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Abstract 

Nonlinear models are of paramount importance in the emerging field of performance-

based earthquake engineering. In this study, an analytical model is developed capable of 

simulating the measured backbone of typical confined masonry (CM) walls whose 

response under lateral loads is mainly governed by shear deformations. Equations are 

developed for the cracking and maximum shear strength, and the cracking and ultimate 

deformation capacities. This model is based on the results of both monotonic and 

reversed cyclic experiments assembled in an extensive database, and developed through 

an iterative linear regression analysis. 

Owing to their anomalies, specimens with compression diagonal loading, height-to-

length aspect ratio greater than 1.2, axial stress to masonry compressive strength ratio 

larger than 0.12, and those with column longitudinal reinforcement ratio below 1%, are 

not considered for the purpose of creating the, empirical equations. 

Several statistical and graphical tools are utilized to identify the most significant panel 

and tie column design variables; to set the functional forms that best relate them to model 

parameters; and to diagnose influential points that may exert undue impact on the 

analysis results. 

The effect of openings and panel aspect ratio on the strength characteristics of C M walls, 

the capability of existing equations to predict the observed backbone response, and the 

limitations of the proposed equations are discussed in detail. Model variability is also 

presented in lognormal fragility curves for different model parameters and at all limit 

states. 

The proposed backbone model is found to simulate reasonably well the seismic behaviour 

of C M walls whose properties conform to the assumptions of the model. However, it fails 

to track the observed backbone response of anomalous or atypical C M walls. 

i i 



Table of Contents 

Abstract ii 

Table of Contents iii 

List of Tables vii 

List of Figures ix 

Acknowledgements xii 

Dedication xiii 

Chapter 1: Introduction 1 
1.1 Motivation and background 1 

1.2 Objectives 2 

1.3 Scope 2 

1.4 Organization and outline 3 

Chapter 2: Literature review 5 
2.1 Introduction 5 

2.2 Damage pattern and overall seismic behaviour 6 

2.3 Masonry unit and mortar characteristics 10 

2.4 Wall density 11 

2.5 Confining elements 12 

2.6 Openings 16 

2.7 Axial stress 17 

2.8 Panel aspect ratio 18 

2.9 Masonry-concrete interface 18 

2.10 Panel reinforcement 19 

2.11 Existing models 22 

2.12 Closing remarks 25 

2.13 References 27 

ii i 



Chapter 3: Performance-based seismic models for confined masonry walls .33 
3.1 Introduction 33 

3.2 Backbone model and limit states 36 

3.3 Proposed empirical equations 38 

3.3.1 Data interpretation and model specification 38 

3.3.2 Experimental database and criteria for the removal of data 40 

3.3.3 Prediction of masonry shear cracking strength using fm 46 

3.3.4 Equations for shear cracking strength 47 

3.3.4.1 Equation development 47 

3.3.4.2 Comparison with existing models 48 

3.3.4.3 The effect of openings 50 

3.3.5 Equations for maximum shear strength 51 

3.3.5.1 Equation development ..51 

3.3.5.2 Comparison with existing equations 53 

3.3.6 The effect of panel aspect ratio on strength characteristics 54 

3.3.7 Equation development for drift capacity at cracking limit state 56 

3.3.8 Equation development for ultimate drift capacity of C M walls 57 

3.3.9 Prediction of drift capacity at maximum limit state 59 

3.3.10 Comparison of drift models with existing empirical limits 60 

3.4 Discussion 61 

3.4.1 Summary of the proposed equations 61 

3.4.2 Limitations of the backbone model 64 

3.4.3 Evaluation of the proposed equations 66 

3.4.4 Recommendations and future directions 69 

3.5 References 72 

Chapter 4: Summary and future research 77 
4.1 Summary 77 

4.2 Future research directions 78 

Appendix A: Confined masonry database 80 
A . l Introduction..... ; 80 

A.2 General information ..81 

iv 



A.2.1 Reinforcement characteristics 81 

A.2.2 ID 82 

A.2.3 Test category 82 

A.2.4 Scaling 82 

A.3 Panel Characteristics 83 

A.4 Tie column properties 88 

A.5 Bond beam characteristics 92 

A.6 Openings 95 

A.7 Floors 96 

A. 8 Loading configuration 96 

A.9 Results 98 

A.9.1 Damage pattern and failure modes 98 

A.9.1.1 Shear failure 99 

A.9.1.2 Flexural failure mode 100 

A.9.1.3 Sliding shear 101 

A . 9.1.4 The effect of each reinforcement method on damage pattern 101 

A.9.2 Determination of result parameters 101 

A . 10 Simplified database 104 

A . 11 References 106 

Appendix B: Multiple regression analysis using the least square method.. 112 
B. l Getting started 112 

B.2 Assumptions of Linear regression analysis 116 

B. 2.1 Linearity 116 

B.2.2 Normality 117 

B.2.3 Homoscedasticity..... 118 

B.2.4 Independence 118 

B.2.5 Model specification 119 

B.2.6 Multicollinearity 119 

B.2.7 Influential observations 120 

B.3 Iterative regression process 121 

B.4 Data removal in the present study 122 

v 



Appendix C: Derivation of equations and results 128 
C. 1 Derivation of the fundamental equations 128 

C. 1.1 Cracking drift capacity 128 

C. 1.2 Ultimate drift ratio 129 

C.2 Presentation of the results 130 

vi 



List of Tables 

Table 2-1: Existing models for cracking and maximum shear strength of CM walls 23 
Table 2-2: Deformation capacity of CM walls at 50% probability of failure 24 
Table 3-1: Existing models for cracking and maximum shear strength of CM walls 34 
Table 3-2: The characteristics of Data considered for model development 44 
Table 3-3: Important CM design variables considered in model development 46 
Table 3-4: Comparison between existing models and actual response of CM walls 50 
Table 3-5 : Mean ductility factor for different unit materials 59 
Table 3-6: Comparison between the proposed drift models and existing limits 60 
Table 3-7: Statistical characteristics of the proposed equations for panels with H/L<1.2 62 
Table 3-8: Practical ranges of important design variables for predicting the seismic response of 
CM walls using the proposed model 66 
Table A-l: Reinforcement detailing of CM panels 81 
Table A-2 (a): Panel Geometry and reinforcement details, (b): material properties 84 
Table A-3: Panel property statistics 85 
Table A-4: Tie column characteristics 90 
Table A-5: Statistics of Tie column design variables 90 
Table A-6: Bond beam characteristics 93 
Table A-7: Statistics of bond beam design variables.... 94 
Table A-8: Opening characteristics 95 
Table A-9: Floor characteristics 96 
Table A-10: Loading characteristics 97 
Table A-ll: Statistics of loading parameters 97 
Table A-12: Result parameters 103 
Table A-13: Basic assumptions and procedure to determine result parameters 104 
Table B-l: Diagnostic tools to identify the influential points 121 
Table B-2: Preliminary data removal (prior to the formation of simplified database) 122 

Table B-3: Criteria for data removal during the analysis 123 
Table B-4: List of the data points that were entirely removed from the analysis 123 

vii 



Table B-5: Data points excluded from the final equation of vm 123 

Table B-6: Data removal for the prediction of vcr 124 

Table B-7: Data removal for the prediction of vmax 125 

Table B-8: Data removal for the prediction of Scr, 125 

Table B-9: Data removal for prediction of Suit 126 

Table C-l: Masonry shear strength (vm) 130 

Table C-2: Shear cracking strength (vcr) • 132 

Table C-3: Maximum shear strength (v m a x) 134 

Table C-4: Cracking drift capacity (S cr) 135 

Table C-5: Ultimate drift capacity (S ult) 136 

viii 



List of Figures 

Figure 2-1: (a) A completely demolished URM dwelling, (b) An intact CM building, 2003 Bam 
earthquake, Iran (Eshghi and Naserasadi, 2005) 6 
Figure 2-2: Illustration of the seismic behavior beyond cracking limit state 7 
Figure 2-3: Post-peak behaviour of a typical CM wall (Zabala et al, 2004) 8 
Figure 2-4: CM house with damage concentration in the first story(a) Alcocer et al, 2004 (b) 
1997 Punitaqui earthquake, Chile (Gomez et al, 2002) 9 
Figure 2-5: Flexural failure and penetration of cracks into tie columns ends (Zabala et al, 2004). 9 
Figure 2-6: Collapse of CM building due to inadequate wall density, 2001 Atico earthquake, Peru 
(San Bartolome et al, 2004) 12 
Figure 2-7: The beneficial effects of confinement on the seismic response of masonry panels 
(Tomazevic and Klemenc, 1997(a)) 13 
Figure 2-8: Extensive damage to the column-beam joint due to improper reinforcement detailing, 
1985 Llolleo Earthquake, Chile (Gomez et al, 2002) 15 
Figure 2-9: Constructive effect of opening confinement on post-cracking seismic performance of 
CM walls (Leonardo et al, 2004) 17 
Figure 2-10: Extensive damage to masonry piers due to the lack of proper opening confinement, 
1985 Llolleo Earthquake, Chile (Gomez et al, 2002) 17 
Figure 2-11: Separation of masonry walls and tie column due to the lack of proper bond 
(Yushimura et al, 2004) 19 
Figure 2-12: The effect of panel reinforcement on damage distribution (Aguilar et al, 1996) 20 
Figure 2-13: The effect of panel horizontal reinforcement on the seismic performance of CM 
walls (Aguilar et al, 1996) 20 
Figure 2-14: Comparison between existing models for a typical CM wall (a) Cracking shear 
strength, (b) Maximum shear strength 24 
Figure 2-15: Deformation capacity of CM walls made of solid units (Alcocer et al, 2003) 25 
Figure 3-1: The methodology employed to develop the analytical model 36 
Figure 3-2: (a) Determination of model parameters based on the recorded response, (b) The 
analytical backbone of the current study 36 

ix 



Figure 3-3: (a) Obscure trend between model parameter and design variable, (b) The 
effectiveness of separating the data into groups with almost the same characteristics to reveal the 
trends . 39 
Figure 3-4: Local strength loss and multiple values for <5 ul, as examples of anomalies that led to 
the removal of SP-117 for ultimate limit state (Flores et al, 2004) 41 
Figure 3-5 : Diagonal compression loading 42 
Figure 3-6: The ability of the proposed equation to predict vm 47 
Figure 3-7 : Fitness of the proposed model to the experimental data 48 
Figure 3-8: Ability of the proposed equation and existing models to predict vcr 49 
Figure 3-9: The effect of openings on cracking shear strength of CM walls 51 
Figure 3-10: Fitness of the proposed model to the experimental data 53 
Figure 3-11: Comparison between the proposed and existing models to predict vmax 54 
Figure 3-12: Lack of distinct relationship between fi and p hc-fyhc 58 
Figure 3-13: The capability of the proposed equation to predict the ductility factor 58 
Figure 3-14: Lognormal distribution of SmcJ8uu 60 
Figure 3-15: Fragility curves for model parameters at different limit states 63 
Figure 3-16: Fragility curves for Specimen 254 (Flores, 2004) 64 
Figure 3-17: Comparison of measured and proposed backbone curves for conforming specimens 
(a) SP-62: Marrinilli and Castilla, 2006, (b) SP-254: Flores, 2004 67 
Figure 3-18: Inability of the model to predict the deformation capacity of a CM wall with 
excessively large axial stress (Aguilar et al, 1996) 67 
Figure 3-19: Inability of the model in predicting the seismic response of a highly deficient CM 
wall (Meli and Salgado, 1969) 68 
Figure 3-20: The effect of bed joint reinforcement on the seismic behaviour of CM walls, and the 
inability of the model to predict the maximum and ultimate response parameters (Aguilar et al, 
1996) 68 
Figure 3-21: Inability of the model to predict the recorded response due to the predominance of 
flexural deformations (Meli and Salgado, 1969) 69 
Figure A-l: Different testing methods 82 
Figure A-2: Distribution of different unit types in the database 83 
Figure A-3: Distribution of some of the most important panel design variables 87 
Figure A-4: Distribution of the number of tie columns 88 
Figure A-5: Distribution of different types of tie columns 89 
Figure A-6: Distribution of tie columns with different reinforcement detailing 89 

x 



Figure A-7: Statistical distribution of tie column design variables 92 
Figure A-8: Statistical distribution of bond beam design variables 95 
Figure A-9: Distribution of different loading configurations 96 
Figure A-10: Statistical distribution of loading variables 98 
Figure A-ll: Distribution of possible failure modes for CM walls 99 
Figure A-12: Limit states and the smooth backbone 102 
Figure B-l: Statistical distribution of CM wall design variables 115 
Figure B-2: Clear trend in the plot of residuals vs. the predictor variable as a measure of the 
model misspecification 117 
Figure B-3: Normality of the residuals 117 
Figure B-4: Homogeneity of the residuals 118 
Figure C-l: The concept of ductility 129 

xi 



Acknowledgements 

Foremost, I would like to express my sincere gratitude to my advisor, Dr. Kenneth 

Elwood, for his insight, guidance, and wise supervision throughout this research project. 

Without his assistance and patience its completion would not have been possible. 

My sincere thanks are also due to Dr. Abrams, Dr. Alcocer, and Dr. Astroza for their 

constructive suggestions during development of the database and empirical seismic 

model. Their critical comments significantly contributed in overcoming a number of 

difficult research problems. 

I am also deeply indebted to Hugon Juarez and Jose Centeno for their assistance with 

Spanish papers. They each spent much time teaching me fundamentally important 

Spanish terms, and translating critical references into English. I also extend my thanks to 

Mohsen Javedani for his help with the STATA software. 

I am genuinely grateful to Earthquake Engineering Research Institute (EERI) for their 

support for this project, and the most helpful faculty in structural engineering at the 

University of British Columbia for providing coherent answers to my endless questions. 

Many thanks to my dear friends and talented colleagues, Arezoo, Farzad, Houman, 

Isobella, Layla, Mona, Mohammad, Nasim, Soheil and Tim. Your support undoubtedly 

contributed to the quality of this work. The flaws that remain result from my own 

shortcomings. 

Most important I would like to thank my family for the unending love and wisdom you 

have given throughout my education. You are a boundless source of strength and 

inspiration. 

Apr i l , 2007 

Vancouver, B . C . 

xii 



To my parents, 
For their endless love and support 

xiii 



panel aspect ratio 

the number of observations 

the number of tie columns 

concrete compressive strength 

masonry compressive strength 

yield strength of column transverse reinforcement 

yield strength of column longitudinal reinforcement 

yielding strength of panel horizontal reinforcement 

masonry shear strength 

cracking shear strength 

maximum shear strength 

the effect of panel aspect ratio on panel resistance 

the ratio of the opening area to the wall gross area 

the effect of unit material on the panel rigidity 

cracking drift capacity 

drift capacity at max limit state 

ultimate drift capacity 

drift capacity of the equivalent linear system 

ductility factor 

tie column transverse reinforcement ratio 

tie column longitudinal reinforcement ratio 

axial stress 

xiv 



Introduction 
Chapter 1 

1.1 Motivation and background 

The use of masonry as a composite material has been favored in the construction of 

buildings and civil infrastructures, simple and sophisticated, because of its durability, 

aesthetic appeal, and economic advantages. However, the inherent weakness of masonry 

in tension has been repeatedly demonstrated in seismic events. The need to overcome 

seismic deficiency of unreinforced masonry (URM) panels has led to the development of 

structural walls with different reinforcement patterns. 

Confined masonry (CM), which consists of an U R M masonry panel bordered with 

slender columns and beams, is one such alternative. Confining elements, tie columns and 

bond beams, are cast after the construction of the wall. These elements are usually 

constructed of reinforced concrete, although timber, reinforced masonry, and other 

materials have been used occasionally. 

Extensive study over the past few decades has aimed at identification of the structural 

and seismic performance aspects of C M walls. C M has mainly evolved empirically, 

however, and current codes rely only upon conventional force-based equations originally 

developed for U R M / R M panels, in order to predict the behaviour of such load bearing 

elements. The effects of confinement, despite its important potential for improving the 

seismic behaviour of C M walls, have been largely overlooked in the few existing models. 

The emerging field of performance-based seismic design relies on nonlinear models for 

the force-deformation response of structural systems in order to control the sustained 

earthquake damage. 

Therefore, while C M walls have been extensively studied in experimental tests 

worldwide, it is of high priority to develop a model capable of capturing both 

deformation and strength characteristics. Provided these characteristics are consistently 

quantified and assembled in a comprehensive database, the results of such experiments 

may be used effectively to develop a model for the nonlinear seismic performance of 

1 



Chapter 1: Introduction 

C M walls up to large deformation levels. It is the goal of the current study to develop a 

model to predict the nonlinear backbone response of C M walls subjected to lateral loads. 

1.2 Objectives 

The primary objectives of this research are: 

1. to review the past C M studies conducted up-to-date; 

2. to assemble the results of all available C M experiments into comprehensive 

databases that elaborate both specimen characteristics and test results; 

3. to link specific characteristics of C M walls with the observed seismic 

behaviour, associated failure modes, and damage patterns, and to select the 

appropriate limit states and model parameters; 

4. to utilize the results of experimental tests for developing a performance-based 

model capable of capturing the nonlinear response of C M walls up to large 

deformation levels; and 

5. to compare and contrast the proposed equations with both experimental data 

and existing models, in order to investigate the accuracy and applicability of 

the developed model. 

To collect the experimental data, define the limit states, and develop the analytical 

backbone model, this research builds upon previous analytical and experimental studies 

conducted up-to-date. The database being developed by Univer'sidad Nacional Autonoma 

de Mexico ( U N A M , 2004), which outlines the results of experimental tests on all types of 

masonry walls, was a significant contributor to the construction of the databases 

developed and used in the present study. 

1.3 Scope 

The methodology and tools employed in construction of the databases, extraction of 

results, and development of an analytical model may, in general, be applied to any 

structural system. However, to propose the empirical equations, this thesis focuses on the 

experimental results of typical C M walls whose behaviour is mainly governed by shear 

deformations. 

2 



Chapter 1: Introduction 

These walls are provided only with two tie columns along their boundaries, both 

reinforced with multiple longitudinal rebar, and the panels are left unreinforced in both 

vertical and horizontal directions. Other constraints are: tie column longitudinal 

reinforcement ratio between 1% and 3%, panel aspect ratio equal or less than two, and 

axial stress to masonry compressive strength ratio less than 0.12. The results of dynamic 

and pseudo-dynamic tests, although documented in an explicit database, were not 

considered for the purpose of model development. Only cyclic and monotonic quasi-

static tests have been taken into account. The backbone model was developed on a 

deterministic basis and model uncertainties were accounted for using coefficients of 

variation. 

1.4 Organization and outline 

This manuscript-based thesis is organized in four main chapters and three appendices. 

The appendices report the process of data selection, developing both dynamic and static 

databases as the basis of the analytical work, and contain the results of the proposed 

equations for each model parameter. 

Chapter 1: provides an introduction to the thesis. 

Chapter 2: serves as a state-of-the-art review of research on C M construction. 

Chapter 3: reports on data selection and inspection, elaborates the methodology 

employed to establish the final empirical equations, and presents these predictive 

formulae for cracking, maximum load, and ultimate limit states. This chapter will be 

submitted to the Journal of Structural Engineering of the American Society of Civi l 

Engineers for peer-review and publication. 

Chapter 4: provides a summary and conclusions of the present study, together with 

recommendations for future research directions. 

Appendix A: contains a comprehensive account of the methodology employed to 

develop the databases, and describes material properties, geometry, reinforcement details, 

damage patterns, and failure modes of the specimens included in the datasets. 

3 



Chapter 1: Introduction 

Appendix B: provides an introduction to linear regression analysis, and the method 

used to identify influential points believed to exert undue impact on analysis results. 

Appendix C: reports on the derivation of equations as the basis of the proposed model, 

and the results of the analysis. 

4 



Literature Review 
Chapter 2 

2.1 Introduction 

Confined masonry (CM), as an effective structural system for low- and medium-rise 

dwellings and apartment buildings up to five stories, is widely used in central and south 

America, central and south Asia, and eastern and south Europe. 

The use of masonry walls confined with slender vertical (tie column) and horizontal 

(bond beam) elements along their borders can be traced back to the beginning of the last 

century. C M walls, in fact, have been first utilized for the reconstruction of some Italian 

cities flattened in such seismic events as the 1908 Messina earthquake (Mufty et al., 

2006), and the earthquake of July 23, 1930 (Freeman, 1932). Holding the walls together 

and in joint with other structural components, providing some out-of-plane seismic 

resistance, and introducing some level of ductility to unrienforced masonry (URM) walls 

were among the main objectives of panel confinement. 

As an alternative to U R M and adobe buildings, C M has overcome many seismic 

deficiencies to which the two latter systems were highly vulnerable. However, material 

properties, workmanship and construction sequence together with maintenance quality 

are among the key construction factors that can significantly affect the seismic 

performance of this class of structural walls; and therefore, aside from structural 

considerations, should receive their due attention. 

Demonstration of its superior seismic performance in successive moderate and severe 

earthquakes, as is evident from Figure 2-1, has led to a steady increase in the application 

of C M walls. This improvement has been achieved at only marginally higher cost, 

thereby giving this structural system an economic feasibility. Furthermore, taking 

advantage of the available materials and previous construction practice, to which the 

local developers are familiar, also have accommodated considerably the dissemination of 

this structural system. 

5 



Chapter 2: Literature review 

(a) 

^^^^jj/// ^̂^̂^̂^̂^̂  ̂ ^̂^̂ 9̂) ^^^^jj/// ^̂^̂^̂^̂^̂  ̂ ^̂^̂ 9̂) 

,u„ 

Figure 2-1: (a) A completely demolished URM dwelling, (b) An intact CM building, 
2003 Bam earthquake, Iran (Eshghi and Naserasadi, 2005) 

Although the details of C M walls have tended to be developed over time based on local 

customary construction practices, with design and construction therefore to some extent 

empirical, experimental and analytical studies together with damage observations have 

effectively contributed to a comprehensive understanding of their seismic behaviour in 

terms of dominant failure modes and damage patterns, and have shown how some of the 

seismic deficiencies to which these load bearing walls are vulnerable can be overcome. 

Damage pattern and overall seismic behaviour, masonry unit and mortar properties, 

openings, panel reinforcement, and the effects of such factors as axial stress and panel 

aspect ratio are amongst the most frequent topics investigated in analytical studies, 

laboratory tests, and field observations. These topics, together with existing models for 

prediction of seismic performance of C M walls, are described in detail throughout this 

chapter. 

2.2 Damage pattern and overall seismic behaviour 

Despite the presence of stiffness decay due to the formation of flexural cracks along the 

height of tie columns and micro cracks that exist in masonry units, in elastic range and at 

the early stages of loading, C M walls may still be approximated as elastic shear beams 

whose stiffness is provided by both panel and confining elements (Yanez et al, 2004; 

Alcocer et al, 2004; Irimies, 2000; Gibu and Zavala, 2002). At this stage, as experimental 

results indicate, strain in tie-column longitudinal reinforcement changes alternately from 
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Chapter 2: Literature review 

positive to negative, implying the monolithic behaviour of C M walls (Tomazovic and 

Klemenc, 1997(a), Zavala etal, 1998). 

Onset of inclined shear cracks in the middle of solid panels and their extension towards 

tie columns result in further decrease in the stiffness of the panel. The time at which the 

first major crack forms usually coincides with a substantial detectable decline in effective 

stiffness. These cracks usually pass through mortar joints in a zig-zag pattern (Marinilli 

and Castilla, 2004; Yanez et al, 2004; Irimies, 2002). 

Post-cracking behaviour of typical C M walls, whose response is mainly governed by 

shear deformations, is directly influenced by friction, brick interlock, and shear resistance 

of tie column ends (Flores and Alcocer, 1996). As is shown in Figure 2-2, at this stage, 

the cracked wall pushes tie columns sideways, and produces permanent tension in them 

(Tomazevic and Klemenc, 1997(a); Zavala et al, 1998). The masonry panel, in turn, 

would be under the effect of more compressive stresses, provided that an adequate bond 

allows sufficient load transfer between wall and confining elements. 

1 H 1 1 1 1 1 1 1 1 1 1 1 1 

Tie column 
m tension Compression 

Figure 2-2: Illustration of the seismic behavior beyond cracking limit state 

Confinement, in fact, alters the failure mode of U R M walls and slows down the rate at 

which stiffness would decay, therefore improving the post-cracking seismic performance 

of C M walls. Peak point of the recorded response which defines the maximum load state 

is usually sustained at the extension of cracks into tie columns ends. To prevent these 

cracks from opening up considerably, it is recommended to restrain the drift capacity of 

C M walls to some reasonable degree (Alcocer, 1996). This limit, however, is under the 

7 



Chapter 2: Literature review 

direct influence of panel and confining elements characteristics, and therefore should be 

determined for each wall appropriately. 

As shown in Figure 2-3, post-peak behaviour of C M walls is significantly influenced by 

reinforcement detailing of tie columns ends. Formation of vertical cracks at wall-column 

interface, and partial separation of these elements (Zabala et al, 2004; Ishibashi et al, 

1992), and penetration of cracks into masonry units (Tomazevic and Klemenc, 1997(a)) 

at large deformation levels is usually followed by masonry crushing in the middle of the 

panel, extensive concrete cracking and crushing, and longitudinal rebar rupture/buckling 

at tie column critical end zones (Alcocer et al, 2004; Tomazevic and Klemenc, 1997(a)). 

Stiffness of the panel at large deformation levels is mainly provided by confining 

elements which act to slow the rate of stiffness degradation (Ishibashi et al, 1992). The 

residual stiffness of a C M wall is about 20% of its initial stiffness at 20% strength loss 

from the maximum measured shear (Alcocer et al, 2004). 

