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ABSTRACT

The work_presented in this thesis is concerned with design ésPects of
multistorey buildings in light-weight concrete blockwork.

The investigations concern the ultimate strength of wall panels under
axial compréssion, the ultimate shear strength of single_storey shear-
wall structures with openings, and an investigatioh into the behaviour
of a five;storey shear-wall structure subjected to lateral loading.

In order to ascertain the suitability of model blocks, tests are carried
out on a number of full-scale and one-third sc&lé storey height panels
built with four varieties of light-weight aggreg;te concrete bloéks
covering a wide strength range; The test resuiﬁs show that it is possible
to reproduce, with reasonable accuracy, the strength of full-scale
blockwork by means of model testse Other relationships énd properties
such as stress-strain, Young!s Mbdﬁius of Flasticity, Poissonts ratio
tensile strength, ultimate load and mechanism of failure have been
investigétédo

A comparlson with CP 111:Part 2:1970, shows that the present provisions
of the code. are adequate for the design of wall panel under axial
loading. |

Phase 2 of the investigation concerns the shear strength of blockwork,
Preliminary tests were carried out on oﬁe-third scale concrete block
masonry triplets to find the effect of precompression on tﬁe ultimate
shear strength, The test results indicate that the shear strength of
blockwork triplets is the sum of bond shear and ffiqtional resistance
between the block and mortar. A statistical anaL}sis of the testts results.

‘shows that /
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shows that the coefficient of friction between the block and mortar
used was 0.73. It has also been.observed that precompression increases
the shear strength of the trlplets°

Further, direct ten51le tests on a number of one-third scale, one half-
block couplets proves that, for the material used the shear strength
of triplets at zero precompression is about 1.3 times the tensile

bond strength between the block and the mortar.

Prev1ously the blockwork shear wall was treated as an isolated element
with a concentrated restraining load on the top rather than a realistic
uniform 10id from the slab,

A study is made of the ultimate load behaviour of single-storey coupled
shear wall structures contalnlng door openings and subjected to
precompress1on° Several racking tests are carried out on one—thlrd
scale single-storey coupled-shear walls connected through slabs,
Deflectidns; strains, ultimate shear strength and the failure mechanism
under a set range of precompression are studied; From the results of
the experimental work, it was observed that blockﬁork shear wall,
depending on the amount of applied precompression exhibit two distinct
types of failure: (1) by shear failure, a combination of bond and
frictional\resistance due to precompression. (2) tensile failure,
governed by the max1mum ten51le strength of blockworko

The structure is analysed using the flnlte element method and the
equlvalent frame analogy. Both methods give close estimate of the
stresses and deflections at high.precompression; The work is further
extended to investigate the behaviour of five-storey shear wall structure
in one-third scale blockwork’subjected to lateral loading. A brief
review of the current analytical methods for the solution of

idealized shear/
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jdealized shear wall structures s including a survey of previous work orll‘
multistorey brickwork is outlined in Chapter 5e

Experimental stresses and deflections, due to lateral loading, are compared
with the results of analysis using the cantilever method, shear conti.ﬁuwn
approach, wide column frame analogy, equivalent frame analogy, and the
finite element method. While no method conveys an accurate representation
of the structure, the equivalent frame analogy gives the best approx-
imation to the lateral deflection; stresses are overestimated which is

safe. from design point of viewo
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'CHAPTER 1

‘101 INTRODUCTION o

In recent years, the need to bulld as economlcally as poss1ble and to.
- utilise materials to thelr fullest potentlal has encouraged.rapld
'development in the bulldlng 1ndustry° Considerable changesbhave been
'revealed by a comparative: study of modern masonry constructlon and that
of fifty years ago. The modern masonry bulldlng_no longer,stands
_solely .as a monument to_traditional.structural craftmanship but,'like."
steel and reinforced'concrete, it now falls within the field of{’
calculated design. _ ' N |
In a ‘modern balldlng, Walls have many. functlons to per:f.‘orm° They are.
vrequlred to prov1de enclosure, to resist sound and heat penetratlon,
to be fmre-re31stant, and to withstand grav1ty and lateral forces.‘
Concrete blocks seem to be an adequate building materials satlsfylng
(56),

v'_these requlrements

6
Recently, in the United States of Amerl a (61,1 1)

lncrea51ng number of
’des1gners and bullders have employed load-bearing concrete blockwork in
the constructlon of 'hlgh—rlse' bulldlngs ranglng from three to thlrteen
storeys° Tnese bulldlngs form 80% of all permanent masonry constructlon
(1nclualng brlck), and are de51gned and constructed either as relnforced
‘or as non—relnforced masonry structures, dependlng on the code of
practice, bulldlng helght and seismic condition. ' '
' The Canadians are ‘cansidered to be most advanced in the fleld of load-
' bearlng blockwor& structures° The first outstandlng example is a A
thirteen storey ‘apartment building ) erected in 1964,  The 259 units
con51sts of concrete block load-bearlng walls and a comblnatlon of bricks

‘and blocks/
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and- blocks on the exterior. |

In thn.s chapter the. h:Lstor:.caJ. background of concrete-block :.ndustry
in Great Br:Lta:Ln is br:l.efly rev:x.ewed and the various types and the
o advantages are d:t.scussedo

1.2 HISTORICAL BACKGROUND

'Although attempts had been made on a sma]_l scale to mtroduce the

" concrete- block during the latter half of the 19th century, by men such

. as Joseph Gibbs.( ) about 1850, it was not until the turn .of the century
that the concrete block became of any s:LgnJ.flcanceo The manufactur:ing' ‘
.of concrete blocks co:n_nc:.ded w:Lth the growth of the cement J.ndustry

| about 191 o, and the rapld develoPment of technology in this f:\.eldo |

| Its acceptance was slow at f:Lrst , hampered by the -competition of- tbe
f:Lred clay brick. However, before long the concrete block namely

: Cllncker or "Breeze" blOCk( 67, 68 69)

proved itself to be a more
v:x.able pr0pos:1.t10n. The:\,r were more econom:n.cal and convenlent to produce >
'constructlon t:Lme was . reduced and 60% of the amount of mortar requ:n.red

- for a br:Lck wall of the same th:Lckness savedo " In Scotland, Wales the

.Chaxmel Islands and the West Country acceptance was I‘apld ‘and Wldespread. -

This was primarily due to an uneven d:l.strlbutlon of. sultable br:l.ck
materlal and\ the fact that concrete block offered a more conven.lent
, .buildj_ng material than the local natural stoneo

o As the concrete block :.ndustry developed the var:Lety :ncreasedo o

Dur:_ng the First World War per:x.od dense and llghtwelght blocks went J_nto o

~production.  In 192)4 there was an attempt to J_ntroduce aerated blocks
but tbis parti_cular type p_roved non-viable due to ,1nadequate c_ontrol of
the curing process and tbe fact that the blocks were notvautoolavedo |
_The split blocks appeared in use in Scotland in 1932 (Torph:m Bndge,
Mld.lothlan)(s)
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: 'These-blocks are still in ;-:roduct.ionltoday -and are widely used4 as a
reoent example the brldge on Preston-Lancaster motorway M6(3 7) can be
mentlonedo N
‘World War II led to a boom in -the manui‘acture of concrete blocks. Most
~ brickworks were closed down at the beginning of the. War but bizﬂd.lng
: materials were badly‘ needed.for“mi]_j.tary blocks, defenceproj ects and
-i‘actorleso. ‘ Although-'it gave an impetus tov the amount produced, in.
actual fact the war per:l.od rendered the development of the concrete blocks
stagnant in terms of vanety and expermentatlono v 'The main productlon .
was of the dense. aggregate blocks: s solld and hollow which suited all ‘
B ‘demands and purposeso _ N _
| -Building act:.v:Lty a.ft‘er the war 'had a slow start;‘ There was difficulty
"in obtaining new plants., However, ‘i"_rom 19).;,5 -onwards the use of light- |
weight blocks s which had been 'somewhat neglected during the war period
in favour of the dense aggregates,was extended and by 1950, the former
| -was being used for pa.rtn.tlon and inner leaf of cav:n.ty constructn.on.
- The 11ghtwe1ght block was cheaper and more readily ava:.lable than brlck
and they_ had b_etter thermal msulat:.on -and acoustlcpropertleso
The next significant step in the concrete ‘olock development came :|.n 1950 |
’ w:x.th the’ mechanisation of 'production mainly in the form of egg-laying
type machines; By 1955 this form of mecham.satlon was W:Ldespread and
mach:.nes were produc:.ng blocks ‘to then_r fu_'Ll capac:n.tyo It is reported
that the a.nnuail. product:.on of five million square yards in 1950 J.ncreased

(68, 102) The mtroductlon of the

to 65 million square yards in 1965
automatic pallet type machine since then represents another step_forward
in the mechanisation of production. The block industry is now developing.

into a / o . -



jnto a highly nechanised and efflcient.one, haning a high degree of =
-control over its products,and producing blocks with pleasing appearance
- and high '.dimensional accuracy which makes them a favourable material '

jforl construction -of 'high;-rise' stznctureso - |

1.3 TYPES OF CONCRETE BLOCK .

The choice of concrete blocks .for structural and facmg purposes is wide,
.rangmg i‘rom glossy smooth to a natural rugged texture and prof:!.le(23 »2L,60)
| and in colour from white to black, wn.th a range of grey in betweeno

'Broadly speaking, the range of fac:Lng blocks avaJ_‘Lable are the plain blocks,
spln.t-blocks, proflle blocks ’ p:Lerced blocks, exposed aggregate blocks

- and glaxed blocks F.Lgo (161 )o - Using fac:.ng blockwork anternally el:u.m:mates '

" the need for su_rface finish, and hence is an- J.mportant development in

speedlng of construct:l.on. The:Lr strength and absorptlon and texture are

: ,um.i‘orm]y controlled, and shr:_nkage is reduced to the IlD.T)JJme More

'_generally, concrete blocks may be dense (150 lb/cuoft), ]_'Lghtwelght ‘
(made oi‘ expanded slate, sha.le or clay up to 130 lb/cu.,ft depend_'l_ng on . |
the strength) . solld or hollow depend_‘l.ng on the structural need. '

The cores in hollow blocks may be used for reln.forcement or ser\r:l.ces° A
‘-The standard size lS coni‘onn:.ng to BS 2028 (1968)(10') are commonly 18
_inches by 9 :t:nches by 3, 4, 6 or 8;8 inch thick, fig (1.2). Modular .
- "block de51gned to the standard h_n.nch module are availables, This
has face d:l.mens:x.ons of 16 inches by 8 1nches Ftl.ga(1 93)0 The' wide range
-of densities and th:Lcmesses of concrete block pronde flex:l.bll:x.ty
- in design. In order to achieve eff:l.c:n.ently any reductn.on in sound

'transmission from one room to another, aerated blocks are ch:Lefly used
. as partitioning materlals which offer excellent sound and heat :Lnsulat10n
propertiess In Chapters 3, )4 and 6- the structural pr0pert1es of |

lightweight concrete blockwork will be more deeply studieds’
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Fig. 1.2. Blocks & Bricks To British Standard Sirzes;.



Fig.1.3. Solid & Hollow Blocks To American 16'x 8 Modular Sizes



1;1; FUTURE DEVELOPMENT OF CONCRETE BLOCK INDUSTRY.

Rapid changes have occured in the making of concrete blocks Which have
raised it to _the level_of a major industry. The development of the
_concrete biock' mst progress further in terms of qua.'.lity- of compcnents;
qua.ntity, avaﬁabiﬁty and researcho. Future development enti::_‘el& ,
reJies on the need of building industry and therefore production 'must meet
requir'ements such as quality andvlstructural performance;

Recently, interest in structura.'l. blockwork has become w:l.despread because
of a comb:mat:.on of factors rather than due to any one reasono Amongst
-‘ these may be included: the 1atest changes to CP 111 (1 96)4), structurall
. recommendations i‘or loadbearing brick and blockwork( 5 ) the »rev:Ls:Lon :
- .of British Standard 2028, 136k, (1968)10) gor precast concrete blocks,
and the increasing ease with Whlch concrete blocks of a h:Lgh standard

. could be-.obta:i_ned. Amongst others, ei‘forts of the brick J.ndustry

. directed towards expa.nding the use of load‘-bea.rlng walls ‘through
‘re'searc-h and‘deVelopment(hé)- the rea.'l.isation by many pe0ple of the N
visual rlg:l.da.ty and lack of beauty of normal br:.cks 3 cbst-benefit ’
analys:t.s bringing out the fact that blockwork has most of the economic
advantages of brlckwork together with some of its own, and lastly

as a solutlon to some of the present day problems of stab:x.l:.ty and
realisation- that ‘blockwork can be easa_’_Ly re:Lni‘orcedo

.
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CHAPTER 2 - REVIEW OF LITERATURE RELATED -TO CONCR.E‘I'E '

BLO"KWORK

A genera.l literature survey rela.ted‘to_ the proPert:‘tes of concrete
blocks and blockwork was published by Cement and Concrete Assoc-
(85)

:|.at10n ' in wh:Lch the compre551ve and fle.xnral strength of con-
'crete blockwork has been br:1.eflsr mentlonedo Th:x.s chapter reviews
more comprehens:.vely llterature and research :mi'ormat:.on about the

structural performa.ncerof blockwork covering the compressive

g strength (under ax:t.al a.nd eccentm.c 1oa.d.>) s racking strength, fleeral |

N

) strength and bond strengtho

Most of the research work on concrete block masonry has been carr:l.ed -

-out in the IInJ.ted States of Amerlca dat:_ng back to 1932 when a series

of tests was conducted by R:Lchart et al(82) to:

: 1. Fstabl:l.sh a relatlonshlp between ph,ys10a]. propert:l.es of masonry
- ‘un:z.ts » mortar ‘and walls.

2. '.Determ:.ne various factors Wh:x.ch may affect the ma.sonry strength.

- 3e  Study the sta.b::.l:l.ty and the strength of concrete masonry walls
B under aJu.a.'L a.nd eccentrlc loa.d:x.ngm— ’ -

. -Dense hoIL'Low blocks (16 mo x 8 in. x 8 J.no) haw.ng three oval cores

'»w1th strengths rang:l.ng from 550 to 1570 lbf/:!.n were used, = The mortar

e was generally’ stronger tha.n the blocks wn.th cyl:mder crush:l.ng strengths o

’ .rang:l.ng from 670 to 2200 lbi‘/ln o A total of h2 wallettes (32 J.no

_ long x ).;8 ine h:.gh) were tested to. estabhsh a scale i‘actor in relatlon
to i‘u]l-sn.ze wall panels. Sixty nine 6 fto 0 in. long by 2 ft. 6 in.
.. h:Lgh i‘ull-scale wa.lls were tested. The walls were all cured for 32
A days prior to the test. . The average ratios of wall to wa.l_lettes

’ strength- and/
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strength .and of the\ wall to block strength were found to. be 0;91 ’

and 0.53 respectitely; The latter ratio was found to be constant';

" The :Ln:l.t:La.l tangent modulus elesticity for the walls varied from |
O.°3 b.d 106 to 1;'i7-x ‘IO6 1bf/:i.n2o When the walls were tested
eccentrically -a 24% reduction :1.n wall strength was observed for a.
load eccentzicity of 1/3 of the section-’thickness; Tn almost all
cases .fa:i_lu.re took place by sp]itting off the faces of the concrete
block unJ.ts ad,Jacent to the hor:x.zontal mortar JOln'bSo ‘
Fo]_'!.ow:.ng Richart et al work, Copeland and Timms (26) (1932), tested 108 .
concrete masonry wa.l_'l.ettes usmg hollow un:Lts rangn.ng in strength from
320 to h1 80 lbf/:l_n » and morta:r's ra.nglng in strength from 150 to
hBOO lbf/ln o« The purpose was to study the effect of the strength

' of morta.r and units on the strength of concrete masonry The
strength rat:x.o ranged from 0033 10 0.79. They concluded that for a
given mozfter strength, wall strengths increases Jjnea}ely with the -

" block stifength and that the potential strength of a wall can be
obtained' by using mortar et least as strong as the blocks. o
Kr:Lsten a_nd Scknllze(57)(1 936) carrled out similar tests to those of
_RLchart et al, on wal_'Ls and wallettes made with various types of

.

: ‘bloclgs, : l\value of 0. 81 was obta:l.ned as the strength ratio of the
la.rge to the sma.]_'l_ wallso WaJ_'Ls were. 5 ft, long x 10 in. high and ¥
waJlettes were 2 fto 8 in. long x 2 ft. 8 in, h:Lgh both having the .
Same thchq1eSS. n ,1938,_Wh1ttemore, Stang and Parsons (10k2) con-
'ducted tests to assess the structu.ral properties of low-cost housing |
constfuctiono Dense hollow blocks of 1760 and 2880 1bf/in® crushn.ng

strength (on net area) were usedo Mortar strength varied fro_m 630

to 3220 1bf/in®,  As ‘the second part of the same investigation(!O4P)
in- 1939/ ' '



in 1939 they tested 12 cavity walls 8 ft. 3 in. high, Lft. O in.
long and 10 :|.n. -thick with a 2 in. cav'ityo' In 1939 as the final part
' (10Lke)

of the investigation tests were carried out on 48 cavitj

walls, 36 of which had brick facing with a corcrete block backing -
‘while the -remaining 12 walls were built in cancrete blocks. . Walls
were te_sted under compresslve, transverse; ooncentrated, impact and
raok:i.ng_ loadso - In the compression tests single-lea.f walls i‘a:Lled

by crush:.ng of two to vi‘our of the top oourses and vertical splitting;
In the case of ‘ca\rity walls failure appearecl in the back:lng; 'Fail.ure
in transverse loading was by rupture of the bond between the fac:_ng

and back.n.ng at bed J'o:.ntso In racIcmg tests lToads were app]_'Led

near the upper end of each wall specimen to a bea.ring-plate covering
both the fa.c:l.ng and backing, the stop was also in contact with both.

| At the ultimate load failure in wa]ls buJ_'Lt w:Lth block and mortar

of approx:_mately- the same compressn.ve- strength was by crush:mg of

, blocJI;S in both faclng and backing and dlagonal shear along a d::.a,;onal
‘path through the blocks, The calculated shear strength was 12 1bf/in®
'on gross areao S:Lngle leaf and cavity walls constructed w1th mortar -
weaker than the block failed by 'rupture of the bond between the

mortar and the block in stepw:n.se cracks along the bed and head- Jon.nts :
dlagonally from load to.a stop in both facmg and bacR:Lnge

(h7)

Hermlann in. 19)43 us::.ng numerous test results for a varlety of blocks,

both hollow and solid arrived at the expression

S 3
w= k \/mosoz

-Where w = blockwork strength
m = _ mortar strength
s = block strength )
k = block characterlstlc constant.

The value/



The value of k for solid blocks a.nd-—ms—- ratios_'h.vh, 7.5 and 9.'.,)4- were

0 85 5> 0,71 and 0,66 respect:.velye For wa.'L'Ls constructed with ‘
hollow blocks values of k were found to be Oo57, 0,57 and 0,55 for the
respective -1%_ ratios of 603, 3.8 and 3 9. ‘
In 194 Nylander(77) used a variety of solid and hollow blocks for
the construction of his test walls. ~ The obj ect of this investigatioh
was to determine the strength of walls built with blocks and mortar

. other than the ones he used in his tests: .WAallsAwere 3ft.3in. long

. and 9 fto 10 :Ln. h:Lgh. ) Three walls from. each specimen were built
a.nd tested in axial compression and eccentric loading applied at the
}top, and bottom, in opposite and in ~the same dii"'ections'. Blocks
tended to be nmch‘strohger than 'the mortar usedo By studying

'- the mecha.nlsm oi‘ faa.lure a formila was suggested i‘or the wall . strength
'based ‘on block and moxrtar strengtho In. all tests fa:t_'l.ure occured
| by ver_tn.cal sphtta.ng- of the blocks o D:Lrect measurements bj Has‘t(’43 )
'(1 943) ‘had shown that compressive stresses are ‘set up in the rmorf.ar-‘

.at 'right angles to the direCtion of compressive load causing tensile V

' . stresses .in ‘the block and ult:unately failure in the wall by tens:x_le -

.Spllt’tlngo Assum:l.ng that the tensile strength of concrete block is.

