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Abstract

FLEXURAL BEHAVIOUR OF ECC COUPLING SLAB IN COUPLED
SHEAR WALL STRUCTURE

Rizwan Ahmed Issani, B.E. Engineering
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Master of Applied Science in the program of Civil Engineering

Toronto, Ontario, Canada, 2012
© Rizwan Ahmed Issani, 2012

Flexural stiffness or effective width of floor slab acting as coupling beam is very important for the
analysis of Coupled Shear Wall (CSW) systems. New generation of high performance concretes
provide an alternative to conventional concrete to enhance the performance of coupling slabs. This
research investigates the flexural behaviour of coupling slabs incorporating Engineered
Cementitious Composite (ECC) compared to conventional Self-Consolidating Concrete (SCC).
The high strain capacity and low crack width makes ECC an ideal material for coupling slab. Non-
linear coupling action of ECC slabs is investigated experimentally with small-scale models having
variable geometric parameters under monotonic loading. The performance is judged based on
moment-rotation response, flexural stiffness/effective width, deflection, cracking, strain
development and failure modes. Design charts for flexural stiffness/effective width of coupling
slabs are presented in pre-cracking/cracking/post-yielding stages. CSW systems with ECC are
found stronger and ductile than their SCC counterparts confirming the viability of constructing

such structures.



Table of Contents

AULhOT’S DECIANALION cuvivicrieininsensenseissississississessessessssssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssasssssns ii
ACKNOWIEAGEMENTS «.veecueereieresencsanessesnesanesssssnssasesssssssssssssssssssasssasssssssssssssssssssssassssssssssssssassssssasssassss iii
N 0151 1 =T iv
Table Of CONEENES...cccciivreriiirirrnrienisssnricssssssecssssasiessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss \4
LSt Of FIGUIES ceeeeeveriiiirininiiiiiiinsticnsticssnniosssnissssnissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss ix
LSt Of TADIES c.ccvuneriiniinnricnsseniecssssnniessssannecssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssasssssssss xii
LiSt Of INOTALION c.uuverirrnrinierisseicssnicssencssssnsssnsissssnsssssssssssssssssssssssssssssssssssssssssssssnsssssssssssnsssssassssnns xiii
AbDbreviations and UNILS ....cccceeiicinnneiecinssnniecssssnsicsssssssessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssass Xvi
CHAPTER 1
INTRODUCTION
1.0 GBNEIAL ...ttt bR bt bR et ettt be b benrenreas 1
1.1 Significance 0f the RESEAICH ..........c.coiiiiiie e 4
1.2 Objectives 0f the RESEAICH ...........coiiiiie e 5
1.3 SCOPE OF the RESEAICN........iciicie et te et sre e 6
1.4 THESIS OULIINE ...ttt et r e st et e st e sreeeeeneeaseeteaneenneeneeenee e 7
CHAPTER 2
LITERATURE REVIEW
O €T 0T - | S PSSUPS 9
2.1 Behaviour of Slabs in Coupled Shear Wall StruCtUIeS...........coeiieiiicieieeee s 9
2.1.1 Bending or Flexural Stiffness of Coupling Slab in Shear Wall Structure.................... 11
2.1.2 Effective Width of the Coupling SIah ..o 14
2.2 Non-linear Analysis of Reinforced Concrete Coupled Shear Wall Structures..............ccoccvvnene 15
2.3 Cracking and Failure of Coupling Slabs in Shear Wall StruCtures ...........cccoccevivevviieieernsnene. 19



2.4 Modes of Failure of Coupled Shear Wall STrUCTUIE ............coveiiiiiiiiiicieee e 20

2.5 Analysis of Coupled Shear Wall STrUCTUIES .........c.ooiiiiiiiiiecece e 22

2.5.1 Continuous Medium MEethOd ... 25

2.5.1.1 Analysis for Uniformly Distributed Load ...........cccccoovveviieieiiieiiece e 25

2.5.1.2 Analysis for Distributed, Triangular and Point Loading ...........ccccoevvvrinneee. 33

2.5.1.3 Analysis of Shear Walls with Multiple Bay of Opening...........cccccocvveivennne 38

2.5.1.4 Physical Interpretation of Design Parameters ..........ccocovveveiereieneneseneenns 41

2.6 Role of Reinforced Concrete in the Coupled Shear Wall Structures ............ccccceeeveiiiininnnnnns 43

2.6.1 Self-Consolidating Concrete (SCC) ...oviiiiiiiieiieiece et 44

2.6.2 Engineered Cementitious CompoSIteS (ECC) .....ccevveiiriiiiiniiiiieenee e 45

2.6.2.1 Applications OF ECC.........ccviiiiieie e 49

2.7 SUMMArY and CONCIUSION.......cviiiiiieie ettt e re e beeaenneennas 52
CHAPTER 3

EXPERIMENTAL SETUP, MODEL PROPERTIES, INSTRUMENTATION AND
TESTING

3.0 INEFOOUCTION .ottt e e e e ee e enennnemnnnnn 53

3.1 Simulation of Non-linear Flexural Behaviour of Coupling Slab and Working Principle of Test

1] U o PSP P PSSP PP PRTPROPR 53
3.2 Geometry of Model TESt SPECIMENS .......oviiiiiiiie it 55
3.3 Material Properties and HPC MiX DESIGN ........ccoiiiiiiiieiie et 57
3.3.1 Tests on Mechanical Properties 0f CONCIELE .........ceoeriereieiinisieieiee e 57
3.3.1.1 Compressive StIENQtN........cooiiiiiicie e 57

3.3.1.2 Flexural STrength .........ccooiiiiiiiiee e 58

3.3.2 Modulus of elasticity of ECC and SCC..........ccoeiiiiiiiiiieiie e 59

3.3.3 ReiNforcing Steel PrOPerties........couc e 61

3,34 HPC MIX DESION .ottt ettt ettt et st e e be e s e e teesrb e e beesnaeereens 63

Vi



3.3.4.1 Self-Consolidating Concrete (SCC) ....ccvviveiieeiieiieiie e 63

3.3.4.2 Engineered Cementitious Composite (ECC)......cccovviininnininiieneeie e 65
3.4 Design of Reinforcement for Models and Reinforcement Details .............ccccovvevieiieciie e, 66
3.5 Analytical Moment and Shear Capacities of Coupling Slabs in Model Specimens................... 69
3.6 Casting 0f MOdel SPECIMENS ......cc.eiiiiiie et sre e 71
3.7 Experimental Set-up, Instrumentation and TeStING .........ccceeviiieiieie e 72
3.8 ChapLer SUMMAIY .....cviiieieie ettt et e st e e e e st e s reeeesseesta e teaneesreenreenee e 77

CHAPTER 4

ANALYSES OF EXPERIMENTAL RESULTS

OO )i oo [0 Tox 1 o] I TSSOSO 78

4.1 EXPErimMeNntal RESUILS........c.ooiiiie ettt et reesreenee e 78

4.1.1 Behaviour of Reinforcement in Slab based on Strain Development...............c.cco.... 78

4.1.2 Strain Development in Concrete and Proof of Theory ..., 80

4.1.3 Load-Displacement Response, Crack Development and Failure Modes .................... 84

4.1.3.1 Models with L/X of 0.3 (ECC350 and SCC350).......ccccvuerereierenrrnrrrreanenns 84

4.1.3.2 Models with L/X of 0.4 (SCC300 and ECC300)........cccvuerererererrenrrnreanenns 87

4.1.3.3 Models with L/X of 0.6 (ECC200 and SCC200)........cceruererererenerenennenn. 88

4.2 Comparison of Experimental and Theoretical Load Capacity ............ccccceeveviieieenecvie e, 91

4.3 Chapter CONCIUSIONS........ouiiiitiitiite ittt bbbttt b ettt sb et sbe b ene s 93
CHAPTER 5

BENDING STIFFNESS AND EFFECTIVE WIDTH OF COUPLING SLAB

ST O I 11 0o 101 £ o o OSSR 94
5.1 Determination of Bending Stiffness and Effective Width of Coupling Slab..............cccccocviinns 94
5.1.1 Calculation of Bending Stiffness and Effective Width..............ccccooviiiiiiiiiiiiecies 95

vii



5.2 Design Curves for Effective Width and Bending Stffness.........cccocevvviiniein i 101

5.3 Relationship Between Bending Stiffness in Various Stages ...........cocovvvreneieienenenesenes 106
5.4 Comparison of Bending Stiffness and Effective Width .............cccooveiiiiiiicci e 107
5.4.1 Comparison Pre-cracking Stiffness/Effective Width and Effect of Concrete Types 107
5.4.2 Comparison Cracking (ko)/Post-yielding (kp) and Effect of Concrete Types............ 109
5.5 Chapter SUMIMAIY ....cveeieiiieiieeiie et ste et ste e ste e te e e te e teestesseesaeessessa e teeseesseesreeseaneesnaensens 110
CHAPTER 6

ANALYSIS OF COUPLED SHEAR WALL BUILDING IN PRE-CRACKING, CRACKING
AND POST-YIELDING STAGES BY CONTINUOUS MEDIUM METHOD

B.0 GRNEIAL.....coeeeeeeeeeee 111

6.1 Full-scale Prototype 20-storey Coupled Shear Wall Building with Geometric Dimensions and

OtNET SPECIFICATIONS ...ttt bbbttt bt bbb 111
6.2 Load, Stress and Deflection Analysis of 20-Storey Building...........ccoovvivininieieiencicee 113
6.2.1 Stresses iN SNear WallS.........cooviiieiioe e 113
6.2.2 MOmMENtS IN SNEAr WALIS.......cviiiieiiie s 115
6.2.3 Shear FIOW DeVElOPMENT .......ooiiiiiiieeie s 117
6.2.4 Lateral Deflection of the Building.........cccoovveiiiiiiieccecee e 119
6.3 Wind Load and Deflection Capacity Analyses of Yielded Coupled Shear Wall Building...... 121
6.4 Chapter CONCIUSION .....c.uiiiiiecce et ae e sreesreeneesraeee s 125
CHAPTER 7
CONCLUSIONS
7.0 INEFOTUCTION ...ttt b et b ettt e s be e b e e b e s neenbeebeeneesbeanbeas 126
% R o 4 Tod {1 S]] SRRSO TRRTRPRUR 127
7.2 Recommendations for FUtUre RESEAICN.........c.oouiiiiiiie e 128
REFERENCES ....uucuiiiiiiinininnninnissisissississsssssssssssssissssstssssssssssssssssssssssssssstossssssssssssssssssssssssssssns 129

viii



List of Figures

Figure 1.1: (a) Schematic view with structural components (b) layout plan of coupled shear wall

StruCture (HOSSAIN 2003).......ceiieiiieieiiieiieeiesee sttt ste ettt se et besseesbeete e s e s reebeeneeeneenes 1
Figure 1.2: (a) Building forced under lateral load (b) Structural action due to shear forces

(HOSSAIN 2003) ...cuveeeeeiieeie sttt et e et e st e te e st e s se e s teesseste e beaneesaeeteenseaneenteeneenreenreenee e 2
Figure 1.3: Rotation caused by bending due to vertical deflection (Hossain 2003)............cccccceveenee. 3
Figure 2.1: Isometric view of coupled shear wall storey panel ............ccocoovviieiiinnie 10
Figure 2.2: The reaction of coupled shear wall under lateral loading............ccccoccvvvevveveiieinennne 11
Figure 2.3: The reaction of coupled shear wall under simulated vertical loading..............c.cc........ 12
Figure 2.4: The plan of finite element model of slab (Coull and Wong 1983)..........cccccevevieiieennnne 17
Figure 2.5: The plan of different T and L shaped coupled flanged shear wall system .................... 17
Figure 2.6 Crack pattern and failure of coupling slabs (Hossain 2003) ...........cccceoereninenincnennn. 20
Figure 2.7: Failure modes of coupled shear wall under lateral load (Subedi 1991)...........c.cocue.. 21

Figure 2.8: (a) Coupled shear wall with equivalent continuous of laminae under lateral loadings
(b) Coupled shear wall showing laminar shear flow and (c) Showing laminar shear force and

MOMENES (HOSSAIN 2003) .......ceiuiiiiiiieiieieiet ettt b e bbbt eneas 24
Figure 2.9: Plan of walls with stress distribution (Coull and Choudhury 1967a)...........ccccccevvenee 28
Figure 2.10: Variation of K, with x/H (Coull and Choudhury 1967a) ..........ccccovevviiieivevieiieseenne 30
Figure 2.11: Variation of K3 with the oH and x/H (Coull and Choudhury 1967a) .............c..c........ 31
Figure 2.12: Curves showing the variation of K4 with the aH and u (Coull and Choudhury 1967a)

................................................................................................................................................... 32
Figure 2.13: Coupled shear wall under uniform loading, triangular and point loading................. 33
Figure 2.14: Curves showing the variation of K; and K, for point load at the top..........cc.ccccvvuenne. 36
Figure 2.15: Curves showing the variation of K; and K, for triangularly distributed load ............ 36
Figure 2.16: Curves showing the variation of deflection factor K, for point load at top and

triangular loading (Coull and Choudhury 19670).........cccccvviiiiieiiie e 38
Figure 2.17: Building with Shear wall with two band Openings ...........ccceovvieiieeii i 39
Figure 2.18: Coefficient of maximum shear force K for uniformly distributed load...................... 40
Figure 2.19: Coefficient of maximum shear force K; for uniformly distributed load ...................... 41
Figure 2.20: Extreme flexure capabilities of ECC under a large bending load (Li 2011) .............. 46
Figure 2.21: Typical tensile stress-strain curve and crack width development of ECC.................. 47
Figure 2.22: Left Overview of Mihara Bridge (Mitamura et al. 2005) and right labour repairing

Mitaka Dam with ECC for water-proofing (Kojima et al. 2004).........ccccccovvevieiiieiie e, 49

Figure 2.23: Surface preparation with high-pressure water jet repair of concrete retaining wall . 50
Figure 2.24: (a) The Nabeaure Tower in Yokohoma, Japan building with pre-cast coupling beams
and (b) Schematics view showing coupling beams (in yellow) on each floor (Maruta et al.



Figure 3.1: Working principle of test-set-up and behaviour of coupling slab..............ccccceeveiiennnn 54
Figure 3.2: Isometric view of coupled shear wall, showing geometric parameters ............cccccveu... 55
Figure 3.3: Three different assemblies showing geometric parameter .............cccoeverenerenesennnnn 56
Figure 3.4: The result of the first test for the modulus of elasticity (Average E = 24,500 MPa) .... 59
Figure 3.5: The result of the second test for the modulus of elasticity (Average E=24,980 MPa).. 60

Figure 3.6: Tensile test results of steel bar # 3941 ..o 61
Figure 3.7: Tensile test results of steel bar # 3939 ... 62
Figure 3.8: Mixing the SCC ingredients; (a) Slag and cement (b) Sand and coarse aggregate ..... 64
Figure 3.9: MaKING ECC ........o ottt ettt e e et e e e teetesnaenraenee s 66
Figure 3.10: Reinforcements in the SIab ...........ccooi i 67
Figure 3.11: Reinforcements in the 300 mm wide types of Walls ...........c.cccoovveiiiiiiic i 68
Figure 3.12: Rectangular stress block of rectangular slab.............ccccooiiiiiiiii 69
Figure 3.13: Formwork/mould ready with steel reinforcements for casting CSW model specimens
................................................................................................................................................... 71
Figure 3.14: Casting of highly flowable ECC mixture into the mould...........cccccooiiiniiiiiiiniin 71
Figure 3.15: (a) Front view (b) Side-View of experimental SEtup...........cccoeviveiieeiiiie v 73
Figure 3.16: Laboratory test setup (inStrumentation)............cccecveieiieiieeie e 74
Figure 3.17: Laboratory test SetUp (SUPPOILS) ....eccveeieiieiieeieciee e eiesee et ste e sre e sra e 75

Figure 3.18: Laboratory test setup exhibiting desired deformed behaviour of coupled shear wall 76

Figure 4.1: Locations of strain gauges at slab reinforcements.............ccccccvveiieiiiic e 79
Figure 4.2: Load-strain relationship of reinforcements in the slab of SCC300............c.cccccvveivrennne 80
Figure 4.3: Placement of strain gauges iN CONCIELE............couviiiiieieiie e 81
Figure 4.4: Diagram showing the locations of Strain gauges..........ccccevvevieiieiieeie e 81
Figure 4.5: Strain relationship of all 3 strain gauges, showing point of contra-flexure form at the
(012 0] LT ) L O @0 SR 82
Figure 4.6: Comparison of load-concrete strain relationship of ECC and SCC (L/X 0.4).............. 83
Figure 4.7: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.3)..... 85
Figure 4.8: Crack development and crack propagations in ECC350 specimen at inner edges of the
FIXEA WAL ... ettt sttt b e b bt nr e neeenee e 86
Figure 4.9: Crack development and crack propagations in SCC 350 specimen at the inner edges of
TNE WAL ...ttt e e bt r et e 86

Figure 4.10: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.4) ... 88

Figure 4.11: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.6) ... 89

Figure 4.12: Shows small crack propagations of ECC200 slab at near inner edges at upper side of
the S1ab 0N 108AING STUB......c.eeieeee e bbb 89

Figure 5.1: Idealized load-displacement and moment rotation CUre ...........cccceevveiieecieccieccee s, 95



Figure 5.2: ldealized load-displacement and moment-rotation curves of ECC and SCC models... 97
Figure 5.3: ldealized load-displacement and moment-rotation curves of ECC and SCC models... 97
Figure 5.4: ldealized load-displacement and moment-rotation curves of ECC and SCC models... 98
Figure 5.5: Comparison of effective width of ECC/ SCC slab at pre-cracking stage as function of

0 USSP 101
Figure 5.6: Comparison of effective width of ECC/ SCC slab at cracking and post-yielding stages
AS TUNCHION OF L/X <ottt sttt et ene e steenaesneesne et 102
Figure 5.7: Comparison of effective width of ECC/SCC slab at pre-cracking stage as function of
Y et e e e e —e e bt e e te e ahe e et e e te e e teeaaeeabeearaeereeas 102
Figure 5.8: Comparison of effective width of ECC/ SCC slab at cracking and post-yielding stages
AS TUNCLION OF L/Y oottt et e e eneenreeneeaneenneenne s 103
Figure 5.9: Comparison of flexural stiffness at pre-cracking stage (Y/X 0.6) .......cccccvevvevvevrennnne. 104
Figure 5.10: Comparison of flexural stiffness at pre-cracking stage (Y/X=0.6) ..........cccccvevurennene. 104
Figure 5.11: Bending stiffness and effective width of ECC coupling slab compared with SCC.... 105
Figure 5.12: Relationship between ko, ker and k, in ECC and SCC Specimens..........ccovevvevrennes 106
Figure 5.13: Comparison of pre-cracking stiffness of coupling slabs with normal concrete, ECC
1T T OSSOSO 108
Figure 5.14: Comparison of pre-cracking effective width for different concrete types................ 108

Figure 5.15: Comparison of cracking and post-yielding stiffness and effect of concrete types..... 109

Figure 6.1: (a) Side view of the 20 storey building with uniformly distributed static wind load

(b) Cross-section floor plan of the building ...........ccoiiiiiii 112
Figure 6.2: Stresses at inner edges of the shear walls at each storey (ECC, L/X =0.3)............... 114
Figure 6.3: Stresses at inner edges of the shear walls at each storey (SCC, L/X=0.3) ............... 115
Figure 6.4: Moment developed at walls 1 and 2 at each storey (ECC: LIX =0.3) .....cccccovevvennee. 116
Figure 6.5: Moment developed at walls 1 and 2 at each storey (SCC: L/IX =0.3) ......ccccevevveennnne. 116
Figure 6.6: Laminar shear flow (q) at each storey (ECC: L/X =0.3) .c.ccoevveveiieieeiecie e 117
Figure 6.7: Laminar shear flow at each storey (SCC: L/X =0.3) ..cccovviiiieiiiieceee e 118
Figure 6.8: Comparison of shear flow at each storey for ECC and SCC (L/X = 0.3) ......cceovrvnnns 118

Figure 6.9: Lateral deflection along the height of building at each stage (ECC: L/X=0.3)......... 119
Figure 6.10: Lateral deflection along the height of building at each stage (SCC: L/X=0.3) ....... 120
Figure 6.11: Post-yielding lateral deflection of ECC and SCC building with different L/X ......... 121

Figure 6.12: Required wind load for yielding and the top deflection at yielding .............cc.ccoveee. 123

Figure 6.13: Comparative performance of ECC and SCC building in terms of load and deflection
(07 T (ox | SO PPOP 124

Figure 6.14: Deflection of buildings under calculated design wind load by different L/X............ 124

Xi



List of Tables

Table 2.1: Variation of parameter aH for shear wall structure (Coull and Choudhury 1967b) ..... 43
Table 2.2: Engineered cementitious composite typical mix design proportions (Nawy 2008) ........ 48

Table 2.3: Material charging sequence into ready-mix trucks (Nawy 2008)...........cccecvrvvrieereennnnn 48
Table 3.1: Geometrical parameters of model test SPECIMENS.........ccvveiviiieieere e 57
Table 3.2: Type and strength of concrete for each specimen (28 days) ........cccccevevieereiieieeriecnnn, 58
Table 3.5: Modulus of elasticity (E) for the ECC and SCC ..........ccccoeiieiii i 60
Table 3.6: Table showing results of tensile test of steel bars...........cccevvvveieviienc 62
Table 3.5: Mixture proportions Of SCC........cci i 63
Table 3.6: Mixture properties Of ECC........ccoiiiiiiiiiirieeee et 65
Table 3.7: Analytical moment and shear load resistance of coupling slab.........c.c.ccccovevevieinennene. 70
Table 4.1: Load and concrete tensile strain in cracking, yielding and ultimate stages................... 84
Table 4.2: Summary of test results from load-displacement response and also ductility values of all
CSW MOEI SPECIMENS........ouiiiitiitieieeie ettt b e bbb 91
Table 4.3: Comparison of experimental and theoretical load capacity of coupling slab ................ 92
Table 5.1: MUltiplICAtION FACTOIS . .....c.uiiiiieieee e 96
Table 5.2: Bending stiffness in pre-cracking, cracking and post-yielding Stages..........c.ccocvevvvenns 99
Table 5.3: Summary of geometric parameters, bending stiffness and effective width ................... 100
Table 6.1: Geometrical parameters of full-scale prototype coupled shear wall building ............. 113
Table 6.2: Geometrical parameters and results of wind load capacity & deflection at yielded point
................................................................................................................................................. 122

Xii



List of Notation

X = Distance measured from top of the building
y = Deflection of the building

H = Total Height of the building

h = Storey height

I = Distance between centroidal axis of walls

borL = Clear distance between walls (opening for corridor)
wW = Width of wall

X = Length of slab

A A = Area of walls

As = Area of steel

t = Thickness of the slab

tw = Thickness of walls

I, I, = Moment of inertia of walls

Iy = Moment of inertia of a connecting beam or slab

Iy = Second moment of inertia of a connecting beam or slab
I = Moment of inertia of composite cantilever

Ye = Effective width of slab

Yeo = Effective width of slab in pre-cracking

Yecr = Effective width of slab in cracking

Yep = Effective width of slab in post-yielding

Y = Actual width of slab

D = Flexural rigidity of the slab

xiii



v = Poisson’s ratio of material

QorV = Storey shear force

M = Bending moment

W = Maximum intensity of triangular or uniformly distributed load
Wo = Maximum wind load intensity in pre-cracking

Wer = Maximum wind load intensity in cracking

Wp = Maximum wind load intensity in post-yielding

p = Point load

T = Integral shear force in connecting medium

Mo = Total moment

M1, My = Bending moment in walls

M = Resisting moment

Mg = Factored moment

q = Shear flow or shear force intensity per unit length in connecting medium
K1, K = Wall bending stress factors

Ks = Connecting beam stress factors

Ky = Deflection factors

Ks = Translational stiffness factor

k = Rotational stiffness factor

Ko = Rotational bending stiffness factor in pre-cracking
Ker = Rotational bending stiffness factor in cracking

Ko = Rotational bending stiffness factor in post-yielding
KL &a = Design parameters

%) = Deflection of walls

Xiv



Stresses in the walls at different points

op, 0B, 0¢C, 0D

0 = Angle of deflection of walls or rotation of the walls

E = Modulus of elasticity of material used

Ec = Modulus of elasticity of Concrete

Es = Modulus of Elasticity of Steel

fr = Flexural resistance of beam or flexural strength (Modulus of Rupture)
fo’ = Compressive strength of concrete

feu = Cubical Compressive strength of Concrete

fy = Yield strength of steel

v = Relative ductility

XV



Abbreviations and Units

AEA
CSW

FA

FEM
HRWRA
PVA
HPC
W/cm, W/C
kN
LVDT
MPa

GPa

mm
um
FRC
R/ECC
RCC
R/SCC
NC

SP

Air-Entraining Admixture

Coupled Shear Wall

Fly Ash

Finite Element Modeling

High Range Water reducing Agent/Admixture
Poly-Vinyl Alcohol

High Performance Concrete

Water Cement Ratio

kilo Newton

Linear Variable Displacement Transducer
Mega Pascal

Gega Pascal

Meters

Millimeters

Micro-meter

Fiber Reinforced Concrete

Reinforced Engineered Cementitious Composite
Reinforced Cement Concrete

Reinforced Self Consolidated Concrete
Normal Concrete

Super Plasticizer

XVi



CHAPTER 1
INTRODUCTION

1.0 General

In any multi-story building, an efficient structural system should resist lateral forces due to wind,
earthquake and must prevent excessive deflections. Coupled Shear Wall (CSW) system is a popular
form of high rise structure and is suitable for 20 to 30 stories. In this system, generally two or more
walls in the same plane are connected at the floor levels by means of stiff slabs. Fig. 1.1(a) shows a
perspective view of CSW system with two walls and coupling floor slab. Fig. 1.1(b) shows a

typical floor plan of CSW building.
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Figure 1.1: (a) Schematic view with structural components (b) layout plan of coupled shear wall

structure (Hossain 2003)

The special features of this type of building are that the two rows of apartments are

connected by a common corridor and the partition walls are treated as shear walls. As no projecting



system of beams run across the corridor, there is no need for false ceilings and the height of the
building is appreciably reduced thus accommodating more floors in the same height of the
building. In the plan view of coupled shear wall (Fig. 1.1b), the two walls of width (W) having a
corridor opening of width (L) between them are placed symmetrically along the width of the
building (X). The centre to centre distance between rows of shear walls are denoted by ().

Coupled shear wall resists lateral loads by cantilever bending action, which results in
rotation (©) of the wall cross-sections (Fig. 1.2a). The free bending of a pair of shear wall is
resisted by the floor slabs, which are forced to rotate and bend out of plane where they are
connected rigidly to the walls. Due to large width of the wall, considerable differential shearing
action is imposed on the connecting slab, which develops transverse reactions to resist the wall
deformations and induces axial tensile and compressive forces (V or Q) into the walls (Fig. 1.2b).
Due to large lever arm involved, relatively small axial forces can give rise to substantial moment of
resistance (M), thereby reducing greatly the wind moments in the walls. Therefore, the lateral

stiffness of the structure is increased.
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Figure 1.2: (a) Building forced under lateral load (b) Structural action due to shear forces
(Hossain 2003)

Similarly, the bending of the coupling slab can also be caused by vertical deformation (o)
due to seismic reaction and foundation settlement of the structure as described in Fig. 1.3 resulting

in moment (M), rotation (O) and axial tensile/compressive forces (V or Q) into the walls.



Analysis of coupled shear wall structures can be performed using existing techniques if the
bending stiffness and effective width of coupling slab is known (Rossman 1964; Hossain 2003).
The width of the slab plays a very effective role in strength and stiffness of the coupled shear wall
system. The width of the floor slab actively resisting wall moment as a connecting beam under
lateral loading is known as effective width (YY) as shown in as shown in Fig. 1.1b. Previous
research studies concentrated on finding the stiffness and effective width of coupling slab (Hossain
2003; Coull and Wong 1981, 1983, 1984, 1990; Qadeer and Smith 1969; Bari 1987; Barnard and
Schwaighofer 1967; Tso and Mahmoud 1977; Coull and El-Hag 1975).
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Figure 1.3: Rotation caused by bending due to vertical deflection (Hossain 2003)

Most of the previous research studies concentrated on the linear behaviour of reinforced
concrete (RC) coupling slabs and developed equations and design aids for prediction of bending
stiffness and effective width. RC is a non-linear material and the flexural stiffness and effective
width of floor slabs will be affected by concrete cracking and yielding of steel. Very few studies,
however, concentrated on the flexural behaviour of coupling slab considering non-linear behaviour
of RC and predicted stiffness and effective width of coupling slab in pre-cracking, cracking and
post-yielding stages (Hossain 2003).



Over the last few years new generation of high performance concrete (HPC) such as Self-
Consolidating Concrete (SCC) and Engineered Cementitious Composites (ECC) with improved
strength, durability, ductility and energy absorbing capacity has been developed. SCC is very
flowable, achieves good consolidation, and can flow into place between congested reinforcement
without vibration and without defects due to bleeding or segregation (Khayat 1999; Hossain and
Lachemi 2010).

Self-consolidating ECC was reported to have superior workability, ductility and durability,
which translates to speedy construction, reduced maintenance and a longer life span for the
structure (Li and Kanda 1998; Wang et al. 2006; Sahmaran et al. 2009). Micromechanical design
allows optimization of ECC for high performance, resulting in extreme tensile strain capacity while
minimizing the amount of reinforcing fibres, typically less than 2% by volume. Unlike ordinary
cement-based materials, ECC strain hardens after first cracking and demonstrates a strain capacity
300 to 500 times greater than normal concrete through the use of incorporating fibers. Even at large
imposed deformation, crack widths of ECC remain small, less than 60 xm.

The use of HPCs in Coupled Shear Wall (CSW) system can significantly improve the
performance in construction and service stages. Self-consolidation properties of SCC and ECC will
help pour concrete with ease without consolidation into the heavily reinforced walls and slab
components and ensure concrete quality. The knowledge of the behaviour of CSW systems
incorporating new generation of HPCs is very important for implementation of this new HPC

technology to construct high rise buildings.

1.1 Significance of the Research

For decades, comprehensive research has been conducted on the ordinary reinforced concrete based
CSW system. To the author’s knowledge, no research has been conducted on coupled shear wall
system with Reinforced Engineered Cementitious Composites (R/ECC) to date. The innovative
technology of R/IECC based CSW system can significantly improve the performance in terms of
strength, stiffness, ductility, energy absorbing capacity and durability. Design specifications are
also not available in current Codes and existing analysis technigques to accommodate the high strain

hardening capacity of ECC and its effect on stresses and deflection characteristics of CSW system.



The findings and recommendations of this research will surely be beneficial for engineers,
builders and local authorities engaged in designing/constructing innovative high performance shear

wall buildings using ECC technology.

1.2 Objectives of the Research

The main objective of the research is to study the bending/flexural performance of ECC coupling
slabs in the shear wall structures by testing small scale model specimens having varying geometric
parameters under monotonic loading through experimental and analytical investigations. It is
expected that the application of ECC will greatly enhance the strength, stiffness and ductility of the

CSW system. The secondary objectives include:

e The performance study of ECC coupling slab compared with the conventional concrete
(SCC) counterpart based on load deflection response, moment-rotation response, flexural
stiffness, ductility enhancement, cracking pattern, and failure modes.

e The study of the strength, stiffness and ductility of the overall system as well as bending
stiffness/ effective width of coupling slab based on experimental behaviour.

e The development of design aids/guidelines CSW system with ECC coupling for use in
practical applications. Formulation of design charts for the determination of flexural
stiffness and effective width of coupling slab are presented as functions of geometric
parameters in pre-cracking, cracking and post-yielding stages of non-linear material
response based on experimental and theoretical analyses. Such design charts can be used in
the analysis and design of coupled shear wall structures with ECC floor slabs in practical
construction.

e The implementation of bending stiffness and effective width of coupling slabs to analyze
the strength, stress, deflection, force distribution and wind load resistance of CSW system
using commonly used Continuous Medium Approach (Coull and Choudhury 1967a, 1967b;
Hossain 2003).



1.3 Scope of the Research

Coupled shear walls provide lateral rigidity to the structure due to the coupling slab and for
analysis of any CSW system, the non-linear flexural behaviour of slab must be known. Flexural
stiffness of slabs can be derived as a function of geometric parameters such as L/X, Y/X and L/Y
as well as material parameters in the pre-cracking, cracking and post-yielding stages of the CSW

system.

Six small-scale one story models of approximately 1/12™ scale of the CSW prototype
having four different L/X (with constant Y/X) made of reinforced SCC (R/SCC) and ECC
(R/ECC) (three models for each type) were tested under monotonic loading simulating the actual
lateral behaviour of the system. The heavily instrumented model tests have provided information
on strength, stiffness, load-displacement response, moment-rotation response, cracking/crack
patterns, stress-strain characteristics and failure modes of the system. The scope of the research

can be summarized as follows:

e Carryout a comprehensive literature review on coupled shear wall systems and high
performance concrete.

e Design and construct a test set-up for model tests to carryout testing simulating actual non-
linear behaviour of CSW system under lateral load.

e Perform small-scale model tests on CSW systems made of R/ECC and R/SCC to obtain
comprehensive information on strength, stiffness, stress-strain characteristics, failure modes
and ductility of the system. Compare the results of both types of concrete (SCC and ECC)
and investigate the possible advantages of using ECC versus SCC.

e Analyze experimental data to compare the performance of ECC based coupling slabs
compared to their SCC counterparts based on strength, stiffness, ductility and failure
modes. Compare experimental strength and theoretical strength of the coupling slabs
derived from Code based approach.

o Derive flexural stiffness and effective width of coupling slabs in pre-cracking, cracking
and post yielding stages of the CSW systems based on experimental and theoretical

analyses. Compare performance of ECC and SCC coupling slabs in terms of flexural



stiffness and effective width as well as study the effect of geometric parameters. Compare
and validate the results with those of previous research studies.

e Develop design charts for flexural stiffness and effective width of coupling slab in pre-
cracking, cracking and post-yielding stages of CSW systems as function of geometric
parameters based on experimental and analytical studies.

e Analyze prototype full-scale ECC/SCC CSW buildings using continuous medium method
to study the influence of variable effective width at various stages of loading (pre-cracking,
cracking, post-yielding) on stress, deflection and other aspects such as development of
shear flow and wind load resistance of CSW systems.

e Derive conclusions and make recommendations for future research studies on ECC coupled

shear wall structures.

1.4 Thesis Outline

This thesis comprises of seven main chapters. Chapter 1 provides the motivation behind the

need for this research and summarizes research significance, objectives and scope.

Chapter 2 provides a comprehensive literature review on behaviour and analysis of coupled
shear wall systems under various loading. It also includes a review of high performance concrete
concentrating on SCC and ECC illustrating some practical applications. Review conclusion also

justifies the need for current research.

Chapter 3 describes the development of test set-up and its working principle,
instrumentation, test procedures, steel and SCC/ECC properties, details of models including
geometric dimensions, design procedures and reinforcement details. It also describes the specimen
preparation process including formwork, concrete making/casting and specimen curing as well as

control specimens.

Chapter 4 provides an analysis and discussion of test results based on load-deflection
response, strain development in concrete and steel reinforcement and failure modes. The influence
on geometric parameters and concrete types (SCC or ECC) is also presented based on strength,

ductility and energy absorbing capacity.



Chapter 5 presents calculation of bending stiffness and effective of coupling slabs from
model tests using theoretical models. Design charts for bending stiffness and effective width of
coupling slabs in pre-cracking, cracking and post-yielding stages are presented and compared with
previous research studies. The influence of geometric parameters and concrete types (ECC and
SCC) on bending stiffness and effective width is also critically analyzed.

Chapter 6 presents full-scale analysis of 20-storey ECC/SCC coupled shear wall buildings
using continuous medium method illustrating variation of stress/moment in shear walls, laminar
shear flow and deflection along the height of the building in pre-cracking, cracking and post-
yielding stages of the building. Wind load carrying capacity and ultimate deflection of ECC and
SCC full-scale buildings at yielding stage are determined to illustrate superior performance of
ECC building in terms of strength and ductility.

Chapter 7 summarizes the conclusions and findings of this research. This chapter also

provides directions for future research studies.



CHAPTER 2
LITERATURE REVIEW

2.0 General

In any tall building consisting of Coupled Shear Wall System (CSWS), it is important to analyze
the behaviour of the connecting/coupling slab. It is necessary to determine the stresses developed in
the slab which is not throughout constant across the width, and the forces interacting at inner edges
of the walls. In this chapter, a review of previous research studies on CSWS is provided
concentrating on various aspects such as method of analysis under various lateral loads and
behaviour of coupling slabs highlighting stress development, modes of failure, bending/flexural
stiffness and effective width as well as methods to determine bending stiffness and effective width
of coupling slabs. In addition, the properties of high performance of concrete namely Self-
Consolidating Concrete (SCC) and Engineered Cementitious Composite (ECC) are described. The
potential of using SCC and ECC in CSWS is also described based on structural performance

illustrating practical case studies.

2.1 Behaviour of Slabs in Coupled Shear Wall Structures

Analysis of coupled shear wall structures can be performed using existing techniques if the bending
stiffness and effective width of coupling slab is known. Previous research studies concentrated on
finding the effective width (Y¢) and the bending stiffness of the slab (Choudhury 1968; Coull and
Choudhury 1967a,b; Coull and Irwin 1969; Coull and Wong 1981, 1983, 1984; Coull and El-Hag
1975; Huq 1974 and Hossain 2003). A typical storey of a slab coupled shear wall system is shown
in Fig. 2.1.

Barnard and Schwaighofer (1967) used Rossman (1964) theory to solve the stresses in slabs
connected to shear walls, with assumption to take whole width of the slab as effective width, and
validated the results through theoretical analysis and model tests. But after discussion of the same

paper, Choudhury (1968) concluded that by taking whole width effective into the account may lead



to some errors in calculation of stresses and also concluded that Rossman’s theory cannot be

applied to the analysis in general.

Choudhury (1968) tested wall-coupling slab models with asbestos cement and found that

only 25% width is effective and validated the results through finite element modeling.

Qadeer and Smith (1969) analyzed slab with finite difference method and validated though
experimental results. A set of curves were developed by relating geometric parameters (Fig. 2.1)
such as slab width (Y), length of the slab (X), corridor opening width (L) and the effective width
(Ye). It is revealed that the ratios L/X and Y/X have significant effect on the Y.. By taking this

research outcome into account, Michael (1969) presented a single curve for Y.

Length of
the slab (X)

Center of slab line

Floor

Height (h) Width of the Wall 2 (W2)
A

Figure 2.1: Isometric view of coupled shear wall storey panel

Huq (1974) attempted to prepare sets of suitable design curves for effective width of
coupling slab in flat plate steel structures. The effective width of the slab was evaluated as a
function of corridor opening and it was found that the effective width increases with the increase of
L/X. A model specimen mad of micro-concrete was tested. It was found that the strain and
consequently, the stress across the slab were not consistent under lateral load. It was also concluded

that the effective width decreases with the increase of load.

10



Tso and Mahmoud (1977) used finite element techniques to analyze the stresses with
coupled planar, T-section and box core walls to obtain the stiffness of the slab coupled shear wall
system. It was noted that the additional stiffening effect from the coupling slab is significant only

when the wall opening (corridor width) is small compared with the width of the wall (W).
2.1.1 Bending or Flexural Stiffness of Coupling Slab in Shear Wall Structure

Figs. 2.2 and 2.3 shows the simulated bending behaviour of slab coupled shear wall system
subjected to lateral loads (Coull and Wong 1981; Hossain 2003). The resistance against lateral load
is simulated by both Figs. Coupled shear wall resists lateral loads due to bending deformation of
slabs and rotation (0) or vertical displacement (3) of walls that generate resisting moment (M)
through tensile/compressive forces (V or Q) in the walls (Fig. 2.2). Moment distribution in the slab
is illustrated in Fig. 2.2 through M/EI diagram where E and | represent the modulus of elasticity of
the material and second moment of area of the slab, respectively. It is noted that the moment is
decreased to zero at the point of contra-flexure in the centre of corridor opening from maximum

value at the centre of the wall.

WEEL Point of Contraflexure
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1

Figure 2.2: The reaction of coupled shear wall under lateral loading

(Coull and Wong 1981; Hossain 2003)
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Figure 2.3: The reaction of coupled shear wall under simulated vertical loading

(Coull and Wong 1981; Hossain 2003)

Coull and Wong (1981) and Hossain (2003) analyzed distribution of bending stress across
the slab width and Q-0 / M-6 response of the system by finite element modeling supported by
experimental investigations simulating both Figs. 2.2 and 2.3. Hossain (2003) found that the slab
behaviour was similar in both cases in pre-cracking, cracking and post-yielding stages of

Reinforced Concrete (RC) coupled shear wall system.

The bending/flexural stiffness of the coupling slab may be defined as a rotational
stiffness (M/0) or as a translational stiffness (Q/d) as the two are related. For convenience the non-
dimensional rotational stiffness factor (k) and translational stiffness factor (ks) can be defined as
(Hossain 2003 and Coull and Wong 1981):

M

k== 2.1)
And,
ks = VL 2.2

3
Where, D is the flexural rigidity of the slab %—1}2) , tis the thickness of slab and v is

the Poisson’s ratio for slab material.
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From Fig: 2.2, 0= % =2 (2.33)

(T) L+wW

By taking slab as an equivalent beam section,

3
5= _L (2.3b)
12 El L+W
Referring Figs. 2.2 and 2.3, storey shear force = Q = LTW :
By substituting the value of V or Q in Eq. 2.3b;
§12E1 M v
B L+w
Or;
V  12EI
5= 5 (2.4)
By using Eq. 2.4 in Eq. 2.2;
12 EI L? 12 EI
ks S = 5 (2.5)
And
M _ 6EI(L+W)?
R a— (2.6)
By substituting these values in Eq. 2.1, we get;
r - 6 EI (L + W)? 27
3
Where, | is the second moment of area of the coupling slab beam expressed as Yi; :

and t is the thickness of the slab.
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2.1.2 Effective Width of the Coupling Slab

The effective width of the coupling slab can be expressed in terms of geometrical and material
characteristics of coupled shear wall system as an equivalent beam, by equating Egs. 2.1 and 2.2 in

terms of rotational and translational stiffness as follows (Hossain 2003; Coull and Wong 1981).

For rotational stiffness:

e s () () 28

Y 6(1-v)\Y/\L+w (28)
For translational stiffness:

Y, ks L

Y 12(1- v?) (?) 29

Egs. 2.8 and 2.9 were used in finding effective width by many researchers in the past and
also will be used in the current research. The influence of wall and slab geometry on the effective
width of coupling floor slab was the subject matter of many research studies (Hossain 2003; Coull
and Wong 1981, 1983, 1984; Qadeer and Smith, 1969; Tso and Mahmoud 1977; Coull and El-Hag
1975). Effective width (YY) is normalized with respect to the slab width (Y) and the Y. /Y is
expressed as a function of L/Y and L/(L+W).The effective width increases with the increase of slab
width, as wider slab should provide more restraint than the narrower ones against the bending
action of the coupled shear wall structure. The resulting influence of slab is stronger when Y/X is
smaller than L/X. When Y/X is greater than L/X, the influence of slab width becomes less. When
Y/X reaches three times L/X, the width of slab has no effect on the effective slab width.

Hossain (2003) presented curves to evaluate Y¢/Y and concluded that the influence of slab
width is strong when Y/X is smaller than L/X, but when Y/X is larger than L/X, the influences
decreases rapidly. It was further concluded that the influence of external wall flanges may be
ignored. Hossain (2003) extensively investigated the non linear behaviour of the coupling slab
through finite element modeling for Reinforced Cement Concrete (RCC), by using micro-concrete
properties form small scale tests. A non-linear finite element program was developed and its

performance was validated through small scale model test results. RC is a non-linear material and
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the flexural stiffness and effective width of floor slabs will be affected by cracking of concrete and
yielding of steel. Therefore, flexural stiffness of floor slab determined based on linear analysis

cannot be used throughout the loading history.

Hossain (2003) formulated design curves for the determination of flexural stiffness and
effective width as functions of geometric parameters in the pre-cracking, cracking and post-
yielding stages of non-linear material response. The bending stiffness (ko) in pre-cracking stage
was not affected by the amount of reinforcement in the slab. At cracking stage, stiffness increased
by 6% when reinforcements were 25% higher, and gradually decreased with the increase of the
loads. It is concluded from the study that the ratio of the cracking to pre-cracking stiffness ranges
between 0.25 and 0.45 and the ratio of post-yielding to pre-cracking stiffness ranges between 0.08
and 0.22. Effective width gradually decreases with increase in load. The stiffness of coupling slabs
is influenced by the geometric and non-linear material parameters of the structural component.
Numerical and experimental results suggested that the design curves are reliable and can be used

for the analysis and design of shear wall structure in practical situations.

2.2 Non-linear Analysis of Reinforced Concrete Coupled Shear Wall Structures

Non-linear analysis of reinforced concrete needs suitable modeling of its behaviour in pre-cracking
and cracking stages as well as modeling of reinforcement. Although the steel behaviour is better
defined and generally agreed upon, concrete behaviour shows considerable statistical scatter. A
reinforced concrete model should handle suitably the cracking of concrete, crack propagation and
yielding of steel.

Kotsovos et al. (1977, 1979 and 1984) provided mathematical expressions for
deformational as well as strength properties of concrete suitable for use in non-linear computer

based methods to analyze concrete structures after doing comprehensive investigations.

Kabir (1986), by numerical treatment of post-cracking behaviour of concrete, proposed that
after the formation of crack, the stress normal to the crack should be reduced gradually to account
for the tension stiffening effect. Reducing the crack normal stress to zero soon after formation of
the crack may significantly underestimate the actual behaviour. Treating concrete as a no tension

material is perhaps not numerically desirable especially in the context of smeared cracking model.
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The conventional tension stiffening schemes are based on uni-axial stress relaxation
procedures which depend on the strains normal to crack. The adoption of biaxial stress criterion for
cracking and uni-axial stress decay for tension stiffening may lead to a mathematically
inadmissible state of stress at a cracked point. To overcome this difficulty, an alternative scheme
had been postulated by Kabir, which performed well. It should be noted that while this alternative
scheme continuously decreases the crack normal stress in every subsequent iteration, and it fails to
correlate the strain normal to crack with the corresponding stress. Considering the complex nature

of crack propagation, such co-relation is not essential.

Coull and Wong (1983) described a finite element elastic analysis of the induced bending
moments and shear forces in a slab coupled with shear wall to determine the best form of element
to use in the computation of the model, and concluded that most suitable element was the simple
rectangular element. The slab panel was divided into an assembly of plate bending elements using
a suitable mesh pattern, as shown in Fig. 2.4. As a result of the conditions of symmetry and anti-
symmetry, only one quarterly quadrant of the full panel needed to be analyzed. The displacements
prescribed for the wall nodes were due either to a unit wall rotation or a unit relative vertical wall
movement, the slab being subjected to the same form of deformation, relative to the wall, in each
case. This solution furnished the displacements and stress-resultant values at all nodes, and also the
slab reactions at the reserved nodes. The reactions at the wall nodes provide the static equivalent
wall moment, M, and the total shear force, Q, transferred from the wall to the slab when the wall
underwent the unit relative displacements assumed. Evaluation of the appropriate load-

displacement relationship gave the coupling stiffness of the slab as illustrated in Fig. 2.2.

Coull and Wong (1984) further investigated coupled shear wall system walls of various
configuration such as plane, T-shaped and L-shaped as shown in Fig. 2.5. The distributions of
bending moments and shear forces induced in a slab coupling a pair of laterally loaded shear walls
of at any shape was evaluated and design method was proposed for checking punching shear failure

in the slab.
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Figure 2.5: The plan of different T and L shaped coupled flanged shear wall system
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(Coull and Wong 1984)

The non-linear finite element scheme was employed by Bari (1987), to study the behaviour
of shear wall slab junction. The wall was assumed to have zero thickness and it was found that the

ultimate strength of the structure was slightly lower and stiffness was slightly higher considering
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the thickness of shear wall. Bari tested several models of shear wall-floor slab junction to establish
suitable design method of shear wall slab structure using shear reinforcement and verified the
results by non-linear 3-D finite element analysis, and considered the effect of lateral load as a
concentrated load applied at the point of contra-flexure of the slab. He treated the slab as a
cantilever extended from shear wall. Lateral load effect was applied through vertical load at the tip
of the slab at point of contra-flexure. From findings, Bari produced load deflection curve to find
out stiffness of the slab. It was concluded that the stiffness of the slab decreases as the load
increases, but stiffness may not be considered as bending/flexural stiffness of the slab because

walls does not rotate and slab deflect as a true cantilever from shear wall.

Hossain (2003) developed a non-linear finite element program using 3-D iso-parametric
brick element to model coupled shear wall system. Non-linear behaviour of concrete was modeled
by incorporating Kotosovs’ 3-D model (1984) simulating cracking, crack propagation, crack
closing and shear retention phenomena. It was found that the finite element mesh size has
insignificant effect on the strains up to the yield point, but it has considerable effect on the failure
load. For the slab model analyzed, it was found that the failure load decreases about 20% when
mesh is refined from six to twelve elements. And also found that the strains are not affected by the
value of shear retention factor up to yield point of the steel but ultimate load is affected. The high
convergence tolerance with no tension stiffening model has a considerable advantage over the
tension stiffening model in that it requires a smaller number of iterations to keep the residual forces
within tolerance and hence less computer time. Hossain (2003) Thousands of numerical slabs with
varying geometric dimensions were simulated after the validation of the model through test results
and data from other research studies. Bending stiffness and effective width of floor slabs in pre-
cracking, cracking and post-yielding stages of the response were evaluated and presented in terms

of design charts and equations.
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2.3 Cracking and Failure of Coupling Slabs in Shear Wall Structures

In the coupled shear wall system, it is always assumed that the initial cracking of the slab would
occurs at the most heavily stressed inner corridor edges of the shear walls, normal to the principal

moment directions.

Schwaighofer and Collins (1977); Paulay and Taylor (1981) and Mirza and Lim (1989)
have analyzed the influence of cracking on the effective stiffness of slabs subjected to either
monotonic or cyclic loading. It shows that a considerable loss of stiffness occurs because of
cracking up to reduction of 60% or even higher. If a slab is subjected to reverse cyclic loading with
increasing imposed inelastic deformations, additional stiffness degradation may develop.
Consequently, it is important to assess overall behaviour of the coupled wall system accurately; the

influence of cracking on the slab stiffness should be examined.

Coull and Wong (1990) analyzed coupling slabs using linear elastic finite element
modeling. The theoretical and experimental studies have shown that the main coupling action
takes place in the passage (corridor) area at inner side of the coupled shear wall, and high stresses
occurs in the region of the inner edges of the shear walls. These high stresses may cause cracking
of the concrete with yielding of the reinforcing steel bars, resulting reduction in the coupling
stiffness as flexural resistance is almost reduced in most parts of the slab. On other hand, cracking
causes a redistribution of stresses to other parts of the slab and activate other areas that are
previously ineffective. So cracking plays some role for the loss of stiffness and redistribution of

stress.

Hossain (2003) described cracking and failure of coupling slabs in a comparative study of
finite element and experimental small scale models. Cracks started from the interior edges of the
shear wall and gradually spread towards the edge of the slab and failure was occurred at the section
passing through the interior edge of the shear wall, as shown in Fig. 2.6.
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Figure 2.6 Crack pattern and failure of coupling slabs (Hossain 2003)

Results and conclusion of previous studies show that coupling slab failed due to the
formation of transverse crack across the most heavily stressed inner end of the wall and resulted in
a substantial reduction in the effective coupling stiffness of the slab. The distribution of
longitudinal moments in the slab is not greatly affected by the crack, at a distance from the region
near the top of the crack, where bending stress concentrations take place.

2.4 Modes of Failure of Coupled Shear Wall Structure

The shear or diagonal splitting is most common mode of failure in RCC beam, and researchers like
Paulay and Subedi did different researches to find out failure modes in the buildings due to any
lateral loading (Pauly 1971; Subedi 1991). Three modes of failure in RC coupled shear wall
structures were identified basically depending upon the interaction and the behaviour of the
coupling slab beams. In some failure modes, the walls fail before the coupling beams or slabs reach
at their ultimate strength or the beam will partially collapse when the crushing of the wall takes
place. These modes of failure depend on the effectiveness of the coupling action; if the coupling
action is flexible, the flexural and shear failure occurs. Subedi (1991) explained these three modes

of failures as illustrated in Fig. 2.7.
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(a) FLEXURAL FAILURE (b) Shear Failure (c) Rigid Action

Figure 2.7: Failure modes of coupled shear wall under lateral load (Subedi 1991)

Flexural Failure: it occurs in walls with relatively thin small coupling beams reinforced with a
small amount of main reinforcing steel. Firstly, under the action of the horizontal load, the walls
will deform with the formation of flexural cracks in the tension side of the wall. The coupling
beams near the highly stressed levels will develop flexural cracks at the joint near the inner side of
walls. As the load is increased, the flexural cracks will progress deeper into the wall. Some new
cracks may also develop along the height of the wall. The flexural cracks will also spread into more
coupling beams/slabs. Since the load is amplified, the failure of the wall will occur by the crushing
of the compression wall at the most highly stressed corner and the spread of flexural cracks in most
of the coupling beams along the height, as shown in Fig. 2.7(a).

Shear or Diagonal-Splitting Failure: This failure starts initially after formation of flexural cracks
in the tension side of wall. The coupling beams near the highly stressed levels might show some
minor flexural cracks at the junction with the walls. As the lateral load is increased, the main

feature in this mode of failure will be the formation of diagonal-splitting cracks in the coupling
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beams around the highly stressed levels, and the inclined cracks starting near the center of the
coupling beams and extending across the compression diagonal. A further increment of load will
show some progress in the already-formed flexural cracks, with some new flexural cracks along the
height of the wall. The spread of diagonal splitting into other coupling beams will follow as load
continues to increase. The wall fails with the crushing of the compression wall at the most highly
stressed corner. Diagonal splitting of most of the coupling beams will also be completed almost

simultaneously with the crushing of the wall, Fig. 2.7(b).

Rigid Action: The coupling action is stronger because of stiffer beam/slab and this mode of failure
will occur when the tension wall will develop a large number of cracks along the height of the
structure. Whatever might have been the ultimate mode of failure of the coupling beams/slabs, the
failure of the wall will look like a simple cantilever beam under the action of the lateral load, as

shown in Fig. 2.7(c).

2.5 Analysis of Coupled Shear Wall Structures

Coupled shear wall structure resists the lateral load by cantilever bending action resulting in
rotation of the wall cross-sections and generating moments in the slabs. The free bending of a pair
of shear wall is resisted by the floor slabs, which are forced to rotate and bend out of plane where
they are connected rigidly to the walls. Due to large depth/width of the wall, considerable
differential shearing action is imposed on the connecting slab, which develops transverse reactions
to resist the wall deformations and induces tensile and compressive forces (T) into the walls (Fig.
2.8). As a result of the large lever arm involved, relatively small axial forces can give rise to
substantial moment of resistance. The resistance of the floor slab against the displacements
imposed by the shear walls is a measure of its coupling stiffness, which can be defined in terms of

the displacements at its ends and the forces producing them.

The simplified analysis of coupled shear walls based on an assumption that the detached
system of the connections formed by lintel beams or slab may be replaced by an equivalent

continuous medium (laminas) in which walls are coupled together with the slab, as shown in Fig.
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2.8. By considering this assumption the axially rigid beam or slab forms point of contra-flexure at
the mid of the beam or slab as shown is Figs. 2.2 and 2.3. This technique has been used by Chitty

(1947) in analysis of cantilever composed of parallel beams interconnected by cross beams.

W |
—_—)

nonllll

QA0 00000 annd

-
-

(@)

23



—

Equivalent
connecting medium )
of stiffness (El,/h) ; }H

shear flow
I

Figure 2.8: (a) Coupled shear wall with equivalent continuous of laminae under lateral loadings
(b) Coupled shear wall showing laminar shear flow and (c) Showing laminar shear force and
moments (Hossain 2003)
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The coupled shear wall with slab under the lateral load deflects and rotates, which produces
deformation (6) due to wall moment (M) in the slab as shown in Fig. 2.2. The slab portion between
the walls with length (L) (opening in walls) acts as connecting beam and resist the moment in the
walls and effectively contribute in the whole system.

2.5.1 Continuous Medium Method

In continuous medium method (Coull and Choudhury 1967a), individual coupling slab beams of
stiffness are replaced by an equivalent continuous medium or laminas of stiffness as shown in Fig.
2.8. It is assumed that connecting/coupling slab beams do not deform axially and under the action
of lateral loading both walls deflect equally with a point of contra-flexure at the midpoint of each

connecting beams.

2.5.1.1 Analysis for Uniformly Distributed Load

The shear wall building with equal storey height (h) is subjected to uniformly distributed loading
(w) as shown in Fig. 2.8 (a,b,c). Consider individual connecting beam of stiffness El,, is replaced by
laminas of stiffness El, / h per unit height. If the laminas are considered cut at their midpoints, the
only force acting at cut section is shear force of intensity (gq) per unit length. On considering the
deformation of cut laminas, the compatibility conditions are set up to give no resultant relative
deformation at the cut midpoint which leads to governing differential equation for the total shear
force (T) in the connecting medium. Once the distribution T has been established, the shear force
(Q) in the connecting beam at any level is obtained as the difference between the values of integral
at levels h/2 above and below the beam. Also from T, moment and axial loads in the walls can then
be established as well as stress in the walls at any level x. The moment at the junction of coupling

beam and wall at various levels can also be found.

The behaviour of this system can be expressed as single order differential equation,
enabling a general closed solution to the problem. Under lateral loads the coupling beam will
undergo vertical displacement due to wall rotation, beam bending, beam shear deformation and
axial tension and compression in shear walls. The relation can be expressed as second order

differential equation as:
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d?T
dx?

— a’T = —pBx* (2.10)

Where, T is integral of the shear flow ‘Q’ in the continuous connection from top of the wall till X,

which can be expressed as:

T= [qdx (2.11)
2 _ 22 | A
o= —1 I+A1A2] (2.12)
_ Ly ()2
p= 2Wl (hb3)1 (2.13)
I = 11 +12
A= A, + A,
S E— (2.14)

P 14243 (1+v)

Where, t = depth of coupling slab; b = L= width of opening and v = Poisson’s ratio of the
material; 1; and I, = moment of inertia of wall 1 and 2, respectively; A; and A,: area of wall 1 and
wall 2, respectively; E = modulus of elasticity of beam materials; I, = moment of inertia of
interconnecting beam; 1, = reduced the moment of inertia to reduced moment of inertia to include
the effect of shear deformation; I, = moment of inertia of the coupling beam = Yo.t312. Y, are the
effective width of the slab, which is variable in the pre-cracking, cracking and post-yielding stages

of the coupling slab/beam.

