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ABSTRACT

This research investigates the behavior of tall masonry walls under the influence 

of reactive support stiffness. Current design practice does not recognize the effect 

of actual support stiffness in estimating masonry block wall load capacity and 

ignoring this effect leads to underestimated wall capacity. This indicates the need 

to evaluate the actual boundary conditions and to investigate the behavior of 

masonry tall walls in the context of actual boundary conditions.

The research has three main phases. The first phase encompasses the evaluation 

of support stiffness as a function of footing dimensions and supporting soil 

properties and then to simulate this support stiffness in a full scale testing setup. 

The support stiffness of commonly used strip footing foundations was evaluated 

for a variety of footing dimensions and soil properties. A full scale testing setup 

was designed by simulating the different levels of support stiffness. Eight wall 

specimens were tested into two groups with slenderness ratios of 28.6 and 33.9. 

All walls were loaded with a common load eccentricity ratio of 0.33. The test 

results were analyzed to study the effect of support condition on load capacity as 

well as on Flexural rigidity of the tested walls. The test results were found 

consistent.

In the second phase all wall specimens were modeled using a nonlinear finite 

element macro modeling approach. ABAQUS Explicit V 6.3 was used for 

analysis. The non-linear finite element model was verified against the test results
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and found satisfactory. The model was then employed to perform a 

comprehensive parametric study. The support stiffness was considered a primary 

parameter and was combined with other geometric and material parameters. The 

axial capacity and the flexural rigidity of the walls were investigated under the 

coupled effect of these parameters.

In the third and final phase of the research, the results obtained from parametric 

study were utilized and non-linear regression analysis was performed. Two sets of 

equations to estimate the axial load capacity and the effective flexural rigidity 

under the effect of reactive support condition were obtained. Validity of proposed 

mathematical expressions was assessed using available experimental results and 

found satisfactory.
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CHAPTER 1 

INTRODUCTION

1.1 Introduction

The advantages of masonry construction such as durability, sound protection, fire 

protection and above all simple construction procedure have promoted its use in 

commercial buildings. Among different types of masonry construction masonry 

load bearing block walls are the most frequently used structural components in the 

construction of industrial buildings (Drysdale and Hamid 2001). The desired 

characteristics of a masonry load bearing wall in structural application are the 

capability to resist eccentric axial load and out of plane bending by offering 

adequate axial capacity and bending stiffness. To acquire effective structural 

application a rationalized design procedure is vital.

The development of a rational design procedure of slender masonry wall has been 

a challenging task. Continuous research efforts to improve design rules have 

redirected the design process from working stress design method to limit state 

design method. Better understanding of masonry as a material and better 

understanding of behavior of load bearing walls has promoted the use of tall 

masonry walls in building construction with increasingly higher slenderness 

ratios.

Researchers (Colville 1979, Hatzinikolas et al. 1980, Hamid and Drysdale 1980, 

Suwalski and Drysdale 1986) have recognized that without considering material 

and geometric non-linearity it is not possible to adequately design masonry load 

bearing walls. Many researchers have tested tall masonry walls (Hatzinikolas et 

al.1978, Amrhein et al. 1982). Up to some extent the current Canadian code 

(S304.1) has incorporated the findings of research in calculating the axial load 

capacity of masonry load bearing block walls. However, there are some aspects 

related to behavior of masonry load bearing walls such as rational estimate of
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flexural rigidity and realistic consideration of boundary conditions that require 
further consideration.

For instance while calculating the axial load capacity of slender masonry load 

bearing block walls the current Canadian code does not allow an effective length 

factor less than 1, which reflects lack of information regarding the influence of 

boundary conditions on axial load carrying capacity of the walls. According to 

research work (Liu et al. 1998) on behavior of slender masonry load bearing 

walls, the current Canadian masonry code conservatively estimates the effective 

flexural rigidity of such walls, which in turn results in gross underestimation of 

the wall capacity. In order to improve the current design rules related to 

estimation of axial load capacity it is necessary to investigate aspects of masonry 

load bearing wall behavior that have not been addressed yet or need further 

investigation. This thesis examines two aspects, flexural rigidity and boundary 

conditions. To achieve this goal it is required to perform full scale testing of 

masonry load bearing walls by simulating actual support conditions in the testing 

so that more data can be generated to predict the behavior of the slender load 

bearing masonry block walls and recommendations can be made towards more 

rationalized design rules.

1.2 Scope and Objectives of the Thesis

Evaluation of the critical buckling load of tall load bearing masonry block walls is 

one of the basic design criteria in the magnified moment method. The critical load 

is based on effective height and effective stiffness (EIeff) of the wall. 

Traditionally, masonry construction methods provide dowel reinforcement 

between the support and the wall at locations of grouted and reinforced cores. The 

support for masonry walls may be reinforced concrete strip footings or grade 

beams. The flexural strength of the base connection is not smaller than the 

strength of any cracked block wall joint. However, there is no clear guideline in 

the current standards to incorporate the effect of the restraint at the base on the

2
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stiffness and load bearing capacity of masonry block walls. This thesis is focused 

on the effect of reactive restraints implied by support conditions on the behavior 

of load bearing masonry block walls carrying eccentric loads. There may be 

several possibilities of support conditions that can influence the bottom rotation of 

the wall. Because of the frequent use of strip type foundation in construction of 

slender masonry load bearing walls, the current study focuses on this type for the 

purpose of exploring the wall-support interaction.

To achieve the goal of the thesis it is necessary to estimate the rotational stiffness 

of the strip foundation as a function of soil properties and strip-footing 

dimensions. This allows a starting point for full scale testing of masonry load 

bearing walls with different support restraints at the wall bottom. Traditional 

testing of masonry walls has relied on constant top and bottom eccentricities. To 

the best of the author’s knowledge, the type of testing proposed in this thesis, 

using reactive boundary conditions rather than constant eccentricities has not been 

used before.

Following the full scale testing the next objective is to develop a numerical model 

capable to deal with geometric as well as material non-linearity and then verify 

the numerical model by predicting the experimental results. Due to limited time 

and laboratory resources it is not possible to conduct experimental investigation 

with a full range of parameters on the wall behavior. The range of rotational 

stiffness generated by different types of support conditions, which are 

encountered in practice, can be further explored in an extensive numerical 

parametric study. Conventional design practice of masonry load bearing walls 

mainly deals with the axial load carrying capacity by estimating effective flexural 

rigidity, including P-A effects but ignoring effects of actual boundary conditions. 

In order to investigate the effect of support stiffness on the wall behavior, the 

current study aims directly to estimate the effect of support restraint on load 

carrying capacity and flexural rigidity of the wall so that design rules of current 

Canadian code can be reviewed.

3
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The axial load carrying capacity is investigated under the coupled effect of several 

geometric, material and support condition parameters. Alternately, effective 

flexural rigidity is a strongly representative estimate of wall behavior, comprising 

the geometric and material properties as well as support conditions of the wall. 

Therefore, the current study also attempts to correlate the support stiffness and 

other parameters with the flexural rigidity of the wall. The study stops short of 

correlating the effective stiffness obtained in the context of this thesis with the 

axial load carrying capacity. This could be the base of future work.

1.3 Organization of the Thesis

The thesis consists of eight chapters. Chapter one describes the scope and 

objective of the current study. In chapter two, literature review related to testing, 

numerical modeling, block masonry material models and flexural rigidity of tall 

masonry block wall is presented.

Chapter three describes the numerical evaluation of support stiffness, the 

experimental program, testing procedure, observations, experimental results and 

discussions. The procedure to evaluate the flexural rigidity is derived in chapter 

four and applied to test results.

Chapter five presents the development of a simple finite element model of 

masonry load bearing block walls and presents the selection of the finite element 

mesh, material model and solution strategy. For the purpose of verification of the 

model chapter five also includes a comparison of the experimental results with the 

numerical results obtained from finite element model.

In chapter six, considering support stiffness as a primary parameter, other major 

parameters related to masonry block wall behavior are identified. A thorough 

parametric study is presented in this chapter comprising load deflection response,

4
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load moment response, response at failure of the walls and trends to illustrate the 

interaction of support stiffness with several geometric and material parameters. 

To completely describe the wall behavior, flexural rigidity plots are also presented 

in chapter six.

Chapter seven further extends the results obtained from the parametric study and 

presents the regression analysis and development of mathematical model for the 

estimation of axial load carrying capacity of masonry load bearing block walls.

Finally, chapter eight summarizes the results and final conclusions of the study as 

well as recommendations for future extension of the research work.
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CHAPTER 2 

LITRATURE RIVIEW

2.1 Introduction

The behavior of masonry load bearing walls has been investigated by several 

researchers in the past. Valuable contributions in this area of research had helped 

to implement limit state design approach in the current masonry design practice. 

Previous researchers have tested the walls having smaller and intermediate 

slenderness ratios. Very few researchers performed full scale testing to investigate 

the behavior of walls with high slenderness ratios (i.e. h/t >30). Because of 

unavailability of enough research data, the current Canadian Code S304.1-94 

treats such walls over-conservatively.

The current Canadian code underestimates the load capacity of masonry load 

bearing walls, in two ways. It underestimates the flexural rigidity and neglects the 

support conditions in case of walls with h/t >30. For the walls with h/t <30, the 

code allows the incorporation boundary conditions in terms of effective length 

factors in estimation of the load capacity of the load bearing walls, The method, 

however, is not able to encompass the actual support conditions.

In all previous experimental work the walls have been tested with pinned 

condition at top and but with constant eccentricity at either or both ends. To the 

best knowledge of the author no experimental research is available about the 

incorporation of actual support conditions in investigation of masonry load 

bearing block wall behavior.

The effective flexural rigidity has been investigated by many researchers to 

further understand the masonry load bearing wall behavior. Several attempts have 

been made to experimentally investigate this parameter and to find out the

6
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relevancy of effective flexural rigidity with the load carrying capacity of the 
walls.

In several research investigations the computer simulation of masonry load 

bearing walls has also been the topic of interest. Several finite element approaches 

have been suggested by the researchers. The material modeling has also been 

treated with special attention and has transformed the modeling approach from 

micro to macro model and recently towards homogenization of the masonry 

material.

This chapter presents a review of the available literature covering the topics 

related to experimental, numerical and analytical investigations of masonry load 

bearing walls. Specifically the chapter aims to cover the literature related to finite 

element modeling, testing, material modeling, flexural rigidity and the failure 

modes of the masonry load bearing block walls.

2.2 Experimental investigations

Yokel and Dikkers (1971) performed comprehensive experimental and analytical 

work on brick and block masonry. The experimental program consisted of one 

hundred and ninety two specimens out of which, 13 were solid concrete masonry 

walls, 48 were hollow concrete masonry and 28 were reinforced concrete masonry 

walls. The wall specimens were up to 6 m (20 ft) high and ranged from 0.6 m (2 

ft) to 1.2 m (4 ft) in width. The test program also included prism tests and based 

on prism test results it was concluded that increasing strain gradient caused the 

increase in flexural compressive strength of the masonry. Therefore, cross- 

sectional capacity of masonry walls using interaction curves developed by 

employing flexural compressive strength equal to axial compressive strength of 

prism was stated as a conservative way of determining the wall cross-sectional 

strength. The boundary conditions were described as a factor which might 

eliminate the moment magnification if the wall Flexural rigidity is adequate. The

7
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boundary conditions for eccentrically loaded masonry walls, which may be 

practically encountered in masonry construction were described as shown in 

Figure 2.1. Load moment interaction curves were presented with strength 

reduction factor caused by wall slenderness. It was suggested that for more 

accurate prediction the load-moment interaction curves could be modified by 

considering strain gradient effects. As an extension of the work, Yokel (1971) 

also derived the differential equation for the deflection curve of a wall with 

prismatic cross-section and an elastic material with no tensile strength. The exact 

solution of the differential equation was used to obtain an expression for an

equivalent critical load (Pec =  r—̂- )  and it was concluded that elastic
4 h

instability will occur at the critical load (Pcr) given in equation 2.1.

P „ = 0 . 6 4 ^ i  [2.11
h

in which, E is the modulus of elasticity, U[ is the eccentricity and h is the member 

height.

Cranston and Roberts (1976) tested eccentrically loaded plain concrete block 

walletts. From the wallett test results the stress-eccentricity-rotation curves were 

plotted and reported to be efficient in establishing the response of concrete block 

masonry under eccentric load. Based on test results it was concluded that limit 

state procedure gave good indication of wall behavior as compared to working 

stress procedure which was found uneconomical.

Hatzinikolas et al. (1978) conducted a comprehensive Rill scale testing program 

consisting of 78 plain and reinforced concrete masonry walls. The main 

parameters of test specimens were slenderness ratio and top and bottom 

eccentricities. All walls were tested with pinned end conditions, but with load 

eccentricities designed to create single as well as double curvature conditions. The 

experimental program also covered the effect of joint reinforcement and main

8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



vertical reinforcement. For walls with double curvature an analytical procedure of 

estimating the buckling loads of the masonry walls was also presented. To obtain 

the critical load an energy based approach was used and a fifth order interpolating 

function was applied to a stepped column assuming cracking because of axial load 

and double curvature in the upper part of prismatic section. The effective flexural 

rigidity was suggested to be a function of the amount of cracking of the cross- 

section. The moment magnification method for the design of slender masonry 

walls was introduced using suggested critical loads and effective flexural 

rigidities.

Amrhein et al. (1982) tested slender hollow block concrete walls subjected to 

combined vertical and horizontal loadings. The reinforced solid grouted masonry 

wall specimens were 7.52 m high and 1.22 m wide with wall thickness of 152 

mm, 203 mm and 254 mm resulting in slenderness ratio of 48, 36 and 30 

respectively. Pin end conditions were provided during testing. Ductile failure 

because of yielding of vertical reinforcement was reported, cracking was observed 

at the bed joints. The P delta effect was found to be 10% of the total deflection 

and lateral moment on the wall. It was suggested to limit lateral deflection of 

slender walls under service loads and to limit the wall strength under seismic 

loads.

2.3 Analysis and Behavior of Masonry Block Walls

Chen and Atsuta (1973) used the beam-column concepts to investigate load 

bearing walls. They generated curves for the axial strength valid for different 

material types. It was concluded in the paper that even the small tensile strength 

of plain concrete or masonry walls has a significant effect on the strength of walls 

and should not be neglected.

Hatzinikolas et al. (1978) suggested the moment magnifier method for analysis 

and design of masonry walls loaded under eccentric axial load. Using the basic

9
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differential equation the equation to estimate the magnified bending moment for 

equal end moment condition was derived and suggested to be applicable for other 

end moment conditions:

M = Pe
1 -

[2.2J

in which P is the axial load, e is load eccentricity, Cm is a factor to incorporate 

unequal end moment condition, Pcr is the critical load which is based on amount 

of cross-sectional cracking along the wall height. An iterative procedure was 

suggested to evaluate the ultimate load capacity by using equation 2.2 until the 

load converges. The load moment interaction diagrams for plain and reinforced 

masonry at different load eccentricities were plotted using a computer program 

developed by the author. The introduction of Cm, intended to account for shape of 

primary bending moment diagram, is quite conservative for masonry walls but its 

use remains to date as part of all design code procedures.

Colville (1979) presented a design procedure based on stress reduction design 

factors for solid prismatic walls made up of un-reinforced concrete, brick or 

concrete masonry. The proposed procedure was based on the concept of the 

equivalent column, which was defined as the column subjected to an axial load 

with equal end eccentricities and whose deflection curve between floors is 

representative of an actual wall as shown in Figure 2.2. The tensile strength of the 

wall was assumed to be zero. Considering the variation of bending displacement 

along the height of the wall the effect of slenderness and load eccentricities was 

included. Based on the above described considerations the equation to evaluate 

stress reduction factors were derived to account for effects of slenderness and load 

eccentricity on the load bearing capacity of the walls. The design procedure 

consisted of three steps, identifying the type of wall bending, determining the end 

eccentricities and finally estimating the stress reduction factor. The stress failure
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was described as the condition when the wall end rotation was less than the 

rotation at failure of the wall.

Hamid and Drysdale (1979) proposed failure criteria for grouted masonry by 

using the strength of the constituent materials of masonry assemblage. Failure 

criteria were suggested for two failure conditions: first case is when unconfined 

compressive strength of grout is reached because of its lower strength as 

compared to face shell, second case is when at the level of maximum stress the 

strain in grout exceeds the strain in the face shell resulting in face shell failure.

Hatzinikolas et al. (1980) studied the behavior of plain concrete walls loaded with 

eccentric axial load. Short wall specimens were tested with pinned ends and 

variable top and bottom eccentricity of 0, t/6 and t/3. The failure of an 

eccentrically loaded wall was reported to occur when the compressive strength of 

the wall reached the compressive strength of the unit. Block thickness and the 

type of construction were described as factors affecting the net-cross-sectional 

area which might cause variation in the actual failure stress.

Drysdale and Hamid (1984) discussed the possible mode of tension failure of un­

reinforced concrete masonry. The macro modeling approach of defining concrete 

masonry as a globally homogeneous material was stated as the suitable approach 

for analytical treatment of concrete masonry. Tensile strength normal to bed joints 

and the tensile strength parallel to bed joints were discussed separately. In case of 

tensile failure normal to the bed joint the tensile bond strength between mortar 

and the block, grout tensile strength were reported to control the tensile strength 

of masonry assemblage, while mechanical properties of the block did not have 

any direct influence. For the tensile failure parallel to bed joint two types of 

failure modes were illustrated. The first mode was splitting failure along the plane 

parallel to face shell and the head joint, while the second type of failure mode was 

called as stepped failure which was stated as the failure along the plane 

established the plane of head joints and the bed joints. In case of first type of
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failure, the tensile strength of the block reported as the influencing parameter on 

tensile strength of masonry assemblage as compared to mortar tensile bond 

strength while grout strength was observed to have no effect. Mode two was 

reported to be affected by shear bond and tensile bond strengths of the mortar and 

the grout tensile strength. Increase in net area of the block reduced the tensile 

strength of the masonry assemblage in resisting the tensile failure parallel to the 

bed joint. It was concluded that ignoring block strength and its geometry and 

considering only the mortar bond strength in estimating the capacity of masonry 

assemblage would underestimate the capacity, specially in case of tensile failure 

parallel to bed joints.

Suwalski and Drysdale (1986) proposed the reduction factor approach to 

incorporate the effect of slenderness ratio in estimating the capacity of 

eccentrically loaded concrete masonry walls. The technique developed for the 

case of symmetric single curvature was applicable to a limited range of material 

and geometric properties. The parametric study using the FEM model was 

performed and walls with slenderness ratios of 4,12,16,20 and 24 were analyzed 

by choosing material properties from a previous material testing program at 

McMaster University and the load eccentricity ratio was varied. The parametric 

study concluded that the effect of wall slenderness was not significant at lower 

load eccentricity. Incorporating the relationship between load eccentricity ratio 

and slenderness ratio of the walls, two separate equations were proposed for the 

estimation of the axial load capacities of reinforced and plain concrete masonry 

walls; one for low slenderness and one for high slenderness.

Yao and Nathan (1989) studied the slenderness of concrete masonry load bearing 

walls. The study consisted of experimental work on small wall specimens of 1 m 

high and one block wide with constant block thickness of 100 mm, reinforced 

with vertical as well as lateral steel. The walls were analyzed using a parabolic 

stress distribution and an equivalent rectangular stress block distribution 

compared with experimental results. It was concluded that for slender walls
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subjected to eccentric loads the vertical reinforcement improves the axial strength 

and ductility of the walls. It was reported that confinement reinforcement could 

possibly increase the axial capacity of the walls from 8% to 10%. For the cross- 

section analysis a rectangular stress block was recommended using the 

compressive strength of masonry assemblage rather than the compressive strength 

of block unit.

Yao (1989) proposed the unit strength as the basis of predicting strength of 

eccentrically loaded masonry walls. Load moment interaction curves based on 

unit strength were compared with test results. Material failure was reported to 

govern in case of lower load eccentricity cases and buckling failure was found 

before the yield strain was attained for higher load eccentricity cases.

El-Metwally et al. (1991) presented a method to analyze concrete masonry load 

bearing walls by treating eccentrically loaded masonry walls as beam-columns. A 

modified Newmark integration method, which included geometric and material 

non-linearities, was incorporated in the method. The parameters affecting the load 

carrying capacity of the masonry walls were identified as the slenderness ratio, 

end conditions, load eccentricity and the mechanical properties of the material. 

Large slenderness ratios were linked to stability failure and smaller slenderness 

ratios were reported in material failure cases. The effect of end moments was 

reported to be significant in case of smaller slenderness ratios where material 

governs the wall behavior. It was concluded that the wall subjected to 

unsymmetrical end moments showed more strength as compared to walls with 

symmetrical end moments.

Colville (1992) conducted a study of the stability of hollow masonry walls and 

suggested that hollow or partially grouted walls should be differentiated from 

solid masonry walls in estimating the axial load capacity. It was concluded that 

the maximum allowable eccentrically applied working load on an un-reinforced 

masonry wall or column should be limited to one fourth of the buckling load.
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Maksoud and Drysdale. (1993b) discussed the use of moment magnification 

factor in the design of masonry walls. It was emphasized that without taking into 

account the material and geometric non-linearity the behavior of masonry walls 

could not be predicted correctly. The ultimate capacity was described as a 

function of not only geometric non-linearity but also the material non-linearity. 

The effect of stiffness degradation because of high level of stresses in the cross- 

section was found to significantly influence the ultimate response of the walls. 

The wall capacity based on an elastic modulus or even on a secant modulus was 

reported to be overestimated. It was suggested to use a tangent modulus instead. 

A parametric study to demonstrate the wall behavior was also performed by using 

h/t ratios ranging from 6 to 42, the load eccentricity ratio ranging from 0.05 to 0.3 

and considering the ratio of top to bottom eccentricity as 1, 0 and -1. It was 

observed that because of the coupling effect of geometric and material non- 

linearity, walls with higher slenderness ratios showed rapid stiffness degradation 

at failure as compared to stocky walls, which did not show any stiffness 

degradation until failure. At constant slenderness ratio, higher eccentricities 

created the larger displacements at the same load level. This correlation was 

reported to be eliminated for the cases having eccentricity ratios larger than or 

equal to 0.5; potentially because of buckling dominating the mode of failure.

The moment gradient was also reported as an influencing parameter on the 

capacity of the masonry walls, and was reported to change the mode of failure 

from tensile to compression failure. It was emphasized that the moment gradient 

helped to reduce the displacements by holding the load within kern limit and as a 

result the load capacity was significantly increased. This phenomenon supports 

consideration of the effect of support stiffness, which is possibly, able to influence 

the moment gradient along the height of the wall. Buckling failure was also 

reported for slender walls, which could not experience material non-linearity. To 

incorporate the material and geometric non-linearities in estimating the moment 

magnification factor a reduction factor of the elastic modulus of rigidity was 

computed for all the cases considered in the parametric study then using stepwise
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regression the equation for evaluating a reduction factor was obtained for single 

and double curvature separately.

Schultz et al. (2001) reported the effect of out-of-plane bending on buckling 

capacity of un-reinforced masonry walls. The interaction between peak bending 

moment and the critical axial load was defined as :

in which Pc is the critical buckling load, A, is the constant to incorporate different 

load conditions, ea is the actual load eccentricity at the end of member, r is the 

radius of gyration, Pe is the Euler buckling load. Mmax was defined as the critical 

bending moment buckling state and beyond which there was no real solution. The 

experimental investigation was also conducted to determine the behavior of URM 

walls loaded with constant axial load and variable uniformly distributed lateral 

load. From the test results the stability interaction between out-of-plane bending 

moment and axial load was evident and it was suggested that axial load instability 

in the presence of transverse loading is the failure mode most likely to control the 

design of URM walls.

Jager and Pfliicke(2001) addressed the non-linear stress-strain relationship on 

buckling safety of slender masonry walls. It was suggested that buckling safety of 

slender masonry walls is significantly affected by the non-linear stress 

distribution, which is a function of the stress-strain relationship. It was concluded 

that the assumption of linear elastic material could not predict the real behavior of 

the walls.
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2.4 Finite Element Modeling and Material Constitutive Relationship

Review of research work regarding finite element modeling showed two 

approaches, micro and macro modeling. The microscopic approach was found 

computationally expensive and mostly recommended to capture local behavior of 

masonry walls, while the macroscopic approach was found efficient in 

investigating the global behavior of the walls. Much of the work reported below 

reflects efforts to model in-plane behavior.

Page (1978) presented an FEM model for brick masonry subjected to in-plane 

loading. An eight node plane stress continuum element having isotropic elastic 

properties was used to define brick masonry units. The mortar joints were defined 

as linkage elements. The element displacement matrix was defined in terms of the 

relative displacement vector in the normal and shear directions for the top and 

bottom movement of the joint element. Equation 2.4 shows the equilibrium 

relation for the joint element

{F} = [k]{w} [2.4]

in which [k] = ■*.<f , . = iVv(top)- ws(bottom)) = \ Fs\
0k„ W [w„ (top) -  w, (bottom) J ’ [F„ J

are the stiffness matrices., displacement vector and the force vector respectively. 

The values of k„ and ks were dependent on joint thickness “tm” and suggested to be 

E'T G'Tcomputed as k„ = ------ and ks = ------ , in which E' is the instantaneous tangent
6ti tm

elastic modulus , T is the wall thickness and G' is the shear modulus related to a 

particular state of shear stress. The iterative procedure was employed in a FEM 

program to incorporate the material non-linearity for joint elements and the 

process continued until convergence. Since the failure criteria for the masonry
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was not included in the model, the model was not able to predict the ultimate load 

and was thought to be suitable for working stress design method only.

Ali et al. (1986) incorporated progressive local failure of both joint and brick 

masonry elements in a plane stress two dimensional non-linear FEM model. Solid 

concrete brick masonry subjected to concentrated load was considered. The 

stress-strain relationship for brick and joint elements was obtained through 

experimental investigations for both materials separately. The failure criteria 

covered three types of situations, firstly the bond failure at the interface of joint 

and brick elements, secondly the fracture of mortar or brick element under biaxial 

tension-compression or tension-tension state of stresses and finally crushing 

failure because of biaxial compression. The FEM model was adopted with 

incremental loading procedure for concentrated in-plane loading of masonry 

walls. The finite element mesh of the wall consisted of four nodded quadrilateral 

elements. To obtain computational efficiency and to avoid the use of complex 

type of elements a dense mesh was used at the point of loading as compared to 

other parts of the mesh. The model was also compared with test results of 

masonry wallets for concentrated and eccentric loadings.

