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ABSTRACT

The worldwide housing shortage has stimulated eckdar appropriate, easy, fast and
cost-effective new ways of wall construction. Amon@ny technologies found to
have promise is mortarless technology using drgksiaterlocking bricks/blocks.

This thesis is about such mortarless walling tetdgyo and in particular: how to
improve wall-construction flexibility, the effectsf brick irregularities on wall

alignment accuracy and wall behaviour (stiffnessength) when subject to lateral
forces.

The flexibility of mortarless technology (MT) hasdn enhanced by the development
of new bricks (centre-half bat and tee brick): thigoduction of closer bricks led to
the formation of two new bonds (patterns) namelgkSk and Lijuja bonds. It is now
possible to construct more than half-brick-thicklgao attach more than half-brick-
wide piers (buttresses) onto walls, and, using igpéxeicks, to construct polygonal
and curved walls using interlocking bricks.

Three methods (theoretical modeling, physical expants and computer simulation)
were used to analyze the effects of brick impeidest on wall alignment accuracy.
Theoretical analysis confirmed that brick mouldsh®uld concentrate on achieving
parallel top and bottom faces rather than achietrung square-ness.

Physical column assembly compared three brick-tagitnategies namely: “random”,
“reversing” and “replace”. The columns assembledngisthe “reversing” and

“replace” strategies realized alignment improvemdattors of 1.6 and 2.9
respectively over “random” strategy. The researldo aevealed that grooving, to
prevent bricks making contact near their centredjnmproved column alignment by
factor 2.13 and stiffness by factor 2.0, thus alfmconstruction of longer and higher
walls without strengthening measures.

In order to attain alignment accuracy in accordanmitk BS 5628-3:2005 in a dry-stack
mortarless wall, this research recommends usirigfidks with top and bottom surface
irregularities not exceeding £0.5mm for un-groovédcks, and up-to +0.9mm for
grooved bricks.

Further analysis was undertaken with respect toureg-use implications (cement, water,

soil) of employing MT. Using MT will save 50% of Waonstruction cost and 50%
cement consumption, which ultimately will reducé&#0f carbon emissions.
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CHAPTER 1

1.0 INTRODUCTION
1.1 BACKGROUND

1.1.1 HOUSING DEFICIT

Housing is one of the basic human needs and idlusaaked third after food and clothing.

In most developing countries housing is inadequatd the housing backlog has been
increasing rapidly. One key reason for housing ega@cy is the increase in population
Racodi (1997). It is estimated that the World's gagion is rising weekly by more than a

million people, a rate that new construction does matchEarth from the air [Online].

(URL http:/Avww.earthfromtheair.corhtml). 2004 (Accessed 15 December 2004ue to
the high pace of urbanisation and socio-econonttofa that include the rise in prices of
land and building materials, Those classified asr @we the majority and they cannot afford
proper housindg/cAuslan (1985)The outcome of this can be seen by the poor tyuaiithe
houses of this majority in both urban and ruraliemments Gilbert & Gugler 1992, Basu
1988.

The provision of affordable housing for the poored® to be facilitated through the
development of innovative strategidddbb 1983, Hamdi 1995The persisting problem for
urban housing authorities in Africa is the worsgnicondition of slums and squatter
settlements due to the high rate of population gnowublic provision of mass low-cost
housing is always far below the actual demawdasdorp & Humphreys, (1975)The

situation is being exacerbated because the moyefauilities are improved; the faster is
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rural-urban migration. This must not be considdogdts negative impact only, but should be
regarded as an inevitable and irreversible consexguef continuing developmeBpence &

Cook, (1983)

1.1.2 POVERTY

Despite the fact that most African countries haagé resources of indigenous building

materials, to date the housing situation has n@rawved, due to economic hardship. New

housing by its nature requires capital. World tratsrket data shows that between 1990 and
2000 the capital of the 50 poorest countries felirf 4% to 2% of global capit&8arth from

the air. [Onlingd. (URL http:/vww.earthfromtheair.corhtml). 2004 (Accessed 15

December 2004 Several studies have revealed that more than &0#drican people live
below the poverty line, and more than 80% of thpypation living in rural areas have poor
shelter as well as inadequate sanitation, trangpartcommunication systems. About 70% of
the urban population now lives in slums and squattdtlements, which lack the basic
facilities for a decent lifeWorld Bank, (199b Worse, is the continent’s dependence on

imported building materials that are too expensivehe poor majority to afford.

Example Tanzania is one of 20 poorest countries on eantlthe year 2000, the annual
housing demand was about 800,000 units, but supas/below 20% of this figure. In that
year there were about 9.8 million urban dwelleredireg about 2.4 million housing units.
The actual number of units built was only 0.6 moilliindicating a 75% deficiURT —

NHSDP, (2000)This poor situation is reflected in other devehgpcountries.
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1.1.3 APPROPRIATE HOUSING SOLUTIONS

However, researchers worldwide have made signifiezfforts to find sustainable and
affordable technologies to arrest the situatiore bhst approach so far is the development of

technologies to increase the utilization of localsailable building materials.

Appropriate solution for affordable housing willryafrom one location to another. Some
general rules, however, apply to construction m#ghand housing systems. Affordability
and availability of course are the basic requiresdor the low-cost housing industry
(Harlae and Marten, 1990, Laquian, 1983, Spence &ok;01983) But, the cultural
backgrounds and the particular needs of the contreannust also be considered. With the
increasing rate of unemployment in Africa, there sl a need for labour-intensive
production methods in some parts of the industry.efable the community to profit from
construction projects, systems making effective afsanskilled labour and local resources

are usually the most appropriate.

Development of appropriate technologies for thedpadion of low-cost building materials of
good quality will speed up the provision of affdbtaurban housing in developing countries.
One such technology is the use of stabilised-saikb. These have been in use in developing
(African) countries for many years and have passetbus stages of improvement in the

production processes and quality of the products.

1.1.4 EARTH WALLING

Recent research has been conducted at Warwick tditiwdGooding 1994, Kerali 2001,
Montgomery 200Ron building materials for low-cost housing, indilig literature reviews
from the 18' century to the end of J0century, on the use of earth or soil as a dominant

building material. It was found that soil can beamumproved through stabilisation. The
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durability of cement soil stabilised blocks (CSStn further be improved by using best-
practice curing regimeKerali, (200) and their strength increased by impact compagction
which gives better material consolidation than dempressingMontgomery, (2002).
Burroughs, (2001yiscussed selection of soil for wall constructaord made a contribution
to the development of stabilised soil for rammedkeavalls. A valuable survey by
Maniatidis & Walker, (2003shows clearly the development of rammed-earth tooctson
worldwide. The economic analysis in these variduslises suggests use of earth material for
wall construction will continue and that such metlewill remain a cost effective and low-

energy alternative to more ‘modern’ walling matkria the coming centuries.

1.1.5 MORTARLESS WALL BUILDING

Mortarless brick construction, usually employingenocking bricks, is growing in popularity
round the world, indicative of acceptability. Matess techniques demonstrate the following
advantages: increase of construction productiv@aginfim 1974, Whelan 1985reduction in
construction duration and labouAriand & Ramamurthy 2003, Ramamurthy & Nambiar
2004 and reduced construction cost. Because of ithntdogical simplicity and local
resource dependence, mortarless-brick construasomnore appropriate to many local

communities than conventional mortared-brick teqhas.

Designers have developed machines of different styfreanually operated, hydraulic,
electrically operated, automatic or semi-automdtic)producing different shapes and sizes
of stabilised-soil bricks/blocks for Mortarless WwaRllan block system, Auram system,
Bamba systems and Haener blocks, Hydraform systeuisa blocks and Solbric systems

etc A variety of interlocking brick/block shapes waralysed byThanoon et al. (2004
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Ramamurthy and Nambiar (200d9ncluded that a key requirement of interlockinghs, if

they are to improve construction by semiskilleblaers, is that they kself-aligning

The Interlocking Stabilised-Soil Brick (ISSB) istechnology that pioneers the idea of dry-
stacking bricks during construction; hence they @aled mortarless brickdvlontgomery,
(2002 assume mortarless construction is a good ideartdutif it is used in conjunction with
in-wall curing of very-low-cement homogenous blacksr this technology to be successful
the bricks require very high dimensional accuraddye cost of construction of a wall using
ISSB is estimated to be 40% lower than that usingenconventional material&therington

1983, Hines 1992, Anand & Ramamurthy 2003

1.2 RESEARCH JUSTIFICATION

Interlocking bricks may be made of fired clay omemnt-stabilized soil (sand). They are
usually manufactured by a process using pressiesrréitan slop-moulds, in order to achieve
greater uniformity. In Africa this would make thamcompetitive with conventional clamp-
fired bricks, were not the latter being adversdfgaed by growing firewood scarcity, and

the high price of the cement for the mortar.

Production and laying of ISSB are labour intensivaking use of unskilled labour. Apart
from saving cost, this will create more jobs andpemwer youth. Moreover building with
ISSB reduces the use of industrial products likeex@ and depends on local resources. It is
considered to an environmental friendly technologgcause it consumes less production
energy, reduces deforestation, reduces the usemfaemewable resources and produce less
waste from construction process than the main mghilternatives (fired bricks, cement-sand

blocks)Walker, (199%
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However concerning ISSB, little has been publisiieolut:

Modes of deterioration,

» Failure mechanisms,

* Maintenance requirements,

» Construction procedures

» Architectural (design) flexibilities,

* The relationship between brick accuracy and wajhahent, and

* The stability and stiffness of mortarless wadlafzahn, 1999
These unknown parameters need to be establishexpeyimentation.
The objectives of the work reported in this thesese to investigate: -

* ISSB wall architectural flexibility in terms of gatns, bonds and buildable

configurations.
» Factors that influence the accuracy of mortarlezisw
» Stability and stiffness of mortarless wall duringlaafter construction.

 Maximum height and length of ISSB walling that daen managed before requiring

strengthening,
* Economics of ISSB walls compared to conventionateys.

Forecasting the prospects for ISSB use in develppountries is difficultCroft, (1993
because existing building standards, regulatiorts rates create negative attitudes towards
new technologie8eall, (2000. However the adoption of new technologies reguéeough

time to prove their durability and advantages comgao existing ones, so it may take
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decades before they are widely accepkath(and Lee 2000, Spence & Cook 198e role
of the building industry should be both to develpd adopt beneficial change®using

Forum, (200

1.3 RESEARCH METHODOLOGY

The research recorded in this thesis employed theee methods, namely:
1. Literature review
2. Survey of existing structures built of ISSB (moleas bricks) and design of a more
(architecturally) flexible form of ISSB.

3. Analysis, and experimentation;
a. Theoretical analysis of dry-stacking of interlodibricks,
b. Physical testing of using half-scale interlockingks and
c. Computer simulation of dry-stacking interlockingidis into walls and

columns.

1.4 STRUCTURE OF THE THESIS

The thesis is presented in seven chapters as fllow

Chapter 1 introduces the research topic, constructs the naliéo for the study, and
develops the objectives of the research.

Chapter 2 has theliterature review that surveys the existing knowjedf “Mortarless

Technology”, and presents a history of interlockibgcks. The review identifies the

knowledge gaps that determined the work developethapters 3 to 7.
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Chapter 3 discusses the benefits of using MT to minimise ®mrental impact. It
analyses the cost comparison between mortarlelssdlgy and conventional.
Chapter 4 describes the many patterns/bonds used by traditicklaying (compared to

the only one bond used by mortarless technologgrbehis research). The design of new
ISSB parts enabled the invention of two new briokds and the application of ISSB to a
wide range of conventional bonds. The chapter detnaies the performance improvement
in the construction of variety of joints, thickemals, and different wall configurations i.e.

polygon, curve etc.

Chapter 5 discusses the types of brick irregularity, theinses and remedial measures to
reduce them.

Chapter 6 describes the series of laboratory experimentsopedd in this research. It

addresses the variables to be measured and themnga®chniques that were employed to
obtain the required test results. It relates themakanalyses to physical experiments and
scrutinises disagreements between them with thp bklthe computer model. It draws
conclusions concerning the relationship betweenvémability of a wall and the accuracy of

the ISSBs with which it is built.

Chapter 7 theoretically analyses the difference between sotiimn and dry-stacked
column subjected to lateral forces. It relates tegoal analysis to physical experiment

Chapter 8 summarises and comments on the thesis findings clipter also highlights
the applications of the research findings and ifleatareas for further research.

The Referencesire presented at the end of the thesis.
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CHAPTER 2

2.0 LITERATURE REVIEW FOR MORTARLESS
CONSTRUCTION

This part of the thesis will go through the devetgmt history of interlocking bricks and the
existing techniques, technologies and practicewillitry to identify the knowledge gaps in
our topic of interest (Mortarless Technology”- MT for wall constructipfor planning the

studies that constitute the new contribution regebrh subsequent Chapters.

2.1 HISTORY OF INTERLOCKING BRICKS

Mortarless technology is directly associated witteilocking bricks: so the two terms will be
used interchangeably. In this work we are goingdéal with use of interlocking bricks,
stacked dry to build a wall while observing builginonstruction rules of proper bonding.
Bondingis the arrangement of bricks in an interlockingtgra that result in a stable wall.
The stretcher bondvas the only (main) such pattern used in inteftoglorickwork before
this research.
The history of interlocking bricks started in tharlg 1900s with the construction of toys for
children’s McKusick (1997), Love and Gamble (198Bmong the first inventors of toy
systems that contributed to the mortarless teclgyo{arrangement of parts that construct
ideal structures) were:

* The Englishman Frank Hornby (1863 — 1936) of Liwalpwith Meccano sets.

* A.C Gilbert (1884 — 1962) of Salem, Oregon with doe sets.
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* Charles Pajeau who invented Tinker Toy constructats in 1913. He was a
stonemason from Evanston, lllinois, USA.

» John Lloyd Wright who invented Lincoln Logs in 1920

* Ole Kirk Christiansen (1891 — 1958), who inventexjb.
From the beginning most toy mechanisms were dedigméeach the principles of creativity
and were a tool for learning scientific, enginegrand architectural principles. The original
materials used for toy construction were tin, metalod and clay, though now most toys are
made from plastic. Of these various systems, Leggpthe most similarity to wallingAn
Interlocking Brick construction for toys (Automatinding Brick) was first developed in
Denmark in 1949. In 1951 the “Automatic Binding & was renamed as “Lego Mursten”
“Lego Brick” in English”, and first produced commeially in 1958” (Museum of American

Heritage. [Online]. (URLhttp://www.moah.org/exhibits/archives/buildex.hHtnd005 march

9. (Accessed 16 March 2006).

The 1958 version of interlocking bricks with stubbylinders and matching studs moulded
into the surface allowed the Lego bricks to be [grmattached to one another
(http://inventors.about.com). In 1967 a simplifiectrsion called “Duplo” bricks was
launched: is the latest version available in vgr@tsizes, shapes and colours that form the

basis for mortarless technology using interlockioicks/blocks The history of Legos.

[Online]. (URL http://www.shop.lego.com2006. (Accessed 21 March 2006)
Since 1970s the interlocking mortarless bricks/kdofor house construction, made from
sand-cement, stabilised soil and burnt/baked Baile been pioneered in Africa, Canada, the

Middle East and India.
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2.2 INTERLOCKING MORTARLESS BRICKS/BLOCKS

FOR HOUSE CONSTRUCTION

Interlocking bricks/blocks (IBs) can be producedsa$d, perforated or hollow bricks. The
demarcation between hollow and perforated bricksedds on the surface area of holes. If
they occupy less than 25% of the surface area,ahegalled perforated bricks'if more we
define them ashollow blocks™ (BS 6073-1:1981 clause)3\8/e can characterise bricks in
terms of their solidity as follows: -

» The more solid the brick the more material requaed the more powerful the press
needed to attain enough brick density, but lesddsinvill be needed for satisfactory
brick strength.

* The more perforations, increasing up to 50%, theenbinder will be required in the
mix to achieve the higher strength needed for thembranes formed onto a hollow
block.

The two solidity characteristics of blocks abovacle have extreme conditions that increase
cost of blocks. The best percentage of perforasdhat which minimise some combination
of weight, material and the power requirement ef phess. To reduce the cement/sand ratio
in the mix for hollow blocks, the size of perforats should be reduced.

Interlocking requires a variety of shapes/partsdnstruct different wall joints. The existing
commercial interlock designs have different confadions Ramamurthy & Nambiar 2004,
Dyskin et al. 2005, Thanoon et al. 2004, Croft 1998rris et al. 1992 and thus vary the
number of part-bricks necessary to perform the saomstruction operations. Table 2.1
divides interlocking bricks/blocks into two groupsg¢cording to their locking systems.

Category A bricks have interlocks that restrict mment both horizontally and transverse to
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the wall surface, Categofy bricks allow horizontal movement and only limiansverse
movement during wall assembly.

Interlocking bricks have three types of lockingirfjong) methods; Tongue and Groove
(T&G), Protrusions and Depressions (P&D), and Togmlal non-planar locking. The T&G

and P&D are the typical locking methods, while tiogacal method is not a popular one.

Table 2.1 Categories of interlock-brick systems

Category A Category B
Both horizontal and transversal brick Free horizontal and restricted
movements restricted transversal movements
Auram Alan block
Bamba Hydraform
Haener Interlocking System Solbric

Osteomorphic

Sparlock System

Tanzanian

Thai

Before involving ourselves in the descriptions oterlocking bricks/blocks, let's be

acquainted with the terms used in brickwork.

2.2.1 DEFINITIONS

For the purpose of this research as p8r6073-1:1981 clause 3.12,brick is a masonry
unit not exceeding 337.5mm in length, 225mm inhmit 112.5mm in height Units with
more than these measurements to any of the sidedeamed blocks. The following

definitions also apply.
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Bat is a pieceformed by cutting perpendicular to the faoé a brick with
a reduced length.

Brick size measure equal to the length of one brick

Centre-half is the piecefermed by cutting perpendicular to the brick fpoé a
brick left after removal of both end quarters.

Closer is a piecefprmed by cutting parallel to the brick fgoef a brick with

reduced width.

Half brick a length equal to the width or half-length ddrack.
Quarter brick a length equal to half the width or quarter thregté of the brick
Half-brick wall is a wall with thickness equal to half the lengththe brick, e.g. a

wall of bricks laid as stretchers.
One-brick wall is a wall with thickness equal to a brick’s ldmge.g. a wall of bricks

laid as headers

2.2.2 INTERLOCKING HOLLOW -BLOCKS

Interlocking hollow-blocks are made from sand-cetrtbat can compete with conventional
technologies in terms of quality, strength and .cdstere are many promising types of
interlock blocks in Canada, to mention just a few:
* Alternate face-shell components figure 2.1a, knoas Sparlock systerklines,
(1993.
* Projecting lug system components figure 2.1b, kn@srHaener syste@allegos,
(1988) and Harris et al. (1992
Figure 2.1 shows Canadian interlocking hollow-bbekth general measurements of 16” x

8" x 8” (400 x 200 x 200mm) representing more thiinty existing types as discussed by

28



Thanoon et al. (2004), and Ramamurthy & NambiaD@O0Most of the interlocking hollow-

blocks are used to replace formwork for castingnfogced concrete walls. The Sparlock
system allows placement only of vertical reinforests while the Haener system provides
for both horizontal and vertical reinforcementseTiormal material mix ratios (cement to
sand/aggregates) for producing hollow blocks arken than 1:10 due to the high strength
requirements of thin block webs, and to withstahd pressure transmitted on placing
concrete grout. The diagrams (Figure 2.1) illustthe assembly of block units and how they

fit to build a wall or formwork of a wall.

Figure 2.1 Interlocking hollow-blocks
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a b

The popular types of interlocking brick/block inr&fa and Asia are made from stabilised-
soil and are meant for low-cost housing. The foltgyvdesigns exist in the market: Thai
interlocking brick; Solbric, Hydraform and BambasE&ms from South Africa; Auram

system from India and Tanzanian tyged diagrams in Sections 2.2.3 to 2.2.8
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The above listed types of interlocking bricks wareented by different people at different
times to reduce mortar costs, enhance construgiroductivity and wall characteristics
(accuracy, stability and strength); achieved byphaper choice of production method, wall

construction technique, and locking mechanism.

2.2.3 THAI INTERLOCK BRICKS

The Thai interlocking brick (Figure 2.2) with dimgans 300 x 150 x 100mm, was developed
in the early 1980s, by the Human Settlement Divisad the Asian Institute of Technology
(HSD-AIT), Bangkok, in co-operation with Thai Instie of Scientific and Technical
Research (TISTR). This is an interlocking brick defined in Section 2.2.1 (BS 6073-
1:1981), although the developer calls it a block.

The Thai interlocking brick is produced using a mied CINVA-Ram manual press
developed in Colombia in 195%I(TA 1975) Figure 2.2b shows a wall with vertical grooves
run through the full height that provide good kéysrender. Vertical holes also run through

the full height of a wall, serving the following fposes:
* They reduce weight

* They can house reinforcement or mortar to increesestability at chosen locations

(corners, junctions, opening ends etc.)

* They may be used for electrical and communicatmdaits.

30



Figure 2.2 Thai interlocking brick

100

L
a) Brick length = 300mm, width ¥ p) wall thickness = 150mm,
150mm and height = 100mm course height = 100mm

The grooves may however increase the amount okrareduired for internal plastering. The
holes in combination with the grooves may redueedberall strength of a brick and hence
the strength of the wall built using these brickse locking mechanism is not well secured
as the knobs and depressions are too small (<5ifime) strength of such interlocks depend
on surface render, or on grout filled into vertibales with additional reinforcements if need

arises.

2.2.4 SOLBRIC SYSTEM FROM SOUTH AFRICA

The SOLBRIC system uses solid interlocking brickgygre 2.3a), formed by pressing on
their ends (the compacting stroke moves paralldiedonger side), with guided or controlled
width and height. In bricklaying, SOLBRICs are aigad at the normal bed surface (Figure
2.3c). The size of a SOLBRIC is 250 x 200 x 100M@®@LBRIC provides small horizontal

cavities between the courses (Figure 2.3b) in wicmhduits and pipes can be installed or
reinforcements placed to strengthen the wall aagefocations (cill and lintel levels). The

SOLBRIC wall has a flat internal surface and exddlyna pointed joint surface (Figure 2.3b)

from the chamfered edges of the bricks on one Jille.flat internal surface of SOLBRIC
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reduces the thickness of required plaster mortdrtae external pointed joint makes the

external appearance attractive. However this diffee means that bricks may not be

reversed (front to back).

Figure 2.3 SOLBRIC interlock brick
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Although the SOLBRIC interlocking brick system seeto be easy to use, the shape of the
bricks and the parts made from the machine magessible to build only the external walls
because there is no means of connecting partitien®f making a tee or cross joints. The

small thicknesses (<15mm) of the vertical and loorial tongues that provide the
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interlocking are questionable due to the matergddu(soil stabilised with cement that is

brittle in nature).

2.2.5 HYDRAFORM SYSTEM FROM SOUTH AFRICA

Hydraform is the simplest type of interlocking to@igure 2.4) in shape, when interlocked
makes a tongue and grooved joint at the sides @gmarnd bottom. Being free to slide along
the course horizontally, it can be pushed alongdaieve tighter perpends (vertical joints)

Figure 2.5.

Figure 2.4 Hydraform block
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Hydraform block is moulded by pressing along itsgé from the ends, as for the SOLBRIC.
It is also a solid block, but slightly shorter, widand thicker in size (240 x 220 x 115mm)
than the SOLBRIC (Figure 2.3). The stability of thell built from the Hydraform blocks is

not provided by the locking mechanism but by thdtiwviand weight (massiveness) of the
block. In production they require considerable poteemould (compress) due to their large

volume, 30% more soil is used compared to the ofiver reported types. Moreover the
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compression must be sufficient to allow a freshcbklto withstand the squeezing forces
occurring when it is manually moved from machin¢h®e curing area. A powerful (moulding
pressure 4MPa to 10MPa) and expensive motorisedhimag@dydraform Manual, 200¢is
required to compact such a volume of soil. This bancompared to the cheaper manual
presses (with pressures under 2MPa) used to proBao®a, Tanzanian and Thai types

(VITA 1975, Weinhuber 1995

Figure 2.5 Typical Hydraform block-laying (diagram from Hydraform Manual 20p4

Comrse 1&2

Course 1

shaved area

Perpénds - _
! Altermating

shaved area half block

{male face}

The Hydraform blocks require some 'shaving' andlopping (Figure 2.5) if two blocks
have to be laid perpendicular to each offtieis could have been included in the production
process for time-saving at sjiteA half bat to cover the tongue/male (Figure 2$5xalso
required Hydraform Manual 200¢

The longitudinal course joints (Figure2.4b) of thkwcks have a clearance of 1-1.5mm
between the tongue/ridge and groove of the matlagkb. The reason behind this 'play’ is
easy of longitudinal sliding, to simplify the blotkying in order to achieve tight perpends
(Figure 2.5). Apart from being stacked dry all otheall construction operations are as

conventional bricklaying i.e. any compensation kkare cut manually at site.
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2.2.6 BAMBA SYSTEM FROM SOUTH AFRICA

The Bamba interlocking brick (Figure 2.6) is pedi®d, with protrusions and depressions.
The top and bottom faces of Bamba brick have negaymmetry: configurations opposite

to each other that allow them to fit (lock).

Figure 2.6 Bamba interlocking brick
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Figure 2.6, if the brick is rotated 180 degreesuatbits Z-axis, the bottom view will appear

as top view; this give the option of reversing itadfa better orientation or position during

brick-laying.
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Figure 2.7 Available Bamba brick parts in the marke
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Bamba brick interlock better than all other types db its shape, provided that high accuracy
is maintained. This accuracy depends on: propdr ssbection, proper determination of
material mix (cement to soil and water to cemetibsy observation of good practice in
production and curing. Though the shape can yaetdyid structure, it is very difficult to
correct if bricks have defects. With these contrmly characteristics, the system is not fit
for use in developing countries because it requacesirate machinery and high skills in soil
selection to make sure that the production wilbbene consistency. If every thing is perfect,

you can lay the bricks of a whole house in a dikg & puzzle game. Otherwise, with low
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accuracy in size and shape due its complicatedigrgation, it consumes a lot of time

shaving and shimming to compensate for brick irlagfies.

Figure 2.8 the use of Bamba interlocking brick uni$ in stretcher bond
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e

The occurrences of tee or cross joints alternageutie of three quarter bats from right to
left, this does not depend on the distance fronh gaint, but the rotation of three quarter
bats to meet at the centre of the joint that chsutige orientation of the following brick

The author developed three-quarter bats Figure &nta2.7b Kintingu 2003 for Bamba
interlocking brick to perform tee and cross joinisie available Bamba interlocking units
(Figures 2.6 and 2.7) can assemble wall as showgure 2.8, but is restricted to half brick

wall and to just stretcher bond.

2.2.7 AURAM SYSTEM FROM INDIA

This type of interlocking brick has some simila#iwith Bamba and Thai types, but of a
simpler shape with size 295 x 145 x 95mm. Figur@ &hows its family of bricks
(intermediate, three quarter bat, half bat and msbBmmakes it relate more closely to the Thai

system but with no grooves and reduced perforations
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Figure 2.9 Auram Interlocking Brick

{b) Three quarter bat
{cormer brick)
220 x 145 x 95mm

{a) Intermediate brick
105 x 145 x 95mm

(c) Half bat

() Chanel brick
145 x 145 x 95

295 x 145 x 95

The Auram system reduces the number of three quzate required to just one due to shape
similarity, compared to the two required with Bambterlocking brick (Figure 2.7). In this
type of interlock a three-quarter bat is used asraer brick; this has flat ends, to avoid a
semi-circle notch appearing at the external surtddbe wall. The Auram brick is more solid
and heavier at between 9Kg and 10Kg than the TiiBamba types at 7 to 8Kg. But the
locking mechanism depends entirely upon the bossek depressions; this will require
experiments to examine tlogtimum heightf male anddepthof female features (<10mm) to

give enough wall punch-through strength

2.2.8 TANZANIAN INTERLOCK BRICK (TIB) SYSTEM

The TIB system Figure 2.10 was designed by theaauathier observing the weaknesses in the
Bamba systemK(ntingu 2003. The new system (TIB), it was developed for appaie

technology applications; thus taking into consitlers availability and affordability to the
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users. The machine, which is locally made and mgnwgperated, is a modification of

CINVA-Ram press machin&/(TA 1975, Weinhuber 1995

Figure 2.10 Tanzanian Interlocking Brick (TIB)
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The author made important modifications to imprde interlock brick to suit Tanzanian

requirements. The size of the brick is 300 x 15000mm, the same as that of Thai and

Bamba types respectively. The locking knobs ande$son are two as for the Auram type,

but they are of pyramid shape with holes runnimgugh the centre of the knobs. The brick

is chamfered to the front and back edges, provigiomted horizontal and vertical wall

joints. This chamfer, gives a good key to the glagtplastering is needed (the bricks from

the machine are normally smooth enough to provatadinishing without plastering). The

chamfer also reduces corner friction during bricgduction; thus reducing the ejection force

required.
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The number of different brick parts was reducetbto (Figure 2.10), from the six of Bamba
(Figures 2.6 and 2.7) as follows: -

Tanzanian type (T1B) Full brick, three quarter bat, half bat and bedrannel.

Bamba system Base brick, intermediate brick, left and rightee quarter bats, half bat and
channel.

TIB (Figure 2.10), apart from its good locking manlsm, needs investigation of the shear
strength of its knobs and webs, to determine thtemopn size that will provide sufficient
wall stability during construction. Also it seentmat the vertical joint is not secured well, as
the brick ends meet at flat surfaces with no meidaannterlocking. It should have been
provided with a groove of at least 2.5mm radiudath brick ends, to create a void for a
minimum mortar to be placed (pumped) to fill thetieal gap. The TIB as other designs
available on market fails to satisfy some of thendeds from the building industry, such as

the construction of:

Various brick bonding joints,

Piers (wider than half of brick length) attachedoirwalls, which conventional

(mortared) brickwork can easily perform,

Thicker walls (thickness more than half of brickdgh) and

Different wall configurations (circular, polygonaic.).
Correcting these deficiencies of mortarless teabmlis a further work of this research

addressed in Chapter 4.

2.3 WALL PERFORMANCE FACTORS

A wall is the base/background to roofing, ceilimdpors and windows, beams, plaster,

painting and decorations, installation of electriaad water accessories, etc. According to
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Collins (1995) a wall is defined as a vertical structure madstohe, bricks or wood, with a
length and height much greater than its thickngssd to enclose a building and divide it into
cubes or rooms and support other elements/parts.above-mentioned elements that are
supported by the wall comprise more than 50% ofttii@l cost of the building. The wall
skeleton itself hardly accounts for 10% of the allezonstruction costs. We require the wall
to be fit for purpose and durable in order to seall the elements fixed to it for the entire
life of the building. When we say a brick wall, weean bricks arranged in certain pattern
(see bond as defined in Section)zafhd joined with whatever material or means. Adoay
to Hendry et al. (1997)he vertical compressive strength of a wall riséth only the square
root of the nominal crushing strength of a brickyath the fourth or cube root of the mortar
cube strength. This is for walls that fail by crighrather than by buckling. Also the
relationship of the wall strength to the thicknessnortar, shows that the lower the thickness
(down to one millimetre) the higher the wall strtingSpence and Cook (1983how that
mortar does not contribute much to the compressikength of a wall, even if the mortar
used is stronger in compression than brick. Thera need to find out if the mortar joint
thickness can be limited to maximum of three midltnes (with the aim of filling the gaps
after the bricks are laid). However wall strengtiesl not only depend on the strength of the
basic elements (brick/block and mortar) alone,asn on:

* The shapeheight, width, length and configuratipaf the wall

* Brick design

* The way bricks are laid (the bond/pattern employeid@ndry et al. 1997 and Spence

& Cook 1983
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2.4 CHARACTERISTICS OF MORTARLESS WALLING

The worldwide housing shortage has stimulated eckdar appropriate, easy, fast and cost-
effective ways of constructing walls. Among manghteologies found to have promise is
mortarless technology (MT) using dry-stack intekiog bricks/blocks.

Although MT is quite new, it is booming around therld with diverse use in the building
industry, and it is now under study for space @etrestrial) applications. It comes in a
variety of forms, shapes, configurations, and s{B=sall, 2000. Ramamurthy and Nambiar,
2004. Croft, 1993. Thanoon et al2004. Dyskin et al.2005). Interlocking bricks are often
considered as ‘specials’ because of their neediicque moulds and their unsuitability for
the extrusion technique widely employed in brickking. Interlocking bricks' are normally
produced using machines that guarantee good fadaree(accurate and with appealing
surfaces that are smooth and even), thus givingotioks an attractive finish that requires
little or no rendering, just joint sealing for peation from weather, achieving privacy and
avoiding health hazards. The reduction or even sionisof joint mortar and plastering saves
construction time and materials.

The elimination of bedding mortar, although it redsl cost and accelerates the construction
procesRamamurthy and Nambiar, (2004lso induces structural weaknesses. Architelctura
inflexibility (Chapter 4 subject matterand structural instability are caused by georoetri
imperfections in the brick-bed surfaces and any-unaiformity in the heights of adjacent
bricks Marzahn (1999)Moreover the complexity of some common ISSB canfigjons is a
further barrier to design and construction flexiil All these imperfections cause difficulty
in keeping within maximum tolerable deviations frevall plumbness and straightness, and
may prevent construction of particular wall configiions. This requires further

investigations.
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2.5 SELF-ALIGNMENT AND INTERLOCKING

There are two major objectives of any dry-stackriocking brick system. The first objective
is to beself-aligning(Gallegos 1988Ramamurthy andNambiar 2004. Thanoon et al. 2004.
Beall 2000. Jaafar et al. 2006 Features required for self-aligning interlockitgicks
includes:
» Fitting into each other without adjustments (cwtishaving or shimming).
» Having distinct orientation features, so that ifomgly placed they will not fit and
therefore require either reversing or replacementdctification.
* Fulfilling modular coordination requirementSi(roy and Goffi 2001 Thanoon et al.
2004)
* Having tight tolerances3allegos 1988, Marzahn 1999, and Jaafar et al. 2006
* Having few elements, each with its simple and uaiquerall shape, to simplify the
management during production and construction (ueique shapes prevent
confusion between one and another). The welementhere denotes a member of a
brick set. For example a set might comprise thiements, namely full brick, half
and three-quarter brick.
The self-aligning (automatic stacking) of bricksllwieduce the need for skilled labour
(Etherington, 1983. Gallegos, 198&nd enhance construction productivity.
Most interlocking bricks (Section 2.2) lock by athhaving protrusion and depressions or
tongues and grooves, sometimes called male anddde®tures. But the interlocking bricks
discussed by§yskin et al. 2005, Dyskin et al. 2003 and Estiirale 2002),are based on
topological non-planar contact. Such a brick isvaindn Figure 2.11 and is called the
osteomorphidrick.
Osteomorphic bricks interlock by matching the conparts of the surface of one brick to the

concave parts of the othEstrin et al. (2002)Under vertical loading (constraint) the bricks
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are pressed together and achieve more surfacectotach configurations restrict brick
movements both perpendicular to the wall surfackaaong the wall, so osteomorphic brick

fall under category A in Table 2.1 (Figure 2.11b).

Figure 2.11 Osteomorphic bricks
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The topological interlocking with non-planar sudad(if sufficiently smooth) reduces stress
concentration. Being self-aligning and self-adjugti osteomorphic bricks provide some
relaxation of the accuracy requirements of bothckomproduction and wall assembly.
However the system being insensitive to the surfiangerfection will lead to unevenness of
wall surfaces Dyskin, et al. 200band so require a thicker layer of render mort&erefore
accuracy (smoothness and matching of the curvatuegsirements remain paramount as in
other MT configurations.

Another brick shape with similar characteristicgtteosteomorphidrick is the Allan Block

(AB) see figure 2.12. It uses béll and socket joint”
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AB blocks were tested by Shrive et al. 2003 whowsdtb they have good potential for
tolerating both differential settlement and loadpegpendicular to the wall surface (i.e. wind
forces). The panel block Figure 12a restricts padpailar movement but allows horizontal

sliding during block-laying (category B Table 2.1).

