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INTRODUCTION 

Mud-bricks have been used widely in hot dry areas for over 

4000 years. The earliest prominent example is the 

Ramesseum in Luxor, Egypt. 

Over these 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-brick combined with vault and dome roof spans have 

8} variety of interlinked arguments in their favour and 

after the first p~ejudices against the use of traditional 

materials in favour.of'lb.ew technological wonders' are 
, i.' 

put aside, the material and building techniques deserves 

a fair investigation. 

These arguments are briefly that mud and straw, the two 

basic ingredients are widely available and cheap. The 

technique is easy to master and extensive building 

pr()grammes can be initiated in a de-centl~alised manner 

that is, not dependent on major building industries and 

required infrastructure to produce and distribute the 

building materials. Thick mud walls have a definite 

climatic advantage preserving a constant cool temperature 

within the house for most of the day. Finally oh a 

more intangible but perhaps just as important a level, 

mud-bricl\: vaul t 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. 



ANALYS IS OF ~IL-,\TERIAL. * 

1. SUITABLE SOILS 

A thorough study of the characteristics of the soil 

available is always necessary before construction work is 

undertalcen. 

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 for 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 types of soils may be added together 

to produce a more satisfactory soil •. 

Soils favourable foit··brick making should be 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 percentage of sand or clay exceeding 

the above limits may be consillered unsatisfactory. Clay 

or sand should be added to bring the proportions within 

these limi ts. 

~I\!.lh?:om'. a.r!t.he!.3d. S:\fahdL'BX~e~'-im'eh tsC'Rrar.lPre1l~ E'eu t at Cair 0 

University under the direction of Prof~ Ibrahim. 



If either emulsified bitumen or cement is used, much care 

must be taken to obtain thorough mixing. Although the 

tradi ti,onalmethod of using barefeet and hoes to mix 

cannot guarantee quality control their use over thousands 

of years have proved satisfactory. 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 is a 

critical 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 

voids. Such voids weaken the bricks compressive strength 
~' .... 
< ,",. ," 

and its dry density is effected as the voids allow 

further moisture ~bsorption. 

The allowance limits for optimum moisture for bricks of 

compressive strength abov'e 20 kg/cm2 are from 20';; to 35)b 

in direct proportion with the amount of clay in the soil 

and in inverse 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. STABLILIS~RS. 

Adobe bricks without stabilizers are poor in quality, 

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 

produce a cheap type of brick vvhich may have a good 

number of properties of the red burned brick. The 

stabilizer is used to give 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 structures for dwellings. 

Straw being often the cheapest and most available stabilizer 

is satisfactory, as it holds the brick together during 

initial drying, but it reduces slightly its compressive 

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. 5i~ by w8'ight should be 

added. 

~he use of bitumen in the place of straw is only desirable 

in some parts where straw is either expensive or unobtain­

able ,. and its transportation would not be too costly. 

Bitumenous emulsion must be especially designed for high 

efficiency in mixing with the fine particles present in 

soils to make good stabilized bricks. When buying 



bitumen for making bricks, the builder must necessarj.ly 

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 fO,r, and second, that 

the bitumen recommended is an emulsion which has 

previously been used to make satisfactory stabilized 

bricks. 

Samples of bitumen stabilized bricks spould not average 

more than 2.5% moisture absorption by weight. The 

bitumenous emulsion merely saves as a waterproofer. 

A soil containing a higher percentage of fines will 

require too much bitumen to waterproof the bricks, l.t 

will be difficult to mix and is apt to crack in dr·ying. 

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 to 

be more satisfactory. 

The percentages recommended to be added together to soils 

favourable for brick-making to produce good stabilized 

abode bricks are for s tr'aw 2%, and bitumen 3%. 



L~. BRICK SPEC IFICATIONS. 

A series of test bricks of the full size to be used in a 

building should fir's t be made to determine sui tab iIi ty 

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 its properties fulfil the. follo'wing 

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. 

i1. Bricks should be uniform in size, free of voids and 

sufficiently firm to haul, stack and han11e without 

appreciable breakage or crumbling of the corners. 

The surfaces of the bricks should show good 

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 sl:lOuld 

average 20 kg/ cm2 with a toleI'ance to 2. 0 };:g. less 

per cm2 for one brick in a series of three. 

v. The modulus of rupture for the bricks should average 

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

for one brick in a series of three. 



MUD-BRICK TYPES 

There are basically two different types of mud-brick. 

1. Wall Bricks. These are heavier and thicker, 

dimensioned 15 x 25 x 6 cm. and with a straw to 

earth mix of 60/80 Ips. of straw per cu. m. of earth. 

