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Figure 0-4: The differences in motion between rigid and gapped arching 

A shaking table test to study the out-of-plane arching behavior of full scale masonry 

walls with a 3 mm gap between the top abutment and the infill was conducted by 

Dafnis et al. (2002). It was found out that during the dynamic loading, the gapped 

specimen experienced a larger deformation than the non-gapped counterpart before 

the arching action developed and the out-of-plane capacity was smaller. 

Drysdale and Hamid (2005) investigated the development of arching action in gapped 

infills using mechanics of rigid body movement. They concluded that the maximum 

gap that could exist was controlled by the diagonal length between the compression 

forces at the hinges, and the maximum gap was expressed as: 
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Where Lis the length ofinfills, and y=0.9 

Additionally, they also proposed the following equation for calculating the infill out-

of-plane displacement, llg, taking into account of the gap size, g. 

t:.g = g(L- g) .. ..... ... ... ........ .... .. .. ... ... ... ... .. ... ....... .. ..... ....... (iv) 
4}'t 

2.4.3 Compressive Strength of Masonry 

Tests on clay brick infilled RC frames subjected to out-of-plane load applied through 

an air bag by Abrams et al. (1996). These tests showed that the out-of-plane strength 

of masonry in fills increased as the compressive strength of masonry increased. 

Experimental studies on masonry infilled RC frames to investigate the relationship 

between out-of-plane deflection of the infill panels and the compressive strength of 

masonry was conducted by Moghaddam and Goudarzi (2010). The results showed 

that the higher the masonry strength, the smaller the out-of-plane deflection and the 

out-of-plane strength of masonry panels increased linearly with an increase in the 

compressive strength of masonry. 

2.4.4 Frame Rigidity 

Experiments conducted by Monk (1958) and Gabrielsen and Wilton (1974) showed 

qualitatively that the out-of-plane strength of infills bounded by flexible frames was 

less than that of the infills bounded by rigid frames. 
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Investigations on masonry infilled steel frames having different frame stiffness, in 

particular column stiffness, under unifonn pressure applied through an air bag were 

carried out by Dawe and Seah (1989). 

It was found out that both the flexural stiffness and torsional stiffness of frame 

columns had an effect on the out-of-plane strength ofinfills. They in tum proposed an 

equation to include the effect of both the flexural and torsional stiffness in the 

calculation of the out-of-plane strength of the infills. 

Angel (1994) studied the effect of stiffness of bounding frames on the out-of-plane 

strength of infills using numerical simulations. He concluded that the out-of-plane 

strength of an infilled frame can benefit more by using stiffer frame members. 

However, the increase in out-of-plane strength is insignificant when the flexural 

stiffness (EI) of the frame exceeds 2.6x10 13 N/mm2 . He developed a flexural stiffness 

reduction factor based on the flexural stiffness of the frame to modify the strength of 

in fill bounding in the less stiff frames. 

2.4.5 Openings in infills 

Akhoundi et al. (2016) investigated a brick masonry infilled frame having a center 

opening of 13% area of the infill under unifonn out-of-plane pressure. The test results 

showed that the infill with opening did not show significant reduction in its out-of­

plane strength. 

2.4.6 In-plane damage 

Angel (1994) investigated the effect of in-plane damage caused by lateral loading on 

the out-of-plane strength of infilled RC frames. It was found that the out-of-plane 

strength decreased in accordance with the magnitude of in-plane damage. 
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He developed an out-of-plane strength reduction factor in terms of the ratio of 

maximum in-plane applied displacement to the twice in-plane displacement at which 

the first crack occurred. 

Porto et al. (2013) conducted out-of-plane tests on full scale clay masonry infilled RC 

frames with various levels of prior damage defined by in-plane defonnation of the 

frame. They found that the out-of-plane strength of the masonry infilled frames can be 

related to the in-plane drift. Compared with the specimen with 0.5% in-plane drift, a 

1.2% in-plane drift resulted in 39% and 19% reductions in the initial stiffness and out­

of-plane strength respectively. 

