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SUMMARY 

This thesis is the result of a programme of work concerned with the 

flexural strength and behaviour of brickwork beams. 

The physical properties of the constituent materials are examined in 

the light of existing knowledge and specific tests of compressive 

strength, tensile strength, adhesion and modulus of elasticity are 

carried out for the andiviaaal toma thadat materials (bricke and 

nortars) and for the composite material (brickwork) thet are used in 

subsequent beam tests. 

A theeretical solution is presented for shallow brickwork beams using 

a theory analogous to that frequently used for beams of laminated 

cross-sections based upon considerations that the beem is rot of 2 

homogenerus material, a number of simply supported beams are tested 

and analysed by the proposed theory. 

Deep beams supported by a vertical shear force st sach end are anni ysed 

by a theory developed from the Theory of Flasticiiy using Aivey stress 

functions, stress equaticns are achieved that regult in the ideal cone 

ditions of stress free ends at the vertical ené faces of the beam, A 

method for the determination of the stress functions is gives from the 

expansion of a doubly infinite power series. 

Tests are carried out to determine the distribution of flexural stresa 

at mid span of some deep beams, these tests validate the provosed theory 

end give some indication of the arching action that takes place in soma 

deep beams, 

Arching action is considered for beams restrained in the longitudinal 

place, A number oF
 direction, assuming that a tension failure has taken “ 

of restrained mortar beams are tested to obtain the load/ def} Leetion 

relationships and ultimate strengths for beams of vexrious span/ depth 

ratios.
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PREFACE 

Probably the oldest form of building construction knowm to man ig 

the art of placing small elements of a material one on top of the 

other to provide a protective shelter against the unfavourable aspects 

of his environment. 

For some thousands of years the simple brick in some form either 

obtained from natural resources or specifically manufactured has 

provided man with his most readily adaptable building material, 

There are numerous examples in the relics of ancient civilisation of 

sophisticated load bearing bric kwork structures in the shape of 

bridges, aquaducts, retaining walls, columms, arches and domes that 

have survived to this day to give evidence of the art and craft that 

our ancestors must have possessed. It is unlikely that at this time 

the early anivies had the benefit of an ability to carry cut a mathe~ 

matical anslysis of the structures that were built and it mst be 

assumed that their work was the result of practical research by trial 

and error. 

Much of the success must have depended upon the intuition and experience 

of the individual from which it could be expected that the 'academics' 

of succeeding generations were able to produce xrule of thumb methods 

for simple calculated designs, 

It followed over the years that a traditional art of building in 

brickwork was developed, suite naturally on a very conservative basis 

and when judged by present day standards cannot be considered to be 

economical in terms of capital costs for labour and materials. 

In recent years the introduction of Building Byelaws permitting the 

use of calc ulated losdbearing brickwork hes generated an interest for 

research to establish methods of design and construction in order that
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a more scientific approach cen be made in the assessments of stress 

distribution in brickwork elements. A better understanding of the 

material has been achieved whi ch has led to economy in design and 

utilisation of the available brickwork materials. 

Unfortunately, the long standing tradition in the desig of load- 

bearing brickwork has been based on the assumption that brickwork 

possesses no tensile strength, consequently designers have produced 

solutions making every attempt to avoid the presence of tensile forcas, 

it is for these reasons that modern research has generelly been con= 

fined to the behaviour of brickwork in compression, This may well 

have been satisfactory in the days when weak lime mortars were used, 

it is a regrettable fact however that move advantage has not been taken 

of the properties of strength and adhesion of the cewent/send mortars 

in common use today. 

Each day, more use is being made of mortar additives thet not only 

td
 improve the tensile properties of brickwork but with reasonable site 

supervision can achieve reliable guaranteed strengths for the material 

in a state of tension. 

Recent disasters brought about by gas explosion and other accidental 

damage have quite clearly shown that brickwork can have e high degree 

of tensile strength that has previously been ignored. There is still 

scope therefore that with a better understanding of the flexural strength 

and behaviour of brickwork there will be an opportunity for further 

economies to be achieved. 

It is for this reason that this thesis has been prepared, within the 

limitations of the scope of the work presented here it is of course 

not possible to provide solutions to all of the problems that can arise
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‘when advantage is taken of the tensile strength of brickwork, With 

these limitations in mind this programme of work has been confined 

to an investigation, both mathematically and by practical experiment, 

into the behaviour of brickwork beams, 

It has for a long time been the concern of designers that lintols 

over openings in brick walls become, in a number of practical instances, | 

superfluous once the brickwork has been built and set. The lintol 

that was in all probability designed to carry the full weight of the 

brickwork above it, is, in effect, simply ea prop that is necessary 

during the pericd of constzuction, 

The modern method of multi-storey cross well construction essentially 

involves the use of walls that can behave as deep beans supporting 

vertical loads or providing stability against imposed horizontal forces, 

Without taking into consideration the tensile strength properties of 

the brickwork the full economy of the construction cannet be achieved, 

Brickwork still remains one of the cheapest, most durable and 

aesthetically pleasing forms of construction, research in this field 

must progress in order that the full potential of the material may be 

exploited.
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CHAPTER 1 

STATISTICAL PROCEDURES 
  

Statistical procedures used in the presentation of this thesis make 

it possible to summarise results in a concise and convenient form. 

Based upon the recommendation of Special Technical Publication 15-C 

prepared by the American Society for Testing and Materials Committee 

E-11 on Statisticel methods, certain common algebraic functions, the 

arithmetic mean ai the coefficient of variation (V) and the number of 

specimens (n) will be recorded. 

The arithmetic mean (KX), popularly called the average, is a measure 

of central tendency, It corresponds to the centre of gravity of a 

system and it is expressed in the same units as the observations, 

The standard deviation (s) is a measure of variability. It is an 

indicator of spread or dispersion of a series of measurements about 

@ central point, the mean. 

In a mechanical system it corresponds to the radius of gyration measured 

from the centre of gravity. The larger the standard doe iee the larger 

is the scatter or the wider the spread of the data, It is expressed in 

the same units as the measurements making up the set of data. 

The fundamental formula for the calculation of the standard deviation is: 

  

where X = the arithmetic mean (average) 

x = an individual measurement 

n = number of specimens or measurements in the sample. 

(In small sample statistics n ~ 1 is used more correctly. 

If the sample is large n is used as the denominator. ) 

The standard deviation is best interpreted in terms of the percentage 

of cases falling within certain limits. In a normal distribution 68,26



per cent of the cases fall within the limits one standard deviation 

above the mean and one standard deviation below the mean, 

The range m 2 standard deviation from the mean, includes 95.44 per 

cent of the cases, 

The range e 3 standard deviation from the mean includes 99.74 per 

cent of the cases, 

The most simple measure of dispersion is the range (R). It is 

defined as the difference between the largest and smallest numbers 

of a set, and numerically defines maximum spread er scatter. Only 

two numbers are used to caiculate the range, whereas all the valves 

in a set of measurements or observations are used to calculate the 

standard deviation, 

Therefore, the standard deviation is a more representative indicator 

of variability but it is not as easily interpreted. 

The coefficient of variation (V) which is also a meawre of dise 

persion or scatter is the ratio of the standard deviation to the 

arithmetic mean expressed as a percentage, It expresses variability 

on a elattve scale rather than on an absolute scale and is perhaps 

the most easily interpreted measure of dispersion. 

It is calculated from the following:- 

100 5 
meremireow 

x 

where V = coefficient of variation 

V 

S =: standard deviation 

><
a 

t arithmetic mean



CHAPTER 2 

BRICKS : 

2.1 BRICKS USED FOR EXPERIMENTAL WORK 

The bricks used for all tests and sample panels were pressed clay 

FLETTONS, solid without frogs, supplied by THE LONDON BRICK CO. LTD. 

The brick tests were carried out in accordance with BS,3921:1965 

"Specification for Bricks and Blocks of Fired Brickearth, Clay or Shale”. 

2.2 WATER ABSORPTION TESTS 
  

For load bearing bricks other than Engineering Bricks or bricks for demp- 

proof courses there is no requirement for specific average absorption 

values imposed on the brick manufacturers by BS,3921, The initial rate 

of absorption generaliy decreases as the brick strength increasegz, there 

are exceptions of course since the initial rete of absorption is in~ 

fluenced by texture and surface characteristics as well as by the 

capillary pore structure of the brick. 

A brick which is permeated with water may become frozen; even without 

freezing a wet brick will expand, in both cases severe internal stresses 

may be set up if the structure is restrained in its movement or damage 

may occur if free expansion is allowed to take place. 

In building structures the general case is that one face of the wall 

is exposed to weather whilst the inside face remains dry and protected; 

it must therefore be desirable for a brick to have a low absorption rate. 

The requirements of BS,3921 with respect to frost resistance show only 

the durability of a brick and do not relate to the load bearing capacity 

under adverse weather and temperature conditions, 

The water absorption test is now given less prominence than has often 

been accorded to it. A low water absorption figure can be used in 

defining engineering bricks and bricks for damp-proof courses but water 

absorption, like strength, is not a general index of durability. No limit
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can be set, however, that will discriminate generally between durebie 

and non-durable bricks. 

Recent work has show that the saturation coefficient, or ratio of 

24 hour cold absorption to total absorption by the boiling or vacuum 

methods, is less useful as an index of durability than was formerly 

thought. It is not therefore included in 65,3921, 

2.3 Suction Rate of Bricks 

Absorption can be defined as the amount of water which will fill thes o 

pores in a brick which are open to the air, ‘the rate cf abscrotion is 

called SUCTION and upon thi s value depends the ease with which bricks 

may be laid and also their bond strength to the mortar. 

Bricks with rough textures on the bed faces and medium values of suction 

will have high bond because the mortar will key into the irregularities 

of the brick, 

Bricks with low values of suction have bed faces which are often of 

smooth texture with few irregularities giving low edhesion. 

Bricks with high suction can reduce the water content of mortar so 

rapidly that it stiffens before the upper brick is laid,resulting in 

low workability mortar with poor bond. This can result in the mortar 

adhering much more strongly to the lower than to the woper bricks, 

Bricks of high absorption will require wetting to some extent to reduce 

the ais particularly in hot dry weather, 

ois ee that suction should not exceed 20 gf brick over a face 

approximately 30 in® in area which corresponds with 0.025 on/in® /min 

sometimes ausbeas (2) 

ALBRECHT and SCHNEIDER quote 15 e/ ane (about 35 e/ brick) as the eriticel 

naximum if a good tensile bond is to be obtained, and recommends the 

soaking of bric ks to reduce the suction to this vaiue.
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(3) 
The draft revision to CP,111 (January 1970) states that clay units 

should not be laid where the suction rate (determined by a specified 

test) exceeds 2 ke/me per mins; where necessary the suction rate on site 

should be adjusted by wetting. This value corresponds to about 46 e/ prick : 

for bricks to BS.3921 (area 35.58 ee 

The following suction rate test as specified in the draft revision 

to CP.111 was carried out. 

A shallow tray was placed on @ level table. Two metal rods of equal 

size were placed a few inches apart, in the bottom of the dish, and 

the dish filled with water until the metal rods were covered to a 

depth of about 3 mm The brick to be tested, which was dry, was 

weighed to the nearest gramme and 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 « damp cloth, and re-weighed, 

The water level was adjusted as necessary between tests. 

  

SPECIMEN NO. DRY_WEIGHT(g) YET WEIGHT() WEIGHT OF 
ABSORBED VATER( s) 

1 2559 2662 63 

2 2573 2639 66 

5 2551 2626 75 

4 2540 2614 74 
5 2544 2620 oe 
6 2583 2654 71 

<< 2562 2652 70 

8 2557 2646 89 

9 2575 2650 Tl 

10 2593 2666 73 

11 2530 2604 74 
12 2551 2631" 80 

These resvlts given an arithmetic mean (x) of 74 g, a standard deviation 

(S) of 6.65 g and a coefficient of variation (V) of 9%.



Conclusion 

The sample bricks tested have a very high suction rate which is in 

excess of the value specified that would result in an acceptable bond 

between brick and mortar. 

The bricks will therefore be wetted by complete immersion in water 

for a specified time before sample beams, panels and test pieces are 

constructed. 

2.4 The Compressive Strength of Bricks 
    

Bricks are produced with strengths to satisfy a wide range of 

architectural and engineering requirements, 

: : ; Ke 
Brick cxushing strengths range from less than 2000 lb/in® to more 

ee ee ; : 7 = Spon 
than 14,500 lb/in with specifications covering all normal building 

requirements. For load bearing brickwork structures it is useak for 

the designer to state as his basic specification the required crushing 

strength of the bric k and the tyne of mortar to be used. 

The main use of the results of compressive strength tests is as 2 

guide to pexmissable stresses in brickwork, Cp.111 'Recormendation 

of load-bearing Walls' states limiting design stress values related 

to the brick crushing strength, the slenderness ratio of the wall, 

the type of mortar and the condition of eccentric loading. 

The crushing strength of a brick is often mistakenly used as a guide 

to other properties of the brick, Although very approximtely the tensile 

and shear strengths are of the order of 7% and 35% respectively of the 

particular compressive strength, the erushing strength ig not necessaril 

an index of the durability or sbsorption rate.



From the manufacturers point of view, the simple crushing strength 

test is an invaluable aid to the production of a system of quality 

ec ontrol that will enable a guarantee to be given to the user that 

when random samples are taken from any delivered batch of bricks, 

there is a specified probability on a statistical basis, that in 

not more than 1 in 40 samples tested the arithmetic mean of the 

sample will be below a specified limit of compressive strength, 

The method of determination of compressive strength is defined in 

BS.3921. 1965 'Bricks and Blocks of Fired Brickearth Clay or Shale', 

10 sample bricks were taken from various positions of a stack of 

1000 bricks, The overall dimensions of each bed face were measured 

to the nearest 0,05" and the area of the smaller of the two was taken 

ag the area of the unit for calculating the compressive strength, 

For the bed face compression test the bricks were immersed in water 

for 24 hours before testing between 3 mm plywood at a loading rate of 

2000 1b /in? MIN all in accordance with Clause 43 d BS,3921,



COMPRESSION TEST ON BRICKS 
  

Carried out in accordance with Clause 43: BS,4921. 1965, 

Soaked in water for 24 hours, Tested between 3 mn Plywood at 

2000 1b/in?/MIN, 

  

SPECIMEN NO. COMPRESSIVE STRENGTH 1p in? 

1 2599 

2 4199 

5 2950 

4 2900 

> 3090 

6 3056 

7 3470 

8 2900 

9 3260 

10 3360 

These Results Give: 

ARITHMETIC MEAN X% = 3206 1b/in® 
9 

STANDARD DEVIATION = 394 1b/in* 

VARIA LION = 12.3%



2.5 The Modulus of Elasticity of Bricks 

- 

Further compression tests were carried out on the longitudinal axis of 

3 selected brick samples for the purpose of investigating the load 

strain gravh for the sample and the calculation of thé initial tangent 

modulus, These tests were carried out on dry bricks. 

The opposite 4" faces of each sample were prepared by the application 

of a thin coat of 'Polyfilla' which was then carefully scraped to provide 

a smooth face for the strain gauges, 

‘Tinsley' Tyne 7A Felt Backed electronic strain gouges of 2" gaure 

length and a gauge factor of 2.15 were bonded to the prenared face with 

F88 adhesive cement supplied by the International Dental Co.Ltd. Mexico. 

A preliminary load was applied t o each specimen without shock and in- 

creased slovly up to a maximum load of 1.5 tons, the load was maintained 

at this figure for one minute and then reduced gredually to zero. This 

preliminary loeding was carried out in an attenpt to prevent the 

irregularities of the material producing an initiel non-lineer load-strain 

relationship, 

In order that the initial tengent modulus could be carefully plotted 

lo2ds were then epplied to the snecimen in increments of 0.1 ton up to 

1.5 tons thereafter in increments of 0.5 tons to failure. Strain gauge 

reagings beins taken at each increment of load. 

The load strain curves were then plotted for each face of the 4 specimens n 

tested. (Figs. 2.5.1: 2.5.2: and 2.5.3)
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For the purpose of the calculation of the tangent modulus the arithmetic 

mean of the measured strain on the 6 tested faces up to an applied load 

of 1.5 tons was plotted (Fig.2.5.4) 

From the slone of this line it was calculated that: 

Bia Se 10° 1b/in® 

The arithmetic mean of the crushing strength in the long axis was 

. 
rushing strength in this direction is to 2050 lb/in® indicating that the QO 

only & of the crushing strength in the direction of the noxmel bed face, 

Plate 2.5.1. shows a typical specimen after failure. 

  

All specimens failed by the mode indiezted, in each case th 

cracks at the top of the brick formed first resulting ina wedge sactiion 

which produced the vertical split from the intersection of the diagonal 

cracks to the bottom of the brick,
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COMPRESSION TEST ON LONG AXIS OF BRICKS 

  

  

    

      
  

    

MICRO STRAINS 

SPEC 1 SPEC 2 SPEC x 

LOAD (TONS) | FACE A | FPACEB | FACE A] FACE B| FACE A] FACE B 

0.1 5 25 23 20 15 15 17 

0.2 15 50 48 30 25 30 be 

0.3 20 75 68 45 35 45 48 

0.4 30 105 88 60 45 65 65 

0.5 40 127 113 70 60 8C 82 

0.6 55 150 133 85 70 ws 98 

0.7 66 175 153 100 80 119 114 

0.8 85 195 178 110 95 125 131 

0.9 100 217 198 130 105 140 i4 

1.0 115 240 218 145 115 155 165 

ait 133 260 238 160 130 i'70 162 

12 155 285 253 180 1A5 190 201 

1.3 167 305 268 195 157 205 | 216 

1.4 190 325 288 210 i70 220 234 

t<5 205 345 311. 225 185 230 267 

2.0 325 438 443 305) 245 310 344, 

2.5 415 520 528 400 315 388 428 

"3.0 565 610 598 520 395 450 523 

3.5 670 720 668 660 455 535 618 

4.0 785 625 153 780 520 620 714 

4.5 910 925 843 910 580 705 

5.0 1050 1035 958 | 1030 660 7185 

5.5 1190 1160 1078 | 1155 135 880 

6.0 1375 1295 1248 | 1270 615 975 

6.5 1530 1460 1388 | 1405 885 1080 

7.0 1745 1665 1588 | 1550 960 1180 

RE CEDIS) 8.85 901. 19 
CRUSHING 1930 raha 2460 a 
STRENGTH 
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2.6 The Tensile Strength of Bricks 

Attempts were first made to obtain the direct tensile strength of the 

bricks by bonding steel plates to the ends of the brick samples, the steel 

plates each being fitted with a steel rod suitable for gripping in the jaws 

of e tensile testing machine, 

To obtain the necessary alignment the plates were first fixed into the jaws 

of the machine and the specimen held in this position until the setting of 

the bonding agent was complete. 

Six samples were prepared and during the test on each sample a fracture 

occurred within 6 mm from the end of the brick. (see plate No.2.6.1) 

It was concluded that this mode of failure was the resvit of tri-axial 

tension set up by the restraint to contraction in a direction at xigni 

angles to the axis of the applied load at the end of the brick provided 

by the bond between brick and steel plate, 

Further attempts were made to obtain a direct tensile test by bonding hard 

rubber pads between the steel plates and the specimen brick (see Plate 

No. 2.6.2). 

The test resulted in a tensile failure of the rubber,; After experiencing 

great difficulty in removing the rubber pad from the steel plate for 

further use it was decided that this would not in the end produce a& satis- 

factory practical test. Further effort to obtain a suitable grade of mbber 

was not considered to be worth while, 

The direct tensile test was then abandoned in favour of the following 

‘splitting test', 

Five bricks were taken at random from the stored stack, 

Each brick was then cut by the use of a masonry saw into three samples, each 

being 2,6" x 2,6" in cross section x 4.1" long. Two of the samples being the 

ends of the bricks, the third being taken from the centre of the brick length. 

The standard splitting test was then carried out, the loed being applied 

through 12 mn wide strips of 3 mm plywood,
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The load was applied steadily without shock and increased continuously 

until the specimen failed. 

The indirect tensile strength (ft) of each sample was then calculated 

  

  

  

  

  

    

from ft = a 

A.A. 1 

seh d = 2,6" the side of the square sample 

1 = 4,1" the length of the sample 

P = the failure load of the sample 

Specimen No, Load (Tons) ft. (1b/ in®) 

1 END 2.62 350 

Brick No, 1 2 CENTRE 2.40 521 

3 ED 2.54 340 

4 END 2.91 390 

Brick No, 2 5 CENTRE Zeit 362 

6 END 2.85 382 

7 END 2.72 364 

Brick No. 3 8 CENTRE eee 557 

9 END 2.80 375 

10 END 2685 381 

Brick No, 4.11 CENTRE . 2.62 350 

12 END 2.70 361 

13 END 2.70 361 

Brick No. 514 CENTRE 2.60 348 

15 END 2019 373       
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For each brick tested, the sample taken from the centre of the brick 

length gave the lowest load value of the three specimens, it was 

therefore concluded that the brick was weaker in tension in the centre 

than at each end, The values obtained for the centre sample were 

therefore used to calculate the following statistical results for 

tensile strength, 

Arithmetic man 7 = 344 Ib/in® 

Standard Deviation s = 15,5 1b/in? 

Coefficient of Variation = 4.5%
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CHAPTER 3 

3.1 Whe Functions of Mortar 

Two of the most important functions of a mortar are to contribute to 

the structural and weather-resisting abilities of the constructed wall. =, 

There are a number of properties of mortar affecting these functions, 

including drying shrinkage, durability, frost resistance, adhesion, 

tensile and compressive strength, The freshly mixed mortar must have 

satisfactory properties for laying the particular type of brick being 

used. 

In the design of mortar all the foregoing factors should be talben into 

account. 

British Standard 4551:1970 'Methods of Testing Mortars' gives details 

of tests that can be carried out in order that the properties of the 

mortar can be established but unfortunately gives no guide as to the 

results that ought to be obtained from these tests, CP,111 ‘Load Bearing 

Brickwork' gives in part some details of mortar compressive strengths 

for various considerations but generally the properties of the mortar 

are left to the designer to decide and on site to the labourer to achieve, 

It is probably these final factors that have been @ major influence en 

the engineers reluctance to view calculated brickwork as an acceptable 

structural medium , 

In consideration of mortars for calculated load-bearing brickwork the 

major emphasis is placed on achieving certain specified compressive 

strength requirements, In fact, the racking strength of walls, their 

ability to withstand lateral loading and their stresgth as beans bear 

very little direct relation te the compressive strength of the mortar and 

are effected in more detail by its transverse strength, tensile strength
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or adhesion to the particular bricks in use, There is very little 

existing information on these importent factors at the disposal of the 

designer, Regardless of the academic approach to brickwork design and 

the theoretical distribution of stresses in brickwork, as a general case 

tensile failure of the brickwork is a result of the bréakdown in adhesion 

between brick and mortar, 

The mechanism of compressive failure is a vertical splitting of the clay 

brick due to lateral deformation of the less stiff mortar material in the 

JOLn Gs 

The action of the mortar deformation gives rise to lateral compressive 

stress within its volume. Whilst load between mortar and brick may help 

to confine the mortar laterally, friction alone would probably provide 

sufficient. resistance, 

Lateral confinement of the mortar material and a tri-axial state of 

compression within its mass are inferred to exist, based on successful 

results of attenpts by several investigators to produce an effective joint 

by filling it with sand only. A sand joint is necessarily confined by 

friction, which. permits the development, within its mass, of a tri-sxial 

state of compression. 

The importance of the influence of mortar tension or bond on the 

compressive strength only of the assemblage is difficult to conceive 

within this mechanism of failure and the designer mst appreciate the 

distribution of principal tensile stresses in the loaded brickwork. 

To take full advantage of the inherent strength of bricks, the strength 

properties of the mortar shovld theoretically be equal to those of the 

brick,



nh
 

Wa 

This implies that to develop the full potential tensile strength of the 

brickwork, the mortar bond strength should match the tensile strength of 

the brick, 

Such a goal has been partially achieved by the use of an organic polymer 

added to the construction mortar. The use of high bond mortars makes i+ 

possible to consider brickwork as an engineered material, Increasing the 

bond strength between the masonry units improves the transverse strength 

of brickwork as well as other structural action on which tension is the 

mode of failure. Since brickwork in compression fails by tensile splitting 

and by diagonal tension in shear, the three basic stress conditions in 

any brickwork structure - compression, tension and shear « are limited 

by the tensile resistance of the bonded assemblage. Thus any improvement 

in the bonding action between masonry units indirectly improves shear and 

compressive strengths, Also, improved bend between the units develope a 

more monolithic action in the assemblage, 

A successful high bond mortar, with respect to both workability and strength 

has been a 1. 24 cement ~ sand ratio with 15% Saran polymer solids (by 

weight of the cement content). This mortar mix hag been used in the 

United States of America and in addition to having good initial adhesion 

and proper cohesive mobility it can be stored for up to one hour before 

being used in the brick laying process,
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3.2_Grades_ of Mortar 

A mortar that would suit any requirement for bricklaying would require 

the following properties: 

(a) It must have adequate strength 

. (b) Bond well to the bricks 

(c) Be easily worked 

(d) Must stiffen fairly quickly 

(e) Have sufficient durability 

Ineny one mortar mix the ideal of all of the above properties cannot 

be achieved and the designer must decide on the most suitable mix from 

the design consideration, 

The properties of the mortar are decided by the constituent materials 

and the properties of their mix, 

Mortar will work easily if it contains lime, the more lime that it 

contains, the more workable it will be. 

Mortar will stiffen more quickly if it contains cement, the more 

cement that it contains, the quicker it will stiffen. 

Mortar must be capable of the retention of the mixing water, bricks 

that are very absorbent will take too much water out of the mortar with 

the result that there will be insufficient retained water to allow the 

cement to set and harden properly. This will result in a thin layer of 

mortar adjacent to the bricks that has not properly set and cracks will 

form between the bricks and the mortar, The addition of lime will help 

to prevent this.
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During the construction of brickwork cracks in the joint may be caused by 

slight movement of the wall as it settles, if the mortar contains a good 

proportion of lime it will harden more slowly and be able to take up these 

movements without serious cracking, 

If strength is recuired in the mortar then it must contain cement (see 

Fig. 303.1). A mortar of non-hydraulic lime or semi-hydraulic lime and sand 

will of course stiffen slowly but it will never achieve very much strength. 

For heavily loaded brickwork it is usval that the highest possible strength 

is required, in such cases a cement=sand mortar should be used but great 

care should be taken in such constructions since the mortar will have poor 

workability and there is the possibility of trovble arising from shrinkage. 

The durability cf mortar must be such that it con resist frost end the 

possibility of contact with soluble sulphates, 

Weak lime mortar will easily break down under the repeated action of freezing 

and thawing, the resistance to frost will be dependent upon the sirength of 

the mortar. The question of resistance to sulphate attack is one that un 

fortunately often receives the least attention. The easiest solution to the 

problem is to specify bricks that are free from sulphates for any brickwork 

that is likely to be damp. 

Table No. 3.2.1. indicates the strength and nominal mix requirements for 

the various mortar grades specified in CP,111, 

To assist the designer in his choice of Mortars for various classes of work, 

degree of exposure and time of construction the Ministry of Public Building 

and Works have produced Advisory Leaflet No,16 based upon the results of 

investigations carried out at the Building Research Station, These 

recommendations for mortar mixes are summarised in Table No.3.2.2.
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3-3 The Compressive Strength of Mortar 

In the design of load bearing brickwork the permissable stresses are 

defined in CP,111 relative to the crushing strength of the bricks and 

the grade of mortar being used, 

Table 3.2.1 shows the requirements of CP,111 with respect to minimum 

28 day compressive strength for each of the nominal mix mortar grades. 

These values give a convenient standard of quality control for the 

particular specified mortars, 

The standard method of the determination of the compressive strength 

of mortar is defined in BS,4551: Part 1. 1970 "Methods of Testing 

Mortars", 

For the purposes of the experimental work related to this thesis it was 

decided to prepare 4" specimen mortar cubes from locally obtained 

building sand and ordinary commercial Portland Cement in an attempt to 

produce specimen representative of those that would be obtained an any 

well supervised building site, 

Cubes of nominal mix 1:0:3 and 1:1:5 cenent/1lime/sanad were made and the 

bricklayer was allowed to use such amount of mixing water that would 

produce the correct practical degree of workability. This amount of 

water was measured end resulted in a water/cement ratio by volume of 

1/3 

The specimen cubes were then cured in air and tested at an age of 28 

dayse 

Five cubes of each mortar mix were tested giving the following 

statistical results:=
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1:0:3: Mortar 

Crushing Strength Arithmetic Mean (X) 2890 lb/in* 

Standard Deviation (Ss) 243 1b/in? 

Coefficient of Variation (Vv) 8.4% 

2:1:5: Mortar 

Crushing Strength Arithmetic Mean (X) 925 1b/in® 

Standard Deviation (Ss) 15 lb/in* 

Coefficient of Variation (Vv) 1.6% 

Conclusions: 

The crushing strength of mortar is dependent vricipally upon the relative 

used in the mixing process, 

Generally speaking an increase in the volume of cement will result in an oO 

increased crushing strength, This relationship is show in Fig, 3.3.1, 

Fig. 3.3.2. shows the relationship between water/ cement ratic and mortar 

crushing strength, 

Lt can be seen that the ratio of V1 by volume chosen by the bricklayer 

for suitable workability produces the best properties for 14 day cube strength. 

The specimen mortar cubes gave statistical results of compressive strength 

much greater than the minimum requirements given for 28 day works test as 

defined in CP.111. 

There was no particular special care taken in the preparation of these 

specimens since a deliberate attempt was made to reproduce site conditions, 

It can therefore be concluded that it shovld be within the capabilities of 

any well organised site management to produce mortar strengths to the 

specified requirements of CP,111.
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Plates Nos, 3.3.1 and 3342 show 3 of the sample cubes after failure, 

All cubes failed in this manner which is the classical mode and indicates 

that the tests were satisfactorily executed. 

  

PLATE 33,1 

  
PLAID 4 PL ARK,
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3.4 The Tensile Strength of Mortar 

CP,111 does not give a specific requirement for the tensile strength of 

mortar, consequently BS.4551 does not include a standard tensile test. 

This is not surprising since generally speaking load bearing brickwork 

structures are designed such that no tensile forces are permitted to 

exist. However, in such examples as panel walls resisting horizontal 

wind forces an appreciable tensile stress is often generated in the 

brickwork, many examples of existing brick retaining walls can only 

be said to be stable by reason of the ability of the brickwork to 

sustain a tensile stress due to bending, 

Later chapters of this thesis will be dealing with the distribution of 

stresses in brickwork, for the experimental investigation it will be 

nec essary to have some knowledge of the tensile strength of brickwork 

and consequently the tensile strength of mortar, 

For these purposes the 'splitting' test was carried out on 4" dia x &" 

long mortar cylinders prepared as described in para 3.4 for specimens 

of 12075 and 2.1.5 cenent/ line/ sand nominal mixes, 

Specimen cylinders were tested in a DENISON compression testing machine, 

the load being applied through 12 mm wide x 3 ma thick plywood strips, 

yP 

| 
Ee   

 



The load was applied steadily without shock and increased continuously 

until the specimen failed, 

All specimens failed on a vertical axis in a line passing through the 

centre of the specimen, 

The indirect tensile strength (ft) of each specimen was then calculated 

froms= 

22 

ft = Ral 

where dad = 4" the .diameter of the specimen 

1 = 8" the length of the specimen 

P = the failure load 
  

  

  

  

Specimen No, 13. G25 eae be 

| P(Tons) | £t. (1b/in*) P(Tons) | £t(1b/in*) 

1 745 332 3.36 150 

2 7.73 344 5.10 227 

3 6.00 268 4.64 216 

4 6.50 290 3685 172 

5 6.40 286 4.66 208 

6 7025 Jeo 3255 158           
Giving the following statistical resulis:- 

1s 0: 3: Mortar 
Tensile Strength Arithmetic Mean (%) 307 b/in® 

Standard Deviation (s) 30 1b/in? 

Coefficient of Variation (v) 9.8% 

1: 1: 5: Mortar 

Tensile Strength Arithmetic Mean (%) 180 1b/in* 

Standard Deviation (s) 34 1b/in? 

Coefficient of Variat ion (Vv) 18.9% 
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3-5 Tests to Obtain the Velue of Modulus of Masticity for Mortar 

Specimen cylinders 4" dia x 8" long were prepared from]. O. 3 andl. 1. 5 

cement, lime, sand mortar using a water cement ratio of 1:1 By Vclume, 

The specimens were cured in air and tested at an age of 32 days. 

Demec points were attached to opposite sides of the epecimen and parallel 

to its axis set to a gauge length of 4" in such a way that the gauge points 

were symetrical about the middle of the specimen, 

The specimen was placed in the testing machine and its axis esrefully 

aligned with the centre of thrust of the spherically seated platen, No 

packing other than auxillary steel platens were used between the ends of 

the specimen and the platens of the testing mAchine, 

The average crushing strength of the mortar mixes had been established by 

previous crushing tests on 4" cubes. The value (C) given in the following 

descriptions being one third of the average crushing strength. 