: proport:.onaI to:

_ 3
(block strength)

and know:.ng that the tens:x.le stresses in the block may be propor--

tional to the wall compressive strength minus the compress:Lve

strength of the mortar Nylandei' arrived at the following. equation;
. 3 - -
w= m+ K 52

where k being a constant characteristic of the_ block; " The above

_expression only/

,I(9_4
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express:.on onJQf holds :Lf other propert:.es of blockwork such as thlck-
~ ness of joints, type of block and its d_'l.mens:Lon are kept constant. |
» DeVelopment of an expression to inc¢lude the above variable entails

an extens1ve :_nvestlgatlono Since the above formula is based on

the assumption of a tensile faJ_'Lu.re, the formula suggested applies .
only to the cases where the ratio of block strength to mortar strength
or v:ice versa is great. For blocks of 1180, 2620 and 2902 lb:f.:‘/:i.n2 5.
K was calculated, being 1.26, 1.18 and 1.21 with 7% variation, For
block strengbhs-of 1607,' 112}y and 1152 lbf/in2, K was 1.1 0, 1,00 and
O_.96 respectively the variation being 14%, Mortar strength was not
greater than 285 1bf/in’. = N |
Fishburn(3®) in (1961) tested 114 masonry walls, 58 o}:_these were
-cozlstiﬁcted with hollow blocks and .the remainder of camposite |
_construction’ with a brick facing having a concrete block backjn_g".-
Tl.'le programme included a sfudy ‘of the physical properties of mortar, E
bond strength be'l;ween mortar and ‘blocks, and the strength of masonry
wé.'l_‘l.s J_n compression;‘ Walls tested under ré.cld.ﬁg and flexure

" loads were bt fto to 8 £t. long and 8 ft. to 8.67 ft. high, cured in
. the labo'rato‘rylénd tested after fifteen dayé; Block cqmpreséive
Astrength W;s\‘21 00 lbf/inz. ‘Under compressive load failure:was

by vertlcal spllt'b:x.ng a.nd the average compress:Lve strength on the -~
- ‘net area of the walls ranged from 1030 to 1240 lbi'/:_n depench.ng

on the grade of mortar usedo The strength rat:Lo ranged from

0.9 o 0.58 with an average of O.5h. In general, moi*par strength
had little e_i‘fect on the étrength of blockwork. The secant modulus
of elasticj.ty é.t 1QO lb.f.‘/:'m2 compre»ssive load on gross area ranged
from A0.53/» | ) |
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fron 0053 X 106 t071°18-x 1d6:lbf/in2, deereasing'with increasingJ
loadso, . The values did not change greatly for a stronger mortar.
Fishburnis test arrangement for the.racking load and a typical"
shear failure is shown in Figo (2.1)s Ioading was applied diage
onally through steel brackets, Failure in all walls was primanihj
caused by band failure between blocks and the mortar allowing'a ~
stepped path passing through the vertical and horizontal mortar
301nts,_and along all parallel to the wall diagonal. His test
results show an increase in shear strength from 66.1bf73n for a
BN mortar (680 lbﬁ/ln ) to 103 lbf/in for a ‘CS'mortar (2200 lbf/in )o

- It was- concluded that the bond strength of mortar was the prlnclpal
factor affectlng the shear strength of the blockwork, and the mortar

~compressive strength affected the band strength. He also found that
the shearing modulus of elasticity at 1h.lhf/in2 average Shear~stress

was 0.1l x 10° 1b£/4n%. In his final 3l walls flexure tests with
lateral 1ine loads applied'at quarter‘points of simply supporteo wall, -

Tests were done with the wall bed joints perpenoicular and}parallelbto
the span. In general walls with their bed joints parallel to the
span were three to four times stronger than similar walls when tested

'vw1th bed JOlntS normal to the span, Failure always occurred in bond,
fshow1ng that the ten51le strength of mortar was greater than 1ts bond :
strength to the masonry°
Determination of tensile bond strength'between block and mortar resulting
from flexure test of walls, wallettes or simple beams is reported by

many investigators° These tests in many cases are not practical, and

due to possible existence of/ -



Plate 2.1 FISHBURN'S ARRANGEMENT FOR RACKING TEST



E reported by ‘various investigators: such. as Polya.kov

(2

esttence oi‘ stress concentrat:l.ons they-may gJ.ve a vmlslead:mg answer -
as to the act‘ual value of tensn_'l.e bond strength of mortar to the

' masonry Other methods of determm.ng the talsn_le bond strength are
(79) Semm(%)
Ritchie (83) and Kuennn.ng(5 ) which utilize use of brick or block
couplets a.nd a dJ_rect method of testlngo

(110) in their extens:_ve work tested 592 concrete

Copeland and Saxer
block r'ouplets in order to cover all var:Lables ‘and to prov1de data -
~on the-:.nd:.v:l.dual varn.able factors-o They employed a flexural test- .-
ing procedure, producing flexural stress normal to the ho_rlzontal
mortar joints, using two block assemblyo 'ﬁhe \tes_t.s- refrealed that the o
type of_ portiand cetnmt,vjime and '.-the n‘se of me in mortars, o
‘specimen storage, re-‘-temper:ing of morta.r, weighting 'of'joints dur:Lng S
'hardennng all had a. minor ei‘fect on the tens:l_'l.e bond strengtho '
However, other factors such as compress:.ve strength oi‘ mortar a.nd
_.1ts cons:.stency espec:.ally, method of cur:.ng had :l.mportant effect an - g
the tens:n_'l.e bond strengtho Damp curlng a.ncreased the bond and the
_tensz_'l.e bond ‘of ,the epoxy Jon_nts e:_cceeded the tensile ‘strengthgo‘f
_concrete; ' ‘Tensile bond strength.of mortar to a variety ofgconcre_te.
blocks 'eogo\dense and ]_ightweight were obtained‘ from ﬂexure tests;;
' J.ncons:n.stent results were ‘obtained. | | _ | A | _
Palmer. and Parsons(78)(193h), Seamann(%)ﬂ 955), FJ.shbum(BS)(1961)
’ '_and Hedstrom ()45 )(1 961) ‘they all observed that mortar w1th high
compressn.ve strength yielded hlgher bond strength and also proper-
‘curing of joints had a marked. effect on the bond strength of the
MASONTY o o - ‘_ |
.- Kuenn:l.ng(5 ) tested. crossed-br:.ck couplet us:Lng tr::.pod method as .
descrlbed in A.S.IM. E 19h 66 ()" ke denonstrated that due to

" the high/
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the high magnitude of bending in the cbui'se of experiment, the speci-
men undergoes non-un:i.fb_m loading. Due to this loading the’ couplet
is more highly stressed at the edges of the mortar joint than at its
centre, Fig.(2°2), developing larger tensile stresses at the ends and

- resulting an early failure.

Corcrete
brick

Mortdr

Fig. 2.2 Schematic representation of section through crossed
brick couplet during test with tripods after Kuenning.

He alsgﬁ‘ uséd a direct tél_rl_sion test method, His test arrangement

| for testing a half—block_ couplet assenlbly in tens:.on is sn.m.la.r to
-thei ane used by the au’qhoi in Chaptér Lo In this method a more
realistic simlation of Imgitudhd forcéé in the couplet is achieved ‘-
and- because of th_e ex:i.sience of bond between the steel blocks. and.

. the couplet no bending stresses are induced in ’phe' assembly and under
Joad the couplet will be in a state of uniaxial tension. |
Hedstr’om()45 )(‘! 961) investigated the compressive and flexural ‘stren'gth o

of éoncrete/
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of concrete bloekwerk laid in nine di_fferent patterns and compei-ed
the results- obtained with that of the conventional running bond pattern.

_' Walls were L4 fto m.de by 8 ft. high. I:Lghtwelght aggregate concrete '
blocks 8 in. by 8 ine by 16 in. with three cores and mortars of two
different strengths (1290 and 2500 1bf/in2) were used.  Considering
_the 10% variation in wall strength for the two different mortar
strengths he concluded that the eonrpressive strength ef the block-

work depehds an the block strength and is little affected hy the
strehgth of mortar. For all.waJ:Ls tested the factor of 'safety based
on allowable compressive stress of 85 lbi‘/inf’2 rahged i‘.;com Lo2 to Tob
proving that the various patterns were sat;i.sfaétofy for load bearing
pui-poses. o E - -
In 1966 as special investigation for the Cement and Concrete Assoc-
iation(17) , Building Reseai'ch‘station conducted axial loading tests
on six block walls of storey height_'-.. SoZL'Ld and hollow blocks of

. 1560 to L6LO 1bf/in’ crushing -strength and 1:1}6' cement :lime:sard mo'rQ

. tar mix was used. ~ Mortar strength va.ried from 850'to 1090 1bf/in2;
Walls were 6 fto long by 9 fto h:Lgh w1th th:.cknesses ranging from |
3 :.nches to 6 :anhes. ' They were cured under polythene sheets for -
three days\and tested w1th:|.n 28 to 39 days. Failure in all WaJ_ls | 4
was by sp].ltt:mg a.nd local crush:Lng of the upper portlon of the test |
.wa]_'l.o The wall to block strength ratio va.r:Led from 0.52 to 0.78
The following approm.mate relationship was suggested for the modulus
of elasticity. | .

E = 850 /W b
where /'(b is block-strength (c’mﬁ gross area).
. Erntroy and/. | |
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‘:Erhtroy.and Weeks (33) (1 970) also reported ‘the results of 'bheJ_r axial
.tests on walls constructed of hollow concrete blocks with a pla:.n

or reinforced concreté ;mf:t.'lle | Iwenty two Walls were tested in
order to assess the effect' of waJ_'L sti*erigth when hollow cores are -
i‘i]led with in-situ plain or reinforced concrete. 8 in., by 8 in. by
16 in. blocks of 1370 and 2400 lbf/:m Wlth a 1:%:3 mor'bar of

5360 lbf/in crushing strength were useds The following conclusions

were drawn, '

1o 'Ini‘n_'l_l:mg :l_ncreased the wall strength by about 50%.

2. Vertical steel increased the wall sirength by 25% but did not
have any effect when lower strength blocks were used for wall

construction o

30 Horizontal steel n.n ‘addition to vertical ren.nforcenent caused

| a further 10% increase in wall strength. '

| Yof:el et al. (106, 107)(1 971 ) ‘published a rep'ort which is based on the
results of 192 full-scale wa_'L'L tests oi‘ which a tota.l of 11l were
concrete masonry, sol:Ld hollow, ren.ni‘orced and cavity constructloc. :
A classic analysis determined the wall lower strength 11m1t enab]_'mg
‘the prediction of the strength of slender wa]_'l.s under eccentric com-
.pressn.ve loed and a comb:matlon of eccentric and tra.nsverse loads
" using a load moment J.n'beract:.on curve ,assuming: that the compressive
'stren.gth' in berliding‘is equal to the compressive -Astrength of an
ax‘La]_'Ly» loaded prism and further by‘apply:ing'a strength reduction |
factor for slenderness on the basis of the additional moment J.nduced
by the wall deflection.,. |

Yo kel(1 08) (1971) derlved equat:Lons giving upper limits for elastic
deflection and the lower ]J.mlts for the critical loa.d for cornpressn.on

members in/ |
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members in deriving his ‘Vformu_'l.a he made the following asmptions:
1. Members to be prismatic with rectangular cross-sections.

2, " To behave elastlcally'under load with a linear stress strain
relationship.

3. Tensile strengths to be neglected, ,. |

The theoretical solution was used to predic'l'f results of tests on
39 walls tested at the Structural Clay Products Institute. - The
trend of the test results.was predicted by the theory but the lvqad
carrying-capaeity was oﬁly approxinately estimated.

Following the construction of a 700 ton.f. testing rig at the |
Cement and Concrete Association '(Research and Development :Station)
in Ja.nuary 1972 tests werée conducted by Read and Clements(ao)

A total of 11 walls were built w1th a 1:1:3 mortar mix of 1335

to 5610 'lbf/in and were tested to assess the suitabi.’l.ity of the
test:.ng frame for testing masonry W&'Lls W:Lth the maxdmum .
dimeasions of 8 ft. 10 in, hJ.gh by 6 ft, 6 in. W:Lde. The tests

( 7) were repeated at C° & C.A. in order

carried out‘at BoRo So
to compare the perfomance of the two test:mg machines, Fa:.'l.ure
in all Walls was by sphtt:.ng, and the tests on two groups of
four :Ldentlcal wa]_'Ls showed a coefi‘::.c::.ent of varlatlon of 6% : The )
| Co & C.A. results were 10 and 25% h:l.gher than t.he BeRoSoe results
A j for the low-strength and h:n.gh-strength walls respec:t::.vely° : The AA
difference in wall strength characteristics were due —to-t_he_
variable character of the material, workmanship and the capping.
The si_;rength ratio varied from O.Ll to 19011 '_bhelowest value
being for the wall built in blocks with the highest crushin-g_‘.
streng£h° -The modulus of elesticity IE! ranged from 1.12 x ‘lO6

to 2.33/
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40 2,33 x _106 1bf/in2, Block strength varied froin 1360 to 3755
lbf/inza ‘The lowest valuevéf "E" was obtained'for walls built in
high-strength hollow blocks while the highest "E" value was

- obtaiﬁed for walls built in lowest strength cellular blocks.

" Read aﬁd Clements(81)(1972) tested 38 walls and éOOO control
specimens, Factors such as 'strength ratiot for the wall and the
masonry couplets,the slenderness effect u51ng three dlfferent
slenderness ratios, stlffness of units and walls and fallure
characteristics were investigated. Suitability of two-block
couplet ac a control specimen was also. studied. WallsAwere app-
roximately 8 fte 6 in. high by § £to 11 in. wide» 1:1:3 mortar
mix of relatively high crushing strength with various tjpeé of
bloéks, solid and hollow of 855 to L4365 lbf/'in2 cruéhing_strengfh
ﬁere used for the wall constructioﬁo Wall pféparation and tests
were conducted according'to the BS 2028 1968(10) and CP 111 Part 11,
1970(15). . For all solid walls tested, mortar strength was higher'
‘than the block strength the difference in stfength in some cases
'amounted to 2600 lbf/ln ° " In conclus1on, the use of 51ngle block
seems to be more advantageous as -a control spe01men over the |
couplet, ;Ihce the fqrmer was easier to prepare° Their results

' ﬁeré'co@pared with ihe'codg'of praétice CP. 111, 1970 part II, and -
the proposed revisioﬁ of CP 111, 1970, A iafge increase in the
basic permissible stress was bbserved when the wall panel tests
resulfs were used in accordance with section 5 of CP 111, Part II,

-1970 Appendlx C of the Draft Code(16)

(25),

Converse
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Con’verse(z5 ) (1946) rei)orted a series of racking teste on n:I_ne
re:l.ni‘orced concrete masonry walls with three varlatlons in pro-
port:Lon of hor:.zontal to-vertical relnforc:l.ngo H;.s 10adq.ng rig
_was such that the wall was subjected to pure shear and the failure
occured as the opening Qf "a diagonal creck joining the loaded
corners. The major result was that the failure Yoad increased as
the increase in reinforcing st.eel- area, whether this steel was
placed horizontally or vert.:l.ca.'llyo |

Schne:l.der(9 ) (1959) carried out shear tests for a series of full-
scale reinforced grouted masonry walls of clay brick, hollow

| Aconcrete blocke , and tied double-leaf ccncrete“brick walls. A1l
walls i‘a:Lled in diagonal teﬁeiono | In the case of the hollow
concrete blocks little d:l.fference eJG.sted between the ultimate loads |
sustalned by s::_mllarly constructed walls re:m.‘f‘orced on the basis
of 0.002 or 0.003 x the gross cross-sectional area of the wall, in-
d:.catlng that the lower qua.nt:n.ty o ren.nforc:mg was sufficient to
develop the ult:.mate shear resistance of the grouted masonry.
However, the load at which the first crack appeared was not:Lceably
lowered by a reductlon in the amount of wall steelo - ThlS was due
to the fact\that masonry separatlon cannot occur until the rein-
rforc'ement in the region of high stress has:'yieldedo He also
'disccve-red that there was no basic differénce between the shear -
resista.nce ‘of the stack and running bond' concrete block masonfv aan
that :.ntezmttently filled-cell walls resisted a total load of about
67% of that susta:l.ned by solid grouted walls,

Scr:.ve.nere3 ) (1966), tested re:.ni'orced concrete masonry walls &and .

~concluded that/
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concluded that the a.mount and distribﬁ'tion of vertical reinforc ement
are the critical factors in determining the stiffness and failure
loade He further noticed that increase in the amount of vertical
steel would increase both the strength and faa.lure load, and the
most effective p031t10n for this reln.forcement would be the perlphery :
of the Wa.'L'Lo . By assuming y:.eld:.ng of all vert:.cal steel and that
the centre of compress:Lon is the toe of the wall, the failure load
may be. predlctedo The resisting moment of a wall was.then the

sum of the moment of the yield forces _in each bar 'times the lever
arm, distance from the toe of the wall to the centre line of the bars
The horizontal re:in.t‘orcem.ent did not contribute to the .resisting'
moment and therei‘ore it did not alter the st:.f.‘i‘ness or i‘allure

load s:.gn;:.f:.ca.ntly.

Following this work Scr:n.vener(93 )

repox*ts results of further :anest-
igation on concrete masonry shear wa]_'l.o - The object of the tests
wece to get lnformatlon to aid des:.gn of 1oacl—bearing re'inforc'ed' ‘
block masonry walls subJ ected to earthquake loads, us:Lng perlpheral .
Vertlcal a.nd horluontal re:l.nforcemento' Test ar:angement_s were
'sn.rmlar to ‘the previous with the d:i_fference that the wall was anchored-
aleng 1ts\ base by welding mild steel vertical deformed bars to 3 inch“
dJ.a.meter screwed rods proj ect:l.ng from the. reln.forced concrete baseo
Loads (in vert:n.cal and horizontal directions) were apphed
simultaneously and the ratio of the two loads was kept consta.nt a.nd
equal to 099 in order to balance the over‘h:rn:mg moment ‘of the

rack:_ng load about the wall toeo- Failure load was 'greater with
higher percentage of Ife:i.nforcement up to'O},BZ of the gz'ose Cross=—-

sectional area/
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sectional area of the wall, above this the addition of reinforcement
"had a very little e:fi-‘ecto The average shear stress of ‘l70tlbf/in2
'ton gross area was obtained.and both vertical and horizontal
reinforcement were found effectite in'troviding the satisfactory
failure load and crack behaviour. | | } |
Schneider(9 1 )imvestigated thefbehaviour of full-size field constructed
concrete masonry piers subjectedito lateral forces;} He studied

its modelof failure, amount‘and.orientationvof the web-reinforcement,
jamb-reinforcement and the effect of axial pre-compression. . From
the mode of failure exhibited by piers, vertical reinforcement did
~not restrain the propagatlon of the cracks and therefore did not
smgnlflcantly increase the pier re31stance in terms of shear strength.
The spread of'diagonalvcracksvhowever, was prevented.by horizontal
reinforcement, and-piers_were‘strengthened; Applicationiof L0oo

lbf/in2 precompression 1ncreased the shear strength by 51% for onapier,"on-

 the other hand, the difference was 1n51gn1f1cant for two other plers

‘tested under the same conditlan°
' A study of the behaviour of dense concrete block masonry'walls under .

(51)

ax1al compression was made by Tbrahim - A total of nine walls
were tested: From his test results he cancluded that. the blocks
were: adequate for mmltl—storey constructlo:n°

(hh)

.Hassan 1nvest1gated slenderness ratlo and 1ts effect on the'
ultimate strength of masonry'wall built in llghtweight aggregate
concrete blocks. He compared fram his-teetjresults the stress
reduction factor and its variation with slenderness ratio with
various existing codeso His results indicate that the values of
reduction factor given in CP 111, Part II (1970) are coﬁservative,v

and suggests that further axial tests should be carried out to study -

the effect of end rotaticns and deflections on the effective height.
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CHAPTER 3 - COMPARATIVE STUDY OF THE BEHAVIOUR OF % AND FULL-SCALE

LIGHT-WEIGHT AGGREGATE CONCRETE BLOCK MASONRY WALLS .

UNDER AXTAL COMPRESSION

3,1 INTRODUCTION

As a ‘tooi of structural design and research,_ model testing has been
developed over the _pas*o half celrif,u:;'y° | The increasing use of complex
- structural forms has ca]-.ledvupon the need for struc_tural model .
‘Ees‘bing. These types of structures do not readily lend themselves
to analysis by existing theories of s‘_bructural ané.iysis; This is

| particularly' the.case in the fields of shell structui'es, slender

_arch dems , and complex three-dimensional building structures.

Basically.two types of models. e:cj.et‘:

(1) "Elastic Models" in which inate:rial is homogeneous and isotr0pic;
This type of model test may be used to eetablisl-'l; modify or |
sﬁnplify theoretioal- eoiuﬁion based upon classical theory of .

. elas‘tioi’oy,. | | _ o E

(2) ,"'Realistic Models" in which case the material used in the

model is :1.dent:|.cal with or related to that used in the prototypeo

VThe present J.nvest:Lgatlon is based upon the second method of

model testmgo

3,2 REVIE.J OF SIMITAR WORK

A1l the releva.nt ex:Lst:_ng htefature are based- on :mvestlgatlons
into structural performance of brickwork, and to the. authorts
knowledge so far no work has been conducted on blockwork utlil_lsmg
‘model technique.  The following survey outlines briefly similar

work canducted an model brickwork under compressive load. -



Speer(99)(1953/h)‘used photoelastic téchnique to- study the Stréss
distribﬁtion in the brickwork. His studies revealed_the'efistance
of tensile'or compressive stresses in'the-horizéntal direction
-due to deformatlon of brlcks and mortar° In order to investigate
the basic principles of model tests for brickwork Vogt(103)(1957/58)
carried out tests on /10-sca1e plllars of 6 cmx 6 em x 30 cm,
using mortars of dlfferent strength, He concluded that the
_ten31le strength of the brlck is the determlnlng factor governing
the compressive strength of the brickwork. Nurthy(7h’75)(196h)
extended the application of model féclmiqué for testing brickwork.
' He carried out a large nﬁmbe: of tests on % and 1/6th-sca1e brick
piers in ordér to compare resulfs obtained on'full-scalé brick-
work at BoReS,, taking into account the effects of morfar strength,
eccentricity_and slehderness ratios. His test.results ﬁere given
~as non-dimenéional quantities in order to make a comparison with .
full-scale and model test results; ~ Fig (3;1); Murthy'!s tests
demonstrated conclusively ﬁhat the scaled brick ¢could be used to
investigate the behav1our of full scale brickwork structure under
'compre531ve load. Fbllow1ng Murthy!s work Slnha(96) Kallta(SZ)
‘and Khoo(ss) used scaled brick to Jnvestlgate various structural

- properties of load-bearing 'bra.ckwprk°

3.3 OBJECT OF PRESENT WORK |

1The.tests of,light-weight aggregate caﬁcrete block masonry walis
.deSOribed in this Chapter were carried oﬁt in-order to develop a
' modei technique for the investigation of the strength of block- .
work by establishing a relationship between %-scale model walls

and corresponding/
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and c_orresponding full size walls built with the same type of block
and mortar. The investigation was extended to determine the
'strengﬁh of blockwork, their elastic constants, to provicie» relevant
data for the design, and to examine the mechanism of failure in
blockwork by studying the behaviocur of wall panels representative
of storey—height building under ax:n.al compressive load.

3. | MATERIALS

3.4.1 Blocks .

Four types of light weight aggregate concrete blocks commercially
(60).

known as:. Thermalite, leca, Iytag and Aglite blocks covering

a compressive stren_gth range of '500 to ﬁOOO Zl.‘t‘)f/:i.n2 were chosen

for these teéts,; FullA scale blocks were 18 in. long x 9 in.

high x L in, thick, whereas blocks for éonstruction--of model walls

were cut in the .laboraftory frpﬁ full scale samples to the required’

'dimension ( 6 in. long x 3 in. high x | 1-%m,th_ick)'by a "Clipper"

machine, using an abrasive blade and exnploﬁng wet cutting - |

technique. |

1_scale samples were cut from 3 inch thick full-size blocks for the

following r_easdns: | |

(a) To m;{iiimize ﬂhe»cutting_ labour. |

(b) To obtain bearing surfaces exactly similar to those of ifull-
vsi-ze_biockso' o o - C | o

3.1402 Cement

» "Ferrocrete" a rapid hardening Poftland Cement Vwas used to give an

early desired mofta.r strength,  Compression tests on 3-inch . |

cement mortar cubes were conducted according to BS 12, 1958, the

- average strength/
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average strength at seven days being 1,830 1bf/in® against the
minimum of L000 lbf/inz-re'commended by t_he British Standard

- Institution.
3_J4°3 - Lime ,
4I;Wdrated lime "Class A" was used éonforming to BS 890 (13).
3.h.l Sand . |
Ordinary building sand, being available locally, ﬁas used for
blockwork construction, conforming with the limits of BS 1200,
,1955(”‘), and its grading is given in Table (3.,12)0‘ For the |
construction of all —é-;-scale and nine full-scale walls the<sa.nd
used was thoroughly dried to eliminate all moisture and to give
controlled test conditions. For the remaining four full size
Wa]ls.i£ was wet, but the moisture content w;as‘;‘measured and hence
its weight‘_was' corrected. | _ | .

30)405 Mor'bar.

Both modej. and full-scale blockwork were built in 1:1:6 cement: -
: lime: sand (by volume), the act.ua.i prqportioning was by weight,
m:%é».? cément:iime:sand per batch. = For construction of
%~$caie walls the sand waé sieved through a No. 1L siex;é to
elim:ina’;é large particles, |
" Initially trial mixes were made with varying quantities of water,
.an,d for the mix to have a workable consistency, the wa‘cer/cement.
: raf,io wasAadjusted to 1,92, This water/cement ratio was used
throughcut the wall construction, except that the méson was allowed
to use addi‘bionai water when nec.essaryo' Each batch of mortar
- was mixed by ha.nd, and froﬁ each bafch two 3—i.ﬁch cubes were cast

and vibrated for two minutes.

A1l mortar/
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A1l mortar cubes were kept in moulds for LB hours, being covered
by damp sacks, ai‘ter which they were demoulded.,  Half of these
were -cured in a curing tank at cons*ba.nt tvemperature,‘ and the
rema.indei' were cui'ed alongside the wall at the. laborator& temper'-'
ature, and humidity till they were tested with the walls. | Results -
_ are shown in Tebles (357 to 3¢11).

