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PREFACE TO FIRST EDITION 

The first edition of this book, written some ten years ago, was devoted to 
Structural Brickwork and had the aim of reviewing the principles underly
ing the use of that form of construction in Structural Engineering. A con
siderable amount of research data was then available and this has been 
considerably extended during the past decade. The structural use of 
blockwork has also been greatly developed over this period and there has 
been a general drawing together of research interest in both brickwork and 
blockwork, to the great advantage of both materials. Having regard to this 
tendency, the contents of the original book have been updated and the 
coverage extended to include reference to blockwork as well as brickwork. 
Additional chapters have been added dealing with masonry arches and 
testing methods, both topics which have become of wide interest in recent 
years. 

Although a large number of references to source material have been 
included, they by no means encompass the entire literature on Structural 
Masonry. It is hoped, however, that the text will be an adequate guide to the 
subject and that it will enable readers who require more detailed informa
tion to follow up their particular problem in the literature. Particular atten
tion is drawn to the proceedings of the series of International Brick and 
Block Masonry Conferences, the Journal and Proceedings of the British 
Masonry Society, and the Proceedings of the North American and the Cana
dian Masonry Conferences. Together these publications form a veritable 
mine of research and practical information. 

This book is addressed not only to research workers and students but 
also to practising engineers who may require background information to 
assist them in using structural masonry codes of practice which are becom
ing increasingly sophisticated as knowledge of the subject increases. 

I would again express my indebtedness to the very numerous authors on 
whose work I have drawn in writing this book. I also wish to offer my 
sincere thanks to my former research students who have contributed greatly 
to the subject. Masonry research is not a field which readily attracts large 

x 



PREFACE TO FIRST EDITION xi 

sums of money and I would therefore express my thanks to the brick 
industry in Britain, and in particular to the Brick Development Association, 
for its support over the years. Finally, I am grateful to my colleagues in 
many countries of the world for their friendship and encouragement in 
pursuing my work in structural masonry. 

Edinburgh, 1989 Arnold W. Hendry 



PREFACE TO SECOND EDITION 

The content of Structural Masonry has been revised to take account of 
research results which have been published in the decade or so since the 
first edition was prepared. New sections have been added on movement and 
durability, and on non-destructive testing. 

In recent years structural design in masonry has become increasingly 
sophisticated and the related codes of practice correspondingly more com
plex. This is illustrated by the recently published draft European code of 
practice on the Design of Masonry Structures which in due course will 
become Eurocode 6. For effective use of this and similar codes, a sound 
understanding of the underlying principles is essential and it is hoped that 
this book will be of assistance in this direction. The more general intention 
of providing a source or guide book to the literature for research workers 
and others of course remains. 

Attention is again directed to the proceedings of the various national and 
international conferences on masonry which between them now take place 
more or less annually. The Journal of the British Masonry Society, Masonry 
International, and the Journal of the Masonry Society (USA) continue to be 
important sources of information on all aspects of masonry construction. 

Edinburgh, 1997 Arnold W. Hendry 

Xli 



1 

1.1 

STRUCTURAL DESIGN OF 
MASONRY BUILDINGS 

Introduction 

A large proportion of masonry buildings for residential and other purposes 
is satisfactorily designed and built in accordance with empirical rules and 
practices without the need for special structural consideration. However, 
the limits of this approach cannot be extended much beyond the scale of 
two-storey houses of very conventional construction without having to use 
very thick walls, which in turn result in waste of materials and other disad
vantages. Indeed for a considerable time this led to the eclipse of masonry 
as a structural material for larger buildings, and it is only since the 1950s 
that the application of structural engineering principles to the design of 
masonry has resulted in the re-adoption of this material for certain classes 
of multi-storey buildings, and to its use in situations which would have been 
precluded by reliance on rule-of-thumb procedures. 

The economic success of masonry construction has been achieved not 
only by the rationalisation of structural design, but also because it is pos
sible for the walls which comprise a building structure to perform several 
functions which in a framed structure have to be provided-for separately. 
Thus, masonry walls simultaneously provide structure, subdivision of space, 
thermal and acoustic insulation, as well as fire and weather protection. The 
material is relatively cheap and durable, can provide infinite flexibility in 
plan form and can offer an attractive external appearance. Furthermore, 
masonry buildings can be constructed without heavy capital expenditure on 
the part of the builder. 

To make the best use of these inherent advantages in multi-storey build
ings it is necessary to use masonry construction in cases where the accom
modation gives rise to moderate or small floor spans and where it is possible 
to continue the loadbearing walls uninterrupted from foundations to roof. 
In some buildings where there has been a need for large spans on the first 
and second floors (for example, in hotels), these floors have been built in 
framed construction with loadbearing walls above this level. It is likely, 

1 



2 STRUCTURAL MASONRY 

however, that with the development of reinforced masonry this limitation 
will be removed and that the entire structure will be of masonry. 

Types of multi-storey building compatible with the adoption of masonry 
structures include hotels, hostels, flats and other residential buildings, but 
engineered masonry is frequently advantageous in low-rise buildings where 
its use can, for example, reduce wall and column sizes and thus increase the 
flexibility of the design while retaining the advantages of the material. 

A recently developed application of masonry construction is to large 
single-cell buildings for industrial or leisure purposes where there is a 
requirement for relatively high outer walls supporting a steel roof structure. 
For these, cellular or fin walls may be used, with or without prestressing. 

1.2 Wall layout in multi-storey buildings 

The first consideration in the design of a multi-storey masonry building is to 
determine the plan arrangement of the walls in accordance with the func
tion of the building. From the structural point of view the wall arrangement 
is important: firstly, as a means of providing lateral strength and rigidity, 
and secondly, in order to ensure that the building is generally robust in the 
sense that any local damage to the structure does not result in catastrophic 
collapse. 

Possible wall arrangements are almost unlimited but it may be helpful to 
distinguish three basic categories 

(1) Cellular 
(2) Simple or double cross-wall systems 
(3) Complex service core structures. 

A cellular arrangement is one in which both internal and external walls 
are loadbearing and in which these walls form a cellular pattern in plan as 
indicated in figure 1.1. 

The second category includes cross-wall structures of various kinds. 
These may be used either for slab or point blocks: in case of slabs (figure 

+ + .-
~--r-.. 

Figure 1.1 Cellular wall layout 
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Cf I I J 
LI I 1--' 
lal Simple cross-wall structure 

Ibl Double cross-wall system 

Figure 1.2 Cross-wall structure 

Figure 1.3 Core-wall structure 

3 

1.2a) longitudinal stability is frequently achieved by means of internal 
corridor walls or partition walls. Buildings have been designed in which 
longitudinal stability depends on a stair-well or lift-shaft somewhere along 
the length of the structure, but this is unsatisfactory in that failure of one 
wall could precipitate collapse of a large part of the building; this practice 
should therefore be avoided even in relatively low-rise buildings. 

Point blocks require double cross-wall systems as suggested in figure 
1.2b. 

In both of the above systems the external walls may be in masonry, 
curtain wall or indeed any other external walling at the choice of the 
architect, thus giving considerable freedom of elevational treatment. It will 
be observed, however, that there is a limit to the depth of a cross-wall 
building if the rooms are to have effective day-lighting. 

The third category is typified in figure 1.3; lateral stability is here pro
vided by a complex service core incorporating lift-shafts, stair-wells, service 
rooms, toilets, etc., the walls of which, acting together, form a strong tower-
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like structure. Surrounding walls or columns need only transmit vertical 
loading from the floors while the external, perimeter walls can be non
load bearing. 

The arrangement chosen tends to evolve from the site plan and the 
required sizes and disposition of rooms. It is not particularly critical from 
the structural point of view, provided that a reasonable balance is allowed 
between walls orientated in the principal directions of the building so as to 
permit the development of adequate lateral strength and rigidity against 
forces applied in these directions. 

Very unsymmetrical wall arrangements are, however, to be avoided as 
these will give rise to torsional effects, which are difficult to calculate and 
which may produce undesirable stress conditions. Slender piers and 
cantilevered slabs can be accommodated but will inevitably add to the cost 
and may give rise to structural problems. 

General robustness and stability are not usually difficult to ensure in any 
type of masonry structure, but the desirability of incorporating returns at 
the ends of walls and other similar strengthening features will be apparent. 
Detailed consideration of the means of checking and controlling the effects 
of local damage is contained in chapter 9. 

1.3 Plain and reinforced masonry 

The essential difference between plain and reinforced masonry is that the 
former is incapable of resisting significant tensile stresses whereas the latter 
acts in a manner similar to reinforced concrete, tensile stresses being taken 
by suitably placed steel. 

Most masonry buildings are constructed in plain masonry without rein
forcement, but in seismic areas it is essential to use reinforced masonry in 
order to provide resistance to dynamic forces of considerable magnitude. 
In northern Europe and Australia, therefore, structures are normally 
unreinforced whereas in the United States and New Zealand, reinforced 
brickwork is generally required. 

Apart from construction in seismic areas, however, there is a field of 
application for reinforced brickwork elements in building construction in 
situations where the use of plain masonry would be impractical. One such 
case has already been mentioned, namely the possible use of cellular
section, prestressed masonry walls for large single-cell buildings. The 
potentialities of reinforced and prestressed masonry should therefore be 
kept in mind at the preliminary design stage of masonry structures. 

1.4 Limit state design of masonry 

The basic aim of structural design is to ensure that a structure should fulfil 
its intended function throughout its lifetime without excessive deflection, 
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cracking or collapse, and this aim must of course be met with due regard to 
economy. The designer is assisted in this task by the availability of a code of 
practice which is based on accumulated experience and research. Until 
recently, such codes have sought to ensure the safety and serviceability of 
masonry structures by specifying permissible stresses for various types and 
combinations of materials. Structural masonry codes generally give basic 
compressive stresses for a range of brick-mortar combinations; the basic 
stress in wall design has then to be adjusted for the slenderness ratio of the 
element and the eccentricity of the loading. The basic stresses are derived 
from tests on walls or piers, the ultimate stresses having been divided by an 
arbitrary factor of safety sufficiently large to avoid cracking at working 
loads. Thus, to this extent, masonry design has always been related to 
ultimate strength and to a serviceability limit state. 

In recent years a more rational procedure has been evolved for dealing 
with structural safety and serviceability through consideration of the rel
evant 'limit states'. A structure, or part of a structure, reaches a limit when 
it becomes incapable of fulfilling its function or when it no longer satisfies 
the conditions for which it was designed. Two categories of limit state 
normally have to be considered, namely, ultimate limit states corresponding 
to failure or collapse and serviceability limit states at which deflections or 
cracking become excessive. 

The general method of applying the limit states approach to the design of 
structures is outlined in a publication of the International Organization for 
Standardization [1] in which the criterion for a satisfactory design is 
expressed in terms of design loading effects (5*) and design strengths (R*), 
as follows 

R*? 5* (Ll) 

Design loading effects are determined from the characteristic actions from 
the relationship 

(1.2) 

where Yr is a multiplier (or partial safety factor) and Qk is a characteristic 
load which, if defined in statistical terms, is given by 

where Qrn is the value of the most unfavourable load with a 50 per cent 
probability of its being exceeded once in the expected life of the 
structure 

o is the coefficient of variation of the distribution of the maximum 
loading 

k is a constant depending on a selected probability of maximum 
loadings being greater than Qk' 

It is usual to take the characteristic load as that which will have a 5 per 
cent probability of being exceeded during the lifetime of the structure. In 
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many situations, however, statistical data are not available and the 
characteristic loads have to be based on nominal values given in codes of 
practice or other regulations. The factor Yf is a function of several partial 
coefficients: 

Yn which takes account of the possibility of unfavourable deviation 
of the loads from the characteristic external loads, thus allowing 
for abnormal or unforeseen actions; 

Yf2 which takes account of the reduced probability that various loads 
acting together will all be simultaneously at their characteristic 
values; 

Y f3 which is intended to allow for possible modification of the loading 
effects due to incorrect design assumptions (for example, in
troduction of simplified support conditions, hinges, neglect of 
thermal and other effects which are difficult to assess) and con
structional discrepancies such as dimensions of cross-section, de
viation of columns from the vertical and accidental eccentricities. 

Similarly, design strengths of materials, R*, are defined by 

R*= Rk 
Ym 

where Rk = Rm(1 - ks) is the characteristic strength of the material 
Rm is the arithmetic mean of test results 
s is the coefficient of variation 

(1.3) 

k is a constant depending on the probability of obtaining results 
less than Rk • 

The characteristic strength of a material is usually taken as the 95 per 
cent confidence limit of the material strength in a relevant test series. The 
reduction coefficient Y m is a function of two coefficients: 

Y ml which is intended to cover possible reductions in the strength of 
the materials in the structure as a whole, as compared with the 
characteristic value deduced from the control test specimen; 

Ym2 which is intended to cover possible weakness of the structure 
arising from any cause other than the reduction in the strength 
of the materials allowed for by coefficient Yml' including manu
facturing tolerances. 

Additionally, ISO 2394 allows for the introduction of a further coeffi
cient Y c which may be applied either to the design values of loadings or 
material strengths. This coefficient is in turn a function of two partial 
coefficients: 

Yel which is intended to take account of the nature of the structure 
and its behaviour, for example, structures or parts of structures in 
which partial or complete collapse can occur without warning, 
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where redistribution of internal forces is not possible, or where 
failure of a single element can lead to overall collapse; 

Yc2 which is intended to take account of the seriousness of attaining 
a limit state from other points of view, for example, economic 
consequences, danger to the community, etc. 

Usually Yc is incorporated into either Yf or Ym and therefore does not appear 
explicitly in design calculations. 

The advantage of the limit state approach is that it permits a more 
detailed and flexible assessment of structural safety and serviceability; the 
various relevant factors are identified and up to a point can be expressed in 
numerical terms. Ideally, loadings and strengths should be available in 
statistical terms but this is seldom possible, so that characteristic values 
have to be determined on the basis of available evidence. In the case of 
loads, the evidence generally results from surveys of buildings in service. 
Characteristic strengths of materials, on the other hand, are derived from 
laboratory tests, the results of which can sometimes provide a statistical 
basis for characteristic strength. In the absence of such statistical data, 
characteristic strengths have to be based on nominal values proved by 
experience. 

1.5 Derivation of partial safety factors 

In principle, the y-factors can be derived by probability methods, provided 
that the necessary statistical information is available. Again, this informa
tion is at best incomplete, but consideration of calculated safety factors is 
valuable in assessing the relative importance of variables, and in reducing 
the purely arbitrary nature of selecting suitable values for design codes. The 
following discussion, in simplified terms, may be helpful in appreciating this 
approach. 

Considering the ultimate limit state of a particular structure, we have the 
condition that for failure to occur 

R* - S* ~ 0 (1.4) 

where 

R* 

and 

This situation is illustrated graphically in figure 1.4. In statistical terms, the 
safety requirement is satisfied by ensuring that the probability of failure is 
very small, that is 
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p[ R * - S * :s 0] = p (1.5) 

where P is the probability of occurrence of the expression within the brack
ets and p is the required, small value, of this probability. In practice, this will 
generally be in the range 10-5 to 10-°. 

The problem has been examined in terms of a global safety factor, y, 
mean values Rand 5 and their standard variations by Macchi [2] and Beech 
[3]. On the basis of assumed normal distributions of strength and loading 
about their mean values, Macchi produced the set of curves shown in figure 
1.5 showing the relationship between the safety factor and the coefficient of 

Frequency 

of 
occurrence 

Y 

Mean 

load 

Ultimate 

limit 

state 

j 
fIOky,) ~ Rk 

1-
Ym 

I 

Mean 

strength 

Figure 1.4 Ultimate limit state condition 

0.15 01 0.05 
6 

C,' 

5 

4 

3 

2 

0.1 0.15 0.2 

Figure 1.S Global safety factors for normal distribution (Macchi). Coefficient of 
variation of area Ca = 0, of strength Coo of eccentricity Cv' of loading Cs = 0.15; 
probability of failure 10-6 
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variation of the strength of the material, for coefficients of variation of the 
loads Cs = 0.15, of the level of uncertainty of eccentricity and slenderness 
Cv, = 0,0.05,0.1 and 0.15, and for probability of failure of 10-6• From these 
curves it is clear that, other things being equal, the safety factor required to 
ensure a given probability of failure rises quite rapidly with the coefficient 
of variation of the strength of the material. 

However, Beech has suggested that the assumption of normal distribu
tion is unrealistic in practical terms unless the coefficients of variation are 
small. He expresses the view that lognormal and truncated normal distribu
tions have greater validity and has shown (figure 1.6) that these resul~ in a 
much less steep rise in the factor of safety with an increase in the coefficIent 
of variation of material strength. 

The investigations outlined above are in terms of a global safety factor 
whereas in the application of limit state design two or more partial safety 
factors are used. Assuming homogeneity of units, and introducing the 
partial safety factors in equation 1.4, at the ultimate limit state 

R 
_k = YrQk (1.6) 
Ym 

or 

(1.7) 

It would appear from this that the product YmYr is equivalent to a global 
safety factor but, as Beech has pointed out, the probability of failure asso-

6 
0.15 

5 

4 

r .... --
3 -.... 

2 -- ---

0.1 0.15 0.2 

Figure 1.6 Global safety factors for lognormal (full line) and truncated normal 
(broken line) distributions (Beech). Coefficients of variation and probability of 
failure as in figure 1.5 
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ciated with the product of two partial safety factors is generally different 
from the product of the partial probabilities. Thus if the probabilities of Y m 

and Yr are both 10-3 the probability associated with their product is not 
necessarily 10-6• It has been suggested by Baker [4] that the following 
approximate relationship holds between the global and partial safety 
factors 

Y ~ Ym + Yr - 1 

provided that the probabilities involved are not much less than 10-5 and the 
coefficients of variation are not greater than 0.4. This formula will result in 
values of less than the product of the partial safety factors but if truncated 
normal distribution is applicable, the product is valid. 

Beech has derived equations for calculating the partial safety factor 
Y m on the basis of lognormal and truncated normal distributions for any 
combination of variability in material strength and other factors, and on the 
assumption that the masonry strength a is related to the unit strength by a 
power law of the form a = unL, where u is the compressive strength of 
the units, n an exponent less than unity and L a reduction factor relating 
masonry strength to unit strength. The results so obtained are given in 
table 1.1, from which it will be seen that there is little practical difference 
between the results obtained using the alternative distributions. The de
termination of safety factors is by no means an exact science, but con
siderable progress has been made in establishing a rational framework 
for their selection and the values calculated by Beech and quoted in 
table 1.1 are very similar in magnitude to those recommended in the 
British limit state code for masonry BS 5628: 1978 (table 1.2). Assuming 
that practical conditions are reasonably reflected by Beech's theoretical 
model, there is no doubt that satisfactory levels of safety will result from 
the use of the Y m values specified in this code. Reassurance on this point 
comes in any case from a rough comparison of the overall safety factor 
implicit in the previous permissible stress code (CP 111: 1964, 1970) with the 
global safety factor resulting from the combination of Ym and Yf in the new 
code. 

In the British limit state code for masonry, BS 5628: 1978, the values of 
Yf are taken to be the same as those specified for concrete construction. This 
is a convenience for design engineers, but may not be strictly valid in terms 
of the ISO definitions of partial safety factors, since Y r is intended to provide 
for inaccuracies in design calculations, deviation of columns from the verti
cal and accidental eccentricities, etc., which mayor may not be the same for 
concrete as for masonry. 

In Canada, a similar set of partial safety factors [5] has been adopted and 
values of Y m have been derived by comparing strength test results for 
masonry elements with those computed by proposed code of practice pro
cedures. By this means safety levels similar to those inherent in existing 
methods have been obtained. 
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Table 1.1 Values of partial safety factors calculated by Beech 

(a) Partial safety factor Ym from lognormal distribution 

Unit strength coefficient 
of variation 

0.055 

0.08 

Assumed probability of failure 10-4• 

n 

1.0 
0.8 
0.6 

1.0 
0.8 
0.6 

Coefficient of 
variation in masonry 

strength 

0.15 0.22 
2.25 3.08 
2.22 3.04 
2.19 3.01 

2.37 3.19 
2.29 3.11 
2.23 3.05 

(b) Partial safety factor Ym from truncated normal distribution 

Unit strength coefficient 
of variation 

0.05 

0.07 

n 

1.0 
0.8 
0.6 
1.0 
0.8 
0.6 

Coefficient of 
variation in masonry 

strength 

0.12 0.16 
2.22 2.77 
2.15 2.68 
2.08 2.59 
2.40 2.98 
2.28 2.84 
2.18 2.71 

Table 1.2 Values of Ym recommended in British masonry code 
BS 5628: Part 1: 1978 

Category of manufacturing: special 
Control of structural units: normal 

Category of 
construction control 

special 

2.5 
2.8 

normal 

3.1 
3.5 
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Statistical parameters relating to material strength, dimensional proper
ties, mathematical modelling and resistance of brickwork masonry have 
also been determined by Hu [6] and on the basis of reliability theory used 
to assess the adequacy of safety factors in the Chinese masonry code. Hu 
observes that the statistical data on which reliability indices for structural 
design could be based are not at present available. It is clear from his 
analysis, however, that equal safety as expressed by the normally used 
safety factors does not mean equal reliability of masonry strength, owing to 
differences in the statistical parameters between the various factors 
involved. Reliability of masonry structures can be increased by reducing the 
variability of material strengths and by improving the accuracy of math
ematical modelling. 

1.6 Analysis of masonry structures 

Limit state design calls for the comparison of the effects of load actions with 
the strength of the material. This in turn calls for the use of suitable 
methods of structural analysis to estimate the effects of loads on the struc
ture in terms of forces, bending moments and deformations, and for the use 
of appropriate methods of calculating the resistance of masonry elements 
and of establishing deformation limits. 

Unrein forced masonry is a brittle material and although its stress-strain 
relationship is non-linear, it is customary to use elastic analysis to determine 
the forces at particular sections of a structure. Calculation of resistance is 
now sometimes based on the assumption of a rectangular internal stress 
block, neglecting tensile strength. In the past, methods of analysis have 
been relatively crude, but the construction of taller buildings in masonry 
and the general need for increased economy in the use of materials have led 
to the development of more refined methods. Similarly, the resistance of 
masonry was calculated, in the past, on an entirely empirical basis but is 
now increasingly supported by analytical studies. 

Reinforced and prestressed masonry are designed On the same principles 
as have been developed for reinforced and prestressed concrete with 
appropriate adjustments for differences in the material properties. 

Methods of analysis and estimation of the strength of masonry elements 
will be discussed in subsequent chapters of this book. 

1.7 Movement and durability considerations 

In the design of masonry structures careful attention has to be given to 
certain factors which, although not directly related to structural behaviour, 
may affect it during the lifetime of the building and are of primary concern 
in relation to serviceability. These factors include provision for movement, 
assurance of durability and avoidance of rain penetration. 



STRUCTURAL DESIGN OF MASONRY BUILDINGS 13 

Building materials such as masonry, concrete and steel possess consider
able rigidity but are by no means free from movement under service con
ditions. Furthermore, their dimensional changes are generally different, so 
that when they are interconnected quite severe stresses can be set up by one 
material restraining the movement of another. Restraint of movement of a 
brittle material can thus result in its fracture and the appearance of a crack. 
In most cases such cracks are not of structural significance, but are unsightly 
and may allow water penetration with consequent damage to the fabric of 
the building and the need for expensive repairs. 

Movement in masonry buildings resulting in cracking may arise from the 
following causes: 

Moisture movements in materials 
Temperature changes 
Strains resulting from applied loads 
Foundation movement 
Chemical reactions in materials. 

Dimensional changes take place in all masonry materials with change in 
moisture content. This may be irreversible following manufacture - thus 
kiln dry clay bricks show an initial irreversible expansion for a short time, 
while concrete and calcium silicate products have an initial shrinkage. 
Additionally, masonry expands or contracts with change in moisture con
tent at all stages of its existence. Some indication of the magnitude of these 
moisture movements may be gained from table 1.3. 

Temperature movements depend on the coefficient of expansion of the 
material and the range of temperature experienced by the building element. 
This in turn depends on a variety of factors and will be greatest for external 
walls where it will be influenced, among other things, by colour, orientation, 
thickness, thermal properties and insulation. The temperature range expe
rienced by a heavy external wall in the United Kingdom has been given as 

Table 1.3 Moisture and thermal movement indices for masonry 
materials, concrete and steel 

Material Reversible Irreversible Coefficient 
moisture moisture of thermal 

movement (%) movement (%) expansion/DC 

Clay brickwork 0.02 +0.02-0.07 5-8 X 10-0 

Calcium silicate brickwork 0.01-0.05 -0.01-0.04 8-14 
Concrete brick- or blockwork 0.02-0.04 -0.02-0.06 6-12 
Aerated, autoclaved blockwork 0.02-0.03 -0.05-0.09 8 
Dense aggregate concrete 0.02-0.10 -0.03-0.08 10-14 
Steel 12 
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from -20 to +65°C, and the possible expansion of a clay brick wall of the 
order of 1 mm per metre. 

At the design stage, provision should be made for thermal and moisture 
movements to take place without the occurrence of unacceptable cracking. 
This is achieved mainly by selection of suitable materials and careful detail
ing rather than by methods based on calculation. A considerable amount of 
information is available regarding the provision of movement joints and 
correct detailing in relevant codes of practice [7] and other publications [8]. 

Elastic and creep deformation resulting from load application or self
weight will require to be taken into account where masonry is used as a 
cladding to a load bearing structure or to a steel or concrete frame [9]. 

Foundation movements are a common cause of cracking in masonry 
walls, particularly in low-rise buildings on certain types of clay soils. A void
ance of damage from this cause depends on adequate attention to founda
tion design which, however, is beyond the scope of this book. 

Clay, concrete and calcium silicate units are relatively resistant in normal 
conditions of exposure but disruption of masonry can occur as a result of 
chemical attack on mortar or corrosion of embedded steel. Thus ordinary 
cement mortars are vulnerable to attack by sulphates originating either in 
ground water or in clay units which have an unduly high content of soluble 
sulphate. A voidance of trouble from these causes lies in the correct selec
tion of materials and the provision of adequate cover for carbon steel 
components [7]. 
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2 

2.1 

MASONRY MATERIALS 
IN COMPRESSION 

Compressive strength: general 

The strength of masonry in compression, tension and shear has been the 
subject of systematic investigation over a very considerable period. As 
masonry structures are primarily stressed in compression, there has natu
rally been a concentration of interest in the resistance of the material to this 
type of loading, and many investigations have been carried out with a view 
to establishing the relationship between available unit types and materials, 
and a variety of mortar mixes. These tests have formed the basis for the 
masonry strengths used in structural design codes, and in order to reduce 
the almost unlimited range of unit and mortar combinations to manageable 
proportions, tables of basic compressive strength have been evolved in 
which the principal variables are the unit compressive strength and the 
mortar mix. The strengths of the component materials are defined by stand
ardised tests, which do not necessarily reproduce the state of stress in the 
component material in service, but which serve as index values in the 
selection of design stresses. 

2.2 Factors affecting compressive strength 

Research work has shown that the following factors are of importance in 
determining the compressive strength of masonry: 

Unit characteristics 
Strength 
Type and geometry 

Solid 
Perforated 
Hollow 
Relative height 

Absorption 

Mortar characteristics 
Strength 

Mix 
Water/cement ratio 
Water retentivity 

Relative deformation 
characteristics 

Relative thickness 

16 

Masonry 
Bond 
Direction of 

stressing 
Local stress 

raisers 
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Some of these factors, such as the unit characteristics, are determined in the 
manufacturing process, while others, such as mortar properties, are suscep
tible to variations in constituent materials, proportioning, mixing and accu
racy of construction. 

2.2.1 Indications from standard tests 

A number of important points have been derived from compression tests on 
masonry and from associated standard materials tests. These include, firstly, 
the observation that masonry loaded in uniform compression will fail either 
by the development of tension cracks parallel to the axis of loading or by a 
kind of shear failure along certain lines of weakness, the mode of failure 
depending upon whether the mortar is weak or strong relative to the unit. 
Secondly, it is evident that the strength of masonry is smaller than the 
nominal strength of the unit in a compression test. On the other hand, 
the masonry strength may greatly exceed the cube crushing strength of the 
mortar. Finally, it has been found that the compressive strength of masonry 
varies roughly as the square root of the unit strength and as the third or 
fourth root of the mortar cube strength. 

From these observations it may be inferred that (1) the tensile splitting 
failure, when it takes place, is initiated by the restrained deformation of the 
mortar in the bed joints; (2) the apparent crushing strength of the unit, 
when this type of failure occurs, is not a direct measure of the strength of 
the unit in the masonry, since the mode of failure is different in the two 
situations; (3) the mortar is able to withstand higher compressive stresses in 
the bed joint than in a cube because of the restraint on its lateral deforma
tion imposed by the units. 

2.2.2 Effect of properties of bed materials 

While the cube crushing strength of mortar is only weakly related to the 
masonry strength by a third or fourth root relationship, the properties of 
the bed material exert a controlling influence on the masonry strength 
achieved; this has been demonstrated by a number of investigations. Francis 
et al. [1] showed that brickwork prisms consisting of loose bricks, the bed
ding planes of which had been ground flat, achieved compressive strengths 
approximately twice as high as those obtained from prisms with normal 
mortar joints. Astbury and West [2] reported a similar effect in relation to 
brickwork cubes. 

A series of experiments conducted by the Structural Clay Products 
Research Foundation in the United States [3] examined the effect on the 
compressive strength of brick couplet specimens in which the jointing ma
terials ranged from O.8mm aluminium sheet placed between ground sur
faces to a normal cementlime:sand mortar, and included a dry sand joint 
contained by adhesive tape. Some of the results of these experiments are 
summarised in table 2.1. 
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The effect of bed material on brick prism strength was also investigated 
by Morsy [4]. In his experiments the bed material in a series of model brick 
prisms was varied, from rubber at one end to steel at the other, and the 
results of these experiments, summarised in table 2.2, show that there is an 
eight-fold change in the prism strength with the substitution of steel for 
rubber in the bed joints. In the case of rubber jointing material the bricks 
failed in tension as a result of tensile stresses induced by the deformation 
of the rubber. Steel in the bed joints, on the other hand, had the effect of 
restraining lateral deformation of the bricks and this induced a state 
of triaxial compressive stress in them. Failure in this case was by crushing as 
in a typical compression test on a brittle material. 

Since the deformation properties of the joint material between masonry 
units is critical, it follows that the higher the ratio of mortar joint thickness 
to height of masonry wall, the greater will be the tendency for the unit to fail 
by lateral splitting. This has been demonstrated experimentally by several 
investigations [1,5-7], and some of the results obtained are shown in figure 
2.1. 

Table 2.1 Effect of different joint materials on the compressive strength 
of brick couplets (Monk [3]) 

Joint material 

Aluminium sheet 
Mortar (1 :t:4}) 
Sand 
Ground surfaces 

Compressive strength 
(Nlmm2) 

106 
44 
65 
98 

Ratio to brick strength 

0.96 
0.40 
0.59 
0.89 

Table 2.2 Effect of different joint materials on the compressive strength 
of three brick stack prisms; one-sixth scale model bricks, faces ground 

fiat; six specimens of each type tested (Morsy [4]) 

Joint material 

Steel 
Plywood 
Hardboard 
Polythene 
Rubber with fibres 
Soft rubber 
No joint material 
Mortar (1 :~: 3) 

Compressive strength 
(Nlmm2) 

56.48 
46.39 
43.89 
16.99 
11.71 
6.99 

37.20 
14.0 

Ratio to brick strength 

1.4 
1.15 
1.09 
0.42 
0.29 
0.17 
0.93 
0.35 
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Figure 2.1 Effect of mortar/brick thickness ratio on brickwork compressive 
strength: comparison with experimental data 

An essential difference between brickwork and solid block masonry can 
be seen from this diagram in that the ratio of joint thickness to unit height 
in brickwork is typically 0.15 and in blockwork about 0.05 or less. The 
influence of the mortar joint in relation to the compressive strength of the 
masonry is thus much less in blockwork and the strength of the masonry 
more closely approaches that of the unit. 

In certain types of concrete blockwork, the mortar strength is similar to, 
or even greater than, the unit strength. In such a case, the mortar will tend 
to reduce the lateral strains in the blocks, and a kind of shear failure along 
certain lines of weakness in the masonry will be observed rather than the 
vertical tensile cracking typical of brickwork. 

2.2.3 Effect of unit height 

It should be noted also that the apparent strength of units of the material in 
a conventional compression test decreases with the height of the unit. This 
follows because the strength of a unit in such a test is influenced by friction 
between the unit and the platens of the testing machine, which has the effect 
of reducing the lateral strain in the unit. The platen effect is clearly reduced 
for a unit of given thickness as its height is increased and thus the apparent 
compressive strength is reduced. This is illustrated in figure 2.2 which shows 
the strength of the unit with platen restraint related to its unconfined 
compressive strength, plotted against the aspect ratio (height/thickness). 
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Figure 2.2 Ratio of unit strength with platen restraint to unconfined compressive 
strength against aspect ratio (after Page) 

This diagram is based on results obtained by Page [8] from tests on calcium 
silicate units. 

The combined effect of the joint thickness factor and the apparent unit 
strength, also related to height, is to give ratios of masonry strengths to unit 
strength higher than those for brickwork, suggesting that blockwork is 
'more efficient' than brickwork. In terms of real material strengths, how
ever, this is illusory and any comparison of brickwork and blockwork 
strengths must take into account the relative height of the units. 

2.2.4 Masonry with perforated and hollow block units 

A number of investigators have studied the effect of different types of units 
on compressive strength - an extensive series of tests was undertaken by 
West et al. [9] at the British Ceramic Research Association to examine the 
compressive strength of brickwork built with a variety of wire-cut bricks 
having different hole patterns with perforation ratios up to 20 per cent. The 
results of these tests showed that if the brickwork strength was calculated 
on the basis of a standard crushing test on the unit, the perforation pattern 
made little practical difference. In these tests, the perforations were either 
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circular holes or slots with round ends, but in some tests reported by Monk 
[3] the units had rectangular slots, and these tests showed reduced 
compressive strength in prisms. It would seem probable that such slots 
would introduce stress concentrations, not only in service but also in manu
facture, which would be a source of weakness. 

Schellbach [10] has examined the strength of various types of highly 
perforated units and has found that the highest ratio of masonry strength 
to unit strength was obtained with a perforation ratio of 38-43 per cent. 
Schellbach's study included examination of stress concentration factors 
associated with different perforation patterns, and he concluded that these 
remain within acceptable limits even with rectangular slots, provided that 
the corners are well rounded. 

Hollow block masonry may be built with the cores either unfilled or filled 
with concrete. In the former case the mortar joint may cover the whole of 
the bed face of the block (full-bedded) or only the outer shells (face-shell
bedded). These different construction methods result in considerable vari
ations in structural behaviour and this quite clearly results in a more 
complex situation than for solid units in assessing masonry strength. 

It is usual to take the strength of hollow units which are to be laid full
bedded as the maximum test load divided by the gross area of the unit. This 
value is then used to determine the masonry strength as if the unit were 
solid. 

The stress conditions and mode of failure of shell-bedded hollow block 
masonry differ considerably from those in solid block masonry. They have 
been investigated by Shrive [11] who has shown that tensile stresses are 
developed in the webs of the blocks, which eventually lead to failure. This 
may be illustrated by reference to figure 2.3 which shows, in simplified 
form, the stress conditions in a quadrant of the web of a hollow block 
with face-shell bedding. Compression from the block above is applied at 
point A setting up compressive stresses along the line BC at mid-depth of 
the block. For equilibrium, a stress system must result along the line CD 
with tensile stresses towards the top surface of the block. If the load is 
applied eccentrically, the location of the tensile stresses causing failure 

Face shell 

Figure 2.3 Failure of face-shell bedded masonry; quarter section of block (Shrive) 
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will move in the same direction as the load, but with higher eccentricities 
the mode of failure will be modified [12). Shrive has found failure stresses 
under eccentric loading to be higher than under axial loading, but tests by 
Drysdale and Hamid on hollow blockwork prisms have not shown this 
effect [13]. 

The strength of shell-bedded masonry should be calculated on the basis 
of the mortared area of the units and if the strength is assessed by prism 
tests, the specimens should be shell-capped and not loaded over the total 
area of the unit. Because of the possible strain-gradient effect and the 
change in mode of failure, tests should be carried out under eccentric as 
well as axial load conditions. 

Hollow blockwork masonry is frequently built with the cores filled with 
concrete (grout). The compressive strength of this type of masonry is found 
to be considerably less than the sum of the strengths of the hollow block and 
concreted core tested separately, even when the materials are of approxi
mately the same nominal strength. This is because there is a difference in 
the strains in block and fill materials at ultimate load. Thus Hamid and 
Drysdale [14] have found the strain at ultimate strength of fill material used 
in their investigations to be about 0.0024 compared with the strains at 
failure of the block material of 0.0036. This leads to large tensile lateral 
stresses in the hollow block and failure before it has reached its ultimate 
strength. The properties of hollow block and core materials have been 
further investigated by Khalaf et al. [15]. 

2.2.5 Natural stone masonry 

Although very little new construction is carried out in stone masonry, there 
is frequently a need to assess the strength of this material in the course of 
renovation or restoration of old buildings. Very little information is avail
able from laboratory tests on stone masonry other than from a series of tests 
carried out at Edinburgh University. These tests included two on large piers 
taken from a building which was being demolished and two series of tests on 
laboratory built specimens, the results of which are summarised in table 2.3. 
The masonry strengths from the small pier tests are plotted against stone 
strengths in figure 2.4. 

The relatively low strength of the large pier taken from the building will 
be understood from figure 2.5 which shows its cross-section. The outer face 
of the pier was built in ashlar masonry while the inner face was in random 
rubble. In the test the inner-face masonry failed first, throwing an eccentric 
load on the ashlar masonry. The laboratory built piers were constructed in 
coursed rubble and may be considered to give a reasonable indication of the 
strength of such masonry in good condition. 

Stone masonry built from accurately shaped blocks with thin joints 
would approximate in strength to the stone strength irrespective of the 
mortar strength. 



Table 2.3 Tests on stone masonry piers 

Piers removed from building - sandstone 

Pier no. Cross- Stone Mortar First Failure 
sectional strength strength crack stress 

(m2) (Nlmm2) (Nlmm2) (Nlmm2) (Nlmm2) 
A 1.04 112 0.78 2.15 
B 0.99 112 0.78 1.21 2.78 

Piers built in laboratory 
Average size of piers 775 x 410 x 930 (w X t X h) mm 
No. of courses 5 
Average stone size 360 X 200 X 160mm 
Joint thickness 20mm 

Pier no. Type of Crushing Mortar mix Stress at Failure 
stone strength and strength first crack stress 

(Nlmm2) (Nlmm2) (Nlmm2) (Nlmm2) 

First 
series 
1.1 

Whinstonc 1 167.6 6.16 9.86 
1.2 Limestone 31.0 3.58 4.88 
1.3 Sandstone 38.6 1:2:9 2.77 4.24 
1.4 Sandstone 46.8 (2.57) 6.30 6.93 
1.5 Granite 130.6 4.94 10.91 
1.6 Granite 130.6 5.81 12.32 

Second 
series 
2.1 49 1:2:9 2.77 5.96 
2.2 49 1:2:9 3.48 6.38 
2.3 49 1: 3: 12 5.09 7.14 

(1.25) 
2.4 49 1 :3: 12 3.96 7.07 

(1.30) 
2.5 35 1 :3: 12 2.50 4.09 

(0.95) 
2.6 35 1: 3: 12 2.94 4.36 

(1.40) 
2.7 58 1 :2:9 4.37 11.12 

(1.4) 
2.8 87 1:2:9 3.36 >11.8 

(1.18) 
2.9 83 1 :2:9 4.35 10.14 
2.10 83 1:2:9 7.15 10.98 
2.11 65 1 :2:9 4.95 10.22 

(2.0) 
2.12 65 1:2:9 5.51 11.16 

(2.1) 
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Figure 2.4 Compressive strength of rubble masonry piers in 1: 2: 9 mortar 

Figure 2.5 Cross-section of piers taken from demolished building 

2.2.6 Effect of brickwork bond, wall type and direction of loading 

200 

In general the effect of various brickwork bonds on basic compressive 
strength has been shown to be relatively small, but the results of a few tests 
[16] on walls built in what is sometimes described as stretcher bond, that is, 
two leaves or wythes of brickwork without headers, suggested that this type 
of masonry is of lower strength than normally bonded brickwork of the 
same materials. The comparisons leading to this conclusion were, however, 
rather limited, but some further work reported by Beard [17] indicated that 
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the strength of a 219 mm wall, consisting of two 105 mm leaves, was reduced 
by about 16 per cent when butterfly wire ties giving 40mm2/m 2 of wall 
were used and by about 10 per cent when using special rectangular ties 
giving 340mm2/m2 of wall. On the other hand, comparative tests by 
James [18, 19] on 219mm walls with headers every fourth course, and 
219 mm stretcher bond walls with various kinds of ties, showed no signifi
cant difference between the two types. Also some model-scale tests in 
which standard twisted steel ties were simulated, showed no significant 
reduction in strength, while stretcher bonded walls without ties showed 
about an 11 per cent reduction. Although the number of tests is rather 
limited, it would appear that the difference between the strength of 
stretcher bond walls and normally bonded walls is unlikely to be greater 
than 10 per cent, with normal spacing of twisted steel ties, and therefore 
unlikely to be important considering the safety factors currently used in 
brickwork construction. 

Closely related to the stretcher bond wall is the open cavity wall built of 
two stretcher bond leaves of equal thickness. Tests on cavity walls equally 
loaded on both leaves [20] indicated that the strength of the wall was about 
70 per cent of the strength of two single-leaf walls of the same materials. 
The probable reasons for this were suggested to be that: (1) it is difficult to 
ensure that loading is equally applied to the two leaves, (2) it is difficult to 
construct both leaves of a cavity wall equally well in terms of ensuring that 
the joints are completely filled, and (3) the strength of the cavity wall will be 
limited by the strength of the weaker leaf, failure of which will precipitate 
failure of the whole wall. An investigation conducted by Fisher [21] showed 
about a 14 per cent reduction in cavity wall strength for walls built of 
perforated bricks, and no difference for single frog, semi-dry pressed bricks. 
These tests also indicated that the strength of cavity walls is not greatly 
affected by tie spacing, even when the cavity wall was loaded only on one 
leaf. Cavity walls tested by James [18] under axial load were practically 
equal in strength to two single-leaf walls. The number of tests reported is 
again rather small and is insufficient to resolve the apparent discrepancy 
between the various results. It WOUld, however, be reasonable to assume 
that the brickwork in a 270mm cavity wall was equal in strength to that of 
a 229mm bonded wall of the same height. 

