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The paper aims to compare predictions by different

hods of analysis of the |

! lowd capacity of unreinforced

masonry walls, and to determine whether a relationship can be drawn beoween theory and experiments, Several
analysis methods were employed to predict failure loads of @ number of wall panels, and the results were compared
with test values. It is concluded that houndary conditions play a major role in the aceuracy of analytical methods,
When the boundary conditions assumed in the analysis most nearly match the real condidons of the test panels,
predictions are most acenrate. The authors conclude that finding a rational analysis and design procedure for

Taterally loaded masonry walls is possible.
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1 INTRODUCTION

Intensive research has been directed towards lateral
strength of masonry wall panels in recent decades,
with the main objective being the derivation of
analytical equations for the prediction of strength
properties. The results of these researches widely
vary, making it difficult to draw any reliable
conclusions about the behaviour of the material in
flexure. The various design approaches adopted by
different codes of practice is testimony to the
designers’ limited understanding of the behaviour of
the material. The UK adopted the yield line theory as
the basis for design of masonry panels subjected to
lateral loading, while some European countries
employ equations that are based on elastic plate
theory, Because predictions using these theories have
not produced consistent results, researchers have also
looked at the development of empirical relationships.

This paper reviews and compares the theories on
which some of the codified methods of design are
based. Results of a serics of tests performed by
Lawrence [1] are used to compare the ability of these
theories to match experimental data. It has been
assumed in this review that material properties, such
as mortar types, water absorption rate of units, etc.,
were kept constant during the tests, and do not
influence the comparisons.

2 THE NEED FOR DESIGN FORMULAE

Traditionally, structural masonry was not treated as
cngincered material in the same sense as steel,
concrete and timber, This resulted in rule of thumb
procedures being applied for masonry construction,
which in turn produced excessively thick walls with
consequent cost penalties and wastage of space
within a building. Haseltine et al 2] note that, with
the massive walls, the ability to resist such small
loads as wind was never in question. As walls
became thinner, and lower strength materials such as
aerated concrete blocks were introduced, the need to
carry out structural calculations could no-longer be
avoided. Moreover, Haseltine et al observe that the
narrowing of walls and introduction of lower strength
materials were accompanied by an increase in the
pressure used to represent the effect of wind in
design.

The neced to find a simple strength-to-size
relationship of pancls subjected to lateral loads has
been a topic of discussion since the inception of
masonry-design codes. In December 1978, a
discussion group of The Institution of Structural
Engincers, considered a paper by Hascltine at el [3],
and declared that design data on this subject was



sorely lacking. A year earlicr, Haseltine at el had
reported that very little information was available to
enahle engineers and checking authorities to design
walls for lateral loads, and that, what there was had
to allow for & wide range of dissimilar materials and
take into account variations in workmanship from
well controlled to totally neglected. It is noted in [2]
that the code of practice of the time, CP12L, had
given rule of thumb methods for the sizing of panel
walls,

According to Lovegrove [4]. the lack of theoretical
basis for the design of masonry walls subjected o
lateral loads made it impossible to extend the design
rules bevond what was currently contained in the
design codes. He cites, as an example, the design of
walls containing openings.

3 EXISTING THEORIES

There are a number of theories on which prediction
of lateral loading capacities of masonry walls can be
based, which include: (a) elastic plate methods, (b)
yield line theory, (c) finite elements, (d) strip
method, and () fracture line theory. Analyses using
these methods give quite different results when
compared with experimental data, thus prompting
rescarchers to focus on finding new technigues, or a
rationale for existing methods. While there is some
indication that each of these theories does give
reasonable results at ceriain times, the results are
random and dependant on the specific (esting
programme undertaken. That is to say, there is no
consistent evidence, so far, linking theory with all
types of masonry. Consistent results only occur over
specific sectors of the subject.

kN Elastic Plate Theory

Elastic plate theory would appear to be the most
promising analytical technique since, in most of the
tests recorded in literature, the load-deflection
relationship for laterally loaded panels is nearly
lincar. Allowance for the orthotropic properties of
brickwork is also made without any difficulty.