Sayed-Ahmed and Shrive (1993) suggested the use of shell element with sub­

structuring technique for the computationally efficient finite element model. Use 

of 3-D continuum element in modeling masonry walls was reported to require a 

finer finite element mesh for capturing the true web splitting stresses in hollow 

concrete walls and resulted in high computational effort. Shell elements were 

found computationally efficient and able to capture web splitting and behavior of 

masonry unit and mortar behavior at failure.

Maksoud and Drysdale (1993a) developed the combined macro-micro finite 

element model. The number of degree of freedoms was reduced by considering 

the inelastic response of anisotropic masonry assemblages at macro level. The 

non-linear geometric effects were incorporated in the model by using total
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Lagrangian formulation assuming large displacement, large rotation and small 

strain conditions. The model was verified against available experimental results.

Lotfi and Shing (1994) proposed a FEM model using interface elements to define 

the mortar joints and a smeared crack approach was used for the masonry units. 

The finite element model was able to handle the shear behavior of mortar joints. 

The constitutive model employed in the FEM model, was capable of dealing with 

crack initiation and propagation under the influence of tension and shear stresses 

in the region of tension-shear and compression-shear. The use of interface 

element in modeling masonry structures was reported efficient in predicting the 

load carrying capacity and also to provide information about other details 

regarding the wall behavior at failure.

Sayed-Ahmed and Shrive (1996) stated that simulation of behavior of masonry 

walls related to both block and mortar interaction in capturing progressive failure 

of the wall was not possible without using a 3-D finite element model. A 

geometric and material non-linear finite element model using 8-noded shell 

element was developed and ABAQUS was employed to obtain numerical results. 

The FEM model treated the block and joint elements separately and was able to 

include elasto-plastic behavior of both mortar and masonry. Interface elements 

were used to implement discrete cracking and the associated flow rule along with 

Drucker-Prager failure criteria was adopted to define the material plasticity under 

compressive stresses. The solution strategy used in finite element procedure 

included the incremental method and an iterative procedure based on arc-length 

method of fixing the length of load increment in load-defiection space. Previous 

experimental results were used for the verification of proposed finite element 

model. The model was reported to have the ability of capturing the failure of the 

wall from appearance of first crack to final buckling of the wall.

Wang et al. (1997a and b) developed a finite element model using macro­

modeling approach to study the behavior of slender masonry cavity walls. The
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masonry walls were modeled using beam element by assigning the material 

properties of the masonry assemblage as a whole using prism test results. The 

weakness of the mortar layer in tension was modeled by using bond strength 

between mortar joints and the masonry unit. The commercial software ABAQUS 

was used to perform numerical analysis and the built-in cracking model for 

concrete was utilized. The cracking failure criterion was defined by using crack- 

detection surface similar to a yield criterion and a tension-stiffening model was 

adopted in post-cracking zone. The solution strategy included two steps. In the 

first step the load control strategy with standard Newton-Raphson iterative 

procedure was applied before the ultimate load point and in the second step the 

Modified Riks algorithm was employed to obtain the ultimate load and post 

buckling behavior of the walls. The model was reported to have good agreement 

with experimental results.

Lopez et al. (1999) proposed the “homogenization” technique to model 

anisotropic elasto-plastic material behavior of masonry. The model is able to 

generate cracking in all directions and required less computational effort because 

of the capability of defining larger elements (as compared to a micro modeling 

approach) without losing accuracy of the analysis.

Giambanco et al. (2001) developed a finite element model based on the micro­

modeling approach by considering fully elastic masonry units and interface 

modeling for the joints. The non-linear behavior accounted for joints behavior by 

applying the interface constitutive model. The model was formulated to simulate 

the loss of cohesion process in the joints because of tensile and shear stresses. The 

finite element procedure incorporated an algorithm based on a time step 

integration method.

Ma et al. (2001) presented a numerical simulation for large masonry structures 

using a homogenization technique. The concept of representative volume element 

(RVE) was introduced to simulate the masonry unit and joint material as a whole
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in numerical analysis, as shown in Figure 2.3. Constitutive relationships of 

masonry unit and mortar behavior were used to drive an equivalent stress-strain 

relationship for RVE. Various stress-strain curves for compression-tension and 

compression-compression states of stress were presented to implement in the 

numerical simulation. It was recommended to use a significantly smaller RVE as 

compared to the whole masonry structure to avoid edge effects. The technique 

was reported to be applicable only for in-plane behavior and not recommended to 

obtain out-of-plan behavior. In case of intensively variable stress-strain field the 

homogenization of material was found undesirable.

Yi and Shrive (2001) developed a 3-D finite element model by treating masonry 

units, joints and grout separately. Masonry walls with bond beams were also 

modeled. For and mortar masonry units, iso-parametric shell elements were used, 

while solid elements were assigned to grouted cores. The model was capable to 

deal with eccentric and concentric types of loadings on masonry walls. The 

cracking was modeled by using smeared crack approach. Multi point constraints 

were used to model link between shell elements of units and the solid elements of 

grouted cores. Modified Riks method was implemented in the finite element 

procedure and set of prescribed displacements were assigned to loading plat for 

the application of incremental loading. An iterative process was adopted to trace 

non-linear response and to obtain progressive cracking in the walls. The model 

was verified against experiments and reported in good agreement with test results. 

The model was reported to have the ability to capture failure mechanism related 

to progressive cracking and web-splitting followed by spalling of face shell or 

crushing of mortar. It was suggested to avoid local crushing in the units situated 

under loading plate.

Giordano et al. (2002) compared the contemporary techniques of modeling 

masonry structures. A full-scale specimen representing the part of structure of an 

actual historic building was tested and modeled using different modeling 

techniques and the results were compared. The FEM model based on smeared
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cracking and homogenized material constitutive laws, the FEM model with 

discontineous elements considering both horizontal and vertical mortar joints of 

masonry assemblage and the discrete element modeling were used by employing 

commercially available software and the numerical results were compared with 

actual test results. All the techniques were reported working well with monotonic 

type of loading and to obtain global behavior. ABAQUS cracking model of 

concrete was reported to be efficient in handling monotonic loading but for cyclic 

loading some modifications related to material damage were suggested to be 

included. The modeling of masonry structures with discontinuous elements and 

also with discrete elements was stated to be difficult in terms of modeling the 

exact distribution of bricks/blocks and the mortar joints because of application of 

finishing material. The smeared crack approach was stated to have no such 

limitations. However, the input parameters related to material behavior are crucial 

and need to be calibrated with special attention.

Creazza et al. (2002) adopted a macro model combined with 3-dimensional 

plasticity damage approach. Using two independent damage variables related to 

equivalent effective tensile and compressive stresses an isotropic damage model 

was formulated. The model was calibrated for brick masonry and used to analyze 

masonry vault and compared with actual test results. The proposed method of 

analyzing masonry structures was reported efficient in predicting the peak load 

and failure modes. However, the maximum deflection obtained from the model 

was smaller than the actual maximum displacement obtained from experiment.

Cecchi and Marco (2002) discussed constitutive aspects of the homogenization of 

masonry material. The macro modeling methodology with homogenized approach 

was reported efficient to model heterogeneous masonry assemblages. 

Homogenized constitutive functions were presented in the study and found 

helpful in incorporating the behavior of individual constituents of masonry in a 

global stiffness matrix.
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Liu and Dawe (2003,b) developed a finite element model by idealizing the 

masonry load bearing walls as beam-columns. The technique was implemented 

into a computer program for the analysis of a masonry member subjected to 

various loading combinations. The model was based on a stiffness matrix having 

geometric and material non-linearity effects. The stress-strain relationship was 

adopted from a previous research work on un-confined grouted masonry walls:

An iterative procedure was adopted to apply incremental loading and a “reduced” 

stiffness matrix was employed. The convergence criterion included both force and 

the deflection with a tolerance of 0.1%.. The moment curvature relationship was 

also traced at every load increment after convergence was established. The 

buckling load was obtained using an Eigenvalue problem approach. At every 

iteration step, the material failure was checked by assessing if the total bending 

moment of the cross-cross-section was less than the bending moment capacity. 

After achieving convergence, the stability failure criterion was also checked by 

comparing applied axial load level with the buckling load of the wall. The model 

results were compared to experimental results and were reported satisfactory.

2.5 Flexural Rigidity

The research work related to flexural rigidity is limited to very few experimental 

and analytical investigations. The review of available literature about flexural 

rigidity of masonry load bearing walls is presented below:

Yokel (1971a and b) described Flexural rigidity as a function of level of stress and 

the cracking of the wall cross-section under influence of vertical and transverse 

loading. For walls with eccentric loading, approximate equations were suggested

, ec < 0.0015 [2.5]

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to estimate the Flexural rigidity of the wall, as shown in equation 2.6 (a) and 2.6 

(b) for reinforced and un-reinforced masonry walls respectively.

H  = - f y  (2.6(a)!

El = Y f  (2.6(b)]

in which Ej is the initial tangent modulus of elasticity, while I„ is the moment of 

inertia of the un-cracked net section. For walls subjected to excessive cracking 

another approximate equation was suggested to calculate Flexural rigidity of 

masonry walls, as given in equation 2.7.

El = E j J  0.2+ — 
A  A ;

< 0.7 E,I„ [2.7]

in which Ej is the initial tangent modulus of elasticity, while I„ is the moment of 

inertia of the un-cracked net section, Po = cross-sectional axial load capacity and P 

is the applied vertical compressive load. The effect of stresses in the cross-section 

of the wall and cracking effect were included crudely by using a factor of

The other factors such as load eccentricity ratio and slenderness
p \

0.2 +  —  
P«)

effect were not included directly in equation 2.7.

Hatzinikolas et al. (1978) reported that the moment of inertia is influenced by 

parameters related to construction such as mortar penetration and mortar overhang 

and type of masonry units. Therefore, it was recommended to perform 

experimental testing for the determination of actual flexural rigidity of the walls. 

Factors similar to those recommended for concrete design were suggested to be 

used to incorporate the effect of load eccentricity and time dependent effects on 

flexural rigidity of concrete masonry. The estimation of flexural rigidity with a
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conservative approach valid for both reinforced and plain concrete masonry walls 

and without time dependent effects was suggested :

El = Eh  0 .5 - -  >0.1£/0 [2.8]
t

in which E is the modulus of elasticity of masonry, Io is the un-cracked moment of 

inertia, e is the load eccentricity and t is the wall thickness. Equation 2.8 is similar 

to the equation recommended for slender reinforced concrete columns.

Aridru and Dawe (1995) performed extensive experimental work to investigate 

flexural rigidity of masonry walls. The effects of reinforcement ratio, load 

eccentricity ratio and the slenderness ratio on flexural rigidity of masonry walls 

were the main parameters included in the research. Both reinforced and plain 

concrete partially grouted walls with slenderness ratio of 8.5 were tested. It was 

reported that the measurement of strain at the surface of the short wall could be an 

effective tool for the estimation of flexural rigidity. The bending moment and the 

flexural rigidity were found to be exponentially related to each other.

Aboud et al. (1995) used the moment curvature relationship to define upper and 

lower bound of flexural rigidity as shown in Figure 2.4. A mathematical model 

was proposed based on a wall panel loaded with monotonic two equal line loads 

at the middle third height of the wall. In the proposed model the out-of-plane 

deflection was defined as a function of Flexural rigidity of the wall and the term 

effective flexural rigidity was introduced by taking into account the variation in 

modulus of elasticity and in the cross-sectional moment of inertia, as illustrated 

by equation 2.9:

(El)efr = ( E I ) / R  + (EI)cr( l - R ) [2.9]
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in which R is a function of moment ratio., (EI)ct is the cracked sectional stiffness 

and (£7)gf = is the modified gross-sectional stiffness, where (5 is the
g

factor to incorporate the combined effect of load, span and support conditions, 

Mcr is the cracking moment, L is the wall span, Acris the cracking 

displacement. I /  is a modified moment of inertia of gross-section calculated by 

considering that tensile resistance for un-cracked section mainly provided by the 

grout and therefore the wall cross-section with only one face shell was used in the 

calculation. Although Equation 2.9 appears to be complicated with dependency of 

many factors and more suitable for laterally loaded walls, but still it indicates that 

out-of-plane deflection can also be used to evaluate the Flexural rigidity if details 

related to cracking and cross-sectional stress are known.

Liu et al. (1998) conducted a comprehensive testing of seventy-two full-scale 

concrete masonry wall specimens subjected to eccentric axial load. For the 

determination of flexural rigidity of the masonry walls the goal was to measure 

the strain at tension and compression face of the wall cross-section so that the 

curvature could be determined. Based on moment curvature relationship El could 

be evaluated. Wall specimens were 800 mm long and 1200 mm high with nominal 

thickness of 150 mm and 190 mm. The load eccentricity ratio was ranged from 

0.0 to 0.36. The reduction in flexural rigidity was observed with increasing axial 

load. No reduction in modulus of elasticity was observed while the stress-strain 

relationship of masonry remained linear. However, when the stress-strain 

relationship became non-linear, at higher loads a reduction in Flexural rigidity 

was observed because of cracking. Based on experimental data, two equations 

were proposed for the estimation of flexural rigidity:

Eletr = 0.7EmI0, 0 < e/t < 0.18 [2.10]

eEIeff= 2.70 EmIoexp -7.5- >E mIcr, e/t >0.18 [2.11]
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in which Em is the modulus of elasticity of masonry, Io is the un-cracked moment 

of inertia, Icr is the cracked moment of inertia and e/t is the load eccentricity ratio.

Although equation 2.10 and equation 2.11 were described to have P-delta effects 

no direct inclusion of slenderness ratio was suggested. The values of flexural 

rigidity suggested by current Canadian Code S304.1-M94 were found 

conservative when compared with the test results.

Liu and Dawe (2001) tested another set of reinforced concrete masonry walls. 36 

wall specimens of size 1200 mm high, 800 mm long and 150 mm thick were 

tested with axial and lateral loads. Single and double layers of vertical 

reinforcement were used with two cores grouted wall cross-section. It was 

observed for both single and double layers of reinforcement that the lateral load 

capacity was increased with increasing axial load up to the level of 60% of pure 

axial load capacity and after that the increase in axial load caused the decrease in 

lateral load capacity. Three types of failure modes were observed during testing. 

The gradual and ductile tensile failure because of cracking along the horizontal 

joint near the mid-height occurred in the specimens which were failed at the axial 

load level less than 30% of the pure axial load, while a combined tension- 

compression type failure was reported for the wall specimens which were failed 

under pre-compressive load level of about 30 to 60% of pure axial load. An 

explosive and sudden failure categorized as pure compression failure in which 

masonry crushing and spalling was observed at both compression and tension 

faces for the specimens which failed at the pre-compressive load level between 

60% to 80% of pure axial load. In case of tensile failure the effect of single 

layered reinforcement was reported more beneficial in increasing the lateral load 

capacity and ductility of the wall. Using the strain values recorded during 

experiment at tension and compression face of the wall cross-section the moment 

curvature relationship as shown in equation 2.12, was employed to estimate the 

effective Flexural rigidity of the wall specimens.
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r* — r«
in which <f> = curvature = —■ 2 and s, ,e2 are the strains at tension and

compression faces of masonry wall. The experimentally obtained Flexural rigidity 

of the wall was compared with the values estimated according to 

recommendations of CSA-S304.1-M-94. The experimental values of EIcfr were 

reported larger than the code values. Therefore it was conclude that the current 

Canadian code is conservative in predicting the effective flexural rigidity of the 

walls failed under higher compressive loads and having lower slenderness ratios. 

The study included a very small slenderness ratio of 8.6, which could only cover 

the stocky walls and rendered the research to be extended for intermediate to tall 

masonry walls.

Liu and Dawe (2003) performed a computer based study on effective Flexural 

rigidity of the masonry load-bearing walls. The numerical model developed by the 

auther as discussed in section 2.3 was employed to obtain effective flexural 

rigidity of the walls considering effect of various parameters such as 

reinforcement ratio, load eccentricity ratio, end eccentricities and the slenderness 

effect. The Flexural rigidity for eccentrically loaded walls obtained from 

numerical model was compared with limits recommended by CSA-S304.1-M-94 

and the relationship between key parameters with regard to flexural rigidity 

described as shown in Figure 2.6. It was reported that increasing load eccentricity

ratio caused decrease in the ratio ^ cff , while at constant load eccentricity and
Eh

E l
increasing slenderness ratio an increase was recorded in ^  , where El0 is the

Flexural rigidity of un-cracked section. The current Canadian Code was reported 

to provide significantly conservative estimate of effective flexural rigidity for all 

types of failure modes. This underestimation was found more prominent in case 

of walls with higher slenderness ratios loaded with higher load eccentricity. Based
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on numerical results regression analysis was performed and following equation 

was suggested for the reinforced concrete walls as the lower-bound approximation 

to define the relationship between load eccentricity ratios, slenderness ratios

EICfr
and— — for the range of slenderness ratio from 6 to 36 and load eccentricity 

E l o

ratio less than 0.4, as given in equation 2.13 and 2.14.

E l■’  =0.8-1.95r- - - A V e ' l
Eh

1 -O .O ly jjJ  ,0.0 <y<0 .4  [2.13]

EIeff _ _____ ( .   h \  e

Eh
= 0.022 1.00 + 0 .35- , - > 0 . 4  [2.14]

Equation 2.11 and 2.12 were reported to have the capability to provide lower- 

bound of effective flexural rigidity valid for both stability and material failure in 

reinforced concrete walls. For plain walls the value of EICir suggested by the 

current Canadian Code i.e. Ehjr = 0.4Eh  was found satisfactory.

It is evident from the available literature, reviewed in the current chapter that to 

date there is no research work performed about the incorporation of actual 

boundary conditions effects on either the axial capacity or the flexural rigidity. 

This underscores the need to investigate the effect of actual boundary conditions 

on the behavior of masonry wall. Thus, it is required to conduct the intended 

research both experimentally and numerically for validation purposes and also for 

the future extension of the work.
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CHAPTER3

EXPERIMENTAL PROGRAM

3.1 Introduction

Masonry load bearing walls have been a topic of interest for many researchers. It 

is evident from available literature that, to date, no experimental work has been 

performed to investigate the stability of masonry slender walls with consideration 

of effect of reactive restraints implied by support conditions. To explore the effect 

of reactive support conditions on stability of masonry load bearing block walls a 

full scale testing program was carried out.

The experimental program was designed to test full scale masonry walls and to 

determine their material properties by testing steel rebars and masonry prism 

assemblages as well as grout and mortar. Eight wall specimens were tested in two 

groups. The first group consisted of four walls with common slenderness ratio 

(h/t) of 28.6 while in the second group four walls with slenderness ratio of 33.9 

were built. To study the extent of rotational restraint of wall support interface on 

axial load carrying capacity of the walls, a steel arm with a controlled flexural 

stiffness was rigidly connected at the base of the wall specimens to simulate 

support stiffness. The flexural stiffness of this arm was a primary parameter of the 

test specimens. Detailed descriptions of the test set-up and wall specimens, 

followed by instrumentation and testing procedure will be presented in this 

chapter. Results obtained from the test program will also be discussed in this 

chapter.

Discussion of the experimental results of each group deals with the histories of 

load-deflection, load-support moment and load-mid-span bending moment 

responses.
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3.2 Numerical Estimation of Support Stiffness

Before starting the experimental program, an extensive numerical study was 

performed to estimate the rotational stiffness provided by different support 

conditions. Masonry walls are generally supported by concrete grade beam or 

strip type foundations. These foundations provide restraint against out-of-plane 

rotation of the walls, and thus affect both stiffness and effective height of the wall. 

Single story load bearing masonry walls are generally constructed on strip footing 

or grade beams and are rotationally restrained at the bottom. In case of multi-story 

buildings load bearing walls derive rotational restraints from floor slab-wall 

connections. For the current study, strip type foundations were selected for 

numerical investigation of the magnitude and range of rotational stiffness. 

Support stiffness of strip foundation is affected by its dimensions (size) and soil 

type. Contribution of soil in overall support stiffness comes from modulus of sub­

grade reaction of the soil. Stiff soils possess higher values of modulus of sub­

grade reaction as opposed to soft soils. Thus, stiff soils contribute more to support 

stiffness as compared to soft soils. Table 3.1 shows the values of the modulus of 

sub-grade reaction of different types of soils. Because the support stiffness offered 

by strip footing is a function of strip footing dimension and soil stiffness, a variety 

of cases with combination of these two parameters were numerically investigated. 

The numerical model used in evaluating support stiffness is shown in Figure 3.1. 

A total of 400 cases were numerically examined, corresponding to different 

combinations of stiff to soft soils with smaller to larger strip footing dimensions. 

It is important to mention here that these cases correspond to commonly used 

field values of strip footing dimensions and soil types. The numerical model 

shown in Figure 3.1 is based on the following assumptions:

i) Footing subjected to eccentric axial load, causing stability failure of 

masonry block walls. The main focus of the current study is single 

storey masonry load bearing block walls standing on strip footings.
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Those walls are subjected to eccentric axial loads and in turn the 

foundation has to resist the corresponding moment.

ii) Support stiffness is a function of strip footing dimensions and modulus 

of sub-grade reaction of underlying soil. Thus, the effect of side soil is 

neglected. However, it is also assumed that the top of the footing is not 

allowed to move horizontally.

iii) Minimum frost cover is 1500 mm and foundation is shallow, which is 

a common practice for masonry load bearing block walls.

iv) Soil is elastic and the wall response is not limited by any nonlinear 

behaviour of the geotechnical mass.

Numerical analysis was performed for different cases as mentioned earlier and a 

database of different support stiffness values corresponding to different soil 

conditions and strip footing dimensions was prepared. The stiffness ranges from 

lOOOkN-m/rad for narrow strip footings on clayey sand to 10,000kN-m/rad for 

wide foundation strips on dense sand.

The next step was the simulation of the support rotational stiffness in the 

laboratory. The main consideration was that the system should be simple and 

practical for laboratory implementation. A simple system of steel beams was 

selected and its flexural stiffness was controlled to simulate support rotational 

stiffness. The support stiffness offered by strip foundations under different soil 

conditions were translated into HSS structural beams simply supported at one end 

and rigidly connected at other end to the masonry wall base, Table 3.2 shows 

different support conditions and their relevant laboratory simulated supports. 

Variable cross-section and span of the HSS structural steel beams were used to 

apply different amounts of support stiffness. Details of laboratory simulation of 

support stiffness will be discussed in Section 3.4.3 of this chapter.
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3.3 Material Testing

3.3.1 Masonry Assemblages

Standard 200 mm concrete blocks (15MPa compressive strength) were used to 

construct five hollow and five fully grouted prisms. Each prism was five courses 

high and one and half blocks wide with type-S mortar placed horizontally 

between face shells and vertically along the two end webs. Prism specimens were 

aligned in the MTS-6000 material testing machine and to ensure uniform 

application of compressive load. 10 mm thick fiberboard pieces were placed at 

top and underneath the specimens, standard prism test procedures were used as 

per requirement of CAN/CSA-A369.1. The test data recorded included load as 

well as traveling head displacement.

Grouted prisms typically failed because of diagonal cracking followed by 

crushing of face shells, while in all un-grouted prisms splitting of face shells was 

observed at failure. Grouted prisms showed more axial load but lower 

compressive strength as compared to ungrouted prisms, because of increased 

effective area of cross-section because of grouting. Figure 3.2(a) and Figure 

3.2(b) show the typical failure of grouted and un-grouted prisms. In accordance 

with Clause 9.2.2 of CSA S304.1 average compressive strength was determined 

for both grouted and un-grouted prisms and found to be 10.18 MPa and 14.5 MPa 

respectively. Modulus of elasticity was also calculated and mean of the values of 

grouted prism was 7379 MPa, while for un-grouted it was 14355 MPa. Table 3.3 

shows the prism test results in detail.

3.3.2 Mortar and Grout

The specified strength of mortar and grout was verified by performing mortar and 

grout test as per Clause 9.2.2. CSA S304.1-94. Six cubes (50x50x50 mm) of 

Type-S mortar were tested and mean mortar strength was observed as 38.82 MPa.
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For grout three 5 x 75 x 150 mm prisms were tested. The mean grout strength was 

32.43 MPa. Figure 3.3 shows the grout test procedure, Tables 3.4(a) and 3.4(b) 

summarize mortar and grout test results respectively.

3.3.3 Steel Reinforcement

The same batch of 15M rebars was used in the construction of all wall specimens. 

Therefore, one standard rebar test consisting of the two rebar specimens was 

performed. 15M weldable rebars were used to serve as dowels at bottom of 

masonry wall specimens, the rebar test for weld able rebars was also performed in 

which two specimens were tested with standard rebar testing procedure. Average 

results of the rebar test are shown in Table 3.5. Both sets satisfy grade 400 

requirements.

3.4 Test Specimens and Test Setup

Eight wall specimens were constructed using 200 mm hollow concrete masonry 

units with a specified compressive strength of 15 MPa with typical cross-section 

as described in Figure 3.4. Four wall specimens were constructed to a height of 

5m (25 courses) and four were constructed to a 6 m (30 courses) height. Each 

specimen was approximately 1.2 meter wide. Units were laid in running bond 

with type-S mortar by professional masons. Each wall was constructed on a 

reinforced concrete beam section to simulate a wall foundation during testing and 

to facilitate handling of the walls before and after testing. Table 3.6 provides the 

specifications of each test specimen.

All wall specimens were typically designed according to common masonry block 

wall design practice. No.9 gauge ladder type horizontal joint reinforcement was 

placed at every second course conforming to the design code requirements. 15M 

steel reinforcing dowels, already fixed in the concrete bases were placed vertically 

in the second core from each end of the wall at a spacing of 600 mm on center.
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These two cores were then fully grouted. Vertical 15M reinforcing bars were also 

placed by providing 600 mm lap with the dowels and at mid height of the walls, 

typical cross-section of wall specimen is shown in Figure 3.4. These vertical 

reinforcing bars were centrally located within the cores using the same No.9 

gauge wire installed every fifth course, as shown in Figure 3.5.

The test-set-up used in this experimental program consisted of three major parts: a 

system for vertical load application, a simulation of support stiffness and a lateral 

bracing system. Figure 3.6 explains the test-setup details. Figure 3.7 shows a 

photo of the test set-up. A thorough description of the test-setup follows.