Preliminary loading 

The load was applied without shock and increased cont inuously until an 

average stress of (C + 290) 1b/in® was reached, The load was maintained at 

this figure for one minute and then reduced gradually to an average stress 

Ofata5 1b/in® when Demec gauge readings were taken, 

The load was then applied a second time until an average stress of 

(C + 145) 1b/in? was reached, 

The load was maintained at this figure whilst Demec gauge readings were 

taken and then gradually reduced to an average stress of 145 1bfin® and 

Demec gauge readings again taken,
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Loading: 

The load was then applied a third time and Demec gauge readings taken 

at ten approximately equal increments of stress up to an average of 

(Cc + 145) 1b/in’, Gauge readings were taken at éach increment of loading. 

If the average strains observed on the second and third loadings had 

differed by more than 5% the loading cycle would have been repeated until 

the difference in strain between consecutive readings at (C + 145) 1b/in? 

did not exceed 5%, 

The method of testing described above was taken from BS.1881: Part 5: 

1970 ‘Methods of Testing Concrete', 

Calculation: 

The strains at the various stages of loading in the last cycle were 

calculated separately for each gauge and the results plotted against the 

corresponding load, Straight lines were then draw through the points 

plotted for each gauge (Figs. 3.5.1 and 3.5.2). The slope of these two 

lines was determined and the average value found, The individual values 

for the slopes were found to differ by less than 15% of the average value, 

this average value was therefore recorded as the Modulus of Elasticity of 

the Mortar.
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TESTING SEQUENCE: 

Average Crushing Strength 1b/4n" 

C = $ Average Crushing Strength 

Preliminary Loading 

(C + 290) 1b/in® 

i.e TOTAL LOAD (TONS) on 12.59 in” 

HOLD FOR 1 MINUTE 

Reduce load to 145 lb/in® 

i.e TOTAL LOAD (TONS) 

Take Strain readings. 

Second Cycle loading 

Apply load to (C + 145) th/tae 

i.e TOTAL LOAD (‘TONS) 

Teke Strain readings 

2 
Reduce load to 145 1lb/in 

i.e TOTAL OAD (TONS) 

Third Cycle loading 

Apply load in 10 equal increments 

up to (C + 145 10/8") 

i.e TOTAL LOAD (TONS) 

2890 

963 

_ 1253 

7210 

, 0.80 

6,2 

O-, 80 

6.2 

0,80 

0,80



  

om 
STRAIN x 10 - 
  

  

  

  

  

LOAD 
1. 0. 3. MORTAR TONS FACE A | FACE B 

PRE-LOAD 0.8 0 0 

(Second Cycle) 6.2 63 48 

(Third Cycle) 0.8 0 2 

1.4 12 4 

2.0 18 10 

a6 24 12 

S32 29 18 

348 39 24 

4.4 47 32 

5.0 50 38 

5.6 a 42 

6.2 66 AG 

6.8 70 5A          



W
w
 

sO
 

  

STRAIN x 107° 
  

  

  

  

  

LOAD 

ba Ly 5. MORTAR TONS FACE A FACE B 

PRE-LOAD 0.8 0 0 

(Second Cycle) 2.5 49 AT 

(third Cycle) 0.8 10 8 

1.0 lee 10 

1.2 20 16 

is4 24 26 

5G; 34 30 

1.8 41 34 

2.0 46 40 

262 50 , 46 

264 60 52 

2.6 64 62          
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CHAPTER 4 

THe BOND OF MORTAR TO BRICK 

4.1 Introduction 

Factors effecting bond strength include brick absorption, texture of 

contact surfaces, mortar consistency, workability and water retention. 

Bond is obtained by the ability of the mortar to flow into the interstices 

and irregularities of the brick, To do this, it must be capable of being 

squeezed out when the upper brick is placed upon it. ‘The ability to be 

Squeezed out is dependent principally on the brick absorption, the water 

retention and the consistency of the mortar. 

By definition, a cement is an adhesive which is used in a plastic form 

end hardens to bond together various solid surfaces. 

Adhesion is the molecular attraction exerted between the surfaces of 

bodies in contact. 

Cohesion is the molecular attraction by which the particles of a body 

are united throughout the mass, whether like or unlike, 

Bond is a term used to describe the extent of contact between a mortar 

and brick, 

For a Portland cement mortar the bond results principally from mechanical 

key. 

The properties of the brick that have the ereatest effect on bond are the 

initial rate of absorption (suction) end the texture of the surfaces in 

contact with the mortar,
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The approximate relationship of bond strength to brick initial absorption 

is show in Fig. 4.1.1. taken from ASTM Special Technical Publication 

No. 320, 

4,2 ‘The Theory of Adhesives 
  

The prévailing theories on how adhesives function can be applied to the 

adhesion of portland cement to itself (cohesion) and to other surfaces 

(adhesion), 

The valence electrons in the outer shell of the atom are the forces that 

bond the atoms together to form the ert (electrostatic and covalent 

bonds). In an electrostatic bond the valence electrons are transferred from 

one atom to another. The charge on one atom is decreased and the charge on 

the other is increased by the same amount, resulting in no change in the 

charge of the molecule, In e covalent bond each atom contributes one electron 

and the pair are shared equally, again resulting in no change in charge. 

However, there are a group of compounds which have neither true electro-~ 

static nor covalent bonds, Since the pair of shared electrons are closer 

to one atom than to the other, this results in a greater negative charge 

on one and a greater positive charge on the other, 

This type of bond is know as a polar covalent bond, Such substances 

(called polar compounds) are used as adhesives. Portland cement is a 

similar compound, It is reasonable to assume therefore, that these forces 

account for the adhesive and cohesive strength of the mortar. 

The strength of these forces vary inversely with the cube of the distance, 

Any material which increases these distances reduces these forces and 

consequently the strength of the mortar, Sand, water, air and lime have 

such an effect,
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The forces of adhesion are similar to those of cohesion except for the 

additional factor of mechanical key, The surfaces of bricks have 

numerous voids, cracks and fissures into which the mortar can flow. the 

cohesive forces between the mortar in the surfece voids and the mortar 

outside these voids produce an increase in bond strength, 

For an organic type mortar (such as an epoxy resin mortar) the bond 

strength results principally from the intermolecular forces.
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4.3 The Tensile Bond Strength of Mortar to Birick 

Experimental work carried out to investigate the flexural strength of 

prickwork resulted without exception in failure due to a breakdown in 

the bond between bricks and mortar, 

The factors affecting bond strength have previously been stated, LPBy 

reason of the number of parameters, a general value for bond strength 

cannot be given to cover the wide range of materials available to the 

designer. 

CP,111 states that in special cases tensile stress in bending may be 

taken into account at the discretion of the desigmer,. In such cases the 

wall should be built with units prepared before laying according to 

CP.121,101. For mortar not weaker than Grade ITI other than vincereines 

mortar or masonry cement mortar, the permissable tensile stress in 

bending should not exceed 0.07 )MN/m* (10 1b/in*) when the direction or 

this stress is at right angles to the bed joints and sheuld not excsed. 

0,14 MN/m? (20 1o/in”) when the direction of tensile stress is as right 

angles to the perpend joint. The higher value should not be used where 

the crushing strength of the unit is less than 10,5 watt /me (1500 1b/in 

The above values are presumably based upon the results of experimental 

work and the higher value of tensile stress should be applied only to 

brickwork in blockwork walls consisting of squared units built to 

horizontal courses, with broken vertical joints. 

If ultimate loads are to be predicted and they are dependent upon the bond 

strength then the bond strength of the mortar and brick being used in any 

particular application must be known,
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The values for working stress given in CP,111 to be applied generslly to 

all bricks «without limitation other than a minimum crushing strength may 

well in fact be dangerous on the one hand or even very conservative on 

the other hand, 

A simple test was therefore designed in order that the tensile bond strength 

could be easily measured without the necessity of complicated clamping 

arrangements to apply a direct tensile force to the brick or mortar. 

Sample brick couplets were prepared each with a #" mortar joint, the 

longitudinal axes of the bricks being arranged at 90° to give an effective 

bed face of 4a" x 42". 

The use of the steel jig shown in Plate No, 4.3.1 applied a tensile force 

to the mortar joint when the assembled jig wax subjected to a compressive 

load. 

  
DPA 4 ees 
Set fe Des
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In consideration of the magnitude of -the ultimate Loads it can be 

assumed that the mortar joint is in direct tension only and by reason 

of the very small deflections in the brick the stresses due to bending 

can be neglected and the brick considered to be in a state of shear only. 

The London Common Brick previously described was used for all tests and 

mortar type 1: O: 3: and l: ls: 5: cenent/lime/ sand were investigated. 

All specimens were tested at an age of 28 days. 

  

  

  

1: 1: 5: Mortar 1: O: 3: Mortar 

Specimen No] Failure Load|Ultimate Stress]Failure Load|Ultimate Stress 
tons bof in* tons 1b/ine 

1 0.573 49 0.597 a 

2 0.385 51 0,542 45 

3 0.290 38 0.377 50 

4 0.279 a. 0.400 53 

5 0.234 31 0.455 57 

6 0,321 42 0.277 | 56 

7 0.579 50 0.386 a 

8 0.346 46 0.464 é1 

9 0.276 36 0,294 39 

10 0,398 52 0.426 56 

11 0,213 28 0.527 69 

12 0.497 65 0.380 50               

GIVING THE FOLLOWING STATISTICAL RESULTS: 

i: 1: 5: Mortar 

Arithmetic mean (x) 44 Yb/iné 

Standard Deviation (S$) 10.4 1b/in? 

Coefficient of Variation (V) 23.8% 

i: O: 3: Mortar 

Arithmetic Mean () 52 1b/in® 
oo 

Standard Deviation (S) 9 1b/in 

Coefficient of Variation (V) 17.3%
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Conclusions: 

The statistical results indicate a load factor of 4.4 for Ll.) mortar 

and 5.2 for 1.0.3, mortar when compared with the lower value of tensile 

stress specified in CP,111, 

The coefficient of Variation is high and from the consideration that the 

specimens were carefully prepared to give full mortar joints in each case 

(whereas on practical building sites this condition is rarely achieved) it 

must be concluded that special supervision must be given to brickwork that 

is designed to resist tensile bending stresses, 

The values of tensile bond strength obtained from the tests represent a 

bond strength of 12.8% of the brick tensile strength and a bond strength 

of 24.5% and 16,9% of the tensile strength of 1.1.5 mortar and 1.0.3. 

respectively, 

It can therefore be expected that in any brickwork Plexivals sirencts or 

tensile strength test using London Common Pressed Clay bricks, failure 

of the specimen will be by a breakdown in the bond of mortar to brick,
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CHAPTER 5 

THE MODULUS OF ELASTICITY OF BRICKWORK 

5.1 Introduction 

In the design of load-bearing brickwork structures the engineer must be 

aware not only of the compressive, tensile and shear strength of the 

bricks and mortar being used, he must also have an accurate knowledge 

of the Modulus of Elasticity of the assembled brickwork, 

Particular problems cccur when different strength bricks are used in the 

same structure; oan example if the E value of the two leaves of a cavity 

wall supporting a concrete slab are different then the load will not be 

shared equally between the two leaves. 

A wall with a high E value will deflect less than a wall with a low E valve, 

A wall supported on a beam will impose a greater load on the beam if it 

has a low E value rather than a high E value, 

Further problems arise when framed steel or concrete buildings ore erected 

with brickwork in-fill panels, the distribution cf load into the in-fill 

panel will be dependent upon the E value of the brickwork, 

It must further be noted that the value of the Modulus of Hlasticity of 

the brickwork will vary with the direction of principal stress being 

considered. 

Modulus of Elasticity by definition is the relationship of normal stress 

to corresponding strain. 

For perfectly elastic materials this value is constant throughout the 

stress range, i.e. the atress/strain relationship is linear,
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Brickwork is not a perfectly elastic material and in common with other 

imperfect materials will creep under load. The higher the load the 

greater the creep. Therefore, the stress strain relationship will not 

be linear and the ratio of stress to strain will vary according to the 

value of the stress i.e. according to the point at which the slope is 

measured so does the value of E differ. 

However, the value of E at any point on the stress/strain curve will 

be directly dependent upon the individual values of E for the bricks 

and mortar in the assemblage. 

562 Phe Presentation of the Modulus of Elasticity 

There are four methods (Fig. 5.2.1) in general use for presenting the 

Modulus of Elasticity value when considering e non-linear stress/strain 

relationship: 

(a) The Initial Tanzent Modulus: 
  

The slope of the curve is taken at zero stress and consequently 

zero creep, 

(b) The Chord Modulus: 

A chord is drawn between 2 selected stress values and the slope 

of the chord is calculated. 

(c) The Tangent Modulus: 

The slope of the tangent to the stress/strain curve is measured 

at the selected stress. 

(a) ‘The Secant Modulus: 

The slope of a straight line joining the points of zero stress 

to design stress.



 
 

 
 

 
 

 
 

 
 
 
 
 
 

  
 
 

  
  

 
 
 
 

 
 

 
 

 
 

 
 

 
 

 
 

  
  

 
 

  
  

  
 
 

  
  

  
  

  
 
 

 
 

 
 

 
 

  
  

  
  

  
  

 
 

  
 
 
 
 

 
 

  
  

    
  

 
 

  
  

  

Ss “MODULU 

 
 
 
 

_MODULUS - 

  
  
 
 

  
 
 

naps. 

 
 
 
 
 
 

  
ANCENT 

 
 

 
 

  
R 

ORD 

PANCENT. 

 
 

 
 

  
  
 
 

  
  

  
 
 
 
 
 
 

 
 

NTBTAL § 

oH 

  
    
 
 
 
 

 
 

  
  

 
 

  
  

es 

 
 

 
     
 
 

  
  

  
  

 
 

  
  

 
 

 
 

 
 

 
 

  
   
 

 
 

 
 

  
 
 

  
  

  
  

 
 

    
  

  
 
 

  
  

 
 

    
  

  
 
 

      
    

    
  

    
  

    
  

      
  

  
  

  
  

  
  

  
  

  
  

  
    

  
  

  
  

  
  

  
  

  
 



33 

53 The Value of Young's Modulus for Brickwork 

The value of Young's Modulus of brickwork is dependent upon the physical 

properties of the constituent materials in the assemblage. Fig. 5.3.1 shows 

that there is almost a linear relationship between the brickwork strength 

and the value of Young's Modulus. 

From the existing Codes of Practice the designer is unable to obtain any 

direct information with respect to the value of Young's Modulus to be used 

in the design of calculated loadbearing brickwork, In fact, Young's Modulus 

is not referred to in CP,111 for conditions other than reinforced tedcoeeee 

where the modular ratio, i.e. the ratio of elastic modulus of steel to that 

of the brickwork, is given in tabular form relative to the average com- 

pressive strength of the brick for Mortar grades I, II and ITI. It seems 

likely that in the absence of other design data Ingineers will use the 

above information to obtain a value of E for use in the preparation of their 

“ 

calculations, 

Fig. 5.3.2 shows the relationship of Young's Modulus for brickwork to 

brick strength calculated from the modular ratio values given in CP.111l 

on the basis that E steel = 200 MN /m® (29 x 10° 1b/in?), 

A comparison of these results with those obtained by experiment indicates 

that the authors of CP,111 have taken no account of creep. 

To predict the deflection in brickwork, it is not sufficient simply to 

consider the instantaneous deflection since some allowance must be made 

for deflections due to creep with the ageing of the brickwork.
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5.4 Creep in Brickwork 

Brickwork being an imperfect material will creep when subjected to a 

load, consequently there will be an increase in strain without a change in 

stress, 

The value of this increase in strain will be dependent upon the difference 

in time between loading the specimen and measuring the strain, It can there- 

fore be reasonably concluded that the value of H will decrease as time 

increases, Since brickwork structures are designed to last a number of years 

“it is the effective Modulus of Elasticity after x years that the engineer 

should consider when calculating the deflection of walls under load. 

The factors that will influence the magnitude of creep in brickwork are:~- 

(a) The stress history 

(b) The properties of the sand 

(é) The air hunidity 

(a) The properties of the brick 

(e) The proportions of the mortar mix 

(f£) The ability of the mortar to xetain moisture after 

absorption of moisture from the mortar by the brick 

(4) 
From previous work on concrete and mortar it is suggested that the creep 

of brickwork will be approximately $ to 1/5 that of concrete under similar 

circumstances, 

Assuming that the brickwork will be stressed according to CP,11]1, the strain 

can be calculated using the known E value of the brickwork. 

The value for creep will vary according to the actual strength of the 

brickwork, it will also vary according to the stress therein, Having 

regard to the degree of accuracy involved in ohtaining the value of Young's 8 & & 

(4) 
Modulus and other information in the calculation, it is suggested that a 

a awo : 
value of 100 x 10 for creep strain after 10 years would anply to all



all strengths of brickwork when stressed to the limiting value as specified 

in Table: 3.1 -of CP,11i, 

By adding the two strains, the effective value for E after 10 years can be 

calculated. 

Figures 5.4.1, 5.4.2 and 5.4.3 show the relationship of Young's Modulus 

to Brick Strength for Mortar Grades I, II and III when the above allowance 

for creep strain has been included. 

For comparison, the values calculated previously and show in Fige5.3.2 

have again been included,
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5.5 The Relationships between the Modulus of Mlasticity of Brickwork, 

Bricks and Mortar 

It has been previously shown that the value of Young's Modulus for 

brickwork is related to the crushing strength of the brickwork which 

in turn is dependent upon the strength of the bricks and mortar that 

constitute the assemblage. 

These relationships can be conveniently shown in a simple mathematical 

form where:- 

Em = Modulus of Elasticity of Mortar 

Eb = Modulus of Elasticity of Brickwork 

tm = thiclmess of mortar joint 

tb = thickness of brick 

di = length of brick 

em = strain in mortar in direction of load 

eb = strain in brick in direction of load 

ebwk strain in brickwork in direction of load 

vr 

u 
" compressive stress in brick and mortar bed joint 

Consider a specimen assemblage made up from one brick and one mortar joint 

5.5-l1 Ina Direction at Right Angles to the Bed Joints 

 



tm + th = 8" + 25" = 3" 
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em = Vertical deflection in mortar bed joint 
On 

eb = Vertical deflection in brick 
23 

ebwk = Vertical deflection in one brick + joint 
  

ae 

The vertical deflection in one brick and joint 

e.e Cbwk = 22 eb + 3 em 

3 

t eb + em 
8 8 

Be a a eS 8 
eowk 7eb + em 

8a 

Pst ee SES 
Eb Em 

  

« 

eves DPWK. SOLED, km 

7 Em + Eb 

3 ebwk 

5 7 < = 2 eb +3 em 

55.2, In a Direction at Right Ansles to the Perpend Joints   
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tm+1l=% + 63 = 9" 

The vertical deflection in one brick and joint = 9 ebwk 

= 88 eb + § em 

e 

. « ebwk = 8% eb +3 em 
? 

= 23 eb + em 

24 24 

Ebwk = O = 24 0 
ebwk 25 eb + em : 

oR
 

Eq
 

e 

+ « Ebwk = 24 Eb.En 
24 Em + Eb 

The above calculations show that the Modulus of Elasticity of Brickwork 

when considering load in a direction at right angles to the bed joint 

will have a value different to that when considering load in a direction 

at right angles to the perpend joint. 

It can be seen that for the case when Eb = Fm producing a ‘homogeneous ! 

spec imen the equations reduce to give a value of Modulus of Elasticity 

equal in both directions, 

5.5.3. Theoretical curves (Figs. 5.5.1 and 5.5.2) can now be dram 

showing the relationship of Hm to Ebwk 
Eb Eb 

(a) Considering the condition at right angles to the perpend joints 

k = Fm .°. Im=k Ib 
Eb 

Ebwk = 24 Eb Em 
24 En + Eb 

Bbowk = 24 Em 
ib 235 Ea + Eb 

= 24k Bb a OAK 
23: k Eb + Eb -23k + 2 
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(bv) Considering condition at right angles to the bed joint similarly 

to 5.5.3(a) 

  

Ebwk = 8 kk 
Eb {eed 

55-4 Conclusions 

Figs. 5.5.1 and 5.5.2 show the calculated relationships between the 

values of Young's Modulus for brickwork, bricks and mortar. ‘These 

figures clearly show brickwork to be anisotropic. 

However, the maximum difference for the value of Young's Modulus for 

brickwork when measured at right angles to the bed joints and when 

measured at right angles to the perpend joints is 0.25 Ib when the 

value of En/Eb is 0,10, when the velue of En/@b is greater than 8 

the difference in B values remains very nearly constant, 

Further consideration must also be given to the pvossible coefficient 1 t 

  

of variation that can occur between a number of measured speci 

made up from identical materials and the unimow variables than can exist. 

Within the range of materials normally used for loadbearing brickwork it 

can be concluded that calculetions involving the value of Young's Modulus 

for brickwork can be carried out with sufficient accuracy for all practical 

design purposes on the assumption that brickwork is isotropic, 

From the equations obtained for Ebwk the following values were calculated 

for brickwork constructed with pressed clay frogless Flettons supplied by 

The London Brick Co, Ltd. 

1. In a direction at right angles to the bed joints 
  

6 nD 
1.0.3. Mortar mix Ebwk = 1,30 x10 lb/in™ 

: 2,155": exter Mes Eowk = 1,09 x 10° 1b/in-
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2. Ina direction at right angles to the nervend joints 

1.0.3. Mortar Mix Bbvk 1.27 x 10° 1b/in- u 

a 

1.1.5. Mortar Mix Bbwk Leh9ok 10° 1b/in®
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5.6 Tests to obtain the values of Modulus of Mlasticity of Brickwork 
for Samole Brickwork Panels 
  

5.6.1 Introduction 

Previous work by the author has indicated that brickwork samples prepared 

using 'dry' bricks will have different mechanical vroperties to brickwork 

samples prepared using bricks that have been 'wetted' before laying. The 

effect of this process was investigated as part of this programme by 

comparing the results obtained for 'dry' samples with those obtained for 

samples in which the bricks had been immersed in water for 1 minute before 

laying. 

3 No. sample panels of brickwork of nominal size 18" x 18" x 4" were 

prepared for’ cach mortar mix of 1, 0. 3 and. 1. 1). 5 cenent/lime/San A 

each using the pressed clay frogless fletton brick supplied by ‘the London 

Brick Co, Ltd. 1 No, panel was prepared using 'dry' bricks, the other 

2 No. panels were prepared using 'wetted' bricks, The 'dry' sample and 

1 No. 'wetted' sample were used for tests with a direction of compressive 

stress at risht angles to the bed joints (Fis. 5.6.1), the remaining 

'wetted' sample of each mix was used for tests with a direction of com 

pressive stress at right ansles to the perpend joints (Fig.5.6.2.) 

All tests were carried out on a Denison Compression Testing Machine using 

Demec Strain gauges, the Demec spots being fixed with F88 dental cement 

to each face of the panel under test plated at 8" centres both vertically 

and horizontally in a symmetrical position about the centre line of the 

panel, 

By reason of the fact that there does not exist a specific Code of Practice 

for the experimental procedure to be used in the determination of Young's 

Modulus for brickwork a system of pre-loading was arranged in an ettenpt 

to overcome the initial non-linear stress/strain relationship set up by
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any small cracks and voids that may be present due to the manufacturing 

process for the bric ks and workmanship in the construction of the sample 

panels, 

5.6.2 Method of Testine 

The prepared sample panels (‘lable 5.6.2. 1) were carefully aligned in the 

testing machine and the vniformly distributed load gradually increased from 

zero up to 4,00 tons, this load being maintained for 1 minute. 

The load was then gradually reduced to 0.20 tons and strain gauge readings 

taken, 

The load was again gradually increased up to 4,00 tons, strain gauge 

readings taken and then reduced to 0.20 tons, the strain readings checked 

for comparison with the previous loading phase, 

Par the final phase, load increments of 0.4 tons were applied, the values 

of vertical strain being measured at each increment, Tor the purposes 

of plotting the stress/strain relationship (Fig. 5.6.3) the averaze 

vertical strain of the 2 readings measured per face was calculated and 

recorded (Table 5.6.2. 2) 

5.6.5 Analysis of Test Results 

From the slopes of the relevant load/strain curves shown in Fig.5.6.3 

the values (‘lable 5.6.3. 1) for the Modulus of Flasticity of the brick- 

work samples (Ebwk) were calculated: 
  

  

  

VALUES OBTAINED THEORETICAL VALUES VALUES ALLOWED 
BY TEST FROM FIGS.5,.5.1 & 5.5.2] BY CPLI1(Fig 5.3.2) 

Panel Nol Ebwk (1b/ in’ ) Ebwk (1b/ in”) Ebwk (1b/in?) 

1 0.58 x 10° 1.09 x 10° 0.58 x 10° 

2 0.60 x 10° 1.30 x 10° 1.25 x 10° 

e ai) x 10° 1.30 x 10° 1.25 x 10° 

4 1.32 x 10° Loot 10° 1.25 x 10° 

5 L525.% 10° 1,09 x 10° 0.58 x 10° 

6 ti 340" 1.19 x 10° 0.58 x 10°             
TABLE 5.6.3. 1
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}" THICK M.S. PLATE BEDDED 
ON PLASWER OF PARIS 
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5.6.4. Conclusions 

The values obtained from the tests for the Modulus of Elasticity of 

brickwork built with 'dry' bricks were approximately 50% of the 

c orresponding values for brickwork built with twetted! bricks, 

This gives further support to the requirement for brickwork to be con- 

structed with bricks that have an acceptable suction rate. 

Not only would the resulting deflection of 'dry' brickwork be 50% greater 

than for 'wetted' brickwork, but additionally, the 'dry' brickwork would 

be more susceptible to vertical splitting under a compressive load due to 

the magnified difference in lateral strain between the two adjacent 

materials brick and mortar. 

The resulting reduced stiffness of the brickwork can be attributed 

entirely to the resulting weak mortar from the action of the dry brick 

sucking moisture from the wet mortar, This action gives a layer of poorly 

hydrated cement matrix adjacent to the contact faces of each brick. 

A comnarison between the values obtained by test, the theoretical 

calculated values and values for Ebwk allowed by CP,111 is shown in 

THULE DeGeSe bs 

The Code of Practice does not give information with respect to the basis 

of the Ebwk values specified, it must therefore be concluded that in 

order that the desimer may use these values he must be satisfied that 

the materials of construction conform to the Code of Practice for suction 

rate and strength proverties. 

For the 1.0.3. cenent/lime/sana mix the Ebwk values show a comnarable 

relationshin, the CP,111 specified Ebwk values for the 1.1.5 mix could 

possibly be increased by uv to 100% for properly constructed brickwork,
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From Fic, 5.6.1. the 8" gauge length adopted for the tests can be seen 

to span 4 mortar joints, this gives a brick/mortar ratio over the gauge 

lensth equal to 6,10. 

In general building construction with brickwork built at 4 courses to 

a!-.O8 sthe brick/mortar ratio is 7.01 i.e. 22" brick with 2" nortar joint. 

The resulting difference in Ebwk values can by calculation on the basis of 

para: 5.5. be shown to be negligable.



CHAPTER 6 

THE SHEAR STRENGTH OF BRICKWORK 

6.1 Shear Strength Parallel to the Bed Face 

In consideration of structural design problems such as brick retaining 

walls, “infill panels subject to racking loads, the restraint of brick 

walls subject to horizontal wind forces etc. it is necessary to know the 

resistance of the brickwork to horizontal shearing forces. 

CP,111 states that in the case of walls resisting horizontal forces in the 

plane of the wall, the permissable shear stress should be calculated on 

the area of the mortar in the horizontal bed joint, 

For walls built with mortar not weaker than Grade III, the permissable 

shear stress should range from 0.10 MN/m? (14.5 1b/in), when the con- 

pressive stress due to dead load at the level under consideration is ZeLrO, 

to an upper limit of 0.50 nN/me (72.5 1b/in’) when the compressive stress 

due to dead load is 2.5 MN/mo (362.5 1b/in®), Linear interpolation between 

these values is permitted. 

The resistance of brickwork to horizontal shearing stresses has for many 

years been accepted as the combination of mortar to brick bond shear 

strength and the friction between the mortar and the brick set up by the 

compressive forces, 

This can be expressed by the simple mathematical equation:- 

Os =(Ubs + Ao 

where (Qs ultimate shear stress of the brickwork 

bond shear strength of mortar to brick Obs 

A 

Yc = compressive stress at right angles to the bed joint 

coefficient of friction between mortar and brick
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The value for Ais directly dependent upon the surface roughness of the 

brick, but it has been found by experiment to be independent of the 

strength of the mortar, It is more likely to be dependent upon the grading 

of the mortar sand since this will influence the surface texture of the 

finished mortar, 

Experiments to establish the value of % indicates that for similar brick- 

work specimens the value of 4 appears to decrease substantially with 

increasing normal compressive stress, it is therefore necessary to adopt 

an average value ford . 

For average solid brickwork 4 = 0.6 can be used as a basic guide. 

An investigation into the shear strength of brickwork carried out by 

(5) 
Stafford-Smith and Carter suggests that the shear strength of brickwork 

is dependent upon the tensile strength of the mortar layers, It is assumed 

that failure occurs when the principal tensile stress in the mortar exceeds 

its strength; finite element stress analysés were carried out to determine 

the maximum principal tensile stresses in brickwork triplets resulting 

from applied shear and normal compressive forces. 

Experimental results of shear tests on brickwork triplets with varying 

normal compressive stress when compared with the finite element analysis 

give some support to the proposition. 

In order that the possibility of a shear failure in brickwork may be 

predicted by the method of finite element analysis the designer must be 

able to establish the maximum local values of stress for the svecified 

los¢ 

  

ng condition on the structure under consideration, Such an analysis 

for a full scale brick structure is ai present quite impracticai, If th oO
 

‘tensile failure' hypothesis is to be of use to the desigmer a simple 

method of analysing the stresses in brickwork structures will have to be 

developed,
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A further important design parameter that must be considered is the 

fact that in brick structures subject to horizontal forces the normal 

compressive stress may be very small, generally speaking it is usually 

due only to the self weight of the brickwork, For this reason, the 

resistance to horizontal forces is developed principally by the bond 

shear strength of brick to mortar. The additional resistance due to 

friction being small since the normal compressive stress is small. 

If the horizontal shear strength of brickwork is to be dependent upon 

the tensile strength of the mortar, then the adhesion of mortar to brick 

must be of such magnitude by the addition of bond shear strength and 

friction that the joint will not fail before the mortar fails. 

An investigation by the author of practical cases of shear failure in 

brickwork shows that in eli cases failure was brought about by a bond 

failure between bric k and mortar resulting in the brick course being 

displaced by sliding over the mortar layer, 

Plates Nos. 6.1.1, 6.1.2 and 6.1.3 shows some typical failures of this 

type. 

Tests on model and full scale structures were carried ovt by Prof. A.W. 

Hendry (6) to establish the relationship between precompression and shear 

strength, 

The results of these tests, are summarised in Fig, 6.1.1. and com 

pared with the value allowed by CP.111. 

Tests indicate that failure of multi-storey cross-wall brickwork 

structures under lateral load will occur as a result of shear in the 

lowermost storey and that calculation of the shear resistance of the 

structure may be based on the cross-sectional area of the brickwork 

that is resisting the lateral shear multiplied by the permissable 

shear stress appropriate to the value of the precompression.



 
 

 
 

m
e
.
 |



80 
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6,2 The 'Vertical' Shear Strength 

Experimental work carried out by the author on unreinforced brick beams 

in no case resulted in a shear failure, this was not surprising, since 

brickwork is well known to be weak in tension and it can reasonably be 

expected that in the case of unreinforced brickwork flexural tension 

will always be the mode of failure. 

In structures of reinforced brickwork such as the case of walls acting 

as beams the designer must consider the shear stresses and if necessary 

provide reinforcement to accommodate all such stresses. 

CP,111 states that the permissable shear stresses (given in 6.1) may be 

used in the case of reinforced brick walls acting as beams. 

However, when the permissable shear stress is to exceed 0.1 MN/m°(14.51b/in*) 

particular care should be taken to ensure that the assumed compressive 

stresses are developed at right angles to the shear plane. 

When calculated shear stresses exceed 0,1 Ma/m? (14.5 1b/in?) or in the 

appropriate case 0,5 MN/m* (72.5 1b/in?) shear reinforcement shovld be 

provided to accommodate ALL of the shear stress. : 

Stresses taken by the steel in this manner should not exceed twice those 

calculated as permissable in the brickwork alone, 

In a state of simple shear in beams the vertical shear stress is accompanied 

by a horizontal shear stress and diagonal tension and compressive stresses 

of equal intensity. Since brickwork is very much weaker in tension then 

in any other state of simple stress, the typical shear failure in brick 

beams will be a diagonal tension failure. This mode of failure must 

therefore be investigated.
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6.3 The Diagonal Tensile Streneth of Brickwork 

At the suggestion of Professor Neils Thompson and Frank Johnson of the 

University of Texas, a method of testing brickwork to establish its 

diagonal tensile strength has been pioneered by the Structural Clay 

Products Research Foundation of the U.S.A. (S.C,R.) 