The European code [5] allows designers to choose
hetween using the moment coefficients derived by
the vield-line method and those derived by the elastic
plate theory. The moment coefficients in Table 1 of
this review were caleulated using plate-bending
equations derived by Timoshenke [6].

iz Yield Line Theory

Yield line theory was developed for use with
reinforced concrete, and assumes that the bending
moment zlong a line or lines reaches a yield value,
and stays constant until other parts of the line reach
that yield wvalue. Thus, a pattern of yicld lines
develops with constant moment along cach line,
when failure occurs. [t has been argucd by several
researchers, Sihna [7], Lovegrove [4], and Lawrence
[#] that, with masonry, this is theoretically unsound
as it assumes the existence of plastic hinges which
cannoi exist in a brittle material.

The method of design of unreinforced masonry
panels given in the British Code of practice, BS
5628: Part 1 [9], is based on the yield line theory. To
the hest of the author's knowledge, the UK is the
only country which uses this method. The yield line
analysis wsed in this review applies the moment
coefficients taken from Tahle @ of BS 5628: Part 1.

13 Finite Elements

Finite FElements have been applied by many
researchers to simulate the behaviour of masonry
structures and have often produced very good resulls
when compared with experiments. The method is
suitable for the prediction of failure loads, as well as
stress distributions in the working stress range. Page
[10] used the method to investipate stress
distributions and found that it was able to reproduce
these with good accuracy. It has even been shown, by
Bouzeghoub and Riddington [L1], that there iz no
need o ouse 3-IF finite elements sines simpler 2-D
elements are adequate to simulate the behaviour of
masonry structurcs. The biggest drawback of the
method is the effort and time it takes to idealise the
structure, input the data and, interpret the results.



Although the finite element method is a good
analytical tool, it is not suitable for design purposes.
Designers need a simple analytical approach which
enables accurate predictions of wall capacity. For
this reason, this method is not reviewed here.

34 Fracture Line Theory

The Fracture line method was proposed, and applied,
by Sinha [7], for the design of masonry wall panels
against laieral loads. In this method, Sinha proposcs
that the variation of Young's modulus with direction
should be taken into account, and that all
deformations take place only along the fracture lines.
Besides the variation of E with direction, the method
does not differ from the yield line theory, since the
resulting equilibrium equations are based on the
cracked pattern, with assumed ultimate {constant)
iwoments along the crack lines, As with the yield line
method, the fracure line theory assumes that the
individual parts of the failed panel rotate as rigid
bodies, and the equations of eguilibrium are derived
from energy principles.

To the best of the author’s knowledge, the fracture
line method is not incorporated in any code of
practice, but it is reviewed here because it has been
available for some time and is widely known in the
field of masonry. This method can be found n a
number of published texis. The reader is veferred to
references 3 and 19 foe the derivations and
discussion of the crack line formulae from which the
coefficients in Table 3 were determined.

35  Strip Method

In this method, the load is split into parts which are
carried by individual systems of strips, designed as
beams. Since the static equations are satisfied, a
lower bound solution is obtained. The strip method
basically assumes that the load is carried by bending
only, that is, twist-free moment fields are considered.
Since the existence of twisting moments along both
bed and perpend joints in masonry panels cannot be
avoided, a rather conservative solution can be
expected, In reinforced concrete slab design, this is
compensated for through savings in reinforcement by

providing only the amount necessary o resist the
bending moments, The sirip method :quar.ions used
to calculate the values in Table 3 were derived from
crack patterns of the panels tested by Lawrence [1].

4 COMPARISON OF THE THEORIES

The theorics discussed above have been employed to
reproduce the results of a series of tests that were
cammied out by Lawrence. The tests used clay bricks
laid in a 1:1:6 mortar (cement; lime: sand by
volume). Table 1 shows failure loads of the wall
panels as caleulated by the different theories, as well
as expenimental results as recorded by Lawrence.
Lawrence recorded three different failure stages: the
load at initial cracking; the load at full-crack pattern;
and the ultimate failure load. The results have been
plotted on Figures | o 4,

In Figure 1| the failure loads of the panels as
calculated by the different theories are compared to
the full-crack-pattern load as obtained by Lawrence,
The wall panels arc grouped according to the
boundary conditions, as can be seen from the figure.
It is apparent from the figure that, with exception of
very few panels, the yield line method over-cstimates
the failure load of the panels. The strip method, on
the contrary, under-cstimates the failure loads of
most panels. Elastic plate theory also predicts larger
failure loads than obtained by tests, with the
exception of simply supported panels. The fracture
line method was only applied to panels with simple
supports and to those with fixed cdges and simply
supported along the top and bottom edges (houndary
condition 3). For other support conditions of the
tested walls, the fracture line equations were not
readily available. While it could have been possible
to derive such equations from first principles, the
available eguations were deemed adequate for the
purposes of this review. In the simply supported
panels, the fracture line method was found to under-
estimate Lawrence’s test results, while in the other
panels, the fiacture line method invariably over-
estimated the failure loads, Closer observation of
Figure | also shows that the test values for a few
pancls (panels 12, 14, 15, 16, 37 and 38%) are much
higher than the corresponding theoretical predictions.
All of these are square panels, i.e., their aspect ratio
is 1. This gives some indication that regardless of
boundary conditions, theoretical methods used here



under-cstimate the strength of square panels with the
largest error margin.

Figure 2 compares the theoretical results to the
failure load at initial crack formation. With the
exception of the strip method when applied to panels
with boundary conditions 4 and 5, the test results
indicate that cracks start forming in the panels at

loads lower than those predicted by theory. In the
case of panels with all edges fully fixed (boundary
condition 2), test results are much lower than the
theoretically predicted values. This means that panels
will start developing cracks under loads that are
much lower than those predicted by theory.
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Figure 2: Comparison with Initial Crack Load

In Figure 3, the theoretical methods are compared
with experimental ultimatc load capacities of the
panels. It is noticed here that results from the yield
line method almost coincide with the test results for
the majonty of panels. Comparing this figure to
Figures | and 2, it is evident that theoretical
predictions are closest to the ultimate failure loads of
the wall pancls, but stll there is considerable
variability.

Figures 4 to 8 are extracts from Figure 1. They show
the full crack failure loads of the panels grouped
according to their support conditions. Figure 5, with
8 wall results, contains the largest number of panels
tested. This is a very small number of panels from
which meaningful conclusions regarding the
behaviour of walls can be made. and more test data
is, therefore, required. A lot of other test data does
exist, boundary conditions are questionable, and the
detail with which Lawrence tested his walls is not
always evident.
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Figure 4: Simply Supported Panels

In general, all of the methods of analysis reviewed
here reveal some level of inconsistency and large
variability. An important observation from the
Figures is that the results for simply supported panels
are less scattered than those for panels with any other
support conditions. This indicates cither that all
theoretical methods reviewed here predict the failure
loads for simply supported panels with better
accuracy than for panels with other support
conditions or that it is easier to accurately produce
simple supports than other supports when testing
walls. The methods also give better approximations
for panels with mixed boundary conditions as
compared to panels with all supports fixed. It is
observed that as the number of built-in edges

increases, the theoretical predictions drift further
from test results. This trend can be associated with
the values of the moment coefficients as they are
assigned with the assumption of full continuity at the
built-in edges. When the assumed built-in edge is not
capable of full moment resistance, the assigned
coefficient becomes faulty. With the simple supports
or free edges better approximations of the
coefficients can be made. This confirms the influence
of boundary conditions on the strength of panels,
with accurate predictions occurring when  the
boundary conditions assumed in the analysis ncarly
match the real conditions of the test panels.
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It is very important to note here that the major task of
this review was to compare the ability of the different
theories to match test results, as opposed to
determining the load-carrying capacity of panels with
different boundary conditions. In Table 2 the ratios
of predicted values to the test results are displayed.
These ratios are then plotted in Figure 9. It is clear
from the figure that, for most panels, the strip method
gives the best results of the walls tested as its values
are closest to unity. It is also apparent from the graph

that, in general, the yield line method over-cstimates
the load carrying capacity of these walls more than
the other methods. However, the yield line method
gives the best results for panels with free top and
simple supports on the other edges (far right of
graph, panels 28, 26, 10, 36, 17 and 15). Incidentally,
Incidentally, almost all of the walls tested by
Haseltine et al [0] for the validation of the yield line
method in masonry panels were supported on three
edges (free along the top edge).
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Table 2: Ratios of Theoretical to Experimental Fallure Loads
Tast | B.C Full-Cr; Patterm Ingial-Crack L m frnate Lo |