3.4.1 System for Vertical Load Application

The system for vertical load application was designed with pin-type connections 

at both top and bottom supports of the walls. A testing machine with 6000 kN 

compression capacity and 600 mm diameter compression head was used to apply 

axial load to the top of the walls through a true pin-type arrangement. On top of 

each wall before testing, a C-shaped steel cradle was placed. The experience 

gained in previous testing programs under eccentric compression had shown 

premature failures at the top of the wall because of anchorage slippage. To 

maintain the proper anchorage force on the top part of the reinforcement bars, a

12.5 mm thick steel plate was welded to these bars. A leveling compound was 

placed between the top plate of the wall and steel cradle to obtain a smooth and 

leveled surface suitable for a uniform load distribution. The bottom support of the 

wall specimen was provided through a pin assembly that consisted of a 150 mm 

diameter steel shaft supported by spherical bearing at each end. The spherical 

bearings were pressed into large steel housings, which had provisions to bolt into 

the T-slots in the base of the testing machine. A 38 mm thick steel plate was 

bolted along a machined flat surface on the shaft. Top assembly details are shown 

in Figure 3.8.
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3.4.2 Lateral Bracing System

Lateral support was provided at the top loading point to control the lateral 

movement of the wall specimen and the top loading assembly. To accomplish this 

task a stiff column (W360 x 72) was fixed at the base to the strong floor at 

approximately 1.5 m from the wall center and at the level of the load point, two 

lateral braces (L64 x 64 about 1 meter long) were attached to the column. These 

braces were then connected with an eye-bolt to each end of the top pin assembly.

3.4.3 Simulation of Support Stiffness

Simulation of support stiffness was provided in the lab using the flexural stiffness 

of a steel arm with HSS cross section (Hollow steel rectangular cross-section) 

rigidly connected to the wall base at one end and simply supported on the floor at 

its other end. Figure 3.9 demonstrates the boundary conditions at both ends of 

simulated support stiffness. To achieve different levels of support stiffness, the 

flexural stiffness of the HSS steel arm was varied by varying its span and cross- 

section. Two different cross-sections were used to provide three types of support 

stiffness, one was HSS 152 x 152 xl3 and the other was, HSS 102 x 102 x 6.4, in 

each case an end plate, 1200 x 200 x 50mm thick was concentrically attached to 

the HSS-beam. Two rows of 41-mm diameter holes (four in each row) were made 

in the steel plate to attach this assembly to the base of the wall specimen.

A 1190 mm long and 200 mm wide concrete prism confined with two (C 75 x 7) 

steel channels was used as a base for the construction of each wall specimen. The 

concrete prism had a series of holes to facilitate the attachment of HSS arm by 

means of 38 mm diameter, high strength bolts. For dowel action between wall and 

concrete base, two 15M bars were welded to a 19 mm thick steel plate that was in 

turn welded to the top of the confining channels of concrete base. The weld 

thickness used for welding of steel bar to the plate was designed to provide 

sufficient strength required to develop yield force in the bars. The concrete base
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was capable of providing a solid platform having enough torsional stiffness to 

avoid distortion. The assembly for simulated stiffness of support (HSS and plate 

assembly) was rigidly connected to the concrete wall base with eight 38 mm 

diameter high strength bolts. Figure 3.10 shows a photo of the simulated support 

stiffness.

3.5 Instrumentation

For each test, data was recorded electronically from 35 channels. The vertical load 

and vertical arm travel of the testing machine were provided through an integral 

pressure transducer and integral displacement transducer. Horizontal displacement 

of the wall specimen was recorded with seven to eight LVDTs (Linear Variable 

Displacement Transducers) ranging from ±75 mm, placed along the wall height. 

Three rows of strain gauges were mounted on the bottom dowels of the wall. Each 

dowel was fitted with six strain gauges, three on each face, placed at about the 

level of the bottom, middle and top height of the bottom course of the wall.

The objective was to verify the bending moment measured at the bottom of the 

wall. Six rotation meters monitored the rotational displacement during testing. Of 

these, two were mounted on the top and two were at the bottom of the wall 

specimen, one was placed 100mm from the junction of the HSS steel arm and the 

wall base and the last was mounted on the far end of the HSS steel arm Figure 

3.11 explains the details of instrumentation. The behavior of the HSS arm 

assembly (i.e. Simulated Support Stiffness (SSS)) was monitored by mounting 

two strain gauges at the bottom of the arm.

3.6 Testing Procedure

Each specimen was loaded in displacement control. Two stroke rates were used to 

trace the response. A stroke rate of 0.19 mm/min was used up to the maximum 

load and a comparatively higher stroke rate i.e. 0.5mm/min was used in the post
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failure region of the response. In all the tests, eccentricity of the axial load at the 

top of the wall was set at 1/3 of the total thickness of the wall, while at the bottom 

of the wall nominal zero eccentricity was set for all tests, in so far as wall 

alignment is considered. Naturally the reactive load arm would modify the 

eccentricity as the test progresses.

3.7 Test Observations:

A summary of each test specimen is given in Table 3.6. Observations noted 

during the testing of each group of walls are discussed in detail in the following.

3.7.1 Group-I (5-meter Tall Walls -  h/t = 28.6)

Four masonry block wall specimens (W1,W2,W3,W4) built with an h/t ratio 28.6 

were tested with variable bottom support conditions at a common eccentricity to 

thickness ratio (e/t- ratio) of 0.33 at top of the wall.

Specimen W1 was tested with a simulated support stiffness of 5000kN-m/rad. Up 

to a load of about 950 kN, there was no sign of failure but at a load level of 964 

kN, a sudden failure occurred and the top course was crushed along with an 

opening of the bed joint between the second and third course from the top as 

shown in Figure 3.12. This was a localized failure of the face shell and the wall 

could not reach its projected maximum load (983kN). The wall, however, showed 

a considerable increase in axial load carrying capacity (964kN) over that of a 

simply supported wall which attained 514.2kN. This verified the effectiveness of 

the simulated support system.

The reasons for the local failure were bond slippage and anchorage failure of the 

reinforcement at the top of the wall. To avoid local failure in the next test, the 

reinforcing bars, which were left to project freely almost 600 mm above the top 

course of the wall specimen during construction, were cut and welded to a 12.5 

mm thick steel plate as described above.
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Specimen W2 was tested with increased simulated support stiffness of 10,000 

kNm/rad. The same type of local failure occurred during this test as well. The 

probable reason was improper leveling of the top steel plate of the wall. Because 

of local failure, W2 could not achieve its expected load level and failed locally at 

a load level of 812.6kN, which is even smaller than the local failure load of Wl. 

After testing, when W2 was laid down, some extra grouting of the cores was 

observed. The cores, which were supposed to remain empty, were filled up to 7 

courses from the bottom. Apparently this happened during construction of the 

wall when masons lost control of the pumping hose and filled the empty courses 

from bottom to top. Although, extra grouting affected the behavior of the wall it 

behaved well up to the load level where local failure occurred prematurely.

Wall specimen W3 was tested with zero rotational stiffness at the bottom. It did 

not have reinforcing bars projecting above the top of the wall. The C-cradle was 

leveled but set loose on top. W3 achieved its full axial load capacity and did not 

show any local failure. The first horizontal crack appeared at mid height of the 

wall (bottom of course No. 13). At the end of the test the face shell cracked at 

course No. 14 exactly at the place where the reinforcing bars were lap spliced. W3 

carried a much lower load than Wl and W2 because of the zero rotational 

stiffness at the bottom. Figure 3.13 shows the cracking of W3 at failure.

Specimen W4 was tested with 1000 kNm/rad rotational stiffness at the base. In 

this case, the top steel plate was grinded and leveled with a leveling compound for 

smooth distribution of the load from top loading assembly to the wall. W4 also 

achieved the full load carrying capacity without having any local failure, so the 

failure of W4 was defined as the condition limiting the axial load capacity of the 

wall specimen. After failure, the wall was unloaded for safety reasons, and to 

avoid yielding of the HSS-steel beam. It was observed that horizontal cracks 

appeared at top and bottom bed-joint of course No. 5, and no cracking at the face 

shell was observed.
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Figure 3.14 illustrates the typical deflected shape at failure of Group-I, support 

stiffness caused prominent deflection of the top portion of the wall. Testing of 

Group-I shows that the effect of support stiffness on load carrying capacity of the 

wall is rational and quantifiable.

3.7.2 Group-II: (6-meter Tall Walls -  h/t = 33.9)

Group-II consisted of four full-scale 6 m high walls. To avoid localized failure, a

12.5 mm thick plate was used at the top of every specimen welded to the vertical 

reinforcing bars. The plate was placed on a self-leveling compound, similarly to 

the procedure used for walls W3 and W4.

The first specimen of Group-II, W5, was tested with a simulated support stiffness 

of 10,000kNm/rad and under the influence of support stiffness the specimen was 

able to sustain a high load carrying capacity at failure . The first horizontal crack 

appeared above the mid height of the wall at course No.20 from the bottom. It is 

noted that cracking started just after the peak load was achieved.

W6 was tested with simulated support stiffness of 5000 kNm/rad. Like W5, 

specimen W6 also failed at high eccentric axial load. The first horizontal crack 

appeared at course No. 17. After the peak load was achieved further cracks 

appeared on higher courses from 17 to 27

Specimen W7 was tested with support stiffness of 1000 kNm/rad and showed 

excessive cracking and deflection at failure. W7 carried a lower axial load 

capacity of 601 kN as compared to specimens W5 and W6.

The specimen W8 was tested with zero support stiffness and failed at much lower 

axial load capacity as compared to other specimens of Group-II. W8 experienced 

the cracking at middle of the height on top of course No. 15. Test results of
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Group-II established the fact that because of effect of simulated support stiffness, 

double curvature exists at the failure of tall masonry block walls, also confirmed 

by typical deflected shape at failure of Group-II shown in Figure 3.15. The walls 

of this group behaved rationally with the peak span moment (the location of the 

horizontal cracks) moving down as fixity at the bottom decreased.

The test results for each group are presented in Table 3.7

3.8 Test Results and Discussions:

Observation of the failure pattern of walls shows that, as expected, the slenderness 

ratio affected the over all axial load capacity of the walls in such a manner that 

the walls with lower slenderness ratio(h/t=28.6), showed higher load carrying 

capacities as compared to walls with higher slenderness ratio (h/t=33.9). This 

phenomenon became more significant in terms of effectiveness of support 

stiffness (more effective for low h/t ratios and less effective for higher h/t ratios). 

Higher slenderness ratio of Group-II caused the walls to fail under non-linear 

geometric effects, although support stiffness influenced the degree of the non- 

linearity of these walls by controlling the out-of-plane deflection but still Group-II 

could not sustain as high axial load capacity as was obtained by Group-I. The 

higher axial load capacity of Group-I walls showed that support stiffness was 

more effective in improving the behavior of these walls at failure. The effect of 

support stiffness on Group I (h/t =28.6 as compared to h/t = 33.9 of Group-II) was 

not severely counteracted by non-linear geometric effects. As a result the failure 

of the walls was delayed (to the point where local failure was achieved in case of 

specimen Wl and W2) and the walls were able to sustain higher load capacity.

Test observations show that for a particular h/t ratio, the relative increase in axial 

load capacity decreases with increase in support stiffness as the wall approaches a 

full fixity condition. Table 3.7 shows consistent increase in the axial load carrying 

capacity of walls with increasing support stiffness. The detailed comparison in
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varying axial load capacities with respect to Simulated Support Stiffness is 

presented in Table 3.8. Even though walls with h/t=28.6 and simulated support 

stiffness of 10,000 kNm/rad and 5000 kNm/rad were failed by premature local 

failures they showed increased load carrying capacity as compared to the wall 

with no rotational stiffness. Figure 3.16 summarizes the increase in load capacity 

of walls with respect to increase in simulated support stiffness

The load deflection responses of Group-I and Group-II indicate the increase in 

stiffness of the wall. Initial slopes of load-deflection responses increase with 

increase in support stiffness and finally results in higher load capacity for the 

walls tested with higher simulated support stiffness with exception of W2, which 

failed locally. The load-deflection responses of Group-I and Group-II demonstrate 

a consistent increase in load carrying capacity and stiffness of the wall with the 

increasing level of support stiffness. The responses are shown in Figure 3.17 and 

Figure 3.18 for Group-I and Group-II respectively.

With increase in support stiffness, the point of maximum deflection moves 

upward relative to the wall with zero simulated support stiffness. This is true for 

walls with both low and high slenderness ratios. Figure 3.19 and Figure 3.20 

show the plot of deflection along the height of walls at failure for Group-I and 

Group-II, respectively. It is observed that with an increase in simulated support 

stiffness, the bottom rotation of the walls decreases at failure. This was obviously 

because of the increase in resisting moment at the bottom of the walls that 

provided a counter rotation. It is noticed in Figure 3.20 that although W7 was 

tested with support stiffness of lOOOkN-m/rad, at failure, this specimen 

experienced larger deflection as compared to the reference wall W8. The reason 

was that support stiffness delayed the failure of W7 and the specimen was able to 

sustain more cracking as compared to W8, which failed at 26.6% lower axial load 

capacity and because of absence of support stiffness it was not able to undergo 

further cracking and deflection
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Figure 3.21 and Figure 3.22 show plots of the total bending moment of the walls 

(including the load eccentricity at the top as well as the P-A effects). It can be 

observed from these two plots that the point of maximum deflection as well as the 

point of maximum bending moment moved upward as the support stiffness is 

increased. All are indications of a change to the deflected shape of a wall from 

single curvature to double curvature. To highlight the effect of support stiffness, 

the bottom part of deflection at failure is blown up in Figure 3.23 and Figure 3.24 

for Group-I & Group-II respectively, showing the reduction in curvature in the 

bottom part of the wall with increase in magnitude of support stiffness. 

Formation of double curvature and reduction in curvature near simulated support 

illustrated that because of effect of support stiffness, the effective length of the 

walls was reduced which caused the increase in axial load capacity of the walls.

Figure 3.25 shows the trend of mid-span deflection at failure of Group-II walls. 

The mid span deflection of specimens W8 and W7 are almost same at failure but 

the deflection significantly dropped in case of W6 and W5 which were tested with 

support stiffness of 5000kN-m/rad and 10,000kN-m/rad. The drop in mid-span 

deflection of W5 and W6 shows that support stiffness controlled the detrimental 

effects of high slenderness ratio (h/t = 33) of Group-II walls and as a result the 

point of maximum deflection moved from mid-span portion to upper half portion 

of the walls.

Figure 3.26 shows the trend of maximum bending moment carried by Group-II 

walls. A progressive increase in maximum bending moment is clearly shown. All 

wall specimens tested with non-zero support stiffness (W5, W6 and W7) were 

able to maintain higher stress levels at failure and showed increasing bending 

moment capacity with increase in support stiffness. Figure 3.22, which shows the 

bending moment diagrams at failure of Group-II, indicates that support stiffness 

caused the point of maximum bending moment to move to upper half portion of 

the walls.
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The consistent increase in load carrying capacity of the tested wall specimens 

under the influence of support stiffness shows that support stiffness might also 

influence Flexural rigidity of the walls. Therefore, the response of both Group-I 

and Group-II needs to be investigated in terms of their Flexural rigidity (El) for 

further implication of support stiffness on the behavior of masonry block walls. 

The next chapter deals with estimation of flexural rigidity of the tested specimens.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

45



Table 3.1 Modulus of sub-grade reaction of different soils

Soil type
Modulus of sub-grade reaction 

(kN/m3)

Loose Sand 4,800- 16,000
Medium Dense Sand 9,600 -  80,000
Dense Sand 64,000 -128,000
Clayey Medium Dense Sand 32,000-80,000
Silty Medium Dense Sand 24,000-48,000
Clay Soil 12,000-48,000
Reference: Foundation Analysis and Design by Joseph E. Bowles

Table 3.2 Relationship between numerical and simulated support stiffness

Support Strip footing Modulus of sub- Laboratory simulated
Stiffness dimensions grade reaction support stiffness

dimensions
(kN-m/rad) (mm) (kN/m3) (mm)

1,000

5,000

10,000

46

lfoo

200X•4b 600 -jb
300x4b 900 -Jt-
500
■ “ It

il^iooo-Jt

“ it
db

56,000 
(Clayey medium 

dense sand)

76,000 
(Medium and dense 

sand)

108,000 
(Dense sand)

IISS-102X102X6.4

1850

IISS-152X152X13

2500

HSS-152X152X13

1250
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Table 3.3(a) Compressive strength of hollow concrete block prisms

Ultimate load ^Ultimate strength
Specmeo (UN) (MPa)

1
2
3
4
5

Average

624.91
669.16
683.02
590.04
642.34
650.83

13.98
14.97
15.26
13.20
15.37
14.56

* Based on Bedded Cross-sectional Area = 44700 mmz

Table 3.3(b) Compressive strength of grouted concrete block prisms

Specimen Ultimate load 
(kN)

* Ultimate strength 
(MPa)

1
2
3
4
5

Average

1562.27
1201.09
1106.56
974.45
1324.72
1233.82

12.89
9.91
9.13
8.04
10.93
10.18

* Based on Gross Cross-sectional Area = 121200 mm2

Table 3.3 tel Modulus of elasticitv of concrete block nrisms

Specimen

^Modulus of elasticity 
of

grouted prisms 
(MPa)

**Modulus of elasticity 
of

hollow prism 
(MPa)

1
2
3
4
5

Average

8055
7129
8054
5557
8099

7378.99

13215
12412
18647
13819
13585
14335

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table 3.4 (a) Compressive strength of mortar

Specimen Ultimate load 
(kN)

Ultimate strength 
(MPa)

1 87.90 35.20
2 102.90 41.20
3 100.50 40.20
4 95.80 38.32
5 102.50 41.00
6 92.50 37.00

Average 97.01 38.82

Table 3.4 (b) Compressive strength of grout
Specimen Ultimate load 

(kN)
Ultimate strength 

(MPa)

1 210 38.0
2 212 26.4
3 185 32.9

Average 203.3 32.4

Table 3.5 Properties of steel rebars

Specimen
Nominal
diameter

Nominal
area

Yield
strength

Ultimate
strength

Modulus of 
elasticity

(mm) (mm2) (MPa) (MPa) (MPa)

Rebar 15 200 423 568 215000

Weldable
rebar

15 200 403 567 201000
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Table 3.6 Specifications of test specimens

Specimen Height Slenderness ratio 
(h/t)

Support stiffness 
kN-m/rad

Groun - 1

W1 5437 28.6 5000

W2 5437 28.6 10000

W3 5437 28.6 0

W4 5437 28.6 1000

Groun - II

W5 6437 33.9 10000

W6 6437 33.9 5000

W7 6437 33.9 1000

W8 6437 33.9 0
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Table 3.7 Summary of test results

Specimen h/t Support Maximum Maximum 
stiffness load moment 

(kNm/rad) (kN) (kN-m)

Support Mid-span 
moment deflection at 
(kN-m) failure 

(mm)
w f 28.6 5000 964.0 63.50 30.50 22.43

W2* 28.6 10000 812.6 54.50 33.53 16.60

W3 28.6 0 514.2 37.10 30.73

W4 28.6 1000 756.0 54.30 15.80 28.78

W5 33.9 10000 798.3 54.70 40.10 20.51

W 6 33.9 5000 740.4 50.80 31.00 22.86

W7 33.9 1000 601.0 43.13 14.75 26.88

W8 33.9 0 476.0 33.20 27.05

’Walls failed locally

Table 3.8 Relative increase in axial load capacity

Wall
Designation

Increase in support stiffness 
(kNm/rad)

Increase in axial load 
capacity

Wl* 0 to 5000 87.50%

W2* 0 to 10000 58.01%

W4 Oto 1000 47.02%

W5 0 to 10000 67.70 %

W6 0 to 5000 55.55 %

W7 0 to 1000 26.2 %

Walls failed locally
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Figure 3.1 Numerical model of strip footing
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Figure 3.2 (a)Typical failure of grouted prisms

- i  y?. &  <}‘|J

Figure 3.2 (b) Typical failure of un-grouted prisms

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.3 Standard grout test

2 -  ISM rebars

1200 mm-

Figure 3.4 Typical cross-section of wall specimen
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Figure 3.5 Alignment of vertical rebar
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Figure 3.6 Test-setup details
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Figure 3.7 Test setup photo
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Figure 3.9 Bottom boundary conditions
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Figure 3.10 Photo of simulated support stiffness
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Figure 3.11 Instrumentation details
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Figure 3.12 Local failure of W1

If’ ll ■!. * *

Figure 3.13 Cracking of W3 at failure
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Figure 3.14 Typical deflected shape of Group-1 walls at failure
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Figure 3.15 Typical deflected shape of Group-II walls at failure

62

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ec
cen

tri
c 

ax
ial

 lo
ad 

(k
N)

- - Group-I (h/t = 28.6) 
♦ —Group-II (h/t = 33.9)

1400

1200
W1 Local 
failure1000 W2 Local 

failure
800

W5
W 6

600

400

200

0 2000 4000 6000 8000 10000 12000 14000

Simulated support stiffness (kN-m/rad)

Figure 3.16 Simulated support stiffness versus eccentric axial load at failure
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CHAPTER 4

FLEXURAL RIGIDITY OF LOAD BEARING MASONRY BLOCK
WALLS

4.1 Introduction

As illustrated in the literature review the wall flexural rigidity is a vital parameter, 

which directly influences the load carrying capacity of a load bearing tall masonry 

block walls. Experimental results demonstrated a consistent increase in axial load 

capacity of tested specimens caused by support stiffness. In addition the bending 

moment and deflection profile all change with changes in the support stiffness. 

This suggests strongly that changing the curvature value and distribution will 

influence the inelastic changes in the wall, which directly involves the wall 

stiffness. In other words, changing the support stiffness would influence the 

flexural rigidity of wall specimens as well as the axial load carrying capacity. The 

objective of Chapter 4 then, is to evaluate this particular aspect of behavior.

A straightforward analytical solution of the differential equation of a beam- 

column was obtained and used to establish mathematical expressions of flexural 

rigidity of the wall specimens with and without support stiffness. Experimental 

results were inserted in the derived mathematical expressions and flexural rigidity 

of all wall specimens was estimated. Different plots showing the variation of 

flexural rigidity with increasing loads are also presented along with other 

graphical and tabular discussions of the flexural rigidity of load bearing masonry 

block walls.

4.2 Effective Flexural Rigidity (EIfir) of Masonry Block Walls

Flexural rigidity (stiffness) of masonry load bearing walls combines the effect of 

Young’s modulus and moment of inertia of wall cross-section. These two factors
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can be, phenomenologically, combined in a flexural rigidity term, El. Simple 

prism tests show that Young’s modulus changes as a function of the axial stress in 

the wall; mainly because of the non-linear stress-strain constitutive behavior of 

masonry. Likewise, the moment of inertia also changes both along the height of 

the wall as well as throughout the history of loading for the same reason. The term 

“effective flexural rigidity” refers to a single value of flexural rigidity 

representative of full height and obtained at the ultimate limit strength of a 

masonry block wall.

Masonry block walls are exposed to both material and geometric non-linearities. 

Depending on the geometric configuration it is possible that one type of non- 

linearity dominates the behavior. For example, walls subjected to geometric non- 

linearity (slender walls) experience variation in flexural rigidity caused by 

changes in the moment of inertia of the cross-section. These changes are caused 

by either or a combination inelastic compressive strains and tensile cracking. 

Changes in the moment of inertia in turn affect the geometrically nonlinear 

response of the wall, which feeds back into the inelastic behaviour particularly 

close to peak compressive load. Stocky walls on the other hand, are more prone to 

material non-linearity and much less to geometric nonlinearity.

According to the literature, (Liu et al. 1998, Liu and Dawe 2001, Liu and Dawe 

2003), parameters such as slenderness ratio of walls, load eccentricity, amount of 

reinforcement and compressive strength of masonry are the factors influencing the 

flexural rigidity of masonry load bearing walls. In the current study support 

stiffness is introduced as an additional influencing factor on flexural rigidity of 

masonry load bearing block walls. Chapter 7 will discuss in detail the influence of 

each parameter on the flexural rigidity with regard to behavior of masonry block 

walls.

Evaluation of the effective flexural rigidity (EIefr) of masonry walls has been a 

challenging task for masonry researchers and different equations (Yokel 1971,
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Hatzinikolas et al. 1978, Aboud et al. 1995, Liu and Dawe 2003) have been 

introduced for the appropriate estimation of EICfr. However, to date no mention 

has been made of the effect of support stiffness in evaluating EIefr. The following 

section will discuss the analytical relationship between flexural rigidity and 

support stiffness of masonry block walls.

4.3 Evaluation of Flexural rigidity of Masonry Block Walls

It is understood that the behavior is non-linear and history dependent. Moreover, 

it is understood that the level of material nonlinearity and, therefore, the cross- 

sectional properties vary along the wall height. This chapter obtains an equivalent 

elastic solution based on uniform properties along the wall height. The solution is 

applied at any point along the history yielding a fictitious, instantaneous, but 

generally representative El value.

The solution of the fourth order differential equation of a beam-column was 

employed to establish the analytical relationship between support stiffness and 

flexural rigidity of masonry load bearing block walls, subjected to eccentric axial 

load at the top and with support stiffness at the bottom (Figure 4.1). Figure 4.2 

presents the case in which no rotational support stiffness is applied at the bottom 

of the wall. The mathematical derivation is presented below:

The 4th order differential equation of an elastic beam-column with uniform 

properties is written as :

The general solution of Equation 4.1 assuming the axial load, P, is compressive is:

Ely"" +P y" = 0 [4.1]

y = Cisin(kx) + C2Cos(kx) + C3X + C4 [4.2]

71

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



in which, “x” is the distance from top of the wall to the point of interest located 

anywhere along the height of the wall and “k” is defined as:

k - { £  143'

Differentiating equation 4.2 yields expressions for the curvature

/ '=  - cik2  sin(kx) -  0 2 k2  cos(kx) [4.4]

Figure 4.1 shows that the following boundary conditions can be applied to 
Equation 4.2

y  = 0 at x  = 0 [4.5a]

y  = 0 at x = L [4.5b]

y ” = —  at x = 0 [4.5c]
El

R0
El
Rf)

y" = ^E- At x = L [4.5d]

in which e is the eccentricity at the top, R is the support stiffness at bottom of wall 

and L is the wall height.

Equation 4.5a through 4.5d is a set of four equations in four unknowns, cj, C2 , C3 

and C4. Solving this set yields an expression for deflection as:

y  Elk2
sin(Ax) x. _ sin(fa)cos(A£) . . .  x

^ +  +  P e { l  +  ■ r i r r l  ~  cos ( f oc ) "  7sm(A£) L sm (kL) L
[4.6]

Eliminating support stiffness [R] term from Equation 4.6 yields the simplified 

expression:
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^ Elk2 sin kL
Pe cos(kL)sin(kx) -  cos(Ax) -  — + 1 14.7]

which is valid for wall deflection with no support stiffness offered by the support. 