By substituting and solving Equation 2.10 with boundary condition, we get final solution as

(Coull and Choudhury 1967a):

2 sinh aH—aH
T = 2B { sinh aH-aH

sinh ax — cosh ax +~ a? x3} (2.15)
cosh aH 2

a*

26



Once the distribution of the laminar shear force (T) across the height of the building has
been determined, the shear force Q; in any connecting beam or slab can be obtained from difference

. h
in values of T at level > above and below beam or floor slab.

Also from T, moment and axial loads in the walls can then be established as well as stress in
the walls at any level x. The moment at the junction of coupling beam and wall at various levels
can also be found as % Q; b. The deflected form of the structures can then be established by

integrating moment curvature relationships.

The moments M; and M, in Wall 1 and Wall 2, respectively can be written as (Fig. 2.8c):
M= (Cwxt-1t)% & M= (Swx?—TI)% (2.16)

It is assumed that the loads on the wall deflect walls equally due to high stiffness of the
slabs and also the wall containing the opening or passage behave in same manner as the walls do
not act separately. It is important for the design of any coupled shear wall system to know the
stresses and deflection due to applied loads. Coull and Choudhury (1967a) described the complete
stress distribution at any section of the coupled shear wall structure by superposition of two pure
bending stress distributions. It was assumed that the wall system acts as a single composite
cantilever with the neutral axis situated at the centroid of two walls (composite cantilever action) as
well as the walls act completely independently with the neutral axis situated at the centroid of each

of the wall (independent cantilever action).

As per Coull and Choudhury (1967a), the actual stress distribution in walls is equal to the
sum of composite cantilever stresses (Fig 2.9¢) and independent cantilever stresses (Fig 2.9d). By
assuming again in independent cantilever action to ignore axial deformation, the wall will deflect
equally and the load carried will be proportional to moment of inertia. So the bending moment in

walls are expressed as:

27



WALL 1 walLL 2

.g. of composite

(a) %.zzzzzg:-z::cl:zzc%%la
A B
(b) |\ |

I
(c) [-\f | ‘l ||

|

A
A

(d) ET;__-,N

Figure 2.9: Plan of walls with stress distribution (Coull and Choudhury 1967a)

M= (Gwx?)2 & My =(Gwa?)2 L (2.17)

I 100 2 I 100

Where, K; is the percentage of load carried by independent cantilever action.

In composite cantilever action, the bending moment waz) % will be carried by the

walls. Where, K is the percentage of load carried by composite cantilever action.

Taking tensile stresses as positive, the maximum extreme fiber stresses at A (ca) and B (o)

of wall 1 as shown in Fig. 2.9 can be derived as:



- _ 2_Tll—+ —
Oy I, A, wa + A,
(2.18)
MC, T 1, , T
Op 11 A_1 - (EWX - TI)T'*' A_l

Where, C; and C, are the distances from centre of gravity of wall 1 to points A and B,
respectively (Fig. 2.9). Similar equations can be derived for wall 2.

In composite cantilever action, the stresses at A and B can be derived as:

w x? (A, K
O-A: (_2+ C1> 2

21" VA 100
(2.19)
_owx? (Azl ) K,
= 27 \a " “*) 100
Where, I’ is the moment of inertia of the composite cantilever, given by:
, AA
I'sL+1L+ =22
In individual cantilever action, the stresses in wall can be derived as:
MG wx? (Cl) K,
°a= 71 =72 \T) 100
(2.20)
MG wx? (Cz) K,
6= T =72 \T) 100
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By equating, corresponding stresses at the four extreme fibers, positions for wall 1 and 2

from Egs. 2.18, 2.19, and 2.20, K; can be expressed finally as:

200 inhaH—aH . 1
{1 + 2% sinh aH (f) — cosh aH(%) +2 (aH)? (%)2} (2.20)

K2 = (aH)Z(%) cosh aH H

The variation of K; as a function of stiffness ‘aH’ for different values of height ratio ‘x/H’

is shown graphically in Fig. 2.10. The value of K; = 100-K5, also plotted in Fig. 2.10.
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Figure 2.10: Variation of K, with x/H (Coull and Choudhury 1967a)

The stresses at connecting beams/slabs with respect to shear force per unit height in the

equivalent continuous system for uniformly distributed load are expressed as:

aT H 1
q=Z=wi oK (2.22)
Where,
A 1
=1+
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cosh (aH £)— —+ =
H aH H

(2.22 a)

sinh aH—aH
K3 - ——
aH cosh aH

Sinh aH(%) x}

In this case shear force depends upon u, a and x/H. Now differentiating Eq. 2.18, the

maximum shear force intensity (gmax) can be derived as:

~|=
TR

max = W K3’ (2.23)

Where, K3’ is the maximum value of K3, as shown in Fig. 2.11.

o

ET
\\

Top
0

0-2

o8

N

NN
ERRARNAN

5 RS\
TF AN
Yl
@ —T T | —

0 a1 02 o3 04 s o6 o7 o8

Shear Stress Factor Ky

Figure 2.11: Variation of K3 with the aH and x/H (Coull and Choudhury 19673)

By obtaining required coefficient K3, the shear force ‘Q’ in any particular beam/coupling
slab can be calculated by the area between half storey height levels above and below the beam

position.

The bending stresses in the walls may be obtained from ordinary beam theory, described in
Egs. 2.18, 2.19 and 2.20.
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The moment-curvature relationship presented in Eq. 2.23a can be used in finding deflection
(y) at any height x:

a2y _ 1.2
El Tz T ZWX Tl (2.23a)

In particular, maximum deflection at the top of the structure (ymax) can be expressed as:

1 wH
Ymax = 3 WEI K, (2-23b)
Where,
_ u_—l_ g aHsinhaH—coshaH+1_ 1
Ky = u u [ (aH)* cosh aH Z(aH)Z] (2.23¢)

K, can also be obtained by using Fig. 2.12.
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Figure 2.12: Curves showing the variation of K4 with the aH and u (Coull and Choudhury 1967a)
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2.5.1.2 Analysis for Distributed, Triangular and Point Loading

Coull and Choudhury (1967b) described the analysis of coupled shear wall system (as shown in
Fig. 2.13) subjected to a uniformly distributed loading (p) triangular loading with max intensity of

w and point load (W) acting in the same direction. The second order differential equation for the
system may be expressed as similar to previous equation as:

d?T 1

2 2 x 1 2 _
preiald T+ WBx+wlx (E_E)-l_ipﬁx =0 (2.24)
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Figure 2.13: Coupled shear wall under uniform loading, triangular and point loading

(Coull and Choudhury 1967b)



Equation 2.24, the third, fourth and fifth terms represent the effect of point load,

triangularly distributed load and uniformly distributed load effect, respectively.

The integral of the shear force (T) in the continuous connection from top of the wall till x
can be expressed as:

T= [ qdx (2.25)
a? = Bul (2.26)
(121l
b= (hb3l) (2.27)
=1+ !
W

Similarly to previous case, the bending moment in the walls are given by:
My = (Mo —TI)2 &M, = (Mo — T1)2 (2.28)
Where,

My is the moment at the section, given by;

My, = Wx + wx? G - 6%) + %px2 (2.29)

In composite cantilever action the stresses at A and B of the wall can are given by:

M, (Azl ) K,
g 1

4= T \a 100
(2.30)

M, (Azl ) K,

%= T2~ *2) 700

Where, I’ is moment of inertia of the composite cantilever, given by:
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A14;

A

I’=11+12+ lZ

Individual cantilever action, the loads carried are proportional to the stiffness of individual
elements, so that the bending moment carried by each walls are given by:

My=M, % & M,=Mm, 2L

= 0 100 1 f— 0 ET (231)
Extreme fiber stresses in wall 1 becomes:
_ K G
%a 07001
(2.32)
_ K, G
9% = Mo 1007

On equating corresponding stresses at the four extreme fiber position the proportional
function K is found, and expressed finally as:

For point load at the top (values can also be obtained from Fig. 2.14):

K, = 100 {1 - 22| (2.33)

ax cos h aH

For triangularly distributed load (values can also be obtained from Fig. 2.15:

— =200 sinh aH_(%)-'-(aLH) a’xd 1 5 X
2 (011‘1)2(%)2 { cosh aH — cosh ax — 6H +E (aH) +; (2.34)

Where, x/ H is height ratio, and « is geometric parameter.

Similarly, the values of K;=100-Kj, can be obtained using Equations as well as Figs. 2.14
and 2.15.
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Figure 2.14: Curves showing the variation of K; and K for point load at the top

(Coull and Choudhury 1967b)
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Figure 2.15: Curves showing the variation of K; and K; for triangularly distributed load

(Coull and Choudhury 1967b)

The shear flow per unit height ‘q’ in the connecting medium for point load can be expressed as:
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daT w1
Where,
cos hax
Ks = {1 B coshaH} (2.36)
For triangular and uniformly distributed loading;
dar H 1
Where,
_ sinhaH—(%)+($) sinha x 1 5 2, X
K; = { —— cosh ax SrTERTT —x“/2H + (2.38)

In the case of triangularly distributed load, the maximum value of Kj is indicated by a
broken line as shown in Fig. 2.11. For point load the maximum value of K3 always occurs at the

top.

The moment-curvature relation can be used to find the maximum deflection (ymax) that

occurs at the top of the wall and can be expressed as:

For point load at the top;

WH?3
Ymax = SEI K, (2.39)
Where,
3 (1 sinh aH 1
Ky=1- ; {5 (aH)3 cosh aH - (aH)Z} (2'40)
and also can be obtained from Fig. 2.16
For triangularly distributed load, the maximum deflection can be expressed as:
11 wH*
Ymax = 120 WEI K, (2.41)
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Where,

K. =1 1 N 120 1 1 1+ (‘Z—H—ﬁ )sinhaH
4~ u 11 u(aH)? (3 (aH)2 cosh aH

(2.42)

And also can be obtained from Fig. 2.16.
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Figure 2.16: Curves showing the variation of deflection factor K, for point load at top and

triangular loading (Coull and Choudhury 1967b)

2.5.1.3 Analysis of Shear Walls with Multiple Bay of Opening

For shear walls with one or two bands of opening uniformly located throughout connecting system

(Fig. 2.7), the design will be based on the most highly stressed beam subjected to the greatest shear
force Qmax, expressed in terms of Ky and K, proposed by Coull and Irwin (1969).
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Figure 2.17: Building with Shear wall with two band openings

For uniformly distributed load:

272
Qmax =D bA K (2-43)

a2
Where, p is intensity of uniformly distributed load and

aHh

K, = l(l — ﬁ)ﬁ + 2sinh G y) {sinh (aH %)— aH cosh aH (1 — %)}l (2.44)

H/ H = (aH)? cosh aH
For triangularly distributed load:

wHE (2.45)

a?

Qmax =W

Where, w is maximum intensity of triangular load, and

|1 h 1h [x\2 1 /h\3 1 h . aH h Zsinh(aH%)+(;—H—aH)coshaH(1—(%))
Ko=lia=an () —u ()~ atsinh (53) @Y cos hal (2.46)
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Coull and Irwin (1969) also presented graphs for obtaining values for maximum shear force
coefficient K; and K, (Fig. 2.18), for uniformly distributed load and for triangular load (Fig. 2.19).
The curves are generally applicable to any wall with one or two symmetrical bands opening and

non-uniform thickness as well as applied to any cross-sectional shape of connecting beam or slab

and walls.
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Figure 2.18: Coefficient of maximum shear force K; for uniformly distributed load

(Coull and Irwin 1969)
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Figure 2.19: Coefficient of maximum shear force K; for uniformly distributed load

(Coull and Irwin 1969)

2.5.1.4 Physical Interpretation of Design Parameters

It is important to interpret design parameters such as a and p on which the design curves for
coupled shear wall system depend. Coull & Choudhury (1967b) alternatively expressed the values
of a and p for design purposes as:
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Where, d; and d, are the width of the walls and t,, is the thickness of the wall.

Since a number of dimensions are involved, it is convenient to consider a single corridor
opening (b) which is commonly used in modern apartment building around 6 to 8 ft (1.82 to 2.43
m) and the height of the storey should be kept commonly around 8.5 to 9.5 ft (2.5 to 2.89 m). The
width of the building will generally lie within the range of 45 to 70 ft (13.716 to 21.33 m). If the
wall width is equal the sum and lie between 40 to 64 ft (12.19 to 19.50 m), so the value of p for
these both extremes are 1.98 and 1.236, a variation of + 1.6 percent from the mean, and if it is
unequal the value of p lies between 1.295 to 1.353, a variation of + 2.2 percent from the mean.
Thus, although the small variations in i may have a considerable influence on the magnitude of
maximum deflections, the values of pu will not affect greatly on the value of a which is directly

proportional to \/u.

In tall building structure with coupled shear wall, floor slab is 6 to 8 inch (150 to 200 mm)
thick and effective width Y. lies between 20 to 24 ft (6.09 to 7.31 m), the range of I, should be
around 0.21 to 0.59 ft*, thickness of wall lies t, between 12 to 24 inch (0.304 to 0.609 m), and

1

(1?1")E varies between 0.32 and 0.77 commonly. The values of a in equal walls is 0.0622 to 0.0459

1

1
(ITp)Z and in unequal walls (d;=2d,) is 0.0558 to 0.0412(%)2-

Table 2.1 indicates that a movement of the corridor opening away from the center of the
wall tends to decreases the parameter aH. Also with distributed lateral loads, the position of
maximum shear force in the connecting system tends to travel to a higher level, with the same
tendencies are found when the wall thicknesses increases, and the stiffness of connecting medium

decreases. In all situations, K, increases with the increase of stiffness parameter aH.
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By taking possible height range of 100 to 300 ft (30 to 90 m), the value of stiffness ‘aH’
can be evaluated from Table 2.1 as suggested by Coull and Choudhury (1967b).

Table 2.1: Variation of parameter oH for shear wall structure (Coull and Choudhury 1967b)

oH Range
Height H = 100 ft Height H = 300 ft
Width of Building 46 ft 70 ft 46 ft 70 ft
(Ip/t)1/2 032 | 077 | 032 | 077 ] 032 | 0.77 | 0.32| 0.77
Equal Walls (d1 =d2) 200 | 479 | 147 | 354 | 6.00 | 14.37 | 441 | 10.62
Un Equal Walls (d1=2d2) | 1.79 | 430 | 1.32 | 3.17 | 537 | 1290 | 3.95 | 951

2.6 Role of Reinforced Concrete in the Coupled Shear Wall Structures

Reinforced concrete (RC) plays very vital role in the structural strength, stiffness and ductility of
coupled shear wall structures under gravity and lateral loading. For decades, normal concrete was
normally used with steel reinforcement in such highly reinforced structures. Numerous research
studies have been conducted in the past to investigate the behaviour of coupled shear walls with
normal concrete highlighting bending stiffness and effective width of floor/coupling slabs having
different wall geometry (Qadeer and smith 1969; Coull and Wong 1981, 1983, 1984, 1990;
Hossain 2003; Coull and Irwin 1969; Coull and Choudhury 19673, b).

Hossain (2003) studied the non-linear flexural behaviour of coupled shear wall structures
using reinforced micro-concrete by testing small scale models of 1/12" scale. The influence of
geometric parameters on flexural stiffness and effective width in pre-cracking, cracking and post-
yielding stages of reinforced micro-concrete was investigated. The proposed use of high
performance concretes (HPCs) such as Self-Consolidating Concrete (SCC) and Engineered
Cementitious Composite (ECC) will significantly improve the process of casting through self-
consolidation and quality of construction as well as improve the strength, ductility and durability of

coupled shear wall system.
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2.6.1 Self-Consolidating Concrete (SCC)

Self-Consolidating Concrete (SCC) is a highly flowable concrete that can flow into place under its
own weight. This will achieves high-quality consolidation without any kind of machine vibration
and also without defects due to bleeding or segregation. It can be used to improve the productivity
of casting congested sections and also to insure the proper filling of restricted areas with minimum
or no consolidation (Khayat 1999). This type of concrete will improve the working environment by

eliminating the noise pollution caused by vibrators and reduces instrumental and labour cost.

SCC was developed in Japan in the early 1980°s (Hayakawa et al. 1993). Major factor to
develop this kind of concrete to accommodate flowability under highly reinforced structural
members in such high intensity seismic Areas in Japan, and reduce cost in terms of time and highly
skilled labour, to fill highly reinforced concrete members with conventional normal concrete with

large size of the aggregates.

This can be developed through different approaches. First method is to increase
significantly the amount of fine materials such as fly ash, volcanic ash and slag cement without
changing the water content compared to common concrete. (Hossain and Lachemi 2010) Secondly
to design SCC is incorporating a Viscosity Modifying Admixture (VMA) to improve the stability
of the SCC. (Lachemi et al. 2003) This kind of admixtures commercially available in the local
markets but eventually this is costly and increases the price of SCC. VMA are water soluble
polymers which improve the ability of cement paste to keep its constituents in suspension and also
increase the viscosity of the mixture. Using the VMA with super-plasticizers can ensure adequate

workability without segregation.

Bouzoubaa and Lachemi (2001) evaluated the SCC made of high volumes of Class F fly
ash. Nine SCC mixtures and one control concrete were studied. The content of the cementitious
materials was maintained constant (400 kg/m®), while the ratio of water/cementitious material
ranged from 0.35 to 0.45. The self-compacting mixtures had a cement replacement of 40%, 50%,
and 60% by Class F fly ash. Tests were performed on all mixtures to obtain the properties of fresh

concrete in terms of stability and viscosity. The SCCs developed 28-day compressive strengths
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ranging from 26 to 48 MPa. The results showed that an economical SCC could be successfully

developed by incorporating high volumes of Class F fly ash.

Lachemi et al. (2003) studied twenty-one concrete mixtures to investigate the performance
of three types of SCC manufactured with fly ash, slag cement, and various VMAs based on
mechanical properties and also on cost. Fly Ash SCC mixtures had cement replacement of 40%,
50%, and 60%, while slag cement SCC mixtures had 50%, 60%, and 70% replacement. The water-
cementitious material ratios (w/cm) ranged from 0.35% to 0.45%. Three different VMAS were used
in VMA SCC mixtures with w/cm of 0.45%. Tests were carried out on all mixtures to obtain
mechanical properties such as compressive strength. The results indicated that an economical SCC
with desired properties could be successfully developed by incorporating FA, slag cement, or
VMA. It was found that these SCC could replace the control concrete and could be more
economical (30% to 40% in case of FA and slag cement). Although the cost of VMA SCC was
slightly higher than those with FA and slag cement, it had more resistance to segregation and had

higher early strength development.
2.6.2 Engineered Cementitious Composites (ECC)

Engineered Cementitious Composite (ECC) is a class of ultra-ductile fiber reinforced cementitious
composites. ECC has been systematically engineered over the last years to achieve high ductility
under tensile and shear loading (Li 1998; Li 2003; Li et al. 2001; Sahmaran et al. 2009, 2011).
ECC was originally developed at the University of Michigan in the early 1990s (Li 1993). ECC is
characterized by high ductility in the range of 3% to 7%, tight crack width of around 60 um and
relatively low fiber content of 2% or less by volume. The typical fiber used in ECC is the polyvinyl
alcohol (PVA) fiber with a diameter of 39 xm and a length of 6-12 mm.

This strain capacity is realized through the formation of many closely spaced micro cracks,
allowing for a strain capacity over 300 times than that of normal concrete. These cracks, which
carry increasing load after formation, allow the material to exhibit strain hardening, similar to
many ductile metals. Under severe bending loads, an ECC beam deforms similar to a ductile metal

plate through plastic deformation as shown in Fig. 2.21, so it is also called “bendable concrete” (LI
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2011). In compression, ECC materials exhibit compressive strengths similar to high strength
concrete (e.g. greater than 60 MPa) (Lepech and Li 2007a).

121110987654321.