It has been found by many investigators [9, 18, 19,21-23] that, in terms 
of ultimate compressive stress, walls whose thickness is equal to the width 
of the bricks used are stronger than bonded walls. Thus a 105 mm thick 
masonry wall is significantly stronger than a 219mm bonded masonry wall 
built with the same materials. This point may be illustrated by reference to 
the results of comparable tests reported by James [18], Fisher [21] and 
Bradshaw and Hendry [23]. In each case 105mm and 219mm walls built of 
the same materials were tested, and the load factor for each wall was 
calculated on the basis of the code of practice in use at the time and place 
of the tests, with the following results: 
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James 
Fisher 
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Bradshaw and Hendry 

l05mm 
10.6 
7.4 

14.9 
7.5 

219mm 
7.2 
4.3 
5.6 
3.6 

An extensive series of tests on 105 mm walls built of wire-cut bricks 
carried out by West et aL. [9] and the earlier results of Bradshaw and Hendry 
[23] provide further evidence of the consistently high load factors found 
experimentally for this type of brickwork. The point also emerged clearly 
from the statistical analysis by Hendry and Malek, discussed in section 
2.3. 

In certain situations, brickwork may be stressed in compression in direc
tions other than normal to the bed joint. A number of investigations [24-27] 
have therefore been carried out to determine the strength of brick masonry 
in which the brickwork is compressed parallel to the bed joints with the 
bricks stressed parallel to either their length or thickness. Some of the 
results reported are summarised in table 2.4. These cover a range of brick 
types and strengths but do not show any consistent relationship between 
the perforation pattern and the brick and prism strengths. As would be 
expected, the strength of the unit tested in a direction other than normal to 
the bed joint is considerably reduced, but the prism strength does not vary 

Table 2.4 Compressive strength of bricks and prisms compressed in 
different directions (Sinha and Pedreschi) 

Brick type Brick strength (Nlmm2) tested 

On bed On edge On end 

14 hole 74.3 (100) 26.2 (35) 10.4 (14) 
10 hole 70.2 (100) 29.5 (42) 21.7 (31) 
3 hole 82.0 (100) 53.2 (65) 40.2 (49) 
5 slots 64.1 (100) 51.8 (81) 13.8 (22) 

Brick Prism strength (Nlmm2) laid 

On bed On edge On end 

On end 
14 hole 28.9 (100) 8.5 (29) 14.6 (51) 
10 hole 22.0 (100) 15.0 (66) 20.0 (91) 
3 hole 37.6 (100) 30.5 (78) 21.8 (56) 
5 slots 34.1 (100) 29.0 (85) 13.9 (41) 
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Figure 2.6 Longitudinally stressed hollow concrete blockwork 

in the same proportion. Also the ratio of prism strength to brick strength in 
the various directions is generally quite different. It is not, therefore, a 
reliable procedure to base an estimate of masonry strength, when the units 
are stressed in a direction other than normal to the bed joint, on the 
strength of the unit tested in the relevant direction. It would appear that the 
only method of determining brickwork strength for a particular type of 
brick in these circumstances is to carry out a series of tests on appropriately 
designed specimens. 

Grouted hollow blockwork is used for reinforced masonry beams and in 
this situation the blocks may be stressed in the longitudinal direction. This 
case has been investigated by Khalaf [28] who points out the important 
difference in behaviour between flat-ended blocks and those which are of 
the shape indicated in figure 2.6. With blocks of this type a void is created 
between abutting units, which mayor may not be filled with concrete. If 
these voids are not filled , the blocks will be loaded through the face-shells. 
As in the case of filled hollow blockwork loaded normal to the bed face, the 
strength of specimens loaded longitudinally shows a reduction compared 
with unfilled blocks. This is again attributable to the difference in strain 
compatibility between the block and core fill materials. At present there is 
insufficient information on which to base a general method of determining 
masonry strength in this direction , and in practice recourse must be made to 
tests. In this respect, it would appear that tests on appropriately filled single 
block prisms would give a reasonable estimate of masonry strength. 

2.3 Empirical formulae for the compressive strength of masonry 

There is now available a considerable volume of data from tests on masonry 
waIIs carried out in various countries in the world [9, 10, 15-23,29-54] and 
covering a wide variety of unit types and strengths. Hendry and Malek [55] 
have carried out a statistical analysis of several hundred waII tests and have 
obtained best fit equations for the mean strength of storey height brickwork 
waIIs 102.5 mm and 215 mm thick built with solid units in 1: 114: 3 and 
1 : 1 : 6 cement:lime:sand mortar. The 102.5 mm thick waIIs were of the same 
thickness as the units while the 215 mm waIIs were of bonded brickwork 
equal in thickness to the length of a brick. The equations obtained were as 
follows: 
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Masonry thickness (mm) 

102.5 
215.0 

Mean compressive strength of wall 
(Nlmm) 

f = 1.242fg,31 f~208 (2.1) 
f = 0.334f~m f~234 (2.2) 

where fb and fm are respectively the brick and mortar compressive strengths. 
These equations are shown in figure 2.7 for four typical mortar strengths 
and for 102.5mm thickness. 

Making allowance for the slenderness ratio of the 102.5 mm test walls on 
the basis of a slenderness reduction factor of 0.77, characteristic masonry 
strengths are given by the same equations but with initial constants of 1.017 
and 0.217 for the 102.5 and 215 mm walls respectively. The resulting curves 
are shown in figures 2.7 and 2.8. 

Following earlier work, Rostampour [52] found that the mean 
compressive strength of blockwork masonry built in 1: 1 : 6 cement:lime: 
sand mortar is well represented by the equation 

t. = 0 9£°·67 f°.33 
mw . J b m (2.3) 

This applies to masonry in which the block strength:mortar strength is 
greater than 1.7 and the ratio of block height to thickness is around 2.2. 
Figure 2.9 shows a comparison between this formula and experimental 
results [52]. Based on a statistical analysis of the results of 925 wall tests in 
various types of unit and mortar strengths Mann [56] observed a relation
ship between masonry, unit and mortar strengths fmw = 0.83f~66 f~33, which 
is similar to that found by Rostampour. 

30 

20 

10 

Compressive strength of brick (N/mm2) 

Figure 2.7 Mean compressive strength of walls against brick strength for 102.5 mm 
thick brickwork in various mortars. Derived by statistical analysis of test results 
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Figure 2.8 Characteristic strength of brickwork in 215 mm thick walls built in 
various mortars. Derived by statistical analysis of test results 
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Figure 2.9 Compressive strength of solid concrete blockwork in 1: 1 : 6 mortar 
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Kirtschig [57] has shown that for different types of mortar the modulus of 
elasticity rather than the strength is the controlling factor and has accord
ingly proposed the relationship 

f' = 0 97'f'0.43 EIJ.26 N/mm 2 
Jmw . Jb vrno (2.4 ) 

where Evrno is the elastic modulus of the mortar divided by 1000. 
The above formulae apply to rather specific sets of results and attempts 

have been made to derive equations of a more general nature, applying to 
both brickwork and blockwork. Thus Render and Phipps [58] have sug
gested a bi-linear representation of the unit/masonry strength on the basis 
of collected brick and block masonry wall tests. This relationship varies 
according to the mortar strength and applies to a unit of heightlthickness 
ratio of 0.65, which is typical of a brick. For other shaped units these 
authors have derived the unit shape factor, shown in figure 2.10, which will 
give the equivalent strength of the unit of hit ratio 0.65 to be used in 
determining the masonry strength from the appropriate unit/masonry 
strength relationship. 

A somewhat similar proposal for calculation of characteristic strength 
has been adopted in Eurocode 6 [59] using the equation: 

where K is a factor depending on the type of masonry 
fb is the 'normalised' compressive strength of a masonry unit 
fm is the mean compressive strength of mortar. 

(2.5) 

The recommended values of K vary from 0.6 for walls which are of the 
same thickness as the units and of the highest category of quality, to 0.4 in 
the case of walls which have a longitudinal joint in their thickness and are of 
lower quality units. The normalised unit strength is intended to be the 

S 1.5 

~ 
c 
Q 
..... 1.0 
~ o 
u 

'" g. 0.5 
-5i 

\ 

0.5 

1'---
I 
~ 

I 

I 
I 
to.65 

1.0 1.5 2.0 2.5 3.0 

Unit height/thickness 

Figure 2.10 Relationship for the conversion of unit strength to equivalent strength 
of unit with the height-to-thickness ratio of 0.65 (Render and Phipps) 
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equivalent of a 100mm cube, introduced to give a single formula for units of 
different proportions. The Eurocode gives a table of values for a constant 6 
by which the test strength of the unit should be multiplied to give fb in the 
formula. Very similar values are given by the following formula derived by 
Khalaf and Hendry [60] from test results: 

( /
! )0.37 

b = h \A 

where h is the height of the unit 
A is the loaded area. 

Drysdale and Hamid [13] have given the following equation for grout 
filled hollow block prisms: 

f~g = ~[1 -K(l - ~) 2gu lf~u + (1 - ~)fcg 
where 
~ = core area ratio 
!cg = compressive strength of the grout material 
f~u = compressive strength of the block material 

(2.6) 

K = a stress adjustment factor = 1.08 + O.211n where n = Eblockl E grout • 

This relationship shows good agreement with experimental results 
over a range of grout strengths up to 50N/mm2, as may be seen from figure 
2.11. 
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Figure 2.11 Grouted prism strength against grout strength (block strength 
16 N/mm2, ~ = 0.62, K = 1.15) (Drysdale and Hamid) 
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2.4 Effects of certain constrnction details 

2.4.1 Concentrated loads on masonry 

It has been known for many years that the contact stress between a beam
bearing and a supporting masonry wall may considerably exceed the 
uniaxial strength of the material. The effect is allowed for in various design 
codes and has been the subject of considerable investigation in recent years 
[61-76]. 

Experimental and analytical studies of the problem have been reviewed 
by Page and Hendry [75]. This review showed that the following factors 
influence the enhancement of strength in the region beneath a concentrated 
load: 

1. the ratio of the loaded area to the length of the wall 
2. the position of the load along the wall 
3. whether the load extends across the full width of the wall or is 

limited to part of the width (that is, strip or patch loading) 
4. whether the load is applied through a rigid or a flexible plate 
5. the type and strength of the masonry materials 
6. the length-to-height ratio of the wall and its thickness 
7. the presence of compressive loading from above 
8. the presence of a spreader beam or padstone 
9. the application of mUltiple loads. 

In view of the large number of such factors and with differences in testing 
procedures and interpretation it is not surprising to find that experimental 
results show considerable variation. One of the most critical factors influ
encing evaluation of test results is the definition of the uniaxial compressive 
strength of masonry. Ideally, the increased bearing strength should be 
related to the strength of a storey height wall, with sufficient tests being 
performed to establish mean and characteristic values of material strength 
under both uniform and concentrated loading. This has seldom been 
achieved in reported test programmes and in most cases the results are 
based on the mean of only a few tests. Collected results of tests on brick
work built of solid units are shown in figure 2.12 in which the enhancement 
factor is plotted on a base of loaded-area ratio for loads applied at the 
centre and at the end of a wall of limited length. These parameters are the 
most important and lower bound curves are shown for the two loading 
cases, the equations for which are shown. 

As may be observed, the enhancement factor rises sharply for values of 
the loaded-area ratio less than about 0.15 and is greater for the centrally 
loaded case. The enhancement factor for loaded-area ratio greater than 0.3 
is very small. Tests show that the relationship defined for strip loading also 
applies with reasonable accuracy to patch loading. 

Most tests have been carried out on small specimens of roughly square 
aspect ratio. In these cases the loaded-area ratio has been calculated on the 
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Figure 2.12 Concentrated load enhancement factors: (a) central load; (b) end load 

basis of the full plan area of the specimen, but in practice it is obvious that 
a limited length of wall has to be taken as the effective length in defining the 
loaded-area ratio. 

Page and Hendry [75] have suggested that for a central strip load the 
effective length may be taken as the actual length but not greater than 
(b + 1.2h), where b is the length of the loaded area and h is the height of the 
wall. This is based on the concept that the spread of load will be contained 
within a 45° line from the edge of the loaded area and that the vertical 
compressive stress will be relatively uniform at 0.6 of the wall height from 
the top. 

Applying this definition of effective length to a wall 2.5 m in height 
carrying a beam 150mm in width would mean that the length of wall to be 
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considered, assuming central loading, would be 3.15 m, giving a loaded-area 
ratio of 0.048. With an end load the effective length would be 1.05 m and the 
loaded-area ratio 0.14. Comparing the enhancement factors from figure 
2.12 will show that the end loading case gives a considerably smaller in
crease in strength than the centrally loaded case. 

The effect of compressive loading from above must in principle be to 
reduce the failure stress under a concentrated load. Experiments reported 
by Hendry [76] indicate that the effect may be neglected for compressive 
stresses from above up to 30 per cent of the compressive strength of the 
masonry using the enhancement factors given above. 

There is little or no experimental evidence as to the effect of spreader 
beams or pad stones, in the absence of which it would seem reasonable to 
assume a dispersion of the concentrated load through the beam at 60° or 45° 
and then to evaluate the strength enhancement by the method described 
above. Similarly, there is an absence of data on the effect of multiple loads 
on a wall. In this case it would seem logical to calculate the effective length 
for each load and to terminate it where it overlaps with adjacent loads. 

The above discussion applies only to masonry built in solid units. It has 
been found [63] that there is no strength enhancement for concentrated 
loads applied at the end of a wall built in perforated units. Investigation of 
concentrated loads on hollow block masonry by Page et al. [74] shows that 
in this case the mode of failure is by splitting of the webs of the blocks rather 
than by vertical cracking. 

2.4.2 Chases in masonry 

In practical building construction the need to accommodate electrical wir
ing conduit, switch boxes and other fittings frequently leads to the cutting of 
chases and holes in brickwork; if the walls are slender this may lead to an 
appreciable reduction in wall strength. Tests by Prasan et al. [22] indicated 

Table 2.5 Decrease in strength with chasing 

Wall type Percentage decrease in strength 

178mm walls 102.5 mm walls 215mm walls 

A 11.2* 16.9* 23.8* 
B 6.7 1.1 * 
C 1.2 14.7 
D 20.1 4.0 6.4 
E 13.1 * 13.3* 
F 9.S 7.7* 28.5* 

* Based on one result only: in other tests mean of three walls. 
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Figure 2.13 Effect of chases on compressive strength; patterns of chases tests by 
Fisher 

that vertical chases 19mm wide by 12mm deep in a 105mm wall had little 
effect on strength. In a more extensive investigation, Fisher [46] tested walls 
of 102.5mm, 178mm and 215mm thickness with 38mm wide by 25mm 
deep chases cut in the patterns shown in figure 2.13. The decrease in 
strength as compared with corresponding walls without chases may be seen 
in table 2.5. 

Kirtschig and Metje [77] have reported an extensive series of tests on the 
effect on the compressive strength of walls built in perforated clay brick 
masonry vertical and horizontal chases. The type of masonry used in this 
investigation was quite different from that in Fisher's work and the size of 
the chases much larger. Nevertheless, the maximum reduction of strength 
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was of the order of 25 per cent in both cases. Kirtschig and Metje conclude 
that the reduction in strength may be considered to be in proportion to the 
reduction of the cross-sectional area up to a limit of 25 per cent, and suggest 
various other limitations on the size and location of chases or recesses. 

In general, it would seem prudent to limit the cutting of chases and the 
like in highly stressed walls, and where they are essential they should 
preferably be formed during construction of the wall or at least with special 
tools. Horizontal and diagonal chases should be avoided unless specifically 
allowed for in the structural design of the wall. 

2.5 The effect of workmanship factors on compressive strength 

In common with other construction materials and techniques, the strength 
of masonry is affected by site workmanship. To some degree this has been 
exaggerated, and has led to the adoption of very large safety factors in 
design codes that do not take into account the factors involved, and thus the 
possibility of achieving near laboratory strengths by appropriate control 
measures. It is therefore essential to identify the workmanship factors that 
are significant in relation to strength and serviceability, and from there to 
devise the necessary specification clauses and site control measures. It 
should be made quite clear that we are not concerned here with gross errors 
or omissions - such as the use of the wrong bricks or mortar materials, or 
with defective materials - but with the identification of various defects in 
site work and an assessment of their effect on the performance of masonry. 
The most obvious workmanship factors are as follows: 

Incorrect proportioning and mixing of mortar 
Incorrect adjustment of suction rate of bricks 
Incorrect jointing procedures 
Disturbance of units after laying 
Failure to build walls 'plumb and true to line and level' 
Unfavourable curing conditions. 

Practically all available information of a quantitative nature on the effect of 
these factors relates to brickwork, and the following discussion will be in 
terms of this type of masonry. However, some of the effects will apply 
equally to blockwork. 

2.5.1 Incorrect proportioning and mixing of mortar 

The effect of mortar strength on the compressive strength of brickwork has 
been referred to in previous sections of this chapter. Generally, the mortar 
strength, as defined by cube crushing strength, is not a very critical factor in 
masonry strength; for example, with bricks of crushing strength 35 N/mm2, 
a halving of the mortar cube strength from 14N/mm2 to 7N/mm2 may be 
expected to reduce the compressive strength of the brickwork from about 
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16N/mm2 to 14N/mm2. This corresponds roughly to a change in mortar mix 
from 1: 3 cement to sand to 1 : 4} or, say, 30 per cent too little cement in the 
mix. A similar reduction in mortar strength could, of course, be brought 
about by an excess of water - moving from a water:cement ratio of about 0.6 
to one of about 0.8 in a typical case. McIntosh [78] has stated that "the 
cement content of a 1: 1 : 6 mix composed of cement gauged with ready
mixed lime:sand for mortar, could vary from about 13} to 19% of the weight 
of dry lime plus dry sand; the corresponding range in water: cement ratio 
required to produce mortar of standard consistency was from about 1.6 to 
1.1 resulting in a change of 7 day strength from 2.9 to 6.5 N/mm2. Greater 
differences might be expected if all the materials are batched separately on 
site." Thus it is clear that while a 2: 1 variation in the strength of site
produced mortar to the same nominal specification is possible, the effect on 
masonry compressive strength is proportionately much less, at any rate 
when the units are of low to medium strength. In the case of high-strength 
units, however, the effect of variation of mortar strength is likely to be more 
significant. 

2.5.2 Incorrect adjustment of suction rate 

In order to achieve optimum brickwork strength it has long been realised 
that the suction rate of bricks should be controlled to prevent excessive 
removal of water from the mortar. It seems possible that the water ab
sorbed by the bricks leaves cavities in the mortar, which fill with air and 
result in a weakened material on setting. On the other hand, brickwork built 
with saturated bricks develops poor adhesion between bricks and mortar, 
and is of course susceptible to frost damage and other troubles. Some 
specifications recommend a limiting suction rate, or alternatively the use of 
a high retentivity mortar to control the extraction of water from the mortar. 
In so far as water extraction affects the final strength of mortar, one would 
not expect it to result in a serious weakening of brickwork in compression. 
However, Haller [29] has demonstrated that, in certain circumstances, suc
tion rate has a considerable effect on brickwork strength because de-wa
tered mortar tends to form a rounded joint during building owing to a loss 
of 'elasticity'. It would appear, for example, that with eccentric loading an 
increase in the suction rate from 2 kg/m2/min to 4 kg/m2/min could halve the 
compressive strength of a slender masonry wall. 

It is clear, therefore, that suction rate is a factor to be taken very seri
ously, especially in the case of slender walls built in relatively low-strength 
bricks. If the bricks being used have a high initial rate of absorption, it is 
clearly essential to adjust this by wetting them before laying. 

2.5.3 Incorrect jointing procedures 

A variety of defects can arise from incomplete filling of joints and some 
evidence is available on the structural effects of these defects. The effect of 
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incomplete filling of perpend joints has been investigated by the British 
Ceramic Research Association [79] and by the Building Development 
Laboratories of Australia [80]. A total of thirty walls were tested at BCRA 
with unfilled vertical joints, using two types of brick and mortar with the 
results shown in table 2.6. Statistical examination of the results showed that 
there was no significant difference between corresponding sets of walls with 
joints filled and unfilled. The Australian tests (table 2.7) also showed that 
unfilled vertical joints had no significant effect on the strength of walls. 
There are theoretical reasons for expecting that this would be the case, but 
careless filling of vertical joints may be indicative of poor workmanship in 
other respects, and would certainly reduce non-structural performance in 
terms of sound insulation and resistance to rain penetration to a serious 
extent. 

Incomplete filling of bed joints is, from the structural point of view, much 
more serious and has been investigated by the Structural Clay Products 
Institute in the United States [81] and by the Building Research Laborato
ries in Australia [80]. In the SCPI tests, the results of which are summarised 
in table 2.8, the 'uninspected' workmanship included unfilled vertical joints, 
as well as deeply furrowed bed joints, and resulted in a reduction of strength 
of about 33 per cent. As it is known that unfilled vertical joints do not affect 
strength significantly, it may be assumed that most of this reduction arose 
from the furrowed bed joints. The Australian tests (table 2.7) show a 
reduction of similar magnitude from this cause. 

This third factor in brickwork jointing is that of thickness, which has 
already been discussed in section 2.2.2. This has been investigated by the 
Building Research Laboratories in Australia and at the Universities of 
Edinburgh [20] and Melbourne [1], and elsewhere [3]. It is difficult to 
compare the results of all these investigations, but it has been shown 
beyond doubt that excessively thick bed joints, say 16-19mm, may be 
expected to reduce the strength of brickwork by something of the order of 
30 per cent, as compared with normal 10 mm thick joints. This is of the same 
order of magnitude as the reduction caused by deep furrowing, but exces
sively thick joints are at least easily seen. 

Another laying defect arises from the practice of spreading too long a 
bed of mortar - only sufficient mortar should be spread as will permit bricks 
to be set in plastic mortar. There is, however, no quantitative data on the 
effect of this defect on brickwork strength. 

2.5.4 Disturbance of bricks after laying 

Any disturbance of bricks after they have been placed will result in the 
bond between bricks and mortar being broken, with possible adverse 
effects on strength and resistance to moisture penetration. This commonly 
happens at corners, when the bricklayer attempts to correct plumbing 
errors by hammering bricks into a true plumb position, but there is no 
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Table 2.6 Effect of unfilled perpend joints on strength of brick walls 
(tests carried out by the British Ceramic Research Association) 

Mean brick Mortar Mean mortar Wall thickness Cross-joints Wall 
strength cube strength (mm) filled or strength 
(MNlm') and (MNlm') and bond unfilled (MNlm') 
water absorption 

92 1 :~: 3 19.30 102.5 (4-i-in.) Filled 18.40 
7.9% 15.30 Stretcher 21.16 

19.65 20.89 
18.13 20.15 
16.89 Unfilled 20.75 
16.27 13.99 
20.54 23.37 
17.92 19.37 

92 I :~: 3 15.65 215 (9 in.) Filled 23.64 
7.9% 22.27 English 16.75 

19.03 24.06 
18.96 21.44 
20.54 Unfilled 17.99 
19.30 19.37 
18.34 16.41 
19.37 17.92 

92 1 :~: 3 15.72 215 (9 in.) Filled 18.27 
7.9% 17.03 Flemish 23.85 

15.10 16.89 
15.92 19.65 

92 1 :~: 3 16.68 275 (11 in.) Filled 21.37 
7.9% 13.85 Cavity 21.09 

13.37 19.92 
14.61 20.75 

46 1 :~: 3 13.79 102.5 (4-\- in.) Filled 15.65 
14.5% 16.27 Stretcher 16.68 

17.51 13.72 
15.85 15.30 
15.44 Unfilled 13.79 
18.05 12.75 
10.41 10.75 
14.61 12.41 

46 1: 1 : 6 5.94 102.5 (4Tin.) Filled 10.48 
14.5% 4.27 Stretcher 9.72 

4.37 9.44 
4.86 9.85 
5.37 Unfilled 8.27 
4.88 10.20 
4.56 7.30 
4.96 8.61 

quantitative data available on the effect of disturbance on the strength of 
brickwork. It is, however, related to the effect noted by Haller [29], 
whereby bricks with high initial rate of absorption tend to result in lowered 
strength of slender walls. 
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Table 2.7 Summary of wall and specimen strengths and their 
relationship to the 'no faults' wall and specimen strengths (from 
investigation of the effect of workmanship and curing conditions 

on the strength of brickwork, Building Development Laboratories 
Pty Ltd, Melbourne) 

Wall type Wall strength f,,, prisms Bond piers Strength relationship 
(MNlm2) (MNlm2) (MNln/) to no faults specimens 

Walls im Bond 
prisms piers 

No faults 21.2 18.1 0.524 
21.5 18.9 0.613 

Average 21.4 18.5 0.565 1.00 1.00 1.00 
Outside curing 19.0 15.0 0.310 

20.8 18.6 0.351 
Average 19.9 16.8 0.330 0.93 0.91 0.59 
Furrowed bed 16.1 15.0 0.841 

16.1 14.3 0.792 
Average 16.1 14.6 0.813 0.76 0.79 1.44 
No perpends 21.9 19.2 0.717 

21.7 21.9 0.579 
Average 21.8 20.5 0.648 1.02 1.11 1.l5 
10 mm bed joints 16.6 14.1 0.448 

15.2 14.8 0.482 
Average 15.9 14.4 0.468 0.75 0.78 0.83 
12 mm bow 19.8 19.0 0.620 

17.5 18.8 0.565 
Average 18.6 18.9 0.592 0.87 1.02 1.05 
All faults 8.27 6.75 0.158 

8.20 8.13 0.186 
Average 8.27 7.44 0.172 0.39 0.40 0.30 

2.5.5 Failure to build wall 'plumb and true to line and level' 

This type of defect can give rise to eccentric loading in a wall under com
pression and thus to reduced strength; information on this is available from 
tests carried out at the University of Edinburgh [23] and at the Building 
Development Laboratories in Australia. A summary of the Edinburgh 
results is shown in table 2.9. In these tests 105mm brickwork walls were 
tested in compression between reinforced concrete slabs to give realistic 
end conditions. Two-storey height walls were tested with the applied load 
20mm eccentric with respect to the axis of the wall, and two walls were built 
20mm off-plumb. Comparing the strength of the walls with eccentrically 
applied loads with corresponding axially loaded walls indicates a reduction 
in strength of the order of 15 per cent; the reduction for those built off
plumb is similar. In the Australian tests (table 2.7) similar walls were built 
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Table 2.8 Effect of workmanship on the compressive strength of non-
reinforced brick walls* (from Gross et at. [81]) 

Wall thickness Mortar hit Workmanshipt Average Relative 
and type type ultimate stress effect of 

(Nlmm') workmanship 

90 mm (3.6 in.) M 22.7 I 18.4 1.00 
single wythe:l: U 12.2 0.66 

N 22.7 I 10.8 1.00 
U 6.84 0.63 

200 mm (8.0 in.) M 20.5 I 16.0 1.00 
multi wythe U 11.0 0.68 
(metal-tied):j: S 20.5 I 12.2 1.00 

U 7.92 0.65 
N 20.5 I 8.82 1.00 

U 6.02 0.68 

* Data from unpublished SCPI tests. Walls were tested with hinged ends; eccentricity at top = 

116 and eccentricity at bottom = O. Walls tested at age of 14 days. Metal-tied walls contained 
one 4.8 mm (3/16 in.) steel tie for each 0.25 m' (2.7 ft') of wall area. 
t I = Inspected; U = Uninspected. 
:I: Brick compressive strength = 81 Nlmm' (11 760 p.s.i.). 

Table 2.9 Results of 105 mm wall tests with eccentric loading 

Wall no. Brick Mortar Brickwork Loading Remarks 
strength strength strength 
(Nlmm2) (Nlmm2) (Nlmm2) 

2-7 42.9 12.3 14.9 Axial A v. of 6 walls 
10-11 42.9 5.96 12.7 20mm A v. of 2 walls 

eccentric 
12-13 42.9 5.03 12.6 20mm Av. of 2 walls 

off-plumb 

with a 12 mm bow resulting in a 13 per cent strength reduction as compared 
with a truly plumb wall. 

A survey of ten buildings in England carried out by the Building Re
search Establishment [82] showed that the following levels of accuracy were 
attained in brickwork construction 

Wall plumb over a storey height ±13mm 
Vertical alignment between top and bottom of walls of successive 

storeys ±20mm. 

These figures are similar in magnitude to those used in the tests referred to 
in the previous paragraph, which therefore give a reasonable indication of 
the maximum probable reduction in strength arising from lack of plumb 
and vertical alignment. 
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2.5.6 Failure to protect work from the weather 

Newly completed brickwork can be adversely affected by exposure to unfa
vourable weather conditions such as curing under very hot conditions, frost 
and rain damage, and some information is available on the effect of the first 
two of these conditions. The Building Development Laboratories in 
Australia reported [80] a series of tests on walls that were built in tempera
tures between 78°F and 100°F and cured in the sun for five to six days. 
These walls showed about a 10 per cent reduction in strength as compared 
with walls cured in the shade under polythene. 

At the other end of the climatic scale, tests have been carried out 
in Norway and Finland to examine the effect on brickwork properties 
of laying and curing at low temperatures [83]. Masonry piers of 1 m 
height were built in various mortars at room temperature and in cold 
rooms at temperatures down to -15°C; curing of the piers built at low 
temperatures was carried out at -15°C and the results showed, perhaps 
surprisingly, no deterioration in strength as between the walls built at 
room temperature and those in the cold conditions (table 2.10). On the 
other hand, the liability of masonry built under freezing conditions to 
develop undesirable deformations is pointed out, and one would suspect 
that this could give rise to indirect reduction of strength as a result of 
bowing, or lack of plumb. No information is available about the effects of 
damage by rain. 

2.5.7 Overall effects of workmanship on brickwork strength 

In the foregoing sections the separate effects of a number of workmanship 
factors have been discussed. In any particular case, these defects will be 
present in varying degrees and the overall strength of the brickwork will 
reflect their combined effect. Various efforts have been made to assess the 
overall effect of workmanship on the strength of brickwork, the most sys
tematic being the programme carried out by the Building Development 
Laboratories in Australia already referred to [80], in which controlled 
defects were introduced separately and in combination. As may be seen in 
table 2.7, the combined effect of outside curing, deep bed furrowing, un
filled perpends, 16mm bed joints and 12mm bow was to reduce the wall 
strength from 21.4N/mm2 to 8.3 N/mm2, that is, a 61 per cent reduction. This 
is generally consistent with experiments at the US National Bureau of 
Standards where unsupervised site brickwork was from 55 to 62 per cent of 
the strength of supervised brickwork. (A further study of the relative 
strength of supervised and unsupervised brickwork will be found in 
reference 84.) 

The Australian report makes the following assessment of the relative 
importance of the various defects in terms of the probable reduction in 
strength of a wall built under laboratory conditions: 
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Table 2.10 Compression tests on piers at low temperatures 

Pier no. Laid in Brick* Breaking strength Cracking load 
mortar type* (N/mm2) Breaking load 

Mortar 1, KC 50/50/610 
1 S 9.88 0.57 
2 0.53 
3 S v 14.2 0.79 
4 0.73 
5 K2 10.3 0.59 
6 0.56 
7 K2 v 13.5 0.65 
8 0.72 
9 KJ 11.1 0.64 

10 0.63 
11 KJ v 13.6 0.70 
12 0.73 

Mortar 2, KC 35/65/520 
13 S 11.1 0.55 
14 0.62 
15 S v 19.1 0.87 
16 0.91 
17 K2 12.3 0.63 
18 0.60 
19 K2 v 18.0 0.77 
20 0.87 
21 KJ 11.7 0.57 
22 0.63 
23 KJ v 15.5 0.79 
24 0.70 
25 KJ vv 15.4 0.81 
26 0.69 
Mortar 3, KC 20/80/440 
27 S 12.9 0.72 
28 0.70 
29 S v 21.3 0.89 
30 0.90 
31 K2 13.9 0.78 
32 0.62 
33 K2 v 21.9 0.87 
34 0.72 
35 KJ 13.8 0.64 
36 0.85 
37 KJ v 21.6 0.82 
38 0.90 

* S = laboratory; KJ = room at -15°C; K2 = room at +6-7°C during laying 
then reduced slowly to -15°C; vv = warm, wet brick; v = wet brick; t = dry 
brick. 
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Outside curing (warm conditions) 
Furrowed bed 
16mm thick bed joints 
Perpend joints unfilled 
12mm bow 

10 per cent 
25 per cent 
25 per cent 
Nil 
15 per cent 

It was concluded that these effects are not interactive and that the separate 
factors are additive. 

2.6 The deformation properties of masonry in compression 

2.6.1 E-values for short-term loading 

Knowledge of the stress-strain relationship for brickwork in compression is 
frequently required in structural design, and numerous measurements have 
been made on small specimens and on walls and piers to establish the 
nature of the stress-strain curve and the value of Young's modulus. 

The stress-strain relationship for brickwork loaded in compression 
to failure has been determined for four brick types by Powell and 
Hodgkinson [85]. The results of these tests are summarised in table 2.11 and 
figure 2.14a. 

Powell and Hodgkinson were able, by using a suitable load control 
technique, to determine the stress-strain relationship past the maximum 
compressive stress to failure. There was some variation of results between 
specimens of the same materials, but reasonable consistency was obtained, 
and the curves in figure 2.14a are average values for three tests in each case. 

Table 2.11 Stress-strain relationship for brickwork (mortar 1:+: 3, mean 
compressive strength 15.24 N/mm2) 

Brick type 

A - 16 hole 
perforated 

B - Class A, 
blue engineering 

C - Fletton 
D - Double frogged 

stiff plastic 

Brick 
compressive 

strength 
(Nlmm2) 

69.6 

71.7 

25.5 
45.3 

* Initial tangent modulus. 

Brickwork 
compressive 

strength 
(Nlmm2) 

19.93 

27.65 

9.33 
20.10 

t Secant modulus at 2/3 of maximum stress. 

Elastic modulus 

tangent* 
(Nlmm2) 

18230 

17370 

4960 
16830 

secantt 
(Nlmm2) 

11900 

12930 

3740 
11610 
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By plotting these stress-strain curves on a dimensionless basis (figure 
2.14b), it is found that the curves for the four types of brick are, for practical 
purposes, of the same form, which in turn is in good agreement with that 
reported by Turnsek and C acovic [35]. The relationship is closely repre
sented by the parabola 

~ = 2(~ I _ (~)2 
a' E') E' 

where a' and E' are respectively, the stress and the strain at the maximum 
point of the curve. The initial tangent modulus is given by 

E = 2a'/E' (2.7) 

and the secant modulus at 0.75a' is three-quarters of this value. Sinha and 
Pedreschi [24] have found a cubic parabola relationship from tests on 
reinforced brickwork beams while Ameny et al. [86] have developed a 
method for calculating the elastic modulus of masonry from the character
istics of unit and mortar. 

A number of authors [87, 88] have related the modulus or elasticity of 
masonry to its compressive strength on an empirical basis. This has resulted 
in values of E between 400 and 1000 times the masonry crushing strength 
Um). Schubert [89], on the basis of a statistical analysis of test results for 
several types of masonry, gives a similar range of values and also the 
formula E = 2116Jm. Sinha and Pedreschi [24] have proposed the expres
sion E = 1180[~H3 for brick masonry. Based on a particular test method, 
Knutsson and Nielsen [90] have suggested the use of a secant modulus 
between 0.05 and 0.35 of the compressive stress which is close to that at 
0.4[, as used in the design of concrete and wood structures. A value equal to 
1.2 times this is suggested for use in the design of compression elements by 
the Ritter method (see section 5.5, page 109). They report a series of tests 
on brickwork specimens and confirm the general validity of the parabolic 
relationship. 

The difference between the initial tangent modulus and the secant mod
ulus at two-thirds to three-quarters of the maximum compressive strength is 
indicative of the non-linearity of the stress-strain curve. A number of 
investigators have noted an apparent increase in the tangent modulus for 
brickwork with an increase in stress at low stress levels. This effect is 
mentioned by Sahlin [88] in relation to lime and other relatively weak 
mortars, but it has also been observed in high strength brickwork by others 
[91]. The reason for an initial increase in the elastic modulus is not alto
gether clear, but it is almost certainly connected with deformations in the 
mortar bed, possibly resulting from uneven bedding. Strain measurements 
in walls are, in fact, usually found to be very variable both in terms of the 
point or line of measurement and the general stress level. 



MASONRY MATERIALS IN COMPRESSION 47 

2.6.2 Creep strains in masonry 

The E-values discussed in the preceding section are the result of short-term 
measurements. Under long-term loading, creep strains will occur and may 
be of importance in practice, especially where there is the possibility of 
differential movements between different materials. An example of such a 
situation is where a wall consists of an outer leaf of clay brickwork and an 
inner leaf of concrete blockwork; differential movements are possible in 
this case as a result of shrinkage or expansion of the two kinds of masonry 
as well as from thermal effects and creep. Creep is also an important factor 
in prestressed masonry construction. 

Lenczner et al. [91-101] have investigated creep in a variety of brick and 
block masonry walls and piers. As a result of this work, they have given the 
following equations for the ratio of the total strain (that is, the sum of the 
creep strain and the initial strain) to the initial strain: 

For walls: Rw = 5.46 - 0.33V'tb 
For piers: Rp = 2.73 - O.14Vfb 

where fb is the crushing strength of the brick. 

(2.8) 
(2.9) 

These equations apply to brickwork built in 1: ~: 3 or 1 : 1 : 6 mortar. 
Warren and Lenczner [102] have developed a method of predicting the 

creep strains in a building, through and subsequent to its construction based 
on an adaptation of Ross's equation [103]: 

t 1 a 
cet = --- or - = - + b 

a + bt cet t 
(2.10) 

where t = time in days, Cet = creep strain, and a and b are constants. 
Putting t = 00 in the Ross equation gives 

Cet = 1/ b = cemax (2.11) 

and if Ce = ccma.lCj, where Cemax = maximum creep strain and Cj = 
instantaneous strain, we have 

Also Cj = of Eb where 0 = applied stress and Eb 
brickwork, so that 

Analysis of experimental work has established that 

ao = 3.8In( bO) + 18.21 

and that 

(2.12) 

elastic modulus of 

(2.13) 

(2.14) 

(2.15) 
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Figure 2.15 Comparison of measured and theoretical strains in a brick masonry 
wall in a building (Lenczner) 

Using these relationships the creep strains can be calculated on an incre
mental basis to find the development of strain in the walls of a building with 
time. Lenczner [104] has been able to compare the results of such a calcu
lation with measurements taken in a ten-storey apartment building over a 
period of 3000 days with the results shown in figure 2.15. 

Shrive and England [105] have also put forward an incremental method 
of calculating creep and shrinkage movements in masonry, and have con
firmed that such movements may be several times the initial deformation. 
In addition, they have developed the concept of an effective modulus E' for 
calculating overall strains by defining 

E' == __ 0 __ _ (2.16) 

where Ej = elastic strain, Ec = creep strain and lOs = shrinkage strain. Since 
the short-term elastic strain Ej = fiE and since there is a linear relationship 
between creep strain in mortar and stress within the working range, the 
expression for the effective modulus can be written as 

E E'= ------
E 

1 + Ec + -lOs 
f 

(2.17) 

where c is the creep strain per unit stress, which can be determined from 
creep tests at constant stress. 
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Table 2.12 Proposed design values for creep 
(Shrive) 

Type of masonry unit 

Fired clay 
Calcium silicate 
Autoclaved aerated concrete 
Concrete 
Lightweight concrete 

Design value 

0.7 
1.5 
1.5 
1.5 
2.0 

49 

In brickwork, most of the creep strain takes place in the mortar, but in 
concrete blockwork the units also develop creep strains of the same order. 
It is therefore to be expected that this type of masonry will show larger 
ratios of initial-to-final strains. Shrive [106] has quoted proposed design 
values for the ratio of maximum creep strain to initial elastic strain for 
various types of masonry, as shown in table 2.12, which are in accord with 
test results reported by Schubert [107]. 
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3 COMPRESSION FAILURE 
THEORIES 

3.1 Failure theories: general 

Consideration of qualitative evidence and empirical relationships as dis
cussed in chapter 2, while extremely valuable and indeed providing the 
basis for structural design codes, does not provide a detailed insight into 
the behaviour of masonry. A number of investigators have therefore 
attempted to derive theories of failure based on the fundamental pro
perties of the component materials. The earliest of these would appear to 
be due to Haller [1], published in 1959. Haller's formula, however, can give 
masonry strengths exceeding that of the masonry unit and is thus not 
generally valid. 

As pointed out in chapter 2, it has been observed that the failure of 
masonry in compression is related to the interaction of the unit and mortar 
joint as a result of their differing deformation characteristics. Two ap
proaches have been adopted as the basis of failure theories: the first 
assumes elastic behaviour and the second relates the behaviour of the unit 
and joint materials under the action of bi- or tri-axial stress. 

3.2 Failure theories based on elastic analysis 

This approach has been developed by Francis et al. [2] and Totaro [3]. 
The formulae proposed by the former were derived by considering a 

brick-mortar prism subjected to an axial compressive stress 0y, as shown in 
figure 3.1a. The lateral stresses induced in a central brick and in the adjacent 
mortar beds are indicated in figure 3.1b, and the extensional strains in the 
brick in the x and z directions are 

(3.1) 

(3.2) 
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(a) (b) 

Figure 3.1 Stresses in brick-mortar composite 

and similarly in the mortar joints 

(3.3) 

ezm = _1 [-Ozm + Vm{Oy - Oxm)] 
Em 

(3.4) 

where Eb and Em are the elastic moduli of the brick and mortar respectively, 
and Vb and Vm the corresponding Poisson's ratios. For equilibrium, the total 
lateral tensile force in the brick is equal to the total lateral compressive 
force in the mortar; hence 

0xm = aOxb (3.5) 

and 

0zm = aOzb (3.6) 

where a is the ratio of the height of the brick to the thickness of the mortar 
bed. As the lateral strains in the bricks and mortar are the same, equating 
equations 3.1 and 3.3, 3.2 and 3.4, and using equations 3.5 and 3.6 gives 

_ _ 0Aj3vm - Vb) 
0xb - 0zb -

1 + aj3 - Vb - aj3vm 

(3.7) 

where j3 = Ebl Em. 
Assuming a linear relationship between ultimate longitudinal com

pressive stress and lateral tensile stress, as shown in figure 3.2, gives the 
relationship 

(3.8) 
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where ¢ = a~l/a;. Substituting for axb in equation 3.7 and neglecting (1 - Vb) 
gives 

1 + 

1 

¢(f3vrn -Vb) 
af3(l - Vrn) 

(3.9) 

Comparison with experimental results using joint thickness as a variable 
(figure 3.3), shows that this formula gives a fair representation of the actual 
behaviour of a set of specimens tested by its originators. Discrepancies 
between theory and experiment were thought to arise from approximations 
in estimating the true values of the parameter ¢ and Poisson's ratio. 

Although this theory shows moderate agreement with experimental 
results, it has to be said that it is at best qualitative since the materials are 
not elastic and consequently the parameters are far from constant through
out the loading range. Shrive and Jessop [4] have questioned the validity of 
the approach on the basis that the lateral tensile stresses developed by 
differences in E and Poisson's ratio are insufficient to account for the 
masonry strengths found experimentally. They consider that failure results 
from the development of pre-existing flaws in the structure of the material. 
Such development may be initiated by the lateral tensile stresses, although 
these are not in themselves the primary cause of failure. 

, , 

Lateral 
compressive stress 

o 

Ou1t 

a ul ! 