3.5. DETERMINATION OF PHYSICAL PROPERTIES OF BLOCK

The required physical properties for full size and 3-scale blocks
were determined as follows:

3.5.1 Density

- The density of full size blocks was detemﬁﬁed accord:lng t‘o BS .1 36l
2028 (1968). The.density of i-scale blocks calculated in the
fo]low:ingman.ner: Ten %—-—_scale cut specimens were chosen at random
from each groups, using cali.pers and rule, the'thickziess of each-
' specimen was measured at the six edges of the block° Also the
length and the height of each spec:.men were measured accord::_ngly

- and .the density was calculatedo Results for i‘ull and —sscale
,blocks"are given in the Tables (3.2 .and 3.3).

3s 5.2 Compressive S‘brength

‘The comp\ress:.ve strength of blocks were obta:med from tes‘bs on 'bhe

' : n.nd:.v:.dual blocks » the mean value for a sample of twelve blocks -

| bea.ng taken._ Twenty four blocks s Were chosen at random from the
available st.ock, twelve of these were prepa.red and tested in
accordance with BS 2028 (1953). The remaining twelve being pre- '
| pared in the same way and were kept in the laboratory teste_d after
‘bhey were completely: d.r"yo The crushing strength, coefficient of
 variation and the rané;e of strength for the ‘va.t'ious types of

blocks full/



TABLE 3.1 - SIEVE ANALYSTIS OF ORDINARY BUILDING SAND USED

IN CONSTRUCTION OF FULL AND i-SCALE BLOCKWORK

(BS 1200, 1955)

BS Sieve No. ' ¢ Passing by Weight | % Retained
- 1/8 98.5 E S1.5
7 - ' 98.0 -5

1 %67 1.3
s | e 1 3.8
w 63.L A e
100 o 17.3 | 46

Finess Modulus = 9:6_27



TABLE 3.2 - DENSITY OF FULL SCALE BLOCKS BS 2028

Coefficient .
Block Type Density variation Range:
’ pef . 4 %
Thermalite 51,5 1.32 Ll
Ieca 58 03 1 o)-l- . ' 5.07
I.ytag . : 8’406 | 502 170‘6
Aglite 93 23.5 6.9

" TABIE 3.3 - DENSITY OF ONE-THIRD SCALE BIOCK

: . Coefficient
Block Type Density variation Range -
pef % %
Thermalite LY. L1 15
Leca . 57.8 3.1 706
mag . | 8001 . | 805' . 708
Aglite . 97.0 22,1 642




TABLE 3.4 - CRUSHING STRENGTH OF FULL SCALE BLOCKS

Crushing Coefficient of : .
Block Strength variation Range Mode of |
Type 1bf/in? % 4 Failure
Thermalite 500 13.7 LY .21 Shear
Leca 733. 9,98 29 Shear
Iytag 1607 21 70 Shear.
Aglite - 2161 7.8 27.5 Shear
TABLE 3.5 -~ CRUSHING STRENGTH OF 'ONE-THIRD SGALE BLOCKS
Crushing - Coefficient of .
Bloock Strength variation Range Mode of
Type 1bf /in? g g failure
s P4 g : -
Thermalite | 517 | 565 1.7 31.5 | * Shear
Leca - | 763 | 82 7.8 21,7 | Shear
Iytag ~_ | 167 | 180k na © 13,1 | ‘Shear
Aglite (1) ] 2717 | 2939 bl ' 55.8 Shear
aglite (2)] 3931 | k25T 12,5 39,3 ‘| Shear

+ Cured and tested according to BS 2028

£ Cured in the laboratory atmosphere




TABLE 3.6 - TENSILE SPLITTING STRENGTH OF L-INCHES DIAMETER CYLINDERS

BORED FROM L. INCH THICK CONCRETE BLOCKS

Tensile splitfing

Coefficient of

Splitting strength/

Material " strength variation ‘Range crushing strength
|  1pf£/in” g :
Thermalite na 30 8,81 .09
Leca 6l 6.2 1.8 ,087
Lytag 168 5.7 1.4 0L
Aglite (1) i9h_ 3.8 10,3 .090.
Aglite (2) 350" bl 1.2 .090

(1) Aglite Hlocks of 2717 1bf/in® Compressive strength

(2) Aglite Blocks of 4257 1bf/in Compressive strength
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blocks full and i-scale are given in Tables (3.4'83.5)

- 3.5.,3 Tensile Strength

" The :Lndn.rect 'Brazi_’lian'- splitting test was employed to determine
* the tensile strengﬁh of each block typeo AAsampl,e of six L4 in,
by L in. cy]jhders were bored from sii full-size blocks taken at
random from each batch of blockso The specimaﬁs Were p_repared
and tested in a dry conditiam, Test results are given in Table
(3.6)- | o
| 3.6 CONSTRUCTION OF WALLS

3.6.1 Full Scale Walls

2 total of 13 full size walls were built, all being h-.:'anhes' thick
and 8 fto 3 in. high x L ft. 6 in. long. Fi'omeé‘lch type of block
'bhree Walls-wez;e const‘ructed except for‘Ly‘t;ag blocks , in which

case four iva.'l_'Ls Were built., To fac:.]:l..tate subsequent handlmg,
the test walls were constructed in 'bhe test rig and on a

_ previously levelled cancrete base'by a p;'ofessn.onal mason; 4They4'
were built in ninriingbond ueing typical coristruction "t_echniquee -
wh:.ch are descr:x.bedo A full mortar bed was la:Ld on the support:_ng
: pla‘bfom in the 600 ton mult:.-purpose tes‘b:.ng rig (©) Plate (3. 1),
at the base of each wa.'L'L;, The face of the wall nearer to the

" mason wae kept in a]_'l_gnment by him and the mortar ;joints in :

both faces were cuf—ﬂush and were not A’c.-ooledo The .head joint'sA
were etéggered by using cut .stretchers at the ends of altermate
coursese. -Th'e mason was instructed to keep up the same worIﬁﬁanship
and to use‘ mortar wifh the same consistency "phrbughou_t the wall
construetion,- keeping the mortar bed joinﬁs Athick:ness to three-eighths

inches in/
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Flate 3.3 TOADING EQUIPMENTS FOR FULL~SCALE WALL TESTS
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';i.nches in ,al'l.- cases. For this purpose a storej—height coursing
rod was supplied to -the mason. For construction of each full .
" size wall three batches of mortar were usedt-a-nd from each betch
'“two- 3-inch mortar cubes Were cast, Walls were a]loned to cure
in the'laboratory for 15 da.ys° A check' on the plu.mbness of
.walls was made’ pr::.or to the test to ensure a unlform loading

‘ All walls Wwere capped by 1:1 Fondu cement sand morta.r, a 2-:1.nch
nortar bed was laid on top of the. wa.ll and the spreader bea.m

"was lowered into this bed and levelled in pos:.tlono

39602 Model »Walls
- The same’ number of l—scaie walls were builto ) They were 11-inches
thick, 34} inches high and 18 inches long. To facilitate eccurate |
'constructn.on in : the laboratory, Jjigs Were made to the reun.red _ o
dimensions and fixed plumb onto a flat steel plate, (Plates 3 5 & 3.6 Do |
‘ The thJ.cImess of the mortar beds was scaled down to one-e:Lghth
inches a.nd the mason was. :Lnstructod to keep it constant throughout. :
-For th:Ls purpose guide llnes wer_e drawn on_ the wooden back:.ng 5 |
.A of the jigs to msrk each course of blockwork. " A'"hree modellwall's
' 'were bu:.lt at .a time i‘rom each mater:n.al, s:l.x 3-1nch mortar cubes
. were‘ cast\i‘rom each batch a.nd cured t:Lll they were tested with
the Walls.

3.7 EXI’ERD’LENTAL PROCEDURE -

'.30701 Full-Scale Wa.'ll Test and Strain Measurement

g The full-scale walls were constructed within the loa.d_mg fra.me
: Plate (301 )o During the cur:n.ng period being a minimum of 1k

days/
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'dajs the wall was prepared for fhe ‘best; Four compressometers |

- ‘of 72-inches: gauge length were fixed by meé.ns aof brackets to each
corner of the wall (Plate 304) to measure Vertical shortening
under axial loads  "Demec" studs were fixed on the blocks and
the mortar ,jo:.n‘bs on the 5th, 6th and the 7th courses in horizontal
and vertical directions, The horizontal deformations of all full-
scale walls were measured by a 2l iﬁch "Demec" gaﬁge and four
.horizqnta.]_ly mounted compressomete-rs; The- axlal lcad was applied

© 6 the wall by three hydraulic rams each of 200 bons capacity

( Plate 453462) through a wélded box spreader beam 8ft° long made up
of 2l inches by 12 inches by 100 1bf/ft universal beam, - Where
the ultimate strength of wall was expected ‘bc be iow, 1cast number
of jacks we:r;e used giving better accuracy in 'Bhe readings; Three
load cells prev:.ously calibrated in an Avery Test:t.ng Mach:mc,
were placed dlrectly under the rams, the 1oad cell readings were
measured with a dlg:.tal voltmeter' capable of reading to an accuracy
of 5-m:|.crorvolts (Plate 3o3 Append:.x 1. )o The reading of d::.g:n.'bal
voltmeter was recorded for each pre-determined Load, To ensure
that the compressometers Wwere in work:mg order the wall was
'J.n:z.t:l.a:l_l} loaded to half a ton a.nd morvements of the dial gauges

: .wAere observ_ed_a - The loa.d was .then removed and thc initial zero
reading was taken, Readings cf compressomet:e;rs and "Demec™"
gcuges were ‘take}n oﬁ Both sides of- wall for each load increment.
ReadJ.ngs were.recorded up to about half the expected failure load,

 at which dial gauges were removed and the load was then allowed to

' incrcase at a constant rate, about 45 1bi‘/inz/mip ﬁp to the

failures
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Plate 3.k SHOWING THE POSITION OF HORIZONTAL AND

VERTICAL COMPRESSOMETERS



Plate 3.5 ONE-THIRD SCALE BLOCKWORK

Flate 3.6 HANDLING AND PREPARATION OF ONE-THIRD SCALE

BLOCKWORK FOR THE CQMPRESSION TEST



(29

3 7.2 One-Third Scale Wall Tests

The one-thlrd scale walls were tested in an Avery Universal Testlng
Machine Plate(3.6). . Prior to each test, a 2 in. x 2 in. steel
beam was bedded with 1:1 Fondu cement:sand mortar on top of the |
wall and accuretely- l'eveil_'l.etl in order to ensure a uniform dis-
tribution' of the applied load over the entire section of the

test wall. 2L and 12 inch "Demec" ganges were used to measnre |
vertical and horizontal deformations of nallso Rate of loading
was kept" constant about hS lbf/inz/m:i.n,

3,8 DISCUSSION OF THE RESULTS

3.8.1 Stress-Strain Relat:.onsh:gg

Figures (.3 2 t03e13) g\.ve stress Ve strain, stress Vo lateral strain
and lateral stra:Ln Vo normal strain relat:.onsh:Lp for all i‘uJJ. a.nd

| one-third scale walls tested., From the uniformity of results

it may be concluded that model a.nd prototype behave very s:.m:n.larly
under a.}aal compress:.ve load and the var:.atlon in the deformatlon
between correspondlng model and prototype is W:Lth:Ln the scatter

of experimental results, although it is seen that the deformatlon
in the one-thn.rd scale walls is shghtly h:.gher than the full—
scale waJ_'Ls.

3, 8 2 Relatlonshlp between Wa.ll Strength and Bloox Strength

>The relat:.onshlp between wall strength and block strength is pre—
sented in'Figure(3.14). From this figure the relationship |
between wall strength and block strength appea.rs to be non-linear.
Tt is seen that, the curve in Figure (3.1L) passes through the

- origin, elthough the block strength is that of saturated blocks.

This suggests/

TN
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This snogests that the existence of a pore water pressure in -
'saturated blocks is absent or of insignificant influence. On -
“account qf the porous nature of light-weight concrete blocks s

it is probable that a rapid dissipation of pore Water pressure in
saturated blocks takes piace upon 1oadjng°

The mean strength ratio (wall ultimate strength/block crushn.ng
strength) for a]l fu_'LL-scale and one-third scale walls are given ‘
in Tables(3.7 to 3.12).  The average values obtained ranged from
0,56 to 0.71 for. full-scale and O.43 to 0.67 for cne-third scale.
wa]_lso The difference in the‘ ratio between full-scale and

model walls may be due to the s]ﬁ.ght difference in the slenderness
ratio, section 3.890 These .results reé.sonably agree with the
findings of oth‘er. investigators. |

Richart eb a1(82) in their tests on 110 walls and wallettes obtained
values for strength ratio rangn’.ng from O°3h to 0,65, with an

e.verage value of 0;53.,4 Fis_hburn(3 5) reports an average value cf
0.5h. 'The same ratio from Copeland and ‘]5.mms(26 ):l'.nvestigation
ranged from O.3h4 to 0079; and they observ_ed that the blockwork
strength increases' li.nearly with block strength. | |

It may be seen i‘rom tables (3. 7 to 3. 12), where the strength
d:l_fi‘erence between the block and the mortar is 1arge ' v' the strength
:rat_n.o is low°~ ‘Ehe reason for th:Ls is that when the dJ_fference

in the strength between block and mortar is large the lateral
tens:l.le stress in the block induced by the weak mortar Jon_nt is high,
resultn.ng m.alower ultimate strength. Hence the strength ratio

will be lower. Read and Clexnents(ao’ 81 )also obtained low values,
for strength 'ratio for high strength block and relatively low

strength mortar.



: (31 

It is for this reason that in brickwork when the strength diff-
erence between brick and mortar is usually greate.r- than that for
blockwork, the strengfh ratio is lowero Mso in brickwork the |
ratio of morta.r _thickness to bI‘le depth is higher than the
corresponding value for blqckworko In brlckwork us:Lng :meer:LeL'l.
size brick the ratio is 1/7 , in the blockwork used in these tests
this ratio is 1 /230 The lateral tensile stress ihdu;ced by the
;nortar joj.ﬁ.t’ in a 'deeper_block'- is lower.

3.8.3 Mortar

The_wall tests ﬁe:b’e conducted under conditions that were relativeiy“.‘
unfavﬁurable in developing mox"bai' strength; The Wa.].'Ls were cured
in the laboratory a‘bmosphere and at a low percentage of relative
"humidity, so. that the only water avallable for hydration of the
cement was that initially conta:l.n_ed in the mortar.

‘The initial absorption of water from the morﬁa;r tends to increase:
;che strength by lowering the wéter/ce’ment ratio; however, since
mﬁch of the wa’c_,er absorbed b’jr the block owing to their porous né.ture‘
1S .quick_'Ly lost to the atmosﬁhere s ‘the mortar does hot I-'e'c-eive the
benefit o-i\.‘- further curing.

. N =
3.8.4 The Ultimate Strength of blockwork

By studying the variation of wall strength with the strength of
‘blocks and by comparing the results obtained with the results from
o{:her_jnvestigations(17’ 51) it is possible to predict the ultimate
strength of biockwprk built in solid block and 1:1:6 mortar pro-
vided that the ratio of block strength/mortar strength exceeds a
 value of 107; | |
Following Hefima.rm's work(lﬂ) the ultimate sﬁréngth of blockwork

may be/
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may be estimated from the equation:

3 —
W = K- mosz

where m = mortar strength (cured in the water)
s = block strength (BS 2028)
K = characteristic constant found to be 0.9,

Table (3.13) shows the results of this investigation. For compar-
ison the data and'the,calculated values of blockwork strength from
other 1nvest1gat10ns are glven in the same table,

3. 8°S Relationship between Crushlng and Tensile Strength.offﬂocks

The standard formula for tensﬂe Sphttmg Strength O'if

| ﬂD]_,
where: G’; = tensile sphttn.ng strength of the block(lbf/n.n )
| p = applied load (1v.)
D = diameter of specimen (in.)
L = length of specimen (in.)

‘was used to calculate the results given in table (3.6)., Fig (2.15)
shows the relationship between B.S. Compressive Strength and the
tensile strength of blocks derived-from}these testso . The relation-
’ Shlp is essentlally'llnear and indicates that the tensile to |
compress1ve strength ratlo does not, vary with the block strength
belng approximately /11 for all blocks testedo

3.8.6 Modulus of Elastlclty

A1), walls were tested at a constant rate of loading of about 145 1bs/
sq.in/min, The time lapse between individual set of strain
readings was between 7 to 10 minutes and duration of test for
various walls ranged from 1 to 13 hours. The stress-strain

relationship for/
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.

relatn.onshlp for md:.v:l.dual walls , and the typ:.cal variation of
secant modulus of elast:l.cn_ty ‘with compress:.ve stress for all walls
are given in flgures (3,16 to 3. 33) The i‘:.rst part of the stress-
strain curves, up to about 30-1:,0% of u.lt:.mate strength, is reasonably
straight. Beyond th:Ls stress leVel the stress- stra:.n relat:Lonsh:Lp
is' not ]jbearo For concrete the stress—stra:l_n relatlonsh:Lp is a
function of time'7®), e work of Rusch(’ 9) has shown that the
'etress-stra:"m behaviour and ultimate ‘strengths of cancrete are also .
a.ffected by the rate of loading. . Stress-strain t-elatiouship is
affected by creep durn_ng wh:.ch strain increases: w:Lth time. With
slow rates .of loadmg the creep stra:_n becomes - s:l.gm_flcant even at
small proport:l.on of ultmate load;, Therefore the static modulus
 of elasticity has been deflned in terms of secant values(7 ), at a
certain stress level and for the spec:.i‘:.c rate of loada.ng. _ Creep -
was observed in almost .a']J_- tests and was espec:LaZL'Ly pronou.nced foi'
masonry' built -in ueak mortar and bloc'ks with low density and low
crushlng strength such as Thermallteo The individual and the

mea.n values of secant modulus of elast:Lc:Lty at ‘ of'_ultimate 15;;&.
for a].'l. walls are given in tables (3 7 to 3912)n Tbe mean values for-
icorrespond::_ng model and prototype are about the same decreas:.ng |
wn.th :anreas:mg loado The dJ_fi'erence between the :Lnda.v:t.dual values
is probably due to the characterlstlcs of the mater:.als, test

arrangement, duration of load:mg and the workmanship.

3.8.7. Variation of E with Block Strength
* Figure (3.25) shows the relationship between "E" values (secant modulus

elasticity over/
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clasticity over % of ultimate load) and ultimate strength of masonry

walls tested,  Fuomthis plot it is evident that the Modulus of
fﬂ.asticit.y of blockwork increases with the strength of the wall and
hehce with the strength of blocks. Close relationship between
full and one-third scalev walls is -apparent. v'.Ifht.a relationship is
non-]:mearo

3,8.8 Poissont's Ratio

Values of Poiséon's Ratio for all walls were calculated from the

" deformation curves and at I of ultimate load using the relationship

ex , , -
Ey |
where s : )) = Poisson'!s Ratio -

€x= strain :Ln ﬁorizontal d':'lrecfidn

Qy = strain in vertical d;iiectioﬁ _
The values could é.lso be calculated from the two iongitﬁdinal and
tran’svérse. deformation a’c.- various stages of‘ stress . (Figs.3.10 - 3~°13)°
The reéults fozj the individual wall both full and one-third scaie are
tabulated in tables (3.7 to0.3.12). The average values varied from
O.,19. to 0,24 for full-scale walls and from 0,18 to 6020 for one-third
scale wa.]_'l.ss The variation may be due to the difference in the
’ efficiences of the gauge lengths used for measuring deformations.

3.8.9 Slenderness Ratio

For all full-scale walls tested the slenderness rafio was 18?6,
corresponding values for all models were 19.5, based on thé effective
height of the walls and their effective thickness. The difference
in Slenderness Ratio for full and one-third scale walls was due to

the difference/
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TABLE 3.7 "~ RESULTS OF TESTS ON FULL AND ONE-THIRD SCALE WALLS BUILT IN
" THERMALITE. BLOCKS AND 1 1:6 MORTAR

o : ' - ' . . ‘ ' - - Poisson's
Wall No. Age at test Mortar strength  Block Wall - Strength Secant Modulus of Ratio at
(days) - (1bf/in2)  strength = strength Ratio .~ Elasticity at & of 1 ultimate
: S (1b£/in?) (1bf/:m2) wall/block  ultimate load, Toad
v - | | . - (Wbf/in2)x10°
P 9 Cue 00 282 0.56 0.25 0.22
2 1 o we 50 o2k 088 030 0,21
W3 T 36 - B0 286 0.7 ' 0,27 - 0.15
Ave. - 1410 | s00 - 287 0.87 0.2l 0419
sno b 356 517 211 - 0.3 0.2 0.3
Si2 19 356 517 233 0,45 | 0,273 0,21
Si3 28 o 3%6 s 266 0.51 . 0.215 0.2
Aveo - 6 s 257 0.5 - o2l 0.8

full-scale walls
- one-third scale walls

Wall designation : FW
- SW



" TABIE 3,8 - RESULTS OF TESTS ON FULL AND ONE-THIRD SCALE WALLS BUILT

T "LECA™ BLOCKS AND 1:1:6 MORTAR

' ' o ' - . ‘ Secant Modulus of -
: : : Age at Test Mortar Strength Hlock Wall v Strength . "Elasticity ~ Poisson's
Wall No. (days) (1bf/in2) ‘strength . ultimate ratio of % of Ratio at
, B L - (1bf/in2) strength (wall/block) ultimate loa % of ult-
A - (Wpf/inf)  (b£/in?)x10° - imate load
A 15 w0 om0 S22 0.71 o088 023
W2 1T 'hSS - .om3. . 50 0,70 0,57 | 0,20
FW3 15 ws 133 537 . 073 0.6l 0.29
rve. = w7 - 13 526 0,71 059 0.2
s 13 ues 763 - 509 0.7 0,580 0,21
S 17 ' L2s 763 523 - 0.68 0L - » 0,18
3 18 s 763 "~ 500 0.65 0560 0416
Ave. - o hes | 763 B 511 0.67 0.56 0,18

W

Full-scale walls

Wall designation : W

SW = one-third scale walls



TABLE 3,9 - RESULIS OF TESTS ON ONE-THIRD AND FULL-SCALE'WALLS BUILT IN

| MLYTAG" BLOCKS AND 1:1:6 MORTAR

" Wall No.-

Wall

Age at Test  Mortar strength  Block
(days) 1bf/in2 strength  strength
- - 1bf/in2

1bf/in2 -

Strength -
Ratio .
Wall/block

Secant Modulus of

Elasticity at Poisson's
% of ultimate Ratio at
load , o % of ultimate
(1Ibf/in" )x10 .load - '

15 116 0.60 093 0.18
S 17 116 167l 90 0.8 0.87 | 019
Si3 16 - ‘ :. 4s6 T 95? . 0.57 1,00 - 0.0
Ave. - 30 e 958 0.57 0,93 | 0,19
T 15 | | hﬁé- . : 1608 | . 908 :,' j on57===='== ===:,02 '4=====f - o.2
Fw2 '21 ' . 138 o 1608 | 872 0,54 1.01 o 047
FW3 7 B R 0.57 1,10 " 0.21
Ave. - B/ 1 -‘- 1608‘ 900 o.5é (e T 0,20

Wall designation - one-third scale walls

- full-scale wallsx

i
W
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WV Ui W VL Lladdw VIV VIO LILLIVWW ALY DVldre=ouvinlly DIV UVLWUIILL