Figure 2.12 Alan Blocks
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However the mechanism of self-aligning just diseds@steomorphic brick and Alan block)
is not typical. Most of the MT systems that LeasivBloped Countries use (described in
Section 2.2) employ T&G or P&D interlocks, whicledhe focus of this research.

The second objective of a dry-stack interlockinghsystem is to have affectivelocking
meansthat allows dry-stacking to achieve straight, pluenid stable block-wallMasco
Costa, 199Bthat can withstand different forces (horizonta¢éar and vertical bearing) under
loads appliedGallegos 1988, Thanoon, et al. 20@Yring and after construction. Table 2.1
divides the locking modes into two categories; wag-and two-way. Though each mode has
advantages and disadvantages, this research isaviourf of category A that restrict
movements both perpendicular to the wall surface harizontally along the wall. The

protrusions and depressions provide interlocking) @mtrol of brick positioning that reduce
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the use of levelling and aligning instrumefdallegos (1988 The ability of IB to accurately
locate brick positions improves the bonding val@ienortarless technology. The precision of
overlapping between courses improve masonry appea@nd the distribution of loatash

(1991)

2.6 WALL ALIGNMENT ACCURACY

An accurately aligned masonry wall should be vattio plumb, with truly straight and
horizontal (level) courses. The vertical jointsrf@Ends) at alternating courses should be in
line and truly vertical throughout the wall heiglibhe masonry panel face should have a flat
and true surfac®lash (1983) Conventional masonry gives an acceptable rangeexical
deviation, which for a wall height up to 3m shoulat exceed 10mm (BS 5606:1990 Table 1
T.1.3).

All who have worked with interlocking bricks agrdeat in order to achieve good alignment,
the bricks should be geometrically accurdiaizahn 1999, Beall 200Estrin et al. 2002,
Jaafar et al. 2006)However no critical analysis has been madwalf alignment Research
so far has only addressed the important issue dbmpeance in directioad-bearing of

interlocking dry-stacking systems.

Beall (2000)observed that the physical locking feature is ahmaism to improve the
accuracy of dry stacked masonry; it makes it edsiatign the wall vertical and straight and
therefore speeds up constructitaafar et al. (2006 However the relationship between wall

alignment accuracy and brick imperfection requitether research.
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2.7 LOAD BEARING CAPACITY OF MORTARLESS WALL

A substantial amount of research has been perfotmasicertain the behaviour of mortarless
walls under applied load§&6zzola & Drysdale 1989, Drysdale & Gazzola 1994arAahn
1999, Marzahn and Konig 2002, Shrive et al. 2008afar et al. 200§, both in-plane and
out-of-plane. Dry-stacked mortarless blocks hawenliested under compressive, tensile and
shear loads, and their performance related toothednventional (mortared) brickwork, for

which standards and codes for materials and steiquality are defined.

Gazzola & Drysdale (1989)ested dry-stacked interlocking hollow-block wallsder
compressive, tensile and shear forces. Their esulggest MT masonry construction is
adequate for low rise buildings. Moreover any adddl surface render enhances tensile and
shear strengths and gives some improvement in @ssipe strength.

In further work,Drysdale & Gazzola (19919tudied the strength properties and load-bearing
capacity ofgrouteddry-stacked mortarless hollow-block walls.

The blocks used to build test prisms had an avenagierial compressive strength of 30.4
MPa. The test results of grouted prisms (Figure@ditained an average flexural tensile
strength of 1.7MPa. This is over six times the mimn value allowable in the North

American building codeACI-ASCE (1988) and CAN3-S304-M84 (1984).
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Figure 2.13 Test brick prism

SB The standard prism tASTM
C90-75 consists of one brick
width, various courses ranging
HB HB between 1.5 and 5 times the
brick height, and one stretcher
SR (Jaafar et al. 2006, Drysdale
and Gazzola 1991
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The British StandardsBS 5628-1:2005 Table) 3equire blocks with compressive strength
above 17.5MPa, to be designed for a hollow-blocK wawithstand average characteristic
flexural strength 00.25MPa. However the test result attained by Drgsdad Gazzola will

produce a structure with a 6.8 factor of safetyjcwhagrees with the North American

Building Codes. This can be summarised as follows

dal q British Standard (BS) requirements
Material Drysdale an (for conventional wall)
e Gazzola
classifications
test results Strength Factor of safety
Block-compressive
strength (MPa) 30.4 >17.5 1.7
Prism-flexural 17 0.25 6.8
strength (MPa) ' (hollow-block wall) '

Jaafar et al. (2006)also tested interlocking mortarless hollow-bloclnels under
compressive loads. He used blocks with an averaggessive strength of 15.2MPa. The
wall panels’ compressive strength was 5.9MPa. Tbheetation between strength of

individual blocks and wall panel was determined #éiverage compressive strength of a wall
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panel {.,) was 0.39 of the compressive strength of the idda block {.): in equation form
fow = 0.3%cp.

BS 5628-1:2005 Table 3gelds, after interpolation, a value for panel @uassive strength of
5.99MPa when brick strength equals 15.2MPa. The &}/ f., = 0.39) is in exact agreement
with Jaafar et al. (2006jest results. It demonstrates the ability of mbets block masonry
to withstand loads as large as conventional (medjamasonry does, being sufficient for low
rise (up to two storeys) buildings. [Typical pregson bottom of a 2-storey wall is 0.3MPa

Ophoven (1977)ncreasing to maximum of 0.6MPa if wall is leagiin

Shrive et al. (20033tudied the structural performance of dry-stat¢krincking blocks using

a ball and socket joint system (Figure 2.12). Tioeypd that the ball and socket joint rigidity
increased with increased load. It was observedtkigatry-stacked panel wall absorbed 30%
of a load appliederpendicularto a wall and transmitted only 70% to the restedirend
posts.

Using differential settlement tests on a simplymuped panel Figure 2.14, they confirmed
that mortarless ball and socket configuration pkael wall and its interface with supporting
columns spanning 3.53m centre to centre, were tabgipport the full weight of the panel

assembly (7 x 15 AB panel blocks), while yieldiegd than 0.5mm deflection.
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Figure 2.14 simply supported panel tested for diffiential settlement
(Diagram from Shrive et al. (2003) repprt
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Marzahn (1999)nvestigated the “effects of the geometric impetitens in the bed joints to
the structural behaviour of mortarless masonry vraldal compression”. In order to
undertake the tests, the brick bedding surface® wpecially machined to create different

bedding conditions. Six bedding surfaces were ete@figure 2.15).

It was observed that for the brick units with unebed surfaces, they had to even-out before
a uniform stress transfer was generated. Such onsudaces of dry-stacked masonry
demonstrated extensive deformation/settlement dunitial loading. Tensile and bending
stresses occurred (Figures 2.16 and 2.17), thatdegkrtical cracks running through the

bricks. This flexural cracking is a common featafe@ry-stacked masonry;
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Figure 2.15 Brick surfaces of different imperfectims
(From Marzahn 1999)

— :
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polished surface (NLS
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2mm deep notches m both
directions (NBS)

Figure 2.16 shows the effect of irregular brickgings in one course. In Figure 2.17 the bricks
show cracking only from wall self weight (initiabdding) even before they receive loading
from roof structure, ceiling and other finishing teraals.

The early cracking (Figure 2.17) of bricks indicatke low strength of material used. It can
be minimised by the use of bricks with equal heighta course. Marzahn show that the
quality of surfaces influenced the strength of buaits: the more uneven the bed planes the
lower the strength because it causes initial deddion. However the initial
deformation/settlement (joints evening-out) lowelead bearing capacity by only 5 to 15%

compared to mortared masorviarzahn (1999).
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Figure 2.16 Cracks due to bending movements Figure 2.17 brick early cracks caused by
caused by unequal height of bricks unevenness of brick surfaces
in a course
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Analysis by Marzahn (1999) Photo graph taken in62@&Q@ Mbezi-beach Dar
es Salaam Tanzania by the author during |site
Visit.

The settlement of dry-stacked masonry is influenogdhe deformation of individual bricks
and the unevenness of contact surfaces of the jdowever the movement of joints occurs
only at the lower/initial stresses: they are disedhfluenced by the quality of bedded
surfaces of units. It was revealed by Marzahn tiratmain objective of a wall structure is to
have stiff joints, so that the internal movements minimised to prevent masonry from
experiencing tensile and bending stresses.
If the applied load/force (vertical or horizonted)constant

Vertical load (force) F ®norAnom = CeiPet

Horizontal shear force SomAnom = TetAet
Where suffix honi indicates the nominal area (in plan) of the waalld suffix ef indicates
the effective contact area in plan.

o andr are respectively normal and shear stress at boitkick contact surfaces.
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Anom is the ideal area (overall plan Figure 2.18a) gie=dl to bear the load applied on the
block. For a block-laid on its bottom surface, tteal area is ‘length width’ if the brick
surface is 100% in contact (this may be achievettumortared condition).

In the case of dry-stacked bricks with imperfectfaes, stacked or assembled without
mortar, the ratio of effective ¢ to nominal (Aom) contact areas (represented by symjapl

is initially much less than one. As load increasesl small bumps are flattened, the ratj) (

increases.

o = A Where 0<7,< 1

" Avn

The contact area ratio for interlocking bricksesd than oney§ < 1) for two reasons:

» With interlocking and hollow bricks (Figure 2.18)ften not all the interface area is
meant to make contact. For example with the Taiazewerlock brick (Figure 2.10),
only 47% makes contact, while for some hollow bkdkis solidity or designed
contact area may be under 30%.

« With bedding surfaces, imperfections (Figure 2.1&duce the contact area further,

unless there is elastic deformation or bump crighin

Figure 2.18 Stages of contact area from overall sdlblock to mortarless to effective contact

LI

JIIIH"IT . . .'l IIEf . {f} K
(a) e, '[_'JJ' —=n: : { {
._‘-. '_ —! P / — _g/l
Overall plan Interlocking/hollow Effective contact
contact area (Aq) contact area (Ayr) area (A0

Figure 2.18 shows:
(a) Overall plan area, of which a full contact area.¢ may be achieved only under

mortared condition.
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(b) The designed interlocking or hollow contact areg(Ais less than overall plan area
(Anom). We can represent the ratio of mortarless bridadAur) to (Anom) by the
symbolnyr (effect of reduced contact area).

(c) Any deviation from flatness (irregularity of surgcreduces the surface in contact
(Figure 2.18c) on loading to an effective areaj)(MAer that is less than # and
further less than Am Thusne = AefAo = MNwr X Nes

The combined effect of surface imperfection anddvatess is represented by a ‘surface

utilisation factor'n,, wherene<1, thereby increasing average stresses, to:

o, o,
x Phom — Trom , and thereforer,, = —""—

Jef = Jnom
A\ef ,70 ”MTnef
Marzahn (1999)compared bricks with varying degrees of (artifigiagenerated) surface
roughness, taking as his datum (ideal) a brick &itmachined and polished surface (PLS).

He measured joint deformations)(under load for the six brick surfaces describeéigure

&i

2.14 and from their deformations defined relatiefodmations K): k, = for i = RS,

gPLS
NLS, NCS...etc. (Figure 2.15), whegg s is a joint deformation for the PLS bricks.

From the computed relative joint deformations, asduming that surface, utilisation-factg) for

the PLS isne.s= 0.97. Marzahn calculated surface efficienciestfier remaining five brick surfaces

(under full load), using the equatiory; =

”ELS . He found that the values fgrvary strongly with

load, generally in the form closer to one (FigurE9}.
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Figure 2.19 Behaviour of dry-stacked brick joint urder full loading
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On ncreasing loading | increases effective
contact area of bricks, so the utihsation-
factor (1) and thus joint stiffhess wnproves

The surface utilisation-facton, under full loadare high enough (>0.2, with stress typically not

exceeding 5x1MPa) that we need not to worry aboigk lcrushing in 1 or 2-storey buildings. But
gross brick height variations, large enough toltasuotal loss of contact for some bricks, widsult

in cracking (Figures 2.16 and 2.17) at far lowexd® than those needed for brick crushing.

Further work byJaafar et al. (2006analysed the dry-joint behaviour of interlockingdks

under compression, taking into consideration tlsirface imperfections and variations
between the block’s thickness/height that influejoiet deformation. This research showed
that 75% of final joint deformation was realisedrfr the first 57% of load, thereafter joint
stiffened and the deformation rate decreased. Thiediegs support early research done by
Marzahn and Konig (2002Jong-term behaviour of dry-stacked masonry), imcl realised

a 70% of joint settlement/consolidation in the tfitss to 10 days of the total settlement
achieved after a long-term loading for three artthkh years. But when the block wall was

grouted the deformation or movement started at 88#e maximum loading, and continued
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until splitting of block webs occurred. The stifiseof the joint is due to the bond between

the grout and the surrounding block shells.

In their evaluation of test results both researobugs assumed that the movement under
loading was in the direction of applied force, effeely disregarding unevenness in the
surface bumps, i.e. they assumed bumps of equghthéivith this assumption, vertical
loading has no effect on wall alignment: there banno out-of-plane deviation caused by
brick rolling or rocking perpendicular to the wallrface making the wall lean from plumb.
So there remains a requirement for a study of éegionship between wall alignment and
brick irregularity i.e. how surface bumps cause al wo lean out of plumb. Any leaning
results in a couple being superimposed on the tdirger-brick vertical loading, thereby
increasing the peak inter-brick pressure by a fagfoto 2. This in turn reduces the load

bearing capacity of a wall.

2.8 PRODUCTION OF BRICKS/BLOCKS

The production process for the basic elements efatéll i.e. brick/blocks and mortar, from
soil (mud) involves either stabilisation (usuallithvcement) or firing. The process starts with
soil identification and testing (at site and laltorg), followed by preparation
(winning/excavations, pulverising and sieving), mg and moulding (by hand, machine
pressing or ramming between shutters). Finallyinguis needed for all elements containing
cement or drying and burning for clay elements.sehearious processes are well covered by
Montgomery (2002), Kerali (2001), Norton (1997),aer (1997), Houben and Guillaud

(1994), Gooding (1993), Stulz and Mukerji (1993) #inO (1987).
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In this competitive world, the production procesghe most important part of the building

materials industry. It assures standardised qualty adequate quantity of materials to fulfil
the needs of the market. In this thesis, we sbak lat the production of Interlocking Bricks

(IB), using soil as a main raw material, bearingnimd, that

“The use of soil that is readily available, for cmastion, across the economic spectrum and
across the various stages of social and techno&gitevelopment, makes available an
appropriate and sustainable technology for the ticraof the built environmehMorris and

Booysen (2000

2.9 SELECTION OF SUITABLE SOIL FOR STABILISATION

Low-quality stabilized bricks result from lack adratrol or monitoring of materials and of the
whole production process. The field of soil-sel@atiinvolves identification of the
distribution of gravel, sand and fines (silt andyglwithin a sample. To limit the size of
gravel and remove other large particles, after d@nst pulverised, soil is passed through a
standardised sieve with 4-6mm openings. An impoffactor in soil stabilization is the soil’s
cohesion that depends in its fines fraction. Seledtion is often conceived as a once-off
process of testing to confirm the soil passes ther@ for stabilization and to determine the
best ratio of soil to stabiliser. However to maintsoil consistency, it is necessary in practice
to constantly monitor the soil’s properties and pemsate for any changes that occur.

The test procedure and the coherent test planideddbyGooding (1993)for preliminary
on-site testing is one of major steps of soil dabec Although the bottle/sedimentation and
linear shrinkage tests were recommended as ‘latmyré¢sts’, The author is of the opinion
that such tests could be used in the field and igeoveliable guidance for determining
mixing ratios for cement to soilGpooding 1993, Houben & Guillaud 1994, Norton 1997,

Burroughs 2001 The information reported in Table 2.2 suggeat #h soil with a shrinkage
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less than 2.5% or greater than 9% should be diedafdr stabilization unless it can be

modified to achieve adequate cohesion (clay cortetwween 10% and 358RU-B2 (1974

Any soil modified by blending should be tested wpdly until the attained shrinkage is

between 2.5 and 9%. Data in table 2.2 is a reguielnl experience in agreement with the

calibrations afteITA (1975)for a low-pressure machine up to 2MPa, and highesgure

machine of up to 10MPa after Webb (1988). Lineaingage (LS) test results determine the

ratio that allow calculation of the amount of stialer to be used as well as the compression

needed. Also agreeing with'ebb and Lockwood (198commendations concerning choice

of machine;

* Low shrinkage soils (high sand content) are bedtabilized with Portland cement

(PC) and compressed by high power (> 4MPa) machiete

* High shrinkage soils (high clay content) are bestabilized using lime and low

power (to 2MPa) press machines.

Table 2.2 Level of soil shrinkage with recommendedompression pressure
(Data using Alcock’s shrink-box - 600x40x40 mm)

[2)

Measured | Shrinkage | Recommended| Cement
Source shrinkage (%) cement to soil |(C %) Remarks
(mm) ratio (C: S)
Only for heavy compression
Gooding (1993) above 4MPa provided soil prove
Hauben & 6—-15 1to2.5 1:20 4.8 to have enough clay to reduce
Gullaud (1994) handling breakages
ILO (1987). , Satisfactory for normal
Norton (1997), 15-25 25104,17 1:18 53 compression up to 4MPa
UN (1992) _ Best soil for compression as
VITA (1975) 25-35 4.17t05.8 1:16 5.9 low as 2MPa
Webb & _ Satisfactory soil for compression
Lockwood (1987) 35-45 5.83to 7.5 1:14 6.7 as low as 2MPa
Fair soil for compression even
lower than 2MPa but of low
45 — 55 7.5t09.17 1:12 7.7 production pace due to sticking
Characteristics (high clay content).
Poor soil; may need blending to
reduce sticking or may need mo
55 _ 60 9170 10 110 91 Cement thus more expensive.

Acceptable only when no
alternative.

(€
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After measurement of fractional distribution of thail, its linear shrinkage and selection of
appropriate ratio (cement to soil — C: S), thelfstage is to produce trial bricks; at least ten
blocks from each soil batch. This is used to vesiypropriateness of the soil for stabilisation
using the proposed soil to cement and water to nemagios (Table 2.3). The following
observations to be made:

. The mixing process: if it is difficult, it indicasetoo high a clay content in the mix.

The soil requires modification, either by the aiddfitof extra cement or by blending with
sandier soil.

. The rate of breakages on carrying the fresh brickibeir curing place. Too high (>
10%) a rate indicates there is too little clayha tix.

. Crack developments, warping and any significaninghage during the first three days
of curing. If this is too severe, indicates a taghhclay content that may require either sand
blending or addition of extra cement.

. Testing the compressive strength at three, sevenfeurteen days to check the
effectiveness of stabiliser (minimum strength aftérdays >1MPa). The test depends on the
availability of a suitably-equipped laboratory atemands of the proje@ooding (1993).

The above quality control checks normally will dooe for the whole period of production
for every fresh soil batch even if the soil is frame source. Less checking is required if the

soil is prepared all at one time.

2.9.1 SHRINKAGE BOX FOR SOIL TESTING

The shrinkage box is a mould for linear shrinkag®.tLinear shrinkage is defined ‘dse
change in length of a bar-sample of soil when dffedh about its liquid limit, expressed as a

percentage of the wet lengti{BS 1377-1:1990 clause 2.2)1% wide variety of shrinkage
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box dimensions (Table 2.3) are used in differentspaf the world. The variation in the

suggested initial moisture content of soil test [glas between one researcher and publisher

to another is also confusing, but we can clarifg thy defining the two moisture conditions;

Liquid Limit (LL) and Optimum Moisture Content (OMC

Table 2.3 Linear shrinkage moulds used in differenparts of the world

S/No Source Box shape Box size in mm Initial Where
(Internal dimensions) Moisture more
Content (MC) | Applicable
1 BS 1377 (1990) Half round | 140 x 25@ To LL Laboratory
Consistency
2 CML-TLM1999 (2000) | Half round | 140 x 25@ Within 1% of LL | Laboratory
3 California Polygon Tapered Laboratory
Test 228 (2000) Top
127 x 19.05 x 19.05 Wetter than LL
Base
127 x 17.48 x 17.48
4 Burroughs (2001) Half round | 250 x 25@ Near LL Laboratory
SAA (1977) a) 250 x 259 At the LL
b) 135 x 25@ it is used
only with small soil
sample
5 Keefe (2005) Rectangular 600 x 50 x 50 OoMC Site
6 Gooding (1993) Rectangularn Alcock shrink (box) Near LL Site
Houben & mould 600 x 40 x 40
Guillaud (1994) OoMC
Stulz & Mukerji (1993) OoMC
Adam & Agib (2001) OoMC
7 Norton (1997) Rectangularn a) 600 x 40 x 40 OMC (Controlled Site
b) 300 x 20 x 20 by drop test)
8 Wolfskill at el. (1963) Rectangulanl 127 x 19.05 x 19.05 | Slightly wetter Site and
(5" x % x%) | thanLL Laboratory

Liquid limit (LL)

change of consistency from plastic to liquid state.

Optimum Moisture Content (OMC)

IS moisture content in a mix that allows the noxstart flowing i.e. a

is the moisture content in a cementitious mix

that contains enough water for cement to comptsthyidration reaction (normally is 0.25 of

water to cement ratio) plus additional free waterfitt pores improve mix workability.

60




Usually the extra water is just enough to enhareesification Wolfskill et al, 19638 on
compaction“Optimum moisture content at which a specified antoaf compaction will
produce its maximum dry-density” (BS 1924-1:19%usk 2.23)
The free water can be specified and verified kgl mix because of its dependence on various
soil characteristics;

* The type of aggregates (porous or impermeable)

» Shape of aggregates from round to sharp that affedtability of mix

* Type and amount of fines
From the definitions above, it is evident that LhdaOMC are two different conditions for
the moisture content in a mix, meant for differgnirposes. They therefore cannot be
considered to be interchangeably, a wrong assumptsed in the work oKeefe (2005),
Houben & Guillaud (1994), Adam & Agib (2001), Nort@l997), Stulz and Mukerji (1993)
(Table 2.2). OMC is a proper mix consistency foickrproduction (Hydraform Manual,
2004) that can be checked by simple field drop; i€dhe soil ball breaks into few (4-6)
lumps then the water content is right (near to OMC)
However the author agree witBS 1377:1990, Burroughs (2001), Gooding (1993) and
Wolfskill et al. (1963}hat the moisture content (Table 2.2) at the sth# linear shrinkage
test should be near the LLThis moisture content is not critical to withinfaw percent” BS
1377-2: 1990 clause 6.5.4.2 NOT®ith the aim of checking the soil plasticity agetting a
rough idea of how much stabiliser is required todifyothe soil for safe use in severe

conditions.

61



2.10 BRICK CURING

2.10.1 BRICK HANDLING

In traditional concrete block production, the bldskejected together with a pallet from a
machine and placed at the curing area until next ddowever during production of
stabilized-soil bricks, it is common practice fack brick to be removed from the machine
manually without a pallet to support it. The briskhen placed on the curing floor either on
its end-face or on its front/back-face (Figure 2.2Me faces likely to be affected by warping
and a flexure are the top and bottom (Figure 2.20¢h distortion is likely to happen if both
these two faces are left free during curing, so aimese faces should be placed on a hard,
straight and level base for the first two to thdegs.

The reason why bricks are traditionally not placedtheir bottom or top faces is to avoid
these faces torching the dirty and uneven surfaégsoorly prepared curing floors. We
recommend with flat floors, place bricks on theattom and with poor prepared floors place

them on their sides or ends.

Figure 2.20 Specification of bricks’ sides as useath block-work position
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The controlling factors for deciding how and whdre brick are placed on the curing surface
are as follows: -

* As handling is a significant component of laboysut) it should be made as fast and
comfortable as possible, for example by mounting piness at ergonomic height
(waist-high) table into which bricks will be plaaetil they harden.

* The quality of the curing floor; if the floor is havell prepared (is not level, or has
loose sand or aggregates that may stick on tha)rit may cause the bricks to have
a curved face. Many professionals recommend thaastic sheet should cover the
floor. This does not change the floor surface lelet it does prevent loose material
from sticking on to the brick surface. Any irregutia of the floor will still however

be stamped on the brick surface, giving it a stthg@rted from that desired.

2.10.2 CURING CONDITION

Hardening of any concrete products requires theirmoed presence of water in the brick to
enable cement to complete hydration procéssdli, 200). The strength of the concrete
components made from Ordinary Portland Cement (OR&¢ase gradually with timéLQO,

1987. The purpose of curing is to maintain moisturéhi@ concrete component for the whole
period required of hydration process. To achievaper curing, it is necessary to control
curing duration and site conditionkdrali 2001). Curing duration is dictated by the type of
binder used, for OPC as pg6 12, (1971) and ILO, (19828days is recommend. In brick-
making this would be expensive to maintain, andaysdis probably a better compromise
between maximizing strength and minimizing curimgtc The curing conditions depend on
environment (wet, dry, temperature, wind etc.) ¢beponent is placedKgrali, 200]). For

Interlocking bricks meant for dry stacking, theme additional important conditions that
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affect surface tolerance, such as poorly prepanedg floors, curing in open air and without
cover.

A poorly prepared curing floor (not level, permeghkith loose sand or aggregates) is most
damaging to brick quality, because in such conditive green (fresh) brick is denied the
ability to retain sufficient moisture, thereforehihiting the cement hydration process. This
can result into a low strength bricKdrali 2001, and Odul, 19§4warped, curved and with
severe shrinkage.

Therefore curing requires proper support and goodstore control, shading, covering and
frequent watering to maximize the cured strengtbwelver placement of bricks on flat,
clean, firm and impermeable surfaces for the fiostr hours prevents bricks from warping
and curving. So poor curing is one of the majorrsesl of poor quality (inaccurate and

unstable) of dry-stacked (mortarless) walls becauseulcates irregularity of bricks

2.11 SUBJECTS WORTHY OF FURTHER ANALYSIS

From the literature review, seven topics/issuesewaentified as deserving further research
and are very briefly analysed below. However oflg tast two of these topics are taken
forward for fuller analysis in the ensuing chapteéhe others require the attention of other

researchers.

1. The relationship between the shape of IBs and thergportion of stabilizer
required for the production mix.
There is a direct relationship between brick camigion and the quantity of
stabilizer/cement needed to strengthen the sok Jimpler the shape of the interlocking

brick (i.e. solid or with minimum perforations) thess the stabiliser fraction needed to meet
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strength requirements. More complicated shapes, thih features (protrusions or tongues),
require stronger materials. Therefore there isetirte develop or choose the most favourable
shape of interlocking bricks to give best resutisusing the minimum stabiliser and simple

moulding machine to attaining the required walbsity and strength.

2. Optimising the size of brick grooves and chamfers ding as key to plaster
mortar .

The grooves made in bricks, for example of the Tigpe (Figure 2.2) appear on the wall
face. Also the chamfers on the free edges of tiok flwrm grooves where bricks meet. These
grooves differ in magnitude, and because of thelume may increase the render mortar
required, or they may reduce it because of theebé&key” which they provide (allowing
thinner mortar) For best plaster and wall strength, the minimune sizgroove consistent
with good keying should be identified. If un-plasi®, big grooves are better as they save
material in brick. If plastered, small grooves better because plaster is more expensive than

brick.

3. Constant-volume versus constant-pressure productioaf IBs
Blocks made in press moulding machines, where a defined pressure is applied, wally
in size for several reasons. There are:

() Incorrect amounts of soil

(i) Inconsistency of soil

(ii)Different moisture contents of soll

(iv) Incorrect pressure applied
By contrast, bricks made in machines with a fixesuid size (constant volume) will vary in

density due to reason (i) to (iii) above and hehege variable strength. The preferable
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method is the constant-volume, which can easilytrobibrick dimensions, which is more
important than achieving constant density in IBise Tirst test is to check the density of fresh
brick from the press. If it resists the handlinggsure to move brick from machine, it is
believed that both the volume of material and thmulding pressure are satisfactory. The
second test proposed Montgomery (2002)is the “Indentation testing for green brick” slt’
application therefore requires further experimertis test defines the weight of a ‘rod
punch’, the height it is to be dropped from and theximum allowable indentation it

produces. The indentation test may be easily tchtk@ughout curing duration.

4. Choice of direction of compacting/pressing bricks ad dimensional error

consequences on bricklaying

When moulding bricks, the compacted/compressedisidermal cases is the top or bottom.

The conventional method of pressing bricks withisiom and a moulding rectangular will

closely control two of the three-dimensions of bk and less closely the third dimension.

The poorly controlled dimension is that in the diien of the piston stroke (Figure 2.21), for

example the brick height is impinges on the tophef brick. Moreover which the mould

walls will be parallel, the piston may not be ekagtarallel with the base: thus the pressed

face may be at a slight angle to the opposite f@aepending on the type of locking features

the compaction force can be applied perpendicoldhé end, top or front-back faces of the

brick.

0] Compaction force is applied perpendicular to brickend faces(as for the Solbric
and Hydraform blocks)

For any given compaction pressure this will minentee force that has to be applied since

the area of the brick end is small. Minimising ®lows the press linkages to be made less
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strong. As shown Figure 2.21 the pressures insidétick during moulding are likely to be

more variable, as which the piston-eng) & the brick experiences full pressure (P).

Figure 2.21 Press machine operations schema

Shear stress A "J
(r) = : L i-

Soil 1 ﬁ . Jg!_lw'_[ould

Piston 4]
Fz

The piston F2 moves up-ward, while

F1 1z stationary. With big height bottom

recerves better compaction than top

Poiston = Fo/Aend-face

The opposite end of the brick experience a lowessure

Prmould = (Fl'T)/Aend—face

Where,T is the shear-force between the soil and the sitlédse mould. For a length to width

ratio of 2:1, Roua may be as little aspRof2 (Gooding 19938 Variability in pressure along a
brick implies variability of density on ejectionofn the mould. F= F,, but while all of F is
transmitted to soil, only some of I5.

If the brick is controlled in its height and widtep a wall built using these bricks will have
level courses with minimum gaps between courseso Alall will have even internal and
external surfaces, which leads to minimum thickneslaster. However to allow for

variable brick length requires larger gaps at pedp@er-course).
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(i) Forces applied perpendicular to the brick’s top/botom faces(as in Thai, Bamba,
Auram and Tanzanian types

This mode of pressing is essential if the top andéitom face are of complex shape. It will
control brick width and length; so that, both imt@rand external wall surfaces will be flat
because of uniform brick width. From the accuraéyrick length it is easy to maintain
equal and constant overlaps for alternating couraes therefore simplifies the process of
estimating the brick quantity required in the comstion. It also facilitates the
standardisation of house measurements to multgfidsick length or width. Although for
constant-volume pressing all dimensions are fixady certain surfaces are ‘wiped’ during
moulding and ejection, which does not affect dinnmms However variation in brick
dimensions made in a fixed-volume press might sed by:

» Air trapped at piston or at mould-end

* Expansion on release of pressure (in the direcigetreating piston)

» Distortion during de-moulding

* Rocking of the piston, so the pressed face is agigndicular to other faces.
(i)  Force applied perpendicular to brick front/back faces
It will control the height and length of the brickhich will allow the wall to have one
uneven (internal) surface. To make the surfacegstrand even will lead to a small increase
in thickness of plaster.
Table 2.4 summarises the effects of brick pressmreach of the three dimensional directions,
the strength and weaknesses are given for eachamimp scenario and the errors expected

and how they affect the wall alignments.
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Table 2.4 Advantages and disadvantages of compaatiscenarios

Compaction Loadin
S/No Stroke oading Advantages Disadvantages Remarks
- . Direction
Direction
® Along the Perpendicular | a). Easy to lay (level and | a). Unequal brick overlapsBrick load bearing
brick length to compaction | plumb) bricks of controlled | in alternating courses. strength not known
i.e. force thickness and width. Give unpleasant if compaction and

applied to end
faces

b). Straight and flat wall
surfaces resulting in min.
thickness of plaster.

c). Low force for a given
pressure as end area is
small.

appearance.

b). In a given wall length
may lead to brick cutting
at site, which will
increase - construction
time, labour cost, also
material waste.

c). Likely to have a high
variation in density 4(i).
d). Only compatible with
sliding interlock.

loading are on
different direction
and surfaces.

(ii)

Parallel with
brick height
i.e. onto top or
bottom face

Normal to the
surface of
compaction

a). Min. thickness of plaste
b). Automatic laying equal
and constant brick overlap
(half brick).

c¢). Simplifies house
measurement,
(standardisation to multiple
of brick length or width).
d). Easy and accurate
estimate of brick quantity.

o7

.Levelling of brick courseg

may delay the
construction speed with
dimensional differences i
brick thickness.

N compensate or

a). A small amount
of mortar will be
needed to

level the wall
courses.

b). Scraping to
reduce excess brick
thickness delays
construction, and
hence increases

labour cost.

(iii) Parallel with Perpendicular | a). Easy to lay bricks. Require thicker plaster om Unknown strength
brick width i.e. | to compaction | b). Equal and constant uneven wall surface to | of brick as
pressed front- | direction overlaps automatically make it straight and flat. | direction and
to-back formed. Not compatible with any | surface of

c¢). Simplifies interlock. compaction during
standardisation. production

d). Itis easy and accurate t
estimate number of bricks.

different to those o
loading.

5. The effect of the brick locking mechanism on walltability.

Wall alignment (stability) in mortarless constrocti depends entirely on the locking

mechanism, whereas in a conventional wall stabdi&pends on mortar joints. Control is

needed over both the height and the length of & Walkeep the dry bonded wall straight

horizontally and vertically may need an effectiieling system that requires particular

shapes of bricks. Large rooms with walls which db contain a major opening but exceeds

2.5m height and not more than 3m in lenB® 8103-2:200®ther straightening mechanisms

such ashimming or mortaringpiers andbeamswill be required.
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Piers are inbuilt columns, protruding from the wallface by a half brick or more. They are
built at intervals depending on the distance fram support to the next and on the height of
the wall. By building the piers, ribbed wall paree formed. With piers less or equal to 3m
apart, the wall may be built up to three metres hgthout need for horizontal strengthening.

Increasing the distance between centres of piersoup.5m will require the wall to be

strengthened horizontally\Meinhuber, 1996by beams at both cill level and lintel or below
the roof at ring beam level. Strengthening methoded to be assessed for economic

comparison for their comparative cost.

6. Brick tolerances

Dimensions

The dimensions of the brick are the measuremeigngjth (), width (©) and heightT) as

shown in Figure 2.20.

In a mortarless technology, the bricks are to le dme over the other with their top and

bottom surfaces in direct contact, so the dimerssmfneach brick needs to be to a tolerance
of +1 millimetres. This will make the wall formed lthese bricks to be flat (depending on the
constancy of the width of the bricks) on its suecand the overlaps (depending on the
length) of the bricks will be equal or of a certaterval required. The horizontal and straight

rows will be affected by the uniformity of heighttbe bricks.
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Surfaces

A brick (Figure 2.20) has three pairs of paralletside faces (two ends, front and back, top
and bottom). The flatness of the surfaces of tHases is paramount in mortarless brick

technology because of the absence of mortar.

In particular, the top and bottom surfaces of thekls need to be flat, parallel and without
any deformations, which in practice is very diffiguto achieve. That's why, in conventional
masonry, mortar is used to compensate and takeot@aps caused by brick inaccuracy. In
some cases the material needs to be flexible,atonhen loaded will automatically adjust to
fit in whatever the tolerance will be. Usually watgonditions of tolerance in accordance
with allowablestandard deviations that for interlocking brick easet to be established. The
limits of allowable brick inaccuracy should be krmovor production quality control,

standardization, and wall construction accuracyoperance.

Accuracy of alignment

Mortarless technology will not work if the bricks, be assembled do not fit almtk to each
other. This locking mechanism, allows the unitsab@nged (bonded) one over the other to
form stable wall in a designed height and width,at@ertain accuracy of verticality and
horizontality. The locking features (knobs and @spions) should provide enough tolerance
(1 mm along the brick) to allow flexibility and +%nm transversally for a minimal
allowance between male and female in arrangingpticks. This need to be done so, because

the material is brittle (stabilised soil can beilgdsroken if forced to fit).