Furtado et al. (2016) tested three full scale clay masonry infilled RC frames with in­

plane damages under cyclic out-of-plane loading. The specimen was loaded laterally 

to a 15 mm displacement which was twice the displacement at the ultimate load. 

Compared with the specimen with in-plane damage, the ultimate out-of-plane strength 

for undamaged specimen was four times higher and the displacement was also 

greater. It was also shown that the failure mode of the infilled frame under out-of­

plane load was depended on the previous in-plane damage. Comparing with the 

specimen without prior in-plane damage, the development of arching action was not 

significant for the specimen with prior in-plane damage, and no cracking occurred in 

the middle of the infill. 

Despite all the above parametric studies on masonry infills none considered the effect 

of the different edge support conditions on the perfonnance of the masonry infills. 
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2.5 Numerical Modeling 

The increasing complexity and multidisciplinary nature of the real engineering 

problems is continuously demanding for simplified methods of analysis. By 

implication the traditional approach need to be substituted with one which allows 

engineers to have increasing and stimulating analysis curves. Through the adoption of 

finite element methods, many efforts to develop analytical solutions like numerical 

models to supplement the experiments have been undertaken by many investigators 

(Smith 1966; Smith and Carter1969; Mehrabi et al. 1996: Dhanasekar and Page 1986; 

Asteris 1996). 

Numerical modeling is a powerful technique for the solution of complex engineering 

problems. One of the significant requirements in the design of a scientific computing 

program is the ability to store, retrieve, and process data that maybe complex and 

varied. 

2.6 Models for masonry using the Finite Element Method 

Several investigators have dealt with the structural behavior of masonry using the 

finite element method. Most analyses considered masonry to be an assemblage of 

bricks and mortar with average properties. Isotropic elastic behavior has been 

assumed to simplify the problem by ignoring the influence of mortar joints acting as 

planes of weakness [Rosenhaupt 1965, Saw 1974]. Assumptions like these were 

useful in predicting deformations at low stress levels, but not at higher stress levels 

where extensive stress redistribution caused by non-linear material behavior and local 

failure would occur. 

Dhanasekar et al. (1984) proposed a non-linear finite element model for solid 

masonry based on average properties derived from biaxial tests on brick masonry 
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panels. The model was capable of reproducing the effects of material non-linearity 

and progressive local failure, but the masonry was modeled as a continuum with 

average properties, with each element in the finite element subdivision including 

several bricks and joints. 

This model, had limitations when local effects were important and could not be used, 

to predict the behavior of masonry subjected to concentrated loads where local 

stresses and stress gradients were high. The model did not comprehensively account 

for other factors like the type, source of materials and the variant edge support 

conditions. 

2. 7 Constitutive models 

The constitutive models for masonry, are categorized as; 

1. The one-phase material models (micro), treating masomy as an ideal 

homogeneous material with constitutive equations that differ from those of the 

components; and 

11. The two-phase material models (macro) where the components are considered 

separately to account for the interaction between them. 

Micro models are relatively simple to use and require less input data, and the failure 

criterion is of nonnally a simple form but their constitutive equations are relatively 

complicated. This type of model is suitable for the study of the global behavior of 

masonry whereby the mortar joints and interface elements are defined as individual 

elements to represent a contact areas as in Figure 5c below. The general geometry is 

maintained, but the individual elements that represent joints and interface are not able 

to describe the Poisson's effect of mortar over bricks. 
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2.8 Summary 

Despite several researches on the behavior of masonry infills, there is no clear 

indication of any research carried out on the wall-frame interaction in the Uganda's 

construction industry. The aim of this research is to investigate the effect of the 

different wall to frame edge support conditions on the perfonnance of the masonry 

infill wall subjected to out of plane loading in the Uganda construction industry. 
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CHAPTER THREE: METHODOLOGY 

3.1 Introduction 

This chapter presents the instruments used in the study and the analysis 

undertaken in the effort to provide answers to the research questions and the 

general objectives of the research. 

3.2 Research design 

The study adopts the baseline survey research approach, questionnaire and then 

numerical modeling and analysis. The survey design was adopted as it has been used 

by many researchers and has proven to be a useful tool for investigating trends and 

specific situations in many scientific disciplines. 