The 15 inch diameter x 4 inch nominal thickness circular test specimens 

shown in Fig. 6.3.1. are placed between the loading surfaces of a con- 

pression testing machine such that the bed joint is orientated at 45° 

to the horizontal. As the specimen is loaded in the direction of its 

vertical diameter, the middle portion of this diameter is subjected to 

tensile forces perpendicular to it until the specimen fails suddenly by 

splitting along a vertical plane. The load is applied to a #" thick 

plywood strip that is 1}' wide (i.e. 1/12 of the specimen diameter). 

The usual mode of failure is by splitting along the loaded diameter 

being the result of the induced transverse tensile stresses, 

Fig. 6.3.2. indicates that the vertical diameter of the circular specimen 

is a plane of principal tensile stress for approximately 00% of its length > 

the stress being approximately constant for about 60% of its length, 

The maximum tensile stresses which act across the loaded diameter and 

therefore considered to have a constant magnitude of 

pers eee 
Meta 

where P = load at failure (1b) 

Dp Specimen diameter (in) 

+ = Specimen thic mess (in)
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It can be seen immediately that this is now the well know 'Brazilian!' 

test for obt aining the indirect tensile strength of concrete cylinders. 

This method of testing is based upon the theory that the material is 

ideally elastic, it has been suggested that since the method has been 

successfully applied to concrete cylinders which are neither truly 

elastic nor homogeneous then the test would be equally suitable for 

bric kwork specimens. 

The stress distribution shown in Fig, 6.3.2 would apply to a truly 

elastic material, in brickwork specimens shears in the mortar joints 

may be expected. to produce stress concentrations, further compressive 

stresses in brickwork produce shears in the mortar joints due to a 

difference in Modulvs of Elasticity between brick and mortar, However, 

the results obtained from a diagonal tensile strength 'splitting ' 

test calculated on the basis that ft = 2P/D.t. would, by reason of 

the presence of additional shears or stress concentrations, indicate that 

the calculated results of the splitting test would be below the true 

tensile strength of the assemblage. 

It is therefore reasonable to use this method of test to establish the 

design value of the ultimate diagonal tensile strength (ft) of a brickwork 

specimen, 

It would NO? be acceptable however to use this method of test and the 

calculated results in order that (ft) covld be stated as the maximum 

tensile stress in the essemblage.
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(7) 
Published work on this subject by Stafford-Smith, Carter and Choudhury 

is in error, The work employs the meenone of Finite Element Analysis 

to investigate the distribution of stress in a circular specimen similar 

to that show in Fig, 6.3.1. Firstly, these authors do not consider the 

effects of the value of adhesion between brick and mortar and erroneously 

continue with e mathematical analysis assuming that a breakdown in 'bond! 

will not be the mode of failure. 

Secondly, having progressed to the determination of a modification factor 

7V Dt WD t- 

(1) for all values of Eb/Em stated to be greater than 2, the authors 

produce a curve of Diagonal Tensile Strength related to Mortar Tensile 

Strength suggesting that NP gives a lower value than 2 P. 
wane ae 

Dt Dt 

This obviously is a mathematical error and unfortunately leads to the 

erroneous conclusion that the diagonal tensile strength of brickwork is 

approximately equal to the tensile strength of the mortar or bricks, 

whichever is the weaker, 

TES? RESULTS 

The value of diagonal tensile strength calculated from the S.C,.R. Testing wo € : S 

(8) , 2 
Programme vary with brick and mortar strensths from 131 ye Go 554 Lb/int 

The arithnetic mean of the tests being 246 1b/in® with a coefficient of 

variation of 10.3%. 

The ratio of diagonal tensile strengths to the compressive strength of 

the brickwork assemblage decreased from 6.3% for 2'(00 Lb/in® brickwork 

to 2.5% for 6,500 1b/in’ brickwork,
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Since the diagonal tensile strength does not vary linearly with the 

compressive strength, previous investigators have related tensile 

resistance to the square root of the compressive strength. 

tt = K fre 
The ratio K of splitting tensile strength to the square root of the 

compressive strength is a measure of the capacity of brickwork specimens 

to sustain diagonal tension failure, 

From 27 specimens tested only one case revealed a splitting ratio (xX) 

below the value of 2, 

In 90% of the specimens the ratio (K) was between the values Cig) ELL idl gg 

Thus, it could be conservatively predicted that the lower limit of diagonal 

tensile strength wovld be (ft) Sig 5 jf fc 

where fc = the crushing strength of the brickwork assemblage. 

Diagonal splitting tests carried out by the author in this pro:ramme on 

semple 'wetted' brickwork panels using pressed clay frogless 'Flettons! 

supplied by the London Brick Co, Ltd, results in an arithmetic meen of 

diagonal tensile strength of 155 Ib/in® for 1.0.35. mortar and 119 1b/in? 

FOr 24255 cement/lime/sand mortar. 

Plate No, 6.3.1 shows a typical sample brickwork panel after failure, the 

influence of "bond' failure can clearly be seen and was apparent in all 

spec imens that were tested, 

The mode of failure cannot be accurately predicted by reason of the factors 

such as bond sitrength,workmanship etc. that influence the mode of failure,
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Some specimens failed by reason of the high shears set up by the con- 

pressive stress at the load points causing a segment of the specimen to 

split along a bed joint and not in the central portion of the specimen 

due to the tensile stress, 

This mode of failure is undesirable since it is intended that the tensile 

stress should initiate fracture. 

Since all tests were included irrespective of the mode of failure, the 

revorted strengths are the APPARENT diagonal tensile strengths of the 

specimens,
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 PLATE



      
TEST SPECIMEN USED BY S.C.R. 
  

Fig.6.3.1
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STRESS DISTRIBUTION IN TENSILE SPLITTING TEST 
  

Fig. 6.3.2



Factors Affecting the Diagonal Tensile Strencth 

The influence of the mortar mix on the diagonal tensile strength is 

shown in Fig. 6.43.3. 

These are the results of diagonal splitting tests carried out on 15" 

dia. x 4" thick specimens each made with a controlled brick having 

an average compressive strength of 11.771 1b/in? and initial rate of 

absorption of 10.6 grams per min per 30 sq. ins, Fach point show on 

the curve is the arithmetic mean of 5 specimens built with the 

indicated mortar mix all with a $8" joint thickness. 

It is clearly shown that diagonal tensile strength increases with 

mortar tensile strength, this is dve not only to the increase in 

bond strength but by some extent due to the ability of stronger mortars 

to sustain the additional shears and stress concentration that are set 

> 

up in a loaded non-homogeneous specimen. 

The bond strength of mortar to brick is of primery importance in the 

‘ 

development of diagonal tensile strength. Tne brick with the voorest 

bond characteristics as shown by the flexural strength values (which 

were all bond failures) also yields the lowest diagonal tensile strengths, 

Fig. 6.34. shows the diagonal tensile strength plotted against the 

flexural strength of similar brickwork specimens, ‘the wide scatter of 

these results clearly shows that it would be unwise to predict diagonal 

tensile strength from a knowledge of the flexural strength or vice-versa; 

however, the tendency for assemblages with the poorest bond strength 

to produce the lowest diagonal tensile strengths can be seen, 

Fig. 6.3.5 shows the diagonal tensile strength plotted against the suction 

rate of the brick used in the assemblage. Again, there is a wide scatter 

of results showing a general tendency for bricks with a hich suction
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rate to yield low diagonal tensile strength. This of course can be 

expected since the suction rate of the brick is one of the factors that 

inf luence the bond strength, The wide scatter of these results is the 

direct result of the various other brick and mortar properties which 

decide the bond strength of mortar to brick,
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CHAPTER 7 

THE FLEXURAL STRENGTH OF BRICKWORK WITH THE DIRECTION OF PENDING 
STRESS AT RIGHT ANGLES TO TEE BED JOLITS 

7el Small Scale assemblages 

(g) 
As part of the National Testing Frogramme carried out in 1964 by the 

Structural Clay Products Research Foundation, Geneva, Illinois, a series 

of 155 brick assemblies using 5 specimens from each of 27 different types 

of brick, each specimen 16" x 16" x 4" thick using a mortar mix of 1.4.44 

Cement.Lime,Sand with bricks of varying compressive strength were tested 

to obtain the Modulus of Rupture as a measure of the flexural strength. 

These results however are only valid for conditions when the direction 

of the principal tensile stress is at right angles to the mortar in the 

bed joint. 

It was concluded that there was no relationship between the compressive 

strength of the brick and the flexural strength of the assemblages, the 

flexural strength being dependent upon the bond of mortar to brick, the 

tensile strength of the mortar and the thickness of the bed joint, 

ALL specimens failed in bond between brick and mortar. No tensile failures 

in the mortar itself were observed. 

The matter of the effects of joint thickness and mortar tensile strength 

were left in a somewhat inexplicable situation, 

It is suspected that the improved performance of specimens with thinner 

joints can be attributed to the greater pressures required on the part 

of the bricklayer in laying the units. 

This is a human variability to which a simple mathematical analysis 

cannot be appli ed.
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The lowest flexural strength values corresponded to extremes in the 

initial rate of absorption (suction) of the brick. There was considerable 

scatter and overlapping in the test results considered in vart to be due 

to the difficult to control practice of wetting higher suction rate bricks 

in order to reduce suction at the time of laying, It was also appreciated 

that another variable is the roughness of the bedding surface and the 

extent to which mechanical interlocking of the mortar with brick is 

achieved. 

This latter variable was not investigated as part of the programme. 

The method of test (Fig. 7.1.1.) was developed to impose a wiiform bending 

stress upon all five bed joints by applying an eccentric load to the 

specimen mounted in a vertical position. The plane of loading in parallel 

to and has 10 inches eccentricity to the neutral axis of the sneciinen, 

Rotation of tov and bottom of the test specimen results in almost puxe 

bending, 

The mode of failure is the opening of the weakest bed joint, since all 

five bed joints are subjected to a uniform bendins stress. 

Ze Io! 
  

  

  

  

      
      

DIAGRAMATIC ARRANGEMENT OF TEST ASSEMBLY 

Fig. Tegel eles
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The Modulus of Rupture of the specimen was calculated from:- 

MR = = (tea 33 
| A 

where MR = Modulus of Rupture 1b/in® 

P = Ultimate load 1b 

b = Width of specimen inches 

e = Load eccentricity inches 

From the test results the calculated Modulus of Rupture values range 

5 oa 49 1b/ine to 172 1b/in? the group average being 12% 1b/in® for 

135 specimens tested. Statistically it can be shown from cumulative 

frequency distribution that 90% of the specimens have Modulus of 

Rupture values in excess of 85 1b/in’. 

Fig. 7.1.1. shows the relationship of the type of mortar and the 

resulting Modulus of Rupture related fer convenience as mortar tensile 

strength to Modulus of Rupture. The results plotted are the arithmetic 

means of a group of 5 samples for each mortar tyne. 

The influence of mortar joint thickness is show in Fig. 7.1.2. 

Bets of 5 specimens each were built with »', 3", 2", 2" ana ©" thick be AD + WGP SAGs oD L 

bed joints using the central brick and 1,4.4% Cenent/Lime/Sand mortar.
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7-2 Full Scale Panels 

Subsequent research work investigating the flexural strength of brickwork 

panels 4' wide x 8' long tested by the application of a vniformly 

distributed load over a specimen span of 7' 6" was carried out by S.C.R. 

It is not proposed to reproduce the results of this work here, since full 

reports ere given in the Structural Clay Products Research Foundation 

Research Reports Nos. 8, 9 and 10. 

However, it is interesting to note that again all specimens failed when 

a bed joint opened on the tension face as a result of bond failure at 

the extreme tension fibres of the brick-mortar interface, 

Tests on walls of various thickness clearly show the influence of the 

width of the mortar bed on the flexural strength of the specimen, 

The flexural strength is directly related to the mortar bed width, the 

narrower the bed, the lower the strength. ‘This has been attributed to 

the greater likelihood of more rapid drying of the narrow bed, resulting 

in a more unfavourable curing condition and a consequent lower strength. 

The flexural strength of the small scale (16" x 16" x 4") assemblages 

were on average somewhat lower than those of the full size wall specimens
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CHAPTER 8 

AN INVESTIGATION INTO THE DISTRIBUTION OF BENDING STRESSES 
    

IN NO8-RETNFORCED SHALLOW BRICK BANS 
  

8.1 Introduction 

The limitations imoosed upon the designer by present day Codes of 

Practice relating to structural brickwork, prevent full advantage being 

taken of the tensile strength that brickwork mst possess, The result of 

these limitations is that very little information on the true strength 

of brickwork in flexure is available and that in the majority of cases 

the designer is forced to neglect the self strength of brickwork cae 

pletely and to provide additional steel or reinforced concrete beams to 

carry brickwork over an opening, The supporting beams being designed in 

themselves to carry the entire weight of the brickwork. 

This cannot be the true requirement, since the supporting beam will not 

take load until the brickwork has deflected under load either by its own - 

weight or by some external applied load. 

For shallow brick beams the physical size of the brick and mortar 

element are generally not small in relation to the height, breadth and 

length of the beam, It may be therefore that such beams should not be 

considered as a 'plate' of homogeneous material when analysing the 

internal stresses due to bending. 

Probably the most serious method of analysis would be one using the 

method of ‘finite elements!. However such a rigorous method of analysis 

would be of little use to the practical designer by reason of the wide 

range of parameters that would need to be considered in order that 

appropriate design charts could be produced.



This investigation has the intention of producing a simple mathematical 

solution to the theoretical behavior of simple shallow beams by consid- 

ering them to be ‘laminated! and obeying the simole theories of elastic 

bendins, 

Tests are carried out on a number of simply supported beams to establish 

the stress/strain relationship at various cross-sections and the deflec- 

tion characteristics of the beam, 

8.2 Theoretical behaviour 
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Consider a strip of height dy at a height y above the neutral axis, The 

width of the strip is (B) vart of it being brick (Bb) and the remainder 

mortar (Bm). 

The strain at a height y is given by the usual bending theory as 

e= y/R, R being the radius of curvature of the neutrel axis. In this 

strin the brick will be subjected to a stress of Ub = Ebe end the mortar 

subjected to a stress of Tm = Fme. Hence the totel force on the strip (P) 

is given by 

‘J
 

iH Ob. Bb. dy + Om, Bmay. 

= (Sb Bb + Fm Bm) y ay 
R 

The total force on the section (P) is fonnd by summing the forces on the 

strips so that 

Pp = /(eb Bb + Mm Bm) ¥ ay 3 [2] 
R 

In the case of a beam without any direct force P = 0 

= fo Bo + Em Bm) y.dy. = 0 [2] 

If the heisht of the strip is measured from the bottom of the section so 

Ghat Ge ao acts y eauation [2] becomes: 

fox Bb + Em Bn)(z - y) dz = O 
. 

  oy $a I Bb + Wn Bm) 2 dz [ 
of. (Eb Bb + Em Bin)dz 

\
N
 

C
m
 

eee
erm

eel
 

If Bb = Mm then this eouation reduces to the usual eovation y = fudzfor 

J az 
finding the centre of gravity of the section. 

The moment of resistance of the beam to bending is found in the manner of 

the usual elastic theory by taking moments about the neutral axis. The 

resultant of the external forces which produce bending is a counle, this 

external couvle must be balanced by the internal forces in the beam, and 

orces must therefore be a covnle because £ 
4 the resultant of these internal
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only a couple will balance a counle, The two forces which form the internal 

couple will be the resultants of the tensile and compressive stresses, 

therefore these resultants being the total tension and the total com 

pression must be equal end parallel, 
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Total Force on Strip = P = (Zb.Bb + Hn.Bm) y dy 
R 

Moment of Resistance of Strip = (Eb Bb + Em Bm) x dy 
R 

' : : ~ Niel w/e M = Total Moment of Resistance of Section = 7 (Hb Bh + Em Bm) y° dy 
R 

Tih SUMMATION BEING MADE ABOVE AND BELOW THE NEUTRAL AXIS 

Ac SInCe or 4 dy 

M = (Eb IB + Em In) [4] 
R - 

Where Ib and Im are the second moments of area about the neutral axis 

for the total section of brick and mortar, 

and e = J 
E 

Since R= y 
e 

| —. can be written 

R Ee 

2 a
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The section shown in Fig, 8.2.1. can be considered as a laminated beam 

nade from a material containing brick and mortar so that a horizontal 

section of the beam vertical section can be either brick, mortar, or 

part brick and part mortar. 

It is assumed that the simple theory of elastic bending may be used and 

that plane sections remain plane, With sections composed of one material 

we are used to stating that the neutral plane passes through the centre 

of gravity, but this does not anply to a section built up from several 

materials with different moduli of elasticity. Since the elastic modulus 

of brick (ib ) is different from the elastic modulus of mortar (Em) the 

first step will be to find the position of the neutral axis. 

If we now consider the side elevation of the brick beam (Fig. 8.2.2) 

it can be seen that the cross section is not constant throughout the beam 

due to the method of brick bonding, This will result in a shift of the 

neutral axis throughout the length of the beam, i.e. the neutral axis 

for sections 1,1, 2.2, 3.3 will not be in the same positions. 
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If failure of the section occurs in the mortar at a height ym under a 

stress of Um then 

M= (Eb.16 + Em Im) _Om [5] 
im yn 

Similarly if failure occurs in the brick at a heicht yb under a stress 

of Ub then 

M = (Zb.IB + EnIm) Ob [| 
ib. yb 

If EB = Em and I is said to be the total second moment of area of the 

section then the above ecuations reduce to i = yr which is the general 

y 
-expression of finding the moment of resistance of a homogeneous section. 

The two materials, brick and mortar, which comprise the bean will have 

different ultimate values of stress, In materials of usval construction 

the limiting condition will be either the value of the adhesion of mortax 

to brick or the ultimate tensile strength of the mortar and by reason of 

the methods of ‘bond! a failure of the mortar at the extreme fibres will 

not be the ultimate bending moment capacity of the beam. 

An added complication is the 'shift' of the neutral axis along the bean 

elevation, ‘the elevational stress failure pattern must now be examined, 

Consider a small length of the beam elevations-—— 

  

          
  

    

        
On the line XX, since Em does not equal ib and further since the position 

of the neutral axis is not common to both vertical sections at A ané ab
 

tS Sc
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the strain at A will not be equal to the strain at B, 

The numerical value of the strain across the perpend mortar joint must 

by reasons of equilibrium vary from the value of the brick strain at the 

bonded face to the max value of the mortar strain in the centre of the 

perpend joint. 

The strain across the vertical section of the bed joint say at point C 

can possibly have more complicated effects. A complete tensile failure 

of the mortar alone is not likely to occur if En is less than EB since 

under conditions of equal stress the strain in the mortar will be greater 

than the strain in the brick, the result being that there will either be 

a failure of the bond between brick and mortar or that the movement of 

the mortar will cause a tensile failure in the brick, 

This vertical splitting is the general mode of failure when brickwork is 

subjected to axial compression and is of course the result of horizontal 

tension, The reason for this type of failure is not at first apparent 

until the different strain characteristics of brick and mortar are con- 

sidered. 

The lateral strain of the mortar being greater than that of the brick 

forces the bricks apart and hence the tensile failure by vertical splitting, 

The tensile strength of the brick is therefore an important factor. 

It is anticipated that the strength of brick beams will increase as the 

strength of both brick and mortar increases, usually resulting in an 

increase in the value of the 'bond' strength being the value of the 

adhesion on Mortar to brick,
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The modulus of mpture of the beam may not be dependent uwnon the uitinate 

strength of the brick and mortar at the extreme fibres of the section, 

higher value of tensile stress may be present in the bed joint immediately 

below the extreme fibres where we have the addition of the calculated 

stress due to the applied bending moment and the local stress set up as 

described when the brick restricts the horizontal strain in the mortar. 

It is not likely however that this condition would exist in very shallow 

beams unless some method is employed to achieve a ‘bond! stress that is 

greater than both the ultimate tensile strengths of the mortar and brick. 

Theoretical Solution of Test Beams 
  

The following values of Modulus of Elasticity have been established by 

previous experiments: 

Eb = 125 e108 Yb/in® 

m(1.0.3) = 1.77 x10° 1b/in? 

Hm(1.1.5) = 0.57 x 10° 1b/in® 

6 me Ebwk(1.0.3) = 1.3 x10 1b/in 

Heer. 1-5). a) stck: $10° b/d 

It is predicted that failure of the beams will occur at a section 

M.B.1,. for 3 course beams and at a section B.M. for 2 course beams due 

to a failure of adhesion between brick and mortar, This will be equivalent 

to a failure in the mortar and the Modulus of Rupture which is by 

definition the apparent stress at the extreme fibres at collapse, can 

be calculated from Equation [5] which can be expressed as?- 

Modulus of Rupture = Ume = Ne, Bm, ym [7 
Ebib + nim 

where Mc is the total bending moment at collanse due to the anplied load, 

the weight of the anvaretus and the self weight of the beam,
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THE THEORETICAL POSITTON OF THR NEUTRAL AXIS 

3 COURSE BEAMS (Fig. 8.3.2) 

By reasons of the symmetry of brick and mortar the neutral axis for 

cross-sections B.B.B: B.M.Bs: and M.B.M, will be in the centre of the 

beam, 

2 COURSE BEAMS (Fig. 8.3.3) 

SECTION B.B. 
Again, by reasons of symmetry the neutral axis will be in the centre of 

the beam, 

SECTION B.M. 

Since the test beams are + 4. prick (4" wide), Bquation | 3] can be reduced 

Bee af 

1.0.3 Mortar Mix 

tote 

oo
 

Crn
eee

nca
nel

l 

3.00 5.625 

¥ = oa Ze dz + ae Loe Oe 

3.00 

45400 5.625 

jun az + ee = 07, 

0 %,00 

  

te
 ete. m(QeIT22) + 1,25 (54625" - ~ 3°) 

  

(1.77 x 3) + 1.25(5.625 - 3.00) 

" 

era T. (from pottom of beam)



sok 

1.1.5 Mortar Mix 

3,00 5.625 

y = fon az + [1.25 2 ae 

0 3-00 

3.00 Sheet 
| 0.57 ds -+ faces az 

0 700 

  

~(2057 x 35) + 1,25 th aoe ae 
  

(0.57 x 3) + 1.25(5.625 - 3.00) 

i 

= 3,34 (from bottom of beam) 

SECTION M.B 

By a reverse of the above calculations 

1,0,3, Mortar Mix 
" 

y = (5.63 =» 2.57) 3,06 (from bottom of beam) il 

1235: Mortar Mex 

" 

n 

y = (5.63 = 3.34) 2.29 (from bottom of beam)
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The experimental values of the beam deflection will be commared to the 

theoretical values calculated, (usine the anpronriate Ebrk value) on the 

assumption that the beam is constructed from a homogeneous material. 

THE MODULUS OF RUPTURE 

(i) 3 Course Beans 

For 1.0.3. Mortax Mix 

Considering section M.B.M. r failure in saa mortar at the outer fibres 

Fron Fovation [7] 

  

Gime = Mo(1.p Te ye eee De 

(1.25 x 4.125 x 2,625 y+ 3.54 |(4.125 3 )4(A, 125 x 3 x 2.813" 2)" 
a by 12 

‘ ie | «’- Modulus of Pupture = Ume = 0.0195 Me 1b/ in [9] 

For 1.1.5 Mortan Mix 

Considering section M.B.M. for failure in the mortar at the outer fibres 

From Eavation [7] 

  

Onc = Moth. ins) x 0.57.3 zu 513 Eaigiigs mee metro coer tao 

(1.25 x 4.125 x 2,625°)+ 1.14 [(«- 125 x 3°)+(4.125 x 3 x 2.1813") | 
12 12 J 

.*, Modulus of Runture =O0me = 0,0189 Me lb/in [i0] 

(ii) 2 Course Beans 

For 2.0.3. Mortar Mix 

Considering section B.M. for a tension failure in the mortar at the outer 

fibres (Wig. B28 3) 

From Bouation[7 | 

Gmc = Me (1b ins) x Bn x ym 
Dabber Em Tin &



6 

  

  

  

  

  

4.198! 

“0 2.625) Bick 
N 

3 Eee 3.00' orto. 
Xn a . 4 = ‘         
  

Im = (4.125 x 2.57?) + (4.125 x 043°) 
% 5 

a Dag an 

Th = (4,125 x 2.625°)+ (40125 x 2.625 x 1.743°) 
12 

«39,12 int 

o*s Ome = _Mc(1b ins) x 1.77 x 2.57 
(1.25 x 39.12) +(1.77 x 23.44) 

| ing = :.0,054-Mo 1 b/ine : [2 

For 1.3.5 Mortar 

Considering section B.M. for a tension failure in the mortar at the 

I 
outer fibres (Fig.3.2.4) 

  

  

  

    

4.105" 
= a 

2.625" Brick 
eee A- 

ce oS a: . . 

3 : 3.00" tortow -          



ia
t 

t
a
 

A 

(4.125 x 2,285°) + (4,125 x 0,34") Ib aa 

3 3 

Im = (4.125 

1 

i Ww pa ° nm
 

ws
 3 
os
 

mc = jie (1b ins) x 0.57 x 3.34 
1.25 x eae x 51.2) 

o°. mc = 0,0382 Mc 1b/in® [22] 

LOADING SYSTEM FOR EXPERIVENTAL WORK 

  

  

  

| 
  

24" LZ; 12" 24"         
| 

\w 
Wire, 22%. 

Bending Moment over 24" centre section of beam 

due to an applied load (2 W) = 24 W 1b ins 

Deflection (inches) at centre of beam (C) = 13248 » W (ip) 3} 
J 

1 
—- , fis 

B(1b/in®)-x I (in*)
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BEAM DEFTECTIONS 
  

The Theoretical beam deflection calculated on thé average Ebwk value for 

the relevant mortar mix and the gross Moment of Inertia assuming a 

homogeneous section will be compared to the experimental value of the 

beam deflection at mid-span, 

Considering the theoretical deflection at mid-span of the beam due to 

an applied load (2\/) distributed es shown in Fig. 8.2.5. Therefore from 

Equation |s] 

3 COURSE BEAM (I = 220.6 in’) 

1.0.3. Mortar 

Deflection at C 0.046 x ine W tches il Hi 

ook 109 X 220.6 

1 wks B Mortar 

cae 

Detlection at C 05055-x..10 ? Wo inches 13248, W 
eM cee rae 

Tak ROA K SECO 

2 COURSE BEAM (I = 61,16 in‘) 

Ah e Os a e Mortar 

Deflection at C = 13248, W 

Lesum 10. &- 61,16 

0.167 x 107° Winches u 

1.1.5 Mortar 

“2 
Deflection at C = 13248 W = 0,197 x 10 W inches 

ater 10° x°OP SG



8.5 Beam Tests 

This investisation was restricted to non-reinforced brick veams:~— 

(a) 2 courses deep 
Built 7 1 ness ay frogless 'Flettons' 

ive: SPO eforé 
(b) 3 courses deep aying 

All beams were 7' 0" long x + brick (A") wide and for ease of 

handling into the test ris weré constructed on a steel channel base 

plate (Fig. 8.3.1) 

  

  

  

Holes for lifting arms, J 20 | 
‘ . 1<. 

R.S,.Channel. 

Loose piece Loose niece 

Fig 8.5 st 

  

It was the original intention to use 'Demec! strain gouges und for 

this purpose gauge spots were fixed to the sides of the beam at #" 

1 vertical centres, During the preliminary tests it was found thet 

'Demec' gauges could not be used with sufficient accuracy since 

the small value of the applied loeds resulted in corresponding small 

values of horizontal strain. Therefore for subsequent tests, 1" 

electrical resistence strain gauges were used fixed at }" vertical 

centres to the side of the beam in the centre 2' 0" section in 

position show in Figs, 8.3.2°and 8.3.3.
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SuCTION B.B.B. 

  

  

SECTION B.R.B. 
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SECTION M.B.1M. 

   

STRAIN GAUGE POSTTTONS FOR 3 COURSE BEANS 
Apps bv 
PEP, Oss 2 
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SuCYION B.B 

  

SECTION B.ii 

  

  

AAT ae 
SECTION lleDe 

T TT CQATIAD DOSTATANA TH? NITRIR RRATAa STRAT GAUGES POSTZTONS FOR 2 COURSE BANS 

Pige 8.563.
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The beams were lifted into’ the testing rig (Plates 8.1 and 8.2) together 

with the channel base plate upon which they were constructed such that 

it was possible to place the beams into the. test rig whilst they remained 

fully suvported and free from the stresses that would be set up due to 

their self weight. 

At this stage, strain gauge readings were taken and used as the zero 

from which future strains were measured, 

The beams were then lowered onto the supporting rollers which were 

fixed at 6' 0" centres. (Steel plates bedded in plaster of Paris 

separated the brick beams from the supporting rollers) and the 

supporting channels lowered clear of the beem, The channels were allowed 

to remain in a position just clear of the beam in order that they were 

able to sunport the test specimen after fracture, thus preventing com 

plete collanse of the beam and loading anparatus (Plate 8.3) 

Strain gauge readines vere then taken giving the horizontal strain in © ij pi a 

the beams due to the self weight only. 

The test lords were then applied to the beam by a hand onerated 

hydraulic jack transmitting the applied load through 2 proving ring 

to a steel I beam supported by steel rollers on the top face of the 

beam, There losdins rollers were positioned at 12" on either side of the 

beam centre line to vroduce a loading system that resulted in a constant 

bending moment ard zero shear in the centre 2' 0" section of the bean. 

Dial gauges fixed to the test rig at the bottom face of the beam measured 

the vertical beam deflection at the loading points and at the centre of 

the beam span.
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PLATE 8.1 

  PLATE 8,2 he
 

{



aa 

  

PLATE 8,3 

 



8.4 TEST RESULTS 

122 

  

  

          

BEAM NO. | COURSES DEPTH | MORTAR MIX | DATE BUILT | DATE TESTET 

*] 3 1.0.3 13.10.70 t7sL1v70 

2 3 1.0.3 16.12.70 2661.73 

3 3 1.0.3 16.10.70 25 2,78 

+4 3 5 16,10,70 1271573 

5 3 261.5 16.10.70 194-6 fe 

6 2 1.0.3 13.10.70 24s1iv 

7 2 1.0.3 16.12.70 Be eFd. 

8 2 16.5 16.10.70 26.4. -7i 
  

* TESTED USING DEMEC GAUGES UNSATISFACTORY STRA 
NOT INCLUDE 

+ FAULT IN STRAIN GAUGES RESULTS NOT INCLUDED 

SUMMARY OF TEST BEAMS 
  

* IN READING RESUL 

 



Mortar Mix 1.3 
Depth 4 course 

BRICK BEAM li0.2 

Constructed 16.12.70 
Tested 26.1.71 

  

  

  

    

Deflection (Inches x 1077) 

LOAD lbf Left Hand Right Hand Central 

50 0.9 1.0 2 

100 1.5 2.4 2.5 

150 3.2 3.5 3.5 

200 4,6 5a 5.0 

250 6.4 7.0 6.75 

300 6.75 11.4 9 

350 Aer 16.5 15.4     
   



Mortar Mix 1.3 

Depth 3 Course 

BRICK B 

124 

BAM NO.3 

Constructed 16,10,70 
Tested 2.2.71 

  

ty 
: ee 

Deflection (Inches x 10 oa 
  

  

  

LOAD 1bf Left Hand Right Hand Central 

50 a, 1.8 Loa 

100 263 2.9 204 

150 304 4,0 307 

200 4.8 503d Dae 

250 6.2 6.5 6,5 

300 tee Bel 8.3 

350 9.4 9.4 L042 

400 L058 Oey. ese 

450 12,2 - 13.3 

500 14,1 15.0 13.7          



Mortar Mix 1.1.5 
Depth 3 course 

125 

BRICK BEAT NO.A 

Constructed 16,10,70 
Tested 12,.1.71 

  

Deflection (Inches x 107°) 
  

  

  

LOAD lbf Left Hand Richt Hand Central 

50 £0 1.6 1.5 

100 1.7 2.4 2e¢ 

150 269 3.4 4,0 

200 4.1 4.6 55 

250 5.6 6.0 7.0 

300 © 6.9 Tel 8.5 

350 8.1 8.5 10,0 

400 11.0 13.1 13.8 

450 13.5 16.0 16.7          



Mortar Mix 1.1.5 
Depth 3 course 
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BRICK BEA 10.5 

Constructed 16,10,70 
Tested 19.1.71 

  

  

  

  

Deflection (Iyches x 107) 

LOAD 1bf Left Hand Right Hand Central 

50 0.7 1.1 3 

100 1.8 233 2.6 

150 2.8 34 309 

200 4,0 . 4.8 Ded 

250 502 59 7.C 

400 6.9 765 &.8 

350 9.7 10.9 255 

400 3a 15.0 17.2          



Mortar Mix 1,3 
Depth 2 course 

Lt? / 

BRICK BEAM NO.6 
  

Constructed 13.10.70 

Tested 24.11.70 
  

Deflection (Inches x 107?) 
  