Lateral 
A tensile stress 

oro", 

Figure 3.2 Failure envelope for brick material in biaxial compression-tension 
assumed by Francis et al. 
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Figure 3.3 Effect of joint thickness on brickwork compressive strength 

3.3 Failure theories based on the strength of brick and mortar under 
multi-axial stress 

59 

An alternative approach to the definition of brickwork strength was pro
posed by Hilsdorf [5], based on an assumed linear relationship between 
lateral biaxial tensile strength and local compressive stress equal to the 
mean external compressive stress multiplied by a 'non-uniformity' factor U. 
Referring to figure 3.4, line A is the failure criterion envelope, and when 

Lateral 
tension 

/ 

/ 
/ 

I 
/ 

/ 

Failure criterion of brick 
(line AI 

8,/ Minimum lateral tension 
/ I A:.-_----"'oC-in brick (line CI 

Local compression 

Figure 3.4 Hilsdorfs failure theory 
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external compression is applied to the brickwork, the internal tensile 
stresses induced follow some line such as B1• When this line intersects the 
failure criterion envelope, a local crack is developed in the brickwork. 
Further local cracks will appear on subsequent increase of load, but general 
failure will not take place until the brick can no longer provide the biaxial 
restraint necessary to prevent failure of the mortar, or alternatively, when 
the state of stress developed in the brick exceeds its resistance to the 
combination of stresses developed. This will occur when the line defining 
the triaxial strength of the mortar line C in figure 3.4, intersects the failure 
line for the brick. 

Hilsdorf assumed that the triaxial strength of mortar could be repre
sented by the equation (obtained originally for concrete) 

where I; is the compressive strength of a laterally confined cylinder 
I~ is the uniaxial compressive strength of a cylinder 
O2 is the lateral confinement stress of a cylinder. 

0xj = _1 (Oy - Ij) 
4.1 

in which 0xj is the lateral compressive stress in the mortar joint 
Oy is the local stress in the y direction 
Ij is the uniaxial compressive strength of mortar. 

(3.10) 

(3.11) 

Taking into account the equilibrium of lateral forces in bricks and 
mortar, the equation of line C in figure 3.4 is then 

o = _1_' (0 - I') 
x 4.1 b y j 

(3.12) 

where b is the height of the brick, and j the mortar bed thickness. Line A is 
expressed by 

(3.13) 

in which I~t is the strength of the brick under biaxial tension and I~ is the 
uniaxial compressive strength of brick. 

The magnitude of the local stress at failure, that is the intersection of 
lines A and C, is therefore given by 

,(/~t + al/ 1 
o y = Ib I~t + a/~ (3.14) 

where a = j/4.1b. 
The average masonry stress at failure is then 

(3.15) 
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where Uu is a coefficient of non-uniformity, which Hilsdorf established 
experimentally for various brick-mortar combinations. This varies accord
ing to the brickwork strength, but for cement mortar it has been shown to 
have a value of around 1.3 in the medium strength range. 

This approach was developed by Khoo and Hendry [6, 7], who investi
gated the behaviour of brick material under a state of biaxial compression
tension, and of mortar under a state of triaxial compression; these 
characteristics had to be assumed by Hilsdorf in the absence of direct 
experimental data. They established that the biaxial compression-tension 
strength envelope for brick can be represented by the relationship 

(~) = 1 _ (!...)O.540 
CO to 

(3.16) 

This curve is shown in figure 3.5, and was based on the results of tests on a 
large number of specimens of bricks ranging in crushing strength from 
31.63N/mm 2 to 92.66N/mm2. It will be noted that comparing the concave 
shape of this curve with the linear relationship assumed by Hilsdorf, the 
compressive strength of brick is severely reduced by the presence of an 
orthogonal tensile stress. 

The effect on the compressive strength of mortar of a confining pressure 
was investigated by Khoo and Hendry for 1 :~: 3 and 1: 1 : 6 mortars using a 
triaxial test cell [8]. The increase in strength so found was less than that 
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Figure 3.6 Principal stress relationship for mortars in triaxial compression 

found for concrete [9-11] and is shown in figure 3.6. The principal stress 
relationship is non-linear and may be defined by the expression 

( )

0.805 

~ = 1 + 2.91 Oz 
00 00 

where 0 1 is the major principal stress 
Oz is the minor principal stress 
00 is the uniaxial compressive strength. 

(3.17) 

On the basis of these studies a failure theory for brickwork has been 
developed [7,8]. Thus in figure 3.7, which shows an assumed failure enve
lope for brick in biaxial compression-tension in a brickwork prism, any 
state of stress to the right of the envelope curve denotes failure. As the 
vertical compression acting on the brickwork prism increases, the state of 
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Figure 3.7 Failure envelope for brick in biaxial compression-tension 

stress in the brick element proceeds along the dashed line OA. Failure 
occurs within the brick element when the line OA intersects the failure 
envelope at A, and hence the compressive strength of the brickwork prism 
is given by the ordinate of this point. The stress path taken by the line OA 
depends on the properties of the mortar joint under triaxial compression. 
For a weaker mortar, whose lateral strain is greater under load, the stress 
path would travel along the lower line OB, and in this case the point B 
would define the compressive strength of the brickwork prism. 

It is not, however, necessary to determine the stress paths OA and OB: 
the failure point for a given brick-mortar combination can be located 
graphically by superimposing on the brick failure envelope a curve derived 
from the triaxial compressive strength relationship for the mortar, which 
defines the tensile stress induced in the brick. Such curves have been estab
lished by Khoo taking the lateral tensile strain in brick material at failure 
as approximately 225 X 10-6• Relating this value to the stress-strain curves 
for mortar obtained from triaxial tests, as shown in figure 3.8, a relation
ship between axial and lateral compressive stresses in the mortar is ob
tained. Introducing the ratio, a, between the mortar joint thickness and the 
depth of the brick then gives the lateral tensile stress in the brick material, 
assuming that these stresses are uniformly distributed on vertical sections 
through the mortar and brick. The resulting axial compression-lateral 
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Figure 3.8 Axial stress-lateral strain relationship for 1 :~:3 mortar 

tensile stress curves can now be plotted on the same axes as the biaxial 
failure envelope for the brick material, as indicated in figure 3.9, the inter
section of the two curves defining failure of the particular brick-mortar 
combination. 

Comparison of brickwork prism strengths calculated by the above theory 
shows reasonable agreement with experimental results. Such a comparison 
with the results obtained in a series of tests conducted by the Structural 
Clay Products Research Foundation [12] in the United States is shown in 
figure 3.10. The influence of joint thickness on compressive strength has 
been examined experimentally, and as may be seen from figure 3.11 the 
theory gives a reasonable representation of this effect. 

A further development of the above approach is due to Atkinson et 
al. [13] who have determined experimentally the influence of high confin
ing pressures on Young's modulus and Poisson's ratio of various mortar 
mixes. An expression has been obtained giving the increment of brick 
stress per increment of compressive stress, and this has been used in 
conjunction with the experimental values of E and v to calculate the 
strength of stack prisms. Comparison with tests on the latter indicated that 
the calculated strengths were some 30 per cent lower than the failure 
strengths, suggesting that the theory was predicting a cracking rather than 
an ultimate stress. 

Ohler [14] has reviewed earlier work on brick/mortar strength and has 
developed an expression for masonry strength using a tri-linear representa
tion of the biaxial failure curve for brick material based on available 
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Figure 3.9 Graphical solution for brickwork prism compressive strength 

experimental data. Ohler's equation shows good agreement with experi
mental results and is as follows: 

SOyos - Oyam 
a y = a yom + --'-"''----'-'-''-'--

1 + thm Oyos 

mhs °xos 

where a" = compressive stress at failure of masonry 
0ram = uniaxial compressive strength of mortar 
Oyos = uniaxial compressive strength of unit 

(3.18) 
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Oms = uniaxial tensile strength of unit 
hs' hm = height of unit and thickness of mortar joint, respectively 
m = slope of mortar failure envelope 
S, t = parameters defining the unit failure envelope. 

Relevant values of sand t are shown in figure 3.12 and are selected accord
ing to the zone in which the mortar failure line intersects the brick failure 
curve. Ohler gives the following values for m: 

Mortar compressive strength (Oyom): 31.6 
m: 5.3 

21.4 
3.6 

15.4 
2.4 

6.4 N/mm2 
2.1 
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It should be noted that the theories discussed above relate to the 
strength of prisms, which is not in general the same as that of brick 
masonry in a wall. This is because the apparent compressive strength 
of a prism is affected by platen restraint and depends on the proportions 
of the specimen - for this reason, the strength of a prism may be as 
much as 30-40 per cent higher than the strength of the same material 
in a wall. The strength of masonry in which there is a joint parallel to 
the face of the brickwork may be substantially lower than that of a 
prism. Finally, it should be noted that the failure theory applies to the 
case where the strength of the brick exceeds that of the mortar, otherwise 
the deformation properties of the materials will be such that the brick 
element will no longer be subjected to bilateral tension as envisaged in the 
theory. 

Hollow block masonry clearly requires separate consideration, so Hamid 
and Drysdale [15] have developed equations defining failure criteria for this 
case using the principles of the Hilsdorf theory. Two situations have been 
identified: the first is when the fill material has a lower strain level at 
maximum stress than that of the block so that its unconfined compressive 
strength is reached first, resulting in tensile stresses being set up in the unit. 
The second is when the block material reaches its maximum compressive 
stress at a lower strain than the fill material, in which case failure of the 
composite will be controlled by that of the block or by the strength of 
the core in uniaxial compression. 

Hamid and Drysdale's analysis results in the following equations: 

Case 1: f~g = 
4.1otb + 1.14aocm + (J°ea 

c(J 
4.1otb + 1.14a + -Oeb 

n 

X °eb 

nyk 

Case 2: f~g = 3.6otb + aOem X °eb 

3.6otb + aOeb nyk 

where f~g = the average compressive strength of the composite 
a'b = the tensile strength of the block material 
Oem = compressive strength of the mortar material 
0eb = compressive strength of the block material 
a = tm/tb = thickness of mortar joint/height of block 
n = Ebleok/ Egrout 

1] = Abloek/(Abloek + AgrouJ 

y = 1/(1 + (n - 1) n 
(J = V(l - 3)/(1 - V(l - ~» 
K = a stress adjustment factor 

= 1.08 + 0.211n 

(3.19) 

(3.20) 

c ratio of maximum to minimum grout areas (where core is 
tapered). 
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These formulae give an indication of the number of variables which influ
ence the strength of filled hollow block masonry. Note that inspection of 
equations 3.19 and 3.20 shows the mortar strength to be of minor signifi
cance, as has been found in tests on hollow blockwork. 
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4 MASONRY IN TENSION, SHEAR 
AND BIAXIAL STRESS 

4.1 Bond strength between mortar and masonry nnits 

4.1.1 Nature of bond 

The resistance of masonry to tensile or shear stresses is dependent on the 
bond between mortar and masonry units. The mechanism of bond between 
unit and mortar is incompletely understood but is known to be influenced 
by a large number of factors. These have been set out by Groot [1] in the 
matrix form shown in figure 4.1. It will be clear from this that the problem 
of masonry bond is extremely complex and most investigations so far have 
been of a phenomenological nature, applying to specific combinations of 
materials. However, some more fundamental work has been reported in 
which the physical and chemical nature of the brick/mortar interface has 
been studied. Experiments by Grandet [2] on the interaction between brick 
material and cement paste have shown that this is critically affected by the 
formation of a micro-layer of ettringite (3CaS04• A120 3• 3CaO. 31H20) at 
the clay-cement interface, and by the respective mean diameters of the 
pores of the brick and of the micro-crystals of the ettringite. It is necessary 
for the pore size of the brick material to be greater than 0.05 mm for a 
mechanical bond to be formed, and also for the cement to be properly 
hydrated behind the ettringite layer, despite the withdrawal of some of the 
water by suction from the brick. If the brick is dry, and has a high suction 
rate, there will be a partially hydrated zone in the cement paste, to a depth 
of several millimetres, and possessing poor mechanical strength. The move
ment of water between the brick and the mortar, and the resulting effects on 
the development of the mechanical bond between these components, was 
shown to be considerably affected by their specific surfaces and capillary 
dimensions. Grandet concluded that it is possible on the basis of these 
observations to obtain some indication of the likely behaviour of cement 
mortars, which would, however, also be influenced by such other param
eters as the compaction of the mortar, its cement content and water reten-

71 
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Figure 4.1 Composition parameters of mortar and brick, and their relation with 
properties influencing bond in masonry (Groot) 

tivity. The effects of water movement on bond between various combina
tions of mortar and unit have been studied by Groot [3] who concluded that 
a primary cause of poor bond in clay masonry is the presence of an unduly 
high proportion of fine material at the mortar/brick interface. In the case of 
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calcium silicate bricks, poor bond results from the presence of too many fine 
pores in the bricks. 

Further work on the nature of the brick/mortar bond based on the 
scanning electron microscope and microprobe has been reported by Law
rence and Cao [4], including studies of both cement and cement-lime 
pastes. Lawrence and Cao concluded that the bond was mechanical in 
nature, and that bond strength seems to develop from the interlocking of 
hydration products growing on the surface and in the pores of the brick 
material. The nature of these products was fine fibrous calcium silicate 
hydrate with some ettringite and calcium hydroxide crystals in a dual 
layered system. The presence of lime appeared to have beneficial effects in 
reducing microcracking at the interface and in producing a more continuous 
structure of hydration products on the brick surface. Lawrence and Cao's 
work also drew attention to the importance of brick suction and the match
ing of sand grading to the suction and pore characteristics of the brick. 

The investigations described above indicate that the brick/mortar bond is 
mechanical in nature. This is confirmed by Binda and Baronio [5] for 
modern cement mortars and clay bricks, but their work has shown that with 
other materials there may be chemical bonding as well. 

4.1.2 Tensile bond strength: test results 

The effect of a number of variables affecting tensile bond strength has been 
investigated experimentally. The results have shown that the moisture con
tent of the units at the time of laying is of importance in determining the 
tensile bond strength. Sinha [6] carried out direct tensile tests on 1I6th scale 
brick couplets at various moisture contents at the time of laying, between 
oven-dry and fully saturated, with the results shown in figure 4.2. The 
extreme variability of tensile bond strength is immediately apparent and 
although there is no clear relationship between moisture content and tensile 
bond strength, it will be noted that only very low values were found as the 
bricks reached their saturation moisture content. 

Anderson and Held [7] have reported the results of tests on crossed brick 
couplets for three types of brick, which again show that the moisture con
tent at the time of laying influences the bond strength: however, the effect 
depends on the type of brick and on the sand grading, as may be seen from 
figure 4.3. In general, the higher the fines content of the sand the lower the 
bond strength. In the Anderson and Held tests, clay bricks showed lower 
bond strengths with increasing moisture content, but the reverse held for 
calcium silicate bricks. 

Schubert [8] has suggested that where the tensile stress parallel to the 
bed joints exceeds the tensile strength of the unit, the masonry tensile 
strength is approximately one-half of the unit tensile strength. Where fail
ure takes place through the mortar joints, the masonry tensile strength can 
be estimated on the basis of the shear strength and bond overlap between 
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Figure 4.2 Relationship between moisture content of brick and bond tension of 
brick masonry couplets (Sinha). Brick strength 29.84N/mm2• Water absorption (5-
hour boiling) 13.75 per cent 

units. Individual results are, however, subject to the numerous variables 
involved and therefore very uncertain. 

4.2 Flexural tensile strength 

Flexural tensile strength, as defined by the modulus of rupture, is of greater 
practical importance than direct tensile strength and has been investigated 
in some detail in relation to the resistance of wall panels to wind loads [9-
19]. The flexural strength of brickwork is, of course, different for bending in 
a plane at right angles to the bed joints, than for bending in a plane parallel 
to this direCtion, being several times greater in the latter case. The ratio is 
not constant but varies with the strength achieved. Thus in figure 4.4, values 
from a number of sources of the two moduli of rupture are plotted against 
each other, and in figure 4.5 their ratio is plotted against that for bending 
across the bed joints. These plots reveal the great variability of flexural 
strength, but a definite trend can be distinguished in the value of the 
orthogonal strength ratio, which decreases markedly with increase in the 
flexural strength across the bed joints. 

Many investigators have attempted to establish a relationship between 
material properties and flexural tensile strength. Thus West [14] has shown 
correlations of flexural strength with suction rate and with water absorp
tion, for thirty-three different bricks and two mortar mixes. In no cases are 
the correlations very close but, in statistical terms, it was possible to find a 



N 

E 
-.§ 
z 
'" 
'" 
Co 
::l 
o 
(.) 

"6 
.s 
Cl 
c 

~ 
"0 
c 
o 
.0 

~ .;;; 
c 
'" I-

MASONRY IN TENSION, SHEAR AND BIAXIAL STRESS 

0.4 

0.35 , , 
Brick A , 

'0 
0.3 a 

o '.a 
0.25 2 3 4 

Moisture in bricks (%) 
0.35 

0.3 Brick B 

" 0.25 -0-, 0-' __ .~ 
o I> _-0--;' 

A -
02 _-----0-

. _-0- __ ----
6- - __ 0 

6- o 

2 3 4 6 8 9 
03~ Moisture in bricks (%) 

~-----,c-------______ ~x 
0.25 --. -..::- Brick C '" 

-4 -. -..Q... 
o _ 0 --.-6-

0.2 - - --0- _ ........ -
-o...:::::....~ 0_ 

0_ 

3 6 9 
Moisture in bricks (%) 

)( Sand 1 6.0% fines by volume 

0- - - - Sand 28.9% fines by volume 

A- 0 -- Sand 3 11.6% fines by volume 

D -- - Sand 412.8% fines by volume 

Camp. strength Absorption Suction rate 
Brick A: 3·hole engineering 
Brick B: Calcium silicate 
Brick C: Semi-dry pressed 
All mortar 1: 1:6 

94.3 N/mm2 6% 0.46 kg/m 2 Imin 
21.5 N/mm2 15.5% 1.26 kg/m 2 Imin 
30.0 N/mm2 21.0% 1.68 kg/m 2 Imin 

75 

Figure 4.3 Tensile bond strength of couplets against moisture content of bricks 

relationship between flexural tensile strength and water absorption, and 
this is illustrated in figure 4.6. West's results indicated that for flexure 
parallel to the bed joints there was not a great difference in strength 
between 1 :+: 3 and 1 : 1 : 6 mortars, although a difference was noticeable in 
the orthogonal direction. James [15] has reported a similar result, as may be 
seen from table 4.1. 

Anderson [18] and Sise et al. [19] have reported extensive investigations 
using specimens of different unit types and mortar mixes, with the aim of 
assessing the effect of various factors on flexural bond strength in stack 
bond prisms. Anderson concluded that as well as moisture content of the 
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Table 4.1 Flexural tensile strengths of small specimens 

Statistic 

Mean 
CofV % 
Mean 
CofV % 
Mean 
CofV % 

Flexural strengths (Nlmm2) 

Normal to bed joint 
Stack prism 

0.39 
23.3 

0.594 
22.9 

0.984 
25.4 
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Parallel to bed joint 

3-course 
specimen 

2.08 
20.6 

2.40 
15.5 
2.74 

18.0 

4-course 
specimen 

1.78 
26.1 

2.03 
18.5 
2.29 

16.5 
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1.5 

units, the method of preparing the specimens had a significant effect, as did 
mortar consistency and surface texture. Sise et al. found that mortar joint 
thickness was the single most important factor affecting flexural bond 
strength - the thinner the joint the higher the strength, an effect also noted 
by Schubert [8]. 

Mann [20] has developed formulae for calculating the flexural strength of 
masonry where failure results either from rupture of the units or from 
failure of the bond. Subject to the great variability inherent in this property, 
these formulae show reasonable agreement with test results. 

Values are given in the British Standard Code of Practice for flexural 
tensile strengths, but it has been pointed out that such strengths are 
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Figure 4.7 Specimens used in flexural strength test according to BS 5628 

dependent on the form of the test specimens from which they were derived 
and on the method of preparation and test [18, 21, 22]. Fried et al. have 
derived the set of conversion factors shown in table 4.2 which give the 
strength of the wallette type of specimen on which the British Standard is 
based (figure 4.7) from the results of tests on prisms and individual joints, as 
proposed by Baker. The form of Baker's test is shown in figure 4.8, a 
development of which is the bond wrench device [23], illustrated in figure 4.9. 

4.3 The strength of masonry in shear 

Masonry walls are frequently subjected to racking shear in addition to 
compressive loads. Consequently, investigations of the shear strength of 
masonry have been undertaken in a number of countries, both on small and 
large-scale specimens. 

The results of a series of tests on storey-height shear walls, reported by 
Hendry and Sinha [24, 25] are summarised in figure 4.10. These tests were 
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Table 4.2 Recommended conversion factors to obtain wallette 
strengths from the strengths of piers (p); joints (j) and modulus 

of rupture of unit (M) 
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Type of wallette Factors 
(figure 4.7) 

B 
B 
P 

Blockwork Brickwork 

4-high 5-high 

0.80p 0.82p 
O.77j 0.82j 

0.35 (j + M) 

Fixed frame 
~..Jii3L--- Screw c lamp 

Timber packing 

I[.~_"" F (jack force I ___ :::::;tE::t.,..j~ 

!'--I---Joint being tested 

Ir::::~-... F 

Screw clamp 

0.90p 
0.69j 

0.35 (j + M) 

Figure 4.8 Arrangement for mUltiple flexural tensile tests on brickwork specimen 
(Baker) 

carried out on full-scale and on model structures built of wire-cut bricks in 
1: ~ : 3 lime mortar. 

The shear strength of this type of brickwork was found to be 

T = 0.3 + 0.5fn N/mm 2 (4.1) 

where fn is the precompression; this relationship was found to hold up to 
values of fn = 2N/mm2• 

This is a Mohr-Coulomb type of equation and has been used by a 
number of investigators in interpreting the results of shear tests. A wide 
range of values of the cohesion (To) and the internal friction term eu) have 
been reported depending on the properties of the materials used and on the 
form of the test specimens and loading arrangements. Some of the results 
are shown in table 4.3. 

As shown by Sinha [6], the initial mode of joint failure represented by the 
Mohr-Coulomb equation is at a certain point replaced by cracking through 
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Figure 4.9 Bond wrench test 

Table 4.3 Variation of shear strength with precompression, T = To + Ilfn 

Source Type of Mortar mix To Il 

Hendry and Sinha [24, 25] Extruded clay 1:0.25:3 0.3 0.5 
Chin wah [26] Extruded clay 1 :0.25:3 0.25 0.34 

Pieper and Trautsch [27] C I . T { 1 :2:8 0.2 0.84 
a ClUm SllCate 1 :0:4 0.7 1.04 

Schneider [28] Calcium silicate 1: 1:6 0.14 0.3 
Schneider and Schnell [29] Lightweight 1:1 :6 0.21 0.21 

concrete 
\ 1,0.25,2.81 0.56 0.91 

Hamid and Drysdale [30] Extruded clay 1 :0.5 :4.0 (av.) 
1: 1.25: 6.75 

Mann and Muller [31] Solid clay { 1 :3 0.4 0.3 
1 :0:4 0.35 0.37 

Perf. clay { 1: 3 0.23 0.38 
1:0:4 0.35 0.37 

Calcium silicate { ~ ~ ~ : 4 
0.25 0.18 
0.4 0.35 

Aerated conc. { 1 :0:4 0.35 0.13 
1:3 0.2 0.2 
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Figure 4.10 Shear strength against precompression: results of full-scale, model and 
small specimen tests 

the units. Mann and Muller [31] have developed a failure theory for the 
shear strength of masonry based on consideration of the equilibrium and 
strength of a unit within a wall, and have given the following expression for 
the shear strength where failure is by the cracking mode: 

0.45fRZ ~(1 + fn/ fRZ) 

where fRZ is the tensile strength of the unit and fn is the normal stress. A 
value of O.033fb is given for the tensile strength of solid or near-solid units, 
and O.025fb for highly perforated units (such as German Hohlblocksteine) 
where fb is the compressive strength of the unit. 

For very high compressive stress, there will be a further failure mode 
corresponding to crushing failure of the masonry. The entire failure enve
lope according to Mann and Muller's theory is thus as indicated in figure 
4.1l. 

Dialer [32] has developed the approach of Mann and Muller to take 
account of the reduced strength of the mortar in the head joints of brick 
masonry, giving the following formulae corresponding to shear failure 
of the bed joints, tensile failure of the units and compressive failure 
of the masonry, and corresponding to the three modes indicated in 
figure 4.11: 
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T 

TO 

f" 

Figure 4.11 Failure modes of masonry in shear with vertical compression 

(4.2) 

(4.3) 

iyx = C xy + WfJpanel + Oy( W - X,uXy) (4.4) 

where iyx = average shear stress on bed face 
cyx, cxy = cohesion on bed and head faces respectively 
v = 2x ratio of length/height of unit 
W = l/v 
,uy., ,uxy = coefficient of friction on bed and end faces respectively 
X = ratio of horizontal/vertical stresses on masonry 
Oy = average vertical stress 
fJ = tensile strength of unit I,b 

fJpanel = compressive strength of masonry. 

4.4 Masonry under biaxial stress 

A more fundamental approach to the study of shear strength is based on 
consideration of the strength of masonry under biaxial stress, taking into 
account the direction of the applied stresses relative to the bed joint of the 
masonry. Samarasinghe [33] and Page [34] have established failure surfaces 
for brickwork stressed in orthogonal tension-compression by the applica
tion of normal stresses to small specimens of brickwork in which the bed 
joint was inclined at various angles to the axes of the applied stresses. 
Figure 4.12 shows in non-dimensional form a representation of the failure 
surface in terms of the applied stresses and the relative bed-joint angle 
derived from results reported by Page. 
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Ganz et al. [35] have produced a set of equations in which the strength 
of masonry is defined by three parameters, fmx and fmy, respectively the 
uniaxial compressive strengths for loads applied normal and parallel to 
the bed joints, and tan ¢ the coefficient of friction in the bed joints. The 
tensile strength of the masonry and cohesion in the bed joints are neglected. 
On these assumptions the following equations give limiting stress 
conditions: 

For tensile failure: 

T~y - ax + a y = 0 

For compressive failure of the units (first condition): 

T ~y - (ax + fmx)' (a y + fmy) = 0 

For compressive failure of the units (second condition): 

T;y + a y • (a y + fmy) = 0 

For sliding of the horizontal joints: 

2 _ ( )2 _ T xy a x • tan ¢ - 0 

(4.5) 

(4.6) 

(4.7) 

(4.8) 

where ax = applied stress normal to bed joints (compression negative) 
ay = applied stress parallel to bed joints (compression negative) 
Txy = shear stress. 

The tests on which the above relationships were determined were on 
brickwork built from solid units. Hegemeir et al. [36] have carried out 
biaxial stress tests on large specimens of hollow concrete block masonry. 
The results of these tests showed that for this type of masonry the failure 
envelope for a panel stressed in the compression-tension quadrant, with the 
compressive stress normal to the bed joints, could be represented by a 
straight line, as shown in figure 4.13. It was also found that the panel tensile 
strength varied only slightly with the angle between the stress axes and the 
bed joint. This made it possible to obtain the failure envelope for shear 
stress against normal bed joint stress indicated in figure 4.14, the normal 
stress parallel to the bed joint being zero. Bernardini et at. [37] have 
obtained a similar relationship for hollow clay unit masonry. 

Using the failure surface it is possible to determine the point at which 
initial cracking of an element takes place, provided that an appropriate 
stress analysis can be carried out. For this purpose an elastic analysis would 
probably be sufficiently accurate but a finite element computation would 
be required to follow the development of the crack pattern through to 
failure. 

Determination of brickwork strength under biaxial stressing requires 
specialised equipment and has not often been undertaken. Other investiga
tors have proposed failure criteria using a combination of uniaxial and 
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Figure 4.13 Biaxial compression-tension failure stress relationship for concrete 
block masonry (Hegemeir et al.) 
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Figure 4.14 Failure envelope for concrete block masonry with zero normal stress 
on head joint (Hegemeir et al.) 

splitting tests. Hamid and Drysdale [38, 39] have adapted the theory of 
single plane of weakness from rock mechanics to predict failure due to 
shear along the mortar joints, and the maximum stress theory, modified to 
take into account the strength variation normal and parallel to the bed 
joints, to predict failure by splitting. These authors take the Mohr-Coulomb 
equation for failure along a single plane of weakness, in this case the 
interface between unit and mortar as: 

(4.9) 

where r is the shear stress on the joint at failure, C the cohesion, in the 
compressive stress normal to the joint and ¢ the angle of internal friction. 
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Figure 4.15 Failure envelopes for biaxially stressed masonry (Hamid and 
Drysdale) 

Using the usual equations relating the normal and shear stresses to the 
applied principal stresses hand h results in the following equation for bed 
joint failure: 

iI-h= ( ) 1 - tan ¢Jj cot () sin 2() 
(4.10) 

where () is the angle between the direction of /3 and the bed joint. A similar 
equation is obtained for failure of the head joint by substituting Ci and ¢Ji for 
the corresponding terms in equation (4.10). These equations are shown in 
figure 4.15 with the addition of horizontal lines defining the intervention of 
splitting failure of the units. The theory has shown reasonable agreement 
with the results of tests on specimens subjected to uniaxial compression in 
which the bed-joint angle varied between 15° and 75°. 
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4.5 Shear modulus of masonry 

The shear modulus of brickwork G was calculated from deflection measure
ments made on full-scale, storey-height panels tested by Sinha and Hendry 
[24]. For the type of brickwork tested (31 N/mm2 bricks set in 1 : +: 3 mortar) 
the value of G was in the region of 1500-2000N/mm2• The value increased 
appreciably with precompression and, reflecting the non-linear characteris
tics of the material, decreased with increase in shear stress. For approxi
mate calculation, G might be taken as 

E/2(1 + v) (4.11) 

where v is Poisson's ratio. For clay brickwork Atkinson and Noland [40] 
have found an average initial value in compression tests of 0.17, increasing 
rapidly when the applied compression exceeds 0.8 of ultimate. Hegemeir et 
al. [36] have reported values of Poisson's ratio for blockwork masonry of 
0.18 when loaded normal to the bed joint, decreasing to 0.12 when loaded 
parallel to this direction. This is an indication of the orthotropy of masonry 
which has been discussed by Naguib and Suter [41] in relation to numerical 
modelling, although no experimental data appear to be available. 
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5 THE STRENGTH OF MASONRY 
COMPRESSION ELEMENTS 

5.1 Factors affecting the compressive strength of walls and piers 

The discussion of the compressive strength of masonry in chapter 2 related 
to short piers or columns, axially loaded. The strength of a wall of a given 
type will be influenced by the eccentricity of loading and the slenderness 
ratio, which in turn depend on the geometry of the building, the relative 
stiffnesses of the walls and floors, the nature of the joints between them and 
the distribution of the loads. The calculation of the strength of masonry 
compression elements is further complicated by the low tensile strength of 
the material, which may crack under certain loading conditions, leading to 
variations in effective sectional properties. 

Structural design is currently based on the results of tests on walls and 
piers of various slenderness ratios and eccentricities, and with idealised end 
conditions. The designer has then to make allowance for the actual end 
conditions by estimating the effective height of the wall or column and the 
eccentricity of loading on it, generally on the basis of conventional rules or 
judgement. Covered by large safety factors, these rather crude methods 
have given satisfactory results, but more rational design methods are clearly 
desirable and will be discussed in this and the following chapter. 

5.2 Empirical studies of the strength of walls and piers 

With the object of providing design data for structural codes of practice, 
generally in the form of reduction coefficients on the basic masonry 
compressive strength to allow for slenderness and eccentricity, tests have 
been carried out in many countries over a long period of time. As men
tioned in section 5.1, these tests have achieved their purpose and have 
resulted in a fairly reliable knowledge of the effect of the primary factors 
affecting the strength of simple walls and piers [1]. 

The literature on the subject shows that a large number of tests have 
been carried out on axially loaded walls of varying slenderness ratio. Some 
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of the results, from references 2-8, are plotted in figure 5.1; these show a 
considerable scatter which appears to increase with slenderness ratio. The 
reason for the scatter is, presumably, that in testing walls it is difficult to 
avoid small unintentional eccentricities, the effect of which increases with 
slenderness. There are fewer available results for walls tested with eccentric 
loading, but some have been plotted in figure 5.1. In the case of these results 
the scatter is rather less, no doubt because small experimental deviations 
from a finite eccentricity are of less importance than they are in the case of 
nominally axial loading. 

It is found from wall tests that up to slenderness ratios (that is, ratio of 
height to thickness) approaching 30, which is a practical limit, failure under 
axial load is usually limited by the strength of the material rather than by 
buckling. The walls fail in this case by the development of vertical cracks or 
diagonal cracking, as shown in figure 5.2. 

Under eccentric load a slender wall may show considerable lateral 
deflection (figure 5.3) before failure, which takes place by catastrophic 
collapse (figure 5.4). 

These tests have been carried out either with hinged end conditions or 
'flat ends', the latter meaning that the walls have been tested between the 
rigid platens of the testing machine. There have inevitably been differences 
in the test conditions and in the interpretation of the results, as reflected in 
the reduction factors used in the various national codes. 

5.3 Theoretical studies of the strength of compression elements 

Although the strength of hinged-end compression elements is satisfactorily 
described by test results, this is not really a sufficient basis for the design of 
walls in an actual structure. Such walls are never hinged, and for a given 
load condition their strength is critically influenced by the stiffness of 
contiguous walls and floor slabs. In conventional design calculations, the 
real condition in the structure is related to the hinged-end situation by 
'guesstimation' of an equivalent height of the member and of the eccentri
city of the loading. To progress beyond this empirical method of design, 
it is necessary to examine theoretically the mechanics of brittle material 
columns. 

5.3.1 Differential equation for brittle columns 

Theories for the elastic buckling of brittle columns were first developed 
by Royen [9] and by Angervo [10]; the latter's theory was based on the 
solution of the differential equation for a column without tensile strength. 
A similar solution by Chapman and Slatford [11] considered pinned and 
fixed-end columns, with an initial deformation that increased linearly 
from the ends to mid-height, and an initially straight pinned-end column 
with eccentric loading. Restricting attention to the last case, it will be 
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Figure 5.2 Failure of brick masonry wall in compression by vertical splitting and 
inclined shear cracking 

observed that if an eccentric load is applied within the middle third of the 
section, tension in the material will be produced only when lateral def'lec
tion of the column causes the line of thrust to move out of the middle third. 
As indicated in figure 5.5a, a cracked zone will extend over part of the 
height of the column and the effective section will be reduced. (If the 
eccentric load is applied outside the middle third of the section, the cracked 
zone will extend over the whole height of the column.) The stress distribu
tions at various sections of the column will be as shown, and are assumed 
to be linear. Failure of the column will take place when the cracked zone 
reaches the line of thrust; at the moment of collapse, a hinge forms at the 
mid-height of the column, and the line of thrust passes through it as shown 
in figure 5.5b. Following the solution proposed by Chapman and Slatford 
it is necessary to consider two differential equations: one for the un cracked 
parts of the column, and the other for the cracked length. Thus, for the 
uncracked part 
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Figure 5.3 Incipient buckling of a slender wall at 75 per cent of ultimate load 

(5.1) 

where the symbols have the meaning shown in figure 5.5a, E is Young's 
modulus and I the second moment of area. The reduced depth of a section 
within the cracked part is 

d' = 3(% - y - ep ) 

and the corresponding moment of inertia is 

The eccentricity of the line of thrust with respect to the cracked section is 

e' = (~) 
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Figure 5.4 Collapse of wall shown in figure 5.3 at ultimate load 

Therefore, the differential equation at any cracked section is 

( d'J3 d2y EI - - + Pe' = 0 
d dx 2 

or 

(5.2) 

Substituting z = [(d/2) - y - epJ, d2z/dx2 = -d2y/dx2, equations 5.1 and 5.2 
become respectively 
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Figure 5.5 Eccentrically loaded pinned-end column of brittle material 

EI d2z _ Pd3 = 0 
clx 2 54z 2 

The general solutions of equations 5.3 and 5.4 are, respectively, 

and 

. d z = A cos flX + B sm flX + -
2 

(5.3) 

(5.4) 
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in which!1 = V(PIEI) and A, B, C, F and G are constants determined by 
the end conditions and the conditions at the common sections between the 
cracked and uncracked parts of the column. Evaluation of these constants 
leads to the following equation 

3 I I 

a = ~h = ( 3~ f2 f( 3~ ) + sin-{ ;~ - 3 f2 -sin- 1 6:p (;~ - 3 f2 
(5.5) 

The maximum value of P occurs when da/dz c = 0, and then z/d and e/d 
satisfy the equation 

(3~ r'[ {3~ -1)'(3~( H3~) (:: -3) 

+2[[6~J (:: -3( + 0 
(5.6) 

Using the above equations, Chapman and Slatford were able to obtain, 
in dimensionless terms, the load-deflection curves for eccentrically loaded 
brittle columns reproduced in figure 5.6. In this diagram the load on the 
column is expressed as a fraction of the Euler load. The broken lines 
indicate the behaviour of an elastic column with tensile resistance; com
pared with such a member the load-deflection curve for a brittle column 
reaches a maximum. The theoretical collapse occurs when the sum of the 
central deflection and the initial eccentricity becomes equal to half the 
depth of the section. The vertical chain broken line indicates the onset of 
cracking, which of course is exceeded as soon as any load is applied with an 
eccentricity greater than d/6. 

A second diagram from the Chapman and Slatford analysis, figure 5.7, 
shows the buckling load of the column as a fraction of the Euler load, 
plotted against the eccentricity ratio, emphasising the critical importance of 
eccentricity as a factor influencing the strength of brickwork elements in 
compression. From this diagram and on the assumption, based on experi
mental evidence, that axially loaded walls having a slenderness ratio 
(height/thickness) exceeding about 25 fail by buckling, it is possible to 
derive a set of reduction factors for slenderness and eccentricity. This has 
been done, with the results shown in figure 5.8. The curves to the right 
of the diagram indicate buckling failures as derived from figure 5.7, taking 
the Euler critical load at a slenderness ratio of 25 as unity and equating it to 
the compression failure stress for a short column. The reduction factors for 
short columns with various degrees of eccentricity have been calculated by 
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Figure 5.6 Load-deflection curves for column with eccentric load: broken lines 
refer to wholly elastic columns (Chapman and Slatford) 
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Figure 5.7 Maximum load for column with load eccentricity (Chapman and 
Slatford) 

considering the combined bending and axial stresses, and finding the 
reduced load necessary to produce unit maximum stress in the material. 
Although very approximate, these curves serve to illustrate the behaviour 
of masonry elements in compression and generally correspond with experi
mental results. 
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Figure 5.8 Stress reduction factors for pinned-end brickwork compression ele
ments with various eccentricities of loading (Chapman and Slatford) 

Angervo's solution to the differential equation for a pinned-end brittle 
column was based on linear and non-linear stress-strain curves, and Sahlin 
[12] extended the analysis to include for the possibility of the eccentricity at 
each end of the column being different. 

Kukulski and Lugez [13] have overcome the difficulty of integrating 
the differential equation for a column with limited or no tensile strength by 
putting it in the form: 

(5.7) 

£1 and £2 are the strains in the extreme fibres of the section. If the stress
strain relationship for the material is known, it is possible to represent the 
variation of ll.£ = £1 - £2 as a function of the eccentricity ratio, e = e/h, of 
the force acting on the section being considered for given values of the 
mean stress 10. This stress divided by the compressive strength of the ma
sonry f~ may be represented by To. On this basis, Kukulski and Lugez have 
obtained the curves shown in figure 5.9 for the relationship between /).f and 
e for various values of lo, assuming the logarithmic stress-strain function in 
figure 5.lD. The full line cutting off the lo curves corresponds to the achieve
ment of the ultimate strain in the material. 

It will be seen that the lo curves below 0.6 show a discontinuity which in 
fact corresponds to the point at which cracking of the section takes place. 
(In this example, tensile resistance to the extent of 0.15f~ has been as
sumed.) The locus of such points is indicated by a chain broken line which 
becomes asymptotic to the e axis. In the absence of tensile strength this line 
would intersect the axis at e = 0.166. Up to the cracking line, the lo curves 
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Figure 5.9 Variation of ~E against e in a rectangular section for various values of 
Jo = fo/f~· Plotted for parameters k = 1.1 and n = -0.15 (see figure 5.10) 
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are approximately linear. Beyond this, they may be represented by an 
equation of the form 

(5.8) 

where a1 and a2 are constants which may be found for each value of 10, 
having regard to the coordinates of the curve at the cracking line and at the 
failure line. 

Thus the following differential equations are obtained: 

. d 2e _ 
For uncracked sectIOns: -- = -ae 

dx 2 
(5.9) 

d 2- 1 
For cracked sections: _e = - 2 (5.10) 

dx 2 (a1 - a2e) 
These equations can be integrated, with the introduction of the end eccen
tricities (e = eo at x = ±hI2) and the eccentricity er corresponding to failure. 
This leads to the value of 10 at failure, which is the same as the capacity 
reduction factor, cpo This, however, does not take into account the possibil
ity of buckling failure, which can be found from the curves of figure 5.9 in 
the following manner. If the end eccentricity ratio (at x = ±hI2) in a slender 
wall is e A' then for 10 = a the eccentricity ratio at mid-height of the wall is 
also eA. As the load is increased, the variation of em is represented by a 
curve having positive slope (AB in figure 5.9). If at some point such as B this 
curve is a tangent to one of the 10 curves, a point of instability is defined, 
since, if em increases beyond B the corresponding value of 10 is reduced and, 
unless the load is reduced, collapse will take place. 

From the above analysis Kukulski and Lugez have produced graphs of 
the slenderness reduction factor cp for a variety of cases, one of which is 
shown in figure 5.11. The base of the graph is the parameter A = l/(hVa) 
where a = EoIfm, Eo being the tangent modulus of the material. 

Kirtschig and Anstotz [14] have shown good agreement with tests 
on calcium silicate and lightweight aggregate masonry specimens with 
equal end eccentricities. The theory is, however, strictly valid only if equa
tions (5.9) and (5.10) and the assumed stress-strain function correctly rep
resent the characteristics of the material of the wall. This limitation could of 
course be overcome if numerical integration of appropriate functions 
for !1l was used along with an experimentally determined stress-strain 
relationship. 

Romano et al. [15] have also produced a solution of the differential 
equation for a masonry column based on non-linear stress-strain curves. 
Payne et al. [16] have developed a method of analysis combining finite 
element and finite difference procedures which has permitted investigation 
of the tensile strength of the brick units, non-linear behaviour of the mortar 
and deviations from initial straightness. 
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Figure 5.11 Slenderness/eccentricity reduction factors by theory of Kukulski and 
Lugez. Plotted for k = 1.1 and assuming tensile strength of masonry equal to 0.125 
of compressive strength 

5.3.2 Solutions assuming deflection and stress-strain curves 

Haller's theory [4] is based on the assumption of a sinusoidal lateral 
deflection curve and a non-linear stress-strain relationship derived 
from tests on small masonry prisms. The solution is in less formal math
ematical terms, and results in expressions for calculating the maximum 
load on the element which are rather less cumbersome than those re
sulting from the general solution of the differential equation. Haller's 
solution showed good agreement with experimental results, provided 
that an additional initial eccentricity of 1/1000 of the height of the test 
column was added to the eccentricity of the load. Although the experi
mental stress-strain curve used by Haller was very close to parabolic, the 
substitution of the latter relationship in Haller's calculation, rather 
surprisingly, appears to result in a considerable difference in the estimated 
mean failing stress as compared with that derived on the basis of the 
experimental curve. 

1.0 
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Haller's theory related to specific masonry specimens and was not gener
alised; other investigators however, including Monk [17] and Turkstra [18] 
have derived general theories based on non-linear stress-strain relation
ships. The degree of non-linearity is defined by a factor k = Eo['lf~ where 
Eo is the initial tangent modulus, f~ the maximum stress and [' the corre
sponding strain. Thus k is the ratio of the ultimate strain to the elastic strain 
at failure stress. These theories demonstrate (as did Sahlin's) that the wall 
strength is a function of a non-dimensional parameter (hldV (f~/ Eo)). 
Evaluation of wall strength at a given eccentricity of loading thus requires 
knowledge of three parameters of the stress-strain curve, namely f~, Eo and 
k. The curves shown in figure 5.12, calculated by Turkstra, show the effect 
of variation in the parameter k with slenderness ratio, assuming a particular 
value of f~1 Eo. Turkstra obtained reasonable agreement between test and 
theoretical results using values of V(EJf~) of 15 and 19.4, and of k in the 
range 1.0-1.5. As shown in chapter 2 (page 46), accurately determined 
stress-strain curves indicate a second degree parabolic form, that is, k = 2, 
in which case, Eolf~ = 21['. The maximum strain [' is on average about 
0.003, suggesting a value of the order of 24 for V(EJf~). Monk in fact 
suggests values of 2 and 25.8 for these parameters and used these in deriving 
a set of design curves. Uncertainties concerning these parameters may 
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Figure 5.12 Effects of stress-strain relationships (Turkstra) 
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result in significant inaccuracies in the derived reduction factors, so that 
tests on specific materials may be required in applying these theories. 

5.4 Wall-floor slab interaction 

In the theories discussed above, it is assumed that the compression element 
under consideration has known end conditions and eccentricity of loading, 
whereas in an actual building these factors and the strength of a wall or 
column will be influenced by interaction between the members of the 
structure. Thus, as illustrated in figure 5.13, the rotation of the top of an 
eccentrically loaded wall will depend on the relative stiffness of the walls 
and floor slab, the loading conditions and the characteristics of the wall
floor slab connection. The slab-end moment will be generated by the 
wall loads, Nu and NL in figure 5.13a, which will determine the slab-end 
rotation e. In general, this will be greater than the rotation at the top of the 
wall below the joint since the latter will not be rigid. The usual assumption 

N, 

(b) 

Figure 5.13 Wall-floor slab interaction 
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is to find the eccentricity of the load N L (figure 5.13b) and to use this in 
calculating the wall strength, without regard to the angle of rotation at the 
top of the wall. However, the floor slab will restrain this rotation if the wall 
is tending to buckle, so that, in order to take into account wall-floor slab 
interaction, a solution is required for the strength of walls in which the 
rotation at the end of the wall is a variable in addition to the variables of 
load, eccentricity and member dimensions. The problem may be considered 
in two parts: (1) the strength of walls in terms of end rotation and eccentri
city, and (2) the determination of eccentricities taking into account the 
characteristics of the wall-floor slab connection. The first of these will be 
considered in the following section and the second in chapter 6. 

5.4.1 Wall strength in terms of end rotation 

A number of solutions for this problem have been published. Sahlin [19], 
working from Angervo's solution of the differential equation for a brittle 
column, derived the set of parametric curves shown in figure 5.14, which 
connect the end rotation of a wall, the applied load and the eccentricity. 
These particular curves are for the case of zero eccentricity at the bottom 
of the wall. Superimposed on them in dimensionless terms are curves of 
constant edge stress so that it is possible, for a given load, to determine 
the maximum stress in the wall for known conditions of end rotation and 
eccentricity or the buckling load. 

Risager [20] has produced a solution for walls compressed between floor 
slabs with equal angles of rotation at the ends, based on consideration of an 
equivalent column having a parabolic deflected form, as indicated in figure 
5.15. Using the notation shown in this diagram, the deflection, y, of the 
column of length H, between points of inflection is 

y = 4yc ~(1 + ~J (5.11) 
Hs Hs 

where Yc is the maximum deflection of the equivalent column and x is the 
distance along the load axis, measured from the point of inflection. 
The eccentricity and angle of rotation at the level of the lower surface of the 
floor slab are then, respectively 

and 

e = 4yc --~..J1 - ~) 
Hs l Hs 

fJ = 4-~Jl - ~) Hsl Hs 
Introducing the following parameters 

e 
[= --

d/2 
H 

Q =-fJ 
d 

H 
<I> = -fJ 

d 

(5.12) 

(5.13) 
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Figure 5.14 Interrelationship between load in a brittle column and angle of rota
tion of its upper end. Load is eccentric at top and axial at base (after Sahlin) 

Figure 5.15 Equivalent column in Risager's analysis 
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it can be shown from equations 5.12 and 5.13 that 

and 

S 
E = 2<1>-

H 

(5.14) 

(5.15) 

Consideration of the stresses in a column of rectangular section without 
tensile stress shows that the edge stress is 

2 P 
a = -~---.,-

max 3 b(d/2 - e) 
and the curvature 

2 P 
Yo = - 2 

9 Eb(d/2 - e) 
Introducing the further parameters 

W = 7.2(~Y ~ 
H) f~ 

P 
v= --

bdf:n 

(5.16) 

(5.17) 

(5.18) 

(5.19) 

Risager established the formulae shown in table 5.1, from which the bearing 
capacity, crack condition, mode of failure, eccentricity and end moments 
can be determined for a given column, provided that the angle of rotation 
at its end is known. 

A similar analysis has been developed by Colville [21,22], who extended 
it to include walls in single and double curvature and with several combina
tions of end eccentricity. This solution resulted in parametric curves of 
f(P) - fee), similar to those derived by Sahlin. The results of Colville's 
analysis have been found to compare reasonably well with those obtained 
experimentally. 

Thurlimann and Schwartz [23] have obtained a solution for this problem 
leading to a design graph from which both ultimate and serviceability limit 
states can be assessed. They start with the following equation relating the 
curvature, of a cross-section (¢), under a constant normal force (N), to the 
deflection (w) of the wall: 

(5.20) 
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Table 5.1 Formulae for bearing capacity and eccentricity (Risager) 

Zone 

I 

II 

III 

IV 

Bearing capacity 

1 v = 1 - -<I>W 
3 

3 1 1 v= ---
4 <I> W 

4 
v = -W 

9 

v = 6~ <l>W(4 - <l>t 

Eccentricity 

£ = ~<I> I( 3W ) _ <I> 
3 V 3 - <l>W 

£=0 

£=0 

Mode of failure Zones I and II: stress failure. Zones III and IV: buckling. 
Wall section Zones I and III: uncracked. Zones II and IV: cracked. 

Taking w(x) = e(x) and introducing a reference eccentricity eo equation 
(5.20) can be rewritten as 

(5.21) 

where q(x) = e(x)/eo. This equation represents the non-linear differential 
equation of the deflection w(x) = q(x)eo• A solution to this equation has 
been obtained by assuming that the non-dimensional eccentricity 17 and the 
curvature 11 are related by the equation 

q,(q) ~ (~~),~ tan( iq) [ 1 + tan'( ~ q) 1 (5.22) 

where (EI)o is the initial flexural stiffness of the cross-section with (N, 11 = 
0). This leads to the solution of equation (5.21): 

(5.23) 

where 

1= n[(EI)o/Nt\O{ 17m ~) 
Equation (5.23) defines a family of column deflection curves, the parameter 
17m being the non-dimensional eccentricity at x = 112, and I the half
wavelength of the deflection curve. It will be noted that when 17m tends to 
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Figure 5.16 Column deflection curves for non-linear stress-strain relationship 
(Thurlimann and Schwartz) 

zero, the 17-:-¢ relationship becomes linear and the deflection curve tends 
towards a sine wave, that is, the solution reduces to the case of elastic 
buckling. If the eccentricity ern tends towards eo, the half-wave tends towards 
two linear segments. These points can be seen from the curves shown in 
figure 5.16. 

Having obtained the family of column deflection curves, it remains to 
relate these to the end rotation. This is achieved in the manner indicated in 
figure 5.17a which shows a wall loaded by a force N which has eccentricities 
of zero and eu at top and bottom, respectively. Figure 5.17b shows a family 
of deflection curves for this case in relation to the member, and figure 5.17c 
the position of one of the curves which fits the specified eccentricities. The 
angle of rotation of the wall is then e = ejh. For a given value of N, the 
17u = ejeo - 8 relationship can be obtained from the corresponding family 
of deflection curves, as illustrated for a particular case in figure 5.1Sa. These 
curves have been shown to agree closely with the results of tests in which 
the end rotation of walls under constant end load, applied at various eccen
tricities, has been increased up to the point of failure. 

The 17u-8 curves have been presented in generalised form for design 
purposes (figure 5.1Sb) by replacing 17u by Mwo = MwlNceo where Nc = 
,r(EI)o!h2 and e by eo = l/eoe. Curves are shown for several values of the 
parameter No = NINe. This design approach is based on the assumption that 
the eccentricity-curvature curves are affine with respect to the 17-axis. 

5.5 Semi-empirical methods 

An alternative approach to the calculation of the compressive strength of 
masonry elements allowing for the effects of slenderness and eccentricity 
makes use of formulae associated with the names of Rankine, Ritter and 
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Figure 5.17 Determination of r;-8 relationship 
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Figure 5.18 (a) Example of r;u against 8 relationship. (b) Design curves for 
compressive strength of masonry walls related to end rotation (Thurlimann and 
Schwartz) 
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other earlier writers. The basis of these formulae is the assumption of a 
linear relationship between the ratios a/!c and a/Ie where a,!c and Ie are 
respectively the applied compressive stress, the compressive strength of 
the material and the stress corresponding to the Euler buckling load. This 
results in an equation of the form: 

~ = 1- a 
fc fc 

(5.24) 

Starting from this equation, Morton [24] has derived the following 
capacity reduction factor applicable to eccentricities within the core of the 
section: 

1 
f3* = n/m + fc/ fc 

(5.25) 

where n = 1 + (e . y/r2) in which e is the eccentricity, y the distance of 
the extreme fibre from the neutral axis and r the radius of gyration of the 
section; m is a factor, suggested equal to 1.1, to allow for the apparent 
increase in compressive strength in bending and Ie is the Euler buckling 
stress. Morton adopts a value of E in calculating the Euler stress related to 
the characteristic strength of the masonry, suggesting 900/k as being nor
mally appropriate. He has extended the theory to apply to larger eccentri
cities where the section would be cracked and indicates its applicability to 
sections other than rectangular. 

A similar approach, used in the Danish code of practice for masonry, has 
been described by Knutsson [25] but in this case a modified value of the 
elastic modulus is adopted to allow for the non-linear stress-strain relation
ship of the material: 

E = Eo(l - aj fc) 
where Eo is the tangent modulus at low stress levels and!c is the compressive 
strength. 

Both these authors demonstrate good agreement between theoretical 
and experimental results, and the method has the advantage of being easily 
understood and resulting in strength formulae that are much less cumber
some than those derived by more rigorous theories. 

A fundamentally similar approach [26-28] is the 'moment magnifier' 
method used extensively in North America for masonry and for steel and 
reinforced concrete columns. In this method an interaction curve defining 
the strength of a short compression member subject to axial load and 
bending moment is first derived. This curve has the form indicated in figure 
5.19 in which the vertical axis is in terms of the applied load P divided by the 
ultimate load, Po, which the section can resist in the absence of bending, that 
is, the maximum axial load for failure. On the horizontal axis the applied 
moment M is divided by the moment capacity, M k , when a load is applied 
at the end of the middle third, that is, at an eccentricity of d/6. The stress 
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Figure 5.19 Axial load-moment interaction curve 
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Figure 5.20 Effect of stress-strain relationship on axial load-moment interaction 
(Turkstra) 

conditions associated with the various portions of the interaction curve are 
also shown. The curve in figure 5.19 is based on the assumption that the 
ultimate tensile strength is equal to 0.1 of the compressive strength; if, as 
is usual, the tensile strength is neglected, the interaction curve will pass 
through the origin. Turkstra and Ojinaga [26] have demonstrated the effect 
of different idealised stress-strain curves, assuming the same ultimate strain 
in each case, with the results shown in figure 5.20. Formulae for the calcu
lation of the interaction curve for a solid rectangular section are given in 
table 5.2. 

End conditions and slenderness are allowed for by introducing a 
'moment magnifier' 

L em 
= 1 - pip. (5.26) 
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Table 5.2 Formulae for interaction curves for solid rectangular 
masonry sections 

For an uncracked section 

The cracking line is given by 

where Me is the maximum moment capacity 
P compressive force on the section 
A area of cross-section 

For a cracked section 
(zero tensile strength) 

M = Pd(l_ ~J 
e 2 g aPo 

g= 2(1- ~J 
Ad 2 

p. = aPo 
k 2 

e = k 

21 
Ad 

1 moment of inertia of the section based on the uncracked 
section 

a flexural compressive strength coefficient 
d section thickness 
f~ compressive strength of the brickwork. 

in which em is a correction factor depending on the moment distribution 
in the element, and is intended to give the equivalent uniform moment in 
the column that would lead to the same long column strength as the actual 
moment diagram. P e is the Euler critical load taking into account the 
effective height of the compression member. The application of the 
moment magnifier will be understood by reference to figure 5.21. Figure 
5.21a shows a pinned column which carries a load P at an initial eccentricity 
e at each end. If the maximum eccentricity is fl, the corresponding bending 
moment is 

P(e + fl) = Pe 1 ! 
1- P ~ 

(5.27) 

In this case em = 1 and Pe = n 2 EIIh2• 

If the moments at the lower and upper ends of the column are M j and M2, 

respectively, the correction factor em is given by 

em = 0.6 + O.4MJ M2 ;:. 0.4 (5.28) 
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Figure 5.21 Moment magnifier method: (a) equal end eccentricities; (b) general 
case - eccentricities at column ends 

The ratio of the moments is positive if the column is bent in single curva
ture, and in this case 

~ = n 2 E1/(kh)2 

where kh is the effective length. 
Calculation of E1 presents certain problems, as the stress-strain rela

tionship is non-linear, and the value of I may be reduced by cracking of the 
section. The following empirical relationship has been suggested [28] for 
calculating the flexural rigidity of a masonry element 

E1 = EeJJ 0.2 + ~) ~ 0.7Eo10 (5.29) l ~ 
where Eo is the initial tangent modulus, and 10 the moment of inertia of the 
uncracked section. 

As mentioned in relation to Morton's adaptation of the Rankine for
mula, it has been found that the apparent flexural compressive strength of 
masonry specimens calculated on the basis of a linear stress distribution is 
consistently greater than the prism strength. Morton proposed an enhance
ment factor of 1.1 while Fattal and Cataneo [28] have given values between 
1.3 and 1.4 at eccentricities between tl12 and (14 falling to 1.18 at (13. 

5.6 Special wall types 

5.6.1 Cavity walls 

Cavity wall construction is frequently used for the outer walls of buildings 
in order to achieve a higher degree of weather protection and thermal 
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insulation than would be obtained from a solid wall of the same material 
thickness. Experiments [29] have shown that, for practical purposes, the 
inner leaf of a multi-storey cavity wall transmits by far the larger proportion 
of the loading from floors above, even when the floor slabs are carried 
through the thickness of the wall. In considering the strength and stability of 
a cavity wall, it will therefore be appropriate to assume that the structural 
effect of the outer leaf will be to stabilise the inner leaf, provided that the 
ties between them are sufficiently stiff, and it has been found [30] that 
twisted wire ties will not produce this strengthening effect. . 

If, however, the ties are sufficiently stiff to ensure that the two leaves 
deflect laterally to the same extent, thus doubling the effective stiffness of 
the loaded leaf, the theoretical buckling load for the leaf of a cavity wall will 
be twice that of a single leaf wall of the same thickness, but under eccentric 
loading a crack will develop in the unloaded leaf at a relatively low load. 
The maximum tensile stress in this leaf is given by 

_ 3f{e/d) 
10, - (I - f/2 fe) (5.30) 

where f = Plbd and fe is the Euler buckling stress. 
The edge stresses in the inner leaf are given by 

= _ + 3f{e/d) 
h, f - (I - f/2fe) (5.31 ) 

The relative cracking loads for solid and cavity walls have been calcu
lated by Sahlin [31] and are shown in figure 5.22. 

The effect of cracking in the outer leaf has been discussed by Jensen [32] 
in relation to the following formula for the effective thickness of a cavity 
wall: 

where f" E, and f2' E2 are respectively the thickness and elastic modulus 
of the inner and outer leaves. The factor k lies between 1 and 0, being 1 if 
the outer leaf is uncracked and 0 if each and every joint is cracked. This is 
a useful concept but too few results are available from which to determine 
specific values of k. 

5.6.2 Stiffened walls 

Theoretical and experimental studies of wall strengths have generally been 
limited to consideration of rectangular cross-sections. However, many walls 
in practical situations are stiffened by piers, or returns, and recently interest 
has developed in the use of walls with fins or of cellular construction [33-36] 
as indicated in figure 5.23. 
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Figure 5.22 Cracking loads of single-leaf and cavity walls related to the Euler load 
for a single leaf (Sahlin) 

\ t 1 r LJ J 

U (a) Wall stiffened by piers 

(d) Cellular or diaphragm wall 

Figure 5.23 Cross-sections of stiffened walls 

In principle, it would be rational to consider the compressive strength of 
such elements by calculating their slenderness ratios on the basis of their 
overall radii of gyration [37]. The strength and stability of the individual 
sections of wall, and the integrity of the bond between them, may however 
be more critical, so that information about the behaviour of brickwork 
panels with stiffened edges is of importance. No theoretical solution for this 



THE STRENGTH OF MASONRY COMPRESSION ELEMENTS 117 

problem appears to exist, but there are some experimental results [38] from 
tests on axially loaded walls with returns on both vertical edges. The results 
of these tests, some of which are summarised in table 5.3, led to the follow
ing conclusions: 

(1) Walls stiffened along their vertical edges by returns did not show 
increased strength as compared to strip walls, up to a slenderness 

Table 5.3 Test results of axially loaded strip walls and walls stiffened 
along their vertical edges by returns 

Test Height! Slenderness a b Strength of walls 
no. length ratio Failure Failure with returns 

stress for stress for 
strip wall walls with Strength of 
(Nlmm2) returns strip walls (bla) 

(Nlmm2) 

1 1.3 24 10.8 
9.2 

9.9 1.1 
2 1.3 24 7.65 10.9 1.2 
3 1.0 24 8.13 8.86 1.08 
4 1.0 24 8.86 1.0 
5 1.4 8 10.84 11 19 10.24 0.91 
6 1.4 8 11.55 . 9.8 0.87 
7 0.8 8 11.2 11.0 0.98 
8 0.8 8 10.56 
9 2.8 16 11.15 1115 10.7 0.96 

10 2.8 16 11.15 . 10.7 
11 1.6 16 11.15 9.30 0.83 
12 1.6 16 9.72 0.87 
13 5.6 32 9.07 

9.35 
9.89 1.05 

14 5.6 32 9.62 8.50 0.91 
15 3.12 32 9.35 7.9 0.85 
16 3.12 32 9.2 0.98 
17 2.06 32 9.35 7.24 0.77 
18 2.06 32 9.08 0.97 
19 1.3 24 12.0 

14.5 
10.6 0.73 

20 1.3 24 17.0 9.4 0.65 
21 1.0 24 10.0 0.60 
22 1.0 24 20.3 166 15.0 0.90 
23 1.0 24 12.94 . 11.8 0.71 
24 1.0 24 17.7 1.10 
25 1.0 24 15.0 0.90 

1 to 4: walls built with ~ scale brick Return 5 to 16: walls built Return 
17 to 18: walls built with t scale brick walls with t scale brick walls 
19 to 23: full-scale walls not 24 to 25: full-scale wall loaded 

loaded 
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ratio of 32. It would appear therefore, that up to this limit, no 
increase in the bearing capacity of axially loaded walls should be 
made on account of their edges being stiffened by bonded returns. 
This conclusion holds whether or not the returns are loaded to the 
same extent as the main wall. 

(2) Before cracking and separation of returns, the central deflections 
of walls with returns are smaller than those of corresponding strip 
walls, which indicates effective stiffening up to this point. This 
stiffening effect decreases with increasing aspect ratio. 

(3) As returns provide effective stiffening at low axial loads, they may 
be effective in increasing the strength of very slender walls that 
may be expected to show buckling rather than strength failures. 

(4) Where only the main wall was loaded, about 6 per cent of the total 
applied load was transferred to each of the returns. The average 
ultimate vertical shear stress which destroyed the bond between 
the main wall and returns varied between 0.35 and 0.68N/mm2, 

calculated on an area equal to the height times the thickness of 
the main wall. 

The compressive strength of masonry columns having non-rectangular 
cross-sections has been investigated by Phipps et al. [39, 40]. Figure 5.24 

1.0 

C 
L-

0.8 I ~ 

~ 

,. 
~ :r I. L 
.E I 

c 0.6 T I 0 ·u 
:J I.. "U 
~ 
i::' 

0.4 "0 
ell 
a. 
ell 
0 

0.2 

o 20 40 60 80 100 120 140 
Slendernes ratio (Llr) 

Figure 5.24 Capacity reduction factors (ratio offailure stress to prism strength) for 
masonry columns tested by Phipps et at. compared with Rankine/Morton formula. 
Symbols are indicative of specimen cross-sections 
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has been derived from some of the large number of test results and shows 
the ratio of the failure stress to the prism strength of the material plotted 
against the slenderness ratio, heightlradius of gyration. All the points refer 
to pinned end columns with axial load. 

Also shown is the reduction factor given by the Morton/Rankine theory 
(equation 5.25) assuming zero eccentricity. There is a considerable scatter 
of results but no greater than has been found in tests on rectangular section 
columns and walls (see for example figure 5.1, page 92). There does not 
appear to be any systematic difference as between the different cross
sections tested, which included rectangular, cruciform and I types and in 
brick and block. 

Phipps et al. have shown that it is possible to compute the failure strength 
of the various columns using experimental values for materials properties 
but no general solution is available. However, it would appear that 
the Morton/Rankine reduction factors could be safely applied to non
rectangular sections with nominally axial loading. Phipps [41] has also 
proposed the use of the empirical formula given in the British Code of 
Practice BS 5628 Part 1 [42], with suitable modification. This formula is 
based on the assumption of a rectangular stress block at failure and no 

e. 

N 

I 

I -$ 1.1 
_ fk I'Ym 

I 

N = 1.1 fk X AJYm + 
Figure 5.25 Eccentric load on non-rectangular section at design load for ultimate 
limit state 
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Figure 5.26 Slenderness/eccentricity reduction factors for a diaphragm wall by 
BS 5628 method (Phipps) 

tensile resistance, as shown in figure 5.25. Second-order lateral deflection is 
assumed to be given by the equation: 

ex = D([1/2400 X heff/Dr - 0.015) (5.32) 

where D is the overall depth of the section as indicated in figure 5.25. This 
deflection is constant over the central fifth of the wall height and varies 
linearly from ex at the top of the wall to zero at the bottom (figure 5.25). On 
this basis, Phipps has calculated the capacity reduction factors for a typical 
diaphragm wall shown in figure 5.26. The corresponding factors for a rec
tangular section are shown for comparison. 

Allowance for slenderness and eccentricity could also be made using 
the moment-magnifier method although rather tedious calculatious would 
be required to construct the required interaction diagrams for non
rectangular sections. 
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6 DESIGN ANALYSIS OF UNREINFORCED 
MASONRY STRUCTURES 

6.1 General 

Three analytical problems arise in the design of masonry structures, which 
relate to (1) the distribution of vertical loads among the various walls in the 
building, (2) the determination of eccentricity of loading on walls, and (3) 
the distribution of lateral loads on the walls. Conventionally these problems 
are resolved in design calculations by rather arbitrary assumptions, but they 
can be treated more rationally by the methods described in this chapter. 

6.2 Vertical load analysis 

6.2.1 Load distribution on walls 

In simple cross-wall structures the allocation of floor loads to the supporting 
walls is straightforward. However, with two-way spanning slabs, and with 
complex wall arrangements, the problem becomes more difficult and con
siderable differences in estimated wall loads can arise according to the 
assumptions made. The most usual procedure is to subdivide the floor areas 
into triangles and trapeziums, as in the case of reinforced concrete beam 
design, and to allocate the loads from these areas to the appropriate walls. 
With a simple rectangular slab this is probably reasonably accurate overall, 
but it should be noted that the distribution of the force applied to the walls 
will not be uniform along their lengths, being in fact concentrated towards 
the centre. It is probable that this non-uniformity will gradually even out 
down the height of a wall, and in the lower levels of a multi-storey building 
there would be an approximation to uniformity. 

An alternative approach described by Sutherland [1] is to divide the 
floors into tributary areas, the load from each being allocated to a particular 
wall group, taking into account any displacement of the centroid of the 
loaded area from the centroid of the wall group. This procedure is illus
trated in figure 6.1 in which a comparison is made between the wall stresses 
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Figure 6.2 Strain measurements in a cross-wall building: (a) recorded change in 
strain in first-floor wall; (b) location of strain gauges (same layout on opposite face); 
(c) estimated tributary floor area supported 

resulting from the two approaches - the 'wall unit' method is probably more 
accurate, but requires more lengthy calculations and the extent to which it 
is more accurate is uncertain. 

There is some reason to believe that in rather tall buildings, say of ten 
storeys or more, there will be a tendency for the stresses in the lower 
sections of walls to even out, not only in individual walls but in wall groups 
as well. Some evidence for this was found by Stockbridge [2] from strain 
measurements taken in a five-storey cross-wall building; figure 6.2 shows a 
record of the strains measured in a wall of this building as the storeys above 
were constructed. On the basis of the load distribution indicated in figure 
6.2c, it would have been expected that the reading at point 1 would have 
been considerably smaller than that at point 2, whereas in fact, they were 
almost equal. The stressing of the wall at point 3 was complicated by the 
presence of a lintel, XY, above the end of the wall. The effect of this lintel 
was initially to attract load to this area, but after construction had reached 
the first storey the rate of increase of strain decreased considerably until by 
the time the fifth floor was reached, the strains across the width of the wall 
were becoming much more uniform than in the earlier stages. 

6.2.2 Analytical models for vertical load analysis 

The conventional analytical model for the design of a masonry structure for 
vertical loads is one in which the walls and floor slabs are effectively inter-
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Figure 6.3 Typical assumed eccentnCltJes in conventional analytical model: 
(a) slab simply supported on wall, e = tl2 - al2 or a13; (b) continuous floor slab, floor 
load Pr much smaller than Pu, e = 0; (c) discontinuous slabs, eccentricity of Pu = 0, 
e1 = a/2, er = a,l2, eccentricity of load on lower wall is calculated from these 
assumed eccentricities 

connected by hinged joints. The forces from the floor slabs are transmitted 
to the walls eccentrically, as indicated in figure 6.3. These eccentricities are 
determined by empirical rules as, for example, in the British Code of 
Practice for Structural Use of Masonry, BS 5628, which suggests that the 
load from a single floor or roof may be considered to act at one-third of the 
depth of the bearing area from the loaded face of the wall or, in the case of 
a continuous floor slab passing over a wall, each side of the floor may be 
taken as being supported on half of the total bearing area. In this Code, the 
load from the floors above the wall under consideration is assumed to be 
axial and correspondingly the eccentricity of loading at the lower end of a 
wall section is taken as zero. 

This type of assumption obviously simplifies calculations and is very 
widely used in design, and although extremely crude and inherently inaccu
rate, being protected by large safety factors, it has given satisfactory results 
in terms of structural performance. A more rational analytical model for a 
masonry structure must take into account the ability of the wall-floor slab 
joints to transmit bending moments. 

6.2.3 Eccentricity by partial frame analysis 

Wall-end moments and thus eccentricities can be calculated in suitable 
cases by the application of frame analysis provided that allowance is made 
for the fact that wall-floor slab joints are not fully rigid; experimental 
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Figure 6.4 Haller's partial frame method for calculating eccentricities 

evidence relating to this will be reviewed in a subsequent section. Haller [3] 
has given a number of formulae for calculating wall-end moments on the 
basis of rigid joints between walls and floor slabs. These are summarised for 
internal and external walls in figure 6.4, and have been derived by the 
normal methods of structural mechanics. In order to apply these formulae, 
the El values for the walls and floor slabs must be known. As far as the walls 
are concerned, the values given by equation 5.29 may be used, and for the 
floors one of the normal methods for calculating the flexural rigidity of a 
reinforced concrete slab may be adopted. 

Haller's formulae are based on the assumption of full rigidity at the joint 
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Figure 6.5 Joint fixity versus slab/wall stiffness ratio for three levels of vertical 
compression on joint 

between the wall and the floor slab whereas it is known that this condition 
does not apply in practice. As a result of extensive experimental work on 
masonry structures, the relationship shown in figure 6.5 between slab/wall 
stiffness, wall precompression and joint fixity has been established which 
can be used to modify the rigid joint moments derived from the Haller 
formulae [4] in calculating eccentricities. 

Vahakallio and Makela [5] have developed a method for calculating 
eccentricities on the basis of a simplified elastic analysis, which assumes that 
horizontal members have bending strength but that vertical members have 
no tensile strength. The distribution of moments at a joint is calculated by 
considering a section of the structure consisting of the floor slab panels and 
the walls intersecting at the joint under consideration, as indicated in figure 
6.5. The end moments in the members are then obtained from the following 
equations: 

MOl = a(Mq - aol X M/ Ao) 
Mo2 = a(Mp - ao2 X M/~) 

Mo3 = -aao3 X M/ Ao 

M04 = -aao4 X M/ Ao 

(6.1) 

(6.2) 

(6.3) 

(6.4) 

where a, the carry-over factor, is 1.1 at crossed joints, 1.2 at right-angled 
joints, and 1.5 at T-joints 

Mp and Mq are the fixed end moment due to uniformly distributed loads 
p and q: 
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4 

L, 3 

Figure 6.6 Method of Vahakallio and Makela - notation 

(6.5) 

(6.6) 

where k; = 3 or 4 for hinged or fixed ends respectively, for i = 1 or 2 in figure 
6.6, and k; = a; for i = 3 or 4: 

AD = ~D; at the joint (6.7) 

The value of a;, which makes allowance for cracking, is a function of the 
relative eccentricity, and is shown in figure 6.7. The dimension L; used in 
calculating aD; for the walls is the distance from the joint to the point of 
inflection in the member, that is, A;h. An initial value of A; = 0.5 may be 
assumed, and corrected after a trial calculation of moments. Since the value 
of the eccentricity has to be assumed in obtaining a;, it is evident that an 
iterative procedure will, in general, be required. 

6.2.4 Approximate calculation of eccentricities 

An alternative approach to the calculation of load eccentricities on bearing 
walls has been developed by Awni and Hendry [6] following the methods 
originally used by Sahlin [7] and by Colville [8]. 

Using the notation set out in table 6.1, Colville showed that the following 
relationships for the parameter Z = PH2/(EI)w hold for cracked and 
uncracked walls in single and double curvature. 



130 

30 

2.5 

2.0 
ii, 

1.5 

1.0 

0.5 

0 

STRUCTURAL MASONRY 

0.3 

eld 

0.4 0.5 

Figure 6.7 Coefficient iii to allow for effect of cracking on wall stiffness 

Table 6.1 Notation for calculation of eccentricity 

Os is the slab rotation 
Ow is wall rotation 
OJ = Os - Ow, is the angular displacement within the joint 

cI>=O H 
W t 

H, t are respectively, height and thickness of wall 

M = WL2 

12 
W is uniform load on the slab per unit width 
L is span of slab 
R is a factor depending on load eccentricity, slenderness and curvature 

type 
Pu is total load at joint from floors above 
PL is total load at joint below slab 

p 
1/J = _u 

PL 

(3 is joint stiffness 

_ 2(EI) 
{3=_s 

{3L 
e is load eccentricity 

f = elt 

(EI)s and (EI)w are flexural rigidities of slab and wall respectively 
K = (2EI)sH/(EI)wL 
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(a) Single curvature. (i) Uncracked section 

Jr2 <Il 
Z=--

4E + <Il 

(ii) Cracked section 

Z = 33.31<1l(1 - 210 - ~ J 
(b) Double curvature. (i) Uncracked section 

if 10 < <Il, or 

if 10 > <Il, then 

where 

Jr2 <Il2 
Z= ---:-

(<Il + lOr 
(ii) Cracked section 

Z ~ 3331+ -[(, ::)' J]' 

Z = 33.31<1l(1 - 2Er 

o = wV _ ML 
s 24( EI)s 2( EI)s 

assuming eL = eu = e, thus 

wV (PLe L + Pueu)L o = - ~--~~~ 
s 24(El)s 2(El)s 

(6.8) 

(6.9) 

(6.10) 

(6.11 ) 

(6.12) 

(6.13) 

(6.14) 

Letting OJ = M/{J and Ow = (PLeLH)/[(EI)wR] we have from the relationship 
Ow = Os - OJ: 

PLeLH _ wV 

(ElLR - 24(EI)s 
(6.15) 

Substituting 'IjJ and M as defined above, and solving for e: 

M 
(6.16) 

e = p. [(1 + 'IjJ)[1 + 2(E1)s 1 + [2(ElL ~--ll 
L (3L RL (ElL 
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or 

(6.17) 

If the joint is rigid, that is, 8j = 0, f3 = 00,13 = 0 and equation 6.16 reduces 
to 

MR 
(6.18) E= 

The factor R is determined from the moment-rotation equations for 
double and single curvature for uncracked and cracked sections, as follows. 

For an uncracked wall in single curvature, we have from equation 6.8: 

Z= 
n 2 cp 

4E + cp 

As previously defined: 

H cp = 8 -
W t 

Substituting in the expression for Z: 

from which 

Z = n2(ZdR) 
4E + (zdR) 

n 2 - Z 
R=---

4 

Similarly for the double curvature case 

R = n~(Z) - Z 

ZE 
R 

(6.19) 

(6.20) 

(6.21) 

(6.22) 

For cracked sections the derivation of R in this way results in awkward 
cubic expressions. To avoid this difficulty, Awni has derived relationships 
giving the maximum rotation capacity CPmax at the buckling load in terms of 
E by differentiating the various expressions for Z, and equating to zero, thus 
obtaining the curves shown in figure 6.8. From equation 6.19: 

cP Z 
- --
E R 

(6.23) 

that is, the slope of the cP against E relationship, if regarded as linear, is 
equal to ZIR. For the single curvature case, it will be seen from figure 6.8 
that the relationship is linear and 
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Figure 6.8 Curves of <l> against I' for double and single curvature 

<I> max = Z = 1.332 
E R 

Substituting in equation 6.21 then gives 

R = 1.85 

0.5 

(6.24) 

for both uncracked and cracked sections. The <I>max against E curve for the 
double curvature case is not linear, but taking appropriate values of the 
slope for the uncracked and cracked cases, and using equation 6.22 results 
in 

R = 2.345 for uncracked sections 
R = 1.275 for cracked sections (6.25) 

Using these values of R it is then a simple matter to calculate E directly from 
equation 6.18. 

Summarising, the procedure in design is to calculate the following: 

wU 
M = 12,Pu ,PL ,1fJ 

K = (2EI)sH/(EILL 
The eccentricity is then found by substituting these quantities into equation 
6.17, or 6.18 if fully rigid joints can be assumed, using the appropriate 
value of R from equation 6.24 or 6.25. Values of the joint stiffness param
eter f3 have been obtained from experimental results and are given in figure 
6.9. 
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Wall-end rotation, if required for the calculation of wall strength, can be 
found from the relationship 

t o = <11-
W H 

The end-rotation approach of Thurlimann and Schwarz to the assess
ment of compressive strength, outlined in section 5.4.1 (page 107), can be 
used to determine eccentricity at wall-floor slab intersections using the 
design charts [9] which were developed from their work. The principle is 
indicated in figure 6.10. In this diagram the vertical axis is the eccentricity 
ratio eld and the horizontal axis the angle of rotation at the top of the wall. 
A set of curves representing the relationship between the wall-end rotation 
and the eccentricity ratio for various values of a parameter related to the 
slenderness of the wall is drawn to these axes. A line representing the 
slab-end rotation is then superimposed: this intersects the y-axis at a value 
of eld corresponding to the fixed-end moment divided by the axial load 
(zero end rotation). The line intersects the x-axis at the slab-end rotation 
corresponding to zero restraining moment. This line intersects the wall 
rotation line corresponding to the slenderness parameter where the wall 
and slab rotations are equal and defines the eld ratio for the specified 
conditions. 

This solution assumes that the joint is full rigid, although some adjust
ment of the wall-end rotation curve might be made to allow for this, and the 
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Figure 6.10 Eccentricity from wall and slab-end rotations (Swiss method) 

slenderness parameter curves, calculated from experimentally determined 
materials properties, are specific to particular units and materials. 

6.2.5 Evaluation of methods of calculating eccentricities 

The methods of calculating structural eccentricities in multi-storey masonry 
buildings described in the preceding sections range from those based on 
simplified empirical assumptions to rather complicated analytical models 
which attempt to allow for at least some of the complex factors known to 
influence wall-floor slab interaction. Page and Sparkes [10] have carried out 
a study of these and other methods in which calculated values were com
pared with results obtained in a test on a full-scale, three-storey, two-bay 
structure. It was concluded that the partial frame method with correction 
for incomplete fixity of the joints using the fixity factors proposed by 
Hendry, shown in figure 6.5, gives a reasonable representation of the actual 
behaviour. The empirical '1I3rd rule' underestimates eccentricities while 
the assumption of fully rigid frame behaviour would lead to considerable 
overestimation. 

The study also examined the effect of using the eccentricity calculated by 
the various methods on the ratio of the design load to the compressive 
capacity of the cross-section in a ten-storey building, according to the 
Australian code AS 3700. A wide variation in the calculated eccentricities 
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was found but the required compressive capacity was in most cases not 
greatly affected. The conclusion was therefore that a simple empirical 
method would be adequate for design in most cases but, where a more 
detailed analysis is deemed necessary, the partial frame method with allow
ance for incomplete fixity of the joints [4] would be appropriate. The 
assumption of frame action, however, will overestimate the eccentricities in 
lightly loaded walls, for example in low-rise buildings, or in the upper two 
or three storeys of tall buildings, and will not be appropriate in these 
situations. The eccentricity on internal walls will in general be very small 
and therefore seldom call for detailed investigation. 

6.3 Experimental verification of frame action in masonry structures 

Tests on two-storey, single-bay structures of the type shown in figure 6.11 
were carried out by Colville and Hendry [11] on a full-scale structure and 
repeated by Awni and Hendry [12] on a half-scale equivalent. The experi
mental variables were slab loading, joint pre compression and loading 
sequence. 

As will be seen from figures 6.12 and 6.13, a high degree of fixity is 
attained in this form of wall-floor slab joint at pre compressions above 0.3-

1523 1523 1523 

152 

152 ~ ! 
-

~" I ( 

4355 i 888 J 
f 

Figure 6.11 Test structure of wall-floor slab interaction 
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0.4 N/mm2, but the fixity does not increase very much with pre compressions 
in excess of this figure. It was found in these tests that the loading sequence 
had no effect on the joint behaviour. 

Loading tests on the three-storey, two-way structure shown in figure 6.14 
were conducted by Awni and Hendry [12]. In these tests, attention was 
concentrated on joint C2 and a jacking system was arranged so that 
precompression could be applied to the top of wall C. This permitted the 
evaluation of joint fixity at various precompressions, as shown in figure 6.15. 
In this case, the joint fixities attained are quite low - of the order of 30 per 
cent - even at relatively high precompressions. Similar results were ob
tained by Stokle and Bell [13] in a series of tests with a different experimen
tal arrangement. 

o 0.2 0.4 0.6 0.8 

Precompression (N/mm2 ) 

Figure 6.U Joint fixity against precompression for 215 mm wall structure 
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Figure 6.13 Joint fixity against precompression for half-scale structure with 
equivalent 215 mm thick walls 



138 

WaliA 

.t 
.~ 

,(,7 

STRUCTURAL MASONRY 

B C Wall loa d 

~ 

Slab loads 

1100 L 1000 L 1100 

1 l 

.... ~ 7. 

3200 
,It 102 

3200 

,I 
,I 

" .1 

: ~~ 

CXI 
M .r 
N 

-. -= 
l/1 

I!= 

CXI 

~ 
N 

1 

:-:: ~ 

CXI 
M .r 
N 

'T I--

30 

30 

2 

Figure 6.14 Test structure for wall-floor slab interaction: full scale with l03mm 
thick walls 

100 - . _. - Slab load 3 kN 

--- Slab load 6 kN 

80 - .. - .. - Slab load 9 kN 
~ 
.~ 

60 ~ 

-----Slabload 12kN 

- .... - Slab load 15 kN 

... 
c: 
·0 

40 ., 

20 

-----_ .. _----- -~-: .. - :-.-:-- '" .. __ .. ..",....,. .. - - --__ .e;;;:.;- .. , PJII .., if! ae .... "¥ ..• 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Precompression (N/mm2) 

Figure 6.15 Joint fixity against precompression for 102mm wall 



DESIGN ANALYSIS OF UNREINFORCED MASONRY STRUCTURES 139 

Tests were also carried out by Chandrakeerthy and Hendry [14] on the 
single-bay structure shown in figure 6.16 in which one of the walls was single 
leaf 102.5 mm thick and the other a 280mm cavity wall. The results in terms 
of joint fixity are shown in figure 6.17. Allowing for the difference in the 
form of the test structures and loading, these results are consistent with 
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Slab loads 
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Figure 6.16 Test structure for wall-floor slab interaction with 102.5mm single-leaf 
and 280mm cavity walls 
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Figure 6.17 Joint fixity against precompression for cavity wall structure 
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those obtained by Awni in that the fixity between the floor slab and 
the 102.5 mm thick wall is of the order of 30 per cent at a pre compression of 
IN/mm2• 

The test on the cavity wall showed that at a precompression of up to 
about 0.3 N/mm2 the joint was essentially rigid. At a slightly higher 
precompression, however, the fixity suddenly decreased and at higher 
precompressions the fixity was similar to that developed in the correspond
ing single-leaf tests. It is clear that the sudden decrease must have resulted 
from cracking of the outer leaf which, immediately prior to cracking, would 
have been subjected to a high bending moment from the floor slab with only 
nominal compression from above. 

Figure 6.18 draws together the results from the tests described above by 
plotting the joint fixity against the ratio of wall/slab stiffness. The resulting 
curves formed the basis for those shown in figure 6.5 which it was suggested 
could be used to adjust the wall-end moments obtained on the assumption 
of a rigid frame. 