Verticil cracks at 
collmn-wall irisrface 

! I 1 \ . 1 

Figure 2-3: Post-peak behaviour of a typical CM wall (Zabala et al, 2004) 

For multi-story C M walls, experimental results and aftermath of earthquakes (Figure 2-4) 

suggest, damage mainly concentrates in the first story, and in the direction of motion. 

This damage concentration leads to the softening action of first story panels which may 

be ascribed to the larger-than-unity shear span ratios that these walls usually have, and is 

confirmed by close match of the first story response curves of such multi-story walls with 

the seismic response of an isolated C M wall. Dissipation of almost all energy in the 

critical first story further stresses the leading role of proper confinement of these C M 

walls (Irimies, 2002; Alcocer et al, 2004; Tomazevic and Klemenc, 1997(b)). 
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Chapter 2: Literature review 

Figure 2-4: CM house with damage concentration in the first story (a) Alcocer et al, 
2004 (b) 1997 Punitaqui earthquake, Chile (Gomez et al, 2002) 

Such characteristics as low tie column longitudinal reinforcement and high panel aspect 

ratio, however, may lead to the predominance of flexural deformations. When seismic 

behavior of C M walls is governed by flexural deformations, as is shown in Figure 2-5 

horizontal bending cracks at lower courses of the panel may extend into tie columns ends 

and shear them off at large deformation levels (Zabala et al 2004).This further 

emphasizes the vital role of tie column ends shear resistance in the overall seismic 

behaviour of C M walls. 

S tear failure of! 
tie column ends. 

1 L 

Figure 2-5: Flexural failure and penetration of cracks into tie columns ends (Zabala 
et al, 2004) 
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Chapter 2: Literature review 

2.3 Masonry unit and mortar characteristics 

As one of the constituent components of the panel, masonry units should possess 

satisfactory properties to ensure acceptable seismic performance of the resultant C M 

wall. Experimental tests indicate that solid clay bricks, which are among the most 

frequent unit types used for the construction of C M walls, possess superior seismic 

characteristics compared to their hollow counterparts (Yamin and Garcia, 1997; Alcocer 

et al, 2003; Meli, 1991). To be considered solid, however, and to have sufficient 

deformation capacity, the net area of these units should be at least 75% (Gibu and Zavala, 

2002). 

Hollow masonry units, commonly used for reinforced masonry (RM) systems, are in 

practice also relied on for construction of C M walls. To avoid premature masonry 

crushing in the presence of relatively high axial loads, however, these units should be 

provided only with vertical holes (Alcocer et al, 2003). Furthermore, the use of this type 

of masonry unit is not favourable in high seismic zones, due to inherent brittle behaviour 

that could be ascribed to their high rigidity (Castilla and Marinilli, 2000). Among 

different types of hollow units, clay bricks possess superior seismic characteristics 

compared to concrete blocks and calcium silicate units. As a result, hollow calcium 

silicate bricks are the least favourable unit type for construction of C M walls, especially 

when high deformation capacities are desired (Yafiez et al, 2004; Tomazevic et al, 2004). 

C M walls made of hand-made solid bricks undergo more severe stiffness degradation 

compared to those made of industry-manufactured units with high quality control. The 

use of industry-manufactured bricks would in general help improve the seismic 

performance of the system in the event of severe earthquake at only marginally higher 

cost, and is therefore favoured (Gibu and Zavala, 2002; Zabala et al, 2004; Astroza and 

Schmidt, 2004). However, i f designed and constructed properly, C M walls made of hand­

made units, as the results of full-scale tests by Zabala et al (2004) confirm, would still 

perform satisfactorily in earthquakes. 

The use of multi-perforated bricks for C M walls, is also increasing, due to their economic 

advantages. However, the results of experimental tests by Alcocer and Zepeda (1999) 

indicate that the seismic resistance of C M walls made of these brick units may be only 

accounted for i f provided with minimum panel reinforcement and external tie columns 
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(RC tie columns cast against the masonry panel) with proper reinforcement detailing. 

Furthermore, mortar penetration into the holes of these bricks also substantially affects 

the shear capacity of the panel, and mortar should therefore be provided with sufficient 

fluidity to fill the holes uniformly (Alcocer and Zepeda, 1999). 

To ensure sufficient bond, high-quality mortar with sufficient fluidity and bricks without 

smooth surfaces should be utilized (Mercado, 2004). In addition, masonry units and 

mortar should be compatible in their mechanical and absorption properties to compensate 

somewhat for the high heterogeneity that masonry, as a composite material, suffers from. 

Similar elastic modulus is one of the essential aspects of compatibility which leads to the 

propagation of cracks through both constituent materials of the panel (cracks usually 

initiate in mortar joints and at larger deformation levels pass through the units as well) 

(Bourzam, 2002). If brick shear strength is very low compared to mortar, inclined cracks, 

however, will mainly pass through masonry units, thus increasing the potential for 

masonry crushing at high seismic demands (Ishibashi et.al, 1992). 

2.4 Wall density 

Depending on the number of stories, seismicity, soil conditions, and the code used as the 

basis of design and construction of C M structures, wall density (total shear wall area in 

each principal direction divided by the floor area) can vary considerably. However, as 

damage observations and the results of analytical studies by Astroza et al, 1993 indicate, 

a minimum wall density of 1.15% or 0.85% should be used in each principal direction to 

ensure light or moderate wall damage, respectively. 

Wall density per unit weight (wall density in the first story divided by total weight of the 

structure), as research results of Moroni et al, 2000 indicate, may be employed as a better 

measure of seismic vulnerability compared to the wall density itself. To confine damage 

to light or moderate, wall density per unit weight should exceed 0.018 or 0.012 m /ton 

(Moroni et al, 2000). As the results of an extensive survey suggest, many C M buildings 

that satisfy minimum wall density fail to comply with the suggested minimum wall 

density per unit weight (Moroni et al, 2000). 

Sufficient wall density in both principal directions, as is shown in Figure 2-6, is required 

to prevent extensive damage to the structure at the event of sever earthquakes. 
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Figure 2-6: Collapse of CM building due to inadequate wall density, 2001 Atico 
earthquake, Peru (San Bartolome et al, 2004) 

However, acceptable seismic performance of C M structures is guaranteed only i f 

adequate wall density is supplemented with proper material quality and reinforcement of 

tie columns. Furthermore, large wall densities, although beneficial to the load-carrying 

capacity of C M structures, would limit deformation demands. In consequence, providing 

the building with as many walls as possible is not always the best solution for improving 

seismic performance and there is always a trade-off between resistance and ductility. 

2.5 Confining elements 

Confinement, as the results of experimental tests and aftermath of earthquakes indicate, 

improves post-cracking seismic performance of masonry walls, in that tie columns and 

bond beams work to hold structural elements together. Their presence, therefore, will 

prevent premature wall disintegration at the occurrence of cracking (Tomazevic and 

Klemenc, 1997(a); Yoshimura, et al, 2004). As is evident from Figure 2-7 the rates at 

which strength and stiffness degrade are far less for C M walls compared with U R M 

panels. As a result, improvement in deformation and energy dissipation characteristics 

greatly surpass that of shear resistance for C M walls (Tomazevic and Klemenc, 1997(c)). 

12 



Chapter 2: Literature review 

2,5 

IS 

Figure 2-7: The beneficial effects of confinement on the seismic response of masonry 
panels (Tomazevic and Klemenc, 1997(a)) 

The effectiveness of confining elements, however, is directly influenced by such 

parameters as their location, type, size, shape, reinforcement detailing, and the number of 

tie columns and bond beams. These parameters, although having been adjusted over time 

based on the results of damage observations and experimental tests, are greatly 

influenced by the state-of-practice in each region. 

The location of tie columns, whose dimensions usually correspond to panel thickness, 

vary highly from one region of the world to another. To ensure acceptable seismic 

performance, codes usually call for tie columns at wall corners, intersections, and also at 

opening ends. Bond beams, on the other hand are recommended to be provided at each 

floor, and at both sill and lintel levels (Virdi and Raskkoff, 2005; UNIDO/UNDP, 1984; 

San Bartolome et al, 2004). The dimensions of these confining elements are, however, 

influenced by both wall thickness and floor type. 

The maximum distance between tie columns is usually kept at twice that of bond beams 

to mitigate the risk of out-of-plane failures which are among the common causes of U R M 

instability in severe earthquakes (San Bartolome et al, 2004). 

Experimental tests by Alcocer and Zepeda, 1999 indicate that RC tie columns are 

superior to their interior counterparts (hollow masonry units, reinforced and grouted), and 

therefore, their use is preferred, especially in highly seismic regions. Tie columns should 

be provided with sufficient longitudinal reinforcement to avoid the predominance of 

flexural deformations and wall uplift as a result of rebar yielding at the base of columns 
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(Zabala et al, 2004; Iiba et al, 1996). The minimum tie column longitudinal reinforcement 

is recommended to be higher than 1% in Eurocode 8 (2002). However, Mexican code 

(NTC-M, 2004) calls for the minimum steel area of 0.2f c/fyvc-hc, provided that the rebar 

diameter is greater than 6 mm. In fact, increase in the amount of column longitudinal 

reinforcement substantially improves load-carrying capacity of C M walls. Therefore, 

critical first story columns located at wall corners are recommended to be provided with 

larger longitudinal reinforcement ratios, especially when these C M buildings are located 

on firm soils or in epicentral regions of active faults (Meli, 1991; San Bartolome et al, 

1992; Aguilar et al, 1996). However, the strikingly higher flexural capacity of heavily 

reinforced tie columns would trigger a brittle shear failure mode, and therefore, providing 

tie columns with as much reinforcement as possible is not always the best solution 

(Yoshimura et al, 2004). 

Transverse reinforcement, on the other hand, augments the dowel action of longitudinal 

rebar and introduces some level of confinement to the core concrete. As a result, its 

presence is highly beneficial to the deformation and energy dissipation characteristics of 

C M walls when provided in appropriate amounts (Yamin and Garcia, 1997; Flores and 

Alcocer, 1996). Although the stipulated code values vary slightly depending on the 

region they are developed for, almost all codes (Eurocode 8, 2002; INN, 1997; N T C - M , 

2004; NSR, 1998) call for the minimum transverse reinforcement of 6 mm hoops at 150 

to 200 mm respectively. 

Since post-peak behaviour of C M walls is governed by the reinforcement detailing of tie 

columns ends, these critical zones should be provided with tightly spaced stirrups (Zabala 

et al, 2004). Columns with denser stirrups at their ends, as experimental tests suggest, 

suffer far less damage, which in turn delays the final collapse of the wall (Aguilar et al, 

1996). End zones of bond beams, likewise, should be provided with tightly spaced 

stirrups, because shear cracks, as is shown in Figure 2-8 penetrate into beam-column 

joints at large deformations and shear these zones off (Astroza and Schmidt, 2004). As a 

result, the minimum stipulated transverse reinforcement is recommended to get increased 

at these critical end zones by reducing the distance between successive stirrups to almost 

half the rest of the span (about 100 mm). 
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Figure 2-8: Extensive damage to the column-beam joint due to improper 
reinforcement detailing, 1985 Llolleo Earthquake, Chile (Gomez et al, 2002) 
In general, tie columns are recommended to be provided with multiple rebar to avoid 

their premature rupture, and to enhance the energy dissipation characteristics of C M 

walls (San Bartolome et al, 1992). Simplification of tie column reinforcement detailing 

by replacing multiple rebar and stirrups with single equivalent rebar and spiral hoops, as 

the results of Yoshimura (1995) indicate, would lead to the occurrence of sliding at 

panel-foundation interface. However, in the presence of both vertical and horizontal 

panel reinforcement, post-cracking behaviour is almost independent of tie column 

reinforcement detailing, and therefore columns of such panels, and those with small 

cross-sections, could be provided with simpler reinforcing details (Yoshimura and 

Kikuchi, 1995). 

Post-cracking seismic performance of C M walls is further improved by the inclusion of 

intermediate confining elements, simply because they restrain the extent of damage 

(Blong et al, 1998; Marinilli and Castilla, 2006). However, these intermediate confining 

elements cannot completely stop the cracks, and as experimental tests indicate, cracks 

usually pass through them. 

Intermediate tie columns and bond beams are recommended for use in the critical first 

stories of C M buildings in highly active seismic regions, and when panel shear resistance 

is insufficient on its own (as is the case for poor-quality hand-made units, and at opening 

borders). These secondary elements, that play their role best when distributed evenly 

throughout the panels, could be provided with smaller cross sections and simplified 
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reinforcement details (Lui and Wang, 2000). Placing intermediate tie columns too close 

together, however, would simulate R M systems and also is not economically viable 

(Sarma et al, 2003). 

2.6 Openings 

Experimental tests and damage observations indicate that shear cracks usually initiate at 

opening corners and extend towards the middle of piers. Size, shape, location and 

confinement detailing of openings have a great impact on the seismic performance of C M 

walls. This behaviour is in fact highly correlated to the inclination of the diagonal struts 

forming either side of the openings, and the shear capacity of tie columns that are utilized 

to border them (Yanez, et al, 2004). 

Opening size and the degree of coupling affect both initial stiffness and cracking pattern. 

The rate at which stiffness degrades, however, is almost independent of these factors 

(Ishibashi et al, 1992). While excessively large openings could reduce shear capacity of 

C M walls by almost 50% (Gostic and Zarnic, 1999), their effect on seismic performance 

is almost negligible when size is restrained to approximately 10% of the wall gross area 

(Yanez, et al, 2004). Furthermore, symmetrical distribution of openings and utilizing a 

spandrel below them are among key factors that can alleviate the harmful effects of 

openings (UNIDO/ UNDP, 1984; Alcocer et al, 2003; Yanez, et al, 2004). 

Opening confinement is also substantially beneficial in preventing the instability of 

heavily damaged triangular portions besides the openings that can fall out under 

relatively high axial stresses (Flores et al, 2004). Opening confinement, as is illustrated in 

Figure 2-9, improves post-cracking deformation and shear capacities of C M walls, and 

introduces more stability to the response curves. Tie columns at opening extremes help 

the integral action of the panel and are recommended to be provided with tightly spaced 

stirrups at the corners of the openings. This will arrest extensive concrete cracking and 

crushing at opening corners until large deformation levels, thus improving the seismic 

response of the panel (Flores et al, 2004; Ishibashi et al, 1992; Alcocer et al, 2003). 
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1.8 

Figure 2-9: Constructive effect of opening confinement on post-cracking seismic 
performance of CM walls (Leonardo et al, 2004) 

Despite the fact that many codes call for horizontal and vertical confining elements at 

opening borders, it is sometimes not clear what size of openings should be provided with 

these tie columns and bond beams. Furthermore, failing to comply with these 

requirements in practice, as is evident from Figure 2-10 usually results in the occurrence 

of the extensive damage in masonry piers that are left unconfined at one end. 

Figure 2-10: Extensive damage to masonry piers due to the lack of proper opening 
confinement, 1985 Llolleo Earthquake, Chile (Gomez et al, 2002) 

2.7 Axial stress 

As the results of both experimental and analytical studies suggest, axial stress is highly 

beneficial to shear capacity and energy dissipation characteristics of C M walls. These 

effects are more pronounced when panels are left unreinforced in both vertical and 
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horizontal directions, as is the case for typical C M walls (Yoshimura et al, 2004; 

Ishibashi etal, 1992). 

However, axial stress adversely affects the ultimate deformation capacity of C M walls, 

especially when its value is excessively high compared to masonry compressive strength. 

The use of two-way slabs which distribute vertical loads more evenly is therefore highly 

favoured, especially when the wall is made of hollow masonry units that are more 

susceptible to premature crushing (San Bartolome et al, 2004; Bariola and Delgado, 

1996; Astroza and Schmidt, 2004). 

2.8 Panel aspect ratio 

Panel aspect ratio is among key factors which alter both damage pattern and failure mode 

of C M walls. Relatively squat C M walls with aspect ratios close to one are frequently 

used in practice. Seismic behavior of such walls, as has been repeatedly demonstrated in 

previous earthquakes, is usually governed by shear deformations. However, as H/L 

increases, flexural deformations become more dominant, cracks are likely to occur 

sooner, stiffness degrades at higher rates, and therefore, strength characteristics of the 

panel are affected (San Bartolome, 2004; Yoshimura et al, 2004; Grumazescu and 

Gavillescu, 1999). 

Although of paramount importance, the effect of panel aspect ratio has been overlooked 

in many codes and regulations that address seismic behaviour of C M walls. For 

particularly slender C M walls, flexural deformations greatly surpass those of shear, and 

therefore these walls are likely to fail in flexural mode. As a result, walls with higher 

aspect ratios always possess greater deformation capacities compared to their squat 

counterparts (Astroza and Schimdt, 2004; Alvarez, 1996). 

2.9 Masonry-concrete interface 

Effectiveness of tie columns to confine masonry panels and to improve their seismic 

performance is under the direct influence of the existing bond at the masonry-concrete 

interface. Experimental tests (Figure 2-11) and aftermath of earthquakes indicate that 

when concrete-masonry adherence is relied upon merely to provide the required bond, the 

occurrence of vertical cracks and partial disintegration of the panel and confining 
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elements at large deformations adversely affect the seismic performance of C M walls 

(Alcocer and Meli, 1993). • 

Figure 2-11: Separation of masonry walls and tie column due to the lack of proper 
bond (Yushimura et al, 2004) 

However, casting concrete against toothed end walls which act as shear keys, or 

providing the C M wall with connection rebar (U-shape or L-shape rebar that are 

anchored adequately into walls) help improve the bond and load transfer, and therefore, 

partial separation of masonry panel and tie columns is effectively controlled (Arya, 2000; 

UNIDO/ UNDP, 1984; Irimies, 2000).When extensively damaged masonry panels are 

replaced, these connection rebar can be effectively utilized to interconnect the newly-

constructed panel with its confining elements (Yoshmiura and Kikuchi, 1995). 

Connection rebar would introduce more stability to the response curve i f it is continuous 

throughout the panel, and therefore further improvement in deformation capacity of C M 

walls will be achieved (Kumazava and Ohkubo, 2000). 

2.10 Panel reinforcement 

Panel horizontal reinforcement improves shear resistance, deformation capacity, and 

energy dissipation characteristics of C M walls because, in its presence, cracks are 

distributed more evenly throughout the panel as is shown in Figure 2-12. 
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Phv = 0 % Phv=0.71% 

Figure 2-12: The effect of panel reinforcement on damage distribution (Aguilar et al, 1996) 

Moreover, the rate at which stiffness and strength degrade will substantially decline, and 

therefore, more stable response curves are achieved, even at large deformation levels. 

However, based on the results of experimental tests, the effect of panel horizontal 

reinforcement on the elastic characteristics of C M walls is almost negligible (Yoshimura 

et al, 2004; Hernandez and Meli, 1976; Aguilar, 1994; Liba et al, 1996; Alcocer and 

Zepeda, 1999). The overall effect of panel horizontal reinforcement on the seismic 

performance of C M walls is illustrated in Figure 2-13. 
0.75 

0.50 A 

I 
0.25 4 

0.00 

Plw=0.71% 

5(%) 

Figure 2-13: The effect of panel horizontal reinforcement on the seismic 
performance of CM walls (Aguilar et al, 1996) 
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Efficacy of panel horizontal reinforcement is substantially influenced by two key factors; 

its amount and type. The amount of panel horizontal reinforcement should be determined 

to allow yielding of rebar prior to the occurrence of masonry crushing, and to avoid 

premature rebar rupture before yielding (Flores and Alcocer, 1996). Furthermore, the 

ratio of horizontal reinforcement to tie column longitudinal reinforcement should always 

be precisely controlled in order to avoid the predominance of flexural failure mode for 

over-reinforced C M walls (Casabonne, 2000; Zabala, 2004). 

The results of analytical and experimental studies suggest that, in the event of severe 

earthquakes, heavily reinforced walls will either remain elastic, or will experience a 

brittle failure mode resulting from masonry crushing prior to yielding of horizontal 

reinforcement. However, when first-story panels are provided with insufficient 

reinforcement, fracture of rebar usually occurring near shear cracks and in the middle 

zones of the wall (where maximum strains are reached) will give rise to sliding of upper 

stories over these cracks (Aguilar et al, 1996). 

As the experimental results suggest, horizontal reinforcement ratio should be kept in the 

range of 0.005 to 0.017, with an optimum value being about 0.01.(Casabonne, 2000; San 

Bartolome et al, 2004; Alcocer and Zepeda, 1999; Bingzhang, 1991). In order to account 

for both panel and rebar characteristics, however, Alcocer and Flores (1996) confined the 

upper limit to 0.3 fmlfyhw-

Horizontal reinforcement may either be embedded in mortar joints (bed-joint 

reinforcement), or implemented in the form of wire mesh covered with thin layers of 

mortar (external reinforcement).The use of prefabricated ladder-shape reinforcement in 

bed joints, however, is not highly favoured due to its tendency to fracture at the welding 

points of cross-wires and longitudinal rebar (Alcocer et al, 2003). As experimental results 

suggest, external reinforcement is superior to bed-joint reinforcement in terms of strength 

characteristics, simply because cover mortar also contributes to shear capacity. However, 

deformation capacity of reinforced panels is almost independent of the type of 

reinforcement being used, provided that mortar quality and anchorage spacing are 

precisely controlled when external reinforcement is employed to fortify the wall (Alcocer 

etal, 1996). 
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Top-quality mortar and high-strength masonry units should be utilized, in order to avoid 

the dominance of premature masonry crushing when panels are provided with bed joint 

reinforcement (Radovanic, 1998). Corrosion of rebar should also be controlled to prevent 

them from adversely affecting the bond at the masonry-mortar interface (Cassabone, 

2000). Furthermore, to accommodate the installation process, masonry units are 

recommended to be grooved on their top faces (Mercado, 2004). 

Reinforcing the panels in both directions, although not common for C M walls that are 

provided with lumped reinforcement at their extremes, would further improve the seismic 

performance of C M walls, especially when hollow units are utilized to construct the 

panels. The contribution of vertical reinforcement to seismic response is more 

pronounced for slender panels or any C M wall whose response is governed by flexural 

deformations (Yoshimura et al, 2000). 

2.11 Existing models 

The few existing models which predict the seismic behaviour of C M walls have either 

been developed on the basis of models for U R M / R M or are empirically proposed using 

the results of a small number of experiments. These equations, shown in Table 2-1, 

simulate only strength characteristics of C M walls. 

Cracking shear strength of C M walls, according to these models, is related to panel shear 

strength (fm or vm) and axial load (crv) imposed on the walls. However, the effect of panel 

aspect ratio (H/L), despite its importance, is considered only in the equation developed by 

Matsumura, 1988. In addition, the contribution of tie columns to post-cracking seismic 

performance of C M walls is included only in the models proposed by Marrinilli and 

Castilla, 2006; Tomazevic and Klemenc, 1997(a); and AIJ, 1999. Tie column 

longitudinal reinforcement ratio, concrete compressive strength and the number of tie 

columns are among the key design variables that reflect the effect of confinement on the 

shear capacity of C M walls. However, the other four equations only rely on panel 

characteristics to predict maximum shear strength of C M walls and overlook the crucial 

role that tie columns play beyond cracking. 

Figure 2-14 compares these models for a typical C M wall (<xv =0.55 MPa, H/L=Q.91, 

fm=S25 MPa, vm=0.42 MPa, /c=23.05 MPa, pvc.fyvc=429 MPa, Unit type = Concrete, 
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Ntc=2) and for both cracking and maximum shear strengths. It is worth noting that 

Vmax-TK97 was not included in this figure, due to its direct dependence on cracking shear 

strength. As is evident from the graphs, strength characteristics of this C M wall vary 

considerably depending on the utilized model. Therefore, appropriate cracking and 

maximum shear strength models for C M walls should be proposed. 

Table 2-1: Existing models for cracking and maximum shear strength of CM walls 
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Figure 2-14: Comparison between existing models for a typical CM wall (a) 
Cracking shear strength, (b) Maximum shear strength 

Deformation capacity of C M walls, on the other hand, has been only addressed in a few 

studies (Astroza and Schmidt, 2004; Urzua et al, 2001) that used the results of 

experimental tests to impose some practical limits on the deformation capacity at 

different performance levels. However, no current model addresses this issue which is of 

great importance to implementation of performance-based earthquake engineering. 

According to the findings of these studies and as is shown in Table 2-2, deformation 

capacity of C M walls is far less than the Chilean code (INN, 1997) stipulated values even 

considering a 50% probability of failure. 

Table 2-2: Deformation capacity of CM walls at 50% probability of failure 

^cracking(%) ^maximum load(%) 
820% strength 

loss(%) 
Reference 

0.13 0.40 0.73 
Astroza and 
Schemidt, 
2004 

- 0.41 0.69 Urzua et al, 
2001 

0.62 1.00 <2.50 INN, 1997 

The Chilean code figures, however, have been derived on the basis of the seismic 

performance of masonry infill (MI) walls whose deformation capacities are significantly 

large considering the ductile behavior of RC frames. In addition, in constructing their 

fragility curves, Astroza and Schemidt (2004) considered all the 52 data points in their 

database regardless of the reinforcement detailing of the wall, panel aspect ratio, and the 
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level of axial stress. As a result, their reported deformation capacities are not 

representative of the capacity of C M walls with specific characteristics (e.g. with no 

panel reinforcement or H/L <1). 