  

  

LOAD lof Left Hand Right Hand Central 

10 0.8 0.5 0.7 

20 1.8 1.5 «dowd 

30 eon 2el ears. 

AO 303 3.0 323 

50 4.3 4,0 4.5 

60 . 4.9 4.9 5.2 

70 5.8 5.8 6.2 

80 6.6 6.5 72 

90 74 7e2 8.1 

100 8.3 8.1 9.0 

110 8.8 9.2 G69 

120 9.9 10.1 10.9          
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BRICK, BEAM NO.7 

  

  

  

  

  

Mortar Mix 1.3 Constructed 16.12.70 
Depth 2 course Tested 2.2.71 

Deflection (Inches x 107?) 

LOAD lbf Left Hand Right Hand Centzral 

LO O53 1.2 055 

20 1.2 2-1 L.2 

40 2.8 329 3.2 

60 4.5 Bea Ded 

80 6.2 GA 7.4 

109 8,0 9.2 9.8 

120 9.9 x37 12,0       
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8.4.2 LONGTIUDINAL SER 

Mortar Mix 1.3 
Depth 3 course 
Section ilo, Beli-B 

ATS 
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‘ BRICK BEAM NO.2 

Constructed 16.12.70 
Tested 26.1.71 

  

  

  

  

                    
  

MICROSTRAINS 
Load 

lof 1 2 3 A 5 6 7 8 9 

Self. % <27 | =24 | 10 w2 = +11 | +26 | +26 | +29 

50 -48 | =46 | -29 | -23 | -21 | -5.5 +7 | +15 | +16 

100 OP st OS} 259 | 827+ F220 43 be] 4 -400e dat 

150 -64.5| -61.5] -43 -32 -20.5| -2 +12 | +24 | +423 

200 #73 #68 Ah SO. fF 4324 4 200 O | +17 | 437 +27 

250 -86 =-77 =52 -27 -10 +8 +26 | +24 +38 

300 -102 -86 -50 m28 -7 +10 +26 | +35 +37 

450 -1LA7T  |-104 =50 ~5 +17 +22 +32 +32 +5255 

x =GQ2- nfl -4Q Hi 2 +5 418 +427 428 

 



Mortar Mix 1.9 

Depth 3 course 
Section No, M-B~. VT 

din 
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BRICK BEAM NO.2 

Constructed 15,12.70 

Tested 2623.71 

  

MICROSTRATNS 
  

  

  

                      
  

Load. 
lof si 2 3 4 5 6 7 8 9 

Self Wt ~17 12 ~8 ~A +3 +9 +54 +70 +87 

50 -A6 | -34 | =-25 | -16 ~6 Oo} +64] +89 er 

100 =54.5| -37 | +30 | -21 | -11 +4 | +110| 4160] +240 

150 -67 | -50 | -45 | -27 | 11 +7 | +4139] 4260 | +407 

200 ~78 | -58 | -5l | -30.3| +9 419 | +311 | +302 | +653 

250 -84.5] -60 | -49 | -26 “5 +38 | 4503,5+604 | +1005 

300 W115 “| -80 | -61 | -17 | +11 +98 |+1054 [1069 | +1048 

350 SAG Totia 1 85th 2b) Teter ha ! 

z =99 ~62 “A5 “21 +5 +44 1363 +412 £729 

2 

The magnitude of strain readings for gauges 7, 8 & 9, suggest 

that these were either faulty readings or that some type of 

premature failure that had not been detected had taken place.
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Mortar Mix 1,3 Constructed 16,12.70 
Denth 3 course Tested 26.1.71 
Section ilo, BeBeB 

WICROSTRAINS 
Load 

lbf = 2 3 4 5 oe 7 8 = 

Self Wt ~14 «#12 #11 5 ~2 +3 +6 +15 +22 

50 Ses een Ap ere oe Ee ahO 1) ah te 413 

100 ~36 29 ~-30 21 #17 =8 +1 +8 +20 

150 ra) ~42 37 -27 -19 9.5] lL ple +20) 

200 ee EE et be 28D hic tS ~9 +2 his +29 

250 S57 1 eB SL SRAOSAL BH) 1. ed ~9 +4,980,5 | +29 

300° BEL APiedd |; m3. 1. 628. 1 eked +13 | 429 +38 

350 62.5) =55 -51 33 ~16 ~4. +11 | +26 436.5                       
x PAG = ed? FAO m8) LO —- 4. MOT RET 

 



BRICK BEAM 10.3 

Mortar Mix 1,3 Constructed 16,10,70 
Depth 3 course Tested 2.2.71 
Section lo, MBM 

  

  

  

  

                      

MICROSTRAINS 

Load 
1bf 1 2 3 4 5 Spee eed 

Self Wt | -55 ~A4 42 38 25 “18 49 +40 +70. 

50 -A4 =32 =28 “22 ~10 ©. | +32 +65 | +98 

100 ~44 =-29 23 ~18 ~7 +11 | +48 +90 | +131 

150 AG 32 22 -17 ~2 +15 +64 4118 | 4176 

200 =50 35 ~26 ~18 oA +19 | +77 | +148) 4215 

250 -52 =38 ~27 20 = +26 [+107 | +191 14285 

300 ~64 53 =AL ~30 #11 +17 [+117 | +217 | +320 

550 -62 “47 = 32 22 rd: +27 7 +146 | +259 | +372 

400 =67 -50 ~32 ~21 ~1 +41 | +174 | +3500 | +424 

450 “71 ~5) =35 24 +3 +49 17205 | +347 | +486 

500 -74 DT wos wae) +5 Jacl od. ae ee 

x ~57 “Ad ~40 ~22 -16 #26 4120 +4213 +306 

 



‘BRICK BEAM NO.3 

  

  

  

  

                      

Mortar Mix 1.3 Constructed 16.10.70 
Depth 4 course Tested 2.2.71 
Section No, BeB=B ; 

ea MICROSTRAINS 

lbf 2 3 4 5 6 7 8 9 

Self Yt} =-58 -65 ~61 =59 -42 wh TOS -16 =f 

50 -39 ~46 ~42 | -33 | -18 a17 f=] +3 | +19 

100 =37 -39 -38 | =27 ~8 ~8 | +10 +17 | +33 

150 -40 -40 ~34 =25 ~7 oO | +16 +25 | 439 

200 -44 -42 ~36 ~24 “5 -1 | +19 129 | +47 

250 -A7 ~A4 -38 ~23 ~4 +4 | +24 +36 53 

400 8671 -68 ~62 -48 ~26 ~20 +1 +12 | +34 

350 ~62 -60 ~49 ~32 “ft O-| +25 +37 | +60 

400 -65 63 -53 | =32 -6 +6 | 428 | +42 | +66 

450 -71 -69 ~54 | 36 =8 +4 | +32 | +447 | +72 

500 ~73 868 ~55 -33 “2 er oe $55" BO 

x <2 “54 “46 -=31 ~9 -2 +19 +31 +50 
 



1A0 

ted 16,10,70 Mortar Mix 1.3 Construc 

wee Lk Derth 3 course Teste 

Section No, Bxl!-B 

ru 

a 

  

  

  

  

  

                      
  

MICROSTRAINS 
Load 

sik 1 2 3 A 5 6 = 8 9 

Sebe + 1-97 ~60 m54 | =35 ~34 a1 + aE +23 

50 ~43 -39 gat. ato ate ~4 } +12 | +22 PAA 

100 ae ~33 RIOT aed aT +3 1419 | +30] +54 

150 ~48 -36 -28 | -13 <5 +6 | +423 1 435 | +62 

200 -57 -44 -31 | -18 -6 poe b te o) +59 63°] 
; 

250 ~62 “#8 eG -4 oO 1 408 | rege) ~ 478] 

300 -90 ~83 wit hae gy -18 wl} 401 435 L7G 

350 wht abi oS | ad ~6 +10 | +37 | +50 a9 | 

400 -86 ~65 ohh 1 eBS “8 +9 | +31 | +52 O! 

450 -91 -70 ~46 | -22 5 112°] 435 1 +60] 41034 

500 ~100 -73 wh | odd wei +15 | +40 | +63 | +107 

x ~69 ~55 -39  =20 ~7 +6 427 «#43 TT



Mortar Mix 2.1.5 

Depth 4 course 

Section No, B-li-B 

141 

BRICK BEAM NO.5 

Constructed 16.10.70 
Tested 19.1.71 

  

  

  

  

  

                    

MICROSTRAINS 
Load 

oe 2 3 4 5 Gh nF B29 

Self Wt | -28 -20 #16 | -13.5] <1 45 | 415 | +18 | +32 

50 =33 -26 -16 ~16 -0.5 +6 | +14 +21 | +35 

100 =-36 ~27 -17 ~-19 0 +8 | +17 +29 | +46 

150 -41 ~33 “19 | +39 “1, +11 | +22 | +36 | +54 

200 ~AT ~33 -19 -20 +4 +16 | +29 +42 | +63 

250 ~53 -40 -26 | -23 +5 +17 | +30 | +46 | 472 

300 ~60 -43 -24 | ~24 +10 +27 37 +55 | +84 

450 -81 58 -21 @) +48 +58 | +52 +59 | +62 

400 a6 aes 10 2’) 404 ef 1 1 68 466 FASS 

x =55 -40 a19 320 418 429. 454°. F445 
 



BRICK BEAM NO.5 

  

  

  

  

                    
  

Mortar Mix 1.1.5 Constructed 16,10,70 
Devth 3% course Tested 19.1.71 
Section lo, M-~B-M vat 

MICROSTRAINS 
Load 

ED 1 2 5 \ 5 hoa si 9 
Self Wt] =28 -59.5 =74 ~16 @5 +4 43.5] +14 | +21 

50 229 ~67 =88 “19 =5 +4.51 +10 | 417 | +27 

100 -37 ~83 -106 ~23 -7 +10 [+11.5] +26 | +34 

150 -A2 ~90 -115 =22 -6 410 [+14 +24 | 438 

200 47 -101 -127 23 @5 +14 | +20 $35 1 418 

250 =54 ~114 -141 225 =2 +19 | 4:24 453A | 452 

300 ~62 -130 -162 -35 ~2 +20 | +28 438 | +59 

350 ~69 ~141 -172 ~32 ~3 421° | +34 41.65) +54 

400 -67 -149 -181 -25 +5 433 7 451 458 | +84 

x =51 5 ~109 -136 n25 4, 416 +24 $33. +51 

 



Mortar Mix 1.1.5 

Depth 3 covrse 
Section No, Be-BeB 

BRICK BRAM NO.5 

Constructed 16,10.70 
Tested 19,1.71 

  

MICROSTRATNS 

  

  

  

                      

Load 

lof 4 5 3 P 9 

self Wt | =33 =24 -12 ~10 cn} =5 | +19 +13 | +23 

50 =37 -33 ~18 | -12 -9 ~A | 424 | +17 | 415 

100 -36 -33 -21 -16 | =13 -4 1428 | +23 | +19 

150 -38 ~36 -23 -21 | -11 =3 [434 | +26 | 419 

200 39 -36 -19 -13 ~A +4 | +42 $39 | +24 

250 ~43 -40 ~22 -16 ~7 43 [+48 | +42 | 424 

300 ~A8 =52 @25 | =15 -8 +7 1460 | +51 | 427 

450 ~AT -Al ~12 -02 +5 +24 1 +64 +67 | +46 

400 =51 ~41 5 +11 +17 +35 | +73 +76 | +52 

x -A2 ~39 -1s +10 -4 +8 +47 +45 428 
 



Mortar Mix 1,3 
Depth 2 course 

Section No, Bel 

BRICK BEAM NO.6 

Constructed 14.10.70 

Tested 24,11,70 

  

  

  

              
  

MICROSTRAINS 
Load 

lbft 4 2 3 4 5 6 

10 -1 ~4.5 ee) “725 ~4.5 ~1.5 

20 ~5e5 -14 -8 -765 “465 -0.5 

30 -11.5 ~17.5 =11.5 -14.5 ~6.5 +10.5 

40 13 =21.5 ~15.5 14.5 w4e5 +5 

50 ~18 -31 =22 ~21.5 ~8.5 +1 

60 ~21.5 -36 ~26 =23.5 ~6.5 +1 

70 -23 ~38.5 -27.5 ~25.5 75. +505 

80 ~28 £845 32 ~30.5 =5.5 +4 

90 33 59.5 ~59 30.5 -6,5 +6 

100 ~33 ~61.5 -39 ~30.5 “765 +6 

110 ~36 ~65.5 -40 24.5 3.5 +16 

120 ~33 ~64.5 34 24,5 6.5 127 

% ~21 39 25 -2] mh +7 
 



Mortar Mix 1.3 
Depth 2 course 
Section No, M-B 

—
 

oO
 

BRICK BEAM NO.6 

Constructed 14.10.70 
Tested 24.11.70 

  

  

  

              
  

MICROSTRATNS 
Load 
lbf 1 2 3 4 5 6 

10 -12.5 ~10 -10.5 =3 +2 +55 

20 -18 ~16 -14 -3.5 +1 +6,5 

30 -26 -25 =20.5 “7.5 +1 +6.5 

40 =35 -32 ~25 -7 +3 +10.5 

50 -42 -43 ~32 -11 0 +525 

60 =51.5 ~51.5 -38 -15 ~2 +8 

70 =55 =54. 039.5 -13 0 +10 

80 62 ~62 =44 -13 +3 412.5 

90 -73 -71 -50 ~16 +2 413.5 

100 -79 -76 -52 -16 +4. +14..5 

110 -88 -82 -55 -18 +4. 412.5 

120 -89 -80 ~50 -10 +13 +21.5 

X =53 ae) -36 -11 42.5 +10.6 
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BRICK BEAN NO.7 

  

  

  

  

Mortar Mix 1,3 Constructed 16.12.70 
Depth 2 course Tested 2.2.71 

Section No, Bel 

MICROSTRAINS 

LOAD lbf 1 2 3 4 5 6 

SELF VT | =19 ~7 +3 +22 +34, +38 

10 2D =8 +3 +26 +40 +43 

20 =24 ad +A +28 +44 +50 

40 -47 ~ll +3 +30 +50 +56 

60 ~45 -11 45 +33 +56 +63 

80 -52 ~20 +3 +37 +64 +71. 

100 -61 =22 +1 +39 +71 +78 

120 -68 =25 +2 +44 +78 +AG 

140 “71 27 +3 +50 +00 +96 

160 -74 -33 0 +54 +100 +106 

180 -8A -39 7 +58 +112 +115             
      

~54 -20 +2 +40 +71 Fl ma
t
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BRICK BEAM NO.7 

  

  

  

  

                

Mortar Mix 1,3 Constructed 16.12.70 
Devth 2 course Tested 2.2.71 
Section lio, BB 

MICROSTRATNS 

LOAD LBP 4 2 5 A yy 6 

SELF Wt +3 +10 +15 +24 +37 414 

10 ~1 +13 +19 +41 +48 +28 

20 =3 +13 +19 +53 +44 +41 

ae = +14 +20 437 +46 +63 

60 -10 +11 +2). +40 +53 +82 

80 -14 +9 +22 +44 +57 +107 

100 -16 +7 +23 +A5 +62 +13 

120 ~23 +7 425 +52 +67 +156 

140 -29 "43 +26 +58 +73 +176 

360 -35 +3 +27 +61 +76 +19 

180 $38 +) +28 +62 +75 +189 

200 -40 0 4255 +64 +79 +186 

x ~19.5 +7 433 +48 +61 +12 
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BRICK BEA NO.7 

  

  

  

  

                

Mortar Mix 1.3 Constructed 16.12.70 
Denth 2 course Tested 2.2.71 
Section No, MB 

MICROSTRAINS 

LOAD L3F 4 2 3 A 5 6 

SELP WL ~24 ~3 +10 +34 +46 +50 

LO 24 #5 72 +35 +47 ps 

20 =24 =5 +10 +38 +53 +60 

40 ~28 ~8 +10 +39 +53 +67 

60 ~36 -12 + -39 +58 72 

80 -38 ~14 +10 +43 +64 +80 

100 -=A% =16 +9 +49 +70 “+56 

120 52 20 +9 +52 #77 $95 

140 55 -24 +10 +54. 4-84. +101 

160 -62 -27 +8 +55 +85 106 

180 #75 32 +4 +57 +86 ae ery 

x -4A ~16 +9 +46 +67 + 84 

 



BRICK BEAM NO.8 

Mortar Mix 1.1.5 Constructed 16,10.70 
Depth 2 course Tested 26,1.71 
Section No, BeB 

  

  

  

  

  

MICROSTRAINS 

¥ 2 3 4 5 6 

SELF vi =26 -10 a +1 +9 422 

10 24 — a 4h +10 424 

20 -28 oe re +1 +11 +27 

30 35 ra as a2 +11 425             
  

x -29 ~6 -~ 9 0 +1) 426 

 



BRICK BEAM NO.8 

  

  

  

  

              
  

Mortar Mix 1.1.5 Constructed 16,10,70 
Devth 2 covrse Tested 26,1.71 
Section No, MB 

MICROSTRA INS 

4 2 3 A 5 6 

SELF WT 62 o53 ~24 +3 +12 +23 

10 ~61 ~36 =24 43 413 +27 

20 -66 -38 25 +3 +14 +29 

30 ~67 37 =25 43 +17 4:29 
i 

xX =-65 =37 25 +B +15 2-26 
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8.5 Conclusions 

Pigures 6,4,.1. 1 to 8.4.1. 6 inclusive show the experimental load/ 

deflection relationships at the points of application of load to the beams 

and at the mid-scan points. 

Superimposed upon these figures are the straight lines of calculated 

theoretical deflection from Eqn [23] for the mid-span point of the beam 

2 based upon the Ebwk and gross Moment of Inertia Values, 

Beams Nos, 3. 6 and 7 show a comparable relationship between theoretical 

deer actual deflections, 

Beams Nos. 2, 4 and 5 clearly show the effect of creep strain in the 

relative higher regions of applied load resulting in a non-linear load/ 

deflection relationship. However, in the cases of these beams exhibiting 

the effects of creep the relationship can be said to be linear up to a 

mortar stress approximately 45 1b/in® at the extreme outer fibres of the 

beam material due to the applied load. 

In practical design cases the flexural stress would be limited to 201b/in® 

(as allowed by CP.111). It can therefore be concluded that in such designs 

the load/deflection relationship can be considered to be linear and that 

calculations based upon the Ebwk and gross Moment of Inertia values would 

predict deflection with an acceptable degree of accuracy. 

Figs, 8.4.2 1 to 8.4.2. 6 inclusive have been prepared to show for the 

sections of beams tested the distribution of strain due to self weight 

and the arithmetic mean (x) of the strains measured at each increment 

of load.
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This method of presentation has been chosen in order that the general 

tendency rather than the particular distribution of strain for a given 

load can be shown graphically. 

In consideration of the inconsistency of the constituent materials, the 

variability of workmanship and the vossible limits of experimental error, 

it can be concluded that shallow brick beams exhibit & linear strain 

distribution with the neutral axis in a position predicted by the theory. 

It is suggested by the author that more conclusive evidence would be 

obtained if specimen beams were constructed using an additive to th 

mortar that would considerably improve the strength of adhesion between 

bricks and mortar. 

During the testing programme considerable difficulty was experienced in 

some cases due to a premature breakdown of the adhesion, resulting in 

strain gauge readings that suggested rapid changes in the posi tion of 

the beam neutral axis, 

The test rig and loading apparatus used prevented an accurate meesurenent 

of the load causing failure of the beam, 

It was not possible to observe initial cracking at the extreme outer 

fibres, failure was sudden and without warning, thus making it necessary 

to c arefuily observe the proving ring dial gauge between increments of 

load being applied through the hand operated hydraulic jack. By this 

method the approximate failure loads were noted and are recorded in DP 

Table 8.5.1. 

The mode of failure for all beams tested was a breakdown in adhesion 

between brick and mortar in the perpend joint nearest to the mid-span 

point of the beam. * i.e. nearest to the point of maximum bending moment,
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The failure loads of Table 8.5.1. are used to calculate the failure 

bending moments(iic) given in Table 8.5.2. and are recorded as total moments 

being the addition of the moments due to the applied load at failure, the 

weight of the apparatus (50 lbs) and the self weight of the beam, 

(3 course beems = 199 lb : 2 course beams = 130 1b) 

From these failure moments, the mode of failure is considered as a mortar 

failure and the Modulus of Rupture (Ome) is calculated using Eqns [9], [10] i 

[23] or [12] whichever is applicable to the beam size and mortar mix. 

A comparison is aed ( Ox) of the Modulus of Rupture calculated from 

the simple beam forma NM = fz where Z = bat for the section. 

As would be expected, Beams Nos, 2 and 3 which are constructed 3 courses 

deep with 1.0.3. mortar such that Eb = 0.706 and are symmetrical at 
En 

the M.B.M, failure section show almost identical resalts from Onc andOx, 

Beams Nos, 4 and 5 again are 3 courses deep and symmetrical at the l.B.n, 

failure section, but in these instances the Eb/En ratio which is equal to 

2.193 has a more appreciable influence on the stress that would be predicted 

at failure, 

For 3 course beams analysed by the theory presented here the Modulus of 

Rupture is of a value less than that which would be given by a simple 

analysis based upon the properties of an equivalent homogeneous section. 

Similarly, for a given limiting design stress, the analysis of a 3 course 

beam by the theory presented here would result in a greater allowable 

bending moment than would be given by the simple beam analysis.



Clearly, these conditions are reversed for 2 course beams Nos, 6 and 7. At 

the 3.}i, failure section the cross section cf the beam is not symmetrical, 

consequently a shift of the neutral axis towards the extreme cuter tension 

fibres for the case when Em>Eb results in a Modulus of Rupture greater 

than would be predicted by using the section modulus of the homogeneous 

section, 

Beam No, 8 of course is constructed with Bb/Em = 2,193 resulting in a 

mathematical shift of the neutral axis towards the extreme outer compression 

fibres. Ome will therefore be less than Ox, 

The limited number of tests carried out are insufficient to give a specific 

conclusion regarding the ultimate strength of the beams. It can cextainly 

" 
be concluded that the limiting allowable design stress of 20 LbJin’ given 

in CP,111 is very conservative, discounting Beam No. 8 which is apparently 

an inconsistent result the arithmetic mean of the Modulus of Rupture values 

is 153,86 1b/in, suggesting that there would be a load factor arainst 

failure of 7.69. However, even allowing for the inconsistent results that 

must be catered for in the process of safe structural design, Beam No, 8 

would have a load factor of 4,18, 

. The conservative values of flexural stress allowed by CP,111 are said to 

be for reasons including the inconsistency of workmanship, Present day 

standards of quality control and site supervision are such that the 

performance reliability of brickw ork could be at least equal to that 

obtained for reinforced concrete. On the brief evidence of the experimental 

work presented in this chapter it is clear that it would be possible to 

take more advantage of the flexural strength of brickwork than is at 

present allowed.
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Beam No. Mortar Mix Courses Deen 
    

Avplied Load (2\}1b Failure 
  

  

  

2 1.0.3 375 M.Bell, 

| 1.003 525 M.B.M 

4 Iyhy5 450 M.B if 

5 $i355 425 M. Bei 

6 1.0.3 120 Bal 

7 1.0.3 125 BM 

8 S555 35 BoM            



  

  

  

  

Beam No. | Failure Moment Modulus of Rupture | Modulus of Rupture 

(Me) 1b.ins One lb/in® Ox 1b/in® 

2 6891 134,37 134.07 

3 8691 169.47 169.08 

4 T7921 147.24 151.57 

5 7491 141.58 far ee eae 

6 3210 163,70 147.59 

7 3270 166.77 150.34 

8 2190 83.66 100, 68         

TABLE NO.8,5.2 
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CHAPTER 9 

THE APPLICATION OF THE THRORY OF ELASTICITY To 
THE SOLUTION OF STRESSES IN BEAMS 

9.1 Introduction 

The theory of simple bending based unon the 'straight line! theory of 

stress distribution is in error since the mathematical theory of 

elasticity shows the presence of additional stresses in the x direction. 

These additional stresses however are dependent entirely upon the 

depth of the beam, It is proposed here to establish a simple mathen- 

atical process by which the stresses in a beam can be calculated using 

the ‘Theory of Elasticity' and to investigate the significant importance 

of the theory upon the stresses in brick beams, 

There are several available methods for the solution of plane stress 

problems based upon the mathematical ebaise of elasticity and the 

solution is usually said to be found when the correct stress fiunetion 

or a sufficient approximation to it has been found, 

(4) 
G. B. Airy (1801 - 1892) obtained the differential equations of 

equi}jibriun 

dox + oP cy = 0 (3) 
ox oy 

dGy + dPxy a0 (ii) 
oy 3x 

and proved that these equations would be satisfied if expressions for the 

stress components are derived from a function P such that 

Ox = dod Ty = doh Pry = 020 (a3 

dy? 32 53 iat
 

je
 
7
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It is proposed here to find a solution to the problem of a simple beam 

subject to its own weight and to an external load applied to the ton 

face of the beam by establishing a ¢ function in the form of a poly- 

nomial that will satisfy the 'Airy! equations of equilibrium, the 

specified boundary conditions and the equation of compatibility (iv). 

g2 4 ig? (x + Ty) = 0 (iv) 
be akg 

In brick beams of usual construction the size of the elements (brick 

and mortar) is usvally small compared to the overall size of the beam 

and the material can be assumed to be homogeneous for the purposes of 

overall stress analysis, the thickness of the beam is again usually 

small compared to the length and height, 

The problem can therefore be said to reduce to one of plane stress in 

which the variation of the stress componenets Ox, Jy and Uz across 

the thickness may be neglécted and Uxx =Wyz =QVxz = 0, 

The problem therefore reduces to one of a two dimensional system. 

Considering the stress function dto be a permissable 'Airy' function, 

the compatibility equation (iv) can be written in terms of the stress 

function:~ 

Vib = 29. +2040 + oad = 0 (v) 
A ZY dx* — dxby® by 

Considering the general case of body forces and assuming that these 

forces have a potential. Then the component of the body force in the 

y direction can be defined as Y and is given by the eauation:- 

eee | 
: Oy (vi)
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‘hen the body force is simply the self weight of the body, the potential 

V is - Dy where D is the unit density of the body material. 

In problems of plane stress, all compatibility equations cannot be 

satisfied, however it can be show that for thin pletes the errors 

caused by neglecting some of the compatibility equations are small and 

can be neglected. 

It is necessary only to consider the comatibility equation 

Vid = ud + 2th + HO . -a a) Vv (vi) 
0 x nat 0 a 

therefore since Viv = doV. + eV. 

dy dx? 

end V = -Dy 

then V°v = 0 

¢€ 

.% Vi¢ = 0 when body forces are included, 

The stresses due to body forces in an element of the body cen be obtained 

from the g stress function as follows:~ 

Ox = O29 + ¥ (viii) 

dy® 

dnd trical: (ix) 

Ox" 

Pry = - 69 
iy = 

a i
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9.2 THE DETERMINATION OF THE ATRY STRESS FUNCTION 
  

The stress function dean be expressed in the form of a doubly infinite 

power series 4 oC 

p _ = Se Cmn, x.y" (2] 
m=O n=0 

where m and n are positive integers and Cm are undetermined coefficients 

which can be arranged in the matrix:- 

ces cet coe CoA oe 

me (22) ae cCl4 cl5 cl6 * 

(2) Mee 23) C24: C25 4-026 " 

C30 CF2-* 052. 053. C3h- 035. | 636 e 

C40 CAD O42 =: 5-1 Odd -C45- 046 a 

C50° = C52 C52... O85..." C84¢- 2 55> 056 " 

C60 C61. C62. 063. C64 C65 C66 . 

it. ' tt " it tt a tt 

By substitution into Equation [2] the components of stress in an element 

are given by:- 

oo oC 

eee 2s za n(n=1) Cmn, x22, y""* 

  

Tx = dod = 

dy” m=0 n=2 [2] 

ce oc 

Tm 228: ” as a m(m=1) Cm, x"? , 2 [3] 
‘Ox m=2 n=0 

o 0 

Txy = oye ee —> > m,n, Cnn, 2, yt [4] 
ox oy m=. nel 

The coefficients COO, CO1, and S10 do not anpear in the equations for 

stress (2 | ; [3] and [4] and can therefore be immediately deleted from 

the matrix.
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The biharmonic equation of compatibility 

V2 V2 p = 0 [5] 

where Yas = a. + “O°: 

oy dy° 

by substitution into equation [2] can be expressed in the following form: 
ce 4 

>: aes eye | (m+2) (m+1.)imn(m-1)Cm+2 ,n=2 
m=2 n=2 

+2m(m=1 )n(n-1)Cmn 

+(n+2)(n+1)n(n-1)Cm-2 nie 

= 0 

The condition of compatibility is not dependent upon x and y such that 

x ony: Sn) 

; ; «  (m+2)(m+1)m(m-1) Cm+2 yn~2 

+2m(m=1 )n(ne1) Con 

+(n+2)(nt1)n(n-1)Cm-2,n+2 = 0 [« | 

Equation [¢] by the recurrence relationship establishes the inter- 

relationships between any three alternaté Cmn coefficients in the 

diagonals of the matrix running in a line from the lower left to the 

upper right starting with the group [ cao, C22, co4 | 

e.g. “The group [céo, CA2, c24 is related by:- 

(6.5.4.3) C60 + 2(4.3)(2.1)CA2 + (4.3.2.1. )C24 0 

The problem of the determination of the gp equation is therefore reduced 

to finding values of Cmm in Equation [2] that satisfy the boundary 

conditions of the problem and the inter-relationship among the Cmn 

coefficients in Equation [6]
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9.3 A shallow beam with no body forces (i.e. self weieht neglected) 

Consider the beam shown in Fie, 9.3.1 to be the left hand half of a beam 

supported by a shear force ('/) at the left hand edge. 

The beam is rectangular in cross section, of unit width and carries a 

uniformly distributed load ofw per unit area on the top face such that 

W = wh 

Ww pew vail i 

tL, So ee : 
a Wi | | — > 

  

  

  

      vty 
Fig 4-354 

The matrix of undetermined coefficients can again be written:- 

R
 

YS
 
R
R
 

YE O
O
O
 

NU
RP
 
AO
S 
T
S
E
 ES
 

Oh £55 £6 

Pe oe We 

oh 

The boundary condition that Pxy = 0 at y= - a for values of x greater 

than O and less than L, is therefore independent of x and demands 

therefore that all powers of x in eouation [4Jore zero. 

oc 

>. ACen ao ee i [7] 
n=] 
= ; 

Den cmnt ano altar [s] 
n=1 

addition and subtraction of “ouations [7] end [<] multiplied by [?) give: a f 

n Ez n.Cm.a = 0 form?1 e 
n=2.4.6 | 

‘ 
* W
O
 

a
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of 

Pee Geel = m 57 : [20] 
Ws te oe) 

Similerly, the boundary condition that Ty = 0 at y = + a for values 

of x greater than 0 and less than L demands that:- 

o 

Be 
n=O C mma <0 for m > 2 (22 ] 

Further, the boundary condition that (Jy = -w at y = -a for values of 

x greater than O and less than L demands that:- 

: a C6: 

-w = os = Cmn(-2)™ m(m=2)se"* [22] 

m=2 n=0 

these equations being obtained from Equation [5] 

hence 
oe 

ss 
=0 Omn(-a)”™ = 6 for m 23 [23] 
os 

2 >= Cénfma)" = = © ; [14] 
n=0 

addition and subtraction of Equation [21] sor values of m>% and 

[23] givet= 

0 

= (ma™=0 for m }3 [25] 
n=0,2.4 

a 

>* Cm a” = 0 for m >3 [x6] 
n=1,.3.5 

Rouations [9] form 23 and [15] can both be satisfied by 

Cm = 0 form73, n = 0.2.4 

and similarly Fouations [20] for m D3 and [26] give 

Cm = 0 formD3 n=1,3.5 

These values of Cmn can now be deleted from the matrix.
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The compatibility relationship Equation [6] gives C14 = O since 

C502 toes 

By the same considerations all of the coefficients Cmn below the diagonal 

running from C60 to CO6 will be zero and cen be deleted from the matrix. 

The matrix has now been reduced and it is possible to write Equations 

[9] [19] [22] ena [14] fore Nets Oi 

D  Go0-ge ee! 6 

GOT A$ 90003 22-0 

C20 + C2la + C22a” + C23a? = 0 

C20 = Cala + C2207 = C23 a? = = W 

mI
 

from which is obtained 

C227 = 0; C20 = -=w 

4 

C21 = 3w C23 = =w 

6a art 

the compatibility relationships of Nquation [6] Zives= 

  

CO4 = 0 CO5 = -C23=w , 
5; 40a 

Equations [9] and [10] ror m= 1 givet- 

C12 m0 Gibnd Soe: 013 3” 

The remaining unknowm coefficients of Cmn are C02, C03, C13 and the 

stress function can be written in terms of these coefficients:- 

) =: “Cie + 05,9 eee a ae Oy, 

  

40a? 

+013 ,x.y° * ee + 3 wexey - ge [27] 

4 8a Ba?
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171. 

