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INTRODUCTION

Mud-bricks have been used widely in hot dry areas for over
1,000 years. The earliest prominent example is the

Ramesseum in Luxor, Egypt.

'Over thesé 1000's of years its use has been developed to
a high level and whole villages from Iran to N. Africa

a test to the potential and durability of the material.
Mud—bri?k combinedlwith vault and dome roof‘épans have
;r;;;ié€; of interlinked arguments in their favour and
after the first ﬁrejudices against the use of traditional
ﬁaterials in favour .of 'hew téchnological wonderé’ are

pﬁt,aside, fhe material and building techniques deserves

a fair investigation.

These arguments are briefly that mud and sfraw, the two
basic ingrediants are widely available and éheap,4 The
technique is easy to master and exténSiVe building’
programmes can be initiated in a de-centralised manner
thaf is, not'dependeht on major building industries and
required infrastruéture to produce and distribute the
building materials. Thick mud walls have a definite
climatic sdvantage preserving a cqnstant_cool temperature
within the house for most of fhe day. Finally ohva
more intangible but perhaps Just as important a level,
mﬁd-brick ?ault and dome housing appeals aesthetically,
and does not violate in the spaces'formed the cultural

- traditions of living. This and the related report attempts

to investigate the above arguments.



ANALYSIS OF MATERTAL.¥

1. SUITABLE SOILS

A thorough study of the characteristics of the soil
available is always necessary before construction work is

undertaken.

Mechanic al analysis of the soil is not an infallible

index as to the soils behaviour in brick making. Actual

structural tests should be made before accepting or
rejecting any soil far brick making. A good brick should
be made with clay containing the amount of sand just

suggicient to eliminate cracking when drying.

Although the addition of sand to natural clay soil weakens
its strength, yet it reduces the shrinkage and cracking,
and its addition is desirable as long'as>the strength

remains satisfactory.

Clay may be added to sandy soils to increase their strength.
Also two or more ﬁypes of soils may be added together ‘

to produce a more satisfactory soil..

Soils favourable fon brick making should bé free of loam
and organic matter. The most favourable soils may consist

of 60-70% silty clay and 30-40% fine sand;

Any soil having the perdentage of sand or clay exceeding
the above limits may be considered unsatisfactory. Clay
or sand should be added to bring thé proportions within

these 1limits., |

ﬁtﬁm@mxaxmhasﬂguahdiékﬁéﬁiﬁ@hﬁéﬁﬁéﬁﬁf&ﬁfbut at Cairo
University under the direction of Prof. Ibrahim.




If either emuléified bitumen or cement is used, much care
must be taken to obtain thorough mixing. Although the
traditional method of using barefeet and hoes to mix
cannot guarantee qualiﬁy controi their use over thousands
of years have proved satisfactdry.' If quality control

must be insured, mechanical mixers need to be used.

2., MOISTURE CONTENT

The essential control to ensure good brick quality is
the'moisture content. The optimum amount of water 1is a
eritical measurement. Both dry density and compressive
strength vary directly with initial moisture content

up to a maximum at some optimum valve of moisture beyond
which both strength and density‘decrease from the
maximum values., This is because too much'moisture in

the mix will dry out in the completed brick leaving
vof}dsT Such veids weaken the bricks compressive strength
éﬁé its dry densiﬁy is effected as‘the voids allow

further moisture absorption.

The allowance limits for optimum moisture for bricks of
compressive strength above 20 kg/cnf are from 20% to 35%
in direct proportion with the amount of clay in the soil
and in invérse porportion. to the mean grain size. If

straw is added this limit may reach up to about 45%.

Higher initial moisture content than optimum is better
than lower. The mud can be filled and allowed to dry

until the most desirable consistancy for molding,



3. STABLILISERS.

Adobe bricks without stabilizers are poor in gquality,
as they are very much affected by humidity and weather,
their shape is irregular and their strength is inferior

to other types.

Addition of stabilizers, however, is more likely to
prodﬁce a cheap type of brick which may have a good
number of properties of thevred burned brick. The
stabilizer is used tovgive the brick a better shape,

durability and in some cases greater strength.

Although the strength of mud brick stabilized with
straw or bitumenous emulsion is lower than that of the
unstabilized adobe brick, it is found to be adequate for

any load bearing commonly found in struétures for dwellings.

Straw being often the cheapest and most available stabilizer
is satisfactory, as it holds the brick together during
initial drying, but 1t reduces slightly its compressﬁfé
strength., If too much straw is added to a mix or if it
becomes bunched in a brick, the brick.will weaken
considerably. $So, no more than 2.5% by weight should be

added.

The use of bitumen in the place of straw is only desirable
in some parts where straw is either expensive or unobtain-

able, and 1ts transportation would not be too costly.

Bitumenous emulsion must be especially designed for high
efficiency in mixing with the fine particles present in

solls to make good stabilized bricks, When buying




bitumen for making‘bficks, the builder must necessarily
rely upon the recommendations of the manufacturer and
should be certain, first, that he has clearly explained
what the bitumen is going to be used fqr, and second, that
the bitumen recommended is an emulsion which has
previously been used to make satisfactory stabilized

bficks.

Samples of bitumen stabilized bricks should not average
more thén 2.5% moisture absorption by weight. The
bitumenous emulsion merely saves as a waterproofer.

A soil conteining a higher percentage of fines will
require too much bitumen to waterproof the bricks, it

will be difficult to mix and is apt to crack in drying;

No more than 3 to 5% by weight of bitumen should be
added to stabilize soil, as higher percentages weaken

the adobe bricks to a certain extent.

‘The use of straw and bitumen together has been found %o

be more satisfactory.

The percentages recommended to be added togethef to soils
favourable for brick—makihg to produce good stabilized

abode bricks are for straw 2%,and bitumen 3%.



L, BRICK SPECIFICATIONS.

A series of test bricks of the fullvsize to be used in a
building should first be made to determine sultability
of the soil, the proportion of sand and mixture required
to prevent serious cracking and the proper amount of

stabilizer for the particular soil chosen.

Adobe brick may be considered satisfactory and adequate
for any load bearing commonly found in structures for
dwelling, if 1ts properties fulfil the. following

suggested specifications.

i. Small surface cracks are allowable in the bricks,
but if these cracks extend through the bricks from

one face to the other, the brick should be rejected.

ii. Bricks should be uniform in size, free of voids and
sufficiently firm to haul, stack and hamdle without

appreciable breakage or crumbling of the corners.

The surfaces of the bricks should show good
{ s

resistance to barasion when rubbed with the hand.

iii. Bricks should be cured not less than 30 days or
until they have reached a constant weight, beflore

they are laid in a wall.

iv. The compressive strength of the bricks shouid
average 20 kg/cm2 with a tolerance to 2.0 kg, less

2 . . .
per cm~ for one brick in a series of three.

v, The modulus of rupture for the bricks should average

not less than 3.0 kg/cm® with tolerance to 1.0 kg/cm2

for one brick in a series of three.
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MUD-BRICK TYPES

There are basically two different types of mud-brick.

1. Wsall Bricks. These are heavier and thicker,
dimensioned 15 x 25 x 6 cm., and with a straw to

~ earth mix of 60/80 1ps. of straw per cu. m. of earth.

2. Vault Bricks. - These need to be lighter and flatter.
The vauits wedght is distributed to the one mirrof
wall primarily and therefdre a lighter brick eases this
pressure. The way 1t is laid makes it an»advantage
to be flat., One surface also has two parrellel
grooves to help the bricks stick together by suction.
The mix is 120 1lps. of straw . to cu., m. of earth
making it thus lighter.

The dimensions are 15 x 25 x 5 cm.
Domes can be built using either type.

METHOD OF MAKING MUD-BRICK.

The simplest and still effective way of making mud-brick

is the traditional one.
A wooden hand mould of the required size is used.

Clear out the space of ground on which the mud-bricks are

to dry, so that is is clean and level.

Sprinkle a. light layer of sand over the space. Simply i1l
“the mould with the prepared mix, tamping it down. If it
is a vault brick the parallel grooves can be drawn across

the surface using the index and forefinger.



MAKING MUD BRICKS




Raise the mould up lightly leaving the formed brick to dry.

If the mud sticks to the mould or when it is clear the
moulded brick does not lie firm and shaped it is an

indication that the right mix has not been used.

Bricks should not be used before being thoroughly dry.
They should be curéd for not less than 30 days under
gverage hot dry climatic conditions until they have
reached a constant weight before they are used. It is
advisable to shade the bricks for the first two to three
days as this tends to equalise drying and results in

less cracking and shrinking of bricks.




PROCESS OF CONSTRUCTION.

SETTING OUT "'~

i)

ii)

iii)

Where possible, the positioning of the building
should be related to surrounding feference points,
so that the position of the building can be
determined in relationship to other objects, and

at 1east one corner of the building can be fixed,
These reference points can be one of the following:-
a) Surrounding buildings.

b) Sufrounding>landscape marks or planes.

¢c) Pre-established site location points -~ cg.a

firm stake driven into the ground.

For determining the different levels of the building
all measurements should be taken from one reference
level, usually the top of a strong wedge, havmered

into the ground at a chosen point.

Having basically located the position of the building,

reference strings are then placed, accurately

determining the corners of the building.

Nails to hold these strings can be fixed: onto

a) Existing reference buildings.

b) Onto a timber frame. This surrounds the whole
site, forming a rectangular ground frame; so0
that is has at leasf 1.5 m. outside the building

line, to avoid damage during ensuing excavation.



m,

iv)

vi)

vii)

viii)

The use of a timber frame removes the need
for any other refersnce points and will be

described below.

Thé frame must be levelled as far as possible,
by placing it on long and short wedges.
Nails for holding the reference strings can be

be fixed to a combination of a) and b).

Lay out two perpendicular strings representing the
building reference corners, and check the angles
are right angles by measuring & triangular ratio
of 3:4:5 at the reference corners in the absence

of a right angle frame,.

Lay out the building plan centre lines or plan
grid'using strings stretching between labelled
nails, for each line and check that the angles are
correct., The nails are labelled so that the strings

can be replaced as needed.

Set out external and internal dimensions and

angles, using these strings.

Stretch first wall strings to determine wall
thickness and draw this on the ground by using

sand or white powder

Repeat this process for each well of the building.
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ix) Dig out area marked for foundations, at least
10 cm, wider on the top than at the bottom to

allow for collapse of sides to trench.

X ). Check bottom foundation dimensions by stretching
each wall string for the second time and using

~plumb. line to relate to the base of the trench.

xi) Check that the bases of the foundation trenches
are level by using wooden posts and spirit level.
Relate this level to original level determined

in step ii)

The foundations can now be laid.

FOUNDATIONS.

A variety:.of fourdation hypésw&ﬁé itlestratedninLiged 11<7
Séilhtestsifor'stability are essential prior to building
Unstable séil,‘that is clayey soil.which normaily has s
high moisture content and is liable to giﬁe unevenly
under pressure or even to rise with the absorption of
water can cause damage.

The test house built used foundation type figure l.

After setting out foundations -
i) Dig ditches 1.10 metres deep. Use level stakes

250 mm high. Make width of ditch wider than

necessary to allow for inaccuracies. Clear
walk-way round edges for eacse of movement,

transporting materials to and from site.

e e iy
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ii)_

iii)

iv)

WALLS

i)

ii)

iii)

iv)

Pour 250 mm concrete into ditch, and level to
stakes.
Allow concrete to dry - approx. 1 day - and pour

50 mm sand over.

‘Mark oﬁt footings, starting with outer edge, and

line out string lines, before laying first course

of red brick. For each successive course of |

brick footings, string guides and plumb lines should
be used to ensure wall lines up horizontally and

vertically.

After five courses of red brick, step wall in to
600 mm width where vault and dome thrusts not
applied,. (fest of wall remaine 800 mm width)
After tenth course of red brick, cement over last
course, pour biltumen and sprinkle sand.

When the bitumen has,dried‘add two more courses
of red brick.

Start building mud-brick walls. Ensure each
successive course bbnds'over the last, to avoid
long vertical cracks.

Walls to be built up to the reguired height for

the spring points of the vaults, and the cill height

- 0f the windows. The verticsl sides of each

window should be built up to the peint where the

arch over the window 1is to start.
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OPENINGS -
(photographs 3-8) '
To build the arch over a window, £ill in the window opening

with bricks, using no mortar, so that the bricks form the
same curvé at the top as will be formed by the underside of
the arch to be built. This is then covered liberally with
mud morter until a smooth curve 1s achieved, and then

_covered with sand, providing the formwork of the arch.

To build the arch over the window, vault bricks or ordinary
wall bricks may be used, but not mixed. -

Place the first brick of the srch at a slight angle off

the horizontal, and build up over the formwork so that the
"brioks at the centre are placed in a near vertical position,
forming the key brick of the arch. At least two courses

of bricks should be laid in this manner, and in the case

- of large arches, these bricks should be bonded together.

Por arches Qvér doorways, the same princedple is followed,
but in order to save time and labour, a sheet of thin
timber or corrugated iron can be bent to ﬁhe correct curve,
and used as a substitute for the brick support. This

depends on the availability of such materials.

VAULTS
" (photographs 9-15)

When the side walls of the proposed vault have been built
up, to the required height, the end wall is then built up
to a height sufficient to cover the whole end of the vault,

to allow the vault to lean onto this end wall or mirroriwall.
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CONSTRUCTION OF ARCHED WINDOW




CONSTRUCTION OF ARCHED WINDOW













Planks are placed across the two side wails for the builders

to sit or stand on to build the vault.

The curve used for the vault is in between a catenary

and parabolic curve. The height of the vault from the
spring point of the arch to the internal head of the arch
can be calculated, by taking the width of the vault divided
by two, and adding 10% of this dimension. Hence, in the
case of a 3 metre width vault the height will be;

3 + 10%
2

1.5 + 10%

= 1.65 metres

The curve of the vault is drawn by hand on the end wall,
using mud. When the curve is correct and symetrical the
edges are cleaned off with an adze, the only implement used

in building the vault.

The first brick is tapered and stood on end on the top of the
side wall, the grooved face of the first brick against the
mud mortar of the curve drawn on the end wall, and the brick
is then tapped into place. A small wedge shaped brick is
pleced over this brick to taper off the end of the first
brick. Then mud is placed at the foot of the first brick

and against this a little wedge-shaped packing is placed,

so that the next course of bricks leans slightly towards the
.end wall, inétead of upright. In order to break up the line
of the joints between the bricks, the second course is started

with a half brick placed on its longest narrow edge, on top,
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of which is placed a whole brick, following the curve drawn
on the end wall. If the joihts are in a straight line,

the strength of the vault is reduced. The second course

of bricks is 1% bricks high. The third will be three

bricks high, élso leaning towards the end wall in the éame
manner., In this way the inclined courses are built out,

each course rising higher than the last round the outline

bf the vault, until the two curves from either side of the
vault meet at the middle. At the top of each complete course
of bricks, small pieces of chipped stone or broken pottery
are tapped into fill in the gaps 5etWeen the bricks. |
(to ensure that the forces of the vault are carried down through
the brick course to the supporting side wall., Mud-mortar

tends to contract and would leave gaps if it was the only

filling).

&t the stage Whére there is one brick thickness at the head
of the vault in a 2.5 or 3 metre Widé vault, the vault at
.its base willibe 6 bricks thick. In a smaller vault the
'complete course will be achieved after fewer brick courses,
but in all cases the same principles are followed. The
over-all effect is that the complete curve leans against
the end wall, providing an inclined face to lay succeeding
courses on, so that the bricks have plenty.of supgort.,

This inclination is enough to stop the bricks slipping off
even a smooth surface. In this way the whole vault can be
built with no extra support or Centreing. There is no limit

to the length of the wvault.
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DOMES.

(photographs 16-27)

Whilet a house can be constructed using only vaults, a

further possible development is the use of a dome to cover

‘a central space. Although the mud brick vault is strong,

fqr safety the span is limited to 3% metres under normal
conditions. A dome is capable of safely spanning 5 metres,
its spherical shape having all the features of a shell with
double curvature, and is therefore stronger. In the case
of theitest house built for the report, a dome of 3 metreé
in dismeter was constructed in the centre of the house,
using the following construction.me thod. The dome used

is a Byzantine dome.

Supporting Archeés,

The dome must rest on a square, in this case each side
measuring 3% metres. In the test house the square is made
up of vaulfs on two of the sides, and plain walls on the
other two. The end of the vaﬁlt has twé courses of brick
work laid over the top of the vault, one on top of the
other, to give sufficient reinforsement to take the forces
of the dome, and to connect the sloping face of the vault
so that at the head of the vault these two brick course
project out to form the straight side of the square.

These bricks can be triﬁmed so that the square is accurate.
In effect the end of the vault has an arch built over it,

following the same principle as for arches over openings.



Pendentives.

Pendentives are sﬁherical triangles formed between the
supporting arches of the domes.

Each brick of the pendentives is placed with the use of
the string from the centre post, so that the first brick
to be laid at the bottom of the V will be in the far
corner of the dome, whilst every successive course of
bricks 1aid over it will project slightly out to the centre of
" the dome. Each brick is positioned so that its flat
surface is on the same plane as the point from that brick
to the centre post, and its distance to the centre post
is & the diagonal of the square., In this way a segment
of'a sphere will be built up. The sides of this segment
will follow the curves already formed by the supporting
arches or false arches of the side walls. At the point
‘where the pendentives reach the same height as the top
of the arches, the first complete circle of the dome will

be built.
Domé.

As in the case of the pendentives the bricks in each
completed circle are placed at an increased angle to the
course below and protruding a little further out. Rach
brick is placed with referance to the centre post string,

forming the sphere it dutlines.



The finished height of the arches over the vault need
bear no relationship the the vault itself., All the dimensions
for the d ome and supporting arches or false arches are

achieved by the following system.-

Having completéd a square, a post is piaced upright in the
exact centre of the dome, with the top of the post at the
saﬁe distance from the top of the dome as the dimension from
the centre of the post to one corner of tpe square., A
plece of string is attached to the centre of the post,
having a length + the diagonal of the square. This piece
of string, when pulled taut gives the correct placing and
angle (by following the line of the string to the centre of
the post) of each brick to be placed in the dome. The
exact height of the post 1s a matter of choice, depending
on how high the dome should be from the ground and
subtracting from this height, the dimension of % the
diagonal of the square. By holding the end of the string
‘ at the cornér of the square, and thend rawing a curve in
the exact line of the straight side of the square of the
dome , the-curve of the supporting arches can be determined.
In the case of the arch of the vault the a rch must then be
built up to follow this curve. In the case of the plain
wall, the inner course of bricks are built up to follow the
same éurve, producing a solid wall with a curved top or |
ardh, whilst the back of this same wall is built up straight,

continuing to the corners, and forming the back of the

prendentives,






CONSTRUCTION OF PENDENTIVE
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The circumferance of the opening gets smaller as the
'angle of the string from the post increasés, so that the
final bricks of the dome are placed directly above the
post, in a tight circle, until that circle is too small
to place whole bricks and the last opening is filled in
‘With bficks cut to fit. Any gaps in the top of the done
afe packed in with chips of stone or broken pottery, to
ensure that the whole dome is under compression. The
bricks near the ftop of.the dome will be cut in a wedge shape
not only on the flét wide surface;, but also on the narrow
.surface, so that in both dimensions the brick is narrower

at one end than the other.

On completion of the dome the post is removed. Single
bricks can be left out in the dome to provide small

openings for light.
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INTERIOR VIEW OF COMPLETED DOME
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TECHNIQUES OF MUD BRICK VAULT CONSTRUCTION.

The transformation of a series of mud brick vaults into a flat roof

or floor in a mud brick multi-storey building eg. =

L i
i | g;
: i

L

Using the existing vaults (1),(i1),(i1i) as the 'spring walls' or supports
and the same ‘mirror wall! as was used in %heir construction,two smaller, .
tbridging' vaults (a) and (b) are constructed in exactly the same way

as the large vaulis,

~mirror wall

The tops of these small vaulis should line up with the tops of the large
vaults, (1),(11),(111).

In this way the gaps lefd between the large vaults ars filled in the
lightest and most economical way.Ald that remains in order to cbtain

a level roof or floor surface is to fill in the gaps between the small
vaults and large vaults with layers of vault bricks,laid flat,and plenty
of mud mortar smoothed level ,If these gaps are still large,yet smaller

vaults can be buill to span the distance before packing with mud and bricks






MUD BRICK CONSTRUCTION: SASSANIDE DOME CONSTRUCTION METHOD

Part of the training programme at Gourna,before starting on the
construction of the house,was the erection of a small,?2 metre square,
mud-brick Sassanide dome resting on a low mud-brick wall which formed

the square support.

5
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- section




elevation







_The square plan is warked oult and three courses of wall bricks laid in
alternating courses,to avoid vertical cracking,using a morbtar made of
mud and straw.A gap should be left in the wall on one side.This gap

later becomes an arched opening to facilitate entry and exit during the

construction of the dome itself




corner detail




Measure 60 cm. each way from the internal corners out along the length

of the walls,so that the next two courses,4 and 5,allow for a 90O ledge,

% a brick wide,in each corner,as shown below.

These ledges foxm,on completion of the 5th course,the bases of 4 squinch
arches. '

&%
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SQUINCH ARCHES:

Fill in the corner with mud and % a vault brick,leaning at an angle‘

against the corner.

Then lean 2 bricks,shaped to take the angle against this initial

triangle,packing them with plenty of mud mortar.




The next rov is made up of 2% shaped bricks.The small middle piece
acts as a keyétone(to strengbhen the arch).Vault bricks are used for
the construétion of these arches and small bits of limestone or
pottery are wedged into the gaps left between the bricks as they

- take the angle.These wedges also serve to strengthen the arch.They

are more stable than mud mortar for this respect as they do not shrink

or expand with moisture loss or gain.




Bach course moves fuxrther away from the corner and rises slightly to
form a low archway.Each course leans against and is supported by the
‘previous course,in much the same way as in the construction of vaults.
As the keystones or wedges are squeezed into or hammered into the mortar

between the bricks they cause them to tighten up and form a solid arch




On completion,the 4 squinch arches should be liberally covered and

smoothed over with mud mortar.




COMPLETION OF SQUINCH ARCHES
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The 6th and Tth course of wall bricks should level out with the tops

of the 4 squinch‘arChes.At this point,;the square plan is convertved
intoe an octagonal plan by cutting the external corners of the Tth couxse

to meet the outer comers of the arches ege

8 @

e
i




CONVERSION TO OCTAGONAL PLAN

!,lﬂc\,



Two more courses are laid according to the ocltagonal plan and covering
the squinch arches.(course 8 and 9).The gap originally left in the wall
is temporarily filled in with loose bits of brick and rubble forming

a, rough curve on top,which is smoothed over with a good layer of mortar,
Then,using small ledges left on the walls on either side as supports,

an arch is constructed with vault bricks laid on edge.This arch is

covered with a layer of mud to smooth it off and the supporting rubble

infill is removed.







© The 10th or 11th course of bricks should level out with the top of the
arch and start taking on the circle of the dome.In fact,this course is
of vault bricks and forms the 1st course of the dome,which is thereafter
built entirely of veult bricks.The centre point of the plan is located -
in order to fix(with mud and rubble)a central pole,at the end of which
is attached a string of fixed length to be used as a guide for the

"~ construction of the dome.




The end of the string should correspond constantly to the inner edge of
the remaining courses of brickwork making up the dome.The length of the
string is actually the radius of the sphere of which the dome forms a
part.The height of the dome can be adjusted by using a shorter or longer
pole i.e. a shorter pole leads to a flatter dome and vise versa.Vhat

one is in fact doing is raising or lowering the centre point of the sphewre.

v s
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FIRST COURSES OF DOME



Consecutively smaller éircles of brickwork are then laid,according to the
length of the string,fo form the domesThe bricks in each course are tiited.
up more and more from the horizontal,leaning inward,by packing mud moftar
on the external side,in order to take the cuxvature of the sphere.

In plan,the bricks are laid flat and angled in oxrder to teke The curvature

of the cixrcle.

s
sy



A piece of 1imest6ne or a red brick should be used to close the dome,
being much more stable than mud brick and legs liable to shrinkage ;
on drying.Thisllast stone or brick is firmly wedged into the opening

at the top of the dowme,increasing the compressive strength of the whole
curvature.

Small windows or openings can be made in the dome itself by using the same

infill technique as for the archway opening.
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STRUCTURAL ANALYSIS OF VAULTS AND DOMES

The basis for this study is taken from an analysis done at
Cairo University,and having worked through it,I have come to
various conclusilons concerning the validity of this sort of
analysis,which tries to put structural formulae to a system of

construction,which has been successful for thousands of Years.

SYNOPSIS

Both vaults and domes are considered to behave according to the
theoryvof membrane structures(?) since their material cannot carry
but very small values of tenslle stresses.

One large veult and one large dome have been checked structurally
‘to estimate tﬁe stresses,to show that they are well below the

safe limitse.

VAULTS

Vaults are constructed without the aid of any shuttering,folléwing>
the method in figg1.t,inclined}towards the mirror wall as in
fig.2+Each course is built up from both sides till it meets in the
middle. "
PRINCIPLES OF THE STRUCTURAL ANALYSIS.

During the constructiop of each course,the COheSlon bptween the
different layers of brlcks created by the mug, mortar is strong
enough to hold the bricks in the incompdeted course in place.
The critical condition occﬁrs when piacinc the bricks very close

to the crown.The mortar must be stlcky enough to hold the brick in
'equilibrium helped by the angle of 1nf11nat10n of the layers to

the vertlcal fig 2.



)
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fig. 3.




‘VAULT ANALYSIS

XY

Cohesion stress)= WweSescX where cohesioh)= w.Cos{

S

area of brick

= J.Cos X ‘
15 x 25 . 0.0 Ag/en
Which 7s sofe
what js X 7

shear coheson. o) = uCéSOK
1&x25 . -
. (osX = Ol x 16x25

. .
-4 = oS ‘0l x15x25
L

The arch action starts to work when the layers of the two haunches

meet together at the middle,when the equilibrium of the arch is

governed by the direct arch action.

The following statement ,I feel,is too much of an assumption

on which to base the éroof; Under the effect of own weight the
line of pressure of the vault will take the shape of an INVERTED
CATENARY.Then fOllOWSithe Vault analysis,which I have iﬁterrupted

by the proof for the Common Catenary,to explain some of/the

equations in the analysis. "'




THE COMMON CATENARY

This curve is formed when a uniform,flexible,inextensible
arch swings freely under gravity under its own weight.let
T be the tension at the lowest point,C.Msasuring S from C,

we get resolving;

HorizoNTALLY T cos ¥ =710
VERTICALLY T sin LP = Ws
DIVIDING Tran® _ ws
T TO
LET -—I)L = C......(consd-anf}...‘....(i)
' S = C +an W(whnch s the mntnnsic

equation of +he curVe)
[C 15 called the parameter of the ca\renarﬂ]

dy  dy ds
ay T g5 X gy

= Ccén WY gecz ¥

= C ton P sec ¥
INTERGRATING  w.r. kb, ¥
y= C sec W+ k

NOW CHOOSE OUR  AXIls So THAT y=c when Y=o 5 = C Secq)........

Feom (1) AND (i) — <5qum"mﬂ and odo\‘;r}a) , 52=c2 + 52
dl:j _ S 2 _ .2 ' A= - C
>x  tan q) = c = ——hLC——— ..... ]Crom (H\) dy (jz_cz
INTERGRATE w.or.toy -
= -=
x = C cosh"_g_—;-A [ e® +e°]
Since Y= c , Wwhen <=0 +hen A=0 . Hence ’%C— = cas h™' Y
. ‘ ‘ C

Yy=c cosh7 ... (v
dx - q} c  _ C
ds s T T T T JoErse
INTERERATE  Ww.r.t s

=)

x= ¢ sh™ T + B, when x=0,5=0 .'.8=0

=x S . .

c = sh™' & . s = cshie oalso from (i) and (iv)
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VAULT ANALYSIS

5=C cosh%&' —

THE SLOPE OF THE TANGENT To THE CURVE IS GIVEN BY !
5 vertical resolution (b) ]
tan ¥ =& — (2 [div’:de horizontal resolution (a)
where (a) = T cos P =H
) = T sin Y- ws,

THE LENGTH OF THE ARC 'S' s eleN By @ S =y =c® (3)

[ differential calculus using = dy = dy.ds
doe =ds. dx
where C' 1s the porameter of the curve
The two components of force along the
catenary are gwen bﬂ : H= w.ec. — (&) const.
V= ws.— (5
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FIRST VAULT

The line of pressure coincides with the centre lins of the

vault.(This obviously assumes that the vault has been constr-

ucted to suit the catenary line of pressurs.)

o
SoLVING  E® UATION : ﬂ: C cos h C
4 A e 15cm
FoRr Yo = |32 +C & A/g%f?f f‘i'g/{? /
4 LTI Jéf‘/,/ -3
Xo = 158 1720 L
Ui,
S
X‘(iuf:’%: /;;?;}
‘ , GO,
L 172 and 188 - chosen nos.] If}é’gﬂ\«_vi«v‘ﬁ,
165 [cm 7 G
ﬁz%%’;
LT
cC = 92 by irial @é
Yo = 264 cm.
) I50cm -
LENGTH OF ARC @ S, =V yZ—c® 158 cm -
T 248 om
S _2.48

ANGLE OF

&

I

THRUST

w. y. = 240 X 2.64
634 Kﬁ/m

we = 240 X 0.92
= 22) Kﬁ [m

W.s., = 240 X 2.4&
T s95 Kglm.

WHERE. ARCH

MEETS WAL !

tan LPos—é—— O. 92
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CHECK

THE STRESSES IN THE VAULT

22| Kglm —P

634
= )00 XI5

2221
= JlooxI5

it

COORDINATES OF PRESSURE LINES

——————
1

0.147 Kg/em?®
= 0.422 Kg/cmz

O. 14+ Ka/cmz
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= g(?"' VU
E A )

- H . . o
Cle N, AT, . ~ ey ’\A
% &éd&‘w' L AR ~ w
= - r—mg,;,,-""g ~ .

45y D

g, 0 Nt
-«agp{(\g ?"gw\\ B

"ige

‘\(\‘

3
0.422 Kg/ 1

cm*

Tl

X rom Y=C cos h & Y
O —_— 22 cm 172 em
30 0.326 9% 16 F
60 0. 652 1z 152
20 O. 978 139.5 124.5
120 |. 304 gz g2
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FIRST VAULT

ECheck the straesses on the supporting mall.:]

WEIGHT OF WALL = 3 X 0.6 X1 X | X1l 6 '4
= 2.4¢
. ol
N= 2.4 + 059 8
0
3

=34

M=0.221x3 — 0.595 X O0.I%

T 0.663 —O.1 <

M 0.563
N 7 3 0. 188 & 4~
= 18.8 cm. 622, 18.78 N
2N . v R
18 .66 X 100
3.2 K z
9/ cm - 5.2y e
NB. . FOR A SLOPING WALL OF Zcm AT BASE OF SLOPE ANGLE.
2N | 2 X3ooo
f= Zcb T Zoesxioo ~ 2.7 Ks/cmz

27 66

3

9.22 18. 78

f= 2.r7}§ykrnz
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SECOND VAULT

LINE OF PRESSURE IN THE MIDDLE 3rd ZONE |

11

F':’
SOLVING EQUATION :
17%cm ||
|
X i
Y= C cosh <& b9 tral MSICM
{
Yo = |25 + C : zatigamj £ v
o 1 "»:t
Ko =155 | I50cm 4‘
I55Cm
4
C = 83 cms
Yo = 263 cms v V
So = \l Y"Z ~c*® T A
. A 155 ecm :
__________ R SN
50 =248 cm H .—ﬁ ,’l
s _ 2.48
Tan Yo =& = 0.88 e
- oo
=z B2
To = WY, = 290 X 263 C
= 630 /<3 /M' Lp — X

H = W.C. = 240X 0.88
= =/l Kj/m'

o = WS, =240 X 2. 48
=595 Kg/m'

CHECK OF STRESSES IN THE VAULT .

2
S: _ 2T
o k. b.
Z X 630
Fo = Joo X |S

b = 0.82 Kg/cm?

Fo =0.82 Kg /sz
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SECOND VAULT

Ordinates of the line of pressurs;

A
I~
ol I
JINEEEN
0
4 ) ~
M 30730 30 30 35 e
X Y
O 175
30 169.5

30 ecm

20 cm

30 cm

30ocm

30cm

12

I15emj
T

150 cm




DOMES,

THIRD }STAGE

SECOND| STAGE \

FIRST STAGE

recommended brick size

F13.3.
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BYZANTINE DOME
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EXAMPLE

Data; Spherical Dome; N
('S
4]
2.65 3
aT = A o+
Lt = 25 cm.
wall hetﬂhf = 5 .2m.
wall Hhickness = 60 em.
O
N
3

Self  wéight load P=1XI1X25%16

Max. tension

= <00 kg/mz/c H’\./Ck

N¢g = P.a.
- 4oox 2.5 f‘a‘gj;
= loso Kgq [m’

{060

Max . ring tensile stress = 58 X100

= 0.42 Kg [ cm*

CHECK STRESSES IN THE WALL /ASSUMING THAT THE DOME MATERIAL

Is STRONG ENOUGH To CARRY THE O. 42 Kg. cm?

Pa. =400 X 2.65 =/060 Kg/m'

Wéight  of wall/m’

SECTION A -A:

SECTION B -B

IXS5.2X 60 X |6
-~ 5000 Kg/m'

1060
25 X oo

o.42 Kglcm? <5qu> 025 m

S f

I

Compressive Stress

I

M = Joso x (30 —/2): 19100 Kg em

N = 5000 + /060 = 6060
P o= 6060 + 6 X 19100

60 X [o0 loo X 60 X 60O

.-’—
= — /.0 — 0. 318
—~1.228 Kg/cm =

~0.692 Kg[cm™ SAFE.

0.692.Kg/em?
1.228 Kg/cmz
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SPHERICAL DOME

‘ VERNCALLY | € We + Z2rr [r. smn e—]_ Ne- sin-e =
‘ o Ne = — Wee
! 2 nnr snfe
- w
Ne = wD.sin%*e
from vertical res. at horizontal latitude , where angle
subtended al centre Is -o
D
HORIZONTALLY . N¢ = EPf Tz T Ne-]
- = Pcos e and Pe =P an-e
where P s the self weght/unit area of the surface
N¢ and No are membrane forces/urit Ieng’rh-
Q.
—Pa. i 2
N-e- = |+ cos & Ne— deSfam
‘ Pa. (—_»
N¢ = [Fi.a + ¥ cose
V Pa.
: N¢ = [" Pcos o-.a +77 +cos. & |
. Pa
— P, — R 2 _ ) 2=0 . |
MeriDiaN N-e- -,—;%zj_—— = —OTZ—_C,L— L—.quahon oF H_n,jpefﬁ.)o)a: |
cos & = = (vorable
E ) a constant
| Pa® ' N
Hoop N¢ = ("P.Z + S+= No- .
E Paoa%*—a=z —= A ”“""34";"'8,:'4'" B A ’ »
' = =0 # :
N¢ A r= ‘:"\’englin'o,;’:laz\e NN?S

arch achion In
@ hoop plane

!
l
|
|
N¢ 15 made up of I
|
|

components from N¢

and .

a
=

T

Pa
N¢ dlogmm
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INDIGENOUS IRAMIAN ARCHITECTURE

CONTENTS:

I INTRODUCTION: Instructive nature of building in mud brick.

I1  HISTORICAL BACKGROUND: Development and dissemination of mud-brick,
vault and dome building the 'Apadena' and
'Advan' plan forms.

IT1 GEQGRAPHICAL INFLUENCE

& DISTRIBUTION OF BUILDING TYPES: Avaitability of materials - climate -

IV WOOD CONSTRUCTIOM: Pitched roofed timbeyr framed houses.

¥ MUD & BRICK CONSTRUCTION

1. Making Bricks: mud-brick, burnt brick.

2. Building: house planned and built by owner.

[£e

Foundations.

4. Walls: Pice, Mud—bribk, burnt brick, stone.

(&

Flooring.

6. Roofs: i) Flat Roofs: timber base, mud topping
S

a. Introduction :

b. Vaults with centering/shuttering

c. Vaults without centering/shuttering but with
staging/mirror wall

d. Vaults without centering/shuttering and without
staging/mirror wall

i) Domes:

a. On squinches v
b. On squinches and infill walls
c. On pendentives

iv) Vault and Dome combinations.
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INTRODUCTION

The development of indigenous Iranian arch1%ecturo was hredominantly, though
not exclusively, the development of the use of mud-brick. For example, although
most major sassanide buildings were in stone, yet the mgjority of Iranian
buildings of excellence through history were executed in sun-dried mud-brick
Although today, in the north and west stone and timber are used, most wndngr
enous building across Iran are still executed in sun-dried mud-brick. The use
of mud~brick as a training tool for aspiring master masons had advantages

~ inherent in the material; the fact that it was so cheap and easily obtainable

encouraged exper1ment Mud brick building through its Tines and form clearly

‘demonstrates the major mechanical forces involved in the structure. The small-

ness of the unit of composition gives it great flexibility and elasticity.
Thus ad-hoc adjustments can be made, even to modifying the basic brick unit,
during the process of construction to respond io most structural or spatial
demands that may arise.

After counstruction any structural error will show up, often without the coll-
apse of the whole building. Mud brick buildings with large cracks and distor-
tions have stood up through the years, clearly demonstrating in the structure
the particular reasons for them. Thus in the absence of mathematical technigues
Iranian masons, schooled for centuries in mud-brick building, were responsible
for many new and complex structural forms developed to a high Tevel of perfect-
jon*1. -It-can-be argued that even today it is unaurpassc as an e*p1“*ﬁ“f””

ﬁfmethod of building instruction; :resulting in quick, easily apparent and r@]lahip )
“results and a built form pract1ca11y and’ aeSLhet1ca11y in_harmeny with the
““Tranian environment . One simply has to juxtapose Iranian indigenous architect-

A

ure, domestic or monumental, with 'modern' Iranian building for thic point
to be illustrated.

HISTORICAL BACKGROUND

Iran played a major role in the deve]opment and dissemination of mud-brick,
vault and dome construction and s y1es such as the 'Apadana' and 'Aivan' and
building elements such as the 'bad -gir'. The debate on what originated exactly
where, is somewhat academic for the present paper*2, It will suffice here to
simply inject some historical perspective into the subject.

By the 4th millenium B.C. sun-dried mud-brick was beginning to replace pice
using shuttering as the major building technique. Originally they were ovaT
shaped mud-Tumps *3 but by the end of the 4th millenium the flat-rectangular
mud-brick formed in a wooden mould began to be used in general. Houses by this
time had all the basic architectural features of doors, w1ndows, recesses,
butresses, rendered and painted walls.

*1. A U Pope and P Ackerman Eds. "A Survey of Persian Art" p. 901-2, alsc
see footnote 3 p. 901.

*2, See Hans E Wolff "Traditional Crafts of Persia"; Pope and Ackerman "Survey
of Persian Art"; R Girsham "Iran"; K A C Cresswell "A Short Account of
Early MusTlim Architecture" to follow the debate.

*3. R Girshman Iran p. 29.



Because of the scarcity of timber. vault and dome construction was developed
in Asia. Flat roofs needed timber beams, branches and matting on which
a layer of mud was placed. This method is stili used when there is no scarcity
of timber. Early vaults used wood centering and shuttering and it was not
until the discovery of gypsum mortar in this area that the use of timber even
in shuttering could be entirely dispensed with. Gypsum sets almost immediately
on contact and there is no danger of stlipping *4. The first Iranian examples
are the Ramesseum in Egypt (4000 B.C.) and in Babylonian graves and canals
through Sassanide and Islamic times, (Sassanide Dyn: 224 A.D. - 651 A.D:
Islamic 651 A.D.)*5, this method reached high technical and architectural
standards.

“"Even today it can be said that there is hardly a room that a Persian builder
cannot cover with a vau]t, from the most horrible peasant house to the covering
of a cinema in Yazd where a single barre1 vault of sun-dried mud-bricks spans

a hall seating 600 people" *O0,

In style, foi and plan, the 'Apadana' and 'Aivan' are the most characteristic
of Iranian inutgenous architecture. The 'Apadana'’ is a Targe room in the centre
of a building with a wide hall open on one side and having small rooms at each
end (see figs 1-4). Already developed in pre-Achamenian times (Achamenian dyn:
550 B.C. - 249 B.C.) it was widely used in Iran and Tater Iranian builders
spread it through the Moslem worid. The plan on the monumental scale as
illustrated in Persepolis differs 1ittle from present day peasant houses in
Azerbaijan and in the central province (compare figs 1-4). In detail the
capitals on wooden columns in the Azerbaijan houses are stylised versions of
the bull's head in Persepolis *7, which is doubtless a heritage from its
antecedents - it developed from the customs of a nomadic people who were used
to Tooking out into open space and blue skys*8.

CONTEMPORARY

Geographical Influence: Availability of Materials - C]nmate etc and
Building Types:

As it effects building types, Iran can be broadly divided into two; the mountain
ranges with their thick forests, snow and heavy rains (225" p.a. in the Caspian
Provinces*3) and the desert interior. Within the mountain ranges another two
sub-divisions can be identified. The Alburg mountains of the North (the Caspain
Provinces) have rather more timber, rain and snow. The house constructions are
predominantly timber, with sloping thatched, tiled or shingled roofs and wide
overhangs. (See fig ). The Zagous mountains of the west have houses with stone
or brick walls and with a flat thatched roof (See fig ). In the desert areas
houses are made of mud-brick with vault and dome roofs. Though these divisions
are broadly accurate there are of course many more types and differences. For
exampie brick walled, flat thatched roofed houses are also found in the Alburg
mountains.

Finally, although stone is generally availabie in Iran, brick, particularly
mud-brick, is preferred. Stone was more often used where permanence was very
important, in buildings such as fortresses, caravanserais, bridges etc. otherwise
the vast majority of indigenous buildings of Iran were constructed in the
cheaper more flexible and rapid brick*10. Today in mountainous regions stone and
rubble villages have been built for centuries while cut stone is widely used

for foundations.

*4, Pope and Ackerman *3, H E Wulff: The Trad. Crafts of Pﬂrswa
*5. Pope and Ackerman pp. 415. M.I.T. Press 1966 p.113

*6., H E Wulff p. 1065. *10. Pope and Ackerman “Survey of Persian
*7. H E Wulff p. 104. Art" p. 900-901.

*8, Pope and Ackerman pp. 429- 430



W00D_CONSTRUCTION

Houses built predominantly of wood are found north of the Alhurz mountains. In

the Tow lands near the Caspian Sea the houses are raised approximately 600mm above
ground on a system of alternating heavy sleeper beams, blocks and boards on

which the floor of the house lies. Verandah columns ring the house and support

the horizontal purlins (kasin) on which a framework of steeply inclined rafters
(salju) and bamboo (kartun) battens are supported. The rush thatching is carried
on this framework. Bamboo and rushes grow in abundance along. the many water

ways in this area.

Further upland the raised floor is not necessary and therefore the main frame 1is
laid directly on the ground. The vertical stiles that form the room are nailed
across with thin branch wood or bamboo stems and filled with a mixture of wet
loam and straw (kah-gel).

In place of thatching, shingles {(tahteh) or burnt tiles are also used. The tiles
are either fastened with a nose at the back to attach them to the roof battens,

or they are made into semi-tapered cones which are then slit into half resembling
spanish tiTes. Burnt tiles are made by the local potter using a fat clay.

Galvanised iron roofs are beginning to replace other roof types.

MAKING BRICKS *11

Mud Bricks: Earth for the mud-brick is taken from excavations or from a pit
nearby. A pick and spade are used for digging and if the earth is being dug from
a deep pit a windlass may be necessary to haul it to the surface (See ¥ig 163).
The earth is soaked in plenty of water; straw and chaff are added and thoroughly
mixed by treading with bare feet. It is then mixed again using a hoe.

The brick mould is simply an open wooden frame with a handle. The brickmaker
scatters a thin layer of chaff on the ground. He puts the mould on to it and
fills it with the mix, smoothing any surplus off with his hand. With a quick
smooth motion he removes the mould and places it next to the formed brick

to repeat the operation. In this way he can make 250 bricks an hour: '

The bricks are left in the sun for three to five hours depending on the weather.
They are then set on edge to dry for a day or two. They can be used immediately
afterwards for building. This work is only done during hot months of May to
October *12. A standard brick is 8" x 8" x 1i" - 200mm x 200mm x 38mm.

MAKING BURNT BRICKS

Burnt bricks were made by Babylonians in the 4th millenium B.C.*13, and in Iran
kilns in Susa and Siyalk have been excavated dating from the 1st millenium B.C.*14.
As bricks are normally used for facework the clay used has to be selected and
staked and be clean of impurities. The brickworks are situated near a suitable
clay pit usually outside the settlement. There should also be a deposit of a

gray sand nearby.

*171. The following information is substantially derived from Hans E Wulff
“Traditional Crafts of Persia" pp. 110.

*12. Compared to Egyptian method (or whose recommendation) where shade and
winter is preferred for a more even drying.

*13. R Girshman Iran p. 166.

*14. C Singer "A History of Technology".
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The clay with 1/5 of its volume of the grey sand, is soaked in a pit filled
with water and left to slake for 24 hours. (The sand makes the clay lean
and after fivring becomes light-cream in colour, otherwise it would turn
red). ‘ : h

After 24 hours the mass 1is thoroughly mixed with. wooden shovels and then
hoed over. It is carried in buckets and poured into a gutter which leads to
a neighbouring pit. There it is separated from course materials through

a sieve and the strained clay is allowed to settie. After the first day the
surplus water is scooped off from the top. Four days later the clay is
normally dry enough to be moulded.

The mould is a cast-iron box with two compartments to take the narrower
standard size bricks. It has four projections at the base which is used

for gripping as there is no handle. A handfull of the gray cand is first put
into the mould and shaken around so that it sticks to the wet surfaces. The
clay is then put intc the mould and levelled off either with a straight edge
or wire. The mould is then turned over and emptied.

The brick is allowed to dry for a day, then turned on edge to dry for a
further 3 to 4 days. It is then ready to be fired. A brick kiln *15 consists
of a vaulted fireplace which goes 5-8im below the ground surface. One vault
is full of holes and serves as a grate. Steps lead down to this fireplace.
The visable part of the kiln is the surrounding room over the grate. It has
one opening at the ground level and one above reached by a ramp. There 1is a
smoke outlet at the top.

The first Tot of bricks are stacked through the bottom operning and the re-
mainder form the top. The bricks are stacked with spaces between them to
allow the combustion gases to pass. The top layer is packed closely and
smeared with clay to cover the joints except for 1mZ areas which aliow the
smoke through. One of the openings is then closed up.

. Fuel 0il, *16 a by-product of the refineries, is mixed with chaff and dry

stalks of sugar-beet and shovelled into the fire hole. The bricks are fired
for 72 hours. Then a large quantity of the fuel mix is shovelled in and the
resulting sudden Tack of air begins to reduce the heat. The fire hole and
smoke outlet are now also covered up with clay and the kiln allowed to cool
for a further 72 hours.

The bricks are then ready for building. Those nearest the grate are usually
overfired and used for constructing water basins and cisterns, common features
in Iranian houses. The kiln just described has a capacity of 50,000 standard
bricks 8" x 4" x 2"/200 x 100 x 50m. Khuzistan kilns have a capacity of
150,000 standard bricks.

Another type of kiln (see fig 176) consists only of the fireplace and grate.
Limestone is stacked in the centre over the grate and the bricks placed

around this, with spaces to allow the combustion gases to pass through and out
in all directions. After 24 hours firing, the bricks are allowed to cool and
except for the outer layer, they are then ready for building with. The burnt
lime is just sufficient to prepare the mortar for this barch of bricks *17.

*15. Types and methods vary from province to province. Example here is from
Hamadan.

*16. Previously desert shrubs (car,tarkha) (artemisia herbs alba) and wormwood
was used. It has a Tong intense stem (the shrub).

*17. Wulff considers this method inefficient. However if firing for 24 hours
produces as good bricks as the previous method with 72 hours firing and
burnt lime for mortar, there is a case for it.



BUILDING

There 1is no distinct professional differentation between the builder, mason
and bricklayer. You are either an apprentice or a master builder with
apprentices working for you. No drawings are prepared for the house - the
owner and builder mark it out on site with powdered Time.

FOUNDATIONS

The foundation trenches are dug approximately 18"/500mm deep and slightly
wider than the walls. The excavated earth is mixed with burnt lime and water
~to make a soft paste. A Tayer of this paste about 6"/150mm deep Tines the
bottom of the trench and then course stone ballast with stones 150mm to 200mm
in diameter is thrown in. After a second layer of paste and stones are then
placed on top. This 1is repeated till the trenches are full. Within 3 to 4
weeks the foundations have set and wall building can commence. In time the
Time-mud-stone mixture becomes as hard as rock.

WALLS
Pise or Rammed Earth

Most perimeter walls, surrounding gardens etc. are made of this technique.
Earth is moderately wetted and, with chaff, kneaded with bare feet into a
plastic mass. The building line is marked with a string (risman). The

builder then places this earth in Tumps onto the properly set foundations

and along the string. If it is a Tow garden wall doundations may be no more
than a Tayer of cut rock on the ground. The clay lumps are shaped freehand

into a course 15"/400mm wide approximately *18. When a course is finished it 1is
smoothed over with a trowel and aliowed to set usually for 2 or 3 days hy
which time it should be hard enough to begin a further course until the wall

is complete.

Yard walls are usually topped with a layer of burnt-brick that corbels out
4"/7100mm to protect the wall against rain. Garden or orchard walis are

capped off with wooden sticks about 30"/250mm Tong x 2"/50mm thick. The sticks
carry a layer of thorny brushwood or rushes weighed down with a course of a
Time mixture which sets and becomes water resistant.

The walls narrow with height normally. An 8'/2.5mm high wall is 800mm
at the base and 250mm at the top. Another method is to mix clay, rubble,
straw and Time and firmly pack and harden it in two wooden mould making
horizontal Tayers each 450 - 600mm high. These are still in use in Iraq,
Iran and Turkey.

MUD BRICK

The courses are laid along a string which marks the building Tine. The bricks
are laid in bond and the mud-straw mortar mix is the same as used for making
the brick. The mortar is Taid about 2"/18mm thick, is spread with a steel
trowel, and the ievel checked with a plumb-1ine or straight edge containing

a small pendulum (sagul).

Outside walls are usually 600 - 950mm thick. Inside walls can be single
brick (vakajuri), bricks on edge (tigeh), or bricks squared to form box Tike
holes (sandupi}. The transition between a vault and a flat roof or top floor
is also built hollow to lessen the weight and save bricks (see fig-168).

*18. i.e. Half an Isfalian cubit
1 cubit = 80c.m.
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The walls are rendered

(gel rus kasidan) with a mud-straw mix (kah-gel)
enriched with Time (ahak) which makes it insoluable after setting.

/

BURNT BRICK WALLS

" The mortar (sey-ahak, maseh, malet) for burnt brick walls is a mixture of
hydrated 1ime and sand. For modern urban buildings, sand-lime-cement mortar
is often used. A specially water proof mortar, often used for reserviors, is
made by mixing sand. lime, cement and wood ashes (hakestari-hamniam) and
either the hairy seeds of rushes or goats hair is added for internal bonding
and to prevent cracking *19.

Outside walls are seldom rendered but the joints cleaned to give an attractive
finish. More recently mud-brick structures with a bonded in veneer of burnt
brick on the outside have been adopted.

STONE

e

Many buildings today are built on a stone base approximately Im high. Thus the
brick parts are high enough to be safe from the splashing of winter rains.
Ashlar masonry is widely used in the province of Fars. It is laid without
mortar. When it is set in mortar a special Time and clay mixture (dugub) is
used for the joints (darg, darzesand). It is applied soft and the stones set
easily with a very thin joint. In a few months it sets very hard.

FLOORING
A

The aveiage house floor (kaf) is made from a hard setting mixture of lime and
plaster, often mixed with stone, grit and red iron oxide for colouring.
Wealthier houses have stone slabs, burnt bricks or glazed tiles for flooring.

ROOFS

There are basically three types of roofs.
1. Pitched Roofs: (See Wood Construction)

In the Caspian provinces with their heavy rainfall (225"p.a.) pitched roofs are
found, covered with either straw, (figs 158-15%) *20, shingles (tah, teh, tet)

or burnt tiles (sofal, sefal, tufal). Burnt tiles are made by the local potter

(sefar gar) from a fat clay. They are flat and have a nose (dokmeh) at the back
to attach them to the roof battens.

Others resemble spanish or roman tiles - i.e. slightly tapered cones slit in half.
They are used widely in Mazanderan and Googan. Galvanised iron roofs (sir vaneh)
are becoming increasingly common.

2. Flat Roofs: (Bam, post e bam, rubun)

These typify the houses on the Iranian plateau and at the slopes of the Zagros
mountains.

Ceiling joists (tir, sardar) are placed over the walls or over heavier beams
(samal) supported by columns where there is an open porch. On this, either
ceiling boards (sogaf - pus) or battens (pardu, dastak) are nailed and covered
with braided reed mate (hasir). A mud straw lime mixture is Tlaid over this in
thin Tayers. Each layer is allowed to dry and then compacted with a rolling stone
(garraban) before the next Tayer is applied. In Fars and Isfahan the roof 1is
approximately 250mm thick. In Azerbaijan it is 500mm thick and a much greater
proportion of straw is in the mix. During construction salt is strewn on the mats
and mixed with the mud to keep insects, particularly white ants and borers, away.

*19, Sir J Chardin "Travels in Persia" p. 262,

*20. For house construction see Wulff p.p. 106-107



The mix is laid on the roof in sections approximately 3m wide. In betwesn

each section a rain channel is formed slightly depressed in the centre

and deepening to the edge of the roof whare it ends in a wooden spout. After
each rain the roof has to be compacted otherwise +it vwould develop cracks while
drying, (a roller remains on the roof) and any straw has to be immediately
turned over as matting straw seeps in whicker than rain. Such roofs keep the
rooms cool in summer and warm in winter.

VAULT AND DOME CONSTRUCTION

Vaulting: Introduction

In Europe vaulting was developed for a Timited practical reason - the need
for a light roof over a high enclosure that could be carried by walls

pierced by many windows. The fundamental motives were religious and aesthelic
and it's use was Jargely Timited to buildings embodying these principles. In
Asia, scarcity of timber led to the development of vaulting to meet almost
every conceivable spatial problem from peasant houses to mosques to palaces.
Unfirad mud-brick was used because it was far more fliexible and adjusta-io
than fired brick.

Two basic forms evolved; the barrel vault and the dome on squinches. The former
roofed oblong rectangular spaces and the latter roofed square spaces. A single
vault or dome could normally span only a limited area, but many combinations
were developed, achieving large spans and roofing the most awkward spaces.

"A view over a Persian desert town, with thousands of vaults of all kinds,
defying all regularity, gives the impression that there is nothing that
cannot be done with a vault built of unfired bricks" *1.

Vault construction, as currently in practice in Iran and lraq, i.e. without
timber centering or shuttering became possible with the discovery of gypsum
mortar. Gypsum mortar sets almost immediately on contact and there is no
danger of slipping. The first Iranian examples of such vault construction
is found in the Parthian buildings of Ashor (Ist Cent. a.d.)*2. But earlier
examples of such construction can be found in the Ramessaum Granaries
(Egypt New Kingdom 4000 B.C.) and in Babylonian graves and canals.

1. Vault or Arch constructed with centering.

Centering did not die out immediately with the discovery of gypsum but was used
in a modified form. A thin Tayer of stone and gypsum was laid over the scaffold-
ing and when it set it formed the centering for the bulk of the stone and mortar
which constituted the vault. Thus only a very light centering was required. It

as erected on the sustaining walls after they had been built up to the spring

p oint level. The diameter of the vault was consequently greater than the breadth
of the room.’

2. Vaulting without centering using staging/mirror wall.

This type is used widely in Iran today. The courses are set vertically from the
sustaining walls and Teaning slightly against the staging/mirror wall. The
thrusts are thus distributed between the vertical and horizontal axis, between
the sustaining and mirror walls working together with the sticky gypsum mortar
to minimise any possibilities of slipping. The vault described a Targe segment
of a circle forming a parabolic (3 elliptical) curve.

*1. E Diez See Pope and Ackerman p. 918

*2. Pope and Ackerman p. 415



Sometimes when a large span had to be roofed the walls were gradually
shifted inwards so that they .approached each other in a slight curve.
Thus the actual span to be vaulted was reduced.

Vault types 1 and 2 can both be found in the palaces at Firuzabad, Iran
(2200 a.d.). The parabolic vault was characteristic from sassanid times
(224 - 651 a.d.). The largest example of this kind without centering

is the vault at Tag-i-Kisra in Tesiphon.(with a span of 84' - 25 gometres).
The vault at Firuzabad, despite the use of crude, flat stones instead of
bricks, spans 433' (13.3m.).

3. Vaulting without centering or staging/mirror wall.

% In constructing a brick barrel vault without stag1ng the masony starts at
the back wall with a course describing a segment of a circle and advances
w~ith a succession of parallel courses. This method is used 1Q/ran

Domes.

A major problem in spanning with a dome was in resolving the square with the

circle; the square room with the circular domed roof. To do this the squinch

Jz).and the pendentive waS developed,with many interesting types of combinations.
WAL

4, Dome on Squinches. m

1§
f In this type the dome jif formed by 4 squ1nches built up from the four
corners of the square room and meeting in the centre. A squinch is begun
by laying a small arched course diagonally in one corner and advancing
with increasingly larger courses until a segment of a cone is_ formed. This
» s done at each of the four corners till the half cones meet-at the circle
&t each side of the room. The work is continued in this way juntil the
remaining open1ng which is square 1in horizontal projection is closed. This
5. type of dome is used widely on houses in Kle ] .
Dome on Squinches and Infill Walls.

LY
In this type the squinches stop short of meeting in the circle. The spaces
left in between them are filled with level courses on a gradual increasing
horizontal curve until a horizontal circle is made at the crown of the
squinch arches. The dome rests on this circle and is built up by continuing
the horizontal circles moving inwards. It has a half elliptical cross-
section.

Dome on Pendentives

The other method of bringing the upper corners of the square room within

reach of the circular base of a dome was to build pendentives. Pendentives

are a triangular, overhanging wall supported on either side by the walls

of the square. If the triangle is built in concave courses so that its

inter1or surface forms part of the interior of a sphere, it can be continued

a perfect]y round setting for a dome is ach1eved

L- Vi <o Aeent v D Rgvans %\u\ e Wt aoadd ardagan Ao

Comb1nat1ons C A TRNE S

The above outline of vault and dome construction remains a very basic
vocabulary for the technique, types and their potentials. Very many
ingenious variations and combinations of the above were developed and
are practiced today. Once the builder has mastered the above techniques,
the way is open for him.
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MIC ARCHITECTURE. /. SQUINCHES, ETC.

Between the squinches the wall is built up vertically at pg and then filled
the face of the squinch, so that its surface Bb, Dd, has no precise geometrical
ugh it is practically circular at the level of the crown of the squinches.
2 corner of the lower walls and the crown of the squinch the groin gradually
pD and mA).

f this awkward groin the tenth century produced two other solutions : first,
,as in the Mausoleum of Isma‘il, the Simanid, at Bukhard (Pl. 264¢); and

Diagram of typical Sasanian half-cone squinch. F1c. 450. Byzantine pendentive.

1q h niche which blandly overrides the corner as in the Masjid-i-Jami’,
268 A), and closely resembles a certain Byzantine type (Fig. 450)," though
ninted. '
wsoleum of Arslan Jadhib, Sangbast, this squinch exists on a monumental
Ho B).' ~Half a century later appears at Yazd, in the Duviazdah Imim (PL
¢ first of a very long line of complicated squinch-backs, so numerous and
ey can hardly be classified here (Pls. 320, 4114, 412 A, F, 442). Along with
jugs used a very beautiful plain squinch with a sharp groin running from the
¢ walls in a smooth curve to the crown of the squinch (Pls. 305, 314).

¢ likely that Persian architecture could long rest content with the rather
inian filling between the squinches. Great side-arches, uniform with the
aes, replaced the old beetling walls, and created with their spandrels a bold
rism (PL. 260 B). On this the dome rested, projecting without further
This offered a better opportunity for lighting the dome chamber with win-
60 B, 274C.) Aecsthetic and practical considerations (see pp. 1000—1) made
wustment of the polygonal to the circular form necessary, and the architect

I Fienre after Criarey an it Tie 10
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9.3.2. HMaterials

phys1o1og1ca11y unhea]thy and structures whlch are uF?dTe.

9.3.2A Mud Brick (Aaobe) Consiruction

Mud brick is used as one of the principal building materials in many parts

of Oman. Its use depends to a large extent on the aveilability of lateritic
(ciay) soils. These are present in most parts of the country. Mud brick
a1thou§h was not found to be extensively used in the Dhofar coastal region.
This is probably due tc the Timestone bed rock condition. LTay s used h0~°
a1though as a mortar for Timestone block as well as for rendering barast
houses. E

Mud brick has been used in the past in Oman for LhP construction of civic
buildings, forts, market places as well as residential buildings. It
continues today as one of the primary materials in owner built housing. The
use of mud brick in building has developed to a high artistic level espec-
ially in the interior tovns such as Nizwa and Hamrah, where multi-storied
buildings of two and three stories are the rule.

In recent coneructlon of public bu11drnqﬁkua brick has been superceded
by concrete. The idea that mud brick and other i indigenous materials cannot

be used in modern building projects has been lﬁfhggucod cn the gwounds fhat‘

theseindigenous materials tend to produce environments which a

\

Before mud brick or any other materi a1 is d1scoun(ed its nropertic snouid
be analized and compared to properties known about other materials. Every
building material has its advantagez and disadvantages and i{s oppropriate
uses. Materials should be analized and compared with reference to their
physical properties and strengths, envircnmental responses, economic
implications, ease of use, effective 11ves;§dva11ab111b , and aesthetic
qualities.

Physical Properties of bud Erick

Composition of Soils

In choosing soils suitable for the making of mud bricks its physical proper-

ties must be analized. Soils of various compositions proauce bricks with
differing properties and strength and resistance to water damave.

Soils are usually graded into four divisions accerding to the size of

particles, as gravel, sand, silt and clay.

Particle Size

;‘JGrave1 2.0 mm

i Sand 0.2 - 0.02 mm

i Silt 0.02 - 0.002 mm

L Clay 0. oq?\ Mo ol {iny o

+ COveqe \\\\O
The soils cohesion properties (abiiity to hold together in a mass) are
directly due to particle sizes. Coarse soil particles are not cohesive
and rely on friction vetween particles for stabiiity while a fine grain
soil (i.e. with a high proportion of clay) is cohesive.




N

The presence of a high water content reduces the cohesive strength, and
th&s jts plasticity, resistance to deformation and its compress ive strength.

‘14 The presence of organic material such as humus in the soii is not favourable

[ - . .

~b for brick making and in %repdr1ng a site for qyarrying clay for brick making
./ the top soil or organic vayers in which biological activity takes place,

must be cleared away.

e

In making bricks of a sand-clay soil, the clay provides the cohesive sirength
and the sand Towers the moisture absorption and gives resistance to

I abrasion.

-

i Soils having a high proportion of clay swell yp increasing their volume when
i wet and shrink and crack badly when drying. Sandy soils on the otherhand

1 do not have sufficient cohesive strength to prevent crumbiing.

| Soils which are either predominantly sandy or have a high proportion of clay
| will not produce good mud brick for building. If soils are found in these

} conditions they must be mixed in the proper proportions to make a guod brick.
| The clay and sand content of soils very even within short distances,

; physical properties of soil from one area may be quite dw:ferent from soil

; taken from a ne1qnbourang area.

ﬂ Fig shows that the reduction fo clay percentage will cause an acconmpanied
;mj\ reduction in strength of the brick. This is attiibuted to the consequent
decrease in cohasion which in turn is the reascn for brumb11ng and eraP1ng
..of bricks hav1ng a low percentage of clay.

The water absorption rate of bricks varies directly with the amount of clay
i ‘present. When submerged in water bricks absorb at least their own wiegnt
. of water after half an hour and show signs of disintegration.

g+ shows=thdt/\when mud bricks are exposed to a saturated atmosphere
‘they absorb water to only about 4% of their weight. Bricks with a high proport
‘fo clay absorb slightly more. Meisture absorption=stopsyat about 4% after

, d2+to=I5-days.

In donsidering the effects of rain it is found that bricks having a greater
proportion of sand are more resiliant. Rain damage varies in inverse pro-
portion to the amount of sand present in the brick.

\B(1ck mak1ng relies on the properties of clay in the soil when saturated
with water to become plyable but stil} plastic. This allows the mud to be
moulded-into a block shape and to keep its shape when the. foriwork is re-
moved. The proper proportion of water to obtain this- state is usually
between one quarter to one half the eirght of,dry‘c1ay

There are two stages in drying of the brick. As most of the water evaporates
shrinkage of the brick corresponds tc the amount of water evaporated. At =
point when the brick conta1ns 7-10% water shr1nkage ceases and the brick

has become hard, though remaining a dard colour due to—the _presence of water.
Soil particles are in contact at this point and the remaining “water.removed
s replaced by air. With drying the brick gains a lighter colour.

This-means: tth Lwater content of 7-10% is tolerable .n;nudwbrqu construction
cand will not result in damage. On the other hand when water content exceeds

that Timit it breaks down the cohesive strength between clay particles and
consequently the strength of the brick.

ion




Climatic Response -~ Heat Transfer

- The response of .mud brick'bui1dinq'to thermal conditions-éxperienced i

‘Oman-has been tested in a series-of-experiments-at various-Tocations in-
-the «country (see sections- 3 -, & ). The thick mud brick walls 1nsu]ate
the interior of buildings from extremes of heat and cold, in a way that no
other material has shown. Exterior surfaces of mud brick walls which are
exposed to solar radiation heat up to a lesser .extent than wail surfaces

of many other materials, becuase mud walls especially those rendered with

a mud plaster have a light colour. These wall surfaces therefore reflect
solar radiation rather than absorb it. Mud walls varying in thickness from
40cm to 60cm delay the transfer of heat built up on exterior wall or roof
surfaces due to solar radiation from reaching interior surfaces for twenty
four to thirty hours. Very Tittle of the heat from outside surfaces reaches
interior surfaces which remain roughly at a constant temperature which is
an averadge of the daily range of outside surface temperatures

The ‘mud br1cf walls action of insulating the interioy from heat and cold
is not only<dde to its thichness but also its Tow coefficient of thermal
conductivity. (i.e. the higher the coefficient of thermal conductivity the
more ready the material is to transfer heat through & wall).

The coefficient of thermal conductivity for mud brick varies with the
composition of the mud brick. The coefficient increases with a higher pro-
portion of sand to clay. See fig .

In comparison to other structural materials mud brick has a relatively
Tow coefficient of thermal conductivity at 0.50 W/MOC while concrete is
approx1maue1y 1.2 h/MOC and 11mesfone is 1.5 W/MOC.

bud Brick Making

., Choosing soils for mud brick making.

{The demands of modern construction require a scientific appraoch to the

\se]ection and composition of building materials. Individual materials must

;be uniform in their properties and strengths and these preperties and strengths
must be clearly understood. Mud brick as a material must also meet these
[requ1rements.

Bu11ders in the past cannot be dismissed as-unscientific and the reason For'\
‘their successes and ingenuity put aside to intuition. What we have today has
evolved over many years of testwng and experimentation. It is the accumulate d
know]edge of many people building in response to similar problems and
environments. On the other hand when new tools and techniques make thems olves

available ‘they should be taken up #f they prove themselves to be improvements,

‘oh estt1ng sysnems Imorovemean have always ueén made and must continue, ' |

Nhen more than one mater1a1 cr- grade of material is available the choice of |
QU11d1ng material or system of cohstruction must rely on the requirements of |
the bu1‘d1ng and: the env1ronm°nta1 factors |

\\ |

e can see from flg ; & fig that mud brqck s properties of strength g
énd resistance to water damage vary depending onwthe composition of the br1ck;
Therefore the mud! brick can be designed to fit in tvidual building's requive-|
ments. Compressive ]oads experienced by bearing wulls\ﬂn the ou1ld1nq must e/
deuerm1ned and the amount of moisture in the environment™known in order to /
choose the optimum proportions of sand and clay to produce the best brick. A

further non structural consideration can be made at this point. It is known/

that the insulation or heat transfer value-of-the brick (i.e. its coefficidnt

|
»
|
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of thermal COﬂdJCtWVTLy) composition of the mauer1e! “Knowing-the ]ordt1on
- and orientation of the building the optimum coefficient of Thprma?
/ conduct1v1ty can also be attained by choosing the proportion of ‘sand and
clay. L

Ideally one would Tike to find soils of appropriate guantities of sand and
clay near_the building site. Kater in considerable quantities is also
required nearby. If tud can be quarried near the building site and mud
brick making carried out nearby there will be a great saving in time and
fransportation costs. This of course is not a]ways pos<1bl@ On the other
hand a site may be found where there is a large deposit of soil which
produces a high quality brick and a mud brick making yard e<tab11shed here
to produce br1c! for a large project or for general com;un‘!/ use, in
choosing a site not only the soil quality and economicy o7 transporting
bricks must be considered but the eventual use of the excavated depression
which is left behind. Al VALEG dePress

It is not always possible to find soils of the proper composition for mud
brick making in the desired area. Soils may vary in their composition even
over relatively short distances. Soils from various sites may be mixed to
- provide the _correst proportions of sand and clay for the producticn of
{ suitable bricks. It therefore becomes very important to make a thercugh
soil survey of areas where mud brick production is proposed.

(A) In the past the mud brick mason would clesr away the top soil from a

number of sites and test examples of the sub soils using simple tests. Colour

. of the coil would be noted, black soils tend to indicate unwented organic

kﬂ@mf/\\ material, and other colours indicate presence of various chenicals and
minerals. A musty smell is a good indicator of the presence of organic
material. Larger particles can be graded visually and soiis having aravels
or very course sands will be rejected. Grain size can be GOierﬁ1nad by
‘touch'. Soil if tested between the teeth can be graded (the tongue and
mouth being extremely sensitive to small particles). Sandy particies will
feel sharp and will grate against the teeth. Silt particles will be finer
but still grate somewhat. While clay will feel powdery or even soapy. Vet
samp1es of soil rubbed between the f1ﬂgers will give similar sensations.
When afwall of soil is man1pulated in the hand its texture bocowes apparent.
If it ¥p1ds together and is very piyable it has a high proportion of clay
if it crumples easily it has a high proportion of sand. If the ball of soi]
swells up in water it is clay, if it falls apart in water is it sandy.

{ Many qualitative tests such as these give important information on the uses

of soils for mud brick making.

}a Quantities of varijous particles in the soil can be roughly graded visually.
-\ ¢ Soil samples nmust be dried and pulverized. A1l particles which can be seen
~ it by the naked eye are separated and set aside. These are sands and gravels,
the remainder being silt and clay. Two piles are made and the proportions
can be estimated visually or measured.

The accuracy of the above 'traditional' tesis of course depends on the
experience and patience of the mason. This kind of knowledge will prove
advantageous even to modern builders.

(B) The newly developed field of 'soil science' and 'soil engineering' has
provided new techniques that the mud brick builder can empioy to upgrade
his methods of soil selection and testing.

et S [
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Bore holes can be dug in various places and core samples removed. These
samples indicate soil conditions at various Tevels below the surface at

each test Tocation. Maps and cut away sections (profiles) can be drawn
showing the different soil stratta. Bearing strengths of these various
stratta can also be taken. Soil samples are individually tested for chemical

composition and particle size. Some of these tests must be done in the labor-

atory but others can be 'field tests'. The test for grain size requires
drying and pulverizing the sample. The soil particles are then screened
or sieved through a series of wire meshes having sizes corresponding to the

‘various particle demensions - gravel, sand, silt and clay. The material

collected in each sieve-tray is weighed and the proportion of each particle
size 1is determined. This gives very accurate information to the brick maker.

“ For example:

It is determined after calculating the required compressive strength and
resistance to moisture that a brick with a composition of 50% sand and
50% clay is desired for a particular building. After a comprehensive

set of bore tests, it is found that there-are not deposits of soil in the
vacinity with the above proportion of parf1c1es, a1though there is a site
with 20% sand and 80% clay and another with 60% sand and 40% clay. Mixing
is therefore requ1red to obtain the proper composition in the brick. In
this case if soil from the first site was mixed with soil from the second”
\ site in a proportion of 2 to 1 the proper Lompos1t1on of FOV and and 50%
?c]ay would be obtained.
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Traditional Brick Making

Brick making: mud is collected from the suppnly pit and placed in a banked
up enclosure size where it is mixed with water until the consistance is
suitable for brick making.

1 This mixing process is usually carried out by foot though machines can be
saused, if available. At this stage care must be taken to ensure that the mud
~ put into the brick mould has the correct moisture content. Too much water
at this stage will result in bricks shrinking and cracking excessively in
the drying process. This in turn results in a loss of strength and density
in the bricks. As a rough rule of thumb if the mud sticks to the mould on
removal, then the mix is too dry, and equally if the brick does . not retain
a firm shape when unsupported the mix is too wet.

Teo much moisture in the mix will dry out in the brick Teaving voids which

weaken the bricks compressive strength and allow further moisture absorption.

The mud must stand for a day or two before brick making to allow all the
small Tumps to break up into a consistant mix,

When the mud is finally ready a clean Tevel 1is cleared, over which a layer
of sand or dust in sprinkied to stop the brick sticking to the ground. A
hand mould consisting of four wooden sides with no top or bottom to it. and
of the required size of the brick is then placed on the ground and ¥illed
with the mud mix, which is tamped down to ensure a compact neat brick. The
top is cleaned off and the mould is then carefully raised up to Teave the
formed brick to dry. Bricks should be Teft to dry in a shaded place for th'
first three days. This prevents excessive shrinkace and cracking. In fact
the slower a brick takes to dry the stronger it becomes. The best bricks.
are therefore made during the winter. After three days bricks are turned on
‘end so they dry evenly and lift in the sun. Bricks should not be used

:\ “before they have thoroughly dried out, which usually takes at Teasb thirty

days, when they will attain a constant wa1ght

Two_ guides as to the quality of ‘the finished brick give an indication
whether- it will be adequate for any load bearing commonly found in house
building. Firstly, whilst small surface cracks are pprm1s<ab1e in the brick,
if these cracks extend from one side to the cther the Lrick should be
rejected. Secondly, the bricks should be uniform in size, free of voids and
should stand up to stacking, handling and movement without appreciable
breakage or srumbling at the corners: The surface of the brick should give
good resistance to abrasion whenfrubbed w1th the hand.

A detailed description of the traditional mud brick production methods which
have been rationalized and approached in a systematic scientific manner can
be found in Professor Hassan Fatby s book, Architecture-for the Poor.(

Here he recounts his experiences in rural Egypt and shows how mud brick
production can be carried out very economically to produce a consistantly
good material. These experiences can be adapted and usad as models for
working out similat production probiems in Oman. _

~Rammed Earth Bricks

Mud bricks of a strength greater than those made using the traditional
method can be made employing brick ramming-form devices and the same basic
material. These rams use a Tever action to fovm bricks under compression. [
‘somewhat dryer clay sand mixture is put into the meould and a stronger brick
requiring less drying time is produced.




The most common brick ram machine is the man powered 'Civca Ram' produced

in Columbia, South America. It requireq a crew ot two men to operate plus
men to mix and carry the mortar. The Civca Ram can produce about 400 pressed
blocks per daj wh1]e Professor-Fatby's exper1enro shovis - thai crew can
‘mechanized techniques can produce 1500 to 2000 pres ed b.ocks in a work1ng
_day but at greater expense.

It must be remembered that high strength pressed blocks are not always
necessary. The compressive strengths taken by traditionally made blocks are
sufficient for most one and two storey building projects.

Improvements

Mud brick as it is used now has a relatively low strength when compated to
limestone, concrete and red brick. It can only be used in campression. Even
with its relatively Tow compressive strength substantial two and three
storied buildings are the rule in many areas of Oman., Extensive muiti-storied
mud brick buildings have been built in many other parts of the world. Mud
brick has a Tow resistance to water damage, this is why mud buildings tend

to be found in areas of little rain, though very fine mud buildings have been
built in the past in Europe as well, as far north as Britain. In areas that
experience rainfall or flood damage mud construction has been adapted to
respond to wet conditions.

Several methods have been employed to inprove mud brick systems.

i) Firstly, the use of mud brick in conjunction with other materials can be
,advantageouc. Limestone footings for mud walls are employed extensively =k
-Gman where water damage to the bases of walls due to fiooding is a problem

(Fig ). Substantial footings for mud brick walls are advisable in almost
every condition. Damage to walls due to cracking or movements of the surface
of the ground can largely be prevented by proper footings. Limestone, red
brick or concrete can be used for footings, and these shouid he set below the
surface for stability.

Damp proofing courses are also advisable in areas where dampness rising from
the ground can damage mud brick. Commercial roll-out materials and felts

are usable but the simplest method is the use of a Tayer of bitumen spread
continuously over a levelled course on top of the footing wall, The damp
proofing course must be above ground level. The mud brick censtruction starts
above 1it.

Reinforcement can be introduced into the mud brick wall when additional
strength is needed, such as in an earthquake zone. Vertical reinforcement can
be introduced in the form of hardwood sticks or steel running through the
wall. Horizontal reinforcement can take the form of a ring beam (refer-to

«Figes=)-which may be as substantial as a continuous reinforced concrete
member running around the walls of a structure.

i1) The second method used to improve mud brick systems is rendering or
plastering wall surfaces. Sruface rendering prevents water from damaging
the brick structure and also helps keep down dust from the mud surface in
the interior. There are a number of materials which can be used for render-
ing. They vary in their ability to bond with the mud brick surface, their
ability to resist the penetration of water, their durability and their
availability and cost. :




N

The simplest and most readily available material is a type of clay plaster.
Special high grade clays more resistant to abrasion are used to render the
walls of mud brick buildings. This is the most common type c¢f rendering

and is used universally in indigenous construction. The clay is gencrally

of a Tighter colour than the brick clay and reflects sotar radiation well.
Its actual composition varies from area to area but its producticn generally
requires a period of germentation in water. It is somelimes mixed with straw
to help stop cracking. This material has the advantage of binding readily

to the mud surface. Replastering is generally required every three years.

Recent experimentation has shown that a very hard rendered surface which will
not tend to crack can be obtained by simply using a clay~sand mixture with

a high proportion of sand i.e. two parts sand to one part clay..The wall
surface in this case will be darker than the one above and absorb more solar
radiation. '

Lime, gypsum, cement and other materials with oil or chemical bases can be
used for rendering walls. These solutions may prove to be expensive and costs
must be weighed against effectiveness and durability. The wall construction
must be completely dried out before plastering, further settling of drying
will cause cracking or flaking of the new surface.

Surfaces must be prepared. Rendering materials adhere well to rough surfaces
and are less Tikely to crack. Walls must be dry and free from loose material.
A thin wash of partland cement and water will help plaster adhere to the
wall. Plastering material can be trowelled on, spread by hand, thrown or
mechanically sprayed. These rendering materials tend to last 5 to 10 years,
then must be replaced. /
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fig°3.

VAULT ANALYSIS.




THE _COMMON CATENARY.

This curve is formed when a

uniform,flexible,inextensible ¢¥———— —

arch swings freely under gravidy
under its own weight.Let T be
the ténsion at the lowest point,C,
and measuring S from d,

we get resolving;

— —— m—

HOﬂmlly T cos W =
\/erh'cqlfy Tswi iy = WS
D/'v"ldl'/’lj I/ftm L{) = w

T To

e —'(%—— = C Cconsfant)

@
S = cfan ¢ whd 15 the iIntnrkic
€quation o the. cure (¢ /s called:
e . paramerer of the co\kemryj

—gﬂ—‘ = 91. ds
dy ds oy
= can ey \

= C foanysecy
In’regm«hng Wt @
Yy = C secy+K

Now choose, aar axis ' so 12«1# dy ]C LohEN VLP
g

From O #2 [Sq,uonrg and ad

B tonw =5 = V=2 from@)
{n#'eg/aﬁ‘e.wf't ‘ _
x;—cmsln}cpjfg [éE+ ]

y* = Frs®
9 Crcosh o
— CSh_L
T = W - ©

N wefljght [ wniklenghyy) |

= Y= cseccp@

yk&+s@

&

< c
%%,?: .cos;vrc;fj* “JE e
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%Lst.',s, . 5= csh E ofsome@a@
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VAULT ANALYSIS,

The slope of the tangent to the curve is given by;
vertical resolution b‘)

tant'= 8 2-) <4——— divide horizontal resolutionCJ)
C hence 2-)

The length of the arc 'S'is given by
2 2
S=y-c¢ 3-~) <— differential calculus using 2-)dy=dy.ds
dx ds dx
where 'C'is the parameter of tige curve.The two components of force

along the catenary are given by}

H = W.C. u—z constant.
V - W.SO ‘ 5-!
a—)Tcos ¥ =H

b=)Tsiny'= W.S.
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- SPIRST VAULT.

The line of pressure coincides

Uzl

with the centre line of the vault.

(This obviously assumes that the

L
7

vault has been constructed to suit
150em
the catenary line of pressure.) 158 am)
Solvii Y= C cegh
g eq: Y= Comh g
CFRr: fo =(73+C hosen
X = G3 «
C = 92 by frigl ZAX/
' . ) R is8em \
Lengﬁh So = Xf,_cf
of Arc : = 24%wn
Anglect thrust
" where arch mels
m{/. 'f’an ()VO = _é_;_ = 21,__68 ?_%
- o092 S
= 279
To = w.y. = 230% 2,(,74
= 634 Kg/m
Ho = wiC = 240x0.92
= 22 kﬂm
Vo, = Ws. = 2u0X 248

]

595 kg [m




CHECK OF STRESSES IN THE VAULT.

f max

frop =

zzlkgjm——-———é — ==

o1 Kg [cmi*

b2l - =
joox 5 = Ok kg/@
|ooxls il 9/ :

7o

CORDINATES OF PRESSURE ans Z,
9. |
\\
x (s
y b
ax
X X Y=CloshE | .Y
ZETO _— d2cm 172 cm
30 Q326 q7 167
o) 0.652 112 152
q0 0. 978 1395 12 4--5
120 [. 301 122 32
150 [. 63 243.5 205
158 (.72 2064 ZEro
':( ‘N\
3 8 § =
M| 4 N F
3 3 § o X
3

"0 30

30 30 30 8
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PIRST VAULT,
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FIRST VAULT.

595Kg
CHECK OF STRESSES ON THE SUPPORTING WALL.
¢ é@é
Weight of wall = Z2x O.5x/x1x .6
:246 25 {7 4
| u =
N =2..+0.595 0
=3t 3
M= 0221x3d —0.595x O.I7
= 0.663 — O
= O0.5LzML.
N | > = 18.8cm 7 VARV AR 7 7
=28 =2x200 = 3.7 kg/arre
3¢ [8.66x[00 1806 4
(,-22\!\ 1878 N

N.G. : for a doping wall of 3em at base
f=AN = 2Zx 30600 = 2.17 kg/crT

.

3ch 27 .66%100

f = 32k /e

\% S0 N Q766 N
R
N
922 18.773
[ N - \
S
G
% |
/ff— 2./7 A’g/cm’- _
N 'Q-S N
v <
ﬁ‘?_g\{?“/ *'o, 7 7
g 53 J
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_ SECOND VAULT.

~ Line of pressure in the middle 3rd zorey [~ = g
SOIViﬂg equation : ' N\
515 |
Y=Cc05h_é/?ijd/ §§l
AO = ’751"C » | .
X, = 155 Jd ! cakenorB
3 crve.
L I56em
. C _ @80'175 . . v . ’55Cm
Yo = 2625cmS ' ' P M
- S 2 B A
.So |/ ‘fo - C Y}r
S6 = 2A8an 55em L
—— — by
“Ton q/o =35 =2LY N
c 0.2% §
= AR2 |
To = WYo =24,0%26% —
= (=30 kq/m' | o @
. W i

= 2l Kﬂm'

Vo = W.Sy 200X 2.48

= 595 kg/m

CEECK OF STRESSES IN THE VAULT.

fo.bkb =T
- |

fo = _2xX 630
( loox 15

fo = O.82kglem™




SWCOND_ VAULT

Ordinats of the line

wosyl

of pressure;

11.

3
O
= T 5555 36 5035 > X
X Y
| zero 175
20 16,95

D0 cm
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DOMES.

METHOD'OF CONSTRUCTION.
The domes are constructed without the aid of any shuttering as in
figedo. It is built in ring courses,each course being completed befode
the next course is started.The job should be carried out in at least
three stages,to give the mortar time to dry,since the lower part of
the dome will carry some tensile ring stresses after the dome is

completedefige2s

RECOMMENDATIONS.,

tnTo compensate the weakness of the tensile strength off the dome,it
is recﬁmmended to construct the dome from a stronger and longer type
of brick,with ité long side in the circumpherential direction.fig.3.
_2oIt is better to use the Byzantium type of domp,since its diaphragm
rise = a =0.72a,which is greater than the previans 0.62a needed to get

2
in the compression zone of ig.But less of dome is in compression.

© =45° under U.DL. horiBdnkal load.

’

N.B.During the stages of construction of the spherical dome,the stresses
are safer sinceZiW'during construction is less thanj{y after completion

alt the same sece.

Ref.Theory of Plates and Shells. Stephen Timoshenko and S.Woinowskys

Kriegere
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~ DOMES,
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Verhc Il
TFwd + ,?nffsmaj Ng$hé =0 -
’. Ne = - Wa .
L 2nr. Sin?or
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MUD _BRICK CONSTRUCTION: SASSANIDE DOME CONSTRUCTION METHOD

Paxrt of the training programme at Gourna,before starting on the
construction of the house,was the erection of a small,2 metre square,
mud-brick Sassanide dome resting on a low mud-brick wall which formed

the square support.
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