7. Construction flexibility

The interlocking bricks and part bricks availabte date allow only one pattern of brick

assembly that abides to the rules of bricklayingdgpractice The BDA Guide 2000. Nash
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1991. Nash 1983 All interlocking bricks support stretcher bondly (Figures 2.1, 2.2, 2.3,
2.5, 2.8, 2.11 and 2.12), and so have limited cooson flexibility compared to
conventional/mortared bricks. Therefore we neethvestigate alternatives and possibilities

of increasing mortarless-wall construction flexityil

2.12 CONCLUSION TO LITERATURE REVIEW

Of the seven subjects discussed above, the critnak for mortarless technology are
construction flexibilityandbrick accuracy

Interlock-bricks configurations restrict the buitde only constructing stretcher bond, half-
brick-thick walls and right-angled quoins. Thoroughalysis of brick configurations, parts,
bonding or patterns and joining techniques is neé¢deemove this weakness and so rescue
the technology from being rejected by architects ot providing enough construction
flexibility (Chapter 3.

The wall straightness, plumbness, stability anfingtss will not be attained if the bricks are
not made with good tolerance or are distorted iapsh There is a need to find the main
reasons for the irregularities found in currentbisystems that hinder the ease and accuracy
of wall construction by mortarless technology. dttime to identify the maximum brick
deviations that MT can tolerate yet achieve acddptevall accuracy. This research focuses
on the causes of brick irregularities, how to misienthem (Chapter 5) and the implications
of different degrees of irregularity. Also the istigation describes brick uniformity

tolerance in relation with mortarless wall alignmh@hapter 6 and Chapter)7
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CHAPTER 3

3.0 RESOURCE USE IMPLICATIONS OF
EMPLOYING MORTARLESS TECHNOLOGY

3.1 INTRODUCTION

The construction of walls makes use of natural usses, including labour, which has
significant cost consequences. Interlocking stadilisoil bricks (ISSB), whose use is known
as Mortarless Technology (MT), are produced fromfthlowing physical resources: cement,
soil, water, equipment and energy. Any new techyphill be attractive Co-Create 2004,
Stewart 1987, Moustafa 1990, in comparison with what is currently used rfgentional),
it: -

e Reduces use of limited (natural) resources

e Reduces cost

e Reduces constraints, by being more accommodating

o Better matches the context of use, and

e Increases performance (appearance, durability,ustodty etc.)
In this chapter we compare the cost of MT wallsngsiwo variants of dry-stacked ISSB
(Hydraform — ISSB-SA Figure 2.4 & Tanzanian — ISBBFigure 2.10), with walls
constructed using Conventional (mortared solid-saemdent) Blocks CB, currently the most
popular modern form of wall construction in TanzanWith CBs we can build a 150mm
thick wall by laying bricks (CB-1) as stretcherstbeir front face, or a 230mm thick wall by
laying CB-2 as stretchers on their bottom faces (Bgure 2.20). The descriptions of the
bricks/blocks used for the walls compared are sunseh in Table 3.1. In each case we

assume one square metre of walling is to be pratibgea competent brick/block maker and
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a skilled mason. We might have compared MT withdwICBs instead of solid ones, but

field experience shows that hollow blocks are rataper than solid as they require richer

mixes and during construction waste a lot of monterich is more expensive than block.

Also hollow blocks allows fewer courses be laidairday than solid blocks as for stability

purposes the mortar needs more time to strengthen.

Table 3.1 Characteristics of walls compared

Brick Brick Mortared Un- Wall- No. of
S/No System volume mortared | thickness| bricks
type : wall 2
(litres) wall mm per m
Mortarless
Perforated .
1 Teczp/lr]ro)logy ISSB-T 4.5 Oprt(')?jt‘ggy 150 33
300x150x100mm 9
Y, ¢ % of
Solid ISSB-SA” 4 0 courses un-
2 MT 230%220x115mm 58 courses ar6 mortared 230 40
mortared
Conventional . . !
Solid CB-1 Laid on its
3 Blgcé(_ine 450x230x150mm 155 front face 150 9
Conventional . . .
Solid CB-2 Laid on its
4 BI%Cé_tZWO 450x230x150mm| 1> | bottom face 230 14
NOTE: * Interlocking Stabilised-Soil Brick Tanzanianey

**

Interlocking Stabilised-Soil Block South Africaiype (Hydraform system)

In general MT is less flexible than mortared bloblkcause there is no option of cutting

bricks on site. However Chapter 4 shows as an m#oof this research, that the Tanzanian

MT-set meets most architectural requirements (T4hbl¢, so the flexibility objective is met

but only at the level of ‘not less flexible tham@rozentional technology.
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3.2 NATURAL RESOURCE USE

Most building materials are created by labor froatunally occurring substances, such as
clay, sand, wood and rock. The production of brickshe system of processing the raw
material supplied by the earth. This section dbserithe three main constituents of
stabilised-soil brick production:

* Cement, which require the resource of land fromr@h@aw material are obtained,

plus much energy for manufacture, usually fromifdasl

» Soil (sand and clay), which require land for quengy

Water
The comparison is made of how much each techno{t®$B and CB) utilises cement,
whose production is the major generator of greesbogases in the building industry.
Therefore any measure to reduce cement use wilgrelserve the environment.

A simple method for determining how much wateregeahed for production is also shown.

3.2.1 CEMENT

Cement is a vital component for soil-stabilizectksi, enhancing both strength and durability.
Cement, an expensive element, can be kept dowretrahge of 3 to 10 % of the mix without
compromising performance (Section 2.9). From Tamarexperience, a ratio of 1:16
(cement to soil) can produce an average of 100listeddsoil bricks (ISSB-T) from one 50kg
bag of cement Table 3.1. This is equivalent to i&8s of wall volume. By contrast CB with
cement-to-sand ratio of typically 1:8 can only proe 20 blocks per 50kg bag of cement
(equivalent to 310 litres of wall volume). Theredd6SB yields 31% more wall volume than

CB.
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To make a fair comparison of cement consumptiowéen the two systems of production
and construction, we first need to explain the oea®r the difference in cement content
between the two systems.
Soil stabilization as shown in Table 2.2 (presentedliagram form Figure 3.1) has the
characteristic that the less the clay (less shgekahe less the cement required in the mix,
but the more powerful the press (more than 4MPat)ithneeded. With a higher clay fraction
(higher shrinkage) the more the cement requiredablaw pressure (up to 2MPa) press is
satisfactory. CB traditionally employs only ‘clesand’; in consequence CB requires extra
cement to compensate for the sand’s lack of cohesi to fulfil the high early strength
required for remoulding from pallets after twentyf hours.
With ISSB it is normal to use soils with some claythem (Table 2.2 and Figure 3.1). This
clay gives a number of advantages in production:

* No pallets are required,

* The technology is tolerant of a wide range of saifxd

* Less cement is required, which may further be aiefie to the environment as

discussed below.
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Figure 3.1 Limit of soils for stabilisation that reduce cement use in the brick production
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3.2.2 CEMENT REDUCTION

Interlocking stabilised-soil bricks (ISSB) can sasement in both brick production and
bricklaying compared to Conventional blocks (CB),saown in Table 3.2, where a one story
house of three bed-rooms built using ISSB-T is cara@ to one built with CB. The house
wall area is 182 requiring 6000 ISSB or 1638 bricks for CB-1 ari#l@ blocks for CB-2
respectively (Table 3.1 show number of bricks ie square metre for each type of brick). In
section 3.2.1 we compared the number of brick ptedufrom one bag of cement. The

guantity of cement per unit volume (litre) compugedfollows:

50kg
ISSB-T consumes

= 0.111 kg of cement per volume (litre) of brickxni
loonricks X 4'5Iitres

with the same formulae we get CB-1 consumes 0.16&kaent per litre block-mix.
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In conventional walling mortar is compulsory. Thendity of OP cement mortar is 2162
kg/m® = 2.162 kg/litre. If the mortar ratio is 1:4 (ceméo sand) the cement content will be
(1/5 = 0.2) of the total volume. In practice volubreching is normally used, which increases
the weight of cement because cement has a higheitgé¢han sand. And due to the fact that
mortar require more workability and hence more watecement content of up to 0.5kg per
litre mortar may be employed (increased from 24622 = 0.4324kg/litre).
One CB-1 plus its joint mortar occupies 460 x 240wina wall surface area, of which the
block occupies 94% and mortar joint (10mm) occupRgs The total cement consumption for
block and mortar will be:

94% is block @ 0.161kg cement per unit volumed)iof block

6% is mortar @ 0.5kg cement per litre of mortar,
Giving:

(0.94 x 0.161) + (0.06 x 0.5) = 0.151 + 0.03 = @.k8/litre of wall
Therefore {(0.181 - 0.111)/0.181 = 0.39} CB-1 com&s 39% more cement than ISSB in a

wall unit volume.

3.2.3 CEMENT & GREENHOUSE GASES

The threat of climate change has pushed the remuctiemission of greenhouse gases high
on the world political agenda. This has motivatedfgssionals to find new ways of
designing buildings to create zero-carbon developgnteco-towns (2008 Cement is
fundamental to building; it is a key component ohcrete, essential for building and civil
engineering i.e. houses, bridges, airport runwaysdern reservoirs, underground stations,
etc. BCA (2007. However cement is fast growing to be a majoribaon the world’s route
to the low-carbon economy, since as the produatiocement grows, so too do greenhouse

gas emissionsThe Guardian 2006
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The reduction of cement use shows benefit to ther@mment as there is an equivalent of
900 kg carbon emission per ton of produced cenfRath( et al. 2000, VanderBorght and
Brodmann (2001), Kruse (20p4Table 3.2 shows how the use of cement-soil k$akion in
house construction can reduce cement consumptasylting into a reduction of GO

emission from cement manufacture.

Table 3.2 Reduction of carbon emission by minimumse of cement

Brick/Block | Quantity | Cement for | Cement for Total Carbon % Carbon
type pcsin | Production | Mortaring Cement | (CO,) | Saved by using
182nt t t t t ISSB-T
ISSB-T* 6000 3.0 - 3.0 2.7 -
CB-1** 1638 4.1 0.9 5.0 4.5 40%
CB-2*** 2548 6.4 1.8 8.2 7.4 64%
NOTE: * Interlocking Stabilised-Soil Bricks Tanzaniarf@mm wall thickness

**

Conventional Block One, 150mm wall

i Conventional Block Two, 230mm wall

The manufacture of cement contributes to greenhgases both directly and indirectly.
Directly is because when calcium carbonate is leateroduces lime and carbon dioxide.
Indirectly, because the energy used is usuallycgmlifrom fossil fuels. It is estimated that
the cement industry produces 5% of the global madenCQ emission, of which 2.5% is
from the chemical process itself, 2% from burninglfand 0.5% from electric power plus
transport [GPCC 2001., Marchal, 20Q01The positive part of cement in the €@mission
and climate change is that concrete buildings deptable to future climate as they have the
ability to absorb and release heat, which in sohmeates means less energy, is needed for
heating and cooling over their lifetime. The cutrewailable data indicates that concrete
could reabsorb by carbonation, during its life, ulend 19% of carbon emitted in its
manufacturéBCA (2007.

Apart from carbon emission, cement manufacture esmegvironmental impacts in all stages
of its production including emission of airbornélption in the form of dust and gas, noise

and vibrations, damage to countryside from quagyin
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3.2.4 SOIL

Although site planning is a well-known subject e touilding industry, the full utilization of
available resources at the individual sites (plassyarely achieved. Every site produces
enough soil for brick production from three sourdége foundation trenches, the septic tank
and the soak-away pit. Tanzanian experience shbassthe soil from the three sources
mentioned above can produce more than six thougarfdrated interlocking bricks, which
are enough to build a medium-size single-story BoU¢hat is required here is to test the soil
available on site first before going anywhere elBeoper soil selection for stabilization is, as
argued in Chapter 2, a well covered theme. Sailnsajor raw material for stabilized brick; it
requires only labour for its preparation and therefin a low-wage country is the cheapest

material for brick production.

3.2.5 WATER

The importance of water in construction and in diag material production is well known,
but the quantity needed is normally not clearlyeassd, nor its availability checked nor did
its significant cost realise. It is assumed to éadily available and cheaply obtained when
needed. In developing countries (African ones irtipalar) lack of clean water is among
things that hinder health and development in génera

The cost of water for brick-making is sometimedhleigthan the cost of soil when the latter is
obtained in the vicinity of the site. Many Africaamral districts, villages, and even suburbs of
towns have no permanent source of water (pipe yvatef thus the quality is not guaranteed.
Water cost varies from one location to another ddpe on source and labour. Here we
meet a major obstacle of least developed counsarity of quality water that makes such
water expensive. However the production of ISSBsddehave requirements for water

quality differing from other concrete works as nexnended byBS EN 206-1:2000 and BS
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8500-2:2006) Water suitable for making concrete should be fhiean impurities and
harmful ingredients (chlorides and sulfates, atkabrganic and suspended solids). It is
generalised that water fit for drinking is the abie one BS 5328-1:1997 and BS 5628-
3:2005.
Water requirements depend on the following factors:
* Production — water consumption depends on wateetnent and soil-to-cement
ratios
» Curing — depends on duration in days (minimum 7yalise potential strength of
any Ordinary Portland Cement (OPC) product willnbeximised by curing under
moist conditions. The highest rate of reaction ¢hatidn) between cement and
water takes place in the first three to seven dayrch therefore require proper
curing/attentionBS 5328-1:1997 and BS 5628-3:2005
» Cleaning — depends on number of labourers and tools
The following is a simple example of estimating tdume of water for production and
curing, based on author's practical experience vathabilised-soil brick production in
Tanzania (summary Table 3.3). Knowing the averag® rof cement to soil (1:16) and
assuming a water/cement ratio of 0.5:1, one bageofent (50kg) requires on average three
buckets of water (60 litres) to produce 100 bridkgth one brick press, three labourers can
comfortably produce 500 bricks a day, namely alhaad to cure one batch we require two
buckets (40 litres of water) per day for 7 days.sWag of three labourers and tools requires

five buckets of water (100 litres) per batch.
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Table 3.3 Water quantity for production and curing

Water requirements in litres Cost (Tsh.)
. : . , Total for .
Brick Quantity Production Curing for ; One litre
. . Production | _
include cleaning 7days & cur =Tsh. 12.5
curing
One brick 0.8 0.56 1.36 17.0
One batch -500 pieces 400 280 630 8.500

(day production)

* Tanzanian shillings, in 2008 £1 = Tsh. 2500

This water cost, if omitted from the project cogtimay give a significant negative impact on
any project development. As the value of one hiscR50 Tsh, the cost of water is about 7%
of sale price (yet normal profit margin is typigatinly 7.5% of the brick value) that means if
water cost is excluded from expenditure the pnaiiirgin cover no more than 0.5%. Such
under-estimation of water requirement in brick prcttbn can prevent further development

of projects, because to minimise production coskbrare often not cured properly.

3.3 MT PERFORMANCE AND COST REDUCTION

3.3.1 ELEMENTS OF COST REDUCTION

A major objective for an efficient and effectivewdgechnology is to make a saving in
material and/or labour time Early in Section 2.5 it was shown that for Modeas

Technology (MT) to operate properly bricks, neethécself-aligning and provide an effective
locking. The use of MT in bricklaying reduces oreevremoves a number of operations:
mortaring joints, aligning operations (levelling dastraightening), and rendering. From
reduced construction operations, MT results inducgon of construction duration of up to
60% Whelan (1985), Hines (1993), Anand and Ramamu03) Due to the simplicity of

the construction process of MT, it can be easilypaged by semiskilled labour and therefore
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cuts the labour cost up to 80Ffarris et al. (1992), Hines (1993&nd VanderWerf (1999)
Changing to MT also can enhance the labour prodtictof wall construction by more than
80% Whelan (1985), Anand and Ramamurthy (2003)

Table 3.4 Compares the costs for the constructiamme square meter masonry walls using
respectively: (1) solid Hydraform Stabilized-Sailtérlocking Blocks ISSB-SA, Figure 2,4
South African type — 230mm thick Wall2) perforated Interlocking Stabilized-Soil Besc
(ISSB-T, Figure 2.10, Tanzanian type — 150mm thak w3 and 4) walls constructed from
Solid Conventional Blocks B-1 and CB-2, with 150mm and 230mm thick walls
respectively. Although the wall thicknesses of the four opfiare not the same, this can be
allowed for. All costs of materials, transport, dalb and the construction processes are for

Tanzania in 2005/2006. Materials costs includedstesery.

3.3.2 WALL CONSTRUCTION STAGES

The wall construction process includes the costmaiterials and only four stages are
considered (Table 3.4): Bricklaying (BL), Pointijaghting (P/J), Rendering/plastering (R/P),
and Wall-strengthening (WS). Painting and decomnat® not included, assumed to be the

same as the wall surfaces are well prepared.

The interlocking bricks are assumed perfectly poeduand in good condition, likewise the

sand-cement blocks. The bricks are built in thleofaihg wall construction stages: -

1. Bricklaying [costs per piece include materials ¢kyiand bricklaying labour per
piece].

2. Jointing (cost is based on cement, sand and watezubic meter (i) of mortar).

3. Pointing of interlocking bricks (externally onlyfunit cost includes mortar and

labour per r).
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Rendering/Plastering (a standardized constructimst per square meter Ynthat
includes mortar and labour). Some saving coulddadized here by rendering soil-
stabilized walls with a stabilised-soil plastertth@atches the lean mix used for the
bricks themselves; such lean plaster cannot be aisembnventional blocks because
it will not adhere properly. This option is not geally considered, but it should be
in practice. Because of the machined MT brick duatheir external surfaces do not
require rendering; only pointing to prevent insediseeding and moisture
penetration. By contrast CB is usually given aneexdl render to improve their
appearance.

Strengthening interlocking brick walls by pouringogt through vertical holes.
Hollow/Perforated interlocking brick wall®ptionally require strengthening by
pouring grout (soil/sand-cement slurry) into thetiecal holes through the wall
Kintingu (2003, forming 50mm diameter cores at 300mm centresutiiout the

wall.

This task (grouting) is normally done after comipletof wall erection, while preparing the

wall to receive a ring beam. Before doing so, wserh all conduit pipes in the required

positions and any reinforcement if required. Plageinof grout can be accomplished in one

lift for single-story walls less than 8.5 ft (2.6t) high. Grout lifts must be consolidated with

an internal vibrator with a head size less tham25NCMA TEK 14-22 (2003)

The Hydraform solid interlocking block wall is bymtrast strengthened by laying the first

two to three courses and the four last/top couvgils mortar like a conventional wall

Hydraform Manual (1988 Thus about a quarter of all courses are mortaned the

remaining three-quarter is un-mortared (Table 3.2).

Other costs not included in the calculations are: -

Supervision by:
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o High-level expert (Engineers or Architects), whiamay be done on call

(temporary) or on permanent basis.

o The foreman, on a daily routine.

e« Material wastage

e Security of the site.

The above three listed items (supervision, matesiatage and security) are normally

categorised under ‘sundries’ and assumed to cdstoee than 5% of the above four main

wall construction stages.

Table 3.4 Cost comparison of one square metre watl Tanzanian Shillings (Tsh.)

Stages of wall construction

Wall Type

Interlocking Soil-
Stabilized Bricks

Conventional Sand
Cement Blocks

S/No (cost for material and labour) _ (ISSB) - (CB) _
Tanzanian | Hydraform Solid Solid
ISSB-T ISSB-SA CB-1 CB-2
150mm 230mm 150mm | 230mm

1 | Bricklaying (BL) 7755 11600| 14400( 22400

2 | Jointing/PointingJ/P) 1 3 1196 1589

3 | Rendering/Plasterin@R/P) 3675 3675 7350 7350

Wall StrengtheningwWs)

4 (filling vertical holes with mortar) 482 0 0 0.0
Total cost for each type of wall including 12509 16042| 24093 32906
5% sundries
150 mm wall equivalence 12509 10462| 24093 21460
Normalised to ISSB-T costs 1 0.84 1.93 1.72
Average for each wall type 11485 22776

85




3.3.3 COST ANALYSIS

Table 3.4, which combines labour-costs with materists, compares the average 150mm-
equivalent costs (Tsh.11485 and 22776) of MT and<C&immarised in Figure 3.2. It shows
that using mortarless technology we can reduce taai®n cost by 50% (i.e. MT/CB
=11485/22776 = 0.50) due to the use of cheaperriabnd elimination of some of the
construction operations.
An alternative approach (Table 3.5) is to look atenials costs and labour separately in the
following order:

(@ The CB material cost to labour cost ratio is assiase70:30JN (1965).

(b) Estimates of MT/CB cost ratios for material (jRand labour (R are

respectively made

(c) Finally the data is combined to obtain MT/CB ovkcalst ratio.

For the value of R, the material cost ratio, we adopt the approxinvaiee MT/CB = 0.5

from Figure 3.2 the extraction of Table 3.4.

Figure 3.2 Comparison of construction cost betweeMT and CB

10 Lverage CB cost

228 thouzand Tsh,

()
=

1 Average MT cost ||
11.5 thousand Tsh.

=t
=

Cost (Tsh.1000})

By the use of BT the
construction cost
reduced up to 50%

I55B-T I55B-5A CB-1 CB-2
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The value of R, the labour cost ratio, was estimated after a raxnolb considerations were
made. Interlocking bricklaying is three to five @mfaster than conventional bricklaying
Whelan (1985), Anand and Ramamurthy (2008)s can be best compared in terms of wall
area covered per day rather than number of braikisger day. Taking an average laying rate
of 1150 pieces per day of interlocking bridkmes (1993), VanderWarf (1999nd knowing
33 pieces of ISSB-T cover one square meter (Talle 8ives that 35Mmof wall can be
completed in a day by one mason and one helpeh Wdihventional blocks and the same
wall thickness (CB-1) the same masons can lay arage of 225 pieces (each weighing over
30 kg), equivalent to only 25nof wall per day. Here we can see that the laboodymtivity
has been increased by 40% if we use the CB-1 adatwn for comparison. (Taking CB-2
this increases to 120 %.). We can support the abogements by the summarised efforts
towards improving construction productivities regedr by Anand and Ramamurthy (2003)

Table 3.5.

Table 3.5 Productivity enhancement as a means ofdaur cost reduction

S/No. Source Type of interlocking Pro_ductivity Lab_our cost
block % increase ratio (R()
1. | Whelan (1985) WHB hollow block 79 0.50
2. | Adamus and Spevak (1986) | TSZ hollow block 0.35
3. Hines (1993) Haener hollow block 60
4. | VanderWerf (1999) Haener hollow block 80 0.35
VanderWerf (1999) Sparlock hollow block 80 0.33
VanderWerf (1999) Azar hollow block 50 0.33
5. | Anand and Ramamurthy (20085ILBLOCK/HILBLOCK 80
Average 71.5 0.37

According toHarris et al. (1992) and Hines (1998)ith the combined effect of less skilled
labour and increased output, MT is estimated tagedabour cost by as much as 80%. From
this estimate; we determine that R0.2.

We may adapt a value of_ R 0.3 (interpolating between 0.37 from Table 2usd 0.2 from

Harris and Hines. Table 3.6 thus results into:
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Table 3.6 Costs of materials and labour separated

Bricklaying Material | Labour | Total
system Cost Cost Cost
CB* 70% 30% 100%
Ratio of MT/CB 0.5 0.3 -
MT** 35% 9% 44%

NOTE: * Conventional Blocks.
o Mortarless Technology, partial costs expresasdo of CB Total Cost
for given wall area.
MT/BC - assumed ratio of (MT to CB) costs for eagbut.

The value of MT labour cost being 9% of the conimral total cost, and therefore making

MT total cost equals 44%. However MT realises 5@t saving compared to CB.

3.4 SUMMARY

Building industry can make a step forward to prbtee environment by making the
revolutionary choice of using alternative wallingterials (dry-stacked stabilised-soil bricks)
to replace conventional (sand-cement-blocks) tbasemes more cement. The use of dry-
stacked stabilised-soil bricks realised more tha# Bement saving, thus a reduction of up to
40% of CQ released by cement production.

The study identified the importance of water in ¢juality control of material using cement,
showing a simple method for estimating the watemdjty needed for production and curing.
It estimated that water cost equalled 7% of briakie (selling price), equivalent to the
normal net profit margin. So omitting water cost®stimating production expenditure can
result in losses and ultimately the death of bpofiduction projects.

Finally the chapter compared the cost of wall cartéion using mortarless and conventional
technologies. MT shows a potential serving of ntbes 50%, this may make a substantial

contribution to making housing affordability to tleev income people.
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CHAPTER 4

4.0 INTERLOCK-BRICK WALLING FLEXIBILITY

4.1 INTRODUCTION

The difficulties of getting interlocking brick syshs to adapt to a variety of conventional
wall construction configurations and shapes, joamd thicknesses, led to the study of how to
enhance the flexibility of dry-stack interlock-lkiwalling.
Chapter 2 described six types of interlocking disdxl-soil bricks/blocks (ISSB), the low-
cost building material for wall construction. Theisting range of interlock brick designs in
the market as reported Gyjhanoon et al. (2004 an indicator of popularity of Mortarless
Technology (MT) in the world; the ISSB technology gaining more popularity in
Developing Countries. The author developed the diaian Interlocking Brick (TIB) Figure
2.10, after studying the deficiencies of the Banmterlocking brick system (Figures 2.6, 2.7
and 2.8)Kintingu (2003) This Chapter describes new developments of Tl@eunthis PhD
program in response to building industry demanasnfwhich interlocking bricks (IBs) have
demonstrated weakness compared to hitherto, i.e.usiiig IBs has been incapable of
constructing:

(a) Various brick-bonding joints

(b) Piers attached into walls

(c) Thicker walls (thickness more than half brick ldngt

(d) Circular and polygonal wall configurations
There are terminologies used in the previous Chapeguires further description for better

elaboration of dry-stacked interlock-brick walliteghnology.
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Technology flexibility is the ability to perform variable tasks
Common element is a regularly or normally used element, and campionduced
with a normal or standard machine.

Conventional technology is the existing standard (i.e. mortared brick) texdbgy

4.1.1 BACKGROUND

The efforts to improve construction performanceirgérlocking bricks in Tanzania starts
back in year 2000 when the author faced one ofuhéamental requirements of the building
construction using Bamba interlocking brick (Figai®6 and 2.7), namely: to provide means
of joining interlock brick walls when they meetflarm tee joints or cross joints Figure 2.8.
The solution was to produce a three-quarter Ilkantingu (2003) which raised the
performance of mortarless technology by 2 scoresk¢t 3 and 4 in Table 4.1). Before the
development of Three-quarter bat the general padace of interlocking bricks was only 2
scores (tasks 1 and 2 in Table 4.1). In 2003, tinthér improvement of Bamba system
resulted into the formation of TIB Figure 2.10, alniwe can take as the starting point for this
PhD programme. We now compare the MT (Interlockanigks-IB) vis-a-vis Conventional
Technology (CT).

The wall construction flexibility of CT and the Iefore this PhD programme is compared in
Table 4.1. The number of tasks the technology pexdcshows how flexible the technology
is. The existing or conventional (mortared) bricksed here as a base line. We can see that 1B
in 2000 could not solve some common wall-constaictiasks and therefore require more

effort to improve them.
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Table 4.1 Wall construction flexibility of CT and IBs (year 2000 technology)

Types of Interlocking brick/block (IB)

. Canadian & USA Indian South African Conventional
S/N Construction Technology
0. Operations Haener | Sparlock (CT)*
interlock | interlock | Auram | Bamba | Hydraform | Solbric Thai
system system
Setting a right
1 angled corner for a v v v v v v v v
5B wall
Bricklaying in v v v v v v v v
2 stretcher bond
Construction of Special Site
3 cross and tee joints X X X X prep?arations X cutting 4
of 2B walls
Attachment of ¥2B Site
4 wide piers to ¥2B X X X X By shaving X cuttin 4
thick wall 9
Attachment of
5 piers wider than ¥2B X X X X X X X v
to ¥2B wall
Construction of
6 isolated piers wider X X X X X X X 4
than 1B
Construction of 1-
v
" | Brick thick wall X X X X X X X
Attachment of
8 piers to 1-Brick X X X X X X X 4
thick wall
9 Construction of X X X X X X X v
curved wall
Construction of Cutting and
v
10 polygonal wall X X X X shaving X X
Flexibility score 2 2 2 2 2 2 2 10
Brick-parts (elements)* 3 3 3 2 2* 4 1* 1*

* - Typically a full brick (FB), distinct elementsre created by cutting on site (half bat - %2
three-quarter bat - 3B and closer — CL)

From this table we can see that, in the stage wfldpment reached by IB systems in 2000,

none had a flexibility score exceeding 2 pointd@funless some cutting or shaving on site

is employed. Such site work removes the fundameiskentages of IB.

Before we address the outstanding problems, whieltree subject matter of this Chapter

(listed in Section 4.1), it is important to getightened to brickwork patterns, brick shapes,

wall configurations and the importance of brickipdor brickwork bonding.
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4.1.3 BRICKWORK PATTERNS

The construction of masonry wall is an arrangenwdnbrickwork into a defined pattern
known as bonding. These patterns are formed intsexutive courses (horizontal layers)
with uniform and constant overlaps of individuaicks laid one over the other. The vertical
joints (perpends) in alternate courses should bene and truly vertical throughout the
height of the wall, however there should be no icoitly in the perpend-lines from any
course to the course immediately above it. Andcth@ses should be levéll{e BDA Guide
2000, Nash 1991 For constructing one-brick (230mm thick) walisany types of bonding
pattern have been used for centuries: the mostlgomnes are Stretcher and Header,
English, Flemish and Garden bonds. For half-briekswonly the Stretcher bond is feasible.
English, Flemish and Garden bonds are combinatanstretcher and header bonds. In
English bonding the stretcher and header pattdtesiate in consecutive courses, while in
Flemish bonding the stretchers and headers aleenmaihe same course. The Garden bond is
a variation of English and Flemish bonding withreesed number of stretcher courses (3 or
5) for every one-header course in English bond, fomdFlemish bonding headers are
inserted after every 3 or 5 stretchers of the seonese.

None of the above patterns are perfect or corrgbiowt the addition of part-bricks to fulfil
the objectives of true and proper bonding of a masavall. Therefore part-bricks are
important units to enhance bonding accuracy, effeacess and flexibility. Also if the part-

bricks are ready-made, not cut at site, it willeséimne, labour and materidgight, 1997.

4.1.4 BRICK SHAPE
Different brick-set designs vary in configuratisisdpes. But at the same time from one
design it is possible to form several shagdagyre 2.1Q by cutting the brick into parts as

demanded by the pattern. In conventional bricklgysuch cutting is a normal process, used
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to achieve the desired pattern during constructitowever, it is difficult to cut accurately
without high-standard equipment and skills, thecpss requires labour-time and wastes
substantial amount of material. Mortarless techgplMT) assumes production of all part-
bricks right from the mould/machine as standargtead of cutting at site: this gives

precision and economic advantages.

4.1.5 WALL CONFIGURATIONS

The simplest wall configuration is a straight arght-angled wall that forms a rectangular
room or yard boundary. Whenever we require moreptexnwall configurations, then we
should think about special patterns (bonds), ardthting of bricks to different shapd3S
4729: 2003 to fit the proposed wall configuration and theref allow stacking to a
particular pattern. The main purpose of buildinffedent wall configurations in a house is
to break the monotony of wall appearance and therease the building’s aesthetic appeal.
One major constraint on using interlocking brickghe difficulty of employing them in the
construction of curved and polygonal walls. Althbubere are special bricks for such wall
configurations, in remote areas (especially of tgpiag countries) it is not easy to get
them.
Curved and polygonal walls are however normal &echural features and designers will
not appreciate any new technology not providinghdiexibility. Interlocking brick by its
shape is restricted to a particular pattern of hattk overlaps. Due to geometric rigidity,
for most interlocking bricks it is considered natspible to build curved and polygonal
walls unless special bricks are made. In this drajte author analyses and describes a

few alternative ways to resolve the problem.
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4.2 BRICK-SET DESIGN TO ENHANCE THE FLEXIBILITY
OF INTERLOCK WALLING

In chapter 2, Figure 2.10, introduced the particurdgerlock system “Tanzanian” on which all

subsequent PhD work would be based.

4.2.1 COMMON PART-BRICKS

“Common element” was defined in Section 4.1 asr&lmack, which is regularly used and
can be produced using a standard machine. We camantse the common part-bricks
available made by cutting on site, used in CT amghter check its availability and use in

the IByoos (Table 42)

Table 4.2 Common brick elements

Part- bricks CT IB 200z
Full brick v v
Three-quarter bat v v
Half bat v v
Closer (quarter bat) v X

With part-bricks we change the length of the biiitlorder to enable the overlagsa(f or
quarter brick between two consecutive courses to abide to uhes rof the chosen bond
type. Common part-bricks used for decades (defimn&gction 2.2.1) are the half bat, three-
guarter bat and the closdash (1991), The BDA Guide (200d9ble 4.2.

Using the common part-bricks shown in Figure 2.Martarless Technology (MT) can
construct in stretcher bond only a half-brick thiskall Figure 4.1. The common bond
(stretcher) is used in MT because of the configoinatand locking features provided. The

locking features make the difference between tleetéghnologies (MT and conventional).
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4.2.2 HALF-BRICK WALL

The assembly method for interlocking bricks in 20&8% a stretcher bond (Harris et all.

1992) making a half-brick thick wall, using bricksth their width equal to half of their

length. Using three-quarter bricks it was possibléorm tees, pier or cross jointsigtingu
(2003 as shown in Figures 2.8 and 4.1.

Figure 4.1(a) shows an isometric view of a haltbrquoin and junction wall adjoining a
half-brick main wall in Stretcher bond. The top =®iis raised to show the bonding
arrangement in alternate courses and how the ¥Btdee formation of the cross joint.
Figures 4.2b and 4.2c demonstrate the first anonskcourses of this bonding in plan view.
The main task of this PhD programme was to impibeeability of interlocking system to
make more types of wall joint, and configurationeose absence up to 2003 was a key

market weakness of MT.

Figure 4.1 Common bond for interlocking bricks (20@ technology)

First course showing —
|Q| partition crozsing main wall
with two three-guarter bats
|E| meeting at the centre and |gl
form a key of the jont |E| Three-quarter bats
—
Q€ [E)[E] m=isi=l=l=]
(b} Comwrse 1
|@I Second course shows an |E|
(A0l alternative arrangement of [l
|@| three-guarter hats along main |g|
|@| wall meeting at the centre of |@|
— | pattition —
|E| |E| Three-quarter bats
O OE BE BETEE Q)
[CH—Half-bat
(a) Half-brick wall in Stretcher bond (c) Course 2 —

95




4.2.3 DEVELOPMENT OF A NEW PART-BRICK

In CT we have a half bat i.e. an element usuallyotusite, which is half the length of the
brick. Once made, this element can be placed e with one end of the brick below or in
line with the centre of the brick below. In the eas IB, half-size bricks have so far been
designed to align with the end of the brick belagufes 2.7 and 2.10, and strictly we might
call them ‘end-half bats’ (E¥2B) Figure 4.2(a). Wewnwish to introduce a second type of
half brick for location above the centre of theckrbelow, which we will call ‘centre-half

bat’ (C¥2B) Figure 4.2(b). Unlike CT, in IB consttion, due to interlocking requirements the

CY¥2B and EY2B are not the same: they are differemehts.

Figure 4.2 Two Y2-bricks for the Tanzanian interlockng brick (TIB) system

End-half Bat (E¥1B) Centre-half Bat (C*:B)
=
7 Y
£ i
Full brick pa— Full brich
Front wiew Tormetric wew Front wiew Isometric view
(a) (b)

This PhD program started with the brick-set avadahown in figure 2.10, which includes
EY2B Figure 4.2(a). Many trials of laying half-briakd one-brick walls attached to different
sizes of piershfrick columns of 1-Brick, 1%2-Brick and 2-Brigksonfirmed the potential of
a new part-briciCentre-half bat - C¥2B) shown in Figures 4.2(b) 4@l The C¥%B is a
brick modified to exclude the two end quarters ssrdain with the centre half potion.
Bricklaying using the C¥2B does not follow the wietlewn bond types, but it conforms to
the basic rule of bonding, namely the preventionasftinuous straight jointwertical and

crosg runningthrough consecutive courses.
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Figure 4.3 Details of a Centre-half bat (C%2B)

Center Half Bat (i34B)

! % ﬁ : . /_.Er__ _______ _L -
i _ [ =
i : = e
|t i e
: : - / \
150 | 15l |
Front View End View

The major contribution of C¥B is in enabling:
* the attachment of buttresses wider than Y2-bricketls
* the construction of isolated piers wider than 1%ekor
« the formation of two new bondSljokse and Lijuja Figures 4.9 and 4.14
The common thickness for solid walls has been ta®rl50mm. Foundation walls are
normally twice the width (300mm) of solid walls.gkire 4.4 show a Y2-brick wall built on a
1-brick foundation wall, a typical foundation uded single story buildings.
This research has therefore adopted 150mm thickassstandard for solid walls and

300mm as a maximum thickness for foundation waligure 4.4).
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Figure 4.4 Typical single story brick wall foundaton
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The minimum width for a buttressing pier is ¥2-br{@s0mm) Figure 4.5, and a maximum
width for a buttressing pier and of an isolateddsbtick pier has been taken to be 2-bricks

(600mm).

Figure 4.5 Piers providing restraint to wall
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L Wall length between buttressing piers masx. 3m centres
T Thickness of supported wall
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4.3 USES OF C%B’S IN THE ASSEMBLY OF

INTERLOCKING BRICK - WALL

Because there is no mortar to bind them, dry-sthtkieks are vulnerable to shaking during
construction. They require strengthening to achieverable plumbness and straightness in
walls over 3m long (Figure 4.5) or over 2.5m hi¢n.Tanzania, cheap farmers’ stores are
built using concrete partial frames with a centres¢éntre distance of 4.5m to 6.0m and height
more than 3.5m. To build a masonry wall to infilet spaces, requires the formation of
buttressing piers wider than Y2-brick. The inventadnC¥2B allows construction of piers of

different widths (1-brick, 1%:-brick, 2-brick etcgttached to wall at their ends, corners,
middle and at junctions. The following subsectidhsstrate both attached piers to %2-brick

thick walls (buttressing) and isolated piers.

4.3.1 PIERS

A pier is a localised wall thickening, designediriorease a wall’'s vertical and horizontal
stability and lateral strength. Piers may be isalarom, or attached to, the wall. Isolated
piers are simple brick columns. Attached pierscmbined or joined to the wall and form
protrusions of ¥2-brick or 1-brick depth or even moAccordance t@8S 8103-2:2005the
minimum length of buttressing pier is three-waltkmesses Figure 4.5. Using the new brick
shapes it is possible to construct sizes of isdlgiers and attached pierat (wall quoin,
junctions and along the wa)lsThese piers can be reinforced if required. Lietik at a few

examples of how to bond the joints formed by atitagipiers to walls.
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4.3.2 ATTACHED PIERS

The use of C%Bs illustrated in Figure 4.6 showing a pier attathéong a wall of half-brick
thickness. In the top course Figure 4.6(b) shows twalternate the joints from first course
by the use of C¥2B, it is bridging between the taoatiel bricks of the pier and shift perpend
(vertical joint) to the centre of the two bricks.

The ends of the C%B are joined or closed by the #Bsoth sides to regulate the normal

overlaps to half brick for the proceeding brickwork

Figure 4.6 Construction of attached piers enhancebly centre-half bats

(b)Pier at the back and top course raised to show
the honding aarangements in altermate comrses

(a} Pier at the front view

Aiﬁi«i“"

Isometric views of a 1-brick wide pier attached to
half-brick thick wall

CLeB bridging between parallel
bricks to shift vertical joint

The same pattern appears in Figure 4.7, where evarses employ three parallel headers

and the odd courses employ a mix of C¥2B and ¥%B part
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Figure 4.7 Attached one and a half-brick wide pier

the lower joints tade by three
parallel headers

<% ﬁf@g @7}4

Sy
ﬁ_‘ ___"i};' L=

Anisometric view of one and half brick pier
attached to a half-brick thick wall at the centre
of junction of partition and main wall

4.3.3 ISOLATED PIERS

Figure 4.8 show the only possible brick patternad@qguare column with side length of two-
brick lengths. It uses sets of two %Bs bats and G&eB alternating directions in
consecutive courses. The normal size of isolatets@re one-brick (1), 1x 1%, or 1¥x

1Y because they require few variety of part-bri¢kerefore they are simple to assemble,
save construction time and hence labour cost (lseckibour is normally paid per piece of

brick laid).
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Figure 4.8 An isolated solid two-brick square colum

& set of three-quarter bats and
centre-half bat at the muddle

Centre-half bat blocking
the wertical jomt of the
lowrer course and shift to
the centre of the two
parallel raws of brniclos

Amn isometric view of a 2-brick solid iselated pier (column) with
top cowrse raised to show the binding to altermate comrses

4.4 FORMATION OF NEW BOND

The new bond is needed, as the classical bondotherformed from previously available
interlock brick elements (FB, E¥2B and ¥B). The depment of a new interlocking

element (C%2B, Figure 4.3) facilitated the formatadriwo new bricklaying patterns (Shokse
bond - Figure 4.@nd Lijuja bond - Figure 4.14) similar to EnglishdaFlemish bonds. The

bases of new bonds start with Flemish bond. Thégrdin the second course, where the
Shokse bond is similar to English bond and thejaijoond requires closers in a regular
pattern, as other brick elements. This is conttargonventional bonding, which allows use
of closers only after quoin header. The new bondkarpossible the construction of walls

thicker than half-brick, which is a new practice nwrtarless technology. The author
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considers one-brick thick (300mm) wall to be a maxin thickness for conventional load
bearing walls (Figure 4.4) and retaining walls,dese of the cost implications of going any
thicker. Compared with half-brick walls, such wallgl double the requirements of material

and labour work, which will add cost on both brproduction and construction.

4.4.1 SHOKSE BOND

The bond developed to enable full-brick wall constion has been named ‘Shokse Bond’ —
the word shokse is the author’s nick-name. Figdr€s 4.10 and 4.11 show consecutive
courses for Shokse bond alternating as follows:aithe numbered (1) courses encompass
stretchers (S) and headers (H) alternating in dngescourse Figure 4.10, the following even
numbered (2) courses starts with a header follome#h-stretchers (Figure 4.9) meeting at
the centre of the headers of the odd numbered esuiBhis makes a continuous and
repeatedly pattern afne and a half brick-length unit\t the tee junction of the second

course Figures 4.9 and 4.10, the header is replagaédo C¥2B units laid as stretchers in

the even courses, bridging the two headers, sidadey in the odd courses.
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Figure 4.9 One-Brick thick wall in Shokse bond

An isometric view of 1-brick
quoin and junction in Shokse
bond with odd numbered

comrses in Flemish hond

Three-quarter bats
acts as key bricks

Course 2 stretchers from
three-quarter bats

Course 1 stretchers in
Flemish bond

Fletmish bond

Pair of headers from | —
1-brick wall pattition Header fro
adjotring 1-brick centre-half
tmain wall bats

Figure 4.11 show plans of the two alternate cours@sone-brick quoin and junction wall
in Shokse bond. Odd-number courses (1) are in Blednond, alternating stretchers and
headers on the wall face, expect at the tee jumckoen-number (2) courses start with a

guoin header continues with % bats.
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Figure 4.10 Front elevation of a wall in Shokse bah

Pair of headers for cross
wall at odd courses (1)
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Figure 4.11 Plan views of course 1 and 2 of 1-briagkick wall in Shokse bond

[olflal [ol)lal
[S]}[D] [S}[S]
Three-quarter bats show
Headers |E| fheaders on wall face
=l = [ElElE)EEE s EEE
O] &) [, Q][] [G)| [F]
(b) Comrse 1 Stretcher of filll brickrf
[Sl (S @ =
‘@"@ ‘@"@‘ Centre-half showing
= = == | headers on wall face
[9] ==
OB B BE B OE B.8EE E
000,05 505,00 0 0L
N N
Stretchers of three-quarter bats
{c) Course 2
Flans showing the bonding of alternate courses of 1-brick
quoin and junction in Shokse bond

Walls constructed using Shokse bond are shownguarés 4.9 and 4.10, It can be observed
that except at the tee junction, there is a contisyoint between the inner and outer leafs

making up even courses. Moreover a similar joxists along’ of each odd course. This
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internal joint running throughout the wall heigktjuires some means of blocking or locking.
A solution was found by the use of a closer (CLhisTsolution effectively defines another

new pattern (Lijuja bond) Figures 4.14 and 4.1%ujhibond is thus stronger but requires an
extra component in the brick set.

CL is a common part-brick in conventional brickwdrkable 4.2); TIB closer Figures 4.12

and 4.13 was incorporated for the first time inerfdcking bricks under this research

program.

Figure 4.12 TIB closer is a half-brick cut perpendcular to end face

75 i

TIB identical closers cut from one biick

The traditional CL is a quarter-brick and accordiogThe BDA Guide (2004) is named
‘quarter bat’. By contrast, the TIB CL is twice tlength of conventional CL. The TIB closer
has the measurements (300 x 75 x 100mm); it i¢féctea half-brick (see Figure 4.12 how is

cut from a brick).
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Figure 4.13 Tanzanian Interlock Brick (TIB) Closer
(all measurements are in mm)
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4.4.2 LIJUJA BOND

Lijuja bond incorporate CLs for the first time inet history of MT. Lijuja bond starts with
the first course in Flemish bond as the Shokse l{figlires 4.11). In the second course,
after the quoin header, are found sets comprisimeg3aB, one C¥2B and one CL repeated
throughout the course. See Figures 4.14 and 4.15.

Most literature on brickwork does not recommendubke of CLs in the face of wall except
next to the quoin header. However the Masonry Gdderactice BS 5628-3:2005 clause
5.11.1.3 recommends thatthe horizontal distance between cross-joints mceessive
courses of brickwork should normally be not lesantlone-quarter of the masonry unit
length, in no case less than 50mm for bricks andhrid5for blocks! This condition is
observed in Lijuja bond, as the minimum horizomtistance of the cross-joints between the

consecutive courses in Lijuja bond is equal to aigu-brick length (75mm).
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Figure 4.14 One brick thick wall in Lijuja bond

An isometric view of 1-brick wall in Lijuja
bond with odd-comrses in Flemish bond

Clogers to fit at the centre of
stretcher pairs of the course bellow

SR R S

Sets of part-bricks forming
Linya bond m course 2 are
three-gquarter bat, centre-half’

bat and closer - I
The orientation of the part-bricks zet

change after the wall junction due to
the rotation of three-quarter bat to fit
centre-half bat (zee nsed course-2)

The purpose of adding CLs (see Figure 4.14 courskr@ughout the course is to reduce
the inherent continuous vertical joinf@night, 1997 and to tie stretcher bricks at their

middle, preventing them from opening up.
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Figure 4.15 Plans of alternate courses of 1-brickugpin and junction wall in

Lijuja bond
Course one in Flemish bond
[El|[ & Q|
S| [2] [S]|l]
[<] Three-quarter bats as | L) 9]
RIS tie bricks to the junction, | | |
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dong ol T
OHGH —  Closers— |
S [ - —
o m@@@@n@@@@@@
s|[Ejels| [Fi=lE [El=iels] @
T 1 L T = T
Course 2 entce bl oo sloses

The range of application of C%Bs was thoroughlyl@at®d by trial and error. It was
found that some other peculiar joints that were passible to arrange even using C%B.
After many attempts at masonry joint constructiomas observed that perpendicular wall
junctions forming tee joints, centrally attached piers of 1-brick width Figure 4.16
require a special brick, the ‘Tee Brick’(TB) shownFigure 4.16. This is ‘special’ not
because it requires a different shape of mould (tostoesn’t), but because it can not be

produced with cores in their normal positions.
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4.5 SPECIAL BRICKS

A special brick is one that can not be producedigisi normal brick-moulding box. This
research briefly examines special bricks. It shola with interlocking bricks it is also
possible to produce and use special briekgle and tegto cater for the demands of special

structure configurations.

4.5.1 TEE BRICK (TB)

The TB was developed to construct particular (mgommon) joints that were not possible
using existing common brick elements (i.e. FB, E&fi8l %B of Figur®.10, C¥2B of Figure
4.3 and the CL of Figure 4.13). This TB is showrrigure 4.16; its use is illustrated by the

wall construction example in Figure 4.18.

Figure 4.16 Tee brick (TB)(all measurements are in millimetres)
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TB has a specific orientation; as illustrated igufe 4.17 showing the front and back sides,

which should be observed during the constructiojiots (Figurer 4.18).
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Figure 4.17 TB specific positional orientation

TB plan view showing position orientation

‘::H e , The 1sosceles triangle ABC with

@ base ine AF making the front side of
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Back

Front

In Figure 4.18 the triangles mark where and howmust position a TB in a joint. The TB

should be always positioned in such a way thatribre (see Figure 4.17) is hidden in the
wall. This is shown in Figure 4.18(a) for the jolmttween buttress and main wall, and in
Figure 4.18(b) for the joint between the two paialiricks forming a pier attached to the

main wall.

Figure 4.18 One-brick wide pier attached to wall junction assembled using TB

Teebrick /-,

Cowmse 2 [ T2
Center-half bats | Course 2
(_‘-:-ursell T —
Tee bricks ) Ve
5 [' 2% |Course 1

Yertices

()

Isometric views of half-brick junction walls, adjoining a half-brick main walls in stretcher
bond, with raised second cowrses to show the bonding arvangement in alternate courses.

The joints illustrated in Figure 4.18 are thosenidfieed in this research that makes use of the
special (TB) brick.
There may be alternative configurations that avbiel occurrence of this type of joint,

which therefore do not require TB. For example weld alter the room sizes or change the
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buttressing pier positions (i.e. in Figure 4.18{g) may move position of the attached pier
by half brick to either side, and in figure 4.18(¢ may move the position of the partition
by half a brick).

But the configurations using the TB is the mostrappate because it will preserve the
original design and maintain the positions of Ik@@ring structures from the foundation to
the roof for better performance. The alterationy meguire additional repetitions to make it
appear as an original design and not happenedeatally to maintain similarity and good

appearance, these are the additional works ancehadttitional costs not planned for. This
requires thorough examination of design to identifg occurrence of such joints before

setting of the brickwork and make corrections.

4.5.2 ANGLE BRICKS

In accordance with the BS 4729:1990 there are tht@edard angles used for angle bricks
(30, 45 and 60 degrees). The author developed @han8 60 degrees angle interlocking
bricks, with one side three quarter length andatiher side quarter length (Figure 4.19). The
ideal angle brick for interlock walling is one thatns the corner and maintains a half-brick

overlap without requiring closers or three-quabts The BDA Guide, 2000
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Figure 4.19 Angle bricks
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IB angle bricks differ from conventional angle liscbecause they have locking features.
This requires that IB consecutive courses alternatie left-nand (LH) and right-hand (RH)
bricks (Figure 4.19). By contrast in conventionalkckiaying only a single angle brick is
required, since LH can be converted to RH by inmgrthe brick.

Note that the shape of locking feature at the eeatrthe short side of the angle bricks has
been changed from square to round to ease the @roduThe alternative would be to use a
hexagonal-shaped protrusion. However such a heshgbaped locking feature would
increase roughness and make the mix stick intartbeld during production, which would
slow the pace of production resulting into low protivity.

The polygonal shaped wall in Figure 4.20 demonssrat common use of speciahgle
bricks. Such bays are employed in the front elewstof many UK housdsynch (1994) The

wall is normally offsetting from the main wall ofe building for decorative purposes, an
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alternative way of room expansion or internal dation of spaces for fire places, bath rooms
and built in cupboards etc. This configuration rieegifour ‘specials’ (LH and RH from 30°

and 60° bricks) whereas restricting angle to 45%ldvoeed only two specials.

Figure 4.20 Common polygonal wall assembled usingngle brick
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45.3 CURVED WALLS

Round and polygon-shaped structures are commomlg usthe building industry. Corner
plots whose configurations are of irregular shagféen require structures to be of the same
shape, built with the help of special bricks. BaaK special shapes and sizes are maule
create shapes in brickwork which would be impossibhsatisfactory or expensive using
only standard brickq The BDA Guide, 2000., BS 4729:1%90

The development of special bricks is an interestiggne to deal with but very wide. Details
of the modifications to angle bricks to fit inteclo walls are beyond the scope of this

research. Figure 4.21 shows the use of a combmaftiangle bricks, end-half bats, centre-
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half bats, three-quarter bats and normal bricksotastruct a curved wall, as an example of

future development of interlocking bricks (MT).

Figure 4.21 Isometric view of curved wall

Cwrved wall built by beveled bricks cut
following the lne from striking point

Angle brick used to ease the turming point and jout
between curved and straight walls to form an internal
OO TECESS

——— Alternating courses
The center-half course of half hats

starting and ending with
three-quatter bats

Modification to the interlocking E¥2Bs and C%2Bs wvéllow the construction of curved or
circular structures. Bricks and part-bricks are with a bevel to give perfect joints and
curve (Figure 4.21). The bevel shape can be cuitenusing the simple gauge and hand
saw to the designed curve following line from stk point The BDA Guide, 2000
However if we maintain the policy of no site-cugirthen we must mould special bevelled
C¥%Bs and EY2Bs. Moreover the portion of locking dea$ of C%2Bs may need to be
angled too (by half the bevel angle) to achievegpranterlock. Alternatively, as discussed

early in section 4.5.3, square interlocks can pé&ced by circular ones.
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4.6

IMPROVEMENT IN FLEXIBILITY ACHIEVED

Finally we can compare the performance of TIB teeotinterlock systems Table 4.3, after

the development of new TIB part-bricks (C¥2B Figdr8, CL Figure 4.13, TB Figure 4.16

and angle bricks Figure 4.19), and formation of mm#terns (Figures 4.9 and 4.14). Ten

construction operations compared between three loj@went stages of interlocking

systems.

Table 4.3 Wall construction flexibility achieved byTIB

S/No. | Tasks (construction operations) Development stages of interlocking bricks (IB)
Typical IB system | Bamba System | TIB system
(I B 200() (I B 2002) (I B ZOOE)
1 \?viﬁing a right angled corner for a ¥2B| v v v
2 Bricklaying in stretcher bond v v v
3 Construction of cross and tee joints of X v v
2B walls
4 At_tachment of ¥2B wide piers to ¥2B X v v
thick wall
. - T
5 Attachment of piers wider than %2B to X X v
5B wall
6 Construction of isolated piers wider than X X v
1B
7 Construction of 1-Brick thick wall X X v
8 Attachment of piers to 1-Brick thick X X v
wall
9 Construction of curved wall X X *
10 Construction of polygonal wall X X *x
Flexibility score 2 4 8
Brick-parts (elements) 2 6 5

- Formation of bevelled brick by cutting at site
- The use of special bricks
Note: Mortarless strictly don't allow cutting or shagiat site for best performance

The bar chart Figure 4.22 summarises score dafatle 4.3, it shows the development of
new part-bricks improved the TIB system performahget points above 183 TIB with
five brick elements (FB, ¥B, E¥2B, C¥2B and CL) seosgght points. The addition of

specials (angle and TB), which didn’t require awgtscores one point more, making a total
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of nine out of ten. With an advantage of not cugttex site will improve construction

productivity and saving more construction time &izbur.

Figure 4.22 Performance improvement level of TIB
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4.6 SUMMARY

The development of the new part-bricks (C¥%2B & Cinjtially only for the Tanzanian
interlocking brick set, which could also benefiteit interlocking bricks in the same category
Table 2.1. These part-bricks enable the constmuafanost masonry wall joints. From Table
4.3 it is evident that the TIB system offers higfiexibility in the wall construction.

In this chapter we have demonstrated the increafiexibility obtained by using a new part-
brick (C¥2B) and identified interlock specialtéeé and angle bricRswith the potential to
further increase the flexibility of interlock brilglying. The contribution of the C%B and CL
to MT includes the formation of two new bon@hpkse and Lijuja With these two bonds, it
is now possible to build one-brick thick (e.g. 30@jnwalls that can be used for foundations

and other load-bearing structures like retainindlswvdt is also possible to attach different
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sizes from 1-brick to 2-brick of piers to walls and build-isolated piers mdnart 1%2-brick
wide, which was not possible before. The uses @two new brick shapes C%B and CL will
improve the craftsmanship quality of masons andpbiyninterlock bricklaying for most
masonry joints. However the accuracy requiremeritanterlocking brick for smooth
bricklaying will need more attention during prodoatand curing. Tee and angle bricks will
remain special bricks to be produced to order asonventional practice, because they
require special moulds and attention that adds maseper unit. Professionals designing and
specifying materials should be aware of the cogligations of such bricks.

The task ahead for this researchh@@ters 5 and 6is to analyse the alignment accuracy of
MT construction (plumbness, straightness, and eolasgels) during constructiorpér BS
8000-3:2001 — Table)2 and establish the limits of wall length and Ini¢gp be allowed

before the need of strengthening.
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CHAPTER 5

5.0 BRICK IRREGULARITIES AND THEIR
IMPLICATIONS FOR WALL QUALITY

In chapter 2 we discussed the tolerance requireamaninterlocking bricks for mortarless
technology. It was pointed out how brick irregutaraffects the accuracy of dry-stack
interlock-bricklaying alignment. In this chapter veee going to describe types of brick
irregularity, their causes, the implications ofg@erregularities and the measures to be taken
to minimise them. In the following two Chapters ookthe major implication of brick

irregularities, namely poor wall alignment is exasd in detail.

5.1 BRICKIRREGULARITIES

For a brick to be irregular, one of the followingperfection (types of brick irregularity) is
present: variation in size (due to variable shrggawarping or curvature, taper and surface
roughness. These are considered in turn in thewolly sections, where the causes,

consequences and avoidance of each are discussed.

5.1.1 VARIABLE SIZE

These are variations in the size of bricks withinbetween mix/batches, which cause the

bricks not to lock or fit with each other.
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a) Causes of variable shrinkage

Brick shrinkage occurs because of moisture evajporauring the drying process. However
this is of small impact unless the soil used carsta high fraction of clay that is prone to
excess shrinkage. If there were constant shrinkeigfein or between the batches there
wouldn’t be any problem. Non-uniform shrinkage mag caused by one or more of the
following: -

* Excess water in the mix,

Poor mixing,

» Changes in soil properties,

» Differential compacting pressure caused by pooctbag (uneven amount of mix
placed in a mould for each compacting cycle)

* Poor curing (described in more detail in sectid?) 5

b) Implication of variable shrinkage on wall alignment
The poor matching (in height, length are easilybley of bricks during wall assembly delay
construction and cause additional activities (s&acshaving, shimming and replacement of

rejects) that increase construction cost.

C) Remedial measures to control shrinkage
To minimize the outcome of excess shrinkage wiljuiee systematic monitoring and close
supervision of all processes to brick productiohijol include: -
» Treating soil with the correct type and amount tabsgizer (proper designed ratio of
cement to soil)
» Mixing with proper water/moisture content (propeater/cement ratio)

* Proper soil preparation: -
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0 Pulverizing to remove hard particles
0 Sieving to a required size/limits
0 Mixing to a standard consistency (by sight)
» Use of adequate compacting pressure during moulding
* Proper curing conditions: -
0 Under a roof and on a level floor or
o In the open air with proper flooring and coveringtarials (plastic sheets,
grass, sawdust etc.)
However the occurrences of variations in brick sime to shrinkage are in general practice
minimised and not eliminated. The remedial meastaksn are to prepare and correct them

to be fit for use, as described in Section 5.2.

5.1.2 WARP (CURVED OR TWISTED BRICKYS)
These are the changes in brick shape not in ragh {twisted), which at the same time may

change the size of the brick.

a) Causes of warped, curved or twisted bricks

In soil stabilization, warping and twisting may accmainly due to two causes (both
considered in 5.2 below): -

One is rapid drying of bricks cured at the openwvathout cover. This practice has been
inherited from the production of mud bricks, whicbrmally are left in the open air to dry.
Apart from causing warping, rapid drying will resit low strength because of incomplete
cement hydration.

Secondly using poorly prepared curing-floor surfaé® a major cause of brick curving.

Poorly prepared curing floors are especially comnamd damaging in (hot) developing
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countries. For these two reasons bricks are offtepoor quality having irregular shapes

(warped, curved and with severe shrinkage).

b) Implications of warped, curved or twisted bricksfor wall alignment

The implications of warped and curved bricks to wedl alignment are more severe than
shrinkage alone, because shrinkage is a lineamgehtanall sides, so to deal with it is simpler,
but warping forms surfaces with ditches and hunwWgarped and curved bricks when dry-
stacked make contact at specific points (bumpsheé$e points are scattered over the surface,
during assembly the contact of the two brick fasg@sinduce rocking, rolling and pitching
until a stable position is found. Moreover placargpther brick above may change the lower
brick’s balanced position. This may result in theepomenon of ‘lateral softness’ that causes
difficulties in maintaining good vertical wall ahgnent. To stabilise, the structure will require
strengthening i.e. shimming, addition of buttresses

Due to having low contact surface areas betwean,theicks develop load concentrations at
their contact points. This concentrated loadinglyasarpasses the crushing strength of bricks
and therefore resulting in cracking or failure odlividual bricks. To prevent cracking in the
case of severe warping, bricks may require a lashonming as in traditional bricklaying,

which of course mortarless technology is tryingvoid.

C) Remedial measures to reduce warping, curving anavisting of bricks

Warping, curving and twisting for stabilised briatan be reduced by proper curing i.e. under
a roof and or under the covering of plastic shegtass or any other material to reduce
exposure to air and sun and thus prevent quickaasion of moisture. The other remedial

measure is making curing-floor surfaces level aadlho reduce moisture percolation into

the ground from the fresh bricks. We can conclind¢ poor curing regime is the major cause
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of brick irregularities; so curing require propesntrol and close monitoring for effective
performance. Warping and curving can be much mgechi on fulfilling the above-
recommended remedial measures. But shrinkage, wdh&ésociated with the soil properties,
will remain a task to be addressed by proper sbdction and proper design of the ratios of

cement to soil and water to cement.

5.1.3 BRICK SURFACE ROUGHNESS

The rough-surfaces (random localised bumpinessthefbrick’'s faces designed to form

contact, normally are the top and bottom faces timatmortarless technology should direct
more attention. The causes and consequences diffiett thuch with those described in

Section 5.1.2, so, do the remedial measures. Tipha&size should be on the quality of curing
places and the stacking practice, to keep flooagéaclean, flat and smooth will protect brick

faces from roughness.

5.14 TAPER

These are uneven brick shape changes due to geveaaland tear of the press, changes in
mould box dimensions due to bulging or twistingtee side and rocking of movable plate of
press. We leave aside intentional vertical tapéroduced to make demoulding easier,
although with wear this may grow to exceed thevedlole tolerances. Close monitoring and
control of any source of taper (i.e. having nonaflal top and bottom faces) will give a
warning of brick biases forming. Consistent bias ¢e corrected by reversing alternate

courses. But when having bricks with variable biwijll be difficult to control wall leaning.
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5.2 SOIL-CEMENT BRICK CURING PRACTICE

Mortarless technology makes use of pressing asraalobrick production method, and

requires that proper soil-selection and soil

-prapan are practiced. The major stumbling

block causing block irregularity is poor curing gtiee. From a survey in 2006 and 2007 for

this research and the general Tanzanian experignstbilized cement-soil blocks, it was

found that most of all production sites have nargishade, no proper floors (flat, hard and

impermeable), and bricks are uncovered du

ring guasishown in Figure 5.1.

Figure 5.1 Typical poor curing conditions in low-cat building-material production sites

a) Production of more than 100,000 interlock
bricks produced in 2006 by the National Hous
and Building Research Agency (NHBRA)
Iringa - Tanzania for the National Housi
Cooperation (NHC).

nmy) A private site of interlocking bric
myoduction in Mbezi-beach Dar Es Sala
iManzania was inspected by the author in 20(

g

The outcome of using such poor curing conditiorigyie 5.1) is the formation of irregular

bricks. The photos in Figures 5.2(a) and 5.2(bwskie construction problems caused by

using such bricks in wall construction. With irréagyubricks it is difficult to attain level

courses or to avoid forming load concentrationthatpoints of contact. As the load increases

the brick are forced to flatten and the en

(Marzahn 1999).

closedsst field can lead to tension cracking
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If differences in size occur during brick productichen the following are the additional
efforts required to select or correct them for use:
» Selection and grouping of bricks of approximatejy& height.
* Reduce those too big to size by shaving or grindiregn to match with the most
common.
* Those appear to be too small will need shimmingnduconstruction to match with
the rest. Alternatively an entire thin course Wi laid, if there are in enough quantity

to complete one course.

Figure 5.2 Implications of brick irregularities on wall assembly

a) Wall courses undulations because bf Brick cracking because of the load
the brick irregularities concentrations that forces them |to
straighten/flatten.

These adjustments will create rejects or breakalgas require additional production for
replacement. The extra time spent for preparagatra material to be used for shimming and
any extra production, are thu®nsequencesf brick irregularity. They cause delays in
construction and increase the construction ,cedtich jeopardize the good image of

mortarless technology. That is why a further analgs brick irregularity is necessary.
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5.3 SUMMARY

Brick irregularities impact negatively on wall aligient and weaken the performance of the
wall. Mortarless walling by its nature is vulnerabio shaking due to brick units being
stacked dry; it therefore requires careful handlmgore any strengthening stage. Irregular
bricks increase wall instability’ as the bricks difficult to place in their proper position. The
more the wall grows in height and length, the mblexible and unstable it becomes.
Irregularity of bricks can be graded by how difficar easy it is building an accurate wall
with them, and attain straight and level coursed #re vertical to plumb, and sustain an
accurate position during construction. Of the vasioamperfections in brick-shape, the most
serious are:

* Variation in height — causing cracking,

* Warping or extreme roughness — causing both ingtabnd cracking

» Variable lateral taper - ‘roll taper’ — causingsoof verticality
Poor curing and stacking practice are the mainecatishese brick imperfections. The effect

of irregular bricks on mortarless wall alignmenaiglysed irChapters 6 and.7

126



CHAPTER 6

6.0 THE RELATIONSHIP BETWEEN WALL
ALIGNMENT AND BRICK GEOMETRIC
IMPERFECTION

6.1 INTRODUCTION

The elimination of mortar layers between the cosirskinterlocking brick wall is the main

characteristic of mortarless technology (MT) congglato conventional masonry. The mortar
joint is replaced by physical locking features twalele the wall to withstand lateral and
flexural loadsGazzola & Drysdale (1999 Marzahn (1998), Drysdale & Gazzola (1991),

Marzahn (1999), Shrive et al. (2003) and Jaafaale{2006).

A mortar layer that traditionally separates brickukses performs a number of functions.
Well-pointed mortar may add to a wall's aesthefipeal — though the crudely smeared
mortaring commonly found in villages of Least-Deymdd (African) Countries certainly does
not. In ‘gluing’ the bricks together, mortar inceesa resistance to localised forces, such as
those that might punch an individual brick througtwall, however interlocking can also
perform this particular functionSprive et al. 2003 Mortar may help the wall to act as a
beam spanning across soft spots in its foundati@cmss openings. It seals the wall against
wind and noise penetration, whereas a mortarleds haa to be (internally) rendered to
achieve this and other purposes. Mortar removessttoncentrations due to point contact
between bricks in successive courses and it maycesdbinary’ deviations (one brick
rocking between two rival seats on the brick beloim) MT, greater brick accuracy is

required since the mechanism of levelling eachs®using mortar is no longer available.
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As the key function of conventional mortar is ttoal good wall alignment to be achieved
despite irregularities in the individual bricksethesearch here reported was undertaken to
assess how accurately bricks need to be made nidrtarlessassembly they are to give
satisfactory overall alignment. The wall parametafrsnost interest are course straightness
(deviation from horizontal) and wall-lean (displawent of the top brick’s front face from a
plumb line touching the bottom brick’s front facel}. is the accuracy of the top and bottom

faces of the individual bricks whose interactionedmines these two measures.

6.1.1 THE EXPERIMENTAL OBJECTIVES

Mortarless technology (MT) replaces mortar by mgkmating brick surfaces (top and
bottom) more accurate. The main objective of tHWong experiments is to identify what
accuracy (of flathess and parallelism of top anttdmo brick surfaces) is needed to ensure
wall alignment lean is within the limits prescribbg BS 8000-3:2001 and BS5628-3:2005
namely that the straightness deviation in any Sngtle wall does not exceed +5mm, and
verticality lean up to 3m wall height is within #1dn. Although these permissible wall
deviations are meant for mortared technology, thidlybe used here as benchmark data. The
other important objective for these experiments isontribute to the formation of production
guality control measures and IB walling standards.
In the absence of mortar in a brick wall we wouwtgect;
a) The wall alignment to be poorer than when conngatourse mortar is used to maintain
vertical, level and uniform course spacing i.e. taocorrects geometric imperfections.
Dry-stacking bricks produces cumulative imperfeasiowhich the bricklayer has little

mechanism for correcting.
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b) The wall to be less stable when subjected to (3rhafizontal forces because at some of
the brick-to-brick interfaces rocking is possibietfie contact points are few and too
close to the brick’s centreline) ; also there isr@ased chance of wall wobbling under
vertical forces.

c) The contact forces to be localised rather thanaspower the whole brick top/bottom
surfaces, leading to brick failure (by cracking)docurring at lower vertical loading
than it would in a mortared wadllarzahn (1999), Jaafar et al. (2006)

Each of these weaknesses of dry-stack bricks areedaby brick surface (top and bottom)
imperfections that were analysed and tested foe. tWo measures developed to ameliorate
problem (a) and (b) above were: (i) modificatioasbtick shape and (ii) special bricklaying
procedures. These were tested for effectivenedsssibed irChapter 4.

Because bricks imperfections are essentially randbaugh with measurable statistics), very
many experiments are required to obtain a singlfopeance measure. For example to
assess within £10% with 90% confidence the standaxgation in straightness of a specified
course in a column would need the construction meésurement of over 100 columns.
Because such large-scale physical experimentasotoo costly of time, more limited
experiments were performed whose primary purpose teacalibrate and confirm the

performance of theoretical formulae and computausations.

6.2 PRIMARY PREPARATION FOR EXPERIMENT

The experiments involve the assembling of columms walls, which require preparation of
brick components. The brick components to be predae the TIB described in Chapter 4.

The following activities were deeming necessarytli@ primary preparations:
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» Design and fabrication of ISSB component mouldimgerts to enable production of

(FB, B, E¥2B, C%2B and TB) brick types.

» Production of bricks for experiment

« Determination of brick characteristics

o Dimensions

o Flatness and parallelism of top and bottom faces

o Statistical analysis of brick characteristics faudstantial measured sample

6.2.1 MOULD DESIGN AND FABRICATIONS

The available brick press (MultiBloc Figure 6.8¢) the Engineering laboratory of the
University of Warwick, is a CINVA Ram typéVITA 1975, UN 1992, Weinhuber 1995),
which can produce solid bricks of size 290 x 1480rm. The interlock brick design and its
elements in Chapter 4, required design of mouldrisso permit production of the interlock
brick components. The study required about 50kbyiwhich is a fairly big number. To save
production time, material and the limited spacehia laboratory, a half-scale was adopted.
The available press mould box was sub-divided thtee equal compartments to produce, in
each pressing cycle, three bricks of size 140 x BOmm. Mould inserts were designed by
the author and fabricated in the Engineering mechhnworkshop, for the following
components: full brick (FB) shown in Figure 6.1 asntd-half bat (E¥2B) shown in Figure
6.2. Each unit need separate top and bottom indertse compartment of the three a plate
was inserted (Figure 6.2c) to produce two EY2Bse@iguarter bats (3%B) Figure 6.3, and

centre-half bats (C¥2B) Figure 6.4, as well thep &amd bottom moulding inserts, required a
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quarter block (Figure 6.4c) to cut off one end takenthe 3B and two such blocks to make
the C¥2B. The assembly of inserts in press mouldlaog/n in Figures 6.8a and 6.8b. The tee
brick (TB) moulding inserts were also fabricatedtails shown in Figure 6.5. All moulding
inserts are used with spacer blocks (Figure 6 ®ajvide the press moulding box into three
equal spaces (see assembly Figure 6.8). To forntatige vertical perforations, steel rods
were used (Figure 6.6b). The design incorporadéetances on interlock features of 1mm
clearance between protrusion and depression anddipe chamfers are 1.75 x 1.75mm, all
halved from the original desigmA(Tanzanian interlocking brick (TIB) with — tole@n =
2mm and chamfer = 3.5 x 3.5mm Figure 2.I0he materials specified for pattern making
were aluminium and mild steel. A new press covagyfe 6.7) was designed to allow

production of interlock brick because the origisalid cover was not fit for the purpose.
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Figure 6.1 Full brick (FB) moulding inserts (measurements in millimetres)
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Figure 6.2 End-half bat (E%2B) moulding insertgdimensions in millimetres)
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NOTE: These inserts were for making half-scale expertaleoricks; for full-size bricks, all

dimensions should be doubled.
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Figure 6.3 Three-quarter bat (%B) moulding insertgdimensions in millimetres)
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NOTE: These inserts were for making half-scale expartaledricks; for full-size bricks, all

dimensions should be doubled.
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Figure 6.5 Tee brick mould insertgdimensions in millimetres)
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NOTE: These inserts were for making half-scale expertalebricks; for full-size bricks, all

dimensions should be doubled.
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Figure 6.6 Common moulding inserts components
(dimensions in millimetres)
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Figure 6.7 New cover for MultiBloc presqgdimensions in millimetres)
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Figure 6.8 Multibloc press with new cover and moulthg inserts

{(a) Iould mserts assembled on the bottom press plate on ejected postion

{b) Wew cover shows the fiting position with mould mserts

{c) The Multbloc press fitted with new cowver

6.2.2 BRICK PRODUCTION

I Soil preparations and mix design

The material ordered from Coventry building matesigopliers using normal procedures was
builder’'s sand sieved through a 4mm sieve. Thaosd enough for stabilised-soil cement

brick production. Sand particle-size distributiesttwas performed (Table 6.1 and Graph 6.1
showing a uniform medium sand with only 5% finesgiag sieve 0.075) before adding

kaolin to achieve the required fines (clay) contemd thus adequate mix cohesion.
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Table 6.1 Sand particle distribution test results

Sample A (500g) Sample B (5009)
S/No. | Sievediameter "ganqretainedin | Sand passing | Sand retained | Sand passing
(mm) each sieve each sieve in each sieve each sieve

(9 (%) (9) (%)

1 5 0 100.00 0 100.0

2 2.36 3.5 99.3 6 98.8

3 1.18 2.5 98.8 6.5 97.5

4 0.6 21 94.5 27 92.0

5 0.3 160 62.1 167.5 58.3

6 0.15 195 22.7 191 19.8

7 0.075 87 51 78 4.1
8 bottom dish 25 - 20.5
Lost sand 6 35
Total 500 i 500

The soil was formed by mixing builder's sand andlkaat the ratio of 8: 1 by weight (3: 1
by volume). The material ratio used for the bric&duction is 1:14dement to “soil” — C: S,

where soil includes kaolin and sand).

Graph 6.1 Particle size distribution curve
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Thus during production the mix ratio used for cetnkaolin and sand was 1:3.5:10.5 (C: K:
S) by volume. From total material by volume C =%; K = 23.3%; S = 70%, and by weight
C=7.5%; K=10.7%; S = 81.8%.

The normally recommended maximum ratio of free wadecement is 0.8.ea, 1976 and BS
5328-1:1997 Table)6 However this did not work for manual brick priegs It was increased
to 1.4, which was found to be sufficient for easyutding and handling. The high W: C ratio
to achieve workability arise from (a) the very leaix C:S (1:14) and (b) the presence of
clay, both sand and clay having a water demanddditian to the water available to the

cement.
Il Brick pressing and curing

The bricks produced for experiment were intendedaduray real site conditions, but due to
laboratory constraints on time and space, brick sias halved to 140 x 70 x 50mm from the
original machine moulding box size - 290 x 140 xr@fh available in the laboratory. All
brick sample produced using one mix ratio (1:14 eetno soil). The bricks were cured for
28 days, covered by wet-sacking and plastic slieethe whole period.

The numbers of brick components made were; 441 §8%,Bs, 94 E¥2Bs, 85 C%:Bs and 14
TBs. The bricks were produced from one press withe equal compartments (as described
in the section 6.2.1), to allow production of thiwecks in a stroke. It was expected that all
bricks from one machine would be the same, but whgmected and measured were found to
have variations of less than one millimetre. Sottiree compartments act like different and
independent machines. Nonetheless during productibe bricks from different
compartments were not separated, the only separatede was between day production

batches to control curing duration.
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6.2.3 DETERMINATION OF BRICK CHARACTERISTICS

) Brick dimensions

Variability of bricks develops through the thre@@essing stages (production, setting-out and
assembly), resulting in deviation from the design@@sired or target) siz8S 1SO
1803:1997 The deviations due to human error and limitatiohsnoulding instruments are
termed induced deviations. A second type of vaitgbiknown as inherent deviations, is
caused by variations in temperature, moisture cormiechemical reactions, which may cause
reversible or permanent change. In practice, teckhthe compliance of components’

dimension and tolerance limits are $#&5(1SO 1803:1997

Figure 6.9 Positions on brick for determination ofits (i) length and (ii) width
(Bottom of brick is shown shadetiagrams per BS EN -16:2000)

To measure the length using a (i)
(i) laser the difference between
each pair (a-a, b-b, c-c etc)

of corners 15 deterrmned 1

Dratum point on
k top of laser takle
set zero y-coodinate

To measure its width, the
brick is laid on itz back

The method used to determine the dimension congdiaof experimental IBs is that
described iBS EN 772-16:2008ee Figure 6.9, ten sample bricks were measuteslbfick
sizes were measured by the use of lasérrtiicro four” (Figure 6.10) as follows: to measure

the length of a brick, the difference between fend to end corner points’ (aa, bb, cc and dd)
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readings Figure 6.9(i) (Z-axis readings displaygddigipac screen Figure 6.10), and to
measure the width Figure 6.9(ii), the brick wasl lan its back with front face on top. Using
the laser table as zero datum, readings of sixtpdm f, g, h, j, k) were taken i.e.y-axis
readings were recorded as brick widths.

The heights were measured at the eight points rdddeethe flatness determination between

bottom and top faces (Figure 6.10 shows bottom &acktop face is shown in Figure 6.11).

Figure 6.10 Brick in position for dimensional and srface flatness determination

Laser data displying screen
(digipac), at any point of

contact it shows cordinates
% yand 2

Ball-end stylus mountend toa
horizontal rotating beam of

Experimental brick laser " 1 micro four "
placed on its back

face shows bottom

Eolt and blocks
holding brick in

postton

EBolt and blocks
holding brick in S~ B8

position " ’
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The summarised experimental data in Table 6.2 ifoedafrom raw data Tables 6.5, 6.6 and
6.8) were compared with the permitted tolerances8S EN 771-3:2003 category D4 Table
1 andBS 6649:1985 Table, 1 reference to the designed brick size 140 x BOmm. In the
BS 6649:1985 Table, & is given a tolerance of £2mm for all brick sidimensions, with the
condition that of the ten sample bricks measuret shall be within the given limits. Table

6.2 shows that the standard tolerance compliansemd only for the length and width. The
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measured height did not meet the given standardsomparison to the designed height.
However using the averagg)(height and standard deviatios) (of the measured samples,
give a coefficient of variation (COV =/u) of only 0.01 (Tables 6.8), confirming the

similarity of brick heights.

Table 6.2 Data comparison between experimental aretandards

Actual* Desian minus BS EN 771-3:2003| BS 6649:1985 Table 3
Measured | Designed size . gn m Category D (limits of
mean size actual size :
ltem (mm) Tolerance (mm) | manufacturing) (mm)
(mm) (mm) b
etween
Length 140 139.96 -0.04 -3and +1 2
Width 70 70.54 +0.54 -3and +1 +2
Height 50 48.30 -1.70 -1 and +1 +2

*See Tables 6.5, 6.6 and 6.8
Il Brick flatness and parallelism

For IBs the important parameters are the flatnedsparallelism of top and bottom surfaces,
and the height variations that require more atentif this research programnigS EN 772-
20:2000recommends a diagonal method for determining serféatness, using a straight
edge and a set of feeler gauges. The method wasusemt for IBs because of their
protrusions, which prevent measurement along dialgon

Possible alternative measures were the mean sqleéast, square and local flatness, as
described iBS 7307:1:1990 (ISO 7976-1:1989)he experimental data was generated using
laser “L micro four”, from the marked points on top andtbot surfaces (Figures 6.10 and
6.11). One bottom point (Figure 6.10 point 1) oftedrick was set to zero as a bench mark
(Table 6.7 a bottom front reading)Brom which other point levels were calculated both

top and bottom faces.
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Figure 6.11 Brick marked for surface flatness detanination
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To prepare the experimental bricks for measuremehey were marked along the plane
surfaces lying to front and rear of the interlo@pressions (bottom face Figure 6.10), and the
interlock protrusions (top face Figure 6.11). Be tise of a template, all sample bricks (44
pieces) were marked to maintain similarity of thaings positions and distances. The
position of a stylus point (in contact with thedk) was displayed on a laser digipac screen
(Figure 6.10 in three dimensions x,y and z).

The raw data (Table 6.7) for brick flathess wereorded in the order of 1, 3, 5, 7 (front
points) and 2, 4, 6, 8 (rear points) for the topkipsurface, and similarly for the bottom

surface.

Il Analysis of brick data measurements

The raw data in Table 6.7 was processed using aelEprogramme to determine planes
representing the top and bottom surfaces respégcti@ed the anglea andp between these

actual planes and an ideal plane perpendiculdretdront face Table 6.8.
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Data for the top (upper — U) of a particular exaenplick is displayed in Table 6.3. The table

also shows as derived data:

— The average of the four front readings)(leasured upwards from a reference plane

passing through point 1 on bottom of brickX.B

— The average of the four rear readingg (U

- The inclinationp (defined in Figure 6.12) = t&f(U, — U)/58}, where 58mm is the

distance between the front and rear lines of thasomements shown in Figure 6.11.

Table 6.3 Determination of a bricks’ upper plane

Bricks’ upper coordinates readings (as laid) Averag Angle @)
Front readings (Uy) Rear readings () Us U, (U, - Up)/58
S/No Uy Us Us U, U, Us Us Us 1,357 | 2,468 Tal-0.396/58)
1 48.376 48.530| 48.599 47.682 48.068 47.920 47.p067.708 48.296 47.900 -0.39°

For example Table 6.3 show a result of top fackrimk sample 1 (raw data Table 6.7), with

the rear of the top face lower than the front 896mm fyy = U, - Us = -0.396), it causes

the top face to incline bfy = - 0.39° (i.e. downwards to the rear) when thekbiront face is

vertical.

Table 6.4 Determination of a bricks’ bottom plane

Bricks’ bottom coordinates readings (as laid) Averge Angle )
Front readings (B) Rear readings (B) B¢ B, (B,— By)/ 58
SINo | B; Bs Bs B, B, B4 Bs Bg 1,357 | 24,6,8| Tak-0.225/58)
1 0.000| 0.740 0.428 0.112 0.130 0.298 -0.086 0.0B8 0.32 0.095 -0.09°

Table 6.4 shows the same data processing for thenbsurface of the brick. The rear side is

lower than the front by 0.225mrbyg = B, — B = - 0.225) Figure 6.12.
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Figure 6.12 Representing top and bottom brick plang as in position
(Ideal planes, perpendicular to front face, arewh dashep

Cnentation asswning front of brick 15 true vertical

ABCDEFGH 15 an ideal G A
rectangular brick

g Prck as placed m a wall: ¥-am2 15 a plumb
line, Z-azas 15 a course ne and 3 -ams i3
perpendicular to the wall face

NOTE:
o - posttive when bottom plane slopes up to rear

p - posttive when upper plane slopes up to rear
= |3 _a

So the brick bottom plane inclines hy= -0.09° (i.e. downwards to the rear) when thatfro
face maintained vertical (Figure 6.12). Figure 6sh8ws the same brick but with its actual
bottom face laid horizontal. The front face is noavlonger vertical but leans at angle o =
-0.09° (i.e. leans forward by 0.09°)

Note thato andp are permanent properties of the brick, whefegaries according to how
the brick is laid® = 0 in Figure 6.12 because the bricks’ bottom fadaid on its ideal face
perpendicular to front face, white= o in figure 6.13 as the brick is laid on its actbattom

surface.y =p —a.
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Figure 6.13 Orientation assuming bottom of brick idaid on a true horizontal base

E Dotted lines (top and bottom
,g taces of ideal brick)
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Upper/top actual surface
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face AR

M7 Othe angle between plumb
line and brick front face

Base/honzontal line

Left-hand side view of Figure 6.12
Brick laid on actual bottom plane BD1

Although the datum for all point measurements weslocation of bottom front point one
(Br1), the derived angles andp for the imperfection of top and bottom mean plaaesnot
affected by which datum point employed i.e. we wloubt expect due to datum choice alone
any difference in the statistics; $@nd SI. The difference in these two SDs (Table 6.8)
actually observed is therefore due to real prodacfactors such as rocking of the top or

bottom plate of the press.
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Table 6.5 Brick length ()

S/No Measurements (mm) SUM Mean
a-a b-b c-C d-d X n

1 140.589| 140.948 140.434 140.704 562.675 140.669

2 139.796| 140.464 140.22( 140.512 560.99P 140.248

3 139.754| 140.312 140.042 140.466 560.574 140.144

4 139.346| 139.226 139.372 139.140 557.084 139.271

5 139.722| 139.243 139.49¢ 139.306 557.769 139.442

6 140.064| 139.938 140.42( 139.922 560.344 140.086

7 141.038] 141.296 140.744 141.154 564.23P 141.058

8 139.592| 140.100 139.96( 140.438 560.090 140.023

9 139.452| 139.098 139.092 138.874 556.516 139.129

10 139.806| 139.530 139.618 139.340 558.294 139.574

Whole sample set 5598.570 | 139.964
STDEV of mean of () 0.617
COV of (1) 0.004
* Mean of all 40 points equals mean of the each safepmeans
Table 6.6 Brick width (w)
Measurements (mm) Sum Mean
S/No
e f g h ] k >X n

1 70.108| 70.064 70.164 70.184 70.4B6 70.388 421.B4%0.224
2 70.536| 70.7800 70.568 70.338 70.546 70.382 423.1.700.528
3 70.480| 70.540 70.358 70.330 70.2f8 70.238 422.p270.371
4 70.418| 70.358 70.484 70.586 70.502 70.%48 422.8960.483
5 70.422| 70518 70.606 70.756 70.6B2 70.198 423.[/870.630
6 70.890| 70.8400 71.000 71.138 71.0Pp8 71.150 426.p481.008
7 70.638| 70.718 70.628 70.658 70.6p4 70.454 423.B0@0.633
8 70.500| 70.440 70.444 70.388 70.318 70.378 422.4680.411
9 70.420| 70.5000 70.620 70.634 70.648 70.811 423.5330.606
10 70.492| 70550 70.546 70.612 70.5p2 70.%94 483.3170.553
Whole sample set] 4232.68 70.545

STDEV of mean of (w)| 0.208

COV of (w) [ 0.003
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Table 6.7a Experimental interlocking bricks’ measued data for flatness

determination

Top coordinate readings (mm)

Brick
Sample Upper front reading (Ur) Upper rear readings (Ur)
NO. Uy Us Us Uz Uz Us Us Us
1 48.376 48.530 48.598 47.682 48.068 47.920 47.906 47.708
2 48.560 48.822 48.454 48.966 48.304 49.010 48.842 48.822
3 48.328 48.632 48.872 48.440 48.594 48.494 48128 48.668
4 49.266 48.746 48.836 48.494 48.824 48.592 48.646 48.004
5 49.220 49.098 49.120 49.522 49.748 49.464 49.274 49.762
6 47.580 47.834 48.082 47.782 48.264 47910 47.988 47.694
7 48174 48.208 48.040 47.754 48.228 48.260 48.200 48.198
8 49.610 49.504 49.472 49.758 48.972 49.148 49.318 49.482
9 47.716 48.294 48.236 47.932 47.896 47.294 48.196 48.142
10 47.346 47.286 47.668 47.708 47.400 47.806 47.404 47.760
11 48.576 48.770 48.578 48.240 48.842 48.558 48.000 48.364
12 48.840 48.942 48.728 48.946 48.858 48.866 48.678 48.826
13 48.228 47.720 47.782 47.568 47978 47.540 47.628 47.204
14 48.420 48.360 48.320 48.128 48.666 48.262 48.574 48.110
15 48.244 48.254 48.184 47.978 48.410 48138 47.846 48.224
16 47.976 47.872 47.862 48.134 47.954 48.156 47914 48.040
17 47.270 47.228 47.318 47.312 47.608 47.672 47.248 47.328
18 47.946 47.960 48.090 47.866 47.740 47.630 47.930 47.850
19 47.350 47.778 48.168 48.046 47.664 48.324 47.894 48.432
20 48.568 48.502 48.534 48.130 48.132 47.904 48.150 48.102
21 48.502 48.246 48.410 48.580 47.874 48.038 47.888 47.652
22 48.698 48.408 48.560 48.000 48.518 48.392 48.374 48.388
23 48.062 48132 48.264 47.826 48.664 48.614 48.556 48.036
24 49.002 48.546 48.746 48.312 48.988 48.674 48.806 48.612
25 49.012 49.476 49.202 49.320 48.072 48.524 49.564 48.702
26 49.088 49.668 49.624 49.032 49.244 49.194 49.372 49.214
27 48.748 48.542 48.258 48.026 48.620 48.440 48.654 47.632
28 47.854 47.364 47.272 46.906 47.180 46.830 47.502 46.870
29 47.554 47.784 47.530 47.364 47.598 47.718 47.462 47.846
30 48.996 48.906 48.742 48.650 48.688 48.484 48.446 48.930
31 49.186 48.322 48.448 48.634 49.176 49.000 48.324 48.378
32 47.824 47.278 47.618 47.368 47.718 47478 47.326 47.164
33 48.030 48.152 48.332 48.022 48.242 48.008 48.058 47.890
34 48.280 48.236 48.302 47.808 48.402 47.926 47.488 47.676
35 48.552 48.084 48.080 48.054 48.342 48.054 48.146 47.848
36 47.456 47918 47.754 48.486 47.602 47.738 47.746 47.788
37 49.378 49.044 49.216 49.320 49.310 48.980 49.032 49.028
38 48.640 48.214 48.378 48.342 48.712 48.358 48.374 48.470
39 49.642 49.480 49.676 49.390 49.616 49.266 49.390 49.376
40 49.318 49.350 49.546 49.414 49.666 49.496 49.342 49.654
41 48.498 48.856 48.978 48.798 48.688 48.848 48.620 48.828
42 49.436 49.734 48.952 48.992 50.508 50.388 50.230 50.052
43 48.346 48.134 48.466 48.102 48.252 48.466 48.426 48.284
44 48.338 48.540 48.632 48.660 48.598 48.814 48.586 48.898

Upper coordinate readings (mm)

Average of upper coordinates (Av.U)

48.39

Average brick height (Av.U — Av.B)

48.30
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Table 6.7b Experimental interlocking bricks’ measued data for flatness
determination

Bottom coordinate readings (mm)

Bottom front reading (B) Bottom rear readings (B:)

B1 Bs Bs Br B B4 Bs Bs
0.000 0.740 0.428 0.112 0.130 0.298 -0.086 0.038
0.000 -0.102 0.018 -0.068 -0.550 -0.490 -0.628 -0.478
0.000 0.022 0.062 0.136 0.158 0.076 -0.156 -0.164
0.000 0.114 -0.072 0.044 -0.500 -0.400 -0.272 -0.436
0.000 -0.318 -0.206 -0.012 -0.470 0.000 -0.174 -0.202
0.000 0.034 -0.050 0.086 0.160 0.392 0.570 0.404
0.000 0.050 0.088 -0.016 0.364 0.578 0.566 0.624
0.000 0.074 0.162 0.046 -0.536 -0.616 -0.500 -0.576
0.000 0.020 0.116 0.226 -0.074 -0.016 0.002 0.152
0.000 -0.156 0.030 0.302 0.708 0.694 0.656 0.680
0.000 0.070 -0.136 -0.136 -0.238 -0.298 -0.340 -0.048
0.000 -0.146 -0.126 0.088 0.012 0.056 0.240 0.110
0.000 0.200 0.334 0.156 -0.260 -0.140 -0.238 -0.248
0.000 0.170 0.114 -0.010 0.160 0.328 0.160 0.254
0.000 0.126 0.002 0.198 0.034 0.014 -0.030 -0.038
0.000 0.056 0.022 0.010 -0.240 -0.108 0.016 -0.066
0.000 0.116 0.100 0.206 0.662 0.664 0.634 0.600
0.000 -0.188 -0.288 -0.040 0.538 0.632 0.588 0.502
0.000 0.116 0.088 0.114 -0.214 -0.098 -0.038 -0.126
0.000 0.306 0.306 0.312 0.522 0.846 0.664 0.500
0.000 0.360 0.388 0.270 -0.486 -0.336 -0.042 -0.384
0.000 0.288 0.294 0.138 0.652 0.872 0.764 0.712
0.000 0.218 -0.002 0.042 -0.288 -0.238 -0.014 -0.266
0.000 0.190 0.172 -0.032 -0.278 -0.076 -0.152 -0.168
0.000 0.380 0.426 0.608 -0.018 0.498 0.352 0.394
0.000 0.232 0.046 0.274 -0.292 0.190 -0.288 -0.082
0.000 0.276 0.256 0.180 -0.640 -0.524 -0.516 -0.486
0.000 0.072 0.066 0.132 -0.016 0.200 0.414 0.144
0.000 0.424 -0.324 0.306 -0.088 -0.008 0.002 0.114
0.000 0.374 0.146 0.016 0.910 0.558 0.676 0.438
0.000 0.248 0.430 0.272 0.358 0.510 0.456 0.438
0.000 -0.062 0.122 0.266 0.470 0.478 0.838 0.442
0.000 0.090 0.040 -0.004 -0.134 0.116 -0.040 -0.072
0.000 0.174 0.332 0.118 -0.410 -0.214 -0.344 -0.382
0.000 0.140 0.250 0.338 0.250 0.468 0.430 0.338
0.000 0.032 -0.078 -0.172 0.300 0.514 0.494 0.488
0.000 0.226 0.230 0.100 -0.214 0.120 0.174 -0.030
0.000 0.162 0.126 0.082 -0.070 -0.052 0.058 0.046
0.000 0.084 0.194 0.102 0.482 0.560 0.668 0.552
0.000 0.268 0.144 0.112 -0.198 -0.184 0.066 -0.126
0.000 0.018 -0.006 -0.096 -0.074 0.036 0.022 0.120
0.000 0.144 0.192 0.298 0.678 0.652 0.634 0.704
0.000 0.260 0.322 0.582 -0.354 -0.222 -0.266 0.080
0.000 0.114 0.328 -0.070 -0.412 0.044 -0.088 -0.378

Bottom coordinate readings (mm)

Average of bottom coordinates (Av.B)| 0.096
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Table 6.8 Brick-plane inclinations of top(upper) am bottom surfaces

Brick Upper coordinates (mm) | Bottom coordinates (mm) | Alpha(a) | Beta() | Gammaly) | Average Brick height
Sample {(AV.UF+AV.Ur)-
NO Av. Uy AU, | Av.Br Av. B, (B-B)/58 | (U-U9I58 B-a (Av.BF+AV.Br))/2
1 48.2965 47.9005 0.3200 0.0950 -0.0039 -0.0068 -0.0029 47.891
2 48.7005 48.7445 -0.0380 -0.5365 -0.0086 0.0008 0.0094 49.010
3 48.5680 48.4710 0.0550 -0.0215 -0.0013 -0.0017 -0.0004 48.503
4 48.8355 48.5165 0.0215 -0.4020 -0.0073 -0.0055 0.0018 48.866
5 49.2400 49.5620 -0.1340 -0.2115 -0.0013 0.0056 0.0069 49.574
6 47.8195 47.9640 0.0175 0.3815 0.0063 0.0025 -0.0038 47.692
7 48.0440 48.2215 0.0305 0.5330 0.0087 0.0031 -0.0056 47.851
8 49.5860 49.2300 0.0705 -0.5570 -0.0108 -0.0061 0.0047 49.651
9 48.0445 47.8820 0.0905 0.0160 -0.0013 -0.0028 -0.0015 47.910
10 47.5020 47.5925 0.0440 0.6845 0.0110 0.0016 -0.0095 47.183
1 48.5410 48.4410 -0.0505 -0.2310 -0.0031 -0.0017 0.0014 48.632
12 48.8640 48.8070 -0.0460 0.1045 0.0026 -0.0010 -0.0036 48.806
13 47.8245 47.5875 0.1725 -0.2215 -0.0068 -0.0041 0.0027 47.731
14 48.3070 48.4030 0.0685 0.2255 0.0027 0.0017 -0.0011 48.208
15 48.1650 48.1545 0.0815 -0.0050 -0.0015 -0.0002 0.0013 48.122
16 47.9610 48.0160 0.0220 -0.0995 -0.0021 0.0009 0.0030 48.027
17 47.2820 47.4640 0.1055 0.6400 0.0092 0.0031 -0.0061 47.000
18 47.9655 47.7875 -0.1290 0.5650 0.0120 -0.0031 -0.0150 47.659
19 47.8355 48.0785 0.0795 -0.1190 -0.0034 0.0042 0.0076 47.977
20 48.4335 48.0720 0.2310 0.6330 0.0069 -0.0062 -0.0132 47.821
2 48.4345 47.8630 0.2545 -0.3120 -0.0098 -0.0099 -0.0001 48.178
22 48.4165 48.4180 0.1800 0.7500 0.0098 0.0000 -0.0098 47.952
23 48.0710 48.4675 0.0645 -0.2015 -0.0046 0.0068 0.0114 48.338
24 48.6515 48.7700 0.0825 -0.1685 -0.0043 0.0020 0.0064 48.754
25 49.2525 48.7155 0.3535 0.3065 -0.0008 -0.0093 -0.0084 48.654
26 49.3530 49.2560 0.1380 -0.1180 -0.0044 -0.0017 0.0027 49.295
27 48.3935 48.3365 0.1780 -0.5415 -0.0124 -0.0010 0.0114 48.547
28 47.3490 47.0955 0.0675 0.1855 0.0020 -0.0044 -0.0064 47.096
29 47.5580 47.6560 0.1015 0.0050 -0.0017 0.0017 0.0034 47.554
30 48.8235 48.6370 0.1340 0.6455 0.0088 -0.0032 -0.0120 48.341
31 48.6475 48.7195 0.2375 0.4405 0.0035 0.0012 -0.0023 48.345
32 47.5220 47.4215 0.0815 0.5570 0.0082 -0.0017 -0.0099 47.153
33 48.1340 48.0495 0.0315 -0.0325 -0.0011 -0.0015 -0.0004 48.092
34 48.1565 47.8730 0.1560 -0.3375 -0.0085 -0.0049 0.0036 48.106
35 48.1925 48.0975 0.1820 0.3715 0.0033 -0.0016 -0.0049 47.868
36 47.9035 47.7185 -0.0545 0.4490 0.0087 -0.0032 -0.0119 47.614
37 49.2395 49.0875 0.1390 0.0125 -0.0022 -0.0026 -0.0004 49.088
38 48.3935 48.4785 0.0925 -0.0045 -0.0017 0.0015 0.0031 48.392
39 49.5470 49.4120 0.0950 0.5655 0.0081 -0.0023 -0.0104 49.149
40 49.4070 49.5395 0.1310 -0.1105 -0.0042 0.0023 0.0064 49.463
L 48.7825 48.7460 -0.0210 0.0260 0.0008 -0.0006 -0.0014 48.762
42 49.2785 50.2945 0.1585 0.6670 0.0088 0.0175 0.0087 49.374
43 48.2620 48.3570 0.2910 -0.1905 -0.0083 0.0016 0.0099 48.259
44 48.5425 48.7240 0.0930 -0.2085 -0.0052 0.0031 0.0083 48.691
Average | 48.4120 48.3779 0.0950 0.0961 | -0.0013 0.0008 -0.0020 48.30
STDEV | 0.5994 0.6516 0.1070 0.3742 | 0.0037 0.0015 0.0038 0.67
COV of brick heights (T) 0.01
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6.3 REPRESENTING BRICK GEOMETRY IN ALIGNED
POSITION

6.3.1 BRICK ALIGNMENT FACTORS

Mortarless bricks are generally made with an ioklbetween successive courses: this takes
various forms; some of these only constrain thatioa of a brick perpendicular to the wall
face whilst others also constrain the brick longjibally along the course. However these
constraints are designed to include a considerabtécal clearance so that the vertical
position of a laid brick is determined by the megtof parts of the top and bottom brick
facesother thanthe interlock protuberances. Irregularities orsb&in these faces will result
in a wall leaning out of plumiihenceforth called ‘x-deviatiop’and courses undulating
(henceforth called y-deviatipr- effects that can or might magnify strongly las wall gets

higher.

As well as the degree of imperfection in the brittksmselves (as expressed by bias across
the whole set and by random variation from briclbotack), several other factors affect the
plumb (x-deviation) of a wall built of mortarlessterlocking bricks. The author notes the

following as ideas guiding the series of testsqrentd.

Most obvious is the numbef coursesgoubling this numbewill normally more than double
the x-deviation at the top of the wall. A typicalmber of courses are between 26 and 28 for

a single-storey house, and between 52 and 56tfeo-&torey house.

Second isbrick orientationnamely; whether a brick is laid as randomly pickgdby the
mason or is laid reversed. Most bricks, even thesk interlocks, can be reversed — their
inside and outside faces are of similar qualityerghis no advantage in rotating bricks at

random. However if the brick is somehow markedhovsits orientation during moulding or
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if the mason can note any lack of brick-to-bricknggetry, then this information can enable

the assembly of a straighter wall.

Thirdly, is brick selectionjn which the mason selects the most suitable Wrmk his stack
to fit a particular location on a wall, again it desirable that the mason can observe the
properties of an individual brick before laying (&lthough the mason can also test its

suitability by ‘trying’ it in the wall, an optionrdy available if there is no mortar).

Fourthly comesbuild sequengenamely whether corners, the sides of openings caher
joints are raised before, after or on a level wité intervening walls. Normally corners are
raised a few courses ahead of straight walls arsdptfactice is even more attractive when

using interlocking bricks.

Fifthly there is the accuracy of levelling the firsourse onto its ppossibly irregula)
foundation. The penalty for imperfect orientatidntlas first course is so high in mortarless

construction that it is usual to lay it on mort&igure 6.14).

Lastly we may mentiotond (Chapter 4). New MT bonds that allow assembly ofilde
thickness wall (e.g. 300mm) will generally produslls that vary less than a single

thickness wall.

In this thesis we disregard the last two factorsabguming our wall is of single-thickness

stretcher-bond laid onto a perfectly level and bitfrep foundation.

6.3.2 Brick-to-brick contact

When a new mortarless brick is laid onto an exgstiourse, it will normally touch at three
points on its bottom surface. The centre of grawityhe brick will lie inside the triangular
wedge formed by raising vertical planes along tired lines connecting these three points.

To achieve this pattern of contact, we may imadimeemason firstly presenting the brick to

151



the wall horizontal, parallel to the course belawthe correct longitudinal position and
guided perhaps by the locking featurgafaar et al. 2006. Haener, 1984There then

follows, not necessatrily in the order given, thikofwing four movements:

I.  The brick is aligned so that its front face is flatao and vertically above the front

faces of normally two bricks below;

ii. The brick is lowered until contact is made (ke point of greatest vertical

interferencé;
iii.  The brick is rolled about its longitudinal axis Wiatsecond point of contact is made;

iv.  The brick is pitchedilf the same sense as fore-and-aft pitching of aopane or

ship) until a third point contact results.

The first of these movements may be relaxed skghtithin the constraints of the interlock,
however most masons try to avoid any steps in énmecal face of the wall they are building.

The other motions of the brick are largely deteediby the two mating surfaces.

Contact at just three points implies a strong cotreéion of vertical loads on the brick’s
underside. (Although local deformations will contvelach ‘point’ into a disc of contact
maybe 3mm in diameter.) This concentration will gatly result in bending moments
occurring within the brick. However even where slmtal redistributions are highest (e.qg.
low down in the wall) the deformation they genernata brick’s surface are low (Marzahn
(1999), Jaafar et al. (2006). Surface irregulasitee usually much bigger than this, so the
bending does not usually result in additional powiftcontact forming. However the laying of
subsequent courses may so load an already-laikl vt it rocks to a new 3-point contact no
longer surrounding its own centre of gravity. Te@nplex possibility we shall ignore in our

wall-simulations by computer but may well be preaserihe physical experimental walls.
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6.3.3 REAL BRICK GEOMETRY

To fully describe a reabé opposed to an idgdbrick requires hundreds of data. This is both
impractical and confusing. Moreover there is diftg in choosing from what datum to
measure the location of points or the angular tatean of faces Jaafar et al. 2006 A
sample of the half-size experimental bricks (44e# was measured by laser (Figure 6.10)
using a stylus erected perpendicular to its fracef 8 points on the top and 8 on the bottom
of each brick were measured (sample brick 1 Tabl8sand 6.4). Brick length and brick
width were also measured (Tables 6.5 and 6.6)tHage have little effect on plumbness (x-

deviation) of a built wall or course straightnegsiéviation/height error).

If we are to discuss the accuracy of a set of Brigke cannot avoid defining ateal brick

(Figure 6.12 brick ABCDEFGH), perfectly rectangukard having specified height, length
and width. It is the deviations from height andtaegularity that concern us, so it is
convenient to consider only three faces: the friog,and bottom. The back will also interest
us if the brick is reversed before placement, beitmmay normally assume that both front and

back are parallel and flat, since they were forimecbntact with the sides of the same mould.

In addition to thadeal brick, we can easily imagine averagebrick whose size and angles
equal the average of all bricks in the set. Fomg{a its height (T) might be 0.5mm greater
or smaller than the specified ideal brick heightmNwve can describe each individual brick by
its deviations from thaveragebrick and statistically we could describe the cstescy of

the whole set by thetandard deviations SBf these deviations.
The simplest approximation we can use is to des@dzch brick (Figure 6.12) by:

* The angles: andp that the bottom and top faces respectively areobstjuare with

the front face of the brick. (Thus= -0.09 Table 6.4) means the bottom face of the
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brick falls 0.09 bellow a plane perpendicular to the brick’s frerthe angle between

bottom and front is 90.09nstead of the ideal 90

* The deviation/brick error er (from its average) of the brick height/thickne3g (

between the centre of the top and bottom faces.

And for the whole set of bricks we could record #verage and standard deviations of these
three variable®r, a andp. It is often useful to record the andletweerthe top and bottom

faces, namely

‘Roll-wedge angle’y = § - o (Figure 6.13) and its associated averagg and S.D.

(oy) Table 6.8.

In using this simplification we are effectively ateng the top and bottom surfaces as planes,
disregarding their bumpiness, and we are takingaime of longitudinal pitch angle (Figure

6.12).

6.3.4 EFFECTS OF ROLL AND PITCH WEDGE ANGLES TO WAL L

ALIGNMENT

Any surface deviations (in mm) of a brick-top andsoick-bottom from the ideal brick will
result in roll and pitch deviations once one biiglplaced on another. Because a brick is less
wide than it is long, the roll angle resulting frauch deviations tends to be about twice the
size of the resulting pitch angle. Moreover thegldength of a course of overlapping
stretcher-bonded bricks tends to reduce pitch anglereas there is no corresponding
‘length’ to reduce roll-angles. In consequence rible angle (outward lean) of the top of a
mortarless wall will generally be much more thae thitch angle there (Figure 6.14). It

follows that the x-displacement at the top of thalws normally much greater than any ‘y-
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displacement’ garallel to the wall top — z-aXisAs a ‘worst case’ we may consider a single-
brick column and look only at its x-deviation\jXxfrom plumb and its y-deviation \(y from
its intended height. Figure 6.14 show an imperfa@l which reduces pitching by

longitudinal overlapping.

Figure 6.14 The brick imperfection characteristicsas implied on wall

4 = Lateral wall deviation
ar

v
‘?‘ perpendicular to plane
. ! \ vz denote z-deviation
Tdeal wvertical and /:'r. _W 3;

- e
“'.." E Wertical wall dewiation

perpendicular to plane
xr denotes w-dewation

The surface wnperfections that
leads brick to roll back or front
cause wall to deviate from plumb
(w-azms) to the direction of x-azns

y longitudinal bricl surface
imperfections make bricles
to pitch, which lead to
horzontal course undulations

e Idortar laver to lewel
z top surface of frst
course and correchng
the base surface

There will be some relationship betweatick properties (surface irregularity expressed via
some statistical measure) amaall properties (expressed statistically). This relatiop,

mainly for a column of bricks but also extendedatevall of interlocked and overlapping

bricks, has been derived:

0] From a simpleéheory(as a formula),
(i) From physicameasurement@n this case using half-size bricks) and

(i)  From computer simulationgn which simulated bricks are ‘assembled’ into

columns.

In this last case, two different approaches wergleyed, one using a pile cfimulated

bricks based directly on the actual measured gettlze other using a pile eindombricks
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whose dimensions were generated using a random erugdgnerator so as to have the

statistical properties as the set of measured srick

The relationship betwearolumnaccuracy and brick accuracy is affected by thekdaying
strategy — for which several variants were considerThe relationship betweenall
accuracy and brick accuracy is further determingduxrh wall parameters as its length and

the degree of constraint at the wall ends.

The study considered a column of 20 courses of arless bricks laid on an exactly
horizontal base, recording the statistics of theiea, horizontal and angular displacements
(from ideal) of the top surface of th&,5.0" and 28 courses. So thendersideof course-1 is
taken as the datum in terms of orientation. Thissdoot universally reflect wall-building
practice (Figure 6.14), since the mortar under $®dr could be adjusted to make the

surface of course-1 horizontal; however our modglgimplifies the comparisons.

6.4 RESEARCH TECHNIQUES FOR EXAMINING BRICK-
TO-COLUMN ALIGNMENT RELATIONSHIP

The task ahead is to relate column alignment iur@ay to brick geometric imperfection,

their measurement and characteristics describedeation (6.2.3-11) for the randomly

selected brick sample from the production batchBsn percent (44 pieces) of the
manufactured FBs were measured for their top aritbinosurface flatness. The readings
were statistically processed in Table 6.8, to ftaté their use in:

i) The theoretical statistical analysis of column rafignt and

i) The computer simulation of column alignment usingtack of imaginary bricks

whose statistical properties have been predetednine
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Both theoretical and simulation results be compé#ved
i) The physical repeatedly assembling of column afi@ebricks whose deviations from

ideal have been measured.

Table 6.9 Research techniques and the variables &acan allow

Technique Variables Advantages Problems

Theory »  Brick statistics Universality Very crude control model

*  Number of courses (N)

Laboratory * N, Realism Expensive on material
(physical test) «  Bricklaying options, and time
* Length of wall,

* Constraints on walls

Simulation * N, Reliable statistic data Only approximate
modelling of brick-to-

*  Brick statistics, brick contact

e Sample size,
* laying options,

*  Number of assemblies

The three methods supplement each other to fhkilresearch objectives as shown in Table
6.9 that, with physical column assembling, it i¢ easy to vary the characteristics of bricks
although you can change the method of bricklayieg iandom picking and placing, or
reversing, or selecting and replacing bricks fottdyeorientation and positioning. Using
simplified theoretical equation and knowing certhinck characteristics, it is possible to
predict the column lean at any course number (leigMith computer simulation we can
vary brick characteristics, increase the numbeassemblies to improve statistical data and
vary the orientation of laid bricks. However thenslation results are limited in accuracy by

approximations in modelling brick-to-brick contact.
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6.5 THEORETICAL ANALYSIS OF BRICK COLUMN

6.5.1 THE RELATIONSHIP BETWEEN BRICK CHARACTERISTIC
CONDITIONS AND COLUMN-ALIGNMENT

The theoretical analysis is for a column with aitmmtal cross-sectional area of a single

brick. Each brick is assumed to have a flat (buree)f top, bottom and front face, but

these faces are not always parallel/perpendicalaeath other. We considered only three

brick types:

» Bricks with constant height but non-zero roll-wedggle
e Top and bottom faces are parallel but non-squaf®t face

* Randomly-varying bricks whosereragedimensions are however perfect

6.5.1.1 Brick with constant height but non-zero rdlwedge angle

Theory If both angles: andp are zero, and brick thickness £ To + dy), whereTy
is the intended thickness aid is constant heightleviation. Then y-deviation (total

vertical deviation) of the top of the"Nourse will be simply: -

Yy = NO (6.1)

y
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Figure 6.15 Analysis of an imperfect dry-stack bri& in position

ra T

Tdeal brick lines

perpendicular to front
face (line AB) forming
angles alpha and beta
with bottom and top T=p-(w)
faces (AE and BEF)

\_—-I

B (from striking point O see Figure £ 16)

Irregular brick laid in position form a height (ine CD1 =Hy)
perpendicular to base line (x-amis), this vertical height 18 shorter than
average brick height T (line CD) by 8, =T —Hy

If howevera and g are equal in size but opposite in sign, the buck be simply
trapezoidal (Figure 6.15), there will be a snmedbativeaddition toy-axis direction. We
take the nominal brick height (T) as occurring ha#fy between the front and the back

faces of the brick.

The roll angley is equal tof —a = 28. This will reduce the rise of one course by the

quantity
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y=N
For a column of N courses (Figure 6.1@’)*, = édy

Figure 6.16 Effect of brick irregularity on column height

v

I By Iu=T-Hy
cmlli'l;e- Hy- Height of a column perpendicular to the base
B IT - Mumber of courses
T - Height of a course at the centre (representing
; average height of brick )
N Y - Height reduction due to brick imperfections
/
/ /f /
-
[ E
joo
(o
Bottom
course

= = % g

Horizontal base line

Cross-section of a column/wall showing the brick width (w)

So, yy= NT(l— Slwy j

Using the small angle approximation and taking dhby first two non-zero terms of the

Maclaurin expression for singij

We get:

N
ny-N V. NV(l Tsyj
y,, = NT{1- N—6 =NT1-| 2> {l=anery?
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yy = 017N°Ty? (6.2)

Thus a constant roll angle per brick of say 0.01 radians (0% will reduce a 20-course
wall height by only 0.7%. (If some of these bricke laid with alternate orientations, the
reduction in wall height will be very much lessdéed so small that we can neglect it in

any analysis).
The x-deviation perpendicular to wall face is mooenplicated.
Consider the case=-a :g, so that the roll wedge anglg=-a =a for every

brick. Also suppose the first course is laid in tabto make the top surface horizontal.

The angle that the front of any coursé'(btick) Figure 6.16 makes with the verticabis
and if the horizontal deviation (out of plumb) @fch brick’s top front edgeelative to its

bottom first edgés dxy (Figure 6.13), thendk,, =Tsin(6, ).

Or to a very good approximation for small angles:
X, =T6, Whered, =a(N-1), henced, =Ta(N -1)

The horizontal error ¢,) of the top front of the N brick relative to the column baseill

be

Xy = 25 Is the sum of the horizontal-deviations of N indixal course.

X, =Tt +11+21+3L+  +(N-1)] =Ta{(1+2+3+...+ N)-1N]}

X, =1TaN? (6-3)
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Thus thex-deviation of a column built with identical but imsect (roll wedge angle &)

bricks are:
* Proportional ta
» Proportional to the square of the number of courses

So doubling the wall height will increase xsleviation (out of plumb) 4-fold.

6.5.1.2 Parallel but not-square bricks

If the bricks have parallel top and bottom facemnflfe wedge angleequals 0) but these

faces are not square to the front face, i.e.:
pf=a,a=a;,y=p-a=0

Then the whole wall has a leaning front face areldbviation at the top of N courses

each of height (T) will simply bex, =NTsina and for the approximation of small
angles, then

x, ONTa (6-4)
This deviationequation 6-4(confirmed by simulation) is generally 10-fold ooreless
than the deviatiorequation 6.3caused by the corresponding degree of roll-wedge

distortion. Thus the brick moulder must place achig parallel top and bottom faces

much higher than achieving true square.
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6.5.1.3 Randomly-varying bricks whose average dimsions are

ideal

A brick’s geometry could vary from ideal in many yga We will consider only bricks

with small random roll-wedge angles

Across the set of bricks the average valyefry we assume will be zero but its standard
deviation we can specify — for example as havingiesa, (using standard probability
notation). We need in addition to specify the wasaries, and there are good reasons for
choosing a ‘normal’ distribution, (for which theasice ofy lying outside +2SD is only

4.6%).

Theory If the bricks have randomly-distributed roll anglésen the resultanty
(horizontal-deflection at the top of the columnAyalill also be a random quantity. And
as the average gfis zero, so will be the average>@f However we can characterise the
variability of xy by its standard deviation (let us callaif), knowing that there is a low
probability of the deviatiorx of an actual wall-top exceeding &2 So we want the
relationship betweewy of the column-top and the standard deviatiey) 60f the roll-

wedge angle of the bricks.

As for independent random variables, the variarfcéneir sum equals the sum of their

individual variances; we can obtain the statistezplivalence of equation 6.3 as
2 2 2 2
0.F =Toa G + @ + @3+t (N -2
From the above equation we can sum values in tharedracket as follows: -

05° +152+25° +...+ (N + 05 =4 (4N° ~N) and therefore

163



o, :%Tayw/iN3—N/4i (6-5)

Since in practic&l® >> % | and foN = 5, the approximation error of neglecting the N/4

is less than ¥2%. Therefore we can use the approiaral simplified equation as,
o, =0577o, N* (6.6)
Where:
T is the brick average height/thickness

oy SD of roll-wedge angley) of sample bricks

N Column course numbers

6.5.2 SUMMARY OF THEORETICAL ANALYSIS
6.5.2.1 Models comparison

The out-come of the three cases (i) roll wedge@wghstant, (ii) roll wedge-angle zero
but front face sloping and (iii) random roll wedgegle, exhibit a more than ten-fold
difference between the first and second casesthardfore confirm that brick moulders
should place achieving parallel top and bottom gaceich higher than achieving true

square-ness.

With the randomly varying bricks, equation 6.6 wasmulated to the column lean for

given brick statistics.
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6.6 PHYSICAL EXPERIMENTS AND TESTING
TECHNIQUES

6.6.1 INTRODUCTION

The primary experiment was to identify the relasioip between brick accuracy and wall
alignment accuracy measured in two dimensions, hawal plumb-error (x—deviation)
and height-error (y—deviation) as shown in Figuki6To study how the plumb-error is
magnified as the column/wall height increases, mnemsents were recorded at three
levels (courses 5, 10 and 20) from the steel mgesire (Figure 6.17) to a built
column/wall. Figure 6.17a shows a rig (to be disedsin section 6.6.2) with three
vertical members from where the walls’/columns’mluis checked at selected heights
Figure 6.17b.

Three assembly strategies were compared to obsemwethe accuracy and quality of
bricks and the method of bricklaying contributethe wall alignment quality. In the
investigations, shimming (insertion of filling matd to correct for roll or pitch) was not
permitted, as doing so would have hidden the actatima column/wall plumb-error
under scrutiny caused by the inaccuracy of bricksee types of walls (1400mm long by
1000mm high) were built, see Figures 6.27 and 6fi2&; a wall with both ends free,
second a wall with one free end and the other esttained or fixed, and third a wall
with both ends restrained.

The columns/walls were assembled using three diftelrick-laying strategies. The first
named as Column one (C1) or Wall one (W1), briaksrandomly picked from a pile
and placed as found, with no reversing for propgéentation or selection for proper

brick. In the second (C2/W2), the bricks are alodomly picked from the pile, i.e. no
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selection, but are then allowed to be reversedhbybrick-layer for best orientation. In
the third (C3/W3), bricks are laid with both selentand orientation permitted. The
bricklayer is allowed to measure using a spirielesr plumb and rectify horizontal out-
of-plumb deviations if need arises. Also use aiglitaevel on the front face (the same

for all assembly strategies) to make the wall cewstsaight.

6.6.2 COLUMNS AND WALLS ALIGNMENT ACCURACY TEST

6.6.2.1 Experimental design

Bricklaying, even in mortarless wall constructi@mntails placing and fitting the bricks
one over the other, to make them straight in linth he building line, spirit level or
plumb. A series of actionspgshing, pulling, rolling, pitching and squeezingje
performed. These actions cause a lot of disturbancine already-built courses of a
block-wall with bricks dry-stacked. Due to the abse of joint mortar the wall's
accuracy entirely depends on the locking mechalistween bricks, and on the top and
bottom surface flatness and parallelism of thesek&r However the disturbances cause
the wall to wobble. As the height and length inse=a it will reach a point where the
block wall may not be stable enough to resist amyhér creation of vibration. That's
why in conventional bricklaying there is a limit 6fto 9 courses to be laid in a dag (
allow mortar to strengthen before continu)ngtherwise the wall will not be stable
enough to resist further accidental on normal stgkirom masons during brick
assembling and thus unable to retain positionalracy.

We need to investigate the maximum allowable bedor that will allow building a
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stable mortarless wall to the designed height {8.2.8m) without excessive vertical

deviation.

Rig structure

Tables 6.5 to 6.8 showed the governing dimensiogssored on a sample of bricks.
From these sample bricks, was derived statistitatacterisation of the whole brick
population.

To measure column/wall deviations required a valtieference datum (Figure 6.17 a).
Several structure frame alternatives were consifjened the Optical Bench System from
Newport X-48 Series Rails and Carriers was founietothe most appropriate for the
purpose. The horizontal base member of the rigsgatevel and rigidly fixed on the
standard laboratory strong floor designed to chegvy loads; the three vertical members
were fixed one at the centre and the two at 420thred lengths of experimental brjck
from the centre. The two end vertical rig membeesenare also set 280mmav lengths

of experimental bricksfrom the ends of experimental wall with assummgithat when

the wall is fixed at both ends any deflectionstsaaithe second brick not the first. For
measurement of column out-of-plumb deviations ah&/central reference member was
used.

The plumbness of the rig vertical members were rately checked by theodolite and
safely and strongly fixed to the steel mechanouféd.17). The permanent (built-in and
mortared) first course of the experimental wall was 390mm from the horizontal base

member of the rig.
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Figure 6.17 Column/wall vertical alignment test rig

a) Rig with permanent brick first course in mortar plel to the rig base
b) Selected column heights and horizontal distancdsetoneasured to check plumbness
in reference to rig-datum

Free standing single brick
\dry stacked column checked
its wertical accuracy using
reference dabum
\ Vertical aligned reference
datum from steel sructure
/ with straight and flat surface |
| Steel mechano supporting| fixed to photo stand
vertical g member to fix .
|vertical position
Measurement lines at |
the selected column |
Horizontal rig base leveled md | et ot the drg
fized to the strong floor by belts f
through insert nuts
(B the adjusting and frang jomt [l
(between mechano and
(photo stand by bolt and mt
6.6.2.3 Instrumentation

There are number of instruments for measuring édythamb displacements. For dry-
stacked structures as the height increases the tmeneall becomes unstable; therefore

we need an instrument that would not exert anyifscgmt lateral force (>0.5N) on the
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column/wall. From the many existing instrumentg thost suitable options (considered
in terms of accuracy, speed, cost and convenieneey deemed to be: linear position
sensors (low force), dial gauges (low force) andhuad measurement by ruler. However
the linear positional sensors were not used, becausas found there was no secure
means of fixing them. Moreover even with low sprstgfness, the dial gauges available
affected a column’s position by pushing it, andréfigre manual measurement-taking
(Figure 6.18), though laborious, was found the gmigper method for the experiment

that allowed data recoding without disturbing tumn/wall.

Figure 6.18 Wall out-of-plumb deviation measurementaking in reference to rig-vertical-
datum

Try-square to make
vertical wtersection
hetween nuler and brick
front face for proper

reading-taking

datum to allow measurement

\taking to the wall

Dry- stacked
experimental
wall
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As shown in Figure 6.17 b, the measurements wdwntat three wall levels, the fifth,
tenth and twentieth courses respectively. For eatlhmn, six measurements were made
i.e. three out-of-plumb displacements and thregtitsi (at &, 10" and 28' courses
respectively). For each wall, twenty-one measuréseere made, namely at each level
seven readings were taken from the three coursgaré=6.28): length of the course,
three heights and three measurements of horizdigi@nce from rig vertical members to

the wall.

6.6.2.4 Test procedure

Column and wall construction

The experimental wall used for the analysis waalgdtale model of a wall 2m high (20
courses) and 3m long (10 bricks). These measursmeTe derived from the size of the
reference (Tanzanian) interlocking brick (300 x 36000mm). The base or first course
was properly prepared i.e. straight, level andiwarto plumb (Figure 6.17).

Three methods of fixingfree ends, one end restrained and both ends )fikesl wall
panels were used to test the plumbness control arfamess technology (MT). Three
bricklaying strategiesrdndomly stacking, reversing, reversing and setggtivere used
during brick assembly to construct nine walls ameé¢ columns types. And each wall or
column type was assembled five times using brieksiy selected from the brick-pile, to
observe the change or variation in alignment aayura

Table 6.10 columns assembling sequence

Designation Method of assembling Size of set built
Cl Random picking and stacking 5
C2 Reverse allowed 5
C3 Reversing and replacement allowed 5
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Assembling sequence

In reference to rig Figure 6.17a, the experimemiaumns were assembled in the
sequence as summarised in Table 6.10. After eashmddy the out-of-plumb and height
deviations of columns were measured as shown iar&ig.17, and then measurements
were processed to obtain the standard deviationsthef column out-of-plumb
displacementx-deviations) and height-erroy-gdeviations) as shown in Figure 6.14. The
same procedure was applied to each (of three)tsdle®rtical sections along walls in

Section 6.8.

6.6.3 PHYSICAL ALIGNMENT ACCURACY TEST RESULTS AND
DISCUSSIONS

6.6.3.1 Bricklaying analysis approach

Columns were constructed using the three brickalggtrategies, as described in Section
6.6.1 i.e. bricks randomly picked and assembled toolumn (C1), bricks reversal
allowed when forming column (C2) and the assemblgotumn (C3) with the provision
of selecting and replacing for better orientation.

The first expectation of the experiments was thaving from strategy C1 to C2 to C3
would give successive improvements in column aligni- as measured by the SD of
the displacement from plumb of various courses iR0acourse column. The other
expectation, is that reducing the variably of thiekbthemselves (as measured by the SD
of the roll wedge-angle within the brick set) woutdprove the column’s alignment.
While we could not control the brick variability the physical experiments, we did so in

the computer simulations reported in Section 6/¥e Theoretical equation 6.6 (given in
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Section 6.5.1.3) was developed only for randomlgcet bricks i.e. strategy CL1.
Therefore, when applied using as data the roll@rglaracteristics of the experimental
bricks, it should agree with the experimental resstdr randomly laid bricks columns C1.
For strategies C2 and C3, the column assembly isnger random, so the assumptions
underlying the theory are no longer valid. In féde displacements for a given height are
not only less than for strategy C1, but also obeyer power-law than that (SD N*)

shown by the strategy C1 columns.

6.6.3.2 Experimental data for columns

The three data sets shown in Tables 6.11, 6.126di®dcorrespond to the three
bricklaying strategies used in the research (nammahdom, reverse and replace). A set
of 20 bricks randomly selected from a pile of 4icks.

The ‘reverse’ and ‘replace’ strategies were pergno check if (and by how much) they
make any improvement compared to the random pickimgplacing strategy (Table
6.11).Five columns were assembled for each of reverse andaeglrategies: results
presented in Tables 6.12 and 6.13. Note that §aevery small set of data and the

consequent statistical data is very approximate.
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Table 6.11 Physical columns assembled using randdaying strategy (C1)

Column number

Column height
(Number (N) of courses each 48.3mm high

5 | 10 | 20
Out-of-plumb deviation (x-mm)
1 0.0 3.0 0.0
2 -1.0 -3.0 2.0
3 0.0 1.0 14.0
4 5.0 -6.0 -29.0
5 -3.0 -11.0 -33.0
Average of 5 columns out-of-plumb (x - deviation) 0.2 -3.2 -9.2
SD of 5 Columns (mm) —é,/ 2.9 5.6 20.7
SD ratios with respect to course 5 1.0 19 70
(e-g-o'x,Slcx.S, Gx,IC/Gx,Sand GX.ZOIGX,S)
and to course 10 (e.06x.10/6x.1¢, Gx.20/6x.10) 1.0 3.7

Table 6.12 Physical columns assembled using ‘allod/é reverse’ strategy (C2)

Column height
(Number (N) of courses each 48.3mm high
Column number
5 | 10 | 20
Out-of-plumb deviation (x-mm)
1 -5.0 -9.0 -17.0
2 0.0 2.0 15.0
3 0.0 -2.0 -1.0
4 -2.0 -4.0 -15.0
5 -2.0 -1.0 -4.0
Average of 5 columns out-of-plumb (x - deviation) -1.8 -2.8 -4.4
SD of 5 Columns (mm) =6, 2.0 4.1 12.8
SD ratios with respect to course 5 1.0 20 6.3
(€.9.645/0x5, Ox10/0x52Nd Gy 20Oy 5)
and to course 10 (e.06x.1¢/6x.10: Gx.20/0x.10) 1.0 3.1
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Table 6.13 Physical columns assembled using ‘selectd replace’ strategy (C3)

(Up to 2 attempts permitted)

Column height
(Number (N) of courses each 48.3mm high
Column number 5 10 20
Out-of-plumb deviation (x-mm)

1 -3.0 -7.0 -14.0

2 0.0 -1.0 -3.0

3 -2.0 2.0 -3.0

4 -3.0 -5.0 -11.0

5 -1.0 0.0 4.0

Average of 5 columns out-of-plumb (x - deviation) -1.8 -3.0 -5.4
SD of 5 Columns (mm) -6, 1.3 29 7.2
and to course 10 (e.96x10/6x 10, Gx,20/6x.10) 1.0 2.5

6.6.3.3 Comparison of the three assembly strategies

Table 6.14 exhibits the benefit of reversing (&ggt2) the bricks for better orientation

during construction, and the further benefit ofoaiing a poorly aligned brick to be

replaced (strategy 3) by a second choice fromattaglable bricks in a pile. The data in

Table 6.14 have been up-scaled by suitable valdaobdérK (see Table 6.20) to correct

for the small brick-pile size.

Table 6.14 The comparison of assembly strategies

SD of out-of-plumb deviation (x-mm) for experimentd columns
Strategy Scaling factor
Course No. o1 o =3 m
5 3.2 2.2 1.4 1.1
10 6.7 4.9 35 1.2
20 29.0 17.9 10.1 1.4
Data based on 5columns 5columns 5columns

Taking C1 as the worse case yielding a datum fdrobplumb deviation, then the
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reversing strategy C2 reduces the SD variationkea(" course to 62% of that datum,

whiles the “replace” strategy C3 reduces the denab 35% of that datum.

Therefore the Strategies behave as expected ipréotical column construction. So we

can conclude that mason skill (ability to correatyverse and replace) is of paramount
importance in MT as it reduces the out-of-plumbid&on up to 65% thus improving the

overall alignment performance.

6.6.3.4 The comparison between theoretical column alignment
prediction and physical measured data

The theoretical equation (6.6) was formulated usimgassumption that when bricks are
stacked they only make contact along the two meastaws of bumps 58mm apart close

to the front and rear ec}l(‘“]esFigure 6.19 Theoretical brick surface contact distace

D

(Figures 6.10 and 6.11); th

o . Theory assmne
possibility of touching bricks make
contact at
nearer the centre line was S8 apart
+ = ‘-r
excluded as shown S81mn :

—

diagrammatically in Figure

6.19. However in practice there is no guaranteersvibeicks will contact. In order to
make the bricks behave the same as theory, wedaw\a groove on the bottom surface
of the brick (figure 6.20) of about 3mm deep andnBOwide to prevent brick-to-brick
contact occurringlose to the centreline.

From studies byrhanoon at el. 2004, and Ramamurthy and Nambia# 20 author

observed that more than 65% of the available imt&rhg blocks have been designed to
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prevent contact occurring within the central 70%lofck width. There is no reason given
for the design feature, so a test was designeadtyse the phenomenon and contribute

to the understanding of the knowledge.

Figure 6.20 Experimental grooved bricks (GB)the half scale bricks)

by Bottom view of Grooved Brick (GB)

a) End view of Grooved Brick (GB)
on top of u-grooved brick

Brick-to-brick interface

In general a stable contact between a brick in"thmurse of a column and the one above
it in the (i+1)" course will be at three points. Because the brickary stiff and the
vertical force between bricks is low, these thrests are likely to spread only slightly
into wider zones of contact. The points will lietlre shaded area (Figure 6.21) because
the un-shaded area represents the interlock demtsies where there is generally enough

clearance to prevent brick-to-brick contact (Figér20b).
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Figure 6.21 schema representing a grooved brick bimim surface

Y

f

Normally the contact points will straddle this ‘vontact’ zone. The three contact points
define a plane. This shaded plane can be consideredve a small ‘roll’ component, a
smaller ‘pitch’ component, and a negligible ‘yawdroponent. It is the roll component
that concerns us. The (roll) angle between thisgland the front face (Figure 6.13) of
the lower brick we call 903 wherep; is a geometric property of that lower brick. Ieth
lower brick were perfecfi; would equal zero.
The plane through the three contact points sinyilatakes an angle (9@#;) with the
front face of the upper brick.
If, relative to vertical, the front faces of brickand i+1 subtend small anglésand6;.;
respectively (ideally would equal zero), then geometry shows that

Oir1= 0 + Bi - oir1
and thus we have a formula for recording the cham@erward lean as we rise course by
course through a column (Figure 6.16). We can dddimed a ‘roll wedge angle’ for each

brick
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which would equal zero for an ideal brick. Thermains the task of calculating.; and

Bi from the 16 spot-measurements made on the twosbrick

Although it would take an infinity of measurememdsfully define each brick surface,
only 8 measurements, each expressed as a deviadioran ideal surface perpendicular
to the brick’s front face, were made for eachdog bottom surface — 4 distributed along
each of the bold dashed axes B — B (back edgelrang (front edge) Figure 6.21.

In the development of a theoretical model (Fig@d$ and 6.11), the way used to define
the top surface roll anglgof a brick was to average the four measured seidawiations
(‘bump heights’ Table 6.8) along the back edge B,-subtract the average of the four
measured deviations along the front edge F — Fdande by the spacing D. A similar
process was used to derive the bottom surfaceanglea. We call this approximation
‘averaged contacts model’. Observe that is derived just from the (bottom face)
measurements of brigkl andp; just from the (top face) measurements of brickhere

is no ‘joint’ modelling involving the measuremertisboth upper and lower brick.

For theory purposes we just model bricks with pleopes and bottoms (though there is
the issue of how we measure the alpha, beta areeI®ID of gamma for the real bricks to
plug into the theory so it can be compared withegxpent Tables 6.7 and 6.8).

For experiment we don’t need to discuss MODELLINGKk-to-brick contact. So it is
only for simulation that we need to explain how get from 16 surface deviation

measurements to the quantiéy{ - 0;].
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6.6.3.4 The alignment accuracy: comparison between columnbuilt
using grooved and un-grooved bricks

From the normal-bricks (NB) 30 column assembliesewaade Table 6.15, which were
compared with the 30 column assemblies made fravovgd-bricks (GB) Table 6.16.
For fair comparison between the grooved-brick calsfGBC) and un-grooved (normal)
brick columns (NBC), equal set of bricks were pregaand the same number of runs
assembled using strategy one (random stacking30.eolumns were assembled for each

type using 20 bricks shuffled before each new abbem

The grooved-brick columns (GBC) Table 6.16 exhibiproved alignment accuracy
compared to normal-brick columns (NBC) Table 6.1 8D of out-of plumb deviation
of NBC at 20" course éng 20 = 19.5mm) whereas SD of GBGgg 20 = 9.2mm). This is a
53% reduction of columns’ out-of-plumb deviatiorheawved from using GBs. However
as commented in Section 6.6.3.2, the statisticslaae@n from a very small sample and
therefore have considerable uncertainty, thus taemes 20 bricks ‘shuffled’. This
difference in pile size and set of bricks selectexin it, for column assembly was

investigated separately and discussed later inde6t7.
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Table 6.15 Normal-brick columns (NBC) randomly assabled

Column height
(Number (N) of courses each 48.3mm
Column number high)
5 | 10 | 20
Out-of-plumb deviation (x-mm)
1 -5.5 -18.0 18.0
2 0.0 0.0 5.0
3 -6.0 -13.0 -15.0
4 -3.5 -7.0 -14.0
5 -1.0 -3.0 -7.0
6 -3.0 -5.0 -16.0
7 -2.0 -13.0 -27.0
8 2.0 21.0 27.0
9 -2.0 -3.0 -15.0
10 -1.0 -3.0 -26.0
11 -8.0 -19.0 -12.0
12 4.0 11.0 28.0
13 -1.0 -8.0 -21.0
14 -5.0 -5.0 -4.0
15 -3.0 -9.0 -33.0
16 0.0 4.0 15.0
17 -2.5 -5.0 -19.0
18 0.5 -1.0 -4.0
19 -1.5 -4.5 -5.0
20 0.5 5.0 9.0
21 -1.0 -1.5 4.0
22 -1.0 3.0 9.0
23 -4.0 -7.0 -19.0
24 0.0 5.0 16.0
25 1.0 3.0 6.5
26 1.0 35 16.0
27 0.0 4.0 1.0
28 7.0 16.5 47.0
29 2.0 -3.0 -23.0
30 7.0 12.5 27.0
Average out-of-plumb (xy - deviation) in mm of 30 columns -0.9 -1.3 -1.1
SD of out-of-plumb — ‘s’ in mm of 30 Columns 3.3 9.2 19.5
SD ratios with respect to course 5 1.0 27 58
(e-g-cx.S/GX.S. Gx.lclcx.sand 6><.2C/("><.5)
and to course 10 (e.95y 1¢/6x.1¢ Gx.2d/Gx.10) 1.0 2.1
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Table 6.16 Practical column assemblies using groad«bricks randomly stacked
(Strategy C1 — 20 bricks reshuffled each assembly)

Column number

Column height

(Number (N) of courses each 48.3mm high)

5 | 10 | 20
Out-of-plumb deviation (x-mm)
1 -1.0 4.5 5.0
2 -2.0 -5.0 -0.5
3 15 4.0 15.0
4 -1.0 3.0 -6.0
5 -1.0 -4.0 -13.0
6 15 5.0 14.0
7 1.0 -1.0 2.0
8 4.0 -5.0 3.0
9 2.0 1.0 0.0
10 0.0 -3.0 -6.0
11 5.0 -1.0 -3.5
12 -2.0 -1.0 12.0
13 0.0 4.5 23.0
14 -1.0 4.0 21.0
15 -1.5 0.0 14.0
16 -15 -0.5 -11.0
17 2.0 19.5 10.0
18 2.0 2.0 10.0
19 0.0 2.0 -3.5
20 0.0 -1.5 9.0
21 -0.5 -3.5 13.0
22 -1.0 -0.5 5.0
23 -2.0 1.0 -2.0
24 0.0 0.0 5.0
25 -5.0 -5.0 -4.0
26 0.5 -3.0 -4.0
27 -1.5 -4.5 -3.0
28 0.0 0.0 1.0
29 -1.0 -3.0 -7.0
30 0.5 -2.0 -3.0
Average out-of-plumb (xy - deviation) in mm of 30 columns -0.1 0.2 3.2
SD of out-of-plumb - ‘s,” in mm of 30 Columns 1.9 4.8 9.2
e g
and to course 10 (e.05y,10/6x.10 & 6x 20/0x 10) 0.5 1.0
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The theoretical formulae 6.67( = 0.577Tg,N*°) uses measured bricks statistical values

from Tables 6.7 and 6.8 (T = 48.3, = 0.0038) to calculate SD of out-of-plumb
deviations ¢,) of columns at Ml course i.e. 5, 10 and 20, values shown in Tall&.6.

Table 6.17 the comparison of out-of-plumb deviatiofbetween normal-brick
and grooved-brick columns & theoretical predictions

SD of columns out-of-plumb deviations
Course number (N)
NBC GBC TE
5 3.3 1.9 1.2
10 9.2 4.8 3.4
20 195 9.2 9.5

Table 6.16 shows for course 20 a ratio of 0.97 betwtheory and experimental GBC for
ox, the standard deviation of out-of-plumb. Howevéthva sample of 30 columns, any
estimates of SD will (for 90% certainty and usinigi-Equare £°) table) lie between +9%

of the true (population) value. Therefore as aedi#hce between theory and physical
experiment for course N = 20 lies within that 9% ge, we can conclude that there is

acceptable.

However, as already argued, the former has statisiincertainty due to limited sample
size. The theory is based on a value for roll-weeggle SD §,), which is hard to

measure accurately from experimental bricks. Thdetimg of contact distance between
the rear and front bumps relates with grooved Brioit not ungrooved-indented bricks,

so this modelling will be discussed and analyseSidation 6.7.

So we can say theory is broadly confirmed by platsxperiment using grooved bricks
and indeed variation in out-of-plumb deviation isven by variations in roll-wedge

angle. Out-of-plumb deviation rises with height tthe power of 1.5.
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6.7 SIMULATION OF COLUMN ASSEMBLY

A Column Assembly Simulation Model (CASM) is a camgr model used for

simplifying the process of brick assembling andagement of columns and walls. Thus,
permitting many random runs made in order to achiecceptable statistical data
representation. This work done by computer tookri@miherwise it would have taken

months to complete the physical practical labosateorks.

The use of CASM made it possible to assemble stedileolumns/walls of more than 40
courses high compared to actual physical columnls'wbBlowever, due to practical
conditions and time constraints, it was found rexyeto build up to 40 courses of thin
columns/walls using half scale experimental bricksnilarly, a 40 course walls would
have required many hundreds of bricks (manufactaretl measured) hence, more time

than was available.

In the practical experiments 20 course columnsévalere assembled for each brick
laying strategy. A total of 75 columns and 45 wallere built. These are very small
sample representative from which to deduce acclpsthtistical properties yet they are
sufficient number to be used for control purposBg. using simulation up to 240

assemblies were made for each strategy.

6.7.1 DEFINITIONS AND CLARIFICATIONS
Measured bricks and Measured brick Pileis a physical measurement (see section 6.2.3

in Tables 6.2 and 6.3) for one brick while Table&g6and 6.7b shows measurements of a
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pile of 44 brick sample. From a pile/batch of badk where one can select few bricks (a
set) for a certain purpose i.e. column or wall agsg.

Simulated brick and Simulated brick pile are measurements representing brick
characteristics generated using random numbers ineohlvith the statistics taken from
Measured bricks (Tables 6.7a, 6.7b and 6.8).

Simulated brick stack assuming face to face contathis is where the top and bottom
of the surfaces of two bricks touch one anotherthed surfaces of contact are assumed
plane. At the surface contact planes the roll-wealyge is determined. The two methods
used for determining these planes are:

Average of bumps methods the average heights of a row of 4 marked pahtbe rear
and front predetermined points in the contact glahthe two bricks (figure 6.22). The
differences of the two is divided by 58mm whichthe distance between the opposite
points (rear and front e.g. 1 and 2 in Figure 6.22)

Point to point contact (“kissing”) method is the re-alignment angle = Bi - ai+1 as
described in section 6.7.2, and computed by comgidata from the top surface of the
lower brick with data of the bottom surface of tigper brick (Figure 6.22) in a way that
mimics the four steps used by a mason when plamiegbrick on top of the other (see
details in section 6.3.2). The angle)(gives the brick re-alignment and hence the

orientation of the anglé.; = (0; + ®) of the brick above the contact brick surface
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Figure 6.22 Highest kissing (butting) bumps of theear and front of meeting

surfaces
/E 8141
i Tpper brick !
| {brick i+1)
8 6o oo 2]
- 8 i )
S
A8 _E'é"q'-‘ —¥ E,Efective plane of contact
g 5§ 3l 1
i Lower brick Brick 1
i {brick 1) )
e e -7 8

The aimed contact points 15 between the
front rows (odd numbered-1,3,5.7 and

the rear rows (even numbered-2.4,6.8)

Brick set: are defined numbers of bricks picked from a mletake a column or a wall
Column or Wall statistics were obtained by observing the building (real or

computerized) of many columns or walls, each wittea set of bricks.

Whereby:
N is the size of the brick set needed to buildlamn of N courses
M is a pile of bricks where N is selected
K is a function of a ratia = M/N

If the pile from which bricks are selected (‘witktplacement’) is of siz®l, thenM should
be much bigger thaN. If this condition is not met then the variabiliby the columns
(and hence the SD derived from the set of colunwmi) be biased, i.e. too small.
However we can correct these biased statisticguwsmultiplierk, whereK is a function

of the ratiol = M/N, (K =1 whenM>>N)
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6.7.2 COMPUTER MODEL

The Column Assembly Simulation model (CASM, seeukeg6.23) uses Excel to
simulate column/wall assemblies for the alignmestusacy analysis, whose purpose is
to relate the column/wall characteristics to thelbirregularities. Two sources of data
are used in the simulations:
* From the experimental bricks measurement, bricla datset into the CASM as
Brick Pile - BP5. From this pile, the statisticse@m and variance) for the bumps

across the brick surfaces were computed.

e From Excel the random numbers were generated aniipled by the
experimental brick statistics from BP5 to formulateimaginary Brick Pile Raw

(BPR). From this BPR three piles were formulatetbfiews:

BP1 bricks randomly piled (simply by copying BPR)

BP2 all bricks reversed (opposite of BPR)

BP3 some bricks reversed - to give alternating &md —ve wedge-
angles

The three brick piles saved into different worksteets and viewed through a common
button selector (positioned in the column workihget). The selection of piles, one at a
time (BP1 and BP3) and their respective bricks i§ijpations are displayed on the Brick

Stack (BST) working sheet.
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Figure 6.23 Flowchart of a Column Assembly Simulatin Model (CASM) for random
brick laying strategy

Statistic data from
experimental
bricks (BP5)

-

Generate Generate Brick Pile Generate Brick Pile
random Raw (BPR) of 500 > (BP1)
numbers bricks
Set assembly counter to
j=1
ﬁ ‘
¢ NO

Select first 20 bricks Increase assembly
and assemble column L counter (j=;7+7) then
shuffle the brick pile

Record out-of-plumb
deviations (Xs, X10 & X20)

j=7J2
{J = target number
240) of assemblies

YES
h 4

Calculate
statistics from
recorded out-of-
plumb deviatins

In the BST (common displaying screen) two methagsused to process brick-to-brick
contact data (as described in the definitions)aweraging the bumps and the maximum
kissing points. For the convenience of recordind processing brick specifications into
a computer working sheet (see Table 6.7 and 6h&),ptle of bricks are stacked into
columns and subsequent statistics of each briakgalbe row. The merging angles)(
and out-of plumb angle®) for each brick course are computed in this wagksmeet

(BST).
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BPR working sheet is the main working area of CASMorder to make rearrangement
of bricks before every new run (new column/walleasbly), the brick order is shuffled.
This effectively creates a new random brick-set.eWkve shuffle BPR means as well
change the order of bricks in BP1 and BP2 but rie8.BA new BP3 set has to be created
using the shuffled BP1 and BP2 piles, the sequensieown in Figure 6.24.

The necessary data for out-of-plumb deviation aemjtit errors are displayed on the
column/wall working sheet and data for courses®add 20 are recorded for each run
(assembly) see Figure 6.23.

To simplify and accelerate the shuffling, recordiediting and copying of data to the

appropriate location, a ‘macro’ programme was usexlitomate the whole process.
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Figure 6.24 Flowchart of a Column Assembly Simulatin using alternate wedge-angle

Statistic data from
experimental

bricks
Generate Generate Brick Pile . )
random Raw (BPR) of 500 ,| Generate Brick Piles
numbers bricks (BP1 and BP2)
Increase assembly counter
(j=j+1) then shuffle the |« Set assem{aiyl counter to
brick piles J

L

Create BP3, select first 20
bricks and assemble
column

NO

=12
{J = target number
40) of assemblies

Record out-of-plumb
deviations (Xs, X10 & X20)

YES
v

Calculate
statistics from
recorded out-of-
plumb deviatins

The shuffling is done in the BPR, and then brickes @iled in two opposite orientations
(BP1 and BP2). ) One of the brick from either ¢ #tack is chosen to create BP3. This
third order stacked column observe alternate weshgge signs aiming to reduce out-of-

plumb deviation of a column
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The conditions used to process BP1 and BP2 andecBfa3 depend on the values of
wedge-anglesy{ of BP1 andy, of BP2):

» If the columns’ course number (n) is even gne O then use pile BP2

e If nis even ang; < 0 then use pile BP1

e If nis odd and; > 0 then use pile BP1

e If nis odd and < 0 then use pile BP2

6.7.3COMPUTATION OF COLUMN/WALL OUT-OF-PLUMB

DEVIATION

The theory and the simulation assume that the tatien of any brick depends in part on
that of the brick below it. But the lowest (baseick's orientation depends only on its
bottom surface inclination named alpha &s in Figures 6.12 and 6.13. Considering the
first three bricks from Figure 6.16 and the detafssurface contacts are illustrated in

Figure 6.25.

However, the deviation of the column at any heigdmt be re-expressed in terms of the
roll-wedge angles for each brigk = B; - a;. So the value of; was computed for each
brick in a brick stack (BST - this is a sets ofckrselected after shuffling and assembled

into a column).

The simulation of brick assembly sequence is remtesl by the formula inserted in the

computer to perform assembly operations and autoafigtgive out the result in form of
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out-of-plumb deviation. The placement of brick difégure 6.25) in position with its

bottom surface horizontal will make its front faimeform an angle thetab{) with the
plumb line (y axis).

Figure 6.25 Imperfect bricks placed in position lsowing successive
vertical deviation

v
. . Y
Vertical (plumb) line ' X; =t &+ &
from base brick :
M—F" Al

FRONT
ﬁjﬂ e ——
Brick 1
{(base brick) I )
_'11 m—(—ﬂ. : .|F1_ I’j]'_(_'];]J
e . i
e ek EEE T X

Brick drv-stacked end view with r1ight hand side - as front
from where all shucture inclination analysis is based

Therefore;  0; = oy, as the bottom brick is assumed to be placedloriaontal mortar
bed, 0,=01+ (B1 - 02), and
03 =02+ (B2 - a3) and in general;

0i =01 + Bia - o) =01 + (6.7)
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The computation of the angle = 6; — 0., assumes the top surface of brick one (figure
6.25) is a plane of contact making an internal @n(@0 +p) with its front face, the
bottom surface of brick two is a plane of contaeking an internal angle of (90x) to

its front face, and assembly makes these two pleoeside. There are several options
for modelling these planes of contact: two optioveye considered in the simulations

described in the definitions.

Note thatw; is a function of the irregularity of the top swéeof bricki-1 and the bottom
surface of brick (w;i = Bi-1 - o) For ideal brickso; = O for alli. We can now

generalize this sequence of face angle computaspn
0 =a+tw+w+..+tw,

Where; n is the top course
On is the angle that the front face of th8 brick makes with the

plumb line

Given this angle theta for each course, and theseoheight (T) we can calculate the
changed; as the horizontal out-of-plumb deviation of indival bricki, andx as the sum

the individual out-of-plumb deviations up to brickurse see Figure 6.25.

Overall out-of-plumb deviation will be:

X =Zi:5i .
i=1

In Section 6.5.1.1 it was analysed that:

o = Ti*sin(6;), and as for small angles 9n)(~ 6; and assuming all bricks are the

same height (T),
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X, =Tx60 +X._,, (6.8)

6.7.4THE RELATION BETWEEN THE STATISTICS OF COLUMN
OUT-OF-PLUMB DEVIATION AND THE SIZE OF THE
BRICK-PILE FROM WHERE THE SET OF BRICKS WAS
PICKED

6.74.1 Brick selection

The method used (to select the bricks for a pdaiceolumn-assembly) in the
simulations was done as follows: A large pile atkwata was randomly shuffled and
then the first 20 ‘bricks’ (N) were used to constra simulated column. The research
was particularly interested in the ratigy = brick-pile size/20. Wher& is large, the
procedure is a good mapping of the process of a@hgobricks from an infinite
population. For most simulation rurigp had the value 25, since as shown in Figure 6.24
the brick pile employed for simulations had 500cksi Indeed when looking at the
properties of say the"hcourse in a column, the effective rafip (now = brick-pile
size/n) was even greater than 25 for all courseemxthe 20. These ratios. are
sufficiently high to give confidence to the simubat results to represent selecting bricks

from a very large population.

However, the brick pile for simulation could be meddrger, that set used for practical
experiments could not. Indeed for column experimeming only the 44 measured
ungrooved bricks and the 20 grooved bricks (Brit& BP5),12 only lay in the range 1

to 2.2. Withiyo = 1 we are effectively only shuffling (changingetbrder of) the same 20
bricks to form each column: in consequence suclolanm shows less variation in

deflection than one built from a very large briek:-dn fact a scaling factor is needed to
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raise any value fot.o (SD of x-deviation of top of 28 course) obtained from such

experiments to a value representative of workindp\&n infinite brick-pile.

Before we simulate the assembly of columns usiteswith large number of bricks to

generate realistic statistical data there are numibeéecisions were made.

This researcher considered thaile size greater than twenty times the set sizaldvo
approximate an infinite pile size (N<<M). Thus ifN20 and\. = 20, then we need to

use M= 400).

In the physical experiment we used two types oflsii grooved and ungrooved.
With groovedbricks we know that brick-to-brick contact canynotcur closer to the
front and rear edges of the meeting surfaces. iEhighat the simulation models, in
assuming contact is only along lines respectivaegrrthe front and near the back.
However theungroovedbricks may contact anywhere on their top/bottonfases
(provided that at least one contact point is inrgea-half of the surfaces and at least

one in the front-half).

Thus for the simulation of ungrooved bricks we neetlentify a suitable (‘average’)
distance D see Figure 6.26) between front and rear contaotgdr his distance will
lie between a minimum of 0 and a maximum Wf Separate calculations were

therefore made to obtain a value for D.

From the two methods of determining the brick congalanes considered in the
simulation modelling, after trials the statisticta from butting method were found
to overestimate the outputs i.e. the wedge-angienga ), the surface merging plane

angle omegada) and ultimately the stack inclination angle thé# Figure 6.25,
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which resulted into unrealistic high figures of 8D out-of-plumb deviationscoy).

Therefore this research accepted averaging asp@ipecontact modelling method.

6.7.4.2 The effective contact-spacing between reaand front

contact bands

We wish to represent all possible combinationsrohtfhalf bands and rear-half bands
and their corresponding spacirg=b - a) Figure 6.26. However in the determination of
experimental brick statistics (Table 6.8), we use tteciprocal of the spacing) (in our

calculation of the roll wedge-angles, causing tbiumn to tilt. Therefore we need to

average nos but1/s.

In simulation we use a conversion factor (lineaoeto angular error) df = reciprocal of
normalised spacing of contact points. Thus if ccistavere only along front and back
edges theh = W/W =1. Nonetheless contacts are generally closer thangb if contact

spacing is s = b-a Figure 6.26, then:

f :V%b—a) (6.9)

Where:
a is distance from front face to centre of the ratevront-half band
b is distance from front face to centre of the ratgwear-half band
f is a reciprocal of normalised spacing of contaih{s;
W is abrick width
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Figure 6.26 Brick surface divided into 20 equal paallel contact bands
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Thus in calculating for example the out-of-squangla between a brick’s bottom and

front faces:

a = (vertical displacement at rear — vertical displaent at front)

(spacing between front & rear contact points).

We could instead use a facftor i.e.

a=fx (Srear— 8front) I'W,

where for contact only along back edge and frogeefl= 1, but normallyf > 1.

To obtain an average valuefa use in simulation we evaluatgy = average of for all

possible pairs of contact points, weighted accaydintheir probability of occurring.
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For ease of computation we assign possible coptants into a limited number of equal-

width bands. Figure 6.26 shows ten such bands#ordar-half and ten for the front-half

of the contact surface, 20 bands being a reasorgipeoximation to the real-world

continuum. The centre-lines of these bands (medstn@m the front face) are at

distances 0.02%, 0.079, ..., to 0.978V from the front brick face (Table 6.18). Thug (

is now restricted to the 10 values 0.02% 0.47% and (b) to the 10 values 0.38%0

0.973\.

With anungroovedbrick, we can assume the rear contact pointsrafermly distributed

over the rear half of brick, thevalues;b;, = 0.525V, b, = 0.573V etc. are equally likely.

Similarly thea values;a; = 0.025V, a, = 0.0753 etc. are equally likely for the front half

of brick. For each (of 100) combinations of read dront bands we calculateusing

Equation 6.9 and then average the 100 values,tsned, to get,,.

In the case ofroovedbricks we remove from the computation the bandsesponding

to the groove (as grooving prevents contact inghzends). In this cadg, is the average

of values obtained from all combinations of the agring bands (Table 6.18).

Table 6.18 Table off * factors,

a = Normalised distance

b = Normalised distance from front face to rear midband

from front face to front | Band 11 | 12 13 14 15 16 17 | 18 19 20

mid-band b=0.525| 0.575| 0.625 0.67% 0.735 0.7f5 0.825 0.875 250/90.975

Band 1 | a=0.025 2.00 1.82 | 1.67 1.54 1.43 1.33 1.25 1.18 1.11 1.06

2 0.075 2.22 2.00 1.82 1.67 1.54 1.43 1.38 1.25 1.18 1.11

3 0.125 2.50 2.22 2.00 1.82 1.67 1.54 1.43 1.33 1.25 1.18

4 0.175 2.86 2.50 2.22 2.00 1.82 1.67 1.54 1.43 1.33 1.25

5 0.225 3.33 2.86 2.50 2.22 2.00 1.82 1.6[7 1.54 1.43 1.83

6 0.275 4.00 3.33 2.86 2.50 2.22 2.00 1.8p 1.67 1.54 1.43

7 0.325 5.00 4.00 3.33 2.86 2.50 2.22 200 1.87 1.7 1.54

8 0.375 6.67 5.00 4.00 3.33 2.86 2.50 2.2p 2.00 1.82 1.67

9 0.425 10.00 6.67 5.00 4.00 3.33 2.86 250 2.2 2.00 1.82

10 0.475 20.00 10.00| 6.67 5.00 4.00 3.33 2.86 2.5( 2.22 2.00
Groove to width ratio, G/'W | 0.00° 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.8p 0.900.72°

Conversion factor =f,, 2.6¢ 2.1C 1.82 1.62 1.47 1.3¢€ 1.2¢ | 1.1¢ 1.11 1.0F 1.17
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Notes(see note numbers in Table 6.18)

1. f is the reciprocal of the contact normalised distabetween front and rear points of
laid bricks, quantised to 5% bands and normalisdatitk width.

* is wheref'= 1.82 (rear contact point liesland 12 and front contact point in band 1)
2.G/W =0 indicates no groove (representing ungrooved hrickact surface)
3. Highlights cells represent the grooved bricksialty used in the experiments

The spacing between two strips/barsisan be expressed as a funcisgry)

Where:
i is the number of the front strips, i =1 to 10
j is the number of the rear strips, j = 11 to 20
S is a distance between fiffe (front) strip and th¢" (rear) strip

Or for simplicity we define the factdr= f(i,)) = W/s(i,))
Then,

fav. = sum over all functions i,j of f{i.j) x p x B}

far =P %P x> > 11, ]) (6.10)
i
Where:
pi is probability that front contact lies in strip i
b is probability that rear contact lies in strip |

If all allowed contact points are equally likeljpeh p = area of strip divide by the area
A of allowed front half of brick surface, and fromfferent surface conditions i.e.
uniform, full grooved and only indented will havarious permitted-contact areas.

a) A=YW for auniform surface

b) A=%(W-GX for agrooved surfacewith groove width G (Figure 6.20)

c) A= Y(W-28) for anindented surface, assuming two indentations each size

Moreover ast = 2W and say t W (y typically equals 0.7), then for our three cases
above become:

a) A=W,
b) A=W — WG
c) A= WA (1 —yd).
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Uniform bricks (neither grooved nor indented) of wdth (W)
From Table 6.18f,, = 2.68s0 effective contact-point spacingdss W/ 2.68 =26 mm
Indented bricks (Figure 6.20Db)
For the experimental bricks (indent)= t/W = 0.7 and therefor& = 0.51W.
Thus if both halves are split into ten strips, Wid split into twenty strips (W/20). The
probability of contact point occurrences will be;
p = 0.1if 3; p=0.03if i>3
p = 0.1if >18; p=0.03if j<18
Fory = 0.7, where 3 strips are full length and 7 staps 30% length, we can expect the

following cases:
(i) i <3, >18 PP = 0.1";I / 051w” x 0.1";I / 051w’ = 0.0384
(i) i>3,j>18  pp, = 0.03";I / 051w x o.1";I / 05 = 0.0115
(i) i<3,j<18  pp, = 0.1";I / 051 x 0.03";I / 051w? = 00115

(iv) 1>3,j<18 pip; = 0.03\,;|/051W2 X 0.O3>V;|/O.5ZIW2 =0.0035

So knowing the probability values, we can calcufateusing equation 6.10 as the sum

of:

10 20 10 17

0.0384i§ f(i,j)+00115 > f(i,j)+0.011523:i f(i,)+00035 > (i, )

i=1 j=18 i=4 =18 i=1 =11 i=4 j=11

From Table 6.16 we get the sum of the functions i,j
fav. = 0.0384x10.64 + 0.0115x36.22 + 0.0115x36.22 6868184.44 = 2.3
fav = 2.3for ungroovedoricks (provided with indentations of width of 70%

Thus the effective contact-point spacing is ddly W/ 2.3.
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For the ungrooved (indented) bricks used in expenis (widthW = 70mm),D = 30

mm.
Grooved bricks

For grooved brickda, depends os/W, the normalised width of the groovinthuswith

50% groovingf,, falls to 1.36 and hend2 = 51 mm.

However the grooving actually made in themovedexperimental bricks was 50 mm

wide, namely 70% of width, givingG/W=0.71, fay=1.17.HenceD = 60 mm
Comparisons

Comparinggrooved with uniform ungrooved bricks, the factofa, has fallen by 56%
(from 2.68 to 1.17), so we should expect grooviogdgduce column deviation by the

same large percentage.

Comparinggrooved with indented bricks the factof,, falls by 49% (from 2.30 to 1.17)

which is also substantial enough to justify theoging even of already indented bricks.

6.7.4.3 Influence of brick pile size on SD of coluns’ out-of-plumb

deviations (x-variations)

Using the appropriate value for a contact distafize= 30mm) between the bumps for
indented (experimental ungrooved/normal) brickdage number (240) of simulated
column assemblies were made to analyse the outiofipdeviations variations for each
strategy i.e. random (BP1) and alternate wedge=ai®i?3) in form of computer working

sheets BP1 and BP3 and each was tested using engebagnps method.
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Table 6.19 is a result of computer simulationstienty-brick high column assemblies

using different pile sizes and corresponding sgallactorsK were obtained. From brick-

piles of size 20, and 20X forA = 1,A=2,A=4,A=8,,L = 16 and\. = 25.

Table 6.19 SD of out-of-plumb deviationsdx mm) for 1440 simulated column assemblies

Column height at Brick piles size (M) Mean
Strategy (N™- course) ¢
M=10 | M=20 | M=40 | M=80 | M=160| M=320| M=500]| “*
5 3.5 4.2 4.3 4.7 4.9 4.9 4.9 4.5
Random 10 7.4 10.8 12.0 13.3 13.8 13.8 14.2 | 12.2
20 21.3 29.5 34.9 37.0 37.6 41.1 | 33.6
Sensitivity {S = In(6,0¢/0ys)/IN(N2¢/N5)} 1.17 1.39 1.45 1.46 1.47 1.53

From the simulation results (SD of out-of-plumb id¢on values) Table 6.19 determined

scaling factors K corresponding xo- the brick set N of respective column height (€ab

6.20).

Table 6.20 Scaling factor K

A =M/N 1 2 4 8 16 >25
KforN=5 - 1.40 1.17 1.14 1.04 1.00*
KforN =10 1.92 1.31 1.18 1.07 1.03 1.00*
K for N =20 1.93 1.39 1.18 1.11 1.09 1.00*
K - average 1.92 1.37 1.18 1.11 1.05 1.00

* Definition asA>25 is taken to indicate a very large brick pileedisas a datum for
comparingoy values for small piles.

NOTE:

e These results are from simulations and althoughrtbdelling of brick-to-brick may

be imperfect, we could expect the ratios to refleose in experiment.

« K (for any specified values @E=M/N) is the ratio obyy for A of very large pile t@xn

for A of specified value.
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» Reassuringly the K values (for a givenare similar whether derived from N=5 data,

N=10 data or N=20 data.

* We will now use these K values to upscale thoseex@ntal results obtained using
low values ofA to what they might have been with25 (brick pile >25 times the set

of brick for one column)

However the value of }§ was obtained from simulation result, which usitp 2uns
were still subject to statistical uncertainty. Aadiog toy® analysis, with 50% certainty,
Ky lies within 9% of the values 1.9 shown in the Esb.20, thus there is this to
uncertainty about the ‘corrected’ values Table @P2y 0. In addition the practical data
is subject to small-sample uncertainty in the r@axpérimental) values afy 2o also of

+9%. So there is an overall uncertainty of abou8%leven after ‘K correction’.

6.7.4.4 Effect of brick-laying strategy on out-of-jumb deviations.
Table 6.21 is a summary of 480 assemblies of simdlaolumns, from two strategies
using higher batch of 500 bricks, from each strate¢ptal of 240 assemblies were made.
Before we compare the data from simulation witlotlgeand practical, we need to check
if they obey the expected improvement from randometerse to alternate wedge-angle

signs.
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Table 6.21Simulations of 480 column assemblies ofdented-bricks i.e. using
30mm spacing between the contact points

SD of out-of-plumb deviations 6x in mm)
L h Random strategy Alternate wedge-angle strategy
Contact surface inclination by | N" course (BP1) (BP3)
5 4.9 3.6
Averaging bumps 10 14.2 9.8
20 41.1 28.7

BP1 represents basic assembly; bricks are choskassembled at random.

BP3 Is a partial representation of ‘skilled’ brilgging - the column is built by alternating
bricks with positive and negative roll wedge-angles

Examining the SD of out-of-plumb deviations andsidering only the 20 course Table

6.21. The “alternate wedge-angle” columns (BP3pldis an improvement of 30% over
BP1. Comparing the simulation results from BP3/Bi? tomparison with the physical

results from strategies C2 and C3 Table 6.14 waddhat the improvement in column
accuracy due to better laying strategy is less thahobserved in physical experiments,
only up to half of the experimental results. Thasferms that simulation could not model
the masons’ intelligent decisions of reversing eplacing appropriately. However the
alternate wedge-angle is a better model than randdrch requires further improvement

to perform intelligent brick-laying.

6.7.4.5 Comparison of simulation, experimental antheoretical data

Experimental data needs correcting (by scalingpfaderived in Table 6.20) for the small

size of the brick-pile from which columns were asbéed.
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Table 6.22 Correction of experimental data using Kfactors

Description Indented bricks’ columns Grooved bricks columns
Height (course numbers-N)5 10 20 5 10 20
SD out-of-plumb ¢xn) mm | 3.3 9.2 19.5 1.9 4.8 9.2
A (pile size-M to set-N ratio) 4 2 1 4 2 1

K,. (correction factor) 1.2 1.4 1.9 1.2 1.4 19
ox, N COorrected 4.0 12.9 37.0 2.3 6.7 17.5

Table 6.22 show results after the small-brick-setaxction factoK, had been applied to
the experimentally observed SD of x-deviations (ésl6.15 and 6.16). We can observe a
reasonable agreement of 91% in Table 6.23 (i.avitisin £13%) between simulations
and the corrected experimental values of the Sebut-of-plumb deviations at the top
of course 20. However various factors may reduiseftinther in practice i.e. by reversing

or select-and-replace for better orientation.

Table 6.23 the out-of-plumb deviations comparisondtween practical, simulations
and theory for ungrooved-indented bricks

SD of column out-of-plumb deviations é 2c)
Simulation (using D = 30mm) | Theory (D = 30mm)
33.6 18.4

Praccal (corrected values)
37.0

The level of agreement gives confidence that thrukition is realistic and therefore:

a) The out-of-plumb deviations of columns really amopgortional to the roll-

wedge-angle deviations in the bricks.

b) Out-of-plumb rises with the scaling factor and cotuheight

The theoretical value Table 6.23 should be compaviéd values of indented bricks

before corrections because theobtained from practical data by replacing D = 58mm
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practical measured spacing (Figures 6.11), whicle gesults equivalent to grooved
bricks, and the derived average D = 30mm (Secti@r8&) for indented bricks. However
the theoretical values using D = 30mm in Table 6s2h agreement by 95% with values
of indented (NBC) Table 6.16. This confirms thag ttheoretical assumption and the

computations of average contact points spacing rgakstic results.

6.7.5 SENSITIVITY OF SD OF OUT-OF-PLUMB DEVIATIONS (oy)

TO COLUMN HEIGHT

Theoretical analysis equati@6 showed thaty rises with column height to the power of
1.5 (i.e. N thus giving a sensitivitys of 1.5. Table 6.22 shows an increasespto
height as the brick-pile population increases. Thebas been calculated on the
assumption that from course 1 to course 20 theeefised sensitivityS, so that SIQ of

deviations at N heighf is:

S = In(x-20/0x-5) / IN(H20/Hs)

Where;
Hyoand H the heights at courses 20 and 5 in course numbers
S is sensitivity of column out-of-plumb deviatiom ¢olumn
height
ox-20aNdoy.s the standard deviations of out-of-plumb deviatioats

courses 20 and 5 respectively
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Graph 6.2 Influence of brick population on out-of-dumb variations
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Table 6.22 show the correction for standard demstiat course 5, 10 and 20 to the raw
data from Tables 6.15 and 6.16. From the correvtdde (Table 6.21), then we can
compare the practical and theoretical power (sieitgjtof 20" course as;

Seec = In(17.5/2.3)/In(20/5) = 1.46 for grooved bricksd

Susc = In(37.0/4.0)/In(20/5) = 1.6 for indented (ungved) ones
The values folS so obtained are 1.46 and 1.6 which differ fronoth&cal value of 1.5.
The degree of disagreement between the practiadl tb@oretical is due to double
uncertainties mentioned in section 6.7.3.3 (x13F6dm the above, the use of K-value

reduced the sensitivity difference from 0.3 to 0&0®1 0.07 between physical columns

and theoretical computations.

Both scaling factor and sensitivity (Graph 6.2)whdhat if the brick pile population is
more than four times the brick-set (N) required &r assembly height, there are no

remarkable out-of-plumb variations (Table 6.20).cbntrary a ratio between brick pile

206




size and brick-set (N) for assembly below foly) fequire higher correcting factor (K

(Table 6.20).

Scaling effects going from half size bricks to full size will:
a) Reduce the roll-wedge angle for a given surfacgmaass/bumpiness (in mm)
b) Double the height of each brick.

These two effects cancel each other, so the demiéith mm) expected at a given course
(e.g. N = 20) for full-size brick will have the sanstatistics (including SD) as these

experimentally observed for half-size bricks.

6.8 WALL ALIGNMENT ANALYSIS

In section 6.6.2.4 it was described the -constractiorocedure of assembling
physical/experimental walls in three strategies ismdom, reverse and replace Table
6.10. In additional walls were provided with endtraints to control vertical alignment
(figures 6.27 and 6.28). Simulation successivelydetied wall assembly by random
brick-stacking without end constraints, which alemvthe comparison between physical
and simulation in the same condition. However eodstraint compared only practical

walls.
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6.8.1 EXPERIMENTAL DATA FOR WALLS

6.8.1.1 Physical walls
To generate data for alignment analysis from waifgployed three strategies and three
end restraint options were provided (Figure 6.2F G28) making total of nine sets (each

set equal 5 walls) of test walls to be built.

Table 6.24 Wall assembling sequence

Designation Method of assembling End constraints| && of set
Wa None 5
Wp Random picking and stacking One end fixed 5
Wc Both ends fixed 5
Wp None 5
We Reverse allowed One end fixed 5
WEe Both ends fixed 5
Wg None 5
Wy Reversing and replacement allowe@ne end fixed 5
W, Both ends fixed 5

The wall assembling sequences summarised in Taldé @ere constructed in the
following order:
Walls (Wa, Wp, W): are straight with free ends (Figure 6.27a):
A. The wall assembled using randomly picked bricksnfi@ pile without reversing
or selection. As normal the courses were maderaigjist as possible (relative to a
building line or straight-edge).
D. Randomly stacked bricks as picked from the pilenad, and each brick were
allowed to be reversed to find the best orientatiiuit no replacement permitted.
G. The same wall as in A, and both brick reversing esglacement permitted for

proper orientation.
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Figure 6.27 Restraining options for experimental whs

a) Wall with free ends b) Wall with one free end and one end
restrammed (fixed to a cross wall)

Walls (Wg, Wg, Wy) with one end fixed by a cross wall (Figure 6.2°&r)d Walls(Wc,
W, W) with both ends fixed (Figure 6.28).

Walls built without end restraint (free ends) ug8® bricks; while one end restrained
used 240 bricks and both ends restrained used 88ksbAfter building a wall and
taking the neccessary measurements as shown ineFeég28, the wall disassembled and
bricks were thoroughly shuffled and then reassethirito the next wall using the same
bricks i.e. pile size M equals set size N, thus M/N = 1 for all experimental walls

assembled.
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Figure 6.28 Test wall with both sides restrained

-

fEI[]El‘ill'lElltal wall with both

sides restramed, in each selected
height three horizontal distances
from 1ig (vertical datum) were
measwred as ( Xjeg , Xeentre & Xright ),
three vertical heights (H) from the
same points and the wall length (L) |

Table 6.25 is a summary of wall measurement regilthree assembly strategies, in
three restraining options at the selected levalsses (5, 10, and 20 see figure 6.28). The

averages of three measurements along the seleateseclevel are recorded in a single
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line like column data. The expectations of the aede were that the wall alignment will
produce higher accuracy than column because dbtlesving reasons: -

* The overlapping of successive courses act as aatog measure

* The average of selected courses (at three poedsce lean error

* The restraints also should add-up the reductiautdf-plumb deviations

Table 6.25 SD of out-of-plumb deviationsd, mm) of experimental walls for three strategies

Wall Random strategy Reverse strategy Replace strategy
course None One end Both ends None One end Both ends None One end Two end
Nos. restraint restrained restrained restraint restrained restrained | restraint restrained restrained
5 1.01 0.86 0.92 1.10 0.40 0.73 2.28 2.02 0.51
10 1.44 2.82 2.10 2.10 1.66 2.10 3.30 2.67 1.99
20 8.88 8.83 6.90 6.70 471 2.99 6.56 461 2.80
6, reduction in % 1% 22% - 30% 55% - 30% 57%

We can observe a small out-of-plumb deviation rédacin Table 6.25 as you move
from random to reverse to replace strategies and frone-restraint to one end restrained
to both ends restrained i.e. with a none resti@ition from random to reverse to replace
realise only a reduction of 25% and 26%. From sausmall change in the wall assembly
it indicates that skill is less important as urigkilcan perform up to 74% of the skill
tactics.

The additional restraint in random stacking did moéke a substantial alignment
improvement in the random strategy. However it shtlve same improvement between
reverse and replace of which we can recommend @aaigerse because ultimately is a
cheaper alternative than replace, because theseeagid replace strategies require more

skill and hence more time to construct the samanael of work and therefore add more

cost of the overall construction.

211



6.8.1.2 Simulated walls

The simulations generated a pile of 500 bricksfeg.23) from where we can pick
brick sets for wall assembly. Three pile sizes (28, 240 and 480) were used and from
each 240 wall assemblies were made and resulsharen in Table 6.26. The average

scaling factor K for the smallness of sample sizeomputed from these results.

Table 6.26 SD of out-of-plumb deviationsdx mm) for 720 simulated wall assemblies

Strategy Watlr! height at Brick piles size (M) Mean
(N course) M=120 M=240 M=480 Ox
5 1.29 1.30 1.39 1.33
Random 10 2.64 2.87 3.06 2.86
20 9.96 11.11 12.24 11.10
Average scaling factor (K) 1.23 1.13 1.05

The physical wall assembly data from Table 6.2Bdcan strategy and none restrained
wall) need correction for small-pile-size (Sect®i.3.3) before comparing with the
simulations. Table 6.27 show results after the kpikg-size correction factoK( - from

Table 6.26jhad been applied to the experimentally observe@dfS&deviations.

Table 6.27 the out-of-plumb deviations comparisondtween practical
and simulations for ungrooved-indented brick walls

SD of wall out-of-plumb deviations ¢x mm)
Courses Physical : :
: Simulation
(up-scaled using K)
5 1.06 1.33
10 2.57 2.86
20 10.92 11.10

We can observe an agreement of 98% in Table 6.27igiwithin +13% Section 6.7.3.3)
between simulations and the corrected experimeataks of the SD of the out-of-plumb

deviations at the top of course 20.
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If we compare practical results for column assendi@dple 6.17 and column simulation
Table 6.19 with that of walls, for both practicaldasimulation Tables 6.25 and 6.26
respectively, it is evident that wall yields lessemll out-of-plumb deviations and
therefore confirm that wall alignment behaves apeeted in the practical wall
construction. So we can conclude that mason shbility to correctly reverse and
replace) is less important in MT as experiment slibat random stacking (un-skilled
bricklaying) reduces the out-of-plumb deviation top74% thus improving the overall
alignment performance, and an addition of restramboth sides reduderther out-of-

plumb deviations by 21%, which will increase stépiand hence vertical accuracy.

6.8.2 BRICK INACCURACY LIMITS FOR ALLOWABLE WALL
LEAN

The column out-of-plumb deviations at any heightwaaalysed theoretically by the use
of standard deviation (SD) of roll-wedge angle (E®) for a given brick sample. The
British Standards (BS) does not encourage colurflead®n. However BS 5628-3: 2005
Table A-2 and BS 5606:1990 Table 1 permit the foillgy deviation limits for the wall
out-of-plumb deviations: for the height up to 2re tteviation shall not exceed 9mm, and

up to 7m shall not exceed £14mm.

The physical experimental walls built using bridkssults shown in Table 6.25) with
standard deviation of surface variations equal.&®idm for the top surface and bottom
surface 0.3mm giving an average of 0.48mm, resuttesh average wall lean of 8.88mm
at the twentieth course (equivalent to 2m heighldhough it is in agreement with BS,

but such accuracy is a result of under-estimatiamsed by small brick set available,
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which tolerate replication of the same bricks inaglsemblies. Simulation investigated for
the small brick sample, it generated up to fouresnthe set required for wall assembly
i.e. a wall requires 120 bricks and a pile of 50@@Ks was generated see Figure 6.23.
Results of sample size increase are shown in GaBand compared in Table 6.27 after
corrections. Although they agree with simulationg bequire more accurate bricks to

meet standard wall lean limits (not more than 9mm).

Practical could not produce grooved bricks enough wWall assembly. However
simulation investigated for the effective contapacng between rear and front contact
bands (Section 6.7.3.2). Using appropriate cordpecing (D) i.e. D = 30mm for the
ungrooved-indented (experimental) bricks and D m@0for grooved (experimental)
bricks, with simulated wall assemblies obtain prsing results. As for the expectations
from the theoretical analysis moving from contggagng D = 30mm to D = 60mm
(usingfay in Table 6.18) would improve alignment accuracy49¢6. Table 6.26 show
results for simulated walls using D = 30mm and €a®Il28 show results for simulated

walls using D = 60mm.