A somewhat similar test has been reported by Germanino and Macchi 
[15] of a twin-bay, two-storey structure, in the form shown in figure 6.19. In 
this case the floor spans were quite large and the loading levels were taken 
up to the ultimate. An axial load of 300kN, simulating a superimposed load 
of eight floors, was applied to the left-hand wall only. The elastic modulus 
for the masonry was determined by tests on small walls with a mean value 
of7300kN/mm2 being adopted. An E value of 30000kN/mm2 was taken for 
the floor slab concrete. A first analysis was carried out assuming that joints 
4 and 6 in figure 6.20 were hinged, that the remaining joints were rigid, and 
that the walls and floor slabs were uncracked. The results, however, did not 
agree well with those obtained experimentally, because joints 4 and 6 were 
capable of transmitting some bending moment and joint 3 was not fully 
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Figure 6.19 Outline of test structure for wall-floor slab interaction (Germanino 
and Macchi) 

rigid. An improved representation of the structure was obtained by assum
ing all the joints as rigid, and adjusting the moments of inertia of the walls 
and slabs as indicated in figure 6.20. Comparison between the calculated 
and experimental moments for two loading cases was then found to be as 
follows: 

Load in C2 

Theoretical 

Experimental 

Loads in C3-C1-C5 

2.11 3.45 5.56 4.36 2.28 2.09 6.46 13.00 10.30 9.50 6.00 2.18 

1.97 3.73 5.70 3.85 1.97 1.40 5.25 14.20 13.60 10.10 8.60 2.20 

These results on the whole are reasonbly satisfactory although a rather 
complex adjustment of the moments of inertia was applied, and this might 
not give equally satisfactory results for other loading cases. 

Germanino and Macchi also carried out an analysis of this structure at a 
load level corresponding to the ultimate limit state. This required an itera
tive procedure starting with a calculation on the basis of the uncracked 
structure described above, but with loads corresponding to the ultimate 
limit state. Where this analysis indicated that the floor slab would be 
cracked, the moment of inertia was recalculated by a method proposed by 
Cauvin [16], which allows for the stiffening effect of concrete on the tension 
side of a cracked beam or slab. The moments of inertia of wall sections were 
reduced when the eccentricity of load exceeded d/6. In this case, the effec
tive thickness of the wall over the length in which tensile stresses appear 
(taken as 0.1 of the height) was 3(d/2 - e); if e > d/2, a hinge was intro-
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Figure 6.20 Assumed static scheme and moments of inertia for walls and floor 
slabs in test structure of Germanino and Macchi 

duced. Calculations on this basis showed good agreement between theoreti
cal and measured slab deflections. The tests also indicated that at collapse 
the assumption of hinges at the critical sections of floors and at the joints of 
the upper floors is justifiable. 

Olatunji et al. [17] have investigated wall-floor slab interaction in 
200mm concrete block masonry and have concluded that, in calculating the 
distribution of moments at a joint, the effective El values of the upper and 
lower walls should be taken as follows: 

For upper walls: EI = Em I n (0.13 + pi PB ) ,;;;; 0.7 Em I n 

For lower walls: EI=EmIn{0.20 + plpB ),;;;; 0.7EmIn 

where Em = 750f~, and In = the nominal moment of inertia of the wall. Pis 
the load on the wall and P B the short wall compressive strength. Within 
certain limitations, including a slab/wall stiffness ratio not exceeding 1.7, the 
use of these effective El values gives results in reasonable agreement with 
those obtained in tests when applied with conventional frame analysis 
methods. 

All the tests described above have been concerned with the effect of 
short-term loading. It is evident that long-term creep effects in both the 
walls and slabs of a building will lead to modification of the moments 
transmitted through the joints and also to the second-order lateral deflec
tions resulting from compression of the walls. These effects have been 
investigated by Bell et al. [18] using test frames of the type shown in figure 
6.21, loaded for periods of up to 420 days. By measuring the force in the tie 
at the base of the wall, it has been possible to determine directly the 
moment at the joint and thus the eccentricity of the resultant load over this 
period. Tests have been carried out on brick and block walls of various 
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Figure 6.21 Test frame for investigation of effect of creep at wall-floor slab joint 
(Bell et al.) 

thicknesses under different loading conditions. The results indicated that 
when walls and slabs act together and develop frame action, the moments at 
the joint were substantially reduced and may not be structurally significant. 
This is in contradistinction to the situation where the loading is applied at 
constant eccentricity producing a quasi-pinned end condition; in this case it 
is to be expected that creep in the wall material will result in an increase in 
the lateral deflections which might require to be taken into account in 
design. Where the wall loads are transmitted through floor slabs, short-term 
eccentricities will require to be taken into account but the effect of creep 
will be beneficial. 

6.4 Lateral load analysis 

Wind loading may be a serious factor in the design of multi-storey buildings 
and appropriate methods of lateral load analysis are required. The conven
tional procedure is to use what is often termed the cantilever method, which 
treats the structure as a series of cantilever walls interconnected by links 
capable of transmitting direct forces but not bending moments, as shown 
diagrammatically in figure 6.22b. More complex theoretical representations 
are possible, including storey-by-storey deflection compatibility [19], dis
tributed shear interconnection [20] and various frame analogies [21]; these 
are indicated in figures 6.22c to e. Finite element analysis is also possible 
[22], although unlikely to be necessary for design calculations (figure 6.22f). 

Analyses using these methods give quite different results for bending 
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deflections 

moments and deflections in a particular case (see figures 6.23 and 6.24), so 
that a comparison with experimental results is useful in deciding the most 
satisfactory method for brick masonry structures. Such experiments have 
been carried out on full-scale and model masonry structures at Edinburgh 
University [23-25]. The results of these tests indicate that the simple canti-
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lever method overestimates the deflections and bending moments, and may 
therefore be used as a means of checking whether lateral loading is likely to 
be critical in a given case. At the same time, however, this method neglects 
the bending moments in the floor slabs, which could, exceptionally, crack as 
a result of wind loading. 

6.4.1 Frame analysis for lateral loads 

If lateral loading calculated on the basis of the cantilever approach appears 
to be critical, a more accurate analysis is possible on the basis of an equiva
lent frame using any convenient method of calculation. The shear intercon
nection method and the wide column frame analogy do not appear to give 
satisfactory results, presumably because of incomplete fixity of the inter
connecting elements; attempts have been made by Michael [26] and by 
Soane [27] to allow for this effect. 

An important problem in applying frame analysis to brickwork struc
tures is the definition of the effective width of return walls that act as flanges 
to a shear wall, and of the effective width of floor slabs that interconnect 
these walls. Soane [27] has suggested, on the basis of model studies on a 
multi-storey brickwork structure, a value of 14tf + tw for T -section walls, and 
7tf + tw for L-section walls. The same author found that the effective width 
of floor slabs could be taken as one-half of the bay width (that is, the 
distance between adjoining shear walls where these are regularly spaced 
parallel to one another). These figures are supported by the results of the 
full-scale and model tests on masonry structures, referred to above [23-25]. 

6.4.2 Benjamin's method for irregular wall arrays 

Many masonry buildings have irregular wall arrays for which frame analysis 
methods for lateral loading are not readily applicable. For such cases, the 
approximate method described by Benjamin [19] may be appropriate. In 
this method, the lateral loads are allocated between the various walls in the 
system in proportion to their translational and torsional rigidities. 

Consider a typical wall element in plan, as shown in figure 6.25, displaced 
tu and /}.Y and rotated through an angle M) by the movement of a rigid 
horizontal diaphragm. The forces Fx and Fy necessary to produce the trans
lational movements are then 

Fx = Rxtu + Rxy/}.Y 

Fy = Rxytu + Ry/}.Y 

(6.26) 

(6.27) 

where Rx and Ry are respectively the rigidities (force per unit displacement) 
of the element parallel to the X and Y axes, and Rxy is the force necessary 
to prevent displacement in the Y direction with unit displacement in the X 
direction. If the element is now rotated through an angle /}.(), the forces F, 
and Fy then become 
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Figure 6.25 Translation and rotation of wall element 

F, = R,D.x + R,y!1y + yRxMJ - XR,y!18 

Fy = R,yD.x + Ry!1y + yRxy!18 - xRy!18 

(6.28) 

(6.29) 

The torsional moment on the wall due to the rotation !18 about its own axis 
is 

T = J!18 (6.30) 

where J is the relevant torsional constant. If several walls are intercon· 
nected by the diaphragm, the total forces on the latter are 

P, = 2:.Fx 

Py = 2:.F, 

Tp = 2:.yF, - uF, + 2:.T 

and, substituting from equations 6.28, 6.29 and 6.30 

Px = !1x2:.Rx + !1y2:.R" + !182:.yRx - !18uR,v (6.31) 

Py = D.x2:.R" + !1y2:.R, + !182:.yR,y - !18uRy (6.32) 

Tp = !1x2:.yRx + !1y2:.yRxv + !182:.y2R, - !182:.xyR,y 

- (!1x.l:xR,y + !1y.l:xRy + !18.l:xyR,v - !18.l:x 2Ry ) 

+ !18.l:J (6.33) 
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Calculations are simplified if the reference axes are such that 

'LyRx - "2.xR,y = 0 

In this case: 

'LyRxy - "2.xRy = 0 

Px = t:uLRx + /).y'LRxy 

Py = t:u'LRxy + /).y'LRy 

Tp = Mj('Ly2Rx + 'Lx2Ry - 2'LxyRxy + 'LJ) 

The total torsional rigidity of the structure is 

Jp = 'L/Rx + "2.x2Ry - 2"2.xyRxy + 'LJ 

(6.34) 

(6.35) 

(6.36) 

(6.37) 

(6.38) 

(6.39) 

The procedure for finding the forces Fx, Fv and the torsional moment T on 
an individual wall is thus as follows: . 

Calculate Rx, Ry, Rxy and J for each wall. 
Find the position of the reference axes to satisfy equations 6.34 and 

6.35. 
Solve equations 6.36, 6.37 and 6.38 for t:u, /).y and MJ. 
Substitute these displacements in equations 6.28 and 6.29 for F, and 

Fy, and the torsional moment on the wall is given by TpJ/Jp. 

Wall rigidities taking account of bending and shear deformations may be 
calculated from 

R = (h3/3EI } 1.2h/AGJ 
(6.40) 

Note that the area A is the area resisting shear, so that the 'flange' areas of 
an I-section, for example, are omitted. 

Values of E and G are also required for this calculation. As indicated in 
section 2.6 the value of E for brickwork depends on the strength and on the 
stress level. An average value of 600-700 times the crushing strength of 
brickwork would, however, be reasonable. The value of G is also rather 
uncertain, but taking Poisson's ratio as 0.1 would give a shear modulus of 
£/2.2, which has been found to give deflections in reasonable agreement 
with experimental results. Similar values are likely to apply to concrete 
blockwork. 

Calculation of torsion constants should be by the normal methods for the 
strength of materials [28]. The J value for a particular section depends on its 
type; thus, referring to figure 6.26 an 'open' section has a torsion constant 
equivalent to a rectangular section of the same total length and thickness 
and is generally relatively small. For a thin rectangular section 

(6.41) 
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Figure 6.26 Torsion of various cross-sections 

The torsional stiffness of an I -section, on the other hand, results from the 
flexure of the flanges, and an equivalent torsional constant should be calcu
lated on this basis. Closed sections, that is, of tubular form, are very much 
stiffer in torsion than open ones and, in general terms, the torsional con
stant for a non-circular section of uniform thickness is 

4A2t 
J=-

S 

where S is the perimeter of the section. 

(6.42) 

Location of reference axes to satisfy equations 6.34 and 6.35 is achieved 
by taking trial axes such that the coordinates of point (x, y) are (XI' YI). Then 

Y = Y1 - Y 
where x and yare the coordinates of the desired origin related to the trial 
axes. Substituting in equations 6.34 and 6.35 gives 

x'LRxy - y'LRx = 'Lx1R xy - 'LY1Rx 

x'LRy - y'LRxy = 'Lx1Ry - 'LYIRxy 

(6.43) 

(6.44) 
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which can be solved simultaneously for x and y. 
If the principal axes of the wall section are parallel to the X and Y axes, 

Rry = 0 and in this case 

LyR, = 0 

and the actions on individual walls are 

F =p ~ + T yRy 
x x LR P J 

x P 

F =P~T xRy 
y Y LR P J 

J 
M=T

P J 
P 

Y P 

(6.45) 

(6.46) 

(6.47) 

(6.48) 

(6.49) 

(6.50) 

The validity of this method of calculation has been confirmed by compari
son with the test results from experiments on model [26] and full-scale 
structures [23]. A more rigorous study of torsional effects has been pre
sented by Keskin and Davies [29}. 
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Figure 6.27 Variation of shear strength with aspect ratio of panel (an = 1.0N/mm2) 
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6.4.3 The strength of masonry shear walls 

The strength of masonry shear walls is normally assessed in design on the 
basis of the Mohr-Coulomb failure criterion, as discussed in section 4.3. 
This will generally be sufficiently accurate although it should be noted that 
investigation [30] using finite element analysis in conjunction with a failure 
criterion based on biaxial stress tests has shown that, for a given normal 
stress at the bed joints, the aspect ratio (length/height) of the shear wall 
influences the shear strength. This is illustrated in figure 6.27 from which it 
may be concluded that the shear strength of the wall shown reaches 
a maximum, some 20 per cent greater than for a square panel, when LlH 
is 1.8. 
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7 LATERALLY LOADED 
UNREINFORCED WALLS 

7.1 General 

It is possible to distinguish two categories of wall in relation to lateral 
strength: firstly, wall panels, the resistance of which depends primarily on 
the flexural strength of masonry and, secondly, those whose resistance 
depends on the action of in-plane forces. Walls in the first category are 
those found in low-rise buildings and as cladding panels in multi-storey 
buildings. The lateral loading on these usually arises from wind pressure, 
although they have to be sufficiently robust to withstand relatively small 
incidental loads, for example from the movement of people and equipment 
in a building. The second category includes walls having the degree of 
pre compression to be expected some two or more storeys below roof level 
in a loadbearing masonry structure, and walls whose location in a concrete 
or steel structure is such that in-plane forces would be generated in them 
if they were subjected to lateral deflections. These walls have lateral 
strengths greatly exceeding the order of wind loading, and the problem of 
estimating their resistance is likely to be associated with that of accidental 
damage. 

7.2 The strength of masonry walls without pre compression 

7.2.1 Experimental studies 

A number of experimental studies of laterally loaded panels supported on 
three or four sides without precompression have been reported. Losberg 
and Johansson [1] and Hallquist [2] drew attention to the development of a 
crack pattern at failure very similar to the yield line pattern in laterally 
loaded concrete slabs. Several investigators [3-6] have carried out tests on 
model-scale panels, all of which have confirmed that failure takes place 
along a definite pattern of lines, dependent on the support conditions and 
the ratio of height to width. The patterns of these 'fracture' lines resemble 

153 
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'yield' lines in corresponding laterally loaded reinforced concrete slabs, but 
on account of the brittle nature of masonry, the resemblance is geometrical 
only. 

A very extensive programme of tests on laterally loaded panels was 
undertaken by the British Ceramic Research Association [7-11]. The work 
was carried out at full-scale on walls supported on three and on four sides, 
supplemented by tests on small specimens for the determination of the 
flexural strength of the brickwork used for the various panels. The results 
are described in references 10 and 11 from which figure 7.1 has been derived 
for panels built in various brick-mortar combinations and supported on 
three sides. There is considerable scatter of results, but the relationship 
between failing strength, brickwork flexural strength and aspect ratio may 
be represented empirically by 

p = 1.40 - 0.82~ + 2.27(~J2 
f L L 

(7.1 ) 

where p is the failing pressure in kN/m2 
f the flexural strength of the brickwork in the stronger direction in 

N/mm2 
and h, L are the height and length of panel respectively (m). 

Points from model tests by Kheir [4], if plotted as in figure 7.1, are in 
general agreement with the results of West et al. [7] on full-scale walls. 

In a review of experimental work on laterally loaded panels, Baker [12] 
has pointed out that secondary effects in lateral load testing of brickwork 
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Figure 7.1 Laterally loaded panels - relationship of failing pressure to aspect ratio 
for walls supported on three sides (West and Haseltine) 
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panels can significantly affect the observed failing pressure. These effects 
arise mainly from unintentional, or indeterminate, restraint or yielding at 
the supports. Furthermore, in comparing results from diverse sources, 
apparent inconsistencies can arise from the use of different methods 
for determining the flexural tensile strength of the material from small 
specimens. 

Anderson [13] has reported an extensive series of tests on brickwork and 
blockwork walls under lateral load and with a variety of boundary condi
tions, including return walls. It was found that for vertically spanning walls 
a vertical edge could be considered to have full fixity provided that it had a 
return of the same thickness as the main wall and equal in length to at least 
one-third of its height. A further major investigation of laterally loaded 
walls was carried out by Lawrence [14], again covering various support 
conditions. Resulting from this work, Lawrence plotted the ratio of failure 
pressure to moment of resistance of the wall section against the wall area 
(figure 7.2). Curves of the corresponding ratio for first cracking are also 
shown. The relationship of strength to area was found to be more consistent 
than to aspect ratio and is approximately proportional to lIA2. It was noted 
that the influence of arching on the strength of walls was most pronounced 
in the case of those supported on three sides, but was very variable. 

Baker [15] has made a number of observations from a review of experi
mental results: 

(1) The strength of a single-leaf panel, simply supported on four 
sides, is given approximately by the sum of the strengths of verti
cally and horizontally spanning strips. 

(2) The strength of a panel simply supported on three sides is ap
proximately the same as that of a panel supported on four sides 
but twice the height. 

(3) Rotational restraint at supports increases the strength of a hori
zontally spanning strip but not that of a vertically spanning strip. 

(4) Vertical compressive stress increases the strength of both verti
cally and horizontally spanning strips. 

On the basis of these observations, Baker [15] has suggested an approxi
mate empirical method of assessing the strength of masonry panels without 
openings. In this method the strength of a vertically spanning strip is 

(7.2) 

where F~ is the modulus of rupture in the vertical direction, Z is the 
section modulus and H is the height of the panel. The constant a, corre
sponds to the support conditions, for example, 8 for a simply supported 
strip. 

The additional load capacity of a vertical strip due to a compressive 
stress Fa is 



Q) 

" c: 
"' :;; 

156 

4 

3 

8 

STRUCTURAL MASONRY 

SS 

55 [:::,','],: 

SS 

~ 
\ 

2 4 6 8 10 12 14 16 18 

SS 

B1: B1 

.~ 6 

0 8 

, // 6 
SS 

'0 
E 
Q) 

E 
o 
E 
~ 

~ 
Q.. 

4 4 

2 2 

o~~-+--~--~----+-------
2 4 6 8 10 12 14 16 18 

3.0 Free 

ssD~ ss 
~ 

1/'" " 

2.5 

2.0 

1.5 

1.0 

0.5 

2 4 6 8 10 12 14 16 18 

2 4 6 8 10 12 14 16 18 

SS - Simply supported 
B1 - Built·in 

.;. First crack 

• Ultimate 

Figure 7.2 Pressure/moment of resistance for various boundary conditions against 
area of panel in sq. m. (Lawrence) 

(7.3) 

and the effective modulus of rupture in horizontal flexure, F~, is the lesser 
of 

F.'(1 + F.) or 1/9(4F.' + SF') <t F.' h F' b v h 
v 

(7.4) 
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where F~ is the modulus of rupture in the horizontal direction. The strength 
of a horizontally spanning strip is then 

w: = uhF:'Z 
h U 

and the lateral load capacity of the panel is given by 

W = (Wv + Wh + W,) 

7.2.2 Calculation of the strength of laterally loaded panels 

(7.5) 

(7.6) 

In view of the difficulties in ensuring that support conditions in lateral 
loading tests are in accordance with the idealised representations, and 
because of the uncertainty surrounding the failure criteria for brickwork or 
blockwork in flexure, in addition to that arising from the measurement of 
flexural strength, great precision in correlating the calculated strength 
of laterally loaded panels with experimental results is not to be expected. 

Two approaches have been considered: firstly, by the application 
of elastic theory and secondly, by various modifications to yield line analy
sis. On the face of it, elastic theory would appear to be the more promising 
since the load-deflection relationship for laterally loaded panels is 
reasonably linear; however, allowance must be made for the orthotropic 
properties of brickwork, but this presents no difficulty in principle. The 
main problem relates to the criterion of failure for brickwork subjected to 
biaxial bending in the presence of vertical compression. Baker [16] has 
suggested an elliptical failure criterion which may be represented by the 
equation: 

(7.7) 

However, Sinha et al. [17] have proposed the use of the Rankine maxi
mum stress criterion which assumes that failure will take place whenever 
the strength in either the horizontal or vertical direction is reached. This 
proposal is supported by a series of tests on cross-shaped beam specimens 
in which the panel of brickwork at the intersection of the cross arms was 
subjected to simultaneous bending moments in the X and Y directions, 
as indicated in figure 7.3a. The results of the tests when plotted in 
dimensionless form as in figure 7.3b define a biaxial failure envelope which 
indicates an enhancement of the strength in the weaker direction. Baker's 
criterion, also plotted, does not appear to be accurate but the Rankine 
theory could be applied as a first approximation. The tests also demon
strated that the applied load on the specimen was distributed according to 
the stiffness orthotropy of the brickwork and that when the failure moment 
in the weaker direction was reached, no further moment was transmitted in 
that direction. Any further increase in the applied load then depends on 
there being some residual strength in the stronger direction. 
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[17]). In points to the left and above (1, 1), specimens cracked in the weaker 
direction before failure. In those below (1, 1), failure occurred simultaneously with 
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Elastic calculations using a suitable finite element program and 
relevant values of Young's moduli and Poisson's ratios in the orthogonal 
directions together with the appropriate failure criterion may thus be ex
pected to give an accurate estimate of the strength of laterally loaded 
panels. 

The failure pattern of brickwork panels, resembling the yield line pattern 
in reinforced concrete slabs, has prompted the application of yield line 
analysis to this problem, although it is obvious that the basic assumption of 
constant moment along a failure line cannot occur in a brittle material. 
Haseltine et al. [11] have shown that strength calculations based on yield 
line theory, in which the orthogonal ratio, /-l, is taken as being equal to the 
strength ratio of the brickwork, gives results in good agreement with tests 
on walls supported on three or four sides, provided that flexural strength 
values are taken from wallette tests as established by West et at. [10] and 
that suitable allowance is made for the support conditions. A comparison 
between calculated and test results is shown in figure 7.4. Anderson [13] has 
confirmed that the use of yield line formulae gives satisfactory agreement 
with experimental results for panels which are simply supported or have 
effectively fixed-end conditions, but overestimate the strength of panels 
which are continuous over supports. 

Other reports [15, 18] have stated that the yield line approach over
estimates the strength of laterally loaded panels. The work by Sinha et at. 
[17] referred to above indicates that while this is frequently the case, the 
method is accurate when failure occurs similtaneously in both principal 
directions. This would appear to be a logical conclusion having regard to the 
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assumption in yield line theory of rigid plastic behaviour following attain
ment of the maximum moment in the weaker direction which, as previously 
noted, cannot obtain in a brittle material. 

Most of the studies of laterally loaded walls have been on panels without 
openings whereas this is a common case in practice. Some work, however, 
has been done by Chong et at. [19] and by Duarte and Sinha [20] exploring 
the application of finite element and yield line methods to this problem. The 
latter report that for panels with a central opening the yield line method, in 
spite of its inherent limitations, gives reasonably accurate results. Their 
solutions for panels with three different boundary conditions are shown in 
table 7.1. 

7.2.3 Cellular and fin walls under lateral load 

Walls of cellular or T-section in plan, known as diaphragm or fin walls, have 
come into use for large single-cell buildings such as sports halls [21, 22]. 
These walls support a relatively light roof structure, but are relatively tall 
and the predominant load on them is from wind. The roof structure will be 
sufficiently stiff in the horizontal plane to enable it to transmit loads from 
the wall head to shear walls at the ends of the building, so that the walls can 
be regarded as propped cantilevers. 

Bending moments in a wall of this type are therefore essentially as shown 
in figure 7.Sa and the stresses in the wall will result from the combination of 
bending stresses due to wind and direct stresses from dead loads. In princi
ple this is straightforward, but in practice problems arise from the presence 
of a damp-proof course at the base and from the doubtful reliability of the 
tensile strength of the masonry at the critical section in the upper part of the 
wall. A question also arises concerning the strength of the connection 
between the diaphragms and the outer leaves of the wall or between the 
wall and the fins. 

(a) (b) 

Figure 7.5 Bending moments in a propped cantilever wall 
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Table 7.1 Yield line formulae for laterally loaded masonry panels with 
central opening (Duarte and Sinha [20]) 
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Walls with four edges simply 
supported containing a central 
opening 

12m(!lA + L) 
(3 a 2A 

q = U(3 - 3(3 + 4(3a - 3A) 

Walls with upper edge free and 
three other edges simply 
supported 

24m(L + 2!lA2) 
Aa2 

q = --~------~--------~----~ 
U (3A + 20(32). - 18(3A + 12(3 - 12(32) 

Walls with one vertical edge 
free and three other edges 
simply supported 

24m( 2(3 + /lA 2 ) 

a 2 (3 
q = U(3(3 + 20(3},2 - 18(3A + 12A - 12A2) 

where q = applied external pressure 
fA = strength orthotropy 
m = ultimate moment per unit 

length along a yield line. 

- Free edge 'VVVvvv Yield line 
~ Simply supported 



162 STRUCTURAL MASONRY 

The presence of a damp-proof course will, unless this consists of imper
vious bricks, limit the moment of resistance at the base to a 'no tension' or 
gravity situation. The 'no tension' moment is 

(7.8) 

where N = total axial load at this section, Z = section modulus and Am = 

cross-sectional area of the wall. The 'gravity' moment is 

(7.9) 

where D = overall depth of the section. At any intermediate section in the 
height of the wall, the moment of resistance will be 

(7.10) 

assuming that a tensile stress of it can be developed. 
If the wall behaves as an elastic propped cantilever, the bending moment 

at the base will rise until the limiting value of Me corresponding to the 
tensile strength it is reached at the base. A crack will then be developed 
there and the moment of resistance will reduce to M" leading to a redistri
bution of the moments in the upper part of the wall, as indicated in figure 
7.Sb. Further load can be resisted until a crack occurs at a section XX. The 
moment at XX will, of course, not fall below the gravity moment at this 
section. 

The condition reached when the moments at X and at the base are 
limited to the gravity moments represents the ultimate limit state of failure 
for the wall and may be found as follows (referring to figure 7.6): 

Weight of top section of wall = (]Amht 
Weight of lower section of wall = (]Amhb 

x ---,f~--I.O==: ---- x 

h 

0/2 

B 

M, 

Figure 7.6 Propped cantilever masonry wall at ultimate limit level 
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where (J is the density of the material and Am the cross-sectional area. At the 
base 

N = Wt + Wb = (JAmh 

and gravity moments at B and X are 

Ms = N X D/2 and Ms. = ~ X DI2 

If the lateral load is wlm2, the horizontal reactions at T and Bare 

H t = wh/2 - Ms/h Hb = wh/2 + M.!h 

Considering the top part of the wall and taking moments about X: 

(7.11) 

(7.12) 

(7.13) 

WI X D/2 + wht2 /2 - H t X hI = 0 (7.14) 

So that, at failure: 

(7.15) 

Putting x = h/h: 

(7.16) 

where K = 2(JAmDlh. 
Phipps and Montague [23] have pointed out that the location of the 

critical section in the upper part of the wall will coincide with a bed joint 
and, having regard to the flat slope of the bending moment diagram in this 
region and the spacing of the bed joints, x could be between 0.3 and 0.45, 
leading to values of W max in equation 7.16 of 1.4K to 1.8K. 

The gravity or stability calculation of the strength of a cellular or fin wall 
under lateral loading is conservative and some designers [21-23] include 
tensile resistance of the masonry at the upper section in estimating the 
ultimate limit state. 

Experimentally [23] it has been found that the existence of tensile 
stress raises the failure load but as soon as the tensile bond breaks, the 
load reverts to that corresponding to a stability failure. It would appear 
prudent, having regard to the uncertain value of the tensile bond strength 
in more or less direct tension, to estimate strength on the stability cri
terion but with a considerably reduced safety factor. A figure of 1.5 for 
the partial safety factor when relying only on gravity forces has been 
suggested. 

7.3 Lateral strength of walls with precompression 

7.3.1 Experimental studies 

The lateral strength of brick masonry walls with pre compression has 
been quite thoroughly investigated. An extensive series of tests by West 
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1.0 2.0 3.0 40 
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Figure 7.7 Lateral resistance of brick walls with precompression (after West et al.) 

et al. [24] demonstrated experimentally the relationship between lateral 
strength and precompression of storey height strip walls of various 
thicknesses and materials. The results of a number of these tests are sum
marised in figure 7.7; they show that there is a more or less linear 
increase in lateral resistance for all walls up to about a precompression 
of 2N/mm2. Above this level of precompression, the strength tends to 
fall away from the linear relationship as a result of local compression at 
the lines of failure. 

Lateral loading tests on storey height cavity walls built within a five
storey brickwork structure were reported by Hendry et al. [25]. These 
experiments showed the same strength characteristics as those indicated in 
figure 7.7 for strip walls, and also established experimentally the effect of 
returns (figure 7.8). The lateral resistance of walls of this type is usually 
of interest in relation to accidental loading, typically as a result of gas 
explosion. Morton and Hendry [26] therefore investigated the strength of 
strip walls with precompression subjected to a dynamic load, and demon
strated that at rates of loading equivalent to a gas explosion in a building 
there was no significant difference as compared with the resistance to a 
slowly increased load. 
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• . • No return 

No return .. 
One return • 
T~o returns _ : B.C.RA 

p = ultimate transverse 
pressure 

2 3 

Ratio of length to height of wall 

Figure 7.8 Effect of returns on the strength of laterally loaded walls with 
precompression 

7.3.2 Theoretical treatment 

The mechanism of failure of laterally loaded strip walls with precom
pression is indicated in figure 7.9. If the tensile bond of the mortar to brick 
is neglected, and if no local crushing takes place at the 'hinges', the system 
can be represented statically by a three-hinged arch so that the lateral 
pressure at failure is given by 

8a 
(7.17) Pc = 52 

where Pc is the ultimate lateral pressure 
a is the precompression 
5 = Hit, which is the slenderness ratio. 

As previously observed, this relationship agrees closely with experi
mental results up to precompressions of the order of 2N/mm2, but 
above this level a more elaborate analysis is required taking into account 
the compression of the brickwork and possible local failure. The foll
owing approach was developed by Morton [27], based on the following 
assumptions: 

(1) The tensile bond between the bricks and mortar, and the self
weight of the wall are neglected. 
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(2) The top of the wall is supported against lateral movement without 
impeding vertical movement. 

(3) The precompression remains constant. 

Referring to figure 7.9: 

__ Pc Ht 
work done by lateral force at failure 

4 
(7.18) 

work done in lifting a mass above top of wall = 20( at + ; J (7.19) 

where 20 is the maximum lift at the top of the wall taking into account 
elastic deformations 

w is the weight per unit length of wall. 
Equating 7.18 and 7.19: 

P = ~(at + W)26 
c Ht 2 

(7.20) 

The vertical distance through which the mass above the wall is lifted is 
equal to the geometric distance calculated on the basis of a rigid material, 
less the shortening due to the elastic deformation. To evaluate the shorten
ing, it is necessary to relate e, the angle of rotation of the wall to the lateral 
deflection at the point of instability, the precompression a, the compressive 
strength of the brickwork ac and the slenderness ratio S. Defining u = B/t, 
where B is the horizontal deflection of the centre line of the wall at mid
height, it can be shown that, if it is assumed u = 1 - 0/00' the following 
equation for cos e is obtained: 

co,, 0(1 + S') + 2[ 1 - !~ jc0,e + [[1 - ~:r -s} 0 (7.21) 
The positive square root of equation 7.21 gives the value of e at 
which the restoring moment becomes zero. The various stress conditions 
at failure shown in figure 7.10 can be identified, and from these Morton 
has calculated the elastic shortening f1. Thus in figure 7.10, cases 2 
and 3 

Ll = aav H 
E 

(7.22) 

and in case 4 

(7.23) 

where amax is the maximum compressive stress in the material and aav the 
average stress. The lift is then 
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Tan e 
Case 1 I I =0 

~~K 
Case 2 ~ L 

Tan e ,/ ~ Tan e 
~K~ v--1 >K 
> L Case 3 ~L 
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~ >K > L ~case4 >L >M 
~M 

~ N 

~ / 

lD 
>K 
> L 
>M 
>N 

2 2 
K=- (a, -a) L=-a 

t t 

2 2 2 2 
M=-(a+a,) N=-(a, -a,) 

t ta 

Figure 7.10 Failure stress patterns related to angle of rotation of half-wall in 
Morton's theory 

(7.24) 

If the compressive stress at the extreme fibre equals the ultimate stress, 
it is assumed that the mass above the wall has b~en displaced to its limit and 
further rotation causes the corner of the masonry to be progressively 
crushed while the displacement remains at its maximum. On this basis, the 
curves shown in figure 7.11 have been calculated for the following materials 
properties: 

Ultimate strain: 0.001 
Ultimate tensile strength: 0.35 N/mm2 

Density of brickwork: 1700kg/m3 

E: 7000 N/mm2 

These curves show the relationship between lateral strength and slen
derness ratio for various precompressions. An alternative presentation 
of the results given by this theory is presented in figure 7.12, which shows 
the lateral resistance of storey height walls (2.6m) plotted against 
pre compression for various values of E, which may in turn be related to 
brickwork strength. These results have been found to correlate well with 
experimental values. 
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Figure 7.11 Relationship between lateral strength and slenderness ratio for vari
ous pre compressions 

60 
Lateral 
pressure 
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o 4 

105 mm storey height wall 

6 8 10 

Precompression (N/mm2) 

Figure 7.12 Lateral strength of storey height (2.6m) walls against pre compression 
for various values of E 
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7.4 The lateral strength of infill panels 

7.4.1 Arching theories for strip walls 

A masonry panel built into a steel or concrete frame can develop very high 
resistance to lateral pressure as a result of 'arching' effects in the wall. A 
solution for the lateral strength of such panels subject to blast loads was 
produced by McDowell et al. [28] and McKee and Sevin [29]; further experi
mental and theoretical studies of the resistance of masonry walls to blast 
loading have been reported by Wilton, Gabrielsen and others [30-35). 
These extensive investigations, carried out on full-scale walls in a large 
shock-tunnel, are summarised in reference 36. 

McDowell et al. derived equations for the resistance of a laterally loaded 
wall deflecting between unyielding supports, as indicated in figure 7.13. The 
theory is based on the following assumptions as to material properties: 

(1) the tensile resistance is negligible; 
(2) the material has an elasto-plastic stress-strain relationship; 
(3) there is no strength recovery beyond the elastic range, that is, a 

slight decrease in strain in the plastic range results in an instanta
neous drop in stress to zero and a permanent set equal to the 
plastic strain in the material. 

The wall is assumed to deflect in such a way that each half-wall rotates 
about the first point in contact with the support, as indicated in figure 7.13. 
Referring to this diagram: 

and 

Thus 

HI - cos e 
a= -----

4 sin e 

B = HI - cos e 
sin e 

a= 
B 
4 

Putting u = Bit' and S = Hit', then 

2u 
sin e = --;:~----=;-

s[ 1 + (u/ st] 
1 - (u/st 

cos e = 2 

1 + (u/ S) 
The fraction of the half-depth in contact with the support is 
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+-8-+ 

-fa+--
~' P(u) 

Figure 7.13 Analysis of laterally loaded strip wall with rigid boundary condition 
(McDowell et al.) 

1 + (u/ S)2 
a = 2 (1 - U/2) 2 

1 - (u/S) 
(7.25) 

The shortening of the material at any position y is then 

o = ut'(1 - 2g/t' - u/2) 

y S[l - (u/sr] 
(7.26) 
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The average strain along a fibre of the beam at a distance y from the bottom 
surface is 

2 
Eav = HOy (7.27) 

Each fibre of the half-wall is unstressed at one end where a crack devel
ops, and the assumption is made that the strain varies linearly to zero at this 
end. The strain at the contact end is then given by 

4 
Ey = 2Eav = HOy 

4u (1 - 2y/t' - u/2) 

52 [1 - (u/ s t ] (7.28) 

Introducing the non-dimensional parameter R = (E/4)S2 where Ec is the 
maximum compressive strain in the material at failure, the following ex
pression gives, to a close approximation 

Ey = u;o (1 - 2y/t' - u/2) (7.29) 

This equation expresses the distribution of strain along the contact area at 
the supports and at mid-height of the wall, and hence the distribution of 
stress. The arching force is then evaluated as the resultant of the stress dis
tribution along the contact area by integrating across the depth of the wall. 
On the basis of this equation and the assumed material properties, the stress 
patterns shown in table 7.2 have been derived in terms of the deflection 
parameter u. The corresponding values of the arching force P(u) are also 
shown. When the force P(u) is known, the resistance moment is given by 

M(u) = P(u)r(u) (7.30) 

where r(u) is the lever arm, given approximately by 

r(u) = t(1 - u - 2y/t') (7.31) 

From these equations and a knowledge of the maximum compressive 
strain at failure it is possible to calculate the resistance of the wall to lateral 
pressure. McDowell et at. used these relations to calculate the resistance of 
panels to blast from atomic explosions. Morton [27] produced a similar 
solution for the pressure pulse resulting from a gas explosion, and Wilton et 
at. [33] modified the original theory in applying it to the results of their 
shock-tunnel experiments. 

7.4.2 Walls supported on four sides 

The theory described in section 7.4.1 relates to a strip wall. If the wall 
is similarly restrained on its vertical edges, the problem becomes con-
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Figure 7.14 Equivalent one-way spanning panel for wall simply supported on four 
sides (McKee and Sevin) 

siderably more complicated; McKee and Sevin [29] have proposed the 
empirical curve shown in figure 7.14 which permits the substitution of 
an equivalent 'one-way' panel for one of side and base dimensions L1 and 
L 2. Taking values of Oc = 7N/mm2, Ec = 0.001 in Morton's solution and 
using the equivalent wall coefficient gives the curve of lateral pressure 
at failure against slenderness ratio S shown in figure 7.15. Also shown in 
this diagram are curves indicating the limitation of lateral resistance 
which results from the wall being pushed out of the restraining structure by 
shear failure around its perimeter, which is liable to occur at low values 
of S. 

A few experimental test results have been plotted on figure 7.15. 
Three of these, reported by Thomas [37] were 'static' tests in which panels 
were built into a concrete encased steel frame and loaded by hydraulic 
jacks. Two others were obtained as part of an extensive investigation into 
the effects of gas explosions, carried out by the British Ceramic Research 
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Figure 7.15 Lateral strength of infill panels restrained on four sides (after Morton) 

Association [38]. In these cases, the walls were built into the end of a heavy 
concrete bunker and loaded by exploding a gas-air mixture in the bunker. 
The remaining result is from the tests reported by Gabrielsen and Kaplan 
[39]. 

In the case of walls having a slenderness ratio of 10 or less, there 
was evidence of shear failure around the perimeter. The other walls 
showed very clearly that failure followed the 'yield line' pattern of fracture 
lines also noted in the tests on simply supported panels. It would appear 
from these results that the lateral resistance of fully restrained panels can 
be estimated with fair accuracy, even though there is some uncertainty 
about the ultimate strength and strain values that should be used in the 
calculation. 

In the foregoing it has been assumed that the brickwork panel is tightly 
built into the surrounding structure. If there is a gap between the wall and 
the restraining structure it is still possible for arching to develop after initial 
cracking of the brickwork. Gabrielsen and Kaplan [39] have investigated 
this case and have shown that a wall with a small gap between the top edge 
and the support frame developed about 16 per cent of the strength of a fully 
restrained wall. This, however, was still some three times the strength of a 
corresponding wall tested with simple support conditions. 

7.4.3 An approximate theory for infill panels 

The analysis described in section 7.4.2 is rather complex, and for approxi
mate calcul~tions Hodgkinson et al. [40] have suggested the simple analyti
cal model shown in figure 7.16. This assumes that, at failure, the bearing 
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Figure 7.16 Approximate arching theory (Hodgkinson et al.) 

width at the supports and at the centre of the wall is a and the lateral 
pressure at failure is given by 

Pa = 

where P is the arch thrust 
t is the wall thickness 
L is the span 

8P(t - a - 0) 
U 

o is the deflection at mid-height. 

(7.32) 

Appropriate values of a and of the compressive strength tk under the 
conditions in an arching situation have been suggested on the basis of 
experimental results. A number of walls were tested, spanning horizontally 
between rigid supports 2.72m apart, with the results summarised in table 
7.3. 

The thrust has been calculated from equation 7.32 for two assumed 
values of a and taking the deflection either as found experimentally or zero. 
The thrust stress has been related to the characteristic strength for the 
brickwork as given in BS 5628. As a result, it is suggested that for design 
purposes the bearing width a should be taken as (110, the deflection omitted 

Table 7.3 Summary of arching tests on horizontally spanning walls 

Brick Characteristic Failure Deflection Thrust stresslfk 
type strength of pressure at failure 

brickwork, fk of wall (mm) Including Excluding 
(Nlmm2) (kNlm2) deflection deflection 

Assumed a 

tllO tl5 til 0 tl5 

A 16.0 32.9 20 2.5 1.5 2.0 1.1 
B 6.4 21.0 27 4.6 2.7 3.3 1.8 
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Figure 7.17 Forces required to develop full strength of 105 mm and 220 mm walls 
by arching action 

and the thrust stress limited to 1.5 times the value of k These proposals are 
of a tentative nature, but could be applied with reasonable confidence 
to panels spanning between two rigid supports, and in particular to those 
spanning horizontally which are unsupported on their top edges, and which 
rest on a damp-proof course at their bases. 

Attention should be drawn to the magnitude of the restraining 
forces generated by arching action; by way of illustration, the curves of 
figure 7.17 have been derived from Morton's theory. From this figure it will 
be seen that considerable forces are required to develop the full strength of 
an in fill panel and, conversely, large forces may be imposed on the sur
rounding structure if a brickwork panel is loaded to failure by lateral 
pressure. 
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8 REINFORCED AND 
PRESTRESSED MASONRY 

8.1 The application of reinforced and prestressed elements 

The brittle nature of masonry is no great disadvantage in situations where 
the load to be transmitted is vertical and compressive stresses predominate. 
It does, however, put severe restrictions on its use for elements in which 
significant tensile stresses are developed, and to overcome this limitation it 
may be useful to use reinforced or prestressed members. Special problems 
also arise in structures in seismic areas and in relation to resistance to 
accidental damage which may necessitate the use of reinforcement. 

There are three basic ways of introducing reinforcing steel into brick-
work construction: by placing it 

(a) Within the mortar joints 
(b) In specially formed pockets 
(c) In a grouted cavity between skins of brickwork. 

Similar possibilities exist for reinforcing blockwork construction, but in 
this case there is greater scope for the use of specially shaped units and for 
the incorporation of reinforcement in the cores of hollow blocks. These 
methods are illustrated in figure 8.l. 