C02, 603 and C13 can be solved for a shallow beam by considering the 

boundary conditions: at the free end (x = 0) at which point there 

must be a zero resultant horizontal force producing a zero couple for 

the resulting system of forces to be statically eauivalent to zero. 

At the same point the resulting shear force must be equal to W. 

a when x = 0 

a 

er dy = 0 [20] 

it o
 

ye dy ae bs] 
a 

| = 026° 5 = We wh 
Ox dy 5 

7 
nN
 

ec
 

~a 

Substitution of Equation [27] into 

Equations (28,] [as] and [20] Givestea 

DSO 

Ose 
20 2 

G15. at ow Mle 

Aer 

The resulting D stress function can now be written:~ 

Be a 2 te amass y? - jwuLxy + _wh xy” 

oe 40a? 7 da? 

D. 

wx +3xy- ux y 
4 €a. Ga? [aa]
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Substituting for w= 160 A a? ; 

The fifith power algebraic $ function can be expressed asit- 

gp = (Ay? =- 20 ee + 60 oy Pe - 40 xa? 

+ 40 xy'L = 120 xyla’ = 8 y’a*) [22] 

and can be verified as a permissable 'Airy Function' by substitution 

into the biharmonic equation 

Vig = MG + 2849 +d = 0 
dx! dxby? dy" 

DFO eA 0 4O:1n0 40h 0 0) 

204 = 2A(0 ~240y +0-0+0~0-0) 

Otg = A(4soy-0+0-04+0-0-0) 

u oO
 .. Wg= 400 Ay = 460 Ay 

Substitution of Equation [22] into the equaticnsfor stress give: 

Ce OO Eh feo ~ 120y(x° = 2xb) - 48 sa [23] 
dy” 

Ty = 026 = A(-A0y" + 120ya* ~ £027) [24] 
dx | 

Pry 2 -OeG = -120A(-xy" + x0” + y*L ~ 12”) 2 
Oxoy 

The resultins stress equations {23] [24] and [25] can now be checked against 

the specified boundary conditions.
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At the ends of the beam when x = O the total shear force must be 

equal to the reaction. tse. frog = 160 A at for a beam of unit thickness. 

LeCs ab x =. O 

+a, 

[aw. ty we eb e160 Ad 

-3 

+2, pIaeA eye ce Pie ee od 

2 

+a 

= 120 A oxy? + xa’ y + obs La’y 

3 3 “8 

then at.x = 0 

+a, +a, 

sea ay: mu: =O" A ty ht > tary 
3 “2 ‘ 

= 120A (e°L - aL) + 120A(a°L - 2° ) 
3 

5 

$ 
160 A ames i 

At the ends of the beam when x = O the total resultant of Ox must be 

ZETO. 

Lote oat, eS O 

+2. 

[ox dy = 0 

Aa 

. +a, z 9 2 +a, 

ped (80y? - 120 y x° + 240 yxL = 48 ya‘) ay= EGees 
~o, Caran 

‘ta, +2, 
. 9 

~ 120 yx? + 240 y's - aby a | = Ox ay 
2 2 2 2 

4 
80y" 

Rol g 
-2 a 

4 ? 2x 2 Ax 55 A(20a" = 608°". +: 120e"xh = 24a") = A(208* = 60a x 4-120a' xtePAs) of
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At the ends of the beam when x = O the total moment of x mst be zero. 

Nip: ein tite omen O 

+a, 

Jo ey. es 0 

“2 

+2, 
+a, 

r 4 2 2 
ee J (cos! «120 yx + 240 yoxb « 46 re )ay = ix. 

-2 “3 

ta, +2, 

A | 0y?~ 120y?x” + 240y'xb = asy?a” = (Ox.y.ay 
5 3 3 nae 

-a -a2, 

e fe A(16a” ~ AOa?x* + 80 4° 5h - 16 2) - A(-16a? + AOa x 80g xc + 160°) =0 

At the top face of the beam when y = -a, Oy is equal to - 160Aa” which 

is the applied load. 

e’. when y = =a 

Ty = M(-40y? ely: at - 80 a) 

= A(AO 57 100 a 2 BO a”) 

=- 160A Pe, 

At the bottom face of the beam when y = ta Oy must be zero. 

i.e. when y = ta 

Vy Dy A(-40y°? + 120y 0° - 80 a”) 

A(-40a° + 120 a” ~ 80a?) 

=O) 

It is "therefore proved that the resulting stress equations [23] [24] 

and [25] satisfy the specified boundary conditions.
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Consider now the centre of the beam snan i.e. x = L 

' : - 
the maximum value of Ux will occur at yu -a 

~} 

" o « At J = “a Tx a afeo y ~ 120y(x" ~ 2xL) - 48yae 

+ 4 2 
wA [92 0a5+5b20-a 

2 
The term 120 A. a. L” is the stress resulting from the 'straight line! 

theory of simple bending. 

The term 32 A a? is therefore the influence of the 'Theory of Elasticity! 

on the value of the maximum flexural stress in the beam and is constant 

for all span/ depth ratios. 

An analysis of enuation [23] shows the presence of a Ux value at + = 2. 

This should not be the case. 

However, it has been shown that when x = 0, 0x has a zero resultant 

and also a zero moment ees so that the end section conditions 

at x = 0 for Ux are statically equivalent to zero. 

9.4 Saint Venant's Princinle 

Saint Venant's Principle, knovm as the ‘elastic eauivalence of a 

statically eauinolient system of load' states that the application to 

a small part of its surface of a system of forces statically eauivealent 

to zero force and zero counle are of nepligable magnitude at distances 

which are large compared with the linear dimensions of the part. 

It can Sees be said that for practical design considerations in 

beams with a length greater than the depth, the effect of the vresence 

of a U stress at the end of the beam will have died dow at 2 short 

distance from the end of the beam,and can be neglected when considering 

the stresses in the beam at mid-span, by tie application of the 'Theory 

of Elasticity’.
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9.5 The Stresses due to the Self Weight of the Beam 

When the load carried by the beam is simply its self weight (where 

D = the unit density of tie beam material) the previous solution for top 

face loading Equations [23] [ea] ara[25] must be modified by putting 

3 OOo d Snes Dek. L605 ha D into the equations for stress 

B0ae 

[vias], [ix] ana [x] and adding to the solution the following stresses:- 

ox e--0 

Oy = D(a-y) 

Txy= 0 

Thus when the stresses Obtained from this solution are added to the 

stresses obtained from the previous solution with 160 A a? replaced 

by 2.D.a for top face loading, the resulting stresses ‘on both the 

too and bottom faces is zero and the only load carried by the beam will 

be that due to its om weight, 

The above additional stresses can be obtained from the algebraic 

function 

d= pak +p) [26] 
which can be proved to be a permissable 'Airy' function by substitution 

into the biharmonic equation:- 

Vid = ud + ug +.2 dn = O 

dx“ dy! dx“dy” 

then, by substitution into the eovations for etress[ viii] fix] and[ >] 

Ox wi 82 2 ody aay Dy 0 
ee 

a i] 026 ~ ty = Da-Dy = D(asy) 
dx 

" 

Txy = 2020 = 0 

dy"
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The stress equations for body forces which are entirely due to the 

self weight of the beam can now be written: 

Ox =D. | 20? - 120y(x° - 2xL) = 48 ye? | [27] 

2 
80a 

Ty =_D_ (-40y? + 120 ya? = 80a?) + D(a-y) : [26] 

80a° 

Txy = 22, (ang bead yh tad [29] 

2a 

These equations can now be checked against the specified boundary 

conditions, 

when y=+a,Uy = 0 

Oy =_D (-20a7 ce 1202? - 8027) en) 

-80a° 

when y=~-a Oy = 0 

7 3 ‘ ‘ Syed (+40a - 120 av = 80a ) + D(a +a) = O 
2 

80a 

At the end of the beam when x = O the total vertical shear must be 

equal to the reaction 

i.e. for a beam of unit thickness, 

e +a, 

oes =O Txy. Lys tere) ak, 
~A, 

+a 9 2 3, 2 +a 

a0: Jie) ag = _3D i ly] 
2 

2a =2 

“3D. [eh =e" |= 3D. }+ ob - “| 
20° 3 e 

= Da
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At the end of the beam when x = O the total resultant of Gx must be 

+a, 

i.e. atx a0 Ox.dy = 0 
~2 

  

+0 

D (a0y? = 120 y x° + 240 y xb = 48 y 8°) dy 

60a" ~—@ 

i +a 

Dice 20y" ~ 24 yan at x = 0 

802° oe 

= D | 2004 ” za we Ih ! 20a" ” 24a" | 

802° 80a" Z 

= O 

At the end of the beam when x = 0 the total moment of Ux mist be zero 

+a 

BeGou filo =. 0 Gy. VowGy 32 0 
—a 

  

+a 

es : (goy" = 120 -y°x” + 240 y°xb = 49°y"a-) ay 
80a. =a 

+a, 

= Dn £96 y - 16 Pe | at x = 0 
80a, “a 

= | 16a?) « 15 | D Es + 160 
80a" 80a" 

= 0 

It is therefore proved that the resulting stress equations| 27] [es] and 

[29] satisfy the specified boundary conditions,
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9.7 Conclusions . 

The derived dequation [oe] although being in “itself a permissable '‘Airy' 

stress function that does not satisfy all boundary conditions and con- 

ditions of compatibility, results in stress equations for Ux, Ty and Pxy 

stresses [23] [24] [25] [27] [28] and [29 that are acceptable for the theoretical 

analysis of shallow beams, 

Fig. 9.1. shows the comparison of Ux distribution at mid-span of a beam 

due toT OP. face loading calculated from the derived stress eavation 

based upon the 'Theory of Elasticity' and from the 'Straight Line! theory 

of simple bending for a rectangular beam of Span/Dep th PapLows LU ¢ 

This comparison clearly shows that the additional longs tudimal stresses 

obtained from the Theory of Elasticity can be neglected for shallow 

beams, It is therefore sufficient only to consider the simple theory of 

bending in the design of shallow beams, 

The effect of the Theory of Mlasticity is to increase the maximum value 

of Ux obtained by the 'theory of Simple Bending' by a constant value 

Of. 52 Aa? for a1] values of Snan/Depth ratio due to the applied load 

160 A a? per unit area, At some stage in the Span/Depth ratio range the 

effect of the 'Theory of Elasticity' will become of significant im- 

portance, 

Fig. 9.2. shows the effect of the ‘theory of Flasticity' on Ux as e 

percentage of Ux cale ulated from the 'Theory of Simple Bending,' In 

effect, this figure shows the point in the Span/Dep th ratio range when 

a ‘shallow beam' becomes a 'deep beam' for the purvoses of stress analysis.
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It is suggested by the author that e 10% error in the stress analysie 

of brick beams would be the acceptable limit. This limit is reached at 

a Span/Depth Ratio of 1.63; at Span/Depth Ratios less than this value 

the beam should be analysed as a 'deep beam', The effect of the 'Theory 

of Elasticity’ can be clearly seen to be of rapidly increasing significance 

as the Span/Depth ratio decreases from 1.5 to 0.5, there being an increase 

in Ox of 100% at the latter value. 

A true conclusion with respect to the rate of increase of Ox with a 

decrease in Span/Dep th peta cetnes however be given at this stage. It 

is likely that further investigations with ‘deep beams! will result in 

modified stress equations that do not have such a significant effect on 

the maximum value of Ox. It must be emphasised that Fig. 9.2. is 

dependant upon stress equations that may not be acceptable for ‘deep 

beam! analysis such that the part of the curve in Fig. 9.2. for Span/ 

Depth ratios less than 1,00 will probably be invalid. 

Figs. 9.3, 9.4, 9.5 and 9.6 have been prepared to show the effect of the 

' Theory of ELasticity' on deep beams using the derived Equation [22] * 

Figs. 9.3 and 9.4 drawm for a Span/Depth Ratio = 1,00 indicate that the 

stress distribution is just beginning to seriously deviate from the 

straight line distribution and that the difference in the maximum valve 

of Ox is such that the effects of the additional longitudinal stresses 

could not be ignored in the design of brick beams, 

Figs. 9.5 and 9,6 drawn for a Span/Dep th Ratio = 0,50 show the magnified 

effect of the resulting deviation from the straight line theory of stress 

distribution. The magnitude of the deviation is such that there is a 

reversal of stress in zones that the 'Straight Line! Theory would indicate 

to be entirely tension or compression. Again, this cannot be the final 

conclusion since the stress equations that will be derived for 'deep beams’
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may well show a modified stress distribution for beams of Span/Depth Ratio 

less than 1,00, 

It will therefore be necessary for further investigations to be made with 

respect to the effect of the 'Theory of Elasticity' on deep beams, 

The principle of Saint Venant as described in para. 9.4. may not be 

acceptable in the case of deep beams since the effect of a Ox stress 

at the ends of the beam may have a significant effect on the Ox value 

at mid-span,. 

The derived d equation (22] for a shallow beam may therefore be required 

to be modified in order that the resulting stress equations can become 

acceptable for the stress analysis of deep beams,
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CHAPTER 10 

  

THE APPLICATION OF THE THEORY OF ELASTICITY TO THE 

SOLUTION OF STRESSES IN DEEP BEAMS 

10.1 Introduction 

It was shown in Chapter 9 that the determination of two dimensional 

stress distribution in an elastic body can be achieved by finding an 

Aixy Stress function D which satisfies the boundary conditions of a given 

problem and the biharmonic equation of compatibility. 

The stress function developed showed the presence of a Ox stress at the 

vertical ends of the beams which gave end conditions that were statically 

equivalent to zero. It was concluded that by the application of St, 

Venant's principle this state of stress would be acceptable for the con- 

sideration of shallow beams, 

The effect of end stresses on a deep beam would have some influence on 

the state of flexural stress at sections throvghout the length of the 

beam, with the result that when considering deep beams it is necessary 

to satisfy the boundary conditions for zero Ox stress at the ends of the 

beam if an accurate analysis of the beam stresses is to be achieved. 

Previous authors investigating the problem of deep beams and the .end 

problem of rectangular strips have employed the method of Finite 

Difference ee principles of Strain Energy to obtain further stress functions 

by the use of complex eigenfunctions or Fourier series resulting in the 

form of an infinite integral, These functions are an approximate solution 

to the finite half plate problem of elasticity and when superimposed upon 

the solution obtained for the beam loading condition gives a solution 

that is sufficiently approximate to the ideal condition of a stress free 

end,
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It is proposed here to consider fens the general case of a finite 

beam carrying a uniformly distributed load and to investigate the effect 

of the Theory of Elasticity on the maximum value and distribution of 

bending stresses at the mid-span section of the beam for deep beams of 

verious span/depth ratios, 

The additional stress function required to eliminate the end stresses 

resulting from the solution in Chapter 9 ve be determined according 

(lod(tt 
to the method developed by Timoshenko, which gives a stress function in 

the form of a series with adjustable parameters by applying the principle 

of least work to the strain energy integral, 

The stress function so obtained for the elimination of the resultant end 

stresses will be used to examine the validity of St. Venant's principle 

where the applied distribution of end stress is a self equilibrative 

system as is the case of this problem.
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10,2 The determination of the stress function for end stresses 

The strain energy for a plate of unit thickness is given by 

7 Ox? + oy ~ 2pox Oy + 2(1 +) Pag? | dx dy {2} 
2E 

The rectangular plate under consideration is the case of a simply 

connected boundary and as such the stress distribution does not depend 

upon the elastic constants of the material. 

Equation [2] can therefore be simplified by taking Poissons’ ratio 

(Apes ) 

oe Vis x [ ox? + oy” + 2 xP | dx dy [2] 
2E 

which from Eqns 9.2 [2] ‘a and cs can be written 

eg sc faeey + 2 (- 8 c ax dy [3] 

bx" xy, 

in which g is the stress function which wakes Kon [3] @ minimum and 

which elso satisfies the prescribed boundary conditions, 

The application of variational calculus to determine the minimum value 

of Ean. [3] results in 3 

MD 4 Dg Cheng [4] 
dx* dx" dy" dy! 

which is the equation of compatibility shown in Chapter 9.
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The method developed by Timoshenko arrives at an approximate solution for 

the problem by taking the stress function in the form of a series 

Q- Do +01 + o¢2d2 +0363 +00... [5] 

such that the boundary conditions are satisfied. 

o1,02,0%3 ete. are constants to be determined, 

Substituting Eqn [5] into Eqn [3] V is given as a function of the second 

degree in 1, X2, &3 ete. 

The magnitude of these undetermined coefficients is then calculated 

from the conditions 

Ov =0 OY = .0 dv = 0 ete. . fel 
Soli ba2 303 - 

which are linear equations in @1, &2,045 ..... 

A suitable choice of the functions di, be, $3 etc. will usually give a 

satisfactory approximate solution by using only a few terms in the series 

of Eqn [5] : 

The function Go is determined to satisfy the boundary conditions of the 

problem. 

The remaining functions gi, G2, $3 ete, are chosen so that the stresses 

corresponding to them vanish at the boundary. 

2 : 2 2x2 5 
To ensure this, the expression (x - 1°)" (y" «= arte is taken as a 

factor in all these functions, 

The x y origin being taken at the centre point of the beam.
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The second derivative of this expression with respect to x vanishes 

+ 
at the edges y = = a and the second derivative with respect to y vanishes 

: + 
at the sides x ==, The second derivative 0? vanishes on all 

dxdy 
four boundaries of the beam. 

The stress equations can be written from Fgn [5] 

Ox = b29 = d000+ 010201 +0X2 debe +03 de os 2. eBttk: [7 

dy? dy’ dy® 3x by? - 

  

Cy = ded = d2o von 20s +%20202 +03 dn@3 ...0te fe} 
Ox" dx° Ox” dy” 

  

Pry == 020 = ~d200 -«1 dogs - x2 dee -«3 d205 ...ete fo] 
dx dy dx dy Ox dy dx dy dx dy — 

The linear equations for the determination of the & values take the 

typical form 

Oath um d22m d29n |] | (a: Lge) 
“ tabs +S atm de dem) 0 eu 

+2/ d2Po +) XM 02m } deGn} ax ay = 0 [10] 
dx dy dx dy dx dy 

The first equetion is obtained by taking n = 1 the second by taking 

= 2 and so on, the summations in each case comprising all of the terms 

om pm from %1 gu to the end of the series.
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Putting all terms in do on the right hand side of the equation, 

Eqn [io] can be written:— 

= om 2On ; d2Bn 

M Ox dx" 
  

  

  

    

dy” dy? 

43.0200 tobe 1 ax by [22] 
dx dy  dxdy : 

Consider the rectangle bounded by x = = Land y= = a 

If the distribution of end stress at x = =k is symmetrical about both 

x and y axes the ¢g stress function will contain only even powers of 

x & y and can be writtens= 

Q- Do + (<" a als (y* = P| oa +002 x° + X3y" +4452)... 

A typical loading condition for which this would be a suitable stress 

function is shown in Fig. 10.2.1,
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If only four parameters (01, 0&2, %3 andc&4) are used in Eqn [12] 

for the solution of a given problem then the solution of Eqn [21] will 

_ give four equations from which the unknowm (o¢) parameters can be 

determined, 

Writing = = K these four equations aret= 

  

2 

[sa + agg + sex] ofa + fers cae] oe 1? 
49 7 ee 

= X35 0° = ae 
ae, 

n2.5,5, ae -—-b261 +0240. dod 
12812 dx" dy dy 

— Sr ax ay [23] 
dxdy dx dy 

[se + Se eva + fig + agg x + 202 24 a2 1° 
11 7 143 ut t 

[ar eel es. a [232 +12 x] 4 ab" 
Selecta ae 1001 17 

  

eet! 4? dx” Ox? — dy* dy” 

L a , 

Se =: doo . d260 + dxtho . dor 

oxdy éxdy 
+2. G2 . Safe | dx dy [24]



4 
96 

64+ su x}ocs » ot +o Oe 1? 
7 7 + TT 

+ 192 + 256 K + 192 K* sees 192 + 192 Ke O4 921? 
+ +4 143 TL. .2003 

  

i [ dade. dads + de ut 
1 ae x” dy 

2. doo . G54 ae dy [25] 
axdy e283 

64 + 64 K“1ot1 + 192 + 192 K* o2 1° 
ee 465° 2D 

7 5") a? + [o76 + 256K + 576 K]O4 21? 
es TRS 12k | 

972 1 525 Si debs d2 Be + deo . dads 

ioet? 2 7. 0 2 dx 2 by dy” 
    

£2 tol = be OA: ae ay [ae] 
Oxoy Oxegy 

g 

For various symmetrical distribution of stress over the ends x = > iL 

it is only necessary to change the form of the function do in Eqn [12] . 

This change effects only the right hand side of Eqns [3] fia} [25] enaf16] 

The left hand side of the equations remains as stated for all conditions 

of symmetrical loading to which the G function of Eqn fe] is applicable. 

The remaining problem for any given loading condition is to determine the 

function ho that will satisfy the boundary conditions,
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+ : 
If the ends of the beam are loaded at x = = L by a stress given by 

ety), Q, nas to be determined such that:- 

doDo = Ox = f(y) atxe2L 

dy* 

Secs 4 etna te 
ox° 

Leos ef Nile a ae Qe Gb 

py Z 

These conditions can be achieved simply by taking 

Po - [/ f(y) ay,ay (27]
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ao ; i 
For a distribution of end stresses at x = «= L that is symmetrical about 

the y axis but anti-symmetrica 1 about the x axis, the stress system 

will be odd with respect to (x) and even with respect to (y). These 

conditions will be satisfied by taking the stress function:- 

O- Qo + ea “ 17)? (y? = 2) oay + X2yx" + By? + X4x7y’,.. [as] 

Go as before, being such as to satisfy the prescribed boundary conditions 

of the problem and determined from Eqn (27] ‘ 

4 typical loading condition for which this would be a suitable stxess 

function is shown in Fig, 10.2.2. 

Again, if only four parameters (1, %2, &% anae4) are used in Eqn fis} 

for the solution of a given problem then the four equetions for the 

solution of the unlmowm (&) parameter aret- 

Writing = K 
12 

64 + 256K + 64 K] ol1a + [64 + 64 2] O¢20%0 
T0595 Tt 3 SRo J 

+ 164 + 512 K + 192 K° o3a? +} 64 + 192 x of 412? 
Bee 715 epl: -:SG05 

  

128 ae Gx” bx° dy? dy” 

: ene 

enna s boo , 0201 + dodo , d261 

O--} 

t
t
 

\o
 
8 

  

+2 dedo : AORN dx dy 
Oxdy osxdy
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+64 XK] dla + 192 + 256 K + 192 K *| Kotte 
35 91 105 35 [ 

te +a ae ek] ant * 

~I
 

  

  

  

oh. AOD ai ae 455 

= ate 7 too dod2+kho doo 
i2eL+ dx? dy” dy” 

+ 2&0 2202 | dx dy { 20} 
oxdy dxby 

64 +512 K +192 K1X1a+ 164 192 K1 Kote 
21 1155 715 231 + 5005 

+| 832 + 4352 K + 64_ K°] 3a? +/872_ + 192 4 041753 
231 15015 715 2541 15015 

do d0G3 4 de Go do bs 
ges pat dx" dy” dy’ 
  

+2 0200 | 2265] dudy [21] 
oxdy ox dy 

64 +192 K7| Xia +] 192 + 512 + ae] on", 
21 455 273 1155 455 

+ |932 +192 Kl o€3a? + |64_ + 4352 K + 576 F X41 2? 
Soto 77 15015 1365 

= 13..9:705 II ee : — - we bay 

12617148 
  

  

+2200 dou bs | dx dy [22] 
oxdy x0 y
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10.3 The determination of the Stress Equations for the 

elimination of end stresses 

10.3.1 Consider the rectangular deep beam of unit thickness bounded 

+ + 
by x =-L andy == a subject to its self weight (unit density = D) 

and an imposed load on the top edge of 160 A 7 per unit area. 

This beam was considered in Chapter 9 where it was shown that the 

resultant end stresses from the Theory of Elasticity are:- 

1) Due to the self weight of the beam 

ee (20 y -43 ay ) [23] 
80a" 

2) Due to the imposed load 

Ox wk (co y +48 ey ) [24] 

To eliminate these end stresses it will be necessary to apply to the 

vertical ends of the beam stresses equal in magnitude and opposite in 

sign to the stresses given by Eqns [23] and [24] ° 

Clearly, Eqns [23] and [24] give similar curves for the distribution of 

3 
stress (80 yore 48 ary) the variation being in the constants D and A. 

80a" 

These distributions of stress are show in Fig. 10.3.1.
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Stress equations will therefore be determined to eliminate the end : 

stresses due to the imposed load, these equations will then be modified 

to give stress equations that will eliminate the end stresses due to the 

self weight of the beam, 

10.3.2. 

Fig. 10.3.1. shows that the stress distribution is symmetrical about 

the y axis and anti-symmetrical about the x axis. The stress function 

will therefore be of the form of Eqn [16] ° 

To satisfy the prescribed boundary conditions 

Osa AC eS A ey) ate 

Oy «0. uty ee 8 

Pay nO ERY wma and xe Lb 

Bo can be determined from Egn [27] 

Qo = Jf seo? » 48 avy) dydy 

a Do = =A(4y? - 8 a’y?) [25] 

The stress function can now be written 

Q. -A(Ay? - ga“y°) + (x= ws 12)? (y" ~ 2°) ocay 1 Oey? aby? a2) [26]
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Fig. 10.3.2. shows the distribution of stress that will be applied to 

the ends of the beam at x = = L to eliminate the end stresses that 

result from the stress function obtained in Chapter 9. 

The total stress distribution can be broken down into two simpler 

distributions: | 

a) -80Ay? 

bv) +46 key 

Both of these distributions are symmetrical about the y axis and anti« 

symmetrical about the x axis. The stress function for each case will 

therefore be of the form of Eqn [ze] e 

Clearly, 40 A af y is a linear distribution of stress 

The stress function that will suit this distribution is 

. - 4 es 
g- 8A avy? + (x? “ 17)* (y? ~ oP)?[eeay + XK 2yx" +0l3y? + a's | [27] 

Using Eqns [a9] fed] fer] and [22} to determine the unknown (®) parameters 

results in the right hand side of all equations equal to zero, 

Since do 1e-dndévendaat-of a, Oo00-s -0-ala 200-0 “D 
bx? ox by 

the right hand side of Eqns [19] [20] [21] ana [22] will e121 contain the 

L 

a dodo. d2bn| ax ay [20] 
_ dy? ae 

term



Then for example solving this term for Eqn [29] 

eas at 

boBo = 484A y 

dy” 

du eG ~ EP ty eel 

After the expansion of dx 

boo §o01 « 48 [tz xy?at + 24x°y"t7a4 . r2y°r4e4 
dy gy’ 

+ 20x4y40? . sox ete + ooytute?| 

L 
pf = 486A [-22 y a4 + 24 y*tat - 12y" Lat 

2 3 

+ 20 yihae - 40 yiLa" + 20 r5e?| 

5 3 

0 

This shows that a linear distribution of stress applied to the end of 

the beam is transmitted without change throughout the length of the beam. 

2 

The mathematical solution for the complete problem where Yo = ~A(Ay?=Baey? ) 

can therefore be simplified by considering only the term - Ay? when using 

Eqns [29] [20 [23] and [22] for the determination of the unknom (®€)parameters.
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Therefore, using Eqns {9} {20} [23] and fo2] to determine the values of 

01, 2, 03 and®™4 the right hand sides of these equations become:= 

Eqn fi] 

. 0261 | dx dy 29 
128L%2 sie / = dy” el 

doo = = 80A y ene neglecting the term 48ha-y) 

dy? 

    

ny 

Qi = (x2 ~ 12)? (92 ~ 02)%y 

dob1 = [-22 xy i + 24 xy one ~ 1eytt 9? 
2 . 

eee Ay). 40x°y IF + 2oyruit | 

dopo d2b1 =- ona [. Loxtyse® + 24x°y't20? ~ r2y4t4e? 
dy? é eC 

y y 4 6 6 ee 
+ 20x'y ~ 40x“y°L* + 20y°L 

L 
= a = 0A [-22 yiLe” + 24 y'te? ~ 12y4t7a° 

5 3 

: 5 6 5 6 6 + 20 Ly? 40 Ly + 20 15,6] 
5 3 

a 

[fe = ~00AL7e!| ~ 12 + 24 ~ 12 + 20 ~ 40 + 20 
J 2580 LS Diese 9 Breese ads 7 

== 10240 AL al 
525 

Eqn [29] then becomes 

= 315 ta 0240 A L? ut = ABA a 

12817a° 925 Lt
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[ [8-8 dx dy [9] 
J by as 

dodo. dodo = = eon [-resSy'e? + 2axfy4t7e? ~ 10x74 4,2 
dy dy” 

+ 20x°y° = 40x4y5x? 4 203°y%A] 

a dx = = 80A [-az yitle? + 2ay4ale? — 12 y4nTa? 
it 5 3 

+ 20 you! . 40. you! + 20 11] 
Z 5 3 

a 

[v- out! +n-w+g-wrn 
J DG nO LB «2 AGS ORS AL 

ow BOG kG et 
735 

Eqn [50] then becomes 

= 3465 x = 2048 A i! al = 11088 Aa = 528 Aa 
y28L te 135 1474 7 54
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Eqn ts 

ioe z 

[ tag tnd 20s Se [=a 

dodo — 
dy” 

bs - dr ‘[: eed ae oP + al 
x4 ya at Ax 2 ar: ia oy tte? 

Se oy? - 

doBs = [sxe “ 12x yh ue me 

2 2 

dy - 0x4 ya" + 80x 2 a1 - 40yt4e? 

+ 4oxty? ~ 8Ax eae + "an 

doPo . b2B3 = - con ectytat 19x°y tra 4 Ge ha? 

by? dy? 
40x ya” + awe 6,2 - » AOY 64,2 

oe + Aoxty® — a4x*y"L? + 42y 4] 

L 
dx = 608] 6 y's’ ~ 12 y4bPat + Gy417a4 

) sy 

Fangs Soy Peh a to 7ouvee = aor 
5 3 

a 

fw G0AL"a"] 6 = 12 + 6 = 40 + 80 = 40 
4 CB EB Orc Dn ae 7 

ope = Ga Be 
ol aie 

m= = 6144 A Le? 
945
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Eqn [31] then becomes 

i 3i6 ae nBlAdiion. ms \bokk 
126172 945 - 

Eqn [22] 

be.
 

Siasaae Ae |= ss epeples 

d2Qo . defy =~ con| 6S = 22 oxtyt eat + 6x? ytt te 
dy ay” 

40x90 + e0x! 9125? eo AOx yy 64a? 

+ 42x°y® — egxty i? + goxy®s 7 
L 

ax = = 80A| 6 y'bla* ~ 12 yialat + 6 y4tla4 
7 > 3 

= A0-y bla? + B0-y blat = 40 y'llar 
5 3 

+ x yb oa yoL! + 42 | 

=f dy = ~80 A Lia 6-12 +6 = 40 + 80 - 40 + 42 = Sh + 42 
0 = De cab) <> ohn ger lees 5 coe in 

1-9 
w= 20468 A Lia 

2205 

Eqn [22] then becomes 

~ 99x35 . -2049A L's? = 176 Aa 
reer, 8 2205 eZ. i4
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For the problem under consideration the M equations can now be written 

in detail from Eqns [19], [20], [21] ana [22] 

Sas Te is x] ofan 
es eed 55 47 = 385 

64 + 512 K + 192 ol3a? + 64_ + 192 W417? = ABAa 
21. 1355 715 231 5005 14 

[ss + $4 x4 ote + [age + 256 x + age x!) olan 
91 105 35 

nee + neem | Soe * [aa + ae E+ a6 x] wee = 528 Aa 
oc ee Rica 455 7 14 

64+ 512 K +192 K] Xia + [64 +192 x2] Oat7e 
oo aieG ae 231 5005 

SOL.» aepedey > 2541 15015 4 
L 

* | ae + Se + Ga a) obs? +f eae + aap 41a? = 16ha 

64 + 192 K*| la + [192 + 512 K + 576 : 2076 
AERIS 273. 1155455 

| ge 832 +192 #5? + | 64 + 4352 « +596 «| oan? ~ 218 48 1365 77 LOIS: 1505 7 34 

( 33] 

[34] 

[36] 

Eqns [33] [34] [35] and [36] can now be used to determine the values of 

1, 2,03 and®4 for various values of K. 

These result in Table No, 10.3.1. 

For a given beam shape it is now possible to write the final stress function 

from Eqn [26] using the determined (o¢) parameters from Table 10.3.1.



  

  

  

  

  

  

  

  

  

  

                

SPAN K x1 x2 3 x4 
DEPTH A A A A 

ut i wh? ier 

2.0 0.25 36773 12.449 -0,131 3.115 

1.8 0.309 | 3.815 10.906 -0,119 36444 

1.6 0.391 | 3.837 9,111 -0,087 36732 

r.4 05520 | 3,611 72097 -0,018 3,896 

ton 0.694 | 3.683 4.959 0,111 3.825 

1.0 1.0 3357 2.920 0.328 3.382 

0.8 1.563 | 2.700 1.280 0.643 2.523 

0.6 B.N76 +f 14625 0.291 0.962 1,426 

0.4 6.250 | 0.467 0,016 0.903 0.453 

0.2 25,00 0,015 -0,003 0.197 0,021 

(<) PARAMBTERS FOR TOP PACE LOADING = 160A a” per UNIT AREA 
  

TABLE NO. 10,3,1 

 



213 

10.3.3. 

Before proceeding with the equations for stress it is convenient to con- 

sider the final stress function d in the form given in Eqn [5] ; 

Q- Do +X1Q1 +02 G2 + 033 + 0404 <e 

do = - al4y? - 80”y’) 

    

1g. = My (32 Tey tga ; 

Ze = a4 oer yh ae 3 

esp = aay? |[(2 PP Gy? - 22)? | 

44 = oes Sey ee a2)? 

Then, writing the equations for stress in detail 

Ox = d2& 
dy? 

ie a eee a Agazy) 

2°90 wi (a12xtya2 + 24x@yi2e2 - reyt4te? + 20x4y? — 4ox*y1? + 20971") 

os 
“ Aon a 402 (~12° ya + 24x 

403 (604 x 4, = 12x" yi a + éytta® < ox ya? a + 60x 212 L°a 

+ 4oxby? ~ 64x 2 Le + 42y°L*) 

AS x an 12x497254 + 6x 2 ytte 4 Heit a + g0x4y>1° Le 

= 1ex2ybte? + 202°y? = 40x4y?1? + 20x"y7x') 

~ A0x2y2t4a2 + 4ox8y? = edxty 12 + goxryt*) [ [37]
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20 
dx? 

© o.2 

oo X1.(1204x?y “ Aylrat - ohn ya" a + ae a + 12x"? ~ dy“L*) 

+02(30a4x4y . 24x ea anh + 2yl uae 60x!4y a a + 48x-y° iaé ~ Ayia? 

+ 30x4y? = 24x7y°L? + 2y°L4) 

+ 03 (1204x799 ” Ay leat 24x Par + gy 1-2" 2 F 12x Gott. 4y't*) 

+ 4(30a4x4y3 2 24x?y7t704 + oy?t4at — 6oxby a? + s0x?y 172” 

~ 4y tte? + 30x4y! - 24x°y!t? 4+ oy'n4) [se 
ad 

  

ox dy 

ie ne 34 : Pees = -W/1(4a4 i? = 4xL rat - 24x y a + ebay” Lea + 20x’ y =i 20x") 

#2 (624° -~ 6x Lat + oxt 4,4 - Sox yn an + Pip ges sotg oa = Lexy 12? 

+ 30x°y" - Aox? y41? + ee 

~05(1204%?y* = 12xy*L7a* ~ 4ox7y4e? + 4oxy4t7e? + 26x°y° - 2exy°h 

aWa(iba xy? = Ode ytbtat + Gxy Liat we Oxy a +O ye 

ya” + Ate - 56x y Le LY + l4xy Lt) [39] 

fn examination of Eqns [37] [56] and 39] shows that the prescribed 

boundary conditions are completely satisfied.
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10.3.4 

The problem here is the determination of the effect of the Theory of 

Elasticity on the maximum value of the flexural stress in deep beams. 

The present investigations will therefore be limited to the mid-span 

section of the beam, 

From Eqn [37] for x = 0 the simplified stress equation for Ox can be 

written 

Ox = -a(80y? = 48a°y) +nyt4(20y* - 1207) +Nsyt4(6a4 - soya? + 42y4) [40] 

The total Ox stress for a rectangular beam of unit thickness subject to 

a top face loading equal to 160 A es per unit area will be given by the 

addition of Eqn [40] and the stress at mid-span resulting from Chapter 

9 Eqn [23]. 

Ox = 120yL7A + Xiyt4(20y* - 1207) + 0syt4(6a4 ~ 4oy2a? + aoy4) (41} 

The values of “1 and 03 being taken from Table 10.3.1. 

The maximum value of Ox will clearly be at the extreme cuter fibres of 

the beam at y = - a. Substituting for y = + a in Eqn [43] the maximun 

value of the flexural stress is given by:= 

Ox = 120aL7A + sa°L4 (01 +0307) [42] 

The two elements of this equation are the stress due to simple bending 

(1200174) and the additional stress due to the Theory of Elasticity 

ues + 03 2)|
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The following figures 10.3.4. 1 to 10.3.4. 5 show the distribution of 

Ox stress at mid-span sections of beams of unit thic kness for various 

Span/Depth ratios, subject to a load applied to the top face equal to 

66 Awe per unit area. 

These stress distributions are calculated from Eqn. faa] 

In each case the Ox distribution calelated on the basis of the simple 

theory of bending is show by a dotted line.
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10,335 

The flexural stress due to the self weipht of the beam 

In consideration of the stresses due entirely to the self weight of 

3 the beam the preceding equations for an applied load of 160 A a’ can be 

modified by substituting for A = D 

80a" 

Table 10.3.5. shows values for the (0) paraneters modified from Table 

10.3.1. on the besis of this substitution. 

Modification of Eqn [40] gives the following simplified stress equation 

for Ox at mid=span of the beam, 

(Tx = -D__ (80y? - 48a°y) +0424 (207? - 122”) 
2 

se + X3yL" (624 - Aoy*a” + 42y") (43; 

The total Ox stress for a rectangular beam of mit thickness and density=D 

subject to the self weight of the beam only will be given by the addition 

of Eqn (43] and the stress at mid-span resulting from Chapter 9 Ean {27}. 

Ox = 3 yin +Miyt4(20y* ~ 12a”) +03yt4(6a* = 4oy?a® + azy4) [44] oe 

The values of M1 and&K% being taken from Table 10.3.5. 

The maximum value of Gx will again be at the extreme outer fibres of the 

+ 

beam at y= = a. 

Substituting for y = + a in Eqn [44] the maximum value of the flexural 

stress is given by:=- 

Ox = 3 1p + satt(ol1 +03 a”) 
eB 

a
 

i»
 

Ww 
S
e
e
n
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The two elements of this equation are the stress due to simple bending 

(31D ) and the additional stress due to the Theory of Elasticity 
Qc, : 

[2% (1 +4 2)|
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SPAN K X1 Xe 03 x4 
DEPTH 

D D D D 

L442 L an Se L 7 

2.0 0.25 0,047 0.156 -~0,0016 0,039 

1:8 0.309 0.048 0.137 -0,0015 0.043 

1.4 0.510 0.048 0,089 -0,0002 0.049 

re 0.694 0.046 0,062 0,0014 0,048 

150 1,0 0.042 0.037 0,0041 0.042 

0.8 1.563 0,034 0,016 0.0080 0,032 

0.6 2.778 0,020 0,0036 0,012 0,018 

0.4 6.250 0,006 -0,0002 O. 011 0,006 

0.2 25,00 0,0002 -0.00004 0.0025 0,00026         
    

(C€&) PARAMETERS FOR LOADING DUE 10 SELF WEIGHT ONLY 

MATERIAL UNIT DENSITY = D 

TABLE 10.3.5 
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10,4 Conclusions 

The development of the stress function for the elimination of end stresses, 

which was assumed to be in the form of a series with adjustable parameters 

and determined by the application of the principle of least work to the 

strain energy integral, results in a logical solution to the problem of 

the simply supported single span beam, carrying loads due to the self 

weight of the beam together with an applied uniformly distributed load. 

A combination of the stress functions resulting from Chapter 9 and 10 

produce a ‘Theory of Elasticity' solution that completely satisfies the 

prescribed boundary conditions of the problem, 

It is of particular interest to examine the effect of the 'Theory of 

Elasticity' on the longitudinal flexnral stress in beams, 3 

The Chapter 9 solution showed that there was an increase in the flexural 

stress as calculated by the 'simple' theory of A(80y? “ Agere) for beams 

ofall span/depth ratios and that the value was constant throughout the 

length of the beam, This clearly was in error, since the solution resulted 

in stresses at the vertical ends of the beam which does not satisfy the 

prescribed boundary conditions of the simply supported single span beam, 

The Chapter 10 solution which gives the correction to this error, has 

the effect of eliminating the stresses at the end of the beam and by reason 

of the diminishing properties of the assumed stress function has a 

diminishing effect on the stresses due to the 'Theory of Elasticity' as 

the considered be am sections are moved from the end of the beam towards 

the centre of the span. 

A combination of the two solutions then shows that the 'Theory of 

Elasticity' has a maximum effect on the longitudinal flexural stress at 

the mid-span section of the beam and zero effect at the vertical ends of 

the beam for any given span/dep th ratio.
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The natural sequence then follows that the effect of the 'Theory of 

Elasticity' as showmm in Fig. 9.2. will be in error for spen/dep th ratios 

where the presence of resultant end stresses cannot be ignored. 

Fig. 10.3.4. 6 shows the final effect of the combined solution on the 

maximum value of Ox at the mid-span section of the beam for various 

span/depth ratios. 

For span/dep th ratios greater than 1,25 this figure indicates no 

Significant difference from Fig.9.2. However below span/ dep th e.t.25 

the curves depart and take up a significantly different shape such that 

the final solution shows that below span/dep th = 0,4 the effect of the 

'Theory of Elasticity' rapidly reduces to zero. 

This clearly must be the case, the elimination of the end stresses, which 

are the effect of the 'Theory of E lasticity', co oes diminish at the 

centre of the beam by any appreciable magnitude for beams with a span 

whic h is small in relation to its depth. Therefore the effect of the 

‘Theory of Elasticity! becomes insignificant at the extreme low values 

of span/dep th ratio. 

Al though span/dep th ratios below 0.4 can be considered to be below the 

range of practical use the assumed probable curve is show by a dotted 

line in Pig, 10.3.4, 6. 

In order that the diminishing effect of the stress function for the 

elimination of end stresses can be clearly illustrated, Table 10,4.1. 

has been prepared to show the values of Ox at various vertical sections 

calculated from Eqn. [37] for a beam span/ depth TatLors250, 

figs 1 Adel, Pevcbasal i illustrates the conditions at these vertical 

sections and qualifies the effect of St, Venant's principle. 

The figure has been simplified to show the separate effect of the two 

2 
applied stresses, Ox = = BOAy? and Ox = 48a y.
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It has been previously shown in para 10.4.2. that the linear distribution 

of stress Ox = ABa-y is transmitted without change throughout the length 

of the beam, this is shown in the figure by 2 dotted line. 

The initial parabolic distribution Ox = -80Ay? however behaves very 

differently. The figure shows that as vertical sections move away from 

the point of application of the load then the initial parabolic curve 

gradually changes to a linear distribution, At the point where Ox = ~80Ay? 

becomes a linear distribution equal to Ox = aay then the stress at any 

point in the section is zero. i,e. the average value of the self 

equilibrating system of stresses that was applied to the end of the beam. 

For span/depth ratio = 2,0 this situation is virtually achieved at 

x = 0.25 L, in consideration of the maximum value of the flexural stress 

at mid-span the effect of end stresses covld be ignored and the stresses 

could be confidently calculated from the stress equations of Chapter 9- 

Fig. 10.4.1. shows that at x = O there is some deviation frou the almost 

linear distribution at x = 0,25 Ll, This should not be the case, since 
' 

- 
4 at x = 0 the curve should be even more linear than at x = 0525-2); 

The apparent error in the use of only 4 (XK) parameters in what is 

strictly an infinite series, The next term in the series would have been 

ots 5 where Ds = diy*, This would produce an additional term in y 

at x = O resulting ina more linear distribution, 

Figs, 10.3.4. 1 to 10.3.4. 5 show the distribution of Ox stress at 

mid-span of beams of unit thickness for various span/depth ratios subject 

3 to a load applied to the top face of the beam equal to 160 Aa’ per unit 

aLreae 

These figures can readily be converted to the state of stress due to the 

self weight of the beam by substituting for A =D 
2 

80a
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Again, the figures graphically show the effect of the 'Theory of 

Elasticity' on Ox at mid-span. | 

As the span/ dep th ratio increases the total Ox stress tends to become 

more linear, the important conclusion here however is that within the 

span/depth range. considered there is no case where a réversal of stress 

is show (as in Fig, 9.5) above or below the neutral axis where the 

stress could be expected to be either entirely tensile or entirely com- 

pressive, This,is the result of the true effect of the 'Theory of 

Elasticity' on beams with span/depth ratio less than 1.0 being 

Significantly less than the effect predicted by the Chapter 9 solution, 

The final stress Equations [42] and [45] for the maximum value of Ox 

dve to an applied uniformly distributed load and the self weight of the 

beam are in a simple form that can readily be used for practicel design 

purposes, 

A by-product of this solution is that the determination of the Chapter 10 

stress function makes a solution readily available for the analysis of 

the stress distribution in members subject to non-uniform tension or 

compression, 

With particular reference to brickwork beams, consider a square beam 

simply supported and subject only to its own weight. The density of the 

material (D) = 0.073 1b/'in? (125 1b/ft?) 

Using Fig. 10.3.4. 2 and substituting A = 0,073 
2 

80a 

the maximum value of Ox will be 149.42 x 0,073 a 
60 

o*. Ox (max) = 0,136 a



2%0 

Although CP,111 states that in general no reliance should be placed upon 

the tensile strength of brickwork, it does state that at the discretion 

of the designer a tensile stress of 20 1b/in® can be used when the 

direction of tensile stress is at right angles to the perpend joints. 

On this basis, 

Ox = 0.136 a = 20 1o/in? Sea eae = 147 inches 

- 0,136 

This indicates that a square brick beam would require to be of dimensions 

greater than 24' x 24! (in elevation) before an extraneous support would 

be required. 

The uncertain factor in the tensile strength of brickwork is singularly 

the s trength of adhesion between brick and mortar, If this adhesive 

(bona) strength alone could be relied upon even at the very low permissable 

value of 20 1b/in® the necessity for the provision of permanent Lintol 

beams would become obsolete in the majority of practical construction 

examples, 

Fig. 10.4.2 shows the value of Ox at the centre of the beam compared 

to] xy at the end of the beam for various Span/Depth ratios, indicating 

that for values of Span/Depth less than 0.7 the diagonal tensile stress 

will be greater than the mid=span flexural stress. 

For beams in this range it would be necessary to determine the ultimate 

values of diagonal tensile strength and flexural tensile strength of 

the brickwork in order that the criterion value could be used for design 

purposes,
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10.5 Commentary on the work of some previous authors 

For the specific problem of a beam simply supported by a shear force 

at each vertical end face, the solution of which has been developed 

in this chapter, the author is unable to locate any published work 

that gives the solution for the stress distribution in a beam that 

satisfies the prescribed boundary conditions for stress free vertical 

ends, 

(12) ; 
COULL presents a method of stress analysis of the two-dimensional plane 

stress problem by expressing the stresses in the form of a FOURIER 

series in one direction, the coefficients of the series being functions 

of the other co-ordinate only. After satisfying the eouilibriun end 

Petndary conditions, the coefficients are determined by the minimisation 

of the strain energy , by the calculus of variations, Coull then uses 

the method of analysis to investigate the problem of a deen cantilever 

beam subjected to a uniformly distributed load avniied to the ton ede 

of the beam. The effect of gravitational forces is neglected. 

The solution offered is complex and mathematically laborious resulting 

in equations that could not be readily used for practical design con- 

sideration, 

(13) 
UHLMANN investigates the problem of a deep beam supported by vertical 

forces at the bottom edge of each end of the beam. Although the paper 

does not give the mathematical solution to the problem it is stated 

that the principlesof finite difference are used and thet Richardson's 

method of successive approximation was adopted.
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The mathematical derivation of these stress functions is not given py 

these authors but it is stated that the Rayleigh-Ritz method was 

employed, 

A computer analysis was carried out for beams of various span/depth 

ratios subject to a varying loading condition for beam supported along 

the bottom edge for a length of 0.1 Span from each end and the results 

are tabulated. 

For a beam of span/dep th ratio = 1.0 subject to a uniformly distributed 

load along the top edge the resulting distribution of Ox at mid-span of 

the beam is similar to that obtained by Uhlmann although the numerical 

values of stress cannot easily be compared. 

| (15) 
CONWAY, CHOW and MORGAN offer a method of analysing the stress distribution 

in deep beams of finite length again by sunerimposing two stress 

functions, 

The first stress function is chosen in the form of a itaeabneik 

series which satisfies all but one of the boundary conditions, that of 

zero normal stress on the vertical ends of the bean. 

The second stress function is then determined in a similar method to 

that adopted in this thesis (by the principles of least work) to obtain 

the distribution of normal stress at the beam ends that is left by the 

first stress function, 

The Fourier series chosen for the first stress function results in 

equations for stress that are lengthy and difficult to handle, the 

distribution of normal stress at the ends of the beam is given in the 

form of an infinite trigonometric series for which the authors give 

an approximate polynomial.
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This solution is then used to investigate a deep beam which is a square 

plate loaded and supported such that it has a loaded span and clear 

distance between the supports equal to one half of the plate length. 

The resulting distributions of Ox at mid-span and7*xy at the ends of 

the beam are however symmetrical diagrams and contrary to the results 

of other authors investigating beams with similar support conditions, 

This gives further support to the conclusion that the distribution of 

shearing stress at the end of the beam is dependant upon the method of 

beam support and that this in turn has a direct influence on the 

distribution of bending stress at mid-span for beams that have a depth 

comparable to their span. 

Conway, Chow and Morgan mention that data obtained from photoelastic 

tests confirm, in a general manner, the results given by the mathematical 

analysis presented in their paper. 

It is unfortunate that published work on the analysis of deep beams 

makes little reference to the effects of body forces dve io the self 

weight of the beam material, when deep beams form part of a building 

structure whether they are in brickwork or reinforced concrete the self 

weight of the beam is usually the principle load that the beam has to 

carry, It is therefore of paramount importance that the self weight 

stresses are analysed. A mathematical solution has been given in this 

thesis, 

Experimental work has probably been neglected in thig field by reasons 

of the difficulty of reproducing in the laboratory gravitational forces 

on model structures, 

Important experimental work in this field has been carried out by PROF. 

3) 
A. W. HENDRY and SHAVKI SAAD who overcane the difficulty on a laboratory 

scale by using a large centrifuge in conjunction with the frozen stress 

method of photo-elasticity.
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: a7 
The equipment used and the general technique were described in a paper 

read at the 50th Amiversary Conference of the Institution of Structural 

Engineers, 

It is not possible to c ompare the experimental results given in this 

paper with the theoretical solution offered in this present thesis since, 

again, the experimental work was limited to beams that were supported for 

some short distance along their bottom edge rather than by a shear force 

along the vertical ends of the beam, 

However, probably the most interesting point from the work on Hendry 

and Saad is the conclusion that a beam whose depth is greater than its 

span acts roughly (es far as self weight is concerned) as a beam of 

depth epi to span with the top part merely resting on it. ‘the top 

portion of the beam hardly contributes any resistance to the bending 

moment due to the self weight of the bean. 

3 2 It is further confirmed that an analysis of the gravitational stresses 

in deep beams based upoh the simple straight line theories of bending 

would be seriously in error,
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10.6 An experimental investication into the strain 

‘. 2 distribution in some deep beans 

Following the conclusion to the theoretical work of this chapter and 

the commentary on the work of some previous authors it was conéidered 

eet to carry out some experimental work to validate the theory 

and confirm that the diagram of strain distribution at mid-span varies 

with the conditions of end s unvort. 

For this purpose, 4 beams as show in Table 10.5.1. were constructed 

from half scale model bricks using 1:0:3 c/L/s mortar. 

For ease of handling, the specimen beams were constructed on a 2" 

thick reinforced concrete slab base. 

The model bricks were 'commons' supplied by the London Brick Cor any 

Ltd, and having been stored in the Laboratory for some 12 months were 

wetted before laying to reduce the suction rate in an attempt to obtain 

an acceptable degree of adhesion between brick and mortar. 

Specimen beams of span depth ratios 2:1 and 0.75 were selected to Le 

representative of the range of deep beams under consideration. 

To assimilate the theoretical conditions of end sup ort considered in 

the theory of this chapter the beams were constructed between piers 

such that for all practical purnoses they can be considered to be 

supported by a shear force at the vertical end, 

The arrangement of the testing apparatus is shown in Plates Nos: 

10.6.1., 10.6.2 and 10.6.3. which are photosraphs of each beam before 

testing.
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To produce a close ae anette to a uniformly distributed load a 

rates of rollers and spreader beams was adopted such that a single 

point load applied by a hand operated hydraulic jack through a 

calibrated proving ring was distributed throughout the length of the 

bean, : 

Initially, a continuous spreader beam was bedded in plaster of paris 

on the top edge of the beam, as testing commenced it became apparent 

that the stiffness of the continuous spreader was influencing the 

bending of the brick beam, ‘the spreader was then cut into short 

segments such that during the tests it did not influence the deflection 

of the brick beams, 

411 strains were measured by the use of 1" long felt backed electrical 

resistance gauges taken at increments of the proving ring dial cause. 

The test results are recorded in Tables 10.6.2., 10.6.3 and 10.6.4. 

Since it was the intention of this experimental work to investigate 

the strain diagram patterns, the arithmetic mean of the strains measured. 

throughout the tests were plotted to show the general tendency of strain 

pattern rather than the strain distribution for specific values of 

applied load. 

The diagrams of mean strain distribution at the mid-span sections of the 

beams are shown in Figs. 10,6,1., 10.6.2 and 10.6.3. 

4
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. BEAM NO.1 = S/D = 2 CONSTRUCTED 10.12.71 
T!STED 3.1.72 

APPLIED LOAD MICROSTRAINS 
(PROVING RING DIvsy Gil G2] G3] Ga] G5 [G6] a7] ce 

25 -7 | -9 -2] -L] +8] +6] +45] +6 

50 ~9 |-12 -9 J/-11 | +4 | 461 +51 47 

75 M14 {-23 | -13 |-13 | +9 | +7 | 418 | +24 

100 M18 |-21 | -13 |-15 | +6 | +7 [414 | +19 

125 —24 [-23 | -14 |} -11 | +4 | +7 | 416 | +26 

150 =36 }-25 | -16|-14 | +8 | +4 | +18 | +27 

175 mAl [e259 fel [385.4 #5 194425 1 435 

200 -45 [-28 | -21 | -13 +5 | +9 1 +29 | +35 

225 1-46 | -31: | -20 fall | 42 [417 | +33 | +45 

250 =54 |-33 | -22| -8] +2 [+15 | +35 | +49 

275 ~58 }~39 | -26| -9 | 43 [427 | 437 | #55 

300 -66 |-39 | -28 410 | +1 [+23 | +44 | +61 

325 ~64 |-40 | ~30 | ~6 +3 1426 | +44 | +72 

350 ~74 | -42 | 32 | ~2 +4 | +40 | +38 | +75 

ate -76 | ~41 | =32 | ~2 +4 {+41 | +42 | +83 

x ~42 |-28 | -19|-9 | +5] 15] 27] +40                     

TABLE 10,6,2 
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PLATE HO. LOG 6, Ae 

  

BEAM NO. 2 AFTER FAL LURE 
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PLATE NO, 10.6.5. 
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PLATE NO. 10,6,2 

BUAMN NO. 2 BUFORS WESV ile 
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BEAM NO.2 S/D =1 CONSTRUCTED 16.12.71 

  

  

  

  

TESTED Aeckele 

eis MICROSTRAINS 

RING DIB) gi G2 3 G4 G5 G6 oF G8 

a ~16 0 -12 |] -14/ +10] +9 417 | 45 

40 . -15 ~6 -14 a5 +13 43 +18 | +17 

60 ‘| =21 -4 -11 -6 +14 +6 +25 +14 

80 -34 | <8 -8 -8/ +420] +17] +28 {| +14 

100 -33 | <8 -14] <5 420] +31] +42] +416 

120 -33 | -13-| -13 | <4 425] 428] +52 | +20 

140 -45 | -20} <11 | -3 +428} +38{ +52 | +21 

160 -58 | -l4/ -18 | -4 4271 +43] +57 | +22 

180 -70 | “17|. #11} =4 +29] +44] +60 | +24 

200 -81 { <-19{ -13 | -4 +30] +48| +63 424, 

220 -88 | -22| -13] -3 431] +50] +66} 425 

240 -94 ~22 ~14 -1 435 +63 +75 +25 

260 -97 | ~24] -14] +41 439} +464] +64 425 

280 ~104 ~-24 ~18 -6 439 +71 +83 +20 

300 W115 | <-27| <-13 | -2 +44 H751 +88 | +423 

320 9129 | 925:] 317-4 <1 +46] +82{ +84 ] +22 

340 ~127 |  =33-|. =12 ~3 8} +90] +90 +23 

360 139-4 =36-|>  =15 Q +48 | 491] +493 +23 

x =~72 | <18 | -14 ]° ~4 40 AT 59 20                       

Table 10.6.3 
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PLATE NO, 10,6.6 

    

BEAM WO.2 SUSTATUING A LOAD OF 10,00 TO 
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PLATE NO. 10,6,3 

BEA NO. 3 BEFORE TESTING 
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BEAM 0.3 $/D = 0.75 CONSTRUCTED 17.12.71 

TESTED A,.4572 

LOAD <= PROVIG MICROSTRADIS 
RING 
DIVS Gl G2 G3 GA G5 G6 G7 G8 

100 | +161-|. ~2 + +4 p42 | +8 | 42 +8 43 

200 | -31 -2 +A L417 a +2 +6 | 413 

300 52 3 44s 413 1 + +8 +13 

400 681 4 hy a8 wg | 45 | 47 | ae | 222 

500 | ~83 A 49 p43 [423] 49 | aa5 | 322 

600 |-1034 | y=6 ,}y 4337 426 430 | +12 | He | 425 

yoo |-120' | --9 J 4t7 | a3q | 435 J ae | +23 | 
800 “134, -13 420 440 +43 1419 | 4290 1-455 

900 |-154 . -12 . 424 4A6 +44 | +17 +54 +38 

1000 |-172 -15 | 427 | +54 455 fae <} 436 |. 4a 

1100 |-162 -18 433 | +51 +61 | +18 +43 +46 

1200 |-213 =23 +33 | +61 +67 | +20 +50 +49 

x -111 -9 +17 | 434 +33 | +212 +24 +28                       

TAELE 10.6.4
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PLATS NO. 10.6.7 

BEAM NO, 3 AT SHEAR FAILURE 
 



Commentrary on Test Results 

  

The diagram of mean strain shovmm in Fig. 10.6.1 can be favourably 

compared to the theoretical diagram shown in Fig. 10.3.4. 5 (p.221) 

indicating dan this beam behaved almost exactly as the theory would 

predict. 

Ultimate failure of the beam occurred at an applied load of 5600 lb. 
\ 

From Fig. 10.3.4. 5 the theoretical failure stress is given by:~ 

Ox = 509.13 Aa? 

Top face loading = 160 he? = 5600 
1b/in® 

2.125 x 46,875 

.°. Modulus of Rupture = 5600 x 509,13 = 178.9 1b/in® 
2.125 x 46,875 x 160 

The crack pattern at failure shown in Fig, 10.6.4, can be said to be 

the typical tension mode of failure for a brickwork beam, 

Failure occurred at the extreme outer tension fibres in a perpend 

joint by a breakdown in the adhesion between brick and mortar, After 

this initial failure the tension crack rapidly moved towards the 

perpend joint adjacent to the point of maximum bending moment, then 

continuing to rise through the depth of the beam along the weakest 

line always between brick and mortar; until at a point near the top of 

the beam a weak bed joint is found which naturelly produces a change 

in the direction of the developing crack.
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late No. 10.6.4, shows the beam after failure, 

During the period of the development of the tension failure crack 

a secondary failure occurred in the right hand supporting brick pier. 

Rotation of the pier during the beam deflection set up a high intensity 

of vertical stress at the base of pier giving rise to crushing of the 

bottom course of bric kwork on the inside face of the pier. 

This is shown in Plate No, 10.6.5. 

BAM HO,2 

The diagram of mean strain show in Fig.10.6,2. does not give 2 

favourable comparison with the theoretical diagram showm in Fig,10.7,. 4, 2 

(page 218) 

The experimental results do however indicate that the beam hehaved 

along the general lines that could be expected for a symmetrical seciicn 

subject to bending. 

A neutral axis exists neer to the centre of the section with zones of 

tension and compression increasing in numerical velve towards the extreme 

outer fibres of the section. 

The decrease in tensile strain between gauges No. 7 and 8 suggest that 

there was some additional factor influencing the flexural behaviour of 

the beam. 

As a first thought, it may be suggested that this factor could well 

be the stiffness of the supoorting piers, thei r reluctance to rotate 

and the inability of the horizontal distance between the piers to 

freely incréase as the applied load to the beam is increased.
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By a simple mathematical solution, the effects of this factor can be 

shown, 

Consider the specimen to be of the nominal dimensions mn
 

rs
 own on Fig.10.6 

the thickness of the beam being 23" 

  

one 

  

                

wie 10.667 

“hen the svecimen acts as a "structure" a horizontal force 1S Sek? iis 

at the supports, this reaction being generated principally by the 

friction between the supporting piers and the concrete 

At the mid-span section of the beam the stress diagram due 1 

bending from the applied load will be of the form:- 

fb 
  

  

  

9») Zz ; ek > T0F pe ayepme  eaeg at 
The section modulus of the beam is 2.125 x 25. = 221,45 in“ 

6 

ry
 o 

Phe area of; the beam section =925°x 2.125: =. 55,425 in
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. The effect of the horizontal force (HZ) on the mi ty bp Qu
 

t a 3 e 3 G @O
 

Q 3 Je
 

Q += 
| 

© ry
 ft 

@ 

beam will therefore be:- 

a) A direct compressive stress = 1 

  

bys A bending stress = : ae
 

oO
 

2 

n 

b
e
t
 

r
H
 ; 

nN
 

mM
 

ae
 

s W
N
 

Ww 

The combined effect of (a) and (b) will bes- 

os 18, 51 0.065 H 
S715 201.35 
  

        

  

  
H 18, 5H 0,103 li VD. te 

  

552125 221.35 

Adding the effect of H to the stress due to simple bending from the 

applied load results in a diagram of stress dis   

  

  

ov 
Phe Oe bOSH: 

Indicating a move of the neutral axis position f th I Bs i ay lina dv peuvent ies 
LrOoM: the centre towards 

the bottom f£: 2 9
 Q ® of the bean, 
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‘The experimental work clearly shows that the neutral axis position 

moves towerds the TOP face of the bean, 

For a simply supported beam of span = L carrying a uniformly distributed 

load (Ww) the angular rotation-can be shown to be: 

ye : Q = UWL radians 
24nd 

For the beam being considered here 

= 0.005% x 107° W radians 
= 2 

Q= Wx 25 6 5 
C4 Ki het, 2 IU S cekeded 25 

ater D 

This value is extremely small and the effect of any outside influence 

restricting this rotation can be neglected when considering the strain 

distribution at mid-span. 

It is therefore suggested that the influence of the piers can be 

neglected snd that the disturbance to the theoretically predicted strain 

diagram must be due to some factor other than the presence of the 

supporting piers, 

Referring again to the diagram of mean strain (Fig,10.6.2) it can be 

justly concluded that the beam is acting ina manner that would be 

predicted by the theory if a depth of beam between gauges No. 1 and No.7 

is considered. 

Fig.10,6,8 has been prepared neglecting that part of the beam below 

gauge No.7. ‘The theoretical shape drawn for comparison is based on a 

strain value at the extreme outer fibres of 59 + 72 = 65.5 which is 
2 

the average of the maximum experimental values for the extreme outer 

fibres strains.
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The experimental mean position of the neutral axis is shom to be ina 

osition in close approximation to the centre of the beam, the distrib-~ ‘3
 

ution of tensile and compressive strain give some evidence to support 

the conclusion that the element is principally acting as a beam-could 

generally be expected to behave, At the same time, there must exist 

again some external factor that is giving rise to the deviation of the Oo oo 

mean strain diagram from the symmetrical diagram predicted by the theory. 

From the results of the test carried out on Beam No, 1 it was calculated 

that the Modulus of rupture was 179 1b/in*. 

For a beam of span/dep th ratio = 1.0, Fig.,10.3.4, 2. shows that the 

maximum stress at the extreme outer fibres is 149.42 Aa’. 

On this basis, using the Modulus of rupture value obtained for Beam 

No,l the theory could predict:- 

Ox = 149.42 Aa? = 179 1b/in® 

ee Top face loading per unit area = 160 Aa? 

191.67 Lb/in® 

. « the total applied load at predicted failure = W 

W = 25 x 2,125 x 191.67 = 4.55 tons 
2240 

Beam No, 2 actually failed at VW = 4.2 tons 

“This further indicates that the beam which had a span/ depth ratio 

ry would <j
 

m D gt
 

re @ oO - equal 1,00 behaved within an acceptable limit as 

predict.