Figure 2.20: Extreme flexure capabilities of ECC under a large bendlng load (L| 2011)

A typical uni-axial tensile stress-strain curve of ECC containing 2% PVA fiber (Weimann
and Li 2003) is shown in Fig. 2.20. The characteristic strain hardening after first cracking is
accompanied by multiple micro cracking. The crack width development during inelastic straining is
also shown in Fig. 2.21. Even at ultimate load, the crack width remains less than about 80 zm.
Unlike normal concrete or fiber reinforced concrete (FRC), the steady-state crack width is an
intrinsic material property, independent of loading (tension, bending, or shear) and steel
reinforcement type and amount. This observation has important implications in service life,
economics, and architectural aesthetics. In short, where steel reinforcement is used to control crack

width in concrete, such steel reinforcement can be completely eliminated in ECC.
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Figure 2.21: Typical tensile stress-strain curve and crack width development of ECC

(Weimann and Li 2003)

Although the components of ECC may be similar to Fiber Reinforced Concrete (FRC), the
typical ECC characteristic of strain hardening through micro cracking is achieved through
micromechanical tailoring of the components (i.e. cement, aggregate, and fibers) (Li 1998; Lin et
al. 1999), along with the control of the interfacial properties between components. Fracture
properties of the cementitious matrix are carefully controlled through mix proportions. Fiber
properties, such as strength, modulus of elasticity, and aspect ratio have been customized for use in
ECC. The interfacial properties between fiber and matrix have also been optimized in cooperation
with the manufacturer for use in this material. Typical mix proportions of ECC using a polyvinyl
alcohol (PVA) fiber are given in Table 2.2. All proportions are given with materials in the dry

state.
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Table 2.2: Engineered cementitious composite typical mix design proportions (Nawy 2008)

performance, ECC uses low amounts of discontinuous fiber which is greater than the calculated
critical fiber content required to achieve strain hardening. This low fiber volume along with the
common components, allows flexibility in construction execution. Various fiber types have been
used in the production of ECC. Typical ECC mixtures use Poly-Vinyl Alcohol (PVA). The PVA
fiber is surface coated by an oil agent (1.2% by weight) to reduce the fiber/matrix interfacial
bonding. The mix design described in Table 2.2 has been experimentally demonstrated in a broad
range of investigations to consistently produce good ECC fresh and hardened properties.
Adaptations of this reference mix have been used in various construction projects. Full-scale
production of ECC was carried out in Japan (Kunieda and Rokugo 2006) and in the United States

(Lepech and Li 2007a). Experience in concrete ready-mix plants suggests the charging sequence of

Cement Fly Ash  Sand Water (HRWRA)*

Fiber (Vol. %)

1.0 1.2 0.8 0.56 0.012

0.02

* High-Range Water Reducer Admixture

raw material shown in Table 2.3.

While most high performance FRCs rely on a high fiber volume to achieve high

Table 2.3: Material charging sequence into ready-mix trucks (Nawy 2008)

o Elapsed Time
No. Activity
(min)

1 Charge all sand. 2
2 Charge approximately 90-95% of mixing water, all HRWR, all hydration stabilizers. 2
3 Charge all fly ash. 2
4 Charge all cement. 2
5 Charge remaining mixing water to wash drum fins. 4
6 Mix at high RPM for 5 minutes or until material is homogenous. 5
7 Charge fibers. 2
8 Mix at high RPM for 5 minutes or until material is homogenous. 5

Total 24
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2.6.2.1 Applications of ECC

ECC is designed for several types of engineered applications, other than ECC large-scale on site
construction applications, and it is designed for high-early-strength ECC applications that require
rapid strength gain to quickly reopened transportation to the motorist public (Wang and Li 2006),
Lightweight ECC applications to minimize the dead load of structural members (Wang and Li
2003), Green ECC applications to maximize material greenness and infrastructure sustainability
(Lepech et al. 2007b) and Self-healing ECC applications to heal cracks after experiencing damages
(Li and Yang 2007; Yang et al. 2005). Although the design of ECC is involved in different types of
construction applications, the development of ECC is still evolving and even broader ranges of its
properties have developed in the future as needed.

Members made of ECC in combination with steel plates provide higher flexural resistance
with a thinner cross section than normal steel-concrete members. Fig. 2.22 (left) shows the Mihara
Bridge in Hokkaido, Japan with a bridge length of 972 m and central span of 340 m (Mitamura et
al. 2005).

Figure 2.22: Left Overview of Mihara Bridge (Mitamura et al. 2005) and right labour repairing
Mitaka Dam with ECC for water-proofing (Kojima et al. 2004)

Over 60 year old the Mitaka Dam in Hiroshima-Prefecture, Japan in 2003 (Kojima et al.

2004), with several damaged concrete surface repaired with ECC. Cracks, spalling, and water
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leakage were concerns that prompted the use of ECC by spraying as a water-tight cover layer of 20

mm thick at upstream over 600 m?, as shown in Fig. 2.22 (right).

Concrete Retaining wall in Gifu, Japan repaired using ECC in 2003, sizes 18 m in width
and 5 m, constructed in the 1970s (Rokugo et al. 2005) as shown in Fig. 2.23. Ordinary Portland
cement could not be used due to the severity of the cracking in the original structure, which would
have caused reflective cracking. ECC was intended to minimize this danger; after one year only
micro cracks of tolerable width were observed. Cracking was harder to observe 24 months after

repair compared to 12 months after, being hidden by dirt accumulated on the surface.

Figure 2.23: Surface preparation with high-pressure water jet repair of concrete retaining wall

(Rokugo et al. 2005), upper left before repairing and right after repairing
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As one of the first field applications of ECC in the USA, an ECC patch repaired and
replaced the deck of the Curtis Road Bridge in Michigan, US in 2002, (Li and Lepech 2004). In
addition to bridge deck patching repairs, the most recent field application of ECC in the USA with
a bridge “link slab” completed in cooperation with MDOT on Grove Street Bridge in Southeast
Michigan in 2005 (Lepech and Li 2007a). The objective was to eliminate the maintenance
requirements associated with typical bridge deck expansion joints. In this project, about 32 m® of
ECC were cast in place using standard ready-mix concrete trucks to build the first ECC link slab in
US. With a strain capacity exceeding 2%, these composites can be used to replace traditional steel
expansion devices and can fully accommodate the thermal deformations of adjacent bridge spans.
This ECC link slab design was adopted in 2006 in the highway segment that extends from Bolzano
to the Austrian border bridge in north Italy. Currently research is in progress at Ryerson University,
Canada on the application of ECC link slabs in joint-free bridge deck construction (Sherir 2012;
Mavani 2012).

(b)

Figure 2.24: (a) The Nabeaure Tower in Yokohoma, Japan building with pre-cast coupling beams
and (b) Schematics view showing coupling beams (in yellow) on each floor (Maruta et al. 2005)
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In high rise building, in Japan ECC has been used in structural applications as coupling
beams (Maruta et al. 2005). Due to the high energy absorption capacity of R/ECC, the application
of this material in coupling beams in shear wall system, which connect adjacent core walls, and it is
very useful for high rise buildings in high intensity Seismic regions. The recent development of
precast ECC coupling beam elements by Kajima Corporation in Japan can be easily integrated into
current seismic construction practices. Currently two high-rise buildings in Tokyo, Japan have been

built integrating ECC coupling beams, Fig. 2.24.

2.7 Summary and Conclusion

The analysis of non-linear coupling action of the slab in coupled shear wall system is described
based on previous research studies. It is observed and concluded that all Researcher’s or
investigator’s uses different approaches to study the relative influences of material and structural
parameters. The variation of stresses and strain in the slab and modes of failures are investigated in
details. It is found that the behaviour of coupling slabs in pre-cracking, cracking and post-yielding
stages depend upon its material properties and geometric parameters of the shear wall such as wall
opening (corridor opening), length and width of the slab. Researchers produced design charts and
equations for finding bending stiffness and effective width of the slabs that can be used for design
purposes. Analysis of coupled shear walls using continuous medium method is also described in
detail.

To date, however, no research has been conducted on the effect of high performance
concrete especially Engineered Cementitious Composite (ECC) on the strength, stiffness and
ductility of the coupled shear wall system. Application of ECC will greatly enhance the strength,
stiffness and ductility of the coupled shear wall structures. The knowledge of the structural
behaviour of such structural system with ECC is very important in developing analytical models
and design aids to predict the strength, stiffness and ductility of the overall system as well as
bending stiffness/effective width of coupling slab. Such models/design aids can be useful to
develop design guidelines for shear wall system with ECC coupling slab used in practical
construction applications. Proposed research on the flexural behaviour of coupling slabs in shear
wall structures incorporating HPCs such as ECC and Self-Consolidating Concrete (SCC) is a

timely initiative and is warranted.
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CHAPTER 3

EXPERIMENTAL SETUP, MODEL PROPERTIES,
INSTRUMENTATION AND TESTING

3.0 Introduction

This chapter describes the development of a test set-up and its working principle to carry out small
scale model tests of 1/12™ scale simulating flexural behaviour of coupling slabs in shear wall
structures. It also describes testing procedures, model instrumentations, geometric dimensions of
models, design of reinforcement, mix design/material properties of ECC and SCC, steel properties

and casting/curing of model specimens.

3.1 Simulation of Non-linear Flexural Behaviour of Coupling Slab and Working

Principle of Test Set-up

The behaviour of coupling slab in CSW system in resisting lateral forces is described in Chapter 2
under section 2.1. A schematic of the experimental set-up and its working principle are presented in
the Fig. 3.1. One leg (wall) of the test model is fixed to the fixed platform through base plate-fixing
angle assembly while the other leg was fixed in a similar manner to the movable/free platform.
Upward load (Q), was then applied through hydraulic cylinder at the movable end and
corresponding vertical deflection (), of the platform was monitored. The load (Q), was applied
through the centre of the wall incrementally until failure of the slab to get complete (Q-6) and
hence, moment-rotation (M-6) responses as shown in Fig. 3.1. Moment diagram shows the
development of maximum moment at the wall centre and zero moment at the middle of corridor
opening representing an inflexion point as described in Continuous Medium Method Approach
(Coull and Choudhury 1967a,b; Hossain 2003).

The model tests provided information on the strength, stiffness and modes of failure of the
system. From Q-6 and M-6 responses, the behaviour of slab in pre-cracking to post-yielding stages
of CSW system were analyzed to derive flexural/bending stiffness ‘k’, and effective width of
coupling slab (YY) by using the equations derived in Chapter 2 and incorporating geometrical and

material parameters of the test specimens.
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Figure 3.1: Working principle of test-set-up and behaviour of coupling slab
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3.2 Geometry of Model Test Specimens

Six small scale model tests of approximately 1/12" scale of CSW building had been carried out to
investigate the general behaviour of the system and to study the effect of geometric parameters.
The test had been conducted for a particular value of Y/X (0.6) with L/X of 0.3, 0.4 and 0.6. Two
high performance concretes (HPCs) namely SCC and ECC were used to make the specimens.
Three model tests were conducted for each concrete. This experimental investigation was carried
out by keeping constant values of the width (YY) (600 mm) and length (X) (1000 mm) of the slab
and using three different values (350 mm, 300 mm and 200 mm) of corridor opening (L or b). The
wall (t,) and slab (t) thickness were kept constant at 60 mm. Both walls had equal width (W1 = W,)
Detailed dimensions of the models and geometric ratios (L/X and Y/X) are presented in Table 3.1.
The model specimen designated as for example ‘ECC350” or ‘SCC350°. The letters in the model
designation represents type of HPC and numerics represent the width of the wall in mm. All

geometric dimensions of the model specimens are presented in Figs. 3.2 and 3.3.

7
./'
./.
./'
=

FLOOR SLAB /'

Centerof slabline

Lorb

Figure 3.2: Isometric view of coupled shear wall, showing geometric parameters
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Table 3.1: Geometrical parameters of model test specimens

Length | Width of | Width of . Wall Corridor
of Slab | theslab | the wall Thickness thickness | Opening
Model Y/X | LIX of slab (t)
(X) (Y) (W) (mm) (t) L
(mm) (mm) (mm) (mm) (mm)
ECC350 0.3 1000 600 350 60 75 300
ECC300 0.4 1000 600 300 60 75 400
ECC200 0.6 1000 600 200 60 75 600
0.6
SCC350 0.3 1000 600 350 60 75 300
SCC300 0.4 1000 600 300 60 75 400
SCC200 0.6 1000 600 200 60 75 600

3.3 Material Properties and HPC Mix Design

3.3.1 Tests on Mechanical Properties of Concrete

Mechanical properties of the concrete used in experimental studies were determined by means of

compressive strength (f.’) and flexural strength (f;). The concretes were cast in the moulds without

using any vibrators or compactors. Four specimens from each batch were tested for the hardened

properties at the standard age of 28 days.

3.3.1.1 Compressive Strength

The 28-day average compressive strength was obtained from 100 mm x 200 mm cylinders for SCC
and ECC as per ASTM C109/C109 M (2011). Minimum three specimens were prepared for each of

ECC and SCC. The average compressive strength (f.’) test results of each specimen are tabulated in

table 3.2 of ECC and SCC.
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3.3.1.2 Flexural Strength

To check the flexural strength of concrete, a four point bending test was performed on control
beam specimens under load displacement control condition at a loading rate of 0.005 mm/s on a
closed loop controlled servo hydraulic material test. For each mix, three beam specimens, 355 x 76
x 50 mm in size were prepared and tested after 28 days. The load was applied at the mid span of
the beam. During test the load (p) in MPa and the mid span deflection were recorded on

computerized data recording system. The formula to find the flexural strength (f;) is expressed as:

Where, p = load in N; L = span length = 304 mm; b = width of the beam = 50 mm and d = height of

the beam = 76mm.

The tensile strength (f;) of ECC and SCC for six model CSW specimens is shown in Table

3.2.

(3.1)

Table 3.2: Type and strength of concrete for each specimen (28 days)

Specimen No. Concrete Type Concrete strength (Mean Value) MPa
Compressive strength (") 44
SCC350 SCC
Tensile strength (f;) 3.80
Compressive strength (f;’ 38
SCC300 scc )
Tensile strength (f;) 3.35
Compressive strength (") 44
SCC200 SCC -
Tensile strength (f;) 3.03
Compressive strength (f ") 41
ECC350 ECC
Tensile strength (f;) 4.55
Compressive strength (fc’ 36
ECC300 ECC P gt (-
Tensile strength (f;) 4.30
Compressive strength (") 39
ECC200 ECC
Tensile strength (f;) 4.10
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3.3.2 Modulus of elasticity of ECC and SCC

To obtain the value of modulus of elasticity of ECC and SCC, two cylinder (100 mm x 200 mm)
samples were also cast. These cylinders were then tested at 28 days for measuring the modulus of
elasticity. Three single strain gauges were attached to the longitudinal direction of the cylinder. The
length of the strain gauges was bigger than five times of the maximum aggregate size of concrete.
The secant modulus of elasticity of ECC was determined from the compression test of two cylinder
ECC and SCC samples. The average slope of the three strain-stress curves at the linear stage
(0.4 f') for the first and second sample was 24,500 MPa and 24,980 MPa, respectively for ECC, as
shown in Figs. 3.4 and 3.5.
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Figure 3.4: The result of the first test for the modulus of elasticity (Average E = 24,500 MPa)
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Figure 3.5: The result of the second test for the modulus of elasticity (Average E=24,980 MPa)

The ECC and SCC of modulus of elasticity from the two tests and the average (E = 24,740
MPa) and (E =32,130 MPa) values are presented in Table 3.5.

Table 3.3: Modulus of elasticity (E) for the ECC and SCC

The average Egcc (MPa) based on The average Escc (MPa) based on
Specimen No. the results of three strain gauge of the results of three strain gauge of
ECC SCC
1 24,500 MPa 30,670 MPa
2 24,980 MPa 33,590 MPa
Average 24,740 MPa 32,130 MPa
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3.3.3 Reinforcing Steel Properties

Mild steel reinforcing bars of 4.75 mm diameter from the mesh reinforcement were used. Two bar
samples of 400 mm length were tested under tension in the laboratory to determine yield stress,

yield strain, ultimate strength and ultimate strain.
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Figure 3.6: Tensile test results of steel bar # 3941
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Figure 3.7: Tensile test results of steel bar # 3939

Table 3.4: Table showing results of tensile test of steel bars

Yield Stress | Ultimate Stress | Modulus of elasticity
Test No () (fu) (E)
MPa MPa MPa
3941 493.52 543 193760
3939 421 506.9 110630.8
Average 457.26 524.95 152195.4
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The results of the coupon tests for mild steel are shown in Figs. 3.6 and 3.7, respectively.
The tensile testing machine gave the results in imperial units, so the Table 3.6 shows the results in
both SI and Imperial units. The tension coupon results gave detailed information on the stress
versus strain and modulus of elasticity of the mild steel bars used in mesh reinforcement. The
average Yyield stress of 457 MPa, ultimate strength of 524.95 MPa, and modulus of elasticity of
152195.4 MPa were found. The usual range of modulus of elasticity for steel bars is from 200 GPa
to 207 GPa (Yu 2000, ASTM-A36, 1986). Mild steel bars used in this study showed lower values

of modulus of elasticity.
3.3.4 HPC Mix Design

Two types of concrete, namely; Self-Consolidating Concrete (SCC) and Engineered Cementitious
Composites (ECC) were used to cast the coupled shear wall test models for experiment. All
specimens were cast as per the guidelines for the concerned ASTM standard.

3.3.4.1 Self-Consolidating Concrete (SCC)

Type GU (General use type 10 Ordinary Portland cement) cement as per CSA A3001-03 (2003)
from Lafarge Ltd. and type “S” slag cement were used. The coarse aggregate was crushed
limestone from Munroe quarry with maximum size of 8 to 10 mm. Well graded coarse sand was
used as fine aggregate. The High Range Water reducing Agent (HRWRA), ADVA® CAST 575,
was used as Super-Plasticizer (SP) from Grace Products as an admixture to avoid adding extra
water in the mix. And also one of the inherent properties of such HRWRA is to provide high early

strength of concrete. The mix design and ingredients of SCC are shown in Table 3.5.

Table 3.5: Mixture proportions of SCC

SCC ingredients, kg/m®

HRWRA
Cement Slag Water Coarse Fine
(SP)
400 90 172 750 910 1850
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The volume of SCC needed for casting one CSW specimen with one time slump test and
required control cylinders and beam specimens was around 80 liters. An industrial mixer having a
maximum capacity of 300 liters was used so that one batch of 80 liters of concrete could be made

easily.
Procedure for making SCC, the following mix sequences were carried out:

e The slag was added to the cement bucket and mixed with the cement (Fig. 3.8a).

e Sand and coarse aggregate were added to the concrete mixer and mixed for 15 second (Fig.
3.8b).

e The cement and slag were poured in the concrete mixer and mixed for 20 second.

e 60% of total water was added to the concrete mixer and mixed for 30 second.

e SP were added to the rest of the water. The remaining water were poured to the mixer and
mixed for 1 to 2 minutes.

e Resume mixing for 2 minutes and check for required flowability.

(@) (b)

Figure 3.8: Mixing the SCC ingredients; (a) Slag and cement (b) Sand and coarse aggregate
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3.3.4.2 Engineered Cementitious Composite (ECC)

For making of ECC, the same industrial mixer was used; the weight of the super-plasticizer
was measured by using digital scale with the accuracy of 0.01 grams for both SCC and ECC. The
ECC mix design is presented in Table 3.6.

