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AB S T I?. A T 

The purpose of the work reported in this thesis was to investigate 

whether the yield line and finite element methods could be used to 

estimate the lateral load capacity of model brick walls, in conjunct-

ion with experimentally established values of modulus of rupture. 

Model brick walls of varying dimensions, thicknesses, support 

conditions and axial precompressions were tested under uniform 

lateral load. Analyses were carried out using the yield line and 

finite element methods for comparison with the experimental results. 

Good agreement between measured and calculated loads and deflections 

was found. 

Reported also are the results of tests carried out on Lull scale 

wallettes and prisms to investigate the modulus of rupture of 

brickwork, using Live types of bricks and two of mortars. Sile 

transverse tests for studying the modulus of rupture at axes of 

bending parallel to or at 450  or 900  to the mortar bed joints are 

described. Possible effects on modulus of rupture of variables 

such as suction rate, modulus of rupture, crushing strength of the 

bricks and the brickwork are reported. 

The effect of axial precompression on lateral load capacity and 

rigidity of walls is also included. 
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CHAPTER •; 

101 	GENERAL 
	

INTRODUCTION 

Brick masonry is primarily a loadbearing material with relatively large 

compressive strengtha It was used exclusively as such, and walls possessed 

gravity stability because of the mass of the wefl and the superimposed floor 

loads. Under such design conditions, flexural and tensile strengths were 

not a consideration. 

The trend of the last years, however, has been in the direction of walls with 

less and less lateral support and with little or no superimposed loads to 

make them gravity-stable. Warehouses and shops with high walls, which cannot 

be justified on the basis of gravity stability, are quite common 0  Moreover, 

many modern wall designs for schools or offices have strip windowsand large 

door openings which interrupt the bean action.- 

Transverse strength of brick masonry wails is sinail and highly variable in 

character 0  It is usually not directly recognised by most building codes. 

Indirectly, the transverse or flexural resistance of masonry walls is controlled 

by providing either the horizontal or vertical support intervals not to 

exceed eighteen tines the nominal wall thickness. Now increased, however, 

allowable extreme fibre stresses that would permit rational analysis is 

indeed lacicLng, In some types of walls, CP III, 19701, defines certain 

allowable stresses. 
/ 

The source of the transverse strength in a masonry assemblage is the band 

at/ 
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at the interface between the brick and mortar. Although the precise nature 

of this bond is not completely understood, research indicates that the 

following variables influence this mechanism: 

1 • Brick characteristics 

absorption or suction rate at time of laying. 

type (solid, perforated, frogged) and surface roughness, including 

texture. 

2 • Mortar characteristics 

flow and water retentivity 

type and cement content 

thickness of mortar bed 

curing conditions and duration 

workability. 

30 Worksanship 

Basically, bond is largely influenced by the battle between the brick's 

capacity to absorb water and the mortar's ability to retain it for proper 

hydration at the interface. Bricks having a suction of 20 gndm 2/mm or less 

are generally considered satisfactory. It is this initial rate of water 

absorption that is of most importance in obtaining good bond between brick 

and mortar. It is also important that mortar shall have a flow after suction 

greater than 70 of. the initial flow. This is a measure of its water 

retentivity and workability. 

Since it is . the internal curing condition of the bond interface that is 

important here, it is questionable whether the external curing of the. wall 

greatly! 
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greatly 'ids the bond. As air curing conditions are the only ones usually 

practicable, attention is better directed to aiding the internal hydration 

by controlling water retention, which can be accomplished by admixtures 

in the mortar mix and by changing the suction of the bricks by wetting 

before they are laid. 

Traditionally, masonry has been built by rule-of-thumb methods, Most building 

Codes reflect these arbitrary limitations as to height and thickness of 

masonry. In most cases designed walls have had satisfactory bearing capacity, 

however, the factor of safety might have been unduly high thus resulting in 

uneconomical design. Where failure has occurred, in adequately supported 

wall panels, it has been by bond failure at the brick mortar interface 

although in panels with good bond strength, tension failure in the bricks 

and mortar has taken place. The introduction of rational design provisions 

into a code allows the engineer to utilise masonry not in accordance with 

these arbitrary restrictions, but with regards to its structural properties. 

Due to insufficient knowledge of the structural mechanics of laterally 

loaded masonry walls, the lateral load capacity could not be determined 

analytically. Existing design methods are based on empirical data and highly 

approximate calculation methods and are not considered to be a rational 

approach to the design problem. A rational design must be based on a method 

that is representative for the performance of the structure in use. 

As a rule, however, national building codes with a few exceptions are 

restricting the use of masonry walls by not allowing tensile stresses to 

occur in such walls. If this rule was strictly enforced it would mean that 

unreinforcedJ 
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unreinforced. masonry walls could not be used as infill panels or in the to's 

storeys of buildings where the vertical loads are small. 

There are several reasons why tensile stresses are not allowed, one being 

the lack of better design methods. To develop stress analysis design 

methods, test data for masonry walls must be available to verify the methods. 

A combination of vertical and horizontal loading is common. Combined loading 

tests are important because exterior walls in loadbearing masonry carry both 

lateral and compressive loads. Below ground the walls may be subjected to 

soil pressurea The compressive load increases the flexural strength, and 

when cracking occurs it does not necessarily result in immediate collapse of 

the wall, which may be sufficiently stabilised by the effect of the vertical 

loading. 

1,2 	RVIENT OF PREVIOUS WORK 

All walls, whether designed to support vertical load or not are liable to 

be subjected to lateral loading, as for example from wind or from materials 

stacked against them. As the tensile strength of brickwork is low and 

variable, cracking may occur for even small lateral loads if the wall is 

thin or if insufficient support is given to the perimeter of the wall. 

Cracking in itself may not lead to collapse, however, for the cracked wall 

may be stabilised by the action of any vertical loading it supports. 

Alternatively, if restraint to edge movement is afforded by the rest of the 

structure the wall may resist further lateral load by acting as a flat done. 

This! 
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This later action can occur when a brick panel is built into or against a 

steel framework and tests have been made at the Building Research Station 

to examine the lateral strength of such panels as reported by Thomas 2 0 Some 

single and cavity full size walls were tested with and without reinforcement, 

the lateral loading being applied by means of hydraulic jacks at 16 points 

through a distributing system of steel joists. 

Davey3  reported a few tests carried out by the Building Research Station. 

Two sets of L in, panels, 1 ft 6 in long and 9 ft high were tested using 

two different strength bricks. Both sets included walls built in 1 :3  cement, 

sand mortar, 1 :1 :L cement, lime, sand mortar, and 1 :2:9 cement, lime, sand 

mortar. The walls were all loaded with a direct end load of 1 ton per sq ft 

and the lateral load was applied horizontally half-way up the wall. In all 

cases failure occurred by the breaking of the bond between the mortar and 

the bricks in a horizontal course. There was an increase in the strength 

of the brick mortar bond as the cement content of the mortar increased but 

the increase was not proportional. Although in the second series of tests 

very much stronger bricks were used, this did not result in proportionally 

greater failure strength, indicating that the mortar bond is to a greater 

extent the factor determining the lateral stability of a wall. 

The next problems to be considered were those arising when the wall is used 

in a structural framework. In this case the wall could be either restrained 

or simply supported around its entire peripheryo 

In the first tests undertaken the walls were loaded laterally by means of 

bydraulic jacks on 16 points of its surface* Later, air pressure was used 

to! 



to give uniform pressure loading on the walls 0  Air was pumped into a rubber 

bag enclosed between one side of the wall and a concrete slab. The reaction 

due to the air pressure was taken by connecting the slab with tie bars to a 

concrete frame on the other side of the test wall. 

In one series two walls were tested with all edges free, that is the walls 

were not subjected to edge forces in the plane of the wall. Two other walls 

had their edges built into a steel channel surround to simulate the conditions 

of a panel in a steel framed building 0  One wall had free edges and a direct 

load applied to the top. 

Where the edges were free the load to cause cracking was not exceeded as 

the wall was further deformed. When edge restraint was provided, the wails 

developed appreciable dome action and the capacity of the wall to resist 

lateral load was increased. 

Another series of tests using a weaker brick strength produced very similar 

results. 

Tasker initiated simulated wind load tests on fu.11 size test walls using 

contiguous canvas bags • He tested two 9 in no-fines concrete walls, one 9  in 

brick wall and an 11 in brick cavity wall, with a view to studying the stresses 

involved and the action of these walls under pressure, and to presenting an 

analysis for all types of external masonry walls likely to be used in construct, 

ion for domestic buildings • oily incomplete conclusions have been drawn 

from these tests due to their limited scope and numbero 

Bradshaw/ 
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Bradshaw and htwisleS discussed the roblezns associated with lateral wind 

loading on external brickwork infill panels of the uppermost storeys of 

buildings where vertical precompression is very small., (fly,  an approximate 

method of design for safe panel sizes and thicknesses to resist given wind 

loading was introduced, based on bending moments similar to those for two-way 

span reinforced concrete slabs with torsional resistance6 . 

The Structural Clay Products Research Foundation78910 reported transverse 

tests on vertically spanning brick wails of various thicknesses using either 

the inflated bag method or two line loads at the outer quarter points of the 

wall. 

Thompson, Johnson and Wheeless 11  presented a report based on a series of 

flexural tests on masonry bonded hollow wails of varying widths, percentages 

of headers and sizes of brick. A systematic analysis of the results of the 

tests and the effects of the basic parameters involved in the structural 

capacity of masonry bonded hollow walls is presented. The influence of the 

section modulus, percentage of headers, mortar compressive strength, and bond 

effectiveness on the resisting moment and modulus of rupture of the wails is 

discussedo 

Monk 2  carried out some lateral tests on walls and found that major wall 

rupture did not occur at loads lower than the yield strength load; hence this 

value is unaffected by redistribution of stresses due to failure. He also 

noted two observations from the crack patterns. Cracks at the corners show 

evidence of the restraining moments generated by corner continuity. The 

shorter walls, not restrained at their tops, failed prinarily as horizontal 

beams ./ 



beams. He also found that wall strengtii determined by the third-point loading 

method was less than that obtained with uniform loading0 

National Concrete Nasonry Association 13 performed flexural tests on masonry 

walls in the vertical and horizontal spans for providing information which 

can be used as a basis for the engineered design of concrete masonry. 

Brick cavity walls of different support conditions have been tested by 

uniform lateral loading at The Norwegian Building Research Institute1 to 

study their stiffness and strength to provide a better understanding of their 

structural mechanics. 

Dial, gauge readings indicated that both wythes got approximately the same 

deflections and the strain gauge readings on steel ties connecting the 

wythes indicated that about half the load was carried by each wythe. Hence 

it was concluded that the bending moment caused by lateral loads is divided 

between the wythes according to their stiffness in bending. 

The test data for the walls have been used to verify theoretical calculation 

methods, and design tables worked out based on the test results and a 

computer program for elastic plates. 

Haseltine, Thomas, West and HodkinsoA reported some tests on vertically 

spanning brick walls carried out at the Laboratories of the British Ceramic 

Research Association. The walls, which were storey high, were placed under 

a known precompression while the lateral load was applied by means of an 

air bag. 

The! 



The tests established that at low pre-loads (5000 lb/ft run) failure is 

entirely geometrical and that the strengths of the mortar and the bricks 

play little or no part in the total resistance to lateral loading. As the 

pre-loads increases, the mode of failure changes, introducing an element of 

crushing at mid-height of the wall on the laterally loaded face (Fig 1.1) 

It was suggested that these patterns of failure seen to account for the shape 

of the lateral load-precompression curves (Fig, 1,2) 

Although the precise relationship between lateral load and precompression at 

very high levels of precompression has not been investigated, the range 

covered is adequate for practical purposes. 

The effects of end restraints an the load capacity were tested on one 9 in-

wall with returns. At a precompression of 5000 lb/ft run this wall failed 

in a yield line pattern of cracks at a load more than twice that of the 

equivalent wall without returns. It seems likely that the effect of returns 

at one or both ends of a wall must be to stiffen it and thus increase in 

some degree the lateral load resistance and also, of course, change the 

hinge failure to that of a yield line pattern. 

Grenley, Cattaneo and Pfrang 6  reported flexural tests of preconipressed, 

vertically spanning brick walls. To mortars were selected; a conventional 

and a high-bond strength one to illustrate what can be accomplished in 

engineered masonry as better mortars become available, permitting a masonry 

structure to more fully utilize the inherent high strength of the individual 

brick. The increase in the flexural strength of masonry walls due. to applied 

edge-load was also reported and interaction diagrams for such systems presented. 

An! 
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An investigation which centres on the effect of precompression, wall length 

and returns on the transverse strength of full scale brick cavity walls was 

reported by Hendry, Sinha & Naurenbrecher 1 7 a The test walls formed part of 

a full scale building thus having similar end conditions and similar 

precompressions to those in practice. The cavity walls were uniformly loaded 

on their inner leaf, both in precoinpression and transverse loazI. A simple 

theory was proposed for walls supported in various ways, taking into account 

the arching effect resulting from vertical restraint. Results of the 

investigation are reproduced in Tables (1.1) and (1.2).  

1.3 	NETHOD OF ANALYSIS 

Two calculation methods have been used based on The Yield-line and Finite 

Elements Methods. The former predicts the ultimate load and the latter is 

essentially an elastic analysis method. Both are assumed tc• be valid until 

the instant of cracking, at which in most cases full pattern development 

was achieved, and where equilibrium of bending moments and compatibility of 

deformations is still applicabj.e. both of these methods have been extensively 

applied for the analysis of reinforced concrete slabs of any shape with 

varying conditions of support and under any combinations of loading. 

Structures continuously or occasionally under' - load obviously have to be made 

safe against failure, and so it is Vitally important to determine, their 

strength through tests and calculations • Such a study must often by supplemente 

by calculations of the deformations, since it is often nc. essary to keep the 

deformations within appropriate limits; in other words, besides having 'a 

certain! 
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certain strength, the structure must have a certain degree of rigidity, 

These subjects are covered by the two branches of study: .trength of material 

of materials and theory of elasticity, the latter was generally being by 

far the more widely applied  

This bias has led in the past to a certain reluctance to accept, if not to 

actual distrust of, methods of calculation which are not based on the 

theory of elasticity, although in most cases the result calculated according 

to the theory of elasticity will be an idealised figure, since the materials 

do not follow Hooke's law to the point of failure, and the deformations can 

not be reckoned as infinitesimal. The result based on the strength of 

materials criteria will be realised in practice, however, since these make 

use of the particular features of failure. 

It is therefore quite natural that the first attempts to analyse loadbearing 

structures should have been made on the strength of materials theory; but they 

have been calculated on the basis of elastic theory, and they have not therefore 

been developed to the best advantage. 

Except in the simplest case of spanning between two parallel supports it is 

uneconomical to design a wall panel as if it consisted of a series of beams 

laid side by side. Elastic methods of analysis of two-way spanning slabs have 

been developed and have been in use for many years, but they are so complicated 

mathematically that in practice the data obtained from stancIe.rd cases are 

generally provided in the form of tables of bending moments, etc 6, for 

various slab proportions and support conditions, and have been applied to non-

loadbearing brickwork panels by Bradshaw and Eht wisleS. For slabs of 

irregular! 
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irregular shape, elastic analysis is hoplessly complicated and a sol.tion may 

be beyond the ability of even the best mathematician unless a computer is 

available. This, however, is not true when enploiIng an ultimate load 

method of analysis and solutions can be obtained for slabs of any shape, with 

any support conditions, and under any combinations of loading. 

From the above review it will be seen that the work done previously on the 

lateral strength of brick walls was not comprehensive and most of it was 

concerned with the strength when walls were spanning vertically. Only a 

limited number of tests were carried out on walls supported from more than 

two sides to allow the verification of any suggested method of analysis. 



TABLE 1 ! 

MORTAR AND BRICKWORK STRGTHS. 