_ BUILT IN AGLITE BLOCKS AND 1:1:6 MORTAR

L ' o ' : ‘ vecant Poisson's Ratio
Age at Test Mortar strength Block Wall Strength Modulus of at L of ultimate
© Wall No. (days)  (1bf/in?) streng’i ultimate  Ratio Elasticity " Lead |
. A ' o (1bf/in2) strength - (Wall/block) at % of ultimate :
| (1bf/in?) load o g
. - (1b£/in°)x10
St 20 377 2161 167 0,84 -~ 1.08 0.2}
S2 1 361 2161 1109 0,51 1.3 0,27
Si3 1 105 2161 1365 0.63 1,20 0.20
Ave. - 361 2161 121} 0436 1,13 0.2l
FWi 15 L2t 2717 1366 0050 1,28 .20
FW2 16 pri 27117 1350 0,50 1,20 .20
W3 17 127 2717 1390 0,51 1,10 .20
Aves - " Ly 2717 11368 .53 1,18 .20 -

Wall Designation ¢

SW
130)

one-third scale walls
full scale wall



TABLE 3.11 = RESULTS OF TESTS ON ONE-THIRD SCALE WALLS BUILT IN

WAGLITE" BLOCKS AND 1:1:6 MORTAR

. //"I

, o _ - ' ' Secant Modulus of
Wall No. Age at test Mortar strength Block Wall Strength Elasticity at Poisson’s Ratio
, (days) (1bf/in2) strength  strength, Ratio % of ultimate at + of ultimate
' . (1bf/in2) (Wbffin“)  (wall/block)  load (1bg/in2) load
: - x 10 '
1 22 .35 3931 1689 M3 1,30 023
2 30 3 3931 1670 - A3 1.28 . 21
3 3 o3 3931 e 117 19
Ave. - 395 3931 169l T 1,2 Y

Wall Designation : S¥ = one-third scale walls

W = full scale walls




TA‘BLE'3,12Y - RESULTS OF TESTS ON FULL AND ONE-THIRD SCALE DENSE CONCRETE

 BLOCKWORK BUILT IN 1:1:6 MORTAR .Ref. (L7)

o . ) ) . Secant , .
e at Test . ' , Rlock ‘ Wall . Strength Modulus of Poisson's Ratio
Wall No. A%days) Mortar gjbxz‘ength Strength - strength ratio Elasticity at 1 of :
3 (1b£/in2) ' (be/in2) (1b£/in?)  (wall/block) = at % of . Wtimate load
: i : : ‘ , ultimate loa
(1bf/in2)x10
Al 3. .56 22 1659 W77 1.43 -
FW2 21 ' 605 212 1556 .73 130 0.12
W3 - 1 - | 338 - 212 1348 063 0.95 0.11
ave. - R 212 1521 o7 123 0,12
S 30 728 2502 1307 082 . - 0.3 0,31
s 30 : 728 2502 - 1633 065 127 0,20
W3- 21 600 . 2502 BRI 0.58 0,93 0.1k

weo - - 665 2502 1462 © o58 298 21

full scale walls |
one-third scale walls

Wall Designation : W
SW
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TABLE 3,13 - COMPARISON OF THE CALCULATED AND EXPERIMENTAL

VALUES OF BLOCKWORK ULTIMATE STRENGTH

. %1 ' ' . Blockwork Strength
Wall ock strength Ave  Mortar
pediwian | B30 | e, | Ppmame | e
%;scale Leca 763 L20 . 511‘ | 556
Full-sca}.e Ieca T 733 ')420 | N 526 | LI |
%-séale Iytag - R 167h . hzb. | > 958 94,8
FuJi#scalg Iytag | 1608 w0 | 90 923 B
| &-scale Aglite | 2717 ‘ 120 | 1368 | | 1310
Y-scale Aglite | 3931 20 6k 1676
Full-scale Aglite ,2,161. . ) 120 ‘ . | .121'h , 11v2h !
_%fscale Dens.,e' - "2502 ' ' 637 | 1462 ' ' 1.-)427'
- %*Full-scale Dense ~ 2140 R | 637 | ' 1521 I .1287
‘| BeRoSo Wall Noo3| . 1560 1 900 1036 1 1169
BoRoS. Woll No.l 2170 , - 850 1530 , | 1428 |
B.R.SWall Noo5 2130 1040 1670 | 1509

% Tests conducted by IBRAHIM 67) ' )
All results are average of three tests except the B.,R.S..‘Walls(”)(one test)e
The calculated values of wall ultimate strength in this investigation are

based on an average mortar strength of 1,20 J.bi‘/j_n2
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the. di._t_‘ference, ::.n the height of the blocks. Full size ‘blocks were
8%- inches high while one-third blocks were 3 inches high. The slight .
difference in the results could be partially due to the dii‘ference,
in. the slenderness ratio; - however,more data is necessary and work
on this aspect(on light-weight concrete blockwork):.s currently in
progress in the department and more data will be available in the’ :

near i‘utureo

3.8.10 Et‘fect of - Eccentr:l.clty

The strength of one-third scale "Thermalite" wall Noo 2 was 12% and |
_1)4% less than. s:.m:x.'Lar walls NOo 1 and 3o Prior. to the test, this |
wall was checked for plumbness and it was observed to be about 1nch
| out of plumb. IInder load it failed by buck].mg, "pgliten full -
scale walls No. 1 and 2 were 'found to be off plumb by and 3/8 :.nches ‘
respectlvely. A These eccentr:.clt:.es resulted a lower- ult:.mate |
.- strength a.nd the wa.lls were about, 14 5% and 21% weaker than s:un:.la.r
wall ?\Io. 3. A .
' ~Comparlson of the stress reductlon factors for ax::.a.lly\ and eccent- . 3
, rlca]_'Ly loaded waJJ.s g:Lven in the Br:Ltlsh Standard Code of Practice
. CP 111 1970 (15 ) shows stress reduction factor for aJu.aJ_ly loaded
waZL'L hav:mg slenderness ratlo of 19oh to be 0. 632 the same - factor -
for 3 1nches eccentr101ty 1oe° (1/6th of the WaJ_'L thlckness) is 09525
:'ioe.,‘ 17% reductlon in strength-when there is Z 1nch eccentrlcltyo
Similarly reduction in strength for 3/8 inch eccentricity of load ,.
(3/32 of the wall thickness) would be 28% sugéesting that the actual
. reduction is somewhat, less than allowable value provided for 'bf'the

Code.

- 3,8,11 Mode of Failure

: Th_e mode/ .
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The mode of féilnre in~ariaiiy loaded blockwork is determined
prmcn.pa_'lly by the strength and deformatn.on characterlstlcs of ‘the
two constltuents materlals, viz block and mortar actlng compositely.
The behanour of blockwork under a.x:Lal compression is best discussed
by reference to a short stack-bonded blOCkWOI'z{o ~ -This eliminafes |
the need to consider the secondary J.nfluence of mortar perpends and
eﬁ‘ect of slenderness ratlo on the stress distribution in. blockwork.
Fh.g. 3.26a’. shows a blockwork prism acted upon by an axial com- |
pressive load. In addition to a vertical compressn.ve stress,
lateral str'e's'ses are induced in the olocks material and in the mortar
Jomt ow:mg to the dJ.fi‘erent stra:l.n characterlstlc in the two |
‘materlals. Where the lateral dei‘ormatlon of the mortar joiut. u.nder
load is greater than that o.f 'bhe block material; the. mortar Jo:l_nt
tends to expand laterally more than the block and as: the results
‘ Jmparts a bllateral ten31le stress in the block whlch in reac'blon
a b:n.lateral compressn.ve stress is 1nducad in the. mortar 301.nts._ .

‘ Hence, the state of stress in a block unit in bloc:cwork under axial

" compression’ is a comb:.natlon of vertical compre331on and a b:.lateral .

tens:.on, .as :Lnda.cated in F:Lg. (3. 26b) .The correspondmg state of
stress :.n. \a hor:.zontal mortar Jomt is one of trlax:La.l compress:l.on,
consisting of'ver_t:\.cal compression and__bllateral compression, as
indicated in figo (3.26¢)." - | -

The state of stress in these two eiernents, block-and mortar joints, B
'are reversed if the la’ceral deformation in the mortar Jo:Lnt is less .
than that of the block material. In a unique a.nd 1dea.'L instance
where the lateral de.fonnat.lon in these two materlals under load is

:|.dent1cal, then the b:n.lateral stress vanish and the compos:Lte

blockwork under/
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blquWork under arial compression behaves as a hcmegeneous_,-
materisl;v |
in elastic analysis of lateral stress distribution in axially
loaded brickwork was undertaken by Stafford Smith and Carter(1oq)¢
ﬁsing the method of finite element anslysis for a plane stress
condition, they analysed the lateral stress distribution nithin
‘an axially loaded brick wall of various height.width ratios.
| Fig. (3.27) shows the lateral stress distribution in a brick wall
of h/w = 2oho . They'found that the maximm tensile stresses 6ccurred
: 1n the vert10a1 mortar joints,. whlch 1n1t1ated vertlcal cracklng
in the wall through these joints. - The greater the height Wldth
ratio of a wall, the larger the lateral stresses. r.Thls is because |
Smith's and Carterfs analys1s of ‘the lateral stress dlstrlbutlon
;ncluded the influence of the load platen restralnto waever, in |
view of the existence of stress concentration in the brich and mbrtar
~ element in axlally;loaded brickwork, it is doubtful Whether a flnlte
‘element analy81s applied. to a complete. wall for the determlnatlon of
n‘the lateral stress dlstrlbutlon, as undertaken by Smlth is of much
quantzxatlve use° An elastlc anaLys1s of the lateral stress dlstrlb-
ution in sxlally-loaded brlckwork was undertaken by Khoo(SS)
fIn this 1nvest1gat10n when ‘the brlck is strcnger than the mortar which
ntends to yleld 1ateral;y‘more than the.brlck.under.load,»1t'was shown |
that the bilateral stresses which act along the interfaees of the
‘brick and mortar are concentrated sharply at the'edges,of the inter-
| _facesproducing high lateral tensile stresses in the brick units in

these regions./
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Fig.8.26a  Concrete Blockwork Prism_under

Axial Load."
Fig.3.26b  Block Element under Fig.3,26c = Mortar Joint under
Vertical Compression Triaxial Compression.

& Bi-Lateral Tension.
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these reg:.ons." The Stre‘ss'es be:i.ng more critical in an end-face
secta.on (see Figso 3o 28 to 3. 29) than in a front-face section of
the brickwork, although it is accepted that in real:.‘by, brick

and mortar being inelastic materials te some degrees, considerable
stress redistribution takes -place approaching ultimate stress.
'F;ailuz;e occurs in the brickwork when the ‘c_:ombiﬁed compression and -
bilateral tension in the brick reaches a critical value lcharactere-
..istic -of the Ir_late;'ial éﬁd the mode of failure is that of vertical
tensile splitting in the brick across a plane situated near the
edge of the end;faee of the brick in the direction- of its length.
This mode of failure has often been described as spalling failure
:mbrn.ckwork. . - : - N .

A blockwork pr:l.sm built w:l.th strong block mater:.a.l and weak mor*bar‘

- w:ill fail in a s:.m:l.lar_ manner as that descr:l.bed above for brlckwork.' :

The mode:-of failure for this category of blockwork is seen in Flate
(3. 8) wh:.ch shows a 'byp::.cal vertical tensn.le sph‘bt:.ng in the block
materlal at the: end-face in one-th:t.rd scale blockwork pr:.sms. : These
. “partlcula.r prlsms were built with "Agllte" blocks of crushing s‘brength
“1430 lbf/:Ln bonded with mortar mix of cube streng‘bh b,OO lbf/n.n o
A1l ten sPecmens at ultmate load exhlblted sa.me type of fa:l.lureo

: -However s ,unIL'Lke br:Lckwork where the strength of brlck is usuail.'Ly ‘
: h;l.gher than that of mortar, blockwork may sometimes cons:Lst of a weak
block material a.nd- a strong mortar. In th:Ls event, 11; was pomted outt_
earlier that the mortar exerts a bilateral compressive restramt on
the block un:.'b, and the block um.t is therefore in a state of tri-
axial _compress:.ono The mode of failure in blockwork in this case
is thaf of shear failure across an inclined pla}rle' in %.he block unit,

and an/
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-and an e},‘ca‘.mple_}of 'bnis type of failure is seen in Flate .(397) which
'shows one-third scale blockwork prisms built with a block materia.l

" of crushing strength 1h30 1bf/1n and a mortar of cube strength

2140 lbi‘/:.n . ’

Further examples of the mode of failure in axially-loaded blockwork

may be seen in Plates (369 to 3,13) which show the crushing of full scale
and one-th:.rd scale Blockwork Wa.]lso ‘

In other crushing tests of blockﬁork wall, the mode ch failure is.

not so d:l.scernable, being often comph.cated by the presence of -

- mortar perpendSo

348 01 2 Loa.d Fact.ors

B N For ax:l.a.lly 1oaded walls the average load factor (based on  the Code.
of Practice CP 111 (1964) with 1970 Amendment) ranged fram 5.6 to
‘6'6 for i‘nJ_'L-'scale walls,. a.n'd' i‘rdn 63l to 757 for one~third scale
.AAwaZL'Ls w:.th the exceptlon of "Thermallte“ wa]_‘l.s, Table (3;!3).
The values were calmﬂ.ated for:
‘a) _Slenderness Ratlo of 18.5 for full-scale and 190’4 for one-th:.rd
o scale walls based on 3 of the actua.l wa:l_'l. helghto _
' b) Reductlon factor for slenderness ratlo 0.,65)4 for full-scale and
N 9635 for one=-third scale wallse - |
c) Shress reduct:n.on -factor for area efi‘ect belng 00858 for full-scale ._
a.nd 09762 for one-th:l.rd scale wa]_'l.so

' d) Mod:l_flcat:.on factor for tne ‘shape of the unlts belng 2000  Load
factors have also been calculated according to the Draft Revision
of the Code of Practice Cf 111, 1970;'» ‘Average vz?l.ues ranging A
from .h.¢.8, to 5.8 for full=scale and from 5.1 to 5.7 for one;thi.;'d o

_scale walls,



Plate 3.7 SHEAR FAILURE IN BLOCKWORK Plate 3.8  VERTICAL TENSILE SPLITTING
PRISM IN BLOCKWORK PRISM



Plate 3.9 a Flate 3.9 b

TENSILE SPLITTING FATILURE IN ONE-THIRD SCALE "AGLITE" BLOCKWORK




Plate 3,10 a Plate 3.10 b

SHEAR FAILURE IN ONE-THIRD SCALE "LECA" BLOCKWORK



Plate 3.11 a Plate 3.11 b

TENSILE SPLITTING FAILURE IN FULL~-SCALE "LYTAG" BLOCKWORK
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Plate 3.12 & Plate 3.12 b

TENSILE SPLITTING FAILURE IN FULL-SCALE "LYTAG" BLOCKWORK




Plate 3,13 TENSILE SPLITTING FAILURE IN FULL SCALE

"AGLITE" BLOCKWOEK
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They were ca.lcﬁlated for the same slenderness ratio'using Table
(3.3) of the Draft Code, giving Basic Compressive stresses for
members built with solid blocks of height/thickness ratio between-
2.0 and 1,0, |
Table (3.1 ) gives the load factors for all walls testede  The low
| value of loauc'i~ i‘acfor for the "Thermalite" wal'l.'Nbo 2 is due to the
eccentricity of load and for the remaining other two "Thermalite"
: walls may be due to.the fact that the crushing strength of the
material was relatively low, and the effect of slenderness 'is
j)erhaps more severe in walls built with ﬁeak componenfbs;. ‘ Mortar
used in construction of the walls was also of low strength and the
;averégé_ mortar crﬁshing s’.c'rength.i‘or one-th:ﬁ‘d scaie "Theﬁri&'l.ite"
walls was 356 1bf/sqe.in. and 11.%- less thah the minirmum recommended
. valueby the Draft. Revision Code. | | |
' The allowable value for the loaci factox; reéomehded by the Draft Code N
of Pz;acﬁtice is 6.7, for xﬁost walle te;s,ted, these values .were'less'. - |
'ﬁlis, could: be due to the following factors: | | |
1. Rate of loading - Rate of loading as recormended by the d.fai't -
Code is being 101.5 1bs/sqein/min. in the present investigatiom
_loads\ had to be held constant at intervals for strain measurement,
. and the inci'é.rneh’ps”'were at the rateof L5 1bs./ sqo'in/ﬁjn~° -
‘The ﬁlflueﬁce of rate of loading in the_ulf;:i.nate strength of
brickwork walls was observed by Bradshaw(®) o He concludvedv that
the ultimate strength of walls tested over a period of 1% hours |
is about 20%’1353 than walls loaded over half-hour,
‘2.,:' Method of cﬁ:_r’:i.ng, Draft Code recommends the walls shouid be
‘covered by polythene for 3 days after ccmétxuctiono
3./ | .



" TABLE 3.14 LOAD FACTORS

Load Factor Load Factor

a1 CP.111 .. Revised
wall Type 1970 Code

Full 1/3 Rll 1/3

Scale Scale ‘Scale Scale

_ 5,0. Soli- 3.8 ‘ 3.7

Thermalite | 5.2 Lo6 1.0 342
5. . . 5.3 38 3.6

-‘ Aveo - : 501 ’ ) 501 . 309 : . 305

: | 6.3 6.9 5.2 5.0
Leca 6.3 T 7.1 5.2 - 5.2

o | 6.5 - 6.8 53 5.0

. Aves 6ol 6.9 5.5 5.1

6.3 - 6l he9 5.5

Lytag 5.6 6.2 " L7 b
. 509 . : 6.6 » )-l-‘o9 : 5.2 »

" Ave. 5.6 | 6.,24' - L8 5.2

“\- - . ‘ - 4‘ .

| 1oen . (g 5.6 5.7

Aglite | 6. 7.6 5.3 5.6

o 7.5 77 T 645 5.8

tveo | 646 1T 5.8 5.7

| A _ 5.8

) Agli‘be - : 703 - 506

T - - . 706 . - 5-98

Ave. : 75 5.7

(1) Blocks with 2717 l_bf/:i.n2 crushing strength
(2) Blocks with 3930 1bf/in> crushing strength

Ave. mortar strength 2140 1bf/in?




W

3. Age at test, Minimum of 20 days specified in the Draft
Revision Code.

he Morté.r strength not less than 580 ‘1bf/i’n2 for 1:1:6 Cement:
lime:sand mortar as recommended in the Draft Code.

5. . Workmanship. »

A load factor of about S;O, however would seem to be adequate for all .

design purposes.

3.9 CONCLUSIONS
ﬁm the foregoing discussion, the following conclusiéns may be
drawn:
| (1) The strength of full-scale blockwork for a given strength of
o ‘block,. a.ndvrmoz."ta..r can be reproduced;‘by means of model tests,
p:povided: | | _
(2) Mortar jo:ii_nts are s.caled.down'o'
(b) Sand used in mortar for construction of ﬁodel Walls is
| sieved and coarse ﬁ-a’ction is discarded. . _
(2) . The appreéiable.‘differénc.e ‘in the values éf, <l.oad" factors |
obtained f»roﬁ cP 111 (1970), and the neﬁ Draft Code is mainly .-
- .due to the area .ei‘f.e.cto. The new Draft Code does not allow
‘f‘oz:\avreduAction in stress for wa]l'areé;s over 1 9& sq. in.-
or 425 n’, whereas in CP 111 (1970) the liniting values for
area is 500 Sqo in (ohmz)o ; | |
(3) P 111 (1970) indicates the degree of mortar strength by the
| pr0portioﬁ of Cement:lime:sand (by volume),
It would seem more appropriate to indicate a minimum cube
strength for each grade of mortar mix as is recommended in’

_the Draft Revision Code.
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(4)  The relationship between wall streng£h and block strength may

| | be assumed non-linear for the test's range. Formula given
in the section (3.8.1) gives a close estimate of wall ultimate
strength for S/m ratio greater thanA1o75 and 1:1:6 mortaf.“

(5) The values of Poisson’s Ratio for all_&ne—third scale walls

. were consistent and varied from 18 to .21. The vafiatian
~ for fuil scale walls ranged from .19 to o2k,
(6) The average secant modulus of elasticitinat 1 of ultimate load
" for all walls varied fram 2Ll x 100 (for thermalite walls)
to-1;2h b'd 106 (for high strength Aglité walls) indicating that
strong ﬁalls poséess a highér Modulus of\Elasticity;

(7) Mbde-oleailure was by tensile splitting or shear failure
depending on the relative strength of block and mortar used in
the éonstruétian of the walls; _

.(8).'iStré§s Strain,relationship for all walls tested were reasonably
linear up . to % of‘UoL;' | o |

(9) 'Po'cn:_.worhnanship may introduce accidental eccentricity in the

, walls which ﬁoﬁl@ réduce the ultimate sﬁrengfh of the blockwork.

(10) | Loa@bearing'lightweight aggregate concrete blocks are-adeuate»v'

AN - ‘ : ' :
. for construction of high rise structures for residential purposes.
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CHAPTER i - SHEAR TESTS ON SINGLE STOREY CROSS WALL STRUCTURES

WITH OPENINGS IN BLOCKWORK

Lh.1. INTRODUCTION

Folioﬁihg a series of comparative tests on the strength and structural
behavioo.r -of one-third and full-scale lightweight concrete blockwork,
and the develobment ‘of model prototype relationships s an :'mvestigétion'
“has been carried out on the structural behaviour of single storey |
shear-wall structures with openings built in one-third scale nag1iten{60)
lightweight concrete biocks , under lateral and precompressive loads.

.The programme included tests on se.ven one-third "scale storey height
model blooltwofk shear-wall structures. Precompression varied from
one-tesvt to another covering the .ra.nge of 50 - 250 lbf/ingo . The
pzmna.ry obJect of these tests was to investigate the shear strength .

oi‘ a s:n.ngle storey shear-wall structure w1th door openings under
combined shear and precompre331ve loads.

In conjunction with these tests some e}éploratory investigations‘ﬁere |

-‘ carrled out on one-third scale blockwork couplets and trlpletso The
bond strength of block and mortar was found by testing one-half block
couplets in pure tens:Lon, and the relatlonsh:l.p between bond shear

‘and normal c'ompressive stress was estab]_l‘shedo " Due to app]_'l.cat:.on '

of shear force along the mortar joint no shearing stresses were
developed in the blocks, and hence the failure in triplets always
‘occurred along the morta_r joint. These tests, however, did not _
_'represent closely the _effect of lateral loads on shear walls but they.

gave some indication of ultimate shear strength of the masonry.



Work presented in.this chapter is divided into two 'sepa.rat‘e parts::
1. a) Direct tensile testing of blockwork couplets. |
| b)' Testihg of blockwork friplets under combined pfecbmpressior;
and axial loading.
2. An experimental investigafion on the stmctu:i'al behaviour of one-
third scale single-storey shear-wall structure with openings in
one-third sbale npglite" blocks subjected to preoompression and
lateral loading.
PART ONE

L2, INVESTIGATION OF BOND TENSION, BOND SHEAR AND THE EFFECT OF

PRECOVIPRESSION ON THE SHEAR STRENGTH OF ONE-THIRD SCALE BLOCKWORK

ASSEMBLIES. - - | - |
Failure in blockwork subj ected to in plane lateral forces nermally
occurs in tension or shear along the mortar joint. This is due to

the fact that the point of lowest tensile or shear strengthin

(Lk

masonry wall is usually the bond beiween mortar and the unit. For °

the désign of masonry blockwork, therefore, it is essential to

.consider the bond stfength between block and mortar.. In general

development of a stronger joint will improve the structural integrity

EN )
and performance of masonry which in *turn should simulate progress
towards more ecanomical masanry design.

