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ABSTRACT

Recent worldwide devastating earthquakes have highlighted the risk of many existing concrete
structures of a total collapse or seismic damage because of their inadequate mechanisms of
resisting the lateral forces. In order to decrease the destruction and economic losses, existing
structures can be renovated. The rehabilitation of existing buildings can limit the damage that
affects public safety and the building's function ability after this catastrophe.

The retrofit design is a multi-parametric field; the seismic capacity insufficiencies of the
vulnerable building must be examined with regard to the materials, techniques, and analysis
methods to develop a good upgrading approach. Many techniques, such as shear walls,
jacketing, steel bracing, etc..., were and continue to be in use. Most of them put the building out
of service for long periods. However, others provide benefits in terms of costs and simplicity
of implementation and may affect the facade. Many researchers are working on helpful studies
to include CLT in the existing buildings’ retrofitting process. CLT has very effective sides
regarding its environmental impact, weight, implementation, and shear resistance as a structural
material.

This thesis introduces an advanced seismic design method by evaluating the resulting seismic
performance of an existing reinforced concrete building retrofitted by CLT panels. The
suggested retrofitting solutions vary by CLT panels thickness and the connector locations.
Convenient finite element models of the two-dimensional reinforced concrete frames, the bare
and retrofitted frames, were performed using SAP2000. The Response Spectrum analysis as a
linear dynamic analysis was conducted to design and evaluate the seismic behavior according
to Eurocodes criteria. Then, a nonlinear static analysis using Pushover was executed to observe
the damage state of the models using the Capacity Spectrum Method. The analysis has shown
that using CLT panels enhances the seismic performance of the existing building; the
determination of CLT panels' thickness, and the connectors' location affect the deformation

capacity, the ductility, and the stiffness of the structure.



ACKNOWLEDGEMENT

First of all, there is no sufficient expression of my deep gratitude for this precious

opportunity. It is an honor to be a student at NMBU.
This work would not have been possible without the valuable comments and remarks of
supervisor Dr. Abdelghani Meslem. I am especially indebted for his significant efforts and

plentiful knowledge.

Great thanks extend to co-supervisor Dr. Roberto Tomasi for introducing me to the topic, as

well as his treasured support and ample experience.

A sincere appreciation goes to eng. Muhammad Idrees, eng. Marmar Idrees,

and Mr. John Slade for sharing their precious time and ideas.

Last but not least, pursuing this step would not have been possible without my Father, sibs,

and little family, a very profound thanks for unfailing support and continuous encouragement.

III



Figures

Fig. 2. 1, Ductility — Strength RelationShip. ...............cccooevuieeiiieiiiieeiie e savae e 5
Fig. 2. 2, Retrofitting strategies and potential teCRRIGUES. ...................cccoccueioiiiiiiiiiaiiiie et 5
Fig. 2. 3, Global and Local Retrofitting teCHRIGUES. ...............cc.cccueieieeueaiieeiieeee et 6
Fig. 2. 4, Seismic retrofitting, seismic isolation, and energy diSSIpAtion. .................cccooeeveveeeceeneeeennnn. 7
Fig. 2. 5, Connection in retrofitting teCHNIGUES. ...............ccoeeeueeeeiueieeiieeeieeesiee et e e e saaeesaeeesseeeneseeens 7
Fig. 2. 6, Jacketing for increasing flexural CaPACILy. ................ccooueviiiiiiiiiiiiiiiiieiieetee e 8
Fig. 2. 7, Jacketing for increasing column Shear CAPACILY. ..............cc.ccceevveeeieiiiiaiiesieee e, 8
Fig. 2. 8, (a) Jacketing with moment resisting end connections, (b) Jacketing without end

COMMEBCIIOMS. ...ttt et ettt ettt et e bt e et e et e e et e ee bt e e et e e eab e e eabeeebeee e 9
Fig. 2. 9, Retrofitting scheme for RC columns and beam-column jOints. .................cccccoceevinccneiancnencnne. 9
Fig. 2. 10, Jacketing Of COIUMMN. ..............cccooiiiiiiiiiiieiie ettt enees 10
Fig. 2. 11, strengthened structure by RC shear Wall ...................ccccoovviiiiiiiiiiieeieeeee e 10
Fig. 2. 12, A Steel-Timber hybrid Structural SYSIEM. ..............cccoccuiiiuiiiiiiiiiiie sttt 11
Fig. 2. 13, Steel PIALE SYSTOM.........c..eeiiiiiiieiieeet ettt ettt ettt et 12
Fig. 2. 14, BUACING SYSTOML. ..ottt ettt 13
Fig. 2. 15, CLT panel configuration & Cross SECHION. .............ccocuioueieeseeaiesiiee et 16
Fig. 2. 16, CLT panels used as infill shear walls for RC buildings retrofit.............cccccoocenvianiienccnncnns 18
Fig. 3. 1, Study Case, 2D RC FFAME. ............ccccoeeiueeaiiieeie e snee s 25
Fig. 3. 2, Model Ao, 2D RC FFAME. .........ccc.coovvieeiiiiaiiieee e e s 28
Fig. 3. 3, Model Ao, Design, Columns FAilUTe. ..............ccccccoioiiiiiiiiiiiiiii ettt 28
Fig. 3. 4, CLT panels as a retrofitting teCRNIQUE. .................c..ccoovcuiieieiiiaiieeie e 30
Fig. 3.5, CLT panels MOAeEIIiNgG. ...............c.c.ccccuemiuiiiiiieiie et 31
UG, 3. 0, MOAEL B. ...ttt et e e aneas 35
Fig. 3. 7, Model B, Design, Colummns Failure. ................c.cccoooiiiiiiiiiiiiiii et 36
Fig. 3. 8, Elements’ PerfOrmance CHItETIQ. ............ccocccuuvueiiueaieiaaieeieeeeee et eeiee e ee et 40
Fig. 3. 9, Hinges in POA CaSe STUAY . ............ccceeeieiiaiiieeie et ennee s 42
Fi@. 3. 10, CSM. ..ottt ettt ettt et n e a et ettt et enaeeaeenae s 43
Fig. 3. 11, Capacity SPECIFUM. .............ccccuuiiiaiiiie ettt et e e e e e e et e e e e staeeeeansaeens 43
Fig. 3. 12, DeMaANd SPECIFUIM. ..........cccocouiiiiiiiiiiiiiiie ettt ettt sttt 44
Fig. 4. 1, Model Ao, DEfOTMALION. ..............c..ccocueieeiieaiiieeiie et eeee e eaae et e e e e sasae s 46
Fig. 4. 2, Model A0, IDR. ..........cccooiiiiiiiiiiie ettt ettt ettt ettt 47

vV



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

s S S N N N N S N N N N s - S N N S S S N N N N N N N NN

. 3, Model Ao, (P-M) Interaction Curve, Cl. ............cccouviuieiiieeiiiiieiiiie e 49
. 4, Model Ao, (P-M) Interaction Curve, C2. .............cccoeevvuieeiueeeeiieeeeiiieeeiee e 49
. 5, Model Ao, (P-M) Interaction Curve, C3. ...........cccceeeviuiieiieeeiieeeeiee e 50
. 6, Model Ao, (P-M) Interaction Curve, C4. ............ccoueevuiaiiieeeie e 50
. 7, Model Ao, (P-M) Interaction Curve, C3. ...........cccueeiuiemiieeiiieeeiee e 50
. 8, Model Ao, (P-M) Interaction Curve, CO. ..............cc.ccovueeeieeeeiieeeiiiieeeieeeeiee e 50
. 9, Model Ao(P-M) Interaction Curve, C7. C8. ........cccooovvuiieieeeeieeeeee e 50
.10, Model Aret 1, DEfOFMALION. ............ccceveeeieieiiie et 51
AL, Model Aret 1, IDR. ..ot 52
.12, Model Aret 2, DEfOFMALION. ...........cccuviiiiiiiiiiii ettt ettt 54
A3, Model Aret 2, IDR. ......c..ccouiiiiiiiiiiieeee et 55
.14, Model Aret 3, DEfOFMIALION. ...........ccuiiiiiiiiiiiii ittt 57
A5, MOdel Aret 3, IDR. ..ottt 58
.16, Model Aret 4, DEfOFMALION. ...........cccueiiiiiiiiiiiii ettt 60
A7, Model Aret 4, IDR. ... 61
. 18, Model Aret, (P-M) Interaction Curve, Cl. .............cccccouiiuieiiiieiiie e 64
. 19, Model Aret, (P-M) Interaction Curve, C2. ..............ccocueiiueeiiueeeiieieeiieeesiee e 64
. 20, Model Aret, (P-M) Interaction Curve, C3. ..........cc.ccovuieeieeeeiieeeiieeeeiee e 65
. 21, Model Arer, (P-M) Interaction Curve, C4. ..........c..ccovueeecueeeieeieiieeeeieeeeeeeeeee e 65
. 22, Model Aret, (P-M) Interaction Curve, C3. ............cccovieiiieeiiieeiiie e 65
. 23, Model Aret, (P-M) Interaction Curve, CO. ..............ccccueeeueeiiueeeiiiieeiieeesiee e e ssee e 65
. 24, Model Arer, (P-M) Interaction Curve, C7. C8.........ccccoeueueeeieeeeiieeeeiie e 65
. 25, Model B, DEfOTMALION. .............cccooeeeiaeieaiieeiee ettt ettt eete e naeeneen 66
220, MOAEL B, IDR.........c..oiueeiaieeeeee et ettt 67
. 27, Model B, (P-M) interaction curve, Cl. ............cccoovvuiimiieeiiiieeiie e 69
. 28, Model B, (P-M) interaction curve, C2. .............cccoeevvuieeiieeeiiieeeiiee e e 69
. 29, Model B, (P-M) interaction curve, C3. ............ccooueeviuieeieeeeiee e e 70
. 30, Model B, (P-M) interaction CUrve, C4. ........cc.ccoueivuiaiiieeeiee et 70
. 31, Model B, (P-M) interaction Curve, C3. ............ccccueevuieeiieeiieieeeieeeeiee e eieeesiee e 70
. 32, Model B, (P-M) interaction Curve, CO. .............cccoovvuieiiieeiiieeeiiiieeeieeesiee e e siee e nsee e 70
. 33, Model B, (P-M) interaction curve, C7. C8. ........c..cooviieiueeiiieeiiiie e 70
. 34, Comparison, Lateral Displacement vS. StOFeY. .............cccoccueiveiiiesiiaiieeieeeieeeie e 72
35, COMPATISON, IDR.........ccceeeeiieeeie ettt et e et e et e e eeenbeeennnee e 73

. 36, Comparison, BaASe REACIION. ...............ccccuuiieeiiiiiieeeiiee et e e e e e etee e e esaeeeenns 74

\Y%



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

s S S N N N S N S N S S N N N N s . SN S N N SN N N

. 37, Comparison, Base Shear vs. Max Roof Lateral Displacement. .................cc.ccccoeveveencunnnn.. 75
. 38, Comparison, Modal Period. ....................cccoooiiiiiiiiiiiiiii ettt 76
. 39, Comparison, Modal FrEQUENCY...............ccccceeeieiiiiiieeie ettt 77
. 40, Comparison, Modal Period and FreqUenCy..................ccceuvcueemiieesieieaiieeeiieeeie e 78
. 41, Comparison, (P-M) Interaction Curve, Cl. ............cc.cccoveiiiiemiuieeiiieeiieeeeieeeieeeeiee e 79
. 42, Comparison, (P-M) Interaction Curve, C2. .............ccccouiiiiiiiiiiaiieeii et 79
. 43, Comparison, (P-M) Interaction Curve, C3. .........cccocueiiiaiieiieeiieee e 79
. 44, Comparison, (P-M) Interaction Curve, C4. ...........ccceuvvuieiiieeiiieeiiieesiee e 79
. 45, Comparison, (P-M) Interaction Curve, C3. ...........ccceovvueeiiiieiirieeeiieeeiee e 80
. 46, Comparison, (P-M) Interaction Curve, CO. ..............cccouveaiiiiiuiiiieii et 80
. 47, Comparison, (P-M) Interaction Curve, C7. C8.........ccccccoeaiiiiieaiieeieeeieee e 80
.48, Model Aret 1, CAPACTLY CUFVE..........cceeeeeiiieaiieeeee et eaaeesbeeennnee e 83
.49, Model Aret_ 1, CAPACTLY SPECIFUM. ..........ccueiiiiiiieie ettt 84
. 50, Model Aret 1, Deformed Shape at the Performance Point Step. ..............c.cccccoecvvcenvienennenne. 84
.51, Model Aret 2, CAPACTEY CUFVO.........c..eeeeiaiieeii ettt ettt ebeeeaaeeneens 85
. 52, Model Aret 2, CapaCity SPECIFUML. ..........c..oeeveieaiiieeiii et e 86
. 53, Model Aret 2, Deformed Shape at the Performance PoOint Step. .............ccccccevcveveianeenceannnnn. 86
. 54, Model Aret 3, CAPACTLY CUFVO........cc..eeiiiiiiiiiiieeeeie ettt ettt ettt 87
.55, Model Aret 3, CAPACTLY SPECIIUMN. ..........ocuveieieiieeiie ettt enee 88
. 56, Model Aret 3, Deformed Shape at the Performance POint Step. ...............ccceeveeeeveveeecueannnn. 88
.57, Model Aret 4, CAPACTEY CUFVE.........cccvveeeieieeeiiieeiieeeiee e eee et eaae e eseeesasee e 89
. 58, Model Aret 4, CApaCity SPECIFUM. ..........c..cc.coviiiiiiiiiiiiiieeeit et 90
. 59, Model Aret 4, Deformed Shape at the Performance POint Step. .............ccccccoevveecvaneeaceeannnnn. 90
. 60, Model B, Capacity CUFVE. ..........c..ooeeueeeieieeeiieeeiie et esieeeseea s e siaeeeiteessaeesnnaeesnseeennneeenes 91
. 61, Model B, Capacity SPECIFUML. ...............cccuueeiieeaeiieeaeiieeeiieesieeesee e et e e saeeesseeenesee e 92
. 62, Model B, Deformed Shape at the Performance POint Step..............c.ccccccocerveecencineenennenne. 92
. 63, Comparison, CaAPACIEY CUTVE. .........c..ceeiuueeiiiieieiie ettt enaee e 93

. 64, Comparison, Performance POINLS. ...............cccccccueiiuieiiieesieieesee e 94

VI



Tables

Table 2.
Table 2.
Table 2.
Table 2.

Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.
Table 3.

Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

1, Advantages and Disadvantages of retrofitting teChnique. ..................ccccoccveeeveeecieeencreeennnen. 14
2, General Characteristics building material values...................ccccccoocevvoianiiiiiiniiiiieene. 17
3, Coefficients of stiffness for CLT as @ PANEL. ...............cccccoevvieiiieiiiaiieeiieeieee e 17
4, Comparison between various materials for new inner SIrUCHUTE ..............cc.ccveeveeceeenneenn.. 18
1, Develop the analytical criteria for SEISMIC COAES. .............cccoociiiiiiiiiiiiaiiiiiieii e 22
2, Study Case, Material characteristics, Steel. ................cccccouvvieioiaiiiiiiiiiiieiieeeeeeee e 25
3, Study Case, Material characteristics, CONCIELe. ................cccouemviueeriiueeeiieeiiieeeieenieeenneeens 26
4, Study Case, Material characteristics, CLT..............cccccouviuiiiiiiiiiieeeiiieeee e 26
5, Building Ao, structural and geometrical characteristics. ..............ccocceuvvevceeiveancecniieeene. 27
6, MOdel A0, PGAT0,15G.......ccoooiiiiiiiieiee ettt 27
7, Model Ao, Design, Capacity RALIO. ...............cccoeeieieiiuiiaiiieeeiee et 29
8, Model Ao, Design, Structural and Geometrical Characteristics. ...............ccoouevevuvevcveencnnnnn. 29
9, Model Aret, PGAT0.35G. ..cc..ooiiiiiaiie et 30
10, 3 Layered CLT panel Shell SECIION. ...........c..cccoeicuieiiieeiiiiieee et 31
11, 5 Layered CLT panel Shell SECHION. ...............cccueeeiueeeiiiiieiie e 32
12, Model Ave: 1, CLT, Structural, Geometrical characteristics. .............c....ccceveueeeevieeeeacnnn... 32
13, Model Are: 2, CLT, Structural, Geometrical characteristics. ..............ccccoouevveeeeeeiieeeeenn.. 33
14, Model Are: 3, CLT, Structural, Geometrical characteristics. ...............ccccceuuevieeeeeeiieneeenn.. 33
15, Model Arer 4, CLT, Structural, Geometrical characteristics. .........cccovvvcuviieieeieiiieeinneeenin, 34
16, MOAEl B, PGAT0.35G. ..ottt 36
17, Model B, Design, Capacity RALIO. .............cccccoiiiiiiiiiiiiiiiiieie et 37
18, Model B, Design, Structural and Geometrical characteristics. .............ccccccouveveveveacunannnnn. 38
19, Damage Control and Building Performance Levels...............ccccoccovevvvveiiieiniiianiieaneeane, 41
L, MOARL A0, AX. oo 46
2, MOl A0, IDR. ...ttt 47
3, Model Ao, Interstorey Drift Limit CRECK. ...............ccccccoeiiemiiiaiiieiieeieeieeeeeee e 47
4, Model Ao, BASE REACIHIONS. ............ccccuiiiiiiiiiiiiiii ettt 48
5, Model Ao, Modal Periods and Frequencies. ..................ccccooevuueeeieeeiiieeiieeeseieeeeeeeieeenneeens 48
O, MOAEL Arer 1, AX. ...t 51
7, MOdel Aret 1, IDR..............ooooeeeeeeeeeeeeee ettt 52
8, Model Aret 1, Interstorey DFift CRECK. ...............cccoooveviuieciieiiieiieeieeeeeee e 52



Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

9, Model Aret 1, BASE@ REACHIONS. ..............cccveeeeieiiieeeeeieieeeeeee et 53
10, Model Aret 1, Modal Periods and FreqUencies...................ccccooueeiioianeeiiiaiieiiaieseeien, 53
L1, MOAEL Aret 2, AX. ..o et 54
12, Model Aret 2, IDR..........ccoooeiiiiiiii ettt et 55
13, Model Aret 2, Interstorey DVift CRECK. ............cc.cccouveeciieeiiieiiie e 55
14, Model Aret 2, BaSE REACLIONS. ................oooeeeeeeeeeieieeeeeeeeeeeee et 56
15, Model Aret 2, Modal Periods and FreqUenCIes..................cccccueeeueeiianieaiieiieeeeeieeieeians 56
16, MOl Aret 3, AX. ..o 57
17, Model Aret 3, IDR.........cc.oooiiiiiiee ettt ettt 58
18, Model Avet 3, Interstorey Drift CRECK. .............ccocccooiiiiiiiiiiiiiiiiieie e 58
19, Model Aret 3, BASE RCACLIONS. ............c...oooeeeeeeeeeeeeeeeeeeeeeeeee et 59
20, Model Aret 3, Modal Periods and Frequencies...................ccocuuuvveeeieeeiiieeeiieeiiieeeieeeieens 59
21, MOACL Aret 4, AX. ..ottt 60
22, MOdel Aret 4, IDR..............ccccveeeaaeeeeeeeeee et 61
23, Model Aret 4, Interstorey DFift CRECK. .............cccoeveeiiieiiiiiieiieeeeee e 61
24, Model Aret 4, BASE@ REACIIONS. ..........cooeeeiiiiiieeeeeeiee ettt 62
25, Model Aret 3, Modal Periods and Frequencies...................ccocoeucveeecveeeieeeeiiieeeiieeecieeesneens 62
26, Model Aret Effectivity in P-M interaction CUTVe. ..............cccccccerveeniiioiiiiiniiinieneeeseenns 63
27, MOAEL B, AX.....coouiiiiiiiieeee ettt 66
28, MOAel B, IDR. .........c.oooueeiiiiee ettt ettt 67
29, Model B, Interstorey Drift CRECK. ..............cccoovviiiiiiiiiiiiecie e 67
30, Model B, BASE RCACIHIONS. ....ccooeeeeeeeeeeee e ettt 68
31, Model B, Modal Periods and Frequencies. ...................ccocccuevueecieaneeeiiieiieeeaeeeee e 68
32, Comparison, Lateral DiSplacement. .................cccooccuueeeueeiiiieeiiieeeiieeeie et 71
33, Comparison, Lateral Displacement, VAriQtions. ...............ccccoevveeeiueesieeeiiieeiiieesieeenneeens 72
34, Comparison, IDR. .............cccccooiiiiiiiiaie e e 73
35, Comparison, IDR VAVIQLIONS. .............ccccueeiiiiaiiie ettt 74
36,Comparison, Self Weight & Base Reaction Variations.. .............c..ccccoeeeveeveeceeeseescenanneene. 75
37, Comparison, Modal Period, VariQtions.. ...............ccccccoueevieieiiieeeiiieeeiieeseeeeseeesiee e ens 76
38, Comparison, Modal Frequency, VariQlions. ...............cccc.cccoueeeiueeeeiueesiieesiieesereeesieeenneeens 77
39, Comparison, (P-M) Interaction CUTVe. ...............cccccciiiiaiiiaiiaiie et 81
40, Model Aret 1, Performance POINL..................cccccooeeeiiiiiiiieiieieee e 83
41, Model Aret 2, Performance POINL.................ccc.ccccueeeiuieeiiee e e e st sieeeseeenaee e ens 85
42, Model Aret 3, Performance POINL.................ccc.ccooueeeiuiieeiieeeiiee e e e eieeeeeeesseeesvaeaniseeen 87



Table 4. 43, Model Aret 4, Performance POINL...............c...ccccueeveuveeiieieiiieecie e 89

Table 4. 44, Model B, Performance POINL. ................ccccccoiiiiiiiiiiiiieiie ettt 9]
Table 4. 45, Comparision, CaPACILYy CUFVE. ............ccceeeueeeeeaieieiieeiieeie et eeiee et e e eaee e eeseesnaeeneeas 94
Table 4. 46, Comparision, Performance POINLS. ...............ccccouuvueiiieeiiiieaiiee e e 95
Table 4. 47, Comparison, DAMAZE STALE. ...............cc..ccveeerueeesieeeiieeeeieeeeee et eteeesteeesaeeesreeesaee e 95

IX



Symbols

RC

CLT

2D

ECS

RSA

POA

THA

DCL (LOW)
IDR

ar

v

q
qa

~

FEM
Aret

Avret 1
Avret 2
Avrer 3

A ret 4

PGA

& 09

T»
T
Tua

Reinforced Concrete
Cross-Laminated Timber
Two dimensional
EN 1998 Eurocode 8: Design of structures for earthquake resistance
Response Spectrum analysis

Pushover Analysis

Time History Analysis

Structural Ductility Class: Low dissipative structural behaviour.
The Interstorey Drift Ratio

the design Interstorey Drift

The reduction factor

The behaviour factor

The displacement behaviour factor

Axial Force

Bending Moment

The suggested existing RC Building

Finite Element Model

The suggested retrofitted Solution.