Test 
No 

Mortar 
Strength 

lbf/in2  

Average 
Age 

days 

Brickwork 
Strength 

lbf/im2  

Average 
Age 

days 

Notes 

1 2430 16 26301 17 1. 	9 1 ? brickwork 

2 1290 36 39140 1 36 
cubes 

3 1 825 10 850 10 AU brickwork 
specimens tested 

14 1700 13 1060 12 with plywood top 
and bottom 

5 2090 12 	. 800 9 

6 12145 9 1050 16 

7 1235 12 1020 10 

8 11140 9 1075 11 

9 1310 19 1160 20 

10 1910. 9 9145 8 

11 11415 11 1080 114 

12 2090 17 12140 21 

13 2595 23 950 23 

114 2000 114 1175 15 

15 2135 21 600. 21 

16 2050 12 1020 13 

17 21475 26 995 20 

16 3265 39 810 39 



CABLE 1 .2 
	

TEST RESULTS 

Test 
No 

Returns Overall 
Length 

Length/Height 

Ratio Thickness 
Cross-sectional 

Area of wall 

Load on 

Wall Stress Iiax Uplif .t 

Max. Lateral Load Ratio Exp,  
/Simple &p0 Theory* 

.2 Theory 
ft in in in tons 2  lbf/in in lbf/in2  lbf/in2 

1 NONE 14 1 0" 05 8.14 1403 - - - 10.5 - - 

2 NONE 14 1 0" 0.5 8-4 1403 - - 0.72 12°2 - - 

3 NONE 1411" 005 14" 3" 14" 196 114.14 165 0.11 263 2'3 1 
CAVITY 

14 NONE 14 1 1" 00 5 " 196 12 137 0011 2°0 109 1005 
5 ONE 14 16" 0.52 " 216 16 166 0009 3•8 2.3 1°7 
6 ONE 14 16" 0.52 " 216 13.14 139 0.12 3°7 1•93 109 
7 NONE 8 1 2" 1 1 0 14" 392 12.2 70 0.10 1°1 0°97 loiS 
8 NONE 8 1 2" 100 14" 392 13.1 75 0017 0e95 1•O4 0°95 
9 ONE 8 16" 100 14" 3" 4" 1408 16-18.5 88-102 0.15 2°2 1'22-1141 1o81°6 

CAVITY 
10 ONE 8'6" .o It  1408 13.6 75 0.17 2•3 1014 2°2 
11 TWO 8 111' 1.0 if 

 1428 13.3 70 015 3°0 0°97 3'1 
12 IWO 8 1 11" 1'0 it 

 1428 15 79 0°11 3014 101 3°1 
13 ONE 15th" 109 It 736 23 70 0'114 O°8 0°97 0°85 
114 ONE 1516" 1•9 to  71414 26.5 80 (> 15 0•9 1.1 0°8 
15 ONE h'h" o•S it 209 13.5 1145 0011 3.5 2.02 1.75 
16 ONE 6 12" 075 " 296 114 106 0°11 2°5 1e147 1.7 
17 WO 12 1 9" 105 " 612 15 55 0.12 1°7 0•76 2°2 
18 IWO 15'0" 1.8 " 720 17 53 0.08 1.14 0714 1.9 

Notes: Height of all wails 8 loti; Theoretical Max. Uplift for 8'4" thick wails = 1 o146" 
411 	It 	if 	= 003311 

Length without return 
* Theory without return 
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CHAPTER 2 

YIELD.- LINE METHOD 

2.1 	GERAL 

If it is assumed that failure occurs when a certain function of the stresses 

reaches a specific limiting value, then failure will generally start at a 

single point in the body under stress. 

A brittle material will lose completely its capacity to take up the stresses 

at failure, and the stresses must therefore be borne by the adjoining sections; 

these are already stressed almost to the failure point, however, and therefore 

reach this point when the extra stress is imposed. The next adjoining sections 

then also lose their capacity to take up not only the extra stresses, but the 

original stresses as well, and sections adjoining these are stressed to the 

point of failure, and so on • In this way, the failure immediately spreads 

over an extensive area, which completely loses its capacity to bear stresses 

and in many cases the whole of the body's carrying capacity will then be 

exhausted. 

It was observed in the majority of tests that failure took place along all 

yield lines simultaneously with no cracks being detected previously and in 

some cases accompanied with a sound. Therefore no sections or points in the 

walls had lost their ability to take up stresses before the others, and so 

all yield lines were assumed to have attained the maximum bending moment and 

Yield stress at the same time. So it could be stated that this assumption 

would/ 
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would be a direct result of two facts: the fact that the brickwork being a 

brittle material would lose its capacity to take up stresses once its yield 

stress is exceeded. The other fact is the experimental observaticn that 

failure of the walls was along all yield lines at the same time with no 

cracks appearing at earlier stages. 

2.2 	INTRODUCTION 

Any theory of failure must be based on a hypothesis of failure which, in 

association with certain geometrical assumptions, lead to the determination 

of the state of stress. If the failure hypothesis says anything about the 

failure sections, certain patterns of fracture lines, such as yield lines in 

plastic bodies, are defined by it, and it will therefore be right to call 

these theories mathematical yield-line theories. Two cases of failure are 

possible: yield in three dimensions, and yield over certain failure 

surfaces or along yield lines for plane problems. 

Development of the mathematical yield-line theory for plastic plates is nelf  

compared to elastic analysis. The condition of failure is that the maximum 

bending moment corresponds to the ultimate load. Studies show that the 

mathematical yield-line theory is just as complicated a tool as the 

mathematical theory of elasticity, and so the obvious course seems to be to 

formulate a simplified yield-line theory, in just the same way as the 

simplified theory of elasticity has been evolved side by side with the 

mathematical theory of elasticity. it is suitable, particularly for thin 

plates, to formulate . complete theory, and this was done by K.W. Johansen in 

a special section of his book "Yield-Line Theory" 8 . Some of the steps 

treated/ 
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treated are considered here: 

Treatment of the purely geometrical features of plates; a study being made of 

the way in which the yield pattern depends upon the type of support used. 

This shows that the yield pattern depends upon the axes of rotation of the 

individual parts of the plate and the relation between the rotations. 

Then the work equation - which serves to determine the ultimate moment, when 

the yield pattern is assumed to be known - is derived by the principle of 

virtual work. The yield pattern can also be determined through the work 

equation, however, it being shown that the correct yield pattern is that one 

of all the geometrically possible yield patterns which gives the biggest 

ultimate moment. 

The work equation is of inestimable value for practical calculations, since 

the ultimate moment can be determined directly from an estimated yield pattern. 

With it an excellent approximate value can be obtained for the ultimate 

moment. For these calculations it is not even necessary to remember the 

formulae for the nodal forces; once one has learned how the work equation is 

formulated, one can solve most practical problems with this equation alone. 

Also the nodal forces are defined and determined, i.e. a system of forces 

which are statically equivalent to the shear forces and torsional moments in 

the failure sections or yield lines. They are determined only with 

equilibrium equations and failure hypothesis. When the nodal forces have 

been determined in this way, the yield pattern and ultimate moment can be 

determined by means of the equilibrium ibrium equations for the various, sections 

of/ 
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of the plate. 

The theory is based on energy and kinematic principles and leads to an upper 

bound on the collapse load. That is the true collapse load is either equal 

to or less than that calculated by yield line analysis and therefore 

essentially unsafe predictions are made. The collapse load is determined by 

equating the external work done by applied loads to that dissipated internally 

along the yield lines of an assumed collapse mechanism. This leaves much 

choice to the analyst in selecting the collapse configuration, and although 

there are certain well defined procedures to aid in the proper selection, 

one is never sure that the lowest possible collapse load has been determined 

even after analysing many possible mechanism patterns. 

The greatest drawback of the method is the impossibility of predicting what 

internal generalised stress states exist within the portions of the plate 

bounded by supports and yield lines.. 

A further limitation is the absence from the analysis of the effects of 

membrane action on the collapse load. This has lead to very conservative 

estimates of the collapse load for slabs in which in-plane forces are 

significant. 

Even with its limitations, the yield line method has and continues to 

stimulate interest in the limit behaviour of slabs. Its greatest advantage is 

its simplicity of application and even though theoretically it leads to an 

upper bound on the collapse load, it seldom overestimates the experimental 

collapse load. This is primarily why it has been so well accepted. 

For/ 
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For the practical application of the yield line method excellent texts have 

19 	 20 been produced by Jones and Wood and Jones 

2.3 	20I1ATION OF THE YIELD-LINE THEORY 

The first stage of the ultimate load analysis of any plate is to predict the 

yield-line pattern of failure. The ultimate resistance moment along the 

yield lines can be calculated and by analysing the panel at the failure condit-

ion, the value of the load which is in equilibrium with these moments can be 

found. 

As with most methods of analysis certain assumptions are made, which from 

tests are known to be reasonably true. Since the curvature along the yield 

lines is larger than the curvature of the parts between the yield lines, 

which are still behaving elastically, then it is quite reasonable to assume 

that the elements between the yield lines remain plane, and that all deform-

ations take place in the yield lines. Since the intersections between 

inclined planes are straight lines, it follows that the yield lines, which 

are the intersections between the plane elements are also straight. 

In order that the plate may deflect, the plane elements must rotate about 

certain axis; and it is a necessary condition of deformation that the yield 

line, or intersection line between two adjacent elements, passes through the 

intersection of the axes of rotation of these plane elements. Generally 

the axes of rotation will lie along the lines of support. 

2.3. 1 	VIRTUAL WORK METHOD / 
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2.3,1 VIRTUAL WORK METHOD 

Once a failure pattern has been postulated two methods of analysis are 

available in order to find the relation between the ultimate resistance 

moment in the plate and the ultimate load. Ckie method has been called the 

equilibrium method. When using this method it is usually necessary to study 

the equilibrium of each of the elements into which the plate is divided by 

the yield lines. Equilibrium equations are obtained from each element, by 

equating internal and external moments and by resolving vertical forces, 

and to find the desired solution the resulting equations are solved simultan-

eously. 

The second method of solution is the well-known principle of virtual work. 

Since the moments and the load are in equilibrium when the yield line pattern 

has formed, the slightest increment in load will cause the structure to 

deflect. When this increase in load is infinitesimal, the work dome on the 

plate while the yield lines are rotating must be equal to the loss of work 

due to the load deflecting. Thus, if a point on the plate is given a virtual 

deflection, Z, displacements in the form of rotations compatible with this 

deflection take place along the yield lines. The internal work done on the 

plate will be the sum of the rotations in the yield lines multiplied by the 

resisting ultimate moments, while the external loss of work will be the sum 

of the loads multiplied by their respective deflections • When the internal 

and external work is equated, we have the relation between the ultimate 

resistance moments and the ultimate load. 

If we assume that the yield pattern is known, the axes of rotation and the 

rotios/ 
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ratios of the rotations will also be known. A set of simultaneous 

rotations is then used as virtual displacements. Since all that 

happens between the parts of a plate is a rotation, not a 

translation, the shear forces do not do any work in the plate as 

a whole. For a part of a plate which undergoes rotation, Q, 

the work done by the ultimate moments will be the produce of, Q, 

and the component in the direction of the axis of rotation of 

the resultant L, of the ultimate moments for the part of 

the plate in question. Ecpressed in vector language., it will be 

(pj.Q) i.e. the scalar product of the vectors, 1i1, and Q. If, 

has components, N,  and M, corresponding to two axes at 

right-angles to each other, and Q, components 9 J.  and 	we get 

M .0 	+ 	M.0 
X 	 y  

....9(2.1 ) 

The right-hand side of the equation is the sum of the work done 

by the component moments, since, M, does no work for the rotation 

nor does M do any for 0 

In order to obtain an expression for the external work, we choose 

a convenient point in the plate and give it a virtual displacement, 

Z. The deflections of all parts of the plate can now be expressed 

in terms of Z and hence the loss of work due to this displacement 

of the load may be calculated from the equation: 

Iz (w. z) 	= ES f p • Z dxdy 	 • . ... (2 • 2 ) 

The! 
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The principle of virtual work then gives 

z(N.Q) 	
+ESSP.Z dxdy 
	= 0 	 96ee0(2o3) 

in which the siuiation extends over all the parts of the plate, 

since only then is the work done by the shear forces zero. 

For the square plate shown in Fig. (2.1), the total internal work 

done in yield line, ac, is given by 

E(M..Q) 	= if L.m 	2 'TP 	- 
L 	— 

The work done in yield line, bd, is the same as in ac, hence 

= 	8.m 	 ..es (2.5) 

The centre of gravity of each of the triangular elements deflects 

one-third hence 

.E(w.Z) 	= 	*pL2 	 .....(2.6) 

wri tin gz(MoQ) = E(W.Z.) we find that 

m = jj- 

Ecpressions for other plates with varying dimensions and boundary 

conditions are given in detail in Appendix (A.1) 

2 .4 	_____ 
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2.4 	MOMPNT OF RESISTANCE OF BRICKWORK 

While data on the transverse strength of brick masonry walls are 

not as extensive as those available on the compressive strength 

of walls and piers, transverse tests of specimens, constructed of 

materials representative of those used in construction, provide 

data from which it is possible to estimate the expected transverse 

strength of brick masonry walls if the type of workmanship and 

curing conditions are maintained the same. 

The resistance of brick walls to ],ateral forces applied normal to 

the face of the wall depends primarily upon the bond strength of 

the mortar joints through which failures normally occur. Bond 

between mortar and brick is materially affected by mortar composition 

and flow, suction of the bricks when laid and the technique of 

forming the mortar joint. Cviously, incompletely filled joints, 

due to furrowing or partial filling, develop much less strength 

than completely filled joints. 

The location of lateral supports has an important effect on the 

resistance of masonry walls to lateral forces. When the supports 

are spaced vertically and the bed joints are normal to the span, 

failure of walls subjected to transverse loading is usually at a 

bed joint and results from failure of the bond between mortar and 

masonry units. However, when lateral supports are spaced horizontally 

with bed joints parallel to the span, failure resulting from 

transverse/ 
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transverse loading often occurs in the unit, as well as in the 

mortar joints. 

Moment of resistance of the brick walls was determined by flexural 

tests of brick panels made from the same materials as the walls 

and kept in the same conditions. They were loaded using the third-

point method as simply supported beams. The resulting moments of 

resistance from these tests were used in the yield-line formulae to 

estimate the lateral load capacity of the brick walls. These 

moments of resistance were obtained through the modulus of rupture 

and section modulus of the test panels. 
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CHAPTER 3 

THE FINITE ELEMENT METHOD 

3.1 	INTRODUCTION 

The behaviour of plates under transverse loading has received consider-

able attention since the first attempts of plate analysis. For well 

over a century many analysts developed and improved upon the theories 

of plate bending by elastic analysis. Westergaard 21  has summarised 

the historical development of plate theory and described the early 

tests to investigate the collapse behaviour of reinforced concrete 

slabs. A comprehensive work on the theory of plates and shells by 

moshenko and Woinowsky-Krieger22  now fonns the standard reference 

for most investigators. 

In view of the complexity of plate bending problems it is hardly 

surprising that numerical methods are being applied to their solution 23. 

One such method that has gained appreciable popularity in recent 

years is the finite element method. This method is a more physically 

obvious one than previous methods such as the finite difference. The 

structure is divided into a number of small elements connected at 

their nodal points, where displacement continuity, in the purely 

elastic case, and discontinuity, by introducing plastic rotations, 

together with equilibrium of nodal forces is established. The solution 

of the problem follows using standard structural procedures. 

The! 
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The majority of finite element development effort has been devoted to 

systems involving one or two dimensional elements: frames, plane 

stress systems, plates, shells, and combinations of such components. 

However, the method is equally applicable for the solution of 

problems in the difficult, but important, field of three dimensional 

elasticity. 

The dominant reason why the finite element method has been accepted 

so quickly and applied so extensively in engineering practice is its 

complete generality. The same basic theory, indeed, a single basic 

computer program, may be employed in the analysis of structural 

systems ranging from simple plane trusses to elastic solids of arbit-

rary geometry. To implement a general computer program of this type, 

it is necessary only to include in the element sub-routine library, 

programs for evaluating the stiffness of each type of element 

required in any given structural idealization. 

32 	ORIGIN 

The finite element method was developed in the U.S.A. in 1956 24.   since 

its beginning in the aircraft industry, the method has become very 

popular in many other fields. Principal researchers into the 

development and. application of finite elements have been Clough25  in 

U.S.A. and Zien1cLewicz26 27 in the U.K. Many other authors have 

contributed to the popularity of the method. Almost all available 

literature on the procedures and use of finite elements is reported 

in two texts27' 28. 

3.3 	PHILOSOPHY! 
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3.3 	PHILOSOPHY 

The finite element method is essentially a generalisation to three 

dimensions of the classical- structural- analyses of skeletal struct-

ures. The basic concept of the method is not new. The structure 

when analysed is approximated by a finite number of elements 

interconnected at a finite number of nodes. The structure is a 

mathematical assembly of physical elements • There is no approx-

imation required in the mathematical procedures, only in the choice 

and physical assembly of the elements. This is the basic difference 

between the finite element and finite difference methods. The 

finite difference method gives an approximate mathematical solution 

to the exact continuum whereas the finite element method gives an 

exact mathematical solution to an approximate continuum. 

By dividing the continuum into elements of various sizes and Bhupes ., 

all material properties of the original system can be retained within 

the individual elements. This capacity of the method to cope with 

arbitrazy material properties is a principal attribute of the method. 

Of equal importance ., is the facility to deal with cut-outs, irregular-

ly shaped boundaries and any type of applied loading. 

The basic steps in any finite elements analysis are the structural 

idealisation or subdivision into elements, the derivation of 

individual element properties and the assembly of elements into a 

physical structure. The number of different shaped elements should 

be kept to a minimum, so as to reduce, the amount of initial coniput - 

ation/ 
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ation of element stiffness characteristics. 

The element stiffness properties describe the nodal force displace-

ment response of the element. The elements are assembled into a 

substitute structure using the well known matrix structural methods, 

satisfying equilibrium of nodal forces and compatibility of corresp-

onding displacements. 

Either of two approaches to matrix analysis, force or displacement 

approach, can be used in the finite element formulation. The 

development of the force method has been traced by Argyris 29' A 

summary of both and a comparison have been made by Gallagher 30. 