Table 3.6: Mixture properties of ECC

ECC ingredients, kg/m’

Cement | Fly Ash Water | PVA Fiber | Silica Sand H'?;AF/J;A
386 847 327 26 435 3.7

Type GU cement (General use type 10 Ordinary Portland cement) from Lafarge and Class F
fly ash supplied by Boral Materials Technologies were used for ECC mix. The Polyvinyl Alcohol
(PVA) fiber of 8mm length and 39 pum in diameter was used. PVA fiber has attracted most
attention due to the outstanding composite performance and economic consideration. The nominal
strength of the PVA fiber was 1620 MPa and the density of 1300 kg/m®. Fiber was coated by
hydrophobic oil (1.2% by weight) in order to reduce the fiber/matrix interfacial bond strength. The
fiber content 2% by volume in excess of the calculated critical fiber content had been typically
used in the ECC mix design (Li et al. 2001; Kong et al. 2003)

The silica sand with 110 um average grain size and ADVA® CAST 575, a poly-carboxylate
based high range water reducer from Grace Canada Inc as Super-Plasticizer (SP) were used. This
SP is poly-carboxylic-ether type high range water reducer with solid content of approximately 30%
and conforms to ASTM C 494 (2011) type F and ASTM C1017 (2007) type I.

80 liters of ECC was needed for a CSW model specimen and control specimens. Solid
ingredients, including cement, fly ash and sand, were first mixed for a minute. Water and chemical
admixtures (SP) were then added into the dry mixture and mixed for two minutes and then
polyvinyl alcohol fiber was added at the end (Fig. 3.9a) and mixed for an additional three minutes.
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The amount of SP was adjusted during the mix to have a uniform mixture and flowable ECC. The

flowable ECC was poured to a small bucket for casting as shown in (Fig. 3.9b).

Figure 3.9: Making ECC

3.4 Design of Reinforcement for Models and Reinforcement Details

Small scale model specimens used in this study were similar to those used by Hossain (2003)
where the reinforcements were calculated based on an equivalent static uniform wind load of 8.76
kN/m along the height of the building. The maximum wind shear, induced in the most highly
stressed slab of a 20-storied coupled shear wall building having storey height of 3m and slab
thickness of 200 mm, was calculated by using continuous medium method (Hossain 2003). The
slab was then designed for reinforcement by applying maximum wind shear along the central
contra flexure line. The percentage of reinforcements in the small scale test models were kept
similar to those obtained in the prototype building. However, it should be noted that the amount of
reinforcement in all the model slabs in this study was kept constant despite changes in geometric
dimensions. So the maximum storey shear capacity (Q) was different for the coupling slab in

various specimens although moment capacity remained same.
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In all six model specimens, reinforcements in the form of mesh of 100 mm x 100 mm in

size were provided in the manner as shown in Fig. 3.10.
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-

25 mm¢

6 Nos, of 4,75 mm bar

Figure 3.10: Reinforcements in the slab
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In all six specimen models, 3 assemblies of different wall sizes were provided and
reinforcements were provided in the form of mesh (50 mm x 50 mm) in the same manner as shown
in Fig. 3.11. Walls were highly reinforced with two layers of the same size mesh. The 2 layers of
reinforcements were provided in each wall assembly with different lengths. Adequate connection
between the slab and wall was ensured by extending bars and mesh from slab to wall and vice
versa. Reinforcements were extended from walls and coupled with slab reinforcements to give

strong wall-slab joints to ensure the failure of slabs before wall and joint.
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A
|
| I
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/ \' ‘
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—>
75mm

50 mm

Wall length (W)

Figure 3.11: Reinforcements in the 300 mm wide types of Walls
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3.5 Analytical Moment and Shear Capacities of Coupling Slabs in Model

Specimens

The slab moment capacity under flexure was derived according to CSA A23.3-04 (2009) using
rectangular stress block (as shown in Fig. 3.12).
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h
2&; S
° ° ° ° ° ° v I=g ¢Sﬁ~

|
| Yorb

Figure 3.12: Rectangular stress block of rectangular slab
The equilibrium of compression (C) and tension (T) forces is used to determine ‘a’ as:

C0.A
B a1®cfcb

Where; a, = 0.85—0.0015 f. > 0.67

The moment resistance, M,, developed by internal force couple, C and T, is therefore:

M, = q)sAsfy [d_%]

By assuming ¢s = ¢ = 1, and taking certain geometric and physical parameters of two
different materials with three different assemblies, f.’ of ECC = 39 MPa, f.’ for SCC= 42 MPa, h =
60 mm, Y or b = 600 mm, d = 45.62 mm, f, = 457.26 MPa, a; for ECC = 0.791 and o for
SCC=0.787, we can get;

For ECC; a=2.607 mm, M, = 2.154 kN m, and
For SCC; a =2.435 mm, M, = 2.159 KN m
The both analytical resisting moments for SCC and ECC slabs are approximately same.

So assuming average Resisting Moment (M, ) = Factored Moment (M;) = 2.157 kN m
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So required amount of reinforcements should be calculated by;

M; 2.157 x 10°

Aq ostimated = - = 97.062 mm?
sestimated = “£709° (09 h) | 457.26x 0.9 (0.9 x 60) mm

6 bars of 4.75 mm diameter in one layer with c/c distance of 100 mm were provided as
shown in Fig. 3.11. To check minimum steel requirements under CSA A23.3-04 (2009), by taking
average f’.= 40.5 MPa, we get:

_0.2\/f; bh _ 0.2+40.5 600 x 60

Agmin = = 100.21 mm?
smin 3 457.26 i

As’ min = 10021 mm2 < AS, provided = 106323 mm2 > AS, estimated = 97062 mm2

The analytical equivalent storey shear load resistance (Q,) for the coupling slabs of model
specimens is calculated based on the analytical moment resistance (M,) and considering critical
section at the junction of the interior edge of the shear wall. The analytical storey shear load

resistance of all model ECC and SCC specimens are presented in Table 3.7.

Table 3.7: Analytical moment and shear load resistance of coupling slab

Corridor Analytical Moment and Equivalent storey
Model | opening Shear Force
(L) M, L/2 Qa=M, /(L /2)
mm kN m m kN
ECC350 | 300.00 2.154 0.15 14.36
ECC300 | 400.00 2.154 0.20 10.77
ECC200 | 600.00 2.154 0.30 7.18
SCC350 | 300.00 2.159 0.15 14.39
SCC300 | 400.00 2.159 0.20 10.79
SCC200 | 600.00 2.159 0.30 7.20
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3.6 Casting of Model Specimens

The casting of specimens with 3 different assemblies with 2 different kinds of concrete materials

was carried in the Concrete Laboratory of Ryerson University. A flexible wooden mould was

designed and fabricated, that can accommodate all the variability in dimensions, as shown in Fig.
3.13.

4.75 mm bar @ 100mm in
each layer with 25 mm
apart

Figure 3.14: Casting of highly flowable ECC mixture into the mould
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Immediately after mixing ECC/SCC were poured in into the mould without consolidation.
Fig. 3.13 and Fig. 3.14 show the typical casting of ECC specimen. Fig. 3.14 shows highly flowable
ECC went inside the narrow gaps of heavily reinforced walls with ease saving construction time
and ensuring high quality work without voids. Same ease of casting was observed with flowable
SCC. Control specimens in the form of cylinders and beams were also cast at the same time. After
casting, CSW specimens and control specimens were covered with plastic sheets. After 48 hours,
model specimens and control specimens were de-molded. Model and control specimens (covered
with plastic bags) were then left to air cure under uncontrolled conditions of humidity and

temperature until testing at the age of 28 days.

3.7 Experimental Set-up, Instrumentation and Testing

After 28 days of curing, coupled shear wall specimens were attached to the test set-up for testing
under monotonic loading to failure. Figs. 3.15 to 3.18 show the laboratory test set-up with CSW
specimen and instrumentation. One wall was attached to the fixed platform and other wall was free
to move upward with help of hydraulic jack directly applying vertical force (Q) on the wall centre
through the steel plate-angle assembly (Fig. 3.15). The walls of the model specimens were fixed to
the base plate with the help of 12.5 mm threaded rod (casted in the walls previously) with the help
of steel angle assembly. The movement of the movable base plates with wall (movable platform)
was guided by roller on the sides to ensure pure vertical movement of the wall. The angle-plate
assembly provided at both platforms holds the specimen at horizontal position with zero
displacements displacement during the loading. Strain gauges were installed on the concrete

surface and as well as on the top and bottom reinforcing bars at key locations.

Four different linear variable displacement transducers (LVDTSs) were installed to measure
the displacements (8) at four different critical locations such as at the middle of the movable wall,
upper edge of movable wall, center of the slab and center of the fixed wall (Figs. 3.15 and 3.18).
Hydraulic jack, strain gauges and LVDT's were directly connected to the computerized data

acquisition to record load, strain and displacement during the loading history until failure.
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Figure 3.15: (a) Front view (b) Side-View of experimental setup
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Load was applied at the rate of 0.05 KN per minute until the failure of the specimens.
During the loading history, load, displacements, strains in concrete and reinforcing steel, cracking,
crack propagation, and failure modes of the specimens were observed. From the test, load-
displacement (Q-0) and corresponding moment-rotation (M-O) response (as illustrated in Fig. 3.1)

was obtained for each of the CSW model specimens.

-F ﬂ e
LVDT's for ht

measuring

displacement ‘ [ _—
— s Taed i Prototype
D SR TESS i  Test Specimen
: O=—— 1l = fa 4 . Of Shear Wall

Hydraulic
jack for
controlled
applied force

Figure 3.16: Laboratory test setup (instrumentation)

Figure 3.17 and 3.18 show the testing of CSW specimen having a I/X of 0.6. Fig. 3.17
showing the supports installed for test setup accordingly. Fig. 3.18 showing the deformed specimen
subjected to load applied through the movable wall proved that the principle of simulating flexural

behaviour of coupling slab was working.
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Figure 3.17: Laboratory test setup (supports)
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Figure 3.18: Laboratory test setup exhibiting desired deformed behaviour of coupled shear wall

76



3.8 Chapter Summary

Test set-up and its working principle are described in addition to the details of CSW model
specimens (including dimensions, reinforcement design, and theoretical strength), ECC/SCC mix
design/properties, instrumentation, and testing procedures. The test results and their analyses,

discussion and interpretation will be provided in the next chapters.
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CHAPTER 4
ANALYSES OF EXPERIMENTAL RESULTS

4.0 Introduction

This chapter presents an analysis of test results based on load-displacement response, strain
development in steel and concrete, cracking and failure modes of CSW model specimens to study
the influence geometric parameters and type of HPCs namely SCC and ECC. In addition, cracking,
yielding and ultimate loads of CSW model specimens are identified from the load-strain and load-
displacement responses. The performance of reinforced ECC and SCC based CSW specimens are

compared based on strength, ductility and energy absorbing capacity.

4.1 Experimental Results

A systematic experimental investigation was conducted on the non-linear behaviour of reinforced
ECC and SCC slabs in coupled shear walls. The CSW model specimens with different
configurations with planar shear walls were used. The CSW models were divided into three
different groups having L/X of 0.3, 0.4 and 0.6 with Y/X of 0.1 and constant reinforcement in the
slab. The geometry of these models was explained in the previous chapter. The behaviour of ECC
and SCC coupling slabs will be compared and explained based load-deflection (Q-J) response,
stress-strain development in steel and concrete and failure modes including cracking and crack

propagation.
4.1.1 Behaviour of Reinforcement in Slab based on Strain Development

The strain gauges were installed at key locations in the reinforcing bars before casting of concrete.
Typical strain gauge locations are shown in Fig. 4.1. All the strain gauges were located along the
centre line of the slab in line with walls. Strain gauge 1 was installed near the inner edge of the
moving wall on the top reinforcement where it will be subjected to tension as per deformed shape
of the coupling slab under loading (Fig. 3.1 in Chapter 3). Strain gauges No. 2 and 3 were installed
at inner edges of the fixed wall on the top and bottom reinforcement where they were expected to
be subjected to compression and tension, respectively.
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Figure 4.1: Locations of strain gauges at slab reinforcements

Figure 4.2 shows a typical load-strain response illustrating SCC300 model specimen. It is
noted that steel at the tension (strain gauges 1 and 3) zone yielded before failure. The green and
blue line (strain gauges 1 and 3) is clearly indicating a sudden increase in the strain development
(more than 2000 micro-strain) at ultimate load of 10.94 kN when the slab was failed. The strain
development in strain gauge 2 (red line) confirms that the steel in the compression zone was not
yielded even the slab reached its ultimate load carrying capacity. Hence, theoretical calculation
based of ultimate load of coupling slab based yielding of reinforcement and proved to be true from
the experimental strain development. It can also be observed that the yielding load was lower than
the ultimate load and in this particular slab the yield load was 8.70 kN. It is important to notify that
first yielding of steel bars were indicated by strain gauge 3 (near the edges of fixed wall) at about
10.81 kN, and after that with slight increase of loading, strain gauge no. 1 also yielded and the slab
failed at 10.94 kN. More or less similar behaviour was observed in other ECC and SCC specimens.
For all the specimens, failure was due to the failure coupling along transverse line passing through
the edge of the shear wall where reinforcement was yielded. However, the analysis of concrete

strain will provide more insight into the coupling slab behaviour.
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Figure 4.2: Load-strain relationship of reinforcements in the slab of SCC300

4.1.2 Strain Development in Concrete and Proof of Theory

To monitor development of strain in concrete, the strain gauges were installed at the top surface of
slabs near inner edges of both wall (strain gauge 1 and 3) walls and at the centre (strain gauge 2) of
the slab where the point of contraflexure was expected. All the strain gauges were installed along
the centre line of the slab. Figs. 4.3 and 4.4 show the typical location of strain gauges in the model

specimens.
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Figure 4.3: Placement of strain gauges in concrete
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Figure 4.4: Diagram showing the locations of strain gauges
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Figure 4.5: Strain relationship of all 3 strain gauges, showing point of contra-flexure form at the
center of ECC300

Figure 4.5 shows typical variation of concrete strain along the length of the slab at different
load levels (Q) illustrating the case of specimen ECC300. Strain gauge was subjected to tensile
strain and strain gauge 3 was subjected to tensile strain as expected. It is interesting to note that
very small strain at the centre (Strain gauge 2) compared to Gauge 1 and gauge 2 proved the
existence of point of contra-flexure as assumed in theoretical formulation of Continuous Medium
Method (Coull and Choudhury 1967a,b; Hossain 2003). This experiment proved a very important
basic assumption of the existence of point of contraflexure in the middle of the coupling slabs in
shear wall structures. This also proved that the test set-up realistically simulated the behaviour of

coupling slabs under lateral loads.
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Figure 4.6: Comparison of load-concrete strain relationship of ECC and SCC (L/X 0.4)

Fig. 4.6 compares the load-concrete strain responses of SCC and ECC model specimens
(ECC300 and SCC300) with L/X = 0.4. The tensile and compression strain development at the
edge of free wall (strain gauge 1) and fixed wall (strain gauge 3), respectively, clearly signified the
true behaviour of coupling slab. It is interesting to note that ECC walls developed significantly
higher tensile and compressive strain compared to its SCC counterparts. This can be associated
with the higher strain hardening capacity of ECC and its capability to produce micro-cracking. This
is an important finding which signifies the superior performance of ECC slabs compared to SCC
slabs in terms of ductility and energy absorbing capacity of the system. Other ECC and SCC model

specimens showed similar trends of variation of concrete train development.
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Analysis of strain development in all the model specimens is conducted. From the change in
the load-strain development response (such as change in slope), it was possible to identify
approximately the cracking, yielding and ultimate loads of the CSW model specimens. The
cracking, yielding and ultimate loads are compared from simultaneous analysis of load-strain and
load-displacement relationship of CSW specimens. Table 4.1 summarizes cracking, yielding and

ultimate loads and corresponding concrete strains of the CSW specimens.

Table 4.1: Load and concrete tensile strain in cracking, yielding and ultimate stages

Model Cracking stage Yielding stage Ultimate stage
Load micro- Load micro- Load micro-
(kN) strain (kN) strain (kN) strain
ECC350 3.09 -17 21.89 79 27.1 78
SCC350 2.4 5 8.76 130 11.6 122
ECC300 2.45 8 13.73 629 19.59 416
SCC300 2.19 -2 8.7 127 10.94 56
ECC200 1.37 22 10.7 222 17.63 153
SCC200 1.35 1 8.67 52 10.6 39

4.1.3 Load-Displacement Response, Crack Development and Failure Modes

Experimental load-displacement (Q-0) responses of CSW model specimens are analyzed to
compare the performance ECC and SCC based on strength and ductility point of view as well as to

study the effect of geometric parameter such as L/X.
4.1.3.1 Models with L/X of 0.3 (ECC350 and SCC350)

Fig. 4.7 compares the load-displacement responses of SCC350 and ECC350 specimens. Load
increased with the increase of load for both ECC and SCC specimens. The cracking, yielding and
ultimate stages can be identified from the slope changes of the load displacement response. Initially
cracks started to form near the inner edges of the walls and specimen failed due to the failure of

slabs due to the formation transverse cracks along the edges of the wall (Figs. 4.8 and 4.9) and

84



yielding of reinforcement in the tension zone as identified from steel strain development. The

cracking and crack propagation is similar in both ECC and SCC specimens on the tension side.

However, ECC specimens developed very fine and large number micro-cracks not visible
through naked eyes (Fig. 4.8) in contrast to the development of one or two major cracks with large
crack width (maximum crack width of about 1.25 mm at failure) in SCC specimens (Fig. 4.9).

L/X=0.3 27.10 kN

25 A

20 A

15 -

Load Q, (kN) or (Moment, Q x 0.426 in N.m)

3.09 kN === FECC350
2.4kN
0 —=—SCC350

0 1 2 3 4 5 6 7 8 9 10 11

Displacement, 8 (mm) or (Rotation, 0 = & x 4.69 x 10-%in radian)

Figure 4.7: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.3)
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Fine cracks
ECC350

Figure 4.8: Crack development and crack propagations in ECC350 specimen at inner edges of the
fixed wall

Visible single crack
with large crack
width at failure

Figure 4.9: Crack development and crack propagations in SCC 350 specimen at the inner edges
of the wall
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In ECC350, cracking started 3.09 kN around 11.40% of ultimate load and in SCC350 at 2.4
kN around 20.69% of ultimate load (Table 4.2). Yielding of steel in ECC350 started at 80.77% of
ultimate load and in SCC350 at 75.52% of ultimate load. Ultimately the ECC350 failed at much
higher load of 27.1 kN compared with 11.6 kN of SCC350. ECC specimens underwent more
deflection than SCC counterpart. ECC specimen showed 22.33% and 33.33% higher load and
displacement respectively at cracking point, 59.98% and 67.10% higher load and displacement
respectively at yielding and 57.20% and 47.15% higher load and displacement at failure compared
with its SCC counterpart.

ECC specimen showed 1.89 times more ductility and 2.33 times higher ultimate load

compared to its SCC counterpart (Table 4.2).

4.1.3.2 Models with L/X of 0.4 (SCC300 and ECC300)

Figure 4.10 compares the load-displacement responses of SCC300 and ECC300 specimens. Load
increased with the increase of load for both ECC and SCC specimens. These specimens exhibited
similar behaviour compared to ECC/SCC350 specimens in terms of cracking, yielding and failure

modes.

In ECC300, cracking started 2.45 kN around 12.51% of ultimate load and in SCC300 at
2.19 kN around 20.02% of ultimate load (Table 4.2). Yielding of steel in ECC300 started at
70.09% of ultimate load and in SCC300 at 79.52% of ultimate load. Ultimately, ECC300 failed at
much higher load of 19.51 kN and SCC300 at 10.94 kN. ECC specimen showed 10.61% and
20.75% higher load and displacement, respectively at cracking, 36.64% and 23.76% higher load
and displacement respectively at yielding and 44.16% and 24.53% higher load and displacement

respectively at failure compared with its SCC counterpart.