Comparing the two set of results and taking intostderation of only 20 course for the

indented and grooved walls Tables 6.26 and 6.28reabse an improvement of up to
50%. The author believes that results are realisttbin £13% coupled with several
uncertainties i.e. accuracy of practical data usedsimulations, estimate of effective

spacing and the appropriateness of modelling tHeasaembly.
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Table 6.28 SD of out-of-plumb deviationsdx mm) for 720 simulated column assemblies for
D = 60mm (corresponding to grooved- experimental bcks)

Strate Column height at Brick piles size (M) Mean
¥ (N"- course) M=120 M=240 M=480 O

5 0.67 0.68 0.70 0.68

Random 10 1.33 1.47 1.52 1.44

20 4.89 5.59 5.94 5.47

Simulation investigated for the highest brick buwgiation that would give allowable

wall inclinations; this was possible by changing tBD of brick-bump variations for a
given brick set (batch). Various SD of bump vada were investigated using
experimental bricks as datum (0.66mm of the top @Bdof the bottom from Table 6.8),
the variation were increased by 25%, 50%, 75% d&@¥drespectively see Table 6.29,
from each bump assembled 240 walls and determined out-of-plumb statistics at

courses 5, 10 and 20 respectively.

Table 6.29 The effect of brick bump variation on dbwable wall lean limits

using grooved bricks (D = 60mm)
Average SD of bump variations of the top

and bottom surfaces (mm) increased from 0.48| 0.6 | 0.72| 0.84| 0.96
the measured by 25% up to 100%

5 0.70| 0.82 | 1.03| 1.18 | 1.29
10 [1.52| 1.73 | 2.25| 2.41 | 2.73
20 |5.94| 6.65 | 8.08| 9.93 | 10.63

SD of out-of-plumb deviations at
respective course levels

The brick variations that passed the BS wall leamtd are those under 0.5mm SD of
bumps variations using ungrooved bricks Table 6-Rfivever the use of grooved bricks
Table 6.29 show that brick accuracy requirementg lbeareduced by more than 75% and

hence achieve the limits of wall vertical alignmenticcordance with the BS 5606:1990
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Table 1. This reduction in brick accuracy will hasenstruction cost impact as it will

allow less expensive machinery and less-skilleduab
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CHAPTER 7

7.0 STIFFNESS OF DRY-STACKED BRICK
COLUMNS

7.1 INTRODUCTION

In the proceeding Chapter we examined the inacmggout-of-plumb deviations) of
columns and walls built with dry-stacked bricks. e§kR deviations were solely
attributable to imperfections in brick geometry amal account was taken of additional
deviations caused by lateral forces. Lateral foroey occur, due to wind, earthquakes,
collisions etc. Additional lateral displacementsi caso result from moments that are
themselves the result of gravity acting on a legmall.

In this Chapter, the response of dry-stacked (nertarless) walling to lateral forces is
explored. Three responses are of interest, nanTéig: stiffness of a wall to forces
perpendicular to its face, extra deflection due agplication of such forces, and
overturning due to a hinge forming somewhere invth#, following applications of such
forces See figure 7.2.

Secondary experiments were set up to test thenetif of dry-stacked, single-brick,
mortarless columns, loaded transversally at the(26%) course. Half-size bricks were
used to build two types of columns; those builtwibrmal bricks (NBC), and those built
using grooved bricks (GBC). The grooved bricks (fgere 6.23) forced brick-to-brick

contacts to lie in two bands (see Figure 6.28)rediteg respectively 10mm from the front
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and back edges. Thus only 28% (20mm/70mm) of thhek lmurface was available for
contact.

The tests were designed to explore the capacitplaimns to withstand transversal
loading, and methods of improving stability and tcohof their vertical position.

It has been observed during construction of drgk&td columns is that they can easily
sway under application of small transversal fordéss flexibility can cause difficulties

in maintaining alignment accuracy and may resuétdoidental structural collapsing
before a wall is secured with a ring beam. Sleagelrhence flexible walls in practice are
inevitable: they appear between windows or betwkens and windows. They have
typically a thickness of half-brick and width léssn two brick-lengths. The vertical
position of a column assembled using irregularisris difficult to control, poor surface
contact causes pliable behaviour that magnifietheseight increases, and column
become less stable; even wind pressure can makelilran to easily sway.

The test objectives were to identify means of imprg the stiffness and alignment
accuracy of dry-stacked brick column.

Before physical testing of dry-stacked brick colwna theoretical analysis was made for
a columns’ resistance to lateral forces. To gumeanalysis a theoretical model was

designed Figure 7.1.

Figure 7.1 is a flow diagram modelling the sequenfca loaded dry-stacked column. We
can observe three types of deflection (due to sy brick imperfections, forces and
gravity). In response to forces and brick surfaearacteristics, the column will deflect.
Model shows also the sequence leading to net regtotoment that may cause a hinge at

any point of interface.
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Figure 7.1 Moment and Deflection Model to examineihging formation for a dry-stacked

column
Brck Lateral
imperfections force F
l ¥ l
S Basic Upsetting
Brick stacking SHiffress Moment
model Model Model
Deflection at i Mg=F{H*)

gach courze

Total final
deflection

muodel

F.estoring morment

M

¥

Divide

l

Effective
Stiffheszs
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{ &
restoning \/ —l

morment Fail

Where;
Xe;  for alli, are deflections from plumb in the absence of angef®
Xt for alli, are deflections just due to forces
Xgi  are extra deflections due to gravity acting on poiu(“2" order affects”)
Mi; is restoring moment at interface

M is upsetting moment at interfaicedue to applied force F
M ;i =Mi- Ms (M; =0 at onset of hinging &t
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7.2 THEORETICAL ANALYSIS FOR A COLUMNS’
RESISTANCE TO LATERAL FORCES

Starting with a perfect column i.e. vertical tomlo, the application of a lateral force at
its top causes a displacement in the directiomefdf action of force. With different
characteristics of bricks used to assemble coluheeffects of resistance to lateral
forces take various stages of displacement toljima&y result into overturning.

For example if the top of a column height H, isjsated to lateral force (F), the total

displacement of the column top will beq, = x; +x;; + X

Where:

x, s final (total) displacement at thé"Nourse

X; is a displacement due to brick irregularity, and

is a displacement due to applied force.

X is a second order effect displacement due to wesfHeaning column

above interface

In the analysis of a vertical brick column subjectateral force (Figure 7.2) at its top, we

may consider three cases: -

» All bricks are glued together (full continuity wheejointing is ignored and the

column is of the brick material throughout)

» Dry-stacked bricks with perfect surfaces
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» Dry-stacked bricks with irregular surfaces caussugne of the contact points
between successive bricks to lie not at front aadkbof bricks but near their

centre line (Figure 7.4)
Symbols
The brick (Figure 2.20) placed on a column has pl&@A = L x W,
Young’s Modulus for brick material is E,
Second moment of area of brick surface about ahevige axis id = L x W¥/12,
Column weight pressing on any interfacais K(H —h), whereK = Apg and(H — h)is

a distance (height) from interface up to the tophefcolumn (Figure 7.2). The column’s

bottom interface we can call ‘0’, and its top ifiéee (underside of top brickN —1".

Figure 7.2 Column subiject to lateral force
H F

‘P

1 7 +E}ri
AP % b2 1
=
b 24xp-%5 s
h % 'fw2 pe fp
.
=]

—t-
n
t
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7.21 A VERTICAL COLUMN WITH ALL BRICKS GLUED

TOGETHER

The column acts as one solid beam, before theatispient takes place it will develop
areas of tension and compression. Consideringeastanding column fixed at its base
(Figure 7.2), the front side from the directionapplied force will develop tensions and

the back compression.

A force applied at the top of a column Figure 7iR witiate a momen{M;, = FH) at the
columns base, and at tH&imterface a momen¥l; = F(H-h). Where h is the height of at

this interface.

The behaviour of a mortared column and of a drgk&td column will be the same until
hinges form in the latter (onset of toppling). $0 &nalysing the force to initiate hinging

we need not distinguish between mortared and dgket columns.

From the glued column we can calculate initial Bispment caused by the applied lateral

force;
x; = F(H3/6El) 7.1)
So we have elastic deformatiani¢ proportional to force), where stiffnegs 3EI/H °)

falls rapidly with increase in wall heighity.

If the direction of the applied force (Figure 7i2)rom front to back so the column will
be forced to lean backwards. From the above infoomamaximum compressive stress

at heighth within the column and at the back edge will be;

222



—h)w
Uback = (H - h)m +M

6F
O =\H-h +
back ( {,09 LWZJ

The compressive stress at the front edge will bg tlean at the back (negative) due to the

force applied forcing the joints to open-up andlbackwards.

6F
Jfront = (H - h{m - LWZJ (72)

As the force ) increased, displacement will also increase; andvifl the overturning

moment applied to lower courses. When force readoase valueF = Fy (and the

corresponding displacementxs= x, the front compressive stresgn:falls to zero, thus;

2 3
From (7.2)F, = LW-pg ,and asl = W S0;
FH?®
Xy = h :ﬂH3 (7.3)
6ElI  3EW

Note that the toppling forcE, is not dependent on column height, but that the top

deflection at onset of toppling is highly dependemtheightH.

With a glued column, lateral forde may be increased beyokd, putting the front face

into tension.

7.2.2 DRY-STACKED BRICKS WITH PERFECT SURFACES

For dry-stacked bricks, as soon as front face ceagive stress falls to zerofat= Fy,
‘hinging’ will take place at any or all of the imtaces. After this, deflectiox will

increase indefinitely bug will stay atF,.
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The movement of the column pushed by lateral foarebe represented in diagram form
Figure 7.3; line A (Force F against displacemert = F((H —h)3/6EI)) with the slope

of the inclined solid line representing stiffneggdity of a column requiring more force

to attain further displacement.

Figure 7.3 The displacement behaviour of dry-stacle column built from perfect
and imperfect bricks

Orwerturning force for
F perfect bricks (line &)
W og 16 L / A—sy

bricks touch at front !
and back only |

| average stiffness

Stiffness ; Owerturning force for | much lESi than
=6EI/H randotn-surface (Line B) ]_ - 6EI/H
4 - ; _ il :L _B

. |
|

brick rocking in progress

I

|

- ————

Sme 3 - Hotizontal
| displacement

Figure 7.3 compares the displacement behaviour péréect brick column (line A)
represented by solid inclined line of an irreguaick column (line B). For the latter,
sloping solid short lines show stiffness beforertstg displacement, followed by
spiralling dashed lines representing softnessaaflamn easy to push with a small force,
and finally the horizontal short lines representlmgancing points where the column

rocks from one seating to another.
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7.2.3 DRY-STACKED BRICKS WITH IRREGULAR SURFACES

The geometric imperfections have produced some &amn before force is applied
(Figure 6.16). Then hinging will occur at lower walof F than Fy and toppling will
occur. Moreover due to surface irregularities, doial contact area will be less than the
brick face area A, so local stresses will be highat displacements a little bigger than
Section 7.2.2 The irregular bricks interface onng®irather than surfaces, when lateral

forces applied form rocking movement as represestbdmatic Figure 7.2 line B.

We can observe a rocking movement when brick ctsiadially lie between the centre

line and the edges; x

Brick contact points between the centre line and th edges

Let the distance from the central axis to initiahtact point (Figure 7.4) df interface be
b (i=1, 2, 3... N), rocking of the interfacevill occur when moment about contact point

falls to zero{M, = F,(H —h) - Aog(H —h)b =0}

Figure 7.4 Brick interface contact points

'/—l.lfc'll‘k of column

el | T T b (effsen

\frunt

Bottom surface of i™ brick

Thus as long as F < miny(F~ ...FR\), the column will act like a glued beam.
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When F = min (E R, ...R) = K min (b, by ...by) = Rist, rocking will occur at the

interface for which; is the lowest.

The wall top will move (displacemery, increases) until the interface rocks onto a new
seating. We assunie become$/2. The column now again acts as a glued columnfFand
increases with small increase xrdisplacemenuntil some other interface reaches the

rocking point atF = F =Kb,, whereb is second smallest offset (Figure 7.3 line B

second
represent such stepped column movement). Againdlenn top will move at a constant
force F = Fsecong UNtil interfacej reseats at its back edge. This continues (withgis
applied force F) until all interface contact atitheack edges (point P Figure 7.2). The
interfaces to develop into a hinge will depend o ¢combination of moments caused by

applied force to that interface, namely;
* An overturning moment directly due Eo[M; = F(H-h)]

* A restoring moment Mdue to the part of the column supported by theriate

whose its centre of gravity is distalflge— b )+ X, — X from the contact point.
Rocking take place (Figure 7.2) when; MM; (see Figure 7.1) thus,
M, =,0g(H _h)A{(%_bl)-'-(Xh _Xi)}'

If Mﬁ = Mi

F = A4 -b)+(x, - x )} (7.4)
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7.2.4 THE COLUMN OVERTURNING POINT ANALYSIS

We are interested in under what circumstancesaaitg’ column will fall over and at

what height ‘hinging’ (the start of falling overgbins. The analysis is unfortunately, too
complex attempt a ‘general algebraic solution’csitateral forces (or imperfect brick
geometry) produces leaning and leaning gravity ltesno increased bending moments

causing an increase in leaning.
We consider 2 scenarios

i) Leaning due to imperfect brick geometry (non-zeot-wedge angle) and no

lateral forces are applied.

i) Force F is applied to an initially straight columresulting in leaning and

combination of lean plus applied force causes iogpl

The shape of leaning column is expressed by sometifun f) when deviation from

plumb at heighy (= H;; whereH is a small height but not less than one brick) is
X = f(y)
If we expresd(y) as a Binomial theorem

x=f(y)=a, +ay+ay +a,y’+a,y* +... And we know the column is vertical at its

base, thera, =a, = 0
To keep the analysis practical we will neglect higtier terms so that:

f(y) Da,y* +ay° (7.5)
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CASE 1

Analysis of a column leaning because all bricksehavixed wedge-anghe= vy, yields

x=f(y)=a,y?, wherea, = 2y_|: ..... See the derivation below

[To check the value of will consider the'f course in Figure 6.16, the centre line is an
arc with top and bottom points forming an angl@ petween two radiuses from the

striking point O, thus;
R-x=Rcodiy)
x = R-Rcodiy)= R[l—cos(i y)]

x = R[1-codiy)| (7.6)
From trigonometryR:E, substituting the value of R in equation 7.6, ngdMaclaurin
4

series which observes conditions of small anglat th

. \2 . \4
codiy)=1+ % - % ...(Neglecting high order terms)

(-t =3 =500

From Figure 6.16jxH =y, a column height composed botmall parts thus =Y

H

And therefore:
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x=Ly2 (7.7)

The basic assumption is that the lowest coursadsplerpendicular to the ideal horizontal
line Figure 7.2. Formation of a hinge in a dry-&&t column of bricks due to the applied
lateral force F at its top. Hinging will occur atyabrick-edge point such as P at height h,
if the direction of net moment is clockwise. Thé¢ m@oment is M+ M,, (equals 0 at the
onset of hinging), where Ms due to the applied force,M F(H — h) and M is due to

the weight of the bricks in the column above P.

The weight of the element from heighto heighty, + dy, is

6weight = Amdlu (78)
Where A is top face area of brick, its contributtormoment about P is
5MW = 6weight(% + Xh - Xi )dX (79)

"
Thus; M., ==K [(%+Xx, - )d(x) where K = Apg . For hinging aty = h (7.10)

x=h

M,,=-M, ==F,(H-h),
So;
M.,
__ My 7.11
L (H-h) (7.11)

For this case theolumn lean due to non-zero roll-wedge angle is Ki?

Now,
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H H
M, =K | (th2 —kxzjdxz—K[Mthx—Exﬂ
2 2 3

w,h
i=h h

3 3
M., = — W (1 —h)+ Kk Lul L — Kkh?(H - h)
' 3 3
So;
M 3 _ 3
F, = —wn = KW RKEH =0 e = KW KR (2 4 b - 2n2)
H-h 2 3| H-h 2 3
Fh:%b+%k(H2+hH—2h2) (7.12)

From case 1; Kb/2 = 0, so hinging will occur atdiih for which Fis a minimum i.e.

where(iiir']1 =H?+hH -2h? =0; then H — 4h = 0, hinging occurs at quarter height

(h = H/4).

CASE 2

Analysis of a column acting as a vertical cantitdyeam with force F applied laterally to

its top.

x=f(y) =a,y’ +a,y’, wherea, :?’ELIW; a, =—%

We can determine the overturning column point bygighe cantilever beam theory

x. =Ci* +Ci® from Cartwright (2006)data book.

Now;
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H
My, =K | (%+Ch3 —Cx3]dx: —%(H —h)+KTC(H4 ~h*)-KC(H -h)h®
i=h

From equation 7.11 we get;

M 4 _ |4

F,=-——2" KW _KCIH ~h =FO—£(H3+H2h+Hh2—3h3)
H-h 2 4| H-h

F, = FO—KTC(HS +H?h+Hh? -3n°) (7.13)

In this case Fminimum when% =H?+2Hh-9h* =0

Therefore:h =

2H +4H? +36H°% _ H(zim
18

= 046H
: J

So hinging occurs just below mid heighthat 0.46H

7.1.5 SUMMARY OF THEORETICAL ANALYSIS
7.15.1 Resistance to lateral force

The theoretical analysis for dry-stacked column nvhebject to lateral forces looked at
three variants: - when all bricks glued togethey;stacked bricks with perfect surfaces,
dry-stacked bricks with irregular surfaces makiogtact points some of which are near
the centre line. The dry-stack column forms a negkinovement induced by the contact
points shifting the equilibrium position as fordeaages. This phenomenon is represented
by a stepped diagram (Figure7.3) showing phasesdiffiiess interspaced by phases of

softness (during rocking).
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7.1.5.2 Columns’ overturning point

In practice we superimpose two mechanisms, namealy tlue to brick imperfections and
lean due to applied forces. If the force is largeugh, a hinge will form at one of the
brick-to-brick contacts in the column, causing ap#ie. This force is lower for a column

of imperfect bricks than for an initially verticablumn of perfect bricks.

Depending on brick surface imperfection this higgccurs at a height between 25%
and 46% of column height.

7.3 EXPERIMENTAL APPLICATION OF LATERAL
FORCE TO THE TOP OF COLUMNS

The column’s stiffness and stability were also Btigated see the test setup Figure 7.5: -
each time columns were assembled via the “randdrategly C1, using normal bricks
and grooved bricks respectively. Column was suegedbd increasing transverse force
applied to the 20 course by adding weight cells in the plastic beg figure 7.5 extreme
left. Through the line cord the column is pulledpgendicular to the direction of force see
Figure 7.5 top arrow. The force measured througtingpbalance and deflection
measured as horizontal distangenfinus the starting poing of the assembled column)

from rig vertical member was recorded at interwads| overturning occurred.
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Figure 7.5 Application of lateral load to the top & dry-stacked brick column

g | T
Column deflection]
| due to loading

A horizontal steel ruler fixed
perpendicular to the vertical | |

Zteel meccans to safely and
accurately supporting the
test rig

Safety vertical surport to

prevent the overturning A single brick dry-stacked

column from falling column pulled to the left
show a fair curve

Table 7.1 and Graph 7.1 show the displacement-feecsus x for five normal-brick
columns. Table 7.2 and Graph 7.2 show the displanéfiorce versus;Xor grooved-
brick columns.

The physical experiment and theory are in goodeagesnt as concerns the shape of these
Ky«i, Figure 7.3 in section 7.2.2 and Graphs 7.1 a@dsfow similar steps on increasing

lateral forces.

The column makes rocking movement as the impeibeicks roll and take up new

balancing position, it stiffens and then makes lamomovement. The overturning hinge
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occurs between 20% and 65% of the height of thenaol(theory predicted between 25

and 46%, which is within the range of physical ekpent).

An expected consequence of the ‘contact area drddti, being very small is that at each
brick interface of a column of bricks, the secondnment of ared about a longitudinal

axis will be much less than its (mortared brickwdtKl face valud.
lo =W3L /12, where Vis brick width and_ is brick length

The higher the value df the higher the column stiffness — for example docolumn

heightH, the stiffness to lateral forces applied at thedbhe column is
k=3EI/H

Suppose (see diagram) thigt has the value 0.01 and brick-to-brick contacinstéd to
two small zones each of aréaL / 200whose centres are a distarscapart; then the"?

moment for the unmortared brick interface is:

lu=0.01L W £/ 4, where s=b-a

Contact area fraction in relation
to the overal brick surface area

I — And if the two contact zones are
‘x____.}
- randomly located, then the expected
) Contact atea
= “ sach 00054 . 5 ..
o - value of € isW?/ 6, giving
| 1y=0.01L W WA 24 = 0.01l,
£ |

[ .-—l
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If however, in order to increadg , the two zones are constrained to lie in opposite

deciles of the brick surface, namely, as shownedoptbne in each of the light shaded

areas in the diagram, then the expected valséintreases to 0.81W? and

ly = 0.00811L W W?/ 24 = 0.024

Both these values fdy are much less thdg . Unfortunately, even if is known it is too

difficult to calculate the stiffness of a column ede value ol fluctuates greatly with

height — falling by a factor of a hundred or moteeach brick joint. So we can only

predict that an unmortared columinll be much less stiff - maybe 100 times lessf stif

than a mortared one.

Response to the application of lateral forces ® tibp of a 20-course column was

measured for 5 columns of indented bricks and §robved bricks. The average force to

initiate toppling and the corresponding averagdisplacements,, were calculated and

their ratio was deemed to be the stiffness of tiemn.

Table 7.1 Stiffness comparison between mortarlessid mortared columns

Unit | Indented| Grooved Ratio Mortared
bricks bricks grooved/indented bricks
Average force at failure N 3.6 4.1 1.15
Av deflectionxyg at failure mm 12.3 7.2 0.58
Stiffness kKN/m 0.29 0.57 2.0 255*

NOTE: *Stiffness = 3EI/H calculated using L=140 mm; B=70 mm; height H=98Mm
E=10 GPa (measured from experimental bricks);

Although grooved brick column demonstrates hight#ffness by a factor of 2 than

indented brick column, but in general the unmodarelumn is less stiff compared with
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mortared by a factor of more than hundred tinldss requires means of strengthening

during construction as their vulnerable to very bageral forces.

Table 7.2 Normal brick column (NBC) stiffness testesults

NBC 1 NBC 2 NBC 3 NBC 4 NBC 5
S/No Deflection | Force | Deflection Force Deflection Force Deflection | Force | Deflection | Force
mm (N) mm (N) mm (N) mm (N) mm (N)

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.5 0.2 1.0 0.2 0.5 0.2 2.0 0.3 2.0 0.3
3 1.0 0.8 15 0.8 1.0 0.8 4.0 0.5 25 0.b
4 15 1.0 2.0 1.1 1.5 1.0 6.5 0.6 3.0 0.6
5 2.0 1.3 3.0 1.7 1.5 1.1 7.0 0.8 3.5 0.8
6 3.5 15 3.0 2.1 2.0 15 8.0 1.0 4.0 10
7 4.0 1.8 3.5 2.7 2.5 1.9 8.5 1.1 4.0 11
8 4.5 2.0 5.0 29 3.0 2.2 9.5 1.4 5.0 14
9 5.0 3.0 6.0 3.2 3.5 2.4 10.5 1.6 6.0 1.6
10 5.5 3.2 6.5 3.4 3.5 2.6 12.0 1.§ 7.0 18
11 6.0 3.6 8.0 3.7 4.5 29 13.0 2.0 8.0 2.0
12 6.0 3.9 9.0 3.9 55 3.1 15.0 2.3 9.0 23
13 6.5 3.6 17.0 2.5 10.0 25
14 Average at collapse 8.5 3.8 18.5 2.8 11.0 2.8
15 Deflection Force 22.0 3.0 13.0 3.0
16 12.3 3.6 15.0 3.2
17 Stiffness 0.29N/mm 19.0 3.5

NOTE: Average deflection (at start of overturning) = 32im; Average of corresponding
lateral forces = 3.6N, so effective lateral stiffiseof NBC at top of column =
290 kN/m (ranging widely from 136 kN/m to 650 kN&mjl Force to give 6mm
deflection — see highlights table entries - for N@&erage of 5 columns = 2.5N)
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Graph 7.1 NBC stiffness test

NBCs under lateral loading

Force (N)

15.0 20.0

Deflection(mm)

—4—=NBC1 ——NBC2 -—4—NBC3 -—===NBC4 -—+=—=NBC5 —0—

NOTE: Normal brick columnsNBC) 1, 2, 3,4 and 5

Table 7.3 Grooved brick columns (GBC) stiffness tésesults

GBC 1 GBC 2 GBC 3 GBC 4 GBC 5
S/No ["Deflection | Force | Deflection Force (N) Deflection | Force | Deflection | Force | Deflection | Force
mm (N) mm mm (N) mm (N) mm (N)

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.(¢
2 1.C 0.8 1.C 0.8 0.5 0.8 1.C 0.6 0.5 0.6
3 1.t 1.2 1.t 1.2 1.C 1.C 1.t 1.1 1.C 1.C
4 2.0 1.5 2.0 2.0 1.5 1.3 2.0 1.7 1.5 1.1
5 3.C 2.2 2.t 2.6 2.C 1t 3.C 2.1 1t 1.t
6 3.5 2.8 3.0 3.2 2.5 1.8 3.0 2.7 2.0 1.9
7 4.5 3.7 3.0 3.7 4.0 2.0 3.5 2.9 25 2.2
8 4.5 4.0 8.0 3.9 4.5 3.0 5.0 3.2 3.0 2.4
9 5.5 3.2 6.0 3.4 3.5 2.6
10 5.5 3.6 6.5 3.7 4.0 2.9
11 6.C 3.8 8.C 3.¢ 4.5 3.1
12 Average at collapse 6.0 4.1 9.0 4.1 5.5 3.6
13 Deflection Force 6.5 3.8
14 7.2 4.1 8.5 4.3
15 Stiffness | 0.57N/mm

NOTE: Stiffness at threshold of tipping = 4.1N/7.2mn5Z0 KN/m (ranging from 455
KN/m to 950 KN/m)
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Graph 7.2 GBC stiffness test

GBCs under lateral loading
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NOTE: Grooved brick columnsgBC) 1, 2, 3, 4 and 5
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CHAPTER 8

8.0 CONCLUSIONS AND RECOMMENDATIONS

The objectives of this study were to; i) examine gerformance of interlock bricks for
the construction of walls, ii) identify patternsfiats, joints and configurations, iii)
develop remedial measures to reduce the effectiok bregularities, iv) measure how
brick imperfections affect dry-stack wall/columngalment accuracy and stability during

construction. Below are the findings of the study.

8.1 INTERLOCK BRICKS’ OPPORTUNITIES
ENHANCED

A major weakness of Mortarless Technology (MT) gsinterlocking dry-stack bricks
before this research began was its poor archi@cand construction flexibility. MT
could only be used for stretcher-bond walling witiht-angled corners. The introduction
of the developed new brick shapes has much imprdfiedflexibility of interlock
construction. A summary comparison of performamoprovements for few major wall
construction operations are shown in Table 4.3 Bigdire 4.22 demonstrate level of

performances between new development and avajabttice.
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The development of the new part-bricks (centre-batf- C¥2B and closer - CL), enable
the construction of most masonry wall joints. Frdable 4.3 it is evident that the TIB
system offers higher flexibility in the wall consttion.

This study have demonstrated the increase in fléyilobtained by using a new part-
brick (C%2B)and identified interlock specialse€ and angle bricRswith the potential to
further increase the flexibility of interlock brilglying. The contribution of the C¥2B and
CL to MT includes the formation of two new bon@&hfkse and Lijuja Figures 4.9 and
4.14). With these two bonds, it is now possible to #whe-brick thick (e.g. 300mm)
walls that can be used for foundations and othad-leearing structures like retaining
walls. It is also possible to attach different sifeom 1-brick to 2-brick of piers to walls
and build-isolated piers more than 1%-brick widdjolh was not possible before. The
uses of the two new brick shapes C%B and CL wifirowe the craftsmanship quality of
masons and simplify interlock bricklaying for mosasonry joints.

The new interlock brick type examined in this studyof simple shape, designed to
minimize weight yet maintain adequate web thickfstssngth.

Although throughout this research the use of gt#ull soil has been assumed, the main
focus of the study was on brick shape design ferpilwrpose of flexibility improvement.
The proposed shapes may in fact be produced using\ailable and affordable material
like burnt clay and sand-cement.

The bricks produced (at half scale) were used tsiphlly test the applications of new
centre-half bat, tee brick and closer units ind¢bastruction of various walls. The use of
these three new bricks in unison with full brickg)f bats and three-quarter bats allowed

construction of most joints, much faster, and naweurately than when using traditional
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(mortared) bricks. The formation these two new sofhokse and Lijuja) and therefore
for the first time in the history of interlock bk, it is possible to construct a double wall
(full-brick thick wall). After the new developmentMT can be used for special load-
bearing structures like retaining walls (to holdtle@r rock etc.).

The introduction of angle bricks further extends firospects for interlocking bricks in
the building industry. Three types of angle brigksre proposed in the course of this
research i.e. with 30, 45 and 60 degrees. The ddiesnand fittings of angle bricks to
assess the resemblance to other units were ewvélusieg SolidWorks programme
(Figure 4.20).

We can conclude that the flexibility requirements T for wall construction can be
fully met, which will further boost market opporitias of interlock bricks. The self-
aligning characteristic of interlock bricks easegllaying, encourage the use of less-
skilled manpower and realizing higher productivipart from savings of material, MT
saves time due to higher productivity resulting@amultimate cost saving of around 50%

Whelan (1989), Hines (1993), Anand and Ramamu&§3)

8.2 MEASURES TO REDUCE BRICK IRREGULARITIES

It is evident that the major cause of brick irregitles is poor curing. Curing conditions
require proper control and close monitoring foreefive performance. The types of
physical brick irregularity analysed are warpingl @arvature of the faces. It was argued
that irregularity can be reduced if proper curingder a roof and or under the covering

of plastic sheets, grass or any other materialggitormed. Further it was recommended
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that brick producers should change their habitlatipg bricks on end or face, however
the bottom or top surfaces are the proper to beedlaon curing floors for further
improvement of brick surface flatness, and it isisted that the curing floors shall be

straight and flat, impermeable and clean.

8.3 DEFLECTION PREDICTIONS FOR WALLS &
COLUMNS

The investigation on the effect of brick imperfeas on column alignment accuracy

required three research methods namely theoryjgdiyssting and simulation.

Theory

Theory analysed three cases: bricks (a) with mrétp and bottom surfaces but not
square front/back and (b) with square front/badkases but non-parallel top and bottom
surfaces were compared. The former were found t@rgée much straighter walls, so
during manufacture concentration on minimizing I'retedge angle’ is strongly
recommended (roll wedge angle is the angle betweenand bottom surfaces as
measured perpendicular to the brick front face).

Bricks with randomly varying surfaces were giventialar attention throughout this
research. The theoretical analysis used probabéiations to formulate an equation (
oxn = 0.577*H*,*N') that allows prediction of column lean (standaedidtion of
column deflections at any height {"Nourse) from the statistics of brick imperfection
(standard deviation of displacement of top anddmotsurfaces in relation with a perfect

cuboids).
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Confirmation of theory

Theory indicated that for a randomly laid colurime SD of out-of-plumb deviations of a
particular coursesyn is proportional to the SD of roll wedge angleand rises with
column height to the power 1.5. Experiments witlooged bricks (which interface
roughly in the manner assumed in the theory) shawgdising withN to the power 1.46
and thereby confirmed the theory. Computer simateticonfirmed that this relationship
extends to columns higher than could practicallybbdt. However for a given course
number N, the practical columns showed a 54% higher oythofmb deviations (as
computed byoxn) than theory predicted, indicating that the modelbrick-to-brick
contact used in the theory was oversimplified. Reéeflong this contact (effectively by
changing the way in which roll wedge angle is tonbeasured by determining average
spacing D for grooved and ungrooved) brought trectpral and theoretical results in
closer agreement. In additigsf, analysis also showed that the small sample si@ef¢3
practical columns would give estimates &y with considerable statistical uncertainty.
The simulations confirmed the proportionality bes#wedeflection and roll-wedge SDs

(respectivelyoxn andoy).

Corrections for small brick-pile population

It was observed that when the brick pile size (fnhich the brick set to build sample
columns was selected) were small, the deviatgnswere reduced. A correction factor
K, was developed, by randomized simulation studiesptwert deviations measured for

small brick pile into deviations expected when ksi@are drawn from a large brick pile.

243



Defining 4 as the ratio of brick-pile size to column brick-emough to assemble one

column (height)K; was found to fall from 1.9 &t= 1 to unity fori>20.

Effect of laying strategy (and brick-laying skill)

This research demonstrated various possible waysmving column/wall alignment
from the inferior bricklaying (‘random’ strategylated to unskilled bricklaying, through
‘reverse’ and ‘replace’ strategies (skilled wayhwfcklaying) and the use of modified
(grooved) bricks.

Using ‘reverse’ strategy reduced the column ouplafb deviation to only 62% of that
observed with ‘random’ laying. Using a more atteatbut slower ‘replace’ strategy, that
allowed the replacing of any brick with a betteca®l choice from the stock, further
reduced the column deflection to 35% of the randatae.

Another improvement from a different method othbart laying strategy was the
provision of a groove to prevent bricks making eabinear their centre lines. Although
with grooved bricks only assemblies using the ramdboick-laying strategy were built, it
demonstrated that the out-of-plumb deviation walkiced to 49% of the value obtained
with un-grooved bricks laid using the same “randatnategy.

Assuming the benefit of more-skilled bricklayingdagrooving can be superimposed,
then the best (grooving and replacing) would gigkimn deviations of only 49% 35%

= 17% of the worst case (un-grooved, random-laidroa). This is an improvement of
83%.

Moving from column to wall assemblies was a stephier to enhance alignment using

the same bricks. Walls of ten un-grooved bricksgl@mnd twenty courses high were
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constructed using the ‘random’ laying strategy. Tbegitudinal overlapping of the
walls’ bricks was found to produce a reduction iallveut-of-plumb deviation to 45% of
that of columns assembled using the same layiagesly.

So if a superior strategy (‘reverse’) were combingtth grooving of bricks and applied to
awall assembly; we could expect the wall deflectionaibtb 14% (62%x 49%x 45%),

of the random-un-grooved-column deflections takeowa datum (worst case). This is an

overall improvement of 86%.

Lateral stiffness of columns

Dry-stack columns demonstrate hinging and rockiregmanisms. Observations showed
improvements to lateral stiffness by factor of 2 abtainable by grooving to prevent
inter-brick contact near the roll centreline. The-of-plumb deviations were reduced by
the factor of 2. From the benefits of grooving bothstiffness and on accuracy, we can
recommend that all MT brick designs should be desigto prevent rocking contacts by

at least groove G = 70%W.

Extension from column to wall

The factor by which walls are less variable thalumms of the same height (reduction
factor foroxn ) — and the dependence of that factordistanceto constraints (cross

walls, reinforced columns or corners) aggde of constraint were all examined. All wall

data is derived from experiments with un-grooveidks, but we expect similar column-
to-wall improvement factors to apply to groovedcks. The specification of brick

tolerances needed to meet defined out-of-plumb rantes (BS 5628-3:2005;
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BS5606:1990¥or walls was calculated. It was found that witlo@red bricks we may

accept a surface (bumps) standard deviation 0bp8mm. With un-grooved bricks we

require greater brick uniformity, namely a surf&e of under 0.5mm.

8.4

AREAS FOR FURTHER RESEARCH

Most experiments in this research were performedife first time, therefore resulted

into primary findings which necessitate more piadtifor perfections. These verdicts

however enlightened a number of prospective matterfuture research. The following

are the areas for further research that were regiple to undertake within this study.

A feasibility study to be performed for practicaiplementation of the research
findings, to extend and perfect the constructi@xibility performance described
in this thesis.

Further work required to incorporate special irtekl bricks for mortarless

technology to ease building of complicated wall fagurations as suggested by
this research.

Investigations of the appropriate and simple methém measuring surface
imperfections of dry-stack interlock bricks as alify control measure.

Burglar resistance test for dry-stack interlockibgck wall is necessary to

enhance trust of most clients not believing in @wess technology.

A long term study for interlock wall strength foling lifetime disturbances to be
performed on the local movements: of foundationsctmanical shocks (due to

door slamming) and major shocks (caused by earkeg)a
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