3 .4 	BENDflG OF PLATES 

A fuJi. account of the finite element method as applied to' plate 

bending problems has been given by Zienkiewicz 27 . In solutions 

presented the starting point has been based an the classical plate 

theory assuitions and subject to precisely the same limitations. 

The state of deformation of a plate has been entirely described by 

the lateral displacement, w, of the middle plane of the plate, and 

continuity conditions between elements imposed not only on this 

quantity but on its derivatives. At each node, therefore, three 

conditions of equilibrium and continuity have been imposed. 

Determination/ 
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Determination of suitable shape functions giving complete slope 

continuity on the interfaces between various elements is much more 

complex, it is, however, relatively simple to obtain shape functions 

which, while preserving continuity of, w, may violate the slope 

continuity between elements, though naturally not at the nodes where 

continuity is imposed. These have been labelled by Zienkiewicz 

as non-conforming shape functions. 

3.5 	THE ELASTIC EL1FT STIFFNESS MATRIX FOR RECTANGULAR 

ELEM T 

3.5,1 	Functions 

At each node of a rectangular element of a plate coinciding with the 

x, y plane, displacements, 	are introduced. These have three 

components: a displacement in the Z direction, and two rotations 

about the x and y axes respectively. The nodal displacement vector 

can be defined as follows at a node i 

W. 
:1. 

U I 	 a. 

0. YX 

(CW) 

'y i  ....(3.1 ) 

The element displacement 'will, as usual be given by the listing of 

the nodal displacements, now totalling four 

U. 
1/ 
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Ui  

U. 
LI 
	 3 	 ... .. (3.2) 

Uk 

U1  

The shape functions must be defined in terms of U, i.e. in terms 

of twelve parameters 

w = a1  +a2x+a3Y+% 2  x +a5+a6y 2  +a7x3 	2 +a5x y+a9xy 2  +a1  3  +a1 1x3  y+a12  

.... . (3.3) 

The constants a1  to a12  can be evaluated by writing down the twelve 

simultaneous equations linking the values of w, and its slopes at 

the nodes when the coordinates take up their appropriate values. 

These have been defined in matrix form by 

•.... (3.14) 

where C is a twelve by twelve matrix depending on nodal coordinates 

and, a, is a vector of the twelve unknown constants. 

3.52 Stress and Strain Matrices 

These relationships depend upon the nodal displacements such that all 

internal generalised stresses can be determined at each node in the 

plate, once the displacements are known. These generalised stresses 

for isotropic plate bending are given by 

M X I... 
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M 	I •I 	 D 	0 	
J 	

- w, oc 2  
XII 

yl 	I 
M 	I = i 	 0 	- w, yy 	......5 

Ml 10 	0 	D 	 w,xyj 
Il 

Et3  

D =  1 	12(1 - 2 	
D2 	= 	D1  , D3  = D1  0 - \') / 2 

In general matrix terms, if we State 

- w, xx 

K 	= - w,yy 

w,xy 

Then 

M=DK = DBa 

DBC 1 U 

= 	Ba 	 .....(3.6) 

• o•• (3.7) 

which is an expression of the generalised stresses in terms of the 

element nodal displacements. 

3.5.3 Nodal Forces 

The components of each nodal force must correspond to the nodal 

displacement components. These nodal forces are equivalent statical-

ly to the boundary- stresses and distributed loads on the element. 

This is trae if we impose an arbitrary virtual nodal displacement 

and equate the external and internal work done by the various forces 

and stresses during that displacement. 

For! 
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For the element there are twelve force components given as 

F. 
1 

F. 
3 

F = 	 .. .. . (3 • 8) 
F  

F1  

3.5J4 Stiffness Matrix 

This is expressed by the relation between the nodal force and 

displacement and can be obtained by making use of the principle of 

virtual work. If virtual displacements of unit magnitudes are 

introduced at the element nodes in the directions of the nodal forces, 

the external work will be 

We = 	%U F = IF 	= 
	

F 	 •. . . . (3.9) 

where ISU = I, the identity matrix. 

The internal work will be the product of the generalised stresses and 

their corresponding strains, 

W.= 	( k)''  Mdxdy 
3. 

But Ck = BC-1  U = BC-1  I = BC-1  and M = DBC 1  U, hence 

= 5 (BC-1 )TDBc_l  Udx dy 

Now! 
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Now, for We = W we get an expression for the nodal force in 
3. 

terms of the nodal displacement 

F = 1( C-1 )T \c BTDB dxdy 	U 

and the element elastic stiffness matrix becomes 

K = 	( c_ 1 )T 	BTDBdXdY I c 	.....(3.11) 

3.6 	ASS1BLY OF THE ELEJATS 

After each element in the structure is considered and its stiffness 

matrix derived relative to the element coordinate axes, these 

elements are assembled into the final structure. Then equilibrium 

of nodal forces and compatibility of nodal displacements can be 

achieved, Since the elements are considered to be joined only at 

their corners, the bending and twisting internal generalised stresses 

are only approximations to the actual values. 

With this displacement method ot finite elements, the basic unknowns 

are the nodal displacements. Through proper force-displacement 

relationships the stiffness matrices for each element are derived. 

In addition, the elastic bending theory provides the necessary 

internal generalised stress relationships, and when combined with 

the assumed displacement function the internal generalised stress 

matrices are established. By applying the usual procedures of 

structural stiffness matrix methods, the plate continuum can be 

assembled/ 
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assembled once the element stiffness matrices are known. 

When the plate structure IS assembled the resulting nodal force-

displacement relationships form a set of simultaneous linear 

equations. Since the nodal forces must be in equilibriun with any 

applied loading, the matrix of nodal forces can be replaced by a 

matrix of applied loads. Solution of these equations produces the 

nodal displacements for the entire structure. From the displacements, 

the principal stresses can be obtained, and whenever these exceed 

the yield strength failure occurs • In order to trace the spread of 

failure from node to node the behaviour is assumed to be a Linear 

function of the displacements, which is true in the elastic response. 

Now it seems unnecessary to use elements where boundaries are on 

the lines of plastic action since the aim is to allow the plate to 

develop the failure pattern without imposing any initial conditions 

on the kinamatics of the collapse mechanism or having to change the 

element shapes before a complete solution is obtained. 

3.7 	CONPIJTER PROGRAM 

The program GC21, which has been available in the Department was used. 

It is based on the finite elements method and proved to be very help-

ful in determining the load capacities and patterns of failure of 

the model brick walls. 

3.71 Aim. of the FroW 
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3,7,1 	Athn of the Program 

This program allows calculation of the displacements, internal 

moments and reactions of a plate of any shape in bending. The 

plate can be supported in any possible way and loaded by any 

external force. 

The plate can be of constant or variable thickness. It can be 

simply supported or clamped on separate points or along segments 

of straight line. The values of the displacement at some points 

can also be imposed. The external forces are formed by distributed 

vertical loads, concentrated loads, or bending moments applied to 

the boundary. Several load cases can be processed in the same run. 

The nimerical calculation is performed by the finite element method. 

The curved boundary is treated as polygonal lines; the plate divided 

into triangular and rectangular elements; both types can be used 

together in a same computation. 

3.7.2 Establishment of The Mesh 

Let us consider a plate in the rectangular system (x,y); the boundary 

and lines of support of the plate are formed by segments of straight 

line. We set on this plate a mesh of trinagles and rectangles: the 

sides of the rectangles are parallel to the x and y axes. The mesh 

points or nodes are the vertices of the triangles or rectangles; the 

lines of mesh points are not necessarily rectilinear, but do not 

intersect.! 
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intersect. A segment of straight line of support is also composed 

of sides of triangles and rectangles and its end points are mesh 

points, from a practical point of view, we use rectangles where 

possible. An element of the mesh is one of the triangles or 

rectangles. So, between two lines of mesh points, there is a line 

of elements formed by triangles and rectangles. 

We number the lines of elements and the Lines of mesh points 

consecutively; the line of elements number, n, lying between the 

lines of mesh points numbers, n and n + 1 • In a line of mesh points 

we number the mesh points consecutively; similarly., in a line of 

elements we number the elements consecutively; the lines of mesh 

points and the lines of elements are run over in the same direction. 

In the finite element method, the vertical displacement w(x,y) of 

the middle plane of the plate is expressed with the help of 

variables associated to each mesh point. In this program six 

variables are associated to each mesh point: w, w, w, w, w, 

w which are the values of the displacement and its derivatives
XY  
of first and second order i.e. w = 	,.,etc. The displacement x 	ax 

on a triangular or rectangular element is then represented by 

polynomials in x and y. At first, the program calculates the values 

of the displacement and of its derivatives at the mesh points; then 

the internal moments and the reactions are deducted from the 

displacements. Principal stresses are also obtained from displacements. 

The finite element is an approximate method; the precision of the 

results depends upon the number of elements. The approximate 

solution/ 
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solution converges to the exact one when the dimensions of the 

elements tend to zero. 

3.7.3 Input Data 

The general JJrìe of the preparation of the data is indicated; a 

complete flow chart, 1, is given in Appendix A.2 • The general data 

includes: 

A title 

Elasticity modulus and Poisson's coefficient 

Number of lines of mesh points. 

The numbers of the extreme mesh points of each line. 

A parameter which specifies the desired results. 

A parameter which allows to print the intermediate 

results if there is a mistake. 

Thickness of the plate 

Coordinates of the mesh points 

External loading, and 

Boundary conditions of the plate. 

3.7.4 O#put of the Results 

The desired results are specified by the value of a parameter. The 

complete set of results include for each load case: 

(a) 	The displacements and moments at mesh points: 
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W 1  w , w , N , N , N x y  x  y  xy 

(b) 	The vertical reactions and the clamped moments are 

calculated for all the mesh points where boundary 

conditions are imposed. These reactions are always 

concentrated values at the mesh points. The sum of 

the vertical reactions allows to verify the 

equilibrium of the entire plate. 

3.8 PRflCAL STRESSES 

Another program has been written and used for the calculation of 

the principal stresses at all nodes from the displacements obtained 

from the original program. A general outline of this program is 

given in flow chart 2 in Appendix (A.2). 
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CHAPTER 14 

ANALYSIS OF MODEL BRICK WALLS 

14.1 USING THE YIELD-LINE THEORY 

In Table (14.1) expressions, based on the Yield-Line Theory, of 

bending moments per unit length for panels of variable dimensions 

and support conditions are given. 

When the panel is supported on all four sides it will tend to span 

in two directions and failure may be by tensile bond, shear bond 

or tension in the brick and perpend joints, depending on the panel 

dimensions, as shown in Figs. (14.1), (14.2), (14.3). In the case of 

a panel supported from three sides and free at the top, the upper 

part will tend to span in a horizontal direction between the supports. 

The lower part will tend to span in two directions and failure of 

the panel would be as indicated for the above case. 

The bending moment (in) occurring in a panel can approximately be 

evaluated using beams made from the sane materials,tested in 

flexure in addition to the moment of resistance developed by the 

restraining action of shear at the supports. The sum of these two 

moments of resistance gives only an approximate estimate of the 

actual bending moment in the panel, because it is clear that the 

test beams simulate the action at the vertical yield line which is 

believed to develop a lower moment of resistance than the inclined 

ones! 
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ones • Also the flexural strength is influenced by so many factors 

which could be variable from one point or part of the wall to 

another. The one-third point method used for testing beams gives a 

lower estinate of the flexural strength than does U.D.L. 

.1 .1 Nodel Walls Under Lateral Loading 

The analysis of panels by the yield-line theory is true at the 

instant of cracking at which the bending moment is a constant value 

at the lines of failure and the panel is about to fail. 

For a panel supported from three sides the yeild-line theory gives 

the following expression for the ultimate moment per unit length 

M 	2—('J 	
1 	2 	1/2c() 3 + 	/Lo' 	- 

where 	p = lateral load, lb/in2  

L = Length of panel, in 

0< = height to length ratio 

The above equation, (1.1), can be written in the form 

M = PL
2 
 ,K 

2 

where K = 24 	( 	

+ 1 	2 -  

... .. (li1 ) 

... . . (1..2) 

The variation of K with panel dimensions is shown in Fig. (6-4) 

From test beams the portion of the resisting moment in the panel 

developed/ 



39 

developed due to the flexural strength of the brickwork is given as 

rn.1 	lb-in 	(Table 4.2), 

and that due to the restraining action of friction between the panel 

and the supports is 

M2
p,c<L.L.k. t 

pL2k t 
= 	L 	2 .....(14..3) 

L12  

C< T 
± I\ 

L 

2 y, 

= 0- 85., o42  = 0- 72 

•. • e 	=0.73 
2 

A 	c<L 	(073+1) 

	

2. 	2 

= 0•L33 <L2  
Variation of k with L/H is shown in 	

• k = 0•33 
Fig (b.ti.) 

Now 	= In1  +zn 

= p L2/K 

where K is a factor depending on panel dimensions and support 

conditions. 

Now we can write 

oL2 = I?thc 
+ 	

. t/2  
K 	 L 

hence 

where t = thickness of panel 

k = factor expressing the 

proportion of load on 

the vertical sides 

= coefficient of friction 

between the brickwork 

and the steel supports 

ml, 



40 

pL ( '1/K. 	2L ) 

and therefore 

P  .....(b.S) = ________ 
L2 ( /K - )tkt/2 L) 

which gives the estimated lateral pressure causing failure of the 

panel. 

Now if we consider model wall A2 with L = 20 in: 

cKL 17 in; t = 0.75 in; k = 0.433; 	= 	= 0.85; Using 

equation (4.1) we get K= 16, then 

ml 	 _19  
- 22.76 

p -202 ( 1/16 - 0•7 X 033 X 0.75/0) 

From fleoral tests on brickwork beams m = 227 lb-in., hence 

P = 22 • 7,2276 

= 0•99 lb/in2  

Similar treatment has been given to all half-brick model walls and 

a summary of the results is listed in Table (4.3) together with the 

experimental results and dimensions. 

one brick model walls were of variable dimensions as well, and were 

tested with either three or four supports, with or without vertical 

precoinpression. For those model walls which were supported on three 

side 
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sides the same above procedure of analysis was used. Again, in 

case of model walls supported from four sides the same method was 

used except that the expression for the bending moment (m) will be 

different from that given by equation 4.1). For the square model 

panels designated by (E), in will be equal to 

2 
in 

= pL,2  .. .. . (b.6) 

and so K = 24. 	Results of these square panels are given in Table 

(1.4). The rectangular ones designated by (G) and supported from 

all four sides have 

2 
p(c'L)2 

( 	
2 	- 	

) = 	24 

2 
and hence K=/2 (3 

+ 2 	) 

Rectangular model walls G when stpperted from three sides assume the 

second mode of failure shown in Appendix (A.1) where the value of 

the bending moment is given by 

M = p 	
/ 	+ 	 - 2 ) 24 

2 ( \J 14+ 9  2 	-2 )  
24 

M andK = 

Results of the rectangular panels can be found in Table (4 -5) 

4.1.2 Node]. Walls Under Combined Axial And Lateral Loadings - 

The treatment of model wails under combined loading is more or less 

the same as for walls under lateral load, only the necessary adjustment 

is' 
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is made to take into account the effect of the precolnpressiOfl in 

increasing the estimated value of the flexural moment of resist-

ànce (in) of the wails. 

These model walls are expected to resist higher lateral pressures 

as the precornpressiOfl is assumed to act like prestressing under 

certain conditions, and in this way the modulus of rupture of the 

preconres sod walls exceeds the actual modulus of rupture of the 

brickork0 

The stress diagram at failure of the precoiripressed walls will be as 

shown in the figure below which can be explained as follows: 

F H 

I
t 	F 

I 
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On loading laterally a precompressed wall, the action of the lateral 

load tends tends to relief the tension zone from the effect of the 

precompression (F lb/in ) and starts to build up additional precomp-

ression on the compression zone which initially had the same F lb/in2  

precompression as the tension zone. So when all precoinpression is 

released from the tension zone and it starts to mobilize its original 

tensile strength 	lb/in2 ), made up of the modulus of rupture of 

brickwork, to resist increasing lateral load there already exists at 

the compression zone twice as much compressive stress as the applied 

axial precompression. 

Now the moment of resistance of the precompressed walls can be 

estimated with the help of the stress diagram above 

t 
M = 	(f +F).- 

where f = modulus of rupture of brickwork, 
F = axial precoinpression on wall, 

t = wall thickness 

For walls under axial preconpression F = 50 lb/in2  and a modulus of 

rapture of ft  = 137 lb/in2  and thickness t = 15 in., the moment 

of resistance developed is 

M 	
0 37 + o) x 

6 

= 70 in-lb 

cki/ 
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On the other hand the bending capacity of walls under axial 

preconipression F = 100 lb/in2  and having the same modulus of 

rupture and thickness as above, can be estimated as follows 

= kt37 + 100) x .72 

6 - 

= 89 in-lb 

Now these resistance moments are used together with the formulae 

derived from The Yield-Line Theory, presented in Table (41), to 

estimate the lateral load capacities of axially precompressed walls. 

Results of these treatments are given in Tables (4.4), (1.5) and 

(4.6). 