The First suggested retrofitted Solution.

The Second suggested retrofitted Solution.

The Third suggested retrofitted Solution.

The Fourth suggested retrofitted Solution.

The Reference RC Building.

Peak Ground Acceleration.

Acceleration of Gravity.

Ground Type.

Soil Factor.

The Lower limit of the period.

The Upper limit of the period.

Defining the beginning of the constant displacement.

Lower Bound Factor, Beta.



C() Column i=[1,2,3,4,5,6,7,8].

B(i) Beam i=[1,2,3].
H Storey Height.
Ax Lateral Dispalcement, Axial X.
dsi The displacement of a point of the structural system induced by the seismic action.
Fx Base Force on X Direction, Base Shear.
Fz Base Force on Z Direction.
My Base Moment on Y Direction.
FEMA FEDERAL EMERGENCY MANAGEMENT AGENCY.
ASCE American Society of Civil Engineers.
CSM Capacity Spectrum Method.
ATC Applied Technology Council.
B Yielding State.
10 Immediate Occupancy State.
LS Life Safety State.
CP Collapse Prevention State.

XI



Contents

ABSTRACT 11
ACKNOWLEDGEMENT 1111
Figures v
Tables Vil
Symbols X
Contents XII
CHAPTER 1 1
L1 BACKGIOURC ...ttt ettt ekttt et et e et et e et ettt n e e e nneen 1
Y OSSOSO 2
1.3, DESCTIDHION. ...ttt ettt ettt ettt e ett ettt e e et ettt e e et e e ab e e s ab e e eat e e sabeesabeessbeeenbeesnbeeenseesnseennsee e 2
CHAPTER 2 4
2.1 BIBIIOGIADRY ...ttt 4
2.1.1. Retrofitting DY JACKEUNG ......cecueeriieiieieeieeiie ettt ettt ettt e ete e e ssaesseeseenseensesnaesneasseenseenseensesssensnensenn 8
2.1.2. Retrofitting by Shear Walls .........cccooiiiiiieeee ettt ettt e et e et e ae et ens 10
2.1.3. Retrofitting by Steel DIACING ......c.eovuiiiieiieieeiee ettt ettt ettt e te e etesneeseeenseeneeens 12
2.2 CLT PAREIS.......c..oieeeee ettt ettt ettt et et e e et et et e nt e e et et et et e et e e anees 15
2.2.1. Definition and DIMENSIONS ......cc.ceruiiriiiritiiirierteete ettt ettt te st e bttt et e st e s bt ente e bt esbeebeesbeesbeenbeebeeneesneesaee 15
2.2.2. CRATACEETISTICS ..t euteteetteitettetet ettt ettt e e et e b e s bt bt e bt e a e eut et e e bt sbeeb e eae e st et et e bt eb e ebeeaees s et e b e st e et e ebesbeeneeneentenee 16
2.2.3. CLT as Retrofitting Structural EISMENt ............cceoiiiriieiiiiiiiiicieceesieeieete ettt ste e sne s e sreesseesseens 17
2.2.4. Advantages and Disadvantages 0f CLT ........ccooiiiiiiioiiiee ettt e e ens 18
CHAPTER 3 20
3.1 SCISIIC DESIGI ...ttt h ettt a ek ekttt et e et e ene e et e ene e bt et e eneeeneenaeen 21
3.2, CASE STUAY (RSA) .ottt ettt et nneen 24
32,1 BUILAING A ittt ettt ettt ettt ettt e bt e bt e st et et e b ekt ebeeheeb e en e et et e te bt eaeeneeneensetentan 27
B2 L L FEM, A Q ittt ettt b bt h et h ekt h e bt bt e a e ea et et bt sh e bt et e st etenten 27
3.2.2. BUILAING At -veuvereeueereenieteteteet ettt ettt st b et ea ettt e bt bt eb e e st et e b e eb e e bt eh e eb e emees b e e et e bt sae e bt e st enteteneen 30
3221 FEM, Afteeeeetenteeteeieetet ettt ettt ettt st b ettt ettt b e sh e e bt et et a bbbt bt e he st e et bt sh e bt et eat et nten 30
TN T 2 11 e Y00 = SRR 35
323 1. FEM, Booooit ettt ettt ettt ettt ettt et e et e n e a e et et e s ekt eRe st e et enten s e s e te st st ententensesennan 36
3.3, CaSE STUAY (POA) ...ttt ettt ettt ettt ettt en ettt naeen 39
3.3.1. MOdelling PreSUMPLIONS .....c.eiuiiuietieiieiieieterte ettt ettt ettt e st ettt ese et et et e steebeeseeseeneensensesesbesaeeneeneensesennas 40



3320 FEM MOUEL ..ottt ettt st st ettt sttt et e b b e sa et ee s 42

3.3.2.1. Capacity SPectrim (CSIM) ....oiuiiiieieeie ettt ettt ettt e sttt et e et e st esaeesae e st enteeseeeseesseesseeseenneeneeenes 43
CHAPTER 4 45
o1 RSA RESUILS ...ttt ettt et ettt et n et a e ettt ettt nneen 45
oL MOEL Aotttk h ettt a et a ettt nne e 46
4.1.1.1. Lateral DISPIACEIMENL .........cccuevieriieiieitieieeieeiese et eteeaestesteesteesseesseesseessaessesssesseesseesseessesssesssesseessesssenns 46
O I B 1 (53 411010 0 ) 0 i PSSRSO 46
4.1.1.3. BaSE REACHION. .....cueiiiiiiiiieieicrtee ettt st sttt et 48
4.1.1.4. Period and FrEQUENCY .........oo ittt ettt ettt ettt ettt e et e e s e s st e st e st ebeeneeenteeneesseanseenteans 48
4.1.1.5. (P-M) INtEIaCtion CUIVE....c.ueiiuiierieeiirieeieesitieeteesiteesteesseessseessseessseessseessseessseessseessseessseesssesssseessseessseessses 49
O B (o7 L= I E PSPPSR 51
AT.2.1. MOAEL At 1 +emeeverteieienieteiertete ettt sttt sttt sttt st st b e et b et e h ettt b e n e 51
4.1.2.1.1. Lateral DiSPlACEMENL ..........cccuerrieriieiieieeieeieseesteesteeaeetesseesseesseesseesseessesssesssesseesseesseessesssesssesseesseessenns 51
4.1.2.1.2. INtEISTOTCY DIIft....c.oiiiiieiiieiecieei ettt ettt et e et e e sb e esbeetbessaesseeseesseesseessesssesseenseessenns 51
4.1.2.1.3. BaSE REACTION. ......iiimiiiiiiiciiicicie ettt et sttt s 53
4.1.2.1.4. Period and FIE@QUEINCY .........coiieiieiieiiee ettt ettt ettt ettt sttt et e e et e e st e s st e st eseeteeneeenteeneesneenseenseans 53
AT.2.2.  MOAET At 2+emeemereeeetinieiete sttt sttt sttt st b st b et b et b e s a et h et b e et b ettt st b et 54
4.1.2.2.1. Lateral DiSPIACEIMENL ..........cccuerrieirierieteeiiestieseesteeteeteeeeeteesteesseesseesseessesssasssesssesseesseesseessesssesseessesssenns 54
4.1.2.2.2. INtEISTOTEY DITfT...coueiiiiiiiiiiee et ettt ettt e b e b et e et e et eatesaeesbeenaeenteens 54
4.1.2.2.3. BaSE REACTION. ....c.iruiuiiiiriiieiirieieicstetet ettt sttt st st sttt sa et b et n e 56
4.1.2.2.4. Period and FIEQUEICY ........cueeiieriieitieiieieeteetesees e esteetesetesteesseeseesseesseessesssesssesseeseesseessesssesssessesssesssenns 56
4123  MOAET Arct 3eeueeueieieiireeiee ettt ettt 57
4.1.2.3.1. Lateral DiSPlaCEMIENL ..........cccveruieriieeieieeieeiestesteeteetestestesseeteenseenteessessaesssesseenseenseensesnsesssesseensesnsenns 57
4.1.2.3.2. INtEISTOTEY DITfT.....eieiiiiieeeiee ettt ettt et et e et e s et e st e e teebeeeeenteeneesneenseeneeans 57
4.1.2.3.3. BASE REACTION. ...c..eouiiuiiiiiiiiiiertceie ettt ettt sttt b e sttt be st st be st ean e et e 59
4.1.2.3.4. Period and FIE@QUENCY .........coiiiiiiiiieiieiieeiteet ettt ettt ettt ettt e b e b e e be e bt e et satesaeesbeenaeenteens 59
AT 204, MOAEL Arct 4emeeuerieeeiinieeeent ettt sttt et ettt et sttt 60
4.1.2.4.1. Lateral DiSPIaCEMENL ..........cccuerrieriieiiieieeieeieseesteesteeteeeesseesseesseesseesseessesssesssesseesseesseessesssesssesseesseessenns 60
4.1.2.4.2. INTEISTOTCY DIIft....c.oiiiiieiiiiiiciee ettt ettt et e et e et e esbeetbestaesse e seesseersessnesssesseeseessenns 60
4.1.2.4.3. BaSE REACTION. ......eouiiiiiiiieiiicicie ettt et sttt s 62
4.1.2.4.4. Period and FIEQUEINCY ........cceeiieriieiieiieieeteeeestes et ae st e st essee et enseenseessesssessaesseenseenseensesnsesseesseanseenseens 62
4.1.2.4. Model Aret, (P-M) INtETaction CUIVE .....cuveeiuiieeiieeeiiieeieeeieeeteesiteesteesteesveeseseesaeeseseessseessseessseessseessseessnes 63
B R (o7 L= I S SRS USSP 66
4.1.3.1. Lateral DISPIACEIMENT .........cccuiviiiriiiietieiecteeteese et ete e et e steesteesteesbeesbeesseessasssesseeseesseesseessesssesseesseensenns 66
4.1.3.2. INTTSTOTEY DIIIfE...c.eeeniiiieiei ettt ettt e b e b et e bt et esate bt e sbeenbeenteens 66
4.1.3.3. BASE REACTION. ..c..eueeuiiinieiiricieiirtctct ettt sttt sttt st st sttt sa et bbbt s n e 68
4.1.3.4. Period and FIEQUENCY .......c.ccciiiieiieiieie ettt sttt ettt et e st e et esteenteesaesstesstesseeseenseensesnnesssesseanseensenns 68
4.1.3.5. (P-M) INTETACHION CUIVE ... .eeeieiieneientieeieteeetesstestteseeseensesnsesseesseanseanseenseansesssesssesseenseessesnsesnsesssesseensesnsenns 69



1. 4. RSA COMPATISON ...ttt ettt ettt ettt et e a et e ke et e et eseeeeeeseeenae e bt eneeeneeeneenaeens 71

4.1.4.1. Lateral DISPIaCEIMENL .........ooiiiiiiiieiieie ettt ettt ettt e bt e e e e et e e st e s st e s st e st eteeneeenteeseesneenseenseens 71
4.1.4.2. INTTSTOTEY DIIITE...c.eiiniiiieiie ettt b e b et e bttt satesaeesbeenaeenteens 72
4.1.4.3. BASE REACHION. ....ceutiiiiiiiie ettt sttt h ettt e st e et e bt e s bt e s bt e bt e bt et e eatesaeenbeenbeenteens 74
4.1.4.4. Period and FrEQUENCY .......c.cccveiieriieiietieieeteette st et eteeaestesteesteeteesseesbeessasssesssesseeseesseessesssesssessessseessenns 76
4.1.4.5. (P-M) INTETACHION CUIVE .....eiruvieiierietierieteeetessaesteeseeseessesssesssesseesseessaessesssesssesssessesssessseessesssesssessesssesssenns 79
B2 POA RESUILS ... ettt et ettt et e e et et e et e e eat e e et e e eae e e teeeeaee e e 82
2.1 MOEL Arer [ -evvemeeeeieeneeiieeeie ettt etttk btk h ettt bttt bttt eaeneas 83
0 B B O o T3 L 11 < PSSRSO 83
B.2.1.2. CSM ettt ettt a e a e a e et et e ehe Rt Rt e Rt eat et e te sttt eReentent et e seaseeteeneeneensensensenns 83
G.2.2. MOGEL Arer 2 .cveeeeeiiiiieiiiiiieiieeeee etttk etttk et 85
4.2.2.1. CaPACILY CUIVE...eiutiiiiiiiie ittt ettt e b ettt et et e s atesb e et e em bt e st e eateebeeebeesbeebeenaeemeeeatesaeenbeenseenteans 85
4.2.2.2. CSM et h e a et h bbbt h e a et bbbt b e e h e et et e bbbt bt ehe st et et nee 85
2.3 MOAEL Ayt 3 .eeueeneeneeiieieeee ettt ek a ettt et a ettt 87
4.2.3.1. CaPACILY CUIVE...eeiieiieieeiieeiieeiteste et eteete et e s teesseesseeaseesaeeseesseesseanseanseanseansesssesssenseenseenseensesnsesssenseensennsenns 87
4.2.3.2. CSM ettt et he ettt a e a et et e he ekt eR e en e e et et et e st et e eReent e st et e seeseeteeneentensensansenns 87
G.2.4. MOGEL Arer 4 .evveeeeeeeneeiiiieieieee etttk ettt bttt 89
4.2.4.1. CaPACILY CUIVE...eoutiiiiiiieiie ittt ettt b e h ettt ettt esatesb e et e em bt es bt eateebtesbee bt e beenbeemeeeatesaeenbeenseanteans 89
4.2.4.2. CSM etttk ettt h et et ettt ekt bt Rt e a e et e teehe ekt eheeneene et e teateeteeneeneenteneentenee 89
2.5 MOAEL B.........oooeeeeee ekttt et a ettt 91
4.2.5.1. CaPACILY CUIVE...ecuieiieeiieeieeiieetiesteeteeteeteestesteeste e seesseesaesssesssessaasssessaesseassasssesssenseeseesseessesssesssessesssesssenns 91
4.2.5.2. CSM ettt bbb bt h ettt h bbbt et h e bbbt bt et et nee 91
4.2.6. POA COMPAFISON ...ttt ettt ettt sttt ettt 93
4.2.0.1. CaPACILY CUIVE...eeutiiiieie ettt ettt ettt e b e st e bt e bt et et e saeess e e et em et enteeneeeseeeseenseeseenseeneeentesneesseanseanseans 93
B.2.6.2. CSM ...ttt ettt ettt ettt ettt a e a et et e ete Rt Rt Rt e a s et et e sttt eReent e st et e seaseeteeneeneensensensenns 94
CHAPTER 5 926
S0 COMCIUSION ... ettt ettt et e et ettt et ese e e et e nee e et e bt et eneeeneenneens 96
5.2 FUFIREE STUGIES ...ttt ettt ettt e ettt sttt b ettt ettt 97
REFERENCES 98
APPENDIX A 102
APPENDIX B 119

XIV



XV



CHAPTER 1

1.1. Background

The influence of lateral forces caused by wind, earthquake, blast loads, Etc., is becoming
extremely relevant. Several structures were severely damaged in recent catastrophic
earthquakes worldwide, resulting in enormous social and economic consequences.
Existing reinforced concrete structures not constructed to seismic codes with ductile
details may experience significant damage during earthquake ground motion [1]. In
seismic zones, the design process depending on experience may often be a challenge, if
not incorrect, because many parameters might affect the structure's performance [2].
Seismic analysis is a method to estimate structural responses in the design of earthquake-
resistant and/or rehabilitation structures in vulnerability. The challenge, in principle, is
complex because of the dynamic, nonlinear, and unpredictable structural reaction to
severe earthquakes. In structure engineering, the three features are uncommon, and most
problems are static, linear, or predictable, at least adequately estimated [3].

Building retrofitting has been a more cost-effective and practical, urgent safe solution
than reconstruction [1]. Many seismic design codes can be found, but codes with general
criteria for evaluating, upgrading, rehabilitation/ retrofitting/strengthening, and structural
repair are missed. Relatively, for many structural engineers, buildings’ seismic
retrofitting remains a recent activity [4]. In recent decades, a significant study has been
carried out on the optimization of seismically excited constructions. However, fewer
studies concern concrete or composite structures [2]. Retrofitting a structure demands that
the existing structure be technically, economically, and socially estimated [5]. The most
widely used retrofitting technique is adding a shear wall to existing structures rather than
a column jacket, while the least commonly used option is adding Steel bracing and
reinforcing beams [6]. As a potential material for retrofitting, Timber is available and
workable. Steel and Concrete's stiffness and mass density lead to a more reliable seismic
performance [7] . In addition, Timber, which comes from trees that sequester carbon, thus
have much lower emissions, recapturing a growing market share in building materials [8].
Moreover, Timber is serviceable for facade aesthetics, ease of implementation, location

difficulties, and evacuation because of the external execution.



1.2. Aim

This Master's thesis evaluates the resulting seismic performance of the 2-dimensional

reinforced Concrete frame of an existing building retrofitted by CLT panels, adopting the

capability of the advanced study of CLT as a shear wall proposed by [(Awad, V., et al.
(2017)] [9].

1.3. Description

3% CHAPTER 1: An introduction as a brief background about Seismic analysis,

upgrading the existing RC structures seismically and CLT as a retrofitting

material, flows first, followed by description of the thesis chapters.

CHAPTER 2: A literature review comprises a short bibliography of retrofitting
strategies and techniques, assessed by different researchers, subsidized by concise
examples of Jacketing, Shear wall, and Steel bracing, displays first, accompanied
by an introduction of CLT concept and features. The chapter ends with a

comparison of Steel, Concrete, and CLT as retrofitting materials.

CHAPTER 3: A summarized content about the seismic analysis followed by a
section considering the Response Spectrum analysis method displays the selected
case study with the characteristics of the used materials. Three submitted models
as:
Building Ao: The existing RC building designed for PGA = 0.15g, modelled
as 2D RC frame, plays the base model of seismic performance that will be
assessed for PGA = 0.35 after retrofitting by CLT panels. The structural,

geometrical characteristics, and FEM are illustrated.

- Building Aret: Investigating the seismic performance of the 2D RC Frame Ao
retrofitted by CLT panels for PGA = 0.35g. Four 2D RC models are
considered. The first three models are retrofitted by three layered, five
layered, and three and five layered CLT panels connected to the beams.

Fourth one is retrofitted by three layered CLT connected to the columns. The



details of the structural and geometrical characteristics, CLT panels,

connectors, and FEM are illustrated.

Building B: The reference Building designed for PGA = 0.35g, modelled as
2D RC frame designed for PGA = 0.35g, to be seismically a reference to
evaluate the seismic performance of the retrofitted models. The structural,

geometric, and FEM features are described.

This Chapter stops with a section about the Pushover analysis, presenting the
case study with the modelling presumptions, FEM, and Capacity Spectrum
Method.

#% CHAPTER 4: this chapter displays the result of :

RSA: Results of each model of the case study, and comparison discuss the
effectivity of CLT panels on the seismic performance of the model Aret,
examining the records of displacement, Interstorey drift, base reaction, and

the periods and frequencies, compared to the reference B.

POA: Results of each model of the case study, with a comparison that
discusses the effectivity of CLT panels on the seismic performance of the
model Aret, by examining the records of Capacity Curve, Capacity Spectrum,

and the Performance Point compared to the reference B.

#% CHAPTER 5 concludes a review concerning the contribution of CLT panels as a

retrofitting option and their impact on seismic performance.



CHAPTER 2

A literature review comprises a short bibliography of retrofitting strategies and
techniques, assessed by different researchers, subsidized by concise examples of
Jacketing, Shear wall, and Steel bracing, displays first, accompanied by an introduction
of CLT concept and features. The chapter ends with a comparison of Steel, Concrete, and

CLT as retrofitting materials.