The study started by gathering data from primary sources in order to achieve the research 

objectives This included a drive through on the major roads in the divisions of KCCA and 

contact with the leading structural engineering consulting finns in Uganda. The data acquired 

was used in the development of a computer models to enable the analysis. 

3.3 Sample size and space for structures under construction 

Consideration was made for the multi-level structures under construction of levels 3-5 

within the Kampala City Council Authority. Out of the five divisions within the 

KCCA, the study covered only four divisions where there was concentration of 

multilevel construction of the considered leveL-For each division, five (5) major roads 

randomly selected from the number of major roads in a division as in Table 3- 1 below 

A drive through was conducted and all the structures with masonry infills noted and 

the type edge support condition recorded using the survey tool shown in Appendix 3 
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Table 0-1: Number of major and sampled roads per division 

Division Number of major roads Sampled roads 

Nakawa 10 5 

Kawempe 9 5 

Rubaga 13 5 

Makin dye 7 5 

3.4 Questionnaire guides to the structural engineering consulting firms 

Questionnaire guides with both opened ended and closed ended questions was 

administered to the structural engineering consulting finns using a designed 

questionnaires shown in Appendix 5. Twenty (20) finns were randomly sampled out 

of the thirty one (31) in the register with the Uganda Association of Consulting 

Engineers (UACE) as shown in appendix 4. 

3.5 Computer Modeling 

For computer modeling and analysis, Abaqus-CAE 6.14 software used in this 

research. This software application is capable of both the modeling and analysis of 

mechanical components and assemblies (pre-processing) and visualization of result 

from static analysis. 

3.6 Procedure for data collection and analysis of results 

3.6.1 BaseJine surveys 

The baseline survey was conducted within the four selected divisions of Kampala City 

Council Authority and these comprised of Nakawa, Kawempe, Makindye, Rubaga 

division. 
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The purpose of this survey was to ascertain the construction techniques of multilevel 

structures with special attention to masonry infills. Factor to consider were: 

1. The number of levels (3-5 levels ); 

11. The type of infills adopted for use, and 

111. The adopted edge support conditions. 

The process was a drive through the major community access roads by counting and 

taking photographs of the ongoing construction works with focus on: 

1. The number of structures per selected road in the divisions; 

11. The different types of materials in use for the in fills and 

m. The adopted construction methods and edge support conditions. 

3.6.2 Questionnaires guides to the structural engineering consulting firms: 

Questionnaires guides were used to interview the consulting firms who carry out 

structural Engineering designs with focus on: 

1. The type of materials used for masonry infills and choice of preference; 

11. Whether masonry infills are considered in the designs to carry lateral or 

gravity loads; 

iii. The adopted edged support conditions in the design of masonry infills and 

choice of preference, 

1v. The loading conditions considered during the design of masonry infills 

3.6.3 Categorization of the masonry infill- concrete frame interaction. 

From the survey, the categorization of the masonry infill - concrete frame interaction 

was dependent on the type of edge support condition adopted. The frequently adopted 

types of edge support conditions in the Uganda Construction Industry include the 

following: 
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Casel- Infill panel constructed after frame construction and attached to the side RC 

columns and top beam by mortar. This was modeled as simply supported at the 

bottom and free on the other three sides . 
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Figure 0-1: Wall simply supported at the bottom and free on the other three sides 

Case 2- Side RC columns cast with Infill wall panels in place and the soffit of the top 

beam cast directly on the wall attached such that the load on the wall generates 

friction at the bottom and top to prevent lateral movement. This was modeled as wall 

restrained at the bottom and top but simply supported at the vertical sides • 

.. . 

·· tl~-.~~--~.-~~"~ 

~ - - :=,. 