4.2 	ANALYSIS OF THE MODEL BRICK WALLS BY THE FINITE 

E1EME!TT METHOD 

1.2 .1 Outline and Analytical Procedure 

The situation being investigated is that of a panel loaded laterally 

by a uniformly distributed load. Rrom the tests carried out it was 

observed that model walls free from precompression failed with no 

previous signs of cracking. Now, knowing that brickwork is a brittle 

material and so loses its bending strength completely once it is 

exceeded, it could be assumed that bending moments were maintained 

equal at  all' critical sections until failure. So the same stress 

value should prevail throughout sections of failure, and indeed 

this is the case for square panels supported from their all four 

edges! 
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edges and hence analysis was carried out assuming as a failure 

criterion the existence at the nodes near the corners of the panel 

of tensile principal stresses which are in excess of the modulus 

of rupture of brickwork. This stress field at failure can be 

determined directly and the pattern predicted from a plot of contours 

representing the tensile principal stresses. 

Analysis of the model walls has been carried out using the computer 

program, based on the finite element method, mentioned earlier (3.7). 

The walls were divided into a reasonable number of elements and 

values of the elastic modulus, Poisson's ratio, thickness and 

dimensions inserted, and boundary conditions imposed. The load 

which will satisfy the failure criterion, i.e. cause nodes near the 

corners of panels to have tensile principal stresses which are 

greater than the modulus of rupture of brickwork, was also inserted. 

The value of this load was estimated by first applying a small load 

to the panel in question, then studying the resultant stress field 

at the nodes and finally scaling the applied small load by multiplying 

it by the ratio of modulus of rupture of the brickwork and the 

tensile principal stress due to the small load at the node nearest 

to the corner of the plate. This is the failure load of the plate 

and produces tensile principal stresses the contours of which when 

drawn verify the yield line pattern of failure of the walls. 

4,2.2 Results 

(i) Half brick model walls 

A/ 
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A few walls of this series were anslysed, and failure pressures, 

deflections and patterns of failure obtained. These are given in 

Figs. (4.5), (4.6), (4.7) and (1.8). Table (4.7) presents pressures 

and deflections at failure. 

(ii) One-brick model walls 

Selected wafla from the three series of one-brick model walls were 

analysed. Failure loads, deflection and patterns of failure are 

presented in Figs. (4.9), (4.10) 2  (4.11), (4.12) and (4.13), and 

Table (4.8). 



TABLE 4.1 

Bending Moments Expressions for Simply &pported Panels Developed 

Using the Yield-Line Method. 

Support Ratio of panel Dimensions 	/H'
IL  

conditions 
0-5 0•75 1.0 1.25 1.5 2.0 

Three sides WL WL WL WL WL WL 

supported 

Four sides WL WL WL WI, WL WI, 
it supported 



TABLE 4.2 

Model 

Wall 

Modulus of Rupture Section 

Modulus 

Moment of 

Resistance 
Average Coefficient of 

No 1b/in2  variation, in 	x 10 -2  in-lb 

Al 180 11 9.37 16.9 

A2 242 11 9.37 22.7 

A3 177 35 9.37 16.6 

Bl 192 29 9.37 18•0 

B2 208 18 9•37 19•5 

Cl 238 8 9.37 22.3 

C2 214 13 9.37 20'0 

C3 209 12 9.37 19'6 

E 137 11 37.5 51.14 

G, H 133 25 37.5 50.0 



TABLE 4.3 

Half-Brick Model Walls-Three Sides sppted 

Model Wall Al A2 A3 B1 B2 Cl C2 C3 No 

Dimensions 20 xl 7x " " 12x1 6x " 24xl 6x It it 

(in) 

Experiment- 
al failure 1•0 0'65 1.8 2.1 0•9 0.8 0•67 load 
tlb/in2 t 

Load using 
Yield-Line 

0.74 0•99 0°73 1.67 1.81 072 0•65 0•63 Theory 

'lb/in2' 



TABLE 4.4  

Cxe-Brick Model Walls 16" x 16" x 1 -1. 11  

Precompression 0 50 100 50 100 
lb/in2  

support Three sides Four sides Three sides Three sides Four sides Four sides 
conditions supported supported supported supported supported supported 

Wall No El E2 E3 E4 ES E6 E7 E8 E9 El  Eli E12 

Experimental 
Lai-lure load 2.6 2.9 5.25 5•15 4°7 4'2 5•9 5'7 7.2 8 -4 9•2 10.7 

lb/in2  

Load using 
Yield-Line 3.1 5.4 5•9 745 10.0 

Theory 
lb/in2 



TABLE 4.5 

Qie-Brick Model Walls 32" x 16" x 1111 

Precompression 50 100 
lb/in2  

Support 3 sides I sides 3 sides 1 	sides 3 sides 4 sides 
conditions supported supported supported supported supported supported 

Wall No Gi G3 G4 G5 G1  G7 G8 G12 

Experimental 
failure load, 1.10 2.6 2•9 1.65 1.0 2.10 3'35 1.o85 

lb/in 2  

Load using 
Yield-Line 1•10 2.8 2.8 1.71 !j.!i. 2'3 2•3 6.0 

the or 
Win 



TABLE 1.6 

One-Brick Model Wails 8" x 16" x 1*" 

Precoanpression 
0 50 100 

lb/in 

Boundary 3 sides L. sides 3 sides I sides 3 sides i 	sides 
conditions supported supported supported supported supported supported 

Model Wall No Hi H2 IC H6 H9 H? H12 

Experimental 
failure load, 6.8 8.1 9.7 12.5 11.8 158 14'9 21 

lb/in2  

Load using 
Yield-Line 8.6 11.0 13.7 17.7 18.6 24.0 

Theory 
lb/ in- 2 



TABLE Li•7 

Half-Brick Model Wails Results of Finite Element 

Method 

Model Wail No. A2 A3 Bi C3 

Failure Load (lb/in2 ) 1-10  079 2.1 0.66 

Mid-Top Deflection 

(in x 1073 148.9 35.2 31.2 50.9 

Central Deflection 

(in x 10-3) 30.9 22•3 238 31.2 

TABLE 14'8 

Cie-Brick Model Wails Results of Finite Element 

Method 

Model Wall No El E3 Gi Hi H3 

Failure Load (lb/in2 ) 3.2 5.10 1.20 10 15 

Mid-Top Deflection 

(in x io) 85'6 - 26.8 19.5 - 

Central Deflection 

(in x io) 58°8 147.2 15.1 16.14 21.6 
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FIG. 4.3 	FAILURE OF BRICK IN TENSION 
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FIG 14.9: CONTOURS OF TENSILE PRINCIPAL STESSES 



FIG. 4.10: CONTOURS OF TENSILE PRINCIPAL STRESSES 



FIG. 1.11: CONTOURS OF TENSILE PRINCIPAL STRESSES 



FIG. 14.12: CONTOURS OF TENSILE PRINCIPAL STRESSES 



FIG. 1.13: CONTOURS OF TENSILE PRINCIPAL STRESSES 
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C HA P T E R 

EXPERIMENTAL TESTS AND INVESTIGATIONS 

.1 	MATERIALS 

5.1.1 	Bricks 

One-sixth scale model bricks were used in carrying out this work. 

Those used in the construction of half-brick model walls, 

representing a thickness at full scale of 	in., had an average 

crushing strength of 3775 lb/in2 . For one-brick model walls bricks 

with average crushing strengths of 3331  and 3980 lb/in2  were used. 

.1 .2 Cement, Sand and Mort.r 

Rapid hardening ttferrocretett  cement was used for the cement/sand 

mortar used throughout this work. The sand was Leighton Buzzard No. 

19 of 2 /52 grading. Mortar strength is given in Table (5.1). 

5.2 TEST SPECIMENS. 

These included both half and one-brick model walls, which were built 

in wooden moulds using wetted bricks and filled vertical joints. The 

walls were kept in their moulds under wet sacks for seven days and 

then left to cure under normal laboratory conditions until tested. 

5.2.1 	Half! 



.2 • 1 Half-brick Thick Model Walls 

These were tested on three supports. A total of eight walls of 

varying dimensions were tested together with beams of three or four 

courses made from the same materials and under the same conditions. 

1 :3 cement/sand mortar by weight was used for these walls. The 

average crushing strength of 1 x 1 x 1 in. cubes was 2700 lb/in2 . 

The average crushing strength of the brickwork itself was 2325 lb/in2 , 

Table (S.I). 

• 2 One-Brick Thick Model Walls 

These were tested simply supported on either three or four sides, 

with or without precaupression. The length/height ratios of the 

three types tested were: 1) L/H = 1.0, series E, 12 walls tested; 

ii) L/H = 2.0, series G, 8 walls tested; iii) L/H = 0., series 

H, 8 walls tested. Naninal thickness was 1 . in for all these walls. 

1 :4 cement/sand mortar by weight of average crushing strength between 

1400 and 1690 lb/in2  was used. The average values of the crushing 

strength of the brickwork cubes were 1700 and 2060 lb/3*.n 2 . 

5.2.3 Test Beams 

The moduli of elasticity and rupture of the brickwork were determined 

using test beams between S and 12 in. long, with three or four courses 

wide. They were tested on simple supports and loaded at one-third 

points with two concentrated loads. Results are given in Tables 

(5.2 )/ 
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(5.2), (5-3), (S.t). 

5.2.14 Test Annaratus 

A steel rig of two nain parts was designed and used for testing. 

The first part consists of two I-sections vertically erected on 

the horizontally placed web of a channel. One of the I-sections 

can slide freely on a steel rod, along the channel to give the 

required span for the wall to be tested. A steel rod fixed to 

either I-section constitutes the vertical supports for the panel. The 

second part consists of a stiff steel plate bolted to two channel 

sections to act as a reaction frame for the rig. The two parts 

are held together using bolts, with a rubberise d canvas air bag 

sandwiched between the test wall, placed in the first part, and the 

steel plate of the second part. The air bag is equipped with an 

inlet valve delivering air from a compressor, and an outlet connected 

to a mercury manometer for recording the uniform pressure on the 

test wall. 

Vertical precompression on walls was applied using a lever system and 

loading beams. Fig (.i) presents a general view of the steel rig 

Test Procedure 

All the walls were tested on simple supports. Half-brick and a 

number of one-brick walls were tested free of precompression, 

whereas/ 



So 

whereas the rest of the one-brick wails were tested taking an axial 

preconipression of either 5o or 100 lb/in2  before lateral loading 

was applied. 

After the test walls were taken to the testing rig they were fitted 

with dial gauges at various points for the measurement of wall 

deflections. Uniform loading of the wails was achieved by inflating 

the air bag, between the test wail and the reaction steel frame, by 

small increments of pressure from the air compressor. The rate of 

loading was maintained approximately constant. Readings of the dial 

gauges and the difference in height of mercury in the two manometer 

columns were taken at each load increment. This was repeated each 

time the applied load was increased until failure of the wall. Tables 

(S.S), (.6),  (.7) and (.8) give measured deflections for the 

applied loads for all model wails. 

5.3 	ECPERfl1EHTAL INVESTIGATIONS 

.3.1 Behaviour of Wails Under Test 

The general behaviour under load of half and one-brick model walls is 

outlined. Wall designation, dinensions, support conditions and amount 

of precompression can be found in Tables (4.2), (I.3) 5  (14.4) and 

It was clear that the test walls failed in a yield line pattern 

Of/ 
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of cracks which could be compared with that obtained for reinforced 

concrete slabs under similar conditions. But, of course, there are 

differences in the mariner of formation of the pattern of failure in 

each case. In slabs it is gradual and cracks are apparent well 

before failure, but in the brickwork walls no cracks were there before 

final failure. This could be due to the brittle nature of the 

brickwork and its low tensile strength. 

(1) 	Half-Brick Thick Model Walls. 

Walls of this series were designated by the letters A, B and C. 

These walls produced sudden failure with no cracks detected previously. 

Exception is wall Al which had a slight differene in its boundary 

conditions: the three supported edges of the wall had a layer of 

mortar applied to them and then left to set in position in the 

testing rig for 24 hrs. before loading to failure. So in this case 

the wail would have developed semi-fixity which allowed the wall to 

develop cracking before failure. Cracking  started vertically at the 

middle of the free edge and spreading diagonally towards the extreme 

corners with increasing load. When the full yield pattern of cracks 

has developed no fresh cracks were formed with increasing load until 

failure of the wall took place along the existing set of cracks. 

Figures (.2) to (.9) show the patterns developed at failure. 

(ii)One-Brick Thick Model Walls Without Precompression 

These! 

'Inn I O~ 
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These walls failed suddenly in some cases producing a sound, with no 

cracks being visible before complete failure s. Mostly failure lines 

followed mortar joints, and. in many test walls splitting of the 

bricks was quite common in vertically running failure lines and to a 

lesser degree in inclined ones. Figures (5.10), (5.11), (5.12), (5.13) 

and (5.14) indicate the failure patterns. 

(iii) Px1.allyprecoinpressed One-Brick Thick Model Walls 

One-brick model walls supported from three sides and axially 

precompressed with So or 100 Win  and with their length to height 

ratio &/H) = 1 or 2 failed, like those model walls without 

precompression, suddenly with a sound and no cracks observed before failure 

Model wails from the same tto series when taking the sin level 

of precompressiori but have all four sides supported experienced cracking 

and full yield pattern formation before failure. Failure 

occurred at later stages accompanied by a loud sound; in one case the 

test wail burst out with some bricks flying to about 8 ft. and 

crushing of the bricks was noticed. Hence, in the first instance, 

the vertical precompressiai added to the overall strength of the 

model wails without changing the manner of failure, whereas in the 

second, in addition, it contributed to the general stability thus 

producing a change of the way of failure. The model walls were stable 

enough under the combined effect of the precompression and the supports 

to resist further increments of pressure after they had developed 

the full crack-pattern. Figs. (5.15) to (5.18) give the failure pattern. 
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A model wall with three sides supported, length to height ratio of 

0.5 and axial precornpression of 50 lb/in2  failed suddenly, under 

lateral load, before any cracks could appear. The vertical line of 

failure was two lines from the free edge which ran into one line 

through the middle of the wall where it joined the other two inclined 

ones to complete the usual pattern. When the same type of wall under 

similar support conditions was axially precompressed with 100 lb/31M2  

and then loaded laterally, cracking preceeded complete failure of the 

wall. Now, here the vertical failure line did not come along the 

middle of the wall but was shifted to the left side of it. Factors 

which could account for this include variable workmanship and variable 

reactions at the different points of application of the precompression. 

It should be noted that, in general, the same yield line pattern of 

failure was observed for both half and one-brick walls when 

precompressed or free from precornpression when bound by the same 

support conditions. 

.3.2 Formation of Crack Pattern 

Experiments on model brick walls have sham that at failure a 

characteristic pattern of cracks is formed. Consider, for example, 

one square wall under uniform lateral pressure, simply supported on 

all four sides. With increasing load the wall behaved elastically up 

to a certain stage, then greater deflections were obtained for the 

same load increments so that the load-deflection curve was always 

shifting/ 



shifting away from a straight line. Then riddenly, with increasing 

load, the wall failed with lines of failure extending from the centre 

right to the corners of the wall and there was no chance for 

observing any cracks before complete failure took place. It was 

noticed that lines of failure followed mortar joints most of the time 

and went through the bricks occasionally. 

At this stage, since the yield lines can propagate no further, and the 

resistance moments along the yield lines are almost at their ultimate 

values, the wall is carrying the maximum possible load. Now excessive 

deflections and a state of unstable equilibrium occurs leading to 

the ccmr,lete failure. 

In the case of a wall supported from three sides it could be that 

cracking starts first at the middle of the free edge then extending 

vertically downwards and progresses towards the extreme corners. But 

this happens so fast that it is almost impossible to see where cracking 

has started and only the final pattern is there to be observed. This 

is due to the brittle nature of the brickwork which causes it to lose 

its capacity to take up stresses at failure, and the stresses must 

therefore be borne by the adjoining sections; these are already 

stressed almost to the point of failure, however, and therefore reach 

this point when the extra stress is imposed. The next adjoining. 

sections then also lose their capacity to take up not only the extra 

stresses, but the original stresses as well, and sections adjoining 

these are stressed to the point of failure, and so on. In this way, 

the! 
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the failure immediately spreads over the whole wall whose carrying 

capacity will then be exhausted. 

5.3.3 Variation of Deflections With Applied Loads 

Measured deflections from tests showed reasonable consistancy for 

various model wall spans • For half-brick walls of different lengths 

Figs. (5.19) and (5.20) give the variation of the measured deflections 

with applied lateral loads. As expected, the wall with the smallest 

length had the least deflection for the same lateral load, the height 

being virtually the same for all walls. This is also the feature of 

the variation of deflections with applied lateral loads for one-

brick model walls with or without precompression as shown in Figs. 

(5.21) 3  (5.22) 3  (5.23) and (5.24). The measured deflections of walls 

of the same dimensions, boundary conditions, materials and thickness 

are compared when these walls are precoxnpressed or free from the 

precompression. The precompression, predictably, tends to reduce 

deflections for identical walls under equal lateral loads as indicated 

in Figs. (5.25), (5.26), (5.27) and (5.23). 

5.3.4 Variation of Lateral loads with L/H Ratio 

The failure lateral loads for walls of different thicknesses, support 

conditions and precompressions vary in a decreasing manner with increasing 

L/H ratio, but the relation is by no means linear, as shown by Figs. 

(5.29) and (5.30). 

5.3.5 Variation! 
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5*3*5 Variation of Lateral Loads with Precomrression 

Lateral loads causing failure of walls increased with increasing 

preconipression, the rate of increase being greater as the wall 

length became shorter. This is shown approximately in Fig. (5.31) 

for one-brick walls supported from three and four sides 

respectively, although higher precompressions would be needed for 

such tests to know the exact variation, 



TABLE 5.1 

Brick Strength Mortar Ratio Mortar Strength Brickwork Strength 
lb/,n2 cement/sand 2 lb/in 2 lb/in 

by wt. 

3775 1:3 2700 2325 

3331 1:14 11400 1700 

3980 1:14 1690 2060 

TABLE 5.2 

Modulus of Elasticity., x 1 06 lb/in2 

1.46 095 0•91 1.10 

average = 1•13 

1.33 1.02 080 1.50 



TABLE 5.3 

Modulus of Rupture, lb/in2  

Model Al P2 A3 B1 B2 Cl (2 C3 
Wall No 

1 160 252 110 250 166 2214 201 197 
2 200 250 21414 140 251 251 193 176 
3 180 260 140 230 190 210 211 158 
IL 195 214 150  226 266 2146 214 
5 252 217 2147 
6 2214 

Average 180 2142 177 192 208 238 214 209 

Coeffic- 
ient of 11 11 35 29 18 8 13 12 
variatiai 

TABLE 5.1 

modulus of Rupture, lb/in2  

Model 
Walls 1 2 3 ii. 5 6 Average Coefficient 

of Variaticn 

E 152 1114 1146 139 1148 1214 137 11 

G, H 1142 98 123 108 134 1914 133 25 



TABLE 5.5 

Support Dimensions Test wall lateral Deflections(in x 10 
conditions (in) No load 2 

(lb/in 
) centre mid-top 

0 0 0 
01 2 6 
0°2 7 16 
0•3 13 27 
0•li 19 37 
0°5 24 47 
0.6 28 55 

Al 0•7 33 63 
Three 0.8 39 71 
sides 20xTl x 0'9 44  79 

simply 1'0 50 88 
supported 1.2 61 104 

1.3 73 120 
1'I 90 ThO 
1.45 97 151 

0 0 0 
O'13 2 3 
0°25 5 6 
038 8 11 

A2 050 10 17 
0.63 16 24 
0•75 20 29 
0.88 25 34 
1.00 29 41 

o 0 0 
2Qx17x* 0.125 8 6 

0.25 15 14 
.A3 0.375 22 17 

0.55 34 25 
Three 0.65 
sides  
simply 

supported 0 0 0 
0.145 1 - 

055 2 1 
0.60 3 2 
0°70 Li. - 

12x16x* Bi 0.80 5 3 



TABLE 5.5 (CONTD...) 

&ipport Dimensions Test wall Deflections (in x10-3   

conditions (in) No load load 
(lb/in2) centre mid-top 

1•00 10 7 
B1 1.20 12 9 

1.145 17 12 
1.80 31 27 

0 0 0 
0'140 0.14 - 

0.50 0.7 0.14 
0.65 2 2 
0.80 3 14 
1.00 5 6 

12x16x B2 1.28 8 9 
1.143 11 114 
1.6o 15 20 
1.75 19 28 
1.88 214 142 
2.10 30 52 

Three 
sides 0 0 
simply 0'10 2 

supported 0.23 7 
0.33 12 
o145 28 
058 33 

21x1 6x* Cl 0.60 36 
0•75 60 
0•78 79 
o8O 90 
o.85 125 
0.88 1146 
O•90 169 

0 0 0 
0.10 6 7 
0•20 12 16 
O°33 21 27 
ob5 30 37 
0.50 314 142 

C2 0.55 39 147 
o63 146 55 
070 514 65 

Three 0•75 614 78 
sides 0.80 814 lob 
simply 

214 x 16x 
supported 0 0 0 



TABLE 5.5 (c0NTD ... ) 

&lpDort 
conclitionc. 

Dimensions 
in 

'is t WaU 
No 

lateral 
Load 

Deflections(in xl cr3 ) 

centre mid -t-  
(lb/in2) 

0 0 0 
0•2 5 7 
O'38 16 18 
0-48 19 23 

C3 0'58 25 30 
0.63 36 
0.68 35 - 

0'70 - - 



TABLE 5.6 

Test walls dimensions, 16 x 16 x 1 in 

Support Precomp- Test Wall Lateral Deflections(inxlO 3 ) 
conditions ression No Load 

(lb/in2 ) (lb/in2) centre mid-top 

0 0 0 
oIS 7 3 
0.60 10 7 
0.80 12 11 

Three 1.10 16 15 
sides Nil El 1.55 22 30 
simply 1.70 24 32 
supported 1.95 29 hO 

2•20 32 49 
2.50 ho 60 
2-60  

0 0 
0.10 3 
o55 10 
0.90 19 
1.60 31 

Four 2'00 38 
sides Nil E3 250 45 
simply 3•00 53 

supported 350 62 
4900 72 
b•5o 83 
5oo 93 
5.25 101 

0 0 
Four 0.25 
sides Ni 0•55 9 
simply 0•93 18 

supported 1•43 27 
2q00 141 
2.53 146 
3q00 59 
37S 70 
J45() 89 
5.15 106 

0 0 0 
01 0.1 1 
0.7 0.2 3 



TABLE 5.6 (cowrD .... ) 

Support Precomp- Test Wall lateral Deflections(in x iö) 
conditions ression No Load 

(lb/in2 ) (lb/in2) centre mid-top 

1.2' 2 
Three 1.7 14 6 
sides 2.1 6 10 
simply 50 ES 2.7 8 15 
supported 3.1 10 17 

3.7 114 21 
14.1 - 214 
14.7 18 29 

0 0 0 
0•7 17 30 
1•2 35 514 

50 197 148 70 
2.2 57 95 
2.7 73 117 
3.2 90 1142 

Three 3', 7 106 172 
sides 14e2 
simply  
Supported 

'0 0 0 
07 2 8 
1.8 7 19 
2.7 11 36 

100 E8 3.2 15 514 
3.7 25 73 
14.2 1414 102 
5.7 

0 0 
O1i. 6 
07 12 
1.2 214 
1.7 38 
2.2 So 
2.7 58 
3.2 72 

E9 3•7 82 
14.2 92 
14.7 1014 

• 

• 

52 120 
5-7 136 
7'2 cracking 

10.2  



TABLE 5.6 (c0NTD .... ) 

Support Precomp- rest Wall Lateral Deflections (in xi 0) 
conditions ression No load 

centre mid-top (lb/in2) - (lb/in2) 

Four 0 0 0 
sides 50 0.8 6 
simply 1•2 13 
supported 1'7 17 

2•2 22 
2•7 26 
3•2 35 
37 1414 

ElO 1492 '57 
4-7 69 
5.2 83 
5.7 914 
6.2 110 
6.7 122 
7.2 135 
8.14 cracking 

12.3 

0 0 
0•7 10 
1.2 33 
2•2 147 
2.7 62 
3.2 70 

Four 14.2 80 
sides 14.7 101 
simply 5•2 109 
supported Eli 5.7 119 

6.2 129 
6.7 139 
7•2 - 	 152 
7.7 163 

100 8.2 1714 
8.7 186 
9.2 cracking 

114.5 

0 0 
02 2 
0•7 10 
1.7 17 
2'2 21 

.3•2 32 
3.7 36 
14.2 142' 



TABLE 5•6 (c0NTD...0) 

Support 
conditions 

Precomp- 
ression 

(lb/in2 ) 

Test Wall 
No 

Lateral 
load 

(lb/in2) 

Deflections (in x10) 

centre mid-top 

4-7 50 
S'7 71 

Four 67 93 
sides 7•2 103 
simply 100 E12 6.2 127 
supported 8'7 139 

9.2 149 
9.7 161 

10.2 169 
10.7 cracking 
11.2 196 
11.7 209 
12.2 233 
12.7 250 
13.2 



TABLE 5.7 

Test walls dimensions, 32 x 16 x 1 in 

Support Precomp- 
Test wall lateral Dimensions (in xl 0) 

conditions ression 
No load  

(lb/in2 ) (lb/in2) centre mid-top 

0 0 
0'? 142 
1.2 96 

03 1.7 182 
2.0 260 
2.3 

Four  
sides 0 0 
simply Nil 02 12 
supported 0•7 61 

1.0 714 
1.2 123 

014 1•14 179 
1.7 233 
2.1 3114 
2.3 1408 
2.145 573 
2.6 

0 0 0 
0.2 12 18 
0.145 22 23 
0.70 30 145 

50 05 1•00 40 59 
1.20 52 78 
1.145 65 98 
1.65 

Three 0 0 0 
sides 050 15 20 
simply 1•00 27 140 
supported 1.25 33 53 

1.55 147 67 
100 G6 1.90 71 85 

2.25 914 95 
2.55 111 
2.65 1iO 144 
3.15 157 181 
3.35 



TABLE 57 (CONTD....,) 

Support Precoznp- Test Wall lateral Deflections (in xl 0 
conditions ression - No load 

centre 
-. 
mid-top 2 2 (lb/in 

) (lb/in 
) 

0 0 L, 

0•3 8 7 
0°8 16 16 
1.2 44 41 

50 GlO 17 72 66 
2.2 109 96 
2.7 168 137 
3.2 197 
L. 0 

Four  
sides 
simply 0 0 L /14 
supported 030 10 9 

0.65 19 18 
0•95 27 25 
1.25 41 36 

100 G12 1.55 52 148 
1.85 90 70 
2.15 122 95 
2.145 139 119 
2.75 178 1146 
4-85 



TABLE S•8 

Test walls dimensions, 8 x 16 x 1 in. 

Support Precomp- Test Wall Lateral Deflections (in xl 0) 

conditions ression No Load 
(lb/in2 ) (lb/in2) centre mid-top 

0 0 0 
1 20 35 

Three 2 52 66 
sides 3 82 97 
simply Nil Hi 4 106 1214 
supported 5 130 160 

6 152 195 
6.8 

0 0 
1 17 

Four 2 37 
sides 3 52 
simply Nil H3 Ii. 72 
supported 5 95 

6 137 
7 182 
9.7 

0 0 0 
1 16 9 
2 22 21 

Three 3 58 38 
sides 14 92 53 
simply 50 i16 S 113 66 
supported 6 1146 83 

7 163 96 
8 188 113 

11.8 

0 0 0 
1 11 9 
2 23 22 
3 37 35 
14 514 1414 

100 H? 5 100 56 
6 1114 68 
7 1714 814 
8 229 98 

114.9 



TABLE 5.8 (C0NTD ... ) 

Support PrecoinD- Test Wail Lateral Deflections (in  xl(F3) 
conditions ression No load 

(lb/in2 ) (lb/in2) centre mid-top 

0 0 
1 6 
2 11 8 
3 18 15 

28 25 
So H9 5 39 40 

6 57 53 
7 74 69 
8 89 88 
9 109 103 

10 137 128 
Four 15.8 
sides  
simply 
supported 0 0 , L/ 

1 7 6 
2 19 16 
3 39 33 

59 50 
100 H12 5 75 64 

6 87 76 
7 100 92 
8 112 106 
9 125 118 
10 145 131 
21 
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FIG. 5.1 	GENERAL VIEW OF TESTING RIG FOR MODEL WALLS 
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FIG. 5.2 FAILURE OF WALL A2 - 3 SIDES SUPPORTED 



FIG. 5.3 FAILURE OF WALL A3 - 3 SIDES SUPPORTED 
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Fig. 5.4 FAILURE OF WALL Bi - 3 SIDES SUPPORTED 
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FIG. 5. 5  FAILURE OF WALL B2 - 3 SIDES SUPPORTED 



FIG. 5.6 FAILURE OF WALL C2 - 3 SIDES SUPPORT) 
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FIG. 5.8 FAILURE OF WALL Dl - 4 SIDES SUPPORTED 



FIG. 5.9 FAILURE OF WALL D2 - 4 SIDES SUPPORTED 
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FIG. 5,16 	FAILURE OF WALL E12 - L SIDES SUPPORTED 

Compression = 100 lb/in2 
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CHAPTER 6 

COMPARISaJ OF EXPERIMENTAL AND THEORETICAL RESULTS 

6.1 YIELD-LINE METHOD AND EXPERIMENTAL RESULTS 

6.1 .1 Half-Brick Model Walls. 

Except for wall (Al) mentioned earlier (53.1), reasonable agreement 

has been obtained between test results of this series and the analysis 

done using the yield-line method, Table (4.2). It was clear that 

failure was according to the predicted yield-line pattern, but some-

times failure lines reached somewhere above the corners of the panel. 

This is due to these failure lines following the weak sections at the 

mortar joints; but in some cases failure lines can jump across a brick 

and change their route to the edge of the wall • Also failure lines 

can reach the edge as one or many lines. The distance from a corner 

where a yield line finishes depends upon the length of the vertical 

and horizontal failure lines for wails supported from three or four 

sides respectively, workmanship, and variations of bond strength as 

these will affect the route which the failure lines would take to 

reach the boundary of the wall. 

As the modulus of rupture of the test walls was measured using 

beams prepared from the same materials and cured under similar 

conditions, then any variations in values of the modulus of rupture of 

one wall could be reflected on its estimated failure load as these 

values! 
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values of the modulus of rupture were used to estimate the bending 

moments of resistance for the model walls. These bending moments were 

used in the yield-line method to estimate the failure load, and so 

variations in the modulus of rupture values are reflected on the 

resulting theoretical failure loads. In fact the coefficient of 

variation of the modulus of rupture for single-brick model walls 

varies between 8% and 29% as shown in Table (.3). It is noted that 

the experimental failure load varies directly with the modulus of 

rupture, for walls of the same dimensions and support conditions as 

shown in Table (6.1) 

2 
 

pL 	
M /m from Yield-Line Theory and Tests 

Using the Yield-Line Theory, the expression for (m) for a panel 

supported from three sides is given by 

In = 
pL2  I 	+ 1 /10( 2 	- 1/20< 	

2 

from which 

24 

m
(\J3 + 1/4,(2 
	1/20() 	

.....(6.1) 

2 
Now calculation of 	for half-brick walls can be carried out 

using equation (6.1) as follows: 

.Nodelwalls (A); 	<= o.8, o = 0.72 and PL2 15-58 

Model/ 
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Model walls (B); 

Model walls (C); 

0< 	t/3 	
( 

2 	16 	2 = 

	

19 
and PL 	12 / = 	.3 , 	= 

c,< = 2/3 , 0<2 = 4/9 and PL /m = 18.7S 

Also the experimental results were used to calculate the corresponding 
2 

pL /m values for the model walls A, B and C. The Results of these 

calculations together with the above theoretical values and the length 

to height ratio (L/H)  appear in Table (6.2). These results are also 

presented in a graphic form in Fig. (6.1), where the reasonable 

agreement achieved demonstrates the usefulness of the Yield-Line 

Method in estimating the load capacity of these walls. 

6.1 .2 One-Brick Model Walls 

What was mentioned earlier, (6,1.1)., about single brick walls could 

be repeated here • That includes failure in a yield-line pattern and 

the effect of the modulus of rupture on the estimated wall capacity. 

(i) Laterally Loaded Walls 

2 pL fin from Yield-Line Theory and Tests:- 

2 
Using the expression given in equation (6.1) values of PL  /ra for these 

walls can be calculated. These are given, together with the respective 

values obtained fran experimental results and L/H  ratios, in Table 

(6.3).Fig. (6.2) presents a plot of these results. For walls (G) 
2 

the following expression was used' to calculate pL  /ni instead of 

equation! 



M. 

equation (6,1) as these wails assume a different collapse pattern 

21 

PL2/m 
 0 

= 
2 
 ( 

JJ91<2 .2) < 

For wails supported from four sides the Yield-Line Theory predicts 

the relationship 

2 (\/3 +o( 	— 	< )
2 

m 	= 	2Li. 

for the bending moment per unit length; from which 

2 
	 24 

PL  =  
2 	

______ 

( 	
2 	)2 

CK 

2 
Values for pL 	can be obtained for walls of different dimensions 

using equation (6.3) as follows: 

2 
Model walls (E); 	= 2 = .0 	and 

pL  /m = 24 

Model wails (G); c 	o.5, ? = 0.25 and 
pL  m = 56.58 

2 
Model walls (H); c' = 290 2  c, 	= li. 	and PL  /m = 14.39 

Again the resulting theoretical and experimental calculations are 

listed in Table (6.4) and plotted in Fig. (6.3) 

(ii) Walls under Combined Axial and Lateral Loadings 

2 
Tables (6.5) and (6.6) give experimental valuè of 

pL  /m and 

Figs.! 
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Figs (6.2) and (
4 .3) compare these values with the curve from Yi31d.Lin3 

Theory for walls of varying dimensions, boundary conditions and 

axial preconipression. 

