) Lift Room

Table 5-4- Detailed Cross sections of the columns-Part 4

Under Ground 30%x80 16 ® 20 5.03E-03 30%200 14 ®20+2 O 14+ 14O 12 6.29E-03
Ground Floor 30%80 16 ® 20 5.03E-03 30x200 14 ®20+2 014+ 140 12 6.29E-03
1st 30%80 16 O 20 5.03E-03 30%200 14 020+2 D14+ 140 12 6.29E-03
2nd 30%80 16 ® 20 5.03E-03 30%200 14 020+2 O 14 +14 D 12 6.29E-03
3rd
4th
5th
(6th) Lift Room

Table 5-5- Detailed Cross sections of the columns-Part 5
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5-1-2) Beams:

The detailed cross section of the Beams in each storey with their related reinforcement can be

summarized in the following tables:

A) Ground Floor:

Ground Floor(z=+0.00m)

Reinforcement
Beam section Top Bottom
(cmxcm)

Rebars Area(m?) Rebars Area(m?)
1 30x50 3 ¢ 20 9.42E-04 3 O® 20| 9.42E-04
2 30x50 2 O© 20 6.28E-04 3 ® 20| 9.42E-04
3 30x50 3 ¢ 20 9.42E-04 3 ® 20| 9.42E-04
4 30%x50 2 O 18 5.09E-04 3 & 18| 7.63E-04
5 30x50 3 ® 20 9.42E-04 4 @ 20| 1.26E-03
6 30x50 2 ¢ 20 6.28E-04 3 ® 20| 9.42E-04
7 3050 3 O 16 6.03E-04 3 ® 16| 6.03E-04
8 30x50 3 © 20 9.42E-04 3 ® 20| 9.42E-04
9 40%50 3 ® 18 7.63E-04 4 @ 18| 1.02E-03
10 30x50 3 0 20 9.42E-04 3 ® 20| 9.42E-04
11 30x50 3 ® 20 9.42E-04 3 ® 20| 9.42E-04
12 40%50 3 © 18 7.63E-04 3 ® 18| 7.63E-04
13 30x50 3 ® 20 9.42E-04 3 ®© 20| 9.42E-04
14 30x50 3 O 18 7.63E-04 3 & 18| 7.63E-04
15 30x50 3 0 20 9.42E-04 3 ® 20| 9.42E-04
16 30x50 3 ® 20 9.42E-04 3 ® 20| 9.42E-04
17 30x50 3 O 18 7.63E-04 3 ® 18| 7.63E-04
18 30x50 3 ® 20 9.42E-04 3 ® 20| 9.42E-04

Table 5-6- Detailed Cross sections of the Beams-Part 1
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B) First Floor:

First Floor(z=+2.80m)

Reinforcement
Beam section Top Bottom
(cmxcm)

Rebars Area(m?) Rebars Area(m?)
1 30x50 3 ® 20 9.42E-04 3 © 20| 9.42E-04
2 30x50 2 @ 20| 6.28E-04 3 @ 20| 9.42E-04
3 30x50 3 @ 20| 09.42E-04 3 @ 20| 9.42E-04
4 30x50 3 @ 18| 7.63E-04 3 @ 18| 7.63E-04
5 30x50 3 @ 20| 9.42E-04 |4 @ 20| 1.26E-03
6 30x50 2 ® 20 6.28E-04 3 © 20| 9.42E-04
7 30x50 3 @ 16| 6.03E-04 3 @ 16| 6.03E-04
8 30x50 3 @ 20| 09.42E-04 3 @ 20| 9.42E-04
9 40x50 2 @ 18| 5.09e-04 |4 @ 18| 1.02E-03
10 30x50 3 @ 20| 09.42E-04 3 @ 20| 9.42E-04
11 30x50 3 ® 20 9.42E-04 3 © 20| 9.42E-04
12 40x50 2 O® 18| 5.09e-04 |4 @ 18| 1.02E-03
13 30x50 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
14 30x50 3 @ 18| 7.63E-04 3 @ 18| 7.63E-04
15 30x50 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
16 30x50 3 ® 20 9.42E-04 3 @ 20| 9.42E-04
17 30x50 3 @ 18| 7.63E-04 3 @ 18| 7.63E-04
18 30x50 3 ¢ 20 9.42E-04 3 © 20| 9.42E-04

Table 5-7- Detailed Cross sections of the Beams-Part 2
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C) Second & Third Floors:

Second & Third Floors(z=+5.80m,z=+8.80m)