2. Vault Bricks. These need to be lighter and flatter. 

The vaults wedght is distributed to the one mirror 

wall primarily and therefore a lighter brick eases this 

pressu.re. The way it 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 Ips. 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 Iv'J.AKING 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. 

Sprinlde a light layer of sand over the space. Simply fill 

the mould wi th the prepared mix, tamping it down. If it 

is a vault brick the parallel grooves can be drawn acr08S 

the surface using the index and forefinger. 
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MAKING MUD BRICKS 



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

If the mud sticks to the mould or Ylhen 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 cured for not less than 30 days under 

average 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) VVnere possible, the positioning of the building 

should be related to surpounding reference pOints, 

so that the position of the building can be 

determined in relationship to other objects, and 

at least one corner of the building can be fixed. 

These reference points can be one of the following:­

a) Surrounding buildings. 

b) 

c) 

Surrounding landscape marks or planes. 

Pre-established site location points - eg.a 

firm stake driven into the ground. 

ii) For determining the different levels of the building 

all measurements should be taken from one reference 

level, usually the top of a strong wedge, hanlmered 

into the ground at a chosen point. 

iii) 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, fOl~ming a rectangUlar ground frame, so 

that is has at leas t 1. 5 m. outs ide the building 

line, to avoid damage during ensuing excavation. 



The use of a timber frame removes the need 

for any other reference points and will be 

described below. 

The frame must be levelled as far as possible, 

by placing it on long and short wedges. 

Nails for holding the reference strings can be 

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

i~) Layout two perpendicular strings representing the 

building reference corners. and check the angles 

are right angles by measuring a triangular ratio 

of 3:4:5 at the reference corners in the absence 

of a right angle frame. 

v) Layout the building plan centre lines or plan 

gr'id 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. 

vi) Set out external and internal dimensions and 

angles, using these strings. 

vii) Stretch first wall strings to determine wall 

thickness and draw this on the ground by using 

sand or white powder 

viii) Repeat this process for each wall 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 forco~lapse of sides to trench. 

x} Check bottom.foundation dimensions by stretching 

each wall string for the second time and ~sing 

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" .vari?ty (.6'1: ' fiomida tlboll t;y;]?e.s j1S.Jia lill±ius.tra.tedld:Ilo]f:t~;i J.l~? 

S6il:).tests'for stability are essential prior to building 

Unstable soil, that is clayey soil which nOl'mally has a 

high moisture content and is liable to give unevenly 

under pressure or even to rise with the absorption of 

water can cause damage. 

The test house built used foundation type figure 4. 

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 inaccUl'acies. Glea'!.' 

wall{-way round edges for eae,e of movement, 

transporting materials to and from site. 
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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 out 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 enSUI'e wall lines up hOl~izontally and 

vert ically. 

After five COUI'ses of red brick) step wall in to 

600 mm width where vault and dome thI'usts not 

applied. (I'est of wall I'emainr, 800 mm width) 

After tenth COUI'se of red brick, cement over last 

course, pour bitumen and sprinkle sand. 

V~1en the bitumen has dried -add two more courses 

of red brick. 

Start building mud-brick walls. Ensure each 

successive course bonds over the last, to avoid 

long vertical craoks. 

Walls to be built up to the required height for 

the spring points of the vaults, and the cill height 

of the windows. The vertical sides of each 

vlindow should be buil t up to the I,oint wheI'e the 

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

with bricks, using no mortar, so that the bricks form the 

same curve 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 is 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 arch at a slight angle off 

the horizontal, and build up over the formwork so that the 

bricks at the centre are placed in a near vertical position, 

forming the key bricl{ 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. 

For arches over doorways, the same princQple is followed, 

but in order to save time and labour, a sheet of thin 

timber or corrugated iron can be bent to the correct curve, 

and used as a substitute for the brick support. This 

depends on the availability of such materials • 

. VAULTS 

(photographs 9-15) 

Vfuen 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 mirror wall. 
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Planks are placed across the two side walls 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 10J~ of this dimension. Hence, in the 

case of a 3 metre width v aul t 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 dravm on the end wall, and the brick 

is then tapped into place. A small wedge shaped brick is 

placed 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, instead 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 bricl\:, following the curve drawn 

on the end wall. If the joints are ih a straight line, 

the strength of the vault is reduced. The second course 

of bricks is 11 bricks high. The third will be three 

bricks high, also leaning towards the end vvall in the same 

manner. In this vl1ay the inclined courses are built out, 

each course rising higher than the last round the outline 

of 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 betvveen 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 tbe only 

filling) • 

.At the stage where there is one brick thickness at the head 

of the vault in a 2.5 or 3 metre wide vault, the vault at 

its base will~be 6 bricks thick. In a smaller vault the 

complete course will be achieved after fewer brick courBe~, 

but in all cases the same prin6iples 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 sup;:ort. 