ECC specimen showed 1.32 times more ductility and 1.79 times higher ultimate load
compared to its SCC counterpart (Table 4.2). The bigger load-displacement envelops also shows
higher energy absorbing capacity of ECC CSW specimens compared to its SCC counterpart.
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Figure 4.10: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.4)

4.1.3.3 Models with L/X of 0.6 (ECC200 and SCC200)

Figure 4.11 compares the load-displacement responses of SCC200 and ECC 200 specimens. Load
increased with the increase of load for both ECC and SCC specimens. These specimens exhibited
similar behaviour compared to ECC-SCC350/ECC-SCC300 specimens in terms of cracking,
yielding and failure modes. ECC200 specimens developed large number of transverse fine micro-

cracks in coupling slabs along the inner edges of the shear wall before failure (Fig. 4.12).
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Figure 4.11: Experimental load-displacement responses of ECC and SCC specimens (L/X 0.6)

Fine cracks
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Figure 4.12: Shows small crack propagations of ECC200 slab at near inner edges at upper side of
the slab on loading side
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In ECC200, cracking started 1.37 kN around 7.77% of ultimate load and in SCC200 at 1.35
kN around 12.74% of ultimate load (Table 4.2). Yielding of steel in ECC200 started at 60.69% of
ultimate load and in SCC200 at 81.79% of ultimate load. ECC200 failed at a higher load of 17.63
kKN and SCC200 at 10.6 kN. ECC specimen showed 1.46% and 19.86% higher load and
displacement respectively at cracking, 18.97% and 17.10% higher load and displacement
respectively at yielding and 39.88% and 40.25% higher load and displacement respectively at

failure compared with its SCC counterpart.

ECC200 specimen showed 1.67 times more ductility and 1.66 times higher ultimate load
compared to its SCC200 counterpart (Table 4.2). The bigger load-displacement envelops also
shows higher energy absorbing capacity of ECC CSW specimens compared to its SCC counterpart.

Table 4.2 summarizes cracking, vyielding and ultimate loads and corresponding
displacement of all CSW specimens based on the analysis of load-deflection response as well as
load-strain developments as described earlier. In this study, relative ductility (y) is defined as the
ratio of ECC specimen displacement at peak load (dyecc) to corresponding SCC specimen peak
displacement (duscc):

Y o— SuECC (4.1)

Suscc

Overall, the load carrying capacity of CSW specimens decreased and displacement
increased with the increase of L/X from 0.3 to 0.6 in cracking, yielding and failure stages (Table
4.2). Failure load decreased from 27.1 kN to 17.63 kN (a reduction of 35%) for ECC and from 11.6
kN to 10.6 kN for SCC (a reduction of 9%) when L/X increased from 0.3 to 0.6. On the other hand,
peak deflection increased from 8.61 mm to 58.58 mm (an increase of 580%) for ECC and 4.55 mm
to 35.00 mm (669%) for SCC when L/X is increased from 0.3 to 0.6.
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Table 4.2: Summary of test results from load-displacement response and also ductility values of all
CSW model specimens

ECC/SCC ECC/ISCC ECC/SCC | ECC/SCC ECC/SCC  ECC/SCC

350 300 200 350 300 200
L/X = 0.3 0.4 0.6 0.3 0.4 0.6
Cracking
ECC 3.09 2.45 1.37 0.23 0.53 1.41
SCC 2.40 2.19 1.35 0.15 0.42 1.13
Yielding
ECC 22.56 13.12 12.73 5.35 8.46 27.89
SCC 10.47 9.25 8.04 1.76 6.45 23.12
Ultimate (Peak)
ECC 27.10 19.59 17.63 8.61 14.80 58.58
SCC 11.60 10.94 10.6 4.55 11.17 35.00
Ratio
+Qchc/QuSCC 2.33 1.79 1.66
*5chc/ 5chc =y 1.89 1.32 1.67

"Quecc/Qusce = Ratio of ultimate load  «y: Relative ductility

In general, cracking, yielding and ultimate load were higher for ECC specimens compared
with SCC specimens. The bigger load-displacement envelops (Figs. 4.7, 4.10 and 4.11) also
demonstrates high energy absorbing capacity of ECC CSW specimens compared to their SCC

counterparts.

4.2 Comparison of Experimental and Theoretical Load Capacity

Table 4.3 compares theoretical load capacity of SCC/ECC coupling slab based on CSA A23.3-04

(2009) previously presented in Chapter 3 with those obtained from model tests.
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Table 4.3: Comparison of experimental and theoretical load capacity of coupling slab

Ultimate Equivalent storey shear load capacity of
coupling slab (kN)
Model (Cgr,lb?zgg%l—(()ig%?g) Experimental Ratio
Qa Qexp Qexp/Qa
Engineered cementitious composite (ECC)
ECC350 14.36 27.10 1.89
ECC300 10.77 19.59 1.82
ECC200 7.18 17.63 2.46
Mean 2.06
Self-consolidating concrete (SCC)
SCC350 14.39 11.60 0.81
SCC300 10.79 10.94 1.01
SCC200 7.20 10.60 1.47
Mean 1.10

CSA A23.3-04 (2009) seems to have predicted load capacity of coupling slabs reasonably
well as the ratio of experimental to theoretical/Code predicated values ranges between 0.81 and
1.47 with a mean value of 1.10. On the other hand, CSA A23.3-04 (2009) seems to have under
predicted load capacity of coupling slabs as the ratio of experimental to theoretical/Code predicated
values ranges between 1.89 and 2.46 with a mean value of 2.06. Higher load capacity of ECC
coupling slab (as expected) is attributed to the presence of PVA fibers acting as reinforcement
whose contributions to load carrying capacity are not considered in the CSA A23.3-04 (2009)
Code. Presence PVA fibers significantly improved the crack resistance of ECC by bridging cracks
and inducing lower stress transfer to embedded reinforcement (which delayed the yielding of steel)
and significantly improve post-cracking and post-yielding load resistance of ECC. This is evident
from the long cracking to post-yielding branch of the load-displacement responses of ECC showing
significant strain hardening compared with SCC.
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4.3 Chapter Conclusions

Load-displacement response, failure modes and strain characteristics of CSW specimens are found
to be influenced by the type of concrete ECC or SCC as well as geometric parameters of the
specimens. The load-displacement responses presented in this chapter will be used in the next
Chapter to derive flexural stiffness and effective width coupling slabs in pre-cracking, cracking and
post-yielding stages of the structure.
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CHAPTER 5

BENDING STIFFNESS AND EFFECTIVE WIDTH OF COUPLING
SLAB

5.0 Introduction

This chapter presents bending stiffness (k) and effective width (Y¢) of coupling slab in pre-
cracking, cracking and post-yielding stages evaluated from the experimental load-displacement
(Q-0) response or corresponding moment-rotation (M-©) response. Influence of geometric
parameters and concrete types (ECC and SCC) on bending stiffness and effective width are
described. In addition, bending stiffness and effective width from previous research studies are
compared. Design charts for prediction of bending stiffness and effective width are presented for

practical applications.
5.1 Determination of Bending Stiffness and Effective Width of Coupling Slab

The load-displacement or moment-rotation response curve plays a very important role in
determining the bending/flexural stiffness and effective width of the coupling slab in CSW system.
Bending/flexural stiffness and effective width of coupling slab can be obtained by using Eq. 2.1

and Eq. 2.8 (described in Chapter 2) and Q-0 or M- response from model tests.

For the determination bending stiffness throughout the loading history, each and (Q-J or M-
©) is idealized as shown in Fig. 5.1. The slope of the initial linear part of the (Q-6 or M-6) curve
‘AB’ is called as pre-cracking stiffness (k). The point 'B' on the curve is roughly an indication for
the first appearance of the cracks. After cracking of concrete, the first part of the non-linear curve
was approximated by a straight line ‘BC’ and the slope of this part is called cracking stiffness (k).
The point ‘C’ on the curve was roughly an indication of the first yielding in flexural reinforcement.
After yielding the second part of the non-linear curve was approximated by a straight line ‘CD’ and
the slope of this part is called post-yielding stiffness (k). The portion beyond ‘D’ indicated post-
peak model response with point ‘D’ representing peak or ultimate load/moment carrying capacity
of the structure.
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Figure 5.1: Idealized load-displacement and moment rotation cure

5.1.1 Calculation of Bending Stiffness and Effective Width

Bending stiffness (k) is evaluated based on Eq. 2.1 presented as Eq. 5.1a in this chapter.

Bending Stiffness = k = 2 (5.1a)

6D

Et3
12 (1-v2)’

Where, D = flexural rigidity of the slab =

t = thickness of slab = 60 mm and v = Poisson’’ ratio for slab material = 0.15

From Equation 5.1, D is calculated for ECC and SCC specimens using average modulus of
elasticity (presented in Chapter 3) of the concrete Egcc = 24,740 MPa and Egscc= 32,130 MPa
respectively.

24740 X 603
12 (1- 0.152)

Flexural Rigidity for ECC slab = 1073 = 45557.033 N.m
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32130 X 603

————— 1073 =59165.214 N.m
12 (1- 0.152)

Flexural Rigidity for SCC slab =

Bending stiffnesses are calculated from the idealized line at different stages by Eq. 5.1b:

. _ My=Mcer _ My,
’ kCT - eysD ’ kp - (eu_eys) D (Slb)

M,
ko — Ccr
Ocr D

where M¢, Myand M, are the moment at cracking, yielding and ultimate stage respectively and O,

fys, and 6y, at cracking, yielding and ultimate stage, respectively.

Multiplication factors are also calculated to transform Q and 6 to corresponding M and O,
respectively based on geometric dimensions of the CSW models. Table 5.1 presents the

multiplication factors.

Table 5.1: Multiplication factors

Multiplication factors
L/X Moment (M)
Rotation (0) =(2/1)x10-3
I=L+W
m Radians

0.3 0.426 4.69484E-06
0.4 0.568 3.52113E-06
0.6 0.840 2.38095E-06

By multiplying load and deflection values by factors tabulated in Table 5.1 moment and

rotation values are obtained.

Using idealized (M-© or Q-0) curves for each of the model specimens, the values of
bending stiffness at pre-cracking, cracking and post yielding stages (ko, ker and ky, respectively) are
calculated using Eq. 5.1. Typical idealized (M-6) curves for model specimens are presented in
Figs. 5.2 to 5.4. Strain hardening of ECC can be clearly visibly from the longer cracking and

yielding branch of the idealized curves.
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Figure 5.2: Idealized load-displacement and moment-rotation curves of ECC and SCC models
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Figure 5.3: Idealized load-displacement and moment-rotation curves of ECC and SCC models
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Figure 5.4: Idealized load-displacement and moment-rotation curves of ECC and SCC models

Bending stiffness values and associated data are presented in Table 5.2 for all CSW model
specimens are presented in Table 5.2. Bending stiffness values clearly indicates that k, > ker > K
which means bending stress decreases as model specimens pass through pre-cracking, cracking and
post-yielding stages irrespective of type of concrete (ECC or SCC) and geometric parameters). For
example, for ECC350: ko (27.353) > k¢ (7.306) > k, = (4.744) while SCC350, also k, (24.538) >

ker (6.058) >k, = (2.733).
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Table 5.2: Bending stiffness in pre-cracking, cracking and post-yielding stages

Pre- cracking Stage

Load | Deflection | Moment

Model No | Y/X | LIX | Q 0 M, Bending
stiffness
kN mm kN m (ko)
ECC350 0.3 3.09 0.23 1.32 27.353
SCC350 2.40 0.15 1.02 24.538
ECC300 2.45 0.53 1.39 16.368
0.6 | 04
SCC300 2.19 0.42 1.24 14.217
ECC200 0.6 1.37 141 1.15 7.524
SCC200 1.35 1.13 1.13 7.124
| CrackingStage
Model No LiX Load | Deflection | Moment Bgnding
Q 0 M, stiffness
kN mm kKN m (ker)
ECC350 0.3 21.89 5.35 9.33 7.306
SCC350 8.76 1.76 3.73 6.058
ECC300 06 | 04 13.73 8.46 7.80 5.037
SCC300 8.70 6.45 4.94 2.943
ECC200 10.70 27.89 8.99 2.729
SCC200 06 8.67 23.12 7.28 1.985
Post-yielding Stage
Load | Deflection | Moment Bendi
Sl I S I VA (-
kN mm kN m (k)
ECC350 0.3 27.10 8.61 11.54 4,744
SCC350 11.60 4.55 4.94 2.733
ECC300 06 | 04 19.59 14.80 11.13 4.283
SCC300 10.94 11.17 6.21 2.350
ECC200 17.63 58.58 14.81 2.002
SCC200 00 10.60 | 35.00 8.90 1.503

The degradation of stiffness indicates that model specimens suffered damage to reach a

particular stage of the load-displacement response. Let us say, if the structure is loaded to cracking
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at the first time, the structure is damaged and the residual stiffness is (1-k,). Next time, when
cracked structure is reloaded, the stiffness of the structure will be (1-k;).

Once the bending stiffness in various stages (Ko, ke, Kp) are calculated, they can be
substituted in Eg. 2.8 (Chapter 2) presented as Eq. 5.2 in this chapter to calculate pre-cracking
effective width (Yeo), cracking effective width (Yecr) and post-yielding effective width (Yep).

%: 6(11j v2) (5) (wa)z (5.2)

Table 5.3 summarizes geometric parameters, bending stiffness and effective width of all

CSW model specimens in pre-cracking, cracking and post-yielding stages. Bending stiffness and
effective width from previous research studies by Hossain (2003); Coull & Wong (1981) and
Qadeer and Smith (1969) are also presented for comparison.

Table 5.3: Summary of geometric parameters, bending stiffness and effective width

Parameters Bending Stiffness (k) Effective Width Stiffness Ratio
Model Author
Y/X | L/IX LY Ko Ker Ko Yeol Y | YeerY | Yeol Y | Ker/kO Ko/ko
SCC350 0.30 0.50 2454 1 6.06 | 273 0.45 | 0.11 | 0.05 0.25 0.11
SCC300 | 0.60 | 0.40 0.67 1422 1294 | 2.35 053 | 0.11 | 0.09 0.21 0.17
SCC200 0.60 1.00 712 {198 | 1.50 068 | 019 | 0.14 0.28 0.21
ECC350 0.30 0.50 2735|731 | 4.74 0.50 | 0.13 | 0.09 0.27 0.17
ECC300 | 0.60 | 0.40 0.67 16.37 | 5.04 | 4.28 061 | 0.19 | 0.16 0.31 0.26
ECC200 0.60 1.00 752 | 273 | 2.00 0.72 | 0.26 | 0.19 0.36 0.27
- Hosan@oy

SW63 0.30 0.50 20.61 (590 | 1.83 0.38 | 0.11 | 0.03 0.29 0.09
SW64 0.60 | 0.40 0.67 1256 | 293 | 1.14 0.47 | 0.11 | 0.04 0.23 0.09
SW66 0.60 1.00 6.05 | 1.51| 0.75 058 | 0.15 | 0.07 0.25 0.12

Qadeer & 215 Coull & | 0-38

Smith 10.6 Wong | 0.47

(1969) | 54 (1981) | 058
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5.2 Design Curves for Effective Width and Bending Stiffness

Figs. 5.5, 5.6, 5.7 and 5.8 present design curves for the calculation of effective widths (Yeo, Yecr,
Y¢p) Of the coupling slabs in the pre-cracking, cracking and post-yielding stages. Effective widths
are plotted as a function of L/X for a particular value of Y/X = 0.6 (Figs. 5.5 and 5.6). The
polynomial trend shows that the effective width increases with the increase of L/X. The same
behaviour was observed when effective widths are plotted as a function of L/Y at particular value
of Y/X = 0.6 (Figs. 5.7 and 5.8). It is also found that the effective widths gradually decrease as the

material passes through pre-cracking, cracking and post-yielding stages.
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Figure 5.5: Comparison of effective width of ECC/ SCC slab at pre-cracking stage as function of
L/X
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Figure 5.7: Comparison of effective width of ECC/SCC slab at pre-cracking stage as function of
L/Y
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Figure 5.8: Comparison of effective width of ECC/ SCC slab at cracking and post-yielding stages
as function of L/Y

Design curves for bending stiffness in the linear and non-linear stages as a function of L/X
are developed based on actual test data points and are presented in Figs. 5.9 and 5.10. Bending

stiffness increases with the decrease of L/X. Also bending stiffness decreases as the model

specimens passes through pre-cracking, cracking and post-yielding.
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Figure 5.10: Comparison of flexural stiffness at pre-cracking stage (Y/X=0.6)
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Figure 5.11: Bending stiffness and effective width of ECC coupling slab compared with SCC

In general, model speciemens with ECC showed higher effective width and bending
stiffness in pre-cracking, cracking and post-yielding stages compared with their SCC counterparts
(Fig. 5.11). ECC coupling slabs showed higher (an increase of between 6% and 15% with a mean
value of 11%), cracking stiffness/effective width (an increase of between 21% and 71% with a
mean value of 43%), and post-yielding stiffness/effective width (an increase of between 33% and
83% with a mean value of 63%) compared to their SCC counterparts. This signifies that reinforced
ECC is more effective than SCC especially in the cracking and post-yielding stages due to its
superior strain hardening and crack resisting capabilities. Hence ECC coulping slab will provide

more resistance against damage propgation in cracking and post-yielding stages.
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5.3 Relationship Between Bending Stiffness in VVarious Stages

It is attempted to develop a relationship between non-linear stiffness (ke and ky) to its linear
equivalent ko. The variation of kc/k, as a function of L/X at Y/X = 0.6 is shown in Fig. 5.12. K¢/K
ranges between 0.215 and 0.32 for SCC and 0.27 and 0.36 for ECC model showing almost similar
behaviour for both materials at Y/X = 0.6.

Figure 5.12 also shows the variation of ky/k, as a function of L/X for Y/X = 0.6. All
numerical data show that the ko/k, ranges between 0.11 and 0.21 for SCC specimens and between
0.17 and 0.27 for ECC specimens.

In terms of ke/k, and kp/ko, SCC specimens have shown higher stiffness degradation
compared to pre-cracking stiffness at cracking and post-yielding stages. In general, kei/ko and ky/ko
are found to increase with the increase of L/X which means stiffness degradation will be lower for
coupling slab with higher L/X.
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Figure 5.12: Relationship between ko, ker and k, in ECC and SCC specimens
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5.4 Comparison of Bending Stiffness and Effective Width

Bending stiffness and effective width of coupling slabs from models tests are compared with those
obtained from previous research studies. The pre-cracking stiffness and effective width obtained
from model tests should agree with those obtained from Hossain (2003); Coull & Wong (1981) and
Qadeer & Smith (1969).

5.4.1 Comparison Pre-cracking Stiffness/Effective Width and Effect of Concrete
Types

The pre-cracking stiffness and effective width obtained from model tests should agree with those
obtained from Hossain (2003); Coull and Wong (1981) and Qadeer and Smith (1969).

Figure 5.13 compares the pre-cracking stiffness (k,) obtained from Hossain (2003) and
Qadeer & Smith (1969) with those obtained from model tests by the Author. Pre-cracking stiffness
from Hossain (2003) showed close agreement with those obtained from Qadeer &Smith (1969) as
the variation ranges between 2% and 15%. Bending stiffness gradually decrease as the material
passes through pre-cracking, cracking and post-yielding stages. It can be noted from Fig. 5.13 that
the pre-cracking bending stiffness (ko) of ECC is 19.6% to 24.65% higher and of SCC is 11.65% to
16.01% higher than normal concrete (NC) used in Hossain’s experimental study. Pre-cracking
bending stiffness of ECC coupling slab is 21.40% to 35.24% higher and of SCC is 12.38% to
25.44% higher than their NC counterparts used in Qadeer & Smith study.