Reinforcement
Beam (i::::::) Top Bottom

Rebars Area(m?) Rebars Area(m?)
1 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
2 30x60 2 @ 20| 6.28E-04 3 @ 20| 9.42E-04
3 30x60 3 @ 20| 9.42E-04 3 & 20| 9.42E-04
4 30x60 3 @ 18| 7.63E-04 3 O 18| 7.63E-04
5 30x60 3 ® 20 9.42E-04 4 O® 20| 1.26E-03
6 30x60 2 O 20| 6.28E-04 3 O 20| 9.42E-04
7 30x60 3 O 16 6.03E-04 3 O 16| 6.03E-04
8 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
9 60x40 4 © 18 1.02E-03 6 O 18| 1.53E-03
10 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
11 30x60 3 @ 20| 9.42E-04 3 O 20| 9.42E-04
12 60x40 4 O 18 1.02E-03 4 O 18| 1.02E-03
13 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
14 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
15 30x60 3 @ 20| 9.42E-04 3 @ 20| 9.42E-04
16 30x60 3 @ 20| 9.42E-04 3 O 20| 9.42E-04
17 30x60 3 @ 20| 9.42E-04 3 O 20| 9.42E-04
18 30x60 3 ® 20 9.42E-04 3 O 20| 9.42E-04

Table 5-8- Detailed Cross sections of the Beams-Part 3
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D) Fourth & Fifth Floors:

Fourth & Fivth Floors(z=+11.80m,z=+14.80m)

Reinforcement
Beam Section Top Bottom
(cmxcm)

Rebars Area(m?) Rebars Area(m?)
1 30x60 3 ® 20| 9.42E-04 3 ® 20| 9.42E-04
2 30x60 2 ® 20| 6.28E-04 3 ® 20| 9.42E-04
3 30x60 3 & 20| 9.42E-04 3 & 20| 9.42E-04
4 30x60 3 ® 18| 7.63E-04 3 & 18| 7.63E-04
5 30x60 3 ® 20 9.42E-04 4 © 20| 1.26E-03
6 30x60 2 ® 20| 6.28E-04 3 ® 20| 9.42E-04
7 30x60 3 O 16 6.03E-04 3 @ 16| 6.03E-04
8 30x60 3 ® 20| 9.42E-04 3 O® 20| 9.42E-04
9 40x60 3 O 18| 7.63E-04 5 & 18| 1.27E-03
10 30x60 3 ® 20| 9.42E-04 3 ® 20| 9.42E-04
11 30x60 3 O 20| 9.42E-04 3 O 20| 9.42E-04
12 40x60 2 ® 18| 5.09E-04 3 & 18| 7.63E-04
13 30x60 3 ® 20| 9.42E-04 3 ® 20| 9.42E-04

Table 5-9- Detailed Cross sections of the Beams-Part 4
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E) Sixth & Seventh Floors:

Sixth Floor(z=+17.80m)

Reinforcement
Beam section Top Bottom
{cmxcm})

Rebars Area(m?) Rebars Area(m?)
1 30x60 3 ® 20| 9.42E-04 |3 © 20| 9.42E-04
2 30x60 2 ® 20| 6.28E-04 |3 ® 20| 9.42E-04
3 30x60 3 ® 20| 9.42E-04 |3 © 20| 9.42E-04
4 30x60 3 O® 18| 7.63E-04 |3 ® 18| 7.63E-04
5 30x60 3 ® 20| 9.42E-04 | 4 ® 20| 1.26E-03
6 30x60 2 ® 20| 6.28E-04 |3 O© 20| 9.42E-04
7 30x60 3 O® 16| 6.03E-04 |3 © 16| 6.03E-04
8 30x60 3 ® 20| 9.42E-04 |3 © 20| 9.42E-04
9 30x60 3 ® 18| 7.63E-04 | 4 O® 18| 1.02E-03
10 30x60 3 ® 20| 9.42E-04 |3 © 20| 9.42E-04
11 30x60 3 ® 20 9.42E-04 3 O© 20| 9.42E-04
12 30x60 3 O® 18| 7.63E-04 |3 O© 18| 7.63E-04
13 30x60 3 ® 20 9.42E-04 3 O© 20| 9.42E-04

Table 5-10- Detailed Cross sections of the Beams-Part 5

7th Floor(z=+20.40m)

Reinforcement
Section
Beam Top Bottom
(cmxcm)
Rebars Area(m?) Rebars Area(m?)
1 30%x40 3 O 14| 4.62E-04 3 ® 14| 4.62E-04
2 30x40 2 @ 20| 6.28E-04 2 ® 14| 3.08E-04
3 30%x40 3 & 14| 4.62E-04 3 ® 14| 4.62E-04
4 30x40 3 @ 14| 4.62E-04 3 ® 14| 4.62E-04