2.1. Bibliography

Earthquake is a hazard with severe long-term consequences in civil structures varying
from direct and indirect financial losses resulting from repair or reconstruction, to social
effects like injuries, death or homelessness and relocation because of damage or
disruption in structural potentialities. For example, the 2010 Haiti earthquake was the
most catastrophic natural disaster in history, with over 3% of the national population dead.
The absence of historical seismic design in areas of low seismicity has led to many fragile
constructions which are especially vulnerable to earthquakes. In these sorts of buildings
across the world, poor performance usually follows any substantial geographical
movement. Ignoring seismic activities will also lead to fewer columns and beams being
used. This is beneficial in the design because it provides for flexible, column-free internal
space and reduced building costs. The small number of columns results in a larger column
spacing and the utilization of long-span beams, typically far higher than the columns'
bending strengths. This leads to a significant weak column design, with extensive ground
movement, and the creation of a soft-storey mechanism [10].

Seismically designed buildings should withstand service loads and low-intensity
earthquakes without damage; moderate ones without damage structurally, but perhaps
with some damage in non-structural elements; and heavy earthquakes with structural and
non-structural damage, but without breakdown [4].

Reinforced Concrete has a long history of being a popular construction material. Under
earthquake conditions, it gives durability and rigidity but not ductility. Because of the
lack of seismic design standards in the past, many researchers are focusing on improving
the seismic performance of the existing RC structures in active seismic zones rather than
rebuilding to the codes to preserve more lives and property [1].

Fig. 2. 1, clarifies the combination of collapse prevention and different levels of damage

results in a curve that separates the strength-ductility plane into sufficient and inadequate



zones. Suppose the building withstands a demanding earthquake while causing minimum
damage to the structure or its contents. In that case, the primary issue will be drift control,
and the needed strength will not be ductility dependant. Because of the system's enhanced
inelastic behaviour and energy absorption properties, the strength decreases as ductility

increases. To prevent non-structural elements from damage, a maximum drift limit might

be set [6].

P

Collapse Prevention

/ Adequate
\ Minor damage

Repairable damage
e
Inadequate Life safty

Irreparable damage

Strength

g —-
Ductility

Fig. 2. 1, Ductility — Strength Relationship.

For decades, the researchers evaluated several strategies, Fig. 2. 2 [11], controlled by the
technique’s seismic performance to redesign the existing RC structures seismically [1].
Seismic retrofitting strategy can meet these purposes: To regain the original structural
performance; to improve structural performance in the original structure; and to minimize

seismic response [12].
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- Anchorage and Bracing of Components
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- Shear walls —{
System - Braced frames Lretc[ Shape: X, K, \or/
- strengthening—+ Buttresses Including dampers
and stiffening - Moment resisting frames
Retrofitting| | —- Diaphragm strengthening
strategies Enhancing [ Adding confinement -+ Steel or concrete jackets
| deformation o~ Column strengthening Different types of FRP
capacity - Local stiffness reductions
- Supplemental support Steel plates
Reducing - Base isolation Vlsco Steel rounds
L carthquake T Energy dissipation systems (dampers) Friction [Honey combs
demands - Mass reduction Yield Slits

Fig. 2. 2, Retrofitting strategies and potential techniques.



Retrofitting techniques varies at the structure level (global) or the component level (local),

Fig. 2. 3.

[ Retrofitting techniques |

l

e =]

L AddingShearwall |  |—— Jacketing of beams |
-{ Adding infill wall J —i Jacketing ofcoiumn.?l
—{ Adding bracing | Jacketing of beam—

column joints

Adding wing wall
buttresses Strengthening
individual footings

0l (¥

wall thickening I

—

Mass reduction ]

| | Supplemental damping
and base isolation

Fig. 2. 3, Global and Local Retrofitting techniques.

- Global Retrofit at the Structure Level: For structure level retrofitting, two

methodologies are used:

e (Conventional techniques rely on improving the seismic resistance of existing
structures as shear wall, infill walls or Steel braces, or even mixing more than one
regarding the effectivity.

e Unconventional techniques for reducing seismic demands. Here, seismic base
isolated and addition supplemented device techniques are the most popular. Fig.
2.4112].

e Local Retrofitting at the structural element level: The seismically insufficient
element’s strength is improved at the element level or at the local level. When
compared to structure level retrofit, this technique is more cost effective. It
includes the utilization of Concrete, Steel, or fiber reinforced polymer (FRP),

jackets for confining reinforced Concrete columns, beams, joints, and foundations

[1].
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Fig. 2. 4, Seismic retrofitting, seismic isolation, and energy dissipation.

Connector features of any existing Concrete element shown in Fig. 2. 5. For infill walls
and sidewalls (a), dowel connections are utilized. The expansion and adhesive anchors
for dowel connections (c). Steel components can be easily connected to the existing

Concrete using mortar fill or bolted directly to the frames (d) [12].
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(dowel connection) (direct connection)
existing

concrete
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expansion

_-stud bolt—___

steel frame
mortar _

adhesive anchor (d) Steel to concrete connection
(c) Anchor (indirect connection)

Fig. 2. 5, Connection in retrofitting techniques.



2.1.1. Retrofitting by jacketing

Jacketing is a local retrofitting system, used to enhance the axial, flexural, Fig. 2. 6, and
shear strength of existing structure components, Fig. 2. 7, as well as the ductility and
stiffness. By enclosing the old section with fresh cast - in - place Concrete or shotcrete
and adding longitudinal and transverse reinforcement or a welded wire mesh. To improve
the monolithic behaviour of the structure elements, the original section's surface must be

roughened using sandblasting or mechanical methods [6].

— % |
concrete
- - - jacket
: new longitudinal  existing | . /]/,
B | reinforcement beam”| | -.
- ?/existing column

hole

concrete /
jacket

existing -7
column

a) Column jacket b) Beam Jacket

Fig. 2. 6, Jacketing for increasing flexural capacity.
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Fig. 2. 7, Jacketing for increasing column shear capacity.



Fig. 2. 8 shows jacketing with moment resisting end connections and jacketing without

end connections [13].

Beam / Slab Beam / Slab

Blots

Moment resisting
welded flange

Battens

Angles
a) b)
Fig. 2. 8, (a) Jacketing with moment resisting end connections, (b) Jacketing without end connections.

Jacketing system, Fig. 2. 9 illustrates the retrofitting of Column-Beam connection, leads
to increase in the lateral strength of the building because of the stiffening of the joint of

frames, and improves individual axial and flexural column strength [4].

500
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FE I e e

A = B
300 \!
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threaded bor
¢=12 mm "
Fy=724 MPa

Fig. 2. 9, Retrofitting scheme for RC columns and beam-column joints.

In case of column, a thin gap must be created at the end of the enclosures in Steel or
Concrete to avoid an unwanted increase of the shear strength resulting from the increase

in the bending capacity. Fig. 2. 10 (b) [12].
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Fig. 2. 10, Jacketing of column.

2.1.2. Retrofitting by shear walls

Adding Concrete walls is a common global retrofitting technique, by infilling specific
frame bays with reinforced Concrete, but codes only cover it only if provided the
connection of the old and new Concrete assures monolithic behaviour. When walls are
properly anchored into the surrounding frame with various types of connections (e.g.,
shear keys, dowels, chemical anchors), they not only significantly increase the lateral
stiffness of the building but also improve the existing non-ductile frames from being
subjected to large lateral force demands. The distribution of lateral earthquake stresses on
the walls and frame is a significant issue in predicting the seismic performance of a
structure enhanced with shear walls [6].

Retrofitting by RC shear wall has been more successful in reducing global drifts and
structural damage in frame structures. The additional elements may be cast in location or
precast. When adding additional elements, the best position should be examined, which

may correspond to the entire height of the structure to reduce torsion [1].
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Nowadays, many techniques of applying, shaping, merging shear walls with another
retrofitting system, are used to improve shear wall seismic performance. Moreover, shear
wall is enhanced by time, and tested with varied materials such as RC, Fig. 2. 11 [14],

Timber, Fig. 2. 12 [15], and Steel, Fig. 2. 13 [16].

Precast Concrete (PC) shear walls are increasingly used as lateral load-resistance
components because of the acceptable seismic properties and implementation ease in low

and medium-sized structures [15].

Bolted connection
Steel beam between wood and steel Infill wood shear wall

Sh.'"]. moment  wood shear wall
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-

.
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L v v

Wooden frame

99m

= Sheathing-to-frame
conncetion

Sheathing

31im=3

Steel column /7

....... @*® B © a

Fig. 2. 12, A Steel-Timber hybrid structural system.

A reduction of bending moments in the columns and beams can be provided by using a
Steel plate as a shear wall, while the increase in thickness has a significant influence on
column bending moment and has a minor impact on the beam bending moment [17]. With
an infill wall with poorly constructed dowels, t can enhance strength significantly by
providing a bracing effect.. With dowel failure, external shear walls cannot enhance
capacity. The effective utilization of outer shear walls to vulnerable existing structures

increases seismic performance if the dowels are correctly designed [14].
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Fig. 2. 13, Steel plate system.

Any new shear wall installation is beneficial for limiting global lateral drifts and
decreasing damage in frame structures, minimizing lateral displacement, bending
moment, and shear pressures. The effective position of shear walls in the frame system is

essential for reducing lateral force [1].

2.1.3. Retrofitting by Steel bracing

Steel bracing is a global retrofitting technique, thought to be an efficient option to upgrade
seismic performance of RC building and has been practiced for decades.
Steel bracing may be attached to an existing RC frame in different formats as:
- Bracing could be attached to an exterior face of the frame.
- Bracing could be placed inside an individual unit frame and be attached to the
frame through an intermediary Steel frame.
- The Brace could be placed inside the frame and be directly connected to the RC
frame.
As the number of storeys increases, the reliability of the X-bracing system in minimizing
maximum lateral displacements decreases, and the increase rate in base shear is reduced.
In addition, this system reduces the inter-storey drift, which is clearly performed best in
the 8-storey frame according to a study in 2020 considering X-bracing system on 4-, 8-,

and 12-storey existing RC. frames [18].
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One of research on how effects the X, inverted V, ZX, and Zipper bracing systems on the
seismic performance of an existing RC building using different types of Steel profiles was

published in 2011, Fig. 2. 14.

L~
6-X-braced 6-V-inverted 6-Zipper-braced 6- ZX-braced

Fig. 2. 14, Bracing system.

The load capacity of the six-storey structure decreases, and the ZX bracing system
displays a loss in strength when compared to the other bracing systems. Steel bracing
decreases lateral drift on the second and third floor of the six-storey structure. The impact
of tiny sections on ductility is minimal for the X and ZX bracing systems for the 6-storey
building. However, for increasing section dimensions, the ductility of the structure
decreases for the ZX bracing system and remains consistent for the X bracing system.
This is explained because when the section is small, the structure has higher ductility
because the deformation is maximum, resulting in a high capacity for energy dissipation,
whereas for larger sections, the ductility is low because the modulus of rigidity of the
structure is large, implying a limited capacity for energy dissipation. The capacity of
bracing systems is increased when the section dimensions are increased, and the tube
section performed more efficiently than other sections. As a result, Steel bracing can
decrease the amount of damage in RC constructions.

As a result, using the ZX and Zipper bracing systems has been determined to be the most
efficient in terms of the building's strength capability. The deformation and ductility

capabilities are influenced by the section profile [19].

Steel bracing, in case of the high buildings up to 20 storeys, shows various enhancements
offered with the addition of uniform or combined concentrated braces. A drop in the
torsional performance of braced frames suggests a major improvement compared to
unbraced. The structural stiffness of the braced frames can be enhanced. The most

effective system is the X braced system with the highest overall performance to reduce
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the lateral drifts in the stories. But when comparing bracing techniques, certain
advantages can be achieved when combined. However, these improvements are limited

in terms of global performance of the frames [18].

Advantage (+) and Disadvantage (-) | Steel Jacketing  Bracing System  Shear Walls

Strength + + +
Stiffness + +
Ductility +

irregularity + +

Force demand - -

Deformation Demand + +
Familiar materials + + a
Expensive - -
Labour intensive - - +

Time-consuming implementation - -

Need for corrosion protection - - +
Member stiffness Modifying - -

Weight - - -
Solo - n

(+) = Advantege, (-)= Disadvantage, ( )= No effect.

Table 2. 1, Advantages and Disadvantages of retrofitting technique.

The choice of the right rehabilitation solution for a building without a one-all answer is a
multi-parametric challenge. RC Shear Walls limit Interstorey drifts effectively, reduce
irregularities, and prevent soft storage failure mechanisms. Moreover, Shear Walls are
expensive and very disturbing. Bracing retrofitting work takes place on the external
frames of the structure, and there is minor damage and disturbance in the living area.
There are several forms of bracing that may be used in RC constructions, and the
disturbance level and the expense are reasonable. Whereas with jacketing, The added
weight and long and accurate implementation time can be classified as disadvantages, but
this can be neglected regarding the RC jacketing seismic improvement performance.
Effect of local and global retrofit measures on building properties, Table 2. 1, summarizes
some advantages and disadvantages of Jacketing, Bracing, and Shear Wall retrofitting

techniques [20], [21].
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2.2. CLT Panels

Cross-laminated Timber (CLT) panels have been developed in Austria in the late 1990s.
Because of the high stiffness, strength, and in-plane stability, it has been popular due to
the possibilities offering in construction design. In general, Timber is a remarkably
harmless substance to deal with, not toxic, does not decompose into environmental
pollutants. CLT is a popular description of applied material in low-rise and medium-rise
residential and commercial buildings as multilayer Timber boards [22]. Structures of CLT
are increasingly utilized globally and mainly in Europe. However, while the development
of numerous multi-storey structures around Europe has been diffused, Eurocodes for CLT

designers, notably regarding seismic design, are almost utterly absent [23].

Previous research on CLT panels as building walls has carried out several quasistatic
experiences. In 2009, on two CLT structures in Japan, the Trees and Timber Institute of
Italy conducted large and minor seismic shake table tests. This shows sufficient seismic
performance in the CLT wall panels. Because of the nonlinear behaviour, the CLT panels
perform vertical load-bearing members in the bracket and hold-down connection zones,
even after failing the connections. CLT wall panels can also have a system-sharing effect
and redundancy because they offer gravity and lateral resistance. Therefore, the CLT wall
panels can become an efficient lateral load-resistant system to improve the CLT building's
seismic performance. The other approach for studying seismic behaviour on the CLT

floors used in buildings is the use of the CLT panels as horizontal slabs [24].

2.2.1. Definition and Dimensions

CLT is a two-dimensional solid Timber product for load-bearing applications. It
comprises at least three board layers, Fig. 2. 15, glued together over their entire surface
area at right angles to one another and resulting in a symmetrical cross-section. It may
arrange over three adjacent layers with their fibers running parallel if their joint thickness

does not exceed 90mm.
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Fig. 2. 15, CLT panel configuration & cross section.

CLT is manufactured in (up to 16m length, up to 2,95 or 3m width, 0,3m or up to 0,5m
thickness) [25] [26].

2.2.2. Characteristics

Since 1995, CLT has been produced. Still, it has not been included in standards so far;
used through national or European Technical Approvals (ETA). Many standards experts
are working on including CLT into Eurocode 5 (EN 1995-1-1).

As a structural element, CLT is used based on technical approvals as roof, wall, and floor
elements. Utilization corresponds to an ambient climate of (20 °C, humidity 85%
humidity and exceeded for only a few weeks each year).

CLT enhances shear capacity as a vertical element because of the interlocked layers,
giving a high shear stiffness.

Table 2. 2, Table 2. 3 below illustrate the characteristic building material values [25].
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Suggested
design values

Density 5
(for load assumptions) 4 50 kN/m
Characteristic minimum

400 kg/m3
value of bulk density P gm
Mean bulk density Pmean 450 kg/m?3

Table 2. 2, General Characteristics building material values.

Suggested
design values
Modulus of elasticity E
11.000 N/mm?

(normal stresses) 0.mean

Eoos 9.160 N/mm?
Modulus of elasticity

E90,mean 370 N/mm?
(transverse to fibre)
Shear modulus GO,mean 690 N/mm?

Go,05 570 N/mm?2
Rolling shear modulus G mean 50 N/mm?

Table 2. 3, Coefficients of stiffness for CLT as a panel.

2.2.3. CLT as Retrofitting Structural Element

Many scholars work on helpful studies in terms of including CLT in the existing
buildings’ retrofitting process.

CLT panels, as roof diaphragm to retrofit a masonry church, have considered an effective
reasonable solution to achieve a significant improvement in terms of lateral wall rocking
control [27]. And improve the seismic performance of RC frame and made it stiffer,
stronger, and more ductile than the plain frame [28].

CLT panel as an infill allowed RC frame to minimize drift value and reach a higher peak
load regarding common masonry infill. CLT has thus high potentialities for retrofitting
of RC frames. Fig. 2. 16 illustrates a CLT panels used as an infill shear wall to retrofit
RC building seismically, (a), RC building layout with CLT infill shear walls. (b), An
example of CLT infill panel for the integrated seismic and energy retrofit [29].
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2.2.4. Advantages and Disadvantages of CLT

Fig. 2. 16, CLT panels used as infill shear walls for RC buildings retrofit.

As a structural material, CLT has a negative carbon footprint in terms of an environmental

impact compared to the other materials. Its strength-to-weight ratio makes it more popular

in the construction market. A lighter CLT structure has fewer gravity loads, thus a minor

foundation system. CLT products are ready to install, provide a shortened time of

construction, requiring less qualified staff. The CLT panel is not ductile, but the panel-

to-panel connection provides this ductility. CLT contributes little to seismic forces as a

structural material but showed high shear resistance because of its high stiffness.

Structural Properties

Hygrothermal Properties

Construction Site

High stiffness High thermal conductivity Difficult casting stage due to
Re. frame Good connection to existing walls Risk of thermal bridges presence of existing structure
Irreversible
Not al imple handli f
High strength and stiffness . . OF atways simp’e handiing o
A High thermal conductivity prefabricated elements
Steel frame Prestress requlred to ensure

structural collaboration with
existing portion

Risk of thermal bridges

Fast installation
Reversible due to dry connections

Wooden frame

Great lightweight

Low stiffness and great
deformability

Suitable only for thin masonry
panels

Good thermal properties but not
covering building envelope
Reduced durability when
exposed to prolonged moisture

Easy handling due to lightweight
Fast installation

Reversible and recyclable
(sustainable)

CLT panel

Significant lightweight
High stiffness

Good thermal properties
Reduced durability when
exposed to prolonged moisture

Facilitate handling due to
lightweight, possible difficult
in-site assembly movements due
to presence of existing structure
Fast installation

Reversible and recyclable
(sustainable)
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However, One of CLT disadvantages is the large volume of wood required for
manufacturing. It uses three times more wood than a wood-frame system, that can be a
problem in countries with deforestation. The shortcomings in the installation and the lack
of proper linings are an additional controversial issue. In addition, many people may
believe that wood can not withstand time, so it requires higher maintenance costs [26].

A conventional wood installation staff can lift, set, and screw down CLT wood panels,
and with a manufacturer-provided installation plan, it goes even faster. Like other
industry panels (i.e., precast Concrete), CLT panels provide easy handling during
construction and a high level of prefabrication facilitation and rapid project completion

[30].

A comparison among different building materials included in a study of an advance
strategy for seismic and energy improvement of the existing masonry buildings with CLT
panels, Table 2. 4, CLT panels show a good feasibility in terms of stiffness, weight,

installation, and positive environmental behaviour [31].
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CHAPTER 3

This chapter has three sections:

1- First section: A summarized content about the seismic analysis.

2- Second section is considering the Response Spectrum analysis method, and displays

the selected case study with the characteristics of the used materials. Three submitted

models as:

Building Ao: The existing RC building designed for PGA = 0.15g, modelled
as 2D RC frame, plays the base model of seismic performance that will be
assessed for PGA = 0.35 after retrofitting by CLT panels. The structural,

geometrical characteristics, and FEM are illustrated.

Building Aret: Investigating the seismic performance of the 2D RC Frame Ao
retrofitted by CLT panels for PGA = 0.35g. Four 2D RC models are
considered. The first three models are retrofitted by three layered, five
layered, and three and five layered CLT panels connected to the beams.
Fourth one is retrofitted by three layered CLT connected to the columns. The
details of the structural and geometrical characteristics, CLT panels,

connectors, and FEM are illustrated.

Building B: The reference Building designed for PGA = 0.35g, modelled as
2D RC frame designed for PGA = 0.35g, to be seismically a reference to
evaluate the seismic performance of the retrofitted models. The structural,

geometric, and FEM features are described.

3- Third section is about the Pushover analysis, presenting the case study with the

modelling presumptions, FEM, and Capacity Spectrum Method.
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3.1. Seismic Design

Earthquake engineering has grown in the last several decades as an engineering area to
estimate earthquakes' consequences and avoid them. It has become a subject for
seismologists, structural and geotechnical engineers, architects, urban planners, IT, and
social scientists. The issue is both fascinating and challenging, making its practitioners

aware of a broad range of booming fields [32].

In history, Earthquake engineering is a new field, and it is a development of the 20th
century. While certain old buildings have been extraordinarily resistant to earthquake
forces for ages, their seismic resistance has been accomplished without seismic analysis
by good, conceptual design. Early requirements concerning resistance in earthquakes for
structures, such as in Lima, Peru, and Lisbon, Portugal, were constrained by the buildings’
standards and upper limits after the catastrophic earthquakes.of 1699 and 1755. Seismic
analysis was initially recommended for engineering in Italy in 1909. The static equivalent
process prevailed until 1978, Table 3. 1. The same static approach percolated worldwide
to seismic countries. First, innovative engineers employed it, and then building codes
were created. The standard design method was used until the 1940s by the construction
regulations and is still frequently employed in regular structures with the seismic factors
updated values. The time test was an appropriate approach to measure the seismic
resistance of most buildings. Better techniques would develop, but the discovery of a
proper method of seismic force analysis is historically the first fundamental change or
jump in the state-of-the-art. Dynamics were initially introduced from the three essential
characteristics of seismic structure response. Later, seismic load gradation for various
structural systems approximately considered inelastic behaviour, while unpredictability
was implicitly considered using multiple safety factors, The expanded deployment and
operation of dense networks, combined with high-quality earthquake records and the
observation of damage recorded and vital progress in numerical modelling and calculation
provide trained researchers and engineers with a better understanding of the physical
process of earthquakes, which allows them to develop more precise and efficient tooling

[33].