This inclination is enough to stop the bricks slipping off 

even a smooth surface. In this 'Nay the whole vault can be 

built with no extra support or centreing. There is no limit 

to the length of the vault. 
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DOMES. 

(photographs 16-27) 

Vfuilst 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, 

for safety the span is limited to 3 metres under normal 

conditionso 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 the test house built for the report, a dome of 3 metres 

in diameter was constructed in the centre of the house, 

using the following construction.method. 

is a Byzantine dome. 

The dome used 

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 vaults on two of the sides, and plain walls on the 

other two. The end of the vault has two courses of brick 

work laid over the top of the v aul t, 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 fiea.d of the vault these two briclt course 

project out to form the straight side of the square. 

These briclts can be trimmed so that the s<}uare is accur8.te. 

In effect the end of the vault has an arch built over it, 

following the same principle as for arches over openings. 



Pendentives are spherical triangles formed oetween 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 laid over it will project slightly out to the centre of 

the dome. Each brick is positioned so that its flat 

surface is on the rome 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 fDrmed by the SUI)porting 

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. 

Dome. 

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. Each 

brick is placed with referance to the centre post string, 

forming the sphere it outlines. 



The finished height of" the arches over the vault need 

bear no relationship the the vault itself. All the dimensions 

for the dome and supporting arches or false arches are 

achieved by the following system.-

Having completed a square, a post is placed upright in the 

exact centre of the dome, with the top of the post at the 

same distance from the top of the dome as the dimension from 

the centre of the post to one corner of the square. A 

piece 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 is 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 corner of the square, and then d ravving a curve in 

the exact line of the straight side of the square of the 

dOITB, the·· curve of the supporting arches can be determined~ 

In the case of the arch of the vaul t the a rch must then be 

built up to fQllow this curve. In the case of the plain 

wall, the inner course of bricks are built up to follow the 

same curve, producing a solid wall with a curved top or 

arch, whilst the back of this same wall is built up straight, 

continuing to the corners, and forming the back of the 

pendentives. 
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CONSTR. OF DOME- note angle of brickwork 



The circumferance of the opening gets smaller as the 

angle of the string from the post increases, 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 bricks cut to fit. Any gaps in the top of the dorre 

are packed in with chips of stone or broken pottery, to 

ensure that the whole dome is under compression. The 

bricks near the top of the dome will be cut in a wedge shape 

not only on the flat 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 OF DOME 
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~ INTERIOR VIEW OF COMPLETED DOME 











.... ,. .~ 





, ~: 

, l 

'(, ,f i'; 
i I , 

", ( 
. ) :, 



0 
iI'), 
j1). 

0 
u1 

SEC.AA 
o 

lhe iWal7; "duff-cd alcove' 
~o:.C€. Por se/l'li and dee.pi?9 

30 /e.o 

() 

0 .... 

'0 
0 !lJ 
0 
ci 

0 
('j 

-:roo 

.:. 

p 

/50 50 



o 
n 
If) 

NORTH ELE.VATION 

o 0 

o 0 



TE.Qijli~9 OF HUD I!.ll.J;..CK VAULT COlill1lliLQ!ION. 

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

or floor in a mud b:r>ick multi-storey building ego 

Using the ex.-tsting vaults (i),(ii),(:lii) as the 'spring 'walls t or supports 

and the same Imirror vmll r as l-ms used in their constru.ct.ion f hiO smaller f 

'bridging' vaults (a) and (b) are constructed in exactly the same l<Tay 

as the Im-ge vaultso 

wall 

'I'he tops of these sl!laJ~ V2U.1tS should line up with tho tops of the 1.9..rge 

vatllts, (i) ,(i1) ,(iii). 