Equations 4.6 and 4.7 are transcendental equations. In this study it is assumed that 

at any specified point along the history, the axial load, P, the deflection ,y, at a 

specified point along the height, say x = L/2 and the rotation,©, at the bottom, are 

all known. The only unknown is El. To obtain the roots of these transcendental 

equations the popular Microsoft Excel Solver was employed and an iterative 

procedure was applied by targeting the mathematical expression of the derived 

differential Equation. The required variable El was varied by constraining the 

results of Equations 4.6 or 4.7 to the mid height out-of-plane deflection and 

bottom rotation of the wall values corresponding to a particular loading event. 

This iterative procedure was continued until the equation was satisfied for the 

constraint condition. The procedure was repeated for the entire loading history by 

iterating at every event of the load history.

These equations have more than one root at the same set of input variables. Thus, 

it is important to select the initial value of the unknown variable, which should be 

capable of representing the true behavior of the function. The critical part of this 

method, therefore, was selection of the initial value of El for very first event of 

loading. To obtain the correct root of the equation EI0 was selected as a 

reasonable initial value that is within neighborhood of the correct root and also to 

assure the proper behavior of the functions 4.6 and 4.7.

4.4 Evaluation of Flexural rigidity from Experimental Data

Employing equation 4.6 for the wall specimens tested with support stiffness and 

equation 4.7 for wall specimens tested without support stiffness, the flexural 

rigidity was estimated using test results along the load history for each load 

increment.
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The plot of flexural rigidity versus load history of Group-I walls and Group-II 

walls is shown in Figures 4.3 and 4.4, respectively. It is observed, for both groups, 

that the slope drops initially rapidly, probably because of crack initiation at mortar 

face shell beds. Subsequently the plot shows a gradual and continuous change in 

flexural rigidity throughout the pre-peak load history. Upon approaching the axial 

load capacity a rapid decrease in the value of flexural rigidity is observed. After 

reaching the ultimate load the rate of decrease in flexural rigidity slows down as 

the load drops. The rapid decrease in stiffness is obviously caused by excessive 

deflection and cross section degradation. The plot of Group-I walls shows that 

even though wall specimens W1 and W2 could not reach their full capacity, they 

followed the trend which is common in all other walls. From Figure 4.3 and 

Figure 4.4 it is evident that support stiffness influences the flexural rigidity of 

wall specimens, this can be verified if the effective flexural rigidity is compared 

for all the specimens.

Flexural rigidity corresponding to the peak load is thought of as the “effective 

flexural rigidity”. Table 4.1 illustrates the effective flexural rigidity of all wall 

specimens for a 1-m width of wall. It is evident from Table 4.1 that for both 

groups an increase in EIeff is observed for support stiffness values ranging from 0  

kN-m/rad to 1000 kN-m/rad, while for support stiffness 5000 kN-m./rad and 

10000 kN-m/rad a decrease in effective flexural rigidity is observed. For example 

specimens W3 and W4 respectively had EIefr values of 3.74E+12 N/mm2 and 

4.56E+12 N/mm2.

As discussed in Chapter 3, at failure a change in curvature was observed because 

of the effect of support stiffness and this effect became more significant in case of 

wall specimens tested with support stiffness values of 5000 kN-m/rad and 10,000 

kN-m/rad, resulting in greater load capacity. Because of higher axial loads 

experienced by these walls, the cross-section is subjected to higher compressive 

stresses along with cracking. These inelastic effects add up to cross section
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degradation and as a result the decrease in effective rigidity was observed for the 

walls tested with higher support stiffness.

Walls tested with 1000kN-m/rad support stiffness showed an increase in axial 

load capacity but the cross-sectional stresses were not as high as they were in case 

of walls with greater support stiffness. The increase in EIefr in case of support 

stiffness ranging from OkN-m/rad to lOOOkN-m/rad occurred mainly because in 

this range under the influence of support stiffness the geometric non-linear effects 

were controlled and the double curvature was formed. The bottom rotation of the 

wall also reduced as compared to the wall without any resistive moment at the 

bottom, this controlled the geometric non-linear effects and the wall was able to 

show comparatively higher Eletr-

4.4.1 Comparison of Flexural rigidity of Group-I and Group-II

Figure 4.5 demonstrates the effective flexural rigidity of Group-I and Group-II 

plotted against the support stiffness. The plot shows that at all levels of support 

stiffness Group-II walls showed higher effective flexural rigidity as compared to 

Group-I. The probable reason is that the smaller slenderness ratio and higher peak 

load of Group-I walls resulted in higher material non-linearity and higher 

compressive stresses as compared to walls of Group-II, which exhibited stability 

failure and were exposed to primarily, geometric non-linearity and minor material 

non-linearity.

It is noticed in Figure 4.5 that the rate of decrease in EIefr values between walls 

tested with support stiffness 5000kN-m/rad and 10,000kN-m/rad is higher in 

Group-I specimens than Group-II. This was because in Group-I walls the increase 

in support stiffness from 5000 kN-m/rad to 10,000 kN-m/rad caused the wall 

cross-section to undergo higher compressive stresses as compared to Group-II 

walls and as a result the reduction in El because of material non-linearity was 

comparatively higher in Group-I walls and lower EIeff was obtained.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In Group-I specimens the increase in support stiffness from OkN-m/rad (specimen 

W3) to lOOOkN-m/rad (specimen W4) provides 20% increase in effective flexural 

rigidity, while the same increase in support stiffness causes 1 0 % increase in 

effective flexural rigidity between W8  and W7 of Group-II specimens.

4.5 Comparison of Experimentally Obtained Effective Flexural Rigidity to 

CSA S304.1 Values

The flexural rigidity of a masonry block wall changes throughout the load history 

and drops sharply after the load carrying capacity of the walls is reached. The 

slenderness, stress increase, tensile cracking and loading type are some of the 

factors, which cause the change in El of the masonry block walls. In the current 

design practice, using an El incorporates a constant E value and a reduced I value. 

The EIeff depends on end eccentricity ratios, cracking of cross-section and long­

term creep effects.

To assess the values of El obtained from the experimental data a numerical 

comparison between CSA S304.1 recommendation and the experimental results 

was carried out. Details are shown in Table 4.2 for a one-meter width of wall. 

Clearly the code suggests conservative values of effective flexural rigidity of 

masonry block walls and it ignores support stiffness. Values obtained from the 

test results show that effective flexural rigidity is influenced by support stiffness 

of masonry block walls. Table 4.3 shows that even in case of specimens W3 and 

W8 , where there is no support stiffness, a fairly high value of flexural rigidity was 

observed in the test as compared to the EIefr obtained form CSA S304.1. Clause 

1 1 .2.5.4 further restricts the value of EIcfr by limiting the maximum allowed value 

to 0.25EmIo (i.e. 1.25E12 N-mm2) for all test specimens. In Table 4.2 it is 

observed that even the maximum EICfr allowed by the code is smaller than the 

experimental values of all specimens this confirms that the current code 

conservatively provides the values of EIefr for the walls..
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4.5 Comparison of Experimentally Obtained Effective Flexural Rigidity to 
CSA S304.1 values

The flexural rigidity of a masonry block wall changes throughout the load history 

and drops sharply after the load carrying capacity of the walls is reached. The 

slenderness, stress increase, tensile cracking and loading type are some of the 

factors, which cause the change in El of the masonry block walls. In the current 

design practice, using an El incorporates a constant E value and a reduced I value. 

The EIeff depends on end eccentricity ratios, cracking of cross-section and long­

term creep effects.

To assess the values of El obtained from the experimental data a numerical 

comparison between CSA S304.1 recommendation and the experimental results 

was carried out. Details are shown in Table 4.2 for a one-meter width of wall. 

Clearly the code suggests conservative values of effective flexural rigidity of 

masonry block walls and it ignores support stiffness. Values obtained from the 

test results show that effective flexural rigidity is influenced by support stiffness 

of masonry block walls. Table 4.3 shows that even in case of specimens W3 and 

W8 , where there is no support stiffness, a fairly high value of flexural stiffness 

was observed in the test as compared to the EIefr obtained form CSA S304.1. 

Clause 11.2.5.4 further restricts the value of EI^ by limiting the maximum 

allowed value to 0.25EmIo (i.e.l.25E12 N-mm2 ) for all test specimens. In Table

4.2 it is observed that even the maximum EIeir allowed by the code is smaller than 

the experimental values of all specimens this confirms that the current code 

conservatively provides the values of EIeff for the walls.

The above observations suggest there is a need to develop more realistic methods 

for the evaluation of effective flexural stiffness of the masonry block walls. Since 

in the experimental program many other parameters such as variation of e/t or 

amount of reinforcement could not be studied because of limited resources, the
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The above observations suggest there is a need to develop more realistic methods 

for the evaluation of effective flexural rigidity of the masonry block walls. Since 

in the experimental program many other parameters such as variation of e/t or 

amount of reinforcement could not be studied because of limited resources, the 

extension of the work must be carried through a comprehensive numerical model 

so that the full range of different parameters can be studied in detail.

The current study aims to develop a numerical model which can be used as a tool 

to perform extensive parametric study and comprehensive data can be generated. 

The numerical model for the current study will be discussed in detail in the 

following chapter.
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Table 4.1 Effective Flexural rigidity obtained from experimental data

Wall designation Support stiffness 
(kNm/rad)

♦♦Effective flexural stiffness 
(k-Nm/rad)

♦W1 5000 3.51E+12
♦W2 10000 2.98E+12
W3 0 3.11E+12
W4 1000 3.71E+12
W5 10000 3.56E+12
W6 5000 3.71E+12
W7 1000 4.25E+12
W8 0 4.15E+12

*Specimens with local failure
♦♦Effective Flexural rigidity calculated for lm width of wall specimens

Table 4.2 Numerical comparison of experimental EIerr with CSA S304.1

Wall
designation

Support
stiffness

kNm/rad

♦♦Effective Flexural 
rigidity

N-mm2

Effective 
Flexural rigidity 

from CSA 
S304.1 
N-mm2

0.25EI0
From
CSA

S304.1
N-mm2

W3 0 3.11E+12 0.828E12 1.25E12

W4 1000 3.71E+12 0.828E12 1.25E12

W5 10000 3.56E+12 0.828E12 1.25E12

W6 5000 3.71E+12 0.828E12 1.25E12

W7 1000 4.25E+12 0.828E12 1.25E12

W8 0 4.15E+12 0.828E12 1.25E12
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Figure 4.1 Boundary conditions of masonry wall with support stiffness
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Figure 4.2 Boundary conditions of masonry wall without support stiffness

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.4E+13

1.2E+13
Z l.OE+13 ■

8.0E+12 - 
6.0E+12 - 

1 4.0E+12
S

|  2.0E+12 
O.OE+OO 

0

&
•g
'3>
•c

•t 1  r

200 400 600 800
E ccentric axial load (kN)

1000

Figure 4.3 Flexural rigidity versus eccentric axial load (Group-I)

1.2E+13 -i
1T l.OE+13 •£
i  8.0E+12 -U
I* 6.0E+12 -
*53)

I  4.0E+12 ■i
« 2.0E+12 -u.

0.0E+00 -
0 200 400 600 800 1000

Eccentric axial load(kN )

Figure 4.4 Flexural rigidity versus eccentric axial load (Group-II)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



"e
E
Z
is
mm
e.
&
*5b•c

4.5E+12 
4.0E+12 
3.5E+12 
3.0E+12 J1 
2.5E+12 
2.0E+12 
1.5E+12 
l.OE+12 
5.0E+11 
O.OE+OO

“  •  “  G roup-I 

— • — G roup-II

•  - - •

0 2000 4000 6000 8000 1 I
Support stiffness (kN-m /rad)

Figure 4.5 Effective flexural rigidity versus support stiffness

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

5



CHAPTER 5

NUMERICAL ANALYSIS 

5.1 Introduction

This chapter describes finite element modeling of masonry block walls subjected 

to eccentric axial compressive forces. A number of these walls have already been 

tested in the experimental phase of the thesis. A simple and efficient non-linear 

finite element model was developed, incorporating material and geometric non­

linear aspects of the test specimens. The non-linear finite element program 

ABAQUS (Hibbitt et al. 2002) was used to implement the proposed numerical 

model. The analysis is based on macroscopic analysis approach, which is best 

suited to capture overall behavior of masonry walls in this context. The details are 

presented later in the chapter.

The adequacy of numerical model was demonstrated against the test results by 

comparing the responses of axial load versus out-of-plane deflections, axial load 

versus out-of-plane rotations, bending moments and also axial load versus 

flexural rigidity response. Good agreement is found between experimental and 

numerical results.

5.2 Numerical Model

The description of the numerical model includes selection of element types, 

approach to the finite element mesh, material model and solution controls. These 

are discussed in detail in the coming paragraphs.
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5.2.1 Element Type

Eccentrically loaded masonry walls behave in the manner of beam-columns and 

are usually designed as members subjected to out-of-plan bending moment along 

the height of the wall. The design criterion is based in large part on the stability of 

these walls. Therefore, the behavior of such walls is treated as a structural 

stability problem in which reduction in the flexural rigidity occurs because of the 

axial loading and is further enhanced by cracking that arises from flexural effects.

To capture the strength and the stability failure mode of masonry load bearing 

walls with a finite element model a simple type of 2-D beam element is selected 

to best provide sufficient degrees of freedom to describe bending and axial load 

effects.

The primary purpose of developing the finite element model in this research is to 

investigate behavior at failure based on overall stiffness and strength of the walls. 

The effect of local distributions of stresses in the various shells and webs of the 

walls is irrelevant. Among several types of beam elements available in ABAQUS 

Element Library, type- B21 was selected. This is a line segment two-dimensional 

element having two transnational and one rotational degree of freedoms at each 

node Element B21 sufficiently deals with in-plane large deformations caused by 

out-of-plane rotations. These elements also incorporate transverse shear 

deformation and can be used for thick as well as slender beams. Material non­

linear effects are incorporated by integrating the stress distribution over a 

sufficient number of integration points on the centerline of the cross-section.

5.2.2 Approach of Finite Element Mesh

The intention was to develop a mesh, which can reasonably predict the behavior 

of masonry walls until failure without causing unnecessary computational 

difficulties. A masonry wall is an assemblage of units arranged in horizontal

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



courses interspaced with mortar layers. In addition, some cores are grouted and 

vertical reinforcement is added.

There are three basic approaches of modeling to represent the mutual interaction 

of individual components of masonry in finite element mesh. In the first approach, 

the mortar layer is represented by continuum elements. Thus, the finite element 

mesh requires different material properties of block and mortar. In the second 

approach, the mortar layer is modeled as potential lines of failure because of 

cracking. It is introduced as a contact element with cohesion and friction and its 

elastic properties and associated local effects at the block-mortar interface are 

neglected. The third approach treats the masonry assemblage as a homogenous 

solid medium and the cracks are smeared out. From the behavior point of view, 

the first approach provides a highly detailed model, while the third approach gives 

a global view that is best suited for modeling the over-all response. The second 

approach is a middle-scale approach but still subject to more computational 

complexity as compared to the third one. The first approach is also known as a 

microscopic model. Previously this approach has been attempted at the University 

of Alberta to model masonry cavity walls (Wang et al. 1997) and reported 

unsatisfactory results because of difficulty of simulation of crack propagation 

between elements of mortar and unit after de-bonding. The second approach (also 

known as block-interface approach) is complicated by introducing the contact 

element and leads to a complex finite element model consisting of large numbers 

of elements.

By keeping in view, all above discussion and to concentrate on the objective of 

obtaining global behavior of masonry block walls the third approach was finally 

selected to model the masonry walls by using a simple finite element mesh in 

ABAQUS (Version 6.3-2002).

To define tensile failure of the mortar layers, the bond strength was used as the 

limiting tensile strength in the material model and cracks were allowed to
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propagate in the cross-section of the element as the strain grows. The details of 

the material model will be discussed later in this chapter.

Every course of the masonry wall is defined by an individual element to 

accomplish the mesh configuration, as shown in Figure 5.1. To introduce load 

eccentricity at the top of the wall, a relatively stiffer element was attached out-of- 

plane of the wall having a length equal to the eccentricity in the test. Since in the 

experiment, the test specimen was laterally supported at the top and was also 

supported horizontally and vertically at the bottom a roller support at the top and 

hinge support at the bottom were applied to the model. Simulated support 

stiffness was incorporated by rigidly attaching one end of the steel beam to the 

bottom element of masonry assemblage and the other end was simply supported 

in a manner similar to that used in the test.

5.2.3 Material Properties

Masonry assemblage

Material properties of the masonry assemblage were assigned in both the elastic 

and inelastic ranges. Using average prism test results, the elastic modulus was 

defined by treating the masonry assemblage as an isotropic elastic material within 

the elastic range. The inelastic material behavior of masonry assemblage was 

modeled using the damage plasticity model of concrete as provided in ABAQUS - 

6.3. This model primarily combines the concepts of isotropic damaged elasticity 

with tensile and compressive plasticity theory of concrete. The damage plasticity 

model is designed to handle reinforced concrete structures loaded under low 

confining pressure. This material model also has the capability to describe 

irreversible constitutive changes during fracturing or cracking processes.

Mechanical behavior of concrete in the damage plasticity model is defined by 

non-associated multi-hardening plasticity and isotropic damage elasticity rules.
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The stress-strain relationship in the uni-axial tensile regime is considered linear 

until the stress level reaches the failure tensile stress (ot0). Cracking in the 

concrete material occurs beyond the failure state. Macroscopic crack formation is 

introduced by softening of the stress-strain response. The uni-axial compressive 

behavior is considered linear up to the level of initial yield stress (ctco) followed 

by strain hardening, then strain softening beyond the peak stress (ctcu).

Figure 5.2 (a) and Figure 5.2 (b) (ABAQUS V. 6.3, Volume -II, Explicit User’s 

Manual -10.4.2-3) show the uni-axial response of concrete in tension and 

compression respectively. Tensile cracking and compressive crushing are 

assumed to be the two main failure mechanisms. The failure surfaces in tension 

and compression are controlled by equivalent tensile plastic strains (et~pl) and 

equivalent compressive plastic strains (ec~pl) respectively.

This model allows introducing concrete softening in the post failure stress-strain 

relationship by using a fracture energy cracking criteria. Concrete behavior in the 

damage plasticity model is considered independent of rebar effects and, therefore, 

does not consider the effects associated with rebar-concrete interaction, such as 

dowel action and bond slip. However, reinforcement effects can be indirectly 

incorporated by modifying the response of plain concrete, through a concrete 

tension stiffening capability. To avoid any possible effect of mesh dependency 

and to eliminate unstable behavior in the current numerical model, concrete 

tension stiffening effect was introduced in terms of cracking displacement. This 

option implements the concept of characteristic length (crack spacing), and uses 

the integration point spacing or element geometry for the estimation of 

characteristic crack length. In the ABAQUS damage plasticity model for beam- 

element, the characteristic length is taken as the length of the element. Hence, to 

avoid mesh dependency an element was taken equal to a course height. In this 

manner, the cracks, which occur primarily in the mortar layer would have 

accurate spacing equal to the element length. A typical stress-displacement curve 

is shown in Figure 5.3(a). The peak tensile stress (at0) was taken equal to the bond
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stress for mortar-masonry unit interface (o t0  = 0.5 MPa to 1 MPa), which is 

considerably less than the unit tensile strength.

To define the compressive behavior in the inelastic range of masonry assemblage 

behavior, strain hardening is assumed in the model. The strain softening regime in 

compression is defined by tabulating the stress beyond initial yield against the 

corresponding inelastic strain. The model automatically converts inelastic strains 

(ef,n) into plastic strains (efpl) as:

ec~pl = ec~in - dc /(1 - dc) {<jc / Ec} [5.1]

Here dc is the damage parameter which is zero because in the current study the 

masonry walls were not subjected to cyclic loading and no stiffness recovery 

reduction was required. Therefore:

ec~pl = ec~in [5.2]

A typical stress-strain curve in the compression zone is shown in Figure 5.3 (b). 

The model assumes a non-associated plastic flow. The plastic flow is defined by a 

flow potential given by Drucker-Prager hyperbolic function. The dilation angle 

defines the asymptote to the hyperbolic function. In the current numerical model 

the dilation angle was assumed to be 15° as recommended by Lubliner et. al. 

(1989) for low confined concrete material modeling. The yield surface in the 

damage plasticity model is controlled by plastic strain in compression and in 

tension, e<fpl and efpl. These strains serve as hardening variables to trace the yield 

surface evolution. During analysis e f pl > 0 indicates the start of compressive 

yielding and when e fpl becomes greater than zero and the principal plastic strain 

is positive, cracking is initiated. The material parameters used in the analysis are 

listed in Table 5.1 for each specimen.
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Rebar definition and material properties

The rebars were defined as superimposed elements sharing the same nodes as the 

masonry assemblage. Thus strain compatibility is assumed at the nodes only. 

Material properties of the rebar elements were assigned with the same values as 

obtained by standard rebar test results. Plastic properties were introduced by using 

a J2  plasticity model in the context of a von Mises yield surface and an isotropic 

hardening rule.

Simulated support stiffness

In the current finite element model, simulated support stiffness was defined as 

simply supported steel beam rigidly connected to the masonry assemblage. A 

typical structural steel elastic material is used.

5.2.4 Solution Control

Initially, ABAQUS-Standard was attempted to analyze the finite element model 

and both Newton-Raphson iteration and Modified Riks strategy were tried. 

Because of some numerical difficulties, an unstable response was obtained and 

the program was unable to trace the right solution path. The ABAQUS-Explicit 

module was then used to analyze the finite element model.

The solution concept is based on stress propagation. Acceleration is induced at the 

point of load application resulting in changes in velocity and displacements as the 

solution progresses. The total strain is calculated by adding the strain increments. 

Element stress changes are calculated by applying the material constitutive model. 

Dynamic equilibrium is evaluated at every node. The next increment is applied 

after satisfying the dynamic equilibrium. This process continues until the 

specified total time is accomplished. This process dealt satisfactorily with the post
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behavior at failure of all wall specimens assuming the small increments of 

loading.

Although ABAQUS-Explicit is a true dynamic solution module, it is able to 

successfully deal with quasi-static problems by minimizing the inertial effects and 

keeping the level of kinetic energy very low compared to internal and external 

work done. This is done through the adoption of a number of measures.

The first measure applies the velocity changes smoothly to avoid large transient 

effects at the beginning and end of a step. ABAQUS automatically allows smooth 

loading amplitudes by applying displacement-time histories with zero, first and 

second derivatives at the beginning and end of each step as shown in Figure 5.4. 

Thus, the solution process is implemented in the manner of displacement control 

applied by giving the initial and final data points required.

This was all carried out in the context of a central difference scheme. The stable 

time step length is smaller than the time required for a sound wave to travel 

through the smallest element. If true material densities are used the analysis can 

take hundreds of thousands of time steps. Since we are not interested in a true 

dynamic response the mass was magnified three orders of magnitude. This has the 

effect of reducing the velocity and increasing the stable time step value. The first 

reduces the kinetic energy to a negligible level, while the second reduces the 

number of time steps.

To confirm the validity of quasi-static response, the energy history was plotted for 

the numerical analysis of all wall specimens. Figure 5.5 illustrates a typical 

energy history curve obtained. It is clearly indicated by the energy plots that the 

kinetic energy is negligible as compared to the external work done and internal 

energy of the system. The external work done and internal energy established the 

energy balance throughout the analysis.
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5.3 Simulation of Test Results

Using the finite element model discussed in the previous section, the tests of 

Group-I and Group-II specimens were simulated. To assign the cross-sectional 

properties of the partially grouted masonry assemblage, the masonry wall cross- 

section was treated as I-section having flange width equal to width of the wall 

specimen (1200 mm). The flange thickness was defined as the average thickness 

of the face shell (32mm), while the web height of the I-section was taken as the 

actual thickness of the wall and the thickness of web was considered as the width 

of grouted core plus thickness of interior web of the concrete blocks (390 mm). 

The cross-sectional detail for beam element used for masonry assemblage is 

shown in Figure 5.6. The in-plane I-section in ABAQUS is sufficient to capture 

the desired behavior. The cross-section contains five integration points along the 

depth of the cross-section and is capable to provide the cross-sectional stresses on 

extreme tension and compression faces (integration point 1 and 5 in Figure 5.6) as 

well as at intermediate locations.

As mentioned in chapter 3 all tested specimens were identical except that Group-I 

consisted of walls Wl, W2, W3 and W4, with a slenderness ratio of 28.6, with 

implied rotational stiffness of 5000, 10000, 1000 and 0 kN-m/rad respectively. 

While Group-II consisting of walls W5,W6,W7 and W8  was built with a 

slenderness ratio of 33.9 and had bottom rotational stiffness 10000, 5000, 1000 

and 0 kN-m/rad respectively.

Table 5.2 summarizes the analysis results. A comparison between test results and 

numerical output is presented in the next section within four contexts: load- 

deflection response, moment rotation, failure mode and flexural rigidity.
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5.3.1 Load Deflection Characteristics

Load-deflection responses for Group-I are plotted with the deflection measured at 

mid height, i.e. 2719mm from bottom of the walls, in Figure 5.7 through 5.10. 

The responses for Group-II are also plotted at mid-height in Figure 5.11 through 

5.14.

Specimen W1 was tested with a support rotational stiffness of 5000 kN-m/rad. In 

the experiment a local (premature) failure occurred. Therefore, it was intended to 

capture the initial slope of the load-deflection curve. Beyond the load level of 

premature failure, the probable response can be traced by the analysis results only. 

A comparison of the experimental load deflection response with the numerical 

model results is shown in Figure 5.7. Since the numerical model was not 

subjected to local failure it shows more stiffness after a load level of 600 kN and 

fails at higher peak load of 984.4 kN as compared to 964 kN which was carried by 

locally failed W1 specimen. In Figure 5.7 numerical model shows more stiffness 

as compared to the experimental curve because the experiment response tends to 

local failure and fails before attaining its peak load as opposed to numerical 

response which attains its full capacity without facing any local failure.

Specimen W2 was tested with support rotational stiffness of 10000 kN-m/rad. The 

load deflection response of W2 is shown in Figure 5.8. W2 also locally failed in 

the test but not in the numerical analysis. Figure 5.8 shows that since the 

numerical model does not include local failure effects, it demonstrates more 

stiffness as compared to the experimental curve, attains its full load carrying 

capacity (990.14 kN) and continues to carry the load for an additional 8 mm of 

mid-span deflection.

W3 is the reference wall of Group-I and was tested without any simulated support 

stiffness. The load-deflection from the ABAQUS analysis data showed 

satisfactory response parallel with the experimental results. The peak load
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obtained from the experiment is only 0.281% less than the load obtained from 

analysis. The corresponding deflection acquired from the analysis is also adequate 

and only 0.281 % more than the experimental value. The response plotted in 

Figure 5.9 shows that the initial slope of the numerical results matches the slope 

obtained form the experiment and demonstrates a reasonable response in the peak 

and post-peak range. The modulus of elasticity used in the analysis was E = 

10500 MPa, which lies within a standard deviation (1510 MPa) of the value of the 

mean modulus of elasticity obtained from the standard prism test results.

W4 was analyzed with support rotational stiffness of lOOOkN-m/rad. The load- 

deflection plot is shown in Figure 5.10. The difference in peak load between the 

experimental and numerical results is 0.28% and the corresponding deflection 

differs by 0.30%, which also validates the numerical model. A reasonable 

agreement in the post-peak response exists as shown in Figure 5.10. The 

numerical model traces the same response up to a 2 2 % drop from the peak load 

(400kN). The modulus of elasticity used in the numerical model, was E = 12400 

MPa, which again remains within a standard deviation of the experimental 

modulus of elasticity. The ultimate ductility achieved W4 in the real test could not 

be captured. However, the objective of the study is focused on behavior at failure 

of the masonry block walls and, therefore, it is not important to match the 

numerical results up to the ultimate ductility level.

Figure 5.11 presents the plots of Load-deflection curves of W5, which belongs to 

Group II. It is observed from the plot that the numerical analysis is in good 

agreement with experimental data. Both curves show exactly the same slope in 

initial response, as well as when approaching the peak load. After that the load 

carrying capacity from experimental data becomes slightly higher than the 

numerical load deflection curve and finally there is a minor difference of 0.13% in 

the peak load carrying capacities. The numerical value of deflection at peak load 

is 4.6 % higher than the experimental value.
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The load deflection response of W6  is shown in Figure 5.12. Experimental and 

numerical plots are concurrent and exhibit similar stiffness up to peak load level, 

with a minor reduction of 0.55% in peak load relative to that obtained from the 

experiment. The displacement corresponding to the numerical peak load is 11% 

more than the value obtained from experimental results and shows that the 

numerical model provides a conservative comparison.

The load deflection response of W7 is quite satisfactory as shown in Figure 5.12. 

Both experimental and numerical responses exhibit the same elastic response and 

differ slightly in the nonlinear range. The peak load from the numerical analysis is 

only 0.16% higher than the experimental peak load. The corresponding 

displacement at numerical peak load is also in good agreement with experimental 

value and only a 5.6% difference is observed

The load deflection response of W8  in Figure 5.14 shows good agreement 

between numerical and experimental response. Numerical analysis gives 1.5% 

lesser load carrying capacity as compared to the experimental value. It is observed 

from the plot that the numerical curve lags behind the experimental response and 

achieves failure at lesser displacement level as compared to the experimental 

response, (10.7% less displacement) Although the post-peak behavior given by 

numerical model seems reasonable, the model was unable to follow the complete 

response up to the maximum displacement; possibly because the tension 

stiffening curve in the numerical model might not be able to trace the actual 

response of the test specimen in the post-peak behavior regime. However, the 

overall response provided by the numerical model was found to be satisfactory in 

terms of elastic response as well as achieving the peak load capacity.
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5.3.2 Load-rotation Characteristics

It is worth while noting that the bending moment at the bottom of the wall is 

independent from that at the top of the wall. Therefore, the only meaningful 

comparison regarding the bottom rotation would be between the load and rotation.

Axial load versus bottom rotation response of W1 is plotted in Figure 5.15. It is 

observed from the plots that the response of the numerical model and the 

experimental response remain similar up to a load level of approximately 450 kN. 

Beyond that test specimen W1 was approaching local failure. As a result it shows 

more rotation and less stiffness compared to the numerical model. At local failure 

of test specimen W1 the bottom rotation is 0.0077 radians as compared to a 

numerical value of 0.00524 radians at the same level of load. This is not entirely 

explained by local degradation at the top. It could be that some other degradation 

was taking place at the bottom but did not activate the same obvious level of 

failure observed at the top.

Load versus bottom rotation response of W2 is plotted in Figure 5.16. It is 

observed from the plots that the experimental response shows more rotation as 

compared to the numerical model prior to local failure. The plot shows good 

agreement of analysis and experimental results up to a load level of 400 kN. 

However, the slope of the numerical curve differs from the experimental curve 

after 300 kN. The bond slip at the top of specimen W2 could be the cause of 

observed discrepancy between numerical and experimental results. It is important 

to mention that the proposed numerical model does not account for bond slip 

behavior, hence showed more rotational capacity as compared to the experimental 

response.

Figure 5.17 shows the load-rotation response of W3. Numerical results show an 

acceptable fit with the experimental curve. Rotation at bottom of the wall 

corresponding to the peak load obtained from numerical results is 2.5% higher
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than the corresponding experimental value. It is observed from the plot that initial, 

peak and post-peak response is quite satisfactory and provides good agreement 

between experimental and numerical results.

The load versus bottom rotation plot for W4 is shown in Figure 5.18. 

Experimental and numerical responses follow similar slopes up to peak load level; 

beyond that there is a difference in the slope and the numerical model does not 

trace a similar post-peak response as the experimental curve. The peak bottom 

rotation from the numerical analysis is 5 % less than the experimental rotation.

Rotation at the bottom of the wall versus axial load for W5 is shown in Figure 

5.19. It is observed from the curve that after reaching a load level of 450kN, the 

response of the experimental curve softens somewhat which is not reflected in the 

numerical analysis, and at peak load 35% lesser rotation is obtained in the 

numerical analysis. It is believed that the rotation meter during the experiment 

was not working properly, which explains the discrepancy. This argument is 

further supported by the comparison of load-deflection response, which shows 

good agreement between numerical and experimental results, as plotted in Figure 

5.11.

Figure 5.20 shows the plot of load versus bottom rotation of the wall for W6 . The 

plot shows that the numerical response seems conservative and provides more 

rotation as compared to the experimental results. The numerical model is in good 

agreement with test results up to a load level of 300kN. Then the model starts to 

show lesser stiffness and more rotation which leads to 19% more rotation as 

compared to the test results at the level of peak load. The probable reason is 

malfunction of the rotation meter.

Figure 5.21 presents the plot of load versus bottom rotation of wall W7. The curve 

obtained from the numerical results accurately follows the experimental curve but 

as it approaches the peak load level, the model shows conservative results and the
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bottom rotation corresponding to peak load obtained from numerical model is 

15% less than the rotation obtained from experiment.

Load-rotation response of W8  is shown in Figure 5.22. A good agreement 

between experimental and numerical results can be observed from the plot. The 

difference in experimental and numerical values of rotation at peak is 7.6%, 

which is fairly acceptable.

5.3.3 Load Moment Characteristics

To compare the numerical model capability of capturing non-linear effects 

because of deflection of the wall during the loading history, the history of load 

versus bending moment at mid height has been plotted.

Figure 5.23 and Figure 5.24 give the load versus mid-span bending moment 

responses for wall specimen W1 and W2 respectively. The response of specimen 

W1 shows good agreement between test and numerical results. However, at the 

point of peak load of test specimen W1 the test results show 1 1 % more mid-span 

bending as compared to numerical results. In case of wall specimen W2 a good 

agreement between test and numerical results is observed but because of 

premature failure during the testing of wall specimen W2 the test results could 

follow the numerical response up to the level of peak load of test specimen W2.

The numerical and experimental histories of W3, which are plotted in Figure 5.25 

agree well up to a load level of 500kN after which there is a difference which 

grows to 7.3% at failure. The numerical model could not capture the exact 

behavior of post-peak regime but does not vary by more than 7.8% form the 

experimental results.

Figure 5.26 shows the load-moment histories of specimen W4. The curve from 

the numerical analysis follows the experimental curve with the same slope until it
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crosses a load level of 750kN, after this the experimental curve shows slightly 

more axial load (0.3%) than the load obtained from numerical analysis which is 

reflected in bending moment magnitude (the numerical model gives 3.9% less 

bending moment as compared to test specimen). The numerical analysis produced 

a post-peak behavior very close to the experimental response.

It is observed from Figure 5.27 that the experimental and numerical histories for 

W5 are in good agreement. The difference in mid-span bending moment at peak 

load is found to be 4.64% and is reasonable. A similar conclusion is drawn for 

W6  for which the histories are shown in Figure 5.28. Figure 5.29 shows a 

maximum of 2.5% difference at the same load level of W7 while Figure 5.30 

shows a moment difference of 4.3% for W8 .

5.3.4 Deflected Shapes

To further examine the suitability of the numerical model the deflected shapes and 

the bending moment diagrams obtained from analysis and the tests are compared 

at the peak load point.

The comparison of bending moments at failure of specimen W1 is shown in 

Figure 5.31. The bending moment diagram obtained from numerical analysis is in 

good agreement with test results. The deflected shapes obtained from numerical 

results and the test results are compared at the peak load level of wall specimen 

W1 as shown in Figure 5.32. The shapes of the deflection curves of both test 

results and numerical results follow the similar curvature. It is noticed that the 

numerical magnitude of mid-span deflection of and test results differs from 

experimentally obtained mid-span deflection and found to be almost 2 2 % more 

than the deflection obtained from numerical model. The reason for a stiffer 

behavior observed in numerical results is that the numerical model does not 

contain any degradation in stiffness because of bond and anchorage failure and 

keeps on taking load and at the failure level of the test specimen which mainly
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because of bond and anchorage failure the numerical model showed more 

stiffness and comparatively lesser deflection. The peak load capacity obtained 

from numerical model i.e. 988.5kN which is about 3% more than the peak load of 

test specimen W1 and indicates that at failure the test specimen was able to 

attained most of the axial load capacity and because of bond slip effect failed a 

little earlier than its actual failure.

For the wall specimen W2 the bending moment diagram and deflected shapes at 

the peak load level of test specimen W2 are shown in Figure 5.33 and Figure 5.34 

respectively. Similar to test specimen W1 the specimen W2 was also not able to 

attain the full capacity during test. The bending moment diagram in Figure 5.33 

shows that the numerical model gives the comparable bending moment with the 

test results along the wall height except at the bottom part of the wall where 

numerical results are conservative by 24% as compared to test results. The 

comparison of deflected shape of the test results and the numerical model shows 

that both curves follow almost the same curvature. The numerical model shows 

lesser deflection as compared to test results mainly because that the test specimen 

was failed because of bond slip at the top and could not carry further axial load, 

while numerical model was able to take more load without any degradation of the 

stiffness.

Bending Moment Diagram along the height of the wall is shown in Figure 5.35 

for specimen W3. Numerical model demonstrates good agreement with 

experimental results and exhibiting identical behavior at failure of W4. The point 

of maximum bending moment appears at the same height for both the analysis at 

the test, and the magnitude of maximum bending moment is similar.

Deflected shape at failure of W3 is shown in Figure 5.36. The curves extracted 

from numerical analysis and experimental results follow the same curvature and 

exhibit the same behavior.
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Bending moment diagram for specimen W4 is shown in Figure 5.37. The plot 

shows that the numerical model produces the same bending moment diagram as 

obtained from experimental results through out the wall height,. Magnitude of the 

maximum bending moment obtained from numerical analysis is slightly (3.9%) 

less than the experimentally obtained moments but the similar shape of the curve 

subsists for both experimental and numerical bending moment diagrams. 

Difference bending moment is about 4.2% at the bottom of the wall, while at top 

of the wall bending moment from experiment is almost same as obtained from 

numerical analysis.

The deflected shapes corresponding to failure as shown in Figure 5.38, obtained 

from experiment and numerical analysis are similar and point of maximum 

deflection moves upward relative to W3 reflecting the effect of simulated support 

stiffness. However, numerical model shows 0.3 % lesser deflection as compared 

to experimental results.

The plot of bending moment diagram at failure for specimen W5 is shown in 

Figure 5.39. The bending moment diagram is similar to the numerical bending 

moment diagram along the height of the wall except at bottom of wall where 

numerical model differs and at this location the model provides 13% lesser 

support moment than experimental results. Difference in the magnitudes of 

maximum bending moments is about 0.464%. Location of maximum bending 

moment is identical in both numerical and experimental curves i.e. at 0.84h 

(Where h= vertical span of the wall specimen). Magnitude of the bending 

moments at the top of the wall is same in both experimental and numerical 

bending moment diagrams. Resisting moment offered by the simulated support 

stiffness is 13% lesser in case of the numerical model. The deflected shape of W5 

at failure is shown in Figure 5.40. Because of effect of simulated support stiffness, 

clear change in curvature near the bottom part of the curve obtained from 

numerical analysis can be observed which is similar to experimental curve.
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However, maximum deflection in case of numerical analysis is less than the 

experimental deflection.

Figure 5.41 presents the bending moment diagram for W6  at failure. The 

numerical analysis is found to be in good agreement with experimental results. 

Location of maximum bending moment is 0.82h in numerical bending moment 

diagram, which is similar to experimental bending moment diagram. Magnitude 

of the top moment from numerical analysis is almost similar to experimental 

value. The difference between the experimental and numerical values in resistive 

moment offered by simulated support stiffness is 10%. Figure 5.42 shows the 

deflection at the failure of W6 . There is 13% increase in the maximum value of 

deflection observed in the experiment and that obtained from analysis results.

The bending moment diagrams obtained from experimental and numerical data 

for specimen W7 at the failure are shown in Figure 5.43. Location of the 

maximum bending moment diagram is identical for both experiment and 

numerical analysis (0 .8 6 h) but magnitude of the maximum bending moment 

obtained from numerical model is about 6.3% less than the experimental value of 

maximum bending moment. Experiment shows 30% more resistance offered by 

simulated support stiffness as compared to numerical analysis. The magnitude of 

the top moment is the same for both experiment and numerical analysis. Figure 

5.44 demonstrates the deflected shape of W7 at failure. The difference between 

numerical and experimental values of maximum deflection is found to be 2 2 %. 

Deflected shape from numerical analysis shows lesser deflection as compared to 

numerical analysis. However, the numerically obtained shape shows the effect of 

simulated support stiffness in terms of reduced deflection and the increased load 

carrying capacity as compared to reference wall of Group-II. The curvature 

reversal however is not very prominent. This effect will be highlighted in the 

discussion of flexural rigidity of W7 in the next section.
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The numerically obtained bending moment diagram of W8  shows 3% lesser 

moment capacity compared to the experimental diagram. The bending moment at 

the top of the wall is the same for both experiment and numerical analysis, and the 

shape of the curve is also similar. Figure 5.45 shows both diagram for W8 .

Figure 5.46 compares the deflected shapes of W8  at failure. The difference in 

maximum deflection is about 1 0 % and this is located at the mid-height of the wall 

specimen.

5.3.5 Effective Flexural Rigidity (EIeir)

To further assess the numerical analysis the effective flexural rigidity of all 

specimens were plotted by solving representative differential equation as 

described in Chapter 4 using data obtained from numerical analysis. The curves 

are drawn for both Group-I and Group-II and compared with the history of 

flexural rigidity based on experimental results. The effective flexural rigidity of 

the wall is considered as the flexural rigidity corresponding to the peak load 

capacity of the wall. The comparison of experimental and numerical results is 

discussed as follows.

The histories of flexural rigidity based on experimental and numerical results was 

obtained by using the load, deflection and wall bottom rotation histories and the 

comparison between experimental and numerical results is shown in Figure 5.47 

through Figure 5.54.

In Figure 5.47 and Figure 5.48 it is observed that the flexural rigidity obtained 

through experimental results of wall specimens W1 and W2 is lower as compared 

to the flexural rigidity obtained from numerical results. As mentioned in previous 

sections that these two wall specimens experienced bond slip and could not reach 

to their full load capacity during testing, while the numerical model does not 

account for bond slip effect and thus comparatively shows more flexural rigidity
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throughout the load history. The effective flexural rigidity from experimental 

results is 24% less than the numerical model in case of both specimens W1 and 

W2.

Figure 5.49 compares the history of flexural rigidity of specimen W3 and shows 

good agreement between test results and numerical results. At peak load the 

difference between effective flexural rigidity found to be negligible, the numerical 

value is 1.05% less than the experimental value.

Figure 5.50 provides the history of flexural rigidity of wall specimen W4. The 

experiment and numerical curves follow the same response and are in good 

agreement. The effective rigidity from numerical results observed to be 4.5% less 

than the effective rigidity obtained from test results.

Figure 5.51 traces the load versus flexural rigidity of specimen W5. The 

numerical model is conservative as compared to experimental results and provides 

lesser flexural rigidity. The difference becomes 7.5% at peak load.

Figure 5.52 illustrates the comparison of flexural rigidity of specimen W6 . As 

indicated by the plot, the flexural rigidity estimated from numerical model results 

is 5.6% less than the value obtained from experimental data. The numerical model 

gives a smooth rate of change of flexural rigidity as compared to curve obtained 

from test results and comparatively provides the lesser stiffness. Similar response 

is also observed in case of wall specimen W7 and 14.5% difference between test 

results and the numerical model is observed.

In case of specimen W8  the numerical model and test results are in good 

agreement and only 1 % difference in the values of effective rigidity is observed, 

as shown by Figure 5.54.
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The numerical and experimental results are in good agreement with each other 

and validate that the numerical model effectively predicts the behavior of 

masonry load bearing block walls and can be used to extend the findings of 

experimental results by analyzing more walls with variety of parameters under the 

influence of support stiffness.
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Table 5.1 Material parameters of masonry
Specimen Modulus of 

elasticity 
(E)

MPa

Compressive
strength

( f m)

MPa

Failure tensile 
stress
(«to)

MPa

Cracking
displacement

(Uc)

mm

Poisson’s
ratio
(Vc)

W1 1 2 5 0 0 1 5 .2 0 1 .2 0 1 .8 0 0 .1 5

W2 1 2 7 0 0 1 5 .2 0 1 .2 0 1 .8 0 0 .1 5

W3 1 0 4 5 0 1 3 .2 0 0 .5 0 0 .0 5 0 .1 5

W4 1 2 4 0 0 1 5 .2 0 0 .5 0 0 .0 5 0 .1 5

W5 1 3 5 0 0 1 5 .2 0 0 .5 0 0 .0 5 0 .1 5

W6 1 3 5 0 0 1 4 .1 0 1 .1 0 1 .0 0 .1 5

W7 1 3 3 0 0 1 3 .5 6 0 .5 0 0 .0 5 0 .1 5

W8 1 3 3 0 0 1 3 .5 0 0 .5 0 0 .0 5 0 .1 5
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Table 5.2 Summary of analysis results

Specimen
0)

E
(2)

Pu
(3)

Mu
(4)

e
(5)

SSSM
(6)

A
(7)

El
(8)

MPa kN kN-m rad kN-m mm N-m m 2

**W1 12500 963.97 52.14 0.00532 29.14 18.4 1.20E13

**W2 12700 811.98 37.80 0.002337 25.15 10.85 1.40E13

*W3 10450 513.6 29.76 0.001276 0 . 0 29.66 3.72E12

*W4 12400 753.1 46.33 0.010557 10.5 26.02 6.45E12

*W5 13800 797.25 39.33 0.003228 34.73 21.93 1.31E13

*W6 13500 736.35 38.91 0.00500 27.70 25.45 1.05E13

*W7 13300 600.75 31.3 0.00820 9.72 25.02 7.41E12

*W8 13300 469.4 24.19 0.00924 0 . 0 0 24.13 5.03E12

** All the values are summarized at local failure load level. 
* All the values are summarized at failure
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Figure 5.1 Finite element mesh
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♦k-

Figure 5.2(a) Uni-axial response of concrete in tension 
(after Hibbitt et al. 2002)

Figure 5.2(b) Uni-axial response of concrete in compression 
(after Hibbitt et al. 2002)
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Figure 5.3(a) Typical stress-displacement curve
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Figure 5.3(b) Typical stress-strain curve for compression
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Figure 5.7 Load deflection response of specimen W1
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Figure 5.8 Load deflection response of specimen W2
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Figure 5.9 Load deflection response of specimen W3
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Figure 5.10 Load deflection response of specimen W4
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Figure 5.11 Load deflection response of specimen W5
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Figure 5.25 Load versus mid-span bending moment of specimen W3
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Figure 5.26 Load versus mid-span bending moment of specimen W4
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Figure 5.27 Load versus mid-span bending moment of specimen W5
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Figure 5.28 Load versus mid-span bending moment of specimen W6
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Figure 5.29 Load versus mid-span bending moment of specimen W7
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Figure 5.31 Bending moment along wall height at local failure of 
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Figure 5.37 Bending moment along wall height at failure of specimen W4
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Figure 5.39 Bending moment along wall height at failure of specimen W5
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127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Numerical rcsultsl
Test results

7000 -.

6000 •

5000 -

4000 ■

3000 ■

2000  •

roo -

-20 20 40 60-40 0
B ending m om ent along the height o f  wall at failure (kN -m )

Figure 5.41 Bending moment along wall height at failure of specimen W6
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Figure 5.46 Deflection along wall height at failure of specimen W8
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CHAPTER6

PARAMETRIC STUDY 

6.1 Introduction

Many geometric, loading and material parameters influence the response of load 

bearing masonry walls. It is hard to cover the wide range of these parameters by 

experimental investigation alone. To incorporate all key parameters a numerical 

model can be used as a tool to perform a comprehensive parametric study. In 

Chapter 5 a simple numerical model was developed and verified against the test 

results that were obtained and presented in Chapter 3 and Chapter 4. In this 

chapter the model is used to carryout an extensive parametric study. The objective 

is to investigate the effect of support stiffness on stability of masonry load bearing 

walls under different combinations of geometric, loading and material parameters. 

It is intended to investigate the interrelationship between the support stiffness and 

other key parameters as they relate to load carrying capacity, deflection, bending 

moment, flexural rigidity and failure modes of the masonry block walls so that a 

comprehensive database can be established.

Considering support stiffness as the primary parameter, the selection of other 

parameters is based on geometric dimensions, loading intensity and material 

properties of masonry block walls. This chapter provides details of parameter 

selection, their combination and the output results obtained from the numerical 

investigation of different cases generated thorough various combinations of the 

selected parameters.

6.2 Numerical Model

The numerical model developed in Chapter 5 was used to perform the parametric 

study. The study in Chapter 5 showed that the model can capture geometric as
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well as material non-linear behavior. The finite element mesh of the model 

consists of beam-elements having length equal to a masonry course height, which 

is 200 mm. The boundary conditions of the model incorporate the support 

stiffness at bottom and a lateral support at the top, as shown in Figure 6.1. To 

define the characteristics of the material of masonry assemblage the damaged 

plasticity model is used. This model as described in Chapter 5 incorporates the 

mechanical behavior of concrete by using non-associated multi-hardening 

plasticity and isotropic damaged elasticity rules. The uni-axial compressive 

behavior is considered linear up to the level of an initial yield surface followed by 

strain hardening, then strain softening beyond the peak stress. In the tensile zone 

the model allows concrete softening in post-peak stress-strain relationship by 

using a fracture energy cracking criterion. The failure surfaces in tension and 

compression are controlled by separately calculating equivalent tensile plastic 

strain and equivalent compressive plastic strain. The elastic material properties in 

the numerical model are introduced by defining Young’s modulus along with 

Possion’s ratio. In the inelastic range the compressive strain softening regime is 

tabulated against corresponding inelastic strain. The tensile material properties are 

defined by setting the peak tensile stress equal to the bond stress for the mortar- 

masonry interface, while for the post-peak behavior a stress cracking 

displacement relation is defined so that the fracture energy density would have a 

reasonable value.

6.3 Selection of Parameters for the Numerical Study

The parameters were selected under three categories; constant parameters, 

primary parameters and secondary parameters.

6.3.1 Constant Parameters

Standard 200 mm concrete block type with ISMPa unit compressive strength and 

Type-S mortar were selected as the study base throughout. The results were then
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normalized so that the conclusions can be generally applicable. Based on 15MPa 

unit strength the value of f*m was taken from Figure 6.2. The modulus of elasticity, 

Em, was calculated from equation 6.1.

Em=850 fm [6.1]

The typical stress-strain curves in the compression and tension zones are shown in 

Figure 6.3. The curves are similar to those used in Chapter 5. There may be 

different kinds of foundations, e.g. pile foundation or grade beam, on which a 

masonry block wall can stand but the scope of the current study is focused on 

strip type footings with pin connection to the slab-on-grade. The next section will 

describe the selection of support stiffness offered by a strip foundation composed 

of different configurations and resting on various types of soils.

6.3.2 Primary Parameter

The current study mainly focuses on the effect of support stiffness on behavior of 

masonry block walls. Therefore, support stiffness is considered as the primary 

parameter. Wall-support interface may be subjected to different practical 

situations, affecting the bottom rotation of the wall. Foundation for masonry load 

bearing walls may be a strip type foundation wall or a grade beam resting on pile 

foundation. Selection of the foundation depends on subsoil conditions and the 

magnitude of the load to be transferred from the wall to the ground. Rotational 

restraint offered by the foundation depends on factors such as soil type, type of 

foundation, dimensions of foundation, and its connection to the slab-on-grade. 

These factors influence the transmission of bending moment at wall-support 

interface and affect the end rotation of the wall.

To simplify the procedure it is assumed in this study that the connection of slab- 

on-grade to the wall foundation is a pin connection. Thus only the foundation size 

and type of soil control the rotational stiffness at the bottom of the wall. If the
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foundation is a grade beam on piles, then the rotational stiffness is governed by 

the torsional stiffness of the beam and the rotational stiffness of the pile heads; 

both are very low. A simple parametric study was carried out earlier, which 

yielded a range of stiffness from 500 kN-m/rad to 10,000 kN-m/rad depending on 

the foundation wall geometry and soil stiffness. For the purpose of the parametric 

study the support stiffness values R=0, 500, 1000, 5000, and 10,000 kN-m/radian 

were the selected values, which are representative of combinations of soft to stiff 

soils and different dimensions of strip foundation used in practice.

6.3.3 Secondary Parameters

Other major variables needed to define the geometric characteristics of a load 

bearing wall are the height, grouted cores and amount of reinforcement. Some of 

the geometric variables are transformed into non-dimensional parameters. For 

example the wall thickness and height are combined in the slenderness ratio (h/t). 

The details of all geometric parameters are described in the following.