21



1909 The first seismic regulations for buildings worldwide, with provisions for equiv-

Italy alent static analysis. In the first storey, the horizontal force was equal to 1/12th of
the weight above, and in the second and third storeys, 1/8th of the weight above.

1924 The first seismic code in Japun. The seismic coefficient was equal o 10%.

Japan

1927 First edition of the uniform building code (UBC) with optional seismic provisions.

USA The seismic coefficient varied between 7.5% and 10% of the total dead load plus
the live load of the building, depending on soil conditions.

1933 First mandatory seismic codes in the United States (the Field and Riley acts in

USA California). The seismic coefficient varied from 2% to 10%.

1943 Los Angeles enacted the first code, which related the seismic coefficient to the

USA flexibility of the building.

1956 San Francisco enacted a code with explicit dependence of the seismic loads on the

USA building period.

1957 Implementation of the modal response spectrum method, which later became the

USSR main analysis procedure in Europe.

1959 The SEAOC model code took into account the impact of the energy dissipation

USA capacity of structures in the inelastic range.

1977 A very simple pushover procedure for masonry buildings was implemented in a

Italy/ regional code in Friuli, Italy.

Slovenia

1978 The start of modern codes with ATC 3-06 guidelines (probabilistic seismic maps,

USA force reduction R-factors).

1981 Adoption of linear and nonlinear response history analysis for very important

Yugoslavia | buildings and prototypes of prefabricated buildings in the seismic code.

1986 The pushover-based Capacity Spectrum Method was implemented in the *Tri-

USA services” guidelines.

2010 Explicit probabilistic analysis permitted in ASCE 7-10.

USA

Table 3. 1, Develop the analytical criteria for seismic codes.

The main aim of all forms of building structural systems is the efficient transmission of

gravity loads.

Dead, live, and snow load are the common loads coming from gravity. In

addition to these vertical loads, structures are also susceptible to lateral wind, explosion,

or seismic loads. Lateral loads can create significant tension, lead to swaying or vibration.

The structure thus requires enough strength against vertical loads and enough rigidity in

order to withstand lateral stresses [34].

Seismic analysis is a method to estimate structural responses in designing and/or

upgrading existing hazardous buildings. The issue is problematic because of the dynamic,

nonlinear, and unpredictable structural reaction to severe earthquakes. In structural
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engineering, these three characteristics are uncommon, where most difficulties are static,
linear, and predictable. Seismic analysis methods are offered in seismic codes, designed
for real applications. After computers became widely available, i.e., in the late 1960s and
the 1970s, the rapid development of methods for seismic analysis and supporting software
was documented. Nowadays, there are almost no limits related to computation because of

enormous growth in computing power, numerical methods, and software [33].

In Europe, the design, assessment, and retrofitting of structures for earthquake resistance
was published in 1998, with detailed criteria of Basic principles of conceptual design,
Methods of analysis, Safety verifications, and Damage limitation. Analysis methods,
according to ECS, divides into these methods, the lateral force, pushover, modal response

spectrum, and the time method [35].
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3.2. Case Study (RSA)

The Response Spectrum Method is used to design the existing suggested building for
PGA=0.15g and 0.35g, By SAP2000.

(RSA), The Response Spectrum Method is a linear dynamic analysis, expresses the
graphic or the steady reaction (displacement, velocity, or accelerations) of a sequence of
natural frequency oscillators pushed by the same base vibration or shock to move. The
maximum building reaction is directly assessed by the elastic or inelastic design spectrum
that characterizes the site's earthquake and considers the building performance criteria.
RS analysis creates mechanisms that absorb energy from an earthquake actively or

passively [36].

ECS8 includes Interstorey Drift in Damage Limitation, verifying according to equations in
APPENDIX B reported in EC8. The drift between the storeys is the most significant
relative shift between two storeys, normalized up to the height [37]. The interstorey
horizontal relative displacement ratio to the interstorey height defines the interstorey Drift
Ratio (IDR) [38]. Standards for the study case are set to dr- v < 0.0075 for buildings
having ductile nonstructural elements, where d; is the design Interstorey Drift. The
reduction factor that takes into account the lower return period of the seismic action
associated with the Damage Limitation requirement v = 0.5. This recommendation is for
II importance classes for buildings. The behaviour factor g is 2 for structural ductility

class (DCL(LOW)), the displacement behaviour factor qq is equal to g.

Whereas, a seismic activity estimate of the most significant expected lateral force at the
structure's bottom presents Base Shear. Base shear is included in the Safety Verifications
to compute the base shear using the seismic zone, soil material, and building ECS lateral
force equations, included in APPENDIX B [39]. Furthermore, the design of the column
needs the calculation of the cross-section failure surface, stated as regards the strong axial
load and the bending moment components of the main axes. This is commonly known as

the P-M interaction curve [40].
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Every building is of importance classes II (ordinary building), DCL, presented by 2D RC
frame of which is 8 Storeys with 3,3m height for each, 3 Spans with 5m for each, Fig. 3.
1, RC of 25/30 Concrete quality. Steel of B450C Rebar, Table 3. 2, [41] and Table 3. 3,
[42], respectively. CLT as a retrofitting material in Table 3. 4, [9]. Every storey is loaded
by 27.75 kN/m Dead, 8 kN/m Live Loades, except the roof with 23 kN/m Dead load.
Load details in APPENDIX A.

3.30

<tt== <= T <==% <TNTw

5.00 5.00 5.00 |

Fig. 3. 1, Study Case, 2D RC Frame.

Symbol Description B450C
D (mm) Diameter 6+50
fy (MPa) Minimum Yield Stress 450
fu (MPa) Minimum Tensile Stress 540
Ecm (MPa) Elastic modulus 210
y Poisson’s ratio 0,3
a Coefficient of thermal expansion 1,17.10°

Table 3. 2, Study Case, Material characteristics, Steel.
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Symbol Description C25/30
fek (MPa) | Characteristic cylinder compressive strength 25
Ecn (MPa) Elastic modulus 31476
p (kg/m’) Density 2500

y (kN/m?) Unit weight 25

y Poisson's ratio 0,2

a Coefficient of thermal expansion 10 x107
G (MPa) Shear modulus 13115

Table 3. 3, Study Case, Material characteristics, Concrete.

Symbol

Description CLT

Ei, E; (N/mm?)
E> (N/mm?)
G12, G2z (N/mm?)
G13 (N/mm?)

p (kg/m’)

v

a

Modulus of elasticity (outer layers) 173.33

Modulus of elasticity (inner layer) 5200

Rolling shear modulus 100

Longitudinal shear modulus 400

Density 439

Poisson's ratio 0.35
Coefficient of thermal expansion 0

Table 3. 4, Study Case, Material characteristics, CLT.
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3.2.1. Building Ao

Building Ao is the suggested existing RC building designed for PGA = 0.15g. 2D RC
frame, the structural and geometrical characteristics in Fig. 3. 2 are shown in Table 3. 5.
Building Ao will be tested for several CLT panels based on retrofitting solutions,

CHAPTER 4 presents and the results and comparison.

Storey Column Beam  Height  Span

Cl B1 3.3m 3*5m
C2 B1 3.3m 3*5m
C3 B1 3.3m 3*5m
C4 B1 3.3m 3*5Sm
C5 B1 3.3m 3*5m
Cé6 B1 3.3m 3*5m
C7 B1 3.3m 3*5m
C8 B1 3.3m 3*5m

o N & v A W N~

Table 3. 5, Building Ay, structural and geometrical characteristics.

3.2.1.1. FEM, Ay

Using SAP2000 to model a 2D frame of Building Ao as a low ductile structure DCL,
designed according to Eurocode 8 for PGA=0.15g by RSA method, Considering B as a
ground type in Norway, Table 3. 6. The structural elements in details are in APPENDIX
A.

RSA S b Tc Td S q Damping

PGA=0.15g | 1.3 0.1 0.25 1.5 0.2 2 0.05

Table 3. 6, Model Ay PGA=0,15g.
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Fig. 3. 2, Model Ay, 2D RC Frame.

Designing process, Fig. 3. 3 shows high BEAM-COLUMN Capacity Ratio values.

Columns and capacity values in Table 3. 7.

Fig. 3. 3, Model Ay, Design, Columns Failure.
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Beam-Column Capacity Ratios

Column Capacity
22=C6 1.227
23=C6 1.227
25=C7 1.091
26 =C7 1.779
27=C7 1.779
28=C7 1.091

Table 3. 7, Model Ay, Design, Capacity Ratio.

Beams B1 replaced by B2 in 7" and 8™ storeys, the two-middle column C7 in the 7

storey are also replaced by C6, Table 3. 8 shows the changes in structural characteristics.

Storey Column Beam  Height  Span
1 Cl1 Bl 3.3m 3*5m
2 C2 B1 3.3m 3*5m
3 C3 Bl 3.3m 3*5m
4 C4 Bl 3.3m 3*5m
5 C5 Bl 3.3m 3*5m
6 C6 B1 3.3m 3*5m
7 C7-C6-C6-C7 B2 3.3m 3*5m
8 C8 B2 3.3m 3*5m

Table 3. 8, Model Ay, Design, Structural and Geometrical characteristics.
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3.2.2. Building At

Building Aret is the suggested existing RC building Ao retrofitted by CLT panels, Fig. 3.
4, as supporting elements., investigated seismically for PGA = 0.35g, Table 3. 9.

RSA4 S b Tc Td p q Damping

PGA=0.35¢ | 1.3 0.1 0.25 1.5 0.2 2 0.05

Table 3. 9, Model Ay, PGA=0.35g.

7

Fig. 3. 4, CLT panels as a retrofitting technique.

3 22 1 . FEM, Aret

In SAP2000, a 2D RC Frame is modelled with CLT panels, CLT material is added as a
new orthotropic material, Table 3. 4. Sections are simulated as a layered shell section,
Fig. 3. 5 (a), 3cm thickness for each, two CLT sections are modelled, 3 layered and 5
layered shells, Table 3. 10 and Table 3. 11, respectively.
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Body constrains are used to connect the CLT panels to the beams to free its movement
on X-axis, Fig. 3. 5 (b). In Fig. 3. 5 (¢), the body constrains are connecting the CLT panels
to the Columns to free its movement on X-axis. When a body constraint is added, means
that all of its restricted joints move together as a three-dimensional rigid body with a body
constraint. By default, each joint linked participates in all degrees of freedom. A subset
of freedom degrees can be chosen to be restricted. At least two joints to have any effect

on the model must be included in any body constrain, APPENDIX A.

All layered shells are divided by 10*6 to locate the bodies between the panels and the 2D
RC frame, as illustrated in Fig. 3. 5 (b), (¢).

CLT Elements are suggested into three layout models Avet 1, Aret 2, Aret 2, and Aret 4. In
these suggestions, the CLT panels, at the base level, are connected to three unloaded B1

Beams added.

(a)" | | - (b) : & Le) & R .

Fig. 3. 5, CLT panels Modelling.

Layer Distance Thickness Section Material

1 0.00 0.03 Shell CLT
2 0.03 0.03 Shell CLT
3 0.06 0.03 Shell CLT

Table 3. 10, 3 Layered CLT panel shell section.
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Layer Distance Thickness Section Material

1 0.00 0.03 Shell CLT
2 0.03 0.03 Shell CLT
3 0.06 0.03 Shell CLT
4 0.09 0.03 Shell CLT
5 0.012 0.03 Shell CLT

Table 3. 11, 5 Layered CLT panel shell section.

- Model Aret 1: CLT panels, as three layered shell sections, are used to retrofit the 2D RC
frame assessed for PGA=0.35g, Table 3. 12. CLT panels are covering the whole Model, the
connectors here are CLT-Beam set, Fig. 3. 5 (b).

Storey Column Beam  Height Span  layer  Connector
1 C1 B1 3.3m 3*5m 3 CLT-Beam
2 C2 B1 3.3m 3*5m 3 CLT-Beam
3 C3 B1 3.3m 3*5m 3 CLT-Beam
4 Cc4 B1 3.3m 3*5m 3 CLT-Beam
5 Cs5 B1 3.3m 3*5m 3 CLT-Beam
6 C6 B1 3.3m 3*5m 3 CLT-Beam
7 C7-C6-C6-C7 B2 3.3m 3*5m 3 CLT-Beam
8 C8 B2 3.3m 3*5m 3 CLT-Beam

Table 3. 12, Model Aye; 1, CLT, Structural, Geometrical characteristics.

- Model Aret 2: CLT panels, as five layered shell sections, are used to retrofit the 2D RC frame
assessed for PGA=0.35g, Table 3. 13. CLT panels are covering the whole Model, the
connectors here are CLT-Beam set, Fig. 3. 5 (b).
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Storey Column Beam  Height Span  layer  Connector

1 Cl B1 3.3m 3*5m 5 CLT-Beam
2 C2 B1 3.3m 3*5m 5 CLT-Beam
3 C3 B1 3.3m 3*5m 5 CLT-Beam
4 C4 B1 3.3m 3*5m 5 CLT-Beam
5 C5 B1 3.3m 3*5m 5 CLT-Beam
6 Co6 B1 3.3m 3*5m 5 CLT-Beam
7 C7-C6-C6-C7 B2 3.3m 3*5m 5 CLT-Beam
8 C8 B2 3.3m 3*5m 5 CLT-Beam

Table 3. 13, Model Aye; 2, CLT, Structural, Geometrical characteristics.

Model Are 3: CLT panels, as three layered shell sections covering the 1%, 2", 37 and 4%
storey, and five layered shell sections covering the 5%, 6™ 7% and 8" storey, are used to
retrofit the 2D RC frame assessed for PGA=0.35g, the connectors here are CLT-Beam set,
Table 3. 14, Fig. 3. 5 (b).

Storey Column Beam  Height Span  layer  Connector
1 Cl Bl 3.3m 3*5m 3 CLT-Beam
2 C2 Bl 3.3m 3*5m 3 CLT-Beam
3 C3 B1 3.3m 3*5Sm 3 CLT-Beam
4 C4 Bl 3.3m 3*5m 3 CLT-Beam
5 C5 Bl 3.3m 3*5m 5 CLT-Beam
6 Cé6 Bl 3.3m 3*5m 5 CLT-Beam
7 C7-C6-C6-C7 B2 3.3m 3*5Sm 5 CLT-Beam
8 C8 B2 3.3m 3*5m 5 CLT-Beam

Table 3. 14, Model Aye: 3, CLT, Structural, Geometrical characteristics.
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- Model Aret 4: CLT panels, as three layered shell sections, are used to retrofit the 2D RC
frame assessed for PGA=0.35g, the connectors here are CLT-Column set, Table 3. 15, Fig.
3.5(c).

Storey Column Beam  Height Span  layer Connector
1 C1 B1 3.3m 3*5m 3 CLT-Column
2 C2 B1 3.3m 3*5m 3 CLT- Column
3 C3 Bl 3.3m 3*5m 3 CLT- Column
4 C4 Bl 3.3m 3*5m 3 CLT- Column
5 Cs5 B1 3.3m 3*5m 3 CLT- Column
6 C6 B1 3.3m 3*5m 3 CLT- Column
7 C7-C6-C6-C7 B2 3.3m 3*5m 3 CLT- Column
8 C8 B2 3.3m 3*5m 3 CLT- Column

Table 3. 15, Model Aye; 4, CLT, Structural, Geometrical characteristics.
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3.2.3. Building B

Building B is the suggested existing RC building designed for PGA = 0.35g. the structural
and geometrical characteristics are shown in Fig. 3. 6, Table 3.4. 3.

The structural elements in details are in APPENDIX A.

Building B is a reference building to compare results of the various retrofitting solutions
to assess whether the retrofitting technique satisfies the seismic safety requirements

compared to the results of a newly designed Building B.

- - L -

-} s ] ]

(4] [ i e
L LH LH

LE u L r

k] B ]

L4 ) (&) (8] (4]
Bl Bl B3

- i i [

] B ] ]

L& ] (8] (& ] (4]
L) Bl B3

- - - -

-] s = =

(4] [§] (4] [§]
L] L] L1

- - " -

a a @ 5

[¥] (¥ (5] (5]
B Bt ]

L - - ]

& a @ s

[¥] (&1 5] o
E L L B

] [ ] ]

o o ] 5]

o [x] (r] u
L L L]

-] L] B B

o o (r] o

Fig. 3. 6, Model B.
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3.2.3.1. FEM, B

Using SAP2000 to model a 2D frame of Building B as a low ductile structure DCL,
designed according to Eurocode 8 for PGA=0.35g by RSA method, Table 3. 16.

Considering B as a ground type in Norway.

RSA S b Tc Td S q Damping

PGA=0.35g | 1.3 0.1 0.25 1.5 0.2 2 0.05

Table 3. 16, Model B PGA=0.35g.

Fig. 3. 7, the design procedures show high-capacity ratio values of Beam-Column. In
addition, axial force and biaxial moment check displays risk levels. Columns and capacity

values are in Table 3. 17.

oL 2s3031 |
o255 77 |
o 21222020 ]

Fig. 3. 7, Model B, Design, Columns Failure.
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Capacity Ratios

Column Beam-Column Axial force and biaxial moment
1 --- 1.076
4 --- 1.076
13 0.885 0.961
14 1.273 1.123
15 1.273 1.123
16 0.885 0.961
17 1.024 -—-
18 1.472 1.236
19 1.472 1.236

20 1.024 -—-

21 1.326 1.232
22 1.683 1.501
23 1.683 1.501
24 1.326 1.232
25 0.876 1.264
26 1.189 1.665
27 1.189 1.665
28 0.876 1.264
29 --- 1.046
30 --- 1.579
31 --- 1.579
32 --- 1.046

Table 3. 17, Model B, Design, Capacity Ratio.

The designing process required many Steel and columns cross-section design steps, and
a B2 beam cross-section is in use in addition. The design process in details shown in

APPENDIX A.
Table 3. 1 illustrates the ultimate design of a 2D RC frame for PGA = 0.35g. the resulting

seismic performance of this Model will be a reference to compare the seismic

performance of the Model Aret.
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Storey Column Beam  Height Span

1 Cl1 Bl 3.3m 3*5m
2 C2 B1 3.3m 3*5m
3 C3 B1 3.3m 3*5m
4 C4-C3-C3-C4 B3 3.3m 3*5m
5 C4 B3 3.3m 3*5m
6 C6-C5-C5C6 B3 3.3m 3*5m
7 C7-C5-C5-C7 B2 3.3m 3*5m
8 C8 B2 3.3m 3*5m

Table 3. 18, Model B, Design, Structural and Geometrical characteristics.
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3.3. Case Study (POA)

This Case Study evaluates the seismic performance of the down-mentioned Models and
determines the acceptable damage level considering the Model inelastic Behaviour, by

Pushover Method.

(POA), The pushover method is a static nonlinear technique. A computer model of a
structure undergoes a pre-defined lateral load application, representing approximately the
relative inertia forces created at locations of substantial mass. The load intensity is
increased, i.e., the structure is pushed, and the fracture sequence, the plastic hinge
development, and a load of failure of the different structural components are recorded
because of the increased lateral load. This procedure continues until a specified limit of
displacement. It is primarily built on the presumption that the structure's response is
governed by the initial mode of vibration and the first few modes of vibration and that it
remains constant throughout the structure's elastic and inelastic response. This offers a

basis for turning a dynamic problem into a theoretically flawed static problem [43].

This section presents the modeling process of two Models by SAP2000 using the POA:

- Model Aret: four suggested solutions for Building Aret, modelled by SAP2000, will
be assessed by POA for PGA=0.35g.

- Model B: the Reference Model will be assessed by the POA for PGA = 0.35g.
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3.3.1. Modelling Presumptions

The modelling of POA based on:

1-

2-

All structural inputs are previously mentioned inputs for the testing Models.

The testing Models is the constitutive model designed for PGA=0.35 by RSA. This is
not an alternative to the design based on linear-elastic analysis (RSA), but to assess

the structural performance of the retrofitted modal.

The testing Models maintain the configuration of the Response Spectrum already

specified.

POA requires the force-deformation curve development for beams and columns
critical section (Force—deformation relationship of a typical plastic hinge.), Fig. 3. 8

[44]:

- Point A matches to the unloaded condition.

- Load deformation relation is defined by the linear response from A to an effective
yield B.

- Then the stiffness decreases from point B to C.

- Atpoint C, the resistance is equal to the nominal strength, then there is a dramatic
fall in lateral load resistance to point D, the response at reduced resistance to E,
and finally, no resistance.

- The BC line's slope is usually set to between 0 and 10% of the initial slope.

- The CD line refers to an initial failure of the element.

- The DE Line represents the element's residual strength. [45]

F, )
CP C
10 -
B
D E
_.
A >

Fig. 3. 8, Elements’ Performance criteria.

40



FEMA specifies these points to determine the hinge rotation behavior of RC elements.
The points between B and C show the hinge's acceptance criteria, which are Immediate
Occupancy (I10), Life Safety (LS), and Compliance (CP) (Collapse Prevention), Table 3.
19, [46].