no. Stnp [Fract YL Elastic rip Fracture YL RS [ raciure L
27 17251065 112076 | 2396 1.21 2.09 143 117 0.61 1.05 072
a 1 |oso|o7s| 042 | 046 | 068 0.88 0.47 0.52 0.60 076 0.42 046
22 1 |oso|o0so| 063 | 044] 116 1.00 1.08 0.75 0.69 0.59 0.63 044
a2 1 |o7o| 04s| 073 | 045 1.06 065 1.10 068 0.70 0.44 0.73 0.45
18 1 188 |o7e| 179 | 1.18] 307 1.20 292 194 1.88 0.79 1.79 119
12 1 |1e67|o7a| 138 | 112 343 1.61 2.85 2.30 167 0.78 1.38 1.12
a1 2 218|128 126 504 a1e 29 120 0.76 0.69

[ 2 |169| 118 108 323 225 2.01 092 0.64 0.57

7 2 161 | 208 | 082 1.61 2.08 0.82 121 157 061

23 2 |120| 124 | 081 1.73 1.79 1.16 0.54 0.56 0.36
33 2 | 153148 125 2.91 2.76 238 0.85 0.81 0.70
20 2 | 324 207|203 7.56 4.84 4.74 1.97 1.26 1.24

13 2 |ass| 25| 202 7.38 444 417 2.51 151 1.42
37 2 |214|190| 108 254 226 1.28 0.85 0.85 0.48
a0 3 | 189|247 | 131 [213] 249 3.86 205 333 0.72 112 0.60 0.97
9 2 |toe| 180|085 |107] 109 1.69 0.55 1.07 0.62 0.90 0.31 0.61
24 3 |osa|146| 081 | 106] 104 1.63 0.68 1.17 067 1.04 043 078
34 3 |125|185] 100 | 182] 2118 318 173 279 0.98 1.45 0.78 1.26
19 3 142 | v70 | 1.16 1.86 | 290 3.48 237 3.80 1.42 1.70 116 1.86
14 3 | 286|281 176 | 325] 3.89 384 239 4.43 2.20 217 1.35 2.50
38 a |154|192| 085 | 196 1.54 1.93 0.85 1.96 0.74 0.e3 0.41 0.94
29 4 | o067 |034| 020 087 0.34 0.20 0.36 0.20 0.11
25 4 |o81|o060| 034 0.88 0.65 0.36 0.79 0.59 033
as 4 |124]|160]| 068 1.34 1.60 0.68 0.89 1.06 046
21 4 | 141|229 086 1.41 2.29 086 0.97 1.57 059

15 4 158|189 085 1.58 1.69 0.85 1.07 1.15 0.58
28 5 | 119|168 | 041 1.19 168 041 1.19 1.68 0.41

10 & |oes| 144 | 033 0.68 1.44 0.33 0.68 1.44 0.a3
26 5 063|141 | 034 0.63 141 034 063 14 0.34
36 s |o7a| 202|053 0.79 2.02 0.53 0.79 2.02 0.53

17 5 |102]|199] 076 1.02 1.99 076 1.02 1.99 0.76

15 5 |oea]| 211|071 0.99 2.11 0.71 0.99 2.1 0.71

The foregoing discussion clearly demonstrates the strive for enhanced simulation of the boundary
intricacy of any attempt to draw conclusions from the conditions.

predictions of the existing theories, and illustrates the

need to generate more test data. With today’s

improved testing equipment and methods, we should



4 CONCLUSION AND
RECOMMENDATION

The following are the conclusions drawn from this
review:

1. The methods used to predict lateral strength of
wall panels are not consistent,

> Boundary conditions play a major role in the
strength of the walls, and, results of
theoretical methods can be greatly improved
if'a good
representation of the boundary conditions can
be made.

3. Different methods yield good approximations
for different types of panels.

All methods reviewed here give reasonable
results for panels simply supported on all
edges.

5; All methods give poor results for panels with
all edges built-in.

The strip method yields very conscrvative
values of the Jateral strength of panels, while
the yield line method almost invariably over-
estimates the failure load.

It is recommended that:

1. More test data be generated, paying particular
attention to boundary conditions,

2; The possibility of applying more than one of
the above-reviewed methods to derive a

method of design be investigated,

3. The possibility of combining two or more of
the above-reviewed methods with empirical
methods be investigated.
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