Figure 0-2: Fixed bottom and top to the RC frame, simply supported at the sides 
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Case 3-Infill wall panel built after construction of columns and attached to columns 

by mortar and soffit of the beam cast directly on the wall. The infill wall panel was 

modeled as restrained at the base and top beam but free on the two vertical sides. 
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Figure 0-3: Fixed bottom, free on the two vertical sides, fixed to the RC beam 

Case 4-Side column cast with Infill panel in place forming a saw tooth pattern with 

the columns and soffit of the beam cast directly on the wall. This was modeled as 

restrained on all the four sides. 
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Figure 0-4: Fixed bottom and top to RC frame and on the sides by Saw toothing 
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3.6.4 Computer Modelling and Analysis 

This work formulated constitutive models for constituent parts in the RC frame and 

Masonry infill and assembled them to perform the analysis. Consideration was made 

for the four different types of edge support conditions adopted for use in the Uganda 

construction industry. 

Modeling and analysis was done on a reinforced concrete portal framed structure 

infilled with standard burnt clay brick using Abaqus Computer software version 6.14 

and Finite Element Method (FEMA) Approach. The model consisted of two main 

materials; reinforced concrete and standard burnt clay bricks. 

Using this technique, the interaction behavior of the masonry infill panel and concrete 

fi·ame was investigated. 

A parametric study was carried out using parameters such as aspect ratio with 

emphasis on the edge support conditions of the masonry infill panel with the frame. 

The variable parameter in the model assembly was the edge support conditions 

between the RC frame and the Masonry infill. 

3.6.5 Model Development. 

A 3-D arrangement was considered to develop the geometric model of 1000*1020nun 

infill out of75*115*230mm burnt clay bricks with lOmm thick mortar interface and 

300*300mm RC surrounding frame. The parts where positioned in a global coordinate 

system to create the assembly and the bricks were modelled together with lOmm thick 

mmtar in joints. Figures 3-5 and 3-6 depict the different created parts for use in the 

assembly. 
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Figure 0-5: Parts of the concrete frame (Base beam, top beam and side columns) 
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Figure 0-6: Pa1is of the masonry in fill with 1 Omm mortar joint (Full and half brick) 

3.6.6 Assigning of Material Properties 

All materials of the reinforced concrete structure with mechanical nature were 

independently modelled, two material models were used, to represent the general and 

mechanical behaviour of reinforced concrete frame and masonry infill as homogenous 

isotropic elastic materials. 

Table 0-2: Material Properties for reinforced concrete and burnt clay bricks 

s/n Description Density y Ymmg's Modulus Poisson's ratio v 

(kg/mm3
) (N/mm2

) 

01 Reinforced 2.4*10-6 3*104 0.2 

Concrete 

02 Clay Bricks 1.8*10-6 1 * 104 0_17 
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Figure 0-7: Concrete and brick sections assigned with properties 

3.6.7 Model Assembly 

The Assembly module was used to create instances of the parts which is a 

representation of the original parts. These parts instances where positioned in a global 

coordinate system to create the assembly. The assembly contained multiple instances 

of a single part and in this case the columns, bricks and half bricks were used 

repeatedly in the infill wall assembly. 

The Reinforced concrete frame was filled with block units of 75mm by 115mm by 

230mm thick connected in header bonding with I Omm thick mortar joint. However 

this mortar thickness was reduced to zero thickness due to the adapted model and the 

average unit dimensions increased by half the mortar thickness. The overall wall 

thickness was 230mm and infill panel size was 1000*1020mm as Figure 3-8 below. 
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Figure 0-8: Geometric Model Assembly 

3.6.8 Creation of step for analysis 

The assembly was configured for analysis by creating a step and in this simulation 

interest was on the static response of the out of plane pressure load applied on the 

entire face of the brick work within the rigid RC frame. 

Only a single analysis step was needed for the simulation and thus the analysis 

consisted of two steps: 

1. An initial step, in which took care of the boundary conditions that constrained the 

ends of the RC frame. 

n. And the analysis step, in which applied a concentrated load on the entire face of 

the infill wall. 

The initial step was generated automatically while the analysis step was created and 

the request output for the steps in the analysis was also made. 
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3.6.9 Creation interaction properties and constraints within the parts 

Eight-node three-dimensional reduced integration elements with a Gaussian 

integration point in the element (C3D8R) were used to simulate the concrete frame 

and solid bricks. 