Figure 5.14 shows a comparison of the variation of pre-cracking effective width (Ye/Y)
with L/X for constant value of Y/X obtained from author, Hossain (2003) and Coull & Wong
(1981). Comparative study shows the same trend of variation of increase of pre-cracking effective
width with the increase of L/X. Good agreement is found between Hossain (2003) and Coull &
Wong (1981) as the variation in pre-cracking effective of NC coupling slab ranges between 1.0%
and 8%. However, pre-cracking effective width of ECC coupling slab is 19.63% to 23.50% higher
than their NC counterparts from Hossain and Coull & Wong study. SCC coupling slabs also show
on average 13.59% higher pre-cracking effective width compared NC counterparts of Hossain and
Coull & Wong.
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Overall, ECC coupling slab exhibited higher pre-cracking stiffness and effective width
compared to SCC and NC, NC showing the lowest values.

5.4.2 Comparison Cracking (k.)/Post-yielding (k,) and Effect of Concrete Types

Figure 5.15 compares cracking and post-yielding stiffness of ECC and SCC coupling slabs from
current study with those of NC counterparts of Hossain (2003). In general, ECC coupling slabs
show higher cracking and pre-cracking stiffness compared with their SCC and NC counterparts
with NC showing the lowest stiffness. This is attributed to ECC’s high strain hardening capacity
and higher damage resistance due to micro-cracking as well as fiber bridging that reduces

strain/stress in the reinforcing steel in the cracking and post-yielding stages.
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Figure 5.15: Comparison of cracking and post-yielding stiffness and effect of concrete types
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5.5 Chapter Summary

Bending stiffness and effective width of coupling slabs in pre-cracking, cracking and post-yielding
stages are described. The effect of concrete types (ECC, SCC and NC) on bending stiffness and
effective is described based on current and previous research studies. Charts and tables are
provided for the prediction of bending stiffness and effective width at various stages ranging from
pre-cracking to post-yielding stages. Stiffness and effective width decreases as material passes
from pre-cracking and to post yielding stages and also with the increase of L/X (for constant Y/X).
ECC coupling slabs showed superior performance compared to SCC, and SCC counterparts in
terms of higher bending stiffness and effective width from pre-cracking to post -yielding stage. The
bending stiffness and effective width presented in this study are used to analyze the stress,
deflection and load carrying capacity of a full-scale coupled shear wall building having varying
geometric dimension and materials (ECC and SCC) in the pre-cracking, cracking and post-yielding

stages next chapter.
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CHAPTER 6

ANALYSIS OF COUPLED SHEAR WALL BUILDING IN PRE-
CRACKING, CRACKING AND POST-YIELDING STAGES BY
CONTINUOUS MEDIUM METHOD

6.0 General

This chapter presents load, stress and deflection analyses of full-scale 20-storey ECC and SCC
coupled shear wall buildings (replicating the 1/12™ scale models used in experiments) by using
continuous medium method. The performance of ECC and SCC buildings is described based on
stress/moment generation in shear walls, laminar shear flow development and lateral deflection
along the height of the building at pre-cracking, cracking and post-yielding stages. The wind load
resistance and associated lateral deflection of ECC and SCC building at yielding stages are also

compared to illustrate ductility and strength characteristics.

6.1 Full-scale Prototype 20-storey Coupled Shear Wall Building with Geometric

Dimensions and other Specifications

Full-scale prototype 20-storey building used for the theoretical analysis by continuous medium
method (Choudhury 1967a,b; Hossain 2003) is an exact replica of 1/12™ scale model specimens,
tested experimentally in this study. The prototype building is analyzed for three geometric
configurations similar to model specimens with Y/X of 0.6 and L/X of 0.3, 04 and 0.6 as shown in
Table 6.1. The three prototype buildings have identical symmetric planner shear walls. The
dimensions of the full-scale building with geometric parameters are sown in Table 6.1. The length
(X) and width (Y) of the coupling slab are 12 m and 7.2 m, respectively. The thickness of wall (t,),
storey height (h) and thickness of coupling slab (t) are 0.9 m, 3 m and 0.72 m, respectively. The
plan and elevation of the 60 m high 20-storey coupled shear wall building is presented in Fig. 6.1.
Two types of analyses are performed to investigate the comparative performance of ECC
and SCC building. They are:
e Load, stress and deflection analysis under an assumed wind load applied to the
building at pre-cracking, cracking and post-yielding stages.

e Determination of wind load and deflection capacities of yielded buildings.
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Figure 6.1: (a) Side view of the 20 storey building with uniformly distributed static wind load
(b) Cross-section floor plan of the building

The equations and charts (presented in Chapter 2) for analysis of coupled shear wall
building using continuous medium method are used.
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Table 6.1: Geometrical parameters of full-scale prototype coupled shear wall building

. Corridor Width . .
Design Parameters Opening (L+W) | of the Effective Width (Y.)
Building slab

vix | ux | uy Lorb I Y Yeo Yeer Yep

m m m m m m
SCC-1 0.30 | 0.50 3.60 7.80 7.20 3.21 0.79 0.36
SCC-2 0.6 | 040 | 0.67 4.80 8.40 7.20 3.80 0.79 0.63
SCC-3 0.60 | 1.00 7.20 9.60 7.20 492 1.37 1.04
ECC-1 0.30 | 0.50 3.60 7.80 7.20 3.58 0.96 0.62
ECC-2 0.6 | 040 | 0.67 4.80 8.40 7.20 4.37 1.35 1.14
ECC-3 0.60 | 1.00 7.20 9.60 7.20 5.20 1.88 1.38

6.2 Load, Stress and Deflection Analysis of 20-Storey Building

The SCC and ECC buildings are analyzed for stresses in shear walls, wall moments, shear flow (q)
and lateral deflection (y) at various storeys’ height of the building at pre-cracking, cracking and
post-yielding stages of the building. Table 6.1 also presents effective of the coupling slab (Y¢) of
the prototype building found from the model tests and design charts presented in previous chapters
at pre-cracking (Yeo), cracking (Yecr) and post-yielding stages (Yep).

The pre-cracking, cracking and post-yielding stages of the building are simulated by
performing analyses using Yeo, Yecr and Y¢p from Table 6.1. Due to similarity of the behaviour of
building under lateral load, analysis is performed on SCC and ECC building with L/X of 0.3. An
equivalent wind load (w) of 20 KN/m was applied along the height of the building as lateral load.

The material properties of SCC and ECC used in the analysis are derived from the experiments.

6.2.1 Stresses in Shear Walls

Based on Eqs. 2.18, 2.19 and 2.20, stresses (o) developed at various locations of the shear walls as
indicated in Fig. 6.1 (Points A, B, C and D) are calculated.
Generally, points near the inner edges of the shear wall (B and C) will be subjected to

higher stresses compared with those at A and D. Figs. 6.2 and 6.3 show the stress development at

the inner edges (o and o¢) of the walls at each storey level at pre-cracking, cracking and post-
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yielding stages of ECC and SCC buildings, respectively. Stresses in shear walls increase from top
storey to the ground floor and shear walls at lower floors are subjected to higher stresses compared
to upper ones (Figs. 6.2 and 6.3). Shear walls in ECC building slabs exhibit lower stress compared
with their SCC counterparts in all pre-cracking, cracking and post-yielding stages. This is
associated with the higher effective width of ECC coupling slabs at various stages as a
consequence of its higher resistance to damage compared with SCC.
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Figure 6.2: Stresses at inner edges of the shear walls at each storey (ECC, L/X = 0.3)
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Figure 6.3: Stresses at inner edges of the shear walls at each storey (SCC, L/X = 0.3)

6.2.2 Moments in Shear Walls

From Equation 2.17, induced moments M; and M, of the Walll and Wall2, respectively are
calculated by using Eq. 2.17 (presented in Chapter 2) and results are plotted in Figs. 6.4 and 6.5 for
ECC and SCC building, respectively. ECC and SCC building show similar trend of variation of
moment development in the shear walls along the height. The top storey shows also the
development of negative moment. The point of zero moment is found to move towards the lower
floor (14™ floor at the pre-cracking stage to around 10" floor at the post-yielding stage). Shear
walls in SCC building develop higher moments compared with their ECC counterparts, which is
expected. Wall moment also increases because of weaker beams in the cracking and post-yielding

stages.
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Figure 6.4: Moment developed at walls 1 and 2 at each storey (ECC: L/X =0.3)
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6.2.3 Shear Flow Development

The shear flow (g) in ECC and SCC building is derived based on Eq. 2.22 and using factor K3 from
Eq. 2.22a. The shear flow is then multiplied by storey height to obtain storey shear load (Q) at each
storey. Figs. 6.6 and 6.7 show the variation of shear flow along the height for ECC and SCC
building, respectively and compared in Fig. 6.8 for post-yielding stage. The maximum shear flow
occurs at 5™ storey level of the buildings at pre-cracking stage. The maximum shear flow level
moves towards the base from pre-cracking (from 5™ floor) to post-yielding stages of the building
(to 8" floor). The shear floor development is higher in ECC building compared to SCC in all the
stages. At post-yielding stage, the maximum shear flow in ECC building is 87.31 kN/m compared
to 85.92 kN/m of SCC (showing an increase of 2%). At cracking stage, the maximum shear flow in
ECC building is 65.39 kN/m compared to 61.83 kN/m of SCC (showing an increase of 5.44%)
while in post-yielding stage, the maximum shear flow in ECC is 57.38 kN/m compared to 47.55
kN/m of SCC (showing an increase of 17%). The location of maximum shear flow move towards
the top of the building as cracking and yielding continues. The shear flow is lower in yielding stage

compared to pre-cracking stage except near the top of the building.
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Figure 6.6: Laminar shear flow (q) at each storey (ECC: L/X =0.3)
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Figure 6.7: Laminar shear flow at each storey (SCC: L/X = 0.3)
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Figure 6.8: Comparison of shear flow at each storey for ECC and SCC (L/X = 0.3)
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6.2.4 Lateral Deflection of the Building

Lateral deflection (y) of the building subjected to wind load is calculated using Eq. 2.23a at each
storey level and maximum deflection (ymax) at the top is calculated using Eq. 2.23b or using the

factor K4 from the chart shown in Fig. 2.12 at pre-cracking, cracking and yielding stages.

The variation of lateral deflection along the height of the ECC and SCC building is shown
in Figs. 6.9 and 6.10, respectively. Both ECC and building show similar trend of variation. In
general, ECC building shows higher deflection compared with SCC at all stages. At post-yielding
stage, ECC building deflects 16.2 mm (at the top) compare to 15.2 mm of SCC (Figs. 6.9 and 6.10)

The maximum deflections at the top for ECC building in pre-cracking, cracking and post-
yielding stages are 11 mm, 14.2 mm and 16.2 mm compared to 8.6 mm, 11.6 mm and 15.2 of SCC
counterparts, respectively. ECC building shows better ductility compared to SCC ones in terms of
higher maximum deflection (28% higher in pre-cracking, 23% higher in cracking and 7% higher in

post-yielding stage).
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Figure 6.9: Lateral deflection along the height of building at each stage (ECC: L/X=0.3)
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Figure 6.10: Lateral deflection along the height of building at each stage (SCC: L/X=0.3)

Analysis has also been conducted to compare the lateral deflection along the height of both
ECC and SCC building with L/X of 0.3, 0.4 and 0.6 at pre-cracking, cracking and post-yielding
stages. Fig. 6.11 compares the lateral deflection of ECC and SCC building at post-yielding stages
from such analyses for illustration. ECC building shows more ductile behaviour in terms of

deflection compared to SCC counterparts at all /X while other geometric parameters are kept

constant.
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Figure 6.11: Post-yielding lateral deflection of ECC and SCC building with different L/X

6.3 Wind Load and Deflection Capacity Analyses of Yielded Coupled Shear
Wall Building

Wind load and deflection capacities of ECC and SCC coupled shear wall buildings are determined
by using experimental load capacity and by analysis using continuous medium methods. A total of
six prototype 20-storey yielded buildings (three ECC and three SCC) as shown in Table 6.1 with
different L/X (0.3, 0.4 and 0.6) with constant L/X (0.6) are analyzed.

A yielded building is analyzed based on consumed effective width (Yep car) as defined in Eq.
6.1 to bring up to the yielding stage. The effective widths (Yep cal) O the buildings are presented in
Table 6.1.
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Yopcar = Y(1 — Yep/Y) (6.1)

The ultimate load (Qexp) Obtained from experimental SCC and ECC model tests are used to
calculate ultimate load (Q,) and shear flow (qg,) of 20—storey full-scale prototype buildings. All the

loads and shear flow values are summarized in Table 6.1.

Extensive trial analyses of all six ECC and SCC building are conducted using continuous
medium method to find out the ultimate wind load carrying capacity (collapse load) of the building
that generates a shear flow equal to the maximum shear flow ‘qQy’. It is assumed that the failure of
the building occurs in coupling slabs. The wind load carrying capacity (w) of ECC and SCC
yielded buildings are summarized in Table 6.1. The maximum deflections at the top of the building

when subjected to ultimate wind load (w) are also calculated and presented in Table 6.1.

Table 6.2: Geometrical parameters and results of wind load capacity & deflection at yielded point

20-storey full-scale coupled shear wall building
Uttimate load mate Yielded Stage
Model | v | L/x EXpﬁ,ggg: tal pbrt? ﬁ%%%e Sggggdffr\:v _ _ Wind _
No based on expt. Effective Eff(_ectlve Ioac_j Deflection
expt. Storey width carrying at the top
capacity
Qexp Q exp qexp Yep cal w ymax
kN kN kN/m m kN/m Mm
SCC-1 0.3 11.6 139.2 46.4 4 6.84 9.67 3.86
SCC-2 | 06 | 04 10.94 131.28 43.76 4 6.57 9.64 4.49
SCC-3 0.6 10.6 127.2 42.4 4 6.16 9.62 6.68
ECC-1 0.3 27.1 325.2 108.4 4 6.58 22.67 11.78
ECC-2 | 06 | 04 19.59 235.08 78.36 4 6.06 17.48 10.71
ECC-3 0.6 17.63 211.56 70.52 3 5.82 14.76 14.02

It can be noted that the maximum wind load capacity of SCC building is about 9.7 kKN//m
which is very close to the design wind load of 8.8 kN/m for prototype building of small scale tests.
It is found from Table 6.2 and Fig. 6.12 that the wind load required to ‘yield’ an ECC building is
much higher than SCC building which signifies that ECC buildings are more stronger than their
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SCC counterparts. Wind load (w) needed to yield ECC buildings is 1.5 to 2.4 times higher than its
SCC counterparts when L/X increases from 0.3 to 0.6 (Fig. 6.13). The maximum deflection at the
top of the yielded ECC building is 2.1 to 3.1 times higher than its ECC counterparts (Fig. 6.13). It
is found that wind load carrying capacity decreases and deflection at the top increases with the
increase of L/X when Y/X is kept constant (Figs. 6.12 and 6.14). ECC buildings are found to be 1.5
to 2.4 times stronger and at the same time, 2 to 3 times more ductile than their SCC counterparts.
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Figure 6.12: Required wind load for yielding and the top deflection at yielding
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6.4 Chapter Conclusion

This chapter provides an insight into the wind load carrying capacity of ECC and SCC buildings at
various stages from cracking to yielding. ECC buildings show much better performance in terms of

ductility and strength compared to their SCC counterparts.
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CHAPTER 7
CONCLUSIONS

7.0 Introduction

This research is intended to study the non-linear bending/flexural behaviour of slabs in Coupled
Shear Wall (CSW) structures through experimental and theoretical investigations. Analysis of
CSW system can be performed using existing techniques if the bending stiffness and effective
width of coupling slab is known. Small scale CSW models of approximately 1/12™ scale made of
reinforced High Performance Concrete (HPC) such as Engineered Cementitious Composite (ECC)
and Self-Consolidating Concrete (SCC) are tested under monotonic loading. The performance ECC
and SCC coupling slabs is compared based on load-deflection/moment-rotation response, stress-
strain development in steel/HPC, strength, ductility, cracking characteristics and failure modes. It
is expected that the application of ECC (with high strain hardening capacity and capability of
forming micro-cracking) will greatly enhance the strength, stiffness and ductility of the CSW

system compared to SCC and Normal Concrete (NC).

Bending stiffness and effective width of coupling slabs in pre-cracking, cracking and post-
yielding stages are determined from moment-rotation response (from model tests) by applying
theoretical equations and compared with previous research studies. Influence of geometric
parameters (such as L/X and Y/X) and HPC types on bending stiffness/effective width is critically
analyzed and design aids in the form charts for the determination of bending stiffness/effective
width are produced. The stress, force distribution, lateral deflection and wind load carrying
capacity of full-scale 20-storey ECC/SCC coupled shear wall buildings having varying geometric
parameters are analyzed at pre-cracking, cracking and post-yielding stages (simulated by using pre-
cracking, cracking and post-yielding effective width determined from current research) by

continuous medium method.
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7.1 Conclusions

The following conclusions are drawn from this research:

e Literature review reveals that to date, no research has been conducted on the effect of HPC
especially ECC on the strength, stiffness and ductility of the CSW system.

e Model tests have proved the basic concept of the existence of point of contra-flexure in the
middle of the coupling slabs in shear wall structures illustrating the fact that the test set-up
has realistically simulated coupling slab behaviour under lateral load.

e ECC coupling slabs have developed significantly higher tensile/compressive strain
compared to its SCC counterparts. All model CSW specimens have failed due to the failure
of coupling slabs along a transverse line passing through the interior edge of the shear wall
where tension reinforcement is yielded. Failure of the ECC specimens is characterized by
the formation large number of very fine micro-cracks compared to one or two major cracks
(with large crack width) in SCC specimens.

e Cracking, yielding and ultimate loads are higher for ECC specimens compared to SCC
specimens. ECC slabs exhibits 1.89 times more ductility and 2.33 times higher ultimate
load compared to their SCC counterparts. The bigger load-displacement/moment-rotation
envelops also demonstrates higher energy absorbing capacity of ECC CSW specimens
compared to their SCC counterparts.

e Canadian Code (CSA A23.3-04, 2009) has predicted load capacity of SCC coupling slabs
reasonably well with a mean ratio of experimental to theoretical/Code predicated load of
1.10. On the other hand, (CSA A23.3-04, 2009) under-predicts load capacity of ECC
coupling slabs with a mean ratio of experimental to theoretical/Code predicated load of
2.06.

e Design charts for the calculation of effective widths and bending stiffness of coupling slabs
in the pre-cracking, cracking and post-yielding stages as function of geometric parameters
are developed. The effective width increases and bending stiffness decreases with the
increase of L/X. Both effective width and bending stiffness decrease as the CSW
specimens passes through pre-cracking, cracking and post yielding stages.

e Ingeneral, ECC coupling slabs have shown higher effective width and bending stiffness in
pre-cracking (11% higher), cracking (43% higher) and post-yielding (63% higher) stages
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compared with their SCC counterparts. This signifies that reinforced ECC with its superior
strain hardening and crack resisting capabilities will provide more resistance against
damage propagation in cracking and post-yielding stages.
e Based on analysis of full-scale 20-storey buildings subjected to wind load using continuous
medium method:
o ECC building shows better ductility compared to their SCC counterparts in terms of
higher maximum deflection at the top storey level (28% higher in pre-cracking,
23% higher in cracking and 7% higher in post-yielding stage).
o ECC buildings are found to be 1.5 to 2.4 times stronger (based on wind load
required to reach yielding stage) and 2.0 to 3.0 times ductile (based on lateral
deflection at yielding) than their SCC counterparts.

This research confirms the viability of constructing reinforced ECC coupled shear wall
building with enhanced strength, stiffness and ductility. Use of such shear wall system will be

highly effective for high rise buildings located in areas with high seismic risk.

7.2 Recommendations for Future Research

The following recommendations are suggested for further research studies:

o Experimental and numerical investigations on coupled shear wall system with different
shapes of shear walls, varying geometrical parameters of building and HPC types (such as
ECC and other fiber reinforced concrete) to investigate the behaviour under monotonic,
cyclic and impact loading.

o Experimental and numerical investigations on HPC coupled shear wall system with
multiple-bay of opening and using coupled beam-slab system under monotonic, cyclic and
impact loading.

o Development of Code based specifications for the design of CSW system with HPCs.
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