Slenderness ratio (h/t)

The slenderness ratio controls the geometric non-linearity in load bearing walls by 

significantly affecting the wall deflections, which consequently have an influence 

on the axial load carrying capacity of the walls. It is evident from the current 

experimental results that the effect of support stiffness was considerably 

influenced by the slenderness ratio of the load bearing walls. To explore the 

interdependency of these two parameters moderate to high h/t ratios were 

selected. Based on 200 mm nominal wall thickness (190 mm actual thickness) 

h/t=18, 30, 36 and 42 are the selected h/t ratios. Among the selected slenderness 

ratios, h/t=18 represent stocky walls, 30 falls into the category of moderately 

slender walls while h/t=36 and 42 correspond to highly slender walls, (S304.1 

Clause 11.2.4.3.1).
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Area of reinforcement and net cross-sectional area of masonry

The vertical reinforcement of masonry load bearing walls is embedded into the 

grouted cores. The spacing of the vertical reinforcing bars dictates the amount of 

grouting. In predicting the cross-sectional strength of load bearing masonry walls 

cross-sectional variables such as area of reinforcement and spacing of grouted 

cores play a central role. The grouting not only affects the geometry but also 

influences the material strength of masonry. Based on the amount of grouting, the 

net cross-sectional area of masonry was selected and for the corresponding 

amount of steel, 1-15M bar per grouted core was considered. Thus, in this thesis 

the masonry material compressive strength is based on partially grouted prism 

compressive strength plot of Figure 6.2. The modulus of elasticity follows as a 

function of the prism compressive strength, and so does the amount of 

reinforcement.

Amount o f grouting

Based on the discussion above it is clear that the amount of grouting falls into the 

category of both geometric and material parameters. It has been well documented 

that a grouted masonry wall has lower compressive strength as compared to a 

hollow wall. On the other hand, an increased amount of grouting increases the net 

cross-sectional area of the wall and it is expected that it should also increase the 

axial load carrying capacity of the wall. Keeping in mind the current construction 

practice this study considers three cases , where every 2nd, 3rd or 5th core is 

grouted so that 50%, 33% and 20% of cores filled with grout within a one meter 

length of the wall. Figure 6.2 shows a plot of the compressive strength of a prism 

built with 15MPa units. All masonry properties are based on the prism 

compressive strength. While, admittedly, the prism compressive strength could 

depend on the level of flexure in the test, as well as on the grout strength, no 

adequate information exists that account for these effects.
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Load eccentricity ratio (e/t ratio)

Load eccentricity plays an important role in establishing the load carrying 

capacity of masonry load bearing walls by reducing the flexural rigidity. To study 

the effect of load eccentricity, values of e/t=0.1, 0.333 and 0.42 have been 

selected. The smallest e/t=0.1 corresponds to a minimum load eccentricity as 

recommended by S304.1, while 0.33 and 0.42 represent the cases of higher load 

eccentricity. The selected range covers the minimum to maximum load 

eccentricity used in practice.

6.4. Combination of Parameters

The parameters that have been discussed in the previous section are combined in a 

systematic manner. Considering support stiffness, e/t ratio and amount of grouting 

as primary parameters, selected ranges of these parameters are combined with 

appropriate slenderness ratios within practical considerations. For example, walls 

with lesser support stiffness are grouped with the highest selected slenderness 

ratio to justify the fact that very high walls are not designed to carry higher loads 

and are usually supported by small footings having lesser support stiffness. 

Stocky walls (e.g. h/t=18) are analyzed to study the effect of grouting as this is the 

most extreme case among the selected h/t ratios, leading to cross-sectional failure. 

For particular values of support stiffness, slenderness and eccentricity ratios the 

analysis is repeated with selected ranges of amount of grouting by assigning the 

corresponding cross-sectional properties. Table 6.1 shows all parameters. 

Altogether 135 walls were analyzed.

6.5 Output Parameters

The data bank generated here is required to investigate the effects of all input 

parameters as discussed in the previous sections. Since the study is focused on 

overall stability of load bearing masonry walls, it is intended to collect
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information necessary to define the stability of the masonry load bearing walls in 

terms of output parameters, such as axial load, out of plane mid-height deflection, 

rotation at the bottom of wall and flexural rigidity. These output parameters can 

further be transformed into dimensionless parameters. For example the deflection 

at mid-height can be normalized relative to the thickness of the wall, e.g. A/t. The 

definition of normalized axial capacity of the wall in the current study 

corresponds to the ratio of P/P0, here, "P" refers to the load carried by the wall and 

Po is the cross-sectional capacity, obtained from Equation 6.2.

Po=Aef ' m + Asfy [6.2]

in which Ae is the net area of concrete masonry, f  m is the prism compressive 

strength, As is the total area of vertical rebars and fy is the yield strength of steel.

Some other output results corresponding to failure, such as deflected shape, 

bending moment diagram and effective plastic strains are also obtained. It is 

important to mention that failure of the wall in the current study corresponds to 

the event at which the wall attains its peak load. All above stated output results 

are plotted at the instant when the wall reaches its peak load. Using the integration 

points as shown in Figure 6.4, the plastic strains are plotted at extreme tension and 

compression faces of the wall cross-section, at the location of highest stressed 

point along the height of the wall (point of maximum bending moment). Other 

output parameters such as deflection and bending moments are associated with 

the mid-height section of the wall.

6.6 Failure Modes

There are two specific objectives of the current study. The first deals with 

examining the failure modes and the capacity as influenced by the support 

stiffness. The second deals with investigating flexural rigidity. Before going into 

detailed discussions it is important to define the different failure modes expected
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to occur under the influence of the different parameters. There are three expected 

failure modes, compressive failure, tensile failure and stability failure.

Compressive failure is common in stocky walls subjected to small e/t ratios. It is 

also expected under low slenderness ratios and high support stiffness.

Tensile failure in the form of cracking and bond failure occurs quickly on the bed 

joints under small curvature values and do not constitute wall failure. Yield of the 

rebar, however, under high curvatures constitute a serious tensile failure mode.

Stability failure is the most important mode of failure for slender walls. It occurs 

when significant lateral deflection takes place before crushing of the face shell or 

yield of the rebar. Walls subjected to higher load levels and with higher 

slenderness ratios are vulnerable. Failure load prediction based on section 

capacity cannot predict the stability or buckling failure. Support Stiffness at the 

bottom increases the capacity of the wall by inducing double curvature, which 

increases the elastic buckling load. However, as the load increases in the presence 

of high support restraint, the risk of cross-sectional failure becomes significant. 

This also promotes the development of material nonlinearity, thus reducing the 

wall stiffness, which in turn affects the wall stability.

6.7 Results and Discussions

6.7.1 Effect of Support Stiffness

As expected the support stiffness influences the load carrying capacity of masonry 

load bearing walls and also affects the flexural rigidity of the walls. Figure 6.5 

exhibits the trend of increase in normalized axial load capacity under influence of 

support stiffness. There is 12.4%, 14.6% and 33.5% increase in load carrying 

capacity when support stiffness is increased from 0 kN-m/rad to 500 kN/m/rad, 

1000 kN/mrad and 5000 kN/mrad respectively (e/t=0.1, h/t=30). For the same
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walls at e/t=0.33, the increase in load carrying capacity becomes more significant 

showing 38.6%, 44% and 64.8% increase under the influence of support stiffness 

of 500 kN-m/rad, 1000 kN-m/rad and 5000 kN-m/rad support stiffness as 

compared to the case where no support stiffness (0 kN-m/rad) is applied.

Limit o f fixity

Figure 6.5 demonstrates that there is no considerable increase in load when the 

support stiffness is increased from 5000 kN-m/rad to 10000 kN-m/rad, i.e. 100% 

increase in magnitude of support stiffness. For example at e/t=0.1, 3-cores grouted 

walls it is noticed that there is only 2.5 % difference in maximum axial load 

achieved in between support stiffness 5000 kN-m/rad and 10,000 kN-m/rad and 

wall behavior appears similar under both types of support stiffness, which shows 

that the former can be considered as the limit of fixity of masonry block wall 

support.

Load deflection response

Figure 6.6 shows the effect of various levels of support stiffness on load 

deflection response of partially grouted (3-cores grouted) wall specimens loaded 

with e/t=0.1 and with various slenderness ratios. Differences in stiffness and load 

carrying capacity are low between support stiffness of 5000 kN-m/rad and 10,000 

kN-m/rad.

The load deflection responses in Figure 6.6 show that the support stiffness 

enhances the performance of walls by controlling deflections. Figure 6.7, shows 

that at failure the normalized mid-span deflection decreases as support stiffness 

increases. This is because the location of maximum deflection moves up and 

curvature of the wall transforms from single (with no support stiffness) to double 

curvature (with increased support stiffness). This effect is common in all 

slenderness ratios accompanied with e/t=0.1. This is also exhibited by deflected
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geometry of the walls at failure, Figure 6.8 shows the deflection of wall at failure 

loaded with e/t=0.1 and having h/t=30, 36 and 42.

Bending moments

To further highlight the bending characteristics of the walls a number of bending 

moment diagrams at failure are plotted in Figure 6.9. The maximum bending 

moment moves up with increase in support stiffness. The compressive stresses 

become higher in the top portion of the wall height At the point of maximum 

bending moment along the height of the wall the plastic strains at extreme tension 

and compression faces of the wall cross-section were examined and it is noted 

that with increasing support stiffness the compressive plastic strains are increased.

Slenderness ratio

As the point of inflexion moves up with an increase in support stiffness less of the 

wall close to mid-height has lower stiffness. Thus, cracks are delayed and the 

moment of inertia remains high on larger segments of the wall. At ultimate load in 

case of walls with h/t=30 loaded with e/t=0.1 having no support stiffness, at point 

of maximum bending moment the wall cross-section is subjected to both tensile 

cracking and compressive plastic strains. When the support stiffness is increased 

for the same wall, an increase in the magnitude of the equivalent compressive 

plastic strain corresponding to maximum bending moment position is observed 

without any considerable increase in tensile cracking strain. This indicates that for 

walls with intermediate slenderness (h/t=30), increase in support stiffness prompts 

a compressive failure mode with increased load carrying capacity.

For walls having h/t=36 and with support stiffness in the range from zero to 500 

kN-m/rad, stability failure occurs, as the level of support stiffness increases to 

1000 kN-m/rad a transition stage occurs and equivalent plastic strain at the 

position of maximum bending moment along the height of the wall located at
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extreme fiber in the cross-section is observed in both the compressive and tensile 

zone while beyond 1000 kN-m/rad the failure mode transforms into pure 

compressive failure and no plastic strains show in the tensile zone.

Walls with h/t=36 show the same behavior as was the case with h/t=30; the 

deflection is decreased as support stiffness is increased. The point of maximum 

deflection moves up above the mid height point, as shown in deflected shape of 

the wall at failure in Figure 6.8(b). In case of very tall walls i.e. walls with h/t=42, 

with support stiffness in the range from 0 kN-m/rad to 1000 kNm/rad, the failure 

is caused by excessive deflections and higher tensile stresses. It is observed that 

within this range of support stiffness the walls stability failure is delayed allowing 

the walls to undergo excessive deflections and higher tensile stresses with higher 

load capacity. The increase in support stiffness beyond 1000 kN-m/rad influences 

the failure mode of these walls and material non-linearity is observed in both 

tensile and compressive zones indicating the change of failure mode from stability 

to combined tension-compression failure. Figure 6.10 provides plots of 

equivalent compressive plastic strain corresponding to maximum bending 

moment point located at extreme tension and compression faces of the wall cross- 

section, against support stiffness for walls with h/t=30, 36, 42 and e/t=0.1. Walls 

with lower h/t ratios (i.e. h/t=30 and 36) are subjected to progressive increase in 

compression plasticity with increasing support stiffness as compared to walls 

having h/t=42, which do not show any plasticity in compression up to a certain 

level of support stiffness (i.e. 1000 kN-m/rad).

At constant slenderness ratio, walls loaded with e/t=0.33 are exposed to more 

geometric linearity as compared to walls loaded with e/t=0.1. The level of 

geometric non-linearity is enhanced when a higher slenderness ratio is combined 

with higher load eccentricity. In this case support stiffness is observed to be 

effective in controlling the non-linearity of the system. Figure 6.11 shows the 

response of partially grouted walls at various levels of support stiffness for 

h/t=30, 36 & 42 loaded at e/t=0.33. Comparing Figure 6.11(a), 6.1 lb) and 6.11(c)

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



shows that when the level of support stiffness is increased it not only improves the 

load carrying capacity but also controls the higher deflections associated with 

higher slenderness and higher load eccentricity. This improved non-linear 

response improves the behavior of walls at failure. Figure 6.12 demonstrates the 

deflection of walls along the height at failure. The bending moment diagram at 

failure in Figure 6.13 further supports that the point of maximum bending 

moment moves up to incorporate the change in curvature because of effect of 

support stiffness.

Figure 6.14 shows the trend of normalized mid-span deflection plotted against 

various levels of support stiffness for h/t=30, 33, 36 and 42. It is important to 

mention that walls with h/t=33 were tested in the experimental phase (as 

discussed in Chapter 3 of the thesis). Figure 6.14 shows that in the cases of h/t=30 

to h/t=36 there is a significant influence of support stiffness on deflection at 

failure as compared to walls with h/t=42. Walls with h/t=42, do not show 

excessive material non-linearity and fail in an inelastic stability failure mode 

before support stiffness is fully mobilized.

Inelastic strains

Figure 6.15 compares the equivalent plastic strains corresponding to the point of 

maximum bending moment at the extreme tension and compression faces of the 

wall cross-section at various support stiffness values. It is shown that moderately 

slender walls (e.g. h/t=30) are most likely to fail in combined compression- 

tension failure mode and material non-linearity governs in this case. With 

increasing support stiffness material non-linearity increases and in turn pushes the 

wall to experience progressive increase in tensile and compressive strain. As a 

result walls capability of bearing eccentric axial load increases.

Walls having h/t=36 are subjected to combination of geometric and material non­

linear effects under the influence of support stiffness. As shown in Figure 6.15(b),
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support stiffness has an effect on failure mode of these walls. With support 

stiffness ranging from 0 kN-m/rad to 500 kN-m/rad the walls showed zero 

equivalent plastic strains and stability failure occurred in this range but at the 

support stiffness ranging from 1000 kN-m/rad and higher there was a consistent 

increase in equivalent compressive plastic strain combined with increasing tensile 

equivalent plastic strain, which shows that geometric non-linearity is controlled 

by the support stiffness and walls were able to undergo material non-linearity, 

causing the stability mode of failure to transform into compression-tension mode 

of failure.

In case of wall with h/t=42 loaded with e/t=0.33, stability mode of failure was 

observed for all levels of support stiffness. However support stiffness was found 

to be effective in enhancing the load carrying capacity by controlling geometric 

non-linearity of the system. Figure 6.15(c) shows no plastic strain in compression, 

while equivalent tensile plastic strain increases. This indicates that support 

stiffness caused the wall to undergo more cracking, which is the cause of inelastic 

stability failure.

Load moment interaction

It is observed that support stiffness influences the load-moment interaction 

behavior of masonry block walls, as shown in Figure 6.16. An increase in support 

stiffness for partially grouted walls having h/t=30 loaded with e/t=0.1 caused the 

wall to switch from elastic stability failure to combined tension and compression 

failure by increasing the axial load carrying capacity and controlling the mid-span 

bending moment. Figure 6.17 shows the trend of change in bending moment with 

increasing support stiffness for different h/t ratios. When a lower eccentricity ratio 

is combined with lower slenderness ratio, walls are most likely to fail in combined 

tension and compression failure under the influence of increasing support stiffness 

and in this situation mid-span bending moment is controlled by support stiffness 

as shown in Figure 6.17(a). Walls with h/t=36 loaded at various e/t ratios showed
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influence of support stiffness on mid-span bending moment specially when level 

of support stiffness is increased from 500 kN-m/rad to 1000 kN-mrad and more, 

as illustrated in Figure 6.17(b). For the walls with higher slenderness ratios loaded 

with higher eccentricity ratios support stiffness does not seem to influence the 

bending moment at mid-span and almost same magnitude is observed, as shown 

in Figure 6.17(c).

Grouting

Unlike compression members an increased amount of grouting does not increase 

the axial load capacity of slender masonry load bearing walls, loaded under higher 

eccentricity. Although the effective cross-sectional area is increased, the wall fails 

because of geometric non-linear effects before the cross-sectional strength is 

reached. But the current study shows that under the influence of support stiffness 

the increase in amount of grouting may increase the axial load carrying capacity if 

the wall is loaded under low e/t ratio and with higher support stiffness.

Amount of grouting is not an independent parameter and any change in amount of 

grouting is reflected in the prism compressive strength and as well as in the 

modulus of elasticity of masonry assemblage. Table 6.1 shows that f  m of a solid 

concrete block masonry assemblage is less than that of a hollow wall. This 

reduction also affects the modulus of elasticity as represented by equation 6.1. 

Therefore, in some of the cases in the current study the walls which are subjected 

to geometric non-linearity are adversely affected by the increase in grouting.

As discussed above the amount of grouting is not an independent parameter. 

Therefore to show the effect of grouting on behavior of the walls the load 

deflection response plotted in Figure 6.18 through Figure 6.24, is not normalized 

by the cross-sectional area of the wall. In the previous cases since the response 

was plotted for a constant amount of grouting, normalization did not affect the 

behavior.
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For walls with no support stiffness, having intermediate height (h/t=30) as well as 

for very tall walls (h/t=36 and 42) loaded with e/t=0.1, increase in amount of 

grouting did not significantly increase the load carrying capacity of the walls. 

However, with same conditions when support stiffness was increased from 0 kN- 

m/rad to 1000 kN-m/rad and 5000 kN-m/rad the effect of increased amount of 

grouting became significant and load carrying capacity of the same wall increased 

and the increase is estimated as 50.5% and 74.6%. Figure 6.18 shows a substantial 

increase in load carrying capacity when both support stiffness and grouting 

amount are increased. This effect is more significant when NC=5 is combined 

with support stiffness of 1000 kN-m/rad and 5000 kN-m/rad. The possible reason 

of the increase in load carrying capacity of these walls is that when grouting 

amount is substantially increased the increase in cross-sectional area enhances the 

axial load carrying capacity of the wall.

It is observed that when support stiffness is combined with increased amount of 

grouting the effect of support stiffness on non-linear characteristics of the walls 

also becomes significant. In Figure 6.19 the equivalent plastic strains 

corresponding to maximum bending moment along the height of the wall and at 

compressive and tensile faces of the wall cross-section are shown. It is observed 

that with NC=5 the equivalent compressive plastic strain increases with increasing 

support stiffness and the wall failure transforms from stability to compressive 

failure mode. In case of walls with NC=3, the wall showed increase in equivalent 

compressive plastic strain and decrease in equivalent tensile plastic strain for the 

range of support stiffness from 0 kN-m/rad to 1000 kN-m/rad. Beyond 1000 kN- 

m/rad the equivalent tensile strain increased drastically and dominated the failure 

mode. As a result the wall does not experience significant increase in equivalent 

compressive plastic strain at support stiffness =5000 kN-m/rad and a combined 

tension-compression failure occurred. In this case, although support stiffness was 

active, but because of lesser amount of grouting as compared to NC=5, the cross- 

sectional area was reduced and the wall was not able to sustain higher axial load.
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In case of walls with h/t=36 and e/t=0.1 the same effect of amount of grouting 

was observed with increasing support stiffness as was shown by walls with h/t=30 

and e/t=0.1. Figure 6.20 shows the load deflection response of walls having 

h/t=36 and loaded with e/t=0.1 at various level of support stiffness and variable 

amount of grouting. An increase in load carrying capacity is observed when 

amount of grouting is increased with support stiffness. Because of higher 

slenderness ratio (h/t=36), these walls are subjected to higher slenderness effects 

as compared to walls with h/t=30. Therefore, at support stiffness =0 kN-m/rad no 

compression plasticity is observed and stability failure occurred, as shown in 

Figure 6.21. In the range of support stiffness from 1000 kN-m/rad to 5000 kN- 

m/rad material non-linearity is developed and a substantial increase in equivalent 

compressive plastic strain is observed. In case of walls with NC=1, the equivalent 

tensile plastic strain was not observed at all levels of support stiffness, while in 

case of NC=3, increase in equivalent tensile plastic strain was observed up to 

level of support stiffness of 1000 kN-m/rad. Beyond 1000 kN-m/rad the strain 

started to decrease and at 5000 kN-m/rad it became zero.

The possible reason of reduction in equivalent tensile plastic strain is that walls 

with NC=1 and NC=3 have higher modulus of elasticity as compared to wall with 

NC=5, as given in Table 6.1. Therefore, under the influence of support stiffness, 

the geometric non-linearity of these walls was reduced because of increased 

modulus of elasticity and as a result tensile cracking was reduced.

The axial load carrying capacity of walls with h/t=36 and h/t=30 was influenced 

in a similar manner when load eccentricity ratio was increased from e/t=0.1 to 

e/t=0.33 for various combinations of grouting amount and support stiffness. 

Figure 6.22 shows that with no support stiffness the increased amount of grouting 

for wall with h/t=30, could not increase the load carrying capacity and stability 

failure was observed at NC=3 and NC=5. However, the wall with NC=T showed 

comparatively higher axial load capacity (10.5% more than NC=5 and 30.4% 

more than NC=3) and existence of equivalent compressive and tensile plastic
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strain was observed as shown in Figure 6.23. When support stiffness was 

increased to 1000 kN-m/rad, the increased amount of grouting with NC=5 became 

effective and the axial load capacity was enhanced, material non-linearity was 

also noticed as indicated in Figure 6.22. The same behavior was continued at 

support stiffness =5000 kN-m/rad.

Similar to wall with h/t=30, when loaded with e/t=0.33 at no support stiffness the 

wall with h/t=36 showed more axial load carrying capacity at NC=1 as compared 

to NC=3 and NC=5, however because of higher slenderness, a stability mode of 

failure was observed in all three cases. Figure 6.24 shows the load deflection 

response of wall with h/t=36 under the influence of different combinations of 

support stiffness and grouting amount. With increase in support stiffness the 

effect of increased amount of grouting at NC=5 became active and an increase in 

axial load capacity was observed at support stiffness =1000 kN-m/rad and 

beyond. Figure 6.25 presents the plots of equivalent plastic strains of the walls 

with h/t=36, at failure corresponding to point of maximum bending moment at 

tensile and compressive faces of the wall cross-section.

Comparing the load deflection response of Figure 6.18, Figure 6.20 and Figure 

6.22 and 6.24 it is concluded that increase in amount of grouting positively affects 

the load carrying capacity when it is combined with support stiffness, specially, 

for the walls loaded with low eccentricity ratio. When load eccentricity ratio is 

increased the geometric non-linearity starts to dominate the wall behavior, and 

increase in amount of grouting becomes comparatively less effective. However 

under the influence of support stiffness the wall manages to enter into material 

non-linearity and load carrying capacity is enhanced

Load eccentricity ratio

Load eccentricity ratio primarily affects the axial load carrying capacity by giving 

rise to detrimental effects of geometric non-linearity. This effect is found to be
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same even under the influence of support stiffness. In the following, the behavior 

of walls loaded from low to high eccentricity ratios at various levels of support 

stiffness is discussed.

Figure 6.26 and Figure 6.27 show that with increasing load eccentricity ratio both 

walls (h/t=30 and h/t=36) experienced a significant drop in normalized axial load 

capacity at all levels of support stiffness. The plot between axial load carrying 

capacity versus support stiffness at e/t=0.1, 0.33 and 0.42 shows that load 

eccentricity ratio (e/t) dominated the behavior of the walls and caused the drastic 

decrease in load carrying capacity of the wall at higher e/t ratios at all level of 

support stiffness. Although support stiffness could not completely eliminate the 

detrimental effects developed by higher load eccentricity, it helped the wall to 

bear more load as compared to the wall having no support stiffness, as shown in 

Figure 6.28.

From the above discussion support stiffness not only affects the load carrying 

capacity but also influences the non-linear characteristic of the masonry load 

bearing walls in a systematic manner. The complete set of trends of parameters, 

highlighting the effect of different secondary parameters under the influence of 

support stiffness on behavior of the walls is discussed in detail in the next chapter.

6.7.2 Effect of Support Stiffness on Flexural Rigidity (El)

While effect of support stiffness on axial load capacity was the first target in this 

thesis, the effect on flexural rigidity (El) was the second target. Wall flexural 

rigidity also indirectly influences the axial load capacity of the masonry load 

bearing wall by introducing combined effects of geometric and material 

parameters. It is anticipated that primary parameters such as support stiffness, 

slenderness ratio, load eccentricity, grouting amount and reinforcement ratio 

should affect the flexural rigidity.
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The stress level in wall cross-section determines the amount of cracking and the 

level of inelasticity in the cross-section and is expected to influence the magnitude 

of flexural rigidity of the walls. In this study it is intended to estimate flexural 

rigidity of the walls under various combinations of primary and secondary 

parameters so that influence of the different parameters can be quantified. The 

differential equation discussed in Chapter 4 was employed to trace the history of 

flexural rigidity (El).

To study the effect of support stiffness on flexural rigidity of the walls, the history 

of flexural rigidity is plotted in Figures 6.29, 6.30 and 6.31 at every load 

increment for the walls having slenderness ratio h/t=30, 36 and 42 at NC=3, with 

load eccentricity ratio e/t=0.1, 0.33 and 0.42 under different levels of support 

stiffness. The plots show that support stiffness ranging from 0 kN-m/rad to 1000 

kN-m/rad caused an increase in flexural rigidity with all other parameters kept 

constant. When support stiffness is increased from 1000 kN-m/rad to 5000 kN- 

m/rad, the material non-linearity in the compression zone caused a decrease in 

flexural rigidity. As discussed previously in this chapter support stiffness plays an 

important role in improving the non-linear characteristics of the walls by 

enhancing the capability to undergo more compressive plasticity (Figure 6.11). 

This may be the reason for the change in flexural rigidity under the influence of 

support stiffness.

Figures 6.29, 6.30 and 6.31 show that for all the cases the walls, initially, 

possessed high flexural rigidity, which was initially drastically reduced as wall 

started to take load and then gradually decreased almost at constant rate 

throughout the pre-peak load history until the wall approached the full axial load 

carrying capacity. At this point a rapid decrease in flexural rigidity is observed, 

which continued to drop with increasing deflection and decreasing load. The rapid 

decrease in wall rigidity close to peak load and beyond is clearly inelastic.
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The flexural rigidity corresponding to failure load is termed as effective flexural 

rigidity as explained in Chapter 4 of the thesis. In Figure 6.32 the effective 

flexural rigidity is plotted against support stiffness. Increasing the level of support 

stiffness for all slenderness ratios up to a support stiffness of 1000 kN-m/rad 

caused an increase in effective flexural rigidity. However, a decrease in effective 

flexural rigidity is observed at support stiffness 5000 kN-m/rad because of the 

associated material non-linearity effect discussed above. For all slenderness 

ratios, at e/t=0.1 the effect of support stiffness remains unchanged. A considerable 

decrease in effective flexural rigidity is observed in Figure 6.32, when the load 

eccentricity ratio is increased beyond e/t=0.1 at constant slenderness ratio and at 

constant support stiffness. It then concluded that an increase in load eccentricity 

ratio, generally, has a detrimental effect on flexural rigidity. However, the trend 

under the influence of support stiffness remains unchanged at all load eccentricity 

ratios, so that the support stiffness effect could be arguably separated.

At constant slenderness and constant level of support stiffness, walls with h/t=30 

and h/t=36 show lower effective rigidity at e/t=0.42 as compared to e/t=0.33. For 

the wall with highest slenderness, i.e. h/t=42 at e/t=0.42, the trend is not shown 

because the highly unstable behavior at this high eccentricity ratio it was not 

possible to converge on reasonable values of the effective flexural rigidity from a 

very erratic load deformation response.

The above discussion showed that the flexural rigidity of the masonry load 

bearing block wall is significantly affected by level of support stiffness, 

slenderness ratio and load eccentricity ratio. It is important to mention that 

support stiffness positively and consistently affected the flexural rigidity and as a 

result an increase in level of support stiffness caused the progressive increase in 

axial load carrying capacity of the wall. To express the relationship of all 

parameters in context of flexural rigidity more trends with detailed discussion are 

presented in Chapter 7 of the thesis.
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6.8 Behavior of Masonry Walls with no Support Stiffness

A separate study was performed to report the behavior of masonry load bearing 

walls at no support stiffness. The purpose of the study is to describe the individual 

effect of some of the secondary parameters without any influence of support 

stiffness. As this section emphasizes the wall behavior with no consideration of 

support stiffness, it also further validates that the numerical model used in the 

current study is successfully able to predict masonry load bearing wall behavior 

similar to the findings of previous research work.

It is a well established fact that for stocky walls amount of grouting plays an 

important role in increasing the axial load capacity. The current numerical model 

was used to study the special case of a stocky wall having h/t=18, to further 

highlight the effect of increased amount of grouting at no support stiffness. Figure 

6.33 shows the load deflection plot at h/t=18, e/t=0.1, 0.33, 0.42 and with 0 kN- 

m/rad support stiffness by combining different amount of grouting. It is observed 

that amount of grouting significantly influenced the load carrying capacity at low 

e/t ratio. The behavior of stocky walls at smaller eccentricity ratio is more close 

to the behavior of compression members and these walls unlikely to fail in 

stability mode of failure, therefore when loaded at e/t=0.1, with NC=5 the 

increased cross-sectional area resisted the cross-sectional failure and as a result 

higher axial capacity was observed. When increased amount of grouting is 

accompanied by increasing load eccentricity ratio a progressive decrease in axial 

load carrying capacity was observed. At e/t=0.1 the maximum increase in axial 

load capacity of 35.8% and 74.8% was observed when grouting amount is 

increased from NC=1 to NC=3 and NC=5 respectively, for the same increase in 

grouting amount at e/t=0.33 the increase in load capacity dropped to 25.7% and 

31.85% respectively, and at the highest load eccentricity ratio, e/t=0.42 only 5% 

and 22% increase in axial load capacity was obtained.
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The possible reasons of decrease in load capacity at high e/t ratios are the 

inclusion of slenderness effects and the non-uniform stress distribution over the 

wall cross-section. When load eccentricity ratio is increased, the load path moves 

away from the center of cross-section and the stress distribution does not remain 

uniform resulting in failure of the wall at smaller load level without utilizing its 

full cross-sectional strength and the increased cross-sectional area because of 

effect of increased amount of grouting remains inactive in increasing the axial 

load capacity of the wall.

As discussed earlier, the increase in slenderness ratio enhances the non-linear 

geometric effects and because of secondary effects tall masonry walls are more 

susceptible to elastic buckling failure. Higher slenderness ratio causes the 

geometric failure and in post-buckling zone material failure occurs. To further 

highlight the slenderness effects the behavior of the wall was studied at no 

support stiffness from stocky to very tall walls at NC=3. Figure 6.40 illustrates 

the normalized load deflection response at h/t=18, 30, 36 and 42 under different 

e/t ratios and at zero support stiffness.

It is evident from the plots that slenderness ratio effects the load carrying capacity 

of the walls by increasing out-of-plane deflection at mid span. This effect appears 

more significant for the walls subjected to higher load eccentricity. Figure 6.33 (a) 

shows that wall with h/t=18 gives higher axial load carrying capacity as compared 

to wall with h/t=42, mainly because of the reason that wall with h/t=18 is 

subjected to compressive failure and goes up to 70% of cross-sectional axial 

capacity of the wall as compared to wall with h/t=42, which is subjected to 

excessive out-of-plan deflection intercepting the load carrying capacity and 

making the wall able to attain only 24% of the cross-sectional strength.

Walls subjected to higher load eccentricity and increased slenderness ratio (Figure 

6.34(b) and Figure 6.34(c)) fail at low load level and lower out-of-plan deflection 

confirming the fact that combination of higher load eccentricity and higher
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slenderness ratio change the failure mode to a stability type failure. For example 

normalized deflection in case of e/t=0.1 for the wall with h/t=42 is 0.196 while for 

the same wall with e/t=0.42 normalized deflection drops to 0.060.

Figure 6.34 shows that there is a significant increase in load carrying capacity 

with decrease in slenderness ratio. The plot for e/t=0.1 and h/t=30 shows 48.5 % 

more load carrying capacity as compared to the plot with h/t=42. The wall with 

h/t=36 show an increase in load of 28.7% as compared to wall with h/t=42. In 

Figure 6.35 the effect of slenderness on axial load capacity is plotted, the trend 

shows that at higher eccentricity ratios the drop in axial load capacity is vital with 

increasing slenderness ratio.
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Table 6.1 (a) Combination of different parameters at support stiffness = OkN-m/rad

N C R
kN-m/rad

h /t L
(m m )

e /t f m
(M P a)

I
(m m 4)

A ,
(m m 2)

E
(M P a)

A,
(m m 2)

1 0 42 7980 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 0 42 7980 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 0 42 7980 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 0 42 7980 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 0 42 7980 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 0 42 7980 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 0 42 7980 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 0 42 7980 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 0 42 7980 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 0 36 6840 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 0 36 6840 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 0 36 6840 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 0 36 6840 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 0 36 6840 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 0 36 6840 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 0 36 6840 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 0 36 6840 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 0 36 6840 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 0 30 5700 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 0 30 5700 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 0 30 5700 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 0 30 5700 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 0 30 5700 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 0 30 5700 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 0 30 5700 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 0 30 5700 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 0 30 5700 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 0 18 3420 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 0 18 3420 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 0 18 3420 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 0 18 3420 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 0 18 3420 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 0 18 3420 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 0 18 3420 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 0 18 3420 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 0 18 3420 0.42 7.5 5.72E+08 1.90E+05 6375 1000
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Table 6.1 (b) Combination of Different Parameters at Support Stiffness =500 and 1000 kN-m/rad

N C R

k N -m /rad

h /t

(m m )

L e/t f m

M P a

1

(m m 4)

A ,

(m m 1)

E

M P a

A.

m m 2

3 500 42 7980 0.1 8.4 5.20E+08 1.44E+05 7140 600

3 500 42 7980 0.33 8.4 5.20E+08 1.44E+05 7140 600

3 500 42 7980 0.42 8.4 5.20E+08 1.44E+05 7140 600

3 500 36 6840 0.1 8.4 5.20E+08 1.44E+05 7140 600

3 500 36 6840 0.33 8.4 5.20E+08 1.44E+05 7140 600

3 500 36 6840 0.42 8.4 5.20E+08 1.44E+05 7140 600

3 500 30 5700 0.1 8.4 5.20E+08 1.44E+05 7140 600

3 500 30 5700 0.33 8.4 5.20E+08 1.44E+05 7140 600

3 500 30 5700 0.42 8.4 5.20E+08 1.44E+05 7140 600

1 1000 42 7980 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 1000 42 7980 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 1000 42 7980 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 1000 42 7980 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 1000 42 7980 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 1000 42 7980 0.33 7.5 5.72E+08 1.90E+05 6375 1000

3 1000 42 7980 0.42 8.4 5.20E+08 1.44E+05 7140 600

1 1000 30 5700 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 1000 30 5700 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 1000 30 5700 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 1000 30 5700 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 1000 30 5700 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 1000 30 5700 0.33 7.5 5.72E+08 1.90E+05 6375 1000

3 1000 30 5 7 0 0 0.42 8.4 5.20E+08 1.44E+05 7140 600

1 1000 36 6840 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 1000 36 6840 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 1000 36 6840 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 1000 36 6840 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 1000 36 6840 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 1000 36 6840 0.33 7.5 5.72E+08 1.90E+05 6375 1000

3 1000 36 6840 0.42 8.4 5.20E+08 1.44E+05 7140 600
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Table 6.1 (c) Combination of different parameters at support stiffness =5000kN-m/rad
N C R

k N -m /rad

h /t L e /t f m

M P a

I

m m 4

A ,

m m 1

E

(M P a)

A,

m m 2

1 5000 42 7980 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 5000 42 7980 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 5000 42 7980 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 42 7980 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 5000 42 7980 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 5000 42 7980 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 42 7980 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 5000 42 7980 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 5000 42 7980 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 36 6840 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 5000 36 6840 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 5000 36 6840 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 36 6840 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 5000 36 6840 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 5000 36 6840 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 36 6840 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 5000 36 6840 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 5000 36 6840 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 30 5700 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 5000 30 5700 0.1 8.4 5.20E+08 1.44E+0S 7140 600

5 5000 30 5700 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 30 5700 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 5000 30 5700 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 5000 30 5700 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 30 5700 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 5000 30 5700 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 5000 30 5700 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 18 3420 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 5000 18 3420 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 5000 18 3420 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 18 3420 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 5000 18 3420 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 5000 18 3420 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 5000 18 3420 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 5000 18 3420 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 5000 18 3420 0.42 7.5 5.72E+08 1.90E+05 6375 1000
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Table 6.1 (d) Combination o f different parameters at support stiffness =IO,OOOkN-m/rad

N C R

k N -m /rad

h/t L e /t r m

M P a

I

m m 4

A ,

m m 1

E

(M P a)

A,

m m 2

1 10000 42 7980 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 10000 42 7980 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 10000 42 7980 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 42 7980 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 10000 42 7980 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 10000 42 7980 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 42 7980 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 10000 42 7980 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 10000 42 7980 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 36 6840 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 10000 36 6840 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 10000 36 6840 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 36 6840 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 10000 36 6840 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 10000 36 6840 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 36 6840 0 .42 9.6 4.68E+08 9.83E+04 8160 200

3 10000 36 6840 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 10000 36 6840 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 30 5700 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 10000 30 5700 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 10000 30 5700 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 30 5700 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 10000 30 5700 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 10000 30 5700 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 30 5700 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 10000 30 5700 0 .42 8.4 5.20E+08 1.44E+05 7140 600

5 10000 30 5700 0.42 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 18 3420 0.1 9.6 4.68E+08 9.83E+04 8160 200

3 10000 18 3420 0.1 8.4 5.20E+08 1.44E+05 7140 600

5 10000 18 3420 0.1 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 18 3420 0.33 9.6 4.68E+08 9.83E+04 8160 200

3 10000 18 3420 0.33 8.4 5.20E+08 1.44E+05 7140 600

5 10000 18 3420 0.33 7.5 5.72E+08 1.90E+05 6375 1000

1 10000 18 3420 0.42 9.6 4.68E+08 9.83E+04 8160 200

3 10000 18 3420 0.42 8.4 5.20E+08 1.44E+05 7140 600

5 10000 18 3420 0.42 7.5 5.72E+08 1.90E+05 6375 1000
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Figure 6.1 Finite element modeling of masonry wall
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Figure 6.2 Compressive strength of masonry for 15 MPa unit strength
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Figure 6.3 Typical material curves
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Figure 6.4 Location of equivalent plastic strains in the wall cross-section
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Figure 6.5 Normalized axial load capacity versus support stiffness for variable 
slenderness ratio NC = 3)
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Figure 6.6 Normalized load deflection response showing effect of support 
stiffness at various slenderness ratios (e/t = 0.1, NC = 3)
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Figure 6.7 Normalized mid-span deflection versus support stiffness at various 
slenderness ratios (e/t = 0.1, NC = 3)
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Figure 6.8 Wall deflection at failure under influence of support stiffness at 
various slenderness ratios (e/t = 0.1, NC= 3)
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Figure 6.9 Bending moment along the wall height at failure under influence of 
support stiffness at various slenderness ratios (e/t = 0.1, NC= 3)
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Figure 6.10 Equivalent plastic strains versus support stiffness (e/t = 0.1, NC
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Figure 6.11 Normalized load deflection response showing effect of support stiffness 
at various slenderness ratios (e/t = 0.33, NC = 3)
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Figure 6.12 Wall deflection at failure under influence of support stiffness at 
various slenderness ratios (e/t = 0.33, NC= 3)
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Figure 6.19 Plots of equivalent plastic strain showing effect of grouting under the 
influence of support stiffness (h/t = 30, e/t = 0.1)
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Figure 6.21 Equivalent plastic strain showing effect of grouting under the 
influence of support stiffness
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Figure 6.23 Equivalent plastic strain showing effect of grouting under 
influence of support stiffness (h/t = 30, e/t = 0.33)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

184



300

|  250 - 

1  200 -

150 -

g  100 -

NC = 1 
NC = 3 
■NC = 5

0 20 40 60 80
M id-span  deflection (mm)

a) Support stiffness OkN-m/rad
400 -i
350 -

s  300 - 

|  250 -

1 200 '  
S  I S O  -
|  100- 
u

 NC = 1
 NC = 3
— NC = 5

0 20 40 60
M id-span  deflection (mm)

b) Support stiffness = lOOOkN-m/rad
500 
450 - 
400 - 
350 -

0 300 -

1 250 ' 
•JJ 200 -
|  150 -
« 100 -  -NC = 1

 NC = 3
NC=5

0 10 20 30 40 50
M id-span  deflection (mm)

c) Support stiffness = 5000kN-m/rad

Figure 6.24 Load deflection response showing effect of grouting under 
influence of support stiffness (h/t = 36,e/t = 0.33)
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CHAPTER 7

REGRESSION MODEL FOR AXIAL LOAD CAPACITY AND 
FLEXURAL RIGIDITY

7.1 Introduction

Axial load carrying capacity of slender masonry load bearing walls is a function 

of several independent variables related to the material and geometry of the walls. 

Primarily, the axial load capacity of the walls depends on load eccentricity ratio, 

slenderness ratio, material properties and the boundary conditions including 

support stiffness. Literature review in chapter two of the thesis showed that there 

has been valuable research conducted to explore the effect of different geometric 

and material parameters on axial load carrying capacity of tall masonry load 

bearing walls. However, no research work was performed to study the effect of 

support stiffness on performance of slender masonry walls. The discussion in the 

previous chapters showed that support stiffness has a significant effect on the 

strength and stiffness of such walls. It is vital, therefore, to include the effect of 

support stiffness in predicting the axial load carrying capacity. In this chapter it is 

intended to find an expression to predict axial load carrying capacity by 

correlating the geometric and material parameters with support stiffness.

This chapter presents a non-linear regression analysis based on the results of the 

parametric study described in chapter six of the thesis. The chapter includes two 

sections of regression analysis. The first section presents regression analysis for 

normalized axial load capacity and provides the mathematical expression for the 

prediction of the capacity. The second presents regression analysis for the rigidity 

ratio* and reports the mathematical expression to calculate effective flexural 

rigidity. A comparison of proposed equations with experimental work and 

previous research work of similar conditions will be performed.

* T he rigidity  ratio here is the  ratio  o f  the  effective wall stiffness to  gross o r nom inal w all stiffness
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It is also aimed in this chapter to compare the FEM results with current Canadian 

Code-S304.1 provisions. The regression analysis and the code comparison 

presented in this chapter are intended to provide the necessary information 

regarding the influence of support stiffness on behavior of masonry load bearing 

block walls. The equations presented in this chapter are anticipated to formulate 

the basis of future extension of the work in terms of their incorporation into 

conventional masonry wall design procedures.

7.2 Axial Load Capacity

7.2.1 Parameters affecting the Axial Load Capacity

The parametric study in chapter six showed that support stiffness, slenderness 

ratio, load eccentricity ratio, compressive strength of masonry, modulus of 

elasticity, grouting amount and area of steel are the parameters, that influence the 

wall response. It is tedious to incorporate all these parameters within in a single 

mathematical model by treating them individually. To avoid complexity it is 

effective to use normalized form of the parameters, specially, when there is a 

chance of variability or when a single parameter is linked to magnitude of other 

parameters. Masonry material and cross-sectional properties are the best examples 

of this type of parameters. Hence in this study it is intended to use the normalized 

form of some of the material and cross-sectional parameters so that they can be 

effectively introduced in a mathematical expression.

In the current study the normalized axial load capacity of masonry load bearing 

walls is used to present the effect of different parameters on wall response. The 

normalized axial load is computed as P/P0, where, P is the axial load capacity of 

the walls and Po is the cross-sectional strength computed by Equation 7.1.

P0 = A cf’m + Asfy 17.1]
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in which Ac is the net area of concrete masonry, f  m is the compressive strength of 

prism, As is the total area of vertical rebars and fy is the yield strength of steel.

Equation 7.1 combines the effect of cross-sectional as well as material properties 

of the wall and eliminates the use of compressive strength, net area and area of 

steel as separate entities. Other key parameters are support stiffness, slenderness 

ratio and load eccentricity ratio. Since all parameters including axial load ratio, 

load eccentricity ratio and slenderness ratio are non-dimensional, hence for the 

purpose of regression analysis the support stiffness is also non-dimensionalized 

relative to the gross wall section rigidity, EmIg, so that,

in which, “r” is the support stiffness ratio, R is the support stiffness,, “t” is the 

nominal thickness of the wall, Em is the modulus of elasticity of masonry and Ig is 

the gross moment of inertia of the wall.

Table 7.1 shows the normalized axial load ratio, P/Po and the corresponding 

slenderness ratio (h/t), load eccentricity ratio (e/t) and support stiffness ratio (r) of 

different walls numerically tested in the parametric study. After highlighting the 

parameters having direct influence on axial load capacity of the wall it is 

important to present the effect of each parameter separately on the axial load ratio 

of the walls. The axial load ratio of the walls is plotted against each parameter to 

see how the wall capacity is influenced by a particular parameter.

Figure 7.1 presents the relationship between load eccentricity ratio and axial load 

ratio of the wall specimens listed in Table 7.1. It is observed that e/t has an 

obvious detrimental effect on axial load capacity. However, this effect is reduced 

when support stiffness ratio is increased at a constant level of slenderness. 

Similarly, when the slenderness ratio is increased at constant eccentricity ratio 

P/P0 is decreased. Conversely when support stiffness ratio is increased, the
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detrimental effect caused by wall slenderness is diminished, as shown in Figure 

7.2. The relationship between normalized axial load capacity with slenderness 

ratio, load eccentricity ratio and support stiffness ratio is further illustrated in 

Figure 7.3 and Figure 7.4.

7.2.2 Development of Equation for the estimation of the normalized Axial 

Load Capacity

The literature review showed that most of the previous research work emphasized 

the moment magnifier method to estimate axial load capacity of masonry load 

bearing walls. The current study mainly focuses on support stiffness effects on 

the axial load capacity rather than concentrating on already well-researched 

methods of estimating axial load capacity of the walls.

After identifying the key parameters affecting the axial load capacity of the walls 

it is required to mathematically relate them in the form of an equation so that the 

normalized axial load capacity can be predicted by using a simple mathematical 

expression. To achieve this goal the data listed in Table 7.1 was statistically 

examined to perform regression analysis.

Firstly the whole data was taken to perform regression analysis, and an attempt 

was made to develop an equation for the broad range of independent variables (r, 

h/t and e/t) but the statistical assessment showed that in order to obtain an 

accurate estimate of the dependent variable (axial load ratio) it is necessary to 

present more than one equation by restricting the limits of independent variables.

Based on trends shown in Figure 7.1 through Figure 7.4, it was observed that the 

trend of support stiffness ratio “r” is quite uniform up to the highest value of r = 

0.26 (corresponding to R = 5000kN-m/rad) for h/t = 30 to h/t = 42 and e/t= 0.1 to 

e/t = 0.33. However, when e/t is increased from 0.33 to 0.42 the trend becomes 

different because of the excessive geometric non-linearity and the vulnerability of
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walls to stability failure. Therefore, based on load eccentricity ratio it was decided 

to perform regression analysis into two categories by using a common range of 

support stiffness ratio and the slenderness ratio in both categories as 0< r <0.26 

and 30 <h/t < 42 respectively. Using similar data ranges for support stiffness ratio 

and the slenderness ratio, the first category covered the range of load eccentricity 

ratio of 0.1 < e/t < 0.33, while in the second category the load eccentricity ratio 

was ranging from, 0.33 < e/t < 0.42. As shown by the plots for the walls having 

slenderness ratio higher than h/t = 36, the support stiffness does not play any 

significant role to increase axial load carrying capacity. Therefore, the walls with 

h/t = 42 and e/t = 0.42 are mostly susceptible to stability type of failure. Because 

of the unstable behavior of the walls with h/t = 42 and e/t = 0.42 the current 

regression analysis could not obtain an equation for the data range of h/t > 36 and 

e/t >0.33. Hence, beyond eccentricity ratio of 0.33 the analysis is restricted for 

slenderness ratio of h/t <42.

Using the above described data ranges, the regression analysis was performed for 

two categories of the range of independent variables so that the normalized axial 

load capacity can be predicted for a broad range of combination of the variables. 

As shown in Figure 7.1 to Figure 7.4 the interrelationships are not linear. 

Therefore, non-linear regression analysis was used to obtain interrelationship of 

all the variables. The process of regression analysis is an iterative procedure, and 

in case of non-linear regression, requires computer software to make it faster and 

more precise. There are various computer programs, which can perform non­

linear regression analysis, in the current study; “Sigma-Plot 8.0” (SPSS, 2003) 

was used. The software is able to provide varieties of functions to express the 

behavior of dependent variables and also provides the flexibility to code equation 

of the user’s choice. The above mentioned software provides some important 

measures of determining the accuracy and capability of the regression model. The 

primary measure of the accuracy is the coefficient of multiple determinations, 

R2,which shows the efficiency of the regression model to predict value of 

dependent variable. The value of R2 closer to 1 shows how accurate is the

200

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



regression model in describing the data, while the value of R2 closer to 0 shows 

the unsuitability of the regression equation to describe the data.

The following preliminary form was adopted for the required equations: 

£ = f [ f , ( r ) , f 2(e/t),f3(h/t)l [7.31

in which ft, f2 and f3 are the individual functions to reflect behavior of 

independent variables r , e/t and h/t respectively, in the regression equation of 

normalized axial load capacity.

The coefficient of multiple determinations (R2) was set as a primary criterion of 

measuring the level of accuracy of regression analysis. Different types of 

functions were tried. Using equation 7.3 as the preliminary form several attempts 

were made to find a fit between available data and the predicted value. The 

crucial step of the regression analysis was the selection of suitable function, 

which can best incorporate the relationship between dependent and independent 

variables. Initially, the linear function for h/t, two-parameters single exponential 

decay function for e/t and quadratic function for “r” were chosen. Iterations were 

performed to find a good fit and to bring the value of R2 closer to 1. Even after 

many trials the maximum value of R2 obtained was around 0.6, which was not 

satisfactory and indicated the need to change the type of functions. Therefore, to 

improve the quality of regression equation as well as to make it more user 

friendly, it was decided to disregard exponential decay type of function for the 

variable e/t and a single parameter inverse type of linear function was tried.

Several trials were attempted to obtain the best fit by monitoring the R values. 

Finally, the following two equations were obtained to cover previously mentioned 

categories of the independent variables.
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For 0.1 <e/t<  0.33:
( \

1

T
0.46 + °/2l  

1 e \
(5-100r2 +36r)

in which, 0 < r< 0.26 (or R = OkN-m/rad to 5000kN-m/rad) and 30 < h/t < 42.

For 0.33 < e/t < 0.42:

Y \

P _ 
Po

1

f-1
0.23+ *

1-1
(5-180r2+59r) [7.5]

, t ) I'J;

in which, 0 < r< 0.26 (or R = OkN-m/rad to 5000kN-m/rad) and 30 < h/t <36.

Equations 7.4 and 7.5 were preliminary and resulted in a coefficient of 

determination R2 = 0.97 and R2 = 0.88 respectively. The value of R2 should not be 

the only criterion of validity of the regression model. It was also required to check 

the behavior of the model for the data points out-side the range used in regression 

analysis, as well as to check the scatter of the data about the regression model. 

The next section describes the assessment of the regression model.

7.2.3 Assessment of Regression Model for Axial Load Capacity

The correlation between dependent and independent variables was cheeked by 

plotting the normalized axial load capacity obtained from regression model and 

from FEM model against all independent variables. Figures 7.5 through 7.8 show 

the comparison of FEM results and the predicted values from regression models 

against support stiffness ratios at various combinations of slenderness ratio and 

load eccentricity ratios. It is observed from the plots that in most of the cases the
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regression model closely follows the FEM results. In case of walls with h/t = 42 

the regression model appears to be over conservative and shows a slightly higher 

normalized axial load capacity with increasing support stiffness ratio, but the error 

does not exceed 10%.

Figures 7.9 through 7.12 show the comparison between FEM and regression 

models against variable load eccentricity ratio at constant slenderness and support 

stiffness ratios. It is evident from the plots that regression model is able to predict 

a normalized axial load capacity close to the normalized capacity obtained from 

FEM model at various load eccentricity ratios. The capability of the regression 

model to relate slenderness ratio with rest of the variables was checked by 

plotting FEM and regression models against slenderness ratio at constant load 

eccentricity and support stiffness ratio in Figures 7.13 through 7.16. The 

regression model reasonably predicted the normalized axial load capacity and 

showed moderate agreement between FEM results and the predicted capacity.

It is concluded that the regression model is able to estimate the response in the 

range of the data for which regression was performed. For further verification and 

check for the validity of the regression model it is essential to predict the 

normalized axial load capacity of some physically tested walls using the proposed 

equations and then compare the predictions with the actual capacity of the tested 

walls. To examine the capability of the regression model of predicting response, it 

is best to plot scatter of the data around the regression line. The scatter of the data 

was obtained by plotting the predicted capacity ratio “(P/Po) predicicd” versus actual 

capacity ratio “(P/Po) Kta, ”. Figure 7.17 shows the scatter of the data including 

FEM results and some experimental results. For verification purpose the data 

point obtained from full scale masonry load bearing block wall testing performed 

by Goyal (1992), Kuzik (2001) and from current study were also plotted in Figure 

7.17. Table 7.2 shows the details of the full-scale wall specimens of these three 

studies.
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As shown in Figure 7.17 the regression model is able to provide a reasonable 

estimate of the normalized axial load capacity of masonry load bearing block 

walls. The scatter of the data lies within 10% error band and the data points are 

closely clustered around the regression line. It is interesting to mention that two 

data points obtained from Kuzik (2001) corresponding to the wall specimens 

constructed with externally glued FRP sheets are located out-side the 10% error 

band but still clustered around the regression line despite that fact that the 

regression model does not include the effect of FRP. The data point from Goyal 

(1992) corresponds to data range of h/t <30 and showed reasonable agreement 

with the regression model and demonstrated the capability of the regression 

model to predict capacity of wall out-side the data range used to generate the 

model. Similarly, the data points from the walls of Group-I of the current study 

also belong to the data range of h/t < 30 which falls outside the data range of 

regression model but still closely located around the regression line.

The above discussion illustrated that the predictions from the regression model 

compare well with available full scale testing results. In order to use the proposed 

regression model in design of masonry load bearing walls it is required to apply a 

performance factor to account for variability related to actual construction and the 

parameters having direct influence on response of the walls. This type of 

investigation is beyond the scope of the current study and is recommended for 

future extension of the work. Although the proposed regression equations do not 

have direct application within the design procedure of masonry load bearing walls 

recommended by S304.1 they provide a good measure of axial capacity of 

masonry load bearing walls supported under different boundary conditions with 

higher ratios of load eccentricity and slenderness.
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7.3 Flexural Rigidity

7.3.1 Parameters affecting the Flexural Rigidity

The flexural rigidity is a function of all the variables influencing the load capacity 

of the walls. As described in the previous section the support stiffness ratio, load 

eccentricity ratio and slenderness ratio are key parameters, which affect the 

masonry wall behavior.

It is evident from chapter 6 that the effective flexural rigidity depends on wall 

response and its failure mode. These factors are basically influenced by the 

amount of cracking and the stress level attained during the load history of the 

wall. It is observed that walls with smaller slenderness ratios have a tendency to 

carry higher axial loads and this tendency increases when the load eccentricity 

decreases and the support stiffness ratio increases. Therefore, walls with higher 

axial loads are vulnerable to crushing failure, which is a manifestation of material 

non-linearity which, in turn, decreases the effective flexural rigidity. At a constant 

level of support stiffness, walls with intermediate slenderness ratio loaded with 

lower load eccentricity (for example wall with h/t = 30 and e/t = 0.1) show lesser 

effective flexural rigidity as compared to walls with higher slenderness ratio 

loaded with higher eccentricity (for example wall with h/t = 42 and e/t = 0.33). 

The walls with intermediate slenderness ratio carry higher axial loads and their 

cross-sections are subjected to both compressive and tensile stresses. Therefore, 

the combined effect of high level of cross-sectional stresses and slenderness 

reduces the modulus of rigidity and effective moment of inertia, which results in 

comparatively reduced effective flexural rigidity. Conversely, the walls with 

higher slenderness ratio loaded with higher load eccentricity show higher flexural 

rigidity at failure primarily because these walls explicitly fail due to stability 

failure and carry lower axial load, without giving rise to cross-sectional stresses, 

and the modulus of rigidity is not reduced.
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An increase in the support stiffness ratio is also observed to lead to higher cross- 

sectional stresses, specially, when higher support stiffness ratio is combined with 

intermediate slenderness and lower load eccentricity due to enhanced effect of 

material non-linearity. For example a wall with a support stiffness ratio of r = 0.26 

(R= 5000kN-m/rad) and slenderness ratio of h/t = 30 loaded with e/t = 0.1 possess 

lower flexural rigidity at failure as compared to a wall with similar conditions 

except with r = 0.05 (or R =1000kN-m/rad). As discussed in Chapter 6 of the 

thesis that the listed parameters control the wall behavior throughout the load 

history till the failure of the wall, therefore the flexural rigidity at failure is greatly 

influenced by these parameters.

Figure 7.18 through Figure 7.21 show the relationship of support stiffness ratio, 

slenderness ratio and load eccentricity ratio. It is observed that lower slenderness 

ratios possess lower rigidity ratios because they carry higher axial loads and are 

subjected to higher stress level and more severe material non-linearity. Similarly 

in case of higher eccentricity ratios the walls are subjected to out of plane 

deflections and exhibit higher amounts of cracking. Therefore, the resulting 

reduction in moment of inertia of the wall cross-section causes reduction in 

rigidity ratio. When a lower slenderness ratio combines with higher support 

stiffness ratio cracking is controlled but material non-linearity under compression 

increases which causes the reduction in rigidity ratio. However this increase in 

material non-linearity in compression zone occurs when the support stiffness ratio 

exceeds r = 0.05. Below this limit the axial load capacity is increased but the level 

of cross-sectional stresses is not large enough to create any material non-linearity. 

Therefore, no significant reduction in flexural rigidity is evident. It is observed 

that any increase in support stiffness ratio from r = 0 to r = 0.05 at constant 

slenderness and constant load eccentricity, causes an increase in effective flexural 

rigidity mainly because the support stiffness ratio within this range controls the 

out of plane deflection, thus limiting the level of severe material nonlinearity in 

the compression zone.
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Keeping in mind the above observations the regression model was developed and 

discussed in the following section.

7.3.2 Development of Equation for the Estimation of Effective Flexural 

Rigidity

El
Table 7.1 shows the data for the rigidity ratio, — — , and corresponding

EmI  g

independent variables (r, e/t, h/t) for which the regression analysis was performed. 

Eletris the value of flexural rigidity corresponding to the peak load attained by the 

wall and EmIg describes the initial (un-cracked) flexural rigidity of the wall.

To obtain an equation for the estimation of the ratio of effective rigidity of the 

wall, considering all the key parameters the following preliminary format is 

selected to describe the rigidity ratio.

FI
— i  = f|f,(r),f2(e/t),f,(h/t)| [7.6)
EmIg

in which fj, fi and {3 are the individual functions to reflect behavior of 

independent variables “r” , e/t and h/t respectively. In equation 7.6 the selection 

of the functions to incorporate the behavior of the above mentioned parameters is 

based on their interaction with rigidity ratio.

The discussion in section 7.3.1 emphasizes that in equation 7.6 the selection of 

individual functions to represent the parameters “r”, e/t and h/t should be carried 

out by observing how the different combinations of these three parameters affect 

the rigidity ratio. As shown in Figure 7.18 through Figure 7.21, the rigidity ratio is 

affected differently in different ranges of the key parameters.
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Based on the trends shown in previous sections it is observed that for all load 

eccentricity ratios and at all levels of support stiffness increasing the slenderness 

ratio causes an increase in the effective flexural rigidity ratio. Similarly increasing 

the eccentricity ratio always causes decay in the flexural rigidity at constant 

slenderness and constant support stiffness ratio, except in case of h/t = 42 in 

which when the eccentricity ratio increased to 0.42, the rigidity ratio increased. 

This was caused by an early stability failure during the load history with the wall 

undergoing larger deflections and cracking and as a result failed at a very low 

level of load without any reduction in rigidity ratio because of material or 

geometric non-linearity. As explained in chapter 6 increasing the support stiffness 

allows the wall cross-section to undergo higher levels of plastic strains. This 

phenomenon affects the rigidity ratio. It is observed that when “r” is increased 

from 0.05 (R = lOOOkN-m/rad) to 0.26 (R= 5000kN-m/rad) reduction in rigidity 

ratio is observed. The phenomenon is more severe in case of lower eccentricity 

ratio and lower slenderness ratio because of the combined effect of material and 

geometric non-linearity.

The regression model is divided into three ranges reflecting the changing effect of 

combining parameters. The first part covers the data range of 0< r < 0.26, 0.1< e/t 

< 0.33 and 30< h/t < 42. The second part covers the range 0< r < 0.26, 0.33< e/t < 

0.42 and 30< h/t < 42, while in the third part regression was performed over the 

range of data, 0< r < 0.051,0.33< e/t < 0.42 and 30< h/t < 36.

Sigmaplot 8.0 (SPSS, 2003) was employed to perform the regression analysis. 

The preliminary criterion of selecting the best equation was based on monitoring 

the coefficient of determination “R2” as was used in development of the 

regression model for axial load capacity. During the process of regression analysis 

all the necessary checks were performed and the regression model was developed 

as:
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— = [{5 + 0.32(h/t) -  0.0039(/i//)2} {0.0158e-°0158(c/,)} {5 + 2.9r -  U r 2}]
EJ S

[7.7]
Equation 7.7 is valid for the data range: e/t < 0.33, h/t<42 and r < 0.26 

(or R= 5000kN-m/rad).

FI
= [{0.01 + Q.\2(h/t) -  0.00094(/j/f)2} {O.0787e'O0787(‘!/')} {3 +1.836r

Eh

Equation 7.8 is valid for the data range:

0< r < 0.26,0.33< e/t < 0.42 and 30< h/t < 42

FI
= [{1 -  0.05(h/t) + 0.000892(/i / /)2} {1.7024e"°0133(c / 0} {1 + 2.2r

Eh

Equation 7.9 is valid for the data range:

0< r < 0.051,0.33< e/t < 0.42 and 30< h/t < 36

The equations 7.7, 7.8 and 7.9 reflect a coefficient of determination “R2” of 0.7 

0.88 and 0.78. For further verification of the model, an assessment was performed 

by checking the scatter of the data. The details are discussed in the next section.

7.3.3 Assessment of Regression Model for Rigidity Ratio

The capability of the regression model to describe good correlation between 

dependent and independent variables was examined by plotting FEM and 

regression model results together. Figure 7.22 through Figure 7.35 show the 

comparison of FEM and regression model results. The plots show that the 

regression model is able to predict the rigidity ratio reasonably and has the 

capability to capture the influence of all key parameters on the rigidity ratio.
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In some of the cases the regression model differs from FEM results. For example 

as shown in Figure 7.22 the regression model gives a higher value of rigidity ratio 

at e/t = 0.1, h/t = 30 and r =0.05 but the error does not exceed 1.5%. Similarly, at 

e/t = 0.42, h/t = 36 and r=0.26 (Figure 7.25) the regression model showed 

conservative estimate of rigidity ratio but the difference did not exceed 10%. The 

plots given in Figure 7.22 through Figure 7.35 show that in some of the cases the 

regression model and the FEM results are in complete agreement (e.g. Figure 

7.26).

To check whether the regression model has the ability to cover a wide range of 

the parameters affecting the masonry wall behavior the scatter of data points was 

plotted about the regression line as shown in Figure 7.36. The scatter contains the 

rigidity ratio obtained from test results performed in the experimental program of 

the current study, and the rigidity ratio obtained from FEM results. As illustrated 

by Figure 7.36, all the data points are closely clustered around the regression line 

and are located within a 7% error range.

Figure 7.36 shows that the regression model best estimates the rigidity ratio in the 

range of the data upon which it was based, but if the model is close to the physical 

behavior of the real structure it should be able to reasonably predict the response 

out-side the data range of regression analysis. To confirm the capability of the 

model of capturing the real behavior, the rigidity ratio of test results of Group-I 

specimens of the current study were also included. The test specimen of Group-I 

of the experimental program had slenderness ratio of 28.6, as described in chapter 

three of the thesis. Since the regression analysis was performed for the minimum 

slenderness ratio of h/t = 30, the wall specimens of Group-I were outside the data 

range of regression analysis. As shown in Figure 7.36, the data points of Group-I 

specimens were situated within a 7% error range about the regression line.

210

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7.4 Comparison of Regression Model with Current Canadian Masonry 

Design Code-S304.1-94

The literature review shows that the current Canadian Code conservatively 

estimates the load capacity of masonry load bearing walls. The moment magnifier 

method is recommended by the code (clause 11.2.5) for the estimation of axial 

load capacity of the walls, but the method restricts the slenderness ratio to be less 

than or equal to 30. Walls with h/t > 30 are categorized as very slender walls and 

the code recommends that these walls be designed as structural members having 

symmetrical single curvature with pin end conditions with a maximum allowable 

axial load of:

in which Pf is the factored axial load, Om = 0.55 is the resistance factor of the 

ultimate limit states, f ' m is the masonry prism compressive strength and Ae is 

the effective cross-sectional area of the load bearing masonry wall.

The effective flexural rigidity as recommended by the code is also estimated with 

some restrictions and provides conservative estimates of the flexural rigidity of 

masonry load bearing walls [Liu et al. (1998), Liu and Dawe (2003)[.

For reinforced masonry walls clause 11.2.5.4 recommends the following equation 

for the estimation of effective flexural rigidity (EIeir):

Pf <0.1<Dmr mAe [7.101

ELff= Em 0 .25 /n-(0 .25 /n-/,,) < L J il [7.11J

[7.121
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in which, Em = 850f m is the modulus of elasticity of the masonry assemblage, Io 

is the moment of inertia of the effective area of the cross-section, e is the load 

eccentricity calculated by taking the ratio of the primary moment and axial load,
g

while ek = — , where S is the section modulus. Equation 7.12 provides 
A

recommendation of the code for the upper and lower bound values of the Elff.

To compare the code recommendations for the design of eccentrically loaded 

masonry load bearing walls the axial load capacity and the effective flexural 

rigidity of all the specimens given in Table 7.1 were estimated. Table 7.2 provides 

a comparison of the values estimated according to the code recommendations and 

the values obtained from regression model.

In Table 7.2 the normalized axial load capacity for walls with h/t = 30 and with r 

> 0, was calculated with minimum effective length factor K = 0.8 as allowed by 

the code to simulate hinged top and elastic bottom support conditions. For walls 

with h/t >30 the code does not allow the use of effective length factor in 

computing the axial load capacity or in other words always considers a pin- 

support condition at the bottom of the wall.

As illustrated by Table 7.2, FEM model shows considerably increased axial load 

capacity for all masonry walls. Even walls with pinned end condition showed 

more capacity as compared to the capacity obtained from S304.1. The use of an 

effective length factor as recommended by the code for the walls having h/t < 30 

does not reflect the actual support conditions and the wall behavior. As shown in 

Table 7.2 for wall specimens having h/t = 30 (wpl to wp4 and wpl3 to 16 and 

wp25 to wp28) using K = 0.8 in estimating the load capacities according to the 

code recommendations does not follow the actual effect of support stiffness and it 

showed different values of load capacity than the FEM results. As observed in 

Table 7.2, that at higher load eccentricity ratios the code procedure for slender 

walls gives smaller capacity than the value obtained from equation 7.10.
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The code is particularly more conservative in case of walls with high h/t ratios 

loaded with low eccentricity. For example wall specimen wp5 with h/t = 36, e/t = 

0.1 and r = 0, showed a much higher capacity as compared to the code 

recommended value. It is also important to observe that according to the code 

recommendations walls with h/t = 36 or h/t = 42 have the same load capacity by 

applying code rule given in equation 7.9. (For walls with h/t >30 the allowable 

axial load capacity < 0.1f’m Ac.) This brings up an important issue that even with 

pinned end conditions the walls with h/t >30 have much more capacity as opposed 

to the recommendations of the current code.

For walls with h/t >30 tested with e/t=0.33 the code gives comparatively less 

conservative values than the same walls loaded with e/t=0.1. Nonetheless FEM 

results showed almost 46 % more capacity as compared to the code at pinned end 

conditions. In case of walls with h/t = 42 the difference between the code and the 

FEM predictions were found to be around 34%. However at very high load 

eccentricity ratio i.e. e/t = 0.42 the FEM and the code predicted almost the same 

capacities for both walls with h/t = 36 (specimen wp29) and the wall with h/t = 42 

(specimen wp33) at pinned end conditions.

All walls with non zero support stiffness ratio, showed considerably higher 

capacities as compared to the current code recommended wall capacities. At 

lower load eccentricity and slenderness ratios the effect of support conditions 

allowed the walls to attain much higher loads as compared to code recommended 

capacities. For example in Table 7.2, the specimen wp2, wp3 and wp4, which 

were tested with r > 0, showed capacities more than twice those recommended by 

the code.

In case of walls with h/t > 30, e/t > 0.1 and r > 0 the code predicts highly 

conservative load capacities for two reasons. First the code estimates very low 

values of the effective flexural rigidity. Secondly, it does not account for support
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conditions and assumes pinned end conditions. The same walls when tested under 

the influence of support conditions showed a substantially higher load capacity 

(e.g. wall specimens wp6, wp7 and wp8 with h/t = 36, e/t = 0.1 and r>0 and the 

wall specimens with h/t = 42,e/t = 0.1 and r>0, as shown in Table 7.2).

It is important to mention that the current Canadian code does not differentiate 

between masonry walls with respect to the eccentricity ratio and only categorizes 

the walls by limiting the slenderness ratio. However, it is observed through FEM 

results that even the walls with h/t >30 (very tall walls as per the code) when 

loaded with lower e/t ratios showed considerably higher load capacities. The FEM 

results indicated that the code is conservative in estimating wall capacities for the 

cases when h/t >30 and e/t < 0.33 the difference increases with increasing support 

stiffness ratio.

For walls loaded with e/t > 0.333, r = 0 and h/t >30 the code appeared to be 

accurate. However the code becomes conservative when support stiffness is 

considered (i.e. r>0) for walls having h/t <36 loaded with e/t >0.33, as shown in 

Table 7.2 for the wall specimens wp30, wp31 and wp32.

As shown by Table 7.2, the regression model proposed in this chapter reasonably 

estimates the load capacity for all cases except for walls with h/t = 42, loaded with 

e/t = 0.42 and with all support stiffness ratios (i.e. wall specimens wp33 to wp36 

in Table 7.2). Therefore, the application of regression models of both axial load 

capacity and rigidity ratio are restricted, as shown in equation 7.5 and equation 

7.8, to walls with h/t < 36 for e/t > 0.33 due to increased level of instability caused 

by the combined effect of high load eccentricity and high slenderness it is 

recommended not to consider the effect of support conditions in this range of load 

eccentricity with high slenderness ratio.

From the above discussion it is clear that the current Canadian code (S304.1-94) 

underestimates the load capacity and flexural rigidity of masonry load bearing
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walls. The code is highly conservative in treating walls with slenderness ratio 

greater than 30 and subjected to load eccentricity less than or equal to 0.33. 

Consideration of support condition in estimating the wall capacity is also a very 

important issue. The FEM results clearly showed the support stiffness effect on 

the wall capacity and verified that in case of walls with h/t >30 ignoring the 

support stiffness influence by assuming a pinned end condition as recommended 

by the code, results in under-estimation of wall capacity. The use of effective 

length factor in the current code provisions in estimating the wall capacity, when 

h/t < 30 is crude and does not correlate with the actual support stiffness and its 

influence on wall behavior.

The effective flexural rigidity of the walls estimated according to code 

recommendations is quite conservative. The estimation of effective flexural 

rigidity obtained from FEM results showed much higher values than the code. 

Even if conservatively 50% of the FEM value of effective flexural rigidity is 

considered, the code still seems to underestimate the rigidity.

In the context of regression analysis presented in this chapter it is recommended 

to further extend the current research towards the incorporation of suggested 

equation of axial load capacity and the effective flexural rigidity into conventional 

moment magnifier method by translating them into more realistic estimation of 

effective length factor.
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CHAPTER 8

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary

The objective of this thesis was to study the behavior of tall masonry walls under 

the influence of implied fixity offered by the masonry wall support. It was evident 

from an extensive literature search that no research study was available about the 

masonry wall support interaction. To develop an understanding of the behavior of 

masonry walls under reactive support conditions the testing of full-scale wall 

specimens and the development of finite element model for further expansion of 

the work were the main objectives of the project. The study was specifically 

focused on slender masonry walls subjected to eccentric axial load supported on 

strip type foundation.

Extensive numerical studies were performed to estimate the range of rotational 

stiffness offered by strip footings as a function of field based parameters of 

modulus of sub-grade reaction of soil and the footing dimensions. Numerically 

estimated rotational stiffness of support of masonry block walls was then 

simulated in the laboratory ranging from low to high support stiffness. A total of 

eight full-scale masonry block wall specimens were divided into two groups of 

walls with slenderness ratio (h/t) of 28.6 and 33.9. Each group was tested under 

eccentric axial load with e = t/3 and with four common support conditions having 

rotational capacity of OkN-m/rad, lOOOkN-m/rad, 5000kN-m/rad and 10,000kN- 

m/rad. Two wall specimens of first group, having h/t = 28.6 and tested with 

support stiffness 5000kN-m/rad and 10,000kN-m/rad failed locally due to bond 

and anchorage failure at the top portion of the walls without reaching their full 

capacity. The bond slip problem was fixed by welding the vertical rebars to steel 

plate provided at the top of the wall specimens. This technique was able to 

overcome the problem of bond slip and provided enough moment capacity to
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resist the primary moment generated due to eccentrically applied axial load at the 

top of wall specimens. The rest of the wall specimens attained the full capacity 

and no further bond slip failure was observed. Despite the fact that first two wall 

specimens were prematurely failed, the effect of support stiffness was significant 

on their behavior. The test results were successful and showed a consistent effect 

of the rotational stiffness of the support on the behavior of masonry block walls at 

failure. Material testing was also the part of experimental program. Standard 

prism test was performed on 5 grouted and 5 un-grouted specimens and 

compressive strength and modulus of elasticity of masonry assemblage were 

obtained from the prism test results. Material testing phase also included the 

standard tests of rebar, grout, and mortar.

The load-deflection response and rotation at the bottom of the wall specimens 

were used to estimate the effective flexural stiffness variation along test history 

for each specimen. This was done using an analytical solution of the governing 

differential equation of beam-column subjected to axial load and flexural moment 

with rotational spring at the bottom.

After completion of the experimental program, a simple and efficient non-linear 

finite element model was developed, incorporating material and geometric non­

linear aspects of the test specimens. The analysis is based on macroscopic 

analysis approach, which is best suited to capture global behavior of masonry load 

bearing walls. The finite element model was validated using the experimental 

results of each tested specimen. The adequacy of the model was demonstrated 

against the test results by comparing the responses of axial load versus out-of­

plane deflections, axial load versus out-of-plane rotations, bending moments and 

also axial load versus flexural stiffness response.

The numerical and experimental results were in good agreement with each other 

showing that the numerical model effectively predicts the behavior of masonry 

load bearing block walls and can be used to extend the findings of experimental
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results by analyzing more walls with variety of parameters under the influence of 

support stiffness. Using the finite element model an extensive parametric study 

was performed. The support stiffness was considered as the primary parameter 

and was combined with other key parameters related to geometry and the material 

properties of the wall. The effect of support stiffness on load carrying capacity, 

deflection, bending moment, flexural rigidity and failure modes of the masonry 

block walls was investigated and a comprehensive database was established.

A non-linear regression analysis was conducted on the results obtained from 

parametric study. The mathematical expressions to estimate normalized axial load 

capacity and the flexural rigidity under the influence of support conditions were 

developed. The validity of the proposed mathematical expression was assessed 

using the available experimental results and found satisfactory.

8.2 Conclusions

The experimental, analytical and numerical investigations of the project lead 

towards the following conclusions.

The resistance offered by the masonry wall support can be quantified as a 

function of soil characteristics, type of foundation and the size of foundation.

The full scale testing of eccentrically loaded block wall specimens confirmed the 

consistent increase in load carrying capacity of the walls under the influence of 

support stiffness and neglecting the support stiffness leads to underestimation of 

the wall capacity.

The response of the wall was observed to be affected by level of rotational 

stiffness offered by the support. The point of maximum deflection shifted 

upwards along the wall height with increasing magnitude of rotational resistance 

of reactive support.
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The support stiffness improves the behavior of the wall throughout the load 

history by controlling the detrimental effects caused by wall slenderness and load 

eccentricity ratio which leads towards the change in failure mode from stability 

failure to pure compressive failure depending on level of slenderness.

The non-linear characteristics of the wall are influenced by the level of support 

stiffness. The increasing level of support stiffness influences the cross-sectional 

behavior and makes the wall to undergo enhanced plastic strains and as a result 

the wall failure load is increased. For highly slender walls the support stiffness 

makes the wall cross-section to undergo more tensile-plastic strains, while for the 

walls with intermediate slenderness ratio the increase in support stiffness 

decreases the tensile plastic strains by giving rise to compressive plastic strains 

and as a result in both cases an improved behavior is observed as compared to the 

situation when no support stiffness is considered.

Support stiffness affects the flexural rigidity of the wall. At constant slenderness 

and constant load eccentricity the effective flexural rigidity increases when 

support stiffness is increased from 0 kN-m/rad to 1000 kN-m/rad. Beyond this the 

increase in support stiffness induces more cross-sectional strains as a result 

decreases the effective flexural rigidity of the wall at failure.

The current Canadian code which neglects the effect of support stiffness specially, 

in case of walls with slenderness ratio > 30 is quite conservative. The comparison 

of the axial load capacity of the walls tested and analyzed in the current study 

with the values as per the Canadian code S304.1-94 recommendation shows that 

the code underestimates the wall capacities. Similarly a comparison of effective 

flexural rigidity also indicates that the current Canadian code conservatively 

provides the effective flexural rigidity of the wall.

The proposed equations reasonably incorporate the support stiffness in estimation 

of the axial load capacity and the effective flexural stiffness of the walls. There is
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however a need of further investigation to make use of these equations in 

estimation of realistic effective length factor.

8.3 Recommendations for Future Research

In the current study only strip footings were considered. It is recommended to 

expand the database of support stiffness for other foundation types which are 

conventionally used in the construction of masonry load bearing walls.

The current study dealt only with eccentrically load walls, it is important to 

extend the investigations to other loading conditions considering the effect of 

variety of support conditions.

The definitions of slender and very slender walls provided by the current 

Canadian Code is very conservative and requires reconsideration.

The proposed equations in the current study for the estimation of axial load 

capacity and the effective flexural rigidity require further investigation in order to 

use them for the estimation of effective length factor based on actual support 

conditions so that use of actual support conditions can be implemented in the 

conventionally used moment magnification method.
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