264 

ated 
H
S
 

re 

a) 

Ld 

   

 
 

 
 

         

 
 

 
 

 
   
 
 

0.2 
DTP ART Nt 
BEAM 4s 

 
 

fe wRO TRAIN DIS S   

D ys 0,6 Ppoek



  

  

265 

‘It is apparent fron the nean strain diagram that the bottom 2 courses 

of brickwork in the beam are for some reason ineffective in the 

resistance to the applied bending moment, Probably, there was a failure 

in the perpend joint that was undetected during the test. If the botton 

two courses are neglected the beam still had a span/depth ratio of 1.13 

resulting in a calculated modulus of rupture value that would be very 

~~
 little less than that for a beam with span/depth = 1.0, 

The mode of failure of brickwork beams will be discussed in the 

conclusion to this chapter, 

Undetected perpend cracks on the extreme tension face may well be a 

contributory factor to the interference with the theoretical mean strain 

diagram, Bricks and mortar on this face which have been in 2 state of 

* 

tensile stress before perpend cracking are relieved of some stress when 

the crack takes place; due to the elastic properties of the material e 

relief of stress sets up a desire for the extended material to contract 

and since the next bed joint is still intact a compression will be set 

up in the next course of bric kwork. This would have an effect on the 

distribution of stresses in the beam and would consequently modify the 

distribution of strain across a given section, 

The crack pattern of Fig.10.6.5. agains 

failure for brickwork beams, The first fracture is a breakdown in the 

adhesion between brick and mortar in a perpend joint, the crack 

4 
progresses along a weak bed joint and then rises through the next pexpend 

joint, again a weak bed joint is found and then the crack rises throush 

the beam moving towards the plene of maximum bending moment.
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At an applied loed of 4.2 tons the fracture travelled from the bottor RB 

tension face of the beam to the bed joint of the fourth course from 

the top fece of the beam, This was considered to be the failure load 

of the beam but was indeed not the collapse load, 

The applied load was then increased to 10.00 tons which vas the maximum 

allowable load of the snovine ring in use, at this load the structure 

still remained intact although the tension crack had now extended into 

the next 3 Sa ear oe the beam, Plate No, 10.6.6 shows the specimen 

sustaining an applied load of 10,00 tons, > ‘* 

Obviously, full arching action was now teking place, the specimen was 

behaving as a deep arch with the resistance to horizonial thrust being 

provided by the friction between the brickwork piers ard the rein: 

concrete base slab, This evidence provides some solution to the problem 

‘of interference with the mid-span strain distribution at lover values of 

o. 3% 
4 applied load, clearly if a beam of this span/dep th is capable of full 

arching action at high values of applied load then it will exbibit 

characteristics of partial arching ection for lower values of load thus 

having some éffect on theoretically predicted strain distribution based 

upon an assumption that the beam is in a state of simple bending, 

BEAL NO.3 

Again, the diagram of mean strain shown in Fig.10.6.3. is not 

representative of the theoretical strain distribution. 

Based upon the theory of this chapter and using a modulus of rupture 

5 * 2 2 2 ey Rp VW 5 ah 4 Pals a obecociel i ot. 
of 179 1b/in as determined for Beam No,l, it would be predicted that 

a tension failure in the beam would occur at an applied load of 4,60 

tons,
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‘At this load the specimen showed no sign of distress whatsoever, th 

applied load was increased to 16,85 tons when failure of the structure 

occurred by diagonal tension cracks due to shear at the suvporting face 

between beam and piers, 

This further emphasises the fact that deep beams are capable of exhibiting 

arching action. In this case the beam had a span/ den tl ratHovolr 0.755 

the test results indicate that the beam element did not at any siag ° 

behave as a simple beam and thet full arching action took place from 

the very commencement of loading. The dimensions of the specimen can be 

likened to a very deep arch where the horizontal Caceiee which would be of 

a comparatively low value could easily be taken up by shear in the 

brickwork piers and by friction between the piers and the concrete base 

slab, 

The experiment however further illustrates the high ultimate stronsth 

that ea brickwork structure of this shape possesses. ‘The mode o 

is particularly interesting since this was the only instance in the whole 

of t his work that a shear failure was achieved, 

The crack pattern at failure is reproduced in Fig,10.6.6. showing 

diagonal tension fractures on the face of the beam element at each end 

where the beam is built into the supporting piers. 

The cracks generate from alternate course lines where the brick is 

bonded into the pier and rise upwards at an approximate angle of 20° 

to the vertical, 

In order that the test specimen could be preserved the appnlied load was Dp pr 

removed at 16,85 tons before complete collapse had occurred,
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‘At this failure load of 16,85 tons a mathematical investigation of the 

shear failure can be given assuming that the "arch'' was such that the 

vertical shear was carried uniformly down a vertical line of the beam 

of a length equal to that which beceme cracked under the loading con~ 

ditions, It can further be assumed that only the alternate bricks that 

DS were bonded into the pier were effective in resisting this shear suc 

that the shear carried by each brick was 16,85 = 1.404 tons. 

The"vertical" shear stress in each brick was therefore:- 

ESee os 1.404 x 2240 = 1127.6 Ib/in® 
Cel eyae soe 

The stress system on an element of brick at the support can then be 

represented by: 

  

‘i
n / 

b/
 2 £5 iia 

|
 

6 

1
1
2
7
.
6
 

-       

1127.6 lb/in® 

then considering the principal plane at 20 to the vertical the principal 

tensile stress (ft) which will be th the brick at 

. 
failure will be taken as 344 lb/in*, the arithmetic mean of ultimate 

alt . 
tensile strength of similar bricks obteined by previous exnerinent.
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fy 

eii2i.6 Lb/in* 

Be C 

a 
S 

x 
Aa £x a 

pense oe oe agora a eee 
e 544 lb/in 
~ 
nw ° eek 
rc e 20 

  
Considering the equilibrium of the wedge ABC 

344 AC sin 20° 1127.6 AB = fy BC 

“344 sin 20° 1127.6 cos 20° = fy sin 20° 

117.655 1059.59 = 0.34202 fy 

te fy a OTSA Te sine 

344 AC cos 20° HT] 1127.6 ee fe a   
344 cos 20° = 1127.6 sin 20° - fx cos 20° 

Dovieee = 385.66 - 0.93969 fx 

é ff dessa a 
shige) oe fu  OOg te lb/in 
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The resulting stresses acting on the wedge aret- 

Ese 
2754 1b/in 

o 

1127.6 1lb/in® 

WN 

Ae 
66.42.1b/im 2 

\O 

- 
N 

4     

  

Confirming that the horizontal stress, being the reaction due to the 

arch thrust, is small compared to the vertical. compressive stress. 

i.e. as would be expected for a deep arch,
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- Conclusions: 

The results of the test on Beam No, 1 can be taken as conclusive 

evidence that the theory correctly predicts the behaviour of a beam 

with a span/dep th ratio equal to 2,00. 

The ee based upon a beam composed of a homogenerus material can be 

successfully applied to a ' brickwork beam which can be described 0 ga 

'plate' where the individual size of the elements i.e, brick and morter 

is small compared to the overall size of the plate. 

The calculated Modulus of Rupture value is of the same order as that 

obtained for shallow beams and again indicates that a load factor of 

8 or 9 can be readily achieved if design stresses are employed based 

upon the value of 20 1b/in® allowed by CP,111 when the direction of 

principal bending stress is at right angles to the pernend joints. 

A particular factor meriting further investigation is the discrepancy 

between liodulus of Rupture velues for brickwork beams and the bond 

strength or values of ultimate stress for the adhesion of brick to 

mortar as determined by the experimental work of Chapter 4. 

The bona strength as determined by a direct tensile test gives results 

that are only one third of the beam modulus of en nEES values 

As a first thought, it may well be anticipated that the breakdowm in 

adhesion between brick and mortar in a perpend joint at the extreme 

outer tension fibre would result immediately in the beam failure. 

From the experimental results, this obviously caunot be true, it is 

suggested by the author that two principal factors account for the 

Sn] ” 
discrepancies Firstly, the flexural bond strength has a greater value
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‘than the direct tensile bond strength this is shovn in the flexural 

strength test of small scale assemblies in Chapter 7. Secondly, after 

the first failure in the outer pervend joint (the failure would only 

show as a hair line erack and would be difficult to observe) the tensile 

strength of bine brick would then become predominant, The typical tension 

failure crack progresses vertically through +ne beam and by reason of 

the general staggered arrangements of perpend joints on any vertical line 

the fracture must progress alternately through a joint and then through 

a brick which must be the cause of considerable re-distribution of 

stress throughout the non-homogenerus material of the brickwork. 

For practical design purposes it would be more sensible to employ a 

simple tensile strength test for the brickwork proposed anid then to 

. \ , 

apply a specified load factor to determine the allowable fiexural tension 

design stress. 

: 3 be, cathe pare : : 
The all embracing figure of 20 Lb/in' allowed by CF.,111 is not devendent 

on the types of brick and mortar and may well be either dangerous or 

very conservative, 

From the discussion on the results of the test on Beam No,2 it can be 

said that the theory successfully predicts the behaviour and ultimate 

2 ae ar
t ape Fs
 load carrying capacity for a beam of span/ dep th ratio = 1,0 th 

supported by the theoretical end conditions of a shear force at the 

siven that this span”/depth ratio 8S ele I
 

Ss vertical end of the beam, Evidence 

s the probable limit to which the theory should be applied since at H.
 

these beam proportions the ability for arching action to take place is 

beginning to have some effect on the theoretical predictions, Mowever, 

for design purposes within the elastic range of the brickwork materiais 

these arching effects could be ignored and the beam may for all practical
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‘purposes be assumed to be in a state of simple bending. 

The results of the test on Beam No.3 give the conclusion that a beam of 

span/dep th ratio equal to 0.75 will not act in a state of simple bending 

and that it is more likely that full arching action takes place from the 

commencement of loading, In practice, beams of such proportions should 

be analysed by one of the 'arching theories’, 

From these erpael iit it hes been showmm that brickwork structures cof 

the type tested possess a high ultimate strength in the lower span/depth 

ratios, this factor would be worthy of further mathematical and 

experinental investigation. 

In many instances of present day design cross walls are supported on 

what must be superfluous lintolbeams designed to carry the full weight 

of the wall when in actual fact the wall itself is probe 9 oO
 

ps
 4 OQ wv 

oy
 wD
 

9 c
s
 

oS toe
d 

ps w
e
 

2 £3,
 

carrying a load many times its own weight without the necessity for the 

provision of extraneous support. 

Similerly, walls supoorted on strip foundations are assumed to impose 

a uniformly distributed load over the length of the foundation. If the 

wall is deep in relation to its span the results of this programme of 

work indicate that arching action will take place, friction between the 

wall and its foundation will be more than sufficient to accommodate the 

thrusts set up by the arch, The result of this behaviour would be high 

concentration of stress in the foundations at each end of the wall whilst 

atthe centre, a non-reinforced foundation would be ineffective. 

Finally, it can be concluded from the work of this chapter and from the 

work of previous authors who considered deep beams supported along a 

short distance of the bottom face, that the distribution of strain at 

the mid-span section will be dependant upon the beam support conditions,
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CHAPTER 11 

THE ARCHING ACTION OF BRICK BEAMS RESTRATN. > 

IN THE LONGITUDINAL DIRECTION 

ent ae en aN 

It is well known that in certain cases restrained bric kwork in a state 

of flexure has been able to sustain much greater loads than could be 

predicted by an analysis based upon the simple theories of bending using 

a defined value for the ultimate tensile strength of the brickwork, 

A practical example of this condition is the case of brickvork panel 

walls that are subjected to horizontal wind loads, the walis being built 

between rigid piers, reinforced concrete colums or beams such that for 

could be applied to the internal spans of continuous beams subject. to 

‘loads in either the vertical or horizontal direction. 

The additional load that such beams are able to sustain can be attributed 

to the behaviour of the intermal stresses in the plane of the beam after 

the initial tension cracks have developed and erushing taken place in the 

remaining compression areas at the beam centre and supports, 

This process will be referred to as the ‘arching action' of the brick beam. 

In this Chapter it is proposed to develop a mathematical investigation 

into the ‘arching action' from the stage of a fully cracked tension zone 

to the elastic failure of the beam, which is considered to be the point 

at which first crushing of the brickwork takes place.
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For this purpose it will therefore be:‘assumed that the brickwork is 

incapable of developing a resistance to tensile forces and that upon the 

immediate application of the load a tensile crack will shad the centre 

of the beam and at its points of support. The crack extending initially 

from the extreme outer fibre to the neutral axis. 

At this point in the loading cycle the beam begins to function as an arch, 

further increeses in load will give a rotation of the beam thus increasing 

the length of the tension cracks and decreasing the compression area at 

the cracked sections. 

11,2 The Loading Cycle 

STAGE 1 

Imnediately upon the application of an applied load, at the points or 

maximum tensile stress cracks will be produced from the extreme outer 

fibres to the neutral axis of the beam (Fig. tty) 

  

  

  
  

Total: UDL = 2W ms 

Pe as dee asbeols thane 
$ | t/ 

44 2 
4 : i 

L i L =         
Fig. 11.1 

The beam now begins to function as an arch. Cul



  

  

STAGE 2 

A further increase in the applied load will result in a deflection of the 

beam (Pig. 11.2). 

For a brickwork beam it will be assumed that each half of the beam remains 

in a straight line rectangular shape and that it rotates as rigid body. 
vo ao oo
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Equilibrium of the beam 'arch' is maintained by the shear farce between 

the compression interfaces and the couple produced by the compressive 

forces PC, 

For the conditions of equilibrium the compression contact areas at the 

ends of the beam and at the centre mst be equal, 

The result of this deflection will be an increase in the original crack 

depth and a consequent decrease in the compression contact area. 

A rotation of the beam can only occur by reason of a strain in the 

compression fibres of the material, clearly, the angle of rotation 

for any specific value of W will be entirely dependant upnon the 

stress/strain relationship of the brickwork material.
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STAGE 3 

The beam ‘arch! will be capable of sustaining further increases in the 

applied load until either the couple of the internal forces (PC) 

disappears or until a physical crushing of the beam material permits a 

mechanical failure. 

els The Increase in Crack Depth 

Consider the geometry of the deflected half beam shown in Fig, 11.3. 

© = angle of rotation in degrees 

_fa = compression contact length 
cos 

a( l= P) = inerease in crack depth 

«xl = shortening of the extreme outer fibres 

In terms of the beam length, depth and angle of rotation the deflected 

beam position is given by:~= 

p- x (1 

  

a tane@ 

Oty, eid ae ) +2a tan?e [2] e Cose@ | 

Compression contact length = Pia, = <a =» OO] 
Cos tan@ cosé sin? 

Cos @ 2 sine 

"2 ae : 
i a — > L(1 pe yf ae in| [3]
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Crack Extension 

  

= a(l ne L ) 

a tané 

1 ali 
eay l- L(l- = _) + 2a iane | 

2a tan® ree 

eed ee 
2a tane sages! 

ak L (1-= 
+ Sane cose ) 

‘. bite ee et ) 
pen pre tand ten€ cose 

= bL ice 
ene 

2 sine 2 tane 

  

= L i sine) 

ra “tan 

It
e “1 0 -B) = 3 (L.cos®) 

This equation for a(l - eo) therefore shows a linear relationshin betveen 

the crack extension and L© , 

In approximate terms 

Crack extension = 0.0044 L® [5] 

The solution of the problem now clearly becomes dependant unon the 

determination of atk: which is in itself the total shortening of the 

characteristics of the beam material,
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Reference to Fis, 11.4, shows that the outer fibres of each half of the 

beam are stressed at one end of the fibre only, the end of the fibre at 

the developing crack mst therefore be in a state of zero longitudinal 

stress, The resulting distribution of stress and consequential distribution 

of strain along a longitudinal fibre in the conditions of this problem 

cannot be readily assessed, The mathematical solution to this problen 

would be complex in the extreme since to obtain a solution for the 

distribution of stress in en outer fibre would necessitate a mathematical 

solution for the complete half beam. Such a solution is outside the scope 

of this programme of work. 

For the purposes of the mathematical solution being considered here, the 

total shortening of the extreme outer fibres (CL) is given by rqn. [2] 

in terms of the angle of rotation (2). The numerical value of the outer 

fibre strain is unknown since the effective length of the fibre + 

strained is unknom, It is therefore not possible to calcewlate ol cox a 

given load and the known elastic constants of the bean material, 

It is proposed here to determine by experiment the e load/defiection 

relationshin for beams of various span depth ratios. From this relationship 

the angular rotation can be calculated in terms of the anplied load and 

hence ol can be determined, 

11.4 The Compression Zone and Lever Arn 
  

Fig. 11.3 shows a sudden change in the end face from that part of the & 

face in compression contact with support to that part of the face forming 

the developing tension crack, 

In practice, the condition could only be approached if the beam were made 

of a very brittle material, An elastic material would of course exhibit 

a gradual transition from contact face to crack face. 

For the purpose of this investigation it will be assumed that the 

  

elasticity of brickwork is such that the properties of the beam m
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will permit conditions approaching a sudden transition to take place. 

Again, considering the geometry of Fig, 11.3. the conditions over the: 

Compression Zone that will be considered are:= 

Depth of Compression 

face = ps = ofl, 
1 o- 
Cos sin @ 

  

R 

xl 
3sine@ 

        
Considering the beam to be of unit thickness 

Pe = the total compressive force 

The average compressive stress over the compression contact area will be 

Poe sin@ resulting in a meximum compressive stress at the extreme outer 
of], 

fibres of 2 Pc sin@ this of course is the horizontal component of the 
cf L 

maximum stress in the beam, 

From Fig 11.3, the lever arn ( La) of the compressive faces (Pc) will bez~ 

J = 2a - L tan® - = Cb 
[6] cos @ 4 sine 

The conditions of moment equilibrium for the loading condition being 

cons idered demands that 

‘i he | [7| 
2



  

oe Pe (ee [8] 

Therefore since 2 Pe sin@ is the horizontal component of the maximum 
oeL 

stress in the beam, the maximum stress (fc) at the extreme outer fibres 

can be calculated from 

  

2 Pe sin@® = fe.cos@ 
eb 

fe = tan @ be [9] 
ek L 2a - L tan$¢=- 2 “i ) 

cos ¢ 4 singe 

If the angle of rotation is small and measured in radians, then 

Cos# = Il 

sin? = tan¢ = ‘oe 

Eon [2] can then be simplified 

os [20] 

substitution into Eqn [20] then results 

fo = ple eee [22] 
a 4a - Lo) 

3 

in a more convenient form where L = R 

this equation can be written: 
W 

cP ape VJ 
RAS 

where 

W = the applied load 

@ = the angular rotation caused by the applied load 

2L = the span of the beam 

R= the spen/ depth ratio
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‘If the beam material were such that it could accept the resulting 

deformations without crushing of the material taking place then a 

mechanical collapse would occur when 2a = O 

- « From Eqn (7] 

  

  

fe Se ae teak 2. ja-L (l-cos?)] =0 [23] 
cos@ 3 cost 2 Sing ie J 

Again substituting for a = L 
R 

ob wD tant 2 2 Pbk Che cost) fe 0 [24] 
R cos¢ 4 cos¢;/R 2 sin 

Within the limits of application of the 'small angle! Ean fra] reduces +o 

se
 

e 

HH 

mS 8 9
 

Qu
 

ex
 

¢9 3 mM 

—
 es
s 

wn
 

c
e
e
!
 

in the specific case of brickwork beams Eqn, [a5] could be used with 

sufficient accuracy for beams with a span depth ratio ereater than 7,50 

this being the limit at which the author sugsests that results using the 

small angle theory would be acceptable,
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11.5 The Distribution of Strain along a fibre due to the 

application of a point load 

Although it was stated in 11.3 that a mthematical solution to the 

problem of the distribution of strain along a fibre due to the application 

of a distributed end load is not available, an approximate analogy can 7 
\ 

v 

(18) 
be obtained by an application of the equations developed by FROCHT for 

the stresses due to the application of a point load to the anex of an 

infinite wedge (Fig. 11.5.1) 
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The solution to this problem is given as: 

Or = 2P Cosh cosO + sinP sine 
mbt ek + ote eee. J0= nin ope [26] 

where t = the thiclmess of the material at right an 
o- 

of the diagram. 

Considering the special case of a risht angled corner of an infinite 

plate subjected to a point load (P) applied at the corner and in line 

with one edge (Fig. 1135.2) 

  

  
Fir. 11.5.2. Seen cnte Lemania tne meter
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In this special case, & = p = 45° 

Eqn [16] then becomes 

  

Or = 2P| cos 45, cos@ + sin 45, sin@ 27] 

= XK + sin 90 A = sin 90 as 
2 — 

2 

giving 

o a 1 
is Cos eg 

Or = = fen ae + AQ sin 0 

Ava 3 Ae. 
2 2 

.. Or = AN2pP  o.30 cos@ + 1,75 sin@ [a8] 
ery 

Thus, when considering the fibre (0A) along which the load (P} is 

acting, 6 = 45° 

Bqn [is] then gives 

Or = 2,139 P [29] 
xt 

Sete that at the point of application of the load (i.e. r = 0) then 

Or =. 

At an infinite distance along the fibre from the point of application of 

the load (icew rv =) then Or=0, 

This is mathematically correct since a point load must by definition be 

applied over an infinitely small area, thereby producing an infinitely 

large stress.
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e fibre OA, tion of the strain along a 

V2 me 

The probiem here is the determin 

Ss given b The total dis placement of O along the line OA 

0 

2.159 P dr D = 

Ert 

° 

ec 

= 2.139P | log r| = 
Et e 

o 

The distribution of strain along OA can now be readily plotted by 

to small elements of length. GAD an. fH
. e spl 

5 
o considering the fibre to 

a) 
a 

From ign [29] 

The average strain in an element is given by 

b
e
n
e
 

s
a
y
 

259 P C= 2 
Lebeau 

x7} ~ vhere 

E = the value of Young's Modulus for the plate material 

centre of the element the distance along OA to the r=  



  

268 

Then, tabulation of Eqn [20] Gives:- 

  

  

Se Strain —_ 
E 

0 oo 

1 2.159 

2 1.069 

3 0.713 

4 0.535 

5 0,428 

6 0.557 

0,306 

8 0.267 

9 0,238 

10 0.214 

15 0.143 

20 0,107 

25 0,086 

30 0,071 

0G 0       
  

These values are plotted in Fig, 11.5.3 and show clearly that the 

variation of strain along the fibre OA is non-linear. 

Although the strain mst have some value throughout the length of the 

fibre it can be said that for practical considerations the value of strain 

in elements beyond rt = 20 are of such a small magnitude that they could 

be neglected. 

Fig.11.5.3 of course represents the truly theoretical case of a point 

load applied over an infinitely small area; again, in practice this would 

not be achieved,
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11.6 An experimental determination of the load/deflection relationship 

Pd The theoretical work of this chapter gives an explenation of the arching 

action of brick beams that are restrained from movement in the longitudinal 

direction. he theory is based upon the beam being constituted from a 

homogenerus material, it was therefore necessary to investigate specimens 

_ of such a material in order that the resulting strain constants may be 

substituted into the theoretical equations. 

For this purpose, 9 cement/lime/sand mortar beams were constructed as S 3S $ 

- ~ - / 

show in Table No, 11.6.1 and tested to obtain their relevant load/ 

deflection characteristics and mode of failure. 

The modes of failure are compared to the theoretical predictions and 

from the experimental results the apparent crushing stress at failure 

is calculated. 

mae ; ais cima tas Several attempts were made to cast a beam 2" deep using 1.1.5 o/ 1/5; 

in each case during the curing period the snecimen suffered severe 

shrinkage cracking, it was finally decided to abandon a specimen of 

this thickness and mix from the testing programme, 

All beams were made from locally obtained building sand with ordinary 

Portland cement end were cast using a water cement ratio of 0,06 by 

volume in 'Formica' lined timber moulds. 

After casting the specimens were cured under a damp hessian covering 

in the laboratory. 

To obtain the elastic properties of each mortar mix 3 No. 4" cubes were 

cast at the same time as the beam and were tested on the same day as 

the beam tests.
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Tests to obtain the value of Young's Modulus and crushing strength were 

carried out as previously described in this thesis and resulted in the 

following: 

agtor Ory Mortar     

a es a - yrs pee 
Average value of Young's Modulus (E) = 1.43 x 10 ib/in 

Crushing strength 

Arithmetic mean (x) 2319 1b/in® 

Standard deviation (s) 178.37 Ub/in? 

Coefficient of Variation(V) 769% 

es.) Mortar 

6 poe 
Average value of Young's Modulus (E) = 0,82 x 10 1p/in 

Crushing strength 

Arithmetic mean (x) 835.8 1b/in® 

Standard deviation (s) 97.37 1b/in® 

Coefficient of variation(V) 11365%



TEST BEAM SPECIMENS 
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BEAM NO. MIX ENGTH | WIDTH | DEPTH | SPAN/DEPTH | Cas? TESTED 
c/i/s R) 

1 1.0.3 30" 8" 6" 5 22035721 2112 eT 

2 1.0.3 30" g" 5" 6 22 bleh | Clsleels 

3 1.0.3 30" §” 4" Te5 Gash 1) 711 2h eae] 

4 com 30" gr 3M 10 m2,11 SU 4 keke aria 

5 1,043 30" ge" 15 22 jd) gJa-¥ abet are 

6 Lede 5 30" g" 6" 5 26. abet lL eat ae 

7 1.1.5 30" g" 5" 6 260 7+ ee leet 

g 1.1.5 30" 8" 4" 7.5 26, Ll, 7h bate 1278 

9 ui. 30" g" 3" 10 26011. 71 | Q2el2e72                 
  

TABLE NO. 11.6.1



  

Method of ‘Test 

The general arrangement of the testing apparatus is show in Plate 

Nien tietele 

A steel rig was manufactured of welded c onstruction from 17" x 4" 3.S, 

Channels, #" pussets plates and 3" x 3" x 3" pracing angles. ‘To 

accommodate possible verietions in the specimen dimensions a “" 1.5, 

bearing vlate was provided at each end such that it could be adjusted 

in horizontal location and vertical alignment by the use of 12 No, 3" 

. ; f . \ dia, B.S.1! set screws, (Plate No. 11.6.2.) 

The specimen to be tested was placed in the rig and supported vertically 

at each end by a 1" wide x #" thick rubber strip upon which was placed 

a l'"-wide x g" thick M.S. plate. 

The end bearing plates were then adjusted by means of the set sercws 

such that the plates provided a firm and even fit to the vertical end 

surface of the mortar beam, Care was taken to ensure % % 
™ . 3." ~~ t. - wat the pla tes 

were only sufficiently adjusted to the beam length and verticality of the 

ends and that no measurable pre-compression was applied to the longitudinal 

axis of the bean. 

A further Leg x 2" thick rubber strip was placed at the mid-span 

point on the top face of the beam through which the load was applied 

by means of ea hand operated hydr: aulic jack through a proving ring. 

A 13" square x 9" long steel svreader separated the proving ring from 

the rubber strip. 

For the purpose of measuring vertical deflections, dial gauges were 

positioned on each side of the central loading strip and at eae 1 end on 
-
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the plates between the beam and the rubber strip providing the vertical 

support, 

It should be noted that the vertical supports were provided simply to 

locate the beam during setting up of the experiment. ‘The vertical reaction 

to the applied load is provided by friction between the vertical end of 

the beam and the end bearing plates, Dial gauges were provided in this 

position to indicate any vertical slip that had taken place, 

For convenience the load was applied in increments of the proving ring 

dial gauge, the load/deflection curves are plotted on this basis. 

Calibration of the proving ring dial gauge is given in Table No, 11.6.2 

showing the applied load in pounds and tons equivalent to Givisions of 

the dial gauge.
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PLATE NO. 11.6.1 

ARRANGEMENT OF TESTING APPARATUS 
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PLATE NO. 11.6.2 

ADJUSTING SCREWS FOR END BEARTNG PLATS
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CALIBRAVION OF PROVING RDG NO.914 

  

  

      

DIAL GAUGE DIVISIONS PONS Lb 

10 0.0843 188, 87 

20 0.1686 377674 

30 0.2529 566,61 

40 0.3373 755.48 

50 0.4216 944.35 

60 0.5059 1133.22 

70 0.5902 1322.09 

80 0.6745 1510.96 

90 0.7589 1699, 83 
100 0.8432 1888.7 

125 1.0540 2360.87 
150 1.2637. 2830, 66 

a7 1.4743 4,302.44 

200 - 1.6849 3774.22 

225 ° 1.8955 4245.99 
250° 2.106 4717.78 

275 2.308 5170.68 

300 2.578 5640.74 
325 2.728 6110, 69 

350 2.938 6580. 66 

575 3.145 7044.03 
400 36354 7513.63 

450 3-774 8452.83 

500 4,193 9392.03 

550 4,602 10307.90 

600 5.02 11244.98 

650 5.432 12167.13 

700 5.850 13103 .06 

750 6.253 14.006, 67 

800 6.670 14940.45 

850 7.086 15871. 63 

900 7.502 16805,25 
  

  

TABLE NO. 11.6,2 
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TEST RESULTS
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BEAM NO. 

  

  

  

  

APPLIED LOAD DEFLECTION (0,001") 

(PROVING RING DIVS) L.H.GAUGE R.H. GAUGE 

10 0.5 0.5 
20 1 1.5 

30 | 2 2 

40 255 3 

50 3 365 

60 4.5 4.5 

70 6 6 

80 725 925 
90 i 26 24.5 

100 21.5 31 

150 33 37 

bf 5 38 41.5 

200 44 50 

225 Ag 59 

250 54 Ti 

275 57 61 

300 58 92 

325 61 120 

500 90 139.5 
550 98 149 

600 106 156.5 

650 116 166.5 

700 125 180 

750° 130 196       

  
TABLE NO. 11.6, W

N
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BEAM NO.2 

302 

  

    

APPLIED LOAD DEFLE CTION (0,001") 
  

  

‘PROVING RING DIVS) L.H. GAUGE RE. GAUGE 

10 2.25 0.5 

20 2.75 1 

30 5,25 2 
AO 5 2 
50 505 3 

60 515 3 
70 6.25 4 

60 20.5 20 

90 23.25 25 
100 25.5 26 

125 32.25 53 
150 39 40 
175 45 46.5 
200 70 54 

225 15,5 60 
250 81.5 66 
275 G7.5 Te 

300 94 (8 
350 106 91 
400 120 105 

450 eR gly dele/ 

500 100.5 135 
550 173 164       

TASLE NO. 11.6.4 
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Beam No 2 

FAILURE PATTERN 

Fig 11. 6. 4.
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APPLIED LOAD DEFLECTION (0,001") 
  

  

    

(PROVING RING DIVS) L.H. GAUGE R.H.GAUGE 

10 4 4 

20 565 6 
30 6.5 7 

40 725 8 

50 2345 29 

60 3 40.5 

70 38.5 45 

60 42.5 49.5 

90 47.5 54.5 
100 52.5 59 

14 62.5 69 
150 1245 60 

at> 62.5 91 

200 93.5 102.5 

225 104 114 

250 a3, 123 

275 12535 ED 

300 138.5 151 

325 151.5 163 

350 167.5 179 

$75 188.5 200 

400 237.5 242       

TABLE NO. 11.6.5 
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BRAM NO.A 

308 

  

PPLIED LOAD 

(PROVING RING DIVS) 
  

NT 
Gk 

  

  

10 

20 

30 

40 

  

DEFLECTION (0,001") 

L.H. GAUGE R.H.GAU 

6 $ 

16 17 

23 2] 

32 30 

40 40 

AT A8 

aS 56 

68 68 

78 9 

82 8 

95 98 

106 125 

118 142 

136 15° 

146 187 

161 205 

174 223 

191 238     

  
6 
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:
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! i LOA 
  

FATLURE PATTER 
  

Tite allie on



  

  

/ 

BEAM NO. 5 

ata rae ete lies cp pees ih ‘ APPLIED LOAD DEFLEC?ION (0,001") 
  

(PROVING RING DIVS) LH. GAUGE RH. GAUGE 
  

2 92 _ 97 

10 122 117 

15 144 152 

20 185 176 

\
N
 

oO
 

no
 Ss 

©
 

hr AN
 

he
 

\
N
 

w
n
 

nm
 

—J
 

>
 Nh
 

Co
 

~ 

©
 

45 338 334       

  
TABLE NO. 11.6.7 
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Fig l1.6.L0



BEAM NO.6 

  

  

  

  

APPLIED LOAD DEFLECTION (0,001") 

(PROVING RING DIVS) LH. GAUGE RH. GAUGE 

10 1 t 

20 2 1.5 

30 2.5 2e5 

40 3 2 

50 4 4 

60 6 7 

70 10 10 

80 15 14 

90° 19 18 

100 25 25 

acy 34 34 

150 43 42 

175 56 66 

200 63 73 

225 72 83 

250 82 93 

275 94 104 
300 110 119 

350 137 148 

400 186 254         
TASLE NO. 11.6.8 
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BuAM NO.7 

  

  

  

  

APPLIED LOAD DEFLECTION (0.001") 

(PROVING RING DIVS) L.H. GAUGE R.H.GAUGE 

10 2 2 

20 3 3 

30 4 4 

40 6 5 

50 14 14 

60 20 20 

70 et ot 

80 35 34 

90 Al Sa 

100 48 AT 

125 60 60 

150 70 13 

175 73 88 

200 84 105 

225 95 120 

250 110 139 

275 140 175       

  TABLE NO. 11.6.9 
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BEAM T0.8 

APPLIED LOAD DEFLEC?ION (0,001") 

(PROVING RING DIVS) L.H, GAUGE R.U. GAUGE 

10 5 5 

20 7 7 

30 9 9 

40 11 i: 

50 20 21 

60 30 31 

70 39 40 

80 50 52 

90 63 63 

100 75 76 
110 88 68 

120 101 101 

130 115 115 

140 134 193 

150 156 157 

160 185 184 

170 204 201       

  
TABLE NO, 11,6,10 
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BEAM NO.9 

  

  

  

APPLIED LOAD DEFLECTION (0,001") 

(PROVING RING DIVS) L.H. GAUGE R.H.GAUGE 

10 a9 19 

20 54. 56 

30 18 & 

40 104 108 

50 138 val 

60 174 178 

70 287 22]     
  

  
TABLE NO.11.6,11 
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BEAM 110.9 

DWATTIMD DaAMaap1w 
FAL LURE PATTERN 

  

Fig.l ° 6, I 8
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11.7 Interpretation of Test Results 

1) UP TO FIRST TENSION CRACK 

The conditions of loading and support are considered to be approximate 

to those of a fixed end beam supporting a point load (Ww ib) at mid span. 

On this basis the bending moment at mid-span for a beam 30" long 

is given by:- 

Mo= 15 W 1b ins [eal 

For a beam 8" wide and depth (D) the section modulus is: 

ap sof in? [22] 

From en observation of the applied load (WV) causing the first tension 

crack the apparent stress at first cracking is calculated fromt- 

tLe = Ae ee Unfin® [25 
16 2 

nN AS
 

Re
ne

cr
es

ed
 

2) POST THYSION CRACK CONDITION 
  

Considering a point load of W per unit thickness applied at the centre 

of the -bean 

E 
  

I
=
 

  

fe 
  

R Lal   
      

  So o
l
s
 

By simple moments, WG = Po. fa 
2
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Eqns [9] and [20] will therefore remain valid for this experimental 

loading condition, 

From Fig, 11.3 the vertical deflection at the top of the beam at mid- 

span is given by- 

d =2a(1-_1 ) +1 -ten¢# [24] 
Cos + 

For small angles when-@is measured in radians and L = 15", fqn (24) 

can be written:- 

d=15e@ : 25] 

On the load deflection curve for each beam, a mean straight line is 

adravm to give the linear relationship of deflection to anplied load 

for the stage between the development of the initial tension crack and 3
%
 

the first crus hing of the bean, 

From this straight line and substituting for d = 15@ from Ign [25] 

Gis calculated in terms of W and henceotL is determined in terms of ¥, 

The applied loads producing the first tension crack, first signs of 

erushing and final collapse are given in Table No, PicGste 

For each specimen beam the load to cause first crushing and the angular 

. ei . - me" . . = fs 

rotation related to this load is used by substitution in Eqn [22] to 

calculate the anparent crushing stress at failure. 

Tey 

The results of these calculations are shovm in Table No. p
o
 

—
 ° CN
 

: f
e
 

\s
 .



  

APPLIED LOAD (1 1b) 
  

  

  

BEAM NO. | TENSION CRACK CRUSHING COLLAPSES 

1 1590 5360 16152 

2 1416 7214 12354 

3 944 6581 7894 

4 661 2455 3774 

5 is 687 HINGE 

6 1590 6766 9392 

7 906 5171 INGH 

8 944 3019 HOIGE 

9 - 1228 TINGE         

  

TABLE NO, 11,6.12 
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BEAM NO. 1 

Frou EQN [23] 

fot = 45 x 1590 = 124,22 1b/in® 
1 5 

FROM Fig.11.6.1 

W =_3660 = 9734 per UNIT THICKNESS 
d- <0, 047; x-8 

From EQN [25] a~ 150 

.O = W on (W per UNIT BEAM THICKNESS) 
15 x 9734 146010 

From EQN [10] 

6 
OL = 30 = 20.55x 10° W (W per UNIT THICKNESS) 

FROM EQN (12 ] 

fo = 60 = 843 1b/in 
8 x 3{0.27 —_5360 ) 

8 x 146010 

The calculation presented here for Beam No, 1 gives the method of 

calculation used for an analysis of the test results, 

Calculations for Beams No, 2 ~ 9. inclusive were carried out by the 

same method, the results of these calculations although not presented 

in detail are tabulated in Teble No. 11.6.13.
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BEAM NO.1 (6" Deeps: 1.0.3. Mix) 

The first cycle loeding preduced the initial tension crack 

(Plate No, 11.6.3.) which travelled from the bottom face of the beam 

vertically to a point almost exactly on the centre line of the beam 

at the mid-span position. 

Fig.11.6.1. showing the load/ deflection relationship indicates a 

linear behaviour up to the first tension crack, Subsequent applied 

loads produced a widely differing deflection characteristic on either 

side of the loading point, although in general terns the LE gauge 

indicated a linear load/defle ction relationship between first tension 

erack and first crushing. During this stage cf loading there was no 

visual damage at the loading point, It must therefore be assumed that 

some internal weakness existed. 

Fig.11.6.2. diagramatically shows the crack failure pattem, cracks 

are numbered in the order in which they developed. 

For this beam, a video tape recording was made during the loading 

cycles, it is therefore possible to follow the development of the 

failure cracks very precisely. 

Crack No, 2 develops fairly quickly and then remains stationary, 

Crack No, 3 which is the developing tension crack does not rise 

vertically but travels around the zone of high compression from the
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applied point load, This is followed by crushing at the LH support 

and then by crushing at the centre of the beam, this is considered to 

be the elastic failure of the beam and at this stage the applied lead 

was 5360 lb. 

The beam did not however collapse at this load and in fact went on to 

appar a load of 16152 1b which is some three times the load to ceuse 

crushing before the beam finally collapsed. ‘The beam in the collapsed 

condition is show in Plate No.11,6.4. Collapse was sudden and 

produced an interesting mode of failure, 

Crushing of the beam material was not sufficient to allow a hinge to 

develop at the centre of the beam before a longitudinal tension failure 

(Crack No.6) occurred, generating from the RH support and progressing 

towards the centre of the beam, Ultimate failure of the specimen was 

therefore the result of a Luiettadtnel tension fracture clearly brought 

about by what must have been the very high magnitude of the arch thrust 

forces, 

BEAM NO.2 (5" Deep: 1,0.3, Mix) 

The logd/ deflection curve for the RH gauge plotted in Fig.11.6.3, 

shows what may be considered to be the classical behsvicur for the 

tests of this programme. Initial loading produces a linear relationship 

up to the first tension crack which results in a sudden deflection, 

from the tension crack to centre crushing again a linear relationship 

is indicated and then on a non-linear curve to failure.
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The effect of the left hand centre crack is shown in the plot for the 

LH gauge, a sudden deflection takes place and is followed again by 

a linear relationship up to the stage of crushing which occurred et 

an applied load of 7214 lb. 

The crack failure pattern and sequence, Fig.11.6.4. shows that the 

initial tension crack did not occur ie the centre of the beam as would 

normally be predicted; this crack (2) progressed fairly rapidly 

through the depth of the beam and travelled round the zone of high 

compression to the top face. Crack No. (3) developed from the bottom 

face of the beam and as such must have been a secondery tension crack, 

The local tension crack (4) wae followed by crushing at the LH evppert 

toes 

The condition of the beam at this point is shown in Plate No, 11.6.5. 

The load was then increased to 12354 lb at which point failure 

occurreé in the same mode as Beam No, 1, The longitudinal tension 

eracks (6) occurred simultaneously and finally the specimen collapsed 

as shown in Plate No, 11.6.6. 

BEAM NOe 3 (4" Deep: 1.0.3.Mix) 

Fig.11.6.5. further illustrates what can now be predicted to be the 

typical loed/deflection curve. 

The sequence of cracking and failure pattern reproduced in Fig.11.6.6, 

is interesting since this beam had a mode of failure different to that 

of Beam No, 1 and 2. The initial tension crack (1) again progressed 

through the depth of the beam avoiding the high compression zone (2), 

At an applied load of 6581 1b, at which centre crushing took place
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only cracks No, 1 and 2 existed, from this load to the collapse load 

of 7894 lb the longitudinal cracks (3) and end crushing (4) ocewrred 

(see Plate No. 11.6.7). . 

Without the application of a further increase in load the hydravlic 

jack was extended to impose a further deflection on the beam, this 

resulted in a complete crushing of the fan shaped longitudinal 

fractures (3) thus permitting a central hinge to develop with the 

consequent collapse of the beam, 

BEAM NO.4 (3" deep: 1.0.3. Mix) 

The initial tension crack occurred immediately on loading, thereafter 

the load/deflection relationship remained linear up to a point just 

before centre crushing took place at an applied load of 2455 lb. 

At this stage, the tension crack had again progressed through the 

beam avoiding the zone of a high compression beneath the point load. 

The load was then increased to 3774 lb when complete crushing at the 

centre of the beam allowed a hinge to form and the specimen to 

collapse, 

BEAM NO.5 (2" Deep: 1.0036 Mix) 

This beam behaved almost exactiy in the manner of Beam No.4 wp to 

centre crushing at an appli ed load of 887 lb, however the beam was 

incapable of resisting a further increase in applied load and 4 hinge 

mechanism of failure immediately occurred. 

BEAM NO.6 (6" Deep: 1.1.5 Mix) 

The load/deflection relationship shown in Fig.l1.6.11. differs from 

that for Beam No, 1 which was of the same span/ depth ratio in that 

the pre-tension crack part of the curve exhibits a non-linear
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relationship and that there was no sudden increase in deflection 

when the tension crack occurred. This suggests that the crack mst 

have developed slowly and probably commenced at a comparatively low 

value of applied load. Thereafter, the load/deflection relationship 

is of a linear form with interuptions after centre spalling had been 

observed, 

The failure pattern (Fig.11.6.12) should be particularly noted for 

in this instance the tension crack (1) did not progress into the line 

of crushing failure (2) as had been observed in previous tests, 

Centre crushing was observed at an appliedload of 6766 1b. 

After a further increase in load the longitudinal fracture line (3) 

immediately preceded the collapse failure line (A) at an applied load 

of 9392 1b. 

This mode of failure is similar to Beams Nos, 1 and 2 and again is the 

result of the large thrust forces set up by the arching action. 

BEAM NOe7 (5" Deep? 1.1.5, Mix) 

Fig.11,6,13 shows that in a similar manner to Beam No.6 the pre- 

tension crack behaviour is non-linear and there was no sudden increase 

in deflection at cracking, The non-linear characteristics of the 

load/deflection curve between cracking and observed crushing suggest 

that the first crushing of the material was not observed during the 

experiment and that a major crushing failure was observed and recorded. 

The failure pattern of Fig.11.6.14 shows that again the tension crack 

did not progress through the beam, the first crushing observed was 

at the LH support (3) at an applied load of 5171 1b. This was followed 

by centre crushing and the progression of the Longitudinal crack (5).
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In this instance the longitudinal crack did not reach some position 

and remain stationary as had previously been experienced, but it 

progressed throvgh to the top face of the beam thereby permitting 

a@ hinge failure to take place. 

BEAM NO.8 (4" Deep: 1.1.5. Mix) 

Fig.11.6.15 again shows that for this mortar mix the initial tension 

crack must progress from the commencement of loading and is probably 

at first a hair line crack that is difficult to detect during 

experime nt. The beam exhibits an approximate linear load/defleetion 

relationship for the loading cycle between tension crack and crushing. 

The. failure sequence and pattern of Fig.i1.6.16 indicates once more 

that the tension crack (1) did not progress very far beyond the centre 

of the beam, the longitudinal crack (3) terminated before reaching 

the top face of the beam and elastic failure occurred at an applied 

load of 3019 1b when crushing occurred at the centre of the bean, 

Final collapse immediately followed during the next increment of 

applied load when a longitudinal fracture resulted from the arch thrust 

forces, 

BEAM NO.9 (3" Deep: 1.1.5. Mix) 

Fig.11.6.17 suggests that a tension crack occurred immediately upon 

the application of the load and that the load/deflection relationship 

was within acceptable limits linear up to the stage of centre crushing 

at an applied load of 1228 lb, 

The tension crack had in this instance progressed during the test into 

the compression zone at the point of the applied load.
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Whilst maintaining the load at the crushing value the specimen crent 

to failure by a hinge mechanism after the longitudinal crack (4) 

had reached the bottom face of the beam,
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BEAM NO. 1 

INITIAL TENSION CRACK 
  

PLATE NO. 11.6.3 
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BEAM NO. 1 

BEAM AFTER COLLAPSE 

PLATE NO. 11.6.4
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BEAM NO. 2 

  

BEAM AT ELASTIC FAILURE 

PLATE NO. 11.6.5
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BEAM NO. 2 

BEAM AFTER COLLAPSE 

PLATE NO. 11.6.6 
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seta tlin 

  
BEAM NO. 3 

BEAM AT ELASTIC FATLURE 
  

PLATE NO.11.6.7 

 



11.8 Conclusions 

The experimental work clearly confirms the validity of the theoretical 

assumed loading cycle, | 

In the initial stages of loading the specimen behaves in the manner 

of a fixed end beam for the consideration of stress distribution at 

the mid-span section, the moment of resistance to the applied bending 

moment is provided by tensile and c ompressive forces across the section, 

The calculated values of ultimate flexural tensile strength result in 

an arithmetic mean of 164 w/in for.1,0.3. mortar and 130 lb/in® for 

1.1.5. mortar indicating that for certain span/depth ratios the beams 

exhibited a fair degree of ‘streumte before the initial tension crack 

occurred. : 

For the sp ecimens R = 15 (1.0.3, mortar) and R = 10 (1.1.5, mortar) 

the initial tension crack occurred immediately upon loading, it can 

therefore be said that these specimens exhibited no tensile strength 

whatsoever, if the theory presented here was applied to shallow beams 

perhaps for example in the case of panel walls subject to lateral 

loads then it would be reasonable to assume that the beam possesses 

no appreciable tensile strength and that arching action would be 

operative from the very commencement of loading. 

It has been shown in the previous chapter that deep beams subject to 

vertical loads would, in most practical instances, be capable of 

providing sufficient tensile strength for the theories of elestic 

bending to be applicable, however, when the initial tension crack 

has taken place in e, beam that is restrained in the longitudinal 

direction the work of this chapter suggests that the brickwork beam 

w ould have such strength as an arch that the value of applied load 

at ultimate collapse would be more likely to be dependant upon the 

ability of the supports to provide the lateral restraint than on the 

physical properties of the brickwork that constitute the beam,
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For the range of beams considered here, Eqn (8 Jcoula be used to 

determine the value of the longitudinal restraint force that mst 

be provided by the supports for any given value of applied load. I% 

must be noted that if the theory is used in this way then some 

modification to the equations would be necessary to include for the 

deflection characteristics of the support when subject to the 

horizontal forces imposed by the  bricwork arch, 

Examples of this application would provide scope for further inter- 

esting research, e.g. The specific case of an isolated brick panel 

built between colums of reinforced concrete, steel or brickwork as 

part of a framed building, where due to the thrust forces from the 

erching panel the deflection in the colum would vary throughout the 

length of the Colum. 

The load/deflection curve for each beam can be idealised to predict 

a linear relationship from first loading to the initial tension crack 

at which point there is a magnified deflection as the crack opens, 

the specimen ceases to act.as a beam and then takes on the characteristics 

of an arch, This is then followed by a linear 1oaa/ deflection relation- 

ship until crushing occurs either at the centre or supports, the 

relationship then becoming non-linear as progressive crushing through 

the depth of the compression zone takes place. 

Although elastic failure of the beams may be considered to be the 

point at vhich first crushing takes place, ultimate collapse was in 

& number of specimens well in excess of the load at the first observed 

signs of crushing.
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In all cases the initial tension crack extended only to an approximate 

position at the mid-span depth point of the section, any extension of 

this crack due to further applied load showed that the fracture line 

did not travel vertically through the beam but was deflected to take 

up a course avoiding the zone of high compression beneath the point of 

application of the applied load, Obviously, at this point there exists 

a state of complex stress distribution, the distribution of direct 

vertical stress beneath the loaded area is analogous to the "bulb of 

pressure! beneath a foundation, the theory of which is well known. 

It would not therefore be acceptable to apply the theoretical equations 

to the ultimate load conditions of the beams without some reservations, 

since the constituent materials of brickwork possess very definite 

non-linear stress/strain characteristics. 

However, for comparison, the ultimate crushing stress values given. 

in Table No. 11,6.12. have been calculated from Eqn [12] which is 

of course based upon an elastic analysis. These values can be con= 

cluded to give the theoretical value of longitudinal stress due to the 

thrust forces, if the value of the maximum principal stress at e point 

beneath the applied load is required then accoumt must be taken of the 

variation in direct vertical stress due to the loading condition. 

The calculated values of compressive stress (fc) at failure given 

in Table 11,6.13, are based upon the values of applied load at the 

first observed signs of material crushing. By reason of the arrangement 

of the test apparatus it was only possible to visually inspect the 

outside faces of the beam under test, it is therefore suggested by 

the author that no real conclusive evidence can be draw from this 

part of the work,
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From crushing tests carried out on 4" mortar cubes it would have been 

expected that the stresses at beam crushing would have been in the 

region of 2300 1b/in’ for 1.0.3. mix and 630 Ib/in® for 1.1.5. mix. 

The low velue obtained for B eam No. 1 (1.0.3.) at 843 1b/in? gives 

further support to the conclusions obtained from the load/deflection 

curve that there was some internal deficiency in the material of this 

beam, 

A further investigation of the load/deflection curves for Beams Nos, 

6 ~ 8 suggests that crushing took place at some time before it was 

observed during the test, in these cases the curve becomes non-linear 

at applied loads well below that of the value given for visual crushing. 

This factor in itself would account for the high values of (fe) for 

the mortar mix 1.1.5. C/L/S. 

The load/deflection curves for Beams Nos. 3 and 9 a be seen to remain 

linear from the states of tension crack to first crushing, the 

calculated value of (fc) for these beams is 2419 Yb/in? and 682 1b/in® 

respectively which are both in the region that could be reasonably 

expected based upon the crushing strength values given by the cube tests- 

The variation between calculated crushing stress and mortar cube 

strength suggests that at the level of stress observed for first 

crushing the assumed diagram of linear stress distribution over the 

compression contact area was no longer entirely a valid assumption, 

Test results for the 1.0.3. mix show a tendancy for the calculated 

stress based upon a triangular distribution to be less than the 

experimental cube strength of the material. Fig.11.8.1, shows a 

diagram of stress distribution that would satisfy these conditions. 

The pee of the two diagrams would be egual giving the total thrust 

force of Fe in each case,
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Pe Pe 
< ae 

THEORETICAL EXPERTMENTAT 

Fig.11,8.1. 

Test results for the 1.1.5. mortar mix show a tendancy for the 

calculated stress based upon a triangular distribution to be greater 

than the experimental cube strength of the material. Fig.11.8.2. shows 

a diagram of stress distribution that would satisfy these conditions. 

Again, the areas of the two diagrams would be equal giving the total 

thrust force of Pe in each case, 

    

Pe Pe 
aoe aE one 

THEORETICAL EXPERIMENTAL 

Fig, 11.8.2.
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It is known that the strain at crushing for concrete specimens varies 

from approximately 0,005 for weak concrete to 0,002 for strong con- 

crete, indicating that the higher strength concretes tend to be more 

brittle and that the lower strength concretes tending to be more 

ductile would more readily re distribute stresses beyond the elastic 

limit and exhibit properties of plasticity. 

It is not unreasonable therefore to assume that mortars of varying 

strengths would have relative behaviour similar to those of concrete 

specimens. 

It is therefore concluded that if a greater number of beams were 
‘ 

tested and the crushing stage more accurately defined then Eqn [22 

Le
nw
en
d 

would predict a crushing stress more closely related to the experimentally 

obtained crushing strength of the material, 

Ultimate collapse of the test beam specimens occurred by one of two 

modes, either a longitudinal tension failure or a ninge mechanisn 

permitted by progressive crushing over the compression zone at the 

centre of the beam,
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The longitudinal fracture occurred along the line of maximum thrust 

from the compression zone at the centre of the beam to the compression 

zone at the support, The magnitude of the compressive forces would be 

such that in the beam a high intensity of compressive stress would be 

set up. It is concluded that the longitudinal fracture exhibited in 

some beams was a tension failure due to the compressive forces, the 

result being very similar to the conditions obtained by the well known 

"Brazilian Test' for obtaining the tensile strength of a material by 

the application of a compressive force over a small area of the specimen. 

The hinge type of failure was brought about by reason of the ability 

of the beam to allow a progression of the crushed area of the con 

pression zone to progress in advance of the effects of the thrust 

forces along the compression axis, thereby allowing sufficient bean 

deflection to give a resulting negative lever arm of the compressive 

“forces. 

From the limited number of tests carried out there is insufficient 

evidence to enable a failure pattern to be predicted, however it could 

be expected with some certainty that shallow beams with a high value 

of span/dep th ratio, as would be the case for infill panels walls would 

have an ultimate mode of failure of the hinge mechanism type. 

The conditions of vertical support are assumed in the theoretical 

consideration to be developed entirely by friction between the vertical 

end face of the beam and the face of the supporting member. In the 

experimental condition, this was the face of the adjustable end bearing 

plate. During each test, checks were made with respect to the deflection 

of the vertical end supports that were used to locate the specimen in 

the test rig, it was found without exception that from the first in- 

crement of applied load the horizontal expansion of the specimen was 

sufficient to generate the necessary frictional support to provide the
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vertical reaction to the applied load, There was no measurable slip 

between the beam end support, even at the highest values of applied 

load there was no indication of vertical compression in the rubber 

blocks at each end of the beam, 

Fig. 11.6.19. shows the experimental relationship of load/defleetion 

to span/depth, the experimentally obtained values for each beam are 

plotted according to mortar mix and result in an acceptable diagram 

of non-linear relationship for each material. From the experimental 

values of the load/deflection relationship values of («L) are 

calculated for each beam, Fig. 11,.6.20, has been plotted to show the 

resulting relationship of (°¢L) to R for each mortar mix. With the 

limited amount of information by reason of the fact that only one 

beam of each span/depth ratio per mix was tested, the inter~relationship 

between (eL) for beams of equal span/dep th ratios but of different 

mortar mixes must at present remain to some degree inexplicable. 

The value of (cz L) which is the total shortening cf an extremes outer 

fibre at the centre of the beam and at the supports, is dependant 

upon the stress/strain characteristics of the beam material, As such 

it could reasonably be expected that the value of (¢L) for similar 

beams of different material would be in proportion to the value of 

Young's Modulus for the respective materials. The results of the tests 

carried out in this programme de not confirm the validity of this 

assumption, 

For the production of accurate design data it would therefore be 

necessary for this programme of work to be extended to include probably 

at least six beams of the same span/depth ratio for eech mortar mix 

in order that the specific relationship between different materieis 

may be determined.
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The basic assumption of the theory of arching action presented here 

is that after the initial tension crack has taken place each half 

of the beam then deflects as a rigid body, the effects of local 

deflection due to a uniformly distributed load are neglected. 

On this basis, since the beam deflection is related to the valve of 

OL, which is in turn the resultant of the arch compressive forces, 

the diagram of load/deflection due to a point load (W) applied at 

the centre of the beam will be identical to a diagrem of load 

deflection due to a total uniformly distributed load on the Sachs of 

(2W). Both loading conditions will produce the same value of 

horizonta). compressive force (Pc) at the centre of the beam and at 

the supports, thereby resulting in equal deflections at mid-span. 

Table 11.6.14. shows a comparison between the value of the applied 

load (W) for the theoretically predicted elastic failure and actual 

collapse. ‘the theoretical load is based upon the cube strength of 

the respective materials and with the exception of Beam No. 5 resulis 

in a predicted crushing failure that is below the value of the applied 

load at collapse.
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CHAPTER 12 

FINAL CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 

Leek Introduction 

Throughout this thesis it has been shown that brickwork possesses a 

potential tensile strength of sufficient magnitude that would produce 

further economies if the tensile properties were included in the design 

of loadbearing brickwork structures. 

It is unfortunate that during the last three or four decades the art 

and craft of the bricklayer has been allowed to degenerate into a state 

of poor workmanship that is readily accepted by those who are responsible 

for present day constructions, Surprisingly, the decrease in standards 

has been accompanied by a corresponding decrease in productivity. 

If the full potential strength of brickwork is to be exploited then for 

reasons of reliability the labour must be educated to produce work of a 

satisfactory standard. There is no reason at all why the standard of 

site supervision for brickwork could not be equal to that at present 

achieved for reinforced concrete, 

Modern methods of brick production and mortar mixing are such that the 

designer can place complete reliability on the physical properties of 

the constituent materials, if the same reliability could be accepted for 

the simple art of bringing together the bricks and morter to form a 

composite material then further advances could be made in the adventurous 

use of brickwork,
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Probably the most important single factor influencing the production of 

brickwork with a fair degree of reliable tensile strength is the moisture 

content of the bricks at the time of laying. I+ has been know for many 

centuries that dry bricks result in poor brickwork, nevertholess it is a 

rare sight indeed in the present day to see bricks that have been satis- 

factorily wetted before use, 

If the only possible way to reduce the initial suction rate of a brick 

is by soaking in water, then the time required for soaking must be 

specified by the brick manufacturer and not left to the site labour to 

arbitrarily decide. 

The use of a mortar additive may well provide a solution to the suction 

rate problem, for these answers we must look to those expert in the 

chemistry of the hydration process. 

It may well be that a suitable altemative to the age old use of 

sand/cement mortars will be found, there have been many advances in 

the field of construction adhesives, after all, the mortar is really 

only required as a medium for bedding the bricks and bonding then 

together, \ 

fie -teeoretl cal and experimental work of this thesis provides the 

designer with a better understanding of the behaviour of brickw ak in 

flexure and will enable a more scientific approach to be made in the 

specific field of the analysis of stresses in unreinforced brickwork 

beams,
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12.2 The Physical properties of brickrork 

There exists a wealth of knowledge with respect to those physicel 

properties of brickwork concerned with the compressive strength of 

the material, Limits on allowable design stresses are given in CP,111l 

and the designer is specifically advised by this Code of Practice that 

no reliance should be placed on the tensile strength of brickwork in 

calculations, it is further stated that it should be assumed that part 

of the section will be inactive and the remainder will carry compressive 

stress only. 

Regardless of the results of this thesis, there exists many seactica) 

examples of brickwork exhibiting a great deal of tensdte strength, 

It must be concluded that in this respect CP,111 is very conservative 

and that the provision of such limitations on brickwork in teusion prevent 

the designer from taking full advantage of the material. 

It is suggested by the author that the Code of Practice showid be 

amended to permit reliance to be placed on tensile strength where it 

can be shown to reliably exist. I+ would be sensible io specify a 

suitable load factor to the values of ultimate strength obtained by 

experinent for the particular brick and mortar being used. 

The tests for diagonal tensile strength described in Chapter 6 give a 

reliable assessment for the flexural shear strength of the material, to 

obtain the tensile strength of a particular brickvork sample a simblar 

test could be carried out by orientating the axis of the applied load 

to suit the direction in which it is required to obtain the tensile 

strength.
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To determine the tensile strength parallel to the bed joint of brickwork 

constructed with L.B.C, ‘commons! using 1.0.3 and 1.1.5 cement/lime/ sand 

mortars the author has carried out 'splitting' tests on 18" square panels 

of brickwork, The mode of failure is show in Plate No, 12.2.1. 

On the basis of calculation that ft = 2P the test results give 
R:D.6 

arithmetic means of tensile strength of 138 1b/in® for 1.0.3. mortar 

and 119 1b/in? for 1.1.5. mortar, These values are below those 

obtained for flexural strength tests and by the use of 2 suitable load 

factor would satisfactorilly give values of allowable tensile strength 

that could be permitted for practical design purposes. 

The numerical value of the load factor could only be determined after 

@ more extensive series of tests using various bricks and mortar mixes, 

This could well form a part of some future research programme, 

12.3 Shailow brickwork beams 

The theory developed here for shallow brickwork beams based upon the 

analogy of a laminated section could readily be applied to a beam 

manufactured from eny number of different materials bonded together 

to form a composite section. 

With particular reference to brickwork beams there remains the question 

at which stage can the beam be considered to be a plate of homogenesus 

material and therefore vp to what limits mst the various properties of 

brick and mortar be considered, 

In Chapter 8 it was show that for the purposes of deflection calculations 

the beam would be considered to be homogenemus but for the purposes of 

a stress analysis the non-homogen gous properties mist be considered



359 

since the shift in the position of the neutral axis at various cross- 

sections will influence the calculated value of the flexural stresses, 

Calculations show that for beams greater than 5 courses deep the effect 

of the change in neutral axis position is negligable,. 

Further investigation could be carried out to determine the relationship 

between tension strengths obtained from a splitting test on sample 

panels to the ultimate flexural strength of shallow beams constructed 

from various bricks and mortar mixes, 

If it is required to determine the true distribution of stress in the 

elements of a shallow brickwork beam then it is essential to use a 

theory that takes into account the various physical properties of the 

bricks and mortar. For practical design purposes based upon a limiting 

value of flexural stress it is suggested that beams greater than 5 courses 

deep could be analysed without significant error on the basis of a 

homogenewus section assuming the application of the atibte theories of 

bending. 

12,4 The application of the theory of elasticity to the solution 

of stresses in beams 

This work is of significant importance since a uijmbndato Wovekhion is 

achieved for the ideal condition of stress free ends for a beam mcppintes 

by a shear force at each end and subject to a uniformly distributed load 

applied to the top face. Although the theory has been developed for the 

application to brickwork beams the parameters are such that the theoretios) 

solution could be applied to beams manufactured from any homogenerus 

material, ‘The work could be suitably extended to reinforced concrete 

deep beams,



The expansion of a doubly infinite power series to odtain the stress 

function places the search for the stress function on a logical basis. 

Wit hout further mathematical research the method can be immediately 

employed to determine suitable stress functions for deep cantilever beams 

as may be the case in retaining wells, shear wall constructions or 

gravity dams, 

Applied loads of varying intensity can be readily solved; quite simply 

for a linear variation and without very mich oomplexity for non-linear 

variations. The complexity of course being dependent upon the applied 

load intensity equation. 

This method for the determination of a stress function has so far not 

been investigated for discontinuous loads such as a system of point 

loads, 

The polynomial solution to problems in elasticity usually results in 

the most convenient stress equations, it would therefore be worth while 

for further research in this field to determine a method oy which the 

- expansion of a power series could be adapted.to produce stress equetions 

for discontinuous loading systems, 

In modern multi-storey brickwork structures the case often arises 

where walls acting as beams supporting floor loads also act to provide 

the reaction against horizontally imposed wind forces, The theoretical 

sol utions given in this thesis make it possible for such loading cases 

to be analysed simply by the superposition of one loading system upon 

another, similarly it could be extended to beams subject to compression 

in the longitudinal axis,
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12.5 Deep Brickwork beams 

The evidence obtained from the tests carried out in this programme to 

validate the proposed theory clearly shows that for beams with a 

span/depth ratio less than 1.0 there is a considerable difference between 

elastic failure and complete collapse. 

The effect of arching action is responsible for the magnitude of the 

ultimate strength, no special effort was made to provide a reaction 

to the horizontal thrust forces resulting from the arching action, 

the reactions resulted entirely from the construction of the test 

specimens, 

It follows therefore that there is considerable scope for further 

research into the arching of deep beams and into the ultimate 

strenght of complete brickwork structures, the behaviour of piers 

supporting flexural members would be of particular interest. 

A simple tie, which could be in the form of steel veinforcement 

in a bottom course bed joint would have a significant influence on 

the ultimate load carrying capacity of a deep brickwork beam. 

It would not be necessary for an analysis to be made on the theory 

of a reinforced beam since simple arching action would be more likely 

to be the mode of behaviour. 

The work undertaken in this programme has been restricted to solid 

brickwork, it is often the case in practical construction that 

external walls are not only of cavity construction but each leaf of 

the wall is of a different material eg. External leaf in facing bricks 

with an internal leaf in lightweight blocks.
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Each leaf of the wall would of course be capable of acting as a 

deep beam, they are however connected by some form of ties across 

the cavity and there mst be an interaction between the beams of 

disimilar materials, 

The composite behaviour in flexure requires a complete investigation, 

There are numerous examples of panel wall construction that would 

merit further research, particular reference could be made to the 

possible variation in restraint conditions. 

The experimental behaviour of the deep beams recorded in Chapter 10 

suggests that the theory of arching action given here would not be 

applicable to deep beams with a span/ depth ratio equal to of less 

than 0.75 since the beam tested did not produce a flexural tension 

erack which is a basic assumption of the theory. 

There are at present published theories relating to the arching 

action of brickwork supported on steél and reinforced conerete beams, 

there is a further necessity for a theoretical solution to be given 

for the arching action in deep beams that are supported by a vertical 

shear force at each end.
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PLATE No 12. 2. 1. 

TENSION SPLITTING TEST ON 16" SQUARE SAMPLE PANELS.
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