In this way t.he gaps left betwreen the large vaults ell'a filled in the 

ligh-teat and most economioal Hay. All that remains in order to obtain 

a levEll 1'oof or floor s1.ll'facl) 1s to fill in the gaps between the small 

vaults and large vaults with layers of. vault brickstlaid flat,and plenty 

of mud m.ortar smoot.hed leveLI! these gaps are still large,yet smaller 

vaults can be built to span the distar!ce before packing vrith rood and bricks 





MUR .BRIQK CON,STHQ:CrnON: §ASSANIDE DOl-,lE CONSTRUgTION METHO:Q 

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 res-Ging on a low mud-brick wall which formed 

the square support. 

~~~='=F========~~~========~* .~~========~==~======~==~ 
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· The square· plan is marked out and three oourses of wall brioks laid in 

alternating oourses,to avoid vertioal oraoking,using a mortar made of 

mud 8,nd straw.A gap should be left in the wall on one side. This gap 

later becomes an arohed opening to faoilitate entry and exit during the 

oonstruotion of the dome itself 



corner detai l 



Measure 60 em. each way from the internal corners out along the length 
o of the w8,11s,so that the next two courses,4 and 5,allow for a 90 ledge, 

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

'l'hese ledges form, on completion of the 5th course, the bases of 4 squinch 

arches. 





.---------1:7.' 

Fill in the co:ener with mud a.nd 13 a vault brick, leaning at an angle 

aga.inst the corDer. 

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

triangle,packing them with plenty of mud mortar. 

\ 



The next row is made up of 2i shaped bricks.The small middle piece 

acts as a keystone ( to streng'~hen the arch). Vault bricks are used for 

the construction 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.Th€y 

wedges 
) 

1 

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

or expand with moisture 1088 OJ} gain. 



Each course moves further 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 Vlay as in the constl.uction of vau11;s. 

As the keystones or wedges are squeezed into or hammered into the mortar 

between the b:cicks they cause them to tighten up and form a solid arch 



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

smoothed over with mud mortar. 
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COMPLETION OF SQUINCH ARCHES 



The 6th and 7th course of wall bricks should level out with the tops 

of the 4 squinch arches.At this point, the square plan is comre:cted 

into an octagonal plan by cutting the external corners of the 7th course 

to meet the outer corners of the arches eg. 
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Two more courses are laid according to the octagonal pla.n 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 vli th a good layer of mortal'. 

Then,using small ledges lef.t 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. 

I 





The 10th or 11th course of bricks should level out with the t~p of the 

arch and start taking on the circle of the dome.In fact,this course i.s 

of vault bricks and forms the 1st course of the dome,which is thereafter 

built entirely of vault 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 fo:(' the 

construction of the dome. 



The end of the strj~g 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 vlhich the dome forms a 

part. '1'he height of the dome can be adjusted by using a shorter or longer 

pole L e. a shorter pole leads to a flatter dome and vise versa. Wha;~ 

one is in fact doing is raising or lowering the centre point of the sph(n:e. 
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Consecutively smaller circles of brickwork are then laid,according to the 

length of the string,to form the dome. The bricks in each course are tilted 

up more and more from the horizontal,leanj,ng inward, by packing mud mortar 

on the external side,in order to take the ourvature of the sphere. 

In plan, the bricks 8,re laid flat and angled in order to take the curvature 

of the circle. 



A piece of limestone or a red brick should be used to close the dome, 

being much more stable than mud brick and less liable to shrinkage 

on drying. This last stone or brick is firmly wedged into the opening 

at the top of the dome,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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1. 

'rne basis for this study is taken from an analysis done at 

Cairo Uni versi tyso and having worl{ed through i;t"I have come to 

various conclusiorlo concerning the validity of this SOl't of 