Damage Control and Building Performance Levels

Level Discribtion

There is some minimal damage and no long-term

drift. The structure's initial strength and stiffness
Immediate Occupancy o .
are kept. Facades, partitions, and ceilings, as well

(10)
as structural elements, have minor cracks. The fire
protection system is operational.
Damage is moderate. Some drift is unavoidable. In
all storeys, there is some residual strength and
Life Safety | 3
) stiffness. Partitions have been damaged. It's

possible that the structure is beyond economical

repair.

Damage that is severe. Drifts that are large and
Collapse Prevention permanent. However, load-bearing columns and

(CP) walls work despite the lack of residual stiffness and

strength. The structure is on its way to collapse.

Table 3. 19, Damage Control and Building Performance Levels.
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3.3.2. FEM Model

Using SAP2000 to analyse the uo-mentioned Models by POA under these procedures:

1- Gravity Load is arranged with nonlinear state.

2- Pushover Load is added with nonlinear static state continues from the nonlinear
Gravity End, Load Pattern (ACC, UX; -1), the Load Application on displacement
Control using UX at Joint 32. Using monitored displacement 4% of the total height
with 1.056m, [47].

3- The testing Models consider nonlinear behavior of elements. Hinges are added with
recomendatios of PM3 hinge for columns, and M3 for Beams. The default hinge

properties (from tabels in ASCE 41-13 [47], provided by SAP2000), are used with

no considerations due to simplicity, Fig. 3. 9.

E—ay-)

) B HEE R

Fig. 3. 9, Hinges in POA Case Study.

4- Regarding the CLT Panels, the Material Behaviour set to nonlinear behaviour.
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3.3.2.1. Capacity Spectrum (CSM)

Capacity Spectrum Method (CSM), according to the Applied Technology Council (ATC-
40), is a nonlinear static analysis implementation affords a graphical expected seismic
performance of the existing or retrofitted structure by the intersection of the structure's
capacity spectrum representation with a representation of demand spectrum (the
earthquake's displacement demand) on the model. The performance point is at the
intersection, and the estimated displacement demand on the structure for the specified
level of seismic hazard is at the displacement coordinate of the performance point [48].

Fig. 3. 10 [43].

Demand Spectrum

Performance Point

Capacity Spectrum

Spectral Acceleration S,

Spectral Displacement S,

Fig. 3. 10, CSM.

- Capacity Spectrum: The capacity curve converted from shear force vs. roof displacement
coordinates into spectral acceleration vs. spectral displacement coordinates [48].
Conversion to a single-degree-of-freedom equivalent system and derivation of the

capacity curve in Fig. 3. 11 [49].
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Base Shear [kN
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increasing structural model
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10
Roof Drift [cm]

Fig. 3. 11, Capacity Spectrum.
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- Demand Spectrum: The 5% damped reduced response spectrum used to represent the
earthquake ground motion in CSM [48]. Fig. 3. 12 shows the elastic spectrum to

Demand spectrum conversion [43].

Fig. 3. 12, Demand Spectrum.

- Performance point: At the intersection of the Capacity Spectrum with the Demand

Spectrum in CSM, the performance point determines the peak displacement [48].
CSM implementation is commonly used in structural engineering. SAP2000 has already

implemented these default nonlinear properties [50], and CSM is used to evaluate the

POA results.
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CHAPTER 4

This chapter displays the result of :

- RSA: Results of each model of the case study, and comparison discuss the
effectivity of CLT panels on the seismic performance of the model Aret,
examining the records of displacement, Interstorey drift, base reaction, and

the periods and frequencies, compared to the reference B.

- POA: Results of each model of the case study, with a comparison that
discusses the effectivity of CLT panels on the seismic performance of the
model Aret, by examining the records of Capacity Curve, Capacity Spectrum,

and the Performance Point compared to the reference B.

4.1. RSA Results

In this section, the RSA is carried out using the SAP2000. A two-dimensional model is
being designed for PGA= 0.15g regarding the suggusted existing Building Ao, and PGA=
0.35g regarding the Reference Building B, and the suggested retrofitted Building Aret.
The results of lateral Displacement, Interstorey Drift, Base Shear, Period and Frequency,

and the (P-M) Interaction Curve of the six Models are displayed.
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4.1.1. Model Ay

4.1.1.1. Lateral Displacement

The resulting displacements of the Model Ao from RSA can be seen in Table 4. 1, max

axial X displacement at the roof of the Model is 2.62 cm. Deformed shape in Fig. 4. 1.

Model Ao, Ax

Point H Ax
9 33 0.0269
8 33 0.0223
7 33 0.0181
6 33 0.0144
5 33 0.011
4 33 0.0076
3 33 0.0042
2 33 0.0014
1 33 0

Values(m).

Table 4. 1, Model Ay, Ax.

4.1.1.2. Interstorey Drift

| | 25.2

234
216

19.8

o |
16.2

14.4
126

108

| 54

18

Fig. 4. 1, Model Ay, Deformation.

Checking the Interstorey Drift Limit results from RSA in Table 4. 3, shows less drift than
the limitation of 24.75mm in the Model Ao assessed for PGA = 0.15g. While the IDR

graph, Fig. 4. 2, computed according to the previous resulting displacements in Table 4.

2, shows that the IDR has a peak at the top storey with about 0.14%, and a stable value

of about 0.1% along with the 3™, 4 and the 5™ storeys. IDR graph displays continuous

flow without abrupt changes.
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Model Ao, Interstorey Drift Ratio

Storey Level . D.R. % . Model A,

8 26.4 0.1394 8

7 23.1 0.1273 !

6 19.8 0.1121 g 5

5 16.5 0.1030 e

4 13.2 0.1030 2

3 9.9 0.1030 :

2 6.6 0.0848 0.00 005 o, 010

1 3.3 0.0424
Table 4. 2, Model Ay, IDR. Fig. 4. 2, Model Ay, IDR.

Model Ao: Interstorey Drift limit Check

storey Ax qd v dsi dr dr*v Limit: 24.75
8 26.9 2 0.5 53.8 9.2 4.6 TRUE
7 22.3 2 0.5 44.6 8.4 4.2 TRUE
6 18.1 2 0.5 36.2 7.4 3.7 TRUE
5 14.4 2 0.5 28.8 6.8 3.4 TRUE
4 11 2 0.5 22.0 6.8 3.4 TRUE
3 7.6 2 0.5 15.2 6.8 3.4 TRUE
2 4.2 2 0.5 8.4 5.6 2.8 TRUE
1 1.4 2 0.5 2.8 2.8 1.4 TRUE

0.15

The values of Ax, ds, d,, and Limit are in mm.

Table 4. 3, Model Ao, Interstorey Drift Limit Check.
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4.1.1.3. Base Reaction

The resulting Base Shear value from RSA in the Model Ao assessed for PGA = 0.15g is
about 236 kN, Table 4. 4.

Model Ao: Base Reaction
Fx Fz My
236.18 0.00 3638.40

Values in kN-m.

Table 4. 4, Model Ay, Base Reactions.

4.1.1.4. Period and Frequency

The max resulting period from RSA in the Model Ao assessed for PGA = 0.15g is about
1.13 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,

about 21 Cyc/sec, Table 4. 5.

Model Ao: Modal Periods and Frequencies

Mode Period Frequency
1 1.13 0.88
2 0.48 2.10
3 0.28 3.62
4 0.18 5.44
5 0.14 7.14
6 0.11 9.36
7 0.10 9.70
8 0.10 10.04
9 0.08 12.70
10 0.08 12.74
11 0.07 13.96
12 0.05 20.92

Values in sec-Cyc.

Table 4. 5, Model Ay, Modal Periods and Frequencies.

48



4.1.1.5. (P-M) Interaction Curve

For the seismic performance of a column, the impact of axial force on capacity is essential
in terms of strength and ductility. The P-M Interaction Curve of the Model Ao assessed
for PGA= 0.15g represents the possible failure combination for the columns bent around
the axis x. The capacity of a P-M combination must be checked by generating a failure
surface results from a compressive Concrete failure analysis for columns and the PM
Demands combination (resulting from the RSA) on the same line emitting from the center

of a coordinate system.

Because of the nonexistence of Demands interaction points outside the Capacity Curve,
Fig. 4. 3, Fig. 4. 4, Fig. 4. 5, Fig. 4. 6, Fig. 4. 7, Fig. 4. 8, and Fig. 4. 9. Therefore, no
exceeding the nominal column’s strength, and no failure in any column, exactly a

complete ductile performance for the PGA 0.15g.

C1, (P-M) Interaction Curve C2, (P-M) Interaction Curve
1600 1500
600
500
889 @86
400 © © © O ©O ©O ON O O
SRIIRBRE S 50 8 8 8 8 8 & 8
i [a\] m < n o ~
Z—14OO
< < -1500
2400 5
(9] (]
3 = -2500
R-3400 o
-3500
-4400 .
Capacity Capacity
- -4500
5400 0 Demand O Demand
-6400 -5500
Moment, kN.m Moment, KN.m
Fig. 4. 3, Model Ay, (P-M) Interaction Curve, C1. Fig. 4. 4, Model Ay, (P-M) Interaction Curve, C2.
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Fig. 4. 5, Model Ay, (P-M) Interaction Curve, C3.
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Fig. 4. 7, Model Ay, (P-M) Interaction Curve, C3.

C3, (P-M) Interaction Curve
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Fig. 4. 9, Model Ay(P-M) Interaction Curve, C7. C8.
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Fig. 4. 6, Model Ay, (P-M) Interaction Curve, C4.

C6, (P-M) Interaction Curve
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Fig. 4. 8, Model Ay, (P-M) Interaction Curve, C6.



4.1.2. Model A

4.1.2.1. Model Arctﬁl

4.1.2.1.1. Lateral Displacement

The resulting displacements of Model Aret 1 from RSA can be seen in Table 4. 6, max
axial X displacement at the . of the Model is 3.59 cm under PGA = 0.35g. Deformed
shape in Fig. 4. 10.

Model Aret 1, Ax .
Point H Ax - iZI
9 33 0.0359 E
8 33 0.0331 : 223'
7 33 0.0288 i
6 33 0.0236 B o
5 33 0.0185 T T »
4 33 0.0132 | i
3 3.3 0.0079 N

2 33 0.0029
] 33 0 . .
Values(m).
Table 4. 6, Model Arer 1, Ax. Fig. 4. 10, Model Ay, 1, Deformation,

4.1.2.1.2. Interstorey Drift

In the Model Aret 1 assessed for PGA = 0.35g, checking the Interstorey Drift Limit results
from RSA, In Table 4. 8, Data shows less drift than the limitation of 24.75mm. Whereas,
IDR graph, Fig. 4. 11, computed according to the previous resulting displacements in
Table 4. 7, shows that the IDR is about 0.08% at the top storey and a stable peak value of
about 0.15 to 0.16% between the 3™ and 6™ storey. IDR graph doesn’t display a
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continuous flow, but a staggered one, starting to retract after the 4" storey and shows a

severe regression after the 6™ storey to the end.

Model Are: 1, Interstorey Drift Ratio

Storey Level L.D.R. % Model A,,,
8 26.4 0.0848 .
7 23.1 0.1303 2
6 19.8 0.1576 5
5 16.5 0.1545 5‘3‘
4 13.2 0.1606 2
3 9.9 0.1606 :
2 6.6 0.1515 0.00 0.04 0‘0513' o R?.OZZ 0.16 0.20
1 33 0.0879
Values(m).
Table 4. 7, Model Ay 1, IDR. Fig. 4. 11, Model vy 1, IDR.

Model Are: 1: Interstorey Drift limit Check

storey dm qd v dsi dr dr*v Limit: 24.75
8 359 2 0.5 71.8 5.6 2.8 TRUE
7 33.1 2 0.5 66.2 8.6 4.3 TRUE
6 28.8 2 0.5 576 104 5.2 TRUE
5 23.6 2 0.5 47.2 10.2 5.1 TRUE
4 18.5 2 0.5 37.0  10.6 53 TRUE
3 13.2 2 0.5 264  10.6 5.3 TRUE
2 7.9 2 0.5 15.8 10.0 5 TRUE
1 29 2 0.5 5.8 5.8 29 TRUE

The values of Ax, ds, d,, and Limit are in mm.

Table 4. 8, Model A, 1, Interstorey Drift Check.
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4.1.2.1.3. Base Reaction

The resulting Base Shear value from RSA in the Model Aret 1 assessed for PGA = 0.35g
1 925.5 kN, Table 4. 9.

Model Arer 1: Base Reaction
Fx Fz My
925.50 0.00 14930.20

Values in kN-m.

Table 4. 9, Model A, 1, Base Reactions.

4.1.2.1.4. Period and Frequency

The max resulting period from RSA in the Model Aret 1 assessed for PGA =0.35g is about
0.7 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,

about 29 Cyc/sec,Table 4. 10.

Model Are: 1: Modal Periods and Frequencies

Mode Period Frequency
1 0.71 1.41
2 0.27 3.69
3 0.16 6.09
4 0.12 8.44
5 0.09 10.56
6 0.08 12.56
7 0.06 16.43
8 0.05 22.14
9 0.04 22.88
10 0.04 22.92
11 0.04 24.38
12 0.03 29.17

Values in sec-Cyc.

Table 4. 10, Model Ay 1, Modal Periods and Frequencies.
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4.1.2.2. Model AretﬁZ

4.1.2.2.1. Lateral Displacement

The resulting displacements of Model Aret 2 from RSA can be seen in Table 4. 11, max
axial X displacement at the roof of the Model is 3.24 cm under PGA= 0.35g. Deformed
shape in Fig. 4. 12.

Model Arer 2, Ax .

Point H Ax I
9 33 0.0324 i iy
8 33 0.0303 I
7 33 0.0268 Jiiiiisoececeecasansisss .
6 33 0.0224 e .
5 33 00178 piliititigititiiiiSii }
y 33 00128 .
3 33 0.0078 | iy
2 33 0.0029 ,

] 33 0
Values(m).
Table 4. 11, Model Ay, 3, Ax. Fig. 4. 12, Model Ay 5, Deformation.

4.1.2.2.2. Interstorey Drift

In the 2D RC Frame, Aret 2 assessed for PGA = 0.35g, checking the Interstorey Drift Limit
results from RSA, Table 4. 13 illustrates less drift values than the limitation of 24.75mm.
While the IDR graph, Fig. 4. 13, plotted according to the previous resulting displacements
in Table 4. 12, shows that the IDR is about 0.06% at the top storey and has a stable peak
value of about 0.15% between 3™ and 4" storeys. IDR graph displays a continuous flow
to the 4 storey, but retracts at the 5" storey, and shows a severe regression after the 6%

storey to the end.
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Model Are: 2, Interstorey Drift Ratio

0.20

Storey Level I.D.R. % Model A,,, ,

8 26.4 0.0636 :

7 23.1 0.1061 ;

6 19.8 0.1333 g 5

5 16.5 0.1394 o

4 13.2 0.1515 2

3 9.9 0.1515 :

2 6.6 0.1485 0.00 0.05 0.10 0.15

L.D.R. %
1 33 0.0879
Table 4. 12, Model Ay 2, IDR. Fig. 4. 13, Model Aye: 5, IDR.

Model Are: 2: Interstorey Drift limit Check

storey Ax qd v dsi d: dr*v Limit: 24.75
8 324 2 0.5 64.8 4.2 2.1 TRUE
7 30.3 2 0.5 60.6 7.0 3.5 TRUE
6 26.8 2 0.5 53.6 8.8 4.4 TRUE
b 224 2 0.5 44.8 9.2 4.6 TRUE
4 17.8 2 0.5 35.6 10.0 5 TRUE
3 12.8 2 0.5 25.6 10.0 5 TRUE
2 7.8 2 0.5 15.6 9.8 4.9 TRUE
1 2.9 2 0.5 5.8 5.8 2.9 TRUE

The values of Ax, ds, d,, and Limit are in mm.

Table 4. 13, Model A, », Interstorey Drift Check.
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4.1.2.2.3. Base Reaction

The resulting Base Shear value from RSA in the Model Aret 2 assessed for PGA = 0.35g
is 1032 kN, Table 4. 14.

Model Arer 2: Base Reaction
Fx Fz My
1032.28 0.00 16837.39

Values in kN-m.

Table 4. 14, Model A, », Base Reactions.

4.1.2.2.4. Period and Frequency

The max resulting period from RSA in the Model Aret 2 assessed for PGA = 0.35g is about

0.65 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,

about 31 Cyc/sec, Table 4. 15.

Model Aret 2: Modal Periods and Frequencies

Mode Period Frequency
1 0.65 1.53
2 0.24 4.11
3 0.15 6.80
4 0.11 9.41
5 0.08 11.86
6 0.07 13.72
7 0.06 17.25
8 0.04 22.93
9 0.04 23.48
10 0.04 24.01
11 0.04 26.40
12 0.03 30.74

Values in sec-Cyc.

Table 4. 15, Model Aye: 5, Modal Periods and Frequencies.
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4.1.2.3. Model At 3

4.1.2.3.1. Lateral Displacement

The resulting displacements of Model Aret 3 from RSA can be seen in Table 4. 16, max
axial X displacement at the roof of the Model is 3,33 cm under PGA =0.35g. Deformed
shape in Fig. 4. 14.

Model Ares 3, Ax

Point H Ax % 336I
9 33 0.0333 g .
8 33 0.0314 g 2:'
7 33 0.0282 G o
6 33 0.024 i .
5 3.3 0.0195 L '2
4 33 0.0139 :
3 3.3 0.0083 :
2 3.3 0.003 | - =
1 3.3 0

Values(m).
Table 4. 16, Model Ay 5, Ax. Fig. 4. 14, Model Ay 5, Deformation.

4.1.2.3.2. Interstorey Drift

Checking the Interstorey Drift Limit results, Table 4. 18, from RSA of Model Aret 3
assessed for PGA = 0.35g, show less drift values than the limitation of 24.75mm.

However, the IDR graph, outlined in Fig. 4. 15 according to the previous resulting
displacements in Table 4. 17, shows that the IDR is about 0.06% at the top storey and a
stable peak value of about 0.15 to 16% between 2" and 4" storey. IDR graph displays a
continuous flow to the 4™ storey, but retracts harshly after that showing a severe

regression from the 6th storey to the top.
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Model Avet 3, Interstorey Drift Ratio

Storey Level I.D.R. % Model A,,, ;
8 26.4 0.0576 Z
7 23.1 0.0970 !
6 19.8 0.1273 g5
5 16.5 0.1364 Z :
4 13.2 0.1697 2
3 9.9 0.1697 : y—li
2 6.6 0.1515 0.00 0.05 0.10 0.15 0.20
L.D.R. %
1 3.3 0.1000
Table 4. 17, Model Aye; 5, IDR. Fig. 4. 15, Model Ay, 3, IDR.
Model Are 3: Interstorey Drift limit Check
storey Ax qd v dsi d: dr*v Limit: 24.75
8 33.3 2 0.5 66.6 3.8 1.9 TRUE
7 31.4 2 0.5 62.8 6.4 3.2 TRUE
6 28.2 2 0.5 56.4 8.4 4.2 TRUE
5 24 2 0.5 48.0 9.0 4.5 TRUE
4 19.5 2 0.5 390 11.2 5.6 TRUE
3 13.9 2 0.5 27.8 11.2 5.6 TRUE
2 8.3 2 0.5 16.6 10.0 5 TRUE
1 3.3 2 0.5 6.6 6.6 3.3 TRUE

The values of Ax, ds, d,, and Limit are in mm.

Table 4. 18, Model Ay 3, Interstorey Drift Check.
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4.1.2.3.3. Base Reaction

The resulting Base Shear value from RSA in the Model Aret 3 assessed for PGA = 0.35g
is about 972 kN, Table 4. 19.

Model Are: 3: Base Reaction
Fx Fz My
972.52 0.00 15952.98

Values in kN-m.

Table 4. 19, Model A,e: 3, Base Reactions.

4.1.2.3.4. Period and Frequency

The max resulting period from RSA in the Model Aret 3 assessed for PGA = 0.35g is about
0.7 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,

about 31 Cyc/sec, Table 4. 20.

Model Aret 3: Modal Periods and Frequencies

Mode Period Frequency
1 0.689 1.451
2 0.247 4.053
3 0.150 6.678
4 0.108 9.222
5 0.085 11.770
6 0.074 13.602
7 0.060 16.738
8 0.044 22.921
9 0.044 22.933

10 0.042 23.989
11 0.038 26.383
12 0.033 30.642

Values in sec-Cyc.

Table 4. 20, Model Ayet 3, Modal Periods and Frequencies.
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4. 1 .24 MOdel Aretﬁ4

4.1.2.4.1. Lateral Displacement

The resulting displacements of Model Aret 4 from RSA can be seen in Table 4. 21, max
axial X displacement at the roof of the Model is 2.04 cm under PGA =0.35g. Deformed
shape in Fig. 4. 16.

Model Arer 4, Ax

Point H AX :
oo » ]
8 3.3 0.0179 TR T .
7 33 0.0142 "H.'.' ;';';'1,{{{HHI'IIHHHH; 1?:
6 3.3 0.0101 »
5 3.3 0.007
4 3.3 0.0046 .
3 33 0.0027 B
2 3.3 0.0012 1
1 3.3 0

Values(m).
Table 4. 21, Model Aye; 4, Ax. Fig. 4. 16, Model Aye; 4, Deformation.

4.1.2.4.2. Interstorey Drift

Checking the Interstorey Drift Limit results from RSA in Table 4. 23, shows less drift
than the limitation of 24.75mm in the Model Aret 4 assessed for PGA = 0.35g. While the
IDR graph, Fig. 4. 17, plotted according to the previous resulting displacements in Table
4. 22, shows that the IDR has a peak at the 6 with about 0.12% and displays continuous
flow without abrupt changes until it retracts from the 7" storey to the top to reach a value

0f 0.07% at the top.
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Model Aret 4, Interstorey Drift Ratio

Storey Level I.D.R. % Model A,,, ,
8 264 0.0758 .
7 23.1 0.1121 7
6 19.8 0.1242 5 i
5 16.5 0.0939 Z ‘3‘
4 13.2 0.0727 2
3 9.9 0.0576 .
2 6.6 0.0455 0.00 00 ko, 210
1 3.3 0.0364
Table 4. 22, Model Aye; 4, IDR. Fig. 4. 17, Model Ave: 4, IDR.

Model Are: 4: Interstorey Drift limit Check

storey Ax qd v dsi d: dr*v Limit: 24.75
8 20.4 2 0.5 40.8 5.0 2.5 TRUE
7 17.9 2 0.5 35.8 7.4 3.7 TRUE
6 14.2 2 0.5 28.4 8.2 4.1 TRUE
5 10.1 2 0.5 20.2 6.2 3.1 TRUE
4 7 2 0.5 14.0 4.8 24 TRUE
3 4.6 2 0.5 9.2 3.8 1.9 TRUE
2 2.7 2 0.5 5.4 3.0 1.5 TRUE
1 1.2 2 0.5 24 24 1.2 TRUE

The values of Ax, dsi, dr, and Limit are in mm.

Table 4. 23, Model Aye; 4, Interstorey Drift Check.
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4.1.2.4.3. Base Reaction

The resulting Base Shear value from RSA in the Model Aret 4 assessed for PGA = 0.35g
is about 1700 kN, Table 4. 24.

Model Aret 4: Base Reaction
Fx Fz My
1700.68 0.00 30519.55

Values in kN-m.

Table 4. 24, Model Aye: 4, Base Reactions.

4.1.2.4.4. Period and Frequency

The max resulting period from RSA in the Model Aret 4 assessed for PGA = 0.35g is about
0.35 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,
about 24 Cyc/sec, Table 4. 25.

Model Aret 4: Modal Periods and Frequencies

Mode Period Frequency
1 0.349 2.863
2 0.148 6.771
3 0.095 10.479
4 0.072 13.922
5 0.064 15.664
6 0.061 16.276
7 0.060 16.682
8 0.058 17.302
9 0.048 20.946
10 0.044 22.695
11 0.043 23.142
12 0.042 23.691

Values in sec-Cyc.

Table 4. 25, Model Aye 3, Modal Periods and Frequencies.
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4.1.2.4. Model A, (P-M) Interaction Curve

For the seismic performance of a column, the impact of axial force on capacity is essential
in terms of strength and ductility. The P-M Interaction Curve of the Model Aret assessed
for PGA= 0.35g represents the possible failure combination for the columns bent around
the axis x. The capacity of a PM combination must be checked by generating a failure
surface results from a compressive Concrete failure analysis for columns and the PM
Demands combination (resulting from the RSA) on the same line emitting from the center
of a coordinate system. Table 4. 26 shows the effectivity of Aret Models in keeping the

seismic Demands within the columns’ according to every Storey.

Comparisn , Model Are effectivity in P-M interaction Curve.

Storey Aret 1 Aret 2 Avret 3 Aret 4
1 + + + +
2 ++ ++ ++ ++
3 ++ ++ ++ ++
4 ++ + s s
5 + ++ ++ +
6 + ++ ++ -
7 ++ ++ ++ -
8 o ++ ++ -

(++)= Non Exceedance, (+)= Exceedance, (-)= Failure

Table 4. 26, Model A, Effectivity in P-M interaction Curve.

The columns in the 1% Storey are showing a ductile performance and some of the P-M

Demand points are exceeding the Capacity Curve in the all Aret Models . Fig. 4. 18.
Fig. 4. 19 and Fig. 4. 20 are presenting the columns in the 2" and 3™ Storey, respectively.

The columns performe ductile against the PGA 0.35g. and there is a non-exceedance of

the nominal column’s strength. That can be seen in the Aret Models.
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The 4™ Storey’s columns are showing a high ductile performance relevant to the Frame
Aret 1, and no exceeding the Capacity Curve. But, the columns in Models Aret 2, Aret 3, and
Aret 4 are exceeding with some P-M Demands points the Capacity Curve, which

presenting a certin ductile level. Fig. 4. 21.

In the 5" and 6™ Storey, the columns in Models Aret 2 and Aret 3 orm ductile against the
PGA 0.35g. and there is a non-exceedance of the nominal column’s strength. The Model
Aret 1 columns are exceeding the nominal column’s strength with some P-M Demands
points to the Capacity Curve, which presents a certain ductile level. Meantime, the
columns of Models Aret 1, Aret 2, Aret 3 in the 7% and 8" Storey show a flexible
performance, and some of the P-M Demand points exceed the Capacity Curve same as

the 2" and 3™ Storey. Fig. 4. 22 and Fig. 4. 23.

On the other hand, a failure in the 6™, 7% and 8" Storey columns relative to the Model

Aret 4, Fig. 4. 23 and Fig. 4. 24, respectively.

C1, (P-M) Interaction Curve C2, (P-M) Interaction Curve
2000 1500
1000 500
0
-500
E -1000 E
S o -1500
2 -2000 2
3] S)
= B~ -2500
-3000
Capacity -3500 Capacity
-4000 O Demand Aret | O Demand Aret 1|
5000 Demand Aret_2 4500 Demand Aret_2
O Demand Aret 3 O Demand Aret 3
6000 O Demand Aret 4 5500 O Demand Aret 4
Moment, KN.m Moment, kKN.m
Fig. 4. 18, Model Aye, (P-M) Interaction Curve, ClI. Fig. 4. 19, Model Ae, (P-M) Interaction Curve, C2.
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C3, (P-M) Interaction Curve C4, (P-M) Interaction Curve

700
200
-300 S
<
Z -800
=4
§ -1300
© -1800
Capacity -2300 Capacity
Demand Aret 1 -2800 O Demand Aret 1
Demand Aret_2 Demand Aret 2
Demand Aret 3 -3300 O Demand Aret 3
Demand Aret_4 -3800 O Demand Aret 4
Moment, kKN.m Moment, kKN.m
Fig. 4. 20, Model Aei, (P-M) Interaction Curve, C3. Fig. 4. 21, Model Aye, (P-M) Interaction Curve, C4.
CS5, (P-M) Interaction Curve C6, (P-M) Interaction Curve
800
600
100 300
° @
- -200 o o
z 0 - . g &
5 900 =4 -700
e g
o 1400 51200
-1900 Capacity Capacity
2400 O Demand Aret 1 -1700 O Demand Aret 1
Demand Aret 2 Demand Aret 2
-2900 O Demand Aret 3 -2200 O Demand Aret 3
O Demand Aret 4 O Demand Aret 4
-3400 -2700 -
Moment, kN.m Moment, kN.m
Fig. 4. 22, Model Aye,, (P-M) Interaction Curve, C3. Fig. 4. 23, Model Ay, (P-M) Interaction Curve, C6.

C7-C8, (P-M) Interaction Curve

500
0 GE @
? 8
Z =
~ 500
]
2
o
= 1000
Capacity
-1500 O Demand Aret 1
Demand Aret 2
O Demand Aret 3
-2000 O Demand Aret 4

Moment, kN.m

Fig. 4. 24, Model Ae, (P-M) Interaction Curve, C7. C8.
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4.1.3. Model B

4.1.3.1. Lateral Displacement

The resulting displacements of Model B from RSA can be seen in Table 4. 27, max
axial X displacement at the roof of the Model is 6,55 cm under PGA = 0.35g. Deformed
shape in Fig. 4. 25.

Model B, Ax

T ,

Point H Ax 3‘ | | ;‘ esI

9 33 0.0655 I .

8 33 0.0553 v

7 33 0.0454 ] ‘jjl

6 3.3 0.0355 .

5 33 0.0258 ‘c‘ | | s

y 33 0.0172 T

3 33 0.0096 | | |

2 33 0.0031 | N

i 33 0

Values(m).
Table 4. 27, Model B, Ax. Fig. 4. 25, Model B, Deformation.

4.1.3.2. Interstorey Drift

Checking the Interstorey Drift Limit results from RSA in Table 4. 29, shows less drift
than the limitation of 24.75mm in the Model Ao assessed for PGA = 0.15g. While the
IDR graph, Fig. 4. 26, computed according to the previous resulting displacements in
Table 4. 28, shows that the IDR has a peak at the top storey with about 0.14%, and a
stable value of about 0.1% along with the 3™, 4", and the 5" storeys. IDR graph displays

continuous flow without abrupt changes.
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Model B, Interstorey drift Ratio

Storey Level I.D.R. % Model B

8 26.4 0.3091 Z

7 23.1 0.3000 Z

6 19.8 0.3000 5 s

5 16.5 0.2939 s

4 13.2 0.2606 2

3 9.9 0.2303 cl)

2 6.6 0.1969 0.00 0.10 0.20 0.30
1 3.3 0.0939 PR

Table 4. 28, Model B, IDR. Fig. 4. 26, Model B, IDR..

Model Ao: Interstorey Drift limit Check

storey Ax qd v dsi d: dr*v Limit: 24.75
8 65.5 2 0.5 131.0 204 10.2 TRUE
7 55.3 2 0.5 110.6  19.8 9.9 TRUE
6 45.4 2 0.5 90.8 19.8 9.9 TRUE
5 35.5 2 0.5 71.0 19.4 9.7 TRUE
4 25.8 2 0.5 51.6 17.2 8.6 TRUE
3 17.2 2 0.5 344 15.2 7.6 TRUE
2 9.6 2 0.5 19.2 13.0 6.5 TRUE
1 3.1 2 0.5 6.2 6.2 3.1 TRUE

The values of Ax, ds, d,, and Limit are in mm.

Table 4. 29, Model B, Interstorey Drift Check.
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4.1.3.3. Base Reaction

The resulting Base Shear value from RSA in the Model Aret 4 assessed for PGA = 0.35g
is about 535.14 kN, Table 4. 30.

Model B: Base Reaction
Fx Fz My
535.14 0.00 7887.73

Values in kN-m.

Table 4. 30, Model B, Base Reactions.

4.1.3.4. Period and Frequency

The max resulting period from RSA in the Model B assessed for PGA = 0.35g is about
1.2 sec reported in Mode 1, while the Mode 12 gives the max resulting frequency value,

about 21 Cyc/sec, Table 4. 31.

Model B: Modal Periods and Frequencies

Mode Period Frequency
1 1.21 0.83
2 0.47 2.11
3 0.28 3.57
4 0.18 5.48
5 0.13 7.82
6 0.10 9.69
7 0.10 10.17
8 0.09 10.70
9 0.08 12.81
10 0.08 12.83
11 0.07 15.20
12 0.05 21.13

Values in sec-Cyc.

Table 4. 31, Model B, Modal Periods and Frequencies.
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4.1.3.5. (P-M) interaction curve

For the seismic performance of a column, the impact of axial force on capacity is essential
in terms of strength and ductility. The P-M Interaction Curve of the Model B assessed for
PGA=0.35g represents the possible failure combination for the columns bent around the
axis X. The capacity of a PM combination must be checked by generating a failure surface
results from a compressive Concrete failure analysis for columns and the PM Demands
combination (resulting from the RSA) on the same line emitting from the center of a

coordinate system, Fig. 4. 27 to Fig. 4. 33.

Because of the nonexistence of Demands interaction points outside the Capacity Curve,
therefore, no exceeding the nominal column’s strength, and no failure in any column,

exactly a complete ductile performance for the PGA 0.35g.

C1, (P-M) interaction curve C2, (P-M) interaction curve
2000 1000
1000 O O
o o o 0 O o—©0
00 o o ? 888 8 883 8
() o o o o o o _ — o (42} < n [Ye] ~ 0
-1000 ~ < © 0 S ~
Z S 8 Z
) ~
& -2000 s ~2000
2 2
3 -3000 S -3000
-4000
_ -4000
-5000 Capacity Capacity
-5000
-6000 O Demand O Demand
-7000 -6000
Moment, KN.m Moment, kN.m
Fig. 4. 27, Model B, (P-M) interaction curve, CI. Fig. 4. 28, Model B, (P-M) interaction curve, C2.
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C3, (P-M) interaction curve

600

Capacity

O Demand

Moment, KN.m

Fig. 4. 29, Model B, (P-M) interaction curve, C3.

C5, (P-M) interaction curve

Force,

Capacity

O Demand

-3000

-4000
Moment, kKN.m

Fig. 4. 31, Model B, (P-M) interaction curve, C5.

C4, (P-M) interaction curve

1500
500
500 7 2
&
o -1500
2
<
-2500
3500 Capacity
O Demand

-4500
Moment, kKN.m

Fig. 4. 30, Model B, (P-M) interaction curve, C4.

C6, (P-M) interaction curve
1000

500

250

-500

-1000

Force, kN

-1500

-2000

Capacity

-2500 O Demand

-3000
Moment, kKN.m

Fig. 4. 32, Model B, (P-M) interaction curve, C6.

C7-C8, (P-M) interaction curve

700

200

-300

-800

-1300

Force, kN

-1800

-2300

-2800

Capacit
y

Moment, kKN.m

Fig. 4. 33, Model B, (P-M) interaction curve, C7. C8.
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4.1.4. RSA Comparison

Assessment of CLT Panels as a retrofitting solution described in CHAPTER 3 in four

suggestions: Models Aret 1, Aret 2, Aret 3, and Aret 4. Deformation, IDR, Base Reaction,

Modal Period and Frequency, and The P-M interaction curve. The RSA Data of the

suggested retrofitting solutions is compared with the RSA results of the reference Model

B.

4.1.4.1. Lateral Displacement

RSA results demonstrate that the CLT panels, as a retrofitting solution, provide an

effective contribution regarding the Lateral Displacement, reducing the values compared

to with Model B displacement values; as Table 4. 33 shows, Aret 4 reduces the Ax value

by about 69% with 2,04cm on the top. The suggested solutions presented by Models

Avret 1, Aret 2, and Aret 3 contribute with 45%, 50%, and 49%, respectively, to max Ax value
reduction. As displayed in Table 4. 32 and Fig. 4. 34, The Models Aret 1, Aret 2, and Aret 3

take part with convergent displacement values on the roof point, 3.6cm, 3.24, and 3.33cm,

respectively.

Comparison, Deformation Ax

Storey Ao B Avret 1 Avret 2 Aret 3 Aret 4
8 2.69 6.55 3.59 3.24 3.33 2.04
7 2.23 5.53 3.31 3.03 3.14 1.79
6 1.81 4.54 2.88 2.68 2.82 1.42
5 1.44 3.55 2.36 2.24 2.4 1.01
4 1.1 2.58 1.85 1.78 1.95 0.7
3 0.76 1.72 1.32 1.28 1.39 0.46
2 0.42 0.96 0.79 0.78 0.83 0.27
1 0.14 0.31 0.29 0.29 0.3 0.12

Table 4. 32, Comparison, Lateral Displacement.
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Comparison, Lateral Displacement.

Storey Aret 1 Aret 2 Aret 3 Aret 4
8 -45.19 -50.53 -49.16 - 68.85
Values (%).

Table 4. 33, Comparison, Lateral Displacement, Variations.

Comparison, Deformation Ax

8
7 A0
B
6
qé* ......... Aret 1
8
T X i Aret 2
4 — = Aret 3
- = Arct 4

AX, cm

Fig. 4. 34, Comparison, Lateral Displacement vs. Storey.

4.1.4.2. Interstorey Drift

Checking the RSA results of Interstorey Drift Limit under PGA = 0.35g for retrofitting
by CLT Panels in the four suggested solutions fulfill the limitation of EC8 with values

under 24.75mm.

In terms of IDR values got from RSA, Fig. 4. 35, the solutions presented in Models Aret 1,
Aret 2, and Aret 3 show a swayed flow, retracting at the 5™ Storey and a severe regression
after the 6 Storey to the end. IDR varies over the height of the three Models with less

ductile performance and a severe regression on the upper Storeys. Highest IDR values are

72



0.08%, 0.06%, and 0.06% in Aret 1, Aret 2, and Aret 3, respectively, as shown in Table 4.

34.

Storey
S

Comparison - Interstorey Drift Ratio

0.07

0.14 0.21
IDR %

Fig. 4. 35, Comparison, IDR.

0.28 0.35

The three suggested solutions contribute by an average of 42% to 58%, decreasing the

IDR value on top storeys in comparison with Reference B. at the same time, the three

Solutions contribute to increasing the peak IDR value by an average of 7% to 14%,

contrasted to Reference B, Table 4. 35, referring to less ductile performance.

Comparison, IDR

Solution | Top Value Peak Value Retraction starting
Arer 1 0.08 0.16 between 3 and 6 Storey at the 5™ Storey
Aret 2 0.06 0.15 between 3™ and 4" Storey at the 5 Storey
Aret 3 0.06 0.16 between 2" and 4" Storey at the 5 Storey
Aret 4 0.07 0.12 6 Storey at the 7% Storey

Reference
B 0.14 0.14 on top Storey Non

Table 4. 34, Comparison, IDR.
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However, the solution displayed in Model Aret 4, offers a less flexible Frame with IDR of
0.07% on top storey, Table 4. 34. The IDR graph, in Fig. 4. 35, retracts severely after the
6 storey. Meanwhile, it shows a ductile flow from the 1% to 6™ Storey. Compared to
Reference B, the flexible performance decreases along with the contribution percentage
in IDR, reaching the half top storey value, and about 14% of Peak value compared to
Reference B, Table 4. 35.

Comparison, IDR
Value Aret 1 Aret 2 Aret 3 Aret 4
On top -42.86 -57.14 -57.14 -50.00
Peak +14.29 +7.14 +14.29 -14.29

Values (%).

Table 4. 35, Comparison, IDR Variations.

4.1.4.3. Base Reaction

Regarding Base Reaction, Fig. 4. 36, RSA results show approximately double the value
of Model B for the three suggested solutions Aret 1, Aret 2, and Aret 3. However, it is over
three times in Model Aret 4 relating to both shear and moment. CLT Panels increase the

Base Shear by about 42%, 48%, 45%, and 68%, in the four suggested solution

respectively.
Comparision - Base Shear Comparision - Base Moment

g
% ]
[ 5
w2 o

=

236418 ‘ 3“0 7’]
A0 A_RET1 A RET2 A _RET3 A RET4 A RET1 A RET2 A RET3 A RET4

Values (kN-M).

Fig. 4. 36, Comparison, Base Reaction.
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Notwithstanding, the base reactions values increase with a reduction of up to less than
half the Displacement value compared to Reference B throughout every storey in the
suggested Solutions presented in the Models Aret 1, Aret2, and Aret 3. While the
Displacement values achieve minimal levels and correspond to max values in base

reactions in the suggested Solution presented in the Model Aret 4, Fig. 4. 37.

Comparison, Ax vs. Base Shear

A0
oB

1000 OAret |
®Aret 2

®@Aret 3

500 ‘ ’ @ Aret 4

0 10 20 30 40 50 60 70 80
Max AX, mm

2000

1500

Base Shear, kN

Fig. 4. 37, Comparison, Base Shear vs. Max Roof Lateral Displacement.

CLT Panels increase the Base Shear by about 73%, 93%, 82%, and 218%. While in terms
of the Self Weight, the increase is by 26%, 48%, 45%, and 68% in the four suggested
Solutions Aret 1, Aret 2, Aret 3, and Aret 4, respectively.

CLT panels affect base Shear value by max about 48% increase when the connection is

CLT-Beam and about 68% increase when the connection is CLT-column, Table 4. 36

Comparison, Self Weight, Base Shear

Model B Aret 1 Aret 2 Aret 3 Aret 4
Self Weight 846.20 1064.87 1167.16 1116.01  1064.87
Change Ratio +25.84 +37.93 +31.88 +25.84
Base Shear 535.14  925.50 1032.28 972.52  1700.68
Change Ratio +72.95 +92.90 +81.73  +217.80

Values (kN-%,).

Table 4. 36, Comparison, Self Weight & Base Reaction Variations..

75



4.1.4.4. Period and Frequency

RSA results show that the CLT panels, as a retrofitting solution, in terms of Modal Period

contribute to decreasing the first Modal Period over 40% compared to Referance B in the

suggested Solutions Aret 1, Aret 2, and Aret 3. Maximum reduction in the first Modal Period

was observed the fourth presented solution Aret 4 by about 70%, Table 4. 37.

Fig. 4. 38 shows the changes in the Modal Period over 12 Modes. The suggested Solutions

Aret 1, Aret 2, and Aret 3 show a convergent flow with a decrease of 40% compared to

Reference B. On the contrary, the suggested Solution Aret 4 provides a short Modal Period

from the beginning, flows, to an extent, in harmony with the other after the 5 Mode.

Comparison, Period

Model B Aret 1 Aret 2 Aret 3 Aret 4
Mode 1 1.21 0.71 0.65 0.69 0.35

Change Ratio -41.32 -46.28 -42.98 -71.07

Mode 12 0.05 0.03 0.03 0.03 0.042
Change Ratio -40 -40 -40 -16

Table 4. 37, Comparison, Modal Period, Variations..

Comparison - Period vs. Mode

1.2
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Fig. 4. 38, Comparison, Modal Period.
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Regarding Modal Frequency, CLT panels increase the first Modal Frequency up to 84%
compared to Reference B in the suggested Solutions Aret 1, Aret 2, and Aret 3. The
maximum rise in the first Modal Frequency was observed in the fourth presented Solution

Auret 4 by about 144%, Table 4. 38.

The variations in the Modal Frequency over 12 modes displayed in Fig. 4. 39, presents a
convergent flow with a increase of 45% compared to Reference B in the suggested
Solutions Aret 1, Aret 2, and Aret 3. On the contrary, the suggested Solution Aret 4 provides
a first Modal Frequency with 2.86 Hz to reach nearly the Reference b value in the 12

mode.

Comparison, Frequency

Model B Aret 1 Avret 2 Aret 3 Aret 4
Mode 1 0.83 1.41 1.53 1.45 2.86
Change Ratio +69.88 +84.34 +74.70  +144.58
Mode 12 21.13 29.17 30.74 30.64 23.69
Change Ratio +38.05 +45.48 +45.01 +12.12

Values (Cyc/sec-%).

Table 4. 38, Comparison, Modal Frequency, Variations.

Comparison - Frequency vs. Mode

33
Q
2 22 HAQ
5, EB
2 mA retl
= HA ret2
% 11 A ret3
i ‘ i A retd
o =aiil ‘I ‘
1 2 3 4 5 6 7 8 9 10 11 12

Mode

Fig. 4. 39, Comparison, Modal Frequency.
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CLT panels technique shortens the period considerably compared to Reference B because
the CLT panels system maximizes the overall stiffness of the suggested solutions Model,

which results in a rise in the frequency of vibration and minimizing the period, as

displayed in Fig. 4. 40.

Comparison - Period vs. Frequency

35
30
§ 25
z —o— A0
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- —e—B
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0 :
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Period, sec

Fig. 4. 40, Comparison, Modal Period and Frequency.
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4.1.4.5. (P-M) interaction curve

RSA results show CLT panels, as a retrofitting solution, regarding the suggested

Solutions in Models Aret 1, Aret 2 and Aret 3, contribute effectively in keeping the seismic

Demands within the Columns’ capacity, as displayed in Fig. 4. 41to Fig. 4. 47. Compared

to Reference B and the up-mentioned Solutions, the seismic Demands of columns (6),

(7), and (8) exceed the columns’ capacity, which may lead to failure, as shown in Fig. 4.

46 and Fig. 4. 47.
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Fig. 4. 41, Comparison, (P-M) Interaction Curve, C1.

C3, (P-M) Interaction Curve
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Fig. 4. 43, Comparison, (P-M) Interaction Curve, C3.

Fig. 4. 42, Comparison, (P-M) Interaction Curve, C2.

C4, (P-M) interaction Curve
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Fig. 4. 45, Comparison, (P-M) Interaction Curve, C5.

Fig. 4. 46, Comparison, (P-M) Interaction Curve, C6.
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Fig. 4. 47, Comparison, (P-M) Interaction Curve, C7. C8.

The seismic Demands after retrofitting by CLT panels, in Models Aret 2 and Aret 3,

significantly satisfy the columns’ capacity compared to the suggested Solution Aret 1 as

presented in Table 4. 39. While the suggested solution in Model Aret 4 can not prevent the

failure in Columns (6), (7), and (8), all in comparison with Reference B.
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Comparisn , P-M interaction Curve.

Columns B Avret_1 Avrer 2 Avrer 3 Avrer 4
1 ++ + + + +
2 ++ ++ ++ ++ ++
3 ++ ++ ++ ++ ++
4 ++ + + + +
5 ++ + ++ ++ +
6 ++ + ++ e -
7 ++ ++ ++ ++ -
8 ++ ++ ++ ++ -

(++)= Non Exceedance, (+)= Exceedance, (-)= Failure.

Table 4. 39, Comparison, (P-M) Interaction Curve.
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4.2. POA Results

In this section, the POA is carried out using the SAP2000. A two-dimensional Model is
being tested for the suggested retrofitted building Aret and the Reference B. Beams and
columns are already modeled as nonlinear frame elements at the start and the end of the
element. CLT Panels' nonlinear behavior is already considered. The FEMA rule, built-in
SAP2000 with the IO, LS, and CP limit states for plastic hinges, has been used for the
acceptance criteria. The POA is executed separately for the five Models and is achieved
using CSM.

The resulting original graphs in APPENDIX B.
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4.2.1. Model Aretﬁl

4.2.1.1. Capacity Curve

The max Roof Displacement reaches the value of 30.2cm with Base Shear value of 3473

kN as shown in Fig. 4. 48.

Model 4,,, ;, Capacity Curve
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Fig. 4. 48, Model Ae: 1, Capacity Curve.
4.2.1.2. CSM

The Performance Point corresponds to an expected Roof Displacement value of 4.6 cm

and Base Shear value of 926 kN on time of 0.82 sec, as illustrated in Fig. 4. 49 and Table
4. 40.

Model Are: 1, Performance Point

Parameter | Base Shear  Expected Displacement T
Value 926 0.046 0.82
Value, kN, m, sec.
Table 4. 40, Model Aye, 1, Performance Point.
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Model 4,,, ;, Capacity Spectrum
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Fig. 4. 49, Model A, 1, Capacity Spectrum.

At every deformation step of the POA, determine plastic hinge location in the elements
and hinges reach the FEMA limit state, IO, LS, and CP using colors for identification as
Fig. 4. 50 shows. At the performance point intersection time, plastic hinges form near the
elements' ends as considered in the modelling. Thus, the testing Model is adequate

because the damage to the structure is still limited considering the structural elements'

yielding occurs between B to 10 States.
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Fig. 4. 50, Model A 1, Deformed Shape at the Performance Point step.
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4.2.2. Model AretﬁZ
4.2.2.1. Capacity Curve

The max Roof Displacement reaches the value of 26.35cm with Base Shear value of

4596.3 kN as shown in Fig. 4. 51.
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5000

4000
Z
o

-~ 3000
[as]
O
=
172}

9 2000
<
m

1000

0

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Roof Displacement, m
Fig. 4. 51, Model A 2, Capacity Curve.

4.2.2.2. CSM

The Performance Point corresponds to to an expected Roof Displacement value of 4.6 cm

and Base Shear value of 1079 kN on time of 0.7 sec, as Table 4. 41 and Fig. 4. 52 illustrate.

Model Ayet 2, Performance Point

Parameter | Base Shear  Expected Displacement T

Value 1079 0.046 0.7

Value, kN, m, sec.

Table 4. 41, Model Aye, 5, Performance Point.
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Model 4,,, ,, Capacity Spectrum
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Fig. 4. 52, Model A,.; >, Capacity Spectrum.

At every deformation step of the POA, determine plastic hinge location in the elements
and hinges reach the FEMA limit state, 1O, LS, and CP using colors for identification as
Fig. 4. 53 shows. At the performance point intersection time, plastic hinges form near the
elements' ends as considered in the modelling. The damage to the structure is still limited
considering the structural elements' yielding occurs between B to 10; Pointing to the most

hinges, except the columns' hinges, at the base, that exceed to reach LS State. Thus, the

testing Model is satisfactory.
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Fig. 4. 53, Model A,.; >, Deformed Shape at the Performance Point step.
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4.2.3. Model Aret 3

4.2.3.1. Capacity Curve

The max Roof Displacement reaches the value of 19.15cm with Base Shear value of
2579.77 kN as shown in Fig. 4. 54.

Model 4,,, ;, Capacity Curve
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Fig. 4. 54, Model A 3, Capacity Curve.

4.2.3.2.CSM

The Performance Point corresponds to to an expected Roof Displacement value of 4.7

cm, and Base Shear value of 985.5 kN on time of 0.8 sec, as shown in Fig. 4. 53 and Table
4.42.

Model Aret 3, Performance Point

Parameter | Base Shear  Expected Displacement T
Value 985.5 0.047 0.813

Value, kN, m, sec.

Table 4. 42, Model Aye: 3, Performance Point.
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Fig. 4. 55, Model A, 3, Capacity Spectrum.

At every deformation step of the POA, determine plastic hinge location in the elements
and hinges reach the FEMA limit state, IO, LS, and CP using colors for identification as
Fig. 4. 56 displays. At the performance point intersection time, plastic hinges form near
the elements' ends as considered in the modelling. Thus, the testing Model is adequate

because the damage to the structure is still limited considering the structural elements'

yielding occurs between B to 10 State.
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Fig. 4. 56, Model A 3, Deformed Shape at the Performance Point step.
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4 2 .4. MOdel Aret74

4.2.4.1. Capacity Curve

The max Roof Displacement reaches the value of 4.5 cm with Base Shear value of 5625.8

kN as shown in Fig. 4. 57.
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Fig. 4. 57, Model A, 4, Capacity Curve.

4.24.2.CSM

The Performance Point corresponds to to an expected Roof Displacement value of 2.4

cm, and Base Shear value of 3168 kN on time of 0.29 sec, as in Table 4. 43 and Fig. 4.
58.

Model Aret 4, Performance Point

Parameter | Base Shear  Expected Displacement T
Value 3168 0.024 0.285

Value, kN, m, sec.

Table 4. 43, Model Aye, 4, Performance Point.
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Fig. 4. 58, Model A, 4, Capacity Spectrum.

At every deformation step of the POA, determine plastic hinge location in the elements
and hinges reach the FEMA limit state, 1O, LS, and CP using colors for identification as
Fig. 4. 59 shows. Regarding the performance point intersection time, a few plastic hinges

form near the elements' ends as considered in the modelling and not exceed the IO State.

Therefore, the testing Model is adequate.
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Fig. 4. 59, Model A,.; 4, Deformed Shape at the Performance Point step.
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4.2.5. Model B

4.2.5.1. Capacity Curve

The max Roof Displacement reaches the value of 42.7 cm with Base Shear value of 350.5

kN as shown in Fig. 4. 60.

Model B, Capacity Curve
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Fig. 4. 60, Model B, Capacity Curve.

4.2.5.2.CSM

The Performance Point corresponds to to an expected Roof Displacement value of 8.5

cm, and Base Shear value of 350.6 kN on time of 1.5 sec as displayed in Fig. 4. 61 and
Table 4. 44.

Model B, Performance Point

Parameter | Base Shear  Expected Displacement T

Value 350.5 0.085 1.525
Value, kN, m, sec.

Table 4. 44, Model B, Performance Point.
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Fig. 4. 61, Model B, Capacity Spectrum.

At every deformation step of the POA, determine plastic hinge location in the elements
and hinges reach the FEMA limit state, 1O, LS, and CP using colors for identification as
Fig. 4. 62 demonstrates. Regarding the performance point intersection time, plastic hinges

form near the elements' ends as considered in the modelling and not exceed the IO State.

Thus, the testing Model is satisfactory.
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Fig. 4. 62, Model B, Deformed Shape at the Performance Point step..
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4.2.6. POA Comparison

4.2.6.1. Capacity Curve

Capacity Curves of the testing Models are presented in Fig. 4. 63. These curves represent
the models' behavior with stiffness and ductility. The structural elements may be yielded
continuously. At every step, the model experiences loss in stiffness. Therefore, the slope

of the Capacity Curve is decreasing.

Comparison, Capacity Curve

7000

6000 :

5000
Z
it : s 7 B
= :
§ 4000 | Pl — —Aret_1
& { -7 T Aret_2

: P - -

2 3000 | L7 - -
8 : P 7~ Aret_3
- arad Aret_4

2000 A —z=

/7
: rd
1000 i 2”
e
) ¢
0.0 0.1 0.2 0.3 0.4 0.5
Roof Displacement, m

Fig. 4. 63, Comparison, Capacity Curve.

In comparison with the Reference B Model results, the Capacity Curves show that the
Model Aret 4 has the highest stiffness, the highest max Base Shear value of 5625.8 kN,
and the minimum max Roof displacement value of 4.5 cm. While, the resulting values of
the Models Aret 1, Aret 2,and Aret 3, provide a decrease in the max roof Displacement value

ranging from 29% to 55%, corresponding to an increase in Basse shear value reach to

672%, as shown in Table 4. 45.
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Comparison, Capacity Curve

Model Base Shear % Max Roof Displacement %

Aret 1 3473 +483.6 30.2 -29.3

Aret 2 4596.28 +672.3 26.35 -38.3

Aret 3 2579.77 +333.5 19.15 -55.2

Aret 4 5625.8 +845.3 4.5 -89.5

B 595.13 42.7

Value, kN, cm, %.
Table 4. 45, Comparision, Capacity Curve.
4.2.6.2. CSM

As Fig. 4. 64 reveals, comparing the Model Aret 4 to the Reference B Model, the Model

Aret 4 provided highest Performance Point. While, the Models Aret 1, Aret 2, and Aret 3,

display Performance Points in close proximity to each other.
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Fig. 4. 64, Comparison, Performance Points.

Compared to the Reference B Model, the Percentage of reducing the effective time and

the Max Roof Displacement of the Mode Aret 4 Performance Point records the highest

values, consequently, the most increased stiffness. Regarding the Models Aret 1, Aret 2,
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and Aret 3, The reduction proportion is around 45 % and 50 %, respectively, in terms of

the expected Roof Displacement and the effective time values as shown in Table 4. 46.

Comparison, Performance Points

Model | Base Shear % Expected Displacement % T %
Avret_1 926 +164.2 4.6 -459 | 0.8 -46.7
Aret 2 1079 +207.8 4.6 -459 0.7 -533
Aret 3 985.5 +181.2 4.7 -44.7 | 0.8 -46.7
Aret 4 3168 +803.9 24 -71.8 | 0.3  -80.0
B 350.5 8.5 1.5

Value, kN, cm, sec, %.

Table 4. 46, Comparision, Performance Points.

Comparison of Fig. 4. 50, Fig. 4. 53, Fig. 4. 56, Fig. 4. 59, and Fig. 4. 62, reveals no
significant variations in the hinging patterns at the Performance Point state among the
suggested Solutions retrofitted by CLT panels, Aret 1, Aret 2, Aret 3, and the Reference B.
The hinge locations are consistent. The formation of hinges is not exceeding the IO State,
Table 4. 47. In the case of the Model Aret 2, it propagates to LS State in the columns'
hinges at the 1% Storey base level. The damage to the structure is still limited; thus, the

Models are satisfactory.

Comparison, Damage State

Model B to IO I0to LS Ls to CP

Table 4. 47, Comparison, Damage State.
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CHAPTER 5

5.1. Conclusion

This thesis introduced an advanced method of seismic design of concrete structures.
Retrofitting solutions of an existing reinforced concrete building by CLT panels have
been proposed and analyzed. The four suggested retrofitting solutions vary by CLT panels
thickness and the connector locations. CLT panels of 9cm, 15¢m, 9-15c¢m thickness,
connected to the beams, were the first three solutions. The fourth one represented
retrofitting by CLT panels of 9-15cm connected to the columns. Proper finite element
models for four suggested retrofitting solutions, and the reference building, were
performed using SAP2000.

A linear dynamic analysis was conducted to design and evaluate the seismic behavior
according to Eurocodes criteria using the Response Spectrum analysis. Then, a nonlinear
static analysis using Pushover was executed to examine the damage state of the models
using the Capacity Spectrum (ATC-40) Method.

The analysis has shown that using CLT panels enhances the seismic performance of the
existing building; the determination of CLT panels' thickness and the connectors' location
affects the deformation capacity, the ductility, and the stiffness of the structure.
Regarding the linear analysis, implementing CLT panels to the beams reduces the global
deformation (the peak roof drift) and the modal period by a decrease of 40%, in contrast
with the local deformation (the maximum storey drift) that increases by 7 to 14%.
Meanwhile, it adversely affects the base shear values by doubled increase side by side
with the stiffness, accompanied by keeping the seismic demands within the columns’
capacity. As the CLT panels thickness increases, the roof lateral displacement decreases,
and the base shear value and the stiffness increase. On the other hand, connecting CLT
panels to the columns contributed in terms of the local and global drift more efficiently.
In contrast, it maximized the base shear values and exaggerated the structure’s stiffness,
while the seismic demands exceeded the columns’ capacity in the top storeys.
Concerning the nonlinear analysis, connecting CLT panels to the beams affected the
expected roof displacement by a decrease of 45%. While the expected roof displacement
was influenced by a 71% decrease with connecting the CLT panels to the columns, the
structural damage was limited according to the FEMA in both cases, except that the
Capacity Spectrum reflected much more stiffness, considering the final suggested

solution.
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5.2. Further studies

As a retrofitting technique, the CLT panels can enhance the seismic performance of the
existing reinforced concrete buildings, which requires more research to be done.

This study used the SAP2000 to analyze the seismic performance, where adding the cross-
laminated timber as new material and connecting the new sections to the original
structural elements was challenging.

More studies can be proposed by using different characteristics that the cross-laminated
timber can offer, and various types of connectors that the application can offer.
Regarding the nonlinear analysis, this thesis has used the default type of hinges, assuming
the same deformation capacity for all columns regardless of their axial load level and
weak or strong axis orientation. Advanced studies can be more specific and more accurate
concerning the hinges features.

In addition, the ATC-40 was helpful to determine the damage state, which is a traditional

old method. Many developed approaches can be more beneficial in further studies.
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APPENDIX A

3 3 E ! E E 3
9 3 4 = 4 o o 4
& I ,’E £ & 5
5 | 5 o o + £ n
A E H ki 3 B 3
E % d e g 8 8 8
i ; 8 i i 2
4 3 4 g A A 3
LOADS
Thickness: Load:
Dead Floor Weight m Y Dirm  kN/m
Slab: kN/m? 25 0.15 4 15
Finishing:
kN/m? 2 4 8
Z Dir: m
Walls kN/m? 9 0.16 33 4.752
SUM 27.752
Dead Roof
SUM 23
| Live kN/m> 2 4 8
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Building Ao

- Response Spectrum Function, Load.

3¢ Response Spectrum EuroCode & - 2004 Function Definition X
Function Damping Ratio
Function Name RS -PGAD,15 0,05

Parameters Define Function

Country Norway ~ Period Acceleration

Direction Horizontal v

Horizontal Ground Accel, agly 0,15

Spectrum Type 1

Ground Type - v

Soil Factor, S 13

Spectrum Period, Tb 01

Spectrum Period, Tc 025 ;

{

Spectrum Period, Td 15 H

Lower Bound Factor, Beta 0.2

Behavior Factor, @ 2

3¢ Load Case Data - Response Spectrum X

Load Case Name Notes Load Case Type

lRS_ X Dir Set Def Name Modify/Show. Response Spectrum + | Design

Modal Combination

Ol aue 1
O s GMC 12 |0
O Absolute
e Periodic + Rigid Type |SRSS ~
O NRC 10 Percent
O Double Sum
Modal Load Case
Use Modes from this Modal Load Case MODAL v
@ Standard - Acceleration Loading
O Advanced - Displacement Inertia Loading
Loads Applied
Load Type Load Name Function Scale Factor
Accel u1 v |Rs-Paa0, v [s81
lacce Jlut fles_Peaods flost ] Add
Modify
Delete
[J Show Advanced Load Parameters
Other Parameters
Modal Damping Constant at 0,05 Modify/Show.

- Structural characteristics.

Directional Combination
@ SRsS

O cac3

O Absolute

Mass Source
Previous (G+0.3L)
Diaphragm Eccentricity
Eccentricity Ratio

o .

Override Eccentricities Override...

Cancel

Beaml

Concrete

Width : cm

Depth : cm

Material | Area : m2

Dimensions

50

30

C25/30 0.15

Steel

Diameter : mm

number

Material | Area : m2

Cover : cm

Top

14

4

B450C | 0.000616

2.5

Bottom

14

2

B450C [ 0.000308

2.5
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Beam?2

Concrete Depth: cm Width: cm | Material | Area: m2
Dimensions 30 30 C25/30 0.09
Steel Diameter: mm number Material | Area: m2 | Cover: cm
Top 14 3 B450C | 0.000462 2.5
Bottom 14 2 B450C | 0.000308 2.5
Column 1
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 90 30 C25/30 0.27
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 5 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 10 2 B450C 10
Dir 3 10 4 B450C 10
Column 2
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 80 30 C25/30 0.24
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 5 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
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Diameter : mm number Material ~ Spacing : cm
Dir 2 10 2 B450C 10
Dir 3 10 4 B450C 10
Column 3
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 70 30 C25/30 0.21
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 5 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 10 2 B450C 10
Dir 3 10 4 B450C 10
Column4
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 60 30 C25/30 0.18
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 16 4 B450C 2.5
Dir 3 16 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 8 2 B450C 10
Dir 3 8 2 B450C 10
Column 5
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 50 30 C25/30 0.15
Steel
longitudinal
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Diameter : mm number Material Cover : cm
Dir 2 16 4 B450C 2.5
Dir 3 16 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 8 2 B450C 10
Dir 3 8 2 B450C 10
Column 7
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 30 30 C25/30 0.09
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 14 3 B450C 2.5
Dir 3 14 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 6 2 B450C 10
Dir 3 6 2 B450C 10
Column 8
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 30 30 C25/30 0.09
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 14 3 B450C 2.5
Dir 3 14 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 6 2 B450C 10
Dir 3 6 2 B450C 10
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Building Aret

- Response Spectrum Function, Load.

x Response Spectrum EuroCode 8 - 2004 Function Definition

Function Damping Ratio

Function Name IRS~ PGA 0,35 ]

Parameters Define Function
Country Norway ] Period Acceleration
Direction [Horizontal | Add
0, ~ |0,3033 A~
Horizontal Ground Accel., ag/g 0,0333 03918 Wodiy
0,0867 0,4803
Spectrum Type | 1 ~ 01 0,5688 Delete
025 0,5688
eucaine i | 04583 0,3102
13 0,6667 0,2133
Suefackn S | 0,875 v |0,1625 v
Acceleration Ratio, Avg/Ag |
Spectrum Period, Tb 01 Function Graph
Spectrum Period, Tc | 025 -
Spectrum Period, Td | 15
|
Lower Bound Factor, Beta [02
Behavior Factor, q 2,
1T
1T

Convertto User Defined | | Display Graph [ (13077 , 0,1089)
I 0K I Cancel
x Load Case Data - Response Spectrum
Load Case Name Notes Load Case Type
[Rs_xDir | | setbefName | I 1 [Resp "H Design...
Modal Combination Directional Combination

® cac wnfi____] O==
cac3
O emse e :
] O e

O Absolte =

s Periodic + Rigid Type | SRSS = Scale Factor

O HRC 10 Percent Jated Souts

Ol |Pmious 1G+0.3L)
Modal Load Case

Use Modes from this Modal Load Case WODAL v icty Ratio

@ Standard - Acceleration Loading

O Advanced - Displacement inertia Loading Override Override...

Loads Applied
LoadType  Load Name Function Scale Factor
[ Accel

[] Show Advanced Load Parameters
Other Parameters
Siowinl Dmging Constant at 0,05 | Modify/Show III

| cancel
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Building B
- Response Spectrum Function, Load

3¢ Response Spectrum EuroCode 8 - 2004 Function Definition >4

Function Damping Ratio

Function Name RS - PGAD,35

Parameters Define Function
Country Norway 7 period Acceleration
Direction Horizontal — ~
0, ~|0,3033 ~
Horizontal Ground Accel., aglg 0,0333 0,3918
0,0867 0,4803
Spectrum Type 1 01 0,5688 Delete
T 025 0,5688
Ground Type B ~ 0,4583 03102
13 0,6667 02133
Shlacs | 0,875 v |0,1625 v

Spectrum Period, Tb 01 Function Graph

Spectrum Period, Te [0.2s
Spectrum Period, Td [15
Lower Bound Factor, Beta [0z
Behavior Factor, g [z
Convert to User Defined Display Graph (1.3077 , 0,1089 )
=
B¢ Load Case Data - Response Spectrum X
Load Case Name Notes Load Case Type
RS_ X Dir | SetDef Name \ Modify/Show... | Response Spectrum ~ | Design..
Modal Combination Directional Combination
® cac wenfi ] @
O sess auc 2 i
O Absolute O Absolute
O emc Periodic + Rigid Type | SRSS ~ Scale F
O NRC 10 Percent liss Solves
(@) ‘ Previous (G+0,3L)
Modal Load Case Diaphragm Eccentricty

Use Modes from this Modal Load Case MODAL | Eccentricty Ratio

@© Standard - Acceleration Loading

O Advanced - Displacement Inertia Loading Ovaurkle Ecomrkrilics Dvenide
Loads Applied
Load Type Load Name Function ‘Scale Factor
[ o oles-moaoifom |
Add
Modify
Delete
[] Show Advanced Load Parameters
Other Parameters
Modal Damping Constant at 0,05 Modify/Show...
[ cancel

- Step 1: Modify the beams on the 6" ,5" and 4" f°°" to B3, the rebars in C6 and C5 to 20/10,
rebars in C7and C8 to 16/8 not enough!

Building B_Design_Stepl

Storey Beam Column
1 B1 C1

2 B1 C2

3 B1 C3

4 B3 C4
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5 B3 C5/RB
6 B3 C6/RB
7 B2 C7_C6_C6 C7(RB)
8 B2 C8/RB

1,25 Capacity ratio C31-C30

’ - a

0,98 Capacity ratio C27-C26

1,009 Capacity ratio C23-C22 e

1,148 Capacity ratio C14-C15

- 0,994 Capacity ratio C16-C13

" Step (1)

- Step 2: C8 in both middle columns on the 8™ floor modified to C6, the are C3& C4 rebars
modified to 20/12, and C1 to 25/12 & C2 t020/12, not enough!

Building B_Design Step2

Storey Beam Column
1 B1 C1/RB
2 B1 C2/RB
3 B1 C3/RB
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4 B3 C4/RB
5 B3 C5/RB
6 B3 C6/RB
7 B2 C7_C6 C6 C7(RB)
8 B2 C8-C6-C6-C8(RB)

0,984 Capacity ratio C27-C26

1,015 Capacity ratio C23-C22 |

Step (2)

- Step 3: On 7" floor all the columns are modified to C6, on the 6™ floor both columns in the

middle are modified to C5. And that was enough!

Building B Design_Step3

Storey ‘ Beam Column
1 B1 CI1/RB
2 B1 C2/RB
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o N D U AN W

B1
B3
B3
B3
B2
B2

COL. 29-30-31-32 A
0,721

coL. 2627 B

COL.14-15 B

C3/RB
C4/RB
C5/RB
C6-C5-C5-C6 (RB)
C6 (RB)
(C8-C6-C6-C8(RB)

]

0,839/0,606

0,732/0,81

0,703/0,745

Building B : Ax_Step 3

Point

~ N W AR L YN &

H:m
33
33
33
33
33
33
33
33
33
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AX :m
0.0649
0.0562
0.0463
0.0365
0.0259
0.017
0.0094
0.0031



BUILDING B, RSA, PGA= 0,35G

9
8
7
. 6
2 5
O 4
73
2
1
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
L.D.R. %
Building B: Interstorey Drift limit Check-Step 3
storey | Ax :mm qd v dsi:mm dr:mm  dr*v:mm Limit =24.75
8 64.9 2 0.5 129.8 17.4 8.7 TRUE
7 56.2 2 0.5 112.4 19.8 9.9 TRUE
6 46.3 2 0.5 92.6 19.6 9.8 TRUE
5 36.5 2 0.5 73.0 21.2 10.6 TRUE
4 25.9 2 0.5 51.8 17.8 8.9 TRUE
3 17 2 0.5 34.0 15.2 7.6 TRUE
2 9.4 2 0.5 18.8 12.6 6.3 TRUE
1 3.1 2 0.5 6.2 6.2 3.1 TRUE
Step4:

the Interstorey drift ratio for the third try is not flowing smoothly between 51 / 61

storey and 7% / 8" storey.

Some procedures had to be done to improve the graph flowing.

Replace the Steel to ¢14 for the confinement bars from the base to 4™ storey, and

¢12 to the rest.
Replace the Steel to $20 for the longitudinal bars on 7" & 8 storey.

He weakness in the middle columns start on the 41 storey and delivers its peak in

the 7" storey, the middle columns can be replaced by bigger cross section and the

result is satisfying.
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Building B_Design_Step4

Storey Beam Column
1 B1 C1/RB
2 B1 C2/RB
3 B1 C3/RB
4 B3 C4-C3-C3-C4 (RB)
5 B3 C4-C4-C4-C4 (RB)
6 B3 C6-C5-C5-C6 (RB)
7 B2 C7-C5-C5-C7 (RB)
8 B2 C8(RB)
Building B : Ax_Step 4
Point H:m AX :m
9 33 0.0655
8 33 0.0553
7 33 0.0454
6 33 0.0355
5 33 0.0258
4 33 0.0172
3 33 0.0096
2 33 0.0031
1 33 0
BUILDING B, RSA, PGA= 0,35G
8
26
S 4
ZI I
0

0.00

0.05

0.10

0.15 0.20
I.D.R. %
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Building B: Interstorey Drift limit Check-Step 4

storey | Ax :mm qd v dsi:mm dr:mm  dr*v:mm Limit =24.75
8 65.5 2 0.5 131.0 20.4 10.2 TRUE
7 553 2 0.5 110.6 19.8 9.9 TRUE
6 45.4 2 0.5 90.8 19.8 9.9 TRUE
5 35.5 2 0.5 71.0 19.4 9.7 TRUE
4 25.8 2 0.5 51.6 17.2 8.6 TRUE
3 17.2 2 0.5 344 15.2 7.6 TRUE
2 9.6 2 0.5 19.2 13.0 6.5 TRUE
1 3.1 2 0.5 6.2 6.2 3.1 TRUE

- Structural Characteristics

Beaml
Concrete Depth : cm Width : cm | Material | Area : m2
Dimensions 50 30 C25/30 0.15
Steel Diameter : mm number Material | Area : m2 | Cover : cm
Top 14 4 B450C | 0.000616 2.5
Bottom 14 2 B450C | 0.000308 2.5
Beam?2
Concrete Depth : cm Width : cm | Material | Area : m2
Dimensions 30 30 C25/30 0.09
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Steel Diameter : mm number Material | Area: m2 | Cover : cm
Top 14 3 B450C | 0.000462 2.5
Bottom 14 2 B450C | 0.000308 2.5
Beam3
Concrete Depth : cm Width : cm | Material | Area : m2
Dimensions 40 30 C25/30 0.12
Steel Diameter : mm number Material | Area : m2 | Cover : cm
Top 14 3 B450C | 0.000462 2.5
Bottom 14 2 B450C | 0.000308 2.5
Column 1
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 90 30 C25/30 0.27
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 25 5 B450C 2.5
Dir 3 25 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 12 2 B450C 10
Dir 3 12 4 B450C 10
Column 2
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 80 30 C25/30 0.24
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 5 B450C 2.5
Dir 3 20 3 B450C 2.5
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Confinement

Diameter : mm number Material ~ Spacing : cm
Dir 2 12 2 B450C 10
Dir 3 12 4 B450C 10
Column 3
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 70 30 C25/30 0.21
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 5 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 12 2 B450C 10
Dir 3 12 4 B450C 10
Column4
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 60 30 C25/30 0.18
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 4 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 12 2 B450C 10
Dir 3 12 2 B450C 10
Column 5
Concrete
Depth : cm Width: cm  Material Area : m2
Dimensions 50 30 C25/30 0.15

116




Steel

longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 4 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 10 2 B450C 10
Dir 3 10 2 B450C 10
Column 6
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 40 30 C25/30 0.12
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 20 3 B450C 2.5
Dir 3 20 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 10 2 B450C 10
Dir 3 10 2 B450C 10
Column 7
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 30 30 C25/30 0.09
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 16 3 B450C 2.5
Dir 3 16 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 8 2 B450C 10
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Dir 3 8 2 B450C 10

Column 8
Concrete
Depth : cm Width : cm  Material Area : m2
Dimensions 30 30 C25/30 0.09
Steel
longitudinal
Diameter : mm number Material Cover : cm
Dir 2 16 3 B450C 2.5
Dir 3 16 3 B450C 2.5
Confinement
Diameter : mm number Material ~ Spacing : cm
Dir 2 8 2 B450C 10
Dir 3 8 2 B450C 10
'GI B, G|
Bl E' E'
&0 EE' EEI 5o agl 20 5O i
PUOpl RN RM RN ORMOGE RN
o
2 z s s 3 s = a §
@
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APPENDIX B
Importance classes for buildings according to ECS:

Table 4.3 Importance classes for buildings

Importance | Buildings

class

I Buildings of minor importance for public safety, e.g. agricultural
buildings, etc.

11 Ordinary buildings, not belonging in the other categories.

M1 Buildings whose seismic resistance is of importance in view of the
consequences associated with a collapse, €.g. schools, assembly halls,
cultural institutions etc.

v Buildings whose integrity during earthquakes is of vital importance
for civil protection, e.g. hospitals, fire stations, power plants, etc.

Reduction Factor v

NOTE The values to be ascribed to v for use in a country may be found in its National Annex.
Different values of v mav be defined for the various seismic zones of a countrv. depending on

the seismic hazard conditions and on the protection of property objective. The recommended
values of v are 0,4 for importance classes 11l and IV and v = 0,5 for importance classes I and II.

Interstorey Drift Limitation according to ECS:

Table 6.1: Design concepts, structural ductility classes and upper limit reference Table 6.2: Upper limit of reference values of behaviour factors for systems regular
values of the behaviour factors in elevation
Range of the Ductility Class
. Structural ductility | reference values of STRUCTURAL TYPE DCM e DCH
Design concept 1 the behaviour fact
class © behaviour factor a) Moment resisting frames 4 So/oy
g b) Frame with concentric bracings
Concept a) Diagonal bracings 4 4
Low dissipative structural DCL (Low) <15-2 V-bracings 2 25
behaviour ¢) Frame with eccentric bracings 4 Sow/ou
<4 d) Inverted pendulum 2 Doty /oy
Concept b) DCM (Medium) o ¢) Structures with concrete cores or concrete walls See section 5
Dissipati | also limited by the f) Moment resisting frame with concentric bracing 4 4ot/
issipative structura values of Table 6.2 ) Moment resisting frames with infills
behaviour : :
) Unconnected concrete or masenry infills, in 5 5
DCH (High) only limited by the contact with the frame
values of Table 6.2 Connected reinforced concrete infills See section 7
NOTE 1 The value ascribed to the upper limit of ¢ for low dissipative behaviour, within the Infills isolated from moment frame (see 4 Sary/ory
range of Table 6.1, for use in a country may be found in its National Annex. The d moment frames)

value of the upper limit of ¢ for low-dissipative behaviour is 1,5.
(2)  If the building is non-regular in elevation (see 4.2.3.3) the upper limit values of

NOTE 2 The National Annex of a particular country may give limitations on the choice of the g listed in Table 6.2 should be reduced by 20 % (see 4.2.3.1(7) and Table 4.1)
design concept and of the ductility class which are permissible within that country.
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4.3.4 Displacement analysis

(1)P  If linear analysis is performed the displacements induced by the design seismic
action shall be calculated on the basis of the elastic deformations of the structural
system by means of the following simplified expression:

d,=qqd, (4.23)

where

ds is the displacement of a point of the structural system induced by the design
seismic action;

ga is the displacement behaviour factor, assumed equal to ¢ unless otherwise
specified;

de is the displacement of the same point of the structural system, as determined by
a linear analysis based on the design response spectrum in accordance with
3.2.2.5.

The value of ds does not need to be larger than the value derived from the elastic
spectrum

NOTE In general g, is larger than g if the fundamental period of the structure is less than T; (see
Figure B2 ).

(2)P  When determining the displacements d., the torsional effects of the seismic
action shall be taken into account.

(3) For both static and dynamic non-linear analysis, the displacements determined
are those obtained directly from the analysis without further modification

4.3.3.2.2 Basc shear foree

4.4.3.2 Limitation of interstorey drift

(1) Unless otherwise specified in Sections 5 to 9, the following limits shall be
observed:

a) for buildings having non-structural elements of brittle materials attached to the
structure:

dy <0005k (4.31)
b) for buildings having ductile non-structural elements:
dy <0,0075h (4.32)

¢) for buildings having non-structural elements fixed in a way so as not to interfere with
structural deformations, or without non-structural elements:

dy <0010k (4.33)

where

dy is the design interstorey drift as defined in 4.4.2.2(2);

h is the storey height;

v is the reduction factor which takes into account the lower return period of the

seismic action associated with the damage limitation requirement

2) The value of the reduction factor v may also depend on the importance class of
the building. Implicit in its use is the assumption that the elastic response spectrum of
the seismic action under which the “damage limitation requirement” should be met (see
3.2.2.1(1)P). has the same shape as the elastic response spectrum of the design seismic
action corresponding to the “ultimate limit state requirement” in accordance with
2.1(1)P and 3.2.1(3)

NOTE The values to be ascribed to v for use in a country may be found in its National Annex.
Different values of v may be defined for the various seismic zones of a country, depending on
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PrEN 1998-1:2003 (E)

the seismic hazard conditions and on the protection of propenty objective. The recommended
values of v are 0,4 for importance classes I11 and IV and v = 0,5 for importance classes | and 11

()P The seismic base shear force Fy, for each horizontal direction in which the
building is analysed, shall be determined using the following expression:

42
prEN 1998-1:2003 (E)
F, =8,(1,)-m-2 .5)
where
S4(T) is the ordinate of the design spectrum (see 3.2.2.5) at period T;;
T is the fundamental period of vibration of the building for lateral motion in the
direction considered;
m is the total mass of the building, above the foundation or above the top of a rigid
basement, computed in accordance with 3.2.4(2);
A is the correction factor, the value of which is equal to: L = 0,85 i T} < 2 T¢ and

the building has more than two storeys, or & = 1,0 otherwise.

NOTE The factor % accounts for the fact that in buildings with at least three storeys and
translational degrees of freedom in each horizontal direction, the effective modal mass of the 1%
(fundamental) mode is smaller, on average by 15%, than the total building mass.

(2)  For the determination of the fundamental period of vibration period Ty of the
building, expressions based on methods of structural dynamics (for example the

Rayleigh method) may be used.

(3)  For buildings with heights of up to 40 m the value of 7} (in s) may be

approximated by the following expression:
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1, =C -1 (4.6)

where

C, 15 0,085 for moment resistant space steel frames, 0,075 for moment resistant
space concrete frames and for eccentrically braced steel frames and 0,050 for all
other structures;

H is the height of the building, in m, from the foundation or from the top of a rigid
basement.

4) Alternatively, for structures with concrete or masonry shear walls the value ¢ in
expression (4.6) may be taken as being

€, =0,075/,f4; 4.7)
where

A. =% [Ai A(0,2+(1, 1 H }}2] (4.8)
and

A, Lil'l.he total effective area of the shear walls in the first storey of the building, in
A is 1‘he effective cross-sectional area of the shear wall { in the first storey of the

building, in m:
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H 1s as in (3) of this subclause;
L is the length of the shear wall 7 in the first storey in the direction parallel to the

applied forees, in m, with the restriction that /;/ff should not exceed 0,9.

(5) Alternatively, the estimation of T; (in s) may be made by using the following
expression:

T =2-Jd (4.9)
where
d is the lateral elastic displacement of the top of the building, in m, due to the

gravity loads applied in the horizontal direction.
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4.3.3.4.2 Non-linear static (pushover) analysis
4.3.3.4.2.1 General

(D) Pushover analysis 1s a non-linear static analysis carried out under conditions of
constant gravity loads and monotonically increasing horizontal loads. It may be applied
to verify the structural performance of newly designed and of existing buildings for the
following purposes:

a) to verify or revise the overstrength ratio values a/a (see 5.2.2.2, 6.3.2, 7.3.2);

b) to estimate the expected plastic mechanisms and the distribution of damage;

¢) to assess the structural performance of existing or retrofitted buildings for the
purposes of EN 1998-3;

d) as an alternative to the design based on linear-clastic analysis which uses the
behaviour factor g. In that case, the target displacement indicated in 4.3.3.4.2.6(1)P
should be used as the basis of the design.

(2)P  Buildings not conforming to the regularity criteria of 4.2.3.2 or the criteria of
4.3.3.1(8)a)-e) shall be analysed using a spatial model. Two independent analyses with
lateral loads applied in one direction only may be performed.

(3) For buildings conforming to the regularity criteria of 4.2.3.2 or the criteria of
4.3.3.1(8)a)-d) the analysis may be performed using two planar models, one for each
main horizontal direction.

4) For low-rise masonry buildings, in which structural wall behaviour is dominated
by shear, each storey may be analysed independently.

(5) The requirements in (4) are deemed to be satisfied if the number of storeys is 3
or less and if the average aspect (height to width) ratio of structural walls is less than
1,0

4.3.3.4.2.3 Capacity curve

(1) The relation between base shear force and the control displacement (the
“capacity curve”) should be determined by pushover analysis for values of the control
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displacement ranging between zero and the value corresponding to 150% of the target
displacement, defined in 4.3.3.4.2.6.

(2)  The control displacement may be taken at the centre of mass of the roof of the
building. The top of a penthouse should not be considered as the roof.

4.3.3.4.2.4 Overstrength factor

(1) When the overstrength ratio (ww/cy) is determined by pushover analysis, the
lower value of the overstrength factor obtained for the two lateral load distributions
should be used.

4.3.3.4.2.5 Plastic mechanism

(1)P  The plastic mechanism shall be determined for the two lateral load distributions
applied. The plastic mechanisms shall conform to the mechanisms on which the
behaviour factor g used in the design is based.

4.3.3.4.2.6 Target displacement

(1)P  The target displacement shall be defined as the seismic demand derived from the
elastic response spectrum of 3.2.2.2 in terms of the displacement of an equivalent
single-degree-of-freedom system.

NOTE Informative Annex B gives a procedure for the determination of the target displacement
from the elastic response spectrum.
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NONLINEAR STATIC (PUSHOVER) ANALYSIS
B.1 General

The target displacement is determined from the elastic response spectrum (see 3.2.2.2).
The capacity curve, which represents the relation between base shear force and control
node displacement, 1s determined 1 accordance with 4.3.3.4.2.3.

The following relation between normalized lateral forces F, and normalized
displacements @; 15 assumed:

F =m®, (B.T)

where m; 1s the mass in the i-th storey.

Displacements are normalized in such a way that @, = 1, where » is the control node
(usually, n denotes the roof level). Consequently, F,, = m,.

B.2  Transformation to an equivalent Single Degree of Freedom (SDOF) system
The mass of an equivalent SDOF system m’ is determined as:
m =2m®, :Z.F. (B.2)

and the transformation factor is given by:

T 20 (B3)
ol o(E
E[ i }
The force F and displacement d of the equivalent SDOF system are computed as:
« K
F ==t B.4
T (B4)
« d
d =—% B.5
T (B.5)

where F, and d, are, respectively, the base shear force and the control node
displacement of the Multi Degree of Freedom (MDOF) system.

The mointored displacement according to ASCE

3.2.5.1 Building Pounding Data shall be collected to permit
evaluation of the effects of building pounding, wherever a
portion of an adjacent structure is located within 4% of the height
above grade at the location of potential impact.
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