Lo3. MATERTALS

Le3.1 Blocks

One-third scale "Aglite" blocks, 6 x 3 x 2 inches thick were used.

The mean crushing strength of these blocks according to BS 2028, 136k,

. 1968(10), was 1436 1bf/1_n and their density was 76 11b/cu.fto -
ho3.2 Sand
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Ordinary building sand was used_'iri construction of all assemblies,
conforming with table (1) BS 1200, 1055) . The grading of the

sand is given in table (3.1).

L.3.3 Cement

The cement used was "FeITocrete"(11-) a rapid’ hérdening Portlé.nd cement
giving an early strength. o
Lo3.l  Lime |

Hydrated lime, class 'A' was used to conform with BS 89'0(13)'.,

- Ll»oB 05 Mortar

The mortar was.1 :-}33 cement:lime:sand (by volume) a.nd all proportioning
was done by weight, Initially trial mixes were made and water/cement
ratio was é.djuSted for the mix to have a wofka'ple f_:onsistency, this .
ratio>was» about 2.0, The same water/cement ratio was used throughout
" the model construction, except that the mason was allowed to use an
additional amoun‘b', ofwafer when ne’cessar&; Si.xv 3-inches mortar cubes
wei‘e made from three different batches of mortar and were cured in
the water tank until they were tested with the model. The mean
,coinpre_ssive strength of these cubes is given in Table (L.2).

a)olioli. BOND TENSION TEST -

L1 Test \S)ecimen

This consisted of two ha.'li‘-biocks (Plate. -.).L'oT)A; 3 x 3 x 2 inches whiéh_

N wez;e ceméni;ed together by mortar of 1/8 inches bed joint thicknessgv'
The specimens were cured in the laboratory atmosphere and prepared. for
test after 21 days. o

hoio2 Test Arrangement

Plate (L.2) shows the test arrangement. It consists of a pair of
3 x 2 x 1 inch steel blocks glued to the ends of the couplet by a

quick setting/
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quick setting epoxy resin comérciallj;_r known -as Cataloy pasteo
A 'bempiate and a pair of clamps were provided to keep the two steel
Blocks in a correct position ;men glueing them to thel specimen, so
thaf the bars attached to the end blocks are in the same axis, thﬁs
énsuring an axial loading, The bars are then attached to the Instron
testing machine through a universal joint allowing a uniform |
distribution of the tensile Load, Results of these tests are

given in table (Lo1)o

Table (1)

Results of Bond Tension Tests -

A . Area of blocks Tensile bond -

Specimen No, 5Qe ine - : strength
: o 1bf/in?

1 64500 19,0 -
2 5589 619 -
3 6500 o 6305
- 6500 -
5 5490  Shet
6 | . 5,92 61,8
A\ o 5595 5342

8 | 6400 60,5
9 - 608 582
10 ’ ’ 650 57
1 | ~ 6505 - 5640
12 o 5595 | 56,1
Mean: - N : -+ 5740

Coefficient of variation : 74:22%
Mortar strength 2150 1bf/in°
Block strength 1436 1bf/in®
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b). L.5 BOND SHEAR TESTS

Three blocks (triplets) assemblies fig. (L.1) were tested in order to

' dbterﬁine the shear strength of tﬂe blockwork. Materials used in
construction of these assemblies were siﬁilar to those used in
construction of couplets for bond tension. Triplets were tested in
the Instron testing machine where they were subjected only to pure
shear along the mortar bed joints.: The results are shown in Fig. (L4.2).

The failure occurred at the contact area between the mortar and the

concrefe block.‘

. ..A r-] .. O~ .
0 Y R 0" [ A
] EAS TN S AP I
<l XA ‘< .ot 3
" ; 2, ~, AN I
PR I -3 Rz
1.2. 7% J , 8 l
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Lol el NVo i v, . |
PR [P
aa? v :;? N 3.
'°’ el eNe, )
4 .o D & _l_
- A|"
214
‘+ 2

Fig. Lol  BLOCKWORK TRIPLET

L.6 RELATIONSHIP BETWEEN BOND SHEAR AND BOND TENSION IN BLOCKWORK

For thé partifular block and mortar used invthese testé, the fol¥qwing
relation betwéen bond shear and bond tension may be estaBlisﬁedoh -
.Z;=.'K Tbt | oooo;oooooooo;.do,o(hé‘l5"?"'
wﬁere: ,Z;; bond shear.
2: = bond tension. |
K = éharacteristic constant for the mortar and the block
type used.

The value/



The value of 'K! in this investigation is found statistically to

be equal to 1027. Mnrthy(7b ) suggested the value of K=2.3

' for a particular brick and mortar. Polyakov (9)suggested that the' .

ratio of bond sheér to bond- tension depends on the bond tension

as given by the equation

Lo = 2,25 205 Tot  ecoeccscecsscs(lie?)
Tt o _ |
' -~ : . 2
where : - {3506 1bt/in
Following Murthyts work, Sinhaf(9} suggested a general relationship
for brickwork given as: | _
~ g . » —.ﬂ 005 R

The above relationship agrees reasonably with the test’  results on
- blockworke. |

L.7 EFFECT OF PRECOMPRESSION ON SHEAR STRENGTH OF BLOCKWORK

' A_seriés of tests were conducted on bldckwork triplets in order to

establish the relationship between shear strength and the applied'

precompressione.

' Earlier work (7L,96) on shear strengthlof brick and block masonry:

couplets indicated that, the shear strength of brickwork couplets
consists of bond shear and frictional resistance as représentedi
by the equation

- = TO + fLoh . ©c000%00

where C = ultimate shear strength of masanry assembly

?;== bond shear at zero precompression
/u = coefficient of friction at assemblies interfaée

and 6:;= precompressibn normal to the shearing interface.

(48

-D-O-OQOvOOO0.0(hIB),
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Tn the absence of bond in the block and mortar the ultimate shear

depends on frictional resistance and can be represented byﬁ

T f«o'“n' | f,,;;oo,,_,o.o.O,(uou)

L.7.1 -Shear Strength of Blockwork Triplets Due to Friction

And Bond .
To predict the ultimate shear strength of triplet the value of bond
shear at zero compreséive stress was first detérmined° Tests were
also donducted_t§ find the effect of the varying precompression

on shear strength. Tests were conducted in fhe Avery which provided |
the precompressive load. A reaction ffame together with a 3-ton
hydraulic jack'operated by hand was used to apply the lateral load
'Piatel(h.3)o This load was measured by a 10,000 1bs proﬁing ring,

. connected to the reaciiop frame ﬁhrough the 3-ton jack. A lbad-cellxl
and a digital voltmetér'were used t§ measufe thé precompressian.

Tﬁe campreééive ioad“was applied'priorAto the application of the shear
load. Results are shown in Fig (1o2)e

L.7.2. Shear Strength of Blockwork Triplets Due to Friction Only

These series of tests were conducted to establish an approximate.
value for %he coefficienfrdf friction'between'block and mortar inter-
face. Knowing the initial value of bond shear wi thout precompreésibﬁ
"and the ¢6éffiéient'of friction, the étfengfh»of blockwork triplet

in shear can then be prediétedo ~ Tests were done as foliows: after
the completion of tests described in the section h;7°1,loads wefe
releasedo The pieces were réaésembled together and tesﬁed again,
this time without the bond between block and mortar interface. The
shear strength obtained from these tests were assumeé to‘be éoiely
dﬁelﬁo the frictional resistance. Re;ults are shown in Fig. (L.2).

The coefficient/
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The coefficient of friction for the partiéular block and mortar used
was statistically found. to be 0.73.

" L,.8 DISCUSSION OF THE RESULTS

The relationship between the compressive stress and the shear ‘s'trengtl.l
of the triplets was found to be linear up 'to a .precompressive 4stress
of 200 1bi‘/:i_n-2° Further .:I_nci'ease in precomﬁx‘ession did not increase
the shear strength of masonry andv'practicaJ_'Ly it remained constant
betweén_ZOO - 300 lbf/in2 precompression. However, there was an

: appareﬁt’ increase in the _Shear strength once the precompression
exceeded the limit of 300 -lbf/i_n? (this is @;plajﬁed in detail in

the second part of 'bhis chapter). Above this value of precompression
the shear strength may' be éalculated from the fric'tionali resistance

of the triplet using the formula: T = /“ On

and assuming the value of 0.73 for the coefficient of .friction.

The value oflthe initial bond shear af Zero precompression obtained in
this investigation (73 lbf/inz) ié ;:lose.to that obtained by Copelanc-l,
and Saxer(“o) (69 lbvf/inz).for .s'and and gravel concrete, and .mor‘bar
ofl 2600 1bf/:i_n.2 crushing stréngﬁho ..The slight vaiiation is p.rbbably' .
due to the ~s‘1<rength' of the dj.i‘f_erentb mortar and the nature of tye

aggregates in the blocks.

L9 CONCLUSIONS - -

1. | The tensile bond strength between the niorta.r and the block used in
these investigations is .0078. times their initial 5ond shear,

2, The shear strength of blockwork masonry triple.t due to friction-
is proportional to the applied preéompressionov _

3. The.value of coefficient of friction for the block and mox_;tar used

in-these investigations was approximately equal to 0.73.

-



Plate L.1 PREPARATION OF ONE-HALF BLOCK COUPLET FOR

DIRECT TENSILE TEST

Plate 4.2 DIRECT TENSILE TESTING OF ONE-HALF BLOCK

COUPLET



Plate L3 BLOCKWORK TRIPLET UNDER PRECOMPRESSIVE AND LATERAL
LOADING

Plate L.Jj BLOCKWORK TRIPLETS AFTER FAILURE
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PART _TWO

;.10 SHEAR TESTS:-ON STOREY HEIGHT''AGLITE! BLOCKWORK SHEAR WALL

STRUCTURES WITH OPENINGS SUBJECTED TO PRECOMPRESSION

L.11 MATERTALS

- The materials used in the following investigation were the same as
those given in part one, Section L.3.

L1L.12 ROOF SLAB

A doubly re:?.n.férced precast-concrete slab of 2 inches fhichless was
set on toi)'of the walls. The concfete mix Wés 1:1 2 by weight
having the maximm aggregate size of 3/16 in, (ne inch squalrel steel
me;h made of 1/8 inch diameter bars was used as ’reinforcemenh The
mean crushing strength of L iﬁches concreté cubes after 28 days was
7700 lbf/inz.

4,13 CONSTRUCTIONAL DETAILS

The layou£ of one-third scale storey-height modei structures is shown
in Fig. (he3). A1l walls were bllilt-wiphﬁn the testing frame ant on
a li inch x 2 inch x 7 1bs steél channel bolted into the reinforc;ed
concrete floor at equal spacing of 18 incheso The channels were then'
- filled with concrete and the walls were built on the concrete. - Shear
walls were :t;ESnded to the x;eturn walls in every other course. The
Joints .between ‘the walls and the reinforced cancrete slabs were also
made 'wa;.th 1:%:3 cement ;Lime»nioritaro- | The slab was placed and levelled
carefully and the joint was allowed to cure for a minimum of Zi days
in the laboratory atm_osphereo

L1l DETATLS OF THE TEST ARRANGEMENT

Li.14.1 ILoading Frame
A loading frame was specially designed and constructed in order to test

one-third scale/
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Plate 1.5 LOADING FRAME FOR SINGLE STOREY SHEAR

WALL TEST
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one-third scale single storey ehear wall structures plate (Lo5)o
. This. frame was capable of applying horizontal and vertical loads by
means of hydraulic Jackso It consisted of two separate and :Lndependen'b
‘parts in or'der to apply the racking load and the precompression
:independently; By doing soj ne rotation was induced in the frame
" during the loading and the 'diaZ_L gauges measured the true deflection of
the structure, Racking load was ‘applied by a 20-ton hydraulic jack
plate (Ls7), through a high tensile steel loading beam (made of a ’
rectanguiar croes-section 12 x 1 x 10 inches long) fige (Le3)o The’
" jack was supported by an adjustable tripod and its ends were resting
" _against a 10~ton 1oad‘ce.'L'L with a ball seckei; joint to allow a correct
 alignment of the jack, . This -load cell was connected to tﬁe reaction
i‘ra.me'by an adjustable clamp; The frame was capabie of ‘applying 15
* tons horizantal losd, = The load was transmitted to the roof slab
o through ”tlwo ' :anh diameter steel rollers 8 inches apart mounted on
- the 1oad:1.ng beamo A mild steel of rectangular cross-section i0 :_n, -x:
2 :|_n° x 1.,7 1bss Wes inserted between the rollers and the edge of the -
slab to allow a um.form distribution of load along the width of the
slaba The fra.me for the appllcat:.on of vert::.cal load cons:Lsted of :
three rec?:angular portals made of 12 inches x L inches x 31 1bs, cha.nnels
9 'fte 6 inches high and 8_f_t° 6 inches wide at 3 feet centreso They
were braced and .comected to each other to i‘.orm a rigid boxe TwWo
12 inch x L inch x 31 1bs, channels were connected.baek to back and
were bolted to the top ef the portals to hold the jacks vertically by
~ means of cla.mps; I:’reconxpreesion was applied by four 20=ton hydraulic

jacks via/
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jacks via load cells to two steel I = sections (7 inches x li inches x
1505 1bs) being placed on four 2 inches diameter rolle.fs, these in
turm tranéﬁtted the load to the slab via the ma:m loading beam

" (10 inches x 10 inches x 112 1lbs) Flate ()406)., 'i‘o ensure an even
d:l.stmbutlon of precompress:l.ve load % inch th:.ck layer of dry sa.nd 4

of uniform thickness was placed._,von the slab a.nd the main loading beam -
ﬁas then placed and levelled along its length and widthe

).L°1)4°2 Toad Measur:.ng Equlpme.nt

A]J. hydraul:n.c Jacks were operated from a Losenhausen testing machines
. Readings of load cells which were all previously calibrated were
taken from a digitéi voltmeter (reading 'b§ an accuracy of 10 micro-
volts) a'b precalculated regular intervals of the racking load,

See Appendix (1)s |

Lio15 EXPERIMENTAL INVESTIGATION

Seven one-thlrd scale single storey shear wall structures were tested.

to destruction with dli‘ferent precompression ranging from 50 to 250

lbf/n.n .a . Tests were also ‘conducted at precompressions ranging from

10 to 50 1b£/in? at 10 1bf/in? intervals and within the elastic range
vof the ‘sfcir'uc’cures:o' |

N 4
Lol5: °1 Deflection Measurements

Deflect:l.ons were measured by means of 00001 inch dla.l gauges connected
to rigid Dexion frames which were independent of both model and load::.ng ,
frames o - Readings were ‘taken at *t_,he precalculated value of lateral
load, Twelve dial gauges were fixed at one~third points along the
height of the structure at both ends and openings} Four other dial
‘gauges were connected to the four corners of the roof slab in order to
give the slab deflection and to ensure no torsion would develop after

the application/
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the application of the racking load. The positions of the dial
‘gauges are shown in Plates (L.8 and L.9).

‘h°15°2 Strain Measurement

Vibrating wire strain gauges (Appendix (1) ) of -5%-inches gauge

length wifh reéding accuracy of about three microstrains were used to
measure vertical stfain in the shear wa;ls and the flanges at sections
6, 21 énd 30 inches from the base of. the structure, Plates (L.8 & L.9).
A portable strain meter PoSoM. (Appendix (1) ) was used to record

the strain, Demec studs were also fixed to the model and 6 inches
demec gauge was used to measure the strain, Plate (L.8).

.

4,16 MODE OF FAILURE .

Because of masonry!'s inherent weakness iﬁ‘tension the shear'walls
exhibit a tendency for a diagonai'tensile or sliding failure when
"HSubjthed to precompression and lateral forceso The mode of failure
and the behaviour of each mddel will be discussed separately;

L.16.1 Model No. 1

Precompression L7 1bf/in’

After the application of 3 tons lateral 1oad, tensilé Qracks started
to form-gt;the base of the structure, and the‘si%ding failure occurred
‘at about h‘%bns, in the form of a diagonal crack in the shear wall at
the pnloaded epd,_stepping'doﬁn the vertical_andAalong the horizontal
mortar joints, plate (Ls10). | | :

L.16.,2 Model No, 2

Precompression 66 1bf/ih2

Prior to this test, it was noticed that the reinforced concrete roof

slab had been cracked across its width, At 2-tons racking load, the

slab was/
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slab was lifted off slightly from the middle cross wall, and the
further increase in the lateral load to B}toﬁs cleared the slab off
from this wall. When the lateral load was increased further both
. shear walls were,shifted along their base in the direction of the
applied load, This was assumed as the failure load and since the
structure was hot damaged both lateral and vertical loads were then
released. The precompression was thenhincreased to- 95 lbf/in2 and
the racking load was applied till the structure finally failed ap
6.83 tons. Failure was similar to that of the Model No. 1, The
diagonal cracks formed in the shear wall at the unloede& end. The
deflection of the structure-was slightly higher than expected. This
Amay have been due to the cracks ih the base of the structure and in

the slab; and it was therefore ignored.

L.16.3 Model Noo 3

Precompression was fixed at 100 1bf/in2° At a lateral load of L tons

a slight tensile crack was observed at the base of the flange (rzturn
wall) at the loaded-end ,at about 5 tons this crack v}as very distinct.
No drop in the racking load was observed. .The load was therefore
.1ncreased further, and finally failure occurred at 6,73 tons by
dlagonal ten51on° Cracks occasionally passed through horlzontal and
vertical mortar joints, but mainly throcgh blocks‘and.morparo Plate
la1). | | | . |

Lo16.Yy Model Noo L

In this test precompress1on was kept constant at 150 lbf/ln o Sllght
hair cracks developed in both flanges at about 1 ton shear load° These
joint cracks appeared to be due to shrinkage, since they did not

develop further/
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develop further at higher values of racking load. At about L tons
slight cracks were formed in both shear walls and finally failure
occﬁrred at 6,54 tons. The nature of failure was similar to that of
Model Noo 3 being a combination of diagonal tensile failure and |
relative sliding of the blocks, Plates (Le12 a & b)e

L.16.5 Model No., 5

Precompression in this teést was kept-constant at 200 l‘bi‘/inz° At a

shear load of 7038 tons diagonal cracks started to develop in the
shear wall nearér to the loaded-end, These splitting cracks which

: sémetimes’were vertical éracks through block.and mortar widened as
the racking Toad increased. The structure: fiﬁally failed at 8.80
tons. Failure was mainly through blocks.  Return wall at fhe unloaded
end cracked hdrizontally across mortar joint between.the‘hth~and tﬁe
5th courses. The middle cfoss-wall cracked at the top. between the
1$t and 2nd courses and failed by crushing,. The return wall at the

" loaded-end .cracked across the mortar joint at fhe top and split aiong
the middle. Just after the failure of the shear-walls, all the |
precompfessive load was transmitted to the return walls and the slab’
being suppgrted on the two return walls bracked-along its width about
5 inches awé? from the loaded-endol The severe splitting and cracking
failure of both return walls must have been due to this sudden load
energy transfer, Plates(L.13 a & b). |

L.16 .6 Modél No. 6

Precompression was maintained at 250 1bf/in®, Failure in shear

occurred at 10.7 tons, Initial splitting cracks were formed about
6.67tons/
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667 tons shear-load and were widened et about 8.5 tons with formation

of further}vertical cracks, - The new reinforced concrete roof slab

also cracked.at ultimate lateral load at a distance of 9 inches from

its end° The failure mechanism exhibited by thls model had the form

| of multiple cracking pattern, being somewhat modified from those of
previous modelsq Most of the cracks developed in a nearly vertical
direction, although a few diagonal cracks also formed, plates(L.il a & b).
Without‘doubt this arises from the fact that excessive axial pre-
compression simply modifies the direction of principal stresses;

1.16.7 Modsl No. 7

Plan of this model is shown'in Fig (hoh)o ' Precompression was applied
by placing sufficient weights on the slab (10 1b£/in%).  Failure,
'at'average shear stress of 39 1bf/in2; took place at wall-slab joint.
Some step-wise craeks developed in the shear walls at the unloaded

end close to the wall/slab joint.

' h 17 DETERMINATION OF ELASTIC CONSTANTS FOR REINFORCED CONCRETE

SLAB AND THE BLOCKWORK

The value of elastic modulus for concrete was found from eompressian
tests of 12 x 6 inch eylinders using vibrating wire gauges ef 5% inch
gauge lengthl The modulus was found to be L.3 x 106 1b:f.‘/in.2° (Fig.
h,iZ)o 'Assuming Poisson's ratio for concrete as 0.15 the shear
nodulus was 1,87 x 10° 1b£/inZ. e

Valuee of-the modulus of elasticity and Poisson's ratio for the»hloek-
ﬁork were obtained from axial cohpression tests. Vertical and lateral
strains were measured ﬁsing 2l and 12 inch demec gauges reepectively

(Fig. Lo13). Axial compression and flexural tests were also conducted
on cne-third/



Plate .10 FAILURE OF SINGLE STOREY BLOCKWORK SHEAR WALL UNDER LATERAL

LOADING AT 50 1bf/in° PRECOMPRESSION

Plate Li.11 FAILURE OF SINGLE STOREY BLOCKWORK SHEAR WALL UNDER

2
LATERAL LOADING AT 100 1bf/in PRECOMPRESSION



Plate L.12 a Plate L4.12 b
FATLURE OF SINGLE STOREY BLOCKWORK SHEAR WALL

UNDER LATERAL LOADING AT 150 lb.f/in2 PRECOMPRES STON



Plate Le13 a Plate L.13 b
FATLURE OF SINGLE STOREY BLOCKWORK SHEAR WALL

UNDER LATERAL LOADING AT 200 1bf/in° PRECOMPRESSION



SiNGLE STOREY
' Rl Structure

Plate lLi 1L a Plate L.14 b

FAITURE OF SINGLE STOREY BLOCKWORK SHEAR WALL

UNDER LATERAL LOADING AT 250 lbf/in2 PRECOMPRESSION



TABLE 4.2 - MODULUS OF ELASTICITY.OF BLOCKWORK FROM COMPRESSION AND FLEXURE TESTS

tE! from flexure

Beam 36 x 6 x 2 in,

gt from comp- Poissonis - Type of
Description ression test . .. test Ratio strain
(1b£/in?) (1b£/in?) gauge
Wall 36 x 183 x 2.in, 10155 x 10> _ 0.17 12 & 2Lin.demec
_ 6 . gauge
Wall 36 x 18% x 2 in, 1,00 x 10 o 0,185 ditto
Wall 38 x 183 x 2in. 1.10 x 106‘ '1.09 x 106 _ 5% in. vibrating
. A wire gauge
. . 6 6 * .
Beam 38 x 6 x 2 ine 1.11 x 10 1,17 x 10 _ ditto
*
Beam 36 x 6 x 2 in. . 1.16 x 106_ _ ditto
_ g %
1.11 x 10 ditto

Block Strength 1L36 1b£/in’.

Mortar Strength 2290 lbi‘/inzl

Ultimate strength of wall 938 1bf/in”

* See sppendix 3
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on one-third scale walls (36 x 183 x 2 inch) and a number of piers

(36 x 183 x 2 inch), The deformation was measured using vibrating

wire gauges, (Figso. loll & L¢18).  Results for the modulus of

elasticity from the above tests are given in table (L.2). See plates h°15,16,1

1,18 DISCUSSION OF RESULTS -

L4.18.1 ILoad Deflection Relationship

Figs. (LLe50 & Lio6) compare the load deflection relationship at 50 and
-100 lbf/inz_pfecompression for all models tested. Within the
experimental error, it can be seen that the deflection of all modelsl
except Noo L are similar and vefy close to one another. The slight
scatter could be accounted for the variation‘in workmanship, and
mortar strength; deviation of the results for Model No. L, may be

due to the shrinkage cracks existed in the structure.

~ The typical relationship between the recking 1oad and the deflection
at the slab level for precompressions,A1O,2O,30,h0 and 50 1b£/in2 is
giﬁen in Figo (4e7)s The values are average for all models, results
for Model No. 2 being omitted. Fig (1o8) shows the same relatianships
for higher _precompressio.ne‘ i.e., 100,150, 200 and 250 1bf/in%. |
Fige (L4.9) gives ioad—deflection relationship for Model No. 5 at tﬂe
slab level for its ends and openings at 200 lbf/:_n2 precompression.
Deflectlons at both openlngs were approx1mately'1dentlcal but greater(by 25%)
than those obtalned for extreme ends of the model. »
Fig. (4L.10) shows the deflection along the helght of the structufe at
various values of racking load and 100 lbf/in2 preconpression.
Deflection at various values of racking load up to 1.5 tons (i.e. 3k
lbi‘/in2 average shear stress) is given in Fig (4.11). This shows

a family/ | |
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a family of curves obtained by plotting precompression against
deflection at slab level for various_ value of racking load for all
models tested. The relationship being non-linear for low values
of precempression, approaching a constant value at about 140 lbf/in2 -
precompression. | | |
Cleaxl-lylprecompression increases the rigidity of the s_tmcture up. to-
.a certain jj.mit, when further incx"ease in the precompression would

have no significant effect on the deflection of the structure.

L.18.2 Comparison of Triplet and Shear Wall Results

The ultimatz shear strength results obta:ined from the triplet tests
are higher than those obtained for the singie-si;orey structures

w:t.th:m the tests range, Figso (b, 2 & Lo 25)o -

As fm.ct:Lona.'L resistance is about the same for both cases, it appeers
that, the difference is due to the initial bond shear. In the triplets,
due to application of shear lead which ae'bs along the mortar joint,
shear stresses are developed -only .In the xﬁertar joints , and the
'br:.plet is in the state of a pure shear. I_n large panel structure
however, different condlt:Lons of loading, workma.nshlp and in some cases
existence oi‘ shrinkage cracks, may cause a premature failure due to
tensile crack:mgo

h 18, 3 Theory Govern:l_ng the Fallure of Hlockwork Shear Wall

The :mtemal friction t.heory, orlglnated by Coulomb, was the i‘:x.rst of -

a group of theories based on the conception of failure as a sliding
along planes inclined to the direction of the principal stresseso

The resistance to sliding is assumed to consist of two parts; a constant
_ shearing etrength and a resistance of the nature of friction that is

" proportional to/
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prOporﬁianal to the normal stress on the plane of sliding;

The material is assumed to fail when the actual shearing sﬁrees on
-ahy plane exceeds the sum of-the shearing stfength and the frictional
resistance.

The material initially deforms elastically under low loads. Until
tensile stresses of a certain magnitude are developed the only wey for
any element to yield, or cease to aeform elastically, is by a plastic
sliding,-or inelastic shearing, in one fixed direction of weakness
for that element, The law governihg the beginning of sliding failure
might be characterized as an "internal friction theoxym for eech
individual element- that is, the re31stance of slldlng ".Z7" is taken
to be made up of two parts one term, "Yr‘", representing the shearing
strength of the material, and the second " Cz:", a canstant times

" the normal stress, as given by equation:
T = To+/k5—n

When the shearing stress along the plane of weakness of an elemen* of

the structure reaches the value "_[‘", sliding of the material follows.
In addition to the possibility of a sliding failure, it is assumed that
»"splittiﬁgﬁ or "tensile" failure may occur wheﬁever the tensile stress

in aﬁy diree%ion reaches a limiting value | °o It is assumed that
thé{sﬁructure faile abruptly; without any plastic deformation, across

a plene normallto the»tensile strees° " The "planes of weakness" of

the clements have been assumed to have no effeet upon the resistance

of the material to splitting.

Coulomb's Theory contains more than a simple statement of a criterion
~ of failure. The_basis of the theory is a conception of failure as

taking place/
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taking place through a sliding or shearing along continuous planes
inclined to the direction of the main compressive stress. Since the
theory is based on a definite type of deformation, it is evident that
strain measurements must show such a.defonna'bion existing if the con-

- ception of failure is correct.

It ‘appeérs that the departure from elastié actionbeginé as a sliding
failure along inclined surface in the material. This sliding may be

a bond féﬂure between mortar and block, so that the plane of weakness
rﬁay evidently paés through horizontal and vertical mortar joints

since these are cén_sidered as planes of weakness; It seems reasonable
that thev resistance to bond slip or slld::.ng may be partly of ﬁth.e nature
of adhesion and partly as internal fr:.ct:.ono With the spreading of

this sl:.d:.ng movement with increasing loads, 'bens:.le stresses are
developed‘in‘bhose parts of the structure still deforming elastically,
and three distinct phenoména may follow: |

_ 1. With the low normal 'precompress.ive stress, as the sliding astion
continues to spread to a.n‘inc.reasing. m.unbér of joints, a stage will.
be reached in which thé strucfure as a whole approaches plasticityo.
Plast:.c sliding w:LIL'L proceed along a number of surfaces, so that
the parts of the material in which no plastic action has occurred
will be dz.splaced relative to each other, and cannot further govern -
the deformatlon of the materlal as a wholeo As the ma'berlal
becomes more and more of a plastic nature, one direction of sliding
motion may become prominent among the many directions along which
sliding is proceeding, this oné direction being dependent on the
external sltress, the aspect ratio of the walls and the external
condition of the deformation. It is‘probable that during process‘

of loading/
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.of loading certain directions of sliding motion may eventually

became so much more prominent than all others than a condition
may be‘approached which is similar to that assumed in the theories
inﬁolving a plane of least resistance. If so, it seems reasonable

that at this stage the relation of the external strésses on the

- structure must be fairly similar. to those défined by the internal

friction theory given in its original form.

Due to high vertibal precompressive stress, tensile stresses in

some parts of the structure become too great, and splitting,of

the material will begin. Since the tensile strength varies in
different parts, this action will exteﬁd‘through a raﬁge of
loading, the splitting of the material finally becoming so
extensive that the structure cannot resist further load and the
maximm load will be passed.

The range through which this tensile failure will extend and the
rapidity of action will depenc mmuch an'the strength propérties-
of the material (See Chapter I1I). As it was observed this

process of failure in blockwork with high strength units, may

lead to a suddén failure. A splitting acfion in weaker blocks

N ,
leads to a very slow and progressive failure.

.The two results of diagonal tgnsile»splitting due to tensile

stresses, and the sliding failure may oceur simultaneously and
may inflﬁence each other,

For instance at some range of normal precompressive stress, the
development of lateral tenéile stress in small parts of material "
in the structure will cause tensile failqre of these parts. to
begin., Cracks will then develop in few blocks and mortar'joiqts.
However, as soon-as tensile failure occurs in some parts of the
material, it will cause a reduction in the normal compression

on planes/
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on planes in the direction of weakness of other parts, which
will cause sliding failure to extend more or less continually
through the matérial in the difections approximately as given

by the internmal friction theory. Thus the structure under

the action of certain precompressive stress which started to fail
due to diagonal tension may show a final failure by shearing, or
a combinétion of shearing and diagonal tensile splittiﬁg failure,
The results of tests carried out in this investigation are given
in Table (L.3) and Fig. (4.25). Similar results for brickwork
shear wall structures are reported by other researchers(7h and 96)9
Referring fo Plate (L4.10) sfruétures under\ldw precompressive

load eog; 10 and 50 lbf/in2 fhe failure occurred in sliding or
shear in the interfacé of the block-mortar, cracks étepping

down through vertical and horizontal ﬁortar Jjoints following a .
diagonal path; |

At precompression values perhaps ranging from 100 to 150 lbf/ili2
Being known as the transitional phase, Fig. (L.25), the failure
took place by the attainment of the maximum tensile strength of
the b;ockwork, diagonal crackﬁ passes through blbcks énd mortar,
Platesh?h.12 a &b Above this range of precompression,
'failure'occurred ande the frictional:fesisfance was 6vercome° ‘In
the triplet fests a similar relationship was observed between the
ulfimate shear stress and precompfessive stress (See Section L.8).

.18,y Comparison with CP 111:Part 2:1970

_The resuits =f the tests are compared with the Code of Practice as

shown in table (4.3) and rigove (4.25),

Permissible Shear Stress

-

The permissiiie shear stresses in blockwork according to the Code

of Practice/
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of Practice when using mortars not weaker than 1:1:6 should range
from 15 lbf/in2 (0.1 MN/mz)'when the compressi%é strength due to the
~dead load at the level under consideration is zero. The other limit
is 75 lbf/in2 (0.5 MN/m?) when the compressive stress due to dead.
load is 360 1bf/in° (2.5 Mi/n°). The values are based on the results
- of shear tests on single panel, full and small-scale brickwork

shear wéll structures with and withoﬁf openingse

When comparing ultimate shear strength of blockwork from the above
tests with those given by the Code of Practice and its 1971 amendment,
the maximum and minimum calculated factors of safety will be 2.54

and 3. 35o Assumlng a value of O 73 for the coefflclent of friction
 the 1n1t1al bond shear works out to be about 35 lbf/ln s flgure (L.25)
with a Saféty factor of 2.4 when the external precompression is

ZEero.

Considering the results from the abofe tests CP 11l recommendation
seems to be adequate forvdesign when solid blocké are used. It

is apparent that the bond shear will be increésed when using hollow

. blocks with cores filled with plain or reinforced concrete. ~ The

- maximum allowable shear stress for reinforcedlﬁlockwork is 72,5 lbf/in2
(0.5 MN/m )s which merits research work 1n the future.

'h 1805 Permissible Ten51le Stresses

CP 111:Part 2:1970 states that"no reliance should be placed on the
tensile strength‘of blockwork", However, at the discretion of -
d331gner it allows account to be taken of tensile stresses in bendlng
for mortars not weaker than 1:1:6, allowing 10 lbf/ln (O 7 MN/m )

when the/



TABLE L.3 =~ SHEAR STRENGTH OF ONE-THIRD SCALE STOREY-HEIGHT SHEAR WALL STRUCTURE

WITH OPENING SUBJECTED TO PRECOMPRESSION

ya _ : .
Ave.Mortar .  Precom- Ultolateral Ult, ~ Max.Perm. Factor of Safety
Test Strength pression ‘load shear: =  shear stresses " according to CP 111:
No. ' (1bf/in2) : " "(tons) strength - according to Part 2: 1970
| ' (1bf/in2)  CP111:Pt.2:1970 - (with 1971 amend-
(with 1971 amend-. ment)
ment )
1 2130 17 119 66.5 22,8 2,91
2, 1995 67 L2 700 264l 2,65
25 © 1995 95 6062 . 103.0 30,7 3.35
3 2210 100 6073 - 105.0 31;7 3.31
L 2150 150, * 6.5h  101.5 ' L0.0 2.5h
5 2090 200 8,80 137,0 1473 2,90
6 2050 - 250 10.68 166.0 5646, 2.9
7 2290 10 5055 h2,0 1645 2.5k

The mean cmSh:‘mg strength of blocks tested according to BS 2028, ’1,36).;4, 1968 was 1436 Zl.bf/:‘.n2
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~ when the direction of tensile stress is at right angles to the bed
joints and 20 1b£/in° (o1l MV/m’) when the direction of the tensile
strength is at right aﬁgles to perpend joints% The upper limit is
only to be used for blocks having crushing strength,in exéess of

1520 1bf/in® (1055 MY/’ ).

Based on the direct tensiie bond test results for the couplets as given
in table (4s1) an average ultimate value of 57 lbi‘/in2 was obtained for
1:1:3 mortar and Aglite blocks of 1430 1bf/i‘n,2' crushing strength,

with a factor of safety of 5;7; This suggegts:that the present
provision allowed by the code is conservativgvfor blockwork, However,
more test results with variables such as mortar and block of a wide
fange-of strength are fequired to justifly the above suggeéfion;

lio19 ANALYSIS OF SINGLE STOREY BLOCKWORK SHEAR WALL

To compare the experimental results with the anélytical results, the
values of the elastic constants for blockwork and concrete slab are
required;

The present inVestiéation_and pfevious research(52’7h’96)indicatq that
the precompreséion inéreases the rigidiﬁy of‘the structure; In the

| . (53,96).

" case of brickwork

this was,attributed to the increase in elastic
constants. of the material, In blockwork rigidity increases with the
.précompression;-_at and above a_gertain limit of precompression, (i;eg
'1 50 1bf/in°) the rigidity-xfemains constant | (fig; Lo11)e  Strain
measurements in the walls and piers tested under compressive and
ﬂ@m;al loading (Figs, Lio13 - Lo18) showed that there is a unique -
value for the modulus of elasticity of blockwork. The reason for
the variation of the rigidity with precompression may therefore be due
to the following factors:

1) Degress of fixity at the base of the structure at different pre-

compressionse

2)/



Plate L.15 a Plate .15 b

BLOCKWORK UNDER COMPRESSION FOR MEASUREMENT OF YOUNG'S
MODULUS OF ELASTICITY



Plate L.16  FLEXURE TEST ON BLOCKWORK BEAM FOR MEASUREMENT

OF YOUNG'S MODULUS OF ELASTICITY

OF YOUNG'S MODULUS OF ELASTICITY
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2)s Wall/Slab joint behaviours

3)o Shrinkag:e cracks,

The degr'eé of fixity at the base of the‘ structure and at the Wall/Slab

joints may be affected by precompression; AL low precompression

only partial fixity existse .The fixity at the base and wall/slab

joints increases with increasing precompression tending to full

fixity at high precoxﬂpression;

The analysis is based on the following assumptions:

a)}, Materials used in construction are assumed to be elastic and
homogeneous‘.o Ca

b), Full fixity is assumed at the base of the structure at high .
precox-npre.ssion-o: | h - '

FJ.g. ().1’92)4) compares the experimental and theoretical results obtained

by the finite element method (F.E.M,) and the equivalent frmn; méthod

(E.F.M) (See Chapter 5)o Fige(Le23) shows the f:Ln:Lte element

'representati_or‘l of the single storey structure; a total of 325'

rectangular elements were used; Results are in a good agreement;

At the lower precompreséioﬁ, for the reasons explained earlier, the

behaviqu:_p of the structure can not be predicted by fhese methods and

further wc;i'k is needed to ascertain the behaviour of the structure at

:lower_predqnlpression; ' | |

Lo20 CONCLUSIONS

1) Fai_'l.ure-of all structures under precompression initiate' by
formation of hair cracks at about 60 to 70 % of ultimate racking
1oadf;',

| 26 At lower precompressions i_;e; less than 1OO‘lbi‘/:'|.n2 the failure

of storey/
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of storéy—height shear ﬁall structure under racking load is
due to breakdown of shear and frictional bond in the interface
of block and mortar joints, Cracks stepping down through
vertical and horizontal mortar joints:; _

At higher precompressions ranging approximately from 100 to
150 AZI_b:E'/:i.n‘2—o s the failure is due to diagone-tl‘ tension leading to

diagonal cracks passing through mortar and blocks and occasianally

-mortar joints, Ultimate shear strength of the structure being

approximately constant in this rangeﬁ.,  More test results are

P

At high precompression the shear strenéth of blockwork increases

- linearly with precompression;' Cracks pass thrbugh the blocks

and across the main diagonals and failure may depend on diagonai
tensile strength of blOCkS:o

The vertical strain distribution aérosé various horizontal sectiéns
in the shear walls weré non-linear";

The deflections at the openings of the structure under racking

load were greater than the outside deflections by about 25%,

Assuming a value of 0,73 for the coefficient of friction the

N - 4
initial bond shear was estimated to be 35 1bf/in°,

The rigidity of the structure increases with the increase in -

precompression up to a certain limit; the limit of precompression

: appears o be about 150 1bi‘/:1.n :.,

Compar:Lson of ultimate shear strength obtained from the test
resu.;lts with the permissible stresses according to the CP111 :Part
2:1970 and its 1971 amendment, gives safety i‘actéfé for all
structures ranging from 2_°5h to_3_},35;

The value/
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The value of the modulus of elasticity obtained from strain
measurement in piers and v;ralls under compressive and flexural'
loading was found to be 1.13 x 106 lbf/:i_n2.,

Finite element method and equivalent frame analogy botlh gave
good agreement with the experimental results at high precom-

pressione.
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CHAPTFR 5 - 'HIGH-RISE'! MASCNRY SHEAR-WALL STRUCTURES

5.1 INTRCDUCTION

An indication that the 'multi-storey masonry building?® has establiéhea
itself as an adequate answer to certain specificlproblems and |
demands, at the same time proving itself to be economically viable,
can be seen in the increasing rate of construction of multi-storey
buildings in this medium all over theAworld;
In Great Britain it is only during the last two decades that increasing
land value and the density of popuiations surrounding expanding
industrial areas, have encouraged the erection of high buildings as
a solution to these problems. Therefore, the design and construct-
ional techniques of multi-sforey shear wall buildings are relatively
DNEW, A minimum of useful floor area for letting to tenants~is
necessary if an adequate retﬁrn of the capital invesfed is expected.
The method of construction will have a marked effect on the time
of completion, the total cost and the actual structural behaviour of
the building,
Depending on the structu:al_behaviouf, economical factors and the
_ design’éndf%he use of the building, modern buildings may be divided
into.three basic types: |

(1)4 Skeleton Framed Structure

(2) shear Wall Structure

(3) Composite structure ic.e. a combination of the above two types.
The most eccnomical structural system for a multi-storey building -
- is not always produced by the use of skeleton frame infilled with
substantial non load-bearing wall arecs. Wheré floor and roof
loads are carried via beams, girders and columms, to the ground,

unnecessary severe/
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uﬁnecessary severe concentratien of gravity stressesimay‘result

" from bending,_torsion and compression of relatively slender
prismatic memterseo Steel and reinforced coﬁcrete with their
physical properties have been extremely successful in meeting the
structural requirements of many framed structures. However, it
is apparenﬁ that there exists a substantial class of buildings in
which the desirability of fixed repetitive partltlons makes it
possible to build the structureg without needlessly concentrating
gravity loads. This is achieved by utilising the potential
'structural participation of all masonry wall areas acting as thin
yertical plateso Such plate elements when designed to act jointly
with floors and roofs, participatihg.as horizontal diaphragms are
effective in resisting not only gravity loads but also lateral
forces arising from wind, earthquake and blast.

The masonry Walls-are designed to resist compressive, shear and
bencing stresses. Floors and walls act together in a composite
manner. lateral forces are transmitted, by diaphragm action,
from the exterior wells via floor slabs to shear walls which in
many caees are bearirg walls. In order to serve as a diaphragm
the'floorxgystem must be sufficiently rigid and connectione must be
Aadequate to transfer these forces to the shedr wall,

In this case use of the shear wall elements to reslst the 1ateral
forces avoids severe structural requlrements at girder colum
connection and in the columns themselves, due to horizontal loading.
The amount of vertical loading occurring in the walls of buildings
derends on & number of factors which are associated to a large

extent with/
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extent with the design and the use of the building,
A basic facfor affecting the use of.ioadbearing magsonry is that
the higher the building iLhe more important it is to have felatively
short floor spans and light floor loadings. '
The ultimate Eeight of these buildings depends on a number of
factors:-

(1) The shear and compressive strengths of the masonry walls.

(2) The spacing of intersecting walls and floors.

(3) The connection -of the 2bove to eazch other,

< (L) The member stiffnessin all directions.

(5) Tﬁe layout of the structures. >
In the composite type of construction which utilizes both shear
walls and frame, the two components act-in conjunction with each
other, Shear-resistant component in this system take up the
horlzontal loads, and the gravity loads (dead + live loads) are
carried jointly by both shear walls and the frame.

Adventages of 'high-rise! Concrete Masonry Shear-Wall Structures

The principal édvantage éf 'high-rise! load bearing concrete.
masonry structures is its eéonomic viébility as a result of the
speed and\gimplicity of construction. Constructioﬁ of this type
of structure 1nvolves the erectlon of a serles of 31ng1e—storqys

one on top of>the other,each having the same floor plan throughout
the entire helght of the structursz.

A six to ten-storey bulldlng can be completed easlly in six to eight

(61, 101)

months Maxdmum job efficiency is achleved using this

system, large scaffoldings and their %off and on' problem is eliminated.

There are no columns or beams to project into rooms to create a

. problem, Elimination of beams may permit a reduction in floor to

floor height/
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difficult due to the three dimensional naturé of the problem. In
addition, masonry is a composite material, being anisotropic,
non-homogeneous d.nd perhaps cracked, Thus, the structural behaviour
of masonry shear.wa]_l structure muy no‘b_ be similar to the structures
constructed with elastic, homogeneousand isotropic material,
Further, stress distribution and deflections may not necessarily be
linear and their prediction with any degree of certainty is
difficulte. However, by neglecting the'borthogonal interaction
between the various components and idealizing the system as two-
dimensional structure, the complexity could be reduced and a
solution may be obtained for the design.

The following methods have generaily been used for the analysis of
theidedlized shear wall structure containing openings.

Simple Cantilevers

Generally the stiffness of the slab or the connecting bezms is

very small in comparison to that of the wall, hence the slab or

“the connecting beam is assumed to act as pin-connected strut ,Fig.

(5b)e  Thus the walls are treated as simple cantilevers which

resist the wind loading in proportion to their flexural rigidities;

This procé‘dure ignores ‘the coupling effect of the connecting beams

and underestimates the stiffness of the structure.

5.3 2 Continuun Approach

This technique was originally suggested by Pippard and was applied

(20,21)

by Chittey and Wan for the analysis of multi-storey

building frames. Using this method, the analysis assumes that the

elastic structural properties of the system remains constant through-

out. The discrete system of connections formed by lintel beams

or floor/
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or floor slabs are replaced by equivalent continuous medium, Figov
(50); Further; assumptions are made that‘the beams have a point of
contraflexure in the centre and their axial and shear deformations
are negligible. Under lateral loading, the walls deflect and
induce shear fqrces in the léminae°- The system can then be expressed
as a single second order differential equation and is solved to

give shears, moments and deformations throughout the walls.,  Several
papers use this approach with-differing choice of variables, all
yielding essentially the same results.

Mn approach based on the theory of composite beams with elastic
connections was used by Schulz(92); Axial fbrces in the two walls

(6lr)

were considered as a redundant function. Magnus's redundant

function was the variable strain in the walls. .Eriksson(3h),

(L) (86)

'Béck , and Rosman considered the shear forces in the connecting _
media as the statically indeterminate function and obtained

solution. Soane(98)used analogue simulation to sqlve the differ-
ential equation suggested by Eriksson, Various authors have

further modified the method to take account of relative movement_

betWeenuWalls due to none rigid foundation, assymetrical and variable

~
N

N

wall ¢rossfs¢ction. Coull(27), Burns(18), and Rosman(87’88) have
given solutions for varying wall thicknessés.‘ Accounts of variation
in lower stérey and fqundatipnhponditions_have been taken by Rosman
and Magnus. For most cases ¢f loading solutions~are'a§ailable-and—-—
~design»charts~havé-been produced for rapid computation of wall

bending moments, deflections,and shear forces in the connecting
Vbeams(zs)o

Coull and Puri(29) extended the analysis, taking iﬁto consideration

the deformation/



50303

(75

the deformation contributed by the shear force in the wall. They
concluded that the effect of shearing deformation was very small and
can generally be neglected.

Barnard and Schwaighofer(B) conducted model studies on é1/6h'spale

‘coupled-shear wall model made of epoxy sheets and demonstrated that

the entire slab width is to be considered as effective in coupling

the shear walls. . Inelastic analysis of coupled-shear walls was
undertaken by Winoknrand.Gluck(105)o Michae1(71) considered local
wail deformations and the effects of these deformations were calculated
as reduction factors for the beam stiffnesses, and the variations -

of the reduction factors with the geometric proportions of the beam

. were presented as graphs.

So far, the_continuum approach has received a great deal of attention
and would seem to have reached a stage where further developments

in analytical methods, while of theoretical interest, are not likely
to result in greatly improved design techniques?

Iattice Analogz_
(L8)

Hrennikoff (70)

and McHenry independently derived a systeh of plain
stress analysis based on a simple pin-jointed framework. This meﬁhod
which is tefﬁéd the grid of lattice anélogy entails replacing the
wall by an analogous patterned grid or framework whose members are
proportloned so that under load the grid or frame deform 31m11ar1y

to the original wall,. MbCormick( 6)

introduced a similar analysis
in which the bending stiffness of the external members of the grid
is included as an extra parameter.

Grinterts grid analogy method(h1) idealises the actual structurg

as a square grid fraﬁework conSisting of members with rigid joints.

(54),

Kazimi



Kazimi(SM) has applied Grintert!s approach to shear wall struétures
with openings to predict the stress distribution in the shear walls
under lateral loading.

5.3.l4 Frame Analogies

Structures have been idealized as:

(a) 1'Equivalent Frame! or (b) Wide Colum Frame.

Green(hO)tréétgd the multi-storey coupled shear walls with deep members
as an tequivalent frame! by assuming a point of contraflexure at the mid-
point of the piers énd spandfelso He used the 'portal method! of
analysis With.a modified element stiffness to take account of shear,
"as well as bending deformations. Iateral forces were distributed
among the shéar_walls by assuming the flopr slabs werevrigid in their-
own plane, and a method was developed to give the redistribution of
fqrcéS'which must occur if all walls are to have ﬁhe same(deflection
throughout the building, irrespective of stiffness variations.

Green, in his analysis, neglected the effects of axial forces in

the walls,

Amaratunga(1)used the ‘equivalent frame! appréach and flexibility method
of anaiysiso _ In this-approach the sheér-wall structure is replaced
by an 'equ;%alent frame! (Fig. 5d) with columris having the same
flexural rigidities as fhe wallso ' The beam 1éngths are equal to‘the
distance betWeeﬁ the centroidal axis of the adjacent columms and

having the same stiffness as the actual beam or interconnectiryg slab.
This system may take into account axial and shear deformations in the

' walls. Amaratunga compared his analytical results with those obtained
from photoelastic investigations, using araldite models,'and found

good agreement betweeﬁ stresses for sections éway from zones of stress
céncentration and re-entrant corners. His deflection results were

obtained from/
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obtained from perspex model tests and when compared with the theoretical
results it was generally found that in using the tequivalent frame!
method deflections were overestimated.

Candy(19)

analysed the coupled shear-wall structure using the 'equivalent
frame! technique and stiffness analysis, taking into account the
bending, axial, and shear deformations of the walls,

(36)

Frischmann, Prabhu and Toppler used two different approaches,

both based on methods of analysis for rigidly jointed wide-column
frame-work ', to deal with coupled shear walls. In the first approach,
known as the 'equivalent column method!, the structure is replaced by an
equivalent single columm having the same stiffness as the summation |
of all columh stiffnesses,and with a single beam restraining moment
applied at each floor level. The problem is reduced to a single

second order differential equation; by gsing a continuous distribution
of restraining moments and loads, the column bending moments in the
continuous system could then be evaluated. The basic requirement'of
this method is that throﬁghout the height of the building, the moments
inertia of all beams in each bay, and throughout ecach column, should . -
be uniformo Their secqnd.approach employéd the wide columnlframe

(73)

analogy; ~%he method of tinfluence coefficients! was used to obtain
a solution. In this apbroach, which is basically a modification'of
the equivalent frame method, the beam length is taken to be the cléar ’
distance between the adjacent walls Fig. (53).

It is assumed that. between the geometric centre line and the face

- of the shear wall, the moment of inertia of the connecting member is

infinity. ~Account is taken of the effect of finite deflection

at the/
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at the ends of the beam due to the wall rotation, The analysis -
.neglects the deformations due to axial and shear forces and therefore
underestimatéé deflections. The calculation in both frame analogies
can take into account changes in beam and wall dimensions ,storey heigh£
and concrete strength.

(50)

Hussein using photo-elastic techniéue investigated the deflection
and stresses in‘the multi-storey sheaf wall structures. He used
shear connection and wide columm frame methods fo analyse the
experimenﬁal results.

Macleod(62) using 'wide column frame! technique, analysed coupled-
shear wallsby considering shear, axiél and bendiﬁg deformations in
the members and assuming rigid connections at beam-wall joints.

He showed that the axial deformation in thé beams had insignificant
and negligible effect on the lateral deflection of the walls
hcweVer,the corresponding effect of the wall was significant.
Macleod(63) also used the 'Finite FElement! method (2.2) for the analysis
of céupled shear walls with relatively stiff beams, This approach

provides a powerful analytical solution and could deal ﬁith most

Structures;‘ In this method shear walls, beams or connecting slabs

are idealised as a system of two or three dimensional elements,
figure-(Si), being connected at their nodes and compatible along their
edgeso Applicatibn of equilibrium equations to the forces acting at
these nodal points will leadAto similar procedure for that df the
stiffness matrix analysis of a frame, Generally the accuracy of the
méthﬁd depends on the types of the elements and the fineness of

the mesh used which in turn affects the computer running cost. . Finite

element method/
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element method can take into account variation in the materials
properties, thickness of shear walls, geometry of openings and
irregularities in loading,

For the analysis of shear walls with slender connecting slabs or
lintel beams Macleod (63,L9) idealized the stmctureaascorﬁbjnation of
shear wall (divided into rectangular finite elements ‘having two
degrees of translational freedom at each node), and the lintel beams
as a line element in bending (with an extra degree of freedom which
corresponds to a rotation at a node point);

Momet et 31(72) also solved shear wall structures, usiﬁ'g a similar
procedure to that of Macleod. N

Ctlr:i.,janra.ll:atbh:—:ﬁ(3 8) used both triangular and rectangular elements for
the analysis of She_ar wall structures. He found that the rectangular
elements gave more accurate solution and were also more convenient
to use. He further analysed a six-storey bu_i.lding(3 9) , and deﬁon—
strated. that the stiffness of the floor slabs or the lintel beams
significantly influenced the distribution of stresses and dei‘ormafion
in the shéar walls, In this analysis, however, the depth of lintel
beams varied from one foot to six feet and the exagerated stiffness
of fhe bea:mév'\slightly modj_f‘ied the overall behaviour of the

wall.

5.k Re"\riewA of Eﬁiperiinenta;l Work on Masonry Shear-ﬁa;ll Structures
A survey of the literature r.elated to the behaviour of iéola'bed rein-
‘forced and nonreinforced concrete masonry wall panels under racking
load is given in Chapter two. In the following section research
work on the single and multi-storey concrete and brickwork masonry
shear wall structures with and without openings is reviewed, |

In order/
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In order to investigate the effect of various types of reinforcement
round the openings and their influence on the strength and stiffness

(5-7)

of sheér walls, Benjamin and Williams tested a number of models
and full-scale brick and reinforced concrete shear walls. Based
-on their work and from their mathematical analysis in the elastic

range, using lattice analogy and an approximate approach, they arrived
at two methods of‘ solution for the 'a.nalysis of shear walls with and
without openings; The first method is tedious and the second considers
shear and bending deformations. It is assumed that the perforated wall
is built up of pier and spandrel elements, the former undergoing bending,
shear and axial deformations, while the latter oﬁly bending and shear.
By assuming further that the piers bend with a point of contraflexure
at their mid-height, the streés aistribution thfoughout the entire
structure may be detérhinedo |

Murthy(7h) conducted a éerieé of rackihg tests on 1/6.- scale single
storey and on a 3-bay, 3 storey high brickwork to investigate thé
rigidity of the structure under lateral loading. The shear walls

were incorporated at different stages of the test and it was found

that the rigidity increased to 104 times the initial rigidity in the'b
aBSence of tﬂ;"shear walls.

Sinha(96) following Murthy?s work cqnducted tests on stofey—height
| shear walls with openings,'ana oﬁ a fivé-étorey 1/6-scale cross-wall
structure. Under lateral load, the failure of multi—étorey brick
cross-wall structufes takes place in the lower most sforey by cracking
through vertical and horizontal mortar joints or by failure at the

slab wall joint; Continuum and wide columm frame methods were used

to predict/
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to predict the deflection of the structure. Both methods under-
estimated the déflection. Sinha concluded thaf the existing shear
wall theories based on idealized structure, as they stand, cannot

be applied with reasbnable accuracy to calculate the rigidity of
brickwork structure. A simple afpfoach was suggeéted which considers
the multi-storey structure as a discontinuous stack of single-storey
structures held tqgether by precompression; The method takés into
acéount bending and shear deformation by_assuming floor slabs are
rigid in their own plane;l . : A

Following Sinhats work, Kalita(sz) conducted tests on a simple
5-stqrey structure built in 1/6 scale brickwork.. The purpose of the
work Was_to investigate whether existing shear wall theories could

bé used to analyse multi-storey brickwork structures. Finite

eiement teclmique and é simplified method based on Benjamiﬁ‘s method(é)
originally suggested by Sinha, were used. By aésuming the-rigidity
of each storey changes with precompressions both methods gave gooi
agreement between measured and calculated deflections. The finite
element method also gave a reasonable estimate of thé stresées in

the shear walls, It is however, doubtful if the elastic propertles of
brickwork would change w1th precompression.

Maurenbrecher,:Sinha and Hendry (6 S)vrepprt results of a series of .
tests conducted on a full-scale 57éfory brickwork shear-wall

structure subjected to.lateral loading. Strains and lateral
deflections were measured. The deflection results at low shear
stresses up to 10 1bf/in2 showed good_agreement with the previous
work on 1/6 scale brickwork(97)° Load deflection results were non-
linear. Opening deflecticns at the ground level were about 50%

greater than/
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greater than the outside deflections. Strain distribution in vertical
direction and across a horizontal section in the shear walls were

non-linear,.
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CHAPTER 6 - EXPERIMENTAL AND THEORETICAL INVESTIGATIONS OF THE

BEHAVIOUR OF A MULTI-STOREY CROSS-WALL STRUCTURE IN

BLOCKWORK SUBJECTED TO LATERAL LOADING

6.1 INTRODUCTION

For the design of multi-storey shear wall structures, methods such as
those mentioned in Chapter Five ma& be adopted. In these approximate
methods 1aterél ﬁoments are resisted by the shear walls in proportion
to their flexural rigidities. More refined methods take into account
the interaction between shear walls and the Interconnectlng floor
slabs or beams, with the assumption of fully rLgld connections between
the various structural elements. The actual behaviour of a masonry
structure’ is likely to lie between thése two extremes.

,The economical design of these structures, when subgected to combined
lateral and vertical loads, requires a knowledge of the rlgldlty and
stress distribution in the elements comprising the ‘structure., ,

The purpose of the work presented in this Chapter is to study the
behaviour of a five-storey one-third scale masonry shear wall structure.
(Plate 601)q\\ The in%estigation examines the suitability of the

'existing shear.wall theories. Mmalytical results from methods stch
as finite element, wide column frame analogy,‘shear connection,
equivalent frame analogy and cantllefer are presented and thelr
suitability is assessed by correlating the experimental data with the
theoretical results, representing the behaviour of idealized
structures.

The testing programme covers building height of up to five storeys.
Due to the nature of work, and other limitations, important factors
" such as the stiffness of the connecting beams and the effective coupling

width of/
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width of the connecting slabs were noﬁ investigated.,

- 6.2 MATERTALS

6.2.,1 Blocks

One-third scale 'Aglite! blocks were used. for the construction of the
walls. The blocks came from two different batches.  Their crushing

strength is given in the following Table (6;1).‘

Table 6,1 - Mean crushing strength (lbf/inz) of one-third scale

1Aglite! blocks., BS 2028, 1968,

Description " Batch 1 N Batch 2
Mean crushing strength ' 1436 1888
Standard Deviation S 1 ‘ 208

. . A‘ “\\a\ * )
Coefficient of variation 82 119
6.,2.2 Sand

As described in Chapter L, section L.3.2.

6.2.3., Cement

As described in Chapter L, section Lo3.3.

6.2, Mortar

The mortar used for the construction of all wails and for the'wall/slab
joints was 1:%:3 canent:lime:sand by volume, see Chapter L, section
Lo3650 The mean crushing strength of 3-in mortar cubes cured alongside

the walls and tested after 28 days were as follows:
Table 6.2/ '



TABLE 6.2 - CRUSHING STRENGTH OF 3 INCH MORTAR%CUBES
7

Mean crushing standard ‘Coefficient of
Description No., of samples strength (lbf/:.n ) deviation variation
1st Floor | 10 _ 2235 ' 268 12%
2nd Floor 12 : 2150 236 112
3rd Floor 10 2268 227 10%
Lith Floor 10 1995 160 | 8%
Sth Floor 12 2060 103 5%

¥ 1:1:3 Cement:lime: sa.nd (by volume)
*4°
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6.3 CONSTRUCTIONAL DETAILS

Figso (601 & 6.2) show the plan, the elevation and an isometric view
of the model structure. Each storey consists of four shear walls,
two cross-walls and four external‘walls (flanges), all having the
same dimensions.

6.3,1 Method of Construction

A1 walls were constructed in.situo " The first course was laid in

L x 2 inch steel channels welded.to the steel base grillage through a
L, inch x L4 inch x 9 1b I-beam.  Concrete was then pouréd round the
first course forming a rigid foundation. In ogdef to strengthen

the joint between the shear wall and the external wall, these were
bonded to each other at evefy other course, Following the construction
of all walls and after 7 to 10 days cu}ing period, a précaét floor

slab was lifted up by érane, and placed on uniformly laid fresh mortar
.bed. A1l gaps were filled where necessary, and the whole mortar joint
was tooled,

6.3.2 Reinforced Concrete Slab

All floors gonsisted of 2-inch thick precast reinforced concrete.

The cbncrete\ﬁix was 1:1:2 by‘weight, having a maximum aggregate size
of 3/16 inche = All slabs Were‘reinforgéd at the top and bottom,'by one
inch square steel mesh of 1/8 incn diameter. Four symmetrically
positioned steel hooks were connected to the’reinforcemght to enable

the slab to be lifted, The average crushing strength of li-inch cubes

' for the concrete mix are listed in the following table:

Table 6.3/
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Table 6,3 - Crushing Strength of L inch concrete cubes
Description Crushing strength
(1bf/in?)
1st Floor 7850 A1l specimens
cured alongside
2nd Floor _ 7400 * the slab under
: , damp sack and tes-
3rd Floor , 7920 ted after 15 dys.
: ‘ Figs. are averages
Lth Floor _ 7260 for six cubes
5th Floor ' : 7735

6.4 TESTING EQUIPMENT

6..1 Ioading Frame

(9)

A.multi—purpose testing rig Awas used to'provide a rigid base for
the model structure. Mo steel colums (8 ine x 8 ine x 35 1bs)
were bolted to the base grillage and secured in position by joining
them with I-beam (6 in. x Liin. x 20 1b) to the existing compression
rig. Loading was applied symmétrically by two loading beams througﬁ
two half-inch diameter rollers 8 inches apart, at each floor level
(Fig. 6.3)s The beams were attached to 10-ton hydraulic jacks which
were-réacting\against 3-ton load cells via universal joint, the load
cells being fixed to the steel colum:s Plate 6.3.

6.l1,2 Ioad Measuring Apparatus

Top floor jacks were operated by a hydraulic hand-pump while the
‘remaining floors were loaded by a 'Losenhausen! Testing Machine.

The top floor load Wés half that of the other floors° Readings of
the load cells.previously calibrated were taken from a digital volt-
mefer reading to an'accurac& of 10 microvolts equivalent to five pounds

when using/
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when using fhree ton load-cell,

6.5 SIMULATION OF DEAD LOAD STRESSES

To simulate the effect of gravity load in the prototype structure,

the dead weight stresses in the model were increased by a factor of
two, This was achieved by hanging weights on hooks, incorporated

during construction from allvwallsq(see plate 6;1); Weights were

also placed on the floor slabs: The average precompression at the
base of each storey from bottom to the top floor was then: 50, L0,
30,20 and 10 lbf/in2 respectivelyo |

6.6 EXPERIMENTAIL INVESTIGATIONS

After the coﬁpletion of each storey and 28 d&ys~of'curing, 1aterai
loading tests ﬁere carried out on the following structures,

T Single-storey.

2. Two-storey.

30‘ Three-storey.

b AFbuf—storey;

Se Five-storey.

In all tests lateral loads were limited to § of the expected ultimate
value. |

6.6.1 Deflection Measurement

6.6.1.,1 - Overall Deflection

Scaffolding poies‘were bolted to the base of the structure and braced

by horizontal and diagonal members, Plate (6.1), This provided stiff
and rigid support for the dial gauges. Rotation of the base énd the.
scaffolding was chécke& by 'Electrolevels! (see plate 6.2 and Appeﬁdix
1) No rotation was obSerQed.during the-tests.

Using 0,0001 in. dial gauges at each load increment, deflections were

measured at/



(88

measured at the corners of the structure at éach slab level, - Distant
. dial gauges were read by telescopes, No torsion was déveloped-

during the téstso For each structure the testing procedure was
repeated three times and no appreciable difference in the measured
deflections were observed. Figures (6.l to 6.7) illustrate the def-
lection pattern under the given racking loads for various structures.
The variation of lateral deflection at each floor level with increasing

horizontal load for 5-storey structure is shown in Fig. (6.8).

6.6.1.2 Deflection of the Shear Walls at Ground Floor

The 1a£eral deflection of the shear walls at the 6penings and their
ends were measured by three equally spaced dial\gaﬁges (Plates 6.4
énd 605)0‘ Tﬁe gauges were fixed to Dexion frames. which weré welded
to the steel channel at the base of the structure. Figure 6.9 shows

the deflection of the ground floor shear walls,

6.6.,2 Strain Measurement

Vibrating wire strain gaﬁges of 5% inches géuge length were used to -
measure the stréin distribution 'éy' in the vertical direction in both
shear walls and cross wallse. Dﬁe fo a limited number of gauges being
- available a§van£age was taken of the symmetry of the structure and
loading to égduce the number of strain measurements. The position of
the gauges are shown in Plates 6.l and 6.5 and Fig. 6.10. Figures
6,11 and 6;12 shoﬁ the strain distribution 'Ey’ across a horizontal'
section in the bottom of the single,~two, tﬁreé and four storey
modelso

Figo 6.1L gives the strain distribution across a horizontal section in

the ground/



(89

the groundvfloor shéar walls for 5-storey structure at lateral loadé
producing 6 and 12 1bf/in2 average shear stress.

The strain varlatlon in the direction of the applied lateral load
along two selected sections in the floor slab is shown in Fig. 6.15.
2§—in and 5§—ino gauges were used to measure strains in the slab
‘along the openings and along -itsedge, (pléte 6.6).

The magnitude and the direction of the principal strains in the ground
floor shear wallé are presented in Figo. 6.16, sting these values
the estimated principal strains trajectories are also shown_as a

éet of orthogonal curves, one beingrtangential to the direction of
major principal strain and the other at right angles to it. |
Figures 6,17 to 6.20 illustrate the variation of strains along the
height of the 5-storey structure at the selected vertical sections
in the shear walls, 2 inch, 29 inch, and 3L inch from the openiﬁg;
respectivelyo, |

In ali the above tests, the axperimental data wefe average values

of 3 sets of readingso The maximum variation between two individual
sets of readings was about h% . The following are possible sources
of experimental error. - )

6.6.3 Sources of Experimental Error

Source _ © .. Accuracy
Measurement of Deflection : +1x ;lo_hin°
Measurement of Ioad T 1bf
Measurement of Strains - : + 3 microstrains

The incomplete fixity at foundation is undetermined.

6.1/



Plate 6.2 BEQUIPMENTS MEASURING ROTATION, STRAIN

Plate 6.3 APPLICATION OF LATERAL LOAD



Plate 6,4 DIAL GAUGE MEASURING DEFLECTION OF

GROUND FLOOR SHEAR WALLS

Plate 6,5 VIBRATING WIRE GAUGE MEASURING THE

PRINCTIPAL, STRATNS IN THE SHEAR WALLS



Plate 6,6 MEASUREMENT OF STRAINS IN THE FIRST FLOOR SLAB
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6.7 DESIGN LOADING AND FACTOR OF SAFETY

. According to CP3, Chapter 5, part 2, 1972(12) the basic design speed
is the 3-sec6nd gust speed to be exceeded on average once in 50 years.
For the Edinburgh area this is about 112 m.p.h. (50 m/s). The
design wind speed is obtained by multiplying the basic wind speed by
the following factors:
1. Topography factor S1, takes account‘of the variation of the
ground surface, which is taken aé unity.
2. Factor S2 considers the combined effects of ground.roughness and
building size. A value of 1,03 is assumed, representing small
towns and the outékirts of large cities. T
3. Building life factor S3 is based on statistical concepts. This
was assumed to be equal to 1.0 for a building life ofVSO years
and a probability level of 0,63, -
Thus, the design speed on a L7.5 ft. prototype building will be 115
m.p.h., equivalent to a uniform preséuré of 3.0 lbf/ft2° The
strugture mist therefore, be designed to resist a lateral load of
34,0 1bf/ft% Based on single storey test results (Table Lo.3) and
previous work on cross-wall structures in brickwork(52’7h’96), an
ultimate shé;r strength of 50 lbf/in2 (equivalent to 122 1bf/ft2 on.
the exposed area)is estimated for the strubture,vgiving avfactor of
safety of 3.6 against wind loading, However, based on the CP111
recommendation, the structure must be designed for lateral loads
producing an allowable shear sfress equal to 23.3 lbf/inzo Hence,
factor of safety against shear will be equal to 2.1 (not taking into
account live loads; +the lateral resistance of the structure increases

with the precompression). The shear wall area in this case could be

reduced by/
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reduced hyqGQZforveconomical reasons, without causing any change in
the area exbosed to the wind provided that the deflections are not
excessiveo In such ease the shear stress produced at the ground
floor shear walls will be 16.7 lbf/in2 which is still below the allow-
able shear stress according to the CP 111, 1970 and gives a factor

of safety of 3 without live loading,

6.8 ANATYSIS OF THE STRUCTURE

Outlines of the analytical methods for the solution of multistorey
shear wall buildings and the assumptions cohcerning their formulation
have already been megtioned in Chapter 5. The_ﬁollowing metho&s
were used to analyse the structure:

1) The Cantilever Method

2) The éﬁeé;“06nnection Method (S.C.M.)

3) The Wide Column Frame Analogy (W.CoFo.A.)

h), The Finite Element Method (F.E.M)

5) The Pguivalent Frame Analogy (EOFOAO)_

Due to symmetry, half the structure was considered in'the analysis,
Youngt!s Modulus of Elasticity for blockwork and concrete was found

6

experimentally (Section Ls17) to be 1.13 x 10 lbf/in2 and ho3 x

6

10~ lbf/in2 respectively. Poisson's ratio for blockwork was found
to be 0,18 and a value‘of 0.15 was assumed fof conéretéa |
Research on shear Walls‘with openings indicates that the overall
behaviour of the structure mainly depends on: |

1) The stiffness of the comnecting beams

2) The correct effective width of the return walls

3) The width of the openings.

L) The type of loading

There is/
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There is contradictory evidence regarding the assessment of the

effective width of the floor slab, Values greater than full width(116)

equal to full-width(S) and less than full width(117)have all been
suggested and shown to be valid under ﬁarticular circumstances.

In the calculation of the stiffness of floor slabs or lintel beams,
the wholé width of slab was assumed to be effective. For comparison
analyses are also made using WOCOFOAO and assuming an effective slab
width equal wo qne;half of the structures bay width,

For the assessment of correct flange width, similar work has been

(52,98,120)

published suggesting different effective flange widths for

~ .

the calculation of area and moment of inertia. Two cases were_considered s

@) __Fdly effective {lange width. -
(i) Using the CP 11h(120) recommendation, the active flange width

was taken as:

b tf * Jc"w
where tf = thickness of cross wall
and tw = thickness of shear wall

The width of the openings can als6 mod;ify the behaviour of the structure.
Coupled-sheér\mails wiﬁh 1érge opening tend to behave as separate
cantilevers, while with a small opening their behaviour will be similar

" to a composite‘étrﬁétureo. The clear diStanCe between the shear

walls waS‘uséd in the S.C.M., and FoEoMo, while frame analogies éssumed
the diétance between the centroids of the walls,

6.9 DISCUSSION OF THE RESULTS

Tables 6.4aand 6.4b give the values of the maximum shear force in the

connecting beam (Frame Analysis), or the equivalent media (S.C.M.)

and compares/



TABLE 6.ha - ANALYSIS OF THE STRUCTURE USING VARIOUS METHODS ASSUMING FULL FLANGE WIDTH

Deflection _) Deflection
Method of in. x 10 % from exper- Max. shear force in x 10 % from exper- Maxo. shear
Analysis shear deformation _imental results in the comnecting shear deformation  imental ' force in the
J neglected s beam(1bf) considered : connecting
‘ beam (1bf)
Cantilever 200 +40 - - - -
WoCoFoho 39 ~73 197 | 52 63 197
E.Folo 150 +5 L5 162.5 1k Lh.5
S4C oMo 38,5 -73 5.9 1bf/in - - -
FoEd, - - - 4o -72 -

E for blockwork

E for concrete

6

1.13 x 10° 1bf/in’

6

L3 x 10° 1b£/in®
Poissonts Ratio for concrete = 0.15
Poisson's Ratio for blockwork = 0,18




TABLE 6o.L b - ANALYSIS OF THE STRUCTURE USING VARTOUS METHODS ASSUMING A FLANGE WIDTH OF 10 INCHES

Deflectiozh o Deflectl
ine, x 10" % from Max, shear in, x 10~ ¢ from Max, shear
Method of shear deformation experimental force in shear deformation experimental force in
Analysis neglected s the connecting considered the connect-
‘ beam (1bf). ing beam
(1bf)
Cantilever 312 +118 - - - -
WeC oF oA ° 65 -5)4 233 78 "}46 233
E.Fod, 203 +2 72 - - -
SeCoMe 63 -56 6 (1bf/in)- - - -
FoE oMo - - - 58 —60 -
W oC oF oA o')'r - hed - 92 "'36 200
ey 6 .2
E for blockwork = 1.13 x 10° 1bf/in’

E for concrete
Poissonts Ratio

Poissonts Ratio

L3 x 1o6 1bf/in2

for blockwork = 0,18

for doncrete = 0,15

% Effective slab width = 3 structure bay width
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and compares thq experimentél.and’theoretical tip deflection of the
structure. Figures 6.23 and 6.2l compare the experimental deflection
of the five-storey model structure (at a 1ateral load producing
6'lbf/in2 average shear stress at the ground floor) with results
obtained from the analytical methods.

Experimental_étrain variation along the height of the structure and
the corresponding theoretical values assuming a fully effective flange
width are coméared in figures 6.25 and 6,26,

The Cantilever Method, ignores theicoupling action of the floor slabs
and thus the beﬁding‘moments and the deflections are overestimated
(figure 6.21), The discrepancy‘between calculated and measured
deflections using this method was 40%, The E.F.A, gave the closest
result, overestimating the deflection by 5%, but when the shear
deformation in the columns was considered, the overestimation waé 1&%0
It was, hOWevef, fpund that the shear deformation in the connecting
beams or the floor slabs had insignificant effect on the overall
deflection of the structures

The Cantilever Method ;nd E.F.A, both overestimated the strain distrib-
ution along section y-y (figure 6.25), -The discrepancy between these
two methods ig*due to shear forces generated in the connecting beams.
Since the.stiffness_of the connecting beams is -comparatively smailer
-.thaﬁ fhe stiffnéss of the columns (é ratio of 1 to 635) the-shear
forces developed in the beam will be small, and hence have insignificant
effect on the overéll bending behaviour of the structure.’ Thus, in
this particular case the analogy is somewhat similar to the cantilever
method.

Referring to figure 6.23, S.CMo, WoCoFoho and F,EM, (see figure 6.22)

all underestimated/



(9k

all underestimated the experimental deflection by approximately

73% o | ‘

The étrain distribution along section y-y (figure 6.25) as obtained
by F.EM. and W,CoFoA. appear to follow the same pattern as the
measured values, with the F.,E.M. giving closer results at the middle
of each storey and away from the region of stress concentration. The
discrepancies between the results of the above two methods and the
experimental values are high near the foundation and close to wall
slab junctions which is attributed to the effect of stress concentration.
In the upper region of the structﬁre where strains are low, the
deviation of the measured values when compared with'the theoretical
values, although they ma& be high, are quite tolerable whén the

design ié based on maximum stress at the base of the structure.

As shown in Figure 6.29 the vertical strain distribution across a
horizontal section in the bottom of the shear walls is non-linear.
With the exception of the F.EMo, the theoretical methodg used assume
a linear strain variation across the horizontal section and thus do
not give accurate results.

Also‘referripg to Figure 6.1l the existence of stress concéntration

AN

in the chear ﬁalls near the foundation, openings, and close to wall
slab junction is apparent. Photoelastic invesfigations(118?119)
reveal that the maximum stresses are always produced in ﬁhe shear walls
at re-entrant corners near the openings, From Figures 6.14 howevef,
the stress concentration in the shear walls close to the flanges are
suppressed due to the stiffening effect of the flanges.

Referring to Figure 6,26 the close agreement between the experimental

strain and E.F.A, results along section z-z may be coincidental, The

stress along/
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stress along this section are small owing to the stiffening effectl
of the flange. |

The S.C.M, dbeé not present the Qorrect bending moment pattern and
hence, its use is not recommended to predict the stresses and .the
deflection of masonry structures.

The theoretical deflections and strains using different approaches

and assuming an effective flange width of ten inches i.e. bt

| +t,
are given in Figures 6.2, 6.27 and 6.28.
Figwe 6.2l also compares deflections obtained using W.C.F.A., taking
into account: .
(1) Bending deformation
(i1) .Deforﬁatian due to bending and shear
(ii1) | Assuming effective slab width equal to one half of the sfructureé
bay width, and taking into account shear deformations in the
beams and colurms. (Shear deformation in the beams may be
" neglected).
The érrors with respect to the experimental results in the above three
cases were: b5U%Z, L6% and 36% respectively, showing that the reduction
in the flange and the slab effeqtive width will notlclose the gap
between the\;xperimental and theoretical idealized structures,
. The expe?imental results shown in'Figurei6;15 clearly indicateé the
.,éxistence of flexﬁral strain in £he connectiﬁg slab, suggesfing that
the assumption of infinitly stiff ends in the connecting beams is
invalid  This illustrates that the application of WoCoFoho to
multistorey masonry crosswall structﬁre would leéd to an erroneous
results. |
In view of the low tensile/compressive strength ratio of éoncrete

masonry and/
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masonry and non-linear behaviour of the vertical strains in the shear
‘walls a useful result has been the location and determination of
magnitude and direction of the principal strains (see Figure 6.15).
Experimental and theoretical investigations carried out on similar
types of structures in 1/6 scale and full-scale load bearing brickwork(52’7h’96)
confirm the results of the present investigation., When theoretical

approaches such as cantilever method, W.Co.FoAo, and S.C.M. were apélied

( ‘ '

to brickwork structure %) they neither gave close estimate of the
deflections nor did they determine its correct profile. Also, strain
measuremenﬁs-were limited to £he ground floor walls revealing a non-
linear relationship and having high magnitude at the corners near the
vqpeningso Whén the_EoFvo was applied to the above structuresalthough
it gave é close estimate of the tip deflection, nevertheless, it
overestimated the stresses at the base.

From the deflecfed shape of both the bfickwork, and the blockwork
structures, it is likely that under lateral load rotation takes place
at foundation level;‘ This has alfeédy'been discussed for the single

storey tests (Section L.19).

6,10 CONCLUSIONS

(1) . The ;%resses and the deflections of one-third scale blockwork
structures can be studied with reasonablé accuracy by means
of model testing.

(2) The load factor, based on the dssumption of 50 lbf/in2 ultimate
shear strength of the ground floor shear walls (Section L.18)
was 3;6 on the basis of the Code of Practice CP3 Chapter V.
and 2.1 on the basis of CP 111. ILive loads have not been

taken into account.

(3)/
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(3) Vertical strain distribution across a ﬂorizontal section in
the ground floor shear walls is non-linear.

(L) There are region of stress concentration at the corners near
the openingss.

(5) Existing methods of analysis of shear wall structures do not

| apply to a multi-storey blockwork building.
The cantilever method overestimates deflections:and Stresses.
The equivalent frame analogy gives good estimate of the tip
deflection while overestimating the stresses.

in wide colurm frame analogy the assumption of infinitely stiff end

segments in the commecting beams does not-hold gbodu

The finite element method gives the same pattern of the stresses with

a close estimate at the mid;height of the shear walls in each storey

" but it underestimates the stresses close to the corners near the

openings.

(6) For design the cantilever method may be used to calculate the
stresses and the lateral deflections; results‘are conservative,
The eguivalent frame analogy is suggested if more accurate
results are reqnipedo

AN

N
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CHAPTER 7

GENERAL CONCLUSIONS

The following conclusions have been reached as a result of the -invest-
igations presented in this thesis.

7.1 MODEL TESTING AND LOAD BEARING CAPACITY OF LIGHT-WEIGHT AGGREGATE

WALL PANELS

As it would have been uneconomical and difficult to conduct the

investigatidn on full scale structures a series of comparative tests

were conducted on one-third and full-scale blockwork which.indicates

that the strength of blockwork for a given blocé aﬁd mortar strength

can be reproduéed by means of model tests.

Depending on the relative strength of ihe block and the mortar ﬁnder

axial compressive loads, concrete blockwork exhibits two distinct

types of failure:

(1) Shear failure when the block and the mortar approximately possess
the same strength

(2) Tensile splitting failure when there is an appreciable diff-
ereqce between the strengths of the two components.

The tensile ;ilitting test (Brazilian?) can successfully represent

the tensi;e strength of the blocks and can be ;atisfactorily adopted,

.Fbr the blocks tesfed, there was a linear relationship between the

corresponding compressive and tensile strength,  This relationship

is useful as the strength of blockwork under axial campression may be

related to the tensile strength of the blocks.

The- relationship between block and blockwork strength is non-linear,

(47)

~ Hermann'!s equation is used to predict the blockwork strength for 1:1:6

mortar when/
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mortar when block/mortar strength ratio is larger than 1.7.

. The variation between the secant modulus of elasticity and the block-
‘work strength'was found to-be non-linear,
The load factor based on the draft revision of CP 111(16) although
lower than the values‘suggested by the code, seems to be adequate for
the present design purposes till results of further teéts are
available,

7.2 PROPERTIES OF BLOCKWORK ASSEMBLIES

Tensile bond strength of "Aglite" block couplet built with 1:3:3
mortar is 0,78 times their initial bond shear; precompression in-
creased the shear strength of the triplets. - Tﬂé tfiplet tesﬁs;~

do not represent the true behaviour of blockwork structures, because
no sheér stresses are developed in ihe blocks. ‘Due to the lateral
loading shear stressééaaré develobed in masonry stfucture causing
failure either by diagonal shear or diagonal tensioﬁ°

7.3 SINGLE STOREY SHEAR WALL STRUClﬁRES'WITH OPENINGS SUEJECTED TO

PRECOMPRESSION AND LATERAL LOADING

Under combined compressive and lateral loads concre’e block masonry .

shear wall exhibit two distinct types of failure:

(1) Breaiaown of bond at ‘the interface of block and mortar producing
diagonal cracks stéping through the vertical and horizontal . |
mortar joihts; The shear strength of blockwork.is then the
sumation of bond shear and the frictional resistance belween

" block and mortar,

(2) Diagonal cracks pass through blocks and a few mortar joints,

This type of failure only occuring above a certain range of

precampression is/



(100

precompression is caused by diagonal tension goﬁerned by
‘the maximum tensile stress or strain, The shear strength
in this case is directly proportional to the frictional
resistance.
Furthermore, for a given lateral 1oéd precompression increases the
rigidity of the structure., Above certain value of precompression,
the rigidity remains constant. -
The model shear walls have an average load factor of 209 against
failure when designed on basis of permissible shear stresses quoted
in CP 111, . This would suggest that the present provisions given by
the relevant clause in the Code is adequate for the design of non-
reinforced blockwork shear walls. At high precompression analytical
methods such as the equivalent fréme analogy and the finite element
method gave good estimates of the deflection and the stresses in the
shear walls,

7.4 MULTI-STOREY SHEAR WALI, STRUCTURE

The analytical methods such és the continuum approach and frame analogies
all assume linear elastic behaviour. The methods when applied to
rmulti-storey masonry shear wall buildings do not predict the actual
behaviour éf'the structuréo The gap between experimental and theor-
etical results may be due to idealization and. assumptions regarding

the interactidn befween the Varioué.stfuétufal elements, non—hoﬁo—
genelty of the material, shrinkage cracks, method of construction and
workmanship,.

The shear connection method is not recommended since it does not appear
to be satisfactory for the analysis of blockwork structures. Nor

would it/
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would it seem that the wide colurmn frame analogy could be widely
- applied to blockwork strﬁcture, since the method, similar to the shear
continuum apbroach, greatly overestimates the stiffness of the
structure.

Under special circumstances and in the light of more experimentai
. data one might expect that a rigorous analysis such as the finite
element method would givé more.accurate results. However, for
design purposes the following procedure is suggésted:

From the layout of the structure and vertical loading the thickness
and stréngth of blockwork can be determined° Using the cantilever
method the stresses and deflections due to later;l loadingiare cal-
culated - the result.is conservative as it overestimates the stresses
and lateral deflections. However,.the equivalent frame analogy is
suggested if more accurate‘resulfs are desired.

7.5 SUGGESTIONS FOR FURTHER RESEARCH

The work presented in this thesis has shown that theré is & need to

investigate some aspects in details. '

Iateral loading tests‘may be carried out én simple single storey or

multi~storey\§tructures to. study the following factors:-

1) The effe;five flange width and its variation with precompression and
the overall height of the building. |

2)  The effective width of the floor slabe The stiffness of the floor
slab has a significant influence on the behaviour of coupled shear
wails° |

3) Influence of the size of the openings.

L) Assessment of the degree of fixity at the foundation level and its
variation with precompression.

5) Development of a more refined theoretical analysis. One possibility

~ is the finite element technique applied to three dimensional structures.
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APPENDIX 1
Al,1 THE DEMEC GAUGE

Specifications:

Manufactured by Wo.H. Mayes and Son Ltd.,

Gauge length obtainable from 2 to 80 inches.

Price range: gauge, gauge setting out bar and invar reference bar
from £57 to £128,

Stainless stzel demec studs 112 at £1.75,

Calibration factor by Cement and Concrete Association.

2 inch gauge 2.L48 x 10"5 strain per division _
g o no1.01 x10°  w w
12 n v 6.6 x 1070 oo n
o v n 333x10°0 o w o w

Description

The "Demec" gauge is a demountable strain gauge (Plate L.8) develcped
by Cement and Concrete Association(1t”, being obtainable at various
gauge lengths. Its main componeﬁts consists of a Invar main beam with .
two conicalvgauge points, one fixed at one end andvthe other pivoting
on a knife e&éeo This pivoting movement is transmitted to a dial
gaﬁge (graduated in.10—h ins) mounted.on the beam, - An invar reference
bar is provided as a checko | Referencé Bar readings are usually taken
befcee and after a test. The correct gauge length will be obtained

by the use of a stainless steel stud to the surface of the structure.
Durofix is a suitable adhesive for cementing the studs to the surface
of £he structure,. Using demec gauges the reading accuracy of

3 x 10_6-can be obtained. A small temperature correction could be

applied to the gauge.
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Al.2 VIBRATING WIRE STRAIN GAUGE

Gauge type:
Tyler Recoverable Surface Mounting (Plates Lo17 and l.18), manufactured:
by Gage Technique at a cost of £11,00 each,(11l)e
Gauge length used:
2,5 inch and 5.5 inch.
Gauge factors:
o5l x 10~ for 2.5 inch gauge

3000 X 10—9

-for 5.5 inch gauge.
Plucking Voltage:
2y volts for the 5.5 inch gauge
60 to 120 volts for 2.5 inch gauge

Accuracy: 1.5 to.3 x 10_6 strain for equipment reading to 1HZ.

Mounting of Gauges

i.inch thick brackets were fixed onto the test specimen (Plate ho16,)-
using an epoxy resin commercially known as Cafaloy pasteo To ensure
that the brackets were in the same plane and the correct distance apart-
they were boltgd to a éteel‘plate which kept them in position while

the pastc hardened. The plate was then removed and the gauge was
fixed in its position. | ‘

Measurement of Frequency ‘

A portable digital strain measuring instrument,Atype P.S.M. used to measure
the period over 100 or 1000 cycles. The instrument was manufactured by
Deakin Instrumentation at approximate cost of £600,

A .3 DIAL GAUGES

Specifications: Baty Dial Gauge costing approximately £8 each.
1 division = 0,0001 inch.

Range 0.2 inch or 0,5 inch.
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Al.);  HYDRAULIC JACK

Enerpac single-acting cylinder with spring resisted return and self

sealing valve used for loading single and 5-storey shear wall structures.

Specifications:

Stroke | Collapsed Cylinder Plunger Internal
(in height effective dia, pressure at
Type (in) area (in?2) (in) capacity
(1b£/in2)
RCI0T0 1461 1 236 BN H 10,000
10 Ton 103 132 2023 - 2 )
rRc22LC |123 20% 5,157 21 10,000
23 Ton C

A1.5 THE STRAIN GAUGE LOADCELL
Davey-United toroidal loadcells with seif aligning loading cap were used

to measure the load. Details of load cells used are as follows:

Normal max. Max.input Nominal
S B oo S L LR s
A 3 - 10 13 200 ohms
A 5 | 10 10 n
A 10 10 8 o
B 20 10 10 300 ohms
c 100 10 7 | 350 ohms

10 volt. D.C. stabilised power was used throughout.
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A1 .6 DIGITAL VOLTMETER

The output from the loadcell was measured by a "Dynamco" Digital Voltmeter
Type DM 2022 having resolution of 10 {4( Volts, Iater a Solartron digital
voltmeter type IM 1450 was used. The operational range of 0 - 1000 vo'lts
is covered in six ranges, with a maximum sensitivity _of 10 ﬁLVolts, and

an accuracy of +0.05% of reading #0.053 of range full scale.

Al L7 »ELECTROLEVEL

The Electfolevel type EL/10 is a portable, remote reading instrument for
precision levelling, The sensitive element is a spirit—levél filled
with a conducting liquid and provided with a syst\em of electrodes from
which the bubble position is read as an electrical signal from a suitable
indicators

Specifications:

Iength : 10 inch

‘Width : 7 inch

Height : 5% inches

Weight : 11 1b,
Tnree scale ranges are provided reading from 0,05 thous. per inch (10 arc
seconds) to 18\ thous. per inch,
Thié instrument can be applied to the determination and’ control o_f small

angular displacements where a remote read out is desired.
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APPENDIX 2

A2,1 FINITE ELEMENT PROGRAM
(112)

The ICES STRUDL program was used for the finite element analysis,
Using this method the structure may be sub-divided into two-dimensional‘
elements of triangular or rectangular shape, connected at a finite
number of nodal points, or joints. This idealization is then analogous
to that of framed structures wheres members are a particular type of
element. The finite elgment capability of this program applied to two
dimensional problem is quite extensive, and provided a variety of eleﬁent
types for the solution of plane stress or plane strain problems; The
element chosen was rectangular (Type PSR) with four nodes giving eighf
degress of freedoﬁ, the displacement function being of the form:

u(v) = a +bx +cy +dxy
where: a, b, ¢ and d are constants. Values of elastic modulus and
Poissonts ratio are specified for each element and the plane strain
analysis was usede The program was run on a>IoBoMo:370/155 computer.,’
The running time for the specified structufe composed of 36L nodal points
and 32l elements was 6 minutes and L2 seconds and the cost was approx-

imately £30.00

N,
\\

A2, 2 FRAME PROGRAM

A standard program provided by I.BoMo known as "The Structural De81gn

Language" Strudl(112)

was used. This program is capable of performing

a linear elastic, static analysis of a framed structure. Such structures
may be two or three dimensional and are composed of slender linear members
of constant or variable section which can be represented by properties
defined along a centroidal axis. A variety of force conditions on member

ends and at support joints may be specified implicitly by means of structural

type and/
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type and orientation commands or explicitly for a member or joint.
Both equivalent frame and wide columnyframe solutions were obtained by
use of'the above program, In the'woCoFo.analysis beams were assumed
to have variable cross-section, éhe first'segment having infinite
sectional area aﬁa moment of inertia and the second segment having the
actual properties .of the beam,

The runniné timelfor the above progfam was 12 seconds and the cost was

£0.87p.

A2,.3 SHEAR CONNNECTION PROGRAM

(34)

The computer program used was based on Eriksson's paper and written

)(So)o

in Imp. (atlas autocode The running time on a L-75 computer was
8 seconds and the cost was £0.25p.

The program concluded with the required analysis , bending, shear and
deflection for two interconnected walls. It takes into account axial
deformation of the colurmms and in the calculation of the deflection it

neglects the shear deformation of the colums,

A2.ly THE APPROX ROUTINE

- Statistical analysisbof the test results was based on "approx" a library
routine prog:am; The routine was written in Imp. (Atlas Autocode) and
run on a li-75 computer at £0.18p.

N
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APPENDIX 3

CORRECTION FACTOR TO BE APPLIED TO THE VIBRATING WIRE GAUGE READINGS

'WHEN MEASURING FLEXURAL STRAIN.

If the'dista.nce of the vibrating wire from the surface of the specimen
is appreciablé in comparison to the specimens depth, the ¥ibrating
wire gauges indicates strain considerably higher than the true valueo

Therefore it is necessary to apply a correction factor to all readings.

steel bracket /vibrating wire strain gauge

\\\ e : : €2

L | . _ €4
7 7
7 —/

d
| ]
a
o
\
specimen under flexural loading (strain diagrams)
17 % €2
where : k = = correction factor
a+d .

€1 = true strain

I

62 measured strain

2d = depth of the section

a = distance of vibrating wire from the specimens surfaée