2 
As indicated by the graphs the variation of iL  /m with L   for wall 

supported from three sides is quite different from that for walls 

supported on all four sides • This could be due to the ever increasing 

load capacities of four-sides supported walls compared with their 

equals supported from three sides: At lower values of L/H  ratio the 
2 

difference between pL  Ira values is not much, but it increases very 

fast with increasing values of L/H  ratio, and a sharp difference in 

variation results. Reference to Fig. (6.4), which compares the 
2 

variations of pL  /m with L/H ratio for the two types of supports, 
2 

shows that pL  /m for three-sides supported walls varies with L/H  ratio 

in somewhat regular intervals showing the matching between the increase 

in (L2 ) and decrease in (p). For four-sides-supported walls it seems 

that the increase in (L2 ) cannot be matched by the decrease in (p) 
2 

and therefore the variation of pL  /n with L/h  ratio shoots up every 

time there is an increase in L/H  ratio. 

6.2 	FINITE ELEMENT METHOD AND EXPERIMENTAL RESULTS 

6.2.1 Half-Brick Model Walls 

Results of the analysis of the model walls by The Finite Element 

Method are compared with the experimental results in three ways • The 

loads producing failure of the walls analysed are compared with the. 

experimental/ 



Ell 

experimental ones as well as those obtained by The Yield-Line Theory. 

Fig. (6.) shows the variation of these lateral loads with L/H  ratio, 

and it would be seen that The Finite Element Method could give a good 

guidance as to the load capacity of these model walls. 

Next the measured deflections are compared with those obtained from 

the analysis by The Finite Element Method as indicated by Figs. 

(6.6) 2  (6.7) 2  (6.8) and (6.9). 

It is obvious that the variation with applied loads of The Finite 

Element Method deflections is in a linear manner as the method is 

essentially an elastic one, whereas the experimental deflections tend 

to shift away from any linearity they had attained in the early stages 

of loading and assume a different variation with increasing deflections 

for the same loading intervals at the later stages of loading. 

The third comparison carried out is between the experimental modes 

produced at failure of the walls and the patterns traced through 

application of The Finite Element Method. Here the agreement achieved 

could be checked throughout Figs. (li.S), (4.6), (4.7) and (4.8), 

showing contours of the principal tensile stresses developed at the 

loads causing failure of the walls analysed, and Figs. (5.2)  to  (.7) 

which assemble a number of photographs taken at failure of the walls. 

In all these figures distinct yield-line patterns could be noticed. 

62.2one-Brick Model Walls 

The! 
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The Finite Element Method was used to analyse selected walls from 

the one-brick series. Again load capacities, deflections and patterns 

of failure obtained from these analyses are compared with their 

corresponding experimental results. Figs. (6.10) and (6.11) give a 

graphic representation of the variations of these lateral loads, 

obtained by the three different methods, with L/H  ratios for walls 

supported from three or four sides respectively. By studying these 

graphs and that of Fig. (6.5) it would be reasonable to suggest 

that both Finite Element and Yield-Line Methods could be used safely 

to estimate the lateral load capacities of brick walls in spite of 

the fact that the results for the walls with L/H  ratio equal to 0.5 

look more scattered when compared with those of the other walls. 

Comparisons of the measured deflections with those obtained from the 

Finite Element Method analysis for a sile aL' a-  -brick walls are given 

In Figs. (6.12), (6.13) and (6.14) 

The patterns of failure traced using the analytical method are shown 

in Figs. (4.9), (4.10), (4.11), (4.12), (4.13) which could be seen to 

compare with the actual experimental modes presented in Figs. (S.iO), 

(5011), (.12) (5.13) and (5.14) 



TABLE 6.1 

VARIATION OF FAILURE LOAD WITH MODULUS OF RUPPUBE, 

WIN  

Model Wall 
Al A2 A3 31 B2 Cl C2 C3 

No 

Exerpirriental 
1.45 1.0 o.65 1.8 2l 0.9 0.8 0.7 

failure load 

Modulus of 
180 242 177 192 208 238 214 209 

Rupture 



TABLE 6.2 

Half-Brick Model Walls: Three Sides Supported 

PL2 /m 
	d 

Model Wall No • Al A2 A3 Bi P.2 Cl C2 C3 

PL2/m from 
theory 15.58 15.58 15.58 12.3 12.3 18.75 18.75 18.75 

PL2/m from 
tests 28.4 17.3 15.6 14.4 15.5 23.2 23.0 20.6 

L/H 1.175 1.175 1.175 0.75 0.75 1.5 1.5 1.5 

TABLE 6.3 

One-Brick Model Walls: Three sides supported 

Model Wail No • El E2 Gi G2 Hl H2 

pL2, 	from 11.2 .14.2 22.5 22.5 10.67 13.67 theory 

pL2, 	from 
tests 13.0 14.4 18.4 22.2 8.75 10.4 

1.0 1.0 2.0 2.0 0.5 0.5 



TABLE 6.4 

One-Brick Model WaUs: Four Sides 

Supported 

and 

Model Wall No E3 E4 G3 GL H3 

from 
theory 2.O 2.O 56.58 1.39 1.39 

pL21 from. 
tests 26.2 25.7 59.2 53.1 12.4 16.o 

L/H 1.0 1.0 2.0 2.0 0.5 0.5 



TABLE 6.5 

One-Brick Model Walls 

Precoripression = O lb/in 

PT" /m and L/H 

Boundary 
Conditions Three sides supported Four sides supported 

Model Wall 
No. ES E6 G5 H6 E9 El  G1 0 ' H9 

pL2  /m 
experimental 23.3 20.8 33.7 15.1 35.8 41.8 

81 
.4 20 

1.0 1.0 2.0 0.5 1.0 1.0 2.0 0.5 



TABLE 6.6 

One-Brick Model Walls 

Precompression = 100 lb/in2  

and L/H 

Boundary Three sides supported Four sides supported Conditions 

Model Wall 
E7 E8 G7 G8 H? Ell E12 G12 H12 

No 

pL2  /m 

experimental 29.3 28.4 43 68.3 19.1 45.5 53.2 99 27 

L/H 1.0 1.0 200 2.0 0.5 1.0 1.0 2.0 0.5 
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C H A P T E R 7 

MODULUS OF RUPTURE OF BRICKWORK 

7.1 	INTRODUCTION 

As the yield-line theory has been used for the analysis of the brick walls 

tested, and the bending moment used in the theory was based on modulus of 

rupture of brickwork beams it was felt necessary to include in this study a 

more detailed examination of the modulus of rupture of brickwork for typical 

brick-mortar combinations and the degree of variability to be expected. 

The modulus of rupture is a measure of the bond strength between the 

mortar and units • The ability of mortars to bond firmly to building 

units is important, because lateral strength and water-tightness of 

walls are largely dependent on this property. This definition is 

valid when failure is by break of bond and not the units. 

Although shear strength and tensile strength of the brickwork have 

been regarded as minor properties the increasing interest in load-

bearing masonry for non-fraad multi-storey construction and in the 

use of masonry infill to reduce sway of tail steel-framed structures 

and the need for designing for wind pressures has underlined the 

importance of these properties. 

Experience with various masonry bond tests has shotrn that most of 

them give inconsistent results. The magnitude of the deviations in 

the bond test results reported by Pearson 31  is evidence of the 

presence of uncontrolled variables of considerable importance. The 

indeterminate pressure or tapping applied in making specimens has 

been found31  to be a major factor affecting bond strength. Also the 

degree of control of mortar consistency could have some effect. 

Mortar squeezing out more or less unevenly would leave an indefinite 

zone! 
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zone of little or no bond around the perimeter of the brick faces 

as verified by flcBurney32 . The effect of these zones upon the 

flexural strength would be obvious. 

7.2 	REVIEW OF EXISTING WORK 

7.2.1 Factors Affecting The Modulus of Rapture ofBrickwork '  

1 	Effect of mortar tensile strength and bond. 

Since a masonry wall spanning vertically may fail in the mortar 

joint (tensile failure in mortar) or in the interface between the 

mortar bed joint and the brick (bond failure) or sometimes partly 

in the mortar, partly at the interface and partly in the brick 

(Mortar, bond, brick failure), it is to be expected that the mortar 

and brick tensile strengths and the bond strength are inportant 

factors for the modulus of rupture of masonry. 

9 
Tests by SCPRF show that the tensile strength of the mortar 

influenced the modulus of rupture of brick masonry as shown in 

Fig (7.1). Since the tensile strength of mortar varies with its 

compressive strength, then it could be stated that the modulus of 

rupture of brick masonry would vary with mortar compressive strength 

as is given in Fig. (7.2). 

Since the variation between the modulus of rupture of the masonry 

and mortar tensile strength is not even nearly constant, there must 

be also other important factors changing with the mortar tensile and 

bond! 



bond strength. 

2. - Effect of brick suction and mortar flow. 

The modulus of rupture of brick masonry was tested at SCPRF9  for bricks 

with different suctions using the same mortar.  As can be seen from 

Table (7.1),  the highest modulus of rupture is obtained for a suction 

of 5  to 30 9/nin0 The decrease in modulus.of rupture for high suction 

probably does not show up in full magnitude in these tests since 

bricks with suction higher than 20 g/min per 30 sq. in. were wetted 

before being laid. The tensile bond strength decreases rapidly with 

high suction of the bricks as can be seen from Pig. (7•3)33• However, 

the influence of brick suction on the tensile strength of masonry is 

not only varying with mortar strength or cement content, but also with 

the mortar flow as shown by Fig (7.4) composed by Plummer and Reardon 33 . 

This figure must, however, be read with caution since other mortar 

properties were not held constant for all the points. 

3 - Effect of type of mortar. 

The effect of type of mortar on the flexural strength of brick masonry 

was investigated by SCPRF9 . Results of these tests are given in 

Table (7.2). Five like specimens were built with each of four types 

of cement-lime mortars, but with the same type of brick and 	in 

joints. These data indicate that transverse strength increases with 

the tensile strength of the mortar 

Ii. - Effect of mortar bed joint thickness 

A series of panels were built, at SCPRF'9 , using the same type of 

brick, but with varying bed joint thickness. Five specimens each 

were built with joint thicknesses from to in., in 1 /8 in increments 

for a total of 25 specimens. The results of the flexural tests of these 

panels are summarised in Table(T-3) and Fig. (7.5). The strength 

ratios were related to the flexural strength of panels built with 
315 in 

joints. The data indicate that flexural or transverse strength of 

brick masonry varies inversely as the thickness of the bed joints. 

The variation of modulus of rupture with the inverse of thickness 

of! 
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of the bed joint is not easily relayed to one single variable. 

However, the curing conditions and workmanship could be influenced 

by a change of bed joint thickness. When the joint thickness 

increases the chances for a weak spot being enclosed in the joint 

also increases and thus the statistical effect could be a part of 

the cause. 

Effect of brick strength 

As failure of masonry in bending often takes place in the mortar 

or the interface between mortar and brick, it would be reasonable 

to assume that brick strength has little effect on the modulus of 

rupture of masonry. But tests at SCPRF 9  and by Davies reported by 

Plummer and Reardon33 1  show a strong influence of the brick strength 

on the modulus of rupture of the masonry, (Fig. (7.6). The 

relationship, however, is different for different mortar mixes, and 

probably varies with wall thickness. The modulus of rupture is 

influenced by the brick strength only indirectly because of the 

change in suction with the change in brick strength. HaUcpiist 
34 

reports bending tests on 10-brick wallettes built with cement- 

lime mortar and two types of bricks; one medium and one hard burned. 

The modulus of rupture was 33 lb/in2  for the medium burned (high 

suction), and 103 lb/in2  for the hard burned (low suction) bricks. 

6 - Effect of irasoxiry compressive strength 

Since the corripressive strength of masonry is influenced by many of 

the! 
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the factors which determine the modulus of rupture, it is conceivable 

that a relation between the two could exist. Fig (7.7) present 

data compiled from SCPRF tests. In this case the modulus of 

rupture is about 4% of the compressive strength. This percentage 

was a little higher for some tests on concrete block masonry 

reported by Hedstr S o  Tests by Fishbt,rn 6  gave a modulus of 

rupture between 31% and S% of the compressive strength depending 

on the type of mortar. 

In a review of the available literature on the adhesion of 

brick/mortar combinations, You]. and Coats 37 refer to three methods 

which have been used for testing bond;. 

Moisture-penetration tests on panels 

Tension tests on two brick specimens 

Bending or flexural tests on wall Panels- 

Method (1) does not give any measurement of bond, although it may 

sometimes reveal a defective bond. 

Workers using method (2) have found that the bond strength varies 

considerably with small changes in the method of making the joint 

between the two bricks, that is with changes in the degree of compact-

ion of this joint and in the time taken to complete it. Since it is 

difficult to devise a method of jointing such a small specimen that 

is reasonably close to a bricklayer's normal method of jointing 

brickwork! 



brickworks  it therefore seems preferable that bond tests should 

be carried out by method (3) - by bending or flexural tests on 

wall panels built by normal methods of bricklaying. However, the 

preparation, storage and testing of these panels will be facilitated 

If they are kept as cinafl as is consistent with the use of such 

methods of construction. 

Experience at the Building Research Station38  with the use of small 

panels of 1 in brickwork, 12 in high and 27 in wide, has shown 

that these can be built by normal bricklaying methods and enable the 

bricklayer to judge the working properties of the mortar in relation 

to the suction of the bricks. 

Compressive tests on concrete cubes made from batches of concrete 

used on building sites are used to control the quality of concrete. 

Should it be considered desirable to control the quality of brickwork 

similarly, it appears that this type of test panel could be built 

by site bricklayers from sample batches of bricks and mortar, and 

then transported to the testing laboratory. 

The use of such panels to study the effect on bond strength of the 

water retentivity of the mortar and the suction of the bricks was 

reported by Ryder38 . A number of panels were prepared using mortars 

of different types and ccnositions where the bricklayer was allowed 

to control the water content. The results of the transverse strength ests 

a r e reproduced in Table (7-4),, and in Fig (7.8)  where the 

average transverse strength of the four panels built with each 

mortar/ 
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mortar mix is plotted against the water retentivity of the 

mortar. It is apparent that with these high suction bricks the 

flexural strength is approximately proportional to the water 

retentivity of the mortar. 

To examine the effect of brick suction on the transverse strength, 

a second series of test panels was built with similar bricks which 

had been immersed in water £ or various periods before being laid 

with two of the mortar mixes of poor water retentivity - the normal 

1 :1 :6 cement=lime=sand mortar and the normal aerated 1:6 cement: sand 

mortar (mixes No • 1 and No • 3 of Table 7 .4 ).  Tio of the highly 

water retentive mortars (mixes No, 2 and No. 4 of Table (7-4) were 

also used to build test panels with the bricks that had been 

immersed in water for the longest times. Three panels were built 

with each variation of mortar composition or brick suction. 

The results of the transverse strength tests on these panels, the 

details of the mortar mixes and the absorption of the bricks at the 

time of building the panels, are reproduced in Table (7.5). 

Comparison of the transverse strengths in Table (7-4) and Table (7.5) 

for the panels built with mortars No. 2 and No. l. shows that, with 

such highly water retentive mortars, wetting the bricks to reduce 

their suction may cause a slight drop in transverse strength. 

However, with mortars Of poor water retentivity and high-suction 

bricks, there is a progressive increase in transverse strength as 

the absorption of the bricks is decreased by wetting (pig. 7.9). 

The! 
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The effect f mortar strength on the deflection of panels built 

with soaked wire-cut facing-bricks, and the good agreement between 

measurements on triplicate panels which was usually obtained in 

such tests on well-bonded brickwork is shom in Fig. (7.10)38. 

Deflection measurements on panels which failed in bond tended to 

show greater variation between triplicate panels, and more acute 

changes in the slope of the load/deflection curve. 

7.3 	MASOMENT OF MODULUS OF RUPTURE OF BRICKWORK 

7.3.1 Purpose and Scope of Tests 

It is felt that more tests were needed to supplement those 

already available so that a firm idea could be established about 

the factors affecting modulus of rupture of brickwork. For this 

purpose five different types of bricks and two of mortars were 

used to prepare waflettes and prisms tested with their axes of 

bending parallel to or at 450  or 900  to the bed joints. 

7.3.2. Materials 

(i) 	Bricks 

Five types of bricks, Fig. (7,11), of varying properties have been 

used to conduct this study. Suction rate as determined according 

to! 



72 

to The British Ceramic Research Association recommendations 39 , 

was found to be within the stated limit of 2 kg/ni2/min. A 

shallow tray was placed on a level table. Two metal rods of 

equal size were placed a few inches apart, in the bottom of the tray 

and the tray filled with water until the metal rods were 

covered to a depth of about 3mm. The brick to be tested, which 

was dry, was weighted to the nearest graxnme and then placed, bed face 

downwards, on the metal rods and left in position for 60 2 

seconds. It was then removed, surplus water quickly wiped off with 

a damp cloth and reweighed. 

The modulus of rupture of the brick on edge and the crushing 

40 strength were also deterxnined. ]g. (702) presents the 

type of failure for bricks tested on edge, and results of bricks 

properties are listed in Table (7.6) 

(ii) Mortar 

Cement was rapid hardening "Ferrocrete". Two types of mortar were 

used with each brick type: 

1:1:6 	cement = lime = sand by volume, 

1 :*:3 	cement = line = sand by volume. 

14 X 14 x 14 in. mortar cubes and briquettes were tested for crushing 

and tensile strength respectively. Results of these tests are 

given! 



given in Table (7.7). 

703.3 Preriaration of Samples 

Five wallettes four courses high and four bricks long together with 

five prisms six bricks high were prepared from each brick and mortar 

type. Every batch of ten specimens was prepared using the same 

mortar mix obtained by a mixer in which the quantity of water 

added was controlled by the bricklayer to give a workable mix 

for the bricks used (Figs 	(7.14) and (7.15) give views of 

a sample of wallettes and prisms. 

Another series of wallettes six courses high and two bricks long 

was constructed using four brick types and the two types of 

mortar above. Three waflettes were built using the same brick and 

mortar type. One mortar mix was used for all twelve specimens 

corresponding to the four brick types. 

7.3.4 Testing of Samples 

At the end of a two-weeks curing period under plastic sheets 

outdoors, the brickwork samples were subjected to a transverse 

loading test. The waflettes belonging to the first series were 

supported on a span of 30 in. by two roller bearers 2 in. diameter, 

and the load was applied centrally at a rate of 200 lb/mm, witil 

failure occurred. Mid-span deflections were measured by dial 

gauges! 
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gauges at reasonable load intervals. Fig (7,16) shows one 

waflette placed in position ready to be tested. 

The prisms were tested by means of weights hung from mid-span after 

they had been simply supported along brick length. 

Wallettes of the second series were tested to determine the modulus 

of rupture on axis at 45 to the bedding plane. A rig was made up 

of two members each of which was composed of two channel sections 

welded at right angles. The horizontal channel sections were bolted 

to the floor of the laboratory through two bolts and the two vertical 

sections tied together at top and bottom.. The two members were 

placed so that the test sample could be put between them and become 

supported from the bottom and one vertical edge. Loading was 

applied at a distance from the corner of the free edges by means of 

a hydraulically operated jack and a 3-ton load cell through a 

spreader bean and was recorded by a digital voltmeter. Fig (7.17) 

gives a general view of the whole set-up. Any clearance between the 

test specimen and the channel supports was properly packed to prevent 

any rotation of the specimen when the load was applied. 

7.3.5 Results 

Three types of failure were noticed when testing waflettes of the 

first series. Most of the wallettes built with 1: 1,:3 cement = lime = 

sand mortar failed either by breaking two bricks and two vertical 

joints or by combination of break of bond and splitting of a brick. 

Whereas/ 
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Whereas wallettes prepared using 1:1:6 cent = lime = sand mortar, 

with a few exceptions, failed in the mortar joints without any 

bricks breaking. The type of failure of each waflette was therefore 

recorded, in addition to the load at failure and deflections at 

various stages of loading. Table (7.8) gives experimental results 

and Rigs. (7018)  and (7.19) show the failure of two waflettes. 

Figs. (7.20) (721), (7.22),  (7.23)  and  (7.24)  give plots of mid-

span deflections against mid-span loads for some of the waflettes. 

All prisms failed by the breaking of bond between brick and mortar. 

Tables (7.9) and (7.10) present the calculated modulus of 

rupture for both prisms and waflettes prepared from the five types 

of bricks and the two mortars. Figs. (7.25), (7.26),  (727),(7.28), 

(7.29) and  (7.30)  indicate the variation of the modulus of rupture 

of wallettes with suction rate of the bricks, modulus of rupture 

of prisms and bricks, and crushing strength of bricks and the brick-

work. Variation of modulus of rupture of bricks with their suction 

rate is also given. 

Wallettes of the second series failed by the break of bond between 

mortar and bricks in variable ways in a stepping manner as shown in 

Figs. (7.31), (7.32), (7.33)3 (7.34) and  (7o35). Measurements were 

taken. for the failure load, the distance of its point of application 

from the cracked section and the length of the crack. Modulus 

of rupture was then calculated using these measurements from which 

the maximum bending moment and section modulus were obtained. 

Results of these tests are listed in Table (711). 

703.6/ 
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7.36 Discussion 

Information on the transverse strength of brick structures is not 

as extensive as that available on the coiiressive strength of walls 

and pitrs. Transverse tests of specimens prepared from materials 

representative of those used in construction, provide data from 

which it is possible to estimate the expected transverse strength 

of brickwork if the type of workmanship and curing conditions 

are maintained the same. 

The resistance of brick walls to lateral loads applied normal to 

the face of the wall depends primarily upon the band strength 

of the mortar joints through which failures normally occur. Bond 

between mortar and brick is affected by mortar conosition and flow, 

suction of the bricks when laid and the method of forming the mortar 

joint. 

The Brick property that appears to have the greatest influence on the 

transverse strength of brickwork is the suction rate of the unit 

at the time of laying, since it greatly affects the bond developed 

between the brick and mortar. This is shown in Fig. (7.25)  for the 

two types of mortar indicated although there is considerable scatter 

of test results. This scatter could be due, in part , to another 

variable that can affect the bond developed at the brick-mortar 

interface. This is the character of the bedding surface and the 

extent to which mechanical inter-locking of the mortar with brick 

is' 
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is achieved. 

A look at Tables (7.9), (7.10) and (7.11 ) would show the variation 

of the values obtained for the modulus of rupture using two 

different types of mortar. Higher values of modulus of rupture 

are associated with the stronger mortar in all three types of 

test carried out. 

The degree of scatter experienced with the variation of the 

modulus of rupture of brickwork with that of the units makes it 

difficult to draw any correlation although the results obtained 

with the 1 : ,1 :3 mortar are more convincing in that direction. 

The same could be said about the variation of the modulus of 

rupture with the crushing strength of the brick or brickwork; 

Figs (7.29), (7.30). As the failure of brickwork in bending 

often takes place in the mortar or in the interface between brick 

and mortar, it would be reasonable to assume that the brick 

strength has only an indirect effect on the modulus of rupture 

of brickwork because of the change in suction rate with the 

change in brick strength. 

A direct relation between the modulus of rupture of wallettes with 

that of prisms was found from the test results as given in Fig (7.26). 

The! 



The relation also depends on the type of mortar used. 

'om the test results of waflettes with axis of bending at 450  

to the bed joints, it has been confirmed that the modulus of rupture 

of brickwork is gradually increased with increasing angle between 

the bed joints and the axis of bending up to 90 °; Figs (7.36), 

(7037). 

Based on the results obtained for the modulus of rupture when using 

1 :10 mortar and for suction rates of the bricks below 2 kg/m 2/min, 

its value has been estimated as 100 lb/in 2  in a direction normal 

to the perpend joints. This value proves that the permissible tensile 

stress given by CP 1111  is on the safe side as the resulting factor 

of safety willbe equal to 5. If higher values of modulus of  

rupture than those specified in GP 1111  are to be used, tests should 

be conducted using the same materials and workmanship as those in 

construction. The estimated value of modulus of rupture obtained 

using 1:1:6 mortar was about 80 lb/in , (Fig (7.25). 

Too low values to give a reasonable factor of safety over the 

permissible stress of CP 111 1 
 were obtained in the direction normal 

to bed joints, Fig (725) 



TABLE 7.1 

Effect of Brick Suction on Transverse 

Strength of I in. Brick Wallettes 

Suction of 
Brick, g per 
min per 30 
sq. in. 

Waflette 	strength 

N 
Modulus of 
Rupture Win Strength Ratio 

Less than 5 30 113 O.84 

to 30 80 135 1.00 

Over 30 25 98 0.73 

16 x 16 in • waflettes built with 1: :4f  mortar. 

N: number of specimens tested. 



TABLE 7.2 

Effect of Mortar Tensile Strength on Transverse Strength 

of It-in Brick Masonry Panels 

MORTAR PANElS 

Type 
Proportions Tensile Modulus of Relative 
by Volume Strength, Rupture strength Win  

lb/in2 

M 1 :*:3 278 S 137 1.10 

S 200 5 125 1000 

N 1:1:6 125 5 96 0.77 

0 1:2:9 48 5 85 o.68 



TABLE 7.3 

Effect of Mortar Bed Joint Thickness on Transverse 

Strength of )j - in. Brick Masonry Panels 

Bed PANE IS 

Joint 
Thickness Modulus of Strength 

n Rupture Ratio 

in lb/in2  

26 

4 S iSL 1.23 

3/8 
S 125 1.00 

1/2 5 104 0.83 

518 5 83 0.66 

3/4 5 64 0.51 



TABLE 7.1 

Transverse strength tests on panels built with dry bricks 

Mortar type and Panel strength at 25 days 
composition Water Air Consist- Water N of R 

No Sand by wt. Content Content ence (inn retention at 28 days ii 1 ing load Average 
by vol. (% of dry penetr- (t) and type N of R 

(cement=lime=sand) mix) (%) ation) (%) (lb/in2 ) of failure 	
) (lb/in2) 

0.11 	B 

B Normal 17.4 - 12.0 45 386 0.18 	B 70 
1:1:0.4:6.6 0.23 	B 
1:1:6 0.23 	B  

Activated 0,65 	A 

2 B (a) 1:1:o.4:6.6
(b)1:1:6 20.9 - 12,2 63 31.iS 

	

0.72 	B 

	

0,b5 	B 210 
A 

Normal. aerated 0.20 	B  
0.16 	B 3 B (a) 1: o:66 14.4 19 9.8 51 322 75 

(b) 1: 	0:6 0,17 	B 
0.29 	B 

Special aerated 0.86 	A
0.65 	A B (a) 1: 	0:6.6 16.2 17 11.6 65 o.56 	A 260 

(b) 1: 0:6 o.ii. 	A 

Masonry cement 0.23 	B  022 	B S B (a) 1: 0:5.25 14.9 18 10.6 iiii. 340 80 
(b) 	1: 	0: Lt- 0.22 	B 

0.19 	B 



TABLE 7.1 (contd......) 

Mortar type and Panel strength at 28 days 

mix Sand 
composition 

by wt. 
Water 
Content 

Air 
Content 

Consist- 
ence (inn 

Water 
retention 

N of R 
at 28 Failing load Average 

No by vol. (% of dry penetrat- days (t) and type N of R 

(c ement=lime =sand) mix) (%) ion 
( (lb/in 2 ) 

of failure 
(1) (lb/in 2 ) 

Nonrial 

	

0.50 	B 

	

0.I0 	B 6 C 1:0j:6.6 21,5 - 11.8- 54 321 0.61 	B 
180 

1:1:6 o.W4 	B 

0.62 	A 
Activated 0.68 	B 

7 C 1:o.4:6.6 23.2 - 1101 69 296 0.58 	B 210 
1:1:6 0.36 	B 

N ormal aerated 
o046 	AB 
0.19 	B 

8 C 1: 0:6.6 18.9 15 11.3 50 0.25 	B 160 
1: 	0:6 0.51 	B 

o.64 	B 
Special aerated 0.51 	B 

9 C 1: 0:6.6 18.9 15 8.0 62 369 0.61 	B 220 
1: 0:6 0.62 	B 

0.35 	B 
masonrymasonrycement 0.35 	B 

10 C 1: 	0:5.25 16.9 17 11.7 53 320 0,31 	B 125 
1: 	0:h; 035 	B 



NOTE - The Suffix A to the failing load indicates a straight fracture of the panel 

in the transverse test, breaking two bricks and two vertical joints. The 

suffix B indicates a band failure, with no broken bricks, whereas AB indicates 

a partial bond failure, normally in the top course Only. 



TABLE 7.S 

Transverse Strength Tests on Panels Built with Bricks of Varying Suction 

Brick Condition Panel Strength at 
I.R.A. Mortar Water Air Consist- Water N of It 28 days 
gm/min/ Nix content content ence (ximi retention at 28 days 
30 sq (1) ( 	of dry penetrat- (%) (lb/in2 Failing load Aver- 

Soaked Drained in ion) (t) and type age 
of failure N of R 

(2) (lb/in 
 ) 

0.36 	B 
DRY 48 No. 1 18.6 - 12.3 35 550 0.21 	B 100 

0.26 	B 

Nil 	B 
DRY 48 No. 3 144 20 9J4 43 400 Nil 	B Nil 

Nil 	B 

o,I8 	AB 
Thin h 27 No, 1 18.2 - 9.9 37 470 o.6 	B 185 

0.54 	AB 

thin h 27 No. 3 lLi..5 19 9.0 i2 b30 

	

0.35 	B 

	

0.18 	B 90 
0.21 	B 

0.47 	B 
Thin 24 h 34 No. 1 18.5 - 10.8 39 515 0.148 	AB 180 

0.51 	AB 



TABLE 7.5 (contd....0) 

Brick Condition Panel Strength at 
I.R.A. 
grrVrnin/ 
30 sq 

Mortar 
Nix 

Water 
content 
(% of dry 

Air 
content 

Consist- 
ence (mm. 
penetrat- 

Water 
Retention 

N of R 
at 28 days 

28 days 
- 

Failing load Aver- 
Soaked Drained in (1) mix) () ion) 

( '1  \ (lb/in2) (t) and type age 
of failure MoZ R 

(2) (lb/in!2 

1 Min 24 H 34 No. 3 1145 20 10.0 142 14140 
0.11 	B 
020 	13 55 
0.15 	B 

214 h 214 h 18 No. 1 18.2 - 95 ItO 1460 

	

0.56 	A 

	

0.51 	A 210 
0.614 	A 

214 h 214 h 18 

p 

No. 3 114.5 20 9.3 itO 1450 
0.59 	AB 
0055 	A 210 
0.56 	B 

214 h 214 h 18 No. 2 20.2 - 1110 65 390 

	

0.145 	A 

	

0.60 	A 205 
0.60 	A 

214 h 214 h 18 	No. 4 16.9 18 10.3 68 320 

	

0.55 	A 

	

0.59 	A 220 
0.60 	A 

NOTE 1 The mortar mixes are numbered to correspond with the mix compositions shown in Table 7.14 
NOTE 2 - The suffix A indicates a straight fracture of the panel, breaking two bricks and two vertical joints. B 

indicates bond failure, with no bricks broken, whereas AB indicates a partial bond failure, normally in 
the top course only. 



TABLE 7.6 

Properties of The Bricks In Present Investigation 

Type of Modulus of Crushing Suction Rate Brick Rupture Strength 

(lb/in')   (lb/in')   2  kg/rn /min  

726 5393 1.90 
619 425 1.82 

(1) 
693 5116 1.80 

5-Hole 4978 1.96 
3180 1.70 

1.96 
Average = 689 4618 

1871 

1,86 

1.95 378 
254 2227 2.10 

Avonbrige(2) 
L.97 1603 2.58 
311 1663 1.30 
233 2257 

verage = 335 1924   1.98 

717 3270 2.0 

Deep-frog 3  
698 
557 

3211 
2692 

1.3 
2.0 

486 3671 1.9 
610 3231 1.4 

Average = 620 3215 1,7 

885 4440 1.93 
939 5766 1.01 

3-Hole 975 4O).3 1.93 
518 5302 1.61 
723 4308 

Average = 808 4772 1,62 

390 3724 1.2 
311 2706 0.7 

NB 
Roslin 

1021 3600 0.7 
474 2799 1.5 
353 2917 0.9 
653 0.7 

Average = 534 3149 0.95 



TABLE 7,6 (contd..,..) 

Brick with five rectangular holes. 

Two rounded shallow frogs on both faces of the brick 

A deep frog on one face, the other face being flat. 

(Ii.) 	 Two circular and one square hole in between. 

() 	 A rounded and a right-angled shallow frogs on the 

faces of the brick. 



TABLE 7.7 

MORTAR 	OPERTIES  

Proportions 
by Volume 

Compressive 
strength 

(lb/in2 ) 

Tensile 
strength 

(lb/in) 

960 150 
1:1:6 1008 155 
cement: 1078 170 
line: 834 168 
sand 990 165 

1039 170 

2500 273 
1 ::3 2960 284 
cement: 21408 2148 
lime: 2310 
sand 2600 

21408 



TABLE 7.8 

Type of Type of Wallettes Test Mid-span Mid-span 
brick Mortar Dimensions No Load deflection 

(in) (tons) (mx io) 

0 0 

0.05 5 

0.10 7 

1 0.1,5 9 

0.20 14 

0.23 

0 0 

0.05 9 

0.10 12 

-hole 1:1:6 35x1 2x4 2 0.15 16 

cement: 0.20 19 

lime: 0.23 

sand: 

(by vol- 0 0 

ure 0.05 

0.1.0 6 

3 0.15 7 

0.20 9 

0.25 11 

0.26 



Table 7.8 (contd.,.,) 

Type of 
brick 

Type of 
Mortar 

Wallettes 
Dimensions 

(in) 

Test 
No 

Mid-span 
Load 

(tons) 

Mid-span 
Deflection 

(in x 10) 

0 0 
0.05 2 
0.10 
0.15 6 

1:1:6 1 35 x 12~x4j 
0.20 
0.205 

8 

0 0 
0.05 2 

5 0.10 7 
0.12 16 

5-hole 0 0 
0.05 2 
0.10 

1 0.15 5 
i 35 x 12x 

0.20 
0.25 

7 
8 

0.30 15 

0 0 
0.05 6 

2 0.10 
0.15 11 
0.195 15 

0 0 
0.05 2 
0.10 

3 0.15 6 
0.20 8 
0.25 11 
0.29 

0 0 

5-hole 	1 : 	 :3 35 X 1 2.xLi 4 
0.05 
0.10 

1 
5 

- o.1) 8 



TABLE 7.8 (contd......) 

Type of Type of Waflettes Vest 
Ylid -sDan  Mid-span 

Brick Mortar Dimensions No 
Load Deflection 

(in) (tons) (in x io) 

0 0 
0.05 1 

S 0.10 2 
0.15 3 
0.20 5 

0 0 
0. 0,5 7 

Deep 1:1:6 314x11x14g 1 
0.10 
0.15 

11 
15 

frog 0.18 21 

0 0 
o.oS 7 
0.10 11 

2 0.15 iS 
0.18 21 

0 0 
0.05 3 
0.10 14 

3 0.15 5 
0.20 7 
0.25 9 
0.27 11 

ee') 1:1:6 34x1 1 
frog 

o.oS S 
0.10 8 

4 0.15 11 
0.20 114 
0.22 17 

0 0 
0.05 3 

-S 0.10 7 
0.15 12 
0.175 18 



TABLE 7.8 (contd...,.) 

Type of 
Brick 

Type of 
Mortar 

Wallettes 
Dimensions 

Test No, Mid-span 
Load 

Mid-span 
Deflection 

(in) (tons) (in x 10-3  

0 0 
0.05 2 
0.10 
0.15 6 

1 0.20 8 
0.25 10 
0.28 12 

0 0 
0.05 7 
0.10 9 

Deep 1:*:3 3Lixl4rJ4 2 
0.15 
0.20 

12 
15 

frog 0.25 18 
0.30 20 
0.31 

0 0. 
0.05 9 
0.10 13 
0.15 16 

3 0.20 18 
0.25 20 
0.30 21 
0.35 24 

0 0 
0.05 5 
0.10 7 

14 
0.15 
0.20 

9 
12 

0.25 15 
0.30 18 

Deep 1 :*: 3  3Lix11x14 
0.335 

0 0 
frog 

0.05 IL 
0.10 6 
0.15 8 

5 0.20 11 
0.25 114. 
0.28 



TABLE 7.8 (contd,...) 

Type of Type of Wallettes Test Mid-span Hid-span 
Brick Mortar Dimensions No Load Deflection 

(in) (tons) (in x 10) 

0 0 
0.05 8 

1 0.10 13 

Avon- 
bridge 

1 :1:6 
a 

36 	x 13. x 4.1  
0.115 

0 
o.oS 6 

2 0.10 9 
0.15 12 
0.18 19 

0 0 
0.05 6 
0.10 7 

3 0.15 9 
0.20 12 

1:1:6 36.x13x4* 
0.22 

14 0.225 failure 

5 0.175 failure 

0 0 
Avon- 0005 - 

bridge 0.10 1 
1 0.15 2 

0.20 3 

36g X i4 X 14* 
0.25 
0.1405 

14 

0 0 
0.05 3 
0.10 7 

2 0.15 10 
0.20 114 
0.25 18 
0.285 25 



TABLE 7.. 8 (contd.. .,.) 

Type of Type of Wallettes Test ItLd-span Hid-span 
Brick Mortar Dimensions No load deflection 

(in) (tons) (in x 1073 

0 0 
0.05 
0.10 5 
0.15 7 

3 0.20 8 
0.25 9 
0.30 11 
0,32 15 

0 0 
o.oS 3 

Avon- 1 :*:3 
I 

36x13-.xI* 1. 
0.10 
0.15 

5 
8 

bridge 0.20 12 
0.25 15 
0.30 20 

0 0 
i. U2 

5 0.10 6 
0.15 7 
0.17 11 

NCB 1:1:6 1 36x13x4 
.0 
0.05 

0 

Roslin 1 0.10 6 
0.15 8 
0.19 12 

0 0 
0.05 6 
0.10 11_f 

2 0.15 19 
0.20 25 
0.225 34 

0 0 
NOB 
Roslin 1:1:6 1 36 x 13 x 4j 

o.oS 
0.10 

9 
11 



TABLE 7.8 (c ontd... ..) 

Type of 
Brick 

Type of 
Mortar 

Waflettes 
Dimensions 

Test 
No 

Nid-span 
load 

Kid-span 
deflection 

(in) (tons) (in x 10) 

3 0.15 13 
0.20 17 
0236 23 

0 0 
0.05 3 
0.10 14. 

14 0.15 6 
0.20 9 
0.25 13 
0.255 

0 0 
0.05 6 
0.10 9 

1:1:6 36 x 13 x14* 5 
0.15 
0.20 

13 
16 

0.25 20 
0.28 28 

0 0 
0.05 2 
0.10 3 

NCB 0.15 5 
Roalin 1 0.20 7 

0.25 I 

36 x 13 	47. 0.30 13 
16 

0 0 
0 . rsr 

0.10 14 
0.1, 6 

2. 0.20 9- --  
0,25 114 
0.26 20 

0 0 
0.05 3 
0.10 5 



TABLE 7.8 (coxid....) 

Type of Type of Walletes Test Mid-span Mid-span 
Brick Mortar Dimensions No load deflection 

(in) (tons) (in x 10-5   

3 0.15 8 
0.20 12 
0.25 17 

0 0 
0.05 1 
0.10 2 

NOB 
Roslin 1:*:3 

1 36 x 13 x 
0.15 
0.20 

5 
8 

0.25 13 
0.29 32 

0 0 
0.0, 1 
0.10 3 

S 0.15 S 
0.20 6 
0.25 8 
0.30 10 

3-hole 1:1:6 35x12x4* 
1 0.10 failure 

0 0 
0.05 2 
0.10 

2 0.15 6 
0.20 9 

0 0 

1:1:6 35x12x4 3 
0.05 
0010 

1 

0.15 9 

3-hole 0.117 failure 

S 0.13 - failure 

0 0 



TABLE 7,8 (contd...,.) 

Type of Type of Waflettes Test Mid-span J Mid-span 
Brick Mortar Dimensions No load 1eflection 

(in) (tons) (in x 

o.oS 2 
0.10 3 
0.15 6 

35 X 12 X 41, 1 0.20 7 
0.25 8 
0.30 .9 
0.35 13 

0 0 
0.05 1 
0.10 3 
0.15 5 

2 b.20 11 
0.25 16 
0.28 22 

0 0 
0.05 2 
0.10 3 
0.15 5 

3 0.20 7 

3-1ole 1 :*: 3  35 x12x4* 
0.25 
0.30 

9 
12 

0.35 15 
0.376 

0 0 
o.oS 3 
0.10 

0.25 9 
0.28 11 

0 0 
0.05 1 
0.10 2 
0.15 2.5 

3-hole 1 :*: 3  35 x 12 x 5 
0.20 
0.25 

3 

0.30 6 
0.345 9 



TABLE 7.9 

MORTAR 1:1:6 

Type of MODULUS 	OF RUPTURE 	LB/IN2 	-- 

Brick 
Wailettes 

Standard Coefficient Prism Standard Coefficient 
deviation  at criaon deviation of valation 

Ist 0, 

0 
'S1 

0, 

0 

105 8 
105C 13 

5.-Hole 118 24 25 8 2.5 24 
93 11 
55 Av.=1O 

Av.= 	95 

92C 10 
59 9 

Deep- 138 29 30 75 3.9 30 
Frog 112 17 

89c Av.=13 
Av.= 	98 

91 25 
48 11 

Avon- 71 18 24 11 7.6 55 
bridge 93 8 

72 
Av.= 	76 Av.=lb 

87 2 
103C 25 

NCB 108c 15 lb 8 10.6 76 
Roslin 116 20 

128 Av.=lb 
Av.= 108 

47 10 
92 11 

3-Hole 69 19 28 8 3.1 39 
Sb 
84 Av.=8 

Av.= 	69 

C: Failure by cibination of break of bond and splitting of a brick 



TABLE 7.10 

MORTAR 1 :*:3 

MODULUS 	OF RUPTURE, 	LB/D? 
Type 
Of 

brick WaJ.lettes Standard Coefficient Prisms 3tandard Coefficient 
deviation of variation Iiion of variation 

'a' 0/ 
0 

lot 0/ 
 0 

138 18 
90 2 

S - 133 31 30 16 7.9 35 
hole 64 36 

92 20 
Ave=103 Ive=23 

147  26 
163B 18 

Deep- 184 B 17 10 30 6.5 24 
frog 176 C 33 

lii? kve=30 
Ave=1 63 

167B 142 
118C 56 

Avon- 132 B 35 29 32 9.5 22 
1dge 124 C 37 

70 149 
Ave=1 22 Ave=43 

1614B 22 
NCB 118 C 27 
Roslin 1114 C 20 15 30 8,5 33 

132C 25 
137C 26 

Ave=133 kve=26 

173 142 
138C 13 

3- 186. 22 14 17 11.2 145 
hole 138 27 

170 25 
Ave=161 ve=25 

B = Failure by breaking two bricks and two vertical joints. 

C = Failure by combination of break of bond and splitting of . a:  
brick 



TABLE 7.11. 

Type of 
Brick 

Type of 
Mortar 

Failure 
Load 

Moment 
Arm 

Crack 
Length 

Modulus of 
Rupture 

(tons) (in) (in) (lb/in2 ) 

0.28 8.4 18.4 101 

0.24 9.2 18.4 95 

0.16 10.8 18.4 74 

Average= 90 

Deep-frog - 

0.16 3.0 18.4 21 

1:1:6 0111 6,8 184 32 

0.16 8.8 18.4 60 

.Average 38 

0.27 6.8 19.6 74 

0.37 6.8 19.2 104 

el 
0.26 4.8 19.2 51 

Average= 76 

5-Hole 

0.18 6.0 1912 Wi. 

0.24 6.4 20.0 61 

1:1:6 0.15 1.8 18.4 12 

Average 39 

0.16 8.8 18.4 60 

0.17 6.8 18.4 50 



TABLE 711 (contd,,....) 

rpe of Type of Failure Moment Crack Modulus of 
Brick Mortar Lcad Arm Length Rupture 

(tons) (in) (in) (lb/in2 ) 

0.22 6.8 18.4 64 

Average= 58 

3-Hole 

0110 7.2 19.6 29 

1:1:6 0.21. 2,4 20.0 23 

0.18 2J4 20.0 17 

Average 23 

0,20 4.8 17.6 10 

0.38 7.2 22 93 

0.163 7.2 20 41 

Average= 59 

Avonbridge  

0.26 1.6 18.8 16 

1:1:6 0.29 3.6 22 35 

0.35 2.4 18.8 33 

Average= 28 
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CHAPTER 8 

GENERAL CONCLUSIONS 

The conclusions reached from the investigations presented in this 

thesis are summarised as follows: 

With normal mortars, failure under lateral loading in brick 

walls supported on three or four sides is due to the breakdown of 

bond at the brick/mortar interface, leading to diagonal cracks 

stepping through the vertical and horizontal mortar joints. In 

some cases it may occur through the brick as well. 

Under lateral load with sufficient precompression, failure of 

brick walls supported on three or four sides would occur by a yield 

line pattern of cracks passing through both the brick and mortar; 

in this case the ultimate strength of walls is governed by both the 

modulus of rupture of the brickwork and the applied precouipression. 

Walls in the uppermost storeys of high buildings fail at 

lower lateral loads compared to those at lower heights as pre-

compression, which is due to self weight, decreases with height. 

In the tests, walls under preconipression failed at higher 

lateral loads than those which caused failure of identical walls 

under less or noprecompression. 

Under/ 
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Under combined axial and lateral loads the lateral rigidity 

of brick walls increases with increase of axial precompression. 

For the same value of precoression, lateral rigidity increases 

with decrease of length of walls of the same height and thickness. 

The lateral strength of brick walls can be estimated analyti-

cally using The Yield Line Theory provided that the moment of 

resistance is based on the modulus of rupture of the brickwork 

obtained from data provided by transverse tests of specimens 

prepared from the same materials used in construction. In the case 

of walls with axial preconre5sjon the moment of resistance is 

adjusted to allow for these precoanpressions. The use of The Yield 

Line Theory here is only eiirical as it could not be proved that 

all yield lines have had the same maximum bending moment simultaneously, 

Stresses and deflections in a laterally loaded brick wall 

can be calculated reasonably accurately, and the yield line pattern 

of cracks predicted using The Finite Element Method. 

Transverse strength of brickwork is related indirectly to 

the crushing strength and modulus of rupture of the bricks, and the 

crushing strength of the brickwork, 

(1) 	The most significant factors detennining the modulus of 

rupture of brickwork are the mortar water retentivity and brick 

suction rate. There is a conflict between these two properties: 

the mortar trying to retain its water for proper hydration of 

cement/ 
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cement and the brick trying to absorb wat•r out of mortar. The 

resulting moisture balance is a deciding factor of the modulus 

of rupture. 

The modulus of rupture of brickwork at an axis of bending 

through a mortar bed joint has been related directly to the modulus 

at an axis of bending normal to the bed joints, depending on the 

type of mortar used. It was found that for 1 :*:3 mortar the modulus 

of rupture at a bed joint is about one-fifth of that at an axis of 

bending normal to the bed joint. For 1:1:6 mortar the ratio is one-

eighth. 

The modulus of rupture of brickwork gradually increases with 

increasing angle between the bed joints and the axis of bending up 

to 90 degrees, 

(1) 	It is suggested that the permissible tensile stresses of 

brickwork be increased when the suction rate of the units is 

controlled and mortars of high water retentivity are used. 

Recommendations for future research: 

1 	As the use of the yield-line theory was empirical an investigation 

could be carried cut to verify the existence at all yield-lines of 

maximum bending moments. 

Some further study of the relationship between the moment of resistance 

in the horizontal and vertical directions in brickwork walls could be 

made. 

Application of the yield-line theory to panels of more complicated 

boundary conditions and openings could also be made. 
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FORMULAE FOR PANELS BY THE YIELD—LINE THEORY 

(1) Rectangular Panels Simply Supported from Three Sides: 

L,2  

a) First Node of Failure (Fig. A.1.1) 

The principle of virtual work is used. 

(_L 

Assume a deflection at points e and £ 

The internal work done by  rotation  of  the  

yield lines: 	 Fig. A.191. 

= m xL x 2-L x 2 + m x L x _L 
L 

= m c,( 	(Ii. + 
	1 	

(1) 

L,2  

N\J 
H 
m 

External work done by load: 

=p[ 	x(1 —)cL X 	X 2 + 	JL 	x2+fLx 	X 

2 pL = 	xc' 	(3 

Internal work = External work 

2 	2 
hence 	m = 
	3 —+ pL 

dm 



0  
dm 	 . 	I .. 

2 

and 	m = 	_[ \/3 + 1 
	- 1 

bo-2  

b) Second Mode of Failure (Fig. A.1.2) 

For elements A and C, internal work = 

m xg X 	x 2 = 2  X 

For element B = 

x 2L 

Total internal work = 

2(m -- +m 

Fig A.1.2. 	m 

m 

External work = 

p [ L(1 -2) XcL x 	+ j xL xx 

- 	pL2  - 	-i-- 	x '. (3 - 2 	) .....(2) 

Equating (1) and (2) we get 

2 	- 2 
pL 	( 	'' 	 1 

M = IT ' 	1 + 	2 	I ; 	
= 

thu 
dP 
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dm 	0 • 	$ = L[J+)? 	2/3] 

and 	= p(c&L)2 
{ 

\J4 +- 
	2 

(2) 	Rectangular Panels Simply Supported from Four Sides: (Fig.A.1.3) 

Assume deflectionS along ef. 

Internal work: 

2 x m x x2L xL+2xmx- 	x'cL 

= mxS(
+ 

L 	P 	)Z 	.L 

External work: 	 Fig A01.3. 	In 

1 	 L 	2 	1 .oL 	ç 

[.- xL x AL x 
. J x 2 

= p 	L 	
- 	) 	.....(2) 3 	2 

Equating (1 and (2) gives 

M 

= 	22 	(38- 22) 
12 	 r 	 2 (2p+ 	c. ) 

dm E
= 0 	.•. J8 = 	I 

\j(32 : 	- 
dB 

and 	m = p ( LL) 
2 	

\f + 	 - 	2 

27—  

M 

. 
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Flow Chart 1. 

START 

specify input data according 

to analysis required 

Formation of element stiffness 
and stress matrices 

I 	
_Y 

I Assemblage of overall stiffness 

L_ 	
matrix 

Application of external loading 

Flow Chart 2. 

START 

Read and print input data 

Calculation of 

at all nodes . 

Calculation of the general- I 
ised stresses at all nodes 

Fculations of the principal 
tresses at all nodes 

STOP 

Introduction of boundary conditions 

Solution for displacements and 
I moments at all nodes 

STOP 