analysis,wtlich tries to put structural formulae to a system of 

construction,which ~as been successful for ihousands of years. 

-----------

. .§.,YNoPsr8. 

Both vaults and domes are considered to behave according to the 

theory of membrane structures(?) since their ma~er1al cannot carry 

but very small values of tensile stresses. 

One large ve.ul t and one large dome have been checked structurally­

t.o est.imate the stresses, to show the. t they are well below the 

safe limits. 

VAULTS . 
Vaults are constructed without the aid of any shuttering,fol1owing 

the method in fig .. 1 •. ,inclined towards the mirrol' wall as in 

fig.2.Each course is built up from both side'3 till it meets in the 

middle. 

PRINCIPLES OF THE STRUCTURAL ANALY S Ill.. 

Durir~ the construction, of each course,the cohesion between the 
, . , ' 

different layers of bricks,.created by the mlid,.mortar,is strong . 

enough to hold the bricks in the incompDe~ed course in place. 

The critical condition occurs when placing the bricks vert close 

to the crown.The mortar must be~ sticky eno.1,lgh to hold the brick in , 
~'." 

equilibriwn,helped by the angle of inclinl?tionof::,the layers to 

the vertical.fig.3. 
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3. 

VAULT ANALYSIS 

Cohesion stress)= wvges~ where cohesi~h>= w.Cos:::X... 

area of brick 

= 4.C08 c( 
;t5 x 25 

wha.t is 0( ? 

0.01 kfjlcrri'­

Wh-tGh /5 safe 

shwr cch:son. 01 :: 1+ CoS 0\" 

15x:<5 

Cos 0(:= . 0 I >< /!5 x.2 ~ 

'-I 
~ coS 

4-
. 01 x 1545 

Lt-

The arc~ act.ion starts to Vlork when the layers of the two haunches 

meet t,ogether' at the middle, when the equilibrium of the arch is' 

governed by the direct arch actione 

\ 

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

on which to base th.e proof; Under the effect of own weight the 

line of pressure of the vault. will take the shape of an INVERTED 

CATENARY.Then follows .the Vault analysis, which I have interrupted 

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

equa tions in the analYs·is.·· 
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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.Measuring S from C, 

we get resolving; 

HORIZONTALLY 

VERTICALLy 

DIVIDING 

T cos LV 
I sin lp 
Tran LV 

T 

:::: 10 

== lJJS 

=~ 
To 

LET .,. C ...... (const-qnl-) ........ (i) 

s 

A I ______ 1_ _ _ _ _ _ _ B 

I 
1 
I 
I 
1 

C -tun ljJ (whIch IS the. Intnnslc 

e9t.(otlon o~ +he curve) 

[c 15 called +he parameter of the coJ-enQr_~n 

= 

-= C 51n ljJ sec.2. 4> 
C fun ljJ sec lJ.l 

INTER6RA,ING w. r. t..4J 
y = C sec 4J + k. 

NOW CHOOSE:. OU~ AXIS So THAT ~ == c when 4'::: 0 .. j == C sec 4' ........ (i0 

4 

FROM 0) AND (ii) - (~LAar-lnj and odtd'I~) I 'yz = CZ + 52 .. , ................. (II~ 

INTERGRATE. lJJ. r. t.:J 
'X:= C cos h- ' .lL + A 

C 

..... from on) 

:x _=>: ] 
[eT+e'"C 

:x. 
since tV = c when 'X." 0 A=o. HENCE. -C .= 

.'. y =: C cos 

~ 
ds cos lP 

h x 
C 

I Nn:::.RG RATE: w. r, t. s. 
s 

X::: C S),-I C + B 

~ := 5h- 1 6 

(iv) 

c 

when .:x. -= 0 I 5= 0 8 "" 0 
'X. 

s:::= c sh c- also From QiO ana (iv) 

c 
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VAULT ANALYSIS 

~= 
-= 

C cos h c: (I) 

THE SLOPE. OF THE TANG£.NT TO THE CURV£ IS GIVEN BY,' 

S [vert/CQI resolution ( b) ] 
+Un 4' = C (2) div'IC:le hon~on!-al reso/ut/oh (0) 

where (0) = T cos tp -::: H 

(b) = I Sin 4> = W.S . 

.. HE LENGTH OF THE ARC I S I JS GIVaN BY 
.2 .2 

S = ~ = c 

[dlFFerentlaJ CCI/cu/Lls uS1n5 (2) d~ = d~. ds 

dx ~ ds. dx. 

wheY!:? 'c' IS the pclrorroerer of the curve. 

The. t.wo cOlY)ponenl5 of force 0/0,:) the 

catencw~ are ,9lven ~ ; H:: w. c. - t+) const. 

V = w.s. - (5) 

y v T 

c 

x 

6 
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FIRST VAULT 

The line of pressure coincides with the centre line of the 

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

ucted to suit the catenary line of pressure.) 

SO/...V/NG EG> UATION 

::x:. 
fj'= C cos h -C 

Yo 1"1-2 T C 

Xo = 158 

[/"1-2 qnd 158 - chosen no's. ] 

c = '12 blj tnol 

Yo;:: 264 em. 

L£NGTH OF ARC. 

= 248 em 

172 

165 c.m 

ANGLE OF !1-lRUST WHE.RE:. ARCt! MEETS WALL. tan Lpo 

To LV . .:!. "'" 240 x 2.64 

T 
634 k:J 1m 

158 ern 

Ho 
~\ 

w.e. =: 240 X 0.92. 

c.m. 

= 221 ~ 1m 

Vo ::; w.s. =' 240 X 2.48 92c.m C 

'" 595 k.9 }m . 

150 em 

J 5 elY) 

s 
= -c: 2.48 

()."9Z 

2.7- . 

Va 

7 

Hoi 
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CHECK THE STRESSES IN THE VAULT 

= 

F top 

(,34 
100 XI'S 

22/ 

/00)<./5 

COORDINATES OF PRESSURE LINