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N ABSTRACT ”;

' '

" Provtsions For the des!gn of masonry walls subject to uniform!y

dlstrlbuted pressure normal to the - surFace of - the;wall differ

'slgnlficantly from country to country. These differences may be

attributed both to leFerences In design phrlosophy and to a general

lack of conclus!ve or widely accepted exparlmentel and analytlcal

research. Most of - the prevlous research in this area was concerned with

©obrick’ masonry and with practical rather than well deflned support N

-conditions. Also. the\available design methods were not accurate or

rational. Therefore, this study was lnitlated to {nvestigate the
flexural behavlour of hol low concrete block masonry both experimental 1y
ano analytfcally and to assess the design methods For lateral!y 1caded
walls.

}he experlmental program Includedsad full.scale wali tests
representing. difFerant support conditions and aspact ratios. tln
addltion. stack bonded prisms and wallettes were used to determtne.the
flexural tensile strengths. The ful ) scale tests were performed using a
test facility designed to accommodate tests of masonry paneis up to 6.0

m long by 3.6 m high and to provide well defined support conditions.

The observed behaviours of the wal‘lshej compared to other walrla of the

Qame serfes and to other tests to nvestigate the effects of
variability, aspect ratlo, support conditions, and the praesence of
elther precompression along the top of the panel or precracking near the

panel center,
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‘ ~f . | |
A nonl{pear f'lnlte element model capeble oF reproduclng the '

observed behavlour of the wal ls Nes developed ond ueed to extend the

'knowledge of” meeonry wall behaviour to lnclude untested condltlons and

) conflguretlons. In thls ‘model, the anl sotroplc nature of masonry, the

nonl lnearlty due to cracking. and the effects of the trensverse sheer
deformetlons due to the presence and the dl scontlnulty of the core webs
were taken- lnto conelderetlon. Also. the exlstlng~blaxlal fallure

criterla were exemlned and a. proposed mecroscoplc blaxlal Fal lure

" crlterlon was lncorporatecl in the Flnlte element model to predlot the

strengths and the fallure rnodes for ‘masonry assembages. Thls criterion

acoounted For the enlsotroplc and compos{te nature of masonry and wes

based on physlcal lnterpretetlons rather than belng strlctly a

. phenomenologlcel crlterlon

Ftnally, ‘the available design methods were _oompared using the

extended data from the enalytlcel model and a deslgn method based on

‘ _elastlc plate theory was proposed. This method was ratfonal ly deveioped

to predict first cracking and fat lure capaclties for masonry panels
simply supported on three and four sides for a wide range of aspect

ratios.
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NOTATION '
2a, b’ nominal length and height of the masonry unit,
' - . respectively. . ‘| ‘
D ' _ flexural rigidity of plate,
dt ‘ arbitrary shel) thickness.
EneGp modulus of elasticity and shear modulus of the masonry -
s units, respectively.
‘ Eme Gp - equivalent or apparent iinear modulus of eiasticity
"+ ahd shear modulus of the mortar joints, respectively. -
Ens Eps Gnp respectively, modulii of elasticity normal and parallel
to the bed Joints and the in-plane shear mddulus for
the equivalent masonry material.
E'sr G'np respectivély. reduced modulus of elasticity paral lel to
: the bed joints and reduced shear modulus for the
: equivalent masonry material after head Joint strength
1imit. : . )
E,, modulus of elasticity for the web material.
Exe Ey " modulii of elas:,ticity in-the x and y directions,
) respectively, .
ExF' Eyf ﬂ'bdl.i]fi of elasticity ?or' the crthotropic
face shell material.
F'tn unia‘xial tensile stréngth of the masonry assemb | age

' normal to the bed joints. .

epls Frepr uniaxial tensile strengths parallel to the bed Joints
. for vertical splitting and vertically toothed failure
patterns, respectively.

F'snplv f'sanI . pure shear strength for diagonal splitting and
. diagenally stepped failure modes, respectively.

LY " flexural tensile strength of assemb | ages for direction’
of bending ortented at 92 from the bed joints.

GF shear modulus of the face shel) material.
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i . . . '
shear mpdulus of the web material.

sheag modulif 1n'fhe X=Y, %~Z, and y-z planes,
‘respectively,

'height of the ceilular Plate measured between cenﬁer
1ines of the Face shells (see. Figure 6.6).

height and Iength oflthé.masonry unit, respectively,
~length and height of Masoﬁfy‘péhgl, respectively.

max{mum moments of the horizontal and vertical Qtrips
due to uniform losds of Ph and pys respectively, °

bending momént_capadities per unit length normal,

parallel, and at an angle 8 wWith respect to the bed
Joints, respectively. ) L e ‘

max imum homents of simply supported beams subjected to
the total load of the panel, P+ 1n_the horizontal ang
vertical directions, respectively,u .

1-shape functions for the 12 DOF noﬁconfbrming’ﬁ?é%e
bending, 8 DOF plane stress and 8 DOF transverse shear
rectangutar elements, respectively.

numbér of layers in the mhltilayér’plate,

untFormly distributed lead on thg panel'or plate.

equivalent loads on the horizontal and vértical
strips, respectively. . '

orthogonal strength ratio
panel length to height or aspect ratio: L/H
3

orthogenal strength ratios for vertical splitting and
vertically stepped patterns in tension parallel to the
bed joints, respectively. '

respectively, thickness of the face stel | and the web
of cellular piate or hol taw block, ‘ "
thickness of mortar joint

displacements in the coordinate directions x, vy, z,
respectively. .

midd 1 e surface disp 1 acements in the coordinéte
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, djrectlons x and.y, respectively.
Xy Yr Z cartfsian coordinste directions.
S a B A coefficfents which define the ratios of 1oad on the
‘ vertical and horizontal equivalept_strips, )
~Tespectively, to determine moments at plate center,
ag factor inffoducéd to account for non-uniform shear
deformations, ‘ N '
asr Bg reduction factor§ for the modulii of elasticity and the
S shear modulil, respectively, for cracked elements.
Yoyt Yyzr ¥ shear_&trains in x-y, x-z, and y—;‘planes.
LT et vz .respectively. ‘
-nyo shear strain in the Xy plane (the middle surface).
8, A total displacements occurring in the units and mortar
",Joints. respectively. R
bge Ay total displacements’due to shear and tension,
respectively. :
.éx'~5y straiﬁs in the x and y directions, respectively.,
£,9, &0 " L middle surface strains in the x and y. directions,
X y .. ;
respectively. ) .
L nondimensional coordinates with the origin at the left
bottom corner (see Figure 6.4). ' ’
g° angle between the direction of. tension or bending and
the bed joint orientation. .
s By total section rotations about.the y and x-axes,
respectively. -
b cross web ‘spacing. - )
U coefficient of friction between mortar and masonry
‘ untts, ) .
Vi .Poisson’s ratio of the masonry units.
Yoap Poisson’s ratio of the equivalent masonry material in
the direction paralilel to the bed Joints.
Yw

Poisson’s ratio of the web material.
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compressive stresses normal to the crack.

respectively, compressive, tensile

normal stress at zero shear according to C
straight line assumption (see Figure 5.2).

. » and shear bond
stresses on mortar joints at failure. : v

oulomb’s

stresses at the extreme Ftberﬁ of the assemblage
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stresses, respectively.

shear stresses on masonry units and tensil
the units, respectively.’
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e strength of

and tensile bond strengths of

) uniform shear deformation
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s in the x-z and y-z planes,

respectively, curvatures due to flexure in the x
direction, flexure In the ¥ direction, and due to

torsion ineluding the effects

deformations.

of the shear .

generalized strain matrix relating the generalized
strain vector to the displacement vector.

elasticity matrix for layer k.
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‘INTRQDUCTION

1.1° . GENERAL

Hasonry has been used as'a building material since the earily

r:days of man. However, signiFicant research and engineered design of

masonry structures hes really only occurred in the last three decades.
Specifically. masonry walls subjected to Iateral toads did not receive__
the attention of‘masonry reseerchers because wells For domestic
buildings were relatively thick. It was hot until the development of
modern wall construction. with the use of larger co lumn spacings.
greater column heights and thinner masonry units, that the potential for
faflure due to out-of-piane bending existed. ~

Provisions for the design of masonry walls subject to uniFormiQ
di'stributed pressure.normal to the ‘surface of the wall differ
significantly fraom country to country. These diﬁFerences may be

attributed both to differences in design philosophy and to a generat

. lack of conclusive or widely accepted experimental and analytical

research. The low Flexurai tensile strength of masonry and its high
variabiiity make it diFFicult to identify the eFFects of different
fECtors on the Flexurel behavicur of masonry panels and necessitate many
replications of experiments. Also, the time and cost associated with
testing full scale walls make it impractical to consider testing
sufficient combinations of conditions to provide or confirm adequate.

1
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design'provfslons or procedures, On the otner hand, raticnal analysis

was not an easy task because of the non-homogeneous and anisotroplc

‘nature of masonry assemblages. Furthermore. the available design

methods were not accurate or rational. Therefore. it was apparent that
much more research Nas required before alternative deslgn provisions and
procedures can be proposed and Justified by adequate evidence
Concentrated efforts oF researchers in Englandg Scotland. Sweden
and Australia over the last two decades were made in th!s area but most

oF the research was concerned with brick.masonry and with practical

‘rather than well deFined support condlttons. However, this existing

work is. beneFicial in understandlng the behaviour oF masonry as a whole
regardless of the masonry units used. Nonetheless. the body of test
data, particularly with well deFined support conditions is very small
and For North American condltions is almost non-exlstent. .

In this chapter. the available research_work‘For laterally

loaded brick and block Masonry panels is reviewed. Then, the objectives

of the‘research program and the scope of this dissertation are outlined,

1.2 LATERALLY LOADED MASONRY PANELS- “LITERATURE REVIEW""
The'literature review of the behaviour of laterally 1oaded
masonry.wal 1s would have been 1engthy and d{FFlcu]t task without the
available‘extensive reviews provided bv Baker [22], Lawrence [71],
Cajdert.[BO].-Gairns [44] and recent!y the state of the art report by

Baker, Gairns.‘Lawrence and Scrivener {24]. Therefore, in this chapter

only the essential material for this study is reported while the readers

'are.referred to the above mentioned reviews for more complete
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1t should also be noted that this review deais primariiy with

) the flexural behaviour of singie ieaf ‘Plain masonry naneis. Therefore.

archlngeaction. reinforced masonry, grouted biookwork and high levei of
precompression are all considered to be outside the scope oF this review
generaiiy outside the scope of this study The review reported in

this section includes Flexurai behaviour of brick and biock masonry'

. assemblages, ' flexural behaviour of masonry panels, desmgn methods and

masonry codes. These Four subsections are discussed individualiy below.

l.2.1. - Fiexural Behaviour of Brick agd Block Hasonry Assemblages

The Fiexurai behaviour of masonry assemblages is well known to

be different for different orientations of moments with respect to the

critical bed and head mortar joints. ThereFore. in this section. the

flexural behaviour of masonry assemblages is discussed for different

cases of bending-orlentation.

The flexural tensile strength normal to the bed joints is
characterized as flexural bond’ strength since the Faiiure ocours at the
mortar/unit interfaces, Different standard tests speotfied for
determination of this strength inciude third point 1oads [5.,96] and

uniformiy distributed ioads [5] on unit wide stack bonded prisms tested

horizontaliyu Also, this strength can be determined using two unit wide

“vertical panels subjected to two 1ine loads according to the British

Code [2B]. Singie Joint tests are also speciFied in some codes [4]
using couplet specimens. Comparisons of test -results are dlfficult in

most cases due to the leFerences in the loading configurations, number
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-of units per specimen, bond pattern, Joint todling. and the required

. number\ef specimens [44.56]. Accordingly. the suggestion of the direc%\\

'measurement of single joint strengths [19, 22] and the Proposed simple

test method . using the bond wrench [62] can iead to sfgnificant

improvement of this situation. This test methed provides ecqﬁbmical and
‘uniform results with the smailest possible specimen size.
Baker [12 to 22 inclusive] investigated the statistical aspects

of the flexural tensile strength normai to the bed Joints Fcr brickwork

»He experimentally evaluated the statistical distribution oF Joint

strengths. diFFerentiated between beam and joint strengths. and
investigated four posslble Failure mechanisms For failure oF wails
spanning vertically between top and bottom supports. These mechanisms

were brittle, sugcessive cracking.,partially plastic, and plastic‘types

of failure. Based on the existing experimental evidence. Baker

recommended the partially plastie mechanism for brickwork with the
plasticity or the sharing oF the strengths taking place over three
bricks in the panel width He also prcduced some curves to evaluate the

mean joint strengths and the coeFFicients of variation from beam test

results, His proposal was then used in a computer simulation technique

- [22]) to predict mean panei strengths and the coefficients of vartation.

Lawrence and Morgan [67] used Baker’g proposal tc predict the

'Faiiure oF nine brick high piers and indicated good agreement with

experimental results, Gairns [44]. based on his experimental research,

reported that the |oad sharing proposed by Baker [22] for brickwork

seems to be.glso applicable to blockwork,
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Verious load-deflectlon reletlonships for speclmens in flexure

with tension normal to the bed Joints have been reported. Flshburn
reported a 1inear relationship for Ful 1 size concrete masonty walls
bullt with strong mortars and a distinctly nonlinear relatfonship for
weak mortars [44]. However. Lawrence and Horgan [67] indicated a Iinear
relationship up to Failure for brick masonry. Anderson Found it to be

noni inear for small panels ‘of blockwork (no material detalls were

provided) [44]. Recently, Gairns [44] reported an inltjai 1inear
) ot . _ . . K . g - _
retattonship up to a limit ranging between 1/3 to /2 of the failure

_toad for blockwork piers and thereafter an increasingly nonlinear

relationship. The different relationshlps reported in the lfterature

.Indicate the need for Further ‘investigatfons to reach a firm conclusion

Hasonry.assemblages. tested In flexure with tension paral!el to
the bed Joints, Failed in several diFFerent mades. These were Fallure in

the head Joints and the units of the alternate courses in a single

Faflure plane, debonding along bed and head joints {n a vertically
Atoothed pattern, and a combination of the above mentioned modes. The '

' eritical mode of failure and the flexural tensile strength parallel to

the bed Joints are affected by many factors. These include the relative
values of the unit flexural tensile strength and the flexural tensile
and torsional shear bond stréengths of the nnrtar/unft 1nterFacee. the

bond pattern, number of courses in the specimen and the method oF

loadlng [44] : o . e e - g o

The reported test- me%hods for determination of the assemblage
flexural tensile strength paralletl to the bed Joints were beam tests for

wal lette‘specimens under central line load [67], two 1ine 1o0ads with
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- wallettes

jLawrence [70]

neerly constant moment zone [9,37,39, 67]. or uanormly distributed load =

‘[SG] The wallette speclmens were. tested either in vertical 37, 56] or
horlzontel planes [9,39, 67].- Drysdale end Hamid [39] pointed out thet
the crlterfon For wallette configuretlon was to have equal regions oF

head Jolnts end Face shells and to allow for leFerent crack ratterns.

However. their four course high speclmens lacked symmetry of strength‘

with respect to the wallette longitudlnal axis.

The eFFect oF uslng llght bed Joint relnForcement on the

Flexural ‘tensile strength was investlgated [29 44, 56] and was not found

©

to cause significant tnereases in the capacltles before cracking. Also.
for the ultimate moment capacities no lncreases [44] or only . minor

increases {29, 56] were reported
The reported load-deFlectlon reletlonshlps in the Ifterature For

in flexure with tension parallel to the- bed Joints were

snmllar For both brickwork (78] and blockwork [44]. These load-

deflection relationshlps were characterlzed by a sudden decrease in the -

stlFFness at /3 to 1/2 of the ‘ultimate load” with nearly 1inear

behaviour before and after this chenge. For clay brickwork} based on ‘

the experimental evidence, Baker suggested that this  decrease in

stiFFness was not due to head joint cracking but rather he attributed it

to the’ nonlfnear behaviour oF the head mortar' Joints [307. However..

supported the alterpate explanation of  head Joint
cracking. ., Gairns [44] reported behavlour for concrete blockwork similar
to that of Baker and suggested that  a combinatlon of .. .Plastic
redlstrfbution of load due to and associated wlth the cracking of the

head joints may be involved. He also suggested that the Telationship
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between the’ elastie moduli! before and aFter the stiFFness chenge may be
predicted using the llnes of best fit oF the evailable brickwork date
provided by Lawrence [70@ He -also concluded that 1oad. sharing

behaviour may also occur in blockwork fn ‘Flexure with tenslon paral lel-

’ to the bed joints

As reported by Cajdert (303, ear!y proposals for predicting the

flexural tensile strength parallel td’the bed joints were suggested by

Royen and Sahlln [84]. These proposals faced several objeot:ons [22]

~For neglecting the contribution of the head Joint strength for the

vertical ly toothed failure mode £30] and forlassuming that both units

and head joints reach their ultimate strengths sjmultaneously For‘the

- vertical splitting failure mede {84].

The ratlo of the flexural tensi!e'strengths parallel and normal

+to the bed “Joints, Nhich is known as the orthogonal strength ratio, was’

studled for both clay brickwork 18,66 86] and concrete blockwork
[37 441. Ratios up to 7.0 and 6.25 were reported’ for brickwork [86] and
blockwork £371, respectively. However, most masonry codes {8,33, 96]
specify a value of 2 for the orthogonal strength rat:o. Lawrence [66]

‘proposed an expression For predictlng the orthogonal strength ratio for

. different flexural tensile strengths narmal te the bed joints. This

expression was derived using the regression analysis to best fit most of

_the available brickﬁork data regardless of the observed failure mode in

flexure parallel to the bed Jjoints, Baker [18}] -considered the

~difference in modes of failure and produced two expressions to predict

the orthogonal strength ratio for the vertical splitting and the

verttcally toothed modes. His expressien for the vertical splitting
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mode was proposed on a theoretlcal basls and then loglcal Iy adjusted to

' account for the 1imited: nonl inear behaviour of the head mortar Jolnts.
) However. the expresslon for the vertlcal ly toothed mode was completely '

' emplrlcal. Baker verified these expresslons using avallable clay

brickwork data and later Gairns [44] utilized them and reported
reasonably good estlmates for concrete blockwork. _
The orthogonal st{ffness ratlo or the degree of oﬁ-thotropy Is
defined as the ratio of the modul ) o‘:elastlclty paral lel {before
sudden stlfr‘ness change) and normal to the bed Joints, Reportedvalues'
in the literature ranged From 0.6 to 1.2 for brickwork [703 and
blockwork [44} ln -‘most'. studies. However. Sinha [92] reported an average
‘value of 14 for clay brlckwork prlsms. To best r‘lt his clay brickwork
data, Lawrence [70] derived an expression for the relationship between
the modulil oF elasticity paraliel and normal to the bed Joints.

Anderson suggested a slmilar relationshlp {44] For concrete biockwork,

From his experimental evidence, Galrns [44] confirmed this for concrete

blockwork.

-

The lnteract{on of the flexural tensile stresses normal. and
paral let to the bed Jolnts fn brickwork was lnvestlgated experlmental ly ‘
by Baker [18] who then suggested an elliptical lnteractlon relatlonshlp.
For concrete blockwark. Gazzola, Drysdale and Essawy [46] discussed this
interaction and consldered the lnr'luence of the dlf-‘ferent modes of
f’allure. Aspects of stress lnteractlons}nd fallure criteria will be

discussed in detail later in.Chapter 5 of this thesis.
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" longitudinal axis with respect to the bed joints,

For off—axls bending of masonry'assemblages relaﬁésg to cases
where the !ongltudinal axis ls or!ented at various angles to the bed
qunts. Hedstrom in an ‘early publicatlon_[ssl reported different

kstrength rafios uslng dlfferént moftars for concrete blockwork waliettes-

with angles of 0°, 45° and 90° degrees between the Iongltudlnal axis and

* the bed joint orientatlon. Then, Satti and Hendry [86] Found the

strength: of brickwork wal lettes, having the longftudinal axis oriented_
at 450 to the bed joints, to be between 1/3 to. 1/2 of the strength
parallel to the bed Jolnts for a range of orthogonal strength ratios up
to 7. On the same topic, Losberg and Johansson as reported by Cajdert
[30] concluded that the strength at any . orientation can be determined
through the vectoria! addition of the strengths normal and parallel to

the bed Joints. This suggestion was confirmed by,means oF limited

. experimental,results from clay brickwork wal letfe tests. Baker [22)

proposed another expression for determination of the strength for

bending at different orientations with respect to the. bed Joints., This

was derived to best fit avallable brickwork data in the literature,

Both of these Sxpressions lacked the symmetry requirements for strengths

for bending at 00 and 90° degrees to the bed Joints.

Recently._Gazzola {47]) reported test results for off-axis

bending of concrete blockwork wal lettes and prisms., The wallette series

were beam type tests which included flve different oriehtations‘of the

The prism series
included seven orientations and these were tested using the bond wrench

test metgoq [62]. At least five specimens were tested for every

orientatioq in each.serles. These test results form a large part of the

o

-
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' supported on three and four sides are considered.-

avaflable data for the stnengths and the fai lure modes of congrete

blockwork wal lettes for diFFerent orientations of bending-

- 1.2.2 FLaxural Bshaviour of Masonry Panels

(T‘In this sectfon, ‘only the flexural behavioucﬂcf masonry panels

Hckever. behaviour of

panels sepported only on two sides, where the flexural action Is one way

actfcn, was considered to be inc1uded in the preceding section. ' Most

Investlgations of the. Flexural behavlour of . masonry panels were

experimental rather than thecreticel This stems from the nature of the

material which is anisotropic. non-homogeneous and highly wvariable in

. most of its properties. Also, by far the majority of the research in

this area was concerned with clay br!ck masonry and.very little was
re!ated to concrete block masonry or the comparative study of both, In

spite of the concentrated efforts of the researchers in the last two

decades, the flexural behaviour of masonry panels is not completely
— "

understood even far clay brickwork panets.

In an overview of the problem of 1ateral loading of masanry

panels, Baker £15] compared the test results of research wark performed

in different laboratories and quantitatively investigated some secondary
effects. These secondary effects included scale, loading, self weight,
arching, rotational restraints at supports, translétional-&ielding of
supports, estimates of material properties, failure criterton, and

various human factors,

present and are likely to be quite signichant compared to the primary

Flexural action of the panel,

He concluded that these secondary effects may be '

10
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reviewed by Cajdert [30]. showed linear behavlour prior to first . _

) cracking Followed by gradually increasing deformations. A considerabLet

reserve of strength after first cracklng and Failure patterns similar to

the yield line patterns were reported Since the early 70's.research

-

interest in this area siganicantly increased in several countries and

-

many reports have been’ published In the next part.of th:s section.

“

most of this work will be reviewed in a chronoiogical order.
l In 1972, a3 serieS'oF testp on laterally loaded one-sixth scale
- model brickwork panelS'ﬁere presented in Satti’s Ph.D. thesis and

-reviewed by Hendry-[57] These panels showed a ciearly nonlinear

behavnour and Failed in a distinct yleld Ilne pattern. Baker also

presented his work on one-third scale mode | brickwork panels with simple .

ar rotationaily restrained supports [44] “He also .compared the test ‘

’

results with analytical and emerical theories and recommended the

emptrical strip method as the best available at that t:me.

In 1973 Cajdert and Losberg [29] reported their test' results on

reinforced and unreinforced 1ight expanded clay block ‘panels, They

reported reasonable predictions of First cracking 1oad and failure ioad

using elastic plate theory and yield 1line theory. respactively, For both_

unreinforced and .reinforced- panels. In their yield line analysls. an
averaged moment of resistance was used which was obtalned by averaging

the strengths normal,paratlel and at—45° with respeet to the bed Joint

'a

orfentation.

Early investigatlons for brickwork panels prior to 1970_\



In the same year. west, Hodgklnson. and Webb [103] presented

test results oF brlckwork panels perf’ormed by the Brltlsh Ceramlc‘

Research Assoclation. B.C.RA. These tests lncluded panels bul 1t using

diFferent brlcks and mortars. different support condltfons. and several

slzes oF wlndow and door openlngs. Haseltine and Hodgkmson [53]

‘ compared the above test results to panel capaclty predictlons calculated

uslng both elastic plate and yvield 11ine theories, Unlike CaJdert .and
Losberg [29], they found that both the elastlc plate analysls and the
yleld | fne method underestlmated panel capacitfes. Also. in another
paper. Haseltlne [54] used the above mentloned and other B.C. R A. test

results to verlf’y the use of the yield | fne theory with g 1imit state

¥

approach and characterlstlc strengths for deslgn of-' lateral ly loaded -

masonry walls., | T

In 1976. Hendry and Kheir [58] reported on tests of one—slicth

scale model brickwork panels with leFerent aspect ratlos Test results‘
were compared to results of theoretical analyses using dlfferent .

" methods. They reported Falr predlctlons uslng the yleld 1 ine method yet ‘

‘they noted that there was no ratlonal basls f'or 1ts appl lcatlon to
masonry. ln the same year. Anderson [9] reported a serles of full scale
concrete ‘blockwork panels\wlth diFFerent horizontal spans. These panels
wereg supported on three sldes Nlth tops Free and the two ends of the
walls were efther slmply supported or restrained by a T return wal Is.

DlFFerent reserve strengths after Flrst cracklng were recorded . accordlng

to the horizontal span and the edge condftlons

ln 1977, the extenswe test program performed by the BCRP\ on

brickwork panels sfnce 1972 was presented by West, Hodgkinson and

\ -
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Haseltine [iO?] These test resujts were compared with various design

methods by Haseltine, West and 'Tutt [55] in the lao@er paper, 3

' modified yleid iine approach to fFit.data better was proposed for deslgn'

- ™~

Provisions in the British Code BS. 5628 [28] For the design of iateraiiy
1 caded panels were based mainiy on the work reported in these papers. A

number of criticisms of these papers were published in their dtscussion

n[!OB] and by Lawrence [7|]

In !978. Sinha [92] reported test results oF brickwork paneis -
and compared these results with his fracture line theory which indicated
good agreement. In his paper of 1980. {931, this theory was then_;pplied
to walls with openings and having various shapes...Good'agrecment with

test results was reported‘ In the same’ year, Lawrence [72] provided

some interim recommendations .on iaterai load design and he recommended

empiricai design moment coeFFicients based on his experimental data for

different support conditions. He also compared various design methods
S

such as elastic plate analysis For First cracking predictions and yield

‘1ine and the empirical strip methods For ultimate ioad predlCtIOnS Itﬁ

‘was conciuded that none of these methods provides consistent predictions

.of cracking or ultimate 1oads.

ey

in a publication by the Cement and Concrete Assoc1ation oF .

~Australia, Baker [21] presented a revised version oF the empiricai strip

method together with his early work on the statisticai aspects of the

jolnt. beam and ‘Panel properties and the Yoad sharing concept. Design

'»curves were included’ in this document to determine the mean panei

capacity and its coeFFicient of variation For difFerent support



re

_bri ckwork &hd recommended for blockwork [44].

-

conditions, This procedure was confirmed by his experimental work on

—

In the 80’s, three very sigmf"icant research projects in this

area were reported in three comprehensive theses. GaJdert [30]

Presented a Ph.p, thesis on lateral Ioading of brickwork .and blockwork

masonry paned s. His tests included plain single leaf walls, arching -

tests. r/eini-'orced masonry Panels, brick cavlty wal 1s, and auxi | iary

.\_\\
assemblage tests ‘to determine the strength and deFormation-
i

characteristics in the diFFerent directlons He reported linear brittie

fai lure ln beam tests and e nonl inear behaviour prior to crecking in

wai ls supported on three sides due to the plasticlty Oor. the rotational

-,capacity of the mortar joints in the statical ly indeterminate panels.

He also discussed the behaviour of wal ls at uncracked, cracked. and

Failure stages. He stated that the crack pattern and reserve strength '

. after first cracking depend on the orthogonal stre\ngth ratio. aspect

‘ratio. support condltions. and the ef-‘i-‘ect oF i-‘orced crack propagatlon
This Forced crack propagation relates to cases where crack lines take
another route other than that Corresponding to the minimum oi-' the

.
internal work, He reported that elastic plate theary underestimated the

‘ +
: cracking load which he attributed to elasto-plastic behaviour of the

mortar Joints. Also, . he supported use of the yield line method for
predictlng wall behavlour .on the grounds that the moment redistri bution
seems to occur fn the 'Future crack llne prior to cracking. . He also

reported higher experimental capacities than those predicted by the

‘ : yield line analysts and attributed this to arching action,

-
e

<14
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Another ccnprehensive PhJL thesis in this area was presented by
,Baker [22] who summarized his previously published work on lateral

loading. In this thesis. he extended his proposed Failure criterlon

_based on stresses in the two principal material directions [18] toa’

princlpal stress fallure criterion and proposed an expression For the
determination oF the strength et different directions based on’ available
data for off axis bending of masonry assemblages. He then incorporated
this Failure criterion in a Finlte diFFerence computer simulation, using
elastic plate analysis. The analysis included the variation of the
strengths and the Ioad sharing concept to predict First cracking and
panel capacity {both mean value and its coefficient of variation). The.
good predictions obtained using this principal stress theory were
conFirmed by Baker’s full scale and’ model brickwork panel tests [22] as
well as by Lawrence's tests [24] on. brickwork panels. S:mllar ratlonal

proposals were reported by Seward [89] and Orysdale and Essawy [42]

However. in both proposais .no consideration for the variability was
included since they were deterministic analyses. ‘ ._ , .
- Recently. a third thesis in this .area was presented by Gairns
[44] where he reported test results of ten single leaf and Four cavity

walls using concrete block units. . These - panels represented three

diFFerent aspect ratics and were supported on three or Four sides.. It )

. wWas reported that the test frame did not achieve the Full translational

restraint at the horlzontal supports in all tests. The test results_
showed a reserve of strength after First cracking For panels supported
on Four sides wlth the highest aspect ratio (1. 38)whereas panels with

the smaller aspect ratio (0.92) failed at flrst eracking in both cases
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of panel s supported on three or'Four sides. - Galrns compared his test'

‘ results to the predicted capacftles using elastic plate theory For

uncracked panels. Baker's principail stress theory, yleld I|ne theory,

. fracture line theory, and the enpirical methods by Baker and Lawrence.

He reported that all methods signifi cantly underestimated the magnitude .
of the relevant cracklng or ultimate loads. The secondary eFfects.
partlcularly the horizontal support ylelding. was thought to be the

probable reason for this discrepancy. )

1.2.3 Available Hethods For the Desum and AnalySIS

of Laterally Loaded Masonry Walls ‘

The avallable methods for the deslgn and analysis of lateral ly
1 oaded masonry walls included universal 1y aval lable and acceptabl e .

methods and other methods' specifically deve!oped for masonry Of the

.unlversal ly available rnethods were the elastic plete theory assuming

isotropic or orthotropic propertles and the yleld ifine method [63].
However, the other methods inciuded the fracture l1ine theory [92] and °

the empirical methods such as Baker’s strip methed (21,23} and

. Lawrence’s moment coefficients [72].

The elastic plate analysis was first 1imited to predict only the

cracking loads or the failure loads where the panels showed no reserve

- strength after first éracklng. Some researchers {22,297 reported

' ~nhegligible differences in the magnltudes for the modulll oF elasticity

in the two orthogonal dlrectlons and hence suggested isotropic plate

solutlons. - However, others [69,89] reported consfd__e\rable anisotiopy and -

accordingiy proposed orthotroplc plate solutfons, ' It should also be .

1 Y
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noted that the modulus of- elasticity paral fel to the bed Joints was

.inconsistently reported to be higher’ [é?ﬁ.or lower [69] than'the

corresponding madulus normal to the bed

ints. Added to~ uncertainty'

regarding the elastic constants of brickwork were the markedly nonlinear

Abeheviour of the walls, the lack oF knowledge abobit the failure

.eriterfon for brickwork in biaxial bending. and the difficulty oF

;dealing with irregularly shaped walls., These were identified by Hendry

[57] as compiications in the application of the elastic theory to

brickwork panels.

Hanylresearchers‘[30;54 55,57,58] have proposed the yield line

method and reported good agreement with test results to predict the

-—

Failure ioad oF laterally 1 oaded masonry panels. However, most of them

_[54 55,58] have admitted thet there Is no rationai justiFication for the

use of a theory based on ductile behaviour For a—brittle material 1ike
masonry. An arbitrarily modiFied yield line method [55] has also been
used as the basts For deS|gn in the current British Code [28].
Discussion of the applicability of the vyield line theory has led to the
argument that the good results for the vield 1line method in some cases
were mainly due to ‘the Fact that for favorable loading and support
condltions. both the theory of - elasticity and the theory of plasticity
may have practically identical predictions [30]. It should also be

noted that the yield line method was reported to be. conservative in some

-anEStlQatlQnS [30,69] whereas other investigations [55 72] reported‘

nonconservatlve predictions. Gairns [44] suggested that some of the

secondary eFFects discussed by Baker [15] may be the probable reason for
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these conFlicts;_.
The Fracture line theory was proposed and verifled by Slnha

{92,93] for brickwork panels of diFFerent shapes and support conditions.
This theory was basically‘yield Tine theory but modified to include the
anisotropy of the panels. ThereFore. ft faced all the criticism,
objections and problems oF the yield Iine method [22] | _

Of the. empirical methods for the design- of laterally loaded )
masonry . panels are the empirical strig method [21'23] and Lawrence‘s
moment coeFFiclents [72]. . The strip method was proposed by Baker and
then modified to account’ for the variability oF the masonry strengths
[21]. " Although it is a semi-empirical method, - it provided reasonable-
Aredictions for brickwork panels [21 22]. . The other empirical . method

/was proposed by Lawrence [72] in the Form of moment coeFFicients based
on  analysis oF his test results far brickwork panels with »different
support conditlons.

In a more'recent approach. Baker [Zé] proposed his ' principal
stress theory reviewed in the preceding ~section, ‘ This rationally
developed theory yielded reasonable predictions for model and full scale
brickwork panets tested by Baker [22] and the full scale panels tested

" by Lawrence [24] Independently. ‘similar anaiyses using the Finite
element method were reported by Seward [89] and Drysdale and Essawy [42)
but with the use of other fatlure criteria and . not considering the
random varlation of masonry properties Although the principal stress
theory .and these similar anaiyses were rationally developed. none is yet

availabie in a suitable Form for design purposes.
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1.2.4  Provisions For the Design of Lat
Panels in nasonry Codes

Proﬁisions for the design of laterally 1 oaded walls differ
greatly from country to country. These differences may be attrjbuted

both to diFferences in design philosophy and to a generat Iack of

- conclusive (or widely'accepted)experimental and analytical research.

"In North America. the Canadian design Code (33] and the ACl Code (8] do

not provlde specific 1nstructione for the analxsis but rather specify

alloweble flexural tensile stresses. The designer is responsible for

. perForming an appropriate analysis. These cOdes are open to criticism,

mainly beeause it is difficult to Justify the relatfvely high values for

some of the allowabie tensile stresses. Nonetheless. there is no

'indicetion that any significent number of masonry wallis have collapsed.

ard thereFore, there has not been any widespread concern in North-
America about thege provisions However,_it is reasonably argued that
For tow rise construction.'very Feu'walls ei}l have ever been subjected
to.their_rull-design wind pressuref Recent reductions_in the wind
pressures for such bufldings [76] support this argument. This change in
lecading means that ratibnalizing of design methods.by taking account "of -

the previous service history of masonry walls may not be valid. Thfs

. warning may not only be appropriate because of chenges ifn design loads

but also because the evolution of masonry has resulted in walls with
different support conditions, less redundancy. and which more often
border an the Itmits of slenderness and al towable stress. -

Hore comprehensive treatments of lateral load design arefound

in the current British Code EZB] and the new Australian Draft Code [971.

-

/



Therefore, - in this section.;bniy tnese two codes will he reviewed. The
current Brltish Code [28] incorporates design based on the ultimate Hmit

state, where the characteristic ultimate Flexural .strengths (either_

. determined experimentally or taken from the code) are substantially

reduced by a partial saFety factor for material strength. This factor

depends an manufacturing quality control For the units and construct:on

’ quality control, The design process is based on providing structural'

'resistance rwhich is equal or. larger than the loading eFFects._ These

loading effects were calculated using tabulated moment coefFicients-
based on the yield line method and modifled to best Flt some avaflable
experimental resuits. This _codec was heavily based on the work in
B.C.R.A. reported earller [55,1073. ThereFore. most oF the criticisms
in the discussion of this work [108] and those by Lawrence [71] for this'
work are also applicable to thls code. Lawrence [71] aiso reported some
unsatisfactory Features oF thls code such as the relatlonship oF
‘characteristic "Fiexurai strengths to ‘brick - absorption and mortar
composltion. the assumptlon of constant orthogonal strength ratio, and.
construction of the moment coeFFicients table based on  limited

"

experimental work, However, he commended some Features of this code

such as the use of a. llmlt state Format. the gquidance on practical

[

support condltions, and the gu!dance on. treatment of cavuty walls

. The current Australlan Codes [95, 96] incorporate very low .

‘@‘Jowable stresses ' which are of the same order of magnitude as the

reduced - values in the_British Code. However, the yield Tine based

moment coefficients ~bave npt\baen‘addpted. This has led to either
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restrlctions on the slzes of wall panels or-diFFi!thy in JustiFying
sizes of panels currently in use. Recently- a unifie Drai-'t Code [97]

For both brickwork and blockwork was issued in Australia and the code is

expected to be issued in 1986. Unlike the current Australian brickwork =

" and blockwork Codes, the uniﬁ{:ﬁ Oraft Code was expressed ina limit

states Format.; Hasonry construction was classiFied tn this Draft Code
as ‘either normal. calculated or special masonry. This classification.
‘hetped defining the quality of the supervision and al lowed different
masonry elements on the same Job or even particular element to be &
classified diFFerently'For leFerent actions. For,strength:

requirements. again, the design structural-resistance has to be larger

than the' load effects. For lateral 1oad design, the Drai-‘t Code *

recommended the use oF the:empirical strip method [23] for the.

-

determlnatlon of the design panel resistance.

A}

[ . . L
: Hith the Foregoing as background. it seemed clear that the -

existing codes contain provislons for design of walls subjected to out-
of-p!ane bending which are not consistent with each other and which are'
diFficult to justiFy indivndually. However. it was also apparent that
much more reseerch was requlred before alternatlve design provisions and

procedures can be proposed and just\Fied by adequate evidence.

a

1.3 OBJECTIVES AND SCOPE _

. The survey of the available Titerature reported in the previous
section reveaied the need for research on the later;l load resistance of
concrete block masonry walls., Te meet this need, the_investigation

reported herein was initiated.with the foltlowing objectives:
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I To have a good understanding of the behaviour of masenry walls
subjected to out—of—plane Ioading and to. Judge the adeouacy oF
the methods of design and analysis. it was necessary to study
the behaviour oF concrete masonry walis Nlth weil ~defined
.suppo conditions at diFFerent stages (uncracked. cracked' and
Failure) Thts aiso requlred investigating the eFFects of

_ aspect retio. support conditions. and presence of precompression
on the behavlour of full scale waiis .

2. To veriFy a generalized design method. it was necessary Hto

extend the wail test results to: include untested conditions by
| means oF an anaiytical model. ThereFore.‘ it,.was requ:red to

\ construct an acceptable nonlinear model For masonry which " is

capable of handllng diFFerent masonry eiements subJected to

leFerent ioading conditfons‘
3. After meeting: the first two objectives. it was: feasibie to
-assess the available design methods and to propose an -easy to
use design‘method For walls subjected to lateral loading which
Is both rational and accurate. ' Ny o
‘The scope of ‘the‘ proposed research’ Nas iimited to simply

supported non=loadbearing walls subjected primarily to lateral

out-of-
~plane loading and fabricated using hollow concrete blocks. Therefore,
reinforced or grouted masonry walls subjected to considerabie in-piane

IOading_'and arching action of panels were all considered to be. outside

the scope of this research.

This - disSertation includes three main parts after this

Introductory Chapter. Part 11- is concerned -with the experimental
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portlon of this investigatlon which is glven In Chepters 2,3, and 4. ln
-Chapter 2. the experimental test program and the leferent test
proeedures are desoribed together with the test Facility which was -
speoiFically developed for this study. Chapter 3 deais with the

materials ‘used end the Fabrlcation of* the test specimens (both full .

i ;scale wails and control - specimens) Finally, the experimental results

are reported and discussed in Chapter 4,

Part ‘I1I, whlch is the part concerned with the theoretioal‘

study, consists ‘of Chapters 5.6 and 7. In Chapter 5y the biaxial Failure .-

‘criterion developed in this study was derived end veriFied using

leFerent ceses of reported masonry test results. ln Chapter 6. the

noniinear Flnlte element model proposed For masonry is presented and '

:veriFied against available llnear elastic and nonlinear solutions .as

‘well as masonry wall behaviour available through the experimental work :

’

in this study. In Chapter 7, some of the avallable design methods are
compared to a wide range. of‘data generated using the developed model.
Then. 2 proposed design method is presented and compared to this data.

Part IV consists of only Chapter 8. This chapter contains a

summary of the lhvestfgation and presents the Final conclusions drawn

From this study. lt also includes recommended areas for Further

research related to this study.
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'EXPERIMENTAL TEST PROGRAN

The experimental test program conducted in this investigation
was designed to meet the objectives of this study as mentioned earlier
in Chapter 1. Thls test program -fneluded both full scale testing of

masunr'y walls and the a§sociai:ed auxi l iary control specimens.

ln this chapter, the design of experiments For full scale wal Is
is presented:- Then. the experimental test program performed in this

study is described. It also contains a descr:ption of‘ the recently

constructed test facility for lateral 1 oading of masonry walls of sizes -

up to 3.60,m' high by 6.00 m long. Finat ly. arrangements, procedures and

1nstrmnentati‘bn for the different -tests performed are’ summar § zed.

2.2 EXPERINENTAL TEST PROGRAN

The program consisted chieFly oF two main parts. full scale
walls and auxiliary test_s. The auxii tary tests were considered to serve
as control tests. and For the determination of the required strength

values for both: masonry.assemblages and the component materials (mortars

" and blocks),

o

2.2.1 Oesign or’uall" Tests

The pub] ished experimental tests for laterally ioaded bri ck and

block wal is have been tested mainly with pract(cal rather than well

24
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deﬂl'IEd support condltlons Because practlcal support conditlons are
general 1y diffleul t to define and mode 1 ' the lnterpretatlon of these

t - ‘ ‘ results uslng analytical models is subJect to some Judgement

3

Therefore, the maln uses For these test results were to serve as an

. -. evaluatlon for the adequacy of varlous design procedures' . In this’
- wregard, the fact that they were ?_tested under conditions representative |
of actual constructlon is deslrable. However. the _trme and cost
assoclated with testing ful l scale masonry wal 1s make lt lnpractlcal to-

consider tes"lng sufficient conblnations of - condltlons to- Ful ly conr‘lrm ‘
. ' the adequacy of design procedures. - '

/ Considering the above sltuatlon, it was concluded that it was.
nece/ssary to develop an accurate analytlcal model to assist in the'

Do development oF deslgn procedures and to provide lnFormatlon to

. . supplement test; data. Therei"aare. in order to be able to verify the

- analytlcal rnodel tt was necessary to produce test data With well defined

hCN

" support cond1tlons. Accordlngly. lt was declded that lateral load

testlng of hollow concrete biock wal ls for: this study should have pin .

P _ -and rol ler types of . supports to provlde wel 1 deFlned condltlons which in-
themeel ves do not lntroduce ln—plane membrane actlon or {1 l deFlned,
_partlal rotatlonal restralnt. A
K " . The results of ' ‘watl tests performed on smatll scale models m3y
'contain some sources of-' 1naccuracy. - These lnaccuracles are due to the
possibilities of different workmanshlp of smal ! scale specimens and

dlfFerent characteristics of small slze biocks whlch are manuf-‘actured

N leFerently from full sizedtones, ° These can result in altogether .
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. diFFerent mortar to block bond characterlstics. Also, “the lnaccuracies -

In test arrangements and the Forces exerted by measuring devlces may be:

quite significant." Accordlngly. lt was declded to test furt scale walll

‘ panels in splte of the cost and tlme assoclated with full scale testlng.'

. The strengths of masonry walls are inFluenced by many .Factars,

E Howeyer. ln order to llmlt the number of Full scale walls ln this . |

'program, the eFFects oF only the aspect ratlo and support conditions C

\were investigated The reason was that only these two factors need to

be-- lnvestlgated on the full scate level, Host of the other Fectors' -

¥y

‘ aFFecting the panel strength may be investigated on assemblage specimens

smaller than Full scale walls.

The expected hlgh varlablllty ln masonry test results. In -

general. nece551tated the repetitions of tests. However, in the case oF

CFull scale walls. the expected varlablllty is less than that of

lndlvldual Jolnts or beams whlch resulted ln a smaller number oF‘
requlred repetltions. Also, the cost and time assoclated with Full
scale testlng of masonry walls makes It deslrable to limit the number of
wall tests to a mlnlmum. Therefore, three repetltions were used in most
full scale wall tests and the test results reported later confirmed the

conslstency and the acceptable level of varlablllty For the repetltlons

of each test.

2.2.2 Full Scale Walls

The types of FG\I scale walls used in the test PTogram are
categorized and listed in Table 2. l on the next page. The table

lncludes nine leFerent full scale wall test series with each of them

£l
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Table'z.1  Wall Test Program
Gfouﬁ Sérles A ‘Djmenéibhg o Aébebt N ) Desciiption
o N . ) .Ratio - - L -
.. Wall’™ " Frame DA
£ i ) xnyb'“‘ LxH L/H -
.oom m
WL 36X 2.8 3.4X 2.8 Lai .3 X - :
B ' : oo " Simply supported on all.
C W WII 5.2 X 2.8 5.0 X 2.8 1.79 3 four sides with no pre-
- ' - . ’ : compression.
WII1.6.0 X 2.8 5.8X2.8" 207 -3 . B
W WC - 5.2X2.8 5.0X2.8 1.79 3 A3 wWII, but having
Co . o .' T " central horizontal
’ crgck’prlor to loading.
. . . o . BB .\-‘ ] . L ‘_
WP WP 5.2 X'2.8 5.0X 2.8 1.79 3 As WII, but having pre-
' L o B ' compression of .0.20 MPa
WF WF 5.2 X-2.8 5.0 X 2.85" 1.75 . 3 Free at top and simply
: : o S  supported on the other |
_ three sides.
WH. WH . 5.2 X2.8 5.0 - '3 Simply supported only
R - .an.the sides and free
at top and bottom,
WY W o5lzx28 - 2.8 3 Simply supparted only
' . : e : on the top and bottomn
Wvy- ¢ 2.6 X2.8 ° | 2.8 6 and_ free at both sides
* Number of repetitions
- ol ‘-
3 \ - : )

27’
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’ _heving three repetitions except the last test series which had six ,

Al

‘repetitions. ThereFore. the total number of" ful ¥ scale wal i tests. in

. this program was . thirty. . \
For Group H the ful l scale wal 1 test program consnsted of three
different aspect ratios for wal 1s simpiy supported on. all i-‘our sides.

These retios were’ chosen to theoreticai iy give the three difFerent

Feiiure petterns according to the yield line anaiysis which are as .

_Follows-ﬁ
‘ l. Diagonal cracks origineting from the Four corners with upper and
o lower pairs connecting to a vertical center crack [Series Wl
2 Oniy diagonal cracking (Series w[i) ‘ "f ;*“c»” S
3 Diegonal cracks origineting From the Four corners with end pairs
connecting to a horizontei center crack (Series WIII)
A sketch [of these patterns is given In Figure 2.1. »
Wall Wi, with only diagonel cracking. wae-taken ae.the-besic
well since it rEpresented the case of a panel heving equel potential of
-transmitting load in the two orthogonai directions., It was hoped that

using this wall type as the basic wal r would clearly show the efi-‘ect of

any chenges mede in the other waH tests. The dimensions of aii other

weli groups i nciuded in this prcgram were the same as those of Wyl wal ls |

except Series HVV wal ie where they Were approxirnately half the Iength of

the N!I wal Is.

There were two more wall groups included in which the walls were

simply supported on al 1 Four sides. The_First was_Group WP which was -

the same as Series WII but with the additions of an external in-plane

ioading(precompression} applied along‘the tops of the wal 1s. The value

Y

~
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This crack was observed along the whole wall near the center,

[P
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of this preload was chosen to give a, precompresslon along the top oF theA

wall of 020 HPa which is roughly equivalent to the rooF loads’ carried ’

_ by the wall’ of the top Floor ina load bearing wall construction systeﬂu

' The<other group with supports on al | sides was Group WC which was the

.«’

' same as Series HII except that the walls had a Full length horizontal.

precrack near the mid he!ght of the walls. The reason For fncluding

\_.—-\

this series was to compare Its behaviour with WIl walls to show the

- eFFect of precracking on wali capacity.

The remaining wall tests were gr0uped accordlng to support
conditions _other ‘than that oF being simply supported on all four sides.
They included walls simply supported on’ three sides and free at the top,

Group "WF. These NF walls together wlth the other five test series for

. walls supported on all Fbur sides form the body of test data for two-way

actlon in that program,

One—way action was investlgated in this program throudgh Group

NH, which had walls supported only on the two sides with the top and

bottom free for lateral deflectfon. As well there were walls supported

_"only on the top and bottom edges. Group Wv.

Due to the expected’ high variability of the capacity and
strength of the walls supported only on the top and the bases. the last
test series (Series WVV) was included to. increase the sample size and
consequently to have more confidence in ‘the experlmental results..

!

For the ‘one-way actfon walls (Series WH, NV, and Wvv), the

expected Failure pattern was as sfmple as a nearly straight line crack.

e1ther_



verticaily at about wall mid—length in the. -case of the WH walls. or

horizonta]iy at about wall mid height in the case of the HV or HVV

. walls. The undamaged parts ( haives ) of the walls in these groups were

large enough to be tested egain.‘ ‘1n. this way. the total number ‘of wa]ls

required for the - proposed program wascreduced and the . most possible .

. inFormation was obtained From the timited number oF walls. In this‘

program. the .Failed haiveS' of WH walls supported on the sides were
retested as Series Wvv walls supported oniy at the top and bottom andr
having approximately half the length oF the basic wali. Also, after the
failure of Series Wv wails supported at top and. bottom. they - were:
retested as Group HC walls supported on all four sides with a precrack

d

near mid-height.

The other Factors such as type of mortar and type of blockhwhich

" might influence fiexural tensile strength Nere kept constant for ail

walis; Moreover, ali the walls aiso had Joint reinForcement (standard
truss type) embedded in mortar bed Joints at the first and every other
course.‘ The  1inclusion of this Joint reinforcement was made ~ not only
because it is common practice. but also to avoid destruction of the wall
parts at Failure Keeping the wall together in almost one piece aFter_
Failure Facilitated safely removing the wall from the test frame. Since

cracks parallel to the head Jolnts were consistently reported to develop:

only. at faildre, the eFFect of Joint reinForcement on the’ _moment

' capacity of walls in bending Nith tension parallel to the bed. 'Joints

could be estimated using elastic properties of _the uncracked section.
This yieided an increase of 21 in the horizontal moment capacity of the

walls which was consldered to be negligible. .



- 2.2.3 Auxillary Tests,

Auxiiiary test specimens were constructed at the same time as

the walis to serve as.control tests and to determine the strength values

e e

"of block masonry assembiages and component materiais.‘ These tests can'

be divided into two separate categories which are the component material

'tests and the assembiege tests as given beiow.

2.2.3.1 Component Haterlal Tasts

5

Since the research work was restricted to piain ungrouted

. masonry and oniy one type of mortar and one size of biocks were used.

the component materiais tested were limited to this mortar and block.

Three standard 2 .in. (50.8 mm) mortar cubes were constrocted From‘ each
mortar batch ‘used in-bullding the full scale walls or the . auxiliary
assemblage specimens.' These cubes _were used to provide the. mortar
comprestive strength at the time of: testing oF the’ Fuii scale walls and
at the time of testing of the auxiliary assembiage specimens. They
simply served as a measure otﬁquaiity and consistency of the mortar.

' The 190 mm standard normai weight hollow concrete blocks, which
were used throughout - the.program.‘ were. tested to provide various
measures of strength oF ‘the concrete blocks. The diFFerent tests
perFormed had From 5 to ID repetitions fn order to -have a reasonabie
statistical sample. The number of repetiticns in th;se tests was chosen

according to the statistical design of experiments to guarantee a 957%

confidence level for test resuits according to the expected variations

'in  each test and the acceptabie tolerable error in the mean wvalues of.

strength. 'These “tests. and . their results are disclissed In detafl in

Appendix A.



- 2.2.3.2° Anorrblnen Tests

3,

The auxiiiary tests for blockwork assemblages ‘were done to_
determine the strength oF blockwork in Flexure at different orientations

From the bed Joint. This was required to facilitate the development of

.8 Failure ¢riterion for masonry in biaxial bending and to verify it

experimentally. .

~In this program, Only the two basic orlentations of bending
normal and parailei to-bed Joint directions were considered since these-.
are the basic strenéths needed For the construction oF the Faiiure
criterion. -The strength values at other orientations which were needed-
for the verification of the. criterion, were available through another

McMaster Hasonry research proJect {47]1. The test specimens for this

proJect were constructed using the same materials and at the same time

" as the author s experimental program

The ?iexural tensiie bond strength normal to the bed joints was

. determined by means oF the” bond wrench test method [62] which has the-

'merit of testing every Joint. This results in a larger statisticai

sample . wfth the smallest possible specimen size when compared to beam

specimens. The stack pattern prism specimen and test equipment are

ehown in- Flgure 2.2.a where the stack pattern was used For ease of

construction.. However. the minimum face shell thickness was used fin

strength caiculations. It was_found that, for Face sheil bedding, use

of the possible increased section properties due to the alignment of the

block’s cross webs wouid have, resulted in a decrease {n the calculated

strength of 4. 51. Since the specimens were buflt with nominalily Face

shell mortared joints, this effect was thought to be so small that it
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.can be negiected without introducing any signiFicant error _in etreee

caicu!ations..

For Fiexural tension paraiiei to- the bed joints, the test.f

) specimens end the test set-up are shown in Figure 2.2. b. The four block’

~long specimens were constructed in running bond with Fuii height blocks

sandwiched between haif height blocks. This conFiguration was chbsen to

provide the Fciiowing.

1, Equei .regions oF head Joints and Face she is at
. \ :
potentiai cracking.

“locations of

“

2. The possibiiity oF creck petterns Following the pa of least
'-L resistance around the blocks or pessing through blocks. at
elternate courses.‘ ) o _ |

. 3.‘SufF|cient iength to permft the Failure to occur in the neariy
’constent bending moment region. -

4. SuFFicient iength to develop the bending moments without
' correspondingiy high shears which might tend to cause shear
-.aFFected falitures in the shear span.

5. Equal Iengths of head and bed qunte which results in the seme'

'head joint flexure to bed Joint torsion ratio irrespective of

-

the specimen width .
6. Symmetrical specimen with respect to the Iongitudinai axis with
the minimum possible number of courses in the waliette height. .
‘In order to have a larger statisticai sample, ‘some of the failed
perts of these wallettes or beam specimens were tested by means of the
bond wrench. The experimental resuits oF these tests were used to

evaluate the bond wrench as a method of testing for flexure parallel to
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the bedijoint, DU

2,3 m'rmu.m o T

s

A test apparatus was specialiy constructed For this study. St

was designed to accommodate tests of Fuli scale walls up to 6.00 m long o

_and 3 60 m high. : This test setup consisted oF the supporting Frame For

' masonry walls. the: backup wail to support the pressure on the other side

-_2;3.11 Supporting Frame

of the air bag, and the air bag . it§blf to . simulate uniForm wind
pressure. Horeover. there were some other auxiiiary parts in - that -
setup. The leFerent parts of the’ apparatus are described in . the .

Following sections.

The supporting Frame was designed not only to ‘be strong enough

to support the masonry walls but also to be rigld enough to minimize the

‘relative deFlection of the frame: members ' This rigidity oF the frame

was essential since deFIection oF the supporting Frame greatly aFFects:;

‘the panel capacity under lateral ioading due. to the iow tensile strength

'and=’high stiFFness of the masonry walls. The member sizes and ‘,'

conFiguration of the reaction frame were chosen So that at g ~ lateral
toad of 12 5 kPa en the Iargest possibie panel dimensions. the
diFFerential deflection between any points on the reaction frame would -
be less than 1 mm _
DifFerent views of the reaction frame are shown in Figure 2.3.
It ‘consisted of the Following. -
1. Four W250x67 .beams ' (Beams A) to laterally support the test |

Specimen when it was supported en all four sides. For other
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' support condttions. each oF these beams could be excluded or
~positicned dif‘ferently. These beams connected togeth;b; angles
. and bolts so that they can be easily modiFied to support any‘
combination of panel dimensions at 200 m : increments. N ."l_ .
2 Two W310x39 beams (Beams B) to act as Ipteral support For the

' two vertical sides of the framerat mid-he{ ght. _ _
3 Three H360xl34 columns (Columns C) which were bolted to the'
| strong Floor oF the Applled Dynamics Laboratory. These columns
provlded Iateral support for the two hortzontal Frame members
(top and bottom supports) at mld-—length as well as support For
. the’ vertical self weight of the whole reaction Frame which was

' elevated at 408 mm above ‘the laboratory Floor Ieve!. v

4. A C250x23 top ch nel was used to link the top of the twa

vertical sides oF e friame to the three H360xl34 columns. °

5. All these members were connect

angles to facil 1tate Frame adjustmmts o dffferent panel sizes.
Horeover. due to the’ hole spacing a d base details of the
ﬁ?ﬂuxlad columns. the bottom horizonta beam of the supporting
Frame was connected to the end eolumns by means oF two brackets

having the details sho\m in Figure 2.4.

2.3.2 Backup Wall _

Thi- s backup wall supported air pressure on the other side of the - -
air bag. It was made ou-t of steel beams and p)ywood panel 1 Ing. " The
'steel Frame was composed of two H250x67 beams at the top and’ the bottom.'

18 standard S130x15 I--beams spanning between the two beams plus two
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C'250x23 channels at the.ehqs of thei beams. The I-begims and the channels
were. llnked together through a cross girder at mid-—height which was
bui It out of. steel plates Pt 80x8 and P1. IDSxB The last. part of the
‘ steel frame was d!agonal bracing made ‘out oF steel plates Pl euxa. Attt
'connect!ons were made by weldlng. Then. |/2 in. (12 7 mm) plywood\ '
panel 1 1ng was used to cover the whole backup wal . ‘
DH’ferent v!ews of the wal I are shown in Flgure 2.3. This wal I
was tied back to the supmrting Frame by means of sets of‘ threeded rods -
top and bottom. The 5/8 fn. (15. 9 mm) and l in. (25. 4 mm) sizes cf‘
threaded rods were used as shc:wn' in Figure 2. 3. - .
The backup wal | was elevated at 205 mm From the Iaboratory Floor
and it was seated on two supports at its ends where 172 in. (12 7 mm)-
thi ck steel: plates were welded to the f Ianges of: the bottom beam. The_ ’

stee]l plates and seats are shbwn on Figure 2. 3.

2.3.3 . Air Bag and Air Supply Systetu . ,
' . A Vinyl ‘coated polyethylene afr bag with 100 mm side pieces was
fabrtcated to cover the entire area of a wa) l of‘ 2. 80 m high and up to
’,6 00 m long. A sketch of the air supply system together with the air
'_bag are showh in Figure 2. 5. The alr from a 100 psi (690 kPa) supply .
was used by 1ncorporat!ng a pressure reductlon valve and a low pressure
regulator on the 1ntake. In addition, a manometer using water columns
was fncluded on the intake between the regulator and the air bag For
accurate ngaeasurement oF input pressure. A simitar manometer was
connected to the far end of the air bag to ensure no Ieakage fn the bag

1

and to. double check the air pressure inside the bag. o
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_permitted rotation while a shear key welded to the bottom

_these plates prevented lateral displacement.

42

2.3.4, Edgo Supports oflioll Panols |

The simple supports For the sides and the top of the wall panels-

consisted oF ! in. (25 4 um) steel rods welded to the reaction Frame ‘

-_Leteral load was transFerred -to these reactlons through 3/16 inf (4. 8

mm) . thick. l 5 in. (EP l mm) wide steel strips whlch were helg against

the rods uhile plaster of Faris was. placed in the gap’ between these‘
'..:strips .and the wall specimen. This eliminated the effects of any.

: imperfections in the alignment of either the wall or the reaction Frame.

At the bottom of the wall epecimens. it was'necessary to support.
both lateral loads and vertical gravity loads due to the self ueight of

the masonry uafl plus any surcharge or precompression applied on top oFf

: the wall. A single hinged supbort was chosen rather than two separate

rollers .in -order to have a unique s&pport point at the wall base for
analysis ‘purposes.’
The base support shown in Figure 2.6 was fabricated using a 1.5

In.. (38.1 m} roller welded to a 3/4 in. (19.1 mm) thick steel plate.

This steel plate was 9 in. (228 6 mm) wide and 20 ft (6096 mm) iong.

The Iateral load was trensFerred to the’ ttom beam of the reaction'

Frame through steel shear keys ‘and wedges ‘as shown in Figure ‘2.6. In
order not. to reinforce or stiFFen the bottom edge o e “wall- panelr
individual steel plates corresponding to the sxze of a bloek (390 mm
long) were used to transFer the loads from each block fn the wall bottom

course to the. roller. A milted slot with’ 2 3/4 in. . (19.1 mm) radius

surFace of

The masonry wall specimen

was set on a full bed of mortar Placed over the individual steel plates

Y
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.to“ensure the bearlng:of‘the wall 810ng lts Hhole-length.' The lateral
‘load was transferred From the masonry wall to the indiv1dual plates by
means of Frictlon and cohesion of mortar bed as well ‘as bearing on the
" perpendicular steel strips welded ‘at the ‘center of the: indivldual plate.n
: top edges. The gaps between these strlps and, the wall were filled with.
_mortar; | h - .
| Agaln. due to the hole speclng and base detalls of the N360x134ff
B columns. the bottom support of wall specimens was placed at 370 mm from
the laboratory Floor on a contlnuous seet underneath the whole length of
the bottom support. This seat was made of two reinforced and grouted
masonry bases and ‘a reinforced concrete beam bridging between the bases
as shown in Figure 2 7. The need for thls central beam was to avoid tnp '
Interference with the” steel ‘base of ‘the H360x134 center column.

- The Group WH walls. whloh ware laterally supported only on the
sldes.' were to be free to dlsplace Iaterally at their bottom edges.:
:‘However. it was decrded that the self weight oF these walls should not
be supported only at the bottdm. corners due to the relatlvely large span
or length of the wall and the low tensile bond strength of masaonry.
lnstead a three point support system for wali self weight was used
along the bottom edge. It was‘poSItloned at the center and the two -
corners as shown in Flgure 2.8. A roller support was used at the center.
to permit the out-of-plane translatlon while ball suppqrts -werer
1ntroduced at the corners to permtt the out—of~plane‘rotations at _these
po:nts.

-Finally, liFting of the panel corners was prevented by special

supports provided at the corners whenever corner lifting was expected.
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'Figure 2.8
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At the 'bottom corners. steelastrips, similar to those provided to

prevent sllp of the wall of f oF the base plates vwere provided at the end

-

'oF the Flrst and last individual plates to prevent the  masonry yall:

‘corner llfting with respect to the base support. Also, addltlonal shear

keys were welded to the end of the Flrst and last individual plates and

the roller oF the base support was clamped to the reaction Frame to

assure that the panel corners would not lift relative to the reection :

' Frame For each upper corner, a l/2 in. (12 T mm). steel plate with a

" steel ball welded on the plate was placed agalnst the wall. and two 3/4

(1941 mm) dlameter threaded rods were used to tie the masonry wall.
back to the reaction- frama. The ball in the plate against the wall was-
adjusted to correspond to the point of fntersection of the horfzontal‘.
top and vertlcal slde support lines. _The two types‘oF corner llFtlng

restraints are shown in Figure 2.9.

2.3.5 Pracon'preaslon Loading Syatem

Group WP wall specimens ‘were subjected to ln-plane uanormly

‘ dlstrlhuted 1ine: load along the top of the walls ' This 1in-plane

surcharge or precompression was applied through a set of steel beams to
distribute and spread the single point load of the hydraulic jack to an
almost uniformly distributed toad on the top of the wall,

The precompression . loading system as shown in Figure 2,10

.consisted of a hydraulic Jack and load cell far the applicatlon of the

load. This jack was hung’ From twa channels cantllevered out From the

central column of the supportlng frama. (ﬁq‘create a stiffer support the

N
free ends of these channels were tied back to the same column by two
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. steel plates were within the supported wall area.

‘using leFerent. instrumentation and measuremefits.

fie

angles as shown in Figure 2. lO. ‘ Then,

was dlstrlbuted lnto Four polnt loads which were applied to a H250x67‘
beam set on a Full bed ‘of mortar to ensure the transFer oF load along

the whole wall length. It was thought that even If the load was not

exactly a uniformly dlstrlbuted line load along the ‘top of the wall.' an

even dlstrlbutlon would be attained wlthln the top part oF the wall. It

‘was considered that the presence of thls contlnuous'beam might lnFluence-

or restrlct gthe Independent rotatlons oF the top edge oF the masonry

wall. : Howev r detalled analyses ‘(uslng the Flnlte _element model

described ln Chapter 6} showed that.- for the. relatlvely small torsional

stlFFness of this beam compared to the wall.

rotatlons and consequently the test results was’ fnslgnlficant. 'Thls

Flndlng was not appllcable to the bottom support where the lndlvldual

Slmllar analyses

showed that the use oF continuous plate lnstead of the separate block

'length plates would have, resulted in hlgher Fallure ‘loads and generally

stiffer post cracklng behaviours,

2.4 TEST ARRANGEHENTS AND PROCEDURES

Tests ‘of full scale walls uslng the prevlously described test

. fFacility as well as the other auxlllary tests were perFormed ln the

Applied Dynamlcs Laboratory according to different test procedures and

ln the Following

sectlons. the leFerent test arrangements and test procedures will- he

discussed separately for Full scale alls,_

isms, and wallettes.

through a set of beams the load-

its eFFect on the top edge
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2.4.1 Testing of Full Scale Walls
‘2,401 Lifting and Moving the Walls -

> The full' scale . walls were fabricated at the same time which

: necessitated havlng a procedure for mcvlng the walls from the

Fabrlcatlon area to the test setup and back agaln aFter testing.

ln thle procedure. Full scale walls were careFully picked up at

four polnts«as shown in Flgure 2. ll. At eech oF these Four locations. a;

high strength 1 ln. {25 4 mm} diameter and 430 mm lcng steel Pins were

|nserted through a predrllled hole ln 'the masonry wall. The wall was
lifted by these four: pins’ using four 2 in. (SD 8 nm) wide straps hooked
to ‘the Four chains of the gverhead crane. ln order to ensure the
:stablllty aof the wal] during transportation. 3 set of washers. nuts and
tube sleeves were included at the threaded ends cF the Rins, Also._the
.crane chains were tied together 3s shown ln F:gure 2. ll. . .
. ‘1t should be noted that pin slze and pin snacing were chosen

.
carefully ‘to - ensure the adequate saFety of the wall For ln plane

flexure, bearing and splltt|ng as well as adequate saFety of the pins

o

with regard to shear and bending. - - o

2.4.1.2  Instrumentation ang Measurements . ..

Durlng testing of full scate walls. d\?lectlons and stra:n

- readlngs were recorded. DeFlecttdns oF the test speclmens wlth respect
to the reaction frame were measured u51ng 0.0t mm—d1al gauges pdsrtloned'~
in llnes at panel center and quarter points both horlzcntally and
vertlcally as shcwn 1n Flgure 2 12 Fcr wall suppcrted on all Fbur 51des.'

Horlzcntal ltnes were posntloned a\ third points in theacase oF walls

L

N
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supported on three sides. with a free top while these iines were

positioned” at mid height and the top and bottom  edges for walls

supported only on the vertical sides. These locations were identical in

'.Figures 2. !3 and 2, 14. The dial gauge locations for walls supported on

‘the top and bottom edges are shown_in Eigure 2.15 where the verticatl

Iines ‘of pauges were positioned at mid-length and .the two vertical

edges. These gauges were fixed on three light steel columhs (ang}es)

'attached to the reaction frame at the appropriate Iocatlons.

The adequacy of the corner llfting supports was 'checked by
monitorlng the deflection of the wall with respect to the reaction frame
by means oF dial gauges placed near the respective corner.

DeFlectrons of - the support frame were also monitored at . the

~ corners and mid—length of supportlng beams using dial gauges as shown in

Figures 2.12 through 2 15. These gaqges Were attached to Free.standing

 steel columns placed at the proper locations behind the reaction frame.

Strains were measured using a'mqphanical-strain gauge (Demec
Strain Indicator) and demec pofnts over‘Btin (203 mm) gacge -Iengths.
These poihts were located at.the cehtral. mid-edge and sometices.corner._
regions oF the paneis asl shown in Figures 2.12 through 2.15.. for

different wall configdrations.

At‘the'beginning:of‘each wall test series, the frame was First

adjusted to accéhﬁodatE"the"neﬁ”waiFjoimensionsqor support conditions.

" Where top‘and bottom.supportlng beams were present, the 2.8 m vertical

span 753 kept equal to the wal helght by positioning the top roller a

LS
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distance below the tep of the wall equal to the distance from the bottam—u

. of "the wall to the center’ of the 1.5 in.' (38,1 mm) bottom : support

roiler. To accannpdate ‘bearing for the side supports, the horizontal
'spans were made 200 mm less than the nominal iength of the wall.

) Each wall was careFully picked up according to the procedure -
ment {oned earlier and poSitioned over the individual bearing plates
corresponding to the blocks .on the bottom course. It was carefully

lowered cnto a full bed of mortar and leveled and ad justed - verticafly.

- Then. plaster of Paris was placed in the gap between“the strips tied to

the reactlon Frame and the wall along the vertical sides and the top
support. - The mortar and’ plaster were allcwed to- harden for several
days, pricr to testing. During this time, the diFFerent instrumentation
was positfoned + the backup wall was tied back to the reaction frame,
the corner lthing restraints were tightened to ensure cgntact cf . wall
specimen and . the frame. and lnftial readings ‘were recorded. For Group
NP -wallsr the precompression load Was applied gradually . up _to . the
designed tevel of preload prior to application of lateral load. | |

' . The ]ateral Pressure was applied in increments by pressurizing
.the air bag and watching the far end mancm r reading till it reached
the required pressure level. - ntﬁ@his time, thg¢ input air valve to the L
bag was shut off ahd the same readings‘of inlet and cutlet manometers
were watched to ensure no Ieakage in the air system. - The size of the
[Uad increment was dlfferent from test to test in ordej to  have a
sufficient number of increments before failure (20 ‘increments average)

so that the behaviour and responce to loading could be clearly observed

and first cracking and failure pressures more sccurately determined.
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After each.load increment, the pressure was kept constant and

deflection and strain readings were recorded and the wall surFace was

che:ked for cracks. Cracks were marked and the pressure level at- which

each crack had been observed was indicated.' ‘The pressure was increased

In increments until Failure. Failure was deFined as a sudden drop in

'pressure and development of new cracks which with the earlier cracks-

formed a Failure mechanism. At this stage, the pressure always kept on

-dropping even when the inlet valve was stili -open while the deflection

was extensively increasing. .Following failure.‘ the air bag deflation

vaive w3s opened to release the pressure in the air bag in order to keep

- the wall in cne piece S0 that it could be taken safely out of the test

‘apparatus and photographed. The time spent in completing one wall test
varied from one series to ancther with an average of. about 6 hours The

mertar cubes belonging to each wall were tested eon the day Following the

wall test.

2.4'.2' Teltlno of Prisms For Flexurs) Tens!le
. Strength Normal to Bed Joints

The bond wrench apparatus used to- determine Flexural tensile

strengths normal to the bed joints was shown in Figure 2.2.a. Prisms

. HereJ fixed wlthin the iONEF frame with only one jonnt#positloned above

that . frame. Then, the wrench was clamped to the top of the block and

the 1load applied at the other end oF the wrench o rupture the top

: jonnt. The load was applied gradually either by filling a sand bin or

usin ”'\hvsraulic Jack depending on the expected Fallure load. - Only
Fa:lcre loads and failure modes ‘were recorded. For all of these bond

o ' B
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wrench Itests; the moment arm For the applied load was 1200 mm measured
From the centroid of the'block. ‘ The 15 15 kg mass of the bond wrench -
_with its moment arm of 453 mm and the self welght of the top block were
also considered in the calculation of stress. - - Each test took

approximetely 10 minutes with the Toad being applied gradually.

2.4.3 Testing of.lullettn For Flexural Tensile
.Strength Parallel to Bed '.Joi'rits -
_ The beam test shown iR Figure 2.2.b for Flexural tensionq'
paraliel to the bed joints was used to provide a region oF nearly
: constant bending moment in which ali pogssible Failure modes could oceur.
In these tests,  the wallettes were carefully turned over to be in
horJzontal plane as shown Specimens were set in Plaster on the top of
the support roliers to.avoid an;‘torsion due to lack oF planeness of
"their bottom surface... For the same reason, the two spreader beams were
set. on Plywood: sheets aqd loaded through a conb}nation of roller and
ball seats. . . \ - T y | |
ﬁﬂThe load was applied through a hydraulfc jack in increments of 1
. RN.. After each Jload 1ncrement. deflections were recorded using diai
gauges ‘positioned at wa!lette mid-span near the two edges. ‘ Lodd was
- increased to failurée at Wthh time both the corresponding }oad and

4

. S .
failure modhﬁlere recorded. The time required to test one specimen was

approximately 30 minates.

sav

.y



~3.1  .INTRODUCTION

" 342 MASONRY MATERIALS

. CHAPTER 3

MATERIALS AND FABRICATION
OF TEST SPECIMENS

Full scale walls and . auxiliary assemblage speclmens were bu1lt

by an experienced masen. The whole. experimental Pregram was fabricated .

in two phases. These were Ftrst a preliminary series and then. the .

remainder of the program. The materials used could not be kegpt the same
in both _phases since the preliminary series was fébricated 8 vyear
earlier than the reet of the orogram. Moreover, durfng the second phase
of the program, -more ;han one or r of sand was -used due.to the large _.
amount of morfar:neededland the ?yai]able space Itmitetions.

The physical and mechanical properfies'of the materfals .used

throughout this progrem ‘are reported in this chapter together wtth “the

specimen Fabrlcatlon detatls For both -full scale walls and auxiliary

.assemblage specimens.. , o ) ' !

"

™

in the' construction of the full scale. walls and auxiliary

assemblage specimens, .the masonry materié]s used were commercially

r

available “and were simflar to those .commonly used <in  building

’ construction. .The component masonry materiais used were hol!ow concrete

blocks. mortar and joint reinForcement.

63
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3.2.1 Concrete Blocks , ‘ _
“ The 'conorete blocks used l;‘ thlhs experimental program .could not -

be kept the same for the prellminary‘tests -and the main ser1es. During
the year between Fabrlcatlon of‘ the pretiminary series and the maln
series. the block, manufacturer changed manuf‘acturlng methods. Thus. the
two kinds of blocks used were cured dlfferently. The Flrst blocks were )
autoclave cured normal wefght hollow concrete blocks whfle the later
ones were cured by the bubble curlng technique.

The physical and mechanlcal properties of the autoclave cured
blocks whlch were avallable through another Hchaster masonry research
project [llO] are suunarlzed in the fol lowing 3ectlons.‘ The' properties
‘of the bubble cured blocks were Investigated by the author in
ecol laboratlon with two other graduate students engaged in masonry
| research at Hchaster [47, 99] The results of this investlgatlon are
glven in detail In Appendlx A and are also-summarized in the fol I_owlng

-sectlons. -

- - : .

3.2.1.1 Physical"Properties

The masonry unlts used throughout the test program were the
standard 190 mm normal weight hollow concrete blocks. Thls type of
» blocks had the nominal dimensions of 200x200x400 mm. The curlng was
done fn an autoclave for the blocks used in_the prel iminary serles whl le
it was done by bubb}e curing in the rnain sertes blocks. In additfon to
the frogged end units used in most situations, the spl Itters or end
units were used as edge units in the full scale walls and were also used
to provide half blocks. The gener‘al views of the frogged end and .

-
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partielly lmmersed in water to a depth oF 1/8 fnch (3 2 mm) for a period

65

splltter unlts are shown in the photographs of Figure 3.1. The standard ' v
cross—sectlonal dlmenslons of . the' two block types are glven ln Flgure -
3.2. . The average net cross-sectlonal area of thls block as supplled by
the nanuFacturer.' “based on the standard block dimensions, was 4!500 mm2 .
whlch resulted in a net to gross area ratio oF 0.56.

The inltlal rate of absorption (IRA) was determined by

“perfonmlng the ASTH standard C67-85 [23 test on 6 autoclave .cured

’ blocks and 10 bubble cured blocks. In this test, the IRA s deFlned as .

the amount of water lnjtlally absorbed by a dry unit when it is

of -one mlnute. Accordingly. the mean lnltlal rate oF absorption was i. 13
kg/mz/mln wlth a coefficient of varlatlon of 31 51 for autociave cured _
blocks ‘while the mean and . coeFFlclent oF variation for 'bubble cured -
blocks were 2,96 kg/mzlmln and 28, 5: ' respectlvely.'lt should'be'n t .
thet the IRA was .determined For the bottom surface of the bloz;glk__;,
However. sfmilar experimental results for the top surFace ylelded a mean

value only 1% jess than that for the bottom surFace Thls Is considered

to be an insignificant difference. - Therefore. only the bottom surFace

value was reported .85 a material property Based on welghlng five dry
sbeclmens. the average density of the units and their coefficients ‘oF

3, L
varlatlon were 2109.0 kg/m and 1.2% for autoclave cured blocks and .
.3

.lZlZO 0 kg/m and 8.2% For bubble cured blocks. resoectlvely.

d.2.1.2 lluchanlcal Propertlae B - .

The - compressive strength of autoclave cured blocks ‘was

determlned experimentally for different specimen shapes or geometries,



e e S AP A e L R Y

| : ' c
. . _ © 66
v LT : ' - S -
.
1 :
i . .
' ‘
i )
‘ .
L .
i
. . AT
. ”-‘ r V ‘- . 5 . " . ' - . o o ' ’ ll B
- - {(b) Splitter unit < _ : . ]
. ‘q L © Flgure 3.1 = Different Masonry Units UYsed : L e
- . - o . R o -, J - . h




| ER LA A 1

At fee e Nl

i e : ol

. : ‘.:' . R : : :'..':'
190 [ [S B
1 s ra
[y B vy

P 7

I S (W ' G SN i

L S T S
Y

Section B-B
' 390 4= B '

-r - - '
1— ! —-L {a) Frogged End Unit
. I- 25 : .. .
50 .
‘ -.L—B ' | |‘ \90
j 1

)

6, 128 ‘
i 109 ,3q, [20 118
_ 8 ++h .
B =] T
o 4 1as
Ly A
190 R N
el
o
. »
a1 N 1 4
33136 %6 1.!_2115 136 1 126 126
Section C-C Séction D-D
[ } .
; :
Tp 390 54 B

£ E—t— ' (b) Splitter Unit

I .

"Flgure 3.2 Standard Dimenaions of Concrete Block Units Used

3



. 6B
Table 3.1 Summary of Compression and Tension Test Results
. for Autoclave Cured Concrete Blocks '
1EST ee ] DESCRPTION MMBER | AVERAGE FF. OF | AREA oF
SERIES oF . oF FALURE  lvamation | apprgp
18T . SAMPLES | STRESS STRESS .
4 L . (MPg) {%) -
v
COMPRES- FULL HOLLOW BLOCKS. ' . MINRAUNM
SION | HARD CAPPING ON FULL O ) MEASURED
c1 _BRDOING. . 5. 9.2 3.0 AREA
LOAD ALONG SHORT AXis. @ . (MMAL)
HALF HOLLOW SPLITTER
. BLOCKS , SAwW CuT. .
c1 tomp. | HARD cAPPING ON £y 17. 4,
-y 3 1.26 9 MMA,
FACTORY -FLAT MALF ysgp,
HALF HOLLOw Seurrer , MINUM
‘ BLOCKS . Saw ¢yt : MEASURED
c3 CoMP, | HARD CAPPING ON Facg. 5 .08 7.8 |FACESRELL
SHELL, ONLY. ‘ AREA
FACTORY-FLAT MALF ysgp (M4
’ HALF HOLLOW SPULITTER -
BOCKS, Saw Cyt. ‘ ‘
ce "Comp, | SOFT CAPPING ON Fyie ’ 15,61 5.9 M,
BEDDING, * ' & '
FAC'IORY-FLAT'NALF USED. -
MALF SOLID BLOCKS, ' .
SAW CyT. '
"Cs COMP. | HARD CAPPING. m 3 15.56° 40 i:ogs,s
FIRL Howow slocks. . 43 )
HARD CAPPING ON T > .
s COMP, ENDS OF FacesweLLs. ' -5 16.%99 5.4 MF.A,
LOAD ALONG LONG axis,
SPUTHNG | HALE woLiow BLOCKS. FACESHELL
TENSION | saxgp SAMPLE OF $1Q. AREA
[ B AND SPLITTER UNITS, . s 2.03 9.2 LOAOING
\ LINE LOAD PARALLEL T9 PLANE
CROSS weRs. . ‘ (FaLpy
SPLITTING FACE SHELLS Saw CUl FROM
TENSION HOLLOwW UNITS wirH
112 . TAPERS REMOVED. 9 2.09 5.9 F.ALP.
LINE L0AD PERPENDYCIL AR
1o SHeL PLANE ,
FLEXURAL [ Twg £a, HOLLOW- BLocks HF.A
. TENSION | €PoMiED ar FROGGED -
T3 IN=PLANE| £nos. : L1 L1 r.1
THIN SIDE OF Face ‘-I.u
SHELLS N TENSION,
FLEXURAL| FULL WOLLOW BLocks. MF.A.
TENSION | FROGGED £nps SAWED )
T4 cur-of OFF. ) 5 <.92 15.2
PLANE EPOXED To STEEL —
PLATES L™ pganms. owant
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dlfFereht capblng materials, and d}FFerent capping cthigurations. The
r&sultsl of these tests, :which were avallabie through another ‘masonry
pfojact[llO].A are summarized in Table 3.1. This included tests of ful]

blocks hard capped on the ful! bedding area and tested Flatwise Fully

' -hard capped. half blocks, half blocks with face 5he|l hard capping. half

blocks wfth full soft capping, hard capped half solld blocks. and fuli

btocks wlth ‘hard capping on the ends of the face shells and tested:
lengthwise. ‘

. The tensile strength of the autoclave cured blocks was

determined: by splltting tests of Face shells either in half bleck

specumens or Face sheli specimens sawn From blocks. Also, Flexural

tensile strength was determined. by means oF fn-plane "and out-oF—plane
flexure tests. These tensile strengths are also given in Téble 3.1.
Table 3.2 contains a summary of the experimentally determined

compressive and tensile strengths of the bubblé cured blocks. The

detailed test results for these blocks are given in Appendix A. In

these tests, only the hard cappfng was used for compressive strength

tests. All tests ment ioned above for autoclave cured blocks were also

‘performed for the bubble cured blocks with the exception of cohpression

tests of solid blocks, tensile splitting of sawed face shells, and in-
Plane flexural tension tests. Additional tests'lncluded compression of
specimens made of Face.shells glued together and splifting of webs in
half block specimens. Not only were strength values determined tut also
the deformation characteristics (stress—strain ‘relatienships) were
obtalned From most tests for the bubble cured blocks. The stress-strain

curves shown in Figure 3.3 were obtained by regressicn analysis of the
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avaijlable data for the conErete blocks in compression’ From leFerent

tests.

results

-l
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.The following observatione have been drawn from the block test
The 'eompressjon tests using soft capping material yielded
relatively lowaer bmock compfessive strengths with relatively
larger coefficients nF variation. . it is thought that the lack
of platen restraint;by the soft capping a!lowed more iateral

tensile strain and hence the reduced .strength and changed mode

oF Failure from a con,cal pettern to almost spiitting Ffailure

along vertical planes. Also, the lncrease in lateral tensile

1

~strains and tensile wriltting are consfistent with larger

variatfons in strength\ values. Therefore, the use of ;2;6’)
cepplng for compressiolm:ests was adopted to provide ' g re

consistent measure for o ressive strength of blocks.

The compression tests of full blocks tested flatwise yielded

‘higher compressive strength and Iower variabi1fty than the half

blocks. The reason For\ this Is thought to be that the
confinement affected the strength of the fulj blocks | more than
the half bloecks due to the iarger area affected by . this
conf inement. Although the halF block tests seem to be more
reliable in describing the compressive strength due to smaller
associated effects oé—lateral confinement, the full block tests
were performed since it is stil] mast often used in practice to
ee;erminev-the compressive strength. The minimumn conFinement

eccurs  in  the case of fuil blocks tested lengthwise wWith the
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load applied parallel to the |ongitudlnal axis oF the - blocks.-

Consequently. the compressive strength determined From these

tests was the lowest. .

The compressive strength, as determined from half block

specimens or full hlocks tested.either flatwise or lengthwise,

reflects the material strength as well as the geometry"of the
specimen. In order to isolete the materia} strength, specimens
mede by gluing face shells together were tested. The reason for
using four face shells glued together was te avoid having very '
slender specﬁ;ens which would be the case {F lndlvldual face
shells were tested. .Comparison DF the. test results. of these

specimens and the dther compresslon tests shows .fhaf the
deFormetiod- chareetedistjcs ‘oF the haif EIock specimens are
similar to those of the glued face shells while the failure
stress is slightly higher for the haif“block speclmens Also,

the strength of full blocks tested Iengthwise were almost the

-same as for the glued face shells while the derived modulus of

eiasticity Is consfderably lower than for the glued face sheil
specimens. 1t was concluded that the compressive strength and
deformation characteristics of the half block specimens could be
considered to repreeent the correspending properties of the
block material. ‘ ‘

The tensile strength of concrete bilocks is of prime importanee

since in most masonry assemblages, when the Failure plene goes

« through the blocks, the block failure is characterized to be

tension fatlure. This is due to the brittle nature of the
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masonry material, fts very small tensfle strength compared to
its compressive strength, and of course the oresence oFt the
softer morter-Jolnts between the>oonorete blooks.

The spllttlng tensile strength has generelly been considered to

represent the axiatl tensire strength using a relatfvely easy

.- test to pPerform [503. Previous splitting -tests always reFerred

to splittlng of face shells and this was considered to be the
tensile strength of the block materiat This was confirmed by

spl:ttlng tests of sawed face shells to ellminate the effect of

‘specfmen geometry. The test results shawed that the splitting‘

strength of sawed Faoe shells and of face shells in half blocks

are efmilar which Indioates that the splftting tensile strehgth

-1 8 determined .using half bloek specimens can reasonably bLe

considered as a5 materlal pProperty which is not aFFeoted by the
specimen gecmetry,

The splitting of webs in half blocks was thought to be
representatfve of the tensile strength centrolling failure in
masonry assemblages subjected mainly to fn-plane compression
in these cases the experimentally observed failure is always
described by splitting of block wesf. The tensile splitting
strenth determined by web splitting was found to be almost. 20%
lawer than  that determined for face shell splitting and
varlabllity 15 larger. A reason for this may be the observed
1ndentat1on or defect at the bottom of.the webs of most of the
bubble cured blocks used in the block testing program. This

would have the effect of reducing the ‘sctual splitting area and
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'made the calculated stress. based on the whole splftting area.'

" amaller tha the actuat stress. In addltion. there seemed to be

some lack of compactfon at the extremities of webs Nhlch would

- Ilkely result in a weaker section.

The Flexural tengile strangth ‘of blocks. as datermined Fram the

ln-plane Flexure test uas considerably higher than the splitting

. strength. - This Increase in the strength is gttributed te the

strain gradient‘effect. It should be noted here, that the‘straiﬁ
gradient in the case of this test is highef_ﬁhan'tﬁe gradient in
elements commoniy used in practice such as ‘sheaf walls or
columns.

The Flexﬁrgl tensile strength of blocks From‘ out-of-plane
bending tests was higher than the splitting strenéth and less
than the jn-plane Flexural tensile' strength. Jn this case, the
Increase over the split@jégnstrength is thought to be due to the

smaM._ increase in straln gradient. Furthermore, the splitting

strength is. controlied by the weaker of the two Fface shells

‘ whereas the out-of-plane flexural strengfh is controlled by the

strength of only the tensien face shell. The decrease in
strength For out-oF—plane bending wlth respect to the in—plane
bending is attfibuted to the comparatively small strain gradient
over the tension face shell thickness for out-of-p!ane‘ bending

tests. -

« Although the tesfing of both autoclave cured and bubble cured

blocks were performed at representatlve ages of several months,

the comparison between the compressive and tensile strengths for
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~ both types indlceted that genoreily the compressive strengths

for the bubble cured blocks were about 20% higher than the

: corresponding strengths of the autoclave cured btocks. However, -

v+ the different tensile strength tests For the bubble cured blocks

yieioed lower values by aboyt 20% compared to those of the

autoclave cured blocks.

32,2 Mortar

‘Code designated type $ mortar Nos used in Fabricetion of ell

full scale walls, wallettes and prisms. [t was chosen because of its

common use in practice. .

The mortar cenformed to CSA Standard A 179M [32] using type 10
Portiand cemant end "white" type N hydrated lime‘as the cementitious
materials. The mortar'mixes were batched by neight instead of by volume
in arder to ensure better quality controi and a more consistent mortar.
The mix proportion of Portland cement to lime to sand was 1 : 0.21 :
4.24 .by weight Hhich corresponded to 'l : ¢.50 : 3.33 by volume, The
water to gement ratio was kept consistent throughout the test program at
about 0.9 by weight.

As reported eariier.-materiels and workmanship, representative of
common 'practicei were chosen for this test program except where
conformance with bulidinglstandards wWas necessary. ihe masonry sand in
stock was snown. by means of sieve analysis, fo exceed the specified
upper limits, due to the relatively high percentage passing GDO~microns.

Accordingly, it was rejected and the available concrete sand was used

instead after sieving through a 4.75 mm sieve. The resulting gradation

iy
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- sit!sfied the specifications. Furthermore, due to the time lag between

the fabrication of the preliminary serles and the main serfes, the large
amounty of mortar needed and the avafiable space limitations, Ffour

leFérent loads of concrete sand were used. The gradation of these

- different concrete sands used together with that of the rejected masonry

5and are shown In Flgure 3.4.

Mortar was prepared in 100 1bs (45 kg) batches and if any mortar

batch was not used up within a half hour, the ‘unused mortar was

discarded rather than permitting retempering of the mortar.’ with

add{tional water. The Fabrlcation of all the test specimens required a

_ total of 215 batches.

The mortar initial Flow was measured for each batch using the
flow tabie accerding to the ASTN Standard Cl109-84 [3]. The mean initial
flow for mortar batches used in each wall ranged from lDOl‘to 118% with

-

an overall mean value of 109%.

Three 2 fnch (50.8 mm) mortar cubes were made From each mortar
batch to be used For ‘the determination of the mortar compressive
strength. These cubes were air cured in the laboratory under the same
conditions as the test specimens. The mortar cubes associated with each
wall, wallette or prism were tested the same or the day following the

assemblage éest. When the same batch was used In fabricating more than

one specimen, the mortar cubes belenging to this batch were d1vided'

between the different groups accompanying the different: specimens.
The mean compressive strength of the mortar cubes tested are
shown in Table 3.3 for each wall or controil specimens fabricated using

the same batches. The numbers of cubes tested-and the corresponding
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Table 3.3. Compresslve‘Strcngth of Mortar_Cubes

—_—— Series Sang Cubes | No. Age Experimental Results For Different:.
’ " Type Belong of :

To - Cubes’ Walls | Sands = Series
Mean C.o.ve
Strength
‘Days MPa 2
_ . WI-] 14 368 20.5 14.5 n=72 n=72
Prel - Will-1 29 265 16,9 16. Mean= | Means
. , minary  SI ' Prisms 9 85 17.3 7.5 17.3 7 17.3
v Serfes wail- 20 162 15.5 i3. C.0.V¢  C.0.V=a
) o ettes : ' 17.3% 17.3%
;. N - . :
D Main s2 "wl-g 16 65 22.4 7.9 ‘
: Series ‘ﬁul- 19 64 = 22.5 8.8 ~
: - 115 28 102 26.5 YO
b - . WII-2 27 99 24.4 V.9 ns=287
-7 o WIl-3 28 98 24.4 .5 ' Mean=
’ WIll-2 33 92 21.8 10,6 24,1
Will-3 25 110 ‘28.7 | 18.7 C.0.v=
. . wP-1 28 98 22.7 10.4 " 13.8%
. WP-2 30 111 25.3 4,2
WP-3- 25 111 22.3 17.17
WV-3 28 140 22.9 . 6.8
S§3  WH-1 28 126 24.3 '12.4  n=164 n=507
‘ WH-2 27 128 21.6 13.7 Mean= Mean=
. WH-3 27 133 21.6 11.3  23.6 23.4
R - " WF~-1 27 114 21.9 6.4 C.0.v=  C.0.vs
Lo WF~2 21 117 25.2  10.8 13.8% . 15.3%
WF-3 28 116 26.7 0.1 '
: . n=56
S4  wv-1 28 128 18.5 14.4  Mean=
Wy-2 28 132 20. 17. 19.3
C.0.V=
16.2%
Prisms b
& 49 169 24. 17.6
Wali- ‘
. ettes

* coefficient of variation -
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.coeFficjents of variation are also included: The number of cubes tested

with each wall varied according to, the number of mortar batches required.

- for completlng the wall. Therefore. the number of cubes for the short-

walls {Series HI) renged between 14 and 19 eubes as shown In Table 3.3.
1

'Whlle for the Iong walls (Series WIIT) it ranged between 25 and 33 cubesi

and for all other walls it was 25 to 30 cubes per wall, QDespite eare in.
the batchtng procedure and the large number of cubes tested per wall,

the mean mortar strengths ‘Ifeted in"Table 3.3 show considerable

)

mortar .cube strengths ranged from 4.2% to 18.7%.
. hY

DifFerences oetheen mortar strengths #8% the preliminary series -

and the main series could be attributed to changes in sano and cement,

The variation of mortar strengths of al] the cubes of the main series

' was «of the same order as that for the individua! walls. This can be

observed by comparing the 15.3% coefficient of variation for all of the
main series cubes with the coefficients of variatloﬁ for individual

walls This fndicates. that this scatter appears to be inherent for thls

material. 1t should be noted that the changes in sand within the main

series did not appear to'cause much difference in mortar strengths. This

is thought to be due to the very similar gradattnn-fgc_ggndi_sz and S3
as shown in Figure 3.4 which were used for building most of the main

series specimens.

Thé\age of the mortar cubes at the test date tisted in Table 3.3

‘ranged from BS'days to 368 days for the pretiminary series and from 64

to 169 days for the main series. To study the effect of age an the

mortar strength, the mean cube strengths . are plotted versus the

f

varfation, Also, for individual walls, the coefficient-6f variation oF =~~~ —
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‘corresponding age at‘thE'test date in Figurer3.5. The scatter‘ of the

strangths with respect to mean strength suggests that at an age oF 64
days or larger. the scatter oF strengths due to the 1nhFrent variability
is large enough to obscure any possible small increase/in strength.

ln. conciusioh. the mortar _cube' compreseive étrength as
determined From the prev!ously mentioned tests had a mean of 17.3 MPa

and coefficient of variation of 17. 3: For the preliminary ‘series. For

the, main series. the megn strength and fts coefficient of variation were

"23.4 HPa and 15 3%, respectively. ]

3.2.3  Jolnt Runforumm:‘

All full scaie walls had horizontal Joint reinfhrcement embedded

in mortar bed Jjoints at every other course, The inc]usion of such

vre:nForcement was made to keep the" wall together in almost one piece.

after failure and made 1t possible to IIFt the wall out of the testing
frame safely. The stanaarﬁ truss configuration wae ;;ed: For' that
purpose. This reinforcement consisted of 9 gauges diameter (3.65 mm)
side rods welded to a continuous diagonal formed cross rod of the same

size as the side rods. The overall measurements was approximately 38 mm

~less than "the nominal thickness of the wall. The side rods were

manufactured with a four-sided khuried surface to develop bond. Flush

weiding of the side and cross rods was used which permitted full mortar

cover .

. The' steel .wire used in the manufacture of the standard truss

type joint re:nFurcement compltes with the requnrements of CSA G30 3

{31 and ASTHM ABZ [1] for cold drawn steel wire, The‘properties of the
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wire as supplied by the manufacturer were yield strength of 80.000 psi
(552 MPa), proportional 1imit of 70,000 psi (483 MPa), and a reduction

of area of 30 percent,

3.3 FABRICATION OF TEST IPIGIHINI_
' The experimental program was constructed in two phases as

mentioned earlier. The preliminary sefies. which was constructed in the

- summer of 1982, fincluded two full scale walis rlus auxllfary .specimens

whereas the main series constructed in the summer bf 1983, contained .

nineteen full scale waIIS'plus auxillary specimens. In each series, the

Full scale walls and the auxfliary assemblage specimens were constructed
N

. at the same time using the same materials.

The fu[l scale walls included in the preliminary series were aone

of the Sertes WI walls which had the dimensions 3.60x2.80.m (9 Qlocks

‘long by ‘14 blocks  high) and one of the _S ries RII[ walls having

dimensions of 6.00x2.80 m (15 bloéks long by 14 blocks high). The
auxiliary aSsemblgge sbecimens for this series consisted 'oF 'the
following : .
1. Six 5 blocks high stack bonded prisms used'For the determination
of the flexural tensile bend strqngth nermal to the bed Joints.
2, Twenty wallette spe;imens consisted of alfuil block ‘and two half-
blocks high and four blocks long laid in running bond.‘ These .
.were used to determine the flexural tensile strength parailel to
bed joints. : : ." | \
The main seriES included two of Series W] walls and two of

Serles Nlll walls with .the dimensions mentioned above plus Fifteen walls
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assemblage specimens for the main series consisted of twenty three‘

-

prisms for tensiie strength normal to—the bed'Joints and fourteen
wellettes for tensile strength paraiiei to- the bed joints._ These
specimens had the samertonfigurations as the pre!iminary series
specimens. |
Fabnicetion of the Fuil scale walls was done ueing ehe ?oliowing
procedure : | ' '
I. The welifnas constructed on a poiyetnylene sheet in order to
prevent the stieking of mortar to the laboratory floor.
2, The first course'wes laid using blocks with predrilled holes at
the-proper iocaﬁions for wall 1ifting purposes.
3. After mixing each batch of mertar, the mortar flow was
‘ determined.
4, Af the beginning. middle and end of building with a mertar
| ‘bateh, three 2 inch (50.8 mm) mortar cubes were made For mortar
compressive strength tests, H
5. Standard truss type Joint reinForcement was'piaced in the first
and then in every other bed Joint. This reinForcement was
available in 10 ft (3.05 ‘m) long lengths. For longer walls the
splices of the two steel lengths used were located aiternately
near the two sides in successive aiternate courses
ﬁ.'All mortar Joints on both sides were toocled with a 15 mm
udiameter Jointer.
T. A1l the walls were fabricated and air cured within the

laboratory at a temgerature of about 20°C and 30 to 5071 relative
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-humidity, - 7
The auxiliary specimens .were bui 1t after the Fabrlcation oF

85

each full scale wall and sometimes from the last mortar batch used for .

the wall when this was ‘not appropriate, separate batches were used for

the auxi)tary specimens. -

Figure 3.6 is a photagraph of. the Fuli scale walls and some of _

-the auxiliary speclmens in the Applied Dynemics laboratory oF Hcﬂaster
=

- University during Fabrication. - .
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.ngure 3.6

Fabrication of Test Specimens



CHAPTER 4

EXPERIMENTAL RESULTS

[

4.1  INTRODUCTION

Testing of the full scale walls and their auxiliary assemblage
spEcImens was conducted‘accordlng to the test procedures discﬁSsed in
chapter 2. In this chapter. the experimental test results for the

auxiliary assemblage specimens are reported for both the preliminary and

‘main series. These ineluded test results for flexural tansile strength

normal and parallel to the bed Joints. Also. the test resu]ts and

observattons from the 30 full scale wall tests are reported The test'

- conditfons lncluded diFFerent support conditions. different aspect

ratiocs, presence or absence of precompression, and presence or absence

of a precracking at the panel center.

4.2 AUXILIARY, ASSEMBLAGE TESTS
4.2.1 Prelim;nary‘Series Tests
As stated before, the preliminary test series was conducted a
year before the main series using diFFerenr blocks and mortar sand, To
be able to interpret or analyse the teet results of the full scale

walls, flexural tensile strengths for assemblages in the principail

‘material dfrections normal and parallel to the bed Joints were required.

Even though the preliminary serfes included only two full scale walls, a

sufffcient number of auxfliary tests for strengths normal and parailel

87
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to bed jolnts were performed to have an acceptable statistical sampie of

‘data. The results oF these tests are described in the following

sections.

4.2.1.1 Flexural ‘Tensile Strength Normal to Bed Joints
The'original specimens were six 5 block high stack bonded"-
prisrhs. These prisms were tested at an age oF 80 days by means of a

bond wrench [62] and the results oF 23 joints were obtained. The

o average flexural tensile strength normal to the bed Joints was 0.31 MP3

. with'a coeFFicient of variation of 28.0 z. These strength caiculations

were based on. the net mortared section properties using the minimum, 32

"mm. Face shell thickness. The failure In most cases occUrred at the

bottom contact surFace between the mortar Joint and the flared end of
the block beneath such joint. - |

The full scale w_ai Is of the preliminary seriea were tested at
ages more than 250 days. It was thought ‘that' the flexural tensile

strength normsl to the bed joints might have become considerably. larger ..

over this time: For this reason, - Fol lowing testing ‘of the Flrst full

4
scale wall, Will~1l, the undamaged parts were cut up to form more prisms.

These new one block wide prisms For tension nor‘mai to the bed Joints had
a running bond pattern and were of varfious heights. The ten Joints that
were tested gave an average flexural tensile bond strength of 0.37 MPa
with a coeFFicient of variation of 24.3%. The average age of these
specimens at the time oF testing was 260 days. Also, the same fallure

mode was applicable for these>pecimens.
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4.2.10.2 Flaxursl Tcnﬂi/ Stranqth Parallel to the Bed Joints

A series of 20 wa!lette specimens were tested as horizontal

beams under two line loads accordlng to'the procedure described in

- chapter 2 for waltette testing. The result was a mean tensile strength

parallel to be&yjoints of 1.32 MPa with a coefficient of. variation- of

8.5:{ The strengths of the individual specimens are listed in Table 4,1

. together with the failure mode and the age of specimens at the time of

testing._ The failure of 85% of 'the tests occurred along. a sing]e plane
thréugh héad Joints and the face shells of aiternating b]ocks.khidh s,
failure que‘ f. aﬁcording to Figure 2.?.b . ' Of these 17 test;, 13
Fa[led through the head joint oF_the middle Elock andlﬁace she{ls of the
two half bilocks (Hndell). The other four specimeﬁs failed throuéh the
ﬁead Joints of the oﬁtside haiF block qurses and through the face shell

of the qenter biock (Mode I[’). The failure mode for the remaining three

‘_specimens was Mode I1I which is a combination of Modes ! and 11 where.

Mode 11 is é stepped or toothed pattern aloné head énd bed qunts.
Logd—deFlectfoh aata was recorded for altl. specimensv using
deflection readings at the center of the specimen. Typical curves are
shown in Figure 4.1 for twoe specimens of this ser}es. .From these load-
deflection curves, it appears that the first linear part endéd at.a
sudden stiffness change and the curves continued; tn a ronl fnear Fashién .
w%;h decreasing stiffness up to failure. it sﬁould be noted here that
the load level at the First change in stiffness correqun@ed to stresses

(based on homogeneous elastic analysis) in.the order of the flexural

" tensile strength normal teo the bed joints. Accordingly, fhe First and

consequent changes in stiffness may be attributed to the loss of
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" Table 4.1 Flexural Tensile Strengt

* Mode I 1s the mode where faitur

" 90

L
H L

h Parallel to the Bed doints

from Preliminary.Serles Wallettes .

Specimgn Age . Strength Falluré_ﬂode'

Days = f,..°
T B
3
H1 92 1.14 BER T
\;~H2 ‘92 1.27 171
H3 142 1.50 I
H4 142 1.31 I
“HS . 141 .. 1.35 I
He6 141 1.25 . I
H? 145 °  1.35 .
H8’ 146 1.20 1y
H9 146 1.22 i
H10 147 " 1.46 I
H11 150 1.18 1
H12 151 . 1.48 1’
Hi3 152 1.23 {
H14 152. 1.25 1
H15 153 1.25 I’
H16 156. 1.24 I
H17 156 1.31: I
- HIB 157 1.42 - 1
H19 157 1.46 |
'H20 156 . 1.45 I

Joint of the middle b
halfblocks.

Mode I’ refers to the case
Joints of the outside half
shells of the center block,

€@ occurred along the head

lock.and the face shells of the two

faf ture along the head
lock courses and the face

Mode !l represents the case of toothed pattern along haed

and bed joints.
Mode .I11 {5 a combination of modes I and I1.
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;‘ti_aness at the head Joint where the joInt strength has been reached.
Again, following testing of the. pre! iminary full scale wall
Will-1, a serles of prlsms for the Flexural tenslle strength paral lel to

bed Joints were cut from the undamaged parts of the wall. These plu's

b

" the undamaged parts of the‘p‘revlously tested wallettes were tested using

the bond Nret:ach test methbd. The 13 'tests ylelded a mean Flexural

-tensile strength parallel to the bed Jjoints of 1.47 MPa and a

coeF'Ficient of vartation of 12.0%. These results SUQgested that there

was not as s|gnificant an incregse in the strength parallel to the bed -

Jofnts with the fncrease in age as was the case for strength normal tQ

'the bed joints, This wes'thought to be due to the fact that having the

failure through the head Joints and blocks in most -cases, resulted in.

the strength-_bei ng controlled mainly by the block strength and not the
Joint strength. The other. conclusion from these test fesults was that
the bond wrlench test method can be successfully used to evaluate the
strength paraltel (or‘ at anw-other orfentation} to the bed Joints. This
has the advantage of a relatively simple tes;t technique which also gives

lqrger sample of data using the same amount of material as for the beam

tests.

4.2.2 Main Series Yests
4.2.2.1 Flexural Tensile Strength Noraal to the Bed Joints |

The flexural tensile strength norma! to bed Joints was
determined from hdnd wrench tests of thé.'prisms built with the main
series wai 1s. The results of these tests are summarized in Tabte 4.2

and are shown also in Figure 4.2. The mean flexural tensile strengths
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Table 4.2 Flexural Tenstle Strength Normal to the Bed Jo!nts
‘ ' From Main Series Prisms
Prism Sand Age Mean Failure’ Hode®
Type Days Strength®
' . MPa 111

PIl™ 82 156 0.25 2 1
P2 . ‘147 0.46 3 ‘
P3 . 143 0.45 3 1
P4 140 0.28 "3 1

PSS 136 0.39 1. 2 1
P6 135 0.47 2 I
PT- 134 0.46 4
P8 - 133 0.45 .4
PS. . 136 0.62 - 4
P10 153 0.63 4.
P1I 150 0.52 - 4
P12 S3 i56 0.38 3 1
P13 I5% 0.45 2 1. 1
Pl4 154 0.41 3
P1s 153 0.27 3
PI6 152 0.45 4 .
P17 151 0.48 3 1
P18 sS4 147 0.65 1 3
P19 147 0.59 2 1 l
P20 147 0.58 3 i
P21 . 146 0.53 -2 2
P22 ' 146 0.52 2 1
P23 146 0.44 4

a. Mean of 3 or 4 joint strengths for each prism

b. Number of Joints failed along:

(1
(1

the section of maximum contact area

at the flared top of the'block.

the section of minimum contact area

at the bottom of the block.
(III).a combination of both.

93
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of the prfsms versus the age at the tlme of testing are shown in Flgugf
4.2 {each was the average strength of 3 or 4 Jofnts). Also, prisms
having mortars made using different sancs are marked leFerently. Thejv
scatter oF the results as sho:n in this Flgure.,due to the inherent

5 riabillty. Ind!cated that there was no signlflcant change of strength

L".‘The mean flexural tensil strength and its coeFFlcient of
varfatfion For aII Joints made using each type of.sand were determined
and fndicated also on Flgure.d.z. This yielded means and coeFFtclehts
of var-iatiori of 0.46 HPa and 44.5% for sand s2; o, 41 MPa and 28.8% for

sand 53; and 0.55 NPs. and 24m41 For sand S4, respectively. The 0.47 MPa

. mean strength for alt 86 Joints irrespective oF the type of sand used

- and the 37.01 coefficient of variation are also included in Figure 4.2.

Changes of mortar sand from efther Sand S2 or Sand S3 to Sand 54 were

- proven at the 959 coandence level to have 3 significant eFFect on the

flexural tensile strength normal to hed Jo!nts. Unless otherwise

stated, the overal 1 mean strength of 0. 47 HPa ‘and 37 0% coefficient of

variation were considered For flexural t tensfle strength normal to bed

. Joints for the main series. This was thought to be appropriate since

most of the full scale walis were Fabricated using efther Sand 52 or S3
and~only two walls were fabricated using Sand S4. . i

The fallure occurred in most cases (66 of B6 Jofnts) at the
section of maximum contact area between the mortar Joint and the filared
top of the block Thls fai lure pattern was dffferent from. that observed

previously by Drysdale and Hamid [39] at the minimum contact area.

14

.
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However. recently, Gairns [44] reported a similar Failure pattern for

“hol Tow blockwork. Based on experimentatl evidence, he [44] suggested

that trapping of the mortar in block cores might led to i-'al lure at the

S

section of maximum contact area. - Although the cores of the concrete. ‘

blocks used In this investigation were much wider than those reported by

Gairns. it is bel ieved that there was less but still signlf-'icant eFi-‘ect

'oi-‘ mortar trapping. This plus the probable dusty surfaces of the maximum
. block section and probable different surface texture were thought to be

_possible causes for the shift of the fallure from the minimum contact

area. .
o

4.2 2.2 Flexural 'i'ensile Strength Parallel to the Bed Joints

[n the main series, there were 14 wal Iettes buflt to determine
Flexural tensile strength paraliel to the bed joints, _-These were tested
exactly as in the prel imlnary series. The Individual "test results given

in Table 4.3 yielded a mean. strength of 1.54 HPa with a coefficient of

.

variation of 7.21.. Thirteen of the 14 tests failed along a single plane -

passing through the head joints and the face shel ls of blocks at
alternate courses. The remaining specimen failed according to the so
cal led combined mode. l ]

A typical load versus center deflection curve is shown in Flgure
4.3, for specimen Hl4. and has the same general description as that For

the preliminary series curves given fn Figure 4.1.

4.2.3 | The Orthogonal Strength Ratio _
The orthogonal strength ratio fs defined as the ratio between

the strengths in the'two principal material directions, namely paral Tel
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Table 4.3 Flexura!l Tensile Strength Parallel to the Bed Joints
. from Matn Series Wallettes
" - Specimen . ‘Age Strength Failure Hode' " :
‘ Days L ' ) .
‘ 23 o
H1 190 1.38 1
H2 199 1.46 I
W3 197 . 1.55 1
“H4 199 . 1.64 I . '
HS' © 191 1.80 i o
H6 19¢ - 1,58 4
H? 188 1.53 1 o B
H8 188 .  1.60 | S o R
H9 188° 1.46 111
Hle 184 1.56" I’
H11 186 1.49 i
H12 185 1.64 i b
H13 181,  1.46 o
‘Hl4 180 t.42 : [

* Mode I is the mode where fatlure occurred along the head
Joint of the middie block and the face shells of the two
halfblocks. : '

Hode I’ refers to the case of faflure along the head
Joints of the outside half block courses and the face
shells of the center block.

Mode 1! represents the case of toothed pattern along haed
and.-bed jotnts.

Mode {Il is a combination of modes I -and [1.
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‘and normal to the bed Joint orientation. Considering the strengths
paral lei and normal to bed joints for the prel iminary series as 1.32 MPa
and 0.37 HPa. respectively. the orthogonal strength ratio for the ‘

preliminary tests was 3. 5. However. for the main series heving‘

strengths parai lel and normel to bed joints of .54 HPa ancl 0.47 MPa,

'respectiveiy. the orthogonel strength ratio was found to be 3.3.

4.3 TEST RESILTS OF THE FUI.L S(‘ALE HAI.LS
-The full scale waii tests were performed according to the
procedure described in’ Chapter 2, lt shouid be noted that the

supporting frame was Found to be very rigid as It was designed and the

max imum relative deflection oF that frame recorded From all tests and'_

all along the frame was less than 0.6 mm. In the next sections. the’

test results of al1 the full seale wal Is From both the prel iminary and

the main series are reported as one program. The two prel fminary walls

designated as Wi~| and WIIl-] were included fn the Wi and WIIl series,_

respectively.

The fui 1 scale wal 1 test results were grouped mainly to two -

categories. The first was walls in cne-way action Including Series wv
and HVV which had walls supported only on top and bottom as well as
Series WH which had walls supported only on the two vertical sides. The

other, category included two-way action which therefore include all the

other test walis.

All the test results are surrmarized fn Table 4.4 together with

the different dimensions, mortar strengths, and test ages. Except for

~ examples used in this chapter, the photographs of the other test walls
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Table 4.4  Wall Test Results.

loo

Dimensions *  Aspect . Wall Test Results
Ratio o -
Wall Frame ' Age Mortar Pressure at:
Lo x Hg "L xH L/H Days Cube o
i m m - Strength™ First Fallure
' ‘ MPa _Crack _
Wall - | kPa kPa
I < o . 126 18.5 2.84
Wy 2 5.2x2.8 2.8 <132 20.0 3.38
‘e B : . 138 22.9 3.09
Mean .. - 3.10
1 ) ¥ * T 2.94/3.19
- w2 2.6 x 2.8 2.8 2.50
3 - 1.32
Mean 2.25 -
_ 1 ' 5 24,3 2.04
WH. 2 5.2x 2.8 5.0 : 126 21.6 2.10
© 3 ' - 126 21.6 1.96
" Mean . - 2.03
1 : 113 21.9 - 3.97
WE. 2 5.2 x 2.8 ‘510 x 2.85 1.75 116 25.2 3.79
| 116 26.7 3.95
Mean 3.90
P ‘ ‘ 358 20,5 5.50 11.0
L 2 3.6 x2.8 3.4x 2.8 1.2 53 22.4 3.14 - 10.99
.3 r . 64 22.5 3.14 8.63
Mean 3.93 10.21
| ) : o 88 26.5 5.10 6.67
WIiT 2 5.2 x 2.8 5.0 x 2.8 1.79 85 24.4 4.32 6.73
' 3 . ' 90 . 24.4 3.53 7.06
Mean 4,32 6.82
1 ' 253- 16.9 2.35 5.30
WIIl 2 6.0x2.8 5.8x 2.8 2.07 86 21.8 2.16 4.32
‘ 3 92 28.7 2.55 4.70
Mean ‘ 2.35 4,77
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T Table 4.4 bontinued -

‘ 1 o 127 18.5 6.62
~WC 2 5.2x2.8. 5.0x28 1.79..133 20.90 7.21
.3 : : 139 . 22.9 7.36
Mean ) 7.06
. ‘ 96 22.7 5.59 9.42

WP** 2 5.2x2.8 5.0 x 2.8 1.79 -109 25.3 5.59 8.75

3 : 108; . 22.3 4.41 8.24

Mean S 5.20 B8.80

The number of mortar cubes per wall ranged between 25 an

Serfes WI where only 14 to [9 cubes were tested.

-1 The capacities of the two halves were recorded
** A concentric compression load

-was applied to the tops of these walls,

-

(if different). R
providing a precompression of 0,20 MPa

d 33 except for
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. 19.32 WPa and 21. 59 HPa.

to any specific defect in wall WVVjS.
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after failure are'given fn'Appendix B.

4.3.1 Walls In One-Way Actfon ,
4.3.1.1 Walls. Supported Only On Top and Bottom (Series WV and WvV)

. The failure pressures for these vertlcally spanning walls are

-listed fn Table 4 4 . for both the original Serfes WV and the

supplementary Series WV, The ‘reasen For including the ' supplementary

series was, as mentioned earlier. to have a larger statistical sampie

and’ thereFore an lncreased level of conFidence for the relatively high
variability associated Hlth strength nprmal to the bed Joints.

" As can be seen in Table 4.4,

-

the Failure pressure for ‘both

_halves oF the HVV-B wall was very low compared to .the other HVV or Wy

“‘walls. In order to understand what happened at this failed Jonnt.

first, the tests of mortar cubes taken from the two batches used in thfs‘

bed - joint were checked and .‘found to have mean compressive strengths of

These were not significantly less ‘than the
mean strength of 21.56 MPa for all batches used in this wail or the mean _

strength of 23.37 MPs for the overall program. In addition, bond'wﬁench

2
tests were performed for 8 individual joints from the bed Jofnt drrectly

above that {in question and 4 Joints from the bed Joint directly below

it. The resulting mean Flexural tensile strengths normal to the bed

Joints were 0,42 MPa and 0.47 MPa respectlvely Fbr the bed Joint above

\ .
and below qpe faited jotnt \“\Finally, since these checks dld not’ po:nt

1t was conc!uded that these low

strengths were the dnaturat.resu1t of the known high’ variability of

results for tensile strength normal to the bed joints.
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Plots of the pressuqe versus panel center deFlectlon are shown'

ln Flgure 4.4 For the three- walls of Series Wv, These cleerly lndlcated :

the relatively linear relationshlp up to the pressure level at whlch
failure occurred. Horeover. the eFFectlve Flexural rlgidltles as shown
in’ thls figure were qulte diFFerent. This might lead to ' large

variations in the Flrst cracking loads for walls supported on all four

'The erecklng or Fellure patterns of all the walls in both‘serles
were typically a horlzontal crack along a bed Joint near the mld -height
oF the wall panels. This crack extended longltudinelly for the whole
wall length. Sketches of the Faiture patterns oF the different walls are:
shown fn Figure 4.5. " In thls Figure. the deviatlon of the horizontal
crack from the mast highiy stressed bed Joint Just above the panel mid-
helght fs clearly indicated. This s, of course, due to the inherent

varlabllity of the flexural tensile bond strength normal to the bed

_Jolnts and the possibility of having weaker Jolnts outside the central
bed joint, .

The Flexurel tensile strength normal to the bed jolnts can be
estimated ' from the full scale walls of. Series WV and Serles WVV. This
panel strength was determlned conslderlng the following points :

+ These walls were Febrlcated uslng leFerent types _of sand. The mean
Flgxuraf tenslle strength of - Jolnts made From these sends were in
some cases slgnlflcantly leFerent at the 951 cenFidence level.
Therefore, to eliminate the effect of the differences in sand, the
panel strength ' of each wall was nermallzed wlth respeet to the |

overall.meen Joint strength of 0.47 MPa.

/s



e

104

0°T

SULEM AW 531485 10J B38Q U0J3001480  pep BuNB)4

W ‘uoy3ds(4aQ-483us] |auey

Q. w.ml.‘ *l

0o*o

T T T
og*

00°T
0s°T
o0*2
0s*2
-4 oo¢

K : : 4 ogeg

e s il o a8 B i et

1 : 1 1 . i 00* v

Zm/Nx ‘aunssauy {edazen



B

105

—————

wo3308 puUE doy By 3@

nmugoan:m m__m: 404 suzajjed m:_xomLu mo syojaNg G ‘v a4nG4
. i o
. . . ._u . ;
£-AAH . Z-AAH T-AA1
- d H d M
v v N
> | T
- L . L
6 _
. . 1. — - £98IN0)
) 0T k44
S L L
m ﬁ, , . . mx\
£-AH | Z-AM . T-AM ]
¢ i
6 - _
: ) 8981IN0)D
6 1
y . G
-,

R DS S AV




S A 3 : )

. C10s
2..The observed fallure patterns indicated that the falled bed Joint
might not be the central one. However, the central bed Jolnt may be
cons!dared for panel gtrength detdrmlnatlonwas it represents . the.
“average.caqe where the mean panel capacity was obtained from a large
number dF\waII tests. Horeover. the conslderation of ‘the failed bed
Joints may 1lead to an underestlmatfon of the panel strength as it .
.considers the weakest bed Jolnt fn each panel. ThereFore. the central
bed ‘Joint 'was considered here for panel strength determinatton
3. Both halves of each wall oF Series Wvy were orlginally one wall oFI
Series WH Emkhonty the WVV~1 halves had diFFerent Failure loads.
‘Slnce. It was thought that the - strengths of each palr of half walls
were dependent.A only the lower capacity was used for the' panel
.strength In  the case where the halves fafled at different Ioads;‘

Therefbte. the capacity of each patﬁ othalves was considered to be

for one‘wdlt.

Taking these points }nto consideration, an estimation of the

panel flexural tenéile strength normal to the bed jJoints was determined -

and -yiélded a mean strength of 0,570 MPa with a 27.0% coefficient of

vartation. Howeyér. including the results of afT“hélveé‘as independent
results only changed the mean strength to 0ﬂ572 MPa. A\so. the diﬁéct,
average of different wall strengths without normatization YIelded a mean
wall strength of 0.5§:HPa Nith>a 29.5% coefficient of variation.

The ‘comparison of this. panel strength and the Joint strength

reported earl[er (0.47 HPa mean strength with 37.0% coefficient of

variation) indfcated that the Panel strength was significantly higher

‘and had a lower coefficient of varfation than the Joint strength.
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Accordlng to Baker’s theory [22] for panels in vertical Fflexure, both
the meen and the coefFlclent of variation.of the panel strength were

expected to be less than For.the fndividual Joints. This Increese in

penel strength may be ettr{buted to the poss{ble increase in the joint

“the poseiblel

improvement 'or increase {n the mortar olock bond ‘strength

strength ln wall specimens due to two reasons. Flret.
in watl
specimens due to the self welght pressure on’ the bed ‘Joints.  An

additional argument is that, - for testlng of bond along the Iength of a

s!ngle block,  the strength would be much more aFFected by Iocal Flaws

For several blocks ecting together, they wlll force planar action which

will ellow the strength oF the stronger areas to he Fully developed. .
noreover. having a sample size of only 6 walls (3 walls of
Series Wy and 3 halves of Series Wvv) resulted‘Jn an ‘estimated mean

panel strength which-might neve 8 tolerable error up to 16% at the- 0%

confidence level. Therefore, a more precise estimate of panel strength

might be posstle from a larger sample size and this might be also s

source of the significant diFFerence observed between the Joint and

panel strengths. ] . I . e

Tt should -be noted that the actual falilure mechanism in terms of

load sharing along a bed Jolnt cannot be easily ldentlFled However. of

the Four diFFerent mechanisms suggested by Baker [22] for panels in

vertical flexure, both brittle and successive cracking fallure

mechanisms might not be expected to be applicable due to the

considerably higher panel strength than joint strength. Therefore, the

probable failure mechanism for blockwork in this case might be efther

the partielly or the fully plastic mechanism.
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4.3.1,2'walls Suppo;ted Only Along the Sides (Saries WH) 1

The Fallure pnessures for these walls spanning horizontally )

batween the two sides are also given ln Table 4,4, The typical vertical

- erack Iocated near the middle oF the horizontal span’ at fallure s shown
"ln the photograph of Figure 4 6 _ As can be seen in this Figure. the v

) erack alternetely passed through head jolnts and blocks in a nearly

v

straight 1ine throughout the whole wall height. It should be noted here

that the same Failure pattern was observed in the vallette-'tests

_reporf“a earlier.

The deFlection data for Series HH walls given in Figure 4.7

indicated the nearly tinear behav1our in the very early stages oF

loading. lt aiso indicated the noni i near behaviour thereaFter with:

’eontinuously decreas:ng stiffness up to the development oF the centeri

crack and, consequently. the Failure mechanism, The;end of the inltiel
1 tnear relation was observed at a stress level {based on elastic
homogeneous anslysis) corresponding to the head Joint strength This was

also observed in the wallette tests as reported earlier. CT

The - strength of concrete blockwork ] Flexure parallel to the .

‘bed joirts'can also be found from the full scale wail test results of

.

Series WH walls. These test results yielded a mean wall” strength of

1.49 MPa with a coefficient oF variation of 3.51%. While, as mentioned'
earlier, the wallette tests yielded a mean strength of 1.54 with a 7.2% -

coefficient oFlvariation From the comparlson of the wall and wallette

strengths._ it can be seen that both had essentlaily the same mean value

‘with smaller coeFFicient of: variation in the case of the wall strength.

A wall may be considered to consist of a set of adjacent

- - - 108
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. s'trength's. ~ Then,

. strengths. This was known as the ful Iy plastic mechanism [22]

" the fully plastic mechanism

Con

wal lettes and the wall stf‘?ength to ‘be the mean’. oF the wal lette

the distribution of wall strengths has the same

Adistribution as the means of wal lette strengths. This indicates that .
the mean wall strength is equ\l to the rnean wal lette strength. ) However.
,. the coeFFicient oF variation of wall strength is equal to that of the
. wal lettes divided by the square root of the possible number oi-‘ wal lettes
‘ in the wal 1 height Applylng ‘this hypothesis to the avallabie data .

- yielded a mean wall strength of 1,54 MPa with a 2.7% coefficient oF

variation. These are not signiF{cantly different From the values

determined from the full scale wal’ I test results.

- It was assumed in this hypothesis that ﬁai lure occurred only

when al 1 the wal lettes in the wal 1 height reached their respective

1t is bel ieved that. due to the relatively low varlability of the .
- wal leti:e strengths, the wall strength based on’ the partial lyc.p,lastic

mechanism may not be significantly diFFerent From that For the case of .

Accordingly, it may be concl uded again

) that either the partially or i:he Fui ly Plastic mechanisms could be the

4
failure mechanism for the walls of Series WH.

'4 3.1.3 Orthogpnal Strength and Rigidity Ratios

.The mean flexural tensi le strengths paral l1éel-and normal to the
bed joint orientation, as found from the ful.i scale watlls in one—way

action, were 1.49 MPa and .0.567 MPa, respecti'vely. Accordingly. the

_orthogonai strength ratio Frorn f-'ul l scale wal 1 tésts was Found to be '

2.6. This was snghii-'icantly dif’ferent from the 3.3 ratfo From the

However. B
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‘contr'ol specimens and ls raalnly due to the diFFerences In Flexural bond .

normal to “the bed Jolnts. ‘

«

The eFfectlve fFlexural .rigidity of the concrete masonry walls

can be estlmeted from the Ioad-—deflectlon curves given earlier For wal ls '

in one way bending. The flexural rlgidlty in the direction parallel to

bed Joints c_an be estlmated from the lnltlal 1inear part of the ) o'ad—

deflection curves for walls of Series WH. This yielded a mean Flexural _

: rlgldity in horizontal bending of 6. 55x|012 N.mmz wlth a coefficient

E o'F varlat{on oF 7. 21. Similarly. the Flexural rigidity for the

direction normal to the bed Jolnts can be estlmeted From the test

results of= Series Wv wal 1s. This. y:elded ahean value of 4.19x10'2 -

.mrn2 with a coefficient of varlatlon of 19.41..

The orthogonal rigldity retio or the degree of orthotropy is

deFlned as the ratio or‘ the Flexurel rlgldlty paral lel to the bed..

Joints to the Flexural rlgidlty normal to the bed Joints. The Flexural :

rigidity values ment!oned above yielded a rigidlty ratio of 1.57. ‘The
relatively higher Flexibility observed ln the dlrectlon normal to the

bed Jolnts may be attrlbuted to the presence of the continuous mortar

bed joints. These mortar Jolnts are: conslderably more Flexible than the-

concrete blocks. However, the parallel dlrectlon to the bed Joints has
haI'F the volumé of such Flexlble Jolnts. In addltion._ these joints are

not continuous but rather compri_se only half of the width,

&

4.3.2 Halls ln Two-Hay Action
' There were 15 ful 1 scale walls tested ln two-way action plus

‘three more walls whlch were tested in vertleal flexure (Series HV wal ls)

——
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and then retested in two-way bending as Sertes WC wells. _ Thus, a total
of I8 Full scale wall tests in two-way bending were performed in this
program. All these walls were Supported along all four srdes except. the
three walls form{ng Series WF which were supported only an three sides
.and had a free top edge. » el _

The nal]s ‘supported on alil four sudes were in Five different
- series, These were three series of walls with leFerent aspect ratios,
a serles Nlth a precompression applied along the top edge and Frnelly a -
seriesg oF walls with the preFormed cracks near the mid- height of the
' panel ., ’
The following are the detailed test results and observatnons For

v

each of these wall series.

4.3.2.1 Walls Supported 0n7mru| Sidas With Frae Top (Serias WF) .
This serfes had the 5.200m long by 2.80 m high (13 blocks Iong

"by 14 blocks high) dimensions of the basic wall with a 5.00 m hor1zontal
span between the two side‘supports and it was supported along the
bottom. The fatlure :loads given in Table 4.4 for these walls were
notably consistent., ‘
o The crack pattern for Walt HF =3 is shown in the photograph oF
‘Flgure 4.,8. This pattern ig consistent with the yreld line pattern for

such-walls. It was composed of two diagonal cracks originating From
the bottom corners and meet:ng at a centra) vert:cal ‘crack extending
‘From the- lntersectlon of the diagonel cracks to the free top edge. The
cracking Patterns of the other two wall's as shown in Appendix B. were

slightly diffdrent. In these walti, the ofagonal cracks did not reach
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.

the center but a horizontal crack developed at a certain bed joint and.
the diagonal crecks above the horizontal one’ strai ghten to be vertical .

or nearly vertice\l cracks up to the free top edge This change of

‘Apattern 1s attributed to the presence of a weak bed Joint or Joints

where the horizontal crack developed It shou]d be noted that these

cracks were de\Leioped right at fat lure where. the equi 1 ibrium was not

'necessari ly. seti sfied,

~The load versus lateral deflection plotted in Fig_ure 4.9 for the

three wal 1s of this series were relatively.lin:ear up to about "half the

""‘Fail_ure load. Thereafter, a siight but continuous"decrease in th'eu
' stiFFness was observed ‘r'o'r the three waltls. This may be attributed to
‘the nenl inear behaviour of the head Joints where thei r capacity had been

reached. However. the decrease in the stiFFness was less than that

observed fn the Serfes WH walis where the 'Flexural rigldity of the

dlrection paral iel to the bhed Joints was the only sourceé of- stiFFness.

At should be noted also that the sharp change in the slope for NF 2 and

_WF-3 wal ls near failure as shown in Figure 4,9 is probably'due to the

development of the initial cracking.

4,3.2.2 Hal I's Supported On AI 1 Four Sides With the Smal lest

Aspect Ratio (Series WI)

The observed First cracking and Failure capacities of . this
series of walls are iisted in Tabie 4.4' tog_ether with all the
experimental data for .these walls. )

The predicted yield line crack_ingpattern_ at failure for this

serfes was the formation of a 500 mm long vertical crack over the, mid-
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hefght region otbthe panei at‘the middle of -the horizontal span. In
addition.'dlagonei crecks ektending from.the top and bottom of this

-verticatl crack to'the“respective corners of the panel were predicted.

1In fact, as shown in Figure 4. IU for waii WIi-2, what occurred was ‘a
. verticai crack of 3 blocks height which is reasonably close-to the

“predicted 500 mm. However. what had not been expected was the initial

formation of a horizontai crack running nearly the full Iength of the

:panei aiong a bed Joint near mid-height of the penel. The cracking

pattern oF the other two walls reFiected almost the same pattern. The

scatter of cracks other than these main ones Forming the faiiure

' mechenism in this series was not surprising due to the statistical-
scatter'oF strengths. An additionei Factor was thet th expected

' cracking pattern for these wal Is included _both- verticei and diagonal

cracks which required high stresses to occur compared to the Ion.
strength of the bed Joints. The' existence of these ‘high stresses
Increased the probebility of having horlzontai cracks and accordingly

affected the expected diagonal cracks.

The loads. versus panel center defiections for the three walls of - .
this serfes are shown in Figure 4, ll. The sharp changes in s lppe shown
in this ‘figure for each wall corresponded to the observed formation of
the initiai horizontal cracks. Also, the First‘part of each curve.i

before the sharp slope change, was reascnably 1inear. =

-
-
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B Figure 4.12 for wall Wil-2.

4.3
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4.3 2.3'Mal Is- Supported On Al 1. Four Sides With lnteruediate
- Aspect Ratio (Seriéswin) - -~ © . . - -

-—For the comblnation of f‘lexural tensl le strengths. the yleld :

1ine analysls lndlcated that For thls aspect ratio a x—shaped cracklng

pattern composed of two dlagonal Cracks joining Opposite ‘corners of the

1

w311 panel would be expected. However. agaln the lnltlal crack was a

horlzontal crack running nearly the full Iength oF the panel along a bed

,}oint near mld helght. The. collapse mechanism was Formed when
addltlonal cracks extended dlagonal ly From this horizontal crack to the
‘ corners oF the panel. An exaﬂ:::!le oF this crack pattern is shown in
Regardlng the appearance oF cracks other '

than those Formlng the fai lure rnechanlsm. the ‘same statement made for

the Nl wal Is is appl lcable. :

The foad level at ‘which the lnltlal horlzontal crack was

" observed and the faflure load are also tabulated in Tabl e 4, 4 for the

three walls of this series.

. The ‘deflection results for the three walls are given in Figure

The plateau shown in each curve corresponded to the-development -

o'F the inftial horizontal crack, The three tests indicated a |inear

. relationship up to first cracklng and a nonlinear type -of relationship

after the plateau and up to- fai lure.

N

4.3,2.4 Walls. Sl.xpported On Al Four Sldes lhth the Largest
Aspect Ratto (Serres H!ll)

Thls series was expected and did produce cracklng patterns

slmi li{ to that For Series WI! but with m‘T dlstance between the two
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sets of dlalgon_al l'cr.ac‘ks. This can he clearly seen in Figure 4,14 For
-Hall WITT-3. The First cracking and Faflure 1 0ads For t\hese walls are

also—gwen in Table »4 4

It should be noted here that the cracking pattern for the fi rstr

) _preliminary wall WIll-1, as shown in Figure 4.15 did not have the-

. diagonal cracks”originating From the b ttom corners but lnstead a
\ ?..

Y,

\}ertfoal ~and horlzontal cracks Formed around each corner. This was

because of the ('nadequately restrained bottom oorners agalnst oorner

1
iy

liFtlng plus the lnsufficiently restralned bottom edge of-‘ the wal 1

: . against lateral dlsplaoement. «This al lowed the wall to slip off the

Indlvldual steel plates at the base and there'Fore allowed the vertlcal

: crack to develop. lt should be noted that wal 1 WIII-1 was the first

| corrected af-‘ter this wall test. - .

‘ The load ~deflection results for the WI[I walls are given in

¢

Flgure 4.16. They were also similar to those for the WII walis as they

were composed of‘ a 1inear part up to the Formatlon oF the first

horizontal crack whlch corresponds to a plateau in the- Ioad,deF lectlon

curve. Then, a nonl inear part up to fal lure completed the pattern.

4.3.2.5 Walls Supported On All Four SldES Hzth a Precrack Near Panel
Hid—-ﬂeight (Serles WC)
This series was a retest .of the Series WV walls after their.-

Fallure by a horlzontal crack along wall Iength near the mld—helght of

_the panel S. Thls series was declded on to check a design method which

considers the wall panel after first cracklng as two separate walls each

~

. prel lminary wall tested and these lnadequacies in the -testing Frame were

-
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_'havlng a Free edge' at Ithe horlzcntal crack and . wlth 'leferent

precompresslon due to the selF weight oﬁ the wall
' The cracking pattern of such walls, " as can be seen in Flgure

'4.17 for Wall HC-[. was fbrmed by the extension of dlagonal cracks from
t .H

\ the horizontal precrack to the respective eerner which is similar to.

: Series Wil. Also, the meen Failure pressure For thls wall series was

.

reasonably close to that Fer the. Hall Ser1e5 N!l as can be seen in Table -

4_,/

The Ioadﬂdeflection results for the three walls are shown in,

Flgure 4. 18. They were nearly 1inear up to a pressure level oF 501 to

-601 of the Failure pressure and nonlinear after that and up to failure.

4.3.;.6 Walls 5upportcd On‘ All Four Sices With Pracomprassion ’

On the Top Edga (Series WP)

Series WP was eimllar to Series WII except that the

precompression loadlng' |nd1cated in Tahle 4, 4 ‘was added. " “The first

cracking and fallure ioads are also Included in thls table{
; ¥ ’ ‘

It is known that precompresslon should delay the development of -
cracking. Accordingly. the higher First cracking and failure pressures

were expaected. However. accordlng to both elastic and yleld line

'analyses, the observed Iarge lncrease ln Fallure pressure over that of

Serles HlI would not only be due to the vertlcal prestressung. instead,

these analyses showed that .this increase in failure preasure' can be

expected only .if the precompresslon also increases the strength for
bending in the horlzontal d!rectlon. This is attributed to the fact that

the vertical precompreSSIOn increases the torsionai strength of the bed .

+

¢
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joints. ‘This in turn increases the strength in diagonai or vertical

‘cracking when the crack passes through - the bed and head Joints or when

. this increased strength Forces the crack to pass through the biocks.

“

The cracking pattern for Series WP walls was similar to that oF

Series HII waiis but with a larger distance between the diagonai cracks

~

» at the center horizontal crack’ than for Series WIl walls. This can be

seen’ in Figure 4 19 where very few cracks other than thoseé oF the .

col lapse mechanism were - observed. This control of addltionai cracking

is attributed to the beneficiai prestressing effect of the

‘ precompression an.weak bed Joints.

The 1oad deFlection results for Series HP walls shown in Figure

4.20 iook simiiar to‘those for Series Wil as they were. composed of the

sfmilar three distinct parts. First was a neariy iinear part up to the’

t\e\Formation of this crack. "finally, there was a noniinear part up to

failure. Rl

. 4.3.3 -Comparison of Test Resuits For the Different Wall Series

Hfth Supports On Al Four Sldes

The comparison of the cracking pattern for the series having'
diFFerent aspect ratios Indicated the presence oF the horizontal crack
near the panel center and the diagonal cracks For all of the tested

. aspect, ratios. The diagonal cracks originating from the corners met at

a vertical center crack in the case of the wall series with the smailest
aspect ratio. However, for the other two aspect ratfos, the sets of

diagonal cracks met at the center horizontal crack but with a larger

.

. deveiopment “of the horizontai crack.' Then, a plateau corresponded to

—.
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di stance between them for the larger aspect ratio- '

The conparison oi-‘ the load deFlectlon results i-‘or three wal ls
representing the three diFf-‘erent aspect ratios are shown in Figure 4. 2!-l
In.thi's Figure. the increase in both the First cracking and Fai lure
loads \yith the decrease of" the horizontal span ls clearly indicated.

This increase in the first cracking Ioad for, the wal ls with shorter

) horizontal spans was expected due to the increased stiFFness for the

'horizontal direction in the statically lndeterminate plate. Also. the

increase in the panel capacity for the shorter wal 1s. was due to the '

increased moment capacity of the half wal ls with eFi-‘ectively free, tops

‘ aFter First cracking. It shouid be noted that the amount oﬁ sudden_

defiection increase observed at Formation of the horizontal crack

decreased with the decrease oF the horizontal span as can be seen in "

- Figure 4.21. Horeover. for’ both bef‘ore and ai"ter the Flrst cracklng.

the increase in the stii-‘Fness for the panels’ with smal ler aspect ratios '
is clearly shown in this Figure. |

The def‘lection data for one of the Series WC wal 18, having a

':precrack near the panel center. is shown in Figure 4. 22 together with

deflections For lvlal 1 Hll-Z. The faf lure loads for both wal ls were quite
close and the end of the nearly |1inear part of i:he load deflection
results for Wall WC-2 was reasonably close to the pressure correspondi ng
to the formatfon of the horizontal crack in Wal I Wli- 2. Final ly, the

initial slope of the load deFlection curve f-‘or Wall NC-—Z was less than-

that For wall Wil-2, However, ai-‘ter the f-'ormation of the horizontai

- crack, the slopes of both curves were reasonably close for this

nont inear range. .
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‘The comparison between Series WP walls and Series WII walls .is
clearly shown_ in Figure ‘4,23 where the load deFlection results For a
wall  from. each series are drawn together.‘ A notably stiffer 'wall,
- narrower plateau and higher Ffrst cracking and Faiiure pressures were’

observed for the wall. with the precompression.'_ R ]

“ 4.4 " CONCLUDING =REMARKS

The 'expeFimental results discussed above ach:eved the preset
objectives and made it posslble to reach the Following conclusions :

‘ 1. The behaviour of concrete block walls when subjected to latera!
(out-oF—plane)/ﬁoading is better understood at dfFFerent stages
(uncraoked, cracked and Failure). ' ' _

2. By_ performing this experlmental work, a body‘oF-test data on-
Iateral loading of . masonry walls with - well deFined support
conditions is now avai labte For North Amerlcan conditions
(practice and materia!). * Having such data with well defined
support conditions makes it accesslble Foc uerifying anyx,method
of anafysis. | -

3. The considerabled reduction in panel capaclty with increased

. aspect ratio and decreased number of supported edges suggests'

t

v 'pOSSIbIe approaches for design codes; These might be to limit-

-the unsupported area of walls and to consider the ' possible .
precauttons to ensure adequate support at the maximum " possible

- number of edges. . T

4.‘The observed, behaviour’ oF'wall panels in the cracked stage

sUQgests the use of a multilayer approach for the analysis. This
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is because the observed cracks were only in the tens:le Face oF

'the wall and propagated through the whole thickness oF the Face .
'shell of that snde. |

‘The experlmental results of Series HC wallg supports the idea oF

determinlng the ultimate capaclty oF walls supported on aIl Fbur

. .sides as that of its two halves after Flrst cracklng w:th the

'appropriate boundary condition at the center horizontal crack. ‘

The observed behavnour oF the Full scale walls contradicted the

yleld line predictaons For Series HI and wxx For Series Hl

"walls. the yleld llne analysis did not predict the Formation oF

the horlzontal crack at’ mld—height as observed ln Wi walls.,

" However. the elastic plate analysrs dld predlct the development

oF this crack. It should also be noted that this horlzontal

’crack was developed at . a very smail load level relative ‘to _the

failure capaclty. This means that such walls would exhiblt

servlceabllity Failure. For Series WII wails, the observed

' cracklng pattern was leFerent from the X-shaped -pattern

predicted using the yield 1ine analysls. Accordlngly. these
observatlons might suggest more obJectlons for the. dlrect use oF

the yield line method for the analysis of masonry walls

. The bond wrench test method was proven to be an acceptable

method for testing mascnry prlsms in Flexura normal and paraltel

:to the bed JOlnt orientation. This test is both easy to perform

and economical regardlng the necessary materials to produce an

adequate sample.slze.
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- B{'The::aliowable- etressee- in North American Codes for tension'

normai ' to bed Joints are quite close to ' the determined
strengthsy especialiy that oF the preliminary series. ThIS
»

S ; 7_ S information fsuggests that the margin of safety is not adequateﬂ‘f

fHowedEr. for tensnon in the direction parallel to“the bed

'oints. the allowable stresees reported by the codes reFiect a.l_

reasonable margin of saFety when compared to . the determined

strengths.-

9. The orthogonal strength ratio which is deFined as the ratio ~of
the Fiexural ‘tensile strength paraliei to the bed joints to that
normal to the bed joints was. determlned From full ~scale wali'

. tests “and auxiliary tests., . Hall tests gave an orthogonal
strength ratio oF 2. 6 whereas the. auxtliary tests yielded ratios
of 3. 5 and 3 3 for the preliminary and main - test - series,
respectiveiy.. These were ‘in. ali cases more than the ratio of

fZ 0 adopted in most codes. ‘ ? .

iO, The orthogonal rigidity ratio or the degree of orth tropy is

deFined as the ratio of the eFFective flexural rigidity fnN the

Adirection parallei to the bed’ joints compared to that normal

'the bed JOints. This ratio, determined From the Fuil scale
“walls tested in one-way Flexure.u-was found to be 1.57. This
indltated the orthotroplc nature of concrete block'masonry. The

- relative Flexibility of the direction normal to the bed joints
is_ thought to be due to the.preeehce of the continoous mortar
bed joints, |

1l. The tncrease in the capacity of the full scale walls including

b

N
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thc precompression series, Series HP. would not only be due o

r.the prestress effect of the precompression in the direction

.'normal to the bed jpints. According to both elastic and yield .

Tine analyses. thls increase would only be expected assuming

‘thet the precompression Increased the amount of bending moment '

required to produce cracking normai and parallel to the bed

.

'Joints.

The observed behaviour oF‘wallettes.and-Fuil scale walﬁs:

supported on.the two vertical sides suggests that the head

; 'joints might behave noniineariy or in othEr words. exhibited some .

13,

plasticity aFter their strengths have been reached. o
From the test results of Full scaie waiis supported oniy on the“
top and bottom. the 1 inear elastic behaviour up to failure may

reasonably be assumed. Moreover. the relatlvely high

V'variability of’ both strength and Fiexural rigidity ‘For the

14,

direction norma to the bed Joints was cleariy shown._ This may
explain the considerable variability of the stiFFness and the i
first cracking and fallure pressures For the fuil scaie walls
supported on all four sides.

There ‘was not enough evidence to identify the mechanism for
crack Formation. However, it is suggested that the probable
Failure mechanism for walls in one-way flexure might be either

the partial ly or the: ful Iy plastic mechanism. This suggests

that the blockwork ‘may exhibit at least some. load sharing

similar to Baker’s theory for brickwork [2z3.
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Vdexermined_ experimentaily in most rcases using uniaxial

',stress. Therefore, it

of brittle f"ailur'e.

5
\

CHAPTER 5
HACROSCDP[C BIAXIAL FAILURE CRITERION FOR )

HASONRY ASSEHBLAGES

5.1 INTRODUCTION - -

<.

Hesonry"assemblaées such‘es shear welis;' infill panels subJeet'

to wind Ioading. end infitl panels subJect to in-plene restraint

"support movements are. usually subject to tensile or compressive stresses

(8

parallel and normal to the bed Joints plus sheer stresses along these

directions. This' means that the’ assemblage is in a state of biax:al

stress.end_sometimes a stetejofwtr1axial stress.

gtates of

analyse strengths for biaxial or triaxlal states of stress using the

uniaxial strength lnFormatlon.

Failure oF masonry as a brlttle ‘material Follows the deFinition

This indicates that there are-negligible fnelastic

deformations  prier to such failures and that they consist of a sudden

deveiopment oFV one or several separatlon‘surfeces w(thin the body.

éenerally. brittleness '}s characterized by strongly differing tensiie

and compressive strengths. appreciable size effect and high scatter of

test deta [61].
Mascnry researchers- -have been aware of - the potential

significance of biaxial stress EOndItlons on strength and have proposed

14]

“I"l

'However. strengths are-

is necessary to establfsh a logical method to -
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Failure criterie For~masonry assemblages " These criterla have been

' based on experimental resuits [22 46]{ on’ Finite element uodelling to

simulate biaxiel tests [80]. on - isotropic material Failure theories
[27 lll] and on composite material failure theories[Sl] I. ' .
In general, failure theories for isotropic brlttle materiats

such as the maxlmum stress theory. Coulomb s theory of internal friction

) and: Mohr’ s*theory of failure [75] are not applicable to masonry. This '

- 1s because they are derived on the besis of the invarient state oF'

stress concept wherein the stress orientation has no effect on. the

strength {51]. Masonry strength is highly sensitive to the orientation

.=
oF the stresses with respect to the critical bed and head Joint

dirggtions [47 50]

. The available strength theories for composite lamina seem to be

applicable toinasonry assemblages. This 1s because oF the inherent

composite nature of masonry and the presence of continuous bed Joints

and blocks in layers.  Also, these theories incorporate the variations
in strengths with the stress orientation relative to the materia]
principal planes which suit the anisotropic nature of-masonrycu

LR

It is the objective in this chapter to propose a biaxial failure

criterion for masonry.' This criterion should be simple and yet provide

reiiabie predictions of Failure stresses for those ‘combinations of
stresses.which can occur in the structure, To Judge the reliability of
. \\. .

the criterlon.'it should be confirmed by test data. [n this chapter.

the expected failure modes in masonry assemblages are discussed. Then.
the existing failure criteria for masonry are reviewed and the

-
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applicabillty to masonry of the. faflure theorles .for composite ¥//

orthotropic materials are investigated. Final ly, a i-'ai lure criterion is

—
- proposed together with an investigation of - fts reliability using

experimental data alreecly aval labie in the Iiterature.

Y

5

ln general, the capacity of masonry assemblages differs

5.2 PCISSIBLE MODES OF FAILURE IN HAS(NRY ASSEHBLA(ES

significantly i-'or different modes oF Fal lure. For a masonry assemblage

having specified'component‘ material' strengths. ‘the modes of failite are -

primarily. dependent upon the retative magnitudes of the tensi le or

© compressive and shear stressessaiong the cr‘itical planes normal and

parallel to the bed Jolnts._ Alternatiwely. for a particular state oF.
stress. the modes of fali lure are mainly dependent upon the relative
magnitudes of the different strengths of the component materials used
for this assemblage, - ST o

The possible "modes .oF i-‘ai lure. whieh canr occur in masonry

assemb ) ages can: be classified into two diFFerent categories. Fir‘st.

wlongitudinal modes of fatlure in which the Fal lure plane propagates

. longitudinal 1y in the plane oF the assemblage. Secondly. transverse

modes oF failure in which the failure plane propagates transversely

- 8eross the plane oF the assemblage. In these modes the failure occurs

through bed joints, head joints, masonry units (Face shelis In hol Yoy

concrete blockwork) or ‘any combination of these.
The longitudinal‘r‘ai lure modes are characterized by lateral
splitting of _the units in the case of solid masonry or'spl itting of the

cross webs . in the case of hol low blockwork., These modes of failure are
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expected to occur prlmarlly fn uniaxial compresslve states oF stress_
‘with the stress applled either normal or parallel to the bed Joints
"Alsoy they are expected to occur under a biaxial stress state where both
Astresses normal and paral lel to the bed joints are compress!ve The .
accompanying shear stress along these planes is so small that rt does_
not change the mode of fallure,’ o ‘
. ' The transverse _modes of Faflure are characterfzed by debonding
- along the bed Joints or debonding along head and ‘bed Joints around the
units, These modes may also be characterized by debondfng along head
Joints and splittlng oF the units in the same vertical failure-plane or
splittlng of the units along an inclined failure plane The drFferent
l‘transverse failure modes are shown in Flgure 5.1. These faflure modes
‘ere due primarily to uniaxial tensile stress either normal or parallel
to the bed Jolnt orfentation, pure shear stresses, biaxial tensile
-stresses or biaxial tension—compression. respectiveiy.

In the next sectlons. only the transverse fafilure modes which.
are expected to oceur {n shear walls and infi1 Panels with moderate
_levels of precompressuon will be considered. The Iongltudinal failure

.modes which are expected to oceur in masonry bearing wal 1's under high

levels of precompression are considered t outside the scope of this

investfgation.

5.3 EXIST!NG BIAXIAL FAILURE CR!fERIA FOR HASONRY
The existing faflure criter{a for masonry assemblages under
- biaxfal states oF stress were proposed on various completely different .

-

baSes ranglng From strictly Fitting oF experimental data to a
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‘ modification-of‘composite material faiiure‘theories. Also, it is worth
noting that the prediction of Failure under certain iimited stress"
conditions was the objective for most of these criteria.f1 _
Borcheit (27} proposed a Failure hypothesis for brick
’ assemblages subject to axial compression and in piane shear. In his
. proposal, he adopted'the maximum tensiie stress theory For isotrOpic
materiais which assumes a constant value For the tensile strength
independent of direction.: However. it is suggested that this assumption
is not valid For masonry due to fts inherent anisotrOpic and composite
nature. |
Yokel and Fattai {it1] adopted iiohr.s theory oF failure in order -
to predict the Failure of brickwork assemblages subjected to combinedt
In their approach, a straight tine type of Ilmiting curve. for
Mohr’ s faflure surFace was considered. The shape of this iimiting curve
varies considerably according to the ratio of the uniaxial compressive
strength to the uniaxial tensile strength of the materia) [50]. Also,
constant_vaiues for both spiitting tensile strength and compressive
strengthlindependent of direction ware used. This approach has the

drawback of being based on Mohr’s theory of fai lure which was derived on

l the basis of the invarient state of stress concept. It is suggested

that this {s not valid considering that masonry is an anisotropic
material. Accordingly, the use of constant splitting tensile strength
and constant compressive strength is not appropriate For masonry where
“the directionel dependence of both tensile and compressive strengths is
weii knownr

Also, the uncertainty of the straight line assumption for

the. limiting curve due to the variation of the strength ratio with the
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stress orientation ts one of the drawbacks of thls approach

,to the bed'JGints.n

Page [80] derived a Failure surface in the tension-tension range,_
For brick masonry using a Finite element model which is capable oF”

predicting only joint Failures. This failure surFace was determined in

terms-of the' two principai stresses and their orientation with respect

Analysis of brickuork paneis with diFFerent bedr
Joint orientations and different principal ‘stress ratios were perFormed o
to obtain this failure surface. He stated that the shape of the. Failure
surface depends also upon the relationship between the shear and tensile

bond strengths of the joints which should be considered fn the ’

derivation of a general failure surface; This approach cannot be

generalized for brickwork and blockwork for the Following reasons :

.

+» The derived failure surf‘ace predicts only the f-‘ailures in the

tension—tenslon range which is only one quarter of the possible

N ' stress combinations.

2. 1t predicts only joint failures, However, Feilures through the

units were reported even under uniaxiai tensile stress parailel

to the bed Joints.

3. The Failure surface was derijved For a particular ratio of the

‘'shear bond strength to the tensile bond strength To obtain sucﬁ//’Q\\

surfaces for other ratios. finite element simulations of biaxial

tests have to be performed for these ratios. This is not

practically feastble because it necessitates the availabil ity of

- the model‘For the users of the criterion.

-~

4. The irregularities in shape of the fajlure surfaces make 1+

v .
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diFFicult to represent aigebraicaiiy.-

Hamid and Drysdaie [51] proposed a Faliure criterion For*

i~

proposal rationally inciuded the inherent anisotropic characteristics of .‘
” masonry as a. composite materiai by modiFying one oF the existing
criterion for composite orthotropic materials. Aiso. they considered;"
the necessity oF not having a singie cciterion but a set of - sub—criteria“.
to account For the possibie modes of Faiiu,e” Their propgsal was aiso ’

based on physicai interpretation r ther than being strictiy

phenomenoiogical. Howover. the assembl ge capacity predictions did not.~
compare well with the experimentai data. Aithough they considered the
interaction between the shear and normal compressive stresses. they did"

. not consider any fnteraction betw “the shear and the tensile stressesr

Horeover. they considered the diFFerent tehsiie Faiiure modes as only
one mode of Failure to be predicted using one criterion
Ganz “and Thuriimann [45] proposed a biaxiai Faiiure criterion

for highly perForated brick masonry. in this’ proposai. they considered

the anisotropic and composite nature oF masonry and presented a Failure'

surface in the stress space oF the principal- materiai directions.
Couiomb failure criterion with a zero—tension cut-off for shear on bed

joints and square fallure criterion for brick materiai were assumed,

They negiected the tensiie strength oF bricks and the tensile bond

strength of the joints. Also, 1n this proposai, the.presence of the
head' Joints . wWas not considered.. In this approach, five different
subcriteria were suggested to represent five different ~failure modes.

However, it 1is suggested that ‘this criterion cannot be generalized for

i
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-concrete block masonry assembiages under biaxiai stresses. Their';
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masonry because it neglects any tensiie strength and ignores the head

o

Recently. Dhanasekar. Page and K1eeman [38] proposed failure‘
\

criterion For brick maSonry under biaxial stresses. In this proposai.

' the Failure surface in the principal stress space was determined by

‘: ‘means- oF biaxial tests. The continuous mortar'bed Joints were

'considered in this approach as planes of weakness, Therefore, in

addition to the principai stresses at fallure, their orientation with

',respect to the bed joint pianes was considered to deFine the faiiure_

X
condition. “An aiternative Failure surFace in the stress space of the.

principal materlal directions was obtained by the transformation of.
biax1al test results to this stress space. In this criterion. they
suggested an aigebraic representation for the: alternative Failure'
surface by three intersecting eiiipticai ‘CONes. This algebraic ;
representation was reasonabiy close to the experimentaliy determined

surface. However.as reported by the authors. these elliptical cones of

the Failure surFace do not correspond with distinct modes of Failure.;

'This may suggest that this criterion is phenomenological and is not

'based on physical -interpretations. -Also, the biaxial tension faiiure

[N

surface was not obtained experimentaliy but rather was based on -an

 .extrapolaticn of test data. Horeover. the suggested tension eliiptical

N

cone impiies no interaction between stresses normal and parallel to bed
joints at zero shear irrespective oF the mode "of failure. This
contradicts the reported experimental test results for brickwork [22]

and blockwork [44,461], Final ¥: this criterion was based on only one




.'brlck-mortar conblnatlon and therefore it has to be coni-‘lrmed by further
| "‘:-'tests for dlf‘f‘erent brick-mortar- combinations. .

_ All _the fallure criteria mentioned above were f"or the biaxial .

L strength of brick or block masonry assemblages for in—p]ane loading.

- ~§l"-1°

'_‘...However. design oF tests to determine biaxial Flexural strength of-',
) ma’sonry for out-oF-plane bending lntnoduces some experimental:-
- difficulties. OF these dif‘f-‘iculties are the - large number of tests I;‘

required due to the high varia&\ity of' Flexural strengths and the___'

conplexlties oF the testing apparatus. ThereFore. the assunption of no

. interactlon between the flexurai tensi le stresses normal and paral tel. to ‘

tI:,bed joints was a simple solution. This,resulted in' a simple

rectangular fai Iure surface R . . DT

~  Baker [18 22] inves gated the interaction oF the flexural’

i ten51 le stresses of brlckwork normal and J;Fal lel to the bed joints. "Re

proposed an el liptical fai lure sur'Face to best Fit the experimental data '

avai lable through his investigations. ~To general ize his proposal, Baker

. also suggested an el ] iptical relatlonship between the 'strengths 1n the

' two principal stress directlons. For the determination ‘of the strength

in the prlncipal stress direction. he proposed an ‘mpression using the

of these emplrical ly based relationships for block maspnry has to be

' conFir‘med by test r,esults. ]L shouid adso be noted that the |ogical

_assumptlon oF an elt iptim relationship For"the primcipal strength .

* criterlon-)vas used by Baker in the analysis of b ick masonn walls but

it was%ot conFirmed by experimental results Horeover. this approach '

q

did not account For the diﬁi—'ereg% pcresible FaH ure modes-= ’
oL - . _3, . q ' '
‘?' DN 4' b % £ n '
YT " 4 ‘o ,
. AP 5y -
.t ; :< L N wr » \ [}
‘“ﬁ ."' ; ’ -ﬁ Y :_y ,:. ';*-‘ .
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‘methof of Ieast squares to best fit experimental data. However. the ‘use |
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Gezzola. Drysdale and Essawy [46] proposed a crlterlon based. on

‘ experimental data. For concrete block assemhlages .under of‘f‘-ax!s bendl ng.

In thelr proposal, they consfdered the relatlonshlp between the Fal lure

criterion and the Fal.l ure mode. Accordingly. they suggested interaction

' betueen the stresses normal and paral lel to the bed Jolnts only for

stepped or toothed failure modes. However. they suggested that there is

‘--no,‘!;g\gnlflcant interaction ln""the cases of Failure by debondlng along

: bed Joints or through heed Joints and blacks in alternate courses. Thi s

Fai lure criterion.

'approach rationail 1y tndlcates the eFFect of mode of fai lure on the

failure surface. However, it did not quantltatlvely evaluyate the amouht .
of the lnteractlon. if any, - It was also suggested that the control ling-
failure modes for leFerent comblnatlons oF block strengths end mortar
bond properties should be lnvestlgated and consldered For a general ized

Thls ‘review of the avallable blaxlal Fallure crlterla for-

masonry assemblages indicates that none can be consldered to be a

generel lzed crlterlon. It also reveals the requlred features oF an

. acceptable general lzed criterion for masonry ina blaxlal state of

. stress whlch are surrmarlzed as Fol lows H

I To conslder the anlsotroplc and composite nature oF masbnry

o .w( B
' assemblages. ‘

2. ?o eccount for the posslble modes of-‘ fallure by adoptlng a set
‘ oF sub-criteria. . '
3. To consider the dlfferent posslble unlt strengths and mortar

bond propertles ln order to be able to deFlne the control 1ing -

N . : ‘ . A
Toa . . . . .
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modes oF Failure and consequent]y the failure surface.
4. To be based on physlcal ‘interpretations“rather than being
strlctly phenomenologicai o K

5. To be able to\predict both the occurrence ‘of Failure and the'
Fallure mode.

5.4 FAILURE THEORIES FOR COMPOSITE MATERIALS

Composite materials are not considered to ‘be ‘homogeneous. and
isotropic as is the case for most conventional engineering materiels._

However.' on the macroscoplc Ievel. & nen homogeneous assembly can be

‘regarded as a. homogeneous material. This equivalent homogeneous

.material may have leFerent materlal properties ln all directions

(anisotroplc material). - Houever, for materials which are considered to

. be orthotroplc. the material propertles are diFFerent fn three mutually'

perpendlcular directlons (prlnclpal material directions). They also'
have three mutually perpendicular planes of material symmetry [64].

For an‘.isotropic material. only the algebraic values oF the

three principal stresses ' are relevant . However. for orthotropic

materlals. the orientation of the principal stress axes with respect to
the planes of strength symmetry are also needed. ThereFore. the three
geometric parameters which’ deFlne each orientation are added to the
three stress parameters to determine the Failure .conditicn.

Alternatively. and more convenlently for the case of orthotropy. the six

stress components (three normal stresses and three shear stresses) with

respecf’ﬂto the principai material dlrections may be used to deFine the

"state of stress. Then. the Fracture condltion may be represented

2
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geometriceiiy by a fracture surface in the six—dimensionai stress-space,5
[6!3. | . | - _;-’ -~

The orthotropic Failure t’g;ries which are commonly used are the
naximum stress theory [64]. the maximum strain - theory [64], Tsai-Hiii
theory [64] and Hoffman theory [61]. In all of these theories. the
materiai is considered to be homogeneous and thereFore some of the

%

microscopic Faiiure mechanisms inherentiy cannot be accounted for.,

"Also. planes of strength symmetry are assumed to be the same as those

for eiaﬂéic symmetry., Horeover. the cartesian coordinate system is

. oriented SO that the coordinete planes: coincide with the pianes of.

strength symmetry.

In the maximum stress theory [64]. the stresses in the principai

materiai directions must be less than the respective strengths otherwise

Fracture fs said to have occurred The Fracture occurs according to the
Faiiure meehanism associated” with the respectlve strength. There is no
interaction between the failure stresses in this criterion and ectually

it is a set of independent sub—criteria.,

The maxmum strain theory [64] is quite similar to the maximum

stress theory but. strains rather than stresses are limited. It aiso
predicts the occurrence of the Faiiure and -the faflure mechanjsm.
However. there Is some interaction between stresses due to the Poisson s

In the Tsai~Hiil theory [64]. the yieid conditionlfor
anisotropic‘haterials proposed by HI11 (an extension of Von Mises
isotropic vield criterion} was used by Tsai as an anisotropic strength

criterion. This was considered in the spirit of both being 1imits of



o ot T g G T P e £ 5% R A AT SR T ST el

~ behaviour.

_ stresses was included
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1inear eiastic behaviour. In this criterion. considerabie interaction

betwaen the Failure stresses exists, - -However, beceuse lt is e single

criterion. it does not account for the diFFerent modes of Faiiure and
their effect on the failure surface. ‘Moreover, the Tsai-Hili theory“
assumed equal strengths in tension and compression as did Hill’s
originai yield criterion.

The Hoffman theory [61] was proposed as a phenomenoiogicai-
Failure or Fracture condition and borrowed Features of Hill’s yieldi
condition. In this theory. Hoffman added to Hill’s yieid condition some

terms which are odd Functions oF the normal stresses in the three

principai materiai d!rections.. These odd functions were chosen to be

1inear as the simpiest choice to account realistically For the vastiy
differing tensile and compressive strengths which characterize brittie :
In this criterion. the interaction between the Faiiure

However, it does not predtct or even consider

the diFFerent modes oF Failure as it is a singie phenomenologicai

‘criterion.

~

5.5 APPLICAB!L[TY OF FAiLURE THEORIES FOR ORTHDTRDPIC
CDHPOSITE HATERIALS'NJHASONRY ASSEHBLAGES
Hasonry assemblagé% ¢an be regarded as composite materials

because they are composed of iayers of . continuous bed joints and masonry

‘1

They may also be considered to be anisotropic due to the
/’_\

dlrect!onal dependence oF the strengths. ThereFore. the anisotroplc

composite materiais faiiure theories were thought to be applicable For
—_— L 1

masonry assemblages. .Moreover, the strength symmetry with respect to
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-preceding section cannot be applied direct]

.,the FOIlowing reasons :
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the head and bed jolnt orientations simpliFies the anisotroplc condition_‘
to an orthotropic condition. In this orthotropic material. the’ three
principal material directions are the parallel and the normal to the bed

Joint orientations in the plane of the’ assemblage and the perpendicular

direction to this plane, Thu5. the different strengths have to be

evaluated in the three directions since generagl ly there is no transverse

symmetry ‘in masonry
The faflure theories for orthotropic materials reviewed fn the_

y to masonry assemblages for

x

1. Interaction between the Failure stresses is not included in the

maximum stress, theory [64] However. masonry assemblages have

_shown some tendency to exhibit interaction between stresses

urnder some failure modes [22.46].

2; Some interaction between the stresses is considered in the

maximum strain theory [64] due to the pOiSSOﬂ s effect. This
interaction means higher biaxiai stresses than the uniaxial
strength are required to cause Failure in the tension—tension or

compression compression ranges compared to lower biaxfal

stresses For the tension-compressnon ranges. This type of
lnteraction contradicts the reported -tendency for stress

interactlon in mascnry [lB 22] horeover, no lnteraction is

considered between the shear and any oF the normal stresses ln

this theory. Thls is also not constdered to be realistic.

3. The slgnificantly diFFering strengths in tension and compression pl

1".
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of masonry cannot be accounted for. in the Tsai-Hilljtheory?[Gd];n_

l"KlSo; this‘theory is*strictly phenomenological. Horeover. it is.

a single criterion which is not logical where more than one

'Failure mode Is expected

4.‘The inFluence‘oF the diFFerent-modes of Failure on the-strength‘

is’ not considered in the HoFfman theory (ell. Also, theory

is strictly a phenomenological theory and is not based on

. physlcal interpretation. ln addition. analysis of masonry

assemblages using the Hoffman theory showed non. realistic

: zinterection of stresses which contradicts the reported
. behaviour of masonry [18.22]

\

5.6 PROPOSED FAILURE CRITERION Foe'm‘so_mir
* ASSEMBLAGES UNDER eme STRESSES
A failure criterion For masonry assemblages i proposed herein
to acoount For the shortcomings. which prevent the a1, st application oF
the orthotroprc Failure theories discussed in Sectlon 5.5. It is an.
attempt to satisFy the required Features for an acceptable generalized
crtterlon For masonry as defined in Sectldn 5.3. As will be shown, this

criterion Can In fact be considered -as a modiFied maximum stress.

. v
A e

".-criterion FoF orthotropic materials. The reason For choosing the

maximum’ stress theory to be modified is that it-predicts the occurrence

of failure as well as the failure mode. Therefore, it only needs' to be

'modified to rationally include the interaction oF the Fallure stresses,’

ln this criterion, the masonry assemblage strengths for the

ldiFFerent Failure modes gre evaluated by the equilibrium of a free body »

ty . i .
L . -
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d!agram of an. isolated strip From the - extreme Hbers of the assemblage.

ThereFore, using the proposed cr.jterion as will be shown. the bfaxiaj,‘

strength oF the assemblage can be determined for sol id or hol low masonry
under biaxial in—plane or out-—of‘-plane stresses. “The only diFFerence is

that  the unit strength and the mortar/unit bond properties as well as

the stresses acting on the. assemblage have to be determfned accordtng to

. the materlals used in the assemhlage and the straining actfons acting on

s.e;l Joint Strength Criterion

'}The Interaction fai [ure stressea .in masonry assemblages 'is

identified as'being'mainl due to the fnteraction between the shear and .

normal stresses acting on the rnortar joints. Theref‘ore, the prediction

of biaxial strength of masohry assemblages fn which the Failure occurs

par¥ial ly or compietely through mortar Joints will depend on the.

‘criteri‘on for the joint strength. Fai lure of mortar joints occurs by

debonding at the 1nterFaces between mortar and masonry units under
efther shear-compression or shear- tensron stress combi ions. .
Accordingly, there are two separate sub-—crl_teria each concernéd mth one

of the stress fields mentioned above‘.

For joint s)lip fallure in the shear-compression stress ﬁeld. it

has been a_hown that Coulomb's’ theory of internal Frictlon ‘can reasonabiy

predict the ,joint strength of masonry assemblages [ 25,50, 79] This,. as

shown in Flgure 5.2, can be written as:

%sbm = Oshmo + MOopm (5.1)



el st LT TSR

g s mn

e T e L,

JR——,
4

158

o'_ . ——
. Ysbm
g
|
]
I
I
. {
]
-
%bmo -~
N\
o L . .
%m - . %tbme. .. | - Oebm
TE.N_SION . - o COMPRESSIQN
g - -Figure E.é“'"'JthE Strength Criterion
/1’" ‘ : Rankine Max. Stress Theory [75] ercceeecoe.--.
g o . C o ‘ o
‘ Coulomb-Mohr Theory [75] . —_————
‘ Tt .Cowan. Theory [112] L e
T . ‘ Modified Cowan Théory [112] . ——rerrem
/
-1 "’13?
tan p. 7
-~ ;- i g
- i I
Tensile Compressive
Strength Strength -

Figure 5.3  Illustration of Different Failure Theories for Brittle
- ~ Materials Modified From Mohr Theory
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_liher'e-'
Igbmo 1S the shear bond strength, - " " N
L m"is the shear bond stress at failure,

cbm is the normal compressive stress at f‘eilure and

o
u is the coefficient of friction between. mortar and masonry umts.

o Equation 5.1 is only velid For normal compressive stresses

considerably below the corrpressive strength of the asseﬂ'blage normal to .

' the bed Jjoints (Hamid [50] suggested a limiting value of 03 Fm')- For

higher precompression. this 1inear relationship is no longer applicable.

-1t should also be noted that, for precompression values approachi ng the

unlaxial compressive strength 'Fm + Not onty does the relatfonshnp

deviate From the \{near expression but also the Fai lure mode chenges

[0, 84]. A

For Jolnt bond Fai lure under a state of shear-tension stresses,
Coulomb’s theory ls not appl icebl e oecause the interface has-’l imited
tensile strength ~which results in the tensi le Fal lture mode, -

Accordingly, the moleied Cowan theory ;/H#Jhlch was proposed to.

express the .fai Iure oF brittle material s ln the shear—tension stress -

Fleld. will be adopted for this criterion..

relationship between the pure shear -and tenstle strengths was used as

: shown in Figure 5.3. The&re. by adoptlng this criterion, -the

\strength of the joint in the shear-tension region shown in Figure 5.2 is

gi ven as:

9sbm . Jtbm

- (5.2)
Isbmo  Otbmo - C o R

P

-y

In this theory. a linear

oo T
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where,

% bmo is the tensiie bond strength and

Y¢bm is the tensile bond stress at Failure. X
it should be noted that this reiation has been utiiized previously Ford
predicting Joint strengths for both brickwork [79] and blockwork [25].

in the next section. expressions for the strengths of. masonry
‘;assemblages for the diFFerent transverse Faiiure modes shown earlier In

Figure 5.1 are proposed. As wili be shown. these expressions are

_;L primarily based on the ‘shear-tension interaction relationship given in

=

Equation 5.2. This is because it is the criticai mode of Failure for

S mgst assembiages and speciFicaily for the biaxial Flexure area of

%;terest in this investigation However, similar expfessions are
applicabie to the shearncompression state of stress by using Equation

5 1 aFter reFormlng as follows: ’)/-

%shm . Tcbm ) : : )
—_ -u =1 . ‘ - - (5.3) -
sbmo- 9sbmo

‘ . ' ) l - x .

or, - o /‘,\

. -
%sbm %cbm - . ,
.t =1 . ; {5.4)

%bmo  %cbmo - N

here, %bmo 1S the normal stress at zero shear according to Coulomb'

straight Iine as shown in Figure 5.2 which is determined as: "
. B . - . ] e

: P : = ‘ -
_ bmo . N
%cbmo : -

© (5.5)
u
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5.6.2 Biaxial Strength of Masonry Assesblages For

>

Different Fallure Modes

e

5.6.2.1 Strength For Debonding Along Bed Joints.

-

This mode of failure occurs due to either tenslon normal to the
-bed joints or shear along the bed ‘joints or any combination of. shear and'

tension on such joints. The assemblage is satd to have: Failed by.

debonding along a bed Joint if the stresses acting on this Joint reach

r 'Vf'"ff-‘""":.‘""‘-" T

.. the strength value given by_the shear-tension relationship for ‘the

Joint. For this, Equation 5.2 may he rearrranged as fol lows:

: Osbin - : _
“tbm = Ftbmo ( | - ) : : . (5.8
‘ 9sbmo '
} Ci;); For a .free body taken from the extreme fibers of the assemblage
. : o
i g under the complete biaxial stress state. as shown in Figure 5.4.a, the
| = o . .
1 . equilibrium equations are as Follows.
?
; 1 . * .
| (23 x dt)Un = (Za ® dt)-dtbm‘
S Ors Oy = Oppg ' ‘
" . (5T
; ‘ (2a x dt)r,, = (23 x dt}o gy N : T
; v 1}
“ or, Tnp = “sbm [
'

[ ) ™~ N o ) ’ N N
‘ . . )
Where,

9n and Ty, arE‘the tensile and shear stresseslat the extreme fiberé
of the assembliage respectlvely. '
- . .gg_is the nominal wnit Tengtht'and
A dt fs the arbitrary shell thickness..
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By substituting Equatlons 5.7 ln Equation 5.6, the fol lowlng relation is

obtaineds .

- _,.m':
9 = othmo (1 -

)
%sbmo

o

: Thts ls the Failure condition or Failure surface ln the o -ap

"‘np stress

space as shown ln Figure 5. 4b. _ it can. be seen in this Flgure that. For

thls Fel Ture mode, the strength is not affected by the tensl ie or

compressive stresses paral lel to the-bed jolnts (o ple This Qbservation

also conforms with previous experimental results [46].

unlaxial tensile strength of the assemblage in thls Fallure mode (Ft ')

can be smply deterrmned as fol lows- '

-

’ ' . T
Fin= onl = otbmo

. (5,9)
'tnp=[] :

*

5.6.2.2 Strength For Debonding Along Head Joints and

Sptitting Through Units In Alternate Courses

o

e biaxiat strength oF an assemblage for the fai lure mode which

inv ves deb dlng along head jolnts and spl. ltting through units m

alternate courses can be determlned From the equsi 1 ibrlum oF Forqes on a
o Coe

free. body of the ‘extreme Flbers. The stresses at Fal lure are showh.in '

Flgur‘é')s 5.a. It is worth notmg here that the bond strength of the

head. jﬁmts is consndered to be the same as the bed Jolnt strcngth

°

(5.8)

Moreover, the

[
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Also, sincekthis Fallure mode is primar'ily due to tension parallel to
the bad Joints, it can be reasonably assumed that, at faf lure, the
masonry units attaln their tensile strength. Another way of expressing
this {s that Fal lure of the units obeys the original Cowan theory of
Fai lure (see Figure 5 3) whHe the mortar head Jolnts exhibit the shear-
tenslon type of FaHure accordlng to the adopted joint strength
crlterion.

In the criterion For this faflure mode.‘t Is assumed that there
will not be any premature cracking In the head joints up to the

occurrence of fallure through both head jofnts and units. ThIS

assumption is based on the observed behaviour of the mortar Joints 1n

both brickwork" [30] and blockwork [44]. This is assumec} to be true as -

Iong as a specific limiting value of nonl inear deformations for the
head joints is not exceeded, For brickwork, this |tmit has been
identified by a maximum ratio of assemblage tensile strength parallel to
the bed Joints to head Joint strength of 5 (22]., In this study, the same
limit i{s assumed to be acp! fcable for blockwork. [t shoulld be noted
that this assurhption for the upper 1imit does not imply proportionat ly
large nonli inear deformatfons to take place in the joints before fai lure
This {s because of the dissimilar stiffnesses of the Jornts and units
which results in uneven stress distribution in head joints and units
ove‘r the .assemblage hefght. The uneven stress distribution over the
assemblage he1ght Js discussed in detail in Appendix C. It should also
be noted that Baker suggested a similar mechanism for the analysis of
brick masonry walls subjected to bending with tension paral let to bed

Jofnts‘[30] where he suggested a nonl {near behaviour for the head jeoints
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prior to cracking. -

The quatioﬁs for equilibrium are as follows:

_(2b X dt) Op = (b x dt) Otbm + (b x dt) oy,
. l N o ‘
or, %p = -2-_( Othm + Ogpy .} . (5.10.3)
S S _ (2b x dt) np = (b x dt) ‘agpy + (b x dt) ogp.
. | ‘
or, tnp = - Osbm + Osp) ) , (5.10.b)
‘ 2 _ : . . '

Where,

ey s the tensile strength of the masonry unit,
°sbl is the shear stresses en the masonry units, and

b Is the nominal unit helght.
The ratio of the shear stresses on the head joints ahd the
4
masonry units depends on the relative stiffness of the head Joints, bed

Joints and masonry units, A< discussed in Appendix C, thls ratio was

found to be:

E
. 1 +2 .
%sbi _ - Gy
g E
“sbm 1+ 2 bt}

Where EJ- GJ and Gb are modulus o? elasticity of mortar Joints, the
~ shear modulus of the mortar Jolnts and the shear modulus of the Masonry
unit material, respectively, Accordingly, Equation 5.10.b may be

. -3
rewritten in terms of only the shear stresses on the head Joints as

A
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follows: , '
. Ej. Ej‘ .
P+ — ¢ =

T 1 M % ) (5.10.b)
—l,—~ _'np= . I5hm 1.

\‘R{\ Ej - . . ,

' 1 +2 = ~
- Gy

By substitutinq Into Equation 5, 10.a for the tensile bonci stress
(°tbm) From the ioint Failure condition (Equation S. 2) and for the shear

bond stress (osbm) from Equation 5.10.b, the fol Iowing expression -is

obtained' _ ..
- : L2
1 . Gy Thp
% = ; [ othmo (1 = — d Vo 1 (5.1
, . - o b o “sbmo
' ~ G Gy

This s the expression describing the failure surface in the ¢

s

n~%p~Tnp
stress space for this mode of failure as shown in Figure 5.5.b.

This expression for the Faflure condition indlcates that the
failure strength is. independent of the ten51le or compressive stresses
parallel to the failure plane (normal to the bed joints inm this case).
This confirms the previous squestion based on experimental resuits of
blockwork wal lettes [46]1." The interaction of the shear stresses and the
normal stresses para! tel to the bed Joints is alsao included in this
failure condition, [t should be noted here that Equatlon 5.11 is only
valid For shear stresses up to a certatn 1imit at ‘which the term within

the parentheses in this equation has a Zero value. At this stress
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level. the head Joints reach thelr strength and thereafter a 1/2 °tbl
teneile stress parallel to the bed Joints is required to produce this
Fallure mode, - R

- As reported earller{ thie failure .mode is observed - for
assemb ages under untaxial tension parallel to the bed joint
orfentation. The unfaxial tensile strengthy in this mode of failure
(Fiep-1) is given by:

B B _ o
f"tn-l = %l == °tbmo t Grhy ) L (52
‘tnp-o 2
This expression fig simttar to the strength condition in this mode

proposed by Drysdale and Hamid {41] using. the actual cross section- in

strength calculations.

-

It should also be noted that the assumption of nonlinear'

.behavlour for the mortar head Joints, as will be seen later, vielded

predictions which were reasonably close to the available test data,
However, another approach assuming premature cracking in the head joints

was tried and found to underestimate masonry strength for available test

results,

5.6.2.3 Strength For Debonding Along a Combination

or Bed and Head Joints | _

The failure mode involving debonding along a combination of bed
and head joints includes two distinct patterns. As shown in Figure 5.1,

these are vertically toothed and diagonally stepped patterns. The

. dfagonal 1y stepped pattern fs the most 1ikely pattern for this mode of

faiture for assemblages under biaxial stresses, Thes vertical 1y toothed
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pattern Is llkely to occur. only under tenslon parallel to the.bed Jolntsx

with or without a low level- oF tensile or compresslve stress normal to

the bed joints. These stresses normal to the bed jofints have to be so‘

small that they only affect the bed Jolnt Failure stresses but do not

‘change'the Failure pattern. HoweVer. ‘the toothed pattern f8 not likely

to occur under conditions oF significant shear stresses and _the typlcal

A
i

As was the case for the previous Failure mode. it ls assumed

-diagonally stepped pattern E3 expected.

that the Jolnt reachlng its strength First (bed or head joint) will
sustain that stress up: to Failure. The Failure will occur ‘when the
stresses on the other Joints withln the smat1 assemblage element shown
rn Figure 5.6.2 reach their strength. This implies that some stress
redistribution and non! fnear deFormations will take place In the mortar
Joints prior to the debonding fafilure. This condition is more likely to
. be satisfied in most cases slnce. under most loading conFiguratlons.
both bed and head joints are stressed. In other words. the compatibility
of deformations implies that the tensfle stresses on one Joint is always
accompanied by shear stresses on the perpendicular Joint. This means
that the joint controglingqthe faflure will. reach lts strength level
quite close to the strength level of the other Joint, Moreover, for a
small element such as the one shown in Figure 5.6.a, the assumption of
comp lete sharlng between the adjacent perpendicul ar Joints within the
element can be reascnably adopted. This assumptlon was suggested by’
- Baker [22] ‘for brickwork and experimental results for blockwork in this

lnvestigatlon and elsewhere [44] Indltated similar behaviour.
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In this sectfon. the strength sub—crlterlon for the. dlagonally >

5tepped pattern will be derived. Here it shouid be noted that the

vertlcally toothed pattern I3 in fact a partlcular case of the general
dlagonally stepped pattern where the assemblage is pr!marfly subjected

to prlmarfly tension paral Iel to the bed Joints, The equilibrium of

forces on the Free body shown In Figure 5.6.a for this Fallure mode is

o
given by:
b b :
np + - Gp a (Usm)b + - (Utm)h
8 {5.13)
a a .
“np *+ N % = {ogpp)py + : (Stomp

Hheré. the subscripts b and h on the parentheses reFers to the bed and

“head Joints. respectively. At failure, both bed and head Joints reach

their strength Ievel‘which Is represented by the joint strength

Interaction.(Equation 5.2), This equatio& can be rewritten for both

JoInts as follows:

{oshmlb  (Otpmly : '
sbm’d . 1%bm =1 ‘ (5.14.a)

%sbmo Ttbmo

(Ogtan)n . (o0tbmin .

(5.14.b)
Ssbmo Stbmo '

Equatlons 5.13 and 5.14 represent an indeterminate system which cannot

be solved with these equations- only. Then, the compatibility of

deformations for both bed and head_Joints is needed to provide the
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. additional equation, -

Due to Ibading. defor‘mations will take place in both directions

\nmnd parai 'el to bed joints as shown in Figure 5.6.b. For the.

deformations tc be compatlble. the. total displacement in either

direction may be considered as the displacement due to shear on a Joint
and simuli:aneousiy the displacement_dueto-tension on the perpendicular
Joint. The com'patibility equations wi? I‘
behaviour. This is consfdered to be applicable up to the limit where
one of/the two perpendicular jolnts reaches its strength level.
Thereafker. 1t is assumed that stress redistribution will take place and
‘this‘ Joint wil1 behave'p‘lasticai ly. However, due to the Iimited
.nonlfinearity expected. equivalent 1lnear behaviour was assumed as an
approximation with equivalent or apparent constants for stress -strain
reiationships other than the. elastic constants,

For the compatibi 1ity of the displacements in the directions

paral lel and normal to the bed Joints shown in Figure 5. é. b,

) f‘oliowing relations have to be satisfled:

(8)p = (A)h

{(5.15)
(As)h = (A¢)p

. Where, 4; and At are the total displacemenﬂar and tension,

respectively.

i

Under the action of uniform stresses, the displacements can be

determined as fol lows:

be derived for elastic-,

the

RS
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(5.16)
o B = othm — ¢,
Em

2y
S,

Where, -
tp s the thiekness of the mortar Joint and
Eq and Gm are the equlvalent or apparent Iineer modulus of elasticity
end the equivalent or apparent 1{near shear moduius of the mortar
Joints at f‘ailure. respectively. |
Then, by subst{tuting Equations 5.16 in Equations 5. 15. the fol lowing

relations are obtalnecl. .

-~ cEm:h o
‘“tbm)h (-G:)—(Osbm)b |
b (5.17)
(Enly .
‘Ttomdp = —== (ogpmly
(Gl

The avallable equations are now six equations for equiiibrium,
strength and compatibi ity. However. there are only Five unknowns which _
are the Four internal stress components on the bed and head Joints ang
the combined eFFect of the external stresses (ons op and Thpl.
Therefore, an extra condition is requfred in order to have a unique
solution for the above system of equations. This condition. as will be
shawn, implies the simultaneous faiiyre of both bed ang head joints.

By substituting for the head Jeint stresses from the

compatibil ity equations {(Equations S.17) into the equilibrium equations

.
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. (Equations ‘5.13); these equilibrium equations can be written in terms of

the bed jolInt stréssgs only as follows:

b. T b (Eg),
np t = 0 = (ogrmly [ + - 1
np a P sbm RCEN
1(5.18)
a . (Gply, & '
~np * =0y = (otpm)y [ —— + -
b

(Em)b b +

Now, By‘substifuting for the bed joint stresses from Equations 5.18 into

the failura condition for the bed Joints (Equation 5.14.a), the

‘following equatlon_can be obtafned:

-

b a
t.npl + - Op ' ' ‘np + _‘qn
a , ‘ L b
e (™ P {Gply, a o
sbmo =L —— 4 -] gy £ -]
sbmo tbmo
T @y gy a (Ewly b
. : ' \7-\:_‘\‘
This is the expression which describes the strength along the bed J&ints
for this stepped mode of failure but not necessarity along the head

© Alternatively, the equt ! ibrium equations (Equations 5.13) can be

written in terms of the head joint stresses by substituting for the bed

Joint stresées In theﬁe equations from the compatibility equations

(Equations 5.17) as follows:

a a. (Eglp
Thp * = dn = (Ogpdy [ 1 + - —on
5 :

] (5.20.a)
b (Gp)p,
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b : . (Gm)b b~ . .
Tnp + ~ 9p = (Gppmlp [ -1 | (5.20.b)

a (Epdp &

By substituting Equations 5.20 into the equation for the head joint

failure condition (Equation 5.i4.b), the fol towing equation can be
obtaineds '

b _ a
Thp t - ¢ o typ t - g
L L .
. - + - = | (5.21)
‘ . (Bgly b gy (Gply @
' Y%bmo [ o1 ogbmo — I t -
(Epdy & (Gply (Ep)p b

This i{s the expression .which describes the strength along the head
Joints for this steppedlnode oF Fallure but not necessarlly along the
bed Jolnts. ’

The condition to ensure the s!multaneous failure on both bed and
head joints which is a!so the extra condition needed to have a salution

satisfying all six equations is that Equations 5.19 and 5.21 have to be

4 tdentical. This means that

(En)p
sbmo “" = Ftpmo
: (Gylp
Enlh  Otbmo -
ory, —— =
{Gp)p Ysbmo
. (5.22)
(Endb  %ttmo
and —_—=

(Gp)p shmo
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Accordlng!y. the failure condition for debondlng along a combination of
bed and head Jolnts s given by: '

b : ) ) \ a
T + - : -
np s Up | tnp +‘ b on . .
, + = 1 (5.23)
%bmo D ’ : %sbmo B .
Ut [ ——+ =1 oy [ —— ¢ -
Otbmo .8 , Sthmo b

.

Which can be rewritten as follows:

°n %
b - " 8
("’sblm*"ttmo) (g%bmo**’ttmo)
a b

1 1

* e + — 1=1  (5.24)
a b

“?smo*;%bml ¢ osbmo + - otbmo )

This expression represents the failure condition in the tension—fenéion
region of normal stresses fl-‘or this faiture rﬁode which involves debonding
along a combination of bed and head Joints.

The failure mode discussed in this section may occur also under
c‘o.mpress(vel st[ess normal and/or parallel to the bed Joints with the
other stress components as long as these compressive stresses are not so
high tt;at th’ey change the mode of failure as noted earlier in Section
5.6.1. In this case, the failure condition can be obtained by changing
the bond tensile strength, oupoq, to the normal stress at zero shear

according to Coulomb’s straight 1ine, %abmos in the part of Equation

5.24 with o, or Op in compression. The resulting failure condition is

e
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one of the fol lowing expressionss

for only—or in compression:

[+

. o
n + p
Tsbmo{ = = - ) { - 9sbmo + otpmo )
&y b
‘ 1 1
L P -
np , b al

{ °sbm{_*:\°tbmo L

bu
_ C
«for only qp"in compression: .

o~

9 L L
n . . p
b_ ) a |
(""sbmo*“’tbmo) 9sbmo( -~ - - )
a - b u
oo -1 1
S P +
n .
P b a

ayu

°suno(l“-1-‘(°smn+;°tm'ol

1and for both % and ¢p in compression:

g . g,
n . p
b 1 a l
a pn b u .
1 i
“Tp +

bl al
Yahmol{ 1 - - - Ochmol 1 -~ =)

é‘?k' an by

1

1

(5.25)

(5.26)



SEE e LI T P

T ——— e
.o “ .

[

b3l

177

The fafjure surface for this mode .is shown n Figure 5.6.c. The

. considerable -ihnteraction between the three stress components for this

-fatlure mode can be clearly seen in.this flgure particularly in the

tenslon—tension quarter of normal stresses. It can also .be seen in thls

.Figure that. where one or both normal.stresses are compressive, the

‘stresses atlfailure For the stepped mode {ncrease as the Ievel of

prec_ompressio.n increases in efther or both directions. - These‘
formulations confirm an earller observation of lncrease in strength for
brickwork couplets tested wlth preconu:ression appl fed normal to the bed o
Jotnts [22]. N '

F ]
This mode of f‘ai lure may also occur under uniaxial tension

paral Iel to the bed joints or under pure shear. The uniaxial tenslon

parallel to the bed Joints results fn a vertical toothed crack pattern.

whereas the pure s~hear case results. in a diagonal stepped pattern. The

e

strength of the assemblage failing fn this mode by 'unla‘xjal tension

_paralleal to the bed Joints, f’tpl+ ©an be obtained from the general

expression in Equation 5.24 where all but the second term are zero as

follows:

Fepll =opl = - Oopmo *+ Otbmo - S ' (5.28)

) ' 0‘,-.:0

‘!n'p=ﬂ.

This Ié similar to- the expression proposed by Drysdale and Hamid for in-

plane tension [41] when the actual cross section was used in the

strength calculations. Simi la!"ly. the strength for the diagonai stepped

pattern due to pure shear, fFsnpi1+ s as follows:



where all but the last term in Equation 5 24 are zZero.
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In this expression. the strength in pure shear ox the diagonal
tensile strength can be predtcted as a function of the nominal block

dimensions and the mortar

characteristics. Earlier investi gations

emplrical ly estlmated his strength as a ratio of the square root of
' masonry compressive strength or sem{—empirical ly as a ratio of the

average of strengths normal and paral lel to the bed Joints [50].

et e i Y

However, as is indicated in Equation 5.29, the diagonal ténsile étrength
. for assemblages fFailing according to this mode is independent oF'th'e

‘unit strength which. is the control ing factor for assemblage compressive

strength [50.]. On the other hand, the semi-empirical approach cannot be

Judged as directly. .ln this case, the ratio of the diagonal tensile

g

strength as in Equation 5.29 and the average of the two strengths norma)l

and parallel to the bed joints, given in Equations 5.9 and 5.28, can be
cbtained as fol lows: ' . .
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LA |
¢
As can be seen from Equation 5.30 and as s also shown in Figure 5.7.
this ratfo s not constant and it depends on the mortar bond properties,

‘unlt_geometry and the strength ratio in the principal directions,

5.6.2.4 Strength for Splitting Through Masonry Units

In the failure mode involving splltting through masonry unlts.
the fallure plane runs through the masonry units and the mortar Joints
digﬁqnally as shown In Figure 5.1. This faflure plane -may not be
exactly a straight jine because‘the weakest ;ath may be that whiéh
passes through the minimum possible thickness and avoids the cross-webs
in the case of hollow units. Due to the small thickness of the mortar
Joints relative to masonry unit dimensions {approaching 5% Fdr concrete
block units and 13% for brick units), for simpiicity, the strength
characteristics of the.Jolnts will be lgnored and the joints will be"

considered part oF the block. Also, since this fai ture can be

considered to be a diagonal tension type of failure. the strength a]ong-

1
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' strength oF the masonry units, °tbl-

parallel to the bed Jolnts or pure shear, f

. respective stress reaches the unit tensile strength LT

181

lthe incl ined Fellure plane can be assumed to be the same as the tenslle
Furthermore, it is assumed that
_thls mode of failure occurs when the principal tenslle stress reeches~
the prescrlbed tenslle strength correspondlng to Cowan's theory of
fallure adopted herein for masonry unit materlal.

Accordingly. for the controlllng principal stress. the ‘failure

condition for an assemblage under biaxial stresses is as followsx

cp + on O’p + on 2 2 I/Z : ) .

Othy =

Isolating the square root term, squarlng both sfdes and rearranging the
- above equation, the above expression may be wrltten as Followsx

a . @ . a
L. . L. . . (5.32)

Ithl %tbl otpbl

which is the conditlon for dlagonal spllttlng failure mode. The failure ‘
surface For thls fatlure sub—criterion is shown in Figure 5.8. 1t
should be noted here that this mode.of faflure is not llkely to control
except for the case of high shear stresses accompanied by comeresslve
stresses parallel and/or normal to the bed joints whlch‘prestress the
Joints and prevent joint failures. _

As can be lndlcated from Equatlon 5.32, thls'mode of faflure may

accur “under unlaxial tenslon normal to the bed Joints, unfaxial tension

‘snpi+ when the value of the

However,

other faflure modes. in which mortar joints experience fallure, yield

»
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-
strength values 1ess than °tbl for most practical ranges of msonry unft

and mortar strength cha\r\acteristlcs.

'5.'6.2_.5 General Failurae Envelope For ‘l'enslm-Tenslon

States of Stress For Trmsverse Hodes of Failure
A general failure criterion For masonry assemblages fai l ing

according to-the diFFerent transverse failure modes can be constructed

by combinfng the lndlvldual sub-criteria mentioned above. The . general '
: Fal lure surface ls obtained as the envelope of the oontrol ] lng sub-

. orlterla in: t‘\e three dimensional stress space. This. Failure envelope

may change significantly from one case to another depending on the

'strengths and the geometry of the component materials of the asseﬂblage

(i.e., '-’tbmo- _Fsbmos otbl- ¥ Z2a/b). As an example. the failure

‘envelope shown. ln Figure 5 9 was constructed uslng experimental data

for blockwork reported by Orysdale and Hamid [41]. tpon eonstructmg

this envelope. both the strength and the respective fallure mode of the

.assemblage can be predlcted for any combination of stresses,

'5.6.3 Orthogonal Strmgth'natio

The ratio of the uniaxial strengths ln the two prlncipal
material dlrectlons. parallel and normal to the bed joints, is known as
the orthogonal strength ratlo. The failure under uniaxial tension
paral lel to the bed Jolnts may occur efther by debonding along head
Joints and splitting of masonry units in alternate courses or by toothed

Fatlure through bed and head jolnts. Since this results ln two

different strengths, Ftp1 and f'tp11s» then it i3 necessary to have two

) |
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leferent'str‘ength ratios, R[ and Ry]» according to the respective '
f-‘allure mode in tension paraliel to the bed Joints, Dlvldlng Equations

5 12 and 5.28 by Equatlon 5.9, the expresslons f'or the strength ratiosA

are: o ,
1 l Othy. : ) . -
R =2 =4 = e : . . (5.33)
2 2 F'tl'i ) ‘ S
a °sbmo ) -
R” =1+ - (5.34)
- b Frep

whl ch represent two famfl fes of curves for different unit strengths and

different shear bond strengths. = - /\ ‘ A )
. . " l
Equation 5.33, which is the strength ratio expression for the

faflure through units and head lJoints under unjaxfal tension paral lel to

. the bed joints, is similar to that proposed by Baker [22] It is even

identical if no premature cracking takes Place- in the head Joints up to
‘the occurrence of fallure through both head Joints and units. This is
consistently assumed throughout the derfvation‘ of the. pProposed

criterion. - . —

5.7 APPLICATION OF 'IHE. PROPOSED FAILURE CRITERION
TO PREDICTING FAILURE OF MASONRY ASSENBLAGES |

In this sect{on. the strength Predictions using the proposed

fal lure criterlon for diFFerent masonry assemblages under different

loading conditlons are compared to the avaf lable experimental results to

" check the rel iabi 1ity of this proposal These applications tnclude

cases of off—axis bending of blockwork wallettes, biaxial bending of

brickwork joints and off-axis tension ot' blockwork prisms.
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' 5.7.1 ' Off-Axis Bending of Concrete Blockwork Wallettes [47)

\ .

_The reported,[47j strengths of ooncrete blocknork wal tettes
tested in bending with the longitudinal axis at diFFerent angles From

the bed Joint orientation are compared in this section with the

'predicted strengths using the proposed criterion. Also. the adopted

oriterlon for mortar joint strength is examlned.

Even though these results were not intended to check the Joint
Failure criterion, the measured value For shear bond strength is shownr
in Figure 5.10.  Also shown are the stresses at Failure for wal lettes
Falling by debondlng along bed Joints for orientations of 90° and 75°
from the longitudinal axis. Despite the relativety’ large variability of

this data and despite having enly one point on the interactlon curve

" with combined shear and tension which is also close to the pure tension

case, the deorease in the tenslle stresses at fallure resulting From.
introducing a small amount of shear is clearly indioated This means
that. the assumption of no interaotion {rectangular Failure envelcpe) is
uncorfservative, The linear or complete interaction shown seems to fit
the data better. | |

For comparison purposes. the predicted strengths and the
oontroiling Failure modes for the tested wallettes are glven In Table
5.1 together with the experimental resultts. Also, the failure envelope

for oFF—axis flexural tensile strengths at different angles to the hed

“Joint orientation is shown in Figurd, 5.1] along with these experimental

results. Each data point in this f¥gure represents the average of five
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Average of Five Test S
Results [47] , '
+ 1 Standhrd‘Deviation

No Interaction

0.8 0.7 0.6 0.50.4 0.3 0.2 0,1 ‘Ofo
Tenstle Normal Stresses 9, MPa

- Figure 5.10  Strength 6f Mortar Joints in
, Combined Shear and Tension

e
b .
Shear Stresses =z, MPa -

Table 5.1 Strength of Blockwo

rk Wallettes in OFf-Axis Bending
Experimental Results Predictions £y
‘ . ‘ preg.
6o .
Strength Failure Mode Strength Failure Mode Fig
MPa MPa ) : exp,
00| 0.95 | Vertical Toothed 1.07 | Vertfcal Toothed | 113
150 0.78 Diagonal Stepped 0.71 Diagonal Stepped 0.91
‘ 0.48 | gkd Joint Debonding
459  0.75 | Diagonal Stepped
: 0.54 Diagonal Stepped 0.71
750 0.33 Bed Joint Debonding 0.35 | Bed Joint Debonding| l.Oé
950 0.37 Bed Joint Debonding 0.37 Bed Joint Debonding{ 1.00
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Plan View for Wallettes Having the Bed Joints
Oriented at 45° From the Longitudinal ‘Axis [47)
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test results.

The comperison shown in Table 5.1 and Figure 5.11 indicated

- that, excluding the wal lettes having 450. between the longitudinal axis

. and the bed joint orfentation, the propoeed crlterion predictions for

" both™ strength and faflure mode seem to agree very well with the

‘available test results. The Inaxfn'un dlfference Is where the strength

predlctions is 131. hlgher then the test results In the strength for the:

‘vertical ly toothed Fel lure pattern expected for bed Joint orientatlon at

0° from the ltongitudinal axis as can be seen In Table 5.1. However.

th{s difference between the predicted and experimental strengths can be

e attrlbuted to . the uneven number of bed and head jolnts in the wal lette

specimens. This is- unlfke the syn'metric specimens considered for this
investigation (see seetiqn 2.2.2.2) and the symmetric strip assumed in

the criterion devel'oment' That is, for the four block wide wal lettes. :

© the Flexural tension on the Four blocks is resisted by flexural tensile

.bond P" four head Joints and torsicnal shear bond on only three bed

Joints. This results in 33% higher shear stresses. Accordingly, |ower
strength is expected for thoee speeirﬁens failing In the toothed pattern‘.
To test this explanation, an analysis was performed where the shear bond
stresses ware increased by 33% in the proposed criterion. The strength |
for this mode of fallure decreased to 0.9 MPa which Is only 5% Iower
than the experimental strength reported for these wal lettes.

For wal lettes where the bed Joints were ori ented at.45° from the
longitudinal axis, the proposed. criterion predicts fatlure at 0.48 n‘l=a
by bed joint debending as can be seen i-n Table 5.1 and Figure 5.11. In:

the reported test resuilts, bed joint debonding was not observed in most

S
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-

v

‘speclnens but rather deoondlng along bed and head Joints took o]ace-
which is the nent closest mode of failure to be expected. This change
in node of failure may be attributed to the specimen configuration and
the 1loading system. According to the configuratlon shown in Figure
5.12, debonding along a bed Joint can occur only on one bed Jolnt within
the max { mum nearly'constant moment zone. If this was not the weakest
Joint, then the mode of fallure Involving. debondlng along a bed Jolnt
cannot occur. It should be noted that, for this other mode of failure,
the dfFFerence between the predicted and experimental strengths is
re\atlve!y Iarga compared to the other bed Joint orientations as can be

seen in Table 5.L However, considering the {nherent varfabillt§ of the -

;test results as indicated in Figure 5.11, this strength prediction may

be considered to be satisféctory.

5.7.2  Orthogonal Strength Ratios For Wallette Tests £52]
Experimental test results for Flexural tensile strengths normal
and perallel to the bed Joints were reported [52] for concrete blockwork

wal [ettes. These wal lettes were of different block sizes, different

_ Percentages of golid; different block strengths, dlfferent'mortars,

different grout strengths for grouted specimens and speoia! conditidns
such as stack pattern, partial grouting and empty head Joints. The
calculated strength ratios from these experimental results are plotted
inFigure 5.13 versus the flexural tensile strength normal to the bed
Joints. The proposed expressions for strength ratios (Equations 5.33
and 5.34) are also plotted on Figure 5.13 together with the two

expressions proposed by Baker [22] for brickwork and the general
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Figure 5.13 Orthogonal Strength Ratios for Blockwork Wallettes
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emplricai expression proposed by Lawrence [66]. In dii strength ratio

. expressions. the. eveilabie data for normai block and type S mortar were

T ‘ . used. This is considered to be satisfactory since the strength of the

normai block was approximately the average of all the reported strengths'

z

.and type S mortar has’ been used For most specimens.

" As shown In Figure 5.13, the strength ratios predicted using the

N . proposed expressions are in reasonable egreement with the experimental

resuits.. This is true for both the spiitting mode (reported for the
grouted epecimens) and the toothed mode (reported for the ungrouted ‘
specimans) for tension paraliel to the bed Joints.  The strength ratios
predicted according to the proposed expressions are atso closer to the

: experimentai results tﬁan those using Lawrence s empirical equation for

-

' . ' all. data and Baker’s empirical equation For the toothed mode of failure.

5.7.3 Blaxlal Bending of Brickwork Jolnts £22]

‘Baker [22) conducted two brickwork test serles to investigate

2L the' possibie interaction at fallure between the flexural tensile
' stressea normai and parailel to the bed Joints. In Figure 5.14, the
i,'f . ‘test results are shown together with the elliptical relationship

proposed by Baker [22] to best Fit the experimental resufts. The fact
f;“ ' that there .are two different modes of fallure was not incorporated in
| this relationship. Even though Baker reported these two Failure modes,
] the empiricai relationshlp could accommodate only one faflure suyrface.
The crlterion preposed in this chapter is aiso included in Figure 5.14,

it is aiso in reasonabie agreement with the experimental results.

v
E
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For Baker S8 Series lV test specimens with the 0 1 MPa

precompression, the 0.18 MPa reported Increase in the -apparent tenslle

&rength hormal to the bed joint was thought to be due to the different,

stress—straln relatlonships for masonry assemblages in tension and

‘compression. The failure criterion was not capable oF directty

eccounting For such strength increases and therefore the method of
stress calculation would have to lncorporate this effect. However, the
corresponding increases ln the tensiie stresses paral lel to the bed
Joints at failure can be determined according to the failure criterion..

This can be evaluated us?ng the sub-criterion for the toothed mode of

_Failure by introducing the 0.18 MP2 as the t:l'.u'n;:lressiveI stresses normal

to the bed joints on the extreme Fibers at whieh the Failure condition |
is reached For this precompresslon case. the predicted interaetion

between ‘the stresses normal and paral lel to the bed Joints is also shown

| in Figure 5.14 along with the experlmental test results and the

el I lptical interaction relationship suggested by Baker [22] As shown in' .'

thls Figure. ’che proposed criterion vielded reasonable predictions

compared to the aval lable experlmental results

5.7.4 DFF—Axis Tension oi-' Blockuork Prls-s [50] <

Hamid [50] reported experimental test results for eoncrete

blockwork prisms under direct tension wlth the bed Joints oriented at

_ 45° to the axis of loading._ These results together with the ténsiie

strengths normal and paratie! to the bed joints as determined From
splittlng tests of masonry dises were replotted in Figure s, 15 to show

the variation of the tensile strength with the bed Jolnt orientation

3 L
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The modii-‘ied Hoffman theory proposed by Hamid and Drysdaie [51] énd-the

) criterlon proposed ln this investlgetion are also shown in Figure 5.15,

The proposed. criterion prediction For the prisms Hhving bed

Joints at 45© f‘rom the axis of. -loading, is ‘closer to the experimental

: results than s the modified Hoffman theory. lt also predicts the same

.mixed modes of Fai 'lure as observed experimentai ly. The modif'ied Hoffman- :

©

theory passes through the points corresponding to the strengths._:krmal

and paral Iel to the bed joints because these poi nts are input data’ for

the determination of the constants and thereFore are not predictlons.

However. as reported eerl 1er For the proposed crlterion. the assemblage.

‘ strengths normel and paral lel to the bed Jjoints are not nput but rather’

" -

are predictions as a f‘unction of the component material strengths and‘
_geometries.

The large -discrepency “shown in F‘igor'e 5.15 .between the
predicted and the experimentel ‘strengths paral lel to the bepd jpints is
not surprising since the experimental strength was not determined From“
direet tenston tests but rather was From spi itting tests of mesonry
discs In ‘these splitting tests. ttie lateral tensile stresses causing
the spl itting are acccxrpanied by higher compressive stresses (at least
three times the tension, according to the theory of elasticity)_nomal B
to the bed joints in this case. . These compr‘essive stresses
mgnif’icantly increase the shear capecity of the bed joints and hence

prevent the failure from occurring in the toothed mode at the stress

level - predicted using the proposed criterion._ Accordingly. the

specimens Fa: led, as reported experimental ly, at hlgher 'stress level by

debonding along head joints and spl itting of blocks in‘elternate

-
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-:, ) " : For the strength/ normatl .to the bed jolnts. the -failure o!:ours by \

e T,

debondlng olong a bed Jolnt and the conpresslve stresses paral lel to thy

2 - ‘ . fal lure plane are thought to have no effect on the strength;

5.t‘l - CONCLUDING RE!IARKS o e |
i The Fol lowlng concluding remarks are drawn From the
lnyestlgatlons and the disousslons reported earlier in thl s chapter'
,.‘ . l.‘ fhe strength of masonry essemblages dlﬂ-‘ers slgnif‘lcantly for
‘ dlfferent fat lure modes. These depend on the relati ve magnitude
‘of-' the norma’l*end shear stresses ectlng along the critical
planes normal and paral lel to- the bed jolnts. Also. -these modes
of fafture may differ eccordlng to the relative magnitudes .of
the different strengths of‘ the component materials used for the
assenblages. ' ‘
2. None of the available blexlal Fallure orlte-rla for masonry

assemblages are appropriate as a general ized'crlterion for

masonry because they. do not ‘fnclude one. or mere of the _

requlrementefor such a general lzed criterion. For instance, | ‘
some of the requlrements are to consider the anisotropic and |
composite nature oF masonry, to account for the different

| failure modes, to Inciude dlf‘fer‘ent unltM;tlrengths and
geometries and mortar bond characterlstles.

3. The avallable Failure theorles for orthotroplc composite

rraterlels cannot be appl led directiy to masonr'y since all these

theories have one or more Faults. Examples of‘ such faults -are
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not conslderlng Interaotlon between strengths. not considerlng
Interaction ina way that Is conslstent with observations for’

masonry, not eonsidering different tensi le and compressfive -

'strengths. being strictly phenomenological or overlooking of the

fal Iure modes.

The prOposed crlterlon seems to be aoceptable for masonry as it

considers most of the preset requirements For a8 generalized’

‘ criterion and is free of the summarl:ed drawbacks of direct

5.

6.

~app! ioatf@n of orthotropic Fai lure theories to masonry.

In this criterion. the biaxial strengths are not determined in ‘
terms of the unlaxlal assemblage strengths but rather both‘
uniaxial and biaxial strengths are evaluated in terms of the
component material strengths and geometrles. This procedure
general 12es the use or‘ the crlterion For any combination of unit
strengths and mortar- bond characteristlcs. ' -

The predictions ‘using the Proposed criterion For the difFferent

cases oF masonry assemblages _considered seem to satisfactorily

agree. with the avai lable experimental rasults,



CHAPTER 6
‘-

~ .  NONLINEAR MACROSCOPIC FINITE ELEMENT nooa.
FOR MASONRY Assems

s o .

6.1 INTRODUCTION
Anaiyses oi-‘ masonry assenblages using the Finite element method

heve been reported in many early investigations.- In-some'of-' these

‘ in\(esi;igations. 1inear elastic mcroscopic"models were e:rpioyed without

particular regerd to the mortar Joints.’ These models suFFered from the l

obvious inability to f‘ui ly recognize the presence of mortar Joints asr

particuiar planes of weakness. . The aiternatlve of uslng 8 microscopic

—

-models does have potential For including the specific materiai an
'geometric properties. However. the very large number of eiements needed
_to separateiy modei the eomonent materials and thelr Interfaces renders

this approach impracticel where analyses of many wall coni-‘igurations Jre

necessary. o , 7-' ‘ ! ‘

It .is the purpose of this chapter ‘to describe a recently
developed macroscopic Finite element model which can be used to
efFiciently predict the cepacity and behaviour of Full scaie masonry
wal 1s and large structural elements. - In this chapter, the existing
finite element models for mascnry are reviewed and the developed mode |
is described. Then, a verification study For the model 1is performed and

the mode! predictions are compered to avaflabhle solutions in the

Iiterature i-‘or linear and nontinear analyses. Finaily. mode ]

. 197 S
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predlctions for capacity and behaviour of Full scale masonry walls are

compared to test reshlts From this lnvestlgation to Judge’ the

reliabilityroF the model‘predictions for masonry walls. .

. _ 4
Finite element modelling of large scale ‘structural masonry .

assemblages origlnally employed standard linear elastic concepts. “In

these models. average propertles in the context of assumed lsotropio

.elastic behaviour greatly slmplified their development. However. this.

form of analysis cannot Fully recognize the presence of mortar Joints as
partlcular planes oF Weakness and it lgnores the anisotropic and
composlte nature oF masonry. Also, this simple ‘method of analysis _is
anly applicable up to First cracking S0 that any reserve of *strength
after flrst cracking‘is neglected.i Horeover. For out-oF-plane hending.
the transverse shear deFormatlons which will be shown to be significant
for hollow block walls are ignored. This subject is dlscussed in mqre
detail later in this chapter. ‘ ' ‘ !

To include the presence of mortar joints as planes of veakness.
8 more microscopic approach was proposed [25) using different contlnuum

elements to separately meodel the. mortar Joint and’ masonry unit

4 materials. However, rather than using the properties of the:mortar. the

bond strengths oF the mortar/unit interface were used for the shear and
tensile strengths of the mortar. Since masonry usually experiences
failure by debonding along mortar Joints, this procedure avoided

modelling the mortar/unit interface.
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Another mlcroscopic model was proposed [ll] to model rmsonry as

a discontlnuous systenlwhere the discontinuitles consisted of mortar
lJoints. Besides the separate modelling of mortar and. masonry unlt '
‘ materials (as well as grout and stee) reinForcement. iF present). the

' physical behaviour of the interfaces between diFFerent materials was

>

added by. introducing double node Pairs (one on each side oF each
interface). The interconnection between the double nodes was specified
to simulate the interface behaviour.

A third microscopic mode was developed [79.80] from the analogy'

of the behaviour of. masonry assemblages and Jointed rock [48] In this

approach, the masonry. u?its were modelled as linear alastic continuum

elements and the mortar Joints were modelled as linkage or Joint
elements.‘l o _ |

" The microscopic'models mentioned aoove eccounted'for the
composite nature of masonry and incorporated the inherent nonlinearlty
dhe to both mortar Joint behaviour and progressive Joint failure.

However. applicatlon of these models for the analysis of Iarge

_structural masonry elements and structures is extremely difficult due to

the very large number of elements needed to sepa“aﬁely model the '

component materials and. their interfaces. . Moreover, the' development of

these models was llmited to in-plane |oaaing cases. Also. the

anisotropic nature of the masonry units was not incorporated into these .

.models, 'y o ] . . i
Seward [89} used a Finite element package to enalyse brickwork
panels subjected to iateral loading without particular regard to the

mortar Joints in constructing the finite element mesh, In this finite

~

i
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element anelysls. the. stiffness orthotropy and the dlrectlonal
dependence of the F |exural tenslle strength were taken lnto account

where an el lipttcal treneltlon was assmned between the two orthogonal

_«strength values, However.. no lnteractlon between stresses in the two |
f'orthogonal dlrectlons wes lncluded in thls model. The analysls was )
| extended al-'ter the lnltlal r'ormatlon of cracks with the stiffress oF the
‘ cracked element set to zero in the respectlve direction regardless oF

: the crack pattern withln the element -‘An observation is that this

Al

procedure resulted ln conslderabl e soFtenlng of-‘ the wal | because of

dlsregarding the stlﬂ-‘ness of the element over the thlckness and not

_only the tenslon zZone.. Alrso. there was no indication that the crack ‘

dlrectlon is affected by the mortar Jolnt planes as planes of weakness.:
It was also assumed in this analysls that although an element loses alt
its bendlng stiffness after cracklng. lt stili retains the ability to
resist shear. However. this assmption is not realistic and, as stated
by. Seward. may. not always be reasonable. Analyses were compared to
experlment_al data where . It yielded: acceptable predlctione. for one case
[107] and poor. predictions for the other [92].. _An additlonal negative
aspect of- use of this model for blockwork is that lltl did not account for

-- Recently. ﬂPage. Kleemen -and Dhanasekar [Bl] proposed an in—plane_’

LA

: macrosooplc Finlte element model for brick masonry. This model l_ncluded

the nonl lnear deformations and progressive local failure efther through
Joints or in modes $nvolving both bricks and Joints. The defdrmation

relationships and failure .criterion proposed in this model were derfved - |

-

*
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from blaxlel test results oi-' half ecale brick masonry panels uith

diFFerent bed Jolnt orientations. The presence of tha mortar Joints

- a8 particular planes of weakness was considered in the fatlure criterion ‘
adopted. in this model. However. this model was limited to in—plane

lsotropic behaviour oF one wythe sol ld ‘wal Is.

6.3 WDSED FINITE ELEMENT MODEL" Fm HASQRY ASSE!E.AES

As a- result of-‘ the above revlew. 1t was thought that none of the'
‘availabie finite" element models -or general purpose packages can
eFi"iclently be used f-’or the analysis oF lateral ly loaded masonry’ panels'

: and specificel ly where hot low units are used. Accordingly. the proposed. '

macroscoplc f‘inite element model was constructed to eFFiclently predict
the capaelty and the behaviour of ful l scale masonry wal s and large

structural elements. , In this model, the masonry element ls dlscretized

'to Finite elements without particular regard to the position of . the
mortar- Joint planes. This means that some mortar Joints wil 1 be
fncluded within the macro-element. However, the failure criterion -

_adopted 1n this model, as reported in Chapter 5, considered not only the

occurrence. of fallure but also the failure pattern with_-respect to the
mortar joints. | | '

+ The proposed mode b has been developed in a general fzed form to
handle both in-plane and. out-oF-plane loading .conditions so that 1t can
be used for analysing most masonry assemblages. This feature was
achieved by lncorporating both in-plane and out-oF-—plane degrees of

Freedom tn the element formulation Also, the proposed model can be

used for the analysis of hol low masonry and multivythe walls by adopting
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a layered plate'approach in the finlte element formulatlon.‘ Moreover,

orthotroplc properties were included For eech layer to lmprove the -

ecceptablllty of the macroscopic approach

6.4 SIGNIFICANCE OF TRANSVERSE SHEAR DEFORNATIONS
AND I.A\'ER ulmmmev IN mu,ou BLOCK IIASMY

A part oF a hollou concrete blocg,assemblage is shown ln Flgure

7S PR § clearly lndlcates the orthotropy of the face shells due to the

different dlstrlbutlons of mortar Jolnts normal and perallel'to the_bed

- Joints. lt also'lnolcates the orthotropy of the core layer due to the

preegnce and the orfentation of the webs. -

. The longltudlnal eectlon paral lel to the bed Jolnts of a hotlow
concrete block wal1 -as shown in Figure 6.! has- the appearance of a‘
Vieréndeal trues, Hhen these walls are subJected to out—of—plane
bending about thelvertlcal axls. some significant transverse shear
_deFormatlons may.be“experlenced because of the-presence of the
relatlvely flexible weba connecting theiface shells. In order to judge

the slgnlflcance of the shear deFormations in the case of hollow
-

" concrete masonry, a ltongltudinal strip of.a masonry wall supported‘along

the two vertica! sides was analysed using three leFerent methods.

First, 1t was analyeed as a Vierendeel truss [74] This was consldered

—

to represent the actual behaviour of this strip. Second. a be theory '
analysis, which corresponds to the case of negligibie shear
deFormatlons was done. AThlrd. a sandwlch panel analysls {7] was
employed.‘ln whlch the cross webs' were replaced by an equlvalent shear

lamina.
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Figure 6.1 Anatomy of a Typical Hollow Concrete Block Assemhlage
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In an of - the -analyses, representative values were used for

. tha 'block and mortar properties. Also, uniformly distributed loadlng g
was speclf'ied end relatively Iarge spen to depth ratios were used. . 8oth
.. the unlformly distributed lo(ed and the long spens tet}d to minimize any

trensverse shear effects, Howaver.. the Vierendeel truss analysis showed .

_that neglecting the transverse shear resulted ln significantly less

dei-' lections. For' Instance. ignorlng shear deformations for a 5m span

and standard 190 rnn thick hot low concrete blocks resulted in 143 less

' deFlection. !iodel i ing the saection using the sandwich panel approach

with an equivalent core layer gave. elightly smal ler deFlections. For
the above case, these were 6% less than predicted using the Vierendeel
model. Tb conFlrm the above accuracy for other spans, the’analyses were
also performed for a |. B m span and the same concrete blocks. The
elastic beam analysls yielded 501 lese deFlection than the Vierendeel
analysis whereas the sendwich panel approech gave 12% less deFlection.
compared to using.the Vierendeel model. Hence, it was decided that‘
transverse shear deFormations can be significant In the case of
laterally loaded hollow block masonry and that the cross webs may be-
replaced by an equivalent lamina or core layer with an acceptable

accuracy. It should also be noted that due the discontinuity of the

webs shawn in Figure 6.1, shear deformat!ons are also coneidered in the

N

direction normal to the bed Joini:s.

6.5 FINITE ELEMENT FORMILATION
Transverse shear deformations are known to have significant

effects on behaviour of sandwich panels [7] and cel lu‘l’a__r plates [26]
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and, as shown in the prevlbi:s section. even on the horizontal bending of

T !f

o hol low block wal ls. Therefo‘re. “in the r‘ormulatlon of the plate type

masonry element. the essumptlons adopted by Mindlin [73] are used.'

. These I_ncl ude that the def] ect l_ons or‘ the plate are smal 1, _stresses

normal to the'middle sdrFace are'negl lglble frrespecti\ie of the 'loadlng'..

_and normals to the middie surFece before deFormatlon remain’ straight but

“

not necessarl ly normal to the middle surface after def‘ormatlon. As.-e
<

dlseussed elsewhere [59 60 BZ], the last assumptlon is not completely

valld since some warplng of the type shown in Figure 6 2 does occur as

part of the shear deformation. However, a ;correction can be made to

. partially al |ow. for the non—unlform shear-distrllaution. Therer‘ore. in

Figure 6-2- 8, and By can be considered as the average total section

rotatlons about the v and x axes. respectively. where '

. L4

In +

o, | | — Hool L _

'x“’\s ax : T (6.1
. A aw ‘ R

.y ay Y

with w as the transverse deflection in the z direction, and bx and $y
are the uniform shear deformations in the x-z and y-:z planes,

respectlvely.
Ta aceommodate bot(ln -plane and out-of-‘—plane loading, and

. displacements. it was decided that the masonry finite element should-
include all in-plane and out—of-plane (ineluding transverse shear}a

degrees of Freedom. _These were 'inch._lded by combinig the 8 degree of

freedom (DOF) rectangular plane‘stress element, the 12 DOF non-
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Defbrmathn of the'Crbgs Section. of & Homogeneous ‘

W = [I,X.Y.xz,xy,yz,x3, - -.\Qg%j‘

. [1 x } XY][ail xzy'xyz:yasx3Y:xY ][a, .

? 2 ’ ‘::

= 4 .

(L =1, { (k = 9,20) . by = El’x'y'XYI
. l = 21,24

a,;l n 3W . _ ‘ ’
T ([;’f x})'][ : a-x CES +'¢x. ’ ¢y - {l'vxly:XYJ
: jw _ {a = 25,28
FTEE v ey : :

. Displacement Fields for Rectangular Plate.Elements

o
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conforming rectangular plate .bendlng element and the 8 DOF rectangular

"transverse shear element. - Thls resulted in the 28 DOF element shown In

Flgure 6.3 in which the dfFFerent displacement Fields of the middle

surfeoe are glven. For the displacement f-‘leld\through the thickness -of.

.‘"'" \ -

the- plate. the Followlng relatlons are applicable:

u(x,y,z) N u°(x,y) - sz(x.y.)
 {u7}s= v(x.y.z) = ;v°(X.y) - 29y(xlyl "‘, ’ .- (8.s2)
l wh&,y) N(*-Y) ’ » .

where Uyv ancl w are the dlsplacements in the coordinate dlreotions Xy y

and z, respectl vely. end u® and v° are the ‘correspondlng di s_placem'ents-

of the mlddle surfaoe. e BRE

Uslng the dlsplecements In Equatlon 6.2 and fol. lowlng the small

dlsplacement assmwption. the strains can be wrltten as:

: 1

(e o ‘ : -
{ .3 } = { EF] } : R . . S
{eg ) .

. 3w 3¢
fo® -~ 20—+ = )
. ax? ax

) a2y 24,

€0 -z( — + =2

ay? ay -
- 32w a¢ a¢y
Yoy = 20 2 +—y ]
L ld . dy ay  ax R
{e})=4 = : — . 4 (6.3)
: =y ‘ :
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where ‘x N zy gpd ny are the mlddle surface strains and [seF} and

~

{53] are the extensionlflexure and the shear components of_strain,
respectively, _ ' - '
" The turvatures {x) inctuding the transverse shear are then given . -

a ' o 32w 3y
*x 1 -( —~— + — )
- 32w '8¢y‘ R . |
b} = "yvr="-(-—-+—) s _— - (6.4)
Bzw V a¢x' a¢y>
L2 B Y 2—— — ¢ 1

<™y 3y oax

and lead to the following modified strain expression: 5 -
NS VRS
o .
gy- +2xy
{EEF] JY°+ZX
Xy X
Ceda{—sy ¢ B~y o5 . (6.5)
AT FER I o
SV
and .
B0 1 ¢ *x‘
‘ '(Eéf} = {9 * {Bf}-a s¥9 tz *y _ o (6.6{‘
ny°:+ thy
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\Now. uslng the displacement i-'ields as shown in Flgure 6 3 for . '

the rectangular plane stng’s\, plate bending and transverse shear

-

. elements mentioned before, i.e.

- k ‘_ :4. : ' .
CuP(E.m) = T N{@(Eun)uy©

i=

4] o
VoEm) = T N{OCE.ndvi® -
B 1 I
H(Eln) = izl N‘(g,n)wi . SRR ‘ (6.7)
_ SR _‘ L
M) = D NSEmegy
. 8 ’
ty(Eem) =.135 NgSCE by (1-4)

in terms of the non-dimensional E N axes shown in Figure 6 4 and the

- different shape i-‘unctions Ni%, N| and N|S- the "ESPECUVE strains can be,

easily derived via the derivai:ives of' the shape Functions as required

v,

in Equation 6.3 or 6.5. The diFFeren’t shape Functions are listed in

Appendix 0. The Tesulting general ized si:rain matrix [B] then relates the

b

nodal degrees of Freedom w9, Vi - w,, ¢x1 and ¢y at node i to the

. general ized strain vector containing the middle. surface in-plane

'strains. curvatures and sheer deformations. The non-zero elements of

this generel ized strain matrix are also Ilsted in Appendix D.

The derivat{on of the element stiffness: matrix then Fol Iows_

the standard procedure [113,114] but with the use of the generalized

‘ : constitutive relations In which the stresses represent the internal
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(Rigid Body Modes) _ ' . o
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Forces and the strains are caused by deFonnations at the middle surijac,e

"l‘his Formulation has been used Previously for plate hending elem nts

1
[59.113] and for. laminated anisotropic plates [82.83];‘ Acgordlngly, the

-~

element stiff‘ness matrix is given by: ‘

[Kei=f[alT 01 (5] an L - 6.8)
ZBXZB A ZB)CB 8x8 8x28 . ' o

¢

- where [B-] is »the general ized jstrain'matrix and [F] 1s the material

. property or the rigidity matrix. The element stiffness matrix [Ke]- is

calculated using the threa-point Gauss quadrature integration scheme '

along each axis. The Formuletion was checked by perForming an

-elgenvalue amnalysis [74] o"i" the stiFi-‘ness matrix {Ke] This resulted in

six zero eigenvalues and the analysi s of the corresponding eigenvectors

as shown in Figure 6 5 indicated that these modes are the rigid body

modes both in—plane and out-oi-'—plane. Consequently, the 'val idity of the

zero strain modes -was confi rmed.

6.6  DEVELOPHENT OF THE RIGIDITY MATRIX
§.6.1 Fornulation of the Rigidity Matrix . -

- The rigldity matrix for masonry constructed with sol id units ~ean
be developed as a’'single leyer using equivalent propertiesd’or the
masonry material based on experimental results. For cases where.'_theee
propertfes are not available experimental ly, the expressions given in
Appendix C may be used. Appendix C contains deri.vations' of eome
approximate expressions for the elastic constants of a masonry
assemblage and, the stress distrlbutions within the assembtage. It al'so

includes some plane stress Finite element analyses to confirm the
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proposed ‘stress distributions. and approximate expressions, However. for
hol"low ‘block or muitivyghe masonry. the rigidity matrix was developed

using the concept of layered plate. in this case. properties'

—
equivalent to the Face shell "and mortar combination were provided for

‘ the outer sheil or wythe (either From experimental results or using the

expressions gi ven in‘Appendix Cl and an equivalent core iayer was used
to replace the cross webs in the case of hol Iow block construction.

' The concept of-‘ the layered plate. introduced here, enabled the'
analysis to be extended beyond the elastic ‘or cracking lirnit That is,
it was only necessary to modii"y the stiFFness oF the particular layer
‘which had reached the elastic limit or cracked condition. This approach }
perm1t7 model ] ing of observed behav:our of lateral ly 1 oaded hol low black .
wal 15[42 44] where cracking was oniy ohserved on the tension side of the
wa.ll. '

The rigidity matrix is derived from the constitutive relations

o

shown below i’or a layer k.

~

(k) Ex VoeyE (k)
xyEy
Gx 3 r ~ .0 0 0 r Ex
[ | 9 Oougugo ‘
. .
xyEy y
U'y 0 0 0 Sy
| U0yvyx)  (1-uygyugy)
{%y = | o0 : ¢ Gy 0 o T¥xy ( (6.9)
Tz o 0 0 G O Yz
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As shown above. the elasticity matr!x {D]k is divisfble into

the uncoupled extensfon/Flexure and shear” components.

The stress resultants can be obtafned by the appropmate
‘Then,

integration of the'stress components over the laver thickness.

summing the stress resultants Fbr alt the layers as fbllows-

-

Ny 3§

- ' ‘ N n -
(N} =N, 3= .z Kok a2
. =1 :
ny . .. . . .- o - -
._*n . h ’ ’ '
=3 fK [DgelX (e} uz ' ~ (6.10)

Substituting for {s}‘From Equation 6.6 gives:

eF]k;i dz](x}

M= ook Ogrl* dz)(e%) + [ g sk o
k=1

kel
ar, .
| M = [Da1{e® + [D 1) ey
whefe‘ N _
| :[5e1_= . sk [nef]k dz ,and

3

[De1.= £ K [Dgri® z az .
k=1
Similar expressions can be derived for {M} and (Q} and the

integrated or gerieralized constitutive equations may be written as:
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,orthotropic Iayers. the required six elastic conatants E
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Tt
(N} ). TIDa] [Dg) 0 7 |
™ p =, _I:Ec]- (D¢l 0 RRES! | : | (6.12)
R N R R |
or : ' o . '
{a} ‘= (0] @

(6.13)

— ‘n . i ' .
[Dg3- = 'kzl & [0g1% ez

and a.is the factor ‘introduced to account-for‘the non-—un!f‘drm eh‘ear

deFormations or warping of the section. It has been set equal to the’.‘

e

'prevfously establ ished value of 5/6 faor rectangular sections [59 82]

It should be noted that the extensmn/Flexure coupling rigldity

However. it is presented to accommodate asyrlmetric arrangements.

6.6.2 Calculation of the Equivalent Elastic Constants
For Different Layers

o : : 4
~ The Face shell layers or the outer wythe layers have been

xr Eyr vyyy ny.
Gy and Gyz can be obtained uslng the available experimental data or the

.

. sub-matrices D el will be cancel led for 3 synmetric layer arrangement o

- @ssumed to have identical orthotropic material properties. : For these -

expressrons given in Appendix c together with the component material

\\
propert1e3. However, the cross webs. fn the case of‘ho\low block wal ls.

are replaced by an equivalent sol id Iayer as shown injlgure 6.6, Fo;;



o oas .
| . ‘ 2 y .
Ny S HOLLOW BLOCK WALL
=T | '
- te. X
o s
MR EQUIVALENT LAYERED
PLATE K
Eigure é:él: -Equiyalehg Céfe Layeé-r oo
 LoAD,R | Kp(8)
Y
. | '
, r
— i
AR| [
I
’ |
1 o
- }
ELASTIC |
LiMT [ f
LOAD, Rg 48 I
' b - I
. i
I |
1 1 . i -
& T 8 -
~ DISPLACEMENT , 8

ngureIG.T Newton-Raphson Iterat{ve Method -

b d



cases hevlng ﬁg:::;uous webs. the elastlc constants for thls layer can - -’

. be determined by separatlng the rigidity expresslons derlved by Basu and .

Dawscn[26] for cellular plates into the contrlbutlons cF the indlvidual‘

layers.. Accordingly,‘the elastlc onstants for the web layer are as

follows:™ . - : , . ) S L

Gy =10.0 , SN R TR 7T
- T - ' ‘." . . l " C '

vand
A h -
¢ — + ) (h—tF) (I“VN ).
2 Exf tf Ew tw * .

a

N

.
Gyz Ow ——

For cases of dlscontinucus webs such as concrete block walls,
all of the above expressicns for the elastlc ccnstants are applicable‘
except those related to the y-direction (Ey and Gyz)- Other expressions

Fcr theses twc constants were obtained and found to be' as Folloys:

‘0.0 and _ )
- S _ R : . (6.15)
A + == ) (hPte) (1-v,2)

2 By ted  (E, £/a) b3
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where, 'E wr Gy and uw are- the modulus of elasticlty. shaar rnodulus and

k 'Polssons ratio. -respectively for the. web materlal (concrete block in

this CBSB)- In addltlorl. Exf' and Eyf are the modulii of alasticlty for-

‘;_ the face shel! material and -all other notation refer. to the transverse '

. section dlmensions shown -ir'i Elgure 66 | o
lt should be noted that the elastlc constants mentioned above .-
also’ sat\lsfy the themodynamics constraints which lead to the positlve

* definite condltlon oi-' the elasticity matrlx in Equation 6.9 .

1

HATERIAL lul.lll-:ARlTY NIJ lN(:RElENTAL ANALYSIS
In this model. the masonry rnaterial has been assumed to behave

6.7

ln a linear elastic manner. This is consldered accurate for plain.
masonry where tension cracklng is the controlling mode of Failure.
ThereFOre. the nonllnearlty in the analysis ls due to the progressive
'cracklng of the assemblage elther by debonding at mortar Joints or
tensile cracklng of unlts or both. ‘7 ' ‘

Cracking occurs ‘when the states of stress exceeds the preset
condltlons ‘for failure according to the Fallure crlterlon suggested for
masonry assemblages in biaxlal state of stress as discussed in Chapter
5,. Using this crlterion. both the occurrence of failure and, the failure
mode are predleted according to the state of stress and the component
materlals' geometry and propertles. After the cracklng Jdimit has . been )
exceeded in a certain layer; an incremental stress-strain relatlonship.

similar. to the general ized Hooke’ s ‘1aw but valid beyond the elastic '

1imit is adopted, 1t fs given by:
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".where [dG}T = (dﬂx doy d‘txy dtxz dtyz} is the stress Increment
fvector. {dz}T u (dey. dey “dyxy - dyxz dyyz} 15 the total strain
_-‘lncrement vector. and [Dcr] ls the modif‘ied elasticity matrix'i-'or the.

.orar:_ked Jayer; - :

The modification of the elasticity matrix after cracking depends

' 'upon the fai lure mode or cracking pattern within the cracked layer of -
‘the element and the appl fed state o'F stress. Whe transverse fai lure

modes shown in Figure 5.1 and dlscussed in detail in the prevlous

-~

’chapter were olassified under one oF three modes which are as fol lows:

l." Horizontal fai lure plane. where Failure oceurs by debonding along a

bed Joint through the element.

24 Vertical spl itting or: vertioal ly toothed failure plane,. wWhere ‘

-fat lure ‘accurs either by debondlng along head joints and splitting

through masonry unlts in alternate courses or by debonding along

head and bed Joints around the units in a toothed pattern. .. L

3 ' Diagonalw splitting or diagonalty stepped failure plane where

fai lure occurs either b‘y diagenal spl ltting.through the units fn an

almost straight line or by debonding along bed and head joints.
around the units in a stepped pattern. 1/\ £

For cracking‘ Modes 1 and 2, .the elastioity matrix given in

Equation 6.9 isg modlfied by reduclng the modulus of elasticity In the

direction normal. to the craek by a’ reductlon factor, as, and the shear

modul 14 by a reduction Factor, Bc.. However, the modulus of elasticity °
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. and the shear modulus paral Iei to the Fai lure or cracklng plane are ieFt

untouched Accordingiy. considering. tha X and ¥ coordinate to coincide

with the paral lel and normal directions to the bed Joints. respecti\)eiy. '
the modified elasticity matrix i-'or'the first f‘ailure mode can be written -

-

as Fo!lows:

. v Ey/
- 'E" XY 0. 0 o q
(1- “xyVyx) { l-"xy\’yx) '
I/ ) £ E |
- xyley ey 0 o o
/ \ (=Vyuy)  (1=vygyvyn) o , _
¢ . .
MWerly= | 0 "0 BBy 0 0 | (6.7
;oo 0 - 0 0 Gy O
o Loe 0 e s g BBy 4
. _—» | “ . » -.."'.i. '-‘ ’ b ’. ~‘Al ‘:ﬂ- )
and for .thé"éecqnd faflure modes, It is giyen-by:
* ‘ L C r.\ L Y
0 agE  VpytcE S
. (R ‘xyﬁcyvo._ 0 - .- A
“"’xy\lyxh) A lj-.vxy‘u'yx)
| ey I . 0 0 0
| - Uosyey) (1=Vayoyi) - '. _ -
" [Dgplp e 0 : 0o achy 0 | (6.18)
. L] . - . ' :
o 0 '8 BeGz O o
L0 0 °o 0 Gyzj

. for the third fai l:l:é modes, Factors @c and B are app] ied for both

elasticity modulii and al 1 shear rnoduHi.

The values of 2 and Bc +in the case of reinforced concrete, |

»

;/\‘
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Avary From 0. 0 to ln dependlng upon relnf‘orcement dowe ] action.

aggregate Interlock. and- crack wldth [94] However. for unrelnf‘orced

masonry. these reductlon factors have been assumed to depend only on the

2.(&)

(b)

v

) state oF stress and the Failure mode as follows:. S e

~

' For the condition oF cracking corresponding to the First or the

- second modes end ten\si le.stress normal .,to the crack. ac Is set -

-

equel to zero because cracked elements cennot transmit tension

normai to the crack. - For compression °c remains equal to un{ty-

because compression can be transmitted normal to the crack..

For the case oF tensile stress-norﬂtal to a crack resulttng from'

,debonding at the interFace oF ‘the mortar bed Joint end the

units. Bc is set equal to zera. ’ The reason i 5 that no shear can

vbe transmitted across these cracks because the relatively smooth i

surfaces will not be in contact However. For tension cracking

through the units. it l-s assumed that the: lrregular surface of

the crack should be able to transr'er 8 certain amcunt of shear.

-Accordingw a value of 8, = = 0.4, as previously suggested [25]

for concrete blocks. s assumed for cracking through masonry

units as in the dfagonal spl itting mode of Failure. Hhere

‘cracking is partial ly through the units and partial ly along

.mortar Jolnts vas in the vertical spl ftting pattern of modes 2y

the average value (p_f-' 8o -0.2 ts used,

. The compression—shear bond strength before cracking can be

repre‘sented by the Coulomb-—Hohr fai Iure thqory [75]1.. A-Fter .

cracklng by debonding. shear cary only be resisted by Frlction.

Then the shear reduction Factor, Bey can be determined by:

~
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:From Equation 6.!9 is assumed 5 L

Tzl

uo, } L e . o
e 2 ———u— e T T -y'(s.w);

-y

where “c is the applied compressive stress normal to the crackf

sbmo is the cohesion or the shear bond. strength at zero

' precompression and u is the coeFFlclent of—Friction between‘

fmortar and units. Howaver. iF cracks run through units a value .

- of Bc = 1.0 is used and if cracks go through both head Joints

and masonry unlts. an average value between 1.0 and the value.

For the diagonally stepped pattern of the third modes. Eh-a is
assumed that the crack surfaces wlll be: irregular and
consequently some shear transFer can take place across the

cracked Joints. Therefore. the shear reduction Factor Bc for.

| the cracked layer in this case is assumed to be 04. Then. since

~some tension -can be- transferred in the assemblage through shear

across the cracked Joints, the axial stiFFness reduction .FaCtor‘

Cag is assumed’ to .be 0.1 for this failure pattern. These

'reduction Factors will be discussed in detail later‘in.this

section.

.1

There is another case where the elasticity matrix has to be

—

modiFied For nonlinear response where no eracks are developed. Thls is

the case where the head Joint capacity has been exceeded ln this casg,

it Is assumed that the head joints will behave nonllnearlx and there is’

no premature cracklng in the-head joints prior to the failure through‘
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: the head Joints and the masonry units in-aiternate-courses or through a
‘jcombination of head and bed - Joints. This assumption was suggested
_earlier by Baker based on experimental evidence for clay .ﬂ

"_ brickwork [30] and similar observed behaviour of concrete blockwork was

~

Afreported in this study and- elsewhere [44). lt shouid aiso be noted that

the use of this assumption in predicting the assemblage strength. as

mentioned in Chapter 5. consistently yieided reasonable results.j_’

| Y

However. the assunption of premature head Joint cracking was tried and .
“found to give predictions which ‘were significantly below avaiiable '
-*experimental resuits {471, Accordingly._the elasticity matrix in such

’ cases is modified by replacing the modulus of" eiasticlty paraliel to the“

‘bed joints.‘ P (represented by Ex in Equations 6.17 and 6. 18) by a

reduced modulus. Ep , as siven in Appendix C

- 6.7‘.'27 lionlinear Incremental Analysis \\ |
The nonlinear finite elemeht\anaiysis ts performed in an

;incremental manner using an iterative scheme within each ioad increment.

The numericai solution procedure for cracking is distinctiy different
]
from yielding because cracking necessitates redistribution of the total

stress carried normal to the crack plane. This impiies a different

' computing strategy regarding load size step. stiffness update Frequency
' and the convergence criteria [6] Therefore. the Newton-ﬂaphson scheme

. was used for stiffness updates after each iteration within ‘the load

increment

At the beginning of each load lncrement the stiffness matrix

is formulated according to the stress level at the énd of the previous

~ . . Lo . . . . - . . LR ’ N .
-—-u-.-.c-—‘-—'__,_.....______'_. .. _,,_.___,_‘Ht__uv..___ s e e
° . . - P . e e . : ’ . . : -t ’
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incr‘ement.'" Then. For the present Ioad Increment. 1ncrementel

1)

'displecements. strains. end stresses can ‘be determined. ‘The totel
. ‘;":stress at each integration point is checked against cracking. At the
T Integration points wriere the cracking limit ‘has been exceeded. the total
"stresses norma! to the cracks and tﬁe nontransferred shears across the
' cracks are i ncluded in the unbalanced part of- the ioed increment. In. the

next iteration. thls part of‘ the load’ increment is then applied to the‘ :

crecked structure with the updated stiFFness. These iterations wil 1

continue until convergence by reeching a stage where no more cracks

- develop under the unheienced part of the load increment due to stress
.'release at previousiy developed cracks. The next Ioad increment is then '
. appl fed and the same procedure repeated up to Fai lure which is deFined.

by excessive disp!acement exceeding a preset limit ) A graphical

representation of this incremental nonl inear anaiysis is shown In Figure

67

6.8 CGCSISTENT LOAD VECTCRSQ%M) EIINDARY C(HDITIWS i‘ R

6.8.1 Consistent Load Vectors

The consistent load vector is deFined as the vector containmg

' ‘equivalent nodai loads to produce the same potential energy as the real '
loading [74]. In this model. two separate consistent Ioad vectors were
-‘generated to account f‘or both constant and variable loads. For exampie.
| in ful'l ,'s‘cs-l.e/testing of masonry wal ls. the Jn-plane ioads due to wal)
‘ se‘l’F—weight and any precompresslon eppl ied along the top edge of the
~wall were considered as constant loads whereas the out—oF—plene pressure 7

was variable 1cad eppl fed in increments up to failure. Each of these'

L

<
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out—of‘-plane. dfstrlbuteo edge loadlng, concentrated nodat loading and

‘al 1 possible conbinatlons of these loadlngs.
. .

6.8.2 . Bou'ldary Coru:litions

Slnoe this Formulation tncludes \transverse shear deformation_s.

.

"three out-of‘-p‘l ane boundary oonditfons have to be speclf-‘led at each

‘-..._/ N
edge rather than the two oonditions f'or- ordlnary thin plate theory. -The

; thlrd requlred boundary condltlon Is related to the twistlng of the edge

and it ig aFFected by the: edge oondftfons as fol lows'
1. If there is an edge stlf‘f-‘ener or dlaphragm at thetedge. then the
rotation about an axls normal to that edge has to be restrained to‘

zero (1. “€.r 3W/3s and ¢s are zero).

IF no edge stif‘f’eners or dlaphragns are provided. then the tm' stlng

v

moment about an axis normal to that edge Has to be zero. The

rotatlons are not restrained. ;

>

Since the Finlte element Formulation is based entlrely on

assumed displaoement Functlons. only the bounda dlsplacement,
. conditions can be satisfied exaotly accordlng to the edge support
'conditlon and the edge stlffenlng conditlons.. For example, for an edge

.paral lel to the Y axis, the dlfferent possible boundary conditions are.

as fol lows:

(1) For a simply supoorted edge

8) with stiffeners . . o 8y =0, ¢, = 0

B)} without stifféners w=o ; St



() For a clanped edge

a) - with stiffeners w=0,08 =0, ¢ =0,

o Oy =04y 50

'b) without stiffeners  w = 0, 8 2 0, ¢ = 0 R
EET)! lForaFreeedge‘.".' "¢ =10

It should be notéd that &eseAMondltlms are related to
the out-of—plene degrees of freedom only. However. other boundary

- conditions for ln-plane degrees of Freedom could be added if required. :

6.9 IKJDEL VERIFICATIN IISING AVAILABLE S(LUT!ONS _' , K ‘

- Bef‘ore uslng the proposed model for predlctlng the strength oF
'masonry assemblages, a verlflcatlon study was conducted to establ ish
that it was Fundamental ly correct by cheoklng the mode | predlctlons ‘
egalnst aval leble linear elastic and non| lnear solutfons. Included were
different cases oF thi n and thlck slmply supported plates, isotropic and
orthotropic slngle layer plates. and: a multicel 1 bridge deck (as a
layered plate havlng cross webs). Also, a con\rergence study for thin
‘~plates was perf'ormed for:the proposed model. In addition, to verle the
nonllnear analysls oF the model. a simply supported thln plate problem
for which the non | lnear analysis Is avai lable in the llterature was
'analysed. These case studies are discussed lndlvidual 1y below.

- 6.9.1 Single Layer Isotropic': elates -

! In order to verlfy the mode 1 For thick plate predlctlons. sirtply

) supported square plates subJect to uniformly dlstrlbuted load and having v
thickness to slde length ratlos oF 0.01 to 0.25 were analysed uslng the
proposed model. The results are compared in Figure 6.8 with two
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avai'lable. solutions which include trensverse shear def‘ormatlons i-‘or

-thick plates [82]. This figure indfcates general ly good agreement with_"

a .ﬁaximum difference of 5% for the very thick plate considered, -

/.

6.9.2" Single Layer Ori:hotropic Thin Plates _
' Simpty supported orthotropic thin plates having different sice '

Iengths and ratios o'F orthotropy were analysed and compared to the

.available solutions in the 1 iterature [IOl] This conparison. as shown

in Flgure 6.9 For' the center deflection. indica‘tes very good agreement

with a maxirnum dif‘Ference of 1.47%.

6.9.3 Kulticell Bridge Deck ‘

A multicell bridge deck model simply supported at ‘its ends. '

E which was investigated both experimental ly and analytical 1y by Sawko and

Cope [87]. wae\anaiysed using the proposed model. Concentrated loads

. were appliedat diFferent web Iocations along the mid-span axis. The

results of the analyses are shown in Figure 6.10 together with the .

experimental’ results and the analysis r'eported by Sawko ‘and Cope [87].

~ The compari sons For the four diFi-'erent load locations (iabel led A to D)

' show that the proposed model predictlons are in good agreement with the

experimental data and generally give. better predictions than. the other
analyses. )

L)

6.9.4 Convergence Study For Thin Plates |

| A convergence study for a thin 'squa‘re plate under uniformly
distributed loading was carried out for -s'ir‘nply' supported edges with
shear restraint along the edges. A thickness to span ratio of 0.01 was

) TN
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- |
-examined and deFlections. benlding moments. and shear 'Forces were -
‘- ) conpared 'N'H:h theoretical thin plate solutions in Table 6.1 and Figure -
6, il._._Ihe__conxergence is fairly rapid in all ~cases when three elements
or more are used along each edge. This is .also true for the shear Force

since the constant dlf-‘Ference resulted From the fact that the th[n plate .

“theory does not include any shear dei-'ormations. N ‘

- R
e

' {'s.s.s Honllnear Analysis of a Thin Plate ‘
_ A simply s{:\pported square steel plate subjected to unii-'ormly .‘
distributed losd was ' analysed using the proposed model both ln linear
and . nonllnear stages.' For the nonlinear lncremental analysis oi-‘ this
plate beyond f‘irst yield, the Von Mi as yield criterion and the__
associated Flow rules which are alsb Implemented in: this mode1 - were ‘
.rappllecl The plate dimensions. material properties and finite element

' mesh used for ‘one quarter of the'plate are given ln Figure 6 l2(al.

e These are the same as those avai lable in the literature [9!]. Three

_layers were assumed through the plate thickness to reasonably represent‘ _
‘ .the three integration points through the thickness adopted in Reference
91. The 1oad versus center deFlection results i-'rom the proposed model
' (Analysis 1) together with the reported solution are shown fn Figure
G.IZ(b)e The signiFicant vertlcal shift betueen the two analyses fs
attributed to the fact that the stresses at the extreme Fibers were
checked i-‘or yielding in the proposed model. However, for the other-
analysls [91]. stresses were checked at integration points located
within the plate thick‘ness; ~To check the validity oF this .argument,

another analysis (Analysis 11} was peri-‘ormed using the proposed model
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but using: stresses et the ‘same locations as those used in Rei-'erence 91.
}As shown in Figure 6.12(b). these predictions confirmed the prevlously
"mentloned reasonlng. _‘ _

It shouid be noted that an enelysis of this plate was also
peri-‘ormed using a single . layer and that the results were very simllar to

I

those for the three layer analysl s.

s-_m mncmou'or nemoebm NODEL TO HASONRY ASSEMBLAGES
B The main obJective of eonstructing this proposed finite element
model was ‘to extend the availﬁble ‘knowledge of behaviour of lateral ly
loaded ful 1 scale wal s beyond ‘the tested conditions. -However. it

[y

. ‘should be noted that the mbdel has versatility for geheral analysis oF._‘
masonry assemblages. _ =

in this se\ction, the proposed model wil) be used to predict thel
behaviour and capaolties of Full scale walls similar to those tested
experimental 1y and reported earlier in this investigation. These
predictions wi 11 be’ compared to the test results te establ ish a measure
of the rel iabi i ity of the model However. before performing these‘
comparisons. tt is necessary to evaluate the stiffness reduction factors .
For the cracked layers oF a finite element and to deter-mine the required
i-‘inite element mesh slze. These two aspects will be dlscussed ln detai | (‘

™
as Fol lows. oY

%m.: Stiffness Reduction Factors aq and B,

The stianess réductian Factorsi as and Bc- mentioned earlier in
S

Section 6.7.1 were arbitrarily chosen acc ding to the state of .stress
: 7
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_and the faflure mode. It was thought that the values oF the . stif’fness
| reduction Factors i'-‘or all but the diagonal 1y stepped Fai lure mode were
. acceptable because of their l‘ational development and documentation inl
' the literature [25] However. the case oi-‘ the diagonal ly_ stepped mode
was not so clear that it can be accepted wlthout further investigation-",-'
The axial stifi-'ness reduction i-‘aotor factor. @,, which was
'considered zero- i-'or all other modes, is thought to have a non-zero velue )
For this particular mode of f‘aiiure. This is because m; the irregular
crack surFace and the possibi 11ty of transFerring some tension fn the
' assent)lage through shear across the cracked Jolnts. ThereFore. a vaiue_
of 0.1 was edopted here for "‘c as a non—zero yet small amount of tension '
to be transFerred by the cracked 1ayer. .
' Since this diagonal ly stepped mode oi’ fai lure occurs In masonry‘.-
. assen'b'l eges under lhalhly'shear stresses, 'the‘shear reduction 'Factor-was
thought to need further investigation. “Therefore.' in order to .
investigate the eFFect of thls arbltrari ly chosen value, the basic wal }
“test serles (Series Wil), which had a spans of 5,00 m long by 2.80 m
high, was anaiysed using the proposed model with different values oF the
shear reduction factor g, from 0.0 to 0.9 for this mode.The results of
these analyses are shown in Figure 6.13 and Table 6 2. The increase’ of
the failure ioad with the increase in the reduction i-'actor €an be seen
in Figure 6.13. It was thought that the chosen value For 8¢ should be
the one whlch fs rationat iy eccepted and produces reasonable .
predictions. The high values close to unity were reJected since they
imply very small stiFi-‘ness reduction after cracking which is obviously

not rationai. Also, a 1ow value was not chosen since they resulted in

¥
!

</
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e

TABLE.6.2 EFfect of Shear Reductfon Factor .g..: For Diagonally
. T Stepped Fallure Hode on Panel Capacity Predictions

Bo R 6.0 0.2 0.4 0.5 0.6 0.8 0.9

Predicted Failure - o R
"~ Load © - . - | 4.96 5.32 S5.51' 5.87°6.06 6.61 6.79

Ratio. of.‘Freﬂicted to 2. - . ' N S
Average Experimental | 0.73 ,0.78 0.8!1 0.86 0.89: 0.97 1.00
Failure Load ~ ‘ C - . . S
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relatlvely podr predlctions as shown ln Table 6.2. . Of the lntermedlate‘. ?
: VBIUES- a Bc of 0.4 was ;hosen for the Follcwlng reasons. b
'_'1. It yielded somewhat conservative predictlons.
2 ngh ratlos of shear transFer across the cracks would result fn
. wlder band ‘of cracks. Then. dslng the lower lntermedlate valuel
‘_tends to. narrow the crack band whlch would yield better'
'predtctlon of the crack pattern. ‘ ' .
3.1The value of- 0. 4 was used for cases of cracklng through thel'
. conerete blocks. The crack surface lrregularltles in the mortar .
Jolnt block lnterfaces are not expected to be as rough as the
cracks through the blocks. Therefore. a value not exceeding 0.4
was. also recommended For dlagonally stepped cracklng.. _
. “f' It shoulclbe noted'that the values of the stlFFness reductlon
-fFactors for cracked layers oF the elements are arbltrarlly chosen and
are not necessarily the correct values but rather the best in terms oF
'»acc ptable predlctlons and a ratfonal choice. horeover. it is
understood that these Factors should not have constant values but rather
lcontlnuously decrease wlth lncrease of the -erack: wldth For non- “
relnforced masonry and concrete. the developed cracks are expected to be
» wider than those of relnForced masonry and concrete, Thls suggests that
-smaller stlFFness values and hlgher rates of decrease in stiffness
should be used For non—relnforced cracked layers of the elements.
Moredver, the use of non-zero values for' these Factors allows the
stresses at prevlously cracked integratlon points to builgd up again and ’

these may again reach the cracking llmlt resuiting in further decrease
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of the' stiffnesé. This implies the inclusion of continuously reduced '
values Forethe stiff‘ness of the cracked elements ln this model ’

Accordingly. the use of the erbitra constant vaiues is considered to

4

. be sati sfactory For non-reinforced ma onry.

6.10 2 Detemination of the, Required Finite Elm'ti: I'Iesh Size

- . The choice of Finite el ement mesh size is one oF the important b_
espects of anelyses using the i-'inite element method since it may ei-'f‘ect_
both the resuits and the computer cost/; ThereFore. ‘the eFf-‘ects of
choosing diFFereni: f"lnite element mesh §izes on both model predictions
and computer costs Were Investigated In this study. Thl‘s was |
acconpl { shed by performing three anelyses of one half of the basi c wal I,
‘Wall’ wu. ‘Use oF hali-‘ the waltl. was adequate due to the symnetry ebout

the vertical axis at mid-length.. ln these analyses. the number of

p elements over the wall height was taken as 4. 6 or B.. The load-

deflection curves resulting from these analyses are shown in Figure 6.14
. together with the available test results For the three watl ls. These
results indicated simij lar Ioad—deFlection curves wlth the prediction of
the First cracking and the faiture capacities increaslng only 1% or 2%
of the average experimental ly reported vatues for changes fn the number
oi-‘ elements From 4 to 6 or 8. over ‘the wall height. However. the
corresponding increase in the execution time on the CDC CYBER !70 =730
Computer of r!ciiaster Uni versity. as a meaeure for the computer cost. was |
respectiveiy 76% or 259% more when 6 or 8 elements were used over the

"wall height inetead of the original 4 elements. -
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.t

- The predlcted crecks at 1ntegratlon polnts For thls well are

—
- shoun in Flgures 6.15, 6. !6 and 6 17 For analyses uslng the 4x4. 4x6 and

5x8 grids.' respectively. In these Flgures. the crecks developed at the'

First cracklng pressure were marked wlth dashed llnes whereas the craoks’

developed at faflure were marked with. solld llnes.,f The wide band of

predlcted cracke shown ln these Figures Nlll be discussed in detall

“later ln this sectlon.» However. the. trend of the crecklng pattern can'na

be easlly ldenthled by ‘the first crack to develop ' In eech_ element
{marked with a heavy llne ln these Figures). b The predlcted-crachs ‘at
the .integration - polnts shown anElgures 6. !5, 6. 16 and .6.17 lndlcate
that there was not significant improvement ln the crack dfstrlbutlon or
the width oF the crack bands For the increased number of elements. -
Analyses performed for other wall serfes uslng the 4x6 mesh did
not vyleld - slganicant Improvements In the capaclty predlctions and_

resulted in oonslderable lncreases fn computer exeoutlon : tlmes.

Moreover, the conVergence study reported earller for elastlc square

'plates under uniform Ioed lndicated that, for a mesh havlng enly 2

. elements atong the side of a quarter of a. plate. a max i mum devlatlon

from’ the exact solutlon was only T%. This was considered to be an

"j acceptable accuracy when compared to the expected varlablllty of masonry

flexural strength.

As a result of this analysfs. it was suggested that use of . the
4x4 mesh slze was reasonable for the analysls as it provided predictions
which were not slgniflcantly different From the other . Finer meshes.

Moreover, the computer time was conslderably less.
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6.]0 3 Finlte Element Analysis of DlFFerent Full Soale Hall Serles

Analyses of walls from the Full scale wall test serles were

perFonmed uging :the proposed model and” considerlng the previouslyf

mentloned stiFFness reduction Factors ln a 4x4 element mesh. These

-results are oompared to the test resuits reported earlier in this

:_;investigation as Follows.

Series wv}"_- . | |
The analysis for a 5 00x2. 80 m wall simply supported only on

the top' and bottom was perFormed and the resuitlng load—deFlectlon

‘ipredictions together wlth the aveilable test data for the three test_ ;

walls oF Series WV are shown fn Figure 6.18. The llnear load deFlection

relationship predicted using the model Is. in good agreement with the

avatlahie experimental data regarding both wall capacity and

deFlections._ lt should be noted that the good agreement between the

observed and predicted Flexural rigidity normal to the bed Joints also
implies reasonabie predictions - for ‘the elastie constants which were
determined according to the expressions given in Appendix-C.

" The cracks at fntegration points resulting from this analysis

are shown ‘in Figure 6.19. The spread of the cracks to most of the_

integration polnts within a cracked element was not surprislng. This

was because of the smeared cracking approach used and the assumed

continuous displacements within the elements. This approaoh cennot

allow ‘any sharpfcrack or strain discontinuity to take Place within the

.l

elements. ;'However. fdentification of the First orack to develop wlthin

each element (marked with a heavy line in this Flgure) lndicated a
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central horlzontal crack near the mfd—hei ght of. the wall whlch was

. ‘ siml Iar to the sirrple craeking pattern observed experlmental ly. ‘

Series HH:

b

m. high but supported on the two vertioal sides. was analysed using the

)

e

g Hall Series HH. whieh also has dimensions of 5 00 m Iong by 2.8

. proposed model. The results oF this analysls are shown in Figures 6 20

and 6.2[. The load-deFIeotion predlctions shovn in Figure 620 together .

wlth the available experlmentat data agaln lndicated good model S

predi et{ons regerdlng both capacity. and deflectfons. Simi lar to the “

\_,dhserved‘waviour. the pred!cted I ad-deflection had a nonl inear

‘ relatlonshlp. This was accompl lshed n the model by lntrodueing the

‘n,onl inear hehaviour of the mortar head Jolnts which were assumed to

' Figure 6 20, the load Ievel at the predieted change in stiffness was

close tol the Ioad where this stiFFness change was. observed. The

o reasonable predict{ons oF the deflectlons shown in Flgure 6.20 confirm

o
. mortar head Joints where the Joint capacdty has been exceeded.‘ .

the proposed express{ons for the elastic constants given 1n Appendix Cc

for the Flexural rigidity paral Iel to the béd joints. lt also' supports

theargument f::r havlng honl {near beheviour rather than oracking in the

- F

The spreed oF pred{eted cracks at 1nteg_:;ation polnts wlthin the

& -
elements shown in Figure 6. 21 laéal so attr{buted to the smga;;,ed crack,

s

approach used in -t;his model. !'lc.'.w\nlever.r !dentiﬂcation oF the first crack '

_‘beheve plast{cal ly aFter their capacities had beeﬁ"exoeeded. As shown in

to develop inr%aeh element reflects the same trend o crack{qg as that )

‘observed experimental Iy. The shiFt of@he predlcted \v.ert!cal erack From )
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the wall center near the bottom edge may be attributed to the efi-'ect of.

_the roller support introduced at the ‘center to 'support the wal l selr‘

weight. This was aiso observed experimentai iy in waii HHZ while in the

Series WFs.

two other wai s the verticai crack over the full wall height was shifted

hali" a block off ‘the center which may also conr'irm this explanation.

v

For the wail series oi-' the same 5.2 % 2. B m dimensions as the

standard wal 1 'ﬂi simply supported on three sides with the top Free

'(Series HF). the analysis resulted in the predicted Ioad—def‘lection and

--‘crack pattern sho\vm in Figures 6.22 and €.23, respecti vely. The ioad—

‘dei-' iection predictions are in reasonable agreement with the test results

for both. wal I capacity and deFiections. Although it is diFFicuit to

e

see, this analysis also indicates nonl inear behaviour in the early

Y

, ioading stages before failure. This is. identified in Figure 622 where

. the experimental ly observed nont inearity is more obvious Again. the

reasonable deFiection predictions conbining the eFFects of Fiexural and a

- torsional rigidities confirm both the determination oF the elastic

.

constants according to the proposed expressions tn Appendix C and the
suggested noni inear behaviour of the rnortar head JoInts, As ean be seen
in Figure 6. 22. .the predicted fallure 1oad agreed well with the
experimental ly recorded ioads and was within 3: of the average, . =~
The predicted cracks at integration, points resuiting From this

anaiysis are shown in figure 6.23 where it can be seen that the diagonai

‘crack band is quite wide. As mentioned beFore. the smeared cracking

approach is responsible For the spread of cracks within cracked

.
» . . .

~.
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-‘eleirients. ‘Howeifer. the spread of. the crack band uidth to a large. nmber -

of elemehts -ls attributed to the use oF non-zaro stif-'fness reductlon

_ factors, As mentloned in ' Sect!on 6.10.1, _use of non-zero values

"applies particularly to this diagonatily stepped mode of Fallure. This

resulted in some load transf‘er through the cracks which enabled the

‘stresses to bul ld up in other elemants and reach the crackind’) imlt

| ldentif‘icatlon of the first crack to develop 1n each element: (marked

with a heavy 1 ine in Figure 6.23) !ndicated the same trend of cracking )

" as observed experfmental ly. Horeover. tqa predicted two vertical cracks'

near the top of the wall with the horizontai crack 1nbetween were also ‘

" observed in two of the three wal Is tested.

Series Wl:
) For the test of the serfes with the smal Iest aspect ratio
(Series WI). the analysis results are shown 1n Figures 6. 24 and 6.25.

The Ioad defl ection predictions together with the data For the three .

test walls are shawn in Figure 6.24, It should be noted that one of

these wal ls. Wall Wi- l, was pert of-‘ the preHm{nary series fabricated

using diFFerent types oF concrete blocks and mortar sand.

The analysis predicted a first cracking pressure which was
considerably hlghﬁ: than the Average experimental pressure. chever. it
should be noted that tuo of these wal 'Is had a relatively low first

cracking pressure whi le. in the thi ird wal 1, the observed first cracking

- e — e —

pressure was reported at a level only 61. Iess than that predlcted by the
proposed maodel. The largg diFf‘erence between the predfcted and

experlmental ly recorded first cracklng pressures for the other two wal Is
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_mey be attributed to the variabillty of the fiexurel tensije strength
normal to the. bed Joints and accordingly the possibiiity of having er
criticei combination of weak Jointe near the anter of the wall. This
was not Incorporated in the proposed modei whenzponly the mean etrengths-
were considered. o .

The model prediction For ‘the wail capecity was 201 lower than
the _average experimental capecity From the three test walls. This may .
be attributed to the fact that. due to the smeared crack approach used )
in this proposed model. the enalysis yielded an initial horizontal crack
band which' was so wide that it may have weakened “the whole wail and
consequently caused premature Failure. g f

"The predicted crack pattern shown In Figure_G.ZS indicated the
same trend 'ofﬂncracking‘ as observed experimentally witﬁ‘ the first
horizontai center crack (marked as dotted lines i{n this Figure). the
diagonal cracks originating from the panel corners. ang, some vertical f
cracks near wall. mld-height;\ This™ pattern can be easiiy recognized from
ﬁFigure 6.25 by consldering thqarirst ‘crack to develop In each element
.*ch were marked with heavy lines in this Flgure. The eteteuient made

earlier regarding the wide diagonal crack band is also appiiéebfe

'_1~ﬁ, . f»i

-

The Serfes Wil walls which were the basis ‘for other comparisons

hed -an intermedtste a'\

this case.

Series Wiis

tio. It was anatysed using the proposed

are shown in Figure 6.26. The predlcted First cracking preaggre was 15%

.

e
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lower than 'the average experinuental'. pressur'e. This is considered to be

'acceptlble compared to the known varlabi 1 ity assoclated wlth the

. r‘lexural tensHe strength normal to the bed Jolnts. The wall capacity

was also predicted and found to be 191. lower than the average test
_capaclty. This dlr’f-‘erence may be attributed to both the expected .

vartabi] ity In masonry strength and the. wide band of hor!zontal cracks

developed prior to the’ final fai lure. However. the effect of the wide

. 'band. of horizontal cracks in this case is expected to be tess

signiﬂcant than that of Series ‘Wl. This is because, f‘or Iarger
hori{zontal spans, the dlagonal cracks in Series Wi meet the horizontal
’.:e‘nte\r_clac\k far From the wall center where the horlzontal crack band is
‘narrower and\consequently should have Iess eFf-‘ect on the capacity

predict’lon. The sudden increase ln deFlect!on at First cracking shown .

"in Figure 6.26 is larger than the correspondlng plateau for the Serjes

wI wal Is which had the smallest aspect ratio. This was ohserved for
both the test results and the predictlons which conf-'trmed the ability of
the model to predict different behaviours as obser'ved experimental ly.
The predlcted cracks at the Integrat fon points for this wal Ty-
_shown earlfer in Flgure 6.!5. had the same trend of cracking:pattern as
observed experimental I‘y The two statements made . ear) fer regardlng the‘
spread oF cracks withln cracked etlements and the width of the band of

djagonal cracks are also appl 1cab1e‘ in this case.

Series WIII:
-

Series WIll which had the largest aspect ratio, was also

,

analyse_d usi

e proposed model and the reaults of this analysis were

vt
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: plotted lnv.Figures 6.27 and 6. 28. it should al so. be noted that ofe df

. the three wal Is oi-' thls series. Hiii -1, was part oF the prei imlnary -

Lseries where different types oF concrete blocks and mortar sand were
i

used. The predicted deF lections together with the test data . are shown

in Figure 6. 27, The predictions indicated a 30% increase in the First

cracking pressure and a 41. decrease in the wai 1 capacity con'pared to the

average experimentai values. I-iowever. the predicted i-‘ii-st cracking

pressure was only il‘i’. higher than the corresponding vaiue in one of: the"

three walils tested. _The dif‘f‘erence between the, predicted and the

experlmental ly reported First cracking pressures may be partial ly-

‘iattr'ibuted to the effact of the high variabiiity in the Flexural tensi le

‘strength normal to the bed Joints and the associated possibi I ity oi-'

' 7
. having a critical. combination of weak Joints near wal | mid—height

AIthgh the effect of the width or‘ the horizontai crack bend on the
Faiiure load is still appllcable. it is beiieved to be. iess significant
“than f"or the other two series mentioned ear]\l fer. This is because the
diagonai cracks met’ the hortzontal crack far from the panet center where
the width of the horizontai crack band was smaller.  Agafin, the

predicted~ load~deflection behaviour shown in Figure 6.27 indicated a

Iarger piateau at first cracklng than the corresponding deFiection ]

increase in the other two series. This was aiso observed in the test
data and hence confirrned the ability of the mode? to predict dii-‘Ferent
behaviours. ‘

In Figure'\ 6.28, the predicted ecracks at the integration points

for this series, . indicated the same trend oF cracking as observed

-experimental 15{. However, conments regarding the influence of spread of

//. ‘

. 259
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cracking within the elements and the width or the dfagonal, crack band
are also appl Icablel'!n this case. It should be noted that the length of a

the hor{zontal center crack between the diagonal cracks was Iarger than

: the corresponding dlstance predicted for the other two wall serfes.

This Is agafin similar to the observed results.‘ lt is sugpested t:hat
this may be the reason f-‘or the larger plateau observed for thls wall

series for both the test results snd the predictlons.

.

" For Wall Series HP, which had precompression applied along the
top edge, the results of the analysis using the proposed model were
shown in Flgures 6.29.and 6.30. As can be seen in Figure 6.29, the
analysis predicted a first cracking pressure and failure pressure which , |
were respectively 5% and 20% lower than the correspondlng everage
e;cperimenta1 Qalues. ’Co'npared to Series WII, the good agreement in the
first cracking' Pressure may be attributed to the effect of the
precompression. In this regard, the additional 1oad r'.eq'Gire‘d to
oﬁercon‘ie the precompression stresses would lessenl the relative
lnportance of variability of flexurat tensile bond and possible critical
comblnatlons of weak Joints. However. For the failure pressure. the
effect oF the wide band of initial horizontal cracks is.agafin thought to
be a posslbl e cause of the premature failure predlcted by the model.
The sudden tncrease Iﬁ deFleetion at 'First cracking was 1ese than the
corresponding increase in Sertes WIIl where no precompressioh was
applied. This was similar to the test result'e and again confirmed the
abl 11ty of the model to predict different‘ behavlours.
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The predlcted cracks at lntegratlon points shown in Flgure 6.30
reflect the same cracking trend as observed experimentally, This can be )

seen by tdentifying the Flrst crack to develop in each element which was

 marked with a heavy Hne. Horeover. the previous statements - regardlng

the inf luence of the spread of cracking and the wide diagonal crack band

are again appl fcable fn this case.

s L -

6.11  CONCLUDING REMARKS -

\ Theconclusions which can be drawn from the Investigation

reported in this chapter are as fel lows: ' -

1. The ana!ysls oF hol low block or multf-wythe masonry wal s cannot
be direct:ly perFormed . using the available f-‘lnlte element models .
for masonry particularly when out-of—plane Ioading is present.

2. The proposed modelfcan be used to analyse most large masonry'
assembages, structural elements and structures. This is

. because it has been deveioped In a general fzed form to handle

both iﬁ-—plane and .out-of-plane toading conditions fnciuding both

- constant and variable (or incremen_tal) applications of each.

Also, [t can be used fo_r multi-wythe walls ﬁy édopting a layered

Plate approach in th;e fintte element formulation. HMoreover, the

orthotropic and -composite nature of masonry was considered in

the model by including the orthofrdptc properties for each layer

and implementing the macroscople biaxial f‘al lure crlterion
proposed in Chapter 5.

" 3. The effects of transverse shear deformations were shown to be

significant in the case of laterally loadéd hol low block masonry
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4.

duye to the presence end the dlscontlnuity of the*cross webs.
Accordlngly: the transverse shear degrees oF freedom were
fnctuded in the propoaed mode 1 to account for thesa significant
deFormations. In thls ease. the cross webs can be replaced by
an equlvalent lamina or core Ieyer wlth an aeceptable aecuracy.

The concept of using Iayered pleees eeebled the eneiysls to be
extended beyond the elastic or eraeking'l!mit_by»medifylne the
stiffness of the particular layer which had reachee this_limIt.‘_
‘Tﬁls permitted moqelliné of observed beheviOUr of laterally
loaded hol low block walls where eracking was only observed on
the tension side of the wall. ‘ |

It is suggested that_te;/sfﬁffness reduction factors after
cracking vary depending‘on the failure hode and the state of
stress on the assemblage. The values chosen for these factors
seem to be reasonabfe and are recommended for lack of etﬁer
data. |

The proposed model was veriFied by checking its predictions
against avallable 1inear elastic and nontinear solutions for
different eases. These comparisons showed that the mode |

predlctlons were in good'egreement with the avafilabte solutlong
inalt cases. Also, the convergence study'performed for thin
square plates under“uniformly distributed load i1 lustrated
fairly rapid convergence.ie aj1 cases. The ecnﬁarisens with the-
available sotutions and the convergence study established that

the model was fundamentally eerreet‘before it uas‘used to
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predict bghevfour of masonry aseemblages.

7. The model predictions for Wall.Series WV, WH, and WF .estab) Ished

the acceptabll[ty of the mode! For pred!cting the behaviour of

masonry walls for cases where no prior cracking takes place‘
before Final fallure. Wall Serfes WI, WII, WIII, and WP are

walls . supported on all four sides. which, as observed -

experimentaliy, experlenced first cracking prior to the_~§1?el

fallure with relatively large amount:. oF reserve strength after

Flrst cracking. These wall serfes included three different

N aspect ratios and a serfes with precompression Iload applled

along the top edge of the wall. They illustrated the ability of.

this Ffinite element model to predict behaviour through varlous

phases of cracking.

. The comparisons of the proposed model predictions with'the' test

data for full scale hollow biock walls showed that the proposed

model  is capable oF predicting the behavﬁour of fuli ,scale

_masonry walls with an acceptable degree of accuracy Therefore,

this mode! wil]l be used to produce data for untested wall

_conditions and configurations and thus to extend the level

" of knowiedge about masenry wall behaviour.

267

. \ M



;‘-,

CHAPTER 7°

DESIGN METHOOS FOR LATERALLY LOADED MASOMRY NALLS

A ‘INTROOUCTION

The avai lable design methods For masonry walls subJected to

lateral (out-oF—plane) loeding revlewed eerller in Chapter' 1 revealed

the lack of availablllty of a unlversal ly accepted deslgn method, It is

_thought that a universally acceptable design method should be rationally

developed and’ provlde reasonebly accurate predfctlons, Horeover. mQst
evailable methods were supportEd by comparisons with experlmental wor-k
performed primari ly on brick masonry.

' In this chapter, the nonl Inear Flnlte element model developed in
this study wil 1 be used to extend the 1{mited test data to cover a
reasonably large range of panel sizes, This is necessar'y to Judge the
reliability of any design method. Then, strengths will be catculated
using some of the available design methods in order to assess their

reliabii lty, Finally, a propasal for a ratlonal design method for

lateral ly loaded masonry panels wil} be presented.

7.2 PREDICTED BEMAVIOWR FOR MASONRY PANELS

OF DlF_FERBlr ASPECT RATIOS .

In order to be abte to evaluate any design method, test -.data for
& large range of Panel sizes should be avaij lable. Hewever, due to the
considerably expense for full scaie tests, only three aspect ratios for

268
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walls supported on four sides and one aspact retto for walls supported.'
on three sides were examined experlmentally. ln this section, the
finite element mode} presented fn the previous chapter is used to extend
the evellehle data to cover a reasonable range of penel slizes (aspect

¥

retlos). “ N
The rengevof aspact retlos~|ncluded in these analyses was chosen
to cover the whole range reported 1n the British code [2B] and extended ‘
beyond It to be used for defintng the approximate- limits for two-wey
action. Therefore. a range of espect ratios from 0. 36.to 4.24 was

examlned and the results oF these analyses for wall panels supported on

' four end three sides are reported in this section.

The analyses performed for walls supported on all four sides
yielded the results glven in Teble 7.1 and: shown in Figure 7 1. These

results showed two dlstlnct regions of diff rent behaviour accordlng to

'the aspect ratios. For aspect ratios up t nearly 6.5, the panetls

exper ienced nonlinear behaviour in mortar head Joints eFter the joint
strength has been exceeded. Al1l cracks in most of these cases were
developed right at'Fallure to form a crack pattern which was
characterlzed by a‘centrel vertical c¢rack and diagonal cracks
ortginating from the,corners and meet{no at this vertical crack. Far,
aspect ratios Ierger than 1.2, the beheviour was characterized by an
inftial horfzontal crack extending practically the whoie panel length
and diagonatl craoke meeting at this horizontal crack to complete the
crack pattern required as a failure mechanism. After first cracking;

these panels had different amounts of reserve strength which diminished
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v Table 7,1 \H0del Predictions for Halls Supported on A[I Four Sides

Oimensions . Aspect ‘fredicted ‘ Predicted Cgpacities.
Ratio | Crack \ . KN/m .
l/ Pattern :
Wall Frame Head - . Initial Faflure
bloxHy LxW L _ - Joint Crack®
m m) - o Strength® ‘
= T _

h2 x.28 1.0 x28 036 . ﬂ | 20,2 45.3°  s56.4
16x2:8 laxzs 050 4 12.0 28.2°  31.8
2.0 x 2.8 1.8 x 2.8 0.64 EEE ©o8.9 20.4
2.4x2.8 2.2x2.8 0.79 E%? o 7.4 3.3 3.7
2.8 x 2.8 2.6 x 2.8 0.93 6.6’ 9.6 1.6
3.6x2.8 34x28 121 T 5.8 8.2
4.0 x 2.8 3.8 x 2.B '1.36 A _ 5.0 7.0
5.2 x 2.8 5.0 x2.8 1,75 ~ T X A
6.0 x 2.8 5.8 x 2.8 2.07 — ‘ 3.3 . 4.8
. 8.0x2.8 7.8x2.8 2.79 s " 2.83 3.7
9.6 x 2.8 9.4 x 2.8 3.36 o o 2.7 3.1
‘10.0x2.8 9.8x2.8 3.5 : 2.6 3.
« 1.2 x 2.8 11.0 x 2.8 3.93 .  2.63 2.63
12.8 x 2.8 11.8 x 2.8 4.2] 2.6 2.6

8. This indicates the load at which the flexural tens{ie strength of a
head Jjoint was reached. However, the assumption of partial
‘plasticity - prevented cracking at this stage.

b. Unless otherwise mentioned, this indicates the load at which initial
horizontal_ crack at panel center was developed.

c. This indicates the load at which an initlal crack was developed near
panel corner,
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‘Failure Load

s mEe ’ ------ -

First Cracking Load
(Diagonal at Corner) . .
First Cracking Load . '
(Horizontal at Center) —— d——-
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Figure 7.1

Four Sides
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Predicted Behaviour of Halls_SuuLorted on All
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with lncreese_'%iih.panel Iength or aspect ret‘lo. The. aspact ratios
between 0.5 and .2 may be:considared as a transltion region between the
two distinct patterns mentioned above. ’
. ,{.,_
The differences between the predicted capactties from the mode 1
conpared to ‘those for one-way actlon are shown in Figure 7.2. From this

eonparison. it m3y be concluded that %spect retios Iess than 1/3 or

. more than 4.0, the panel capacity may_;be predicted from the 'one way

epproxlmat!on with an error 1er than 5 or 6%, respectively. This .error
s conservatl ve and considered to be acceptabl e, ‘

Wall panels supported on three sides with the tops free were
also analysed for the same range of aspect ratfos. The results of these
analyses are given in Table 7.2 and Flgure 7.3, Aceording to these
analyses, e!l panels experienced nonlinear behaviour in the head Jolnts‘
after their capacity have been exceeded but prior to Final col | apse,
These results alsgo showed two distfnet regions with t.wo aifferent crack
patterns. For aspect ratios up to approximately 1.5, the predicted crack
patterns were composed of two diagonal cracks originating from the
corners and meeting at a vertical central crack \:chich then extended to
the free edge. However, for aspect ratios Ierger than 2.0, the crack
pattern consisted of oniy the diagonal eracks which extended up to the_
free edge. The region between these two patterns may be cons!dered as a
transition zone with the fntermediate pattern shown in Table 7.2.

The comparison with predictions based on one~-way .;ction showed
that the panel capacity for a wall having a ‘free top may be determined
using the one-way bending approximatiaen nlth an error less _than 3.@ %or

aspect ratios less than 1/2. This error is conservative and is also
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Table 7.2 Model Predictfons for Walls Supported on Three Sides
S With the Tops Free. - S
Oimensfons Aspect - Predicted Predicted Capacities
- . Ratio . Crack * kN/m@
G : ) Pattern
Wahl E Frame = . - s Head - Failure
LoxHy " LxH L/ . . Joint -
oome m ' ‘ Strangth
l2x28 lLox28 035 CoLo190  s33
1.6 X 2.8 1.4 x 2.85 0.49 | . BN 21.8.
2.0x 2.8 1.8x2.85. 0,63 B > I
2.4% 2.8 2.2x2.85 0.77 | 4 43 2.4
2.8'x 2.8 2.6 x 2.85 0.91 - I 9.7 -
3.6 x 2.8 3.4'x 2.85 1.19. o ez 6.8
40x28 3.8x285 1,33 . 2.0 - 5.8
5.2 % 2.8 5.0 % 2.85 1.75 - 1.52 - ‘3.8
6.0 x 2.8' 5.8 x 2.85 2.04 TS 1.35 3.05
8.0 x 2.8 7.8 x 2.85 2.74 IR 2.08
(9.6 x 2.8 9.4x2.85 3.3 | . Lee .63
10.0 x 2.8 9.8 x 2.85 3.44 - " 1.08, 1.56
11.2 x 2.8 11.0 x 2.85 3.86 : " 1.o6 1.37
12.0 x 2.8 HBw-3«85—4.14 - o 1.0 1.25

* This indicates the Toad at which the flexural tensile strength of a

~head Joint was reached, However, the assumption of partiat
Plasticlty prevented cracking at this stage. ) ’ ’
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considered to be acceptable,

7.3 ° PREDICTED WALL CAPACITIES USINB AVA!LABLE DESIGN NETHOOS
The design methods for leteraiiy l oaded masonry mentioned

earlier in Chapter I included Lawrence'sunoments coefficients method

' [72]. the empirical strip method [21,23], the conventlonal yleld line

method £30,63], British code moment- coeFficients [28], and Sinha'
Fracture Iine method [92] It should be noted that there are some

methods of anaiysis which are rationalty deveioped but not readily

availabtle For design purposes.One of these methods is the isotropic’

eiastic plate anaiysis using the principai stress criterijon and

considering the load sﬁaring and Jofnt strength variability proposed by B

Baker [22]. A simiiar elastic plate anaiysis using the finite element

method and another principai stress criterion [46] was reported by
Orysdale and Essawy [42]. Moreaver, other methods of analysis for
orthotropic plates which were Used for masonry include the Finite

element mode] .proposed by Seward [89] and the noniinear Finite element

., Model reported in this study. '

OF the avai Iabi e design methods, three are oonsidered in this

section where they were used to predict -the capacities of panetls

analysed by the _model described in the previous section. These methodsi

are the empirical strip method. the conventional yvield 1ine method and

the British code moment coeFFicients.
The. waii capacities determined using the empiricai strip method
at first cracking and failure for panels supported on all four sides and

at failure for panels supported on three sides are given in Table 7.3
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Table 7.3 Wall Capacities Predicted Using the Enpirical Strip Method

and Their Comparison to Finite Element Hodel 'Predictions
(a) Halls Supported on All Four Sides

Dimensions . Aspect ‘ Initial Cracking Load” Failure Load -
. Ratio : . .
. BT . Frama - Per P fer |  p - )
Fo ; Ho L :ZH L Wl Pmode| _ kﬁ/mz ?model,
1.2 x 2.8 1.0x z;é | 0.36 ‘ S 6 59.9 1.06
1.6 x 2.8 l.4x2.8 0.50 o 3.9 .00
2.0x2.8 1.8x2.8 0.64 - N 20.3 . .00
2.4%x2.8 22x2.8 0.9 - ' | 145 1.06.
2.8 2.8 2.6x 2.8 » 0.93 ' DI . 0.9
3.6 x 2.8" " 3.4 x ?.e' 1.21 5.3  0.90 7.6 0.93
4.0x2.8 3.8x2.8 1.36 4.6 0.92 6.7 0.95
5.2 x.2.8 5.0x 2.8 1.79 .. 3.5 0.96 5.0 0.90
6.0 2.8 5.8x2.8 207 . 3.i, 0.95 ' 4.4 0.95
Vo Bax28 Tex28 2.9 PR 095 3.6 0.99
| | 9.6 x 2.8 9.4 x 2.8 3.36 - 1.00 - 3.3 .08
" 10.0 x 2.8 9.8 x 2.8 3.5 201 . 1.00 3.3 1.07
1.2x2.8 11.0 x 2.8 3,93 2.7 1.02 3.15  1.20
12.0 x 2.8 ' 11.8 x 2.8 4.21 “ 2.7, 1.03. 3.1 1.18

_ " This indicates the load at which Initial horizontal! crack at panel
center was developed,
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Table 7.3 Continued
() Walls Support.ed on Three Sides With thé Tops Free -
| ~ . Dimensions _ Aﬁpéct ". Failure Load
i . Ratio d
. ' 4 . v P
N . Wall " Frame e R - I B ‘
toxto o LS . knym? Todel
12x 28 . 1ox 2.85 035 579 1.8
1.6x2.8  l4x2.85 .49 ‘ 29.8  1.07
2.0x2.8 . 1.8x2.85 0.63 18.3 1.04
2.4x2.8  2.2x2.85  0.77 125 1.0
2.8x2.8 2.6 2.85 0.91 9.4 0.95
3.6x2.8  3.4x2.8 1.3 . 5. 6.'82_
4.0'x 2.8 3.8 x 2.85 1.33 4.6.-__ 0.80 -
” 5.2% 2.8 5.0 x2.85 1.7 296 o078
6.0x 2.8 5.8 x 2.85 2.0 237 q.78
- 8.0x2.8  78x2.8 274 1.6 o.78
9.6 x 2.8 ;9.4 x 2.85°  3.30 1.3 0.81
10.0 x 2.8 9.8 x 2.85 ' 3.44 1.27 0.8t
T M2x2.8  11.0x2.85 3.8 1.14 .83
12.0 x 2.8 11.8x2.85  4.14 - 1.08  0.86
bl
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"The First cracklng loads for panels supported on four sides determined
' by this method ranged From 0.9 to 1.05 of those predicted by the model.

However, . the panel- cepacltles at Fallure shewed more spread about tn;—al_

nodel predictione wlth ratios ranging From 0.9 to 1.20.  For _panels

‘supported - on three sldes with the top Free. the. pPanel capacities

'determlned by this method ‘ranged from 0.78 to 1.09 of the model

predlctlona and were 10, ‘to 20$ less than model predictions for most of
the range of panej_sizea. These comparisons tndlcated that the panel

capacltles determlned by thle method were In reascnable agreement with

the model pred!ctlons in most caaes., However. the reason for the

relatively good accuracy of this method whlch lacks the fundamental
conpatlblllty requlrements -is’ stlll unexplalned

The capacities calculated by tpg,conventlonel yield line method

are glven tn Teble'7.4. Two leFerent analyses were perfbrmed for -

'panels supported on ail four sides where the crltlcal yield 1tne pattern

Included a horizontal yield tine at mld-height or mid-length. - The

calculations differed by either assumipg continuity-or no continuity

along the horizontal yield 1ine. _ The 1atter was considered to account‘

for the Fact that the horlzontal crack was develcped at a8 locad level
considerably helow the fallure load in most cases.

The results glven ‘in Table 7. 4(a) for panels supported on 'all

»Four sides fIndicate dlstlnct cracking patterns similar to those

_predlcted by the modet and which gave approxlmately the same limttlng

aspect ratfos for these patterns. The transltiontzone between these two

patterns is also lndicated in Table T.4(a) where s! %utlone for the two

S
I

]

£
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Table 7.4

e

Wall Capacities Predict
Line Method and Their

Predictions

(a) Walls Supported on Al Four Sides

o
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ed Using. the Conventional Yield
‘Comparison to Finite Element Hodel

Patter

Dimensions Aspect n 18 Pattern 115
' R?tio Case AB Cége B
Wall F'rane . p | <] P
Lo X Hy L xH L/H pt P P
m Pmode! - "~ Pmodel - Pmode
12 x28 10 x28 036 . 68.3 121
1.6 Xx 2.8 1.4x2.8 0.50 186 1.21
2.0 x'2.8 1.8x2.8 0.64 . ‘v Vo 2s.e .27
2.4x28 2.2 x'z:g_ 0.7 19.2  1.40
:Zaxha‘&Gﬁjﬁ 0.93 157 135152 L3
3.6 x 2.8 3.4x 2.8 1.2 ' 10.5 1.29 10.8 1,32
4.0 x 2.8 3.8 x 2.8 1.36 | 9.1 L3095 1.35
5.2x2.8 5.0x2.8 1.719 7.1 L3064 1.5
6.0x2.8 58x2.8 2.07 63 1.37 53 1.5
B.OXx2.8 7.8x2.8 2.79 5.1° 1.3 3.7 1.00
9.6 x 2.8 9.4%2.8 3.36 4.6 1.48  2.96 0.95
100 x 2.8 98 x 2.8 3.5 ‘a5 1.46 '@a 0.92
11.2% 2.8 11.0x 2.8 3.93  4.25 1.61  2.47 0.94
12.0 x 2.8 11.8x 2.8 4.21 4.1 158  2.28 0.87

a Pattern 1 s that with hor{zontal center crac

that with vertical center crack.

b Case A refers to the case where contin
was assumed, whereas the assumptio

initafl crack was considered in Case B.

.
-

.¢ This indicates the predicted panel capacity In kN/m2.  *

k, whereas' Pattern II Ig

uity along the tnitfal crack
n of no continuity aleng the
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Table 7.4 . Continued™ SANG
(b) Malls Sipported on Three Sldés WIth the Tops Free L
Dimensfons - . Aspect . Pattern " Fattern 1l
— ~ Ratlo : L
Wany - - ‘Frame‘- T P g P
o p e, F;H e Froder  KN/m2 s
1.2 Qé.’_s  Lox 285 035 | 60.0  1.13
1.6x2.8 1.4x2.85 0.49 s 32.2 1.6
20x2.8 18x2.85 0.6 | 20.5 - 1.16
24x28 22x2.85 0.7 S s L
2.8 2.8 2.6x2.8 091 L1009 1.3
3.6x 2.8  3.4x2:85 - 1.19 7.1 - 1.04
4.0x2.8 3.8x2.8  1.33 . | 60 1.03
5.2x2.8 S.0x2.8 L.75 40 105
6.0 x 2.8 5.8 x 2.85_ 2.04 3.34 1106 3.3 -1.07 .
8.0 x 2.8 7.8 x2.85 2.74 22 106 23 Ly o
9.6x 2.8  9.4x2.85 3.3 IR IR R
0.0 x 2.8 9.8x2.85 3.44 . 1.63 1.08
1.2 x 2.8 -'11'.0 X 2.85 é.as . l.41m 1,03
12.0 x 2.8 _ 11.8 x 2.85 a.14 ' 1,29 1.03

* Pattern I is that with diagonal cracks extended to the free edge,

whereas Pattern I1 1s that with diagonal cracks meeting at center
vertical crack, - : ‘ . :
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pattérns were aval iabie, The conventional yield 1ine method as given in

. this table overestlmeted the- panel capacity 'For panels supported on al i
Four sides by 20 to 60: compared to- the mode 1 predictions. However.
| introducing no continuity along the horizontel yieid iine produced

"'capacities closer to mode. predictions {(normal ly within 15%).

For panels supported on three sides with tops free, the results

'given in Tabie T.4(b) aiso indicate the two distinct crack patterns and
the transftion region but with ‘higher limiting aspect ratios. The

conventionai yield 1ine predictions in thIs case were in better

agreement with the modei predictions than was the case For panels

supported on Four' sides.

Table 7.5 contains the predicted results using the British Code

moment coefficients and comparisons with Finite element. predictions.

for the yieid 1ine method except 'For targer aspect ratfos over 3.5 where

‘ considerabiy Iower capacities were- obtained For paneis supported on

three or Four sides. ThTs agreement was. expected because the British
cade coef‘f‘icients were based mainly on yieid 1ine analysis with some
modif‘ications to satisfy availabie experimental dat:a.

Even though the results obtained by the conventionai yieid line
method and using the British code coeFFicients were reasonably accurate
for some cases, this does not change the fact that this method is not
rational ly Justified for use in masonry design. This is because the

brittle nature or the very limited nonl inearity of masonry assenbiages

'cannot aiways provide the plastfc behaviour necessary for the yield line

method, Also, the crack lines in a plate made of such brittle material

p——

The British code moment coef-‘i’icients yielded capacittes simiiar to those |
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Teble 7.5 = Wall Capacities Predicted Using. the British Code : .
R Coefficients and Their Comparfson to Finite Element -Nodel

T e

; Predictiong '
=,' Dimensions . . Aspect Walls Supported Walls Supported on.
3 T : ‘Ratio on All 4 Sides - - Three Sides With
: ' T the Tops Free
_\ Wail © - Frame . - P P
) . Lg x Hy LxH- - . L/MH P S . .
E m : moe kN/m2 Pmoder. .  KN/m@  Ppogo

L2.x 28 1.0 x 2.8 0.36 187 643 pa2i

1.6 X 2.8 1.4x2.8. 0.50 - 39.4 128" 32.8 1,18

. 1i15

2.0x2.8 1.8xZ8 0.64 - 250 .23 D 2043
makza.za}é@_,mm Cies Las 146 ' 1.06

- 2.8 x 2.8 2.6 x 2:8 m%-‘j'wJ :Lm"'Jm& 1J2
3.6 x2.8 - 3d4x2.8 a1 0.4 - 127 6.9 Loz
40%28 38x28 136 Coed 1z L ss Lo
5.2x 2.8, 5.0x2.8 . 1.79 _'é.§ 1z 394 Lod
6.0 2.8 58x2.8  2.07 . | 6.¢,'<11.§2 - Taa 1.@5

B.0x 2.8 7.8x2.8 2:79 ° L 48 L30T 2.7 o4 -

9.6x 2.8  9.4x28 3.3 . 4.2 136 - 1.68  1.03
A 10,0 X 2.8 9.8 x 2.8 3.5 3.9 1.26 . " 1.55 0.9
11.2x2.8 11.0x2.8 .3.93 307, 147 ' L.23. 089

12.0 x 2.8 11.8 x 2.8 - . '4.21 2.67T\\;Th2 © . 1.07 0.85
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are not, necessarily yteld Yines of constant moment - -capacity'

simultaneously attalned along these )ines but rather progressive

!

'cracking 1ines. These progresslve cracking 1ines were initiated at a

critical Iocation and then propagated due to the release oF stresses at

this Iocation. Horeover, the vield line method was appl fed to. masonry

‘ 'as a way of getting capacity predictions which ware reasonably accurate

for some cases but 1t was never clalmed to represent the real behaviour‘ '
or‘ the, material. . .

The panei capacities calculated according to the these methods
are shd\m in Figures 7.4 and: 1.5 for wal ls supported on four and three

s{ides, respectively. In these figures. it is clearly indicated that in

" general the empiricai strip method yielded capacities Iower than those

of the conventional yieid 1ine and the British code.

| It should be noted that the model predictions of fali lure ioad
for panels supported on four sides were approximately 201 lower than the
reported experimental results for aspect ratios less than 2.0. This was
attributed to the. eFf-‘ect of the smeared cracking approach Tncorporated
in the modet which ar‘r‘ects the r‘ai lure load for these aspect ratios.
ven though, the good agreement between the capacities calculated by the
mpirical strip method and those predicted by the model does not
,necessari ly prove the accuracy of this method. it i ndicates roughiy the
Same reasonably acceptable accuracy as the model. However. both the
conventional yield 1ine method and British code coefficients

overestimate the capacities of the panels,

For waltl panels supported on three sides, i’or most cases, the



RATIO OF DESIGN LOAD TO NONLINEAR HODEL PREDICTION

\
‘ -British Code Coefficients T eieeeeenanmeee
1.6p " Yield Line Method o S i
~ Yield Line (No Conti. at Initial Crack)—.—.—.—
a 1.4 Empirical Strip Method . S -
Al T
- 1.2p
z
-1.0 _ o
x - o 1 T e e e it . e ey e W
o — :
« 0.8}
o
% 0.6}
e |-
* 0.4}
0.2} .
0.0 1 1 : ' .
l 2 . . . 3 4
1.6F e
-~
—— '
104 -~ . s _....—'"_—.— )
: AN i g o N
< P AR "
o 1.2} _ < o e
._‘ \—-'\\ ) f/ \\-
&Jl'o \L /’\\ .\.\ _—:"—-4-./ .
= ST T T T C N ™~
< - §
<0 L
0.6¢ B
0.4F
0.2 o
0.0 A H 1 N
0 1 . 2 3 4
- ASPECT RATIO, L/
Figure 7.4 Capacity Predictions for Walls Supported on All.

Four Sides Using the Avaflable Design Methods




-

-

RATIO OF DESIGN FAILURE LOAD%TO

HONLINEAR HODEL . PREDQICTION
°© o 9o o+ ko
O N - T T

[=]
h>

[=]
o

[y

Figure 7.5

' 286

W S : British Code Coefficients........cc....
‘ " Yield Line Method " ————
Empirical Strip Method =~ —mme -
-.‘:-‘Hmv—-\ .
U .
~— g T e e L T T S T v -
\\\ Ly “5\ -
S e
L | 1 L
1 2 3 4

" ASPECT RATIO, L/H

Capacity Predictions for Walls Supported on Three Sides

HWith the Tops Free Using the Available Design Methods
& :



-.a :

287

comparison shown in Flgure 1.5. lndicated reasonably good predlctlons_
using the yleld Hne method and the British code ooafflclents For most’
cases. It also Indlcated an undorastlmstlon of' approximately 201. using
the enpir{cal strip method predictions. ,

1ho above comparisons indlcated that the accuracy of the panel '

capacltles calculated by these methods may be acceptable in some cases

- ‘but not for the whole range of aspact ratios and boundary condit{ons. .

Moreover, these methods are stil) not ratlonal ly developed or at least‘
not sufﬂciently rational Iy Justlfled to ‘be a univarsal ly acceptable .

design method for Yatersl 1y loaded masonry wal ls. ‘

o

T.4 WWSI@IMNSEDGIELASTICFLAEW

Early trials For the use of elastlc plate theory as a design

‘ method for lat:er'al 1y loaded masonry walls were |imited to First cracking

1ocad predictions of panels supported on alt four: sides. It was thought

that it could not be used to predict the failure load for these panels

due to the presence of‘ the initfal crack st panel center in most cases.

Also, the solutions presented in textbooks {100,101] for panels

supported on three sides with tops f-‘ree were 1imited to the moment
components acting at the panel ceoters apd at the centers of free edges. .
These two locations are not necessarﬁy tﬁe eritical locations for panei
capaoity determinatfon., This. is due to the anisotropic and composite
nature oF masonry which implies the directfonal dependence of assemblage
strength.. .

The critical iocation for determining banel copacity fs not

necessarily the location of the highest principal moment but rather the
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iocetion of 'lergest ratio oi-‘ principal moment to the moment of

resistance in the princlpai moment orientation. Accordingly. the

correct eoiution needs the determination of principal moments or

stresses and their directions at different iocations within the ' panel

: plus a logical method f‘or strength determination for dii-‘r‘erent
- orientations. Then. the panel capacity can be determined by examinlni
"~ the apting stress and strength values at different |ocations throughout

: the panel. Therefore. ‘the expi icit solution of the plate i‘obiem is

needed to determine the moment components at difi-'erent locetions

throughout the plate. ' . T )

" The need to consider “the. orientation of principal moments was

recognized and taken Into eccount in the dii-‘i-'erent methods of analysi s

~reported by Baker [22], Drysdale and Essawy [42], Seward [89]) and the

. ,i-‘inite element mode) presented in this study.‘ However. al 1 of these are

"

not vet in a i-‘orm suitabie for a general ized design method,
In the remainder . oF this section. the above mentioned approach
wil 1 be presented ina suitabi e form for practical design where some

assunptions and approximations were adopted to simpl tfy the development

. and use oF this . method Also, a method for determination of the

assemiage strength f‘or different orientations is presented, Final 1y,
the proposed meth_od- Is discussed in detatl.

7.4.1  Main Assurptions and Appmximtions

“In order to simpl ify and general 1ze the appiication of this

'method to Jateral ly Ioaded_masonry‘ paneis. some assumptions and

" approximations adopted are as fol lows:
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S
3 - .
) - jf . 1. The assemblage masonry material i{s assumed to -be isotropie. L
f Accordiﬂg to this assumptlon’“the degree of orthotropy observed end‘
!
[

determlned in th{s study as well as that reported in the Iiteraturg

is neglected. The Justiﬁltation of’ this assumption will be
discussed 1ater.

interaction (s eonsldered between orthogonal stresses at FaCIure.

This assumption is only Introduced for simple calculatfons anh\ior

'the general appllcatlon of the method. However. any suftable\\
criterion. for the lnteractlon can easily be lncorporated In the
design process using this method. It should be noted that the
amount of Intereetlon varies accordlng to the mode oF Failure as Ce
vdisoussed ear!ler in Chapter 8, For example, for debonding along
T bed Jo{nts whlch was observed at the centers of most panéls
supported on Four sides. it {s suggested that there 1s no
1nteraction between the stresses normal and parallel to ‘the bed
Joints at this Iocation of zero shear stresses. Also, For panels.

1 _ experlencing vertical central cracking through head Jolnts and units

at alternate courses, it is suggesggd ‘that there is no interaetion S
between stresses normal and para]lel to the bed jpints. Moreover.

for diagenal cracks where the two.orincipal stresses are of

different slgns. Baker [22] suggested no Interaction and consideredl
only the tenstle principatl stress te cause the" Failure.

Accordingly, Tt Is thought that for a large number of cases. the

assumptlon of no- 1nteraction may be reasonably accepted

3. Panels are assumed to be simply supported along al | Four s{des or

' three sides with tops Free. This assumption was chosen to match the
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boundary condltions oF the available test data through this study.

lt also provides a conservative approximat!on of practical boundary

conditions. ' However. the method can be easily extended to Inciude

-other boundary condltlons.

For panels supported on aII four s{des and having aspect ratios less
than or equal to l/3 or more than or equal to 4, the ‘panel may be
analysed assuming one way act{on In the horlzontal or vertical
directlons. respectlvely. without Introducing any . significant error
[n‘the caloulatlons. For panels supported on three .sides with free-
tops.- the one way approximations may: be used for panels .of aspect

ratios up to l/2 without Introduclng any signiFicant error in the

calculatlons.

The simpliFied elastic plate analysls in the Form oF a modified

crossed strlps method was adopted For the determlnation oF the first

cracking load For Panels supported on all four sides. For 'panels‘

with’ vertical initial cracks, the. Faflure capacities are assumed to

coincide wfth the First cracking load. However. for a panel with a

horizontal .initial ecrack, _some reserve oF‘strength after First

cracking fs assumed.. . _" ' !

For a panel supporteg_on all Four sides with a horizontal inltfal

. crack, it Is assumed that the panel will be divided by this crack

into two sub-panels supported on three sides with Frea-edges at the

‘crack. It Is also assumed that no shear transfer will take place
across this crack due to symmetry at the panel’center and the only

_force to be transferred through this crack is . the In-piane

Y

B R
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eon'presslve !oads due to the. self. walght or any . surcharge appH ed
along the top of the panel. Therefore. tha panel capacﬁ:y in this.
' case may be esgimated as the capaelty of a panel supported on three
: sldes and havlng an aspect ratio. equal to double the ratio of the
'original panel. lt should be noted that this assumption was
previously suggested and conf‘lrmed experimental ly by Baker [22] and'
| in the experimental work of thls study._ Also, Baker [22] and
Drysdale and Essawy [42] obta!ned reasonably good results using this

. assmption. '

7.42 Determination of First/ Cracking Load For Walls
Supported On A1l Four Sides: 4

- The first cracklng load for walls aupported-on al I Foer sides_ 2

may be determined by theory of plates solutions availahle in textbooks‘_
f100, iul]. However. for simpl icjty and to be able to easily obtain
solutlons for . di'FFerent boundar‘y condftions. a modif-'ied crossed str!ps

approach initial ly developed by Marcus [100] is proposed. ln this

approach, the plate is replaced. by two equivalent stripa in'the two

~

lorthogonal directions as shown in Figure 1.6(a). Assuming isotropic

propertfes. the corrpatiblllty of the center deFIectIon of both strips

yielded the fol lowing expressions for the strip loads expres_sed as .

functions of the panel load:

_ ré
Py = P
v 1+rd
. (7.1)
1
Ph 1 +r4
-~
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'Nhere.

Pv and Ph are the loads .on the vertical and horizontal strips,

respectlvely.

p is the uniformly distributed load on the panel,. and

r is ‘the panel Iength to height or aspect ratio.
Accordlngly._ the: maximum _deflectfons ‘and benrﬁng mements for' _the
equivalent strips can be easi 1y determfned.- However, the torsfonal |

r'esistance of the 'pfate. which reduces def-‘lections and consequently .

, 'moments ‘of the equivalent strips. has to be taken into constderation.

| ln the case oF uniformly dlstributed load, Harcus proposed the following

expressions for maxlmum moments [100]: o

5 L, o2

"x=ﬂnn-—c-)2—1-a—8—
: 6 H
_ Hxo 7.2
C 2
5O0H My PH
' Hy=n,,u-—(-)2-—-]—a—--
6. L My 8

Where, , .
Land H ar_e'the panel Iength‘ and height, respectively,
My and M, are the equ‘i valent plate maximum moments in the horizontal
and vertical directions, respectively.‘ .
My and My are the maxfimum moments oF the vertical and the horizontal
strips due to uniform loads of F’v and pp, respectively and
"x'o and "yo are the maximum moments of simply supported beams_

sub jected to the total load p in the horizontal and vertieal

t
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dIrections. respeotlvely. T

SUbStltUtfﬂQ for Hv. Hh' Myo and Hyo respeotively as pvl-lzlan PhL2/8,
' LZ/a end szIB in the above expresstpns. the coefficlents a and B
were’ evaluated. These coefﬂolen‘ts whioh define the ratios of load an
the vertical and horizontal equlvalent strips to determine the rnoments

at plate center were found to be: _

SR B SR
c=17+r4[l-;(;) l+r-“':I ;
Lo | 4
‘B=_'3_r...-.[l..f(;r)2.__l_v_-] | . ‘ -
F+rd .6 _1+r4

The values of. these coefficlents are- glven fn Table 7.6 and are also’

shown in Figure 7.6(b) for dffferent aspect ratios up to 4.-

To determine the ﬂrst créoking load for a masonry panel, the
Iloads on the equivelent plate strips can be determlned according to the
panel 5 aspect ratio. '. Then, to determine the oriticel panel load, the

values of" the maximum acting moments in the vertfcal and horizontal

strips can be compared to the 1nternel moment capacities normal and

paratl let to the bed joints, respeoti vely. For cases. where the load on

the horfzontal strfp is critical. a center vertlcai crack is expected to
occur. This vertical crack together with the diagonal cracks required

to f'orm the col lapse mechanism are assumed to develop simultaneously at '

the cracking load level. Therefore. the pane) capacity in this case is
1Y

a

considered to coincide with the first cracking foad. On the other hand,

for cases where the load on the vertical strip is critical, an Inlt.ial

+

-+
T
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Table 7.6 Values of o and B Factors for Load lntenslties ‘ o
: : on the Two Orthogonal Strips « ' | i

Aspect Factor a ©  Factor 8 (a +,é)
.Ratio . B . .
L/H
0.25 . 0.004 . © 0.944 0.948
0.33 0.0 0.o0g~  p.948
0.50- - 0.047 0.757
075 0155 0.489
1.00 b.zsz L 0.292
o, 1.25 s oam
- 1.50 . ) 0.577 0.114
175 0.681 0.073 . DE o
12.00 . 0.757 . 0.047 ./ o.804 . - y
2.25 0.81 .03z 0.842 : é;;)_~
2.50 . 0.848 0.022 .  0.870
215  0.8%6 0.015 © 0.892 -
3.00 0.87 _ 0.011  0.908
3.50  0.926 0.006 . 0.932
. 4.00 0.944 °  0.004 ' 0.948
r‘_‘K |
y
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horl:ontal creok is expected to develop at this Ioed Ievel. Some |

reserve of strength efter first crecking is expected For such panel S.
The penel capac!ty in these cases {s determined as two sub-panels

supported on three sides‘wlth Free edges at the initial crack.

]

7.4.3 Detemirntlon of Panel mpacity For Halls :

' Supported On Three Sides With Tops Free

. For wal s supported on three 'sides with tops 'Free. the panel

cepacities wi ll be determlned eccordlng to the elastic theory of pletes.

As mention earlier, the avafiabie solutions in textbooks [IOO 101] are”

exprt?ssed as the moment components only at two locations (nemely. the ‘

_plate center and the center of the free edge). These sclutions are not '

elueys suiteble for direct appl lcation to mesonry walls due to the

directlonal dependence oF the strength and consequently the need to

‘explicitly: determine the strength at any location wi¥hin the wal l panel.

ThereFore. the expliclt solution for plates simply supported on three
sides with the fourth side free is presented in this section. Then. the
determinetion of  masanry strength For different orientetions of bending
moment with respect to the bed joints is discussed and finai ly the

solution 1s presented in a suitable form for design purposee.

1.4.3.1 The Expl icit Solution For a Laterel ly Loeded Plate Simply

Supported On Three Sides with the Foyrth Side Free -

The general veolutlon For a lateral ly loeded Isotropic plate

1

simply supported on three sides wWith the top‘f‘ree was given by

Timoshenko {101]. Considering the x~gx{s to be parallel to the free edge

a -
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(hor‘lzontal direct!on) the y-axis in the vertieal direction. and the -

. origin to be Iocated at the bottom IeFt corner. the plate trensverse

def-‘lect{on was defined as fol lows; : -

.

WEW W, - o O (1.4)
Where, ‘- L ' D
, 49!.4_ - o] mwx - ) . ‘ ,
Wy = £ -— sin — , : - (7.5)°
' 0. n=1,3,5 md L : .
My = I Y, sin — , ' (7.6)
. ,-2 L [l
VO mal,3,5 " [ - |
s oy y _
Y = =— [ A cosh By~ + By Bp~ sinh Bm- - :
D H . H H : o/
‘ y y: oy . B
* Cn sinh 8=+ Dy Bp- cosh. g 1 , {7.7) .
o H H. H :
maH ‘ :
By = —and &

1

D ts the flexural rigidity of the plate.

However, for this case, the explicit evaluation of the constants Ag, Brpe

C and D was not given. Therefore. these constants were evaluated to

) satisFy the. boundary cond!tions at the bottom- support and the top Free

edge and Found ‘to be:

4 \ SR ‘
AL = - =" ‘ (7.8)
) "2 ' o .
By — . - ‘ (7.9)

-

e



2 Zu(l+v)(l-cosh Bm)cosh Bm - Zu(l—u)am sinh am

cl‘h =
Cu%md . (3+v) (1-v)sinh Bp cosh By, + (l-v)z .
' +2(3-v)sinh? Bm'— (l-u)ZBm;

¥ . .
{7.10)

2 2v cosh By, - 3 sinh? By - v(cosh? By + 1)
a .
75m5 (B#Q)Sinh Bm cosh sm + (1-v) am

The bending moments Mx-and M, and the torstonal moment Myy 8re given by.

=D (~— % v =)
L M © ax2 3y?2
‘ adw . 3w ‘ :
M D (=t v — ) (7.12)
LY s ay2 Il :
: 32w \ _ g
My = D(1mw) - o ' .
,’xg Iy :

Substituting Equation 7.4 in Equation 7.12, the above expressions may be

rewritten as follows:.

N - 1 max
X
> pLZ  m=1,3,5 m3n3 L ‘ :
- mmx y : b4
-v I nZm? sin — [ Ay cosh go- + Bp (2 cosh By~
. m=1,3,5 L . H H

Y ¥y ' , Y b4
+ Bp= sinh 8~ ) + Cp sinh By -+ Dp (2 sinh Bmﬁ
. H H ' H

y 4 -
8~ cosh Bp—- }] : . : {7.13)
H H

298 -

(7.1 -
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N - l mlrx
—~ . v ln-——(4+w5m5Ym)
pt.2 m=l.3 5 m3w3 L ‘
- » mx y Y
—z- umzsin—-[hmcoshﬁm +Bm(2coshs-
'm=1,3,5 L g
+Bv= y Yo y
= sinh 8- ) + stnh Bp~"+ D (2 sinh B
m s '”%?H tn BmH m (2 si g
B‘v Sy S
+8pm- cosh By~ )} . : : {7.14)
My oy | - '

[} - ;s . .

R ny - _ mwx Y ) b4
— = (l=y) T wZm€ cos — [ Ay sinh go- + By (sinh gy~
pL2 - m=1,3,5 A H . H

e Yy .y y
* By~ cosh 8y~ ) + Cp cosh Bp—+ D (cosh 8~
mH mH | Cm | m »m me
y y ' _
8= sinh Bp= )] (7.15)
H H : o

Now, the deflections and moments can be evatuated at any point
within the p‘la‘te for a specific aspeét ratio and Pgi.sso'n's ratio. A

value of Poisson’s ratio of 0.20 was assumed for masonry and the

. deflection and moment coeﬁ-‘lclents were evatuated for different aspect
.ratios up to 8. For each aspect, ratio. these coefflcients were

' determined for x/L a\\‘d y/H values at 0.1 increments up to 0.5 and 1.0,

respectively., A sampie of these values for the aspect ratio oF 2.0 are

given in Table 7.7,
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. Table 7.7 - Deflection and Moment Coefficients For Plate Simply
. ' Supported on Three Sided"With the Top Free-(L/H = 2)
/L  y/H T W= M, = ' My, = M,y =
' Coeff. x pL4/D  Coeff- x pL2 Coeff. x pL2 = CoaffOx pL2
.0 0.0 0.00000 0.00000 0.00000 - 0.04185
.0 6.1 0.00000 0.60000 - 0.00000 0.04104
.0 0.2 0.00000 0.00000 0.00000 0.03925
0 0.3 . 0.00000 0.00000 +0.00000 0.03703
.0 0.4 - 0.00000 0.00000 0.00000 0.03468
0 0.5 0.00000 0.00000 . 0.00000 0.03242
0 0.6 ¢.00000 0.00000 ¢.00000 0.03046
0 -0:7 ¢.00000 0.00000 o.ouuug 0.02896
.0~ 0.8 " 0.08000 0.00000 0.00000 . .0.02815
.0 0.9 0.00000 0.00000 0.00000 ' 0.02827
g 1.0 ° '0.00000 0.00000 0.00000 - 0.02969
.1 0.0 0.00000 - 0.00000 0.00000 0.03842
Jd 0Ll 0.00025 0.00444 ' 0.00392 0.03787
.1 Wz 0.00050 0.00822 0.00624 0.03650
Jd 0.3 0.00073 0.01141 0.00757 0.03465
.1 0.4 0.00895 0.01411 0.00820-, 0.03260
.1 0.5 0.00116 '0.01641 0.00825 0.03058
4 0.6 0.00135 0.01837 0.00778 0.02879
Jd 0.7 0.00153 0.02007 0.00680 0.0274}
1 ..0.8 0.00170 0.02157 0.00527 0.02664
.1 0.9 0.00188 - 0.02294° 0.00307 0.02668
.1 1.0 0.00205 0.02432 8.00000 0.02777
0.2 0.0 0.00000 0.00000 0.00000 0.03076
0.2 0.1 0.00047 0.00639 0.00613 0.03049
0.2 0.2 0.00093 0.01221 0.01026 0.02968
0.2 0.3 0.00136 , 1 0.01742 0.01282 0.02845
0.2 0.4 0.00178 - 0.02202 0.01410 0.02699
0.2 0.5.- 0.00216 .0.02606 0.01429 0.02549
0.2 0.6 0.00253 - 0.02959 0.01350 0.02411
0.2 0.7 0.00287 0.03269 0.01175 0.02302
0.2 0.8 2.00320 0.03544 0.00899 0.02237
0.2 0.9 0:00353 0.03793 ¢.00513 0.02231
0.2 1.0 0.00386 0.04029 0.00080 0.02295
0.3 0.0 0.000800 0.00000 0.00000 0.02131
0.3 0.1 0.00063 0.00747 0.00743 0.02116
0.3 0.2 0.00125 0.01440 0.01271 ' p.02070
0.3 0.3 0.00184 0.02075 0.01613 0.01997
0.3 0.4 0.00240 0.02650 0.01794 0.01907
0.3 0.5 0.00293 0.03164 0.01831 0.01811
0.3 0.6 0.00343 0.03622 8.01734 0.01722
0.3 0.7 6.00390 0.04028 0.01508 0.01649
0.3 0.8 0.00435 . 0.04391 0.01150 0.01603
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Table 7.7 Continued -
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0.00480 '0.04718 . 0,00652 . 0.01593

0.00526 - 0.05020 0.00000 . 0.01628
0.00000 - 0.00000 . 0.00000 " 0.01091
0.00073 - 0.00803 . -0.00812 0.01084
0.00145 . 0.01854 0.01403 0.01062
0.00214 0.02247 -0.01795  0,01027
0.00279 . 0.0288) " 0.02008 0.00984
0.00341 . 0.03455 .  0.02057 - 0.00937
0.00399 ' 0.03971 0.01953 0.00893 *
0.00454 0.04430 © 0.01699 0.00856"
0.00508 0.04844 . 0.01295 = -p.ggB34
0.00560 0.05217  0.00732 . 0.00828
0.00613 0.05558 0.00000 . - 0.00844 '
©.0.00000 ° _ 0.00000 0.00000 0.00000.
0.00077 0.00819 0.00834 0.00000
0.00152 0.01588 0.01446 0.00000
0.00224 .  9.02301 0.01854 - 0.00000
0.00293 0.02954 . 0,02077 ~'0.00000
0.00357 - 0.03547 0.02131 - 0.00000
0.00418 0.04080 0.02024 - 0.00000
0.00476 . 0,04559 0.01761 0.00000
0.00532 0.04988 0.01342 0.00000.
- 0.00587 0.05375 0.00758 0.00000
0.00643 0.05729  ° - 0.00000 . 0.00000




7 4.3. 2 Flexm'al Strength of Hasonry Assamlages uith Bending
At Different’ Orientations to the Bed .Joints

Strength of masonry assenblages is known to varywith the stress

orientatiori dué to the composlte -and anisotropic nature oF,auch

material Host codes speciFy 5trength values’normal and pal%[ﬂi_—tl the -

bed joints. Therefore. it is thought that, for design purposes. it is
more. convenient to express the strength at different orientations as a

Function oF these two vaiues instead of using the rigorous criterlon

" - presented In Chapter 5 This criterion is more suitable For detai Ied

1

analysis than a sinpliﬂed design process.
There are some avai table test data for brickwork £30, 86] and

blockwork 147, 56] strengtha at orientations other than the‘two prihci pat

directions normal and paral lel to the bed joints. However. there is not

yet\a universal ly acceptable Iogical method to determine the strength at

a particular orientation. Baker [22] prOposed an empirical expression.
for the strength as a function of the two orthogonal strengths and the

orientation. Even though thi's expression seems to reasonably -fit rnost'

available data as shown in Figure 7.7, it lacks the basic requirement of

r

. zero slopes at @ equal to 0° and 90° due toAsymmetry. “This méans that

the strength at o equal to -15° shouid be the same as that for o equal
to 15° and similarly the strengths at 0 values of 80° and’.100° should be

the same. Losberg and Johansson. as reported by Cajdert [30]. used

_ vectorial addition, in the . usuai way to express the moment capacity at'

any orientation as a Function of the moment capacities in the normal and

parallel directions and proposed the fol lowing expression:

N\

.
[
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-negligible. ThereFore. Equatlon 7.16 is rewritten as follows: .

1304

. , ¢
Mg .= Mp cosla + My sinfa = (Mn - Mp) sina cosa tany - (7.16)

~

. ~

' Where. "n.'ﬂp. He -are the bending moment capacnty vectors per unlt

length normal. parallel and at an angle 9 with respect. to the” bed-'

Jolnts.. Angles @y Y and '8 are deFined as shown in Figure 7.8,

ln this section. the Losberg and - Johansson relation will be

. simplified Further to be sultable for use in a practical design process.

The angle Y between the Failure plane and the vertical axis shown in

Figure 7.8 depends on the made - oF failure which is thereFore difficult'

to determine. For example. it is the same as e Fer debonding along bed
joint. Similarly. for vertlcally toothed or vertlcal splitting Failure
modes. y equats - (90° - q)._ However. for. diagonally stepped ar diagonal
splitting modes. it is given by:
| . ~ |
Y=a-tan~l — : . , T
v 't 2a o ‘”

-Where, 23 and b are the masonry'unit I'ength and height“ respectively.

Accordingly. ¥ equals Zero and the whole third term in Equation 7 16
becomes zero for cases of q equals 0°. 90°‘anq also 450 where failure is

according to the diagonally stepped or diagonal splitting modes.

' horeover. negleetihgﬁphe third term of Equation 1.16 resulted in

tnereases of strengths of less than 5% which is considered to be

v

Mg = Hp cosla + Hn'sinza . i . : ‘(7;18)

.

Substituting in the above expresslon“ for 8 = 90° - q and for the‘moment

s

© e
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cepacities in terms of the section rnoduius and the -eppropriete strength ‘

vaiue. the’ foilowing expression was - obtained-

e

frg.= Freq singe‘ff'tp leosze. T (7.19)'

Where, f'yq, Ftp. and F'te are respectively the i’iexural tensiie

strength values normal v parallel,: and et e with respect to the bed

.‘Joints. Expressing the strength paral Iel to the bed' joints in terms oi-' .

the strength normai to the bed joints by the arthogonal strength ratio.

v

Ry. Equation 7.19 may be rewritten as fol iows.

F'fa = Fen [0+ (R-1) cosZB] o - (7.20)

. Equation 720 is represented graphtcal Iy in Figure 7.‘7 Nhere it

indicates reasonable Fii:ting of avaiieble data and a relativeiy small

vertical stift from Losberg and Johansson s proposal [39]. As d/scussed

earlier, it also satisfies the Iogical requtrement of zero slopes at @

equal to zero and 900 due to syim'letry. ‘ D P

‘1. 4 i.3 Critical Locatlons of llmnts and Panel Capacities ‘

For Dlﬂ-'erent Orthogonal Strength Ratios ¢

The cepacities of panetls simpiy supperted on three sides with ’
_.‘tops Free are dependent on both the panel aspect rat'io and the-
-orthogonai strength ratio. The Pane! aspect ratio affects the bending
‘and torsionel fmoment vaiues at any Iocation within the panet whereas the -
orthogonal strength ratio’ determines the critical location i"or cepacity .

determmation. Accordingly, di FFerent enalyses were performed usi ng the'

expl icit solution obtained for elastic isotropic piates simpiy supported

Ll
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‘strengths' at dif’ferent orientations. - In these analyses. orthogonal ‘
strength ratios from | to 5, which cover most of the range of reported
values in the literature. and panel aspect ratios up to approximately 8

- were considered. However. all other date were kept the same as those
considered ear] ier in this chepter. These analyses yielded the results
‘given tn Table 7 8 where both the panel capecity and the critical
location are given i-‘or each orthogonal strength and aspect ratios. As
‘can be seen ‘in this table, the critical location and. consequently the

panel capacity For a specii-'ic aspect ratio are significantly afi-‘ected by

the value of the orthogonai strength ratio.

7.4.3. 4 Design Tables For Panel Ca:acity D _eruination
L The critlcal locations i-'or capactty determination given in Table
7. B are s:.mmarized -again in Table 1.9 far dii’f-‘erent orthogonal strength

ratios and ranges of aspect ratios. Table 7 91is considered to be the

,master table for the determlnation of-‘ the critical moment coeFFici ents

For diFFerent panel aspect ratios and orthogonal strength ratios. -'i'he

- critical moment coef-‘Ficients f-‘or a particuler orthogonai strength ratio .

&

rnay be obtained by consulting Table 1.9 to deFine the critical locations

« For different aspect ratios. Then. the moment coefficients at these

locations may be obtained from the expl icit solution tables such as
Table 7 7 For an aspect ratlo of 2. The above procedure was GSed to-
obtafn the critica] moment coeFFicients For the different orthogonal

strength ratios given in. Table 1. 10. ThlS table may be used as a design

table For determination oF the capacities of panels supported on three

sides with tops fr‘ee The complete tabl eis given for an. orthogonal
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Table 7.9 . Critical Locations (x/Lyy/H) for Elastic Capacity of
o Panels Sufpprted on Three Sides With the Top Free and
Having Different Orthogonal Strength Ratios
Aspect . \Orthogonal Strength-Ratio
LM . . R=1  R=2 . R=3 R4 ~ R=5
1.0 .‘ . (0.5 , 0.4)
(8.5 , 1.0) ' _
€ 1.5 L (0.5, 0.5)
$2.5 . (0.3, 0.) | o (0.5 , 0.5)
: o , (0.1 4 0.3). _ _
€4.0 (0.1-, 0.7) s . , o
. - ‘ (0.0, 0.0)
¢ 6.0 (0.1, 0.3) ' (0.0 , 0.0) '
> 6.0. E - - {0.0 4 0.0)
)
_
o
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strength ratlo oF 2 behause of Its common use in’ mpst codes. However,-
for other orthogonal strength ratios. “the, coeFFlc!ents for the
'-Incomplete portions were referred to the other appropriate parts of the :
"table. It is suggested that. For aspect ratids and orthogonal strength
_ratfos not glVen In this tabie, 1 lnear interpoiation may be used. As
" ‘mentioned earller. this table «€an also be used For determinlng the -

'cepacity oF a panel supported on all Four sides with an initfal

hortzontal crack at the panei center,

+

7.5 ema. CAPACITY Pasmcncms USING THE moposen nsmoo
FOR DlFFEREHT ASPECT RATIOS

-

The method proposed in Sect'ion 7.4 was used to predict Fa..rst
' crackwl ng !oads and panel capacities for walls supported on. all.-four
'sides and’'panel capacities for wal s supported on three sides with tops
free. The results oF these analyses are given in Table 7.11 and ‘shown
n Figures 79 and 7.10. The capacity predictions for paneis supported
on three sides as presented in Table T.ll(b) and F{gure 7.9 ranged from
.0.86 to 1.08 of the nent inear model predictions and were within 10% of -
the mode | predictlons for most of the range of aspect ratios examined in
these analyses. This accuracy is considered to be acceptable For this"
relatively simple method. For panels supported on alt four sides, the
first cracking loads pred{ctions using the proposed method were in very
good agreement with the model predictions and were wlthin 6% as shown in
.Flgure 7 10. However, the panel capacities predicted by ‘this method

fndicate greater di screpancy from the model predictions.

/
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' Tsble 7.11  Wall Capacities Predicted Using the Proposed Method

1{&)‘Haiis'5upported'6n A1l Four Sides

~ Dimensions Aspect - Inftial Craﬁklng Load” ' Failure Load
. : ‘ Ratio = o
Wall  Frame. _ Per Fer P P
gt txH M KkN/m2 Prodel L yme  Pmodel
L2x28. LOx28 0.36 _ . 58.9  1.04
1.6 x 2.8 1.4x2.8 0.50 : 1.5 112
2.0x 2.8 1.8%2.8 0.64 L 243 19
2428 2.2x2.8 0.79 - 14 1.06 - 16,9  1.24.
g;a x 2.8 2.6x 2.8 0.93 . 9.8 1.02 15.2 1.31
3.6 % 2.8 3.4x2.8- 1.21‘ 5.9 1.01 103 1.26
Amx2£l3ﬁx25»136 4.9 0.98° . 8.9 1.2
5.2x2.8 5.0 x 2.8 wl7§ 3.5 .97 6.3 1.15
6.0x2.8 S58x2.8- 2.7 . 3,2 0.97 5.3 1.1s
B.0%x 2.8 7.8x2.8 . 2.79. 2.8 .0.99 3.85 108
9.6 x 2.8 9.4 x 2.8 3.36 2.68 oo 513 Lo
0.0%x2.8 9.8x2.8 3.5 . 2.66 1.00 3.0 0.97
11.2 x 2.8 11.0 x 2.8 33?3 2.62 0.99 2.63  l.00
12.0 x 2.8 11.8x 2.8 4.21 2.60 0.99° 2.60 0.9
i ‘

s indicates the load at which fnitial -

center was developed.

horizontal crack at panel

’



Table T.11

Cont 1 nued

(b) Ha‘]ls Supported on Three Sldes Nlth the Tops Free

Dimensions _Aspect -Failure Lo?lh
: Ratio ;
| | Y
Wall Frame . P :
L?;LHD ' L,; »H L/H Nm ,pni?del
L2 x 2.8 1.0 x 2.85 0:35 522 > (.98 .
L6x2.8  Lix2.85 o0 25.9 ° 0.9
20 x2.8° 1.8 x.2.85 0.63 16.2 . 0.2
L24X28  22xz285 o077 113" 0.91
2.8x2.8 2.6 x 2.85 0.9 8.6 0.89
3.6 x 2.8 dax2.8s i 5.9°  0.86
4.0x 2.8 3.8x2.85  |.33 5.2°  0.90
" s2x2.8 5.0 X:2.85  1.75 4.05  1.07
6.0%x2.8 "5.8x2.8° .04 3.3 1.8
8.0x2.8 7.8x28 274 214 103
9.6 x 2.8 9.4x2.85 3.3 L7 lo4
10.0x 2.8 9.8 x 2.85. 3.44 1.62  1.04
1.2 x 2.8 gi.o x 2.85  3.86 142 1,03
120 x 2.8 11.8x2.85  a.14 1.31 1.0
J

312
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- 1221 ‘regarding the effect of orthotr_opy.‘

E lt should be noted .here again that the: model predictlons for

wallsg supported onall f-‘our sides by about 20% which is attributed to

-
-

‘ conservative discrepancy for the proposed method wil 1 be much closer to

actual behaviour when this factor is taken lnto account, Thls was

: conFirmed by conparing predictions from the proposed method directly to

" the available test results which, as shown in Figure 7.10. indicated a

reasonable accuracy. )

oIt is suggested that the discrepancy of failure Ioads determined
by this method For panels supported on three or four sides is not
related to the assumed Isotropic behaviour (see section 7.4,1). This

assmptlon was justified for use in the panels’ supported on three sides
diFFerent degrees of orthotropy. In one of these analyses. isotropic

similar to that obtalned from the finite element mode t and simitar to

S~

aspect ratios less than 2 0 underestimated the Fai lure capacltles for .

_the smeared cracking approach used in the model. Therefore, the non

- by perf‘orming two elastic analyses For diFFerent aspect ratios with '

behaviour was assumed. The other used a ratio of orthotropy of l.40-

resuits reported fn the literature [92). As shown in 'Figure 7.11, both

analyses ylelded similar results with diFFerences within 5% which is
consitiered to be acceptable. This confirms an eariy conclusion by Baker
=

=, Since the solution for panels supported on three sides are
also used for- panels supported on ail four sides with initial horizontal
cracking._a similar statement for the relatively negligible effect of
orthotropy is also appl icable. However. for other panetls supported on

all four sides with vertical center cracks, both the analyses using the

Pa
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model and, the observed behavlours indicated nonllnear behaviour in the

‘mortar head Jolnts af’terftheir strengths have been exceeded Thls

results in a gradual decrease in the stlffness in the’ dlrectlon paral Iel

.

- to the. bed Joints and consequently reduces the degree of orthotropy.
ThereFore. the assurrptlon oF lsotrople behavlour ln these cases is also-

':consldered to be*acceptable, -

The relative eccuracies of the dIFFerent deslgn methods

. lncludlng the one proposed ln.thls study were examlned using fal lure

load ratlos plotted in Flgures 7 12 - and 7. 13. For panel s supported on

-~

- three sldes, the relatlve capacitles shown ln Flgure 7.12 lndlcated

»slmllar end for some cases ldentlcal results obtalned by the proposed'

elastic method and the yleld line method For aspect ratios over 1. 5.>

However.f‘or aspeet ratios less than l 5, much ‘higher capacities were -

obtalned by the yield. l lne method. Forlmost oF‘the‘ examlned range of
"aspect ratlos. the emplrlcal strlp method predfotlons were

‘singicantly lower than those predicted by the proposed method.

" For panels supported on all four sides, both the proposed method

-

and the emplrlcal strip method ylelded very slml lar results for the-

If-'lrst cracking loads as shown in Flgure 1. 13. However, for panel

capacitles, reascnable agreement between the proposed method predlctlons

and those of the yleld | {ne assuming no contlnulty along the inltlal R

.‘horizontal crack ls c:learly lndleated in Flgure 713 for espect ratios

larger than 1. For aspect ratios less than 1, 'slightly higher
capacities were obtalned by the yield line method. "

‘The above comparisons for walls supported on three and ‘four

3;7
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_sides Indicated that for some cases both the yleld 1ine method and the

‘proposed elastlp method yielded similar results. This result may have.

\

'revealed the reason for the good predletions uslng the yleld llne_

method.‘The reason 1s that for slmilar boundary condltlons ‘and aspect

"ratios, the strESs dfstrlbution From the elastlc analysis is almost

- onIForm ‘along the so called yield ltne. To Further conFirm thls

] :argument. the stress distrlbutions along the Expected yield Iines are

shown in Figure 7.14 for two panels with different aspect ratios.' For

'the pane! with a 0.93 aspect ratfo. the stress dlstribuqion is non-

aspect ratlos greater than l Be

. this chapter are as Follows.

'unlform and the capacity determined using the yleld Ilne method was much

hlgher than that uslng the proposed elastlc method on’ the'other hand

‘ for the panel with a 2 .07 aspect ratlo. the. stress distrlbution is

almost uanorm and- both methods yielded similar results. Itls worth

-

notlng that most tests and analyses ‘have been done for panels wlth

'

7.6 CONCLUDING RENARKS
| The conclusions which can be drawn from the study reported ln
\\
Accordlng to results of " the analyses performed using the
_developed nonllnear fintte element model. one way approximations
may be used for'determlning*panel capacitles for aspect ratlos
lessthan 1/3 and higher than 4 for panels supported on ati Four
sides. However, For panels supported on three sides, one way

approximaticns may be applled only for . cases with aspect ratlos

less than 1/2,



: . 9844 sdoi au3 yiM sapyg
3.44yj uo pajdaoddng Alduls sisued Jog S8Ulq pIalA
- Pa323dx3 ay3 Buoty sjuawoy 4o suoilngyuisyg o213se(3 RANACEL Y

719 X age00 =y o : T g1d x ty4800 =}

-€6°0 = 0138y 303dsy augd (Qq) \. L0°Z = o138y 30adsy [aueq (e)

W QOET |- : - : _ m go6Z

&

w008z

- 008¢



AR T e s
PETSEERITEL RS e

e i ST

.
i

s . ) . %
‘ . B [

2. The accuracy oF the panel capaclties calculated by the empirical
strip method. the conventional yleld 1ine method and the British -
code coeffiolents may ‘be acoeptable For some cases but not For.
the whole range of aspect ratlos and. boundary conditions.’

3. The prOposed egg:esgion\FOr strength determlnetion For bendlng‘
at leFerent orlentat{ons to the bed Jolnts yielded results

‘whlch were reasonably close to the avallable experlmental data
It also satlsFles the requlrements For strength symmetryA
relatlve to dlrectlons normal and parallel to the bed Jolnts.

'~,4.'The proposed deslgn_method for laterally loadedhmasonry walls

- was ratlonally developed and ls a slmpllFIed elastic plate

analysls thch ls aoceptable for representing the behavlour of

“such brlttle materlal havlng very |imited nonlinearlty.

"5 The proposed method ylelded predlctlons for . capaclties of"

| . masonry panels which are in reasonable agreement ‘with the
avallable test data From thls study and the extended data
obtained From the proposed nonlinear Finlte element model,

6. The detailed review of the analyses conFlrmed that, ln some
cases, the reason for good predlct{ons being obtained uslng the
yleld 11ne method is the reasonably uniform elastic stress
dlstrlbutlons along the expected yield lines for uanormly
loaded panels with certain aspect ratlos and support condltlons.
For panels supported on all four sldes wlth inltial horlzontal
cracks, the above reasonlng is appllcable For the expected

.diagonal yleld 1ines where no contlnulty is assumed along the

*lnitial crack.
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7. 1t Is. suggested that the proposed method has potentiai for being
Included as a design method in masonry codes. This is because
,oF its cationai_development. simplicity and because it uses

techniques familiar to practicing engineers.



8.1 SUMMARY

.»-.‘a

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

'

The avai leble Hterature on lateral 1y loaded rnasonry vwalls was

reviewed and it revealed the need for further research on the behavlour

of laterally loaded hol Iow concrete block masonry. ThereFore. this ‘
study \-raB in!tiated to investigate the Flexural behavlour of hol 1ow

concrete block masonry and to assess the design methods f-‘or 1ateral ly

" loaded masonry wal 1s.

The experlmental program for this. study lncluded 30 fult scale

’ 'wa\l tests representing different support conditions and aspect ratios.

S
In addition, 29 one block wide stack bonded prisms and 34 wal Iettes

served as assemblage control specimens. " The ful) scale tests were

- performed using a test Facllity especial 1y constructed For this study

This test Facllity was designed to accommodate tests of masonry panels
up to 6.00 m long by 3. 60 m high and to provide well defined support |
conditions. The component materials used in fabricating the test
specimens were the standard 190 mm hol low. concrete blocks, type S mortar
‘and standard truss type Joint relnForcement o |

A The test speclmens were Fabricated 1n two series (prel iminary
“and main series). The concrete blocks for these two series were cured
dH-'Ferently end, theref‘ore. tension and .compression test results were
presented for both types. The observed behaviours of the wal ls were

.'\

324 . ' . s
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compared to other wal is\oi-' the same series and to other tests to.

investigate the effects o'F variabi 11ty and of any changes made In

the different seri es,

Even inciuding the Iarge number of Fui i scaie tests reported in

this investigation. there {s not enough data i-'or an assessment of design '

" methods, Therefore. it was necessary to extend the know!ledge of masonry -

wal l behaviour to inci ude untested conditions and conf‘igurations by

means of an anaiytical model capabie of reproducing the observed'

-

»behaviour of the wai is. The existing models were reviewed and a
nonlinear finlte element mode | was constructed to closely predict tne'

’ behaviour oF masonry panels. In thi s modei. the ani sotropic nature of

T — T

masonry. the noni inearity due to. cracking and the ef-'f'ects of the

transverse shear . dei’ormations due to the presence and the discontinuity

oi’ the core webs ‘were . taken Into consideration. This modei was
fundamenta) 1y veriFied using- tinear elastic and noni inear soiutions ,r"

‘avai iable in the iiterature and it was’ aiso compared to tested masonry

panels to verify\)ts use for predicting the behaviour oi-‘ masonry walls,
Also, the existing bfaxial failure criteria were reviewed and a proposed

macroscopic biaxiai fallure criterion was lncorporated in the finfte

element model to predict the strength and the mode of fallure of masonry

assemblages. This criterion accounted i-‘or the anisotropi ¢ and composite
nature of masonry and was based on physical interpretations rather than
being strictly g phenomenoiogicai criterion.

Finai ly, the available design methods were compared using the
extended data i-'rom the analytical model. . Then, a design method based on

At
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eiastic plate theory-ves proposed. This method was rationaliy developedf
to predict first: cracking.and Faiiure capacities For masonry panels

simply supported on three or four sides for a wide range’ oF aspect'

‘ ratios.

8.2 .
h The conciusions concerning the experimental results. the biaxiai-
Faiiure criteria. the Finite element modeis ‘and the design methods were

presented at the end oF Chapters 4 5, 6 and 7, respectiveiyu However.

: general conclusions are aiso presented below to heip gain an - ovarail‘

'understanding of . the behaviour of iaterally ioaded masonry paneis and o
consequentiy the design of these panels. These conclusions are as'
Foiiows' " ' j'i" N ‘_

) 1 By perForming the experimentai work, the behaviour of concrete
biock walis when subjected to lateral (out—of-piane) ioading is .
better understood’ at diFFerent stages (uncracked. cracked and
faiiure) Also. a ‘body oF test data on iaterai ioading of
masonry waiis with well deFined support conditions fs avallabie
for North: American conditions (practice and material) and is

: \tcessibie for verifying any method of analysis. ‘

2. The experimentai results’ of the fuli scaie waiis indicated the
possibiiity of determining the ultimate capacity of wails
supported on all Four sides as that for its. two halves aFter

: First cracking with the appropriate boundary. condition at the

center horizontal erack.

3. The Fuii‘scele waii and assembiage'test results confirmed the
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. cracking ‘and Failure pressures oF the Full scaie wails supported '

-relativeiy high variability of both strength and Fiexural

rigidity For bending normal to the bed Jolnts. This explains

the considerable variabiiity oF the stiFFness and the first

on ail fOUr sides.'

The observed behaviour of the Full scaievwalls contradicted the

iyield line predictions For some’ panels. This may suggest more

3

o obJections to the direct use oF the yield line method for the

6.

‘:stress distribution along the expected yieid iine For certain

'anelysis oF masonry walls. Also.< detailed anaiyses {ndicated

-

-

that a reason For the go?d predictions obtained using the yield

line method in some cases is the reasonabiy uniForm eiastic

PN

aspect ratios and support conditions.

The allowable _stresses in North American Codes For Flexure _h

normal to bed Joints are quite close to the determined strength.

especially that of the preliminary series } This evidence leads*®

_to -the conclusion that the margin oF saFety is not adequate.

However. For the direction paraliel to the bed Joints._ the
aliowable stresses in the codes reFiect a reasonable margin oF

safety . when compared to the determined strength. Also, wall

‘tests gave an orthogonai strength ratio oF 2.6 whereas the

auxiliary tests yielded ratios of 3 5 and: 3 3 For ~the .

preiiminary and main test series. respectiveiy. These were in
all cases more than the ratio oF 2.0, specified in ‘most design-

. -
L

codes.

The Astrengths of masonry assemblages differ signiFicantly for

e
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-YleFerent Failure modes. These depend on the relatlve'_'

megnltudes oF the normal and shear stresses acting along the

,.crltical planes normal and parallel to the bed Jolnts. Also,

— ?

n' ths of the component

materials used for, the assemble‘

vThe proposed Fallure crlterlon seehs to be'acceptable For'

masonryu It has most oF the requfred Features for a generalized‘

~eriterion and ls Free oF the drawbacks oF dlrect applicatlon oF o

' orthotrOplc fallure theorles to masonry. ln thls cr!terion. the, .7

blaxlal strengths are not determfned ln terms oF the unlex!al

-assemblage strengths but rather both unlaxlal and blaxlal
'. strengths are evaluated in terms of the component materlal

"strehgths and geometrles. This procedure generallzes the: use of .

the crlterlon for any comblnatlon oF unit strengths and “mortar
bond characterlstlcs. Also, the predlctlons uslng the proposed i
crlterlon For the leFerent cases oF masonry assemblages seem to '
egree satlsfactorlly with the avallable experlmental results in .

al cases. RO
27

. The proposed'nonllnear macroscopic finfte element model can be f

‘used to analyse most large masonry assemblages, structural

elements and: structures. Thls is because lt has- been developed

In a generallzed form to. handle bcth ln—plane and out-oF-plane

loading condltlons lncludlng both constant and variable (or

"lncremental) loadlng hlstorles. Also. by adopting a layered’

r accordlng to the relatlve_.'
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. plate approach In the finite element‘?omu_lation. the analysis

L

was extended beyond the elastic ‘or cracklng 1imi€ by modnylng

the stiFFness of the particular 1ayer whfch had reached this

Hmlt. “Thus an added Feature is that the model can also be used

for the analysis oF*multl-wythe wal 1s. Horeover. the

_orthotropic and composite nature oF masonry was consldered In

. the model by lnc!uding the orthotropic properties for each Iayer

' of Freedom were included in-the proposed model to account for °

jsonry. » ) . _
9. THe v riflcation oF the proposed model using avaflable 1{near

' elastlc and no

and lmplementlng the macroscoplc blaxial. Fallure crlter!on". ;

k_ proposed In Chapter 5 Furthermore. the transverse shear degrees

'the transverse shear deFormations ~which were shown to be

N

signif-‘lcant ln the case -of Iaterally Icaded hol low block :

-Indfcated good mo%%l p edictions and Falrly rapid convergence in

Tall cases. Also. t'e comparisons of the proposed model

10,

pre‘dict'ions WIth the test data for full scale hol low biock

walls showed that the proposed model s capable of predicting

the behavfour of ful l scale masonry walls wlth an acceptabl e

degree o'F accuracy. Accord!ngly, It was used to produce data

For. other untested wall conditions and conf‘lguratlcns ‘and -thug
’provided additfona! knouledge about masonry wall behaviour.

The proposed desian method for lateral ty loaded mascnry walls

was ‘rational Iy developed using a slmpliFied elastic plate

analysl_s . In thls method, according to the results of the

‘A /j

ear' solutfons and the convergence study:
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'analyses.using the nonllnear‘flnlte element'model. thel"; )

‘@pproximation of one way bending may be used to determine pane!
'cepacltles for aspect ratios less than 1/3 and higher than 4 For
_panels supported on all Four sldes. However, far panels
supported on three sldes, this approxlmatlon may be applled only :
For cases wlth aspect ratlos less than 1/2 )

11. The proposed deslgn method ylelded predlctlons For capacltjes oF
masonry panels whlch are ln reasonable agreement wlth the .'
'available test data From thls study and the extended data
obtalned‘uslng the Flnlte element model which was developed. It
is suggested that thls methoddhas potential For belng lncluded
as a deslgn method in masonry codes, Thls ls because oF lts.

-+« rational development and slmpllclty and because It uses

_ technlques famlllar to practlclng engineers.

8.3 ascomieunmous.roe thmm:sunm 4
During -the oourse.oF completlng;thls study, some related areas

. . ' LI !
requiring further research have pecome apparent. The fol lowing are

“

- recommended: -

1. An experlmental study should be undertaken to investlgate the

tbehavlour of hol low concrete. block masonry walls having boundary .

‘ ocondltlons other than slmple supports, Also, the effect of

: arphlna actfon on thé.hehaviourhandApartlcularly on the capaclty '
of 'such panels would.be a relevant investigation, "

élmThe lateral 1oad behavlour oF partlally or Fully grouted

.relnforced concrete block walls should be included.
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3.

2o

An experimental and enaiytical study ls needed to investlgate_'

_the behavfour oF the mortar Joints and particularly the ‘head

'Jolnts under both In-plane and Flexural tension. Thls ‘would

help to verify or modify the assumption of nonlinear behaviour

adopted in the present study. T

- . hY

The interactlon of Fiexural tensile and torsional shear stressesr"' ‘

.

acting on mortér’joints should be tested.‘ Appropriate data

. would help to verify or modiFy “the iinear interactionf

-

) reiatlonship assumed in the present study.

iExtending the proposed biaxialafailure criterion to lnclude thela

} longitudinal Failurelnode (oharacterized by splitting oF the

iross webs in the case oF hollow masonry) would be worthwhlie.

is would generalize this crlterion to predict the strength and

Failure modes of masonry assemblages for the diFFerent regions

" of biaxial stresses norma i and patallel to the bed" joints.

Development oF a detailed mlcroscopic numerical model For
predicting the behaviour of smal naeonry assemblages wou'ld be
valuable for verifying and cal ibrating the macroscopic model‘

proposed in this study. lt would also be useful to provide

" reasonable values for the stiFFness_reduction factors needed for

the nonllnear macroscopic madel.

Extending the proposed design method to incorpoiéte boundary
conditions other than the simple supports. would result in '
greater versatility and eFFiciency For this method. Also,

provision of. some design aids For panels Jhaving window or door

| openings wouid be a desirable Feature for the design method



X assemblages.

* APPENDIX A

TEST RESULTS FOR PROPERTIES OF THE BUBBLE CURED BLOCKS

© A1 - INTRODUCTION -~ - SN

‘The lnterpretation or prediction of the capecity and behaviour.

'oF Full-scale walls or masonry assemb!ages generally requires knowledge i
. oF the behaviour cheracteristics of masonry components. In this
o -Appendix, the experlmental tests performed to document the behavioural -

"characterlstics oF bubble cured blocks are described and the results are:.,

a

’reported. These results have been reFerred to eariier in this thesis

where the discussion. interpretation. and use of particular resuits were

appropriate. These tests Were conducted by the author in collaboration

with two other graduate students at HcHaster University who were using

the same type of block in ‘their masonry research [47 89] ;
The tests were performed on blocks chosen randomly from the

shipments of blooks used for the main assembiage specimens. They were o

tested at representative ages comparable to that of the main'

A

I

A.2 TESTS uF BLOCKS IN CDHPRESSION .

‘ These tests were performed in order to evaluate the compressive_
strength of the blocks and thetr deFormationaI characteristics under
compressive ioading. Due to the absence of a universally accepted

consistent test method for'determining block_compressive strength, it

1332
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- was- decided to perform the fol. lowlng Fi ve dlfferent comresslon tests.
' I. Full blocks tested Flatwlse ln accordance wlth the qual lty
.control of blocks described in AS.T.H. standard c140-75
ivlez_.: -SImilar tests of ful ly capped halF blocks whlch are thought to '
| dgfer from l ln that more unlform axlal def-'ormatlon can be
) ‘achleved and thet there should be somewhat tess eFFect of-‘ end_‘-
: platten restraint because of the hfgher helght to thlckness'
| ratio in ¢ one dlrection. ‘ _
3, .Tests of half blocks simi lar-to 2 but wlth only face shel ‘,
"‘capplng. slnce thls condltlon represents the real l,oad =
appllcatlon on blocks in wal ls. ‘ ' .
4 Tests of prlsms made by gluing together Four Face shel Is oF
blocks. This was an attempt to exclude the tnf-‘luence of block
shape and to get material properties whl ch were less lnF luenced
by, geometry of the test speclmens.
5. Full blocks tested endwise to provlde lnformatlon ‘for
ccmpression applied parallel to the bed joints in blockwork.
It should be noted here t t ali half-‘ blocks were .cut from. the flat end

of spl itter block unlts so t etry was, malntained. Also. only hard

capping was us_ed. The hard c_applng terlal ‘was gypsum cement which is

comnerclal ty known as Hydrostone.'

/““’

The detait¥s and results for the 5. above mentloned types of -

compresslon tests fol low.

A.2.1  Conpression of Full Blocks Tested Flatwise (Test C1)

Ten stretcher biocks weretested In a hydraulic Tinfus Olsen
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' test machlne wlth the compresslve loading appl fed normal to the bed
' ,'Jolnt ‘pliane. Hydrostone capplng was placed over the entl re cross-sectlon

of the unlt (Face shel 1s and cross webs) and capped onto 75mm thick

.' steel plates top and bottom. These thlck steel plates were used t0' -

" ensure the uanormlty of the loadlng over the entlre block, since the -
clrcular loading head only had a dlameter of 200mm. The Fai lure Ioads
’ _were recorded and the coupresslve stresses at failure For the lndlvldual

: specimens are given ln Table A.l together with the mean compresslve

strength and the coefFlclent oF varlatlon. No straln measure?nents were. o

”taken slnce the sfganicant effects - of-‘ end platten restraint would
obscure ‘the actual stress-straln propertles oF the block materlal. The - |
‘Fallure stresses were calculated using the mlnlmum net area of a block
'.-"unlt belng 511 of the gross cross-sectlonal area (i.e. 0. 5[*190*390?

37791 mmZ). .

--A'.e.z ‘Cuq:ressidt of'l-"uuy Gapped Half Blocks (Test €2) |
* Ten half hollow block specimens were tested f-‘latwi,ee with . |
cappﬁg\ma\taerlal covering the overall cross-sectional area. These half
block specimens were prepared by cuttlng the ful t spl Itter unlts wlth a
dlamond blade saw. AII ten specimens were tested to failure; Mechanical
straln gauge points (uslng a 100mm gauge length) were mounted on the two-
.face shells of five speclmens as shown in Flgure Al a). so that the
‘deformatlon ln the vertical and horizontal dlrectlons could be measured.
~ The deFormatlons between the gauge points’ were measured at each load
' lncrement by means of a Huggenberger mechanical strain indicator havlng

a resolutlon of 0.00lmm. This resolutlon. together with the 100mm gauge
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TABLE A.1 |
SUMMARY OF CONCRETE BLOCK COMPRESSION TESTS
 SPECIMEN - FAILURE STRESS (MPa)* FOR TEST 3
= ‘ ct oc2 3. .. c4 - 5
1 2.3 218 211 . 16 19.6
2 21.5 - 21.7 269 - 1717 20.8
R 23.9 20,4 . 274 . 17.6 17,9
4 24.0 20.3 . 27.7 f17.9 - 23,
5 21.8. 20,0 - 26,4 20,0 = 15.2
6 - 23.7 ~20.t '25.3 18.3 20.1
7 20.8 23.4. - 28,7 . 19.1  15.8.
'8 22,5 - 24.4 _25.0; © 18.6 .17.2
9 . - 23.3 25.3 " 27.2 . 20.4 .  19.0
10 . 22.0 ° 23.4 25.7" 18.7 17.5
Mean (MPa)  22.8 2201 6.8 18.5 18.7
COV (%) 5.4 8.7 a4 6.l 13.6.
* stfesses based on minimum net cross-sectional aréa. .
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: "length used. provided a precision of 10 Z{c‘re-str:ein for, the caleulated

stralns.
. ’ h

The compressive strengths of the" 10 specimens as well as the_

mean strength and coeﬁ-‘icient of ver!ation are shown as Test C2 ‘In Table_ )

A, 1. These stresses were calculated on the basis of the mintmum net area

" of 19612 mm< at the bottom oﬁ;i:he block. This is about 54% of the‘ gro's's

area of the half‘_-block .specimens. The typi‘cal conical fai i‘ur'e pattern

.fcan be seen ln Figure All b). '

The stress streln results for the fully capped halF block

specimens are shown in Flgure A.2. where at eech load level, the average
¢y

' of the stralns From both face shel ls was. plotted For each specimen, . The

- _ non-1 inear behaviour of the concrete block under hlgh axial cempression

15 quite evldent. A Fourth .order: polynomial - wWas used to obtam the

regression equation to best fit the data shown in Figure A.2. Expresslng

' stress. a (HPa). 1n terms of the strain. €y resulted in Equati,on A 1.

o= 24908 - 1335652 +.4.17X109e3 - 5.57x10!11¢4 C(ALD)

!t.should be noted that th'e regression analysis performed, used the mean

’

strai n of eech specimen at a stress level nomalized In such a way that

S

- the faflure load of each specimen equal led the mean Fai lure }oad.

Two leFerent values for the Hodulus of Elasti city of concrete blocks

in compresslon were determined from the stress-straln curve in Figure

A, 2 as expressed in Equation A.l. The f'irst was the initial Tangentlal'

Hodulus of Elasticity and was found to be 24, 9X103 MPa. The second was
the Secant Modulus oF Elasticity at a stress of one half the strength,

which had a value ‘of 18.2x103 HPa.
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The Poisson’s Ratics were determined For these blocks From the
measured transvérse deformations. These are’ shown in Figur'e A3 versus
the axial (longitudinal} stress. Again, each point represents the
average of two readings from the two sides of each specimen. The
transverse strains at ‘stress levels below 5 MPa were not  shown -due to

the inaccuracy of the Huggenberger instrument with such smail

' def'ormations. A large scatter oi-' results occurs at thi s Iow stress level
- with errors in the strain readings of as much as 407. The regression

- tine shown in Figure A. 3 heips-to show the increase in Poisson's Ratio

at higher stress ievels as the specimens ‘approach failure. These higher
values are attributed to the non-—l fnearity -in the behaviour owing to the.
extensi ve development of micro-cracks within concrete at stresses near
fatlure {77]). OF course. the apparent high values for Pois'son's Ra_tio
and the suggested,explan‘ation for these val ujes both contradict the |
normal dei-'inition of this value, Accordingly. en estimate For the
Polisson’s Ratio was cbtained by a 11inear regression analysis perf-'ormed

on a plot of the iateral versus the horizontal strain. considering only -

the strain values at stress levels above and including -the 5 MPa level

(corresponding approximately to 200 micro—strain) and- below and
including the 1000 micro-strain level {corresponding approximately to 15

MPa), This yielded a Poisson s_Ratio of 033 for the stress range below

'Ievels where extensive microcracking would be expected.

A.2.3 Compression of lﬁﬁtalocks With Only
Face Shell 6apping (Test C3)

Ten hatf block specimens saw cut from the spl itter units were
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-f tested Flatwlse with the only leFerence from Test c2 belng that they
' . were capped Only on the f"ace shel IS. The minlmun Face shel 1 capplng area ‘

f_was assured by coverlng the cross webs with cardboard durlng capping. In

this test. gauge polnts were mounted on the face shetls of Flve '

speclmens for axlal and transverse straln measurements. The same

. Huggenberger Instrument as In Teat c2 uslng a l00mm gauge length to

_measure deFormatlon was used.

. '_\

. The strengthe of the lO speclmens were calculated uslng a net

”cross-sectfonal area. of 12, 800 mm2 based on a mlnlmum Face shel |

-thickness of 32mm and are- llsted fn Table A.1 undef Test €3. The mean"_

_strength and the coef'f"lclent of variation are also llsted. ‘The observed

. Fallure mode was a conlcal Fallure slmllar to that shown ln Flgure Al

b) for Test C2. but was primarlly In the face shel Is wlth some web

'cracklng. . R R

The stress—straln data From Test C3 is shown In Flgure A4 where
each polnt represents the average of two Face shell’ readlngs. A
regresslon analysis was used to find the best fit curve where the stress
‘was normal i zed to. l:he average strength. This yielded the fol Iowlng

expresslon with stress, ¢ (rlFa). expréssed in terms of strain, €3
o= 20236c ~ 625712 + 9,IX10669 d.23x101064 . (A.2)

The calculated Inittal Tangentlal Modulus of Elastlclty was Found to be

20. 2x1u3 HPa and the Secant Hodulus of Elasticity at a stress level of

-one hatf the strength was Found to be 15.5X103 Mpa,

-~ The axlal or longltudlnal stress versus Pofsson’s Ratio is shown

/

' ln Figure A.5. Poisson’s Ratio was determined from the measured
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-The axial or longltudlnal stress vereus Poisson's Ratio is shown

in. Flgure A5. Polsson's Ratlo was determined From the measured,

transveree deFormatlons and the longltudlnal deFormatlons. The

dlscussion of simi lar results shown ln Figure A.3 are appllcable here

) and uslng the same. procedure, the value f‘or the Poisson's Ratlo for Test

C3 was Found tosbe 0. 30. N

A2.4 bomresslo:i of Glued Face Shells {Test G4y

Four separate Face shel ls were cut f‘rom Ful 1 stretcher unlts.

They were sawn so that the tapers were removed in. order that the

havlng a slender speclmen. these four face shel ls were spot-glued

togefher wlth thlnly applled gwo component epoxy resln cement-

comnercial 1y- known -as Stkadur 31, Hl H&P‘Gel Thls type of speclmen was

tested to try to obtaln lnFormatlon on the concrete block materlal

propertles from a speclmen which would tfe relatlvely free *&fi the_

geometric eﬁ-‘ects assoclated with the shape of blocks. o
’ .,.“ © Ten- speclmens were prepared end hard capped wlth the gypSUm

cement compound. "Hydrostone" The Fal lure 103ds were recorded F{r all

speclmens and axlal and transverse straln readlngs were' taken:-qn five

speclmens by means of-‘ electrfcal reslstance strain- gauges and straln.

.1

transducers newly developed by a gr.adusﬂ:e student worklng on masonry
¢

research at HcHaster Uplverslty [ll(l] Both strafn measurlng devices )

wer‘e used (-doeument the accuracy gf these ne\gvly developed straln'

transduce,s . ‘ ’
‘ . The lndlvldual strengths as wel 1 as the mean strength and the
. . . - - “ . ' . . } ' - L =
e N e e SR \
N R N
W . ‘: ' 2 %
‘; - ’ .Y '; - - . " "

"-.'- .::.3:._\"-_: S ‘ . .‘ . . 3“ o

: thlckness was unlform through the Face shel l helght. Then. to avoid 4
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coer'ficlent of. variation are Iisted in Table A.l for Test C4. These_

stresses were based on the. actual measured cross-sectional area oF the

Four Face shel ls contai ed in each specimen. One of the five speclmens

'used for straln measur ',ents is shown dur!ng testing jn Flgure A.6 a)

. while ngure A.6 b) shows 1t:he FeHure pattern of this specimen which was

'

reasonab!y typlcal f’or al l specimens. )

The stress—-strain data for the glued Face shel | 'specimens is :
shown ln Figure A 7 where the average. oF the strains measu:'-ed on.all
f‘our sides of :the specimen at each Ioad Ievel is represented by a poInt
in the Figure. The non-l !near behavfour of the concrete materlel under"

compression at high load Ievels is readily apparent The equation for

the regression line to best Fft the experlmental data as shown in Figure R

A.7 for the stress. g (MPa), expressed in terms of strain. E, is a_s

. follows:

a= 246556 - 1166062 + é.z_a7xw9e3 -‘-.1.937'x101%4 o (A.3)

It was derived using normalized stresses as deseribed earlier.

Aecordlngly. the inltial Tangential Hodulus of Elasticity and the Secant

-Modulus at half the faj lure lc{ad are 24, 7%103 MPa and 19.7X103 MPa,

. The exlal or Iongitudinal stress versus Polsson s Ratio is shown

in Figure. AB Ppisson 5 Ratlo was determlned f-‘rom the measured

0

transverse dei-‘ormations on both Faces o'F the speclmens and the -

longftudinal deformatlons. The notlceebly Iarge lncreases fn the

. B-
Poisson's Ratfos\at high stress levels may be attributed, as reported

earl ier. ta the extensive development of micro-—cracks et these high

L'-

-
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GLUED FACESHELL SPECIMEN

Finure "A.'év 't))ir'-:A

Figure A.6 a)STRAIN GAUGE PLACEMENT FOR THE GLUED

i

FACESHELL SPECIMENS IN COMPRESSION (Test C4)
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N stress levels [77] Jcr thia test serles. ‘the more accurate measurement_

‘of lateral strains made It posslble to lnclude data at stress levels

below the 5 HPa restriction of previous. tests. Thus, the estimate for

. the Poisson's Ratlc ‘was obtained by performlng a regresslcn analysis on

aplot of iaterai versus horizontal strains considering only strain .

: values below and including 1000 micro-strain. This ylelded a value For'

the Polsson s Ratio of 0 34..

A.2.5 Cdmres.'-lon of Full Blocks Tested sm..ee‘ (i'est csi _

Ten ful l hot low stretcher units were capped on the head Jolnt
ends of the i-‘ece shel s and were te'sted under compressi ve load acting
paral lel to the bed Joint plane. As these specimens hed an aspect: ratio
largerrthen that of‘ the full blocks and half block specimens tested
f latwl sey ft. is thcught that the results wculd be aFfected both by the

different influence of the orientation of the webs and the reduced

effect of end platten restraint.

These specimens were tested un to fafttlure and the strengths are

shown in Table A.l as Test C5 along with the mean and coefficient of

variatfon. The net area used in the stress calculations { 13000 mm< y -

was based on an ei-‘Fect:lve thi(:kness of 34mm which is equivalent to the

aver‘age Cross- sectionai thickness. The typical failure of these
-’.

_speclmens was characterlzed by a dlegonal fal ture plane Joining the .

opposite corners of the face shel ls as shown {n Figure A.9.
Hechanicel ‘strain gauge pcints were mounted on five specimens to -
measure axjal and transverse strains as shown tn Figure A.9. The

Huggenberger mechanical strain lndicetor described earlier was used to

3 \
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measure def-’ormatlons between the gauge poi nts, The result{ng stress- '

N I

stratn data are shown in Flgure A. 10 where each polnt represents the .

“~average of 6 readings for axial strain in each speclmen. Using a.
“regressfon analysis, the eurve to best fit the data, where stresses were
normal ized to the mean strength, 'is.shown- in Figure A.10. This curve is

C

represented by the fol lowing equation:

o= 20022 - 8661452 +»2.52x109;3 - 3.55x10'1e4 ' (A.4)

where o is stress in HPa and e is strain. “ThHe™ corresponding initial

Tangential Hodulus of Elasticity and Secant Modulus of Elastlcity at -

half‘ the fa{lure stress are 20. 0)(103 I'IPa and 15.6)(!03 MPa, respectively.

The axial or Iongitudinal stress versus Poissen’s Ratio is shown

~In Figure A.ll. The increase in Poisson’s Ratio at high stress levels is

-

similar to i:he earlfer tests. The values correspond!ng to stresses below

.‘the 5 MPa level were not Included due to the considerably large ‘scatter

in the results from the Hmltations in accuracy-of the Huggenberger

fnstrument at’ low stress levels. A Polsson’s Ratio of" 0. 19 was obtamed

from a regression anal performed on lateral versus horizontal

strains up to a Iongitqdina strain of 1000 micro-strain.

A3 TESTS OF BLOCKS IN.TENSION

‘Three different teneion tests for hollow cencrete'b!ock units

were per'Fdrmed. Two of these tests measured the splitting tensile

strength, wh!ch was shown In earl ier research at McMaster Unlversity
[50] to be a ~good measure for' the axfal tensile strength of block

AN

material. This splitting tension tes‘t Isarelatively simple test to

. .
. >
.
. . ) .
b .
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perforrn as compared toa dlrect tenslon test The thlrd tenslon test

that was perf'ormed was a f-‘lexurel tensi le strength test on the unlt

In Test Tl. the spllttlng strength of the Face shel'ls was
determlned. This ‘is thought to represent the axlel tensile .strength of .
the blocks in the plane of the wall. The splitting strength of the webs.
was evaluated {n Test, Serles T2. This strength ‘is thought to be
applicable to the typicel spllttlng fellure pattern observed for axial
load tests of most face shell bedded prisms and wel Is. The last test.
Test Series T3, wes used: to determlne the out-of—plene bendlng strength
of the'block. It has: been shown previously. [50] that the epperent;

tensile strength of concrete blocks is very sensltive to the type of

-

-test Therefore thls test was necessarx 1n order to provide data for

/ o In the ollowing sections the dlf-‘f‘erent test results are

reported. ‘

' A.3.1 Splitting of Face Shells in Haif Block Specimens {Test T1)

Ten halF block .specimens saw cut frfo;n hol low spl ltter untts were

tested under compresst ve 11ne 1oads crossi ng the Face shells as shown in

-Figure A 12 a). Ten ml 11 lmeter diameter steel bars were used i-‘or the

.,

load appl ication, However', the stress concentratlon expected at the bar-

' specimen contact 1!ine was avolded by meens oF Sm thlck plywood strlps‘

i{nserted between the steel bars and the haIF block speclmen.
The Feilure loads were recorded For each specimen and the

spt lttlng strengths were calculated using an effective Face shel |

thlckness of 34m'n based on the average cross-sectlonal thlckness and the
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fol lowing reiationship (67):
-&t;zp/(;tm’ T e C . A

where P s the spl Ittlng |oad. h' is the specimen height'and‘_t‘is the

' thickness of‘ the splitting piene. ’ o .

_ The strengths of ind{viduel specimens ere given in Table A 2

| together with the meen end coeff"lcient of verfation. Figure A2 b) is a
_ photograph of the typlcel Fellure pattern For this test whtch 1s »
cheracterlzed by a 'splitting. oF the verticel plene oF loeding. ~‘._
Heesurement of" transverse strafin wes ettemated uslng the Huggenberger ?

lnstrunent used For the conpression tests,, However the results proved

fnedequate due to the very small def'ormations obtelned re!ati ve. to the

accuracy .oF the measuring device. . o

A.3.2 Splitting of Cross Webs in Half Block Speeillens (Test TZ) i
- Ten specimens were tested th a slmflar manner to Test Serles Tt |

| wlth the only difference being that the 1ine loads crossed the webs
insteed OF the face shells.- The spl {tting strengths obtelned from these

tests are shown as Test T2 [n Teble A.2 and the observed fal lure mode in

the webs was slmi Iar to that reported for Test TI1.

v

- A.3.3 Out-of-Plane Berdlng of Full Block Specimens (Test TEI) _
The out-of-piane bending was first attempted on a beam cdnstructed of"l |
two blocks glued end to end using the Sikedur epoxy resLn glue mentioned
earl fer. In these tests. prematur’g Fel lure tended to occur in the shear

span due to bending of the blocks cross webs as they acted simi lar to
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'Hean.' (MPa) '
cov (%)

TABLE.A.2 . - |
SUMMARY OF CONCRETE. BLOCK TENSION TESTS

~

~FAILURE STRESS (MPa) FOR TEST

Tl o T3
1.51 1,15 2.40
1.54 . -~  1.48 2.43
1.41 1.07 . 2.21
1.8 - 0.8 . 2.42
.41 . 1.55 2.23
1.8 1.25 2.73
1.69 '1.56 2.45
1.48 1.16 ——
1.53 1.42 —
1.61 1.50 —
1.60 . 1.30 2.41
11,4 18.1 7.1
b
2}
. ' )
- .
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“the /verbicals of a Vlerendeel truss type of specimen. To overcome thls

,probjem. the projectlng frogged ends of Indivldual blocks were cut away.

wlth a diamond saw blode S0 that the Flush faces could bev\—Ed to 25mm
thlck steel p}ates. These steel plates had been welded' to 200nm square
hol low steel sections. Bending tests were performed uslng two of these'- )

steel tq.e.'c:t:lons with a block glued batween them to form a span of-' I640mn

with a two point loading system located at 500mm From each support. This

resulted in a nearly constant moment over tha length of the block.
Figure A.13 a) is a photogr%ph of this test set-—up. Stralns _were
measured on the outer surfaces of the two face shells by means of the
newly developed straln transducers mentioned in Section A.2.4. Two such |
transducers were sttached to each face shell as shown In Figure A.13 (2} I
and the stralns were directly recorded Jsl ng a data acquisftion system.

The f lexural tensile strengths for the seven test specimens are
shown in Table A.2 as Test T3 with the mean and coeffliclent of
varlatwn. These stresses vwere calculated using the coupled Face shell
section properties based on 3 mintmum face shell thickness of 32mm. In
all cases, the faflure occurred through the thin part of the face shells
as seen in Figure A.13 ¢). ' .

The measured ‘stralns. on both face shel 1s were ut.i 11zed to |
calculate the curvatures which are shown in Figure A.l4 versus the
corresponding bending moments. _The curvature axis was shifted up by an
amount equal to the moment due to the weight of the equipment (200000 N~
mm) before the regressiqn analysis was performed. The regression
analysis yielded the folbiowlng fourth order polynomial relatlionship

between the moment, M and the curvature x:

*
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-However. assumlng a Hnear l"elationship.

M= 3.00X1012y - 3.50x1018,2 4 4.15X10243 ~ | Bax1030,8  (a,¢)

Fol lowing expres:ﬂon:

M= 1.82X1012, (A.T)

This Hnear relationshlp is equivalent to stattng that the Flexural

ngidlty of the standard l‘90mn hollow concrete block fs 1.82X1012 MPa,

_ | k - 361,

‘the analysis yielded the .

e g



ety m——

APPENDIX B ) .

CRACKING PATTERNS OF FULL SCALE WALLS

B.1 INTRODUCTION \ e e

Tﬁe:\tyﬁioal Fellurelpatterns for eaco group of full :cafe wall
tests were given earller ln Chapter 4 durfng reporting and dlacusslon ‘of
the test resuilts. However. !n Chapter 4 only the faflure pattern -of one
wall fin each series wes shown except where the dlscusslon necessitated
otherwlse. Therefore. the crackg’g,zgatterns for the other walls * not
reported fin Chapter 4 are provided In this Appendlx. - The reason for

!

this ls to provide a complete record of these Full secale wall tests

since the crack patterns withln each group were not Identical

3e2
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STREES DISTRIBUTIONS AND EQUIVALENT ELASTIC CONSTANTS
~ FOR MASONRY Asseuewzs IN RUNNING BOND

c.1 mmmmlm_

L

mortar joints. Composlte action takes Place only in mortared Fece

shells of the hollow-units and across the’ wall thickness For solid

units. WFor sssembleges manufactured “fn running bond pattern, the morter-

" Joints and the masonry unlts act together to glve stronger and stiffer

? states 1s not well understood. This stress dlstrfbutlon needs to be N

- understood to Justify some assumptions in the denivation of the proposed\

assemhlage for stresses parallel to the bed Joints. The dfstrlbution of -

the stresses within the essemblsge even under some uniexlal stress.

'Failure criterion. Mareover, the‘equivslent elastic constants for the

composite nesonry material compaosed of untts (or,face shej/g/j1 hol law

units) and mortar Joints have to be evaluated. These elest

are needed as input dats for the fintte. element model developed fn this

‘study.

In this eppendfx. an approximate analysls for the determination

of the stress d!strihutions for some unlaxiel stress fields is reported.

- Also, some expresstons for the determination of the equ!valent elastic

constants are. given in terms of, the component materials (mortar Joints

_and units) elasttc ‘constants and geometries. Finally, a finite element

376

Masonry assemblages are composite materials of masonry unfts and -

constants -
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t

analysi s'is perf-‘ormed to check the suggested mechanism for load t:ransfer
and the approximate expressions obteined for both the stress

.‘distributions and. ‘the elastic constants.-‘

C.2 . ELASTIC C(NSTANTS Fm ™ oommem- HATERIALS

TG4l Nasonry Units

Elastic constantsrfbr‘the materiaf*of‘fhe masonrQ units have to

'be determined experimentelly For the type of units used -in the

assemblage. Prevlous investigetions considered concrete block and brick

materiels to be isotropie [11,79]. An’ investigetion reported . in Chapter
3 and Appendix A of this study showed that the material of the concrete
blocks may be considered isotropic.'The results also suggest that the
) .observed enisotropy In hollow blocks may be due to the geometric

conFlguration of these b!ocks.

¢

For an Tdotropic masonry. unit material, oniy two‘eiéstic

constants have to be determined. These are the modulus of elasticity

end the Poisson's‘ratiof These canstants ‘were commonly determined from
tests oF masunry units under compressive stresses and were assumed to be.
also applicable under tensile stresses. This is due to the brittile
nature oF masonry end Its constituent materiels and the associated
diFFiculties in measuring deformations under tensile stresses, Exampies-

oF these constants for concrete biocks are reported in Chapter 3 are as

fbllows.
Eb = 19660 MPa
Vp = 0.3

For clay bricks, Page [79]- reported the ?ollowing values:

z
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|I:b n 6740 MPa

vy = 0.167
C.2.2 mrtarabmts

'The properties or' the mortar joints 1nc|ud|ng joint/unlt

lnterfeces have been investigated previously for both concrete block

{503 and clay brick assemblages [79]. In these investlgat{ons. the

deformations of the Joeints were calculated .From the measured

deFormetions between centers of the units ecross the Jjoints end the :

deFormations withfn the unlts. Age!n here. elthough these cenetents

were evaluated for conpression and eheer Ioedlngs. they will be also

. considered to be appl ieable For cases oF tension and shear loadlngs.

According to these {nvestigetlons. exemples of the modulus of elasticity

oF the mortar Joints and ‘the eheer modulus across the mortar Joints were

as Fol low3'
For concrete blockwork [50],
Ep = 1150 HPs_
Gp = 488 HPa
For clay brickwork [791,
Ep = 1400 HPa | ‘
Gp = 463 MPa

It has to be noted that the velues entloned ebove for the
B\
elastic constants of the mertar Jo!nts are only examples oF reported

values as a result of exper!mental tests perFormed on essemblages of

certain types of units and mortars. These velues may be considered as a

rough estimates only for cases where no experimental data is aval lable,

i v e
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However. since slmilar concreta blccks and the same rnurtar ccnpositicn
as those reported above for blockwork {50] were used in this
investigatldn. the ache mentioned elastic'constants for mortar joints

were ccnsldered to be appl feable. for this study. °

c.3 smess DISTRIBUTIONS AND EQI!IVALENT ELASTIC CONSTANTS FOR
< The equlvalent masonry material composed of solid unlts .or face

shel ls oF hol low unlts and mortar joints may be considered to be

orthctropfc materlal because of the uneven distrtbution oF the mortar

Joints in the plane of the assemblage. Therefore, six equivalent

'elastlc constants need to be evaluated. These Include two modulii of

elasticity in the two prfncipal materfal directions, three shear _mcdul i

and Poisson’s ratijo. These equivalent elastic condtants and the stress

distributions ‘under some toading conditlons-are‘ dlscussd and determined

in this section as a function of the component material. characteristics

and gecmetries. The obta{ned expressions were based on. 'sunmlng the unit

and Joint def-‘ormations. This procedure has been uti lized before by -

Hamid [50} and Page [79] to calculate’ the deformat{on characteristics oF
the mortar Joints, ~. . ‘

€.3.1 Modulus of Elasticity Normal to the Bed Jdoints, E,
and Poisson’s Ratio, Vnp
For an element, such as that shown in Figure C.1, sub,jected to

uniform tension n‘é—w\al to the bed Joints, S the total _displacemenc Ay
may be given by: ‘

L r 379



' Jolnts; and equivalent mesonry material, reSpectlvely.

S m———— 0l L1, e -

3go

'At-abmm".‘ S S (€.1)

Nhere. ~By nnd Am are the total di splaeements oceurrlng in the units and

'morter jolnts. respectively. Substltutlng the appropriate modulus of

'-elestlclty and helght in l:hls expresslon for the displacements in terms

of the stress. Equatfon C.! can be: rewrltten as :

o, n . [+

n tm. “n . o . :
r— ht a hb +. hl'l'l ’ . (C.2)
En By ty En -

Where v

Epi Em: and En are the modul i of elasticity for masonry units;’ mortar

1

hps by and h¢ are the unit height; joint thickness; and total height,

respecti vely ancl

tp and t, are the average unit and Joint thicknesses perpendicular to. .

the plane of the assemblage shown in Figure C.l. These thicknesses are
usual ly the same except. f-‘or varlable face shel 1 thickness tn hol Tow’

concrete blockwork. For thls case. an anatysis performed tq evaluate the

‘ totel deformations in the Fece shells by integration over masonry unit

height showed that an equivalent constant thickness, to give the saEE\ )

cross sectfonal area, may be used as given in the abgi;e expression. -

Equatlen C.2 can be rearranged as:

Ey = - — & ' . (C.3)
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This is the expression for the equivaient modulus of elesticity normal

: to the bed Joints For mesonry materia! tn terms of the unit end Joint

-

eiastic and geometricg characteristics. -
For the component materfals used in this investigetion,
oonsidering the dimensions sho\m in Figure C.! and the data given In the

previous section. the equivalent madulus of elastioity normal to the bed

‘ Joints is given by:

En‘n 0.59 Ey = 11600 HPa -

The lateraf’ def’ormations (parallel to the bed joints) are not

-oniy due to the Poisson’s retio effect but also due to the conFinlng

ff‘orces at bed .joint ievels to satisfy the compatibility of the

deformations of reiativeiy rigid masonry units and comparably flexible

mortar Jolnts {50]. Theref’ore. the Poiesons ratio, Vnps cannot easily

be evaiueted by a similar approximate anatysis and instead it will be

estimated from the results of the Finite eiement analysls reported later

in this appendix.

C-3.2 Stress Dlstribui:ion and Modulus of Elasticity

Parallel to the Bed Joints, £ . '

For a masonry ass_emblage loaded in uniform tension paraliel to

the bed joints, the staggered distribution of the head Joints in a

running. bond pettern affects the stress distributfon along this

‘ direction paral l'el to the bed Joints., It is thought thet, due to the

: Flexibiiity of the mortar joints relative to the units, shear stresses

exist on the bed joints as showh in Figure C.2(a). These shear stresses

result in more tensile stresses {n the units to Increase thelr
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dafomtions? and~éu|pressive stres':'séﬁ (less tenston) in the head Joints -

to decrease their deformstlons In order to attain conpatlblllty of unitu

- and Joint daformat{ons as shown in Figura C.2(a). Assum!ng uanorm

shear stresses along the bed Joints, the resulting uneven tensi le_stressl

distributlon s shown schemtically In Flgure c.2(b}. -

Accordlng to Figure C.Z(a), the shear stressas on the bed Joints

. may be determined as follows'

. - _(‘Gm'sb)hm. _ ) ) o
R e DR e

[N

Where,

t is’ the uniform shear stress on the mortar- bed joints,
Gp fs the shear modulus of the mortar bed Joints, .
Ym {s the shear strain in the mortar bed Joints and

€m and ey, are the longlitudin\a{ tensile strains in he mortar" head
: DS, ’
Joints and the units, respectively.
Substituting for_ tensile strains in Equation C.4 in terms of stresses

and elastic modulii, this equatfon can be rewritten as:

-

o, - 1 On + T - —— '
© teG (P T (C.5)
En Ep
or, . : ) . o N
S G
fm B
SEE AN ) _ (C.6)
) : Gn Gy -

1+ — ¢ —

Em E

mmabe e ot



in this expression. the shear stress in bed Joints 1s determined as a

: Function oF the tensiie stress parailel to the ‘bed Joints and the

'eiastic properties oF both mortar Joints and masonry units.

rJ

Accordingly. tha uneven stress distribution shown in Figure C.2(b) can

be described by a reduced tensionlat nead"Joints of

.}
pT%=6p ) 5 o e
; 4 1 + __GI_'I.|_+ -...G‘-'.‘_ C ‘

and an increased tension at the'centers‘of masonry units of

.

SRR i
Oy + T =5 0. - ( m ) S €.8)
P =0 L. ' Al
) l+_Gl_l'l_+_Em-_ : . )
En . Ep

It should be noted that “the- -average stress across the:assemblage

remains as the applied uniform tension O‘p For the’ component mater']als

used in this investigation. Equation CLG yvlelds a shear in bed Joints of

9.27_9 This resultsn a tensile stress in head Joints of 0. 73 ¢p and:

maximum stress In concrete blocks of 1.27 %

The equivalent modulus of eiasticity parallel to the bed joints

also can be determined by superposition of the deformations’ and by uslng
the equivaient constant masonry unit thickness (For the same cross'

sectfonal’ area) where variabie face shell thickness is present.

r



g B = & + 4y
or
o, lg oy 1 (o=t) h.
B : .k + g o - (C.9)

2

i : Where, l¢ and. 1, are e assemblage and masonry unit length

respectively. Substitutlx ng for- { %

8

-t ) fram Equation C.7,” Equation
€.9 can be rearranged as follows:

, v ' o '
Ep = ( —— ) Ep (C.10)
3 ' bt hp Ey 142 o |
. Ep
] v
B + X v
: _ " Gp . Gy
ety iy By e D .
' - Ep Eb

This s the expression for the equivalent modulus of eiasticity paral lel

1 . to the bed Jo!nts In terms of the geometri{c and elastic propertfes of )

the mortar joints and the masonry units.

¥ . . el
f I
[

For the component materfals used !n this 1nvestlgation. using
the previously mentloned geometric and elastic data. the equivalent
modutus of elasticity paralilel to the bed Joints s '

E = 0.84 Ey = 16510 HPa
This ylelds a degree of orthotropy of
il = 1.42 | .
., En |

,' Experimentati results for walls or wallettes in horizontal

J bendlng in this lnvestigation and others [44,70] indlcated sudden



]‘4

o S 387
chahges in 'stlff'ness. These stlff’ness changes were observed at tensi le
stresses paral tel to the ‘bed Jolnts close to the tensl le- strengths of

the head Jolnts. Therefore, it 1s thought that the mortar Jolnts and

; speciﬂcal ly the head Joints: have nonl inear stress straln properties

near the fallure stress.. Some supporting evidence for this assumption

"~ ean be found n reported nonlinear behavlour of mortar Joints

‘{3a, 50 79]. Also, 1t g thought that for a crack in a head Jofnt to
open, it would necessltate more der‘ormatlons to take place in bed Jolnts
and/or the masonry unlts. Therefore. it is assumed that after the head

Jolnt strength has been reaohed. the head- Jolnts will behave ln a

plastic Fashlon wlth zero stlﬁ-‘ness up to faf lure. Failure is assumed to

. occur elther when the bed joints reach thelr shear capaclty and the

assenblage fai ls by debondlng along both bed and head Jolnts or when the

through units and head Jolnts. ' o

As mentioned eari Ier In Chapter 5, the plastic behaviour In

z the head joints was llmlted to cases where the assemblage Flexural

tensile strength paral lel to the bed Jolnts Is less than 5 tlmes the
tenefle strength of the head Joints. For cases of assenblage Flexural
tensfle strength exceedlng thls limtt, plastic b;avlour is no Ionger-
appl lcable and it ls assumed that premature cracking wili develop in the

head Joints before Fallure. However. most available data for masonry

" units reach thelr tensi e strength which results in splittlng Fallure :

units and mortars indicated assemblage f lexural tensile strength to head )

Joint strength ratlos less than 5§,

for the load increments 'ahove that corre_Spondlng{ to the head

.



Which can-be rearranged as:

-

,joint strength, the uneven’ stress distribution can be obtained by
introducing En equal to zero in Equafﬂon C.5. This vields an

incrementai bed ‘Joint shear: stress of  the seme magnitude as the

increment oi-' appiied tensiie stress ( de =

The equivelent constant oF proportional ity between stress and :

strain incremente ei-‘ter the head Joint strength iimlt,.has been reached

- may: be considered as a reduced modulus of elasticity. This reduced

rnodulu5. E p* may be also determined by superpositicn of the incremental

def‘o'rmations. The longltudinai deformations paraliel to the bed Joints

may be .consldered to consist of the tensi le deFormations oF the masonry -

units and the shear deformations of the bed joints. Accordingly. the

equivalent reduced modulus of elasticity may be obtained as follows:
'At=Ab+(A,,;)b o ' (cn)

Where the subscript b on the parenthesis refers to the bed joints. or,

O g o Iy oy hp '
2 = = + —£ v (C.12)
Ep th By ty Gy t, ‘ '

E'p = ( — ' YEp - . (€.13) -
-‘,'.btm_‘_hmisb‘ N

et 1t G

This_ s the expression for the reduced elastic constant in terms of the
geometric and elastic characteristics of the component materfals.

Substituting the data for the mesonry unfts and mortar Joints for this

= dop ) as shown in Figure C.3. .

e ——

a
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in‘ve?tigation. yields the fol lowing: o

E‘p = 0.527 B and
Ey '
—= = 0.627 o
Ep . - R
C.3.3 InPlane Shear Modulus and Stress Bistribution ,
' The -inrplehe shear  modulus for 1;he equivalent ﬁlesonry ‘materfal

may -b‘e determined from the analysis of an assemblage subjected to pure

shear stress as shown in Figure C.4(a). _ However. due to the comp) lcated

_neture of the problem and to be eble to obtafn simp!e expressions for

hand celc:ulations, a sinp1e approximete procedure 1 5 suggested. In this .

proeedure.-the stress dtstribution end the deFormetions will be

\

evaluated from seperate analyses for sheer stresses paral lel and nor'mal

to the bed joints. Then, an average of therequi'valent shear'meqmus .

will be obtained. . It should be noted thet these analyses are not proper’

but rather are approximate enalyses because using {ndividual shear

stresses does ‘not satisfy equilibrium and equl 1 fbrium 1s only satisﬂed :

where both the shear stresses normal and paratlel to the bed Joints act.
This procedure Is perforiied as follows:
(1} Due to oniy the she§r parallel to the becLJoints as sho\m in Figure

C.A(b). the epmpatibility of the total displacement yields-

8¢ = Ap tAy ,or .
" Yehg=vphptyphy \ o | (C.14)
Where, Yhe Yp 8nd vy are the masonry unit, mortar Joint and total
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shear strains. respectlveiy;. Equation C.14 can be rewritten in

terms of the stresseﬁ and the elastic modulii as Follows-

Tnp ht tpt by Tnp by

: — = —_ : | . (C.15)"
( | o

yan)! t“! Gb -ty '-Gm. tm

-
-

Where,

- o ' —

Gb and Gm are the shear modulii of the masonry units and the'

mortar Joints; respectlvely.

. ‘np is the acting shear stress on tha assemblage .and

-.‘( an )I s the apparent equivalent shear modulus as determined

" from Equation C 15 which is glven by:

CBop 3y = ( - — )Gy - L (C.16)
S ‘hy  tn . Gy by . : :

hg; tb . Gmh ht ‘ P

o

(1!) Due to only the shear normal to the bed Joints, the expected uneven

shear stress dlstributfon isshownlnFigure C 4(c). This stress -

distributionissuggestedon a slmilar basis as-that For tension

'parallel to the bed Joints,  The norma! stress. d, on. the bed

'Jolnts due to the relatlve shear deformatlons at head Joint

'locations is given by:

T - 0 Inp + G
. np Inp
q=Em( T - )

B C (C.17)
Gy . Gy )

This yields an expression for the normal stress, o, as fol}ows: :

-
T



' 392
Em _ Em
R R =) tp . . teasm
e, S0 B - ;
G & _ »g
, i | |
Accordlngly. the head Jolnts are subjected to a reduced shear P
stress of :
- . |
E i
A l + 2 '_"'"'!"' V
e =0 = ( — ) tnp . (C.19)
fe o, En
Gm Gy
whereas the masonry units are subjected to a maximum shear stress
of -
.3
Tp + ( ‘ i ) the | (C.20) "
np [+ = 'th N
e ' Ep Em P
A b —p —
Gy &

~

Again, the average sheaf stress on the assemblage along etther

horizontal or vertical 1ine across the assemblage is stl I 1 the

. applied stress. Thpe This is clearly indicated in the shear stress

. distributions shown in Figure C.A(c)-

For the component materials used in this investigat1on.

Equation C.18 yields a normal stress on the bed joints of 0.63 Tnp-

~ This results in a shear stress on the head Joints of Q.37 -r,-,p and a

e ———— =
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to the bed Joints,

s o S 33
SN ' :

maxiﬁmn;sheabistress on‘thE'uhlts.QF.l,é3 *np-

-

. The equivalent shear modulus in this case, (. th sz BISO can

be determined from the superposition of thg deFormatfons as

fbllows' -0 . k
Bt = 8y + apor
1 1y o I (-0 i by . ,
—— . b w7 ) M Sy
( an 2 -ty . 8 Gm tm .

which yields the Followlng expression for the apparent shear
modulus an )2" '

| b th . Mg G 142 --
e Gy
m .

Then. it ls assumed that due to both shears parallel and normal

the shear modulus may be. approxlmately considered as
the average of the two expressions in Equatlons C.16 and C. 22 Th[s
results in the Fbllowing expression for G

angg.[ ( Gpp )y +(‘an )3 1 .

. : ’
from which :



1 1
Gpp =< ;
2 hy _,,.tm"; Gp by *
Me tp. ., Gy hy
- .a : l . . . g '
b _ ———— 1 G, (C.23)
. _ Em o . ;
| . : | Gy
Co g - Ep Ep
g ty It . Gp l+-—_\+-—'-_, ‘
: - TR

o

' This fs the express!on for the equivalent 1n—plane shear modulus

in terms of ‘the geometric and elastic propert|es of the masonry units

~and the mortar Jolnt:s. The propertles of the component materlals used
in this lnvestlgatlon ylelds a shear modulus of -
' 1

. an = = [ 0.6]1 + 0.97 ] Gh = 0.79 Gy = 5959 HPa

After7the head Joints reach their shear capacfty. both the
stress distributlon and the equlvalent shear modu lus change slmilar to

the case f-‘or tenstion paral |e1 to the bed joints.' Assuming that

nonl inear (plastic) deFormations wil l take place fn- the head Jo!nts with

zero stIFFnESS. Gy = 0, Equation C.la ytelds a normal stress on the bed

Jofnts of Thpr This results in a zero shear stress increment at tha _

head Joints and & triangular stress distrlbutlon on the masonry unlt
s{milar to the case for. tension paraltel to the bed Jolnts. The
equivalent reduced shear modulus in this case fg_ determlned from the

masonry unft shear defonnations and the bed joi nts deformations due to

fanty
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~This means that,

.‘investlgation. even after head joint tapacity is reachéd.

"plane of the bed Joints, G

According ly,
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noﬁn_a_l_ stresses. This ylelds the fol Iom“ng_‘expressiqns

SN
S :
-an-?[“b‘tm_+‘36 By
' Ry 'ib__}_ Gn bt |
, . — A T Vo cn
-yt . 'hm: G -

Sl B e Gy

- v

For the component materials used in thls study. the previously

I

meﬁtioned data ylelds the Following: i
1 B :
6’ np = ; f 0.61 + 0.95 ) Gy = 0.78 Gy = 5884 .HF*a‘

and —= . 5.99

Gnp

for the data for the component miterials used in this

In-plane shear modu lus may be kept the same as' before the head Joint

strength Hmlt wfthout fntroducing any slgnif-‘lcant error Iin the

calculations.

c.3.4 Equivalent Out-of-Plane Shear uodum.

ana"d‘;pz

The _equi valent out—oF—pIane shear modulus for shearing in the

nz: may be considered to be the same as the
1
shear modulus for shear parallel

to the bed joints, { Gnp -

the. expression given in Equation C.16 may be rewritten as:

the equival ent

AR G
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& Gz = ——— 6 . : - (C.25) |
' Tohy oty ‘ Gy b o
- bt G e | F
4 For the cmponent materials used fn this study, Equation. C.25 yields a ‘ ‘
‘vatue of S _ : >
2

Snz = 0.61 Gy'= 4613 MPa - }

The out-of-plane shear modulus For shearing the ptanes of the'
“head joints. Gpzr I8 not as easy to evaluate as the other constants,
P ' ThereFere. it s suggested to be considered equal to the in-plane shear
| k modulus. an This approximation is thought to be acceptable because it o
seems to - !nvol ve simflar mechanisms. due to the staggered head Joint

n .' k dlstributlon and thelr tnfluence on stresses within the masonry units.

C.4 _ me-': mmr AMALYSIS FOR MASONRY Asssmuﬁs )

’ Plane stress finite element analyses were performed for a small
'ele:;ent of masonry assemblage subjecfed to uniform t_enslon normal to the
bed joints, uniFons tension paral lel to the bed joints éhd »pure shear.
The results of these analyses are used here to verify the suggested
mechanisms for st’ress transfer wlthln the assemblage and to check the
approxlmate expressions given earl 1er in this appendtx. As shown in
Figure C.l1, -the masonry element considered i n\ﬁ‘hese analyses was chosen

to be the sma! lest possible element which reasonably represents the

masonry assemblage. Two bed Jolnts and two head Joints are fncluded in -

" this square element which is also symmetric with respect to the center

line parallel to the bed joints. Due to the symmetry of loading about
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_this center line in the casas of tenslla stresses normal or paral Iel to
' the bed Joints and the ant!symmetry tn the case oF shear stresses, lt
~ was poss!ble to analyse only one half oF the element shown In Flgure C.1

with the approprlate'. boundary conditions imposed aalongj this center 1ine.

The edges of the assenbl.age were forced to c:!eForm unltFormly s0

that the displacement profile can be consfdered representative for a

part of an assemhlage fna large structural element. These.uniform

deformations provide equal displac:'ement at the nodes aldng the edges tn

the cases of tension normal .or paral Tel to the bed Jo!nts and constant

slopes along the edges In the case of pure shear. These uanorm

‘ deformatlons ware impoaed by ifncluding a very rigid plate along the

loaded edges which was connected to the assemblage using'double nedes
with the same degrees of freedom norma 1 to the edge.. However, these

boundary and edge conditions as well as the assemblage size were thought

to affect the results of the analysis close to these edges. Therefore,

of the results obtained acrass the whole -assemblage, only the results
P

between the two bed Joints and the two. head Joints wl 11 be constdered

' For the comparison with the previous approximate analyses.

The finite element idealization of the upper haif of the
assemblage element shown in Figure C.5 conslsts of plane stress
rectangular finite elements having bi1inear displacement flelds. As
shown In Figure C.5, masonry units and mortar joints were model led
separately usilng the material proper.tles given earlier in Section C.2
for concrete bloekwork. Also, 32 mm rninilﬁum face shell thicknesses were
used for mortar Joint elements whereas the equivalent 35 mm unfiform face

shel 1l thicknesses were used for biock elements. in all ana_l yses,
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perfect bond wes assumed between mortar Joints and units.. The cases of

/
loeding cOnsidered in theee enelyses and which are also shown In Flgure‘

c. 5 were uniForm tensicn normal to the bed joints, uniform tension

perallel to the bed joints end pure shear.. The results oF the anelyses

-

and dlscueslons For these cases oF loadlng are.provided seperathly

The assemblage eiemeht shown in Figure C.5 was analysed under

stresses normel to the bed Joint. orientetion, ‘as obtalned From the -

Finite element enelysis for this' case of Ioadlng. are shown In Figure

~C.6. The uniForm dlsplecements elong ‘the top- edge shown in Flgure

-Cad.l A;eﬁ:lage Subjected to Uniform Tension Narmal to the,Bed Joints

- uniform unit tensfon’ normal to the bed joints. The displacements and

P

G(b) was lmposed to have deformations end stress distributions which_

_—

are representative of large masonry assemblages. The distribution of
tensile stresses normal to the bed joints aiong the mid height of the
center block (L!ne A-A) is shown in Figure C 6(c). These tensile
stresses were reasonably uniform except near the head Joint. Also, the
Tow stress velues in head Joints are attrlbuted to the Flexibillty of

the head Joints reletive to the Face shells of the concrete biocks

This reletlve Flexibility leads to increased stressee ln the Face shellsﬁfi”

. close to the head Joint locations, The distrlbution of- tensr!e stresses

normal to the bed Jolnts ‘along an axls perpendlcular to the bed Joints
mid way between the two head joints (Line I-1) is shown in Flgure
C. 6(d) This stress distribution is uniForm except at the bed Jolnt

where the 9% Increase is attributed to the use of 9% |ess thicknesses

W

JEE T
bt
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- for the mortar joints (i.e. i35—32)/35)# - I

. The equivalent modulus of elasticity normal to the bed Joints

can be estlmeted from the predicted dlsplacement at the~top gdge of the

assemblage. This yielded a value of 10700 ‘MPa which ls ez less than the -~

corresponding value estimated uslng the approximate expression in

Equation C.3.. The difference between the two values may be ’attributed

" to _heglecting the head Joints in the derivation of the approximate.'

expression for this ioading condition. ln this regard, the 81 difference

is considered to be insignii-'icant compared to the variabi 1 ity of the"
stlf-‘Fnesses normal to the. bed Joints reported earl ier 1n the

experimental part oF this study. o Accordingly, it may be concluded that

"the equivalent modulus of. elasticlty normal to the bed Jolnts can be

estimated reasonably using the’ approximate expression m Equation C.3. -

The lateral ‘deformations. (paral lel to the bed Joints) of the two‘.
vertical edges are shown in Figure C.G(b). These Iaterai de'Formations
were used to evaluate the Poisson s ratio, Ynp» of the equivelent‘
masonry material. Based on the values oF the longitudinal deFormations

(normal to the bed Joints) and the average oF the lateral deformations
i;

~ (paral lei to the bed Joints). Poisson s ratio\as Found to be ‘0. 20.

This value was used in the- Finite element analyses in Chapter 6

- €42 Assenhlage Subjected to Uniform Tenslon

" Parallel to the Bed Joints R B -
The assemblage element shown in Figure C.5 was analysed under
uniForm unit tension paral lel to the bed Jolnts where, beslde the

-

restraints provided along the axis of syn'metry (center 1ine paral ‘1el to
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the bed Joints), the nodes of the leFt verticai side were also

restrained from horizontal displacements. The resulting d:splacements

. and tensile and shear stress distrlbutions are shown in Figure C. 7.

Again here. the uniForm displacement along the. right vertical lcaded‘
=

-

. /

—_

- edge shown in Figure C.7(b) was imposed to yield reasonably'

‘representative deFormations and stress distributions within the

- assemblager

. deFormations and stress distributions near the edges. The tensile

As mentioned-earlier. only the part between the two head joints-
was considered for the comparison with the approximate analysis. This

“was because of the effects of- the boundary and edge conditions on the

stress distribution along the center line paral lel to the bed Joints

.

(Line A—A) is also shown in Figure c. 7(b)-, This distribution "was

a reasonably linear which confirms the linear distribution assumption"made'

in the approximate analysis. However, the predicted stresses showed a
‘variation oF k11% From the average which is signiFicantly less than the '
+27% obtained from the approxamate expressions in Equations €.7 and c.8.

4
This diFFerence 'was attributed to the Fact that. n the’ approximate

analysis, the tensile capacity oF the bed Joints was negiected and the

shear lag was not- considered. This shear lag would result in nonuniForm
tensile stress distribution across the center block height which is‘
diFFerent from the assumption made in the approximate analysis. This -

can be easily seen In the tensile stress distributions along the -

: vertical lines 1=1, 2-2 and.3-3 shown in Figure C.6(d) where 8:. 251 and

-251 diFFerences respectively were predicted between the top edge of the‘
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center block and the center' 1ine of the assenblpge The eFFect oF the'

'shear lag was also confirmed by lnvestlgati g the ftenslle stress

dlstrlbutlon along the top o'F the center block (Llne C-C) shown ln

Figure C.6(e). . As can be seen. the variatlon of the tensi le stresses

1

was slgnlflcantly leFerent from. that along Line A-A. The shear stress
dlstrlbutlon along the bed Jolnt shown In Flgure C T(F) is nearly
untform between the head Jolnts as was astumed in the approxlmate

ana]ysl s. However, the pr'edi cted value was only 715% of the shear stress

‘ value from Equatinn C.6.

Finally, the average tensi Ie stress and the average deformation l

" for the central-part between the two head ,jolnts was used to calculate

the equivalent modulus of elasticity paral lel to the bed Joints. This

was 14400 ‘MPa \-thlch fs 13% less than was obtelned From the approximate_ T

. anelysls in Equation c.10, lt is suggested that this is a simple and

accepteble approximatlon glven the. Iack of avai lable date.

C.4.3 Asseu:lage Subjer:ted to Unifom ln—PIane Pure shear
For thls loading conditlon. the assemblage element shown in-:
Flgure C 5 was analysed under unlf‘orm tangentlal unit shear stresses

along the four sides. In th{s analysis. the,center 1ine parallel to the

-bed Joints. was utilized es an axis of entlsyrunetry which permitted the

. analysis of on!y helf of-' the assemblage element. Moreover, for

equl Pibrium requirements, the left vertical edge of the element was‘.
restralned from both horizontal’ and vertlcal displacements. The results
of this analysls are shown in Flgure C.8, ‘ o S

The ‘dl splacements' of the nodes along the element edges are shown
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“In 'Figure'C.B(b). The uniform shear distortion shown in this figure

along the top and the right vertlcal edges was tnposed to represent the

~ large’ assenblage case, However. the change in slope al-ong the center

I fne.paral lel to ‘the bed Joints (Line A-A) was due to the presence of

the relativaly 'Flexlble head Joint.

-
PP

The shear stress distribution ~atong the center Iine para flel to.

" the bed Jofnts (L ne A—A) is shown in Figure C.8(c). ,The part between

the two head Joints was reasonably 1 tnear which, conFirms the .assumption
mede earl ter in the approximate analysls. However, the.:28% variations
of the shear stresses ts slganicantly less than the 637 variations 5
predioted using Equations C. 19 and C.20. This d’lff’erence may be also
attributed to the Fact that. in the approximate analysus. the bed jomt
was lgnored ln the case. of shear normal to the bed Joints and the shear ‘
“lag eFf-'ect was not considered. Thi s shear lag is also thought to be the
reason for the nonuniform normal stress distribution between the head‘.
Joints along the bed joint {Line B- B) shown ln Figure C. S(d). Tl-ns is
dif-‘Ferent from the assumed uniForm normal stress distributlon in the
approximate analysis. Moreover, the shear ‘stress distributions along
vertical 1fnes at the two head Joints (Lines 2;-2 and 3-3) and mid way
between the Jjoints (Llne 1-1} are also shown in Figure C. B(e) The
shear .stress dtstributlons along the vertical lfnes at the two head
! Joints were markedly nonuanorm. However. the d\stributlon along the
vertical 1ine mid way between the Joints {Line I-1) showed a nearly
uniform distribution_w_ftb\in a 10% range. it atso indicated a sudden

increase in the shear stresses aE: th"‘e bed Joints due to the use of‘ the

N
32 mm thickness for the mortar Joints compared to the 35 mm thick Face

s
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shells,

»

The ln-plane equlvalent shear rnodulus was calculated From these ‘

g resu!ts and was Found to be 5270 HPa which Is !21. less than the value '

. obtalned From the approximate analysts using Equation C 23

»

Accord!ngly. lt is suggested that this approxlmate express!on may be

used as an easy. sinple and acceptable predi ctor,
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. APPENDIX D
" /\ FINITE ELEMENT SHAPE FUNCTIONS = '
" A
NON-ZERO ELEMENTS OF THE GENERALIZED STRAIN.MATRIX -
- D1 SHAPE FUNCTEONS FOR THE RECTANGULAR FINITE-ELENENT
(1) . For extension degréés‘of;‘ freedom ( W9, vo.y A
MO e (-EYOem)
N2% = Elmm)
N3® = &n .
NG = (1-E)q
(1) - For transverse shear degrees of freedom ( by ¢y }
NpS = - N9 NgS = Nz©
N3® = - N3® Ng® = N3°
N45="N4° NBS-—N4Q
' (111)  For Flexural .degrees of freedom ( w, aw/ax, aw/ay )y
Ny = T2n-(3-26)£2(1-n)- ~(1-E) (3-2n)92
Ny =.-a(1-5)25(1-n),
N3 = b(1-E)n(1-n)? .

(3—25)52(l-n)+£n(!-n)(l-2n)
a(1=£)E2(1-n)

- 4
[+
n

410




Ng =

D.2 -

B(1,1)

Bﬂl'Bl

3

B(1,15) =

B(1,22)

8(2,2) .
B(2,16)

B(2,23)

Mg =

Ny =

N2 =

NON-ZERO ELEMENTS OF THE GENERALIZED STRAIN NATRIX (8]

"
Ol = O~

—

-

b(1-n) 2En

: oa-ze:sznéan(f-n)cl?zn)
‘§(~1;E)§2n
 ~b(1-n) En?

(1-E) (3-2nInZ+ECI=E) (1-2E)n

-a(1-£)28n
~b(1-E) (1-n)n2 - -

= (1-n)

(1-E)
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