Table 5-11- Detailed Cross sections of the Beams-Part 6
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5-2) Architectural Drawings:
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B) Ground Floor:
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C) First Floor:
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D) Second Floor:
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E) Third Floor:
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F) Fourth Floor:
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G) Fifth & Sixth (Lift Room) Floors:
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H) East facade:
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Figure 5-13- Architectural Drawings -Part 8
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1) West facade:

Figure 5-14- Architectural Drawings -Part 9
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J) Section A-A:

Figure 5-15- Architectural Drawings -Part 10
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K) Section B-B:
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5-3) Structural Drawings

A) Underground
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B) Ground Floor:
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C) First Floor:
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D) Second Floor:
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E) Third Floor:
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F) Fourth Floor:
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G) Fifth Floor:
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H) Sixth (Lift Room) Floor:
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6) Loading:

6-1) Loading Assumptions:

6-1-1) Dead Loads:

Weight of the concrete 25.00 | KN/m?3
Weight of the steel 7850 | KN/m?
Additional dead load 1.50 | KN/m?
Weight of the marbles in the stairs 2.50 | KN/m?
Weight of the Isolation of the roof 2.50 KN/m?
Weight of the One row brick Partitions(10 cm) 2.10 | KN/m?
Weight of the two rows brick Partitions(20 cm) 3.60 | KN/m?
Weight of the soil 20.00 | KN/m3
Table 6-1- Dead Loads Assumptions
6-1-2) Live Loads:
Main Rooms 2.00 | KN/m?
Shops 5.00 | KN/m?
Offices 3.50 | KN/m?
Parking 5.00 | KN/m?
Balconies 5.00 | KN/m?
Stairs 3.50 | KN/m?
Approachable Roofs 2.00 | KN/m?
Not Approachable Roofs 1.00 | KN/m?
Snow 0.75 | KN/m?
Wind 1.25 | KN/m?

Table 6-2- Live Loads Assumptions
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6-1-3) Response spectrum:

Earthquake Combination coefficients 0.30
Ground Acceleration a=0.16
Category of the soil B
Behaviour factor q=3.5
Inportance factor I=1.00
Damping Ratio Z=%5
Table 6-3- Response spectrum Assumptions
6-2) Load cases:
6-2-1) Load cases definition:
The Below load cases have been defined for this model:
Case Type InitialCond ModalCase BaseCase
DEAD LinStatic Zero
MODAL LinModal Zero
Primeter LinStatic Zero
Live LinStatic Zero
Snow LinStatic Zero
Ex LinRespSpec MODAL
Ey LinRespSpec MODAL
Ez LinRespSpec MODAL

Table 6-4- Load Cases definition
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6-2-2) Static case load assighments:

Case LoadType LoadName LoadSF
DEAD Load pattern DEAD 1.000000
Primeter Load pattern Primeter 1.000000
Live Load pattern Live 1.000000
Snow Load pattern Snow 1.000000

Table 6-5- Static case load assignments

6-2-3) Response spectrum case load assignments:

Case ModalCombo GMCf1 GMCf2 PerRigid DirCombo DampingType ConstDamp
Cyc/sec Cyc/sec
Ex cQcC 1.0000E+00 0.0000E+00 SRSS SRSS Constant 0.0500
Ey cQc 1.0000E+00 0.0000E+00 SRSS SRSS Constant 0.0500
Ez cQcC 1.0000E+00 0.0000E+00 SRSS SRSS Constant 0.0500

Table 6-6- Response spectrum case load assignments-Part 1

Case LoadType LoadName CoordSys Function Angle TransAccSF
Degrees m/sec2
Ex Acceleration Ul GLOBAL Eurocode 0.000 1.00000
Ey Acceleration U2 GLOBAL Eurocode 0.000 1.00000
Ez Acceleration U3 GLOBAL Eurocode 0.000 0.15000

Table 6-7- Response spectrum case load assignments- Part 2
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6-3) Loading combinations:

Based on the design code, we should consider different load combinations as below:

135D + 1.35P + 15L (6.1)
D+P+03L+03S+E,+ 03E,+ 03E, (6.2)
D+P+03L+03S+ 03E.+E, + 03E, (6.3)
D+P+03L+03S+ 03E,+ 03E,+ E, (6.4)

6-4) Loads application:
6-4-1) Loading calculations:

6-4-1-1) Ground Floor:

A) Dead Loads:

Area: 6.5 X 5.65 = 36.725 m?
Concrete: 0.25 X 36.725 x 25 = 229.53 KN
] 2
Steel: (65 X 5.65 + 57 X 6.5) X it X X 78.5 = 4.55 KN
Additional : 1.5 X 36.725 = 55.09 KN
Total: 229.53 + 4.55 + 55.09 = 289.17 KN
289.17 _ g7 KN
36.725 ' m?

Area: (5.05 — 0.8) X (6.5 — 0.25 — 0.3) = 27.97 m?

Concrete: 0.25 X 2797 x 25 =174.81 KN
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2

Steel: (47 X 5.95 + 60 X 4.7) X nt X X 78.5 = 3.46 KN

Additional : 1.5 X 2797 = 41.96 KN

Total: 174.81 + 3.46 + 41.96 = 220.23 KN

22023 287 KN
2797 7 m?2

Area: (3.3 — 0.25) X (5.05 — 0.8) = 12.96 m?

Concrete: 0.25 X 12.96 x 25 = 81 KN

2

Steel: (31 X 4.7 + 47 X 3.05) X n X x 785 = 1.78 KN

Additional : 1.5 X 12.96 = 19.44 KN

Total: 81 + 1.78 + 19.44 = 102.22 KN

10222 ., KN
1296 = 7 m?

Area: (6.5 —0.25—-0.3) X (3.05+ 0.8 —0.25 - 0.4) = 19.04 m?

Concrete: 0.25 X 19.04 x 25 = 119 KN

2

Steel: (60 X 3.2 + 32 X 5.95) X t X x 78.5 = 2.36 KN

Additional : 1.5 x 19.04 = 28.56 KN

Total: 119 + 2.36 + 28.56 = 149.92 KN

14992 . KN
19.04 " m2?
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Area: (3.3 — 0.25) X (3.05 + 0.8 — 0.25 — 0.4) = 9.76 m?

Concrete: 0.25 X 9.76 X 25 = 61 KN

2

Steel: (31 X 3.2+ 32 x 3.05) X X X 785 =121KN

Additional : 1.5 X 9.76 = 14.64 KN

Total: 61 + 1.21 + 14.64 = 76.85 KN

7685 ___ KN

9.76 787 m?

P6,P7
Area: 3.3 X 595 —-1.4 x 1.7 = 17.255 m?

Concrete: 0.25 X 17.255 x 25 = 107.84 KN

2

x 78.5 = 2.25 KN

Steel: (33 X 5.05 + 60 x 3.3) X 1t X

Marbles: 2.5 X 17.255 = 43.14 KN

Total: 107.84 + 2.25 + 43.14 = 153.23 KN

153.23 o 85 KN
17.255 70 m2

Equivalent dead load of the partitions\

14.05 X 2.4 x 3.6 = 121.392 KN

9.8 x 14.05 - (595 x 3.3) = 118.055m?

121.392 03 KN
118.055 ~ ° m?
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\Walls of the perimeter\

KN
3.6 X (28—-0.5) =8.28 o

B) Live Loads:

KN
Total of the plan: 5 —-
m

Stairs: 3.5 —
m

6-4-1-2) First Floor:

A) Dead Loads:

Area of Isolation: 3.2 X 3.1 + 2.1 X 2.35 = 14.86 m?
2

4

Steel: (65 X 5.65 + 57 X 6.5) X X X 785 =291 KN

Total: 229.53 + 2.91 4+ 55.09 = 287.53 KN

287.53 1x1486 . KN
36.725 36725 T m?

2

x 785 = 2.22 KN

Steel: (47 X 5.95 4+ 60 X 4.7) X it X

Total: 174.81 + 2.22 + 41.96 = 218.99 KN

21899 7 83 KN
2797 7 m?
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Area of Isolation: 1.55 X 2.1 = 3.26 m?

326 KN

7.87 1x3.26 8.12
B1 1296 7 m?

Area of Isolation: 6 X 1.95 = 11.7 m?

2

X 78.5 = 1.51 KN

Steel: (60 X 3.2 4+ 32 X 595) X it X

Total: 119 + 1.51 + 28.56 = 149.07 KN

149.07 . 1x11.7 ¢ 44 KN
19.04 19.04 ~ 7 m2

Area of Isolation: 3.05 X 1.95 = 5.95 m?

2

Steel: (31 X 3.2+ 32 x 3.05) Xt X x 78.5 = 0.78 KN

Total: 61 + 0.78 + 14.64 = 76.42 KN

76.85 . 1x595 614 KN
9.76 9.76 m?
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