Mexican code (NTC-M, 2004) also calls for some allowable lateral drifts for C M walls 

with different characteristics as follows; 

o 0.35 %: for C M walls with solid units and panel reinforcement 

o 0.25%: otherwise 

As is apparent from Figure 2-15, these limits, however, are only conservative 

estimations of the inelastic drift capacity of C M walls which normally have higher 

capacities according to the conducted experimental tests. 

Figure 2-15: Deformation capacity of CM walls made of solid units (Alcocer et al, 2003) 

2.12 Closing remarks 

Different aspects of C M , as a feasible alternative to U R M , its merits and limitations 

compared to other structural systems, and the seismic performance of this class of 

structural walls in earthquakes and laboratory tests are among topics addressed by both 

analytical and experimental studies in this field. The effect of different reinforcement 

methods, the characteristics of masonry units and mortar as panel constituent materials, 

and reinforcement detailing of the panel and tie columns have been examined to identify 

both deficiencies, and the solutions that could be proposed to overcome them. 

Out-of-plane seismic behaviour of C M walls, despite its significance for tall thin walls, 

and characteristics of bond beams are, however, much less discussed in the literature, and 
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only tie columns and in-plane behaviour have received significant attention. 

Furthermore, although some research has stressed the effectiveness of opening 

confinement in improving the seismic performance of C M walls, the size and shape of 

openings which require confinement has not clearly been expressed. Moreover, masonry 

codes are not consistent over the question of opening confinement. While the stringent 

regulations of Mexican code(NTC-M, 2004)calls for confining all openings greater than 

600 mm in width, Eurocode-8 (2002) only requires the inclusion of confining elements at 

the borders of openings whose areas exceed 1.5 m 2 . 

The lack of precise analytical models capable of predicting the nonlinear response of C M 

walls up to large deformation levels is another gap in the literature. The few existing 

forced-based models have been developed either on the basis of the results of a handful 

of experiments or were originally proposed for U R M / R M walls. The deformation 

capacity of C M walls was not also addressed properly by masonry codes which either 

rely on the performance of other structural systems (MI/RM) to propose their practical 

limits, or are conservative due to the lack of suitable data. In addition, no model exists to 

predict the deformation capacity of C M walls on the basis of panel and confining element 

characteristics. Models that are able to simulate the seismic behavior of C M walls in both 

linear and nonlinear ranges, however, are crucially important for performance-based 

seismic applications. 
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Chapter 3 

Performance-based Seismic Models for Confined Masonry Walls1 

3.1 Introduction 

Performance-based seismic design relies highly on analytical models capable of 

simulating the performance of structures up to and including the point of failure. Such 

models must be nonlinear, because almost all structural systems, including confined 

masonry (CM) walls, are designed to undergo nonlinear behaviour in the event of severe 

earthquakes. Furthermore, the close relationship between damage and deformation 

demands, in addition to the necessity to withstand lateral and vertical forces, makes both 

deformation and strength characteristics equally important. 

The evolution of C M walls, as an alternative to unreinforced masonry (URM), whose 

seismic vulnerability has been repeatedly demonstrated, has been highly influenced by 

construction practice. Post-earthquake damage observations and laboratory tests provide 

insight regarding damage patterns, failure modes, and general aspects of seismic 

performance of C M walls. Backbone response curves - which define the characteristic 

force-deformation relations from cracking to lateral load failure as a function of design 

parameters - must, however, be developed and verified to enable the application of 

performance-based seismic design to C M structures. 

A version of this chapter will be submitted for to the Journal of Structural Engineering of the American 

Society of Civil Engineers for peer-review and publication. 
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Until now, complete backbone models have not been proposed for C M walls, and past 

model development, summarized in Table 3-1, has focused only on cracking or maximum 

shear strength predictions. These predictive equations are either highly influenced by the 

formulas originally developed for unreinforced and reinforced masonry (RM) walls or are 

only created on the basis of a limited number of experiments (e.g. Tomazevic and 

Kelemence, 1997(a)). 

Table 3-1: Existing models for cracking and maximum shear strength of CM walls 
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To be considered robust and indicative of the performance of C M walls with a broad 

range of design variables, accurate models should be calibrated to data points from 

extensive databases in a way that analytical predictions closely match experimental 

results. Such deterministic models can then be implemented in finite element programs or 

may be extended to consider model uncertainties. 

The main objective of this study is to develop the backbone response curve for "typical" 

C M walls with the following characteristics: 

o two tie columns; 

o multiple longitudinal rebar per confining element; 

o no bed joint reinforcement; 

o no openings within the confined panel; and 

o height to length ratio of approximately 1.0. 

Also evaluated are the effect of openings and panel aspect ratio on the strength 

characteristics, the validity of the predictive equations for the specimens with bed joint 

reinforcement, and the capability of existing models to simulate the seismic behaviour of 

C M walls. The equations, the main outcome of this study, predict mean model 

parameters. Variability in the model is represented in the coefficients of variation. 

The methodology used to produce the final model equations is shown in Figure 3-1. 

First, model parameters (variables that define the model to be developed), and design 

variables (those used to predict model parameters) were identified. Additional steps, 

including setting the functional form of the equations and running the regression analysis, 

are described in detail in this chapter. 
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Figure 3-1: The methodology employed to develop the analytical model 

3.2 Backbone model and limit states 

The shape of the experimental response curve for any structural system is influenced by 

many factors, including the damage pattern, predominant failure mode, loading protocol, 

and the number of distinct performance states that can be reliably identified. In this study, 

limit states (cracking, maximum strength, and ultimate deformation capacity) and their 

associated model parameters, as shown in Figure 3-2, were identified and measured for 

any individual test on the basis of these experimental response curves. 

(a) (b) 
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/ ! ^ 
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Figure 3-2: (a) Determination of model parameters based on the recorded response, 
(b) The analytical backbone of the current study 
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To measure the model parameters, as is shown in Figure 3-2-a, first a smooth backbone 

was fitted to both positive and negative branches of the recorded response, by 

implementing the methodology recommended in ASCE/SEI 41 Supplement 1 (Elwood et 

al, 2007). This backbone (solid line in Figure 3-2-a) was drawn through the peak 

displacements of the first cycles at each deformation step. A tri-linear backbone (dash 

line in Figure 3-2-a), was then fit to the smooth backbone for each individual test. This 

tri-linear curve which passes through the measured model parameters was constructed on 

the basis of the general aspects of the seismic behavior of C M walls. 

As previous studies suggest, for a typical C M wall, whose response is predominately 

governed by shear deformations, the wall and its confining elements work monolithically 

at the early stages of loading, and the response is linear-elastic. However, the onset of 

inclined cracks and their extension towards tie columns reduce the stiffness of the panels. 

As is evident from Figure 3-2-a, the point at which the first significant cracking occurs is 

accompanied by approximately 40% decline in the panel stiffness. This point of 

significant reduction in the effective stiffness was chosen as the cracking point of the 

analytical model which is defined by two parameters: cracking shear stress (vcr) and its 

associated drift ratio (6cr). 

Tie columns start to play a role after the cracking limit state is reached. Dowel action of 

longitudinal reinforcement, which may be augmented by proper detailing of transverse 

reinforcement, friction, and brick interlock, are the most significant contributors to the 

shear resistance of confining elements and masonry panel after cracking. As experimental 

results suggest, the maximum point of the tri-linear backbone (maximum point of the 

recorded response) is reached when the principal diagonal cracks extend through tie 

columns ends. This point represents the second limit state of the model, and can be 

captured with two parameters; the maximum shear stress (vm ( W) and the associated drift 

ratio (5max). 

Concrete crushing, buckling/rupture of column longitudinal reinforcement, and masonry 

crushing are the most important factors giving rise to the strength and stiffness 

deterioration for C M walls. The ultimate drift ratio (5U0 — the last model parameter -

was chosen as the drift ratio at 20% strength loss from the maximum measured shear, or 

at reported failure load, whichever was reached earlier. 
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In constructing the analytical model of this study, as is evident from Figure 3-2-b, the 

only alteration made to the tri-linear backbone was that the value of the maximum 

strength was kept constant up to the ultimate limit state. 

3.3 Proposed empirical equations 

3.3.1 Data interpretation and model specification 

Several graphical and analytical tools were utilized to select the design variables and to 

set the functional forms that appropriately relate them to the model parameters. The 

simplest method of visually searching for relationships between model parameters (e.g. 

cracking and maximum shear strength) and design variables (e.g. panel aspect ratio, tie 

column longitudinal and transverse reinforcement, axial stress, etc.) is to plot the 

parameters versus the variables and search for trends. The major limitation of such a 

methodology for a large database of C M specimens is that trends are often obscure and 

hard to detect due to varying loading protocols, testing procedures, and diverse panel and 

confining element variables. Such plots, in fact, only reveal trends when all variables 

other than the variable of interest are kept nearly constant. A method for separating data 

into test series with only a few changing variables was implemented by Haselton (2006), 

to develop empirical models for reinforced concrete columns. This method was employed 

in the present study to demonstrate the potentially significant variables, and to identify 

the trends. 

Figure 3-3 depicts the effectiveness of separating the data into test series with one 

dominantly changing variable. Although several models from Table 3-1 suggest that the 

shear strength is related to the amount of longitudinal reinforcement in the tie column, no 

specific trend can be observed in Figure 3-3-a. However, Figure 3-3-b, in which data with 

the same characteristics are connected with dash lines, indicates that an increase in the 

normalized longitudinal reinforcement ratio will generally result in an increase in the 

measured shear strength. 
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(a) (b) 
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Figure 3-3: (a) Obscure trend between model parameter and design variable, (b) 
The effectiveness of separating the data into groups with almost the same 
characteristics to reveal the trends 

Existing models, results of previous research, and fundamentals of C M structural 

behaviour were combined with the previously mentioned visual method to determine the 

functional form of the analytical equations. Such an iterative procedure began with 

selecting the most effective design variables, and formulating them into the simplest 

model form. Performing the first regression analysis and investigating the trends between 

the residuals (prediction errors) and design variables then assisted in improving these 

basic functional forms. 

Establishing the functional form of the equation, transforming the design variables of 

interest to fit this specified format, and running the linear regression analysis resulted in 

determination of the model coefficients. The iterative regression analysis was performed 

using the statistical software, Stata (Stata press, 2007). After arriving at detailed model 

equations, those variables whose contribution to the model was insignificant were 

eliminated, without sacrificing model accuracy. Data inspection, followed by each 

regression analysis, checking the fitness of the model (R-squared value), and 

investigating the model overall significance led to the establishment of the final empirical 

equations. 

Detailed information on the regression approach, its fundamental assumptions and the 

implemented statistical and visual tools, are given in Appendix B. To provide further 
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insight, general definitions and approaches in this appendix are supplemented with some 

specific examples from the present study. 

3.3.2 Experimental database and criteria for the removal of data 

In order to create model equations, a database of 357 C M walls was initially considered. 

Geometry and reinforcement detailing of the panels and confining elements, loading 

protocol, the level of axial stress applied to the specimens, scaling factor, recorded 

hysteretic response, damage pattern and failure mode are among the most important 

parameters included in the database. Further information on the methodology employed 

to collect the data and extract the results, the assumptions underlying the development of 

the dataset, a complete list of the test specimens, anomalies and specific characteristics of 

each data point, are given in Appendix A . 

Prior to focusing on the development of the analytical model, masonry shear strength (vm) 

was predicted on the basis of its compressive strength (fm) considering 197 diagonal 

compression and masonry compression data from additional testing programs. 

In an effort to focus on the behaviour of typical C M walls, however, specimens with the 

following characteristics were removed from the database and not considered in the 

development of the models: more than two tie columns, openings in C M walls, simplified 

reinforcement detailing of tie columns (e.g. single longitudinal rebar and spiral hoops), 

and panel reinforcement. 

Prior to the analysis, initial inspection of the specimens in terms of their characteristics 

resulted in the elimination of some additional data points. Furthermore, in the process of 

creating the model equations, some of the data points were also removed from the 

analysis where they were recognized as having the potential to skew the results of the 

regression analysis. Leverages (data points with extreme values on single or multiple 

design variables), and outliers (observations with large prediction errors) were identified 

and removed from the database i f close scrutiny of the references identified test 

anomalies. Otherwise, the data was kept to avoid any arbitrary removal. The general 

types of data removed in the process of creating the model equations are described in the 

list below: 
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Anomalies in recorded data: Specimens with any anomalies in their response curves 

for which the determination of some of the model parameters was not accurately 

possible (e.g. Specimen 117 in Figure 3-4) were taken out, either completely or for 

the deficient model parameter. The most common anomalies in the response curves 

that led to the removal of data were: local strength loss, multiple points with 20% loss 

in strength making the accurate measurement of 5ui, impossible, having a large 

plateau after yielding making the determination of 5max unreliable, and strikingly 

different response in positive and negative loading. 

• 1 1 1 1 1 1 ' 

0.2 0.4 0.6 0.8 1.0 1.2 

S(%) 
Figure 3-4: Local strength loss and multiple values for 5 uit as examples of anomalies 
that led to the removal of SP-117 for ultimate limit state (Flores et al, 2004) 

Complete similitude laws: Small scale specimens were modeled based on two 

frequently implemented rules: simple similitude and complete similitude laws. While 

the former keeps the strength characteristics of the model analogous to the prototype, 

for the latter the strain characteristics coincide. Only four specimens were scaled on 

the basis of the complete similitude laws and were not comparable with the rest of the 

data from the stress and strength perspective. As a result, these specimens were 

eliminated from the model. 

Unspecified or unclear parameters: Specimens with unspecified or unclear 

parameters were removed when these parameters appeared in equations as design 

variables. For instance, for Specimen 151 (Mercado, 2004) it was not clear whether 
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the hysteretic curve was given for the panel mid-height or the top. Therefore, the 

measured drift ratios could not be reliably used for development of the drift models. 

Unusual testing procedures: Specimens with anomalies in their testing procedure 

were left off the list when necessary. For example, specimens which were not pushed 

far enough to reach 20% loss in strength were not considered for the ultimate limit 

state. In addition, complex specimens, such as 3D subassemblies, were not used due 

to the difficulties of comparing their results to typical 2D panel tests. 

Diagonal compression loading: Load application in the diagonal direction for a small 

group of specimens, as shown in Figure 3-5, makes them sustain a predetermined 

cracking pattern. The substantial difference between the behaviour of these specimens 

and typical C M walls was also confirmed by the results from the first regression 

analysis. As a result, these data points were entirely excluded from the model 

development process. 

Figure 3-5 : Diagonal compression loading 

High axial stress: As previous studies suggest, premature masonry crushing may lead 

to the occurrence of a significantly brittle failure mode. Therefore, the level of axial 

stress applied to masonry walls should be restrained to some reasonable portion of the 

masonry compressive strength. This threshold in many of the current C M codes is 

suggested to be in the order of 0.12 fm. The response of specimens which suffer from 

premature masonry crushing is not comparable with the rest of data points. However, 
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to avoid arbitrarily data removal, such specimens were included in the first regression 

analysis, and their peculiarity resulted in their elimination. 

Large aspect ratios'. Only ten specimens with panel aspect ratio greater than 2.0 were 

included in the original database of 357 specimens, and therefore, explicit 

formulation of their model equations was not accurately possible. In fact, an increase 

in panel aspect ratio raises the contribution of flexural deformations until these 

deformations may be controlling the response. Close examination of data and the 

results of the regression analysis confirmed that these specimens exhibit bilinear 

behaviour, in contrast to the tri-linear response of typical squat C M walls. As a 

result, these data points were excluded from the regression analysis. It is also noted, 

that panels with an aspect ratio greater than 2.0 are rarely seen in C M construction. 

Low column reinforcement: Specimens with column longitudinal reinforcement ratio 

less than 1% were excluded from the final regression analysis when their responses 

were dominated by flexural failure. It is worth noting that such low reinforcement 

ratios, however, are not common in practice. 

Other specimens: C M walls with concrete units, interior tie columns, and no column 

transverse reinforcement were not considered in the development of the model. This 

is also the case for specimens with hollow clay units since they indicate substantially 

different ultimate deformation capacities compared to the rest of the specimens. 

Detailed information on the data that were not included in the final process of model 

creation, and the type of the problems that resulted in their elimination, is given in 

Appendix B. 

Following data removal, 102 specimens were considered in the development of the 

analytical model. A complete list of these data points and their most important design 

variables and model parameters are documented in Table 3-2. Owing to the lack of 

information on some design variables and model parameters, each equation, however, 

was developed on the basis of a subcategory of this dataset. The number of data points 

considered in the prediction of vcr, vmax, 6cr, 5^ and 6u[t were 80, 39, 52, 37, and 38, 

respectively. To demonstrate the variability that C M walls inherently possess, the most 
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important design variables, and their ranges/subcategories are presented in Table 3-3 for 

the specimens that were considered in the model development. 

Table 3-2: The characteristics of Data considered for model development 

I D 
L o a d i n g 

P r o t o c o l 

Unit 

T y p e 
H / L V m (MPa) f m (MPa) 6V (MPa) f c CMPa) P v c - f y v c 

(MPa) 
P h c - f y h c 

(MPa) 
V c r (MPa) ^ m a x CMPa) 6cr (%) S m a x W S u i t C%) 

6 2 R C C o 0 . 7 6 0 . 5 2 6 . 9 3 0 . 3 0 0 2 4 . 2 6 1 0 . 2 6 9 3 . 6 0 2 0.32 0 . 4 3 0.115 0 . 2 7 1 0 . 3 7 1 

7 4 R C C I 1 . 0 0 0 . 3 8 3 . 6 3 0 . 4 9 0 2 7 . 4 7 6 . 8 0 7 0 . 5 8 8 0.31 0 . 4 5 0.117 0 . 4 2 6 0 . 6 3 9 

9 9 R C C I 0 . 9 2 1 . 1 1 5 . 6 4 0 . 2 0 0 N G 1 . 0 5 6 0 . 2 3 7 0.40 0 . 4 9 0.222 0 . 3 8 2 0 . 3 9 7 

1 0 5 R C C I 1 . 2 4 1 . 5 1 2 0 . 4 0 8 2 0 8 . 2 4 4 1 . 4 8 8 0 . 6 8 0.74 0 . 0 8 6 0 . 4 6 7 0 . 7 4 6 

1 1 1 RC C I 0 . 7 0 0 . 4 4 2 . 5 5 0 . 0 0 0 N G N G N G 0.35 0 . 3 9 0.050 N G N G 

1 1 4 RC C I 0 . 7 0 0 . 4 4 2 . 5 5 0 . 0 0 0 N G N G N G 0.23 0 . 2 8 0.105 0 . 2 5 3 0 . 5 9 9 

1 1 5 RC C I 0 . 7 0 0 . 4 4 2 . 5 5 0 . 0 0 0 N G N G N G 0.14 0 . 1 6 0.171 0 . 2 7 4 0 . 8 0 0 

1 1 7 RC C I 0 7 0 0 . 8 8 1 2 . 7 5 0 . 0 0 0 N G N G N G 0.29 0 . 3 2 0.160 0 . 2 3 7 N G 

1 3 1 M C o 0 . 8 1 0 . 2 4 2 . 4 4 0 . 3 4 3 1 3 . 8 3 5 . 1 3 5 0 . 7 4 6 0.21 0.26 0 . 0 4 4 0 . 1 5 2 0 . 1 7 6 

1 3 2 M C o 0 . 8 1 0 . 2 4 2 . 4 4 0 . 3 4 3 1 3 . 8 3 5 . 1 3 5 0 . 7 4 6 0.33 0.42 0 . 0 4 1 0 . 1 6 3 0 . 1 7 8 

1 3 5 R C C I 0 . 6 1 0 . 5 5 6 . 8 9 0 . 0 0 0 2 3 . 9 6 . 2 0 5 1 . 4 8 8 0.29 0.32 0.118 0 . 5 3 5 1 . 1 3 2 

1 3 6 R C C I 0 . 6 1 0 . 5 5 6 . 8 9 0 . 0 0 0 2 3 . 9 6 . 2 0 5 1 . 4 8 8 0.25 0.30 0.070 0 . 6 3 4 1 . 0 3 0 

1 3 7 R C C o 0 . 6 2 0 . 4 9 6 . 0 4 0 . 0 0 0 2 3 . 9 6 . 2 0 5 1 . 4 8 8 N G 0.23 N G 0 . 2 3 1 1 . 1 6 8 

1 3 8 R C C o 0 . 6 2 0 . 4 9 6 . 0 4 0 . 0 0 0 2 3 . 9 6 . 2 0 5 1 . 4 8 8 0.13 0.25 N G 0 . 3 7 8 1 . 0 6 5 

1 5 5 RC C o 0 . 9 6 0 . 5 7 1 0 . 3 3 0 . 0 0 0 2 9 . 4 3 1 0 . 8 8 5 0 . 0 0 0 0.24 0.35 0 . 2 2 5 0 . 4 2 8 N G 

1 5 6 RC C o 0 . 9 6 0 . 5 7 1 4 . 2 8 0 . 2 3 3 1 4 . 7 2 1 0 . 8 8 5 0 . 0 0 0 0.31 0.44 0.070 0 . 2 6 0 N G 

1 5 8 RC C o • 0 . 9 6 0 . 5 7 1 4 . 2 8 0 . 0 0 0 1 9 . 6 2 1 0 . 8 8 5 0 . 9 2 5 0.23 0.38 0 . 2 4 3 0 . 3 4 8 N G 

1 6 0 RC C o 0 . 9 6 0 . 5 7 1 4 . 2 8 0 . 3 5 0 1 4 . 7 2 1 . 9 6 0 0 . 0 0 0 0.29 0 . 3 7 0 . 2 4 5 0 . 5 2 3 N G 

1 6 1 RC C o 0 . 9 6 0 . 5 7 1 4 . 2 8 0 . 0 0 0 1 4 . 7 2 1 . 9 6 0 0 . 0 0 0 0.25 0 . 4 7 0.114 0 . 3 1 6 N G 

1 6 2 RC C o 0 . 9 6 0 . 5 7 1 4 . 2 8 0 . 3 5 0 1 4 . 7 2 1 . 9 6 0 0 . 0 0 0 0.40 0 . 6 2 0 . 2 1 7 0 . 3 3 5 N G 

1 6 5 M C o 1 . 0 0 0 . 5 7 1 8 . 0 7 0 . 0 0 0 2 9 . 3 3 1 0 . 8 8 5 0 . 0 0 0 0.26 0.53 0 . 1 1 8 ' 0 . 4 0 1 0 . 6 1 6 

1 6 6 M C o 1 . 0 0 0 . 5 7 1 8 . 0 7 0 . 0 0 0 4 1 . 2 1 . 9 6 0 0 . 0 0 0 0.20 " 0 . 2 8 0 . 3 4 7 0.865 0.962 

1 6 7 M C o 1 . 0 0 0 . 5 7 1 8 . 0 7 0 . 0 0 0 2 9 . 7 2 3 . 4 8 1 0 . 0 0 0 0.24 0 . 4 1 0 . 0 7 6 0 . 4 8 2 0 . 5 3 0 

1 6 8 M C o 1 . 0 0 0 . 5 7 1 8 . 0 7 0 . 1 6 4 3 3 . 0 6 1 0 . 8 8 5 0 . 0 0 0 0.36 0.49 0 . 0 8 9 0.284 0.372 

1 6 9 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 3 2 7 1 3 . 3 4 1 0 . 8 8 5 0 . 0 0 0 0.43 0 . 7 9 0 . 1 8 6 0.500 0.633 

1 7 0 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 6 5 4 1 5 . 8 9 1 0 . 8 8 5 0 . 0 0 0 0.56 0 . 9 5 0 . 2 1 5 0 . 4 9 7 0 . 5 7 7 

1 7 1 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 1 8 . 8 4 1 0 . 8 8 5 0 . 0 0 0 0.20 0.45 0 . 2 0 3 0.317 0.795 

1 7 3 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 8 . 1 4 6 . 9 6 2 0 . 0 0 0 0.40 0.43 0 . 2 1 9 0.334 0.512 

1 7 5 M C o 1 . 0 0 . 0 . 5 7 2 5 . 3 0 . 9 8 1 1 4 . 5 2 1 0 . 8 8 5 0 . 0 0 0 0.60 1 . 1 2 0 . 1 4 7 0.524 0.524 

1 7 6 M C o 1 . 0 0 0 5 7 2 5 . 3 0 . 3 2 7 1 3 . 3 4 1 . 9 6 0 0 . 0 0 0 0.37 0 . 4 7 0 . 3 7 5 0.647 0.767 

1 7 7 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 6 5 4 1 6 . 4 8 1 . 9 6 0 0 . 0 0 0 0.55 0 . 7 0 0 . 4 0 2 0 . 8 7 9 1 . 0 9 4 

1 8 1 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 1 2 . 9 5 1 . 9 6 0 0 . 0 0 0 0.19 0 . 2 8 0 . 1 6 5 0 . 5 3 0 0 . 6 3 2 

1 8 2 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 1 5 . 7 9 3 . 4 8 1 0 . 0 0 0 0.29 0 . 3 6 0 . 3 1 8 0 . 8 9 7 N G 

1 8 3 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 1 2 . 2 6 1 0 . 8 8 5 0 . 0 0 0 0.28 0 . 6 1 0 . 1 4 8 0 . 5 5 5 0 . 5 8 3 

1 8 4 M C o 1 . 0 0 0 . 5 7 2 5 . 3 0 . 0 0 0 2 1 . 4 8 1 0 . 8 8 5 0 . 0 0 0 N G 0.31 N G 0.543 0.844 

1 8 5 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 0 0 0 1 9 . 2 3 3 . 4 9 9 0 . 0 0 0 0.11 0 . 1 2 0.138 0 . 2 8 5 0 . 9 6 6 

1 8 6 • M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 0 0 0 3 2 . 7 7 1 9 . 4 2 9 0 . 0 0 0 0.16 0 . 2 4 0.053 0 . 2 2 0 0 . 8 9 8 

1 8 7 M C I 1 . 0 0 0 . 3 3 2 2 9 4 0 . 0 0 0 1 7 . 3 6 1 9 . 4 2 9 0 . 0 0 0 0.22 0.28 0.107 0 . 3 2 0 0 . 9 1 1 

1 8 8 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 6 1 3 1 5 . 3 1 9 . 4 2 9 0 . 0 0 0 0.45 0.52 0.160 0.266 0.449 

1 8 9 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 1 . 2 2 6 1 2 . 5 6 1 9 . 4 2 9 0 . 0 0 0 0 . 4 9 0.80 0 . 1 6 0 0 . 3 4 5 0.400 

1 9 0 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 0 0 0 1 4 . 7 2 9 . 7 1 5 0 . 0 0 0 0.18 0.21 N G 0 . 4 4 8 0 . 5 8 3 

1 9 1 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 6 1 3 1 3 . 8 3 3 . 4 9 9 0 . 0 0 0 0 . 5 4 0 . 6 5 0 . 2 7 4 0.398 0.583 

1 9 4 M C I 1 . 0 0 0 . 3 3 2 2 . 9 4 0 . 0 0 0 2 1 . 5 8 1 9 . 4 2 9 0 . 0 0 0 0.29 0 . 3 3 0.122 0 . 2 8 0 N G 

1 9 5 M C I 1 . 0 0 0 . 6 9 1 0 . 0 1 0 . 0 0 0 1 0 . 2 2 0 . 2 8 9 0 . 9 3 1 0.10 0.24 0.088 0.295 0.582 

1 9 6 M C I 1 . 0 0 0 . 6 9 1 0 . 0 1 0 . 2 8 6 1 5 . 6 2 0 . 2 8 9 0 . 9 3 1 0.47 0.55 0.234 0 . 8 5 6 1 . 3 2 1 

1 9 7 M C I 1 . 0 0 0 . 6 9 1 0 . 0 1 0 . 0 0 0 2 3 . 2 5 1 7 . 8 1 2 0 . 5 4 4 0.26 0.45 0.111 1 . 3 4 0 1 . 4 9 7 
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Table 3-2 (Cont.) 

I D 
L o a d i n g 

P r o t o c o l 

U n i t 

T y p e 
H / L V m (MPa) f m (MPa) 6V (MPa) f ' c (MPa) P v c f y v c 

rMPal 
P h c ! y h c 

rMPal 
V c r (MPa) ' m a x (MPa) 5CR (%) 5 m a x W 6 U it ( % ) 

1 9 9 R C C l 1 . 0 4 0 . 6 9 1 0 . 0 1 0 . 0 0 0 1 4 . 7 2 1 1 . 8 3 5 0 . 5 4 4 0.13 0.17 0 . 0 7 2 0 . 1 3 9 N G 

2 0 0 R C C l 1 . 0 4 0 . 6 9 1 0 . 0 1 0 . 4 7 2 1 4 . 7 2 1 1 . 8 3 5 0 . 5 4 4 0.34 0.37 0 . 3 9 7 0 . 5 6 8 N G 

2 1 9 R C C o 3 . 1 3 0 . 5 3 3 . 4 6 0 . 2 4 5 1 9 . 1 1 5 . 9 9 8 1 . 4 5 8 0 . 2 0 0.21 0 . 2 8 7 0 . 3 4 5 N G 

2 2 0 R C C o 2 . 0 8 0 . 4 3 3 . 6 0 0 . 2 4 5 1 9 . 1 1 5 . 9 9 8 1 . 4 5 8 0 . 1 5 0.24 0.105 0 . 2 8 5 N G 

2 2 3 R C C o 3 . 1 3 0 . 4 8 3 . 1 6 0 . 1 2 3 1 8 . 2 3 5 . 9 9 8 1 . 4 5 8 0 . 1 6 0.22 0.117 0 . 2 7 7 N G 

2 2 4 R C C o 2 . 0 8 0 . 7 1 3 . 1 3 0 . 1 2 3 1 8 . 2 3 5 . 9 9 8 1 . 4 5 8 0 . 1 9 0.28 0.107 0 . 6 7 5 N G 

2 2 5 R C C o 1 . 0 0 0 . 4 7 5 . 1 9 0 . 3 6 1 N G 5 . 9 9 8 1 . 6 1 9 0.23 0 . 3 7 N G 0 . 4 2 4 N G 

2 2 6 R C C o 1 . 0 0 0 . 5 6 4 . 3 1 0 . 3 6 1 N G 5 . 9 9 8 1 . 6 1 9 0.29 0 . 3 3 0.175 0 . 2 9 6 N G 

2 2 7 R C C o 1 . 0 0 0 . 3 3 3 . 0 6 0 . 3 6 1 N G 5 . 9 9 8 1 . 6 1 9 0.28 0 . 3 7 0.142 0 . 4 5 4 N G 

2 2 8 R C C o 1 . 0 0 0 . 5 1 2 . 7 2 0 . 3 6 1 N G 5 . 9 9 8 1 . 6 1 9 0.29 0 . 4 0 0.203 0 . 5 5 4 N G 

2 2 9 R C C l 1 . 0 0 0 . 3 8 5 . 1 3 0 . 0 0 0 N G 1 1 . 8 3 5 1 . 6 6 0 0.19 0 . 2 7 0.106 0.975 0.975 

2 3 5 R C C l 1 . 0 0 0 . 3 8 5 . 1 3 0 . 0 0 0 N G 1 2 . 4 2 7 3 . 5 0 0 0.22 0 . 2 2 0.074 N G 1.229 

2 3 8 R C C o 1 . 0 0 0 . 3 7 4 . 0 5 0 . 0 0 0 N G 6 . 4 9 8 0 . 0 0 0 0.18 0 . 2 8 0.063 0 . 7 6 1 1 . 0 2 7 

2 3 9 R C C o 1 . 0 0 0 . 3 7 4 . 0 5 0 . 0 0 0 N G 1 4 . 7 2 8 1 . 7 4 7 0.21 0 . 2 2 0.075 0 . 2 5 0 0 . 3 7 2 

2 5 0 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 5 . 9 3 3 0 . 5 5 1 0.34 8.43 0.087 0.383 0.445 

2 5 1 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 5 . 9 3 3 0 . 5 5 1 0.29 0.44 0.098 0.334 0.502 

2 5 2 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 5 . 9 3 3 0 . 5 5 1 0.3S 0 . 5 4 8.060 0.336 0.502 

2 5 3 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 5 . 9 3 3 0 . 5 5 1 0.41 0.50 0.075 0.292 0.443 

2 5 4 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 4 . 2 8 8 0 . 7 9 4 0.42 0.46 0.099 0.252 0.494 

2 5 5 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 4 . 2 8 8 0 . 7 9 4 0.41 0.46 0.082 0.158 0.362 

2 5 6 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 4 . 2 8 8 0 . 7 9 4 0.44 0.47 0.070 0.208 0.473 

2 5 7 R C C o 0 . 9 7 0 . 4 2 5 . 2 5 0 . 5 4 9 2 3 . 0 5 4 . 2 8 8 0 . 8 0 1 0.45 0.45 8.183 8.183 0.407 

2 6 5 R C C r 1 . 0 0 1 . 0 8 " 1 4 . 0 3 0 . 0 0 0 2 3 . 6 9 N G N G 0.34 0 . 4 2 0.125 0.292 0.655 

2 6 6 R C C r 1 . 0 0 1 . 0 8 1 4 . 0 3 0 . 0 0 0 2 4 . 8 8 N G N G 0.35 0 . 5 6 8.118 8.292 0.580 

2 9 3 R C C o 1 . 0 0 0 . 7 2 9 . 3 4 0 . 4 3 0 N G N G N G 0.37 0 . 5 7 0 . 2 6 0 0 . 5 0 6 N G 

2 9 4 R C C o 1 . 0 0 0 . 7 1 1 2 . 6 5 0 . 4 3 0 N G N G N G 0.43 0 . 5 4 N G 0 . 4 9 0 N G 

2 9 5 R C C o 1 . 0 0 0 . 7 4 1 5 . 5 2 0 . 4 3 0 N G N G N G 0.34 0 . 4 9 0.130 0 . 4 0 8 N G 

2 9 6 R C C o 1 . 0 0 0 . 7 4 1 5 . 5 2 0 . 0 0 0 N G N G N G 0.19 0 . 4 5 0.130 0 . 5 5 8 N G 

2 9 7 R C C l 1 . 0 0 0 . 9 8 . 2 9 0 . 0 0 0 N G N G N G 0.48 0 . 6 4 N G N G 0.833 

3 0 1 R C C l 1 . 0 7 0 . 8 6 . 8 6 0 . 9 0 7 N G N G N G 0 . 7 5 0 . 8 3 N G N G 0.543 

3 0 4 R C C l 1 . 0 0 1 . 0 6 7 . 6 6 0 . 0 0 0 N G N G N G 0.46 0 . 6 0 N G N G N G 

3 0 5 R C C l 1 . 0 0 0 . 9 8 7 . 7 7 0 . 0 0 0 N G N G N G 0.48 0 . 6 4 N G N G N G 

3 0 6 R C C l 1 . 0 0 1 . 0 9 1 0 . 0 7 0 . 0 0 0 N G N G ' N G 0.56 0 . 6 8 N G N G N G 

3 0 7 R C C l 1 . 0 0 1 . 0 7 9 . 4 2 0 . 0 0 0 N G N G N G 0.50 0 . 6 6 N G N G N G 

3 0 8 R C C o 0 . 7 4 0 . 7 8 7 . 8 5 0 . 0 0 0 3 6 . 7 5 . 7 3 6 3 . 5 7 3 N G N G N G 8.198 0.310 

3 1 3 R C C o 0 . 9 7 0 . 7 8 7 . 8 5 0 . 8 2 0 3 6 . 7 1 0 . 1 8 6 3 . 5 7 3 N G N G N G 0.425 0.450 

3 1 7 R C C r 1 . 0 0 0 . 7 8 1 1 . 9 6 0 . 0 0 0 N G N G N G 0.35 N G 0.150 0 . 3 1 9 N G 

3 1 8 R C C r 1 . 0 0 0 . 7 8 1 1 . 9 6 0 . 2 4 0 N G N G N G 0.54 N G 0 . 3 8 1 0 . 4 1 0 N G 

3 1 9 R C C r 1 . 0 0 0 . 7 8 1 1 . 9 6 0 . 4 8 0 N G N G N G 0.48 N G 0.186 0 . 1 8 9 N G 

3 2 0 R C C r 1 . 0 0 0 . 7 8 1 1 . 9 6 0 . 4 8 0 N G N G N G 0.44 N G 8.107 0 . 1 4 7 N G 

3 2 1 R C C r 1 . 0 0 0 . 7 8 1 1 . 9 6 0 . 4 8 0 N G N G N G 0.57 N G 8.135 0 . 1 5 5 N G 

3 2 2 R C C r 1 . 0 0 0 . 2 4 2 . 4 1 0 . 0 0 0 N G N G N G 0.13 N G 0.067 0 . 2 1 2 N G 

3 2 6 R C C r 1 . 0 0 0 . 2 4 2 . 4 1 0 . 2 2 0 N G N G N G 0.26 N G N G 0 . 5 3 1 N G 

E D = 

B o l e 

= I d e n t i f i e s 

i n u m b e r s 

t i o n n u r r i 

r e f e r t o n 

> e r , R C 

l e a s u r e c 

= R e v e r s e d C y c l i c , M = M o n o t o n i c , C o = C o n c r e t e , C r = C e r a m i c , C l = C l a y , N G = N o t G i v e n , 

m o d e l p a r a m e t e r s t h a t w e r e c o n s i d e r e d i n t h e d e v e l o p m e n t o f m o d e l e q u a t i o n s a t e a c h l i m i t s t a t e . 

45 



Chapter 3: Performance-based seismic models for confined masonry wall 

Table 3-3: Important CM design variables considered in model development 

Important 
parameters 

Range or 
subcategories 

Important 
parameters 

Range or 
subcategories 

Loading Protocol 
Monotonic fm (MPa) 2.25—25 

Loading Protocol 
Reversed cyclic 6V (MPa) 0—1 

Unit Type 

Industrialized solid A (MPa) 8.14 — 41.20 

Unit Type 
Handmade solid vm (MPa) 0.25-1.1 

Unit Type 
Hollow 

Tie Column type 
* Exterior 

Unit Type 

Multi-perforated 
Tie Column type 

Interior 

Unit Material 

Concrete 
# column 

longitudinal bars 
2 — 6 

Unit Material Clay Pvc-fyvc (MPa) 1.06 — 20.20 Unit Material 

Ceramic PhcfyhciMPa) 0 — 4.70 

H/L 0.6 — 2 Failure Mode Shear 

* Exterior tie columns refer to reinforced concrete columns cast against masonry, whereas, 
the interior tie columns are grouted reinforced hollow blocks. 

3.3.3 Prediction of masonry shear cracking strength using fm 

To predict masonry shear strength on the basis of its compressive strength, a simple 

regression analysis was performed and Equation 3-1 was derived. Prediction of vm on the 

basis offm is useful from a design perspective, since compressive strength of masonry, 

not its shear strength, is normally specified in design. 

vm=0.184 - ^ / m (Equation 3-1) 

Appearance of y]~f^ in this equation could be taken as an indictor that masonry shear 

strength is dominantly controlled by its tensile strength. Equation 3-1 predicts the mean 

shear strength with a coefficient of determination, R 2 , equal to 0.89. While the proposed 

equation does capture the general trend of increasing shear strength with increasing 

masonry compressive strength, Figure 3-6 indicates there is still considerable scatter in 

the data. 
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Figure 3-6: The ability of the proposed equation to predict vm 

In the development of the analytical model Equation 3-1 was not used to predict vm where 

masonry shear strength was not reported from compression diagonal tests. However, for 

the specimens that were considered in the model creation the predicted and measured 

masonry shear strengths were compared not to be substantially different. 

3.3.4 Equations for shear cracking strength 

3.3.4.1 Equation development 

As noted in Chapter 2, C M cracking shear strength (vc r) is governed by panel 

characteristics, whereas tie column contribution in this linear-elastic portion is almost 

negligible. On the basis of existing models, visual trends, and formulation of the linear 

elastic behaviour (idealizing masonry panel as a cantilever shear beam for nearly squat 

walls (Appendix C)), design variables were selected and functional form of the equation 

determined. Since slender panels comprise only a small portion of the database, Equation 

3-2 was developed only for walls with aspect ratios equal to or less than 1.2 

vcr = Min(0.424-vm + 0.374-av ,vm) (Equation 3-2) 

As statistical measures indicate, vm and crv contribute equally to this equation, and 

therefore, both masonry shear strength and axial load are of paramount importance to the 

strength characteristics of C M walls at the cracking limit state. Figure 3-7 compares vcr 
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with these two design variables and the capability of the proposed equation to simulate 

the observed behaviour of C M walls. 

1.5 

0.5 J 

Eqn3-2 

0.0 0.2 
- i r 

0.4 0.6 
cv(MPd) 

0.8 
0.0 0.5 1.0 

vm(MPa> 
1.5 

0.0 0.2 0.4 0.6 0.8 1.0 

Figure 3-7 : Fitness of the proposed model to the experimental data 

3.3.4.2 Comparison with existing models 

As is apparent from Table 3-1, the proposed equation to predict vcr is quite similar to the 

existing cracking models in its form and constituent variables. However, among these 

models, M88 was originally developed for R M , and as is illustrated in Figure 3-8-a, 

greatly overestimates the shear cracking strength of C M walls. The other two equations 

for the cracking shear strength (CC97 and MAT94), on the other hand, are highly 

conservative, and as shown in Table 3-4, are not appropriate for design purposes. 

48 



Chapter 3: Performance-based seismic models for confined masonry wall 

(a) (b) 

Figure 3-8: Ability of the proposed equation and existing models to predict vcr 

Since 4 of the 7 existing models for maximum shear strength rely only on panel 

characteristics (Table 3-1), they were compared with the proposed cracking shear 

equation of this study. While MC04 slightly departs from the proposed equation, CC93 

and PC98 (Figure 3-8-b) closely match both experimental data and the developed model. 

However, PC98 is superior, in that it takes into account the effect of panel aspect ratio, 

and may be reliably used for slender C M walls. 

Among the remainder of the models listed in Table 3-4, AC83 with much higher vm 

coefficient, and AIJ99, MC06, and TC07 which incorporate the confinement effects of tie 

columns in their equations, fail to properly predict vcr. 
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Table 3-4: Comparison between existing models and actual response of CM walls 

Notations Vcr(exp)/ Vcr (ca!) V mwc(exp) f Vmax (cd) References 

Vcr-proposed 1.05 — — 

0.51 Matsurnura, 1988 

Vcr-CC97 2.24 _ INN, 1997 

Vcr-MAm 2.52 Moroni et.al, 1994 

Vmax-proposed — 1.00 — 

0.97 1.39 NTC-M, 2004 
1.05 1.27 INN, 1993 

Vrrm^AU99 — 0.96 AU,1999 

Vmnx-PC$3 1.01 1.29 E-070, 19 9 8 

0.75 Marinilli and Castilla, 
Vma*-MC06 0.75 2006 
Vmax-ACSS 0.83 0.97 Inspres Cirsoc, 1983 

n CQ Tomazevic and 
U . b y Klemence, 1997 

3.3.4.3 The effect of openings 

Openings are believed to adversely affect the seismic performance of C M walls, and 

therefore, their size, location, and number in addition to their confinement detailing, have 

recently received considerable attention (Ishibashi et al, 1992; Yanez, et al, 2004; and 

Flores et al, 2004). These specimens, however, comprise only a small portion of the 

database. Keeping the size of the opening as the only varying factor between typical C M 

walls and those with openings, resulted in consideration of only 14 specimens tested by 

Yafiez et al (2004) to assess the opening effects. 

To identify the effect of openings, a plot of vcr versus B (the ratio of the opening area to 

HL) was drawn and a linear relationship was fitted to the experimental data. As Figure 3-

9 illustrates, an increase in the size of openings results in a relatively sharp decline in the 

cracking shear strength of the intact specimen with the same panel and confining element 

characteristics. Being developed on the basis of only a few specimens, Equation 3-4 has 

its own limitations, and therefore, should be utilized with caution. 
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vcr{/3 * 6) 

v 
= -2.2- J3+ 1 (Equation 3-4) 

cr 

vcr should be determined on the basis of Equation 3-2. 

Figure 3-9: The effect of openings on cracking shear strength of CM walls 

3.3.5 Equations for maximum shear strength 

3.3.5.1 Equation development 

The database results indicate that the maximum shear strength is, on average, 1.3 times 

the cracking strength of the panels, suggesting that the post-cracking contribution of tie 

columns to the seismic performance of C M walls is of significance. However, only a few 

existing models (MC06, AIJ99, and TK97) rely on such column design variables as 

longitudinal reinforcement ratio, concrete compressive strength and the number of tie 

columns in order to predict the maximum shear capacity of C M walls. These studies, as 

was noted in Chapter 2, attribute the effect of tie columns to dowel action of longitudinal 

reinforcement, which is augmented by the proper detailing of transverse reinforcement. 

As a result, both panel characteristics (vm, and <rv) and tie column design variables 

(Pvc-fyvc, Phcfyhc, and fc), along with the type of masonry units (clay, concrete and 

ceramic), were considered in the prediction of the maximum shear strength of C M walls. 

In fact, when the maximum shear strength is attained for a C M wall, cracks will develop 

in the tie columns at the ends of the diagonal compression strut (see Figure 2-2). Shear 

forces must be transferred across these cracks and can be appropriately modeled by shear 
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friction. Loov et al (1994) proposed that shear friction may be represented by two 

components: C, + C 2 yja f'c . In this model, a — the normal stress acting on the crack - is 

primarily influenced by column longitudinal reinforcement, and to a lesser degree by 

transverse reinforcement detailing (Loov et al, 1994). Hence, a term in the form of 

Q yJPvcfyvcfc
 w a s considered in the development of the maximum shear strength model 

to reflect the effect of tie columns. Note that, the cohesion term (i.e. Cj) was found to be 

insignificant for the formulation of the maximum shear strength for C M walls, and hence, 

was eliminated without sacrificing the model accuracy. 

Unit type and tie column transverse reinforcement, based on statistical tests and the 

results of regression analysis, also proved insignificant and were therefore excluded from 

the process at an early stage. Furthermore, improvement of the model statistical 

significance using the functional form of the equation proposed by Loov et al (1994) 

demonstrated the accuracy of considering the effect of tie columns through shear friction. 

Running the regression analysis for panels with aspect ratios equal to or less 1.2 resulted 

in Equation 3-5 for the maximum shear capacity of C M walls. 

v — 0 21-v + 0 363-CJ +0 0141- fo -7* ~^~F > v (Equation3-5) 
v m a x U Z I V

M ^ U J U J VVTV.UI<U v v c J y v C J c - ycr 

Maximum shear strength from this equation should always be equal to or greater than the 

cracking shear strength determined from Equation 3-2. No specific trend with transverse 

reinforcement is evident from Figure 3-10, used to show the ability of the proposed 

model, thus supporting the exclusion of transverse reinforcement from Equation 3-5. 
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Figure 3-10: Fitness of the proposed model to the experimental data 

Based on statistical measures, axial stress is the most significant variable in this equation, 

followed by the term that accounts for the contribution of tie columns. However, the 

contribution of panel shear strength, vm, to maximum shear capacity is minimal compared 

to other variables. 

3.3.5.2 . Comparison with existing equations 

MC06, AIJ99, and TK97 are the only existing models that consider column design 

variables to predict the maximum shear strength of C M walls (Table 3-1). As shown in 

Figure 3-11, however, these models fail to match the experimental results closely, and are 

therefore incapable of simulating the actual response at this limit state. As is apparent 

from this figure, in spite of being very similar in its formulation to the empirical model of 

this study, TK97 overestimates the contribution of tie columns by over three times. This 

could be attributed to the fact that this model was developed on the basis of a few 

experimental tests that were scaled using complete similitude laws, and, as noted 

previously, these specimens exhibited different response characteristics compared to 

other panels in the database. 
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Figure 3-11: Comparison between the proposed and existing models to predict vmax 

As shown in Table 3-4 and Figure 3-11, AC83, despite not considering column design 

variables, on average, provides a good estimate of the maximum shear capacity of C M 

walls. However, accentuating the contribution of panel shear strength which, compared to 

other variables, is minimal at this stage, may be considered its weakness. The effect of tie 

columns should have been incorporated in axial stress, i f simplicity were the goal. 

3.3.6 The effect of panel aspect ratio on strength characteristics 

Assuming C M walls as homogeneous cantilever beams which behave linearly up to 

cracking limit state, and considering the relationship that most of the masonry codes 

assume between masonry elastic modulus and its compressive strength (Em is 

proportional Xofm

c) Equation 3-3 was derived as follows: 

c 
Vcr = kcrAcr Kcr ~ Pi 'Kint m 

Kint -
w 

V 7 

w 
+ 
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Srr'fl cr Jm 
vcr = 

r 

\ 

+ 1 

(Equation 3-3) 

The term in the denominator of this equation accounts for the panel stiffness and y and 63 

are constants. 

For typical C M walls whose response is dominated by shear deformations, the first term 

in the stiffness equation which accounts for the contribution of flexural deformations may 

be ignored. Therefore, panel aspect ratio appears insignificant for squat C M walls with 

aspect rations close to one. This is also confirmed by the results of the regression 

analysis, where H/L appears insignificant to the cracking shear strength model for C M 

walls with H/L<12. However, as panel aspect ratio increases, the contribution of flexural 

deformations, and in turn, panel aspect ratio to the response becomes more significant, 

and for really slender walls this type of deformation would control the response. As a 

result, the term indicative of the role of aspect ratio in Equation 3-3 should be considered 

for slender panels to come up with accurate cracking and maximum shear strength 

models. 

In order to incorporate the effect of panel aspect ratio into cracking and maximum shear 

strength equations, fundamentals of the C M behaviour for slender walls discussed above, 

and previous models were consulted. The coefficient a which is multiplied by vm in 

Equation 3-2 and 3-5 was determined on the basis of a few data points since slender C M 

walls comprise only a small portion of the database. 

Although a is utilized consistently to reflect the effect of panel aspect ration in both 

cracking and maximum shear strength models, the significance of H/L to Equation 3-5 is 

far less simply because it is multiplied by a smaller factor. 

Being only developed on the basis of a few experimental tests (7 specimens altogether), 

this coefficient should be utilized with caution for C M walls with aspect ratios greater 

than 1.5 and its accuracy should be improved by conducting more experimental tests. 

However, such slender walls are not commonly used in C M practice. 

a = 
H L H H 

J.5<T<2 
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3.3.7 Equation development for drift capacity at cracking limit state 

Idealization of typical C M walls as cantilever shear beams, assuming a linear relationship 

between cracking shear capacity and its corresponding drift ratio (Appendix C), and 

comparison between various design variables all assisted in the formulation of cracking 

drift capacity equation, for which no previous model existed. Shear modulus of masonry 

(Gm), as was noted in the previous section, could be related to its elastic modulus (Em) 

assuming masonry as an approximately homogeneous material prior to cracking. Elastic 

modulus, however, in many masonry codes and regulations is proportioned to its 

compressive strength. As a result, fm and unit material — clay, concrete and ceramic -

were initially selected as representatives of the masonry shear modulus, and vcr (from 

Equation 3-2), composed of three independent variables itself, was chosen as the third 

contributing design variable. The presence of a clear trend in the plot of residuals versus 

the predictor variable after the first regression analysis, however, resulted in an square 

root transformation of fm . The type of unit materials, also proved significant, and was 

therefore included in the final formulation of the model (Equation 3-6). 

^ 1.128,clay ^ 

0.717, concrete 

V 0.949, ceramic J 

vcr (Equation 3-6) 

vcr and fm should be incorporated in MPa in this equation. 

Due to the lack of data for slender walls, Equation 3-6 was also developed for panels with 

aspect ratios less than 1.2. The number of specimens included in the model was 18, 23, 

and 11 for clay, concrete and ceramic units respectively, and their corresponding R were 

0.811,0.887, and 0.936. 

The value of y for clay units, which are believed to possess the most ductile behaviour 

among considered unit materials, seems reasonable. However, since ceramic is generally 

more brittle than concrete, one may expect the gamma for ceramic to be lower. This 

discrepancy may be related to the number of ceramic specimens available to develop the 

model, and therefore, more experimental tests of C M walls made of these units may be 

required. 
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3.3.8 Equation development for ultimate drift capacity of C M walls 

Lack of empirical/analytical models for predicting the deformation capacity of C M walls, 

nonlinearity, and contribution of both panel and tie column design variables to the 

ultimate drift capacity, made variable selection and model specification very difficult at 

the ultimate limit state. However, since shear strength degradation is mainly ascribed to 

concrete and masonry crushing, and rebar rupture/buckling, concrete compressive 

strength (fc), both column longitudinal and transverse reinforcement (pVc-fyvc, Phc-fyhc), and 

axial stress to masonry compressive strength ratio (cy^,) were initially considered as 

significant variables. The dependence of stiffness degradation on unit materials, as was 

noted in the calculation of Scr, also resulted in the inclusion of this variable in the 

development of the model. 

The yield drift capacity (Sy) defined by cracking stiffness and maximum shear capacity 

(Figure 3-2-b) was multiplied by a ductility factor (/J) to determine the ultimate drift 

capacity of C M walls. In fact, Sy was first determined by substituting vmax for vcr in 

Equation 3-6. A l l that remained therefore was to determine the ductility factor. 

Selecting vmax from Equation 3-5 (which reflects the influence of vm, <rv, pvc-fyvc and/ c ) on 

the basis of an iterative process, and including unit material in the calculation of Sy, 

column transverse reinforcement remained the only variable to be considered. This 

design variable, however, appeared insignificant to the model, and as depicted in Figure 

3-12, even after separating the data into groups with almost the same characteristics, the 

trend in the plot remained highly obscure. Therefore, column transverse reinforcement 

was excluded from the final model (Equation 3-7). 

max 0.5 
+ 1.3< 6 (Equation 3-7) 

2 
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Figure 3-12: Lack of distinct relationship between // and p AC^AC 

Equation 3-7 was likewise developed for specimens with H/L = 1.2. Furthermore, 

removal of outliers resulted in only two specimens with ceramic units remaining, and 

therefore, the model should not be applied to C M walls with ceramic units. 

Figure 3-13 illustrates the measured ductility factor as a function of vmax (from Equation 

3-5). The value of p. is recommended to be cut off at 6, since only limited data is available 

above this limit and ductility demands larger than 6 are expected to result in excessively 

large diagonal cracks in C M walls which may impact the integrity of the panel. 
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Figure 3-13: The capability of the proposed equation to predict the ductility factor 

Despite inclusion of all potentially important predictors, individually or in combination 

with other variables, and verification of the model specification and its statistical 
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significance, the presence of a constant in the estimation of the ductility which appears 

statistically significant to the model, could be taken as an indicator of unknown variables 

that are contributing to the response. This constant may also be interpreted as implying 

that typical C M walls, regardless of the reinforcement detailing of their tie columns, have 

an intrinsic ductility of approximately 1.8. Further research is required to assess the 

contribution of other design variables and the minimum ductility achieved by C M walls. 

The expected ductility factors for different unit materials are presented in Table 3-5. 

Hollow clay units, in general, indicate higher than normal ductility factors compared to 

the values of this table, and therefore, Equation 3-7 should be utilized for such specimens 

with caution. This could be attributed to the elimination of specimens with hollow clay 

units, interior tie columns and p h c - 0 from the process of model development. 

Table 3-5 : Mean ductility factor for different unit materials 

Unit Material U, avg ± 

Clay 2.90 ± 1.20* 
Concrete 3.60 ± 0.40 
Ceramic NG 

* use with caution for hol low clay bricks 

3.3.9 Prediction of drift capacity at maximum limit state 

Determination of maximum shear strength on the basis of recorded response curves was a 

relatively easy task. However, such problems as local strength loss, and the presence of a 

plateau in the force-deformation response after yielding point made it difficult to 

determine the drift ratio at maximum strength with acceptable accuracy. In addition, this 

parameter, in spite of its necessity for constructing the analytical backbone curve, is not 

of paramount importance from a performance-based design perspective. In fact, as the 

database results indicate, <!w might fall anywhere between the cracking and ultimate 

drift ratios. 

Considering all these issues, drift capacity at maximum limit state was determined as a 

portion of the ultimate drift capacity of C M walls. To achieve this, the empirical model 

for Suit was first proposed (Equation 3-7), in order to identify the outliers and deficient 
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data points. Considering 37 specimens, mean and standard deviation of Sma/Suit were 

found to be 0.653 and 0.203 respectively. Since tighter limits might be sought in practice, 

the lognormal distribution of Smax/Suit is presented in Figure 3-14, in order to facilitate 

determination of this ratio at any confidence level. 
100 T

 : - f 
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Figure 3-14: Lognormal distribution of SmaJduu 

3.3.10 Comparison of drift models with existing empirical limits 

As was noted in Chapter 2, no previous model for prediction of drift capacity of C M 

walls on the basis of panel and tie column design variables has been developed. However, 

the few studies that imposed some practical limits on the drift capacities at different 

performance levels along with Chilean (INN, 1997) and Mexican (NTC-M, 2004) codes 

are compared in Table 3-6 with the results of drift models of this study considering a 50% 

probability of failure. 

Table 3-6: Comparison between the proposed drift models and existing limits 

ID Unit 
material dmax(%) <>uit(%) Reference 

-
Clay 0.105 0.455 0.697 

Present study - Concrete 0.106 0.382 0.586 Present study -
Ceramic 0.128 N G N G 

Present study 

AS04 Ceramic and 
concrete 

0.130 0.400 0.730 
Astroza and 

Schemidt, 2004 

U01 Pumice - 0.410 0.690 Urzuaetal, 2001 

INN97 A l l 0.620 1.000 <2.500 INN, 1997 

NTCM04 A l l 0.250 (allowable inelastic drift) N T C - M , 2004 
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As is evident from this table, AS04 provides a good estimate of the cracking drift 

capacity. However, it over-predicts the drift capacities at maximum and ultimate limit 

states by 4.5% and 19% considering the results of the proposed models for concrete units. 

Although U01 limits are suggested for C M walls made of pumice bricks it still provides a 

slightly better estimate of both 6max and 5uit. compared with AS04. 

INN97 which was developed on the basis of the seismic performance of masonry infill 

walls substantially overestimates the drift capacity of the C M walls at all limit states due 

to the ductile behavior of R C frams. However, the allowable inelastic drift ofNTCM04 is 

highly conservative even after considering the inherent variability that C M walls suffer 

from. 

3.4 Discussion 

3.4.1 Summary of the proposed equations 

The main objective of this research is to create a comprehensive set of equations for 

predicting the model parameters of the analytical backbone curve simulating the 

nonlinear behaviour of C M walls in the event of severe earthquake. The equations are 

developed on the basis of both cyclic and monotonic experiments of an extensive 

database compiled by the author (Appendix A). This model could be utilized to track the 

nonlinear behaviour of C M walls up to ultimate limit state corresponding to 80% of the 

measured maximum strength. 

The empirical equations, 3-1 to 3-7, are presented for all model parameters characterizing 

three different limit states: cracking, maximum strength, and ultimate deformation 

capacity. These predictive equations are proposed on the basis of the important tie 

column and panel characteristics, and are specified and developed through an iterative 

linear regression analysis. The most important variables included in the model are: axial 

stress (crv), panel aspect ratio (H/L), masonry compressive strength (fm), shear strength of 

the masonry (vm), column longitudinal reinforcement (pvc-fyvc), and masonry unit type 

(clay, concrete, and ceramic). Table 3-7 summarizes the mean, median, coefficient of 

variation, coefficient of determination, and the number of data points included in the 

development of the equation for each model parameter. 
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Table 3-7: Statistical characteristics of the proposed equations for panels with H/L<1.2 

Model 
Parameter 

Unit 
Type 

Mean 
(exp/ cal) 

Median 
( exp/ cal) 

C O V 
(exp/cal) 

N R 2 
Equation 

No 

Vm All 1.111 1.085 0.347 197 0.89 3-1 

VCr All 1.046 1.067 0.245 80 0.958 3-2 

Vmax All 1.001 0.976 0.223 39 0.96 3-5 

Clay 1.240 1.249 0.553 18 0.811 

SCr Concrete 1.065 1.148 0.303 23 0.887 3-6 

Ceramic 1.061 1.077 0.296 11 0.936 

Clay 1.036 1.040 0.329 27 

Suit Concrete 0.937 0.961 0.189 11 0.801* 3-7 

Ceramic N/A N/A N/A N/A 

* Based on results shown in Figure 3-13 for ductility. One ductility model for all unit types. 

The lognormal fragility curves of experimental to calculated model parameters are 

presented in Figure 3-15 to further depict the variability of the proposed model. Such 

curves are also useful in practice where, due to the inherent variability of C M walls and 

economic constraints, higher margins of safety might be sought. 
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Figure 3-15: Fragility curves for model parameters at different limit states 

As is evident from these graphs, the model parameters are suffering from high variability 

which should be lowered through collection of more suitable data and improvement of 

the model itself. These fragility curves are also shown in Figure 3-16 for a typical C M 

panel which fits in all the constraints of the proposed model (crv =0.55 MPa, H/L=0.97, 

fm=525 MPa, vffl=0.42 MPa,/ c=23.05 MPa, pvc.fyvc=429 MPa, Unit type = Concerete) . 

For such a specimen the ratio of the experimental to calculated mean model parameters 

approach to unity. 
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Figure 3-16: Fragility curves for Specimen 254 (Flores, 2004) 

The curves of Figure 3-16, constructed on the basis of fragility curves of Figure 3-15 and 

proposed equations, may be used for the determination of model parameters at any 

desirable confidence level. For example, model parameters at different limit states for 

10% probability of failure would be: vcr= 0.28 MPa, <5C,=0.1 %, vmax= 0.33 MPa, 

6^= 0.14%, 6uu =0.33%. 

3.4.2 Limitations of the backbone model 

The empirical equations developed in this study relate C M design variables to model 

parameters required for simulating the performance-based nonlinear behaviour of C M 

walls. The limitations of these predictive equations in terms of scope and applicability are 

described below. 

The primary limitation of the proposed model is that the empirical equations are derived 

for C M walls whose response is mainly governed by shear deformations. This 

predominance has been repeatedly demonstrated in previous earthquakes and 

experimental tests. However, shear failure of C M walls, unlike their U R M counterparts is 

not highly brittle, and the contribution of confining elements improve both strength and 

deformation characteristics of the walls. In general, any violation from this major 

assumption - predominance of shear deformations - could disturb the accuracy of the 

model. As noted elsewhere in this report, the applicability of these predictive equations is 

2 More specific model limitations are described throughout the chapter 
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further limited by being developed only for "typical" C M walls. That is, the developed 

model best simulates the seismic performance of: 

o panels with identical reinforcement detailing for both tie columns (symmetric 

reinforcement); 

o C M walls with sufficient tie column longitudinal reinforcement for which the 

response is not dominated by either premature rebar yielding or brittle shear 

failure of C M walls whose tie columns are heavily reinforced. The database 

results suggest that the desired behaviour is observed i f the tie column 

longitudinal reinforcement ratio is between 1% and 3%; 

o C M walls with panel aspect ratio less than or equal to 1.2; and 

o panels with axial stress less than 0.12/™ for which the response is not 

controlled by premature masonry crushing. 

The applicability of the derived equations is also limited by the range of design variables 

included in the development of the model, particularly after removal of leverages. 

Considering the mentioned constraints, the reasonable ranges for all important variables 

are as listed in Table 3-8. 

Approximately 80% of the specimens considered in developing the backbone model were 

tested using cyclic loading protocol. However, this loading method with 2-3 cycles per 

deformation level may not be consistent with earthquake loading that typically results in 

a few cycles with large deformations before reaching the ultimate limit state. In addition, 

it should be kept in mind that all the empirical equations are developed on the basis of 

laboratory tests with highly controlled construction and material qualities. Actual C M 

walls therefore are likely to have lower performance levels, especially since material 

properties and workmanship are highlighted as key factors that can substantially affect 

the seismic performance of these composite structural walls (Alcocer et al, 2003). 
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Table 3-8: Practical ranges of important design variables for predicting the 
seismic response of CM walls using the proposed model 

Design Variable Practical Range Remarks 

Vm 0.25-1.1 MPa — 

fm 2.5-25 MPa — 

6V 
0-1 MPa — 

6v/fm 
0-0.12 — 

fc 10-35 MPa — 

Pvc- fyvc 2-15 MPa — 

Pvc (%) 1-3 — 

Phc(%) 0-0.8 

H/L si 1.2 

Although the empirical equations for vcr and 
V m a x are capable of predicting the response 
for aspect ratios up to two, the accuracy of 
these equations should be improved for 
walls with H/L>].5 by conducting more 
experimental tests. 

Unit type 
Clay, Concrete, 
Ceramic 

Due to the lack of data on ceramic units 8 u„ 
is predicted only for concrete and clay units. 
The predictive equation should also be 
utilized with caution for hollow clay units. 

3.4.3 Evaluation of the proposed equations 

Due to the inclusion of all the available data in the development of the proposed 

backbone curve, evaluation of the model by selecting suitable data points from outside 

the sample space is not possible in this study. As a result, specimens from the database 

with a complete set of experimental and analytical model parameters were considered for 

the purpose of model evaluation, and were selected in a manner that allowed for 

demonstration of model limitations and underlying assumptions. 

The selected data points were separated into three major categories: C M walls that 

entirely satisfied the constraints of the model, data points that were removed from the 

statistical regression process as outliers or highly peculiar specimens, and atypical C M 

walls that were excluded at the outset. 
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Figure 3-17 illustrates the analytical and experimental backbone curves of two specimens 

that entirely comply with the limitations of the proposed model. As is evident from both 

graphs, the empirical model is capable of predicting the observed response with sufficient 

accuracy. ( > ) ( b ) 

5<%) 5(%) 
Figure 3-17: Comparison of measured and proposed backbone curves for conforming 
specimens (a) SP-62: Marrinilli and Castilla, 2006, (b) SP-254: Flores, 2004 

Figure 3-18 shows the response curves for a specimen with a very high axial stress 

compared to its panel compressive strength (dyf^O.14). The occurrence of premature 

masonry crushing, as is clear from the graph, limits the deformation capacity, and 

therefore, the model over-predicts the ultimate drift capacity by almost 25%. 
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Figure 3-18: Inability of the model to predict the deformation capacity of a CM 
wall with excessively large axial stress (Aguilar et al, 1996) 

Both experimental and proposed response curves of Specimen 195, as a representative of 

a class of C M walls that greatly deviate from the assumptions of the model, are shown in 
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Figure 3-19. The proposed model completely fails to track the nonlinear behaviour of this 

highly deficient specimen (low vm compared to prediction based on Equation 3-1, high tie 

column longitudinal reinforcement (pvc.fyvc = 20.29 MPa), and very low concrete 

compressive strength (fc - 10.2 MPa)). 

Figure 3-19: Inability of the model 
in predicting the seismic response 
of a highly deficient CM wall (Meli 
and Salgado, 1969) 
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Response curves of Specimen 76, as a representative of C M walls with bed joint 

reinforcement (phw - 0.18%), is represented in Figure 3-20 to evaluate the accuracy of the 

model for a group of atypical C M walls that were removed from the analytical process. 

Proposed equations adequately predict the model parameters at the cracking limit state 

that is believed to be independent of reinforcement detailing of the panel and confining 

elements. However, the response at both maximum and ultimate limit states is under-

predicted by the empirical equations, due to the beneficial effects of horizontal 

reinforcement on both deformation and strength characteristics of the panels. 

Figure 3-20: The effect of bed 
joint reinforcement on the seismic 
behaviour of CM walls, and the 
inability of the model to predict 
the maximum and ultimate 
response parameters (Aguilar et 
al, 1996) 
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Finally, the effect of low tie column longitudinal reinforcement ratio (below 1%) on the 

accuracy of the model is reflected in Figure 3-21. As is evident from the graph, yielding 

of insufficient longitudinal reinforcement (0.89%) beyond cracking, and its significant 

contribution to the maximum strength and deformation capacities result in the under-

prediction of the measured response which appears to be governed by flexural 

deformations. 
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Figure 3-21: Inability of the model to predict the recorded response due to the 
predominance of flexural deformations (Meli and Salgado, 1969) 

Based on the above mentioned points, the model predicts reasonably well the seismic 

response of C M walls that fit the constraints of the proposed equations, but fails to track 

the backbone curves of specimens whose characteristics do not conform to the 

assumptions of the model. 

Owing to the lack of proper data, the model has been only adjusted for specimens with 

openings at cracking limit state. As a result, in order to verify the capability of the model 

to simulate the measured response of such walls more tests are required. 

3.4.4 Recommendations and future directions 

As has been mentioned, the proposed model was developed on the basis of 102 C M wall 

tests. As a result, different types of experiments can be conducted, either to relax some of 

the currently imposed limitations that stem from the lack of data, or to assess the effects 

of other contributing factors. Panels with openings of different size, location, and 

confining details, specimens with panel reinforcement (external/bed-joint reinforcement), 
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and masonry walls with multiple confining elements are among the specimens whose 

backbones cannot be predicted, because the small sample size makes them incomparable 

to the rest of typical specimens included in the database. 

C M walls with simplified reinforcement details, (i.e. single longitudinal rebar with spiral 

hoops/no transverse reinforcement) should also be included in a list of future 

experimental tests, provided that other aspects of their properties coincide with typical 

C M walls. Furthermore, because monotonic and cyclic tests were not separated for the 

purpose of model development, due to the lack of data on the former category, it will also 

be desirable to conduct future experiments with monotonic loading protocol. 

In developing the empirical model, tie column transverse reinforcement was among the 

predictor variables that proved insignificant to the ultimate deformation capacity. 

However, due to the presence of a large constant in the proposed equation which is also 

statistically significant, and the crucial role that transverse reinforcement is believed to 

have in confining the core concrete and augmenting the dowel action of longitudinal 

reinforcement, it is highly recommended this factor be studied more closely in future 

research on the topic. 

The proposed equations are all deterministic in nature, and model uncertainties are 

accounted for using standard deviations. As a result, sensitivity analysis and development 

of probabilistic models would also enable the applicability of the model to reliability 

analysis (Zhu et al, 2007). 

The current analytical model was developed on the basis of quasi-static laboratory tests 

with highly controlled material properties and testing conditions. Therefore, both 

dynamic testing of specimens having almost identical characteristics to typical C M walls 

and in-situ testing of C M walls are needed for validation of the models under dynamic 

loading conditions, and for adjustment appropriate in building practice. 

Current C M codes, as the basis of design and construction, rely on conventional force-

based equations that were originally developed for URJVI/RM panels, and the effect of 

confining elements has been overlooked by many of them. As a result, such models are 

incapable of predicting actual response with high accuracy. In addition, deformation 

characteristics which are believed to be more closely correlated with sustained 

earthquake damage, are rarely reflected in the codes. The code stipulated drift capacities 
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are either highly conservative (the 0.25% allowable drift in Mexican code) or greatly 

overestimate the deformation characteristics of C M walls (the 2.5 % ultimate drift 

capacity of Chilean code). The outcome of this research, however, could contribute to the 

development of more accurate models and guidelines for improvement of these currently 

deficient provisions. 
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Chapter 4 

4.1 Summary 

A thorough review of past C M studies, development of an extensive database of 357 

monotonic and reversed cyclic tests, removal of anomalous data points, and running the 

iterative regression analysis all combined to develop the performance-based backbone 

model of this study. 

Based on the thorough literature review, the following key factors have been identified as 

providing enhancements to the seismic performance of C M walls: constructing the wall 

with solid units and high-quality mortar with sufficient fluidity; providing the panel with 

exterior tie columns; ensuring symmetrical distribution of openings and providing them 

with confining elements able to restrain the extent of damage; providing column-beam 

joints and corners of openings with tightly spaced stirrups; providing tie columns with 

multiple rebar to avoid sliding of the panel at wall-foundation interface; and providing 

C M buildings with sufficient wall density per unit weight in both principal directions. 

The backbone model of this study, however, is developed on the basis of the panel and 

tie column characteristics of 102 monotonic and reversed cyclic experiments, and is only 

proposed for typical C M walls whose response is mainly governed by shear 

deformations. As a result, only plain solid C M walls with panel aspect ratio less than or 

equal to 1.2, tie column longitudinal reinforcement ratio between 1% and 3%, and axial 

stress to masonry compressive strength ratio less than or equal to 0.12 have been 

considered in the creation of the model equations. The proposed equations which 

characterize three different limit states: cracking, maximum strength, and ultimate 

deformation capacity, are deterministic in nature. Model uncertainties are merely 

accounted for using standard deviations. The seismic response of the specimens that fit 

the constraints of the model is predicted by these empirical equations with sufficient 

77 



Chapter 4: Summary and future research 

accuracy. However, the proposed model fails to match closely the recorded response of 

atypical or anomalous C M walls. 

As the performance of the developed backbone model and database results confirm, 

confinement from tie columns and bond beams improves the shear capacity of masonry 

panels by almost 30%. However, C M walls, compared with their U R M counterparts, 

indicate much higher deformation capacities. Cracking drift capacity of C M walls, on 

average, is in the range of 0.11% to 0.13%, with clay units having the largest values. The 

ultimate deformation capacity of typical C M panels, however, is about 0.7%, 0.6%, and 

0.5% for clay, ceramic and concrete masonry units; thus making clay units the best unit 

type for C M structures in highly active seismic regions. 

Past C M models with sharp focus on strength characteristics are either developed on the 

basis of a few experimental tests or are originally developed for U R M , R M , or masonry 

infill walls. The post-cracking role of tie columns in improving the shear capacity of C M 

walls has been overlooked by many of the forced-based equations. Deformation capacity, 

on the other hand, has been only addressed through empirically imposed limits which are 

either highly conservative or largely overestimate the observed capacity of C M walls. 

Thus, these existing models in general fail to simulate the measured response of typical 

C M walls with sufficient accuracy. 

4.2 Future research directions 

As previously noted, the proposed empirical model developed in the present study is 

deterministic in nature, and prediction errors are accounted for using coefficients of 

variation. However, model uncertainty stemming mainly from lack of data may be 

improved by inclusion of more observations, either to enhance model accuracy and 

alleviate some of its limitations, or to assess the effects of other design parameters not 

considered in the original model. Parameters recommended for consideration in future 

experimental tests are: specimens with openings of different size, shape, and confinement 

details; panels with multiple tie columns; specimens with simplified tie column 

reinforcement detailing; panels with bed joint reinforcement; and C M walls with varying 

bond beam design. 

Both because assessment of the effect of openings on the seismic response of C M walls 

has been made on the basis of a handful of specimens, and because recommendations for 
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opening confinement are not consistent in seismic codes, it remains important to conduct 

experiments with varying opening characteristics. 

Similarly important are proper dynamic and in-situ tests to assess effects of loading 

conditions, material quality, workmanship, and maintenance as key factors affecting the 

seismic performance of C M walls. To date, the model has been developed on the basis of 

laboratory monotonic and cyclic quasi-static tests incapable of reflecting seismicity, soil 

conditions, and ground motion characteristics, and without taking into account the 

inherent inferiority of in-situ C M walls as compared to laboratory tests with highly 

controlled construction and material qualities. 

When developing the empirical equation for ultimate deformation capacity of C M walls, 

tie column transverse reinforcement proved insignificant to the model. Owing to the 

presence of a large constant statistically significant to the model, and to the vital role that 

transverse reinforcement is believed to have on the post-peak behaviour of C M walls, it is 

highly recommended that its effects be more closely studied in future research. 

Also recommended for future study are experimental and analytical examination of out-

of-plane seismic behaviour; and examination of how research outcomes and state-of-

knowledge of C M may be used to improve seismic codes and provisions as the basis of 

the design and construction. 
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Confined Masonry Database3 

Appendix A 

A . l Introduction 

Databases may be considered essential tools in evaluation of seismic performance of 

structural systems; in verification of the accuracy and adequacy of current codes and 

specifications; and in development of empirical models. The U B C confined masonry 

database has been assembled primarily as the basis of performance-based seismic models, 

and consists of two major categories. The first database includes 357 monotonic and 

reversed cyclic tests; the second set comprises 24 shake table and pseudo-dynamic 

experiments. 

Many resources have been consulted in constructing the databases. The most significant 

contributor source is previous work by Universidad Nacional Autonoma de Mexico 

( U N A M , 2004), with partial contribution in development of 151 of 381 total specimens. 

Data included in the tables is classified in two major groups; those directly extracted from 

the references and those that were calculated on the basis of the first category. To 

differentiate between them, the former group is shown in black throughout the database, 

while the calculated variables are shown in blue. To maintain consistency, units of 

original data were converted into K N , mm, and MPa. The accuracy of the extracted 

information was verified when accompanied with supporting data, or when an 

experimental test was addressed by more than one reference. 

3 Developed at the University of British Columbia, Riahi, Z, 2006 
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The main objective of this chapter is to elaborate the basics and principles of the quasi-

static database, the input of the empirical model developed in this study. The 

characteristics of the shake-table specimens will in some cases also be briefly discussed. 

Material properties and reinforcement detailing of both masonry panels and confining 

elements, together with loading conditions and results of each experiment will be 

described, and are the main classes of data represented in the table. 

A.2 General information 

A.2.1 Reinforcement characteristics 

In developing the database, all confined masonry specimens were considered, regardless 

of reinforcement detailing of their panels and confining elements. However, to assist 

identification of specimens with different reinforcement characteristics, symbols were 

assigned to each category. The symbols are described in Table A - l 

Table A-l: Reinforcement detailing of CM panels 

Symbol Description Percentage 

N No Additional Reinforcement (only confining elements) 66.1 

H ' Wall Horizontal Reinforcement 11.1 

C Connection Rebar 2.6 

I Intermediate Bond Beam 3.5 

V Panel Vertical Reinforcement 6.1 

HV Panel Vertical and Horizontal Reinforcement 7.9 

WWM Welded Wire Mesh (external reinforcement of the panels) 2.7 

As this table indicates, typical confined masonry walls (consisting only of plain panels 

confined with tie columns and bond beams along their borders) comprise approximately 

70% of the overall data. 
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A.2.2 ID 

Regardless of its original title, each data point has been provided with an ID number 

ranging from 1-357, in order allow uniform comparison, and to avoid confusion where 

specimen titles coincide. 

A.2.3 Test category 

To develop the quasi-static database, the results of both monotonic (M) and reversed 

cyclic (RC) tests were considered. Test category was utilized to distinguish between 

loading protocols, and to clarify which method (displacement-based, force-based) was 

employed to apply the load during different stages of the tests. As shown in Figure A - l , 

cyclic loading was predominantly used to test specimens. 

A.2.4 Scaling 

Specimens comprised in the dataset were either tested in their natural scales, or modeled 

using simple or complete similitude laws. When deriving the simplified database from 

the original quasi-static database as the basis of the analytical work however, the four 

specimens that were scaled using complete similitude laws were excluded, due to the 

difference between the strength characteristics of the models and prototypes for the 

modeling method. 

4.1% 

Figure A- l : 4 Different testing methods 

4 NG refers to not given. 
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A.3 Panel Characteristics 

Depending on material properties, specimen geometry, and reinforcement detailing of the 

panel, characteristics of the masonry walls could vary between specimens. Industry-

manufactured and hand-made masonry units have various configurations and constituent 

materials which are generally described across the table using Unit Type. However, 

when forming the simplified table, it is important to differentiate these properties, since 

they could greatly affect the characteristics of the panels and the resulting models. 

Parameters describing detailed panel characteristics are Unit-type and Unit-material. Unit 

type identifies whether masonry units are Hollow (H), Solid (S) or Multi-perforated 

(MP). Unit material differentiates Concrete (Co), Clay (Cl), Ceramic (Cr), and other 

miscellaneous materials (O) frequently used for the production of masonry units. Figure 

A-2 illustrates the frequency of the unit types and materials throughout the database. 

Key parameters that best describe the characteristics of the masonry panels are presented 

in Table A-2 in terms of notations, remarks, units, and their definitions. Wall density is 

shown in yellow to stress the point that this parameter is only used for dynamic and 

pseudo-dynamic experiments. 

Figure A-2: Distribution of different unit types in the database 
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Table A-2 (a): Panel Geometry and reinforcement details 

Notations Description Remarks Units 

Lw Length — mm 

Hw Height From the top of the foundation to the 
top of the bond beam mm 

tw 
Thickness For panels with cover mortar the entire 

thickness is reported in the database. mm 

HJLW Aspect Ratio 

To determine the aspect ratio overall 
length and height regardless of the 
number of panels were considered. 
However, for multi-story specimens 
where load is applied at all floor levels 
aspect ratio is determined for each 
individual story. 

— 

MJQd Shear Span Ratio — — 

V L w - wtc — mm 

HJtw Slenderness Ratio 
()f paramount importance when 
investigating out-of-plane seismic 
behaviour 

— 

Phw Horizontal Reinforcement Ratio — 

Vertical Space Between Horizontal Rebar — mm 

Pvw Vertical Reinforcement Ratio — % 

e 
u w 

Horizontal Space Between Vertical Rebar — mm 

*PCR Ratio of Connection Rebar — % 

SCR Vertical Space Between Connection Rebar — mm 

LCR Connection Rebar Length — mm 

d Wall Density (A w / A „) 

Highly variable For dynamic and 
pseudo-dynamic tests, depending on 
the specimen configuration and the 
code used to design and construct the 
CM walls. 

% 

Horizontal Cross Sectional Area considering both panel and confining 
elements mm2 

*Connection rebar refer to the discontinuous horizontal reinforcement utilized to connect the panels with their 
confining elements and avoid their disintegration at large displacements. 
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(b): material properties 

Notations Description Remarks Units 

fyhw 
Yielding Strength of Panel Horizontal 
Reinforcement — MPa 

fyvw 
Yielding Strength of Panel Vertical 
Reinforcement — MPa 

fyCR Yielding Strength of Connection Rebar — MPa 

fmr Mortar Compressive Strength — MPa 

C:S:L Mortar Composition (Cement: Lime: Sand) 

Depends on the type of mortar 
being utilized (Cement-based, 
Cement-lime) and the proportioning 
of the constituents. 

— 

fmrc Cover Mortar Compressive Strength — MPa 

Masonry Unit Compressive Strength — MPa 

fm Prism Compressive Strength — MPa 

vm Prism Shear Strength Determined using the results of 
compression diagonal tests MPa 

Table A-3 shows the ranges of the most important panel design variables, their mean, and 

coefficients of variation. Characteristics of the masonry panels are shown to be highly 

variable between specimens, and this to some extent explains why material properties, 

construction details and workmanship are considered significant contributors to the 

overall performance of C M walls. 

Table A-3: Panel property statistics 

Notations Range Mean Cov 
110-240 158 36 

Hw/ Lw 0.50 -3.13 1.00 0.36 

5.9-22.7 16.8 2.3 

0.016- 0.241 0.114 0.064 

Pvw 0.031-0.633 0.154 0.141 

fm 2.26-60.60 13.05 10.31 

v m 
0.19-3.42 0.62 0.29 

*Only for panels with horizontal/vertical reinforcement 
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The distribution of vm, fm, HJLW, HJt^ and tw (adjusted for scale factors) as the key 

design variables are shown in Figures A-3-a to A-3-e. The extreme values of these 

parameters are also included in each figure, so as to highlight the anomalies that are 

potentially present in the database. These highly influential points, as described in the 

study report, may adversely affect the results of the analytical models, and therefore their 

recognition under close scrutiny of data is of high priority. 

Among these parameters, panel slenderness ratio and masonry shear strength could be 

perfectly idealized by lognormal distributions. The remainder are usually weighted 

around their means in an arbitrary manner, and cannot be characterized simply by a 

defined distribution. 
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Figure A-3: Distribution of some of the most important panel design variables 
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A.4 Tie column properties 

Reinforcement detailing of tie columns, their location, type, and the number of tie 

columns provided to masonry panels, together with such factors as material properties, 

and tie column dimensions, control the contribution of these confining elements to the 

overall seismic response of C M walls. 

The location of tie columns, and thus, their number, is greatly influenced by the number 

of panels within an individual wall, and the presence of openings. Most of the specimens 

included in the database are provided with only two tie columns with symmetric 

reinforcement. However, when panels are pierced with openings, these confining 

elements also appear at the opening borders, so as to avoid instability in these critical 

zones which are highly susceptible to damage. As is evident from the database, these 

secondary columns usually have the same thickness as other tie columns frequently 

corresponding to the panel thickness. However, width is usually reduced and 

reinforcement detailing is somewhat simplified (2 longitudinal rebar and cross ties 

instead of four rebar and stirrups), so that the resultant longitudinal reinforcement ratio 

remains almost unchanged compared to columns at wall extremes. 

The number of tie columns may also exceed the minimum number of two, when 

intermediate tie columns are provided in order to control the extent of damage. Figure A -

4 illustrates the distribution of the number of tie columns throughout the database. Based 

on this distribution curve, almost 80% of specimens consist only of single solid panels, 

provided with two tie columns along their borders. 

0.6% 

3.8% 

N G 

Figure A-4: Distribution of the number of tie columns 
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The dimensions of tie columns are not only influenced by panel thickness, but also by the 

type of tie columns. Typical reinforced concrete columns that are cast against masonry 

are referred to as Exterior tie columns (£). However, when panels are made of hollow 

bricks/blocks, confinement may be provided by placing the reinforcement within the 

holes of units and grouting them. These are called Interior tie columns (I) and are 

classified into single-hole, double-hole and double-hole integral subcategories, depending 

on the number of reinforced holes and whether the intermediate wall between individual 

holes has been removed. Figure A-5 contrasts the percentage of these two types of 

columns in the database. 

Simplicity at the cost of only a marginal decrease in the capacity of structural systems has 

always been favoured in practice. As a result, some specimens within the database are 

either provided with single rebar (rather than multiple longitudinal reinforcement) and 

spiral hoops, or are left horizontally unreinforced, to investigate how these factors would 

affect the seismic response of confined masonry walls. However, as Figure A-6 indicates, 

single-rebar tie columns comprise only a small portion of the database compared to tie 

columns with multiple rebar. | 

• N G 

Figure A-5: Distribution of different types of tie columns 

Figure A-6: Distribution of tie columns 

with different reinforcement detailing 

• Single 

• Multiple 

89 



Appendix A: Confined masonry database 

Factors describing the tie column characteristics are presented in Table A-4, in terms of 

notations and definitions. 

Table A-4: Tie column characteristics 

Notations Definition Units 

No t c Number of Tie Columns — 

t,c Thickness Mm 

Wlc Width Mm 

A ,c Area mm2 

Pvc Longitudinal Reinforcement Ratio % 

fyvc Yielding Strength of Longitudinal Rebar MPa 

P he end Transverse Reinforcement Ratio at Critical End Zones % 

P he mid Transverse Reinforcement Ratio excluding Tie Column Ends % 

fyhc Yielding Strength of Transverse Reinforcement MPa 

fc Concrete Compressive Strength MPa 

Table A-5 depicts the ranges of the most important tie column design variables, along 

with their means and coefficients of variation where these statistics are helpful. 

Table A-5: Statistics of Tie column design variables 

Notations Range Mean Cov 

t,c(mm) 
70-250 (E) 

— — t,c(mm) 
80-190(1) 

— — 

wlc (mm) 
70-250 (E) 

— — wlc (mm) 
150-340(1) 

— — 

A lCmm(mm) 
9800(E) 

— — A lCmm(mm) 
13500(1) 

— — 

pvc(%) 0.30-6.84 2.09 1.19 

Phc end / Phc mid 1.00-3.46 1.73 0.69 

*Phcmid(%) 0.00-1.05 0.26 0.24 

fc(MPa) 8.14-52.97 23.56 8.31 

*Some columns are horizontally left unreinforced. 
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The variance of the end to middle transverse reinforcement ratio between 1 and 3.46 

indicates that for some specimens, despite the importance of column ends in the final 

collapse pattern of C M walls, stirrups are uniformly distributed over the entire tie column 

length. 

The distribution of phc mid, Phc end/p he mid, p vc, and fc, as the key design parameters, along 

with the extreme values of each variable are presented in Figure A-7-a to d. Based on 

these graphs, only pvc and phc mid could be approximated by lognormal distributions. 
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Figure A-7: Statistical distribution of tie column design variables 

A.5 Bond beam characteristics 

The location and number of bond beams are directly influenced by the number of vertical 

panels within C M walls, and the presence of openings. For multi-story C M specimens, 

bond beams are usually provided at each floor level. However, for some specimens, these 

confining elements are also provided at wall mid-height to improve the overall seismic 

performance of C M walls by confining the extent of damage. 

When panels are pierced with openings, bond beams usually would appear at sill and/or 

lintel levels. Intermediate bond beams and those atop and/or below openings usually have 

the same width as other bond beams. However, the number of longitudinal rebar and the 

92 



Appendix A : Confined masonry database 

height are usually reduced so that longitudinal reinforcement ratio stays almost constant 

compared to primary bond beams. In these cases, transverse reinforcement is usually 

provided by means of cross ties. 

For typical single-panel C M walls, bond beams are either provided at the top of the 

structural walls or at both top and bottom of the panels. Instead of small-size bond beams, 

as is common in practice, some specimens are provided with large concrete beams at 

their tops to facilitate the distribution of vertical loads. The dimensions of these rigid 

beams are usually analogous to those of foundations, whereas the dimensions of typical 

bond beams are usually controlled by the thickness of the panels. 

Bond beams are usually provided with four longitudinal rebar. However, only a handful 

of them are left horizontally unreinforced across the database. The reinforcement 

detailing and material properties of bond beams, with designating notations and general 

definitions are listed in Table A-6 

Table A-6: Bond beam characteristics 

Notations Definition Units 

Height mm 

wbb Width mm 

Pvb Longitudinal Reinforcement Ratio % 

Phb end Transverse Reinforcement Ratio at Critical End Zones % 

Phb mid Transverse Reinforcement Ratio excluding the Critical End Zones % 

A bb Area mm2 

Concrete compressive strength for bond beams is analogous to that of tie columns. 

Table A-7 documents the range, mean and coefficient of variation for the chief variables 

that best define the characteristics of bond beams. As appears from the table, for some 

specimens bond beams are provided with evenly distributed stirrups over their entire 

spans, whereas for others, the space of transverse reinforcement is tightened at critical 

end zones susceptible to concrete crushing/spalling. 
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Table A-7: Statistics of bond beam design variables 

Notations Range Mean Cov 

Hbb (mm) 200-250 — — 
Wbb (mm) 120-300 — — 

A bbmin(mm2) 14400 

Pvb(%) 0.36-1.70 1.20 0.50 

Phb end/Phb mid 1.00-2.00 1.18 0.37 

*Phbmidi%) 0.00-1.59 0.40 0.40 
*A few bond beams are left horizontally unreinforced 

The statistical distribution of pvb, Phb mid and p^ end / Phb mid, as the key bond beam design 

parameters, along with their extreme values, is presented in Figure A-8-a to c and 

demonstrates the peculiarities of these confining elements. As shown, none of these 

variables follow lognormal distribution. 
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Figure A-8: Statistical distribution of bond beam design variables 

A.6 Openings 

Some of the specimens in the database are pierced with door/window openings, in order 

to investigate the effect of the openings on the seismic performance of the C M walls. 

Except for two experiments, specimens were provided with confining elements along the 

opening borders to alleviate detrimental effects and to avoid instability of the extensively 

damaged triangles besides the openings. 

Table A-8 documents opening parameters in terms of their notations, descriptions and 

units. 

Table A-8: Opening characteristics 

Notations Description Units 

W0 Width mm 

H0 Height mm 

Jo K - Ho)Lw + Ho{Lw - Wo) 
Hw'Lw 

— 

Opening Area / Total Wall Area (0.092 -0.327, when opening exists) — 

a0 Net Transverse Area / Total Transverse Area — 
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A.7 Floors 

In addition to top bond beams, some specimens were provided with reinforced concrete 

floors that extend from the walls at their both sides. Table A-9 documents the few 

parameters used to characterize these RC elements. 

Table A-9: Floor characteristics 

Notations Definition Units 

h Thickness mm 

Area mm2 

A.8 Loading configuration 

Specimens that are tested cyclically are always loaded as cantilever (CR) beams at a 

height less than or equal to the actual height of the panel, or atop the rigid steel/concrete 

beam that is installed over the wall. The height of the deflection point (the point at which 

lateral load is applied to the wall) at close inspection of data was found to have a great 

impact on the failure modes of the specimens, and for high values of this parameter, 

flexural deformations usually dominate the response. 

For monotonically tested specimens, however, lateral loads are applied in either 

cantilever or compression diagonal (CD) configurations. In the latter case, specimens are 

enforced to crack in a predetermined manner, and therefore their behaviour somewhat 

differs from the rest of the specimens. As Figure A-9 indicates, specimens loaded as 

cantilever beams greatly outnumber the diagonally loaded tests. 

Figure A-9: Distribution of 

different loading configurations 

SCR 

mco 
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In addition to lateral loads, specimens are frequently stressed vertically to simulate real 

conditions where C M walls are designed to bear both vertical stresses, induced by dead 

and live loads, and lateral forces. These vertical loads are applied using either rigid beams 

atop the panels or pre-stressed struts that pass through masonry wall at regular intervals. 

Axial stress, although beneficial to the seismic performance of C M walls, should be kept 

within a reasonable range compared to masonry compressive strength, in order to avoid 

premature masonry crushing. This threshold is usually in the order of 0.15fm. However, 

for some specimens in the database that are either under the effect of large axial stresses 

(simulating panels of the first stories in multi-story C M buildings) or suffer from low 

masonry compressive strength, this ratio is excessively high. 

Key factors that characterize loading conditions of the quasi-static tests in terms of units, 

notations and general definitions are presented in Table A-10. Table A - l 1 documents the 

range, average and variability of the most important loading parameters. 

Table A-10: Loading characteristics 

Notations Definition Units 

Constant Vertical Stress MPa 

H' Height of Applied Lateral Load mm 

Table A-l l : Statistics of loading parameters 

Notations Range Mean Cov 

-0.11-1.80 0.34 0.38 

&v/fm 0.00-0.34 0.04 0.06 

The distribution of both crv and crv / fm along with the extreme values of these design 

variables are presented in Figure A-10-a, b, to demonstrate axial stress on its own would 

not control the response. Its value in proportion to masonry compressive strength is the 

factor that affects the performance of C M walls. As is apparent, while a few specimens 

have 6yfm larger than 0.15, far more are characterized by high vertical loads. 
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0.0 0.5 1.0 1.5 2.0 n 

Figure A-10: Statistical distribution of loading variables 

It follows from the foregoing, when high axial stresses are imposed on C M walls, panels 

should be designed to have higher compressive strengths. Controlling the quality and 

type of masonry units and mortar in addition to filling the bed joints fully with mortar 

would ensure higher compressive strengths. 

A.9 Results 

A.9.1 Damage pattern and failure modes 

The sequence in which damage initiates and extends, together with the final cracking 

pattern of experimental tests, help identify failure modes, critical zones whose extensive 

damage usually lead to final collapse, and the general aspects of the seismic performance 

of the C M walls. Furthermore, the effect of different design variables and deficiencies 

present could be determined when comparing these data for specimens with varying 

characteristics. Visual inspection of final crack patterns (whenever presented in the 

database), observed failure modes, and the specific characteristics of each specimen 

helped identify possible failure modes, damage sequence of C M walls, and to recognize 

the contributing factors. 

Based on this procedure, and as demonstrated repeatedly in previous seismic events, the 

behaviour of C M walls is predominantly controlled by shear deformations. However, 

under specific circumstances, these walls might fail in flexure, sliding shear, or in a 

combination of both flexure and shear failure. 

Figure A-11 illustrates the distribution of possible failure modes for test specimens 

comprising the quasi-static database. 
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Figure A-l l : Distribution of possible failure modes for CM walls 

Failure modes, contributing factors, and damage sequence of the specimens up to the 

final collapse are described in the section below: 

A.9.1.1 Shear failure 

This type of failure is characterized by inclined shear cracks along principal diagonals. 

Damage Pattern 

o initiation of flexural cracks along the height of tie columns. 

o onset of shear cracks: For solid specimens as images suggest, shear cracks 

usually initiate in the middle of the panels. However, when panels are weakened 

by the presence of openings cracks form at the corners of openings and propagate 

towards the middle of the piers. Based on the final damage patterns of the 

database specimens, these cracks could pass through both masonry units and 

mortar joints depending on their relative stiffness characteristics. Similar elastic 

modulus of the constituent materials helps propagation of cracks through both 

units and mortar joints, and this, in turn, somewhat compensates for the inherent 

heterogeneity that this composite system suffers from. Furthermore, formation of 

more micro-cracks would improve the energy absorption characteristics, and 

thus, the seismic response. 

However, cracks usually pass through mortar joints in a zig-zag manner at the 

early stages of loading and extend into masonry units at large deformations. The 

inclination of shear cracks, as shown by close inspection of final damage 
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patterns for various specimens, is mainly affected by the panel aspect ratio. For 

nearly squat panels this angle (0) falls between ton'1 (H/L) and 45 °' whereas for 

slender walls Q happens to be between 45 0 and ton'1 (H/L). 

o penetration of cracks into tie column ends: Shear cracks usually reach the end of 

tie columns at about the same angle at which they have traveled through the 

panels. 

o Disintegration of panel and tie columns: relative movement of masonry units 

over cracks at large deformations and in the absence of adequate bond at column-

wall interface would result in the partial separation of these elements (where 

connection rebar appears to be highly beneficial). 

o Shear failure of tie columns at their ends: this failure is usually characterized by 

widening of cracks, concrete crushing and spalling and longitudinal rebar 

rupture/ buckling. 

o Complete failure of the specimen 

A.9.1.2 Flexural failure mode 

As database results indicate, this type of failure occurs for panels with extremely large 

aspect ratios, insufficient tie column longitudinal reinforcement (close scrutiny of data 

proved all these specimens to have pvc < 1%), or when specimens are horizontally over-

reinforced. 

Case A 

o Formation of horizontal bending cracks at lower portions of the masonry wall 

(zones of high negative moments) would usually bring about the partial 

disintegration of wall and its supporting foundation. 

o Extension of these cracks towards the lower ends of tie columns would result in 

shear failure of these confining elements, as in the case of shear failure. 

Case B: Yielding of longitudinal reinforcement at the lower ends of tie columns 

gives rise to uplift of the panel. 
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Case C: Early horizontal bending cracks at the lower portions of the panels would 

trigger the formation of inclined shear cracks, and therefore the response is 

controlled by a combination of both flexural and shear failure modes. 

A.9.1.3 Sliding shear 

As the results of experimental tests indicate, only a few C M walls, whose tie column 

longitudinal reinforcement has been replaced with a single equivalent rebar, suffer this 

type of failure mode. 

A.9.1.4 The effect of each reinforcement method on damage pattern 

Panel horizontal reinforcement / Welded wire mesh 

If provided in an appropriate amount, panel horizontal reinforcement/WWM 

would bring about finer cracks distributed more evenly throughout the panels. On 

the other hand, the rupture of insufficient bed-joint reinforcement would trigger 

the crushing of masonry right off the rupture zone which adversely affects the 

seismic performance of C M walls. 

Intermediate beams/columns 

As final crack patterns indicate, intermediate confining elements control the 

extension of damage to some extent, thus improving the overall seismic 

performance of C M walls. However, cracks are not completely stopped at these 

secondary confining elements, and would pass them at large deformations. 

A.9.2 Determination of result parameters 

To determine the results and to verify the accuracy of the reported numbers, first, a 

smooth backbone was fitted to the recorded response of each individual test for both 

positive and negative branches. This backbone was drawn through the peak 

displacements of the first cycles at each deformation step. Next, positive and negative 

result parameters were measured for cracking, maximum load, and ultimate limit states, 

defined on the basis of the general aspects of the seismic behaviour of C M walls and the 

shape of the recorded response. 

These limit states, as evident in Figure A-12 depict the point of sharp decline in the 

effective wall stiffness, the peak point of the observed response, and 20 % loss in the 
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maximum attained strength. Table A-12 documents the result parameters in terms of their 

notations, definitions, and units. Highlights in the table differentiate parameters that 

characterize the results of dynamic tests. 

20 % 

I— Smooth backbone 
• .gorj -J 

Figure A - l 2: Limit states and the smooth backbone 

For multi-story and 3D specimens result parameters have been measured only for the 

critical first story and in loading direction. Result parameters have been measured for 

both positive and negative directions, and then the averages added as indicators of the 

overall seismic performance. However, for the experiments that are only supplemented 

with the mean recorded response, result parameters are only presented in terms of their 

average values. 
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Table A-12: Result parameters 

Notations Definition Units 
Vcr 

Cracking Shear Load 

K N 
Per Cracking Flexural Load 

K N 
v 
r max 

Maximum Shear Load 
K N 

VuH Shear Load at Ultimate Limit State 

K N 

Vcr Cracking Shear Stress 
MPa 

Vmax Maximum Shear Stress 
MPa 

K j„, Initial Stiffness 

KN/mm 
K cr Cracking Stiffness 

KN/mm 
max Stiffness at Maximum Load State 

KN/mm 

K uh Stiffness at Ultimate Limit State 

KN/mm 

8cr Cracking Drift ratio 

% 8max Drift Ratio at Maximum Load State % 

8uii Drift ratio at Ultimate Limit State 

% 

CCr Elastic Seismic Coefficient Factor 

— r 
^•max 

Seismic Coefficient Factor at Maximum Load State — 

Culi Seismic Coefficient Factor at Ultimate Limit State 

— 

Dcr Elastic Dynamic Amplification Factor 

— Dmax Dynamic Amplification Factor at Maximum Load State — 

Dui, Dynamic Amplification Factor at Ultimate Limit State 

— 

Edult Cumulative Dissipated Energy at Ultimate Limit State KN-mm *10 3 

Table A-13 documents the assumptions underlying the determination of each result 

parameter, and in some cases identifies anomalies which preclude determination of 

accurate results. 
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Table A-13: Basic assumptions and procedure to determine result parameters 

Notations Assumptions / Remarks 

V„ 

Difficult to determine with sufficient accuracy when the slope of the recorded 
response changes steadily up to the peak point. In these cases this value has 
been reported NG / HM (Hard to measure). 

Per Mainly for specimens that failed in flexure 

V»n 
Max ( 80%Vmax, V failure), provided that the specimen was pushed far enough to 
fail. 

Vcr Based on gross sectional area for solid panels, and effective area for specimens 
that were pierced with openings Vmax 

Based on gross sectional area for solid panels, and effective area for specimens 
that were pierced with openings 

K i„, Max( secant stiffness at 1/3 Vmax, K cr) 

K cr, K m a x 

Kult 
Secant stiffness 

3cr 

Difficult to determine with sufficient accuracy when the slope of the response 
curve changes steadily up to the peak point. In these cases this value has been 
reported NG / HM. 

8max 

When the recorded response flattens after hitting the peak point, or at the 
occurrence of local strength loss, its determination with sufficient accuracy is 
difficult. In such cases, the first point was usually considered and the model 
parameter was flagged for further investigation. 

Oult 
Not determined for specimens that were not pushed to failure, e.g. those loaded 
to some repairable damage, rehabilitated and then retested. 

r 
Vcr 

For some dynamic tests instead of Vcr, 

c 
^max 

For some dynamic tests instead of V max 

Cult For some dynamic tests instead of V un 

Dcr 

For some dynamic tests as an indicator of deformation capacity &max For some dynamic tests as an indicator of deformation capacity 

Du» 

For some dynamic tests as an indicator of deformation capacity 

Edui, Cumulative absorbed energy at ultimate limit state 

A.10 Simplified database 

After the determination of all result parameters and recognition of the anomalies present 

in the database, some specimens whose characteristics were substantially different from 

the remainder, such as small-scale models that employed complete similitude laws and 

also those which suffered from complete lack of data, were removed from the table 
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initially developed. A simplified dataset was thus derived, providing the basis of the 

analytical models. 

In this new database, a few of the least important panel and confining element design 

variables were removed. New variables, however, were derived on the basis of this 

initial set. Existing force-based models for cracking and maximum limit states were also 

incorporated in order to check how closely they followed the observed trends of the result 

parameters. 

Where positive and negative responses were approximately the same in the original 

quasi-static database, the average values were selected to appear in the simplified 

database as presumed model parameters. However, when the responses were found to be 

substantially different, the most accurate value was selected, after identification of the 

causes of such a difference. 

This simplified database includes the results of 342 of the 357 test specimens that were 

considered in the development of the original database. For a complete list of data points 

eliminated preliminary from the database, refer to Appendix B. 
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Appendix B 
Multiple Regression Analysis Using the Least Square Method 

B.l Getting started 

Theoretical models may be developed on the basis of experimental data compiled in an 

extensive database, allowing investigation into how well predicted values(7f) correspond 

with actual response variables (Y). Although frequently utilized, regression requires more 

than selection of available predictor variables (Xi) whose contribution to the model is 

believed significant, and fitting a function to them. A number of steps are required, and 

several hypotheses examined, to ensure that the regression analysis results are not 

misleading. 

Before conducting the regression analysis, the database should be closely scrutinized to 

identify the characteristics of the data and the conditions and constraints under which it 

has been developed. This straightforward first step may be significantly beneficial in 

identifying potential problems, errors, peculiarities, and anomalies present. 

Assume a prediction of Y as a function of xi...x„. First and foremost, the n predictors 

should be recognized. Existing models in the field may be very helpful in identifying the 

significant predictors and the functional form that relates them to the response. 

This may be further aided by graphical tools as scatter plots of Y versus x , and looking 

for trends while keeping other predictor variables almost constant. A comprehensive 

understanding of the fundamentals underlying the model under development, properties 

of materials, their mechanics, and the mechanism of the proposed system will be 

substantially constructive in arriving at a proper functional form of the model. 

For the purpose of developing the theoretical backbone model of the present study, for 

instance, it would facilitate the process to know that only post-cracking contribution of tie 

columns is of significance to the seismic performance of C M walls. 
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It is highly recommended those predictors which seem to affect the response be 

considered in the first regression. However, this does not imply including as many 

variables as possible. Not only would the process would be unduly time-consuming and 

complicated, the addition of irrelevant and trivial variables could adversely affect the 

final results. 

A l l predictors should be closely examined by means of such graphical tools as histograms 

and scatter plots of Y versus xu and also through simple data inspection in order to 

identify the ranges covered, their extreme values, and any potential problems associated 

with them. 

Histograms of the most important design variables for typical C M walls initially 

considered for the creations of the empirical equations, together with their extreme values 

are illustrated in Figure B - l - a to h. 
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Figure B-l: Statistical distribution of CM wall design variables 
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After the preliminary data inspection, and setting the functional form of the equations, the 

first regression analysis may be run, to see how well the independent variables predict the 

response. R as a measure of the variance carried by the x/s, is usually taken as an 

indicator of the model fitness. This parameter, however, does not imply anything about 

the misspecification, i.e. i f all relevant variables are included and trivial ones removed. It 

should therefore be used in conjunction with F-test and r-test results which are indictors 

of significance of the model and each individual predictor. 

To be significant, the probability of the F- and Mests should be lower than the a value t i ­

the confidence level). High R2 and F-test values, although promising signs, would not 

imply that the regression is complete and the results can be considered for publication 

and future use. The assumptions underlying the linear regression should be checked for 

any single regression analysis, and influential points that could exert undue impact on the 

results should be identified. 

B.2 Assumptions of Linear regression analysis 

B.2.1 Linearity 

Y should be linearly related to all x/s, otherwise the regression would try to fit a linear 

function to the data that are following a curve. The best diagnostic tool here would be to 

plot residuals \R = Y-Y\ versus x/s and check if any trend is appearing. If yes, the 

corresponding variable should be properly transformed, so that the relationship between 

the new variable and the outcome variable becomes linear and the trends in the R-Xi plots 

disappear. 

In the regression analysis performed in this study, the prediction of vm by fm instead of 

V fm (Figure B-2) resulted in a clear trend. Such a trend, however, should be eliminated 

by transforming^ and repeating the analysis. 
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Figure B-2: Clear trend in the plot of residuals vs. the predictor variable as a 
measure of the model misspecification 

B.2.2 Normality 

Normality of the prediction errors is of paramount importance in ensuring the 

significance of the models, and may be evaluated by checking how the distribution of the 

residuals departs from normal distribution. In case of substantial deviation, independent 

variables should be transformed until a close match is achieved. 

In this study, as it is shown in Figure B-3, this assumption was never violated and all the 

residuals were approximately normally distributed. However, for each empirical 

equation, the removal of problematic outliers and leverages often resulted in a closer 

match between the two distributions. 
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Figure B-3: Normality of the residuals 
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B.2.3 Homoscedasticity 

If the error variance is not constant for the model, the reason should be identified by close 

inspection of data, and proper treatment applied. In order to check the validity of this 

assumption, the scatter plots of R against the predicted response(F) may be utilized as a 

visual diagnostic tool. No clear trend for homogenous errors should be indicated. 

This assumption, as shown in Figure B-4, was never notably violated in the regression 

analysis performed in developing the models, and therefore no treatment was required to 

redress any imbalance. 

Figure B-4: Homogeneity of the residuals 

B.2.4 Independence 

Although in any regression analysis errors should be identically and independently 

distributed, this is usually of concern when sequential observations are used to develop a 

model. Therefore checking the validity of this assumption was not necessary in the 

present study. 
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B.2.5 Model specification 

The model, as mentioned, should be properly specified by including all significant 

variables (p , = 0.05)5, and excluding irrelevant predictors that might entirely change the 

format of the model. This further demonstrates the importance of proper selection of 

predictors; to choose as many as possible will not always lead to better results and could 

even alter the model accuracy. The R—xt plots help improve the functional form of the 

model in that they reveal any nonlinearity and suggest appropriate transformations. 

Insignificant variables (p , > 0.05) that could be identified after the first regression 

analysis would be removed from the model, provided that the prediction accuracy is not 

greatly affected. 

In this study, all potentially important variables were considered in the first regression. 

Based on the results of J-tests, the least important were taken out until there was an 

acceptable balance between simplicity and model accuracy. For instance, the effect of 

different unit materials; clay, concrete and ceramic, was initially considered in the 

formulation of vcr and vmax but, due to its insignificance, was eliminated from the final 

equations and at the cost of only a marginal change in R2 (about 0.01). 

B.2.6 Multicollinearity 

Multicollinearity is not amongst the assumptions of linear regression analysis, but is of 

importance. If the variables are highly collinear, the model coefficients cannot be 

uniquely computed. As a result, estimation errors would be significantly inflated. When 

the statistical tests such as collin indicate two variables to be highly collinear, the 

variable less significant to the model should be eliminated. In the present analysis, none 

of the variables used to create the empirical equations were linearly correlated. (It may 

have been the case i f for example, both vm andfm had been considered in the formulation 

of Vcr as explicit variables). 

5 Confidence level chosen to be 0.95 
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B.2.7 Influential observations 

Influential data points may be classified in two main categories, leverages and outliers. 

The former group consists of observations with extreme values on single or multiple 

predictors which could substantially affect the model coefficients. A leverage is an 

indicator of how far an independent variable deviates from its mean. Outliers, on the 

other hand, are data with large residuals due to sample peculiarity, measurement/entry 

error and present anomalies. Influential points should be recognized, and i f close scrutiny 

of the references identifies anomalies, their removal should be considered. 

Influential points may modify results i f the fitted line is adjusted to incorporate these 

extreme values. However, it should be kept in mind that no single data point can be 

arbitrarily eliminated simply because it is not consistent with the rest of the data. Any 

removal should be made only after investigation and identification of the cause of the 

problem. 

To predict the model parameters in this study, a number of influential points were 

identified. These observations are generally referred to throughout the body of the report 

(section 3-3-2). Each observation is listed in this chapter, together with its type, and the 

cause of the problem if it was removed from the final stage of model prediction. Several 

statistical tests and visual aids were called for in identifying the influential points. The 

most important diagnostic tools utilized in creating the empirical equations, together with 

their general definitions and cut-off values, are listed in Table B - l 
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Table B-l: Diagnostic tools to identify the influential points 

Tool The type of influential 
points it identifies Cut-off values 

Standardized 
residual 

(rstudent) 
Potential outliers 

beyond 3; the observation 
could be removed without any 
need for further investigation 
(severe outlier), 2-3: closer 
scrutiny is still required (mild 
outliers) 

Leverage Leverages 
2k + 2 

N 

Cooks'd Overall measure 
4 
N 

Dfits Overall measure 

Dfbeta Specific measure of 
influential points 

R-Xi plots Potential outliers — 

R-Y' plots Potential outliers — 

K: the number of independent variables 
N: the number of observations 

B.3 Iterative regression process 

As previously mentioned, regression analysis is an iterative process, to be run until 

removal of all deficient data points and satisfaction of every underlying assumption. In 

the final stage of the analysis, signs, magnitude of the coefficients, and other relevant 

details depending on the goals of prediction, should be checked, and the model verified 

for data points not originally included in the development of the analytical model. This 

will ensure accuracy for specimens with similar characteristics and constraints as the data 

being considered for the development of the model, and also determine its ability to 

simulate the behaviour of data points with more general properties or different 

characteristics. 
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B.4 Data removal in the present study 

Table B-2: Preliminary data removal (prior to the formation of simplified database) 

ID Vcr o'er Vmax & max 8 uit Supporting reasons 

56 X Anomalous backbone curve 

66-68, 130 X Scaled down based on complete similitude laws 

113 X Due to the local strength loss the distinction of 
cracking limit state is almost impossible. 

117 X Multiple points with 20% strength loss 

137 X 
Strikingly different behaviour in positive and 
negative response cannot be attributed to any 
specific reason 

151-153 X X X 

It is not clear if the hysteretic curves are given for 
the panel mid-height or the top, therefore the 
measured drift ratios cannot be reliably used for 
model development 

154 X 3D subassembly 

174 Flagged due to the local failure at the 
point of load application 

190 X The shape of the recorded response makes it 
difficult to determine 8cr with sufficient accuracy 

225 X 
Strikingly different 8max in the positive and 
negative directions and no supporting hysteretic 
curve to identify the reason 

235 X Local strength loss makes it difficult to determine 
8max accurately 

241-243 X 

v c r and vmax are the same but their corresponding 
drift ratios are different. The values of pvc and H/ L 
are normal, so this unusual behaviour cannot be 
attributed to rebar yielding. Furthermore, no 
supporting hysteretic curve is provided to uncover 
the reason. 

112, 244, 
246, 247, 
282, 302, 

303 

X Complete lack of information on model parameters 

338 X 
dcr is excessively large (about 0.5) , in complete 
contrast to the remainder of the specimens, and 
lack of hysteretic curve to check its accuracy 
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Table B-3: Criteria for data removal during the analysis 

Criteria. No Description 

1 Extremely low pvc results in the predominance of flexural 
deformations 

2 
a: Leverages 

2 
b: Severe outliers (/?j,am̂ >3) 

3 Overall measures of influential points substantially surpass their 
cut-off values 

4 Specimen peculiarity 

5 Cause of departure from linearity 

6 Excessively large 6 v/f m (> 0.12) 

7 Compression diagonal loading 

8 
Data point cannot be considered in the regression analysis 
because its response value departs three standard deviations 
from its mean 

9 Unreliable value due to the presence of a problem 

10 Others 

Table B-4: List of the specimens that were entirely removed from the analysis 

Category ID Criteria No. 

Cat-1 86, 221, 222, 300, 323, 324, 325, 353 6 

Cat-2 163, 164, 193, 198,267-290 7 

Table B-5: Data points excluded from the final equation of v, 

ID Removal Criteria for prediction of vm 

Cat-4 
2a: extreme values offm and/or 8 

Cat-4 
2b: rstudent >3 

Cat-4 : 13, 14, 18-22, 69-71, 82-84, 88-106, 154, 185-194, 304-307, 337 
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Table B-6: Data removal for the prediction of v, 

ID Removal Criteria 

189 
2a: o"v = 1.22 

189 3: lev , cook's d, Dfbeta 189 

5 

101 
1: low v crdue to yielding or rebar prior to cracking 

101 
3: lev, cooks'd, Dfvm, DF o v 

106 
2a: vm is excessively large 

106 
3: cook's d, lev 

82 
2a: very high vm 

82 
3:lev,DFvm 

90 
9: vcr cannot be determined accurately 

90 
8 

102, 
103, 
104 

1 
102, 
103, 
104 

2b: rstudent = - 4.2 
102, 
103, 
104 

3 : lev, cook's d 

178 
1 

178 
3: lev, cooks'd, Dfits 

100 
1 

100 
3: cooks'd, DF a v, vm 

116, 188, 
199 

1 116, 188, 
199 3: cooks'd 

240 4: cover mortar on both sides makes vcr excessively large 

298 9: very large v„ , due to the lack of data on the specimen the source 
cannot be identified 

191 

1 

191 5 191 

3 : cook's d, dfits 

159 1 

199 
8 

199 
2b: rstudent = 4.7 

299 
8: vcr is much larger than it should be 

299 
2b: rstudent = 3.7 

301 

3: lev 

301 5 301 

2b: rstudent = 6.2 
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Appendix B: Multiple regression analysis using the least square method 

Table B-7: Data removal for the prediction of v, 

ID Removal Criteria 
106 2a: vm is excessively large 

90 
4 : very high phc, very high fm and the same vcr and v m a x 

90 
9: local strength loss affects the results 

175 
8 

175 
2b: rstudent = 5.6 

194 2a :very high pvc-fyvc ; cannot be compared to the rest of the 
specimens 

3: dfits, rstudent =2.75 

4: very large p v c.fyvC but tie columns are not contributing to the 
maximum strength 

*Cat-3 1: significantly large or very small tie column contribution 

219, 220,. 
223 

2a: H/L = 3 and flexural deformations are dominating the response, 
as a result tie column contribution to v m a x is very small 

186 
2a :very large p Vc-fyv« very large f c 

186 
3: lev, cooks'd 

*Cat-3: 116-119, 160-162,166, 167, 176, 177, 178, 181, 182, 183,185, 191, 122, 
123, 124, 125, 126, 127 

Table B-8: Data removal for the prediction of <$, 

ID Removal Criteria 
2b :rstudent = 4.2 

200 8 
3: cooks'd, dfits 

89 
2a: very large fm 

89 
3: cook's d, lev 

190 8: cracking limit state can't be identified from the hysteretic curve 

176,177,182 1: this effect is even more intensified by loading protocol 
(monotonic) 

166 1 

138 
8 

138 
2a : rstudent = 4.67 

326 

9: substantially different behaviour from the other ceramic masonry 
walls. However, there is no supporting data to identify the reason, 
or to check if the cracking limit state has been determined in line 
with the assumptions of this study. 
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Table B-8 (Cont.) 

318 
9: Scarcity of data makes it difficult to uncover why 5 c r is 
significantly large 

131,132 4: gypsum cover 

158 2b: rstudent = 3.8 

219 2a: H/L = 3 

160 1 

161 1 

173, 169, 
170, 175 , 

183 

4: concrete units, PhC=0, monotonic loading ; extremely different 
behaviour from the rest of the specimens 173, 169, 

170, 175 , 
183 9: steady increase in the slope of the hysteretic curve up to peak 

point makes accurate distinction of the cracking limit state 
impossible 

155 
2b : rstudent = 3.51 

155 
8 

293 
2b: rstudent = 3.1 

293 
10: lack of information on the specimen to verify the results 

263 2a: H / L = 2 

264 2a: H / L = 2 

114 
3: rstudent = 2.34 

114 
2a: very low fm and large vm 

Table B-9: Data removal for prediction of Sun 

ID Removal Criteria 

122-127 1: not considered in the prediction of v m a x 

2a: very small fm and therefore vm 

131, 132 
9: strikingly different measured and predicted vmaxdue to anomalous 
recorded response 

4: covered by gypsum cover 

160-162 1 

2b: rstudent = 3.54 

170 10: y was not calculated, because for this specimen the 
identification of the cracking limit state is not accurately possible 
due to the steady increase in the slope up to the peak point 

178 
1 

178 
3: rstudent = 2.67 
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Table B-9 (Cont.) 

183 
1 

183 
3: dfits 

194 2a: very high pvc-fyvc and therefore v m a x was not predicted 

240 4: mortar cover 

102-104 1(H /L>1 also gives rise to the predominance of flexural 
deformations) 

115-118 
1 

115-118 
3; rstudent = 2.35 

167 
1 

167 
3: cooks'd 

219 
2a: H/ L= 3; predominance of flexural deformations 

219 
3: rstudent = 2.52 

263,264 
2a: H/ L=3 ; predominance of flexural deformations 

263,264 
3: dfits 

114 1 

2b: rstudent = 3.2 

137 9: the y value is not determined for this specimen due to anomalous 
recorded response 

196,197 2a: very large pvc.fyvc , a n d therefore, not considered in the 
determination of v m a x 

186 10 :very large pVc-fyvC and fc and therefore v m a x was not determined 

187 9: very large Pvc-fyvo v e r y small vm compared to fm value, v m a x not 
reliable 

177 
1 

177 
2a: very low vm compared to the fm value 

100 
1 

100 
3: cooks'd 

185 4: hollow clay bricks, interior tie column, PhC= 0, monotonic 
test(highly peculiar) 

190 

2a: very small vm and significantly large fm 

190 4: hollow clay bricks, interior tie column, phc= 0, monotonic test, 
flexural failure mode(highly peculiar) 
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Appendix C 
Derivation of Equations and Results 

C l Derivation of the fundamental equations 

C.l.l Cracking drift capacity 

• Considering the response to be linear-elastic and idealizing the masonry panel as shear 

a cantilever beam; 

^cr ~ ^cr'^cr C-l 

Acr ~ ScrHw 

Kcr~ PyKi int 

,-1 

int + 
K3/E-I G-A j 

C-2 

C-3 

• Neglecting the first term accounting for flexural deformations for squat C M walls 

v c r - A w = P r Scr-K., 
H„ w 

C-4 

vcr=/3rG-8cr 

• Based on the masonry codes E is proportional to (fm)c and G is proportional to E 

• Rigidity also varies with the material type ; considering a/ as a representative of the 

unit materials 

8cr = r-
vcr 

fr 
C-5 

m 
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Appendix C: derivation of equations and results 

For slender walls going through the same procedure; 

vcr\ 1.6 

5cr = r-
•f-T + 1 

fr m 

C-6 

As H/L increases the significance of the panel 

aspect ratio would rise and for completely slender 

panels (H/L) would be controlling the response. 

C.1.2 Ultimate drift ratio 

max 

Figure C-l: The concept of ductility 

Sy is the drift ratio of the equivalent linear system at v„ 

^max ~ Ay-kcr 

C-l 

considering the predominance of shear deformations for squat panels 

SyHw'Gcr'Aw'K 

max 
w 

AW.K: shear area 

• As it was noted in the derivation of d cr 

vmax 
8 — y—-j=-

^ -Ifm 

Gcr = 
m 

r 

C-8 

C-9 
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Sult=f'Sy 
vmax 
\jJm 

C.2 Presentation of the results 

Table C-l: Masonry shear strength (vm) 

ID exp / » V1 fm Vmcal ID exp fm fm 
vmcal 

62 0.52 6.93 2.63 0.48 231 0.38 5.13 2.26 0.42 
63 0.52 6.93 2.63 0.48 232 0.38 5.13 2.26 0.42 
64 0.52 6.93 2.63 0.48 233 0.38 5.13 2.26 0.42 
65 0.52 6.93 2.63 0.48 234 0.38 5.13 2.26 0.42 
72 0.64 6.67 2.58 0.47 235 0.38 5.13 2.26 0.42 
73 0.74 4.41 2.10 0.39 236 0.38 5.13 2.26 0.42 
74 0.38 3.63 1.91 0.35 237 0.37 4.05 2.01 0.37 
75 0.37 3.04 1.74 0.32 238 0.37 4.05 2.01 0.37 
76 0.39 3.73 1.93 0.35 239 0.37 4.05 2.01 0.37 
77 0.56 4.81 2.19 0.40 240 0.44 2.97 1.72 0.32 
78 0.74 5.14 2.27 0.42 241 0.44 2.97 1.72 0.32 
79 0.74 5.14 2.27 0.42 242 0.34 2.97 1.72 0.32 
80 0.74 5.14 2.27 0.42 243 0.34 2.97 1.72 0.32 
81 0.74 5.14 2.27 0.42 250 0.42 5.25 2.29 0.42 
85 0.74 15.5 3.94 0.72 251 0.42 5.25 2.29 0.42 
107 0.3 3.05 1.75 0.32 252 0.42 5.25 2.29 0.42 . 
108 0.3 3.05 1.75 0.32 253 0.42 5.25 2.29 0.42 
109 0.31 3.05 1.75 0.32 254 0.42 5.25 2.29 0.42 
110 0.31 3.05 1.75 0.32 255 0.42 5.25 2.29 0.42 
111 0.44 2.55 1.60 0.29 256 0.42 5.25 2.29 0.42 
112 0.44 2.55 1.60 0.29 257 0.42 5.25 2.29 0.42 
113 0.44 2.55 1.60 0.29 263 1.08 14.03 3.75 0.69 
114 0.44 2.55 1.60 0.29 264 1.08 14.03 3.75 0.69 
115 0.44 2.55 1.60 0.29 265 1.08 14.03 3.75 0.69 
116 0.88 12.75 3.57 0.66 266 1.08 14.03 3.75 0.69 
117 0.88 12.75 3.57 0.66 267 0.48 2.26 1.50 0.28 
118 0.88 12.75 3.57 0.66 268 0.48 2.26 1.50 0.28 
119 0.88 12.75 3.57 0.66 269 0.38 2.55 1.60 0.29 
128 0.59 5.3 2.30 0.42 270 0.61 4.51 2.12 0.39 
129 0.59 5.3 2.30 0.42 271 0.44 13.93 3.73 0.69 
131 0.24 2.44 1.56 0.29 272 0.29 8.44 2.91 0.53 
132 0.24 2.44 1.56 0.29 273 0.44 13.93 3.73 0.69 
133 0.24 2.44 1.56 0.29 274 0.38 7.65 2.77 0.51 
134 0.24 2.44 1.56 0.29 275 0.8 10.59 3.25 0.60 
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135 0.55 6.89 2.62 0.48 276 0.8 10.59 3.25 0.60 
136 0.55 6.89 2.62 0.48 277 0.26 6.18 2.49 0.46 
137 0.49 6.04 2.46 0.45 278 0.26 6.18 2.49 0.46 
138 0.49 6.04 2.46 0.45 279 0.42 7.26 2.69 0.50 
139 0.55 6.89 2.62 0.48 280 0,42 7.26 2.69 0.50 
140 0.55 6.89 2.62 0.48 281 0.42 7.26 2.69 0.50 
141 0.49 6.04 2.46 0.45 282 0.36 14.72 3.84 0.70 
142 0.49 6.04 2.46 0.45 283 0.36 14.72 3.84 0.70 
143 0.55 6.89 2.62 0.48 284 0.36 14.72 3.84 0.70 
144 0.55 6.89 2.62 0.48 285 0.86 20.8 4.56 0.84 
145 0.49 6.04 2.46 0.45 286 0:47 11.87 3.45 0.63 
146 0.49 6.04 2.46 0.45 287 0.47 11.87 3.45 0.63 
147 0.55 6.89 2.62 0.48 288 0.47 11.87 3.45 0.63 
148 0.55 6.89 2.62 0.48 289 0.53 8.24 2.87 0.53 
149 0.49 6.04 2.46 0.45 290 0.53 8.24 2.87 0.53 
150 0.49 6.04 2.46 0.45 291 0.53 8.24 2.87 0.53 
155 0.57 10.33 3.21 0.59 292 0.38 9.61 3.10 0.57 
156 0.57 14.28 3.78 0.69 293 0.72 9.34 3.06 0.56 
157 0.57 14.28 3.78 0.69 294 0.71 12.65 3.56 0.65 
158 0.57 14.28 3.78 0.69 295 0.74 15.52 3.94 0.72 
159 0.57 14.28 3.78 0.69 296 0.74 15.52 3.94 0.72 
160 0.57 14.28 3.78 0.69 297 0.9 8.29 2.88 0.53 
161 0.57 14.28 3.78 0.69 298 0.8 6.86 2.62 0.48 
162 0.57 14.28 3.78 0.69 299 0.8 6.86 2.62 0.48 
163 0.57 14.28 3.78 0.69 300 0.8 6.86 2.62 0.48 
164 0.57 14.28 3.78 0.69 301 0.8 6.86 2.62 0.48 
165 0.57 18.07 4.25 0.78 302 0.59 4.2 2.05 0.38 
166 0.57 18.07 4.25 0.78 303 0.56 3.97 1.99 0.37 
167 0.57 18.07 4.25 0.78 308 0.78 7.85 2.80 0.51 
168 0.57 18.07 4.25 0.78 309 0.78 7.85 2.80 0.51 
169 0.57 25.3 5.03 0.92 310 0.78 7.85 2.80 0.51 
170 0.57 25.3 5.03 0.92 311 0.78 7.85 2.80 0.51 
171 0.57 25.3 5.03 0.92 312 0.78 7.85 2.80 0.51 
172 0.57 25.3 5.03 0.92 313 0.78 7.85 2.80 0.51 
173 0.57 25.3 5.03 0.92 314 0.78 7.85 2.80 0.51 
174 0.57 25.3 5.03 0.92 315 0.78 7.85 2.80 0.51 
175 0.57 25.3 5.03 0.92 316 0.78 7.85 2.80 0.51 
176 0.57 25.3 5.03 0.92 317 0.78 11.96 3.46 0.64 
177 0.57 25.3 5.03 0.92 318 0.78 11.96 3.46 0.64 
178 0.57 25.3 5.03 0.92 319 0.78 11.96 3.46 0.64 
179 0.57 25.3 5.03 0.92 320 0.78 11.96 3.46 0.64 
180 0.57 25.3 5.03 0.92 321 0.78 11.96 3.46 0.64 
181 0.57 25.3 5.03 0.92 322 0.24 2.41 1.55 0.29 
182 0.57 25.3 5.03 0.92 323 0.24 2.41 1.55 0.29 
183 0.57 25.3 5.03 0.92 324 0.24 2.41 1.55 0.29 
184 0.57 25.3 5.03 0.92 325 0.24 2.41 1.55 0.29 
195 0.69 10.01 3.16 0.58 326 0.24 2.41 1.55 0.29 
196 0.69 10.01 3.16 0.58 327 0.86 7.98 2.82 0.52 
197 0.69 10.01 3.16 0.58 328 0.86 7.98 2.82 0.52 
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198 0.69 10.01 3.16 0.58 329 0.86 7.98 2.82 0.52 
199 0.69 10.01 3.16 0.58 330 0.86 7.98 2.82 0.52 
200 0.69 10.01 3.16 0.58 331 0.86 7.98 2.82 0.52 
219 0.53 3.46 1.86 0.34 336 0.19 3.04 1.74 0.32 
220 0.43 3.6 1.90 0.35 338 0.3 4.81 2.19 0.40 
221 0.45 3.23 1.80 0.33 339 0.5 12.46 3.53 0.65 
222 0.43 2.82 1.68 0.31 348 0.67 9.46 3.08 0.57 
223 0.48 3.16 1.78 0.33 349 0.67 9.46 3.08 0.57 
224 0.71 3.13 1.77 0.33 350 0.67 9.46 3.08 0.57 
225 0.47 5.19 2.28 0.42 351 0.67 9.46 3.08 0.57 
226 0.56 4.31 2.08 0.38 352 0.67 9.46 3.08 0.57 
227 0.33 3.06 1.75 0.32 353 0.67 9.46 3.08 0.57 
228 0.51 2.72 1.65 0.30 354 0.67 9.46 3.08 0.57 
229 0.38 5.13 2.26 0.42 355 0.67 9.46 3.08 0.57 
230 0.38 5.13 2.26 0.42 356 0.67 9.46 3.08 0.57 

Table C-2: Shear cracking strength (vcr) 

ID H/L Vcr 
(exp) 

Vcr 

(cal) 
Vcr-
M88 

Vcr-
CC97 

Vcr-
MAT94 

Vmax-
MC04 

Vmax-
CC93 

Vmax-
AIJ99 

Vmax-
PC98 

Vmax-
MC06 

Vmax-
AC83 

62 0.76 0.52 0.3 0.324 0.333 0.720 0.156 0.135 0.350 0.324 0.532 0.329 0.474 0.402 
74 1.00 0.38 0.49 0.308 0.345 0.523 0.133 0.131 0.337 0.318 0.348 0.303 0.546 0.375 
99 0.92 1.11 0.2 0.401 0.454 0.572 0.279 0.235 0.615 0.560 0.321 0.601 0.594 0.726 
111 0.70 0.44 0 0.350 0.317 0.400 0.101 0.084 0.220 0.198 0.255 0.220 0.418 0.264 
114 0.70 0.44 0 0.226 0.187 0.400 0.101 0.084 0.220 0.198 0.222 0.220 0.418 0.264 
115 0.70 0.44 0 0.142 0.187 0.400 0.101 0.084 0.220 0.198 0.222 0.220 0.418 0.264 
117 0.70 0.88 0 0.286 0.373 0.895 0.202 0.167 0.440 0.396 0.736 0.440 0.587 0.528 
131 0.81 0.24 0.34 0.208 0.230 0.464 0.084 0.087 0.223 0.211 0.261 0.199 0.439 0.247 
132 0.81 0.24 0.34 0.329 0.230 0.464 0.084 0.087 0.223 0.211 0.261 0.199 0.439 0.247 
135 0.61 0.55 0 0.291 0.233 0.699 0.127 0.105 0.275 0.248 0.469 0.275 0.393 0.330 
136 0.61 0.55 0 0.253 0.233 0.699 0.127 0.105 0.275 0.248 0.469 0.275 0.393 0.330 
138 0.62 0.49 0 0.132 0.208 0.650 0.113 0.093 0.245 0.221 0.433 0.245 0.366 0.294 
155 0.96 0.57 0 0.243 0.242 0.426 0.131 0.108 0.285 0.257 0.359 0.285 0.428 0.342 
156 0.96 0.57 0.23 0.310 0.329 0.537 0.159 0.136 0.355 0.326 0.461 0.339 0.486 0.412 
158 0.96 0.57 • 0 0.233 0.242 0.501 0.131 0.108 0.285 0.257 0.422 0.285 0.428 0.342 
160 0.96 0.57 0.35 0.293 0.373 0.556 0.173 0.150 0.390 0.362 0.310 0.366 0.515 0.447 
161 0.96 0.57 0 0.251 0.242 0.501 0.131 0.108 0.285 0.257 0.253 . 0.285 0.428 0.342 
162 0.96 0.57 0.35 0.482 0.373 0.556 0.173 0.150 0.390 0.362 0.310 0.366 0.515 0.447 
165 1.00 0.57 0 0.257 0.242 0.534 0.131 0.108 0.285 0.257 0.497 0.285 0.492 0.342 
166 1.00 0.57 0 0.198 0.242 0.534 0.131 0.108 0.285 0.257 0.297 0.285 0.492 0.342 
167 1.00 0.57 0 0.242 0.242 0.534 0.131 0.108 0.285 0.257 0.353 0.285 0.492 0.342 
168 1.00 0.57 0.16 0.356 0.303 0.560 0.151 0.128 0.334 0.306 0.524 0.323 0.530 0.391 
169 1.00 0.57 0.33 0.430 0.364 0.683 0.170 0.148 0.383 0.355 0.641 0.360 0.568 0.440 
170 1.00 0.57 0.65 0.559 0.486 0.733 0.200 0.187 0.481 0.453 0.693 0.435 0.645 0.538 
171 1.00 0.57 0 0.284 0.242 0.632 0.131 0.108 0.285 0.257 0.588 0.285 0.492 0.342 
173 1.00 0.57 0 0.396 0.242 0.632 0.131 0.108 0.285 0.257 0.515 0.285 0.492 0.342 
175 1.00 0.57 0.98 0.602 0.609 0.783 0.200 0.226 0.579 0.551 0.745 0.511 0.722 0.636 
176 1.00 0.57 0.33 0.370 0.364 0.683 0.170 0.148 0.383 0.355 0.404 0.360 0.568 0.440 
177 1.00 0.57 0.65 0.553 0.486 0.733 0.200 0.187 0.481 0.453 0.457 0.435 0.645 0.538 
181 1.00 0.57 0 0.186 0.242 0.632 0.131 0.108 0.285 0.257 0.352 0.285 0.492 0.342 
182 1.00 0.57 0 0.294 0.242 0.632 0.131 0.108 0.285 0.257 0.418 0.285 0.492 0.342 
183 1.00 0.57 0 0.278 0.242 0.632 0.131 0.108 0.285 0.257 0.588 0.285 0.492 0.342 
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185 1.00 0.33 0 0.106 0.140 0.637 0.076 0.063 0.165 0.149 0.378 0.165 0.478 0.198 

186 1.00 0.33 0 0.155 0.140 0.637 0.076 0.063 0.165 0.149 0.632 0.165 0.478 0.198 

187 1.00 0.33 0 0.217 0.140 0.637 0.076 0.063 0.165 0.149 0.632 0.165 0.478 0.198 

188 1.00 0.33 0.61 0.445 0.369 0.735 0.116 0.136 0.349 0.332 0.734 0.306 0.632 0.382 

190 1.00 0.33 0 0.180 0.140 0.637 0.076 0.063 0.165 0.149 0.513 0.165 0.478 0.198 

194 1.00 0.33 0 0.287 0.140 0.637 0.076 0.063 0.165 0.149 0.632 0.165 0.478 0.198 

195 1.00 0.69 0 0.180 0.292 0.673 0.159 0.131 0.345 0.311 0.583 0.345 0.641 0.414 

196 1.00 0.69 0.29 0.474 0.400 0.746 0.193 0.165 0.431 0.396 0.631 0.411 0.717 0.500 

197 1.00 0.69 0 0.263 0.292 0.673 0.159 0.131 0.345 0.311 0.659 0.345 0.622 0.414 

200 1.04 0.69 0.47 0.343 0.469 0.786 0.215 0.188 0.487 0.452 0.607 0.441 0.676 0.556 

225 1.00 0.47 0.36 0.231 0.335 0.152 0.133 0.344 0.320 0.318 0.529 0.391 

226 1.00 0.56 0.36 0.292 0.373 0.173 0.150 0.389 0.361 0.364 0.567 0.446 

227- 1.00 0.33 0.36 0.278 0.274 0.114 0.105 0.272 0.255 0.246 0.466 0.304 

228 1.00 0.51 0.36 0.285 0.353 0.161 0.141 0.365 0.339 0.340 0.544 0.416 

229 1.00 0.38 0 0.193 0.162 0.469 0.088 0.073 0.191 0.172 0.402 0.191 0.498 0.230 

235 1.00 0.38 0 0.216 0.162 0.293 0.088 0.073 0.191 0.172 0.252 0.191 0.499 0.230 

238 1.00 0.37 0 0.184 0.156 0.246 0.085 0.070 0.184 0.166 0.198 0.184 0.412 0.221 

239 1.00 0.37 0 0.207 0.156 0.266 0.085 0.070 0.184 0.166 0.213 0.184 0.432 0.221 

250 0.97 0.42 0.55 0.340 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

251 0.97 0.42 0.55 0.286 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

252 0.97 0.42 0.55 0.353 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

253 0.97 0.42 0.55 0.410 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

254 0.97 0.42 0.55 0.417 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

255 0.97 0.42 0.55 0.413 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

256 0.97 0.42 0.55 0.441 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

257 0.97 0.42 0.55 0.445 0.384 0.147 0.146 0.375 0.354 0.336 0.544 0.417 

265 1.00 1.08 0 0.343 0.458 0.248 0.205 0.540 0.486 0.540 0.648 

266 1.00 1.08 0 0.347 0.458 0.248 0.205 0.540 0.486 0.540 0.648 

293 1.00 0.72 0.43 0.372 0.466 0.217 0.188 0.489 0.453 0.459 0.561 

294 1.00 0.71 0.43 0.428 0.462 0.215 0.187 0.484 0.449 0.454 0.555 

295 1.00 0.74 0.43 0.336 0.475 0.222 0.192 0.499 0.462 0.469 0.573 

296 1.00 0.74 0 0.190 0.314 0.170 0.141 0.370 0.333 0.370 0.444 

297 1.00 0.9 0 0.478 0.381 0.207 0.171 0.450 0.405 0.450 0.540 

300 1.07 0.8 0.55 0.640 0.545 0.250 0.218 0.565 0.525 0.500 0.645 

304 1.00 1.06 0 0.458 0.449 0.244 0.201 0.530 0.477 0.530 0.636 

305 1.00 0.98 0 0.482 0.415 0.225 0.186 0.490 0.441 0.490 0.588 

306 1.00 1.09 0 0.557 0.462 0.251 0.207 0.545 0.491 0.545 0.654 

307 1.00 1.07 0 0.504 0.454 0.246 0.203 0.535 0.482 0.535 0.642 

317 1.00 0.78 0 0.355 0.331 0.179 0.148 0.390 0.351 0.390 0.468 

318 1.00 0.78 0.24 0.544 0.420 0.208 0.177 0.462 0.423 0.445 0.540 

319 1.00 0.78 0.48 0.482 0.510 0.237 0.206 0.534 0.495 0.500 0.612 

320 1.00 0.78 0.48 0.435 0.510 0.237 0.206 0.534 0.495 0.500 0.612 

321 1.00 0.78 0.48 0.571 0.510 0.237 0.206 0.534 0.495 0.500 0.612 

322 1.00 0.24 0 0.132 0.102 0.055 0.046 0.120 0.108 0.120 0.144 

323 1.00 0.24 0.45 0.307 0.270 0.084 0.100 0.255 0.243 0.224 0.279 

324 1.00 0.24 0.45 0.221 0.270 0.084 0.100 0.255 0.243 0.224 0.279 

325 1.00 0.24 0.45 0.283 0.270 0.084 0.100 0.255 0.243 0.224 0.279 

326 1.00 0.24 0.22 0.259 0.184 0.082 0.072 0.186 0.174 0.171 0.210 
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Appendix C: derivation of equations and results 

Table C-3: Maximum shear strength (v max) 

ID H / L vm a v Pvc-fyvc Vmax exp ^max cal Vmax-AIJ99 Vmax-MC06 Vmax-AC83 

62 0.76 0.52 0.3 24.26 10.27 0.429 0.441 0.532 0.474 0.402 
74 1.00 0.38 0.49 27.47 6.81 0.451 0.451 0.348 0.546 0.375 
82 1.00 1.61 0.39 25.9 12.63 0.702 0.735 0.521 0.977 1.083 
105 1.24 1.5 0.408 20 8.24 0.741 0.644 0.874 1.440 1.022 
131 0.81 0.24 0.343 13.83 5.14 0.261 0.294 0.261 0.439 0.247 
132 0.81 0.24 0.343 13.83 5.14 0.424 0.374 0.261 0.439 0.247 
135 0.61 0.55 0 23.9 6.20 0.321 0.287 0.469 0.393 0.330 
136 0.61 0.55 0 23.9 6.20 0.378 0.287 0.469 0.393 0.330 
137 0.62 0.49 0 23.9 6.20 0.228 0.275 0.433 0.366 0.294 
138 0.62 0.49 0 23.9 6.20 0.254 0.275 0.433 0.366 0.294 
155 0.96 0.57 0 29.43 10.88 0.345 0.372 0.359 0.428 0.342 
156 0.96 0.57 0.233 14.72 10.88 0.437 0.383 0.461 0.486 0.412 
158 0.96 0.57 0 19.62 10.88 0.376 0.326 0.422 0.428 0.342 
165 1.00 0.57 0 29.33 10.88 0.529 0.472 0.497 0.492 0.342 
168 1.00 0.57 0.164 33.06 10.88 0.494 0.447 0.524 0.530 0.391 
171 1.00 0.57 0 18.84 10.88 0.446 0.322 0.588 0.492 0.342 
173 1.00 0.57 0 8.14 6.96 0.425 0.226 0.515 0.492 0.342 
184 1.00 0.57 0 21.48 10.88 0.305 0.336 0.588 0.492 0.342 
187 1.00 0.33 0 17.36 19.43 0.278 0.329 0.632 0.478 0.198 
188 1.00 0.33 0.613 15.3 19.43 0.523 0.535 0.734 0.632 0.382 
189 1.00 0.33 1.226 12.56 19.43 0.801 0.735 0.836 0.786 0.566 
190 1.00 0.33 0 14.72 9.71 0.206 0.238 0.513 0.478 0.198 
195 1.00 0.69 0 10.2 20.29 0.238 0.348 0.583 0.641 0.414 
196 1.00 0.69 0.286 15.6 20.29 0.550 0.500 0.631 0.717 0.500 
197 1.00 0.69 0 23.25 17.81 0.450 0.432 0.659 0.622 0.414 
199 1.04 0.69 0 14.72 11.84 0.173 0.231 0.527 0.553 0.414 
200 1.04 0.69 0.472 14.72 11.84 0.372 0.503 0.607 0.676 0.556 
219 3.13 0.5268 0.2453 19.11 6.00 0.209 0.351 0.947 0.390 
220 2.08 0.4316 0.2453 19.11 6.00 0.242 0.331 0.704 0.333 
221 3.13 0.4473 0.4905 17.77 6.00 0.211 0.242 0.969 0.416 
223 3.13 0.4846 0.1226 18.23 6.00 0.219 0.294 0.902 0.328 
224 2.08 0.7142 0.1226 18.23 6.00 0.276 0.342 0.772 0.465 
250 0.97 0.42 0.549 23.05 5.93 0.432 0.453 0.544 0.417 
251 0.97 0.42 0.549 23.05 5.93 0.438 0.453 0.544 0.417 
253 0.97 0.42 0.549 23.05 5.93 0.501 0.453 0.544 0.417 
254 0.97 0.42 0.549 23.05 4.29 0.457 0.428 0.544 0.417 
255 0.97 0.42 0.549 23.05 4.29 0.457 0.428 0.544 0.417 
256 0.97 0.42 0.549 23.05 4.29 0.469 0.428 0.544 0.417 
257 0.97 0.42 0.549 23.05 4.29 0.445 0.428 0.544 0.417 
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Appendix C: derivation of equations and results 

Table C-4: Cracking drift capacity (S cr) 

ID Unit Material H/L &cr exp &cr cal 

62 Concrete 0.76 0.115 0.125 0.090 
74 Clay 1.00 0.117 0.179 0.202 
99 Clay 0.92 0.222 0.227 0.256 
111 Clay 0.70 0.080 0.116 0.130 
114 Clay 0.70 0.105 0.116 0.130 
115 Clay 0.70 0.171 0.116 0.130 
117 Clay 0.70 0.160 0.104 0.117 
135 Clay 0.61 0.118 0.088 0.099 
136 Clay 0.61 0.078 0.088 0.099 
156 Concrete 0.96 0.078 0.086 0.062 
161 Concrete 0.96 0.114 0.063 0.075 
185 Clay 1.00 0.138 0.029 0.033 
186 Clay 1.00 0.053 0.029 0.033 
187 Clay 1.00 0.107 0.029 0.033 
188 Clay 1.00 0.160 0.076 0.086 
194 Clay 1.00 0.122 0.029 0.093 
195 Clay 1.00 0.088 0.092 0.103 
196 Clay 1.00 0.234 0.125 0.141 
197 Clay 1.00 0.111 0.092 0.103 
220 Concrete 2.08 0.105 0.143 0.103 
221 Concrete 3.13 0.203 0.205 0.147 
222 Concrete 2.08 0.114 0.215 0.154 
223 Concrete 3.13 0.117 0.140 0.100 
224 Concrete 2.08 0.107 0.195 0.140 
226 Concrete 1.00 0.175 0.178 0.128 
227 Concrete 1.00 0.142 0.155 0.111 
228 Concrete 1.00 0.203 0.212 0.152 
229 Clay 1.00 0.106 0.071 0.080 
235 Clay 1.00 0.074 0.071 0.080 
238 Concrete 1.00 0.063 0.077 0.055 
239 Concrete 1.00 0.075 0.077 0.055 
250 Concrete 0.97 0.087 0.166 0.119 
251 Concrete 0.97 0.098 0.166 0.119 
252 Concrete 0.97 0.068 0.166 0.119 
253 Concrete 0.97 0.075 0.166 0.119 
254 Concrete 0.97 0.099 0.166 0.119 
255 Concrete 0.97 0.082 0.166 0.119 
256 Concrete 0.97 0.070 0.166 0.119 
257 Concrete 0.97 0.103 0.166 0.119 
265 Ceramic 1.00 0.125 0.121 0.115 
266 Ceramic 1.00 0.110 0.121 0.115 
295 Concrete 1.00 0.130 0.119 0.086 
296 Concrete - 1.00 0.130 0.079 0.057 
317 Ceramic 1.00 0.150 0.095 0.090 
319 Ceramic 1.00 0.186 0.146 0.139 
320 Ceramic 1.00 0.107 0.146 0.139 
321 Ceramic 1.00 0.148 0.146 0.139 
322 Ceramic 1.00 0.067 0.065 0.062 
323 Ceramic 1.00 0.194 0.172 0.163 
324 Ceramic 1.00 0.125 0.172 0.163 
325 Ceramic 1.00 0.112 0.172 0.163 
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Appendix C: derivation of equations and results 

Table C-5: Ultimate drift capacity (S uU ) 

ID H/L ^ max & max Suit y-vmax./ff^ M exp fl cal 

62 0.76 0.43 0.271 0.371 5.524 0.101 3.44 4.02 
74 1.00 0.43 0.426 0.639 5.337 0.249 2.56 3.93 
82 1.00 0.63 0.234 0.392 2.522 0.180 2.17 2.53 
99 0.92 0.49 0.382 0.397 4.160 0.226 1.75 3.34 
101 0.92 0.51 0.342 0.392 3.807 0.237 1.66 3.17 
105 1.24 0.69 0.467 0.746 2.083 0.219 3.40 2.31 
135 0.61 0.30 0.535 1.132 10.837 0.127 8.92 6.66 
136 0.61 0.34 0.634 1.030 8.472 0.143 . 7.18 5.49 
165 1.00 0.43 0.401 0.616 5.405 0.211 2.92 3.96 
166 1.00 0.30 0.865 0.962 11.458 0.145 6.64 6.97 
168 1.00 0.47 0.284 0.372 4.441 0.233 1.60 3.48 
169 1.00 0.70 0.500 0.633 2.032 0.291 2.18 2.28 
171 1.00 0.45 0.317 0.795 5.027 0.185 4.30 3.77 
173 1.00 0.44 0.334 0.512 5.187 0.182 2.81 3.85 
175 1.00 0.79 0.524 0.524 1.622 0.326 1.61 2.08 
176 1.00 0.47 0.647 0.767 4.482 0.196 3.92 3.50 
184 1.00 0.33 0.543 0.844 8.916 0.139 6.08 5.71 
188 1.00 0.52 0.266 0.449 3.765 0.118 3.81 3.15 
189 1.00 0.76 0.345 0.400 1.719 0.175 2.29 2.13 
191 1.00 0.54 0.398 0.583 3.460 0.123 4.74 2.99 
195 1.00 0.32 0.295 0.582 9.823 0.111 5.27 6.16 
229 1.00 0.27 0.975 0.975 13.824 0.130 7.49 8.15 
235 1.00 0.22 1.229 20.390 0.107 11.46 11.42 
250 0.97 0.45 0.383 0.445 4.968 0.123 3.62 3.74 
251 0.97 0.45 0.334 0.502 4.924 0.123 4.07 3.72 
252 0.97 0.48 0.336 0.502 4.275 0.132 3,79 3.40 
253 0.97 0.47 0.292 0.443 4.495 0.129 3.43 3.51 
254 0.97 0.45 0.252 0.494 4.942 0.123 4.01 3.73 
255 0.97 0.45 0.158 0.362 4.942 0.123 2.94 3.73 
256 0.97 0.45 0.208 0.473 4.857 0.124 3.81 3.69 
257 0.97 0.45 0.103 0.407 5.033 0.122 3.33 3.78 
265 1.00 0.42 0.292 0.655 5.776 0.108 6.08 4.15 
266 1.00 0.56 0.292 0.580 3.199 0.145 4.00 2.86 
297 1.00 0.64 0.833 2.431 0.244 3.41 2.48 
300 1.07 0.83 0.757 1.451 0.347 2.18 1.99 
301 1.07 0.83 0.543 1.467 0.345 1.57 2.00 
308 0.74 0.37 0.190 0.310 7.500 0.082 3.79 5.00 
313 0.97 0.70 0.425 0.450 2.028 0.157 2.86 2.28 
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