The flexural limitations of masonry can also be overcome by the use of 
prestressing techniques, although practical application of this method has 
so far been limited. 

8.2 Reinforced masonry flexural elements 

Early research work [1-10] indicated that the principles underlying the 
design of reinforced concrete could be applied also to reinforced masonry, 
provided that suitable adjustments are made for the differences in material 
properties. 

Reinforced masonry may thus be designed on the basis of linear elasticity 
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Figure 8.1 Methods of reinforcing brickwork and block work 

(iii) Special 
hollow 
blocks 

or in relation to ultimate strength, Calculations relating to the serviceability 
limit state of deflection will be based on elastic behaviour, while those 
relating to the ultimate limit state will require assumptions as to the stress
strain relationship up to the ultimate load. Values for the elastic modulus, 
and discussion of actual stress-strain curves, may be found in chapter 2; 
idealised stress-strain curves for masonry and reinforcing steel will be 
discussed in section 8.2.2. It is usual to assume that in flexural elements, 
plane sections remain plane after bending and that the tensile strength of 
masonry may be neglected. 
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8.2.1 Flexural strength of reinforced masonry 

On the above assumptions it is possible to derive expressions for the moment 
of resistance of a reinforced masonry section in the same way as for reinforced 
concrete. Thus, on the basis of linear elastic theory, for a rectangular section 

M = 1. bxf" (d - ~) = A f" (d - ~) 2 Jbe 3 sJs 3 

where b is the width of section 
x is the depth of neutral axis 

tbe is the permissible compressive stress in masonry 
d is the effective depth of section 

As is the area of steel reinforcement 
f, is the permissible tensile stress in steel. 

The depth of the neutral axis can be calculated from the equation 

bx2 + 2a.,xAs - 2aedAs = 0 

where a e is the modular ratio. 
If the steel area is such that tbe and f, are reached simultaneously: 

x 

d 

1 

(8.1) 

(8.2) 

(8.3) 

Values of permissible stresses are specified in design codes for various 
mortar combinations. The modular ratio is a function of the compressive 
strength, and will lie in the range 10-40 for strong to relatively weak masonry. 

Design codes are now tending to be based on limit state principles, and 
thus for consideration of the ultimate limit state a non-linear stress block has 
to be considered. In this case the section analysis again follows the precedent 
of reinforced concrete. Thus, referring to figure 8.2 and following the theory 
described by Kong and Evans [11] for a singly reinforced beam, we have 

kJkbx = AJ. 
or 

t, = ~Abx 
s As 

and 

Ck 
X = --"---d 

Ck + Cs 

Combining equations 8.4 and 8.5 gives 

where (} is the steel ratio A,Ibd. 

(8.4) 

(8.5) 

(8.6) 
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x .~~f--Jf--c' compressive force 

'----1~ T. tensile force 

Figure 8.2 Stress distribution in singly reinforced beam 

.......... Equation 8.6 

Figure 8.3 Intersection of equation 8.6 with stress-strain curve for steel 

At the ultimate limit state, the values of Is and Cs must satisfy equation 
8.6, and also define a point on the stress-strain curve for the steel, as 
indicated in figure 8.3. The moment of resistance is then 

Mu = AJs(d - k2X) 

= AJs (1 -Q:: ~ } (8.7) 

The term within the brackets in equation 8.7 is the lever arm factor for 
the beam. 

As in reinforced concrete, the mode of failure of a masonry beam, 
reinforced with steel having a definite yield point, depends on the steel ratio 
Q. If the steel and masonry strains reach cy and Ck simultaneously this is 
termed a 'balanced' section, in which 

d 
(8.8) 

x 
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Substituting in equation 8.6 gives the steel ratio for this condition as 

Q = k A Ek 
J fy Ek + Ey 

(8.9) 

If the steel ratio is less than this, failure of the beam, described as 'under
reinforced', is initiated by yielding of the steel, but the beam will continue 
to resist increased bending moment until the strain in the brickwork reaches 
Ek• Conversely, in an over-reinforced beam, failure will follow the attain
ment of Ek in the brickwork. In this case it can be shown that 

~ A (~)2 + Ek (~) - Ek = 0 
Es d d 

(8.10) 

The neutral-axis factor x/d can be calculated from this equation, and the 
moment of resistance from 

(8.11) 

In practice, over-reinforced masonry beams are to be avoided on account of 
their brittle mode of failure. 

In the above discussion, the stress block for reinforced masonry beams 
has been characterised by the two ratios kJ and k2• Investigation of the 
stress-strain relationship for brick masonry, as discussed in chapter 2, has 
indicated that this may be represented by a second-degree parabola in 
which the strain at maximum stress is Em and at failure Eu. Depending on the 
ratio of Eu to Em' the values of kJ and k2 are as follows: 

EjEm 1.0 1.5 1.75 
k[ 0.667 0.75 0.729 
k2 0.375 0.417 0.45 

An average value of EjEm of 1.5 would be appropriate for practical 
purposes. 

In design codes it is usual to adopt an equivalent rectangular stress block 
and the actual parabolic form may be represented, as shown in figure 8.4, by 
taking either (a) a mean stress which will give the same area within the 
enclosed rectangle or (b) by taking a maximum strain ordinate to give the 
same effect. 

Rewriting equation 8.7 in the form 

~ = Q fy (1 - XQ fy 1 
bd2A A A 

(8.12) 

the values of X for a parabola and for approximations (a) and (b) are as 
follows: 

Parabola 
Approximation (a) 
Approximation (b) 

X = 0.617 
X = 0.685 
X =0.50 
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(a) (b) 

Figure 8.4 Alternative approximations for parabolic stress block 
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Figure 8.5 Test results for reinforced brickwork beams 

A comparison between equation 8.12 and the collected experimental results 
is presented in figure 8.5 from which it will be seen that for values (2 X f/tk 
up to 0.5 there is little difference between the three cases. At higher values 
of (2 x f/tk' taking X = 0.50 results in closer agreement with test results but 
such values are unlikely to occur in practice. Similar results have been 
obtained for reinforced blockwork [12]. 

Introducing partial safety factors for steel (Yrns) and masonry (Yrnrn) gives 
the following limit state design formula for rectangular section beams: 

Md = (2 iL bd2 ~ 
Yrns d 

(8.13) 

~ = (1.0 - 0.5(2 ty Yrnm) ::po 0.95 
d h Yms 

where (8.14) 
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To avoid brittle failure, the value of Md in equation 8.13 should be limited 
to 

0.41L bd 2 

Ymm 
(8.15) 

8.2.2 Shear strength of reinforced masonry beams 

The shear strength of reinforced beams of various types has been studied by 
a number of investigators and, although the general pattern of behaviour is 
similar to that of reinforced concrete, there are a number of significant 
differences arising from the physical characteristics of the materials. Sinha 
and de Vekey [13] have shown that the shear resistance of grouted cavity 
brickwork beams is influenced by the shear span ratio and the percentage of 
reinforcement, and to a lesser extent by the brick and mortar strengths. 
Osman and Hendry [14] attempted to assess the contribution of compres
sion zone transmission, aggregate interlock and dowel effect in developing 
shear resistance in this type of beam, the result for a typical test being 
shown in figure 8.6. As the latter two of these effects are likely to take place 
almost entirely in the concrete filling, it follows that the shear strength will 
depend on the width of the cavity [15] and that for beams of the same 
overall cross-section and reinforcement, grouted cavity beams will be inter
mediate between reinforced concrete and all-brick sections. This is shown 
in figure 8.7 where the shear strength is plotted against the shear span ratio 
for three different beam types. 
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Figure 8.6 Shear transmission by different mechanisms in a grouted cavity beam 
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Figure 8.7 Shear strength of grouted cavity brickwork against shear span ratio 
(Suter and Keller) 

Brickwork beams in which the reinforcement was placed in the lowermost 
bed joint were investigated by Suter and Hendry [16, 17] with the result 
shown in figure 8,8, Examination of collected test results for such beams 
confirmed that the steel ratio had no significant effect on the shear strength, 
presumably as dowel effect is not developed, Although there is considerable 
scatter in the results, there is a clear trend of increasing shear strength with 
decreasing ratio of shear span to effective depth (aid), This effect is marked 
at aid ratios of less than 2, and results from the mode of failure, Thus, at 
higher aid ratios, shear failure follows from the development of a typical 
diagonal crack, whereas in beams with a low aid ratio, cracking is followed 
by the development of a tied arch effect - the lower the shear span ratio the 
greater the arching effect and thus the apparent shear resistance, 

The shear strength of reinforced concrete blockwork beams has been 
reviewed by Rathbone [18], Where the beams are built in concrete-filled 
hollow blocks, the shear strengths are more closely related to correspond
ing reinforced concrete sections and there is an appreciable increase with 
steel percentage, as may be seen in figure 8,9, The effect of steel percentage 
for various types of beams is illustrated in figure 8,10, The aid ratio for each 
beam is shown and approximate lines have been drawn for aid = 2,4 and 6 
for beams in which the reinforcement is embedded in concrete, As already 
noted, where the reinforcement is placed in the lowermost bed joint of a 
brickwork section, there is no increase in shear strength with steel percent
age, The British Code of Practice BS 5628: Part 2 gives a formula represent
ing the lines shown in figure 8,9 for the shear strength of reinforced masonry 
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Figure 8.9 Shear strength of reinforced concrete blockwork beams against shear 
span ratio for three steel percentages (Rathbone) 

in which the reinforcement is placed in concrete. Songbo Li et al. [19] have 
suggested that the validity of this formula is limited to beams having mo
derate amounts of reinforcement and moderate span/depth ratios. These 
authors recommend the use of the following equation derived from an 
analysis of test results for the shear capacity of a beam, V, which includes a 
parameter, R, relating to the material properties of the masonry: 

V ~ URbd[ 0.173 + D.D561n( ~ ) 1 (8.16) 

where a = 1.996 - 0.994In(a/d) 
R = 0.131R, + 0.277--JR,R2 

R, = block strength 
R2 = mortar strength. 

The inclusion of shear reinforcement is possible in certain types of rein
forced masonry beams, such as grouted cavity and concrete-filled hollow 
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blockwork. In brickwork sections it may be possible to form pockets in 
which vertical shear steel can be placed or a limited amount of reinforce
ment can be accommodated in the collar joint. There is very little experi
mental information as to the effectiveness of shear reinforcement apart 
from a series of tests carried out by the Structural Clay Products Institute 
[20] on three sets of beams, two of which had shear steel in the collar joints 
and the other had a grouted cavity construction. These results are summa
rised in table 8.1 from which it will be seen that the experimental shear 
strengths are considerably in excess of those to be expected without shear 
reinforcement. These enhanced shear strengths can be estimated with fair 
accuracy using the standard formula for the spacing of vertical stirrups. 
Omitting partial safety factors this formula is 

Isv = (tv + Asviy/bsv) 
where Iv = shear strength without shear steel 

Asv = shear steel area 
Iy = yield stress of shear steel 
b = breadth of section 
Sv = spacing of stirrups. 

(8.17) 

In all but one case this gives a result in reasonable agreement with the 
experimental values in table 8.1. 

For flexural design of reinforced masonry beams it is convenient to 
define a limit on failure by tensile yielding of the reinforcement beyond 
which shear failure may be expected in the absence of shear steel. Thus the 
shear stress in the beam, Vlbd, must not exceed the shear strength tv. Then 
if the shear span is taken as 

a = Mmaxlv 
the limiting condition for shear failure is 

Mmax ::t> I' 

(al d)bd2 Jv 

or 

(8.18) 

(8.19) 

(8.20) 

This condition can be superimposed [12] on a design diagram in which the 
parameter M/bd2 is plotted against the masonry strength. An example is 
shown in figure 8.11. From this it is evident that shear will be a limiting 
factor unless the steel ratio is less than about 0.003. Masonry compressive 
strength, on the other hand, has a rather limited influence on the moment of 
resistance. 

8.2.3 Calculation of deflection of reinforced masonry beams 

Tests on reinforced masonry beams have shown that the load-deflection 
relationship is bi-linear with a discontinuity occurring when the masonry 
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Figure 8.11 Limitation on flexural design of reinforced masonry beams by com
pression and shear failures (fy = 460N/mm2; Yms = 1.15; Ymm = 2.0; Ymv = 2.0) 

cracks. Thus, initial deflection may be calculated on the basis of an 
uncracked section. Beyond this stage, a cracked section should be assumed 
and the following relationships for the neutral-axis depth and second mo
ment of area are applicable, where (J is the steel ratio and ae the modular 
ratio: 

(8.21) 

and 

(8.22) 

In practice, the effective second moment of area will vary along the 
length of a beam as the extent of cracking changes along the span, in the 
manner suggested in figure 8.12. Furthermore, tensile stresses will be devel
oped in the material below the neutral axis between the cracks, and result 
in a stiffening effect. In reinforced concrete beams this effect can be allowed 
for by assuming the existence of a limited tensile stress in the concrete 
below the neutral axis, which reduces the moment on the cracked section 
used in calculating deflection by an amount equal to 

1 b(h - X)3 
-;--~- X tensile stress in concrete (8.23) "3 (d - x) 
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Figure 8.12 Variation of crack depth along the length of a beam 

where h is the overall depth of the beam. In principle, this could be applied 
to reinforced brickwork beams, but experimental confirmation is lacking. 

An alternative procedure [21] is to use the following moment curvature 
relationship: 

e - M M - Mer - -- + 
El u 0.85Eler 

(8.24) 

where M is the applied moment, E1u the flexural rigidity of the transformed 
uncracked section, E1er the flexural rigidity of the transformed cracked 
section, Mer the cracking moment equal to IJ,/(H - d),!t being the flexural 
tensile strength of the masonry, H the overall depth of the section, and d the 
neutral-axis depth. The relationship between curvature and mid-span de
flection for various load conditions is as follows: 

Concentrated load at mid-span 
Uniformly distributed load 
Equal end moments 

~ = eL2/12 
~ = ee19.6 
~ = ee/8 

The value of Young's modulus for brickwork is discussed in section 2.6. 
An approximate value of 900 fk has been suggested for medium-strength 
reinforced clay brickwork, and this would be applicable to short-term load
ing but should be reduced by a factor of 2.0 when calculating long-term 
deflections. This is based on results reported by Wyatt et al. [22] and is 
confirmed by long-term loading experiments on grouted cavity cantilever 
walls carried out by Sinha [23,24]. If, in the case of a cantilever wall, there 
is a non-rigid damp-proof course near the base, the creep deflections may 
be doubled. 

8.3 Reinforced masonry compression elements 

The strength of reinforced masonry compression elements has not been 
extensively investigated, presumably because in most practical situations it 
is possible to meet design requirements with unreinforced walls or columns. 
With axial loading, the addition of a low percentage of reinforcing steel will 
result in only a small increase in the load capacity of the member but, if 
more extensive use is made of reinforced masonry, the use of beam columns 
or walls transmitting substantial bending moments in addition to axial loads 
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may become more widespread and a knowledge of the strength of such 
elements will be required. 

Tests [25, 26] on axially loaded reinforced masonry columns have con
firmed that their strength could be regarded as the sum of the compressive 
strength of the masonry and of the steel at its yield point. The presence of 
lateral ties was found to add slightly to the strength of the column and to 
prevent complete collapse at the maximum load. Thus in limit state terms, 
the design capacity of a short compression member would be 

N = fk Ab + O.SfyAse (S.25) 
Ymm Yms 

where Ab and Ase are, respectively, the areas of brickwork and steel, and Y mm 

and Yms are partial safety factors for these materials which have, respec
tively, characteristics fk and fy· 

Consideration of the strength of reinforced masonry members under 
combined axial load and bending moment will be facilitated by referring 
to direct load-moment interaction diagrams, similar in principle to those 
referred to in section 5.5 for plain masonry. For this case, assuming 
for simplicity a rectangular stress block, and using the notation shown in 
figure S.13 

Nbwk = fkbdc (S.26) 

M bwk = N( ~ - i) = 0.5 h bde (h - de) (S.27) 

or, in dimensionless form 

N bwk = ~ U bwk = 
hbh h 

(S.2S) 

Pbwk = :~hk2 = 0.5 ~ (1 - ~) (S.29) 

By calculating U bwk and Pbwk at various values of d/h between 0 and 1.0, the 
axial load-moment interaction curve shown in figure S.14 is obtained. 

If now an area of reinforcement As2 is introduced at a depth of d2 from 
the lower face of the beam as shown in figure 8.13b, this will contribute to 
the axial force QY an amount 

N( AS2 ) = Asds2 (S.30) 

where f,2 is the stress in the steel corresponding to a strain £s2' The moment 
about the mid-depth contributed by the steel is 

M(Asz) = -Asdsz( ~ - dz) (S.31) 

In dimensionless terms: 



REINFORCED AND PRESTRESSED MASONRY 

l+-b--+ 
(a) h 

l~ r+-b--+ 
(b) h 

1....J,... .• A,z. 
dz 
rl------J 

(e) h 

l~ 

197 

Figure 8.13 Strain and stress distributions: (a) in plain section; (b) with reinforce
ment A s2 ; (c) with reinforcement A;, 

_ N(As2) _ As2 fs2 a - - ----
s2 A bh bh A (8.32) 

_ M(As2) _ (1 d2) 
(3s2 - Abh2 - - 2" - h a s2 (8.33) 

These parameters can be calculated for a given section using the 
relationship 

~ = d2 - (h - de) _ de / h - (1 - d2 / h) 

Ek de - de/h (8.34) 

Thus, [.2 = EsEsb and hence a s2 and (3s2 can be evaluated for various values of 
djh. The effect of the reinforcement on the interaction diagram is repre
sented by a vector v'[(as2)2 + ((3S2)2] as shown in figure 8.14. 
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Figure 8.14 Axial forcelbending moment interaction diagrams for plain and rein
forced masonry sections 

If reinforcement is introduced near the upper face of the beam, as shown 
in figure 8.13c, corresponding values of as, and f35' are as follows: 

N(A' ) A' f' _ 51 _ 51 51 a - - ----
51 fk bh bh A (8.35) 

_ M(A:,) _ (1 d') 
f351 - fk bh2 - 2" - h a sl (8.36) 

Also 

e51 _ de - d' _ d)h - d'/h 
4 - de - djh 

(8.37) 

The effect of this reinforcement in addition to A52 is then represented on the 
interaction diagram, figure 8.14, by the vector --J[(a5,)2 + (f3s2)2]. 

Figure 8.14 is based on illustrative values of the various terms; although 
the characteristics of these curves are fully discussed in reference 11, the 
following points may be noted: 

(1) Considering the interaction diagram for A52 steel when djh 
= 1 - dzlh, 0.85 for the example shown, the steel strain is zero, 
both a,2 and f3S2 are zero and the steel is inactive. 
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(2) For the steel to reach the yield stress fy in this case, Cs = 0.00205. 
This occurs at a value of d/h = 0.505 for the example shown. This 
point defines the maximum value of f3 on the interaction diagram 
and corresponds to a 'balanced' failure, in which the steel and 
brick reach their limiting values simultaneously. In load-moment 
(N-M) combinations above this point, the brickwork will reach its 
limit before the steel and vice versa below this point. 

(3) When both A;l and As2 steel reinforcement is present, the maxi
mum f3 again corresponds to the balanced failure condition. 

(4) Load-moment combinations corresponding to specific eccentri
city ratios lie on straight lines, as indicated in figure 8.14. 

The interaction diagrams described above relate to short compression 
members. As mentioned in section 5.5, these curves can be modified using 
the moment magnifier method or otherwise to allow for the second-order 
effects from slenderness. 

Experimental confirmation of the calculated interaction diagrams for 
reinforced brickwork is limited, but a series of tests by Anderson and 
Hoffman [27] showed good agreement with experimental results up to an 
eccentricity ratio of 0.34, as may be seen from figure 8.15. Other experimen
tal investigations of reinforced brickwork and blockwork columns have 
been carried out by Drysdale and Sallam [28], Hatzinikolas et al. [29] and 
Davies and EI Traify [30]. Again reasonable agreement is shown between 
test results and calculated interaction diagrams. Davies and EI Traify have 
extended consideration to the case of biaxial eccentricity and have devel
oped a computer program for the analysis of columns subjected to this 
loading condition. This results in the production of a set of interaction 
diagrams such as the one shown in figure 8.16, which is for an axial load 
ratio P = N/(fmBT) with the notation shown in the figure. The axes of the 
diagram are, respectively, MjfmBT2 and M/fmBT2. Curves are plotted on 
these axes for various values of the parameter A/BTfm. Diagrams of this 
type can be used in two ways: firstly, if the values of Mx and My and the load 
ratio P are known, using an appropriate chart, the amount of reinforcement 
required can be determined. Secondly, if the axial load and reinforcement 
are known, acceptable combinations of Mx and My can be defined. In a 
design situation it would, of course, be necessary to introduce the relevant 
material partial safety factors. 

8.4 Reinforced masonry shear walls 

Reinforced masonry shear walls are usually adopted to meet the require
ment for seismic resistant structures but could be used more generally 
where the shear strength of plain masonry walls is found to be insufficient. 
Shear reinforcement may be placed in the core of grouted cavity walls, in 
collar and bed joints or in the cores of hollow block units. It has been 
suggested [31] that horizontal bars are more effective than vertical on the 
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Figure 8.15 Results of tests on eccentrically loaded reinforced brickwork columns 
compared with calculated interaction curve (Anderson and Hoffman). Brick 
strength 93 N/mm2; mortar ASTM 270 type S; grout 25 N/mm2 av.; masonry strength 
36N/mm2; steel ASTM A 15-4,/v = 275N/mm2, 4 no. 16mm dia. bars 

basis that under racking shear, a wall will fail by the development of a 
diagonal crack; relative movement across the crack is resisted by dowel 
action by vertical steel, but by direct tension by horizontal reinforcement. 
This would apply where the horizontal steel is fully embedded in concrete 
fill, as in a grouted cavity wall, but would not be reliable where the rein
forcement was placed in the bed joints of a brick masonry wall where the 
presence of steel may weaken the resistance of the masonry to vertical 
tensile stresses which will be present. 

The strength of reinforced shear walls is influenced by the ratio of height 
to length, hit, the amount and distribution of reinforcement and masonry 
strength. These effects have been investigated [32] experimentally and it 
has been shown that the shear strength increases with decrease in hit ratio, 
with increase in vertical load and, in the case of filled hollow blockwork, 
with the grouting of the unreinforced cavities. 

Scrivener [33] has reported shearing strengths for grouted concrete 
blockwork walls of approximately square aspect ratio of the order of 0.7-
1.3N/mm2 with reinforcement ratios from 0.1 to 0.47 per cent. This com-
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Figure 8.16 Interaction diagram for biaxial eccentricity of loading on a reinforced 
masonry column (Davies and El Traify) 

pared with a shear strength of 0.33 N/mm2 without reinforcement. In this 
case it was found that vertical and horizontal reinforcing were equally 
effective. A series of tests [34] on reinforced brickwork walls with vertical 
reinforcement in the collar joints showed very similar results. 

The flexural strength of a shear wall may be predicted [35] by assuming 
that all the vertical reinforcement has yielded and that the compression 
zone is located at the 'leeward' toe of the wall. 

The behaviour of reinforced shear walls has been extensively investi
gated [32] under cyclic loading in relation to seismic resistance. Investiga
tors in this area recommend that flexural resistance should be kept lower 
than shear strength in order to develop ductility, which is essential in this 
context. 

8.5 Prestressed masonry 

The application of prestressed masonry has recently attracted increased 
attention in practice and in research. It has been shown that the same 
principles as apply to prestressed concrete are valid for post -tensioned 
masonry and that this form of construction has certain advantages over 
reinforced masonry, including avoidance of cracking under load and greater 
efficiency in the use of the material. Both beam and wall elements have 
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been investigated with most practical applications being to walls subjected 
to predominantly lateral loading. 

8.5.1 Post-tensioned masonry beams 

In the design of post-tensioned beams, conditions are investigated at trans
fer of prestress and under service loading assuming elastic behaviour. Thus, 
for a section having section moduli at bottom and top fibres of ZI and Z2 
respectively, at initial transfer, the stress at the top of the section will be 

f2i = p/ A - PejZ2 + M)Z2 (8.38) 

and at the bottom of the section 

(8.39) 

where P is the prestressing force, es its eccentricity from the centroidal axis 
and Mi the moment due to the self-weight of the beam. The initial 
prestressing force will be reduced as a result of various losses so that when 
considering the condition under the service load, P will be reduced to aP, 
where a is a loss factor which will be discussed in section 8.5.3 below. Top 
and bottom stresses at service will then be 

f2s = a(P/A PejZ 2) + Ms/Z2 

J;s = a(P/ A + PejZl) - MjZ2 

(8.40) 

(8.41 ) 

where Ms is the bending moment at the serviceability limit state. These 
stresses have to be considered at the critical sections in each, usually at mid
span, and shown not to exceed allowable levels. 

The shear strength of post-tensioned brickwork beams of up to 6.5 m span 
has been investigated by Pedreschi and Sinha [36, 37] with the results shown 
in figure 8.17. Prestressing results in a reduction of the diagonal tensile stress 
at the centroid of the section and comparison with reinforced masonry 
shows that the shear strength is considerably increased by post-tensioning. 

The ultimate strength of post-tensioned masonry beams after cracking is 
similar to that of reinforced masonry and depends on whether the tendon is 
bonded or unbonded. In the former case it can be shown [38] that the stress 
in the tendon at failure, fpb' is given by the equation 

f. = kdm bd Emu 
pb A + 

ps Epb Emu - Emp - lOpe 

where Emu = ultimate compressive strain in masonry 
Epb = ultimate compressive strain in tendon 
Emp = masonry strain due to prestress 
lOpe = strain in tendon due to effective prestress. 

Then, referring to figure 8.18, the ultimate moment is: 

Mu = ApJPb( d - k 2dc) 

(8.42) 

(8.43) 



REINFORCED AND PRESTRESSED MASONRY 203 

"'E 2.25 
E 
Z 
-<= c;, 1.5 c 

~ 
~ 
'" 0.75 -<= 

(/) 

2 4 6 8 10 
aid 

Figure 8.17 Shear strength of prestressed brickwork beams against shear span 
ratio (Pedreschi and Sinha). 
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Figure 8.18 Prestressed beam at ultimate load condition 

In an unbonded section the steel strain will be less and equation 8.42 will be 
modified. 

Walker and Sinha [39, 40] have applied the technique of partial 
prestressing to brickwork beams, with a view to overcoming certain of the 
limitations inherent in the application of prestressing to this material, such 
as the restriction of the prestressing force to avoid splitting in the anchorage 
zone and the development of undesireably large crack widths. Again it has 
been found possible to predict the behaviour of the beams by standard 
procedures based on those used for prestressed concrete. 

8.5.2 Post-tensioned walls 

The application of post-tensioning to masonry walls is primarily to over
come the limitations imposed by the relatively weak flexural strength of the 
material and thus to walls which are predominantly subjected to lateral 
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load. The principles are the same as described in the previous section for 
beams with the difference that the post-tensioning of beams is likely to be 
parallel to the bed joints of the masonry whereas it will be normal to that 
direction in walls. 

Curtin et al. [41] reported tests on cavity walls prestressed with 12mm 
rods in connection with their use as spandrel walls in school buildings, 
required to resist lateral loads from continuous glazing units above. The 
prestressing was effected by tightening a nut on each rod against a steel 
plate bridging the two leaves of the wall. 

A major application of prestressing is to walls of cellular and T cross
section which have to carry a combination of vertical and lateral loading. 
These walls are designed on the assumption of elastic behaviour and the 
basic equations are similar to those for beams with the addition of 
compressive stress arising from the external vertical loads [38]. 

Shear failure may take place in diaphragm walls either between the 
diaphragm and the outer leaves of the section or in the diaphragms. In the 
former case, the shear is transmitted either by a masonry unit bond or by 
metal ties. Only a limited amount of information is available regarding the 
shear resistance of masonry units, but Tsui et at. [42] have reported brick 
masonry shear strengths of the order of 1.5-3.0N/mm2 when using bricks of 
crushing strength between 30 and 60 N/mm2 set in 1: +: 3 or 1: 1 : 6 mortar. 
AI-Hashemi and Curtin [43] obtained somewhat higher strengths for very 
high strength brickwork (167N/mm2 bricks in 1 :+:3 mortar) which, how
ever, decreased as the precompression normal to the bonded connection 
increased. 

In the case of unbonded diaphragm walls, shear transmission between 
the diaphragms and outer walls is by metal ties embedded in the bed 
joints. Phipps and Montague [44] suggest that the limiting shear trans
mission is determined by the formation of plastic hinges in the ties at a 
distance j = 6t apart, where t is the thickness of the tie. The corresponding 
shear on one tie is thus V, = twvs = 2m/j where m, is the plastic moment 
of a tie (equal to J.br/4), tw the thickness of the diaphragm, v the shear 
stress at the interface and s the spacing. The required spacing of ties is 
then 

s = -.!!!:.L 
3tvtw 

(8.44) 

Roumani and Phipps [45,46] have shown that the shear force required to 
cause diagonal cracking in the web of a T or I section can be predicted on 
the criterion of maximum tensile principal stress. Using the conventional 
formulae for shear stress and principal stress resulting from combined shear 
and direct stress, the shear force at first crack is 

(8.45) 
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where 0.25 < hf = (2.25 - aid) < 1.25N/mm2, and fp is the average 
compressive stress due to prestress. Failure occurs when inclined cracks 
penetrate into the compression flange and may be estimated from a modi
fication of equation (8.45): 

Vu = ~~ ~(n + fpuhf) (8.46) 

where ht is as above and 

fp < fpu = (2.5fp - n) < 2fp (8.47) 

Post-tensioning of masonry shear walls has been proposed by Page and 
Huizer [47] who have demonstrated that the horizontal shear stress at 
failure can be several times that of a plain masonry wall. The strength of a 
post-tensioned wall can be estimated on the basis of the failure criteria 
discussed in section 4.4. 

8.5.3 Loss of prestress 

Loss of prestress may result from elastic, shrinkage and creep deformations 
of the masonry, anchorage slip, frictional effects and relaxation in the 
tendon and in some situations ambient temperature variations. These 
effects may be assessed separately and combined to give an overall loss 
factor. 

Alternatively, the following formula derived by Lenczner [48] for the 
percentage loss of prestress may be used: 

( Em + Cc fb )!!.. EgAg 
Eb L 

PR = 100 fbAb (8.48) 
fbAb 

where fb = stress in brickwork at transfer 
Ab = cross-sectional area of brickwork (mm2) 

Em = moisture strain ( +ve for shrinkage) 
Cc = creep ratio 
Eb = elastic modulus of brickwork 
h = height of member 
Es = elastic modulus of steel 
L = length of prestressing bars 
As = area of prestressing bars. 

In the above, Lenczner takes 

Cc = 4.46 - 0.33...j f~ for walls 

Cc = 1.73 - 0.14...j f~ for columns 

Eb = 3750...jf~ - 10000 

(8.49) 

(8.50) 

(8.51) 
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where f~ is the compressive strength of the bricks. Good agreement has 
been shown between experimental results and estimates of prestress loss by 
the above formulae. 

Phipps and Montague [49] have examined prestress losses, including 
relaxation of stress in tendons and temperature effects. Theoretically it 
would appear to be possible to have a 46 per cent loss in a particular case in 
which the tendons were stressed to 70 per cent of their characteristic 
strength, but laboratory measurements on diaphragm walls showed losses 
of between 13 and 22 per cent. This was of the same order as observed by 
Lenczner [48] over a similar period of about 14-16 months. In a test on a 
heavy diaphragm wall relating to a bridge abutment, Garrity and Garwood 
[50] reported a loss of prestress of 5 to 6 per cent over a five month period. 
It would appear from these data that in practice an allowance of 25 per cent 
would be adequate in most cases. 
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9 THE RESISTANCE OF MASONRY STRUCTURES 
TO ACCIDENTAL DAMAGE 

9.1 Abnormal loading incidents 

It is not generally possible to carry out a normal structural analysis relating 
to abnormal loading arising from such causes as gas explosion, vehicle 
impact or bomb blast since the location and magnitude of the load effect 
resulting from such incidents are unpredictable, and in some cases it would 
in any case be impracticable to design elements to resist the forces involved. 
It is necessary, however, to design buildings so that any damage resulting 
from such an incident remains localised. Concern about this problem arose 
as a result of a gas explosion on the eighteenth floor of a block of flats in 
London in 1968. This building, called Ronan Point, was of large panel 
precast concrete construction. The explosion blew out one of the external 
wall panels and, as a result, part of the five floors immediately above the 
explosion collapsed on to the eighteenth floor. This in turn, was unable to 
sustain the debris load and collapsed on to the floor below and so on almost 
to ground level. The tribunal [1] which investigated the accident gave this 
sequence of events the name 'progressive collapse'. 

Prior to the Ronan Point accident, no specific consideration was given 
to accidental forces and associated liability to collapse in the design of 
masonry bearing wall structures, although the problem had been indirectly 
recognised in relation to large panel concrete structures [2, 3]. However, 
Ronan Point drew attention to the problem in a forcible manner, and 
consideration had to be given to the possibility of damage to masonry 
structures on a scale disproportionate to the magnitude of any accidental 
forces likely to be experienced. 

In the decade following Ronan Point considerable attention was de
voted to the problem through accident statistics [4], field studies [5], experi
ments on structures [6-8] and structural elements [9-11]. On the basis 
of this work, various design strategies for minimising the effects of ac
cidental damage have been put forward, and these have been categorised 
as follows: 
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(1) Event control 
(2) Direct design 
(3) Indirect design. 
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By event control is meant the reduction of the risk of structural 
damage by eliminating exposure to a particular hazard (for example, by 
excluding potentially explosive materials from buildings), providing specific 
protection (for example, bollards to prevent vehicle impact) or by incor
porating features in a building which will limit the severity of a hazard 
(for example, venting to limit the pressure developed by a gas explosion). 
While ordinary prudence may encourage the adoption of some of these 
precautions, they are generally outside the control of structural designers. 
The alternatives, however, are matters of structural design: the direct 
approach is to design a structure to resist certain specified forces or 
amounts of damage without collapse, while the indirect approach is 
to achieve this objective by specifying minimum levels of strength and 
continuity. 

9.2 Direct design for accidental damage 

As previously stated it is not possible to specify the loading associated with 
structural accidents with any certainty, so that in applying the direct design 
approach the forces to be resisted are of an idealised nature and arbitrary 
magnitude. Thus the Building Regulations in the United Kingdom require 
that any element on which the stability of a structure is to depend following 
an accident must be able to withstand a pressure of 34 kN/m2 from any 
direction. Various other abnormal load criteria have been proposed, and 
have been compared by Leyendecker and Ellingwood [4]. 

Resistance of masonry walls to accidental damage is related to their 
lateral strength, and may be calculated using the methods discussed in 
chapter 7. 

In the second direct design procedure, sometimes referred to as the 
'alternate path method', specified elements, or parts of elements, are 
assumed to have failed and the stability of the remaining structure is inves
tigated. It is not generally possible to assess the amount of damage that will 
result from a particular hazard and, as in the case of pressures arising from 
accidental causes, some kind of idealisation has to be adopted. The British 
Code of Practice for the Structural Use of Masonry, BS 5628: 1992 requires 
that the effect of removing vertical and horizontal elements one at a time 
should be considered. It has then to be demonstrated that the 'damaged' 
structure has adequate residual stability and that collapse of any significant 
portion of the structure is unlikely to occur. 

Examination of a wide variety of existing designs by Morton et ai. [12] 
has identified three particular situations which may be critical in relation to 
accidental damage. These are: 
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Case A Where there is an outside wall without returns, or only one 
internal return 

Case B Where there is an internal wall without returns 
Case C Where the removal of a section of a wall imposes high local 

bearing stresses on a return wall or walls. 

In case A (figures 9.1a and b) the removal of a panel of masonry will 
leave the remaining sections of the wall supported by the floor slabs above. 
In case B (figures 9.1c and d) the walls above the damaged wall will have to 
be carried by the floor slabs supported around their perimeter by the 
remaining walls. Case C (figure 9.1e) arises where the unsupported masonry 
spans or cantilevers across the opening left by the removal of a wall panel, 
resulting in the application of a concentrated load on the return wall. It may 
also be necessary to examine the stressing of a masonry cantilever, such as 
that shown in figure 9.1e, to ascertain whether or not it can be assumed to 
act as a unified structure; if not, it must be considered under case A. 

In cases where the support of the walls above an opening is dependent on 
a remaining return wall, it is necessary to calculate the bearing stress in the 
brickwork. The assumptions in the previous paragraph are based on normal 
methods of structural mechanics. Thus in case A, it may be necessary to 
assess whether a storey height length of outside wall can be supported by a 
floor slab when the wall directly below is assumed to have been removed. In 
a typical case the situation may be as represented as in figure 9.2, and using 
the notation shown in this diagram, yield line analysis may be applied as 
follows: 

E = l (3U + aU J _ P(2L - C)C 
l 6 3 2L 

(9.1) 

where E is the work done by the external loads per unit displacement of the 
mechanism 

p is the weight of the floor slab plus the uniformly distributed 
imposed load 

P is the weight of wall per unit length 
Land C are dimensions as shown in figure 9.2. 

The internal work done in the yield lines is given by 

D = m(4a + _fl_ + 4ip + _i2_1 (9.2) 
a-(3 a-(3) 

Equating D and E, and substituting known values of a, fl, i1 and i2 gives an 
expression for m, the minimum designed moment for the slab, in terms of (3. 
The value of (3 corresponding to the minimum value of m can then be found 
by putting dM/d(3 = O. Finally m is calculated and compared with the actual 
moment of resistance of the slab. Other cases can be dealt with in a similar 
manner and solutions are given in standard textbooks on reinforced 
concrete. 
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Figure 9.1 Situations requiring special attention in relation to accidental damage 



214 STRUCTURAL MASONRY 

Figure 9.2 Yield line analysis of floor slab carrying wall load on edge 

removed 
I " 

I 

return wall 

Figure 9.3 Wall bearing on a return 

In case C, the bearing stress on a return has to be considered, as indicated 
in figure 9.3. The force transmitted to the return wall resulting from the 
dead and superimposed loads on the structure above it is calculated by 
statics. The bearing stress in the masonry is then determined, allowing for 
spread of the load through the floor slab and, in a design situation, com
pared with the maximum bearing stress for the material under accidental 
damage conditions. 

Consideration of the removal of floor slab elements gives rise to rather 
intractable conceptual problems, for example, it is difficult to see how a 
reinforced concrete floor slab in a brickwork structure could be removed 
without there being serious damage to the brickwork. It is, therefore, more 
practical to design floors whose removal does not have to be considered, 
either by direct design to meet the hypothetical accidental damage loads, or 
by indirect design by incorporating a sufficient degree of continuity. 

9.3 Indirect design for accidental damage 

The indirect approach [4, 13, 14] to the control of accidental damage does 
not depend on the representation of the forces likely to be encountered, or 
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on the assessment of the effect of limited damage. Instead, the idea is to 
design the building on an empirical basis to possess certain minimum levels 
of strength, continuity and ductility as will enable it to survive accidental 
forces in an acceptable manner. The terms 'robustness' and 'structural 
integrity' are sometimes applied in this context, and these were satisfacto
rily achieved in traditional forms and methods of construction. In terms of 
modern masonry structures, the first step in securing general stability is the 
adoption of a satisfactory wall layout, as discussed in chapter 1. Following 
this, comes the need to ensure continuity of the floor system. In this respect, 
in situ, two-way spanning reinforced concrete slabs, continuous over inter
nal walls, afford the highest degree of protection. Least satisfactory would 
be simply supported precast planks without lateral ties. The British Code of 
Practice BS 5628: 1992 sets out requirements for ties in floors to meet all 
reasonable continuity criteria and, in terms of this Code, avoids the require
ment to consider removal of such elements in a direct design approach. 

The corresponding provision of vertical ties is a more doubtful proce
dure. Firstly, it is in practice difficult to build in ties in unreinforced masonry 
walls and, secondly, their effect is uncertain. Indeed, in an experimental 
study of a large panelloadbearing wall structure of model-scale, Beak [15] 
showed that continuous vertical ties could promote progressive collapse by 
pulling out wall panels at levels above and below that at which an explosion 
took place. Thus, if vertical ties are to be used at all they should not be 
continuous from one storey to the next. 

Indirect design considerations further require [14] that walls should be 
adequately stiffened by returns and piers, as appropriate, and that roof 
structures as well as floors should be constructed in such a way as to 
promote the spreading of lateral loads among the walls. These elements 
must also be adequately tied, or strapped, to the walls to provide lateral 
support. 

The indirect approach is in fact applicable to all building design and is 
likely to be sufficient for low-rise buildings. Tall buildings, on the other 
hand, may require more detailed consideration on a semi-quantitative basis 
by direct design methods to ensure that no weaknesses exist in their resist
ance to accidental forces. 

9.4 Experimental studies of accidental damage 

A great deal of information about the behaviour of masonry structures can 
be obtained from a systematic study of the buildings damaged in gas ex
plosions and other accidents [5]. However, it is only possible to infer the 
forces involved and the material properties in such cases; other relevant 
factors may be difficult to ascertain. The results of controlled experiments 
are therefore of value in verifying the basis for assessment of new designs, 
the effectiveness of structural precautions and in affording information on 
the response of building structures to accidental damage. 
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Figure 9.4 Wall removal test on five-storey brickwork structure simulating 
accidental damage 

A number of tests [7] were carried out at Edinburgh University on the 
full-scale experimental structure shown in figure 9.4 with the object of 
confirming that a cross-wall structure of this type could survive the removal 
of a major bearing wall. The floors were of 50mm precast slabs containing 
the main reinforcement with 75 mm of in situ concrete topping, giving an 
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Figure 9.5 Wall removal tests on brickwork structure 

overall slab depth of 125 mm. In the tests, the outer cross-wall (A in figure 
9.5) was first removed by lateral loading applied by hydraulic jacks. This 
wall was then rebuilt and a second test carried out by removing one of the 
internal panels (B in figure 9.5) in the same way. Deflections were meas
ured, and these showed that the maximum deflection of the floor slab after 
the first test was 4mm, and after the second test 5.4mm. No damage was 
observed anywhere in the structure except immediately above the wall that 
had been removed, where the joint between the first floor slab and the wall 
was broken and the wall appeared to be partly hanging from the second 
floor slab and partly supported by the first floor slab. The structure ap
peared to be stable after the removal of a main bearing wall, and this was 
confirmed by calculation which indicated that there would be a load factor 
of 1.94 on the dead load plus 1.9 kN/m 2 superimposed load after the removal 
of the centre cross-wall, and 2.44 after the removal of the end cross-wall. 
It should be emphasised that this structure was not designed with progres
sive collapse in mind and represented what was considered to be sound 
construction in accordance with the then current Code of Practice. Natu
rally, no general conclusions could be based on a single case, but the 
inference for future designs was that brick masonry structures could 
without difficulty be made resistant to progressive collapse as a result of 
accidental damage. 

The experiment described was intended as a demonstration of feasibility. 
It was on the lines of the direct design approach described in section 9.2, in 
which stability following the removal of a section of bearing wall was 
considered but, of course, it did not afford any information about the 
behaviour of a masonry building subjected to accidental forces and in 
particular to a gas explosion. An extensive series of tests was undertaken by 
the British Ceramic Research Association and the Brick Development 
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Association in order to explore this problem and to obtain information 
which would have a bearing on structural design. The investigation has been 
described in detail in references 6 and 8, and included gas explosion experi
ments in a specially designed building representing the top three storeys of 
a tall cross-wall structure. These tests were supported by a series of tests in 
a bunker, the front of which was closed by brick walls or cladding panels of 
various kinds. Details of the experimental building are shown in figure 9.6, 
from which it will be seen that it consisted of three loadbearing cross-walls 
at approximately 3.8 m centres with 127 mm reinforced concrete floor slabs. 
The outer walls were of 280mm brick cavity construction, with various 
window and cladding arrangements on the non-Ioadbearing walls. Inter
nally the space was subdivided by 103mm brick walls with communicating 
doors between two pairs of rooms. 

Gas was introduced into one or more of the rooms for each test and 
ignited to simulate a domestic gas explosion. Town gas was used in most 
experiments since it has a high proportion of hydrogen, and would be thus 
expected to produce higher explosion pressures than natural gas, which is 
mostly methane. In some cases a gas-air mixture was contained in a poly
thene balloon before ignition, in others the gas was mixed with air in the 
room or introduced in such a way as to produce a layered concentration 
from floor to ceiling. It was expected that an explosion originating in one 
room and spreading to an adjoining gas-filled room would result in higher 
pressures in the latter, as a result of the turbulent mixing of burning gas with 
the unignited gas in the second stage of the explosion. A number of tests 
were therefore arranged in which this effect took place. 

A large number of explosion tests were carried out, in most of which gas 
pressures of less than 14kN/m2 were generated by quantities of gas, which 
had they been fully confined would have resulted in pressures of up to 
119kN/m2. These low pressures were, of course, observed because of the 
venting effect of the glazing or cladding, which blew out and thus limited 
the maximum pressures. In these tests no damage to the brickwork was 
observed. In a further experiment, however, in which two rooms (1 and 2 in 
figure 9.6) were filled with gas, an explosion initiated in room 1 resulted in 
a maximum pressure of 22.7kN/m2 in room 2 and the outer loadbearing 
cavity wall in room 2 was damaged but did not collapse. In fact, consider
able difficulty was subsequently experienced in demolishing it prior to 
reconstruction. 

As this was a significant result the experiment was repeated after re
building the damaged wall. In this repeat case the average pressure re
corded in room 2 was slightly lower at 18.47kN/m2, and only minor damage 
was caused to the brickwork. A similar test was subsequently carried out in 
rooms 3 and 4, which had smaller venting areas than rooms 1 and 2. The gas 
was ignited in room 3 and maximum measured pressures of 16.9kN/m2 and 
IS.84kN/m2 were produced in rooms 3 and 4, respectively. It was con
sidered that local pressures may have been as high as 24 kN/m2 in room 4 
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and considerable damage to the brickwork resulted. The outer cross-wall 
showed a characteristic roof-shaped fracture pattern similar to the yield line 
pattern in a laterally loaded concrete slab but, in spite of this, the building 
did not collapse and the damaged brickwork was subsequently demolished 
only with difficulty. 

From these, and some subsidiary experiments [16], it may be concluded 
that it is possible under rather exceptional circumstances for a pressure of 
the order of 34 kN/m2 to be generated in a domestic gas explosion. In the 
vast majority of such incidents, however, the venting effect of doors, win
dows and other circumstances will preclude such a possibility, and pressures 
are unlikely to exceed 24kN/m2. The provision of the Building Regulations 
requiring that elements which are necessary for the continued stability of a 
building after it has been subjected to accidental forces is thus seen to be 
well on the safe side, as least as far as gas explosions in residential buildings 
are concerned. Both the University of Edinburgh and the BCRA tests 
confirm that multi-storey brickwork structures, as normally designed in the 
United Kingdom, can withstand severe structural damage without it result
ing in progressive collapse. 

9.5 Resistance to earthquake damage 

The problem of design of masonry buildings against accidental damage 
from impact and explosions has been discussed. Seismic design may be 
regarded as an extension of this concept since the forces involved are likely 
to have a small probability of occurrence but are of such a magnitude as to 
subject the structure to forces well beyond the normal serviceability range. 
From this point of view, therefore, design for seismic conditions will have 
the primary aim of controlling the resulting damage. In particular, design 
will aim to avoid total collapse or more localised failure which would carry 
a high risk of death or serious injury to people within or around the build
ing. A secondary objective will be the economic one of 'repairability'. 

Few areas can be regarded as completely free from earthquakes, al
though in many they may be very slight. The point is well illustrated by the 
experience of Newcastle, New South Wales, a part of Australia where until 
1989 the danger of seismic activity was not regarded as calling for any 
precautionary measures. On 28 December of that year, the city experienced 
an earthquake of magnitUde 5.6 on the Richter scale, the effect of which in 
some parts was magnified by the presence of underlying alluvial deposits. 
Loss of life was fortunately relatively small but considerable damage was 
caused to masonry buildings of various types. The effects of the earthquake 
have been described by Melchers [17] and by Page [18], and it is possible to 
draw conclusions of general application from these accounts. 

The first is for the need for general robustness in the design of a building, 
on the lines discussed in chapter 1, in particular to avoid unsymmetrrical 
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wall layouts and 'soft' ground floor arrangements, that is to say, open plans 
accommodating parking garages and the like lacking adequate bracing 
walls. Certain details such as free-standing parapets are vulnerable unless 
reinforced or braced, and cladding panels require to be securely tied to 
the main structure. A very common, if not surprising, source of failure in 
Newcastle was the absence or corroded state of wall ties in cavity walls and 
other manifestations of bad design, poor workmanship or lack of mainte
nance. Given attention to these matters, and with the measures recom
mended in the British Code of Practice described above, masonry buildings 
can be expected to perform satisfactorily in earthquakes at least of the 
severity of that experienced in Newcastle. 

In many areas where the risk of severe earthquakes is known to be 
greater, more specific measures will be required and for small domestic 
buildings these have discussed by Arya and Chandra [19], and in greater 
detail in reference 20. The essential requirement is to tie the elements of the 
building together and develop the necessary strength and ductility by suit
able reinforcement. The overall layout of the building must be such as to 
provide adequate resistance to lateral forces along both principal axes. 
Vulnerable points include the jambs of openings and the corners of shear 
walls, where vertical reinforcement should be provided. This reinforcement 
in conjunction with bands at window lintel and roof levels provides very 
effective strengthening of simple brickwork buildings against earthquake 
forces. 

It is well known that multi-storey, plain masonry buildings are liable to 
suffer considerable damage in a severe earthquake [21]. New high-rise 
masonry buildings in areas of high seismic risk are now invariably of rein
forced construction and considerable progress has been made in applying 
the methods developed for reinforced concrete to these structures [22]. This 
forms a specialised branch of structural engineering and only an indication 
of the basic principles involved can be given here. 

Conventional design codes have been based on the concept of elastic 
behaviour but the dynamic response characteristics of masonry buildings 
are such that it is not feasible to design for the extremely high lateral force 
levels which elastic response would imply. It has to be accepted therefore 
that under earthquake loading the structure will attain its ultimate load and 
that a considerable degree of ductile deformation will have to be accommo
dated. A factor, fl., equal to the ratio of the elastic displacement at ultimate 
lateral load divided by the elastic displacement at design load, is used to 
define the 'ductility demand'. This factor is typically about 4. Such ductile 
deformation will have to be sustained over several cycles without excessive 
loss of strength or stiffness. 

In this context, the choice of structural form is critical. Where coupled 
shear walls are employed, their behaviour will depend on the nature of the 
interconnecting elements. If these are flexible floor slabs (figure 9.7a), 
energy dissipation will occur at the base of the walls and be accommodated 
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Figure 9.7 Coupled shear walls: (a) interconnection by floor slabs - ductility pro
vided by flexural yielding of reinforcement distributed across width of walls; 
(b) interconnection by spandrel walls - ductile yielding of spandrels or columns in 
lower storeys 

by carefully detailed plastic hinges where ductility is best provided by 
flexural rather than shear yielding of distributed steel. If the interconnec
tion is through spandrel walls (figure 9.7b), plastic deformation is either in 
these or in the columns, depending on the configuration. In either case, the 
reinforced elements concerned would have to be designed to accommodate 
the required lateral displacement, generally concentrated in the lowermost 
storeys. In this situation, the ductility factor is correspondingly concen
trated and where the pier-height is half the storey-height this factor is given 
by 

flp = 2n(fl - 1) + 1 (9.3) 

where n is the number of storeys and fl is the structure ductility factor [22]. 
Thus for a ten-storey building, flp would be 61. As this would be very 
difficult to achieve, the indication is that wall systems of this type are 
unlikely to be satisfactory in seismic zones. 

For design purposes, information is required relating to the strength! 
deformation properties of reinforced masonry elements under cyclic load
ing and their stiffness beyond the elastic range. Design can then be under
taken on the basis of assumed earthquake forces allowing for a selected 
ductility demand. 
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Figure 9.8 Typical performance of a reinforced masonry shear wall under cyclic 
loading (Mayes and Clough) 

A considerable number of experimental investigations have been carried 
out to determine the behaviour of various forms of masonry under cyclic 
loading. Figure 9.8 shows the result of a test by Mayes et al. [23] illustrating 
the degradation of stiffness and strength in a typical reinforced masonry 
wall. Modena [24] has derived simplified analytical models for the cyclic 
behaviour of masonry walls and related these to the dynamic and ductility 
parameters required in design. Although these are for particular walls, the 
methodology could be adapted for other types of masonry. 

The mathematical modelling of masonry structures subjected to seismic 
effects, based on the observed characteristics of walls, has been developed 
by Braga and Dolce [25]. In their analysis, the walls of the building are 
subdivided, as shown in figure 9.9, into horizontal strips and vertical 
elements which may fail in predetermined modes. The response of the 
structure is calculated by a step-by-step procedure in which incremental 
displacements are applied to each floor in turn, the element characteristics 
being adjusted to allow for cracking as the analysis proceeds. The method is 
approximate but offers a practical approach to the problem suitable for 
assessing the performance of low to medium-rise buildings in relation to 
specified seismic loadings. 

The interaction between masonry panels and concrete or steel structural 
frames is discussed in chapter 10 for static loading. It is shown that in fill 
walls may substantially increase the stiffness of the frame but where seismic 
loading has to be allowed for, the presence of infill walls may result in 
damage to the members or joints of the frame through forces being applied 
to it which were not taken into account in the design. It is advisable to allow 
for combined action as reliable isolation of infill panels is difficult whilst 
providing for their lateral support. 
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Figure 9.9 Representation of a wall with openings for assessment of resistance to 
in-plane seismic forces, showing assumed crack pattern (Braga and Dolce) 
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10 MASONRY WALLS 
IN COMPOSITE ACTION 

10.1 Composite wall-beam elements 

10.1.1 Structural action of wall-beams 

It has long been recognised that structural interaction takes place between 
a masonry wall and a supporting steel or concrete beam. In simplest terms 
this has been represented by assuming that the beam supports only part of 
the brickwork represented by a triangular load intensity diagram with zero 
ordinates at the supports and maximum loading at mid-span. The loading 
from the remainder of the brickwork was assumed to be transmitted to the 
support points by arching action as indicated in figure 1O.1a. While this is 
essentially a correct reflection of the structural behaviour of the system as 
far as it goes, it is of limited quantitative value because it fails to give any 
indication of the concentrated compressive stresses in the wall, which may 
be critical, or of the actual bending moments in the beam. 

A number of theoretical and experimental studies of the problem 
have shown quite clearly that the vertical and shear stresses at the 
wall-beam interface are concentrated towards the supports, as indicated in 
figure 10.lb. Both the shear and vertical stress distributions in these areas 
can be approximately represented by a triangular diagram, and the more 
flexible the beam, the more concentrated these stresses are towards the 
supports. Although the shear force tends to counteract the downward de
flection of the beam, there is a tendency for this element to deflect down
wards away from the wall, with the possible development of a crack 
between the top of the beam and the bottom of the wall. The shear force 
also induces an axial tension in the beam, the magnitude of which varies 
across the span. 

Within the wall an arching action is developed and the vertical stresses 
are heavily concentrated towards the supports. 

The type of behaviour described in the previous paragraphs has been 
found to take place with walls having a ratio of height to length greater than 
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Figure 10.1 Structural action in composite wall-beam: (a) arching forces in wall; 
(b) vertical and shear forces in beam 

about 0.6. Below this ratio, the shear becomes greater than can be resisted 
at the wall-beam interface and, although composite action is still possible, 
the element must eventually be treated as a purely flexural member. 

10.1.2 Theoretical solutions 

Using essentially the conceptual model described above, and against a 
background of theoretical and practical research [1], Wood and Simms [2] 
put forward a simple method for the calculation of composite wall beams. 
Instead of the triangular distribution of vertical compressive stress in the 
vicinity of the supports, a rectangular stress block was assumed, extending 
a distance x into the span from each end of the beam. Thus the ratio of the 
average compressive stress in the wall to the maximum in the area of the 
rectangular stress blocks is C = Ll2x. The bending moment in the central 
section of the beam is then 

WL W x Wx 
M= - = -- =-

k 2 2 4 
(10.1 ) 

from which C = k/8 and x/L = 4/k. Taking possible values of the bending 
moment coefficient, k, leads to the corresponding values for the extent of 
the stress block and the stress concentration factor: 
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k xll C 

8 112 1 No composite action 
12 113 1.5 
24 116 3 
48 1112 6 

100 1125 12.5 Maximum allowable composite action 

This indicates that for composite action to be possible, the average 
compressive stress in the wall must be relatively small. On the basis of these 
values of C, it is possible to derive values of k which are consistent with the 
design stresses prescribed by any particular code of practice. 

Thus in terms of BS 5628: 1992, the design strength per unit area of a wall 
will be f3Ny m' where f3 is a reduction factor for slenderness, fk and Y m 

respectively the characteristic strength and partial safety factor for the 
material. If the average stress in the wall is less than the design stress by a 
factor F, and if the design strength may be increased by 50 per cent in the 
region of concentrated stress at the support, then 

CFf3A 1> 1.50A (10.2) 
Ym Ym 

Since C = k/8, this equation leads to the bending moment factor for the 
beam 

k 1> 12/ Ff3 (10.3) 

when M = WLik. This will have the effect of limiting the interactive effect 
according to the compression in the wall as a proportion of the design 
strength. 

This simple analysis has been elaborated by Wood and Simms to allow 
for the effect of axial tension in the beam on the assumption that a parabolic 
line of thrust is developed in the wall. A limitation on the tensile stress in 
the reinforcing steel was also suggested as a means of limiting its extension 
when acting as a tie to the arching forces in the brickwork. 

This approximate solution is useful as a means of obtaining a quantita
tive feel for the problem and, regulated by detailed analysis and experimen
tation, as a basis for simple design rules. Theoretical solutions for composite 
wall-beam systems have in fact been produced [1,3-7], based on a variety 
of elastic analysis techniques. Finite element methods have also been 
applied [8-17] and, together with experimental studies, have resulted in a 
satisfactory understanding of the problem and in proposals for suitable 
methods for design analysis. 

Stafford Smith and Riddington [10, 11] developed a finite element pro
gramme for the problem using a four-node rectangular element, with two 
degrees of freedom at each node and with linearly varying displacement 
functions along the boundaries. The programme also allows for tensile 
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cracking at the wall-beam interface. This work confirmed that the total 
behaviour of the system remains unchanged when the height-to-Iength ratio 
exceeds 0.7. These investigators pointed out that the composite wall-beam 
is the same type of problem as the beam on an elastic foundation and the 
infilled frame in so far as the distribution of stresses between the elements 
depends on their relative stiffness. Also, in these problems separation of the 
elements is possible, the lengths remaining in contact being a function of the 
relative stiffness. It is therefore essential that this parameter should enter 
into the analysis. Thus representing the length of contact between wall and 
beam as aL: 

a x ~(~~ J 
where Ef is the flexural rigidity of the beam 

Ew is the elastic modulus of the wall material in compression 
t is the thickness of the wall 
L is the length of the wall. 

From this 

a ~(Ef J L x EwtV 

or 

a B 
- --
L K 

(10.4) 

(10.5) 

(10.6) 

where K = V(EwtL3IEf) and B is a constant, found as a result of experimen
tal investigation to have an average value of unity, in which case 

L 
a= -

K 
(10.7) 

It will be seen from the above that the stiffer the beam relative to the 
wall, the longer the length of contact x, and this in turn increases the 
bending moment in the beam and reduces the wall stresses. 

Finite element analysis permitted the definition of the vertical 
compressive and horizontal shear stress distributions over the contact 
lengths, and these were found to be approximated reasonably well by 
triangular diagrams. The investigation also indicated that the peak 
compressive stress in the wall could be represented by 

a = 1.63 Ww (Ew tV / Eft8 
L, 

where Ww is the total vertical loading at the wall-beam interface. 

(10.8) 

The effect of the axial stiffness of the beam was also considered, and it 
was found that an increase in this property increased the tie force, thereby 
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Figure 10.2 Maximum bending moments and tie force in beam (Stafford Smith 
and Riddington) 

reducing the bending moment in the beam and increasing the peak wall 
stresses. 

The results of Stafford Smith and Riddington's study covering a wide 
range of wall-beam combinations are summarised in figure 10.2. It was 
found that conservative estimates of the stresses in the wall and in the beam 
could be calculated from the following formulae: 

Maximum stress in wall 1.63 ~; (Ew tV / E1)°·28 

Maximum bending moment in beam 

Maximum tie force in beam 

3(EwtV / E1t 
Ww/3 .4 

(10.9) 

(10.10) 

(10.11) 

The effect of extending the beam into the surrounding brickwork was also 
examined, and this led to the conclusion that the stresses in both elements 
would be reduced in this case, although negative bending moments could be 
induced in the beam near its supports. Design procedures have been de
rived [12] from this investigation applicable to walls resting on steel and 
concrete beams. 

Extensive finite element studies have also been carried out by Ahmed 
[13], on the basis of which an approximate solution for the composite wall
beam problem has been derived by Davies and Ahmed [14]. In this solution 
a relative stiffness parameter 
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Figure 10.3 Vertical stress concentration factor plotted against parameter Rr 
(Davies and Ahmed) 

(10.12) 

is introduced. This is similar to the corresponding parameter K of Stafford 
Smith and Riddington, but has been preferred by Davies and Ahmed on the 
grounds that it directly represents the ratio of the wall to the beam 
stiffnesses. The ratio C of the maximum to the average compressive stress 
in the brickwork, as derived for different HI L ratios by finite element 
calculations, was then plotted with the result shown in figure 10.3. This 
indicates a linear correlation, giving 

C = 1 + (3R f (10.13) 

The coefficient (3, derived from figure 10.3, can be plotted against HlL as 
shown in figure 10.4. The maximum vertical stress in the wall is then 

a = Ww (1 + (3R ) 
m Lt f 

(10.14) 

The distribution of the vertical stress at the interface depends on the param
eter R f , as shown in figure 10.5. 
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Figure 10.5 Vertical stress distribution at wall-beam interface 

A similar procedure is used to calculate the beam axial force, and in this 
case, an axial stiffness ratio parameter 

R = EwtR 
a EA (10.15) 

is used, where A is the area of the beam. From finite element results the 
ratio TIWw is plotted against Ra, as shown in figure 10.6, resulting in a 
relationship of the type 
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Figure 10.6 Ratio of tie force to total vertical load related to parameter Ra 

(10.16) 

The coefficients a and yare plotted against HIL in figure 10.4. 
Assuming a triangular distribution of the vertical stress at the supports, 

of length tV' it will be seen that 

(10.17) 

or from equation 10.14 

I = L 
v (1 + fiRr) 

The finite element analyses showed that the shear stress acts over a length 
two to three times that of the vertical stress, that is 

I = 2L 
s (1 + fiRf) 

Again assuming a triangular stress distribution 

1 
-[ It = T 2 m s 

and, since T = Ww(a - yRa), we have 

(10.18) 

(10.19) 
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i = Wm{a - YRa) (1 + f3Rr) 
m Lt (10.20) 

The bending moment at any section in the beam results from the vertical 
loading and the horizontal shear at the interface, which is eccentric to the 
axis. Thus referring to figure 10.7, the bending moment over the central 
region of the beam due to the vertical load is given by 

M = Wwr1v 
v 2 (10.21) 

where r1v is the distance of the support reaction to the centroid of the stress 
diagram. Also 

w 
~ = AO It 2 m v 

(10.22) 

where A. is a coefficient which depends on the shape of the stress diagram. 
From equations 10.14, 10.20, 10.21 and 10.22: 

M = WwLr 
v 4A.{1 + f3Rr) 

(10.23) 

Davies and Ahmed have found that the axial tension varies along the length 
of the beam, approximately as shown in figure 10.8, so that the force Tx at 
a distance x from the support is 

Tx = 2~T (10.24) 

and the bending moment due to this force is, on substituting for T from 
equation 10.16 
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Figure 10.8 Assumed variation of tie force across span of beam (Davies and 
Ahmed) 

(10.25) 

The total bending moment at x = IV' assumed to approximate to the maxi
mum value on the span, is then 

WwLr - 2Wwd (a - YRa) 
M = ---.,----'-;-----'-

m 4(1 + f3Rr),1 
(10.26) 

and at mid-span 

WwLr - 2Wwd (a - YRa) (1 + f3Rf) 
M = -------~~----~~-------'-

c 4(1 + f3Rf),1 
(10.27) 

The values of r and A depend on the shape of the stress distribution 
diagrams, which in turn depend on Rr• Appropriate values and the corre
sponding bending moment formulae are shown in table 10.l. 

Davies and Ahmed [15] also investigated a range of wall-beam struc
tures in which the walls were perforated by window or door openings. This 
work showed that centrally placed openings have only a small effect on the 
strength of wall-beam structures, and this is illustrated in figure 10.9, which 
shows the bending moments in the supporting beam of a typical structure 
calculated by a finite element analysis. On the other hand, an opening close 
to a support results in considerably greater bending moments in the beam, 
and much higher stresses in the wall. In the latter case, Davies and Ahmed 
suggested that the columns of brickwork between the opening and the end 
of the wall should be designed to carry half of the loading on the wall-beam 
structure. 

10.1.3 Experimental results and verification of wall-beam theories 

A considerable amount of experimental investigation of wall-beam struc
tures has been reported [1, 17-21], the results of which confirm the conclu
sions of the theoretical analyses described in section 10.1.2 and contribute 
information concerning the behaviour of wall-beams at ultimate load. 

Burhouse [20] showed that in the majority of cases failure took place by 
crushing at the lower corners of the panel, followed by failure of the 
supporting beam. Similar results were reported by Stafford Smith et al. [21] 
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Case 1 

and 
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Table 10.1 Formulae for beam bending moments [15] 

Rf ,;:; 5 stiff beam 
r = 0.2 and A = 0.25 

M = WL - lOWd(a - YRa) 

m 5(1+;3Rf ) 

WL - 2.5Wd(a - YRa)(1 + ;3Rf ) 
M = --------~----~----~ 

c 5(1 + ;3Rf ) 

Case 2 

and 

5 < R f < 7 flexible beam 
r = 0.25 and A = 0.33 

M = WL - 8Wd(a - YRa) 

m 5.33( 1 + ;3Rf ) 

WL - 2.66Wd(a - YRa)(1 + ;3Rf ) 
M = ----------~----_+~----~ 

c 5.33( 1 + ;3Rf ) 

Case 3 
R f ~ 7 very flexible beam 
r = 0.33 and A = 0.5 

M = WL - 6Wd(a - YRa) 
m 6(1 + ;3Rr) 

WL - 3Wd(a - YRa)(1 + ;3Rf ) 

M = --------~----~----~ 
c 6(1 + ;3Rf ) 

and 

for structures having 'light' to 'medium' supporting beams, that is, as shown 
by analysis, where the wall arching forces are heavily concentrated at the 
ends of the beam. With a very heavy support beam, local damage to 
the brickwork in the vicinity of the supports was much less severe and, at 
the ultimate load, failure took place by the development of vertical and 
diagonal cracks away from the supports. Model experiments by Davies 
and Ahmed [14] showed cracks radiating from the support points, typical of 
the failure patterns observed in experiments on concentrated loading on 
brickwork. 
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Figure 10.9 Bending moments in wall~beams with openings (Davies and Ahmed) 

It is clear from the foregoing that the critical condition for failure will be, 
in most cases, the concentrated vertical stress distribution around the sup
ports. This can be estimated by one or other of the methods described in the 
preceding section. If the beam is of exceptionally heavy section the stress 
concentration will be greatly reduced, and in such a case overall com
pressive failure of the wall may be the critical condition. 

Some comparisons are possible between experimental results and the 
values calculated by the theories referred to in the previous paragraph -
thus table 10.2 shows comparisons of vertical compressive stress concentra
tion factors for five wall-beams tested by Burhouse [20). In this case, the 
beams were reinforced concrete sections of 3658 mm span, and the walls 
were 105 mm thick single-leaf brickwork. Various parameters for the wall~ 
beam combinations are shown in table 10.2, along with the ratios of maxi
mum-to-average compressive stress as calculated by the approximate 
methods of Wood and Simms, Stafford Smith and Riddington, and Davies 
and Ahmed. These may be compared with the reported experimental 
values ~ the Davies and Ahmed method appears to give the most consistent 
agreement with experimental results, while the formula given by Stafford 
Smith and Riddington gives a very high result for these beams. The very 
approximate method of Wood and Simms gives values of the correct order 
of magnitude, but agreement or otherwise with the experimental results 
may be somewhat fortuitous, as the calculation depends on values of mate
rial strength and slenderness reduction factor from a particular code of 
practice, in the present case BS 5628: 1978. 
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Table 10.2 Comparison of calculated and experimental vertical stress 
concentration factors [20] 

Test H/L K* Rft Rat Stress concentration factor 
no. 

S.S.&R. D.&A. W.&S.§ Exp. 

6 0.58 8.48 5.05 1.5 17.86 8.58 6.4 8.33 
7 0.58 8.48 5.05 1.5 17.86 8.58 6.4 9.18 
8 0.83 8.48 6.83 2.25 17.86 9.89 8.85 8.72 
9 0.33 8.48 3.0 0.75 17.86 7.6 8.5 9.39 

10 0.81 8.48 6.69 2.19 17.86 9.7 4.75 10.89 

41(EwtV) * K = ~ -m -Stafford Smith and Riddington. 

41(EwtH3 ) t R f = ~ ~ - Davies and Ahmed. 

t Ra = EwtH - Davies and Ahmed. 
EA 

§ Calculated on the basis of BS 5628 values for fk and slenderness reduction 
factor f3 (Wood and Simms). 

Some further comparisons are given in table 10.3 for three wall-beams 
tested by Stafford Smith et at. [21] where the beams were steel sections 
encased in concrete of 2500mm span. These results also indicate that the 
vertical stress concentration factor can be estimated with a fair degree of 
accuracy by the various methods. Comparisons are also shown in this table 
for beam bending moment coefficients, and again the three methods of 
calculation give similar results. The experimental values, however, were of 
rather doubtful accuracy for the light and medium support beams since the 
experimentally derived bending moment diagrams were irregular and 
markedly unsymmetrical; the coefficients quoted refer to the maximum 
values from these diagrams. 

Calculated and experimental values are also shown for the tie force in 
the beam in table 10.2, where agreement between the various methods is 
less satisfactory, with only the Davies and Ahmed solution reflecting differ
ences in the tie force, as a fraction of the applied load, between the light, 
medium and heavy beams. This, however, is borne out by comparing the 
average tie forces shown by the experimental results, and agreement be
tween these and the Davies and Ahmed values is good for the medium and 
heavy beams. 
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10.2 Infilled frames 

10.2.1 Structural action of infill panels 

Many steel and reinforced concrete frames are built with a brickwork infill 
which adds considerably to the strength and rigidity of the structure as a 
whole. A considerable amount of research work has been carried out on the 
stiffening effect of infill panels although very little use of this appears to be 
made in practical design, possibly because of the uncertainty of the compos
ite action when, as is usual, the brickwork is not completely bonded to the 
frame and there is the fear that infill panels may be removed at some stage 
in the life of a building. Despite these difficulties there may well be circum
stances in which designers may wish to take account of the effect of infilling 
as, for example, in resisting exceptional forces where some degree of crack
ing would be unimportant. 

The general nature of the structural interaction between frame and 
infill has been clarified, and is illustrated in figure 10.10. On first applica
tion of a racking load there may be full composite action between the 
frame and wall if these are bonded together. At a comparatively early 
stage, however, cracks will develop between the two components, except 
in the vicinity of two of the corners where the infill panel will lock into 
the frame and there will be transmission of compressive forces into the 
brickwork. At this stage, it is convenient to consider that the brickwork 
is acting as a compression diagonal within the frame, the effective width 
of which depends on the relative stiffness of the two components and on 
the ratio of the height to the width of the panel. This action continues 
until the shear resistance of the brickwork is overcome and a crack, 
slightly inclined to the horizontal, is developed. Several more or less 
parallel cracks of this type may develop with further increase in load 
and failure may finally result from the loss of rigidity of the infill as a 
result of these cracks, or from local crushing or spalling of the brickwork 
in the region of the concentrated loads. In some cases the strength of 
the structure may be limited by the strength of the frame members or 
joints. 

(a) First shear crack (bl Propagation of (cl Crushing and 
cracks spalling 

Figure 10.10 Failure of infilled frames 
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10.2.2 Calculation of strength and stiffness of infilled frames 

Although the analysis of infilled frame structures has been attempted using 
the theory of elasticity [22, 23] and by finite element analyses [24-26], the 
rather uncertain boundary conditions between the brickwork and the frame 
suggest that an approximate solution would be appropriate. Various ap
proximations [27-29] have been proposed, the most highly developed being 
that based on the concept of an equivalent diagonal strut, which was origi
nally proposed by Polyakov [30] and subsequently developed by other 
investigators [31-34]. 

The essential problems in this approach are (1) to determine the contact 
lengths between the frame and the brickwork, (2) to find an effective width 
for the equivalent strut and (3) to establish the mode of failure and strength 
of the brickwork. The contact length depends on the relative stiffness of the 
frame and infiIl, and on the geometry of the panel. Stafford Smith [34] first 
developed the analogy with a beam on an elastic foundation. by which the 
column of an unfilled frame under lateral load may be regarded as one half 
of a beam on an elastic foundation (figure 10.11a) which under a central 
concentrated load, p. remains in contact with the foundation over a length 
( known as the characteristic length. The general solution for the beam on 
an elastic foundations is 

y = exp(Ax)( A cos Ax + B sin Ax) + exp( -AX)( C cos AX + D sin AX) 

where A = V(kIEJ). k is the foundation modulus. and A, B, C and Dare 
constants depending on the loading and end conditions. The characteristic 

+ \ 
Beam 

1\ 
I 

M Brickwork 

x 
Ib) 

la) 

Figure 10.11 Beam on elastic foundation analogy for contact length between intill 
and frame 
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length is defined when Ale = n in the general solution and the contact length 
in the case of the column of an infilled frame is half of this, leading to a 
parameter 

where 

a = h 

A = 41(Ewtsin20J 
h ~ 4EIhh 

(10.28) 

(10.29) 

in which Ew, E are the elastic moduli of the wall and frame materials 
respectively 

t is the wall thickness 
Ih is the second moment of area of the column 
h is the height of the wall 
1 is the length of the beam 
e = tan -I(h/l). 

Similarly the beam member of the infilled frame may be represented as 
a beam on an elastic foundation loaded by a moment M, figure 1O.11b, 
giving rise to a corresponding parameter 

where 

a = I 

A = 41( Ew t sin20) 
I ~ 4EIII 

(10.30) 

(10.31 ) 

in which II is the second moment of area of the beam. The parameters Ah 
and AI have the dimension (lengthfl, and a h and a l have the dimension of 
length, so that it is convenient to multiply the first two and to divide the 
second two by 1 or h as appropriate to obtain the dimensionless graphs 
shown in figure 10.12, from which the contact lengths can be found for any 
given system. 

A value for the effective width of the equivalent diagonal strut can be 
obtained on the basis that the compression band is defined by the lengths a h 

and aI' as shown in figure 10.13. The distribution of compressive stress 
between the two limiting points will not be uniform, and on the assumption 
that it is triangular with a maximum on the diagonal, the effective width 
may be taken as 

w = ±~(a? + a~) (10.32) 

(10.33) 
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Figure 10.12 Parametric plots for infilled frames 

Figure 10.13 Effective width of equivalent diagonal strut 

As previously noted, failure of the brickwork takes place by shear crack
ing along the joints between the bricks, which may be followed by crushing 
near the loaded corner. The cracking load of the brickwork can be esti
mated on the basis of the following relationship for shear strength 

where To is the shear bond strength 
f1 is the apparent coefficient of friction 
an is the normal stress on the bed joint. 

(10.34) 

If Rcr is the force acting on the equivalent diagonal, then the shear stress and 
normal stress at the centre of the panel are approximately 

T = Ref case (10.35) 
lwt 

an 
Ref sine u j 

(10.36) 
lwt lw 
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The latter relationship has been suggested by Kadir [26] following work by 
Seddon [35] on partially loaded concrete walls. Substituting in equation 
10.34 and putting a/lw = n/).)w gives for the horizontal load on the wall at 
the point of cracking: 

P R () T:olwt 
w = cr cos = -----"'--"-"""7(-~J 

1 - ,utan() ~ 
A.J1W 

(10.37) 

Kadir has carried out an elastic analysis to obtain a relationship giving 
the percentage of the total force applied to the frame-wall system carried 
by the wall, in terms of A.hh. The result is shown in figure 10.14 and, from this 
and equation 10.37, it is possible to calculate the total cracking load on the 
structure, assuming that the frame remains elastic up to this point. 

Following initial cracking of the brickwork, and again assuming the 
frame does not fail, the brickwork will resist increased lateral loading on 
the frame by friction, wedging and arching actions within the frame. It is not 
possible to apply rigorous methods of analysis to the structure in this state, 
but as an approximation it might be assumed that crushing failure of 
the equivalent diagonal strut takes place over the effective width, w. If the 
lateral load P wu is applied along a length of the column equal to w cos () and 
it is assumed that the loading varies linearly, as shown in figure 10.15, then 
the ultimate load carried by the infill is 

30 
p .. aH 

~~-
Plo!al 

1%) 
40 

50 

60 

70 

80 

90 

100 
1 4 10 

Figure 10.14 (PwanIP,o,al) per cent as a function of Ahh 
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Figure 10.15 Distribution of lateral stress at ultimate load 

(10.38) 

where fw is the ultimate compressive strength of the brickwork. To this load 
must be added the resistance of the frame at the deflection, 61, correspond
ing to the maximum load in the brickwork. If the frame remains elastic, its 
stiffness can be calculated by normal methods of analysis; thus for a rectan
gular frame 

(10.39) 

Estimation of 61 is difficult but, as an approximation based on experimental 
results, it could be calculated on the basis of an assumed brickwork strain at 
failure of 0.003. 

The analysis described above is based on many simplifications, but as 
experimental results show considerable variation in terms of stiffness, initial 
cracking load and strength, the method is possibly as accurate as the situa
tion allows. Comparisons between Kadir's approximate theory and the 
results of tests on one-third scale brickwork panels in steel frames are 
shown in figures 10.16, 10.17 and 10.18. Kadir also found that the equivalent 
diagonal strut method could be applied to multi-storey frames with reason
able accuracy. 

10.2.3 Infill panels with openings 

Infill panels frequently contain door or window openings, which will obvi
ously reduce their effectiveness in stiffening the surrounding frame to an 
extent dependent on their size. Experiments by a number of investigators 
[22, 31, 36, 37] have indicated that centrally located openings may reduce 
the strength and stiffness of an in filled frame by about 50 per cent and 70 
per cent respectively. The results of a number of model-scale tests by Kadir 
[26] are summarised in table lOA, and these illustrate the effect of various 
sized centrally placed openings in a square infilled panel. The load at first 
cracking was reduced by approximately 50-80 per cent, and the ultimate 
load by 0-40 per cent, as compared with a corresponding frame without 
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- Approximate theory 

• Experimental results (square) 

o Experimental results (rectangular) 

60 6.5 70 

Figure 10.16 Lateral stiffness as a function of Ahh 

openings. However, because of the variability in the test results and the 
small number of experiments, no definite conclusions could be drawn. 

Kadir suggested an approximate method of analysing infilled panels with 
openings in which the panel is replaced by a diagonal member of equivalent 
stiffness, and the stiffness of this diagonal can be calculated by considering 
the brickwork as a frame from the relationship 

K = 48Ew ( JIJh 1 
w h~(h~ + hI) J,h~ + Jh/~ 

(10.40) 

where Jh and JI are the moments of inertia of the vertical and horizontal 
sections of the brickwork 'frame' shown in figure 10.19. The stiffness of the 
frame plus infill is then 

K = 12EIh ( 6I,h + Ihl ) + 48Ew ( J,fh 1 (10.41) 
h3f 3I,h + 2Ihl h~(h~ + hf) 11h~ + Ih( 

in which the first term is the frame stiffness. 
Liauw and Lee [37] have put forward a method for the calculation of the 

stiffness and strength of infilled frames with openings that uses a strain 
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Figure 10.17 Cracking strength as a function of All 

energy method to establish the area of the equivalent diagonal strut. 
Referring to figure 10.20, an infill with a centrally placed door opening is 
replaced by two members, one horizontal and one vertical, of effective 
lengths L j and L2 respectively and connected by a rigid joint. Interactive 
forces between the surrounding frame and the infill are assumed to be 
concentrated at two diagonally opposite corners and transmitted to this 
'frame' by rigid arms. The effective length of the beam and height of the 
column are 

L j = B + C1 

L2 = H + C2 ~ L; 

where L; is the distance from the bottom of the wall to the centroidal axis 
of the beam, and C j is taken as half the depth of the beam. Then from 
consideration of the total strain energy, the deflection in the direction of the 
load is 
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Figure 10.18 Ultimate strength as a function of Ahh 

Table 10.4 Infilled frames with openings (frame members 1.5 X 0.75 in. 
section in all tests) 

Test hl~' X lit' Opening Strength Exp. stiffness Est. 
no. (in.) a X b (in.) stiffness 

Crack Ultimo Initial Post-cr. . (approx.) 
(ton) (ton) (ton/in.) (ton/in.) (ton/in.) 

No opening 1.05 4.02 55.5 
WW5 3.375 X 3.126 0.35 4.52 64 22.7 97.0 
WW6 15.75 3.375 X 3.126 0.375 4.32 80 25.0 97.0 
WWl 6.75 X 6.25 0.35 2.75 28.5 19.6 31.7 
WW3 X 6.75 X 6.25 0.25 2.85 33 18.5 31.7 
WW2 15.75 11.25 X 9.50 0.20 2.025 6.3 5.4 6.06 
WW4 11.25 X 9.50 0.15 1.98 9.7 5.7 6.06 

No opening 1.27 5.28 68.0 
WWA 4.5 X 6.5 0.45 4.45 83.0 29.5 73.0 
WWAI 15.75 4.5 X 6.5 0.40 5.22 98.0 45.0 73.0 
WWB 6.875 X 9.45 0.30 4.00 57.0 20.7 31.6 
WWBI X 6.875 x 9.45 0.20 3.94 82.0 18.0 31.6 
WWC 25.25 9.0 X 15.75 0.125 2.20 18.75 13.0 11.0 
WWCl 9.0 X 15.75 0.20 2.275 38.4 14.0 11.0 

15.75 No opening 1.05 4.02 55.5 
WD1 X 11.25 X 6.25 0.40 2.50 20.5 7.90 28.5 
WD2 15.75 11.25 X 6.25 0.35 2.20 21.5 8.60 28.5 
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Figure 10.19 Dimensions of equivalent brickwork frame 

Frame 

A,./, 
_Rigid arm 

Figure 10.20 Analysis of infilled frame with opening (Liauw and Lee) 

~= ~{Si~:O[(L_m1)3 -m13 ]+ CO;:O[(Lz-mS +m/] 

+ 1.2E (L1 sinz 0 + Lz cosz OJ + L1 cosz 0 + Lz sin 2 o} 
G l A1 A z A1 A2 

(10.42) 

where m1 = (h1/2)cot 0 and m2 = (hi2)tan O. 
The diagonal stiffness of the infill is then equal to the reciprocal of the 

deflection ~ when P = 1. The stiffness of the equivalent diagonal strut is 
then given by 

(10.43) 

and its cross-sectional area Ae = Lj E~. The infilled frame is then repre
sented by a diagonally braced frame using these equivalent struts. 
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Liauw and Lee suggest calculating the strength of the frame, when the 
opening lies below the compression diagonal, with reference to the equiva
lent area A e and the ultimate compressive stress of the infill material. If the 
opening extends above the compression diagonal the infill is subjected to 
bending, shear and compression, and it is necessary to assess the strength of 
the brickwork under diagonal loading. This will usually be limited by the 
bending or shear strength of one of the beam elements and may be calcu
lated approximately on this basis. Liauw and Lee reported reasonable 
agreement between the results calculated in this way and those obtained 
experimentally. 

10.2.4 Reinforced masonry in.fill 

A series of tests on steel frames with reinforced brickwork or blockwork 
masonry infill under monotonic loading has been reported by Hendry and 
Liauw [38]. The brickwork infilled panels had various amounts of bed joint 
reinforcement which did not significantly increase the racking strength of 
the frame. The presence of bed joint reinforcement in fact reduced the load 
at which first cracks appeared from 66 per cent maximum load with the 
unreinforced infill to 44 per cent. Before cracking, the behaviour of the 
composite frame was linear so that elastic analysis could be applied up 
to this point. Beyond this, however, the crack pattern was exceedingly 
complicated (figure 10.21) making any analytical representation very 
uncertain. 

Figure 10.21 Steel frame with brickwork infill reinforced in every joint 
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Figure 10.22 Steel frame with hollow concrete block work infill with 0.4 per cent 
vertical reinforcement in cores. Splitting of block at loaded corner 

Reinforcement of hollow concrete blockwork with vertical bars through 
the cores was considerably more promising, provided that local failure of 
the blocks at the loaded corner of the frame could be prevented. Cracking 
of the concrete blockwork panels, apart from local crushing, was confined 
to the loaded diagonal as may be seen in figure 10.22. In this case, behaviour 
was linear up to the maximum load making the application of elastic analy
sis more appropriate. 
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11 THE STRENGTH OF MASONRY 
ARCH STRUCTURES 

11.1 General 

Masonry arches were in use for bridges and in buildings for many centuries. 
Their design, until the Seventeenth Century, was determined entirely by 
rules of proportion evolved by trial and error. A more scientific approach 
emerged with the realisation by Poleni and by Hooke that an arch, or 
segment of a dome, would be stable provided that the flexible cable carrying 
suspended weights, representing that of the structure, when inverted could 
be contained within the depth of the masonry. This concept was highly 
developed through the Nineteenth Century in terms of the line of thrust, 
reflecting the fact that the arch problem is primarily one of equilibrium 
rather than of material strength. Elastic analysis was applied to arches but 
the state of stress is very sensitive to small changes in conditions, for 
example at the abutments, so that the state of stress in an arch cannot be 
calculated with any great certainty. Furthermore, the stresses occurring in 
these structures are generally small and do not, in general, provide a useful 
safety criterion. 

For various reasons, including relative costs, design philosophy and 
changing fashions in the use of materials, masonry arches largely fell out of 
use in the Twentieth Century. However, there is renewed interest in the use 
of arches in building and in the performance of existing masonry arch 
bridges. Given the exceptional durability with minimum maintenance asso
ciated with masonry arches, it is possible that there will be a revival in their 
use. This will be dependent on the development of methods of analysis 
stated in contemporary terms. Heyman [1, 2] has presented the essential 
principles on which an understanding of masonry arches and domes can be 
based. In essence, he suggests that these principles are statical equilibrium 
and the theorem of plastic theory which states that if anyone configuration 
of the line of thrust can be contained within the arch, the structure is stable 
and collapse can never occur. 

254 
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It has to be stated, however, that in practice the behaviour of masonry 
arch structures is extremely complicated. The following discussion there
fore gives only an outline of basic principles and problems and a summary 
of the results of a number of experimental investigations. 

11.2 The line of thrust 

The line of thrust in an arch defines the path followed by the resultant of the 
forces acting on an arch across its span, including self-weight and external 
actions. Statically, it corresponds to the shape which would be taken up by 
a suspended cable subjected to the same forces but, of course, inverted. The 
line of thrust can be constructed using the funicular polygon construction 
as shown in figure ILIa. To draw the funicular polygon, it is necessary to 
select a position for the pole, 0, such that its horizontal distance from the 
vector line representing the vertical forces on the arch is, to the same scale, 
proportional to the arch thrust H and located vertically to correspond with 
the vertical reactions RR and RL• The polygon ACDEB is then constructed 
by drawing links parallel to the vectors 0 1, Oz, etc. 

It is possible to proceed by selecting an arbitrary position for the pole at, 
say, 0 1 in figure 11.1b, and drawing the funicular polygon ACIDIEIB. Since 
the polygon is required to pass through B, it is now redrawn using pole O2 

located by drawing a parallel to ABI through 0 1; the new pole is then at the 
intersection of the horizontal and vertical lines Opz and XOz, and the 
redrawn polygon is ACDEB as before. If it is required in addition that 
the funicular polygon should pass through a third point, say D2, the pole 
must be moved horizontally to 0 3 so that 

OX = dDI 0 X 
3 dD 2 

2 

11.3 Analysis of arches 

11.3.1 Arch stability in terms of the line of thrust 

It has long been understood that if the line of thrust for an arch for a 
particular load condition lies within the middle-third of the arch depth, the 
material of the arch will be entirely in compression. Theoretically, the arch 
would fail if the loads were raised proportionally to such a level that the 
compressive strength of the material was reached. In practice, however, 
the stresses in masonry arches will rarely reach the compressive strength of 
the material and failure under this condition is improbable. 

It is commonly assumed that the joints between the masonry units in an 
arch possess no tensile resistance and therefore if the line of thrust lies 
outside the middle-third, cracks will appear on one side or the other of the 
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Figure 11.1 Funicular polygon construction 

arch. The appearance of such cracks does not, however, imply failure. 
Compressive stresses may well be higher than in an uncracked arch but will 
still be relatively small compared with the strength of the material. It is, in 
fact, usually assumed that the material is infinitely strong in compression 
and that a failure condition is reached when the line of thrust reaches the 
outer faces of the masonry at four points, converting the structure into a 
kinematic mechanism by the formation of hinge points where the line of 
thrust coincides with the intrados or extrados of the arch. 
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Figure 11.2 Arch failure mechanism 

The failure condition is illustrated in figure 11.2 for an elementary load
ing case, from which it will be seen that hinge points are formed on alternate 
sides of the arch. A graphical procedure [2] (Fuller's construction) is avail
able which can be used to determine whether the line of thrust can be 
contained within the depth of an arch. This construction relies on replacing 
the funicular polygon by two straight lines related to a distorted arch 
geometry and is shown in figure 11.3. In this diagram the funicular polygon 
for the loads WI to W, has been drawn on a horizontal base using the 
statically calculated vertical reactions at A and B and an arbitrary pole 
position (or horizontal thrust). Straight lines are drawn from point q, the 
highest point on the polygon, to points A' and B', any points on the 
horizontal base line. The distorted arch shape is then determined by draw
ing horizontal intercepts such as Pp' from the node points of the original 

q 

Figure 11.3 Fuller's construction (after Heyman) 

B" 

B' 
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polygon to intersect A'q or B'q, and verticals such as p'p" are dropped 
equal in length to the distance from the original polygon to the arch profile. 
The point p" is then a point on the distorted arch. This is repeated for the 
other node points. If AB is the intrados of the arch. A'B' defines the 
intrados of the distorted arch, the extrados being defined by a parallel 
curve. For the given loading, a line of thrust for the arch lying within the 
depth of the masonry can be found if two straight lines A' Q and B"Q can be 
drawn. Alternatively, the minimum depth of masonry to contain a line of 
thrust for the given loading can be found from the construction. Heyman [2] 
has proposed the concept of a geometrical safety factor, defined as the ratio 
of the actual depth of masonry to the minimum depth required to contain 
the line of thrust, as discussed above. This at least gives assurance that, 
for values of the geometrical safety factor greater than unity, failure will 
not take place for the given load system. A safety factor of the order of 
2.0 is suggested for practical situations but does not, of course, give a 
direct measure of the margin of safety in terms of proportionately increased 
load. 

11.3.2 Load capacity of arches by the mechanism method 

As pointed out in the preceding section, failure of an arch follows the 
formation of four hinge points. If the position of the hinge points is known, 
it is possible to calculate the failure load P for an arch such as that shown in 
figure 11.4, or, alternatively, the minimum depth of arch to sustain a stated 
value of P and thus the geometric safety factor. 

This is done by taking moments about the hinge points C, D and B to 
give three equations in V, H, d and P. Elimination of H and V gives an 
equation in d and P and, given one of these, the other can be found. The 

p 

'I!)o4--H 
H-... w_---

Figure 11.4 Line of thrust and location of hinge points 
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equations are, however, rather ill-conditioned and numerical accuracy is 
essential. 

This solution pre-supposes that the hinge positions have been deter
mined for the given loading, as they may be by drawing a line of thrust. 
Alternatively, Davies [3] has devised a computer solution for the mecha
nism method which determines the line of thrust by an iterative process and 
can accommodate both horizontal and vertical loads on the arch. Similar 
methods have been put forward by Harvey [4] and by Cabrera et al. [5]. 

The concept of assessing the failure load of an arch structure in a build
ing on the basis of statics, and consideration of possible failure mechanism, 
has long been recognised. Thus in the structure shown in figure 11.5 the 
effect of the surrounding masonry and the abutments cannot be separated 
from the actual arch. Possible crack locations can be identified by construct
ing a line of thrust, thereafter considering the limiting equilibrium of the 
blocks into which the structure would break. 

11.3.3 Other methods of arch analysis 

Elastic analysis has been applied to masonry arches, originally by 
Castiglia no [6], later by Pippard et at. [7, 8] and recently by Hughes and 

.. 

Figure 11.5 Line of thrust and failure mechanism in a building arch under vertical 
and horizontal loading 
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Vilnay [9] who have developed a computer-based method using the same 
strain energy principles. The latter approach has overcome the difficulty of 
the heavy arithmetical work and permits investigation of support move
ment and other secondary effects not allowed for in line of thrust or mecha
nism methods. 

A number of authors [10-14] have applied finite element methods to 
arch analysis which have sucessfully reflected the behaviour of arch bridges 
for which test results have been available. 

11.3.4 Limitations on the analysis of masonry arch structures 

While there has been considerable development of analytical methods for 
masonry arch structures in recent years, the complexity of the problem 
means that many uncertainties remain and indeed may not be capable of 
complete resolution. This was recognised at the end of the Nineteenth 
Century [15] when there was considerable expertise in the design and 
construction of masonry arch bridges. Thus in a textbook of the time, Baker 
[16] listed a range of elements which he considered could not be stated 
"accurately or adequately in a mathematical formula." These included: 

uncertainties concerning the amount and distribution of the external 
forces 

the indeterminateness of the position of the line of resistance 
the influence of adhesion of the mortar and the elasticity of the 

material 
lack of knowledge concerning the strength of the masonry 
indeterminateness of the stresses in the arch owing to variations 

in the materials, the effect of imperfect workmanship in dressing 
and bedding the stones, to the action of the centre - its rigidity, the 
method and rapidity of striking it - and to the spreading of the 
abutments. 

The uncertainties relating to material properties particularly affect the 
more sophisticated methods of analysis which attempt to estimate stresses 
and deformations in the arch. Line of thrust and mechanism methods on the 
other hand assume rigid materials, zero tensile strength, initially perfectly 
fitting blocks and disregard sliding failures, although methods have been 
proposed by Gilbert and Melbourne [17] and by Boothby [18] to overcome 
the last mentioned limitation. 

In addition to these inherent problems there are further analytical diffi
culties arising from interaction between the arch and the fill and from the 
influence of the spandrel masonry and wing walls. While allowance for fill 
pressure has been made in various theoretical approaches, little attention 
has been given to the stiffening effect of spandrel and wing wall masonry. 
This converts the basic arch vault, customarily treated as a two-dimensional 
strip, into a three-dimensional structure. 
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A further level of difficulty is presented by skew span bridges and at 
present only rather tentative solutions have been produced [19]. 

11.4 Experimental studies of arch behaviour 

11.4.1 Small-scale tests 

The literature of the Nineteenth Century contains a number of reports on 
experimental studies of arch behaviour using model structures; these are 
summarised in references 1 and 2. Pippard and co-workers carried out an 
extensive series of tests on voussoir arches on model scale which are com
prehensively described in National Building Studies Paper No. 11 [28]. 
These experiments clarified the mechanics of this type of arch and demon
strated clearly the formation of successive hinge points along the arch. It 
was found that the limited tensile strength of mortar between the voussoirs 
can delay the appearance of a crack until the line of thrust is well outside the 
middle-third and, in fact, raised the ultimate load beyond that calculated 
on the assumption of zero tensile strength. The last three hinges were found 
to develop long after the crack under the load point, appearing almost 
simultaneously close to the collapse load. Some evidence of compression 
failure was observed, indicating that the assumption of infinite compressive 
strength in masonry arch material could not always be assumed. Repeated 
application of loads was examined but did not lead to significant reduction 
in the strength of the arches tested. Pippard's experiments were carried out 
on model voussoir arches rather than on complete structures. Royles and 
Hendry [20] used model structures to investigate the effects of the various 
elements of a masonry arch bridge on the strength of the complete struc
ture. Thus a test programme was devised to determine the strength of a 
complete bridge, the bridge with spandrels but without wing walls, the 
bridge with fill retained by substitute spandrels not attached to the vault, 
and finally the vault only with weights equivalent to that of the fill but 
without interactive effect. Three different arches were tested in this way, 
based on the dimensions of actual full-scale structures. These are shown in 
figures 11.6a to c. Line loads were applied by hydraulic jacks at quarter or 
third span sections, and deflections were measured at key sections. The 
recorded failure loads are shown in table 11.1 and typical load-deflection 
curves in figure 11.7. Figure 11.8 illustrates the effect on arch strength of 
wing walls, spandrels and fill for the three different arches. 

It was concluded from this test programme that there is a substantial 
strengthening effect on a masonry arch from the spandrels and wing walls, 
increasing as the span/rise ratio decreases. The fill by itself adds to the 
strength and stiffness of the vault although to a considerably less degree. 
Any method of assessing the strength of an arch bridge would need to take 
these effects into account. The model structures were built in various ma
terials but their strength was not greatly affected by this, failures taking 
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place by the formation of hinges with only limited evidence of compressive 
failure of the masonry. 

The model tests on arch bridges indicated that considerable increase in 
strength results from the restraints provided by the spandrel and wing wall 
masonry. This effect is produced because, following the formation of hinge 
points, the unloaded half of. the arch ring tends to move upwards and away 
from the load point. To do so, the weight of the spandrel masonry has to be 
overcome and the entire spandrel tends to rotate about the springing. If 
there is a wing wall or other restraint present, this rotation is prevented and 
a horizontal force is generated about half-way up the rise of the arch 
resulting in a further increase in the strength of the structure. The effect of 
backfill pressure and spandrel restraint has been discussed by Melbourne 
and Walker [21] in relation to similar model-scale tests but has not been 
fully resolved analytically. 

The literature contains reports of many other model-scale tests on 
arches, some of up to 5.0m span, and are reviewed in some detail in 
reference 22 up to 1993. Subsequently, further model tests have been car
ried out by Melbourne et al. on multi-ring brickwork arches [23], on skew 
spans and on multi-span bridges [24]. The limitations of small-scale tests on 
arch bridges in relation to the simulation of gravity forces has been pointed 
out [25] but such tests undoubtedly give a great deal of information on the 
behaviour of these structures. 

11.4.2 Tests on full-scale arch bridges 

As a result of interest in the development of realistic methods of assessing 
the strength of masonry arch highway bridges, a number of tests have been 
carried out on full-scale bridges. Load tests were carried out by Chettoe and 
Henderson [26] and by Davey [27], in the latter case to failure, with loads 
applied at the crown. 

A series of full-scale tests on a number of masonry bridges, varying in 
span between about 4 m and 18 m, was promoted by the Transport Research 
Laboratory as a means of obtaining an insight into the behaviour of actual 
bridges against which to compare the results of laboratory tests and calcu
lations. A large amount of information was obtained and is summarised in 
reference 22. Table 11.2 shows the leading dimensions and characteristics of 
these bridges and also the maximum line load carried and mode of failure. 
Currently, permissible axle loads on highway bridges in the UK are assessed 
by a procedure known as the MEXE method and for each of the bridges 
tested the permitted axle load so assessed is shown. The ratio between the 
maximum line load and the permitted axle load is generally between 6 and 
8 but much higher in two cases. The level of safety so indicated is probably 
satisfactory as regards ultimate load although it is necessary to ensure that 
initial cracking does not take place at service loads. 

The four hinge mode of failure was clearly identified in only two of the 
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tests. In other cases although hinge formation was evident before failure, 
this was complicated by local crushing of the masonry under the load or by 
more general collapse of sections of the masonry. Two bridges failed by 
what the investigators describe as a 'snap through' failure which, however, 
must have involved the formation of hinges at the point of collapse. 

These tests further brought out the complex behaviour of masonry arch 
bridges and the difficulty of developing reliable analytical methods capable 
of allowing for three-dimensional effects, possible abutment movements, 
and uncertain material properties. 
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12 TESTING OF MASONRY MATERIALS 
AND ELEMENTS 

12.1 General 

The testing of masonry materials and elements is undertaken for a variety 
of purposes including: 

(a) the derivation of material strengths for structural design 
(b) manufacturing and site quality control 
(c) structural research. 

In relation to any test, it is necessary to consider the following criteria: 

(1) The result required, such as shear strength, water absorption, etc. 
(2) The purpose for which the result is required, that is, (a), (b) or (c) 

above. 
(3) The practicability of the proposed test in terms of time required to 

obtain results, generally available equipment and levels of skill, 
reproducibility and accuracy of results. 

(4) The cost relative to the purpose of the test. 

Three categories can be distinguished in relation to the structural 
properties of masonry: 

A - Tests on materials 
B - Small specimen tests on masonry 
C - Tests on complete masonry elements. 

In addition, a range of tests is required for the assessment of existing 
structures. 

12.2 Categories of test 

12.2.1 Category A tests 

Under this category may be included tests on brick, blocks, natural stone, 
mortar, concrete, damp-proof course materials, wall ties and fixings which 
are relevant to structural behaviour. 

270 
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The primary material strength tests for structural masonry is the unit 
compression test, standard procedures for which exist in various national 
standards. There are variations between these standards in terms of capping 
and other test conditions and it is necessary to specify sampling procedures, 
number of specimens required and the basis for calculating compressive 
strength. The compression test is used for all three purposes specified in 
section 12.l. 

Flexural tensile (modulus of rupture) tests or splitting tests on bricks and 
blocks are sometimes carried out; the result may be relevant to the strength 
of laterally loaded panels. 

Water absorption, measured in various ways, and initial rate of absorp
tion of structural units have an important influence on the water regime in 
mortar as it sets and cures. This, in turn, influences the adhesion between 
brick and mortar and thus has implications for structural performance. 
Moisture also has an important bearing on creep behaviour. 

Various tests exist for mortar and its component materials, the most 
widely used being for compressive strength. In this case, the size and form 
of specimen and curing conditions are significant. In structural design, the 
mortar is usually specified by mix for which a minimum compressive 
strength, in terms of a particular test, is quoted. Mortar compression tests 
may also be used as a site quality control, although this is only partially 
effective as it does not cover such factors as failure to fill the joints, etc. 

As discussed in section 2.3, it is possible to assess masonry strength from 
unit strength for a given type of mortar. This is based on the results of 
numerous tests in which masonry strength has been correlated with unit 
strength. Statistical correlation is moderately satisfactory and the method is 
undoubtedly the simplest in terms of test procedures, but the relationship 
depends on the method of test both of the masonry and its component 
materials. 

12.2.2 Category B tests 

This category of tests refers to those carried out on small specimens of 
masonry for the purpose of determining strength and other properties of 
the composite material. 

In some countries, prism tests are used as the basis of design strength of 
masonry, either instead of or as an alternative to unit strength plus mortar 
mix. There is a certain amount of experimental evidence in support of the 
prism test but considerably less than for the unit strength method. A need 
for small specimen compressive tests has, however, been identified in con
nection with the design of reinforced and prestressed masonry since, in this 
type of construction, units may be stressed in directions other than normal 
to the bed joints and it has been found that the unit compressive strength in 
such cases, even when measured in the relevant direction, does not always 
give a realistic indication of masonry strength. 
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Small specimens of masonry will also be required for determination of 
deformation properties such as elastic moduli, creep, moisture and thermal 
movements. 

The British Code BS 5628, Part 1 prescribes small specimens, for the 
measurement of flexural tensile strength of masonry, as an alternative to a 
series of tabular values based on water absorption of clay bricks and 
compressive strength of concrete blocks. These values were derived from 
extensive tests on small specimens. A different form of test for this purpose 
has been proposed using a prism type of specimen and measuring the 
flexural strength of the joints between successive bricks. 

Shear bond strength has also been measured using small couplet or 
triplet specimens and the results have been shown to be consistent with 
those from tests on full-size walls. Recently, more elaborate small specimen 
tests have been used in research to define the biaxial strength of brickwork, 
and the results have been applied to the assessment of the strength of shear 
walls. The same technique has been used for concrete blockwork but in that 
case the specimens were quite large. The advantage of this type of test is 
that it gives basic information on material strength which can be applied to 
a range of structures arising in practical construction. 

12.2.3 Category C tests 

Category C tests include full-scale tests on wall panels under compression, 
shear or lateral loading. As such test are very expensive, they are unlikely 
to be employed for the establishment of design strengths except in rather 
exceptional circumstances, such as the introduction of a new type of struc
tural unit. 

In research, however, the use of full-size walls is often essential, and a 
considerable amount of experimental work is still required on shear 
strength especially of shear walls under dynamic loading. Also included in 
this category are tests on sections of structure intended to evaluate interac
tive effects. Thus, tests may be carried out to determine wall-floor slab joint 
characteristics and the effect of these on wall strengths. 

12.3 Tests on masonry units 

12.3.1 Compressive strength 

The factors affecting the apparent strength of masonry units are fairly 
limited and include rate of testing, and the method of preparation, whether 
by grinding, capping or by the use of packing material between the speci
men and the machine platens. 

Harding et al. [1] found that for typical blocks and rates of loading 
differing considerably from a specified 15N/mm2/min. (from 7 to 40 
N/mm2/min.) a statistically significant, but not large, variation in apparent 
strength was shown. It may be assumed, therefore, that any departure from 
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the normal rate of loading likely to occur in practice will not be of great 
importance. 

The influence of various methods of preparation has been extensively 
studied. Kelch and Emme [2] showed that the application of different types 
and thicknesses of gypsum or sulphur as a capping material to the loaded 
faces of bricks has a considerable effect on the apparent crushing strength. 
The time of testing after application of the capping material may also be 
significant. Some indication of the magnitude of these effects may be 
obtained from figure 12.l. 

Khalaf and Hendry [3] have reported the results of comparative tests on 
several types of bricks and blocks using mortar and plaster cappings and 
also plywood packing. Again considerable differences in the compressive 
strengths as between the various test methods were found. Comparison was 
also made with specimens tested with ground surfaces which were some 25 
per cent stronger than those tested with mortar capping. Similar results 
were obtained by Templeton and Edgell [4]. Other investigations have 
indicated that the size [5] and material [6] used for packings have an effect 
on the apparent compressive strength of a specimen. 

It follows from these observations that for comparability the method of 
preparation of units in compression tests must be standardised. 

In an effort to overcome the problem of restraint from testing machine 
platens, Hilsdorf [7] devised brush platens in which the compressive load is 
transmitted to the specimen through a large number of slender steel rods 
which have low lateral rigidity and thus do not impose significant lateral 
restraint on the specimen. This method of test is likely to be useful in 
research but may be unsuitable for routine testing. 
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Figure 12.1 The effect on apparent crushing strength of building bricks of various 
capping materials and thicknesses 



274 STRUCTURAL MASONRY 

As mentioned in section 2.3 in connection with the determination of 
masonry strength, the apparent compressive strength of a unit depends on 
its dimensional proportions so that it is convenient to convert the measured 
strength to an equivalent 100mm cube strength, as discussed in section 2.3 
(page 31). 

This approach has been developed for solid and perforated units but for 
hollow blocks there are additional complications because, in practice, they 
are likely to be loaded only through the face shells, whereas the standard 
test procedure is to load the unit over its whole area. The testing of such 
units has been discussed by Page and Kleeman [6] and by Ridinger et at. [8]. 
The latter have suggested the testing of small cores cut from the unit at the 
intersection of the cross-webs and face shells. The compressive strength of 
these cores was found to correlate well with that of units capped and loaded 
on the face shells through friction-reducing layers. 

12.3.2 Tensile strength 

In a number of countries, tests on the tensile strength of units are carried 
out. A direct tensile test is difficult to contrive - although it has been 
attempted [9] on bricks - so that flexural and splitting tests are used. 

The result of a flexural tensile test is conventionally expressed as the 
modulus of rupture, calculated at the section of maximum bending moment 
by linear elastic theory. Some variations in test conditions are possible, for 
example, the method of ensuring that the load and support forces do not 
introduce torsional effects, but these are likely to be secondary. The 
assumption of linear elastic behaviour, however, is doubtful and may result 
in misleading values for units of different thicknesses. The use of the test 
is likely to be restricted to a qualitative comparison between similar 
units rather than as a measure of true material strength. 

It is known that the modulus of rupture is considerably higher than the 
direct tensile strength of mortar and, by inference, of clay brick material. 
The splitting test, however, gives a closer measure of direct tensile strength 
and is thus likely to be more useful where information about this property 
is required. This point is illustrated in figure 12.2 which is based on tests by 
Morsy [10]. 

If it is considered desirable to standardise a tensile strength test, the 
indirect splitting test appears to provide the most likely basis. On the other 
hand, if the result is required for calculation of the lateral resistance of wall 
panels, the modulus of rupture test will be relevant. Thus definition of the 
purpose of the test is required. 

12.3.3 Water absorption tests 

The absorption characteristics of masonry units, particularly clay bricks, are 
of interest in relation to the development of mortar strength and bond as 
well as certain non-structural properties of masonry. 
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Various methods are in use for the measurement of overall water absorp
tion, including immersion for several hours in boiling water, 24 hour immer
sion in cold water and vacuum extraction of air before immersion. The 
result obtained is obviously susceptible to the detailed test procedures, such 
as the preparation of the specimen, time of immersion, etc. 

The initial rate of absorption (IRA) is measured by the partial immer
sion of the unit for a short time, for example, to a depth of 3 mm for 1 
minute. The IRA is measured in kg/m2/min. 

Absorption test results have been correlated with unit compressive 
strength [8] and with flexural tensile strength of clay brickwork [11]. More 
indirectly, the extraction of water from mortar by bricks having a high 
suction rate has been shown [12] to result in low compressive strength of 
slender walls. 

It is significant that this effect is considerably less with a cement: 
lime:sand mortar than with a cement mortar, no doubt as a result of the 
increased water retentivity of the mortar containing lime. 

Water absorption is thus a useful indicative property in relation to the 
structural design of clay brick masonry in particular, and suitable tests are 
necessary both for total absorption and IRA. 

12.4 Small specimen tests on masonry 

12.4.1 General 

Tests on small masonry specimens are frequently undertaken as a conven
ient and economical means of establishing structural properties. These 
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Figure 12.3 Small specimen tests 

properties include compressive, shear, tensile and flexural strengths, and 
may be carried out on specimens consisting of only a few units or of a small 
panel of masonry, as summarised in figure 12.3. 

In addition to the range of tests indicated in figure 12.3, small panel tests 
have also been used in recent years for investigation of the strength of 
masonry under biaxial stress. 

12.4.2 Prism tests for compressive strength 

The prism test is adopted in some codes of practice as the basis for the 
assessment of the design strength of masonry in compression. This is the 
case, for example, in North America and in Australia. A number of studies 
[13-17] have been undertaken on the use of prism specimens and on the 
effect of a variety of test procedures on the result obtained. Thus 
Maurenbrecher [13] has reported the results of tests relating to: 

1. The effect of height-to-thickness ratio 
2. Effect of capping 
3. Face-shell and full mortar bedding 
4. Workmanship 
5. Loading, etc. 
6. Stack against running bond. 

It is pointed out that the effect of workmanship on the strength of prisms, 
for example, incomplete filling of joints, may outweigh other influences. 
The conclusion to be drawn from this would appear to be that, for compara
tive results, specimens should be jig built. This procedure would also 
provide a basis of comparison for site control tests in which specimens 
would be laid by normal procedures. 

An important factor in this type of test is the height of the prism in 
relation to its thickness, and it is generally considered that a height-to-
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thickness ratio of about 5 is necessary to eliminate platen effects and to 
given an accurate measure of masonry compressive strength. Correction 
factors have been suggested for specimens having a lower hit ratio than this, 
but these are of doubtful validity [16] and would be sensitive to the use of 
capping or packing materials between the specimens and the machine 
platens. The other effects mentioned by Maurenbrecher are likely to be of 
lesser importance, although it will in general be necessary to represent the 
actual masonry under study correctly in terms of jointing. It would appear 
that a stack-bonded prism gives a somewhat higher value of masonry 
strength than a half- or full-storey height wall [17]. Modified specimens will 
be required to determine the compressive strength of masonry stressed, for 
example, parallel to the bed joints as may occur in reinforced or prestressed 
elements. 

12.4.3 Compressive tests on masonry panels and piers 

Much early work on compressive strength was carried out on piers and 
more recently on storey height walls. Tests on the latter, however, are 
expensive so that an investigation by Edgell et al. [17] was carried out in 
order to establish the relationship between the results of tests on storey and 
half-storey height walls. A linear relationship was found with the strength of 
the full-height walls being 0.875 of that of the half-storey walls. The wallette 
specimen, which can be accommodated in some standard testing machines, 
is therefore likely to be the preferred form for masonry compressive 
strength testing. 

12.4.4 Shear bond strength tests 

The determination of the shear bond strength of masonry has attracted 
considerable attention in recent years and the many different tests which 
have been proposed have been reviewed by Jukes and Riddington [18]. The 
simplest tests have employed a couplet specimen consisting of a pair of 
bricks joined together by a single mortar joint. Such couplet specimens give 
rise to the problem of trying to ensure that the resultant shear force acts in 
the plane of the joint, necessitating the use of rather complicated fixtures to 
bring this about. A triplet specimen of the type shown in figure 12.4, on the 
other hand, overcomes this disadvantage and is easy to prepare. It is neces
sary, however, to ensure that bending effects are minimised. 

As shear strength is dependent on the level of normal stress across the 
joint, a modification of the triplet test is to apply such a stress to the triplet 
specimen so that this relationship can be determined. As described in 
section 4.3, this takes the form of the Mohr-Coulomb equation: 

T= To + Illn 

where To is the shear bond strength with zero precompression and fl is a 
quasi-internal friction factor. Evaluation of the relationship requires meas-
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Figure 12.4 Triplet shear strength test arrangement 

urement of the shear strength at various levels of pre compression. In an 
alternative procedure, proposed by Riddington and Jukes [19], a triplet is 
first tested without pre compression and the failed specimen is then placed 
on an inclined plane apparatus to determine the coefficient of friction. 
This method appears to give results in good agreement with the method 
requiring tests at various levels of precompression and has the advantages 
of being simpler to carry out and of not requiring expensive special 
equipment. 

12.4.5 Tests on shear panels 

Many investigations have been carried out on the shear strength of masonry 
panels. The size of the specimens and the loading conditions have varied 
considerably, resulting sometimes in apparently conflicting results. Leaving 
aside tests on full-scale shear walls, figure 12.5 illustrates diagrammatically 
some of the test arrangements which have been used. The effects of 
geometry and loading-of-specimen conditions have been examined by 
Samarasinghe et al. [20]. 

Some investigators have aimed to produce uniform or, at least, predict
able stress fields within the test panels while others have sought to repro
duce conditions likely to exist in actual shear walls. The results are, 
therefore, in general not strictly comparable. It would appear better to 
devise a test method in which the stress field is well defined and uniform so 
that the material strength is obtained rather than the shear strength of a 
particular wall. This would lead to the adoption of biaxial stress testing of 
masonry specimens, as has been done extensively for clay brickwork by 
Page [21] and on concrete blockwork by Hegemeir et at. [22]. However, as 
shown by Bernardini et at. [23], it is possible to derive biaxial failure criteria 
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Figure 12.5 Various loading arrangements used in shear panel tests 

for the compression-tension case from a combination of compression tests 
on simple specimens, loaded normal and parallel to the bed joints, together 
with tensile splitting tests in which the load axis is varied relative to the 
plane of the bed joints. As these tests can be carried out with standard 
equipment, it would seem promising to develop this approach to shear 
strength determination. 

12.4.6 Tensile bond tests 

Although most codes of practice either discourage or prohibit reliance on 
tensile bond strength, the development of adhesion between mortar and 
masonry unit is important. In the USA, ASTM prescribes a tensile bond 
test [24], but the need for a tensile bond test is more likely to relate to the 
adhesion of renderings rather than to structural design. 

12.4.7 Indirect tensile strength tests 

The use of tensile splitting tests has already been mentioned in the context 
of the derivation of biaxial stress failure criteria. Such tests may also be used 
simply as a means of finding the tensile strength of masonry in various 
directions relative to the plane of the bed joints. This information may be 
required in relation to masonry strength in the vicinity of prestressing cable 
anchorages. It WOUld, therefore, be advantageous to standardise this test in 
terms of specimen form and loaded area. 

12.4.8 Flexural tensile strength tests 

This is again a type of test which has attracted considerable attention in 
recent years in relation to the strength of non-loadbearing, laterally loaded 
masonry panels. Most of the relevant research has been carried out in 



280 STRUCTURAL MASONRY 

Figure 12.6 Test for flexural strength of masonry according to BS 5628 

Britain [11] and in Australia [25,26]. In the former country, tests have been 
evolved and included in the Code of Practice BS 5628 for the determination 
of flexural tensile strength for bending in planes normal to and parallel to 
the bed joint. The form of specimens and loading conditions adopted in 
these tests are shown in figure 12.6. The result is given in terms of a modulus 
of rupture, calculated on the assumption of linear elastic behaviour. The 
British Code requires ten specimens of each type to be tested and the mean, 
standard deviation and characteristic strength are calculated on the basis of 
a lognormal distribution. 

It is evident that the form of specimen used in this type of test, in terms 
of the number of units in its width and the number of courses in its height, 
will have a bearing on the result obtained. In the case of the vertically 
spanning specimen, failure will take place at the weakest horizontal joint in 
the constant moment zone. The strength of horizontally spanning speci
mens is dependent on the strength of the perpend joints, the bed-joint 
strength in torsion and the unit strength. The effects of specimen size have 
been investigated by Lovegrove and de Vekey [27] for vertically spanning 
specimens and by Lawrence [28] for both types. Lawrence has developed 
modelling and statistical techniques which would permit the calculation of 
joint strength from the results of tests on specimens of different forms. 
However, he recommends that specimens should be tested in the horizontal 
rather than the vertical plane as specified in BS 5628, in order to avoid 
errors from dead load effects. Fried et al. have given conversion factors 
relating various types of test results, as quoted in table 4.2 (page 79). 

A form of test proposed by Baker [25] in which each joint in a stack
bonded prism is tested in turn is described in section 4.2. This permits the 
testing of a fairly large number of individual joints with reasonable 
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economy and thus leads to the definition of a statistically significant esti
mate of the characteristic strength. Also shown in section 4.2 is the bond 
wrench test which can be used in the same way as a site test. 

It has to be noted that the method of testing for flexural strength is 
closely tied to the use which is to be made of the data derived from it. Thus, 
the test prescribed in the British Code of Practice is related to a particular 
method of calculating the lateral resistance of certain types of wall panels by 
an empirical method. The approach developed by Baker and by Lawrence, 
on the other hand, is intended to provide the data necessary for an analy
tical solution which takes into account the effect of variability of joint 
strength. 

12.5 Tests on complete masonry elements 

12.5.1 Wall compressive strength tests 

Although a certain amount of testing of complete masonry elements or 
even sections of structure is essential for the verification of analytical 
methods and strength criteria based on small specimen tests, there has been 
little attempt to standardise procedures, with the possible exception of 
compressive tests on short lengths of wall. 

12.5.2 Tests on shear walls 

A considerable amount of research work has been carried out on the 
strength of shear walls, usually on panels of approximately equal height 
and length. Loading arrangements have been widely variable, ranging 
from simple diagonal compression to rather elaborate combinations of 
horizontal and vertical loads. In nearly all cases, a reinforced concrete beam 
or slab has been placed on top of the shear wall to distribute the applied 
forces. 

The results of shear wall tests have generally been interpreted in terms of 
a design shear strength, but as a rule too few specimens are tested to give a 
statistically valid result and it would seem that a more promising approach 
is likely to be through study of basic materials properties and the develop
ment of mathematical models through which these can be applied to spe
cific cases. The need remains, of course, for full-scale testing to validate 
these procedures, but the standardisation of the full-scale tests is perhaps 
not essential provided that there is no ambiguity as to the correct represen
tation of the conditions assumed in the model. 

12.5.3 Tests on laterally loaded walls 

A large number of tests on storey-height wall panels under lateral loading 
have been carried out over the years. This form of test has proved extraor
dinarily sensitive to a range of test conditions, some of which are not 
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immediately apparent but have a considerable bearing on the result ob
tained. These factors have been reviewed by Baker [25] and by Lawrence 
[28] and include the following: 

Scale 
Method of loading 
Self-weight 
Arching 
Rotational restraint at supports 
Translational yielding of supports. 

Since tests of this type are less expensive and more frequently under
taken than compression or shear tests, there is perhaps greater justification 
for standardising the procedure, or at any rate for defining test conditions 
which will make it possible to compare results from various sources. Law
rence [28] has, in fact, designed a test rig which would appear to overcome 
most of the difficulties experienced by earlier workers and which could 
provide a basis for a standard test method. 

12.6 Non-destructive testing of masonry 

In assessing the condition of masonry buildings and structures it is fre
quently necessary to determine the properties of the units and mortar from 
which they are built. In some cases it is feasible to remove sample units or 
to take cores from them but this procedure has considerable limitations, 
especially where the structure concerned is of historic or architectural 
importance. There are problems in relating the compressive strength of the 
specimens to that of the units [29] and it will rarely be possible to obtain a 
sufficient number of cores to be representative of the whole structure. Non
destructive test (NDT) methods have been used to deal with this problem. 
Some are well established for concrete and other materials and have been 
developed to a more limited extent for masonry [30, 31]' It is likely that in 
any particular investigation a combination of NDT methods will have to be 
employed. The following sections give an outline of the more widely used 
techniques. 

12.6.1 Sonic echo method 

In this method sonic waves are generated in the structure by a hammer 
blow, the response being monitored by a sensitive accelerometer and 
recorded on a computer for subsequent analysis. The measurements so 
obtained are capable of detecting internal cracks or cavities in the masonry 
and of giving an indication of its strength and uniformity. The recorded 
signals are complex, requiring considerable expertise in their interpreta
tion, and the necessary equipment is expensive. However, the site proce-



TESTING OF MASONRY MATERIALS AND ELEMENTS 283 

dures are relatively easy to carry out and a comprehensive evaluation of a 
structure is possible. 

Examples of the successful use of the method include assessment of the 
condition of a masonry arch bridge [32], of stonework in the Washington 
Memorial in Washington D.C. [33] and of canal lock walls [34]. 

12.6.2 Ultrasonic techniques 

Ultrasonic methods have been in use for many years on concrete structures 
and their application to masonry has been investigated by Noland et al. [30] 
and by Hobbs and Wright [35]. Ultrasonic waves are generated in the 
masonry by a piezoelectric transmitter and picked up by a receiver trans
ducer which may either be on the opposite side of the wall or at some 
distance along the face. The essential measurement is the pulse velocity 
through the masonry which can be related to its strength. By taking read
ings at several distances along the face of the wall from the transmitter, it is 
possible to detect flaws. Hobbs has also suggested the use of the method for 
site control purposes [36]. The equipment required for ultrasonic testing is 
readily available, robust and comparatively inexpensive. The site procedure 
and interpretation of readings are straightforward, making this a useful and 
economical method of investigation. 

12.6.3 Acoustic emission measurements 

When micro-cracks develop in a body, small amounts of energy are released 
giving rise to audio-frequency waves which can be detected by suitable 
instrumentation. A technique has been developed whereby these waves, 
which are rapidly damped in the material, can be recorded as the compo
nent or structure is subjected to increasing load. The signals so recorded are 
referred to as acoustic emissions (AE). Thus if load application results in 
internal cracking a series of AE signals is recorded. The instrumentation is 
devised to respond only to signals exceeding a selected level of background 
noise which can be assumed to have been generated by cracking. Usually a 
series of signals will be picked up from a particular location and these 
together are defined as an 'event'. The location, severity and to some extent 
the nature of internal damage as the load is increased can be deduced from 
analysis of the AE data. 

The method has not often been applied to masonry structures but was 
used to study the behaviour of a masonry arch bridge tested to failure [37]. 
In this case the plot of total AE events against the applied load closely 
reflected the load-deflection curve. This led to the suggestion that the 
method would provide a useful monitoring procedure in a non-destructive 
load test on a structure: a linear relationship between the AE count and the 
applied load would indicate that no irreversible damage to the material was 
occurring as the load was applied. 
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The advantage of the method lies in the fact that transducers can be 
easily attached to the masonry and readings quickly recorded. However, the 
field equipment is expensive and the data have to be processed by special
ised equipment, making the operation suitable only for use in particularly 
important investigations. No doubt for this reason it has not been more 
widely used on masonry structures. 

12.6.4 Surface penetrating radar 

In this method pulses of electromagnetic energy are generated and by 
suitable antenna are caused to penetrate the surface of the element under 
examination. Pulses are of about 1 nanosecond duration and are transmit
ted at a rate of 0.5 to 1 GHz. These waves are reflected by any discontinuity 
in the material through which they travel so that, by moving the radar over 
the surface and recording the echoes received, it is possible to build up an 
image of the internal structure. The recorded echo pattern is complex, 
giving a rather distorted image of even simple internal features and there
fore requiring skilled interpretation [38, 39]. 

Surface penetrating radar permits the detection of hidden defects in 
masonry and the possibility of identifying section characteristics of a wall, 
such as thickness and multi-leaf construction. Binda et af. [38] have reported 
the results of a number of investigations on old buildings using the 
technique. 

This application of radar has considerable potential but also certain 
limitations in addition to those posed by interpretation of the images 
obtained. The equipment is moderately expensive and there may be prob
lems in applying it to a wall, requiring extensive scaffolding to permit the 
scanner to be moved over the surace as the method requires. 

12.6.5 Flat jack tests 

Flat jack tests on masonry structures involve the insertion of a hydraulic 
jack made from thin sheet metal or rubber in one of the mortar joints with 
the object of determining the compressive stress in the material. This is 
achieved by taking deformation measurements across the joint before cut
ting out the mortar to enable the jack to be inserted. When the joint 
material is removed, the gauge points will move together and hydraulic 
pressure is applied to the jack until the original reading is restored. With 
suitable adjustment, the hydraulic pressure recorded gives the stress in the 
masonry. 

Accurate results are dependent on calibration which has been examined 
by de Vekey and Skandamoorthy [40] as affected by the type of masonry. 
Hughes and Pritchard [41] have compared the performance of flat jacks 
made of stainless steel sheet and of nitrile rubber and reached the conclu
sion that the flexible rubber jacks allow lower stresses to be measured and 
require less stringent preparation of the slot in the mortar joint. 
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An extension of the flat jack method is to install two jacks in bed joints 
some distance apart vertically so that the material between them can be 
compressed by loading the jacks simultaneously. This permits measurement 
of the elastic modulus of the masonry and, if taken to failure, the 
compressive strength. In the latter case, however, the test ceases to be 
strictly non-destructive as some damage is caused to the masonry. 

The flat jack method is well established and has been applied for 
example to historic buildings [42, 43] and masonry arch bridges [44]. The 
equipment required is not expensive but site work is quite lengthy. Consid
erable skill is needed to ensure reliable results, and measurements can be 
taken only at a limited number of locations. 

12.6.6 In-situ tests for mortar strength 

Assessment of in-situ mortar strength presents considerable difficulties and 
it is not usually possible to obtain sufficiently large and undamaged speci
mens on which to carry out tests. Henzel and Karl [45] have developed a 
test in which a core is extracted from the masonry which includes the mortar 
joint. The pieces of the unit material which are included in the core are then 
carefully sawn off to give a flat mortar specimen. This is then capped with 
a thin gypsum layer and tested in compression between 20mm diameter 
platens. This test has been calibrated against mortar prism strengths for a 
variety of materials and appears to give consistent results over a wide range 
of mortar strengths. The procedure is undoubtedly delicate and expensive 
to carry out but would be justified in an important investigation. 

A test, described as a 'screw pull-out test', has been proposed by 
Ferguson and Skandamoorthy [46] in which a 6mm diameter stainless steel 
helical wall tie is driven into the mortar joint. The force necessary to extract 
it, using a hydraulic jack, is measured which with suitable calibration gives 
an indication of the mortar strength, at least for weaker materials. Another 
simple technique which has been suggested [47] is that of measuring the 
energy absorbed as a 6-8 mm diameter hole is drilled in the mortar using an 
adapted electric drill. This appears to give a reasonable measure of mortar 
strength. Tassios et al. [48] have described a test in which a scratch is made 
on the surface of the mortar under controlled conditions, the width of which 
is related to the compressive strength. All of these simpler tests, however, 
require further development. 
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