/ 

1 • 

4L ______ _ 
-----3 

Figure 0-9: Eight node brick element indicating the integration point 

The adjacent nodes in the concrete parts in the model were merged to have perfect 

connections. As a result, there was no failure in the connections between the columns 

and beam as these connections were merged into one unit and behaved ideally with no 

weakness as one reinforced concrete frame. 

A micro modeling approach was adopted for this research whereby, the mortar joints 

and interface elements were defined as individual elements to represent a contact 

areas as in Figure 2-3c above. The interactions between the bricks were modeled by 

interface behavior in the form of contact elements as in Figure 3-11 below. 

Interactions between the masonry bricks were defined between the contact surfaces 

through adjusting the nonnal and tangential behaviors. The latter supported a friction 

feature by which the transmission of the shear forces in the interface was taken into 

account when two surfaces were in contact. In built system in the software were able 

to account for the friction coefficient as a function of contact pressure as Figure 3.12 
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below. In this research, penalty formulation with a variable friction coefficient for 

masonry interaction peaking at of 1.0 was used. 
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Figure 0-10: Created Interactions 
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Figure 0-11: Contact interfaces between the masonry elements 
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Figure 0-12: Schematic plot of tangential response 

Contact pressure 

3.6.10 Application boundary conditions and loads to the model 

Due to the difficulty of simulating restrained ends in the laboratory, it was decided to 

consider 3-d fixed translations for the entire frame in the research program. 

The boundary conditions were applied to those regions of the model where the 

displacements and/or rotations were known. These regions where constrained to 

remain fixed with zero displacement and/or rotation during the simulation in all the 

three directions. 

In this model the RC frame was constrained completely in all the three (3) directions 

(U1, U2 and U3). The frame was considered a rigid body whereby the effect of the 

pressure loading on the masonry caused insignificant effect. 

After constraining the frame, a uniform out of plane load was applied to the face of 

the infill wall panel in the X -axis with an initial pressure force of 1.0* 1 o-5N/mm2 and 

subsequently in equal increments of 0. 5* 1 o-5N/mm2 until failure occurred for each 

edge support condition. A gravity load was also applied in the negative Y direction. 
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Figure 0-13: Boundary conditions and loading 

3.6.11 Meshing the model 

The frame and bricks was divided into a mosaic of small structural elements 

connected only at nodal points along the boundaries of the elements. An appropriate 

size was used to establish an optimal mesh for modelling the reinforced concrete 

frame and the bricks. In this model the RC frame and the brick were modelled 

independently using the following sizes. 

Thus the following was considered in meshing. 

Maximum edge length for the frame = 50mm 

Maximum edge length for the bricks = 220mm 

Maximum deviation factor =0 .1 mm 

The Figure 18 below depicts the different meshes of the model parts and assembly 
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CHAPTER FOUR: DATA ANALYSIS AND DISCUSSIONS 

4.1 Baseline surveys analysis 

A sample of forty seven (47) for multilevel structures under construction in the 

Kampala City Council Authority (KCCA) was considered for analysis as in Table 4-1 

below. 

Table 0-1: Baseline survey results ongoing multi-level constructions in KCCA 

Method of in fill Division and corresponding number of structures 
construction Nakawa Makin dye Rubaga Kawempe Total %age 

In fill wall panel 03 03 02 02 10 21.3 
constructed after 
frame constructed 
and attached to sides 
by mortar 

Side RC columns 06 03 04 05 18 38.3 
cast with lnfill wall 
panels in place and 
the soffit of the top 
beam cast directly 
on the wall 

lnfill wall panel built 04 05 02 03 14 29.8 
after construction of 
columns and 
attached to columns 
by mortar and soffit 
of the beam cast 
directly on the wall 

Side column cast 01 02 02 00 05 10.6 
with Infill panel in 
place forming a saw 
tooth pattern with 
the columns and 
soffit of the beam 
cast directly on the 
wall 

Total 14 13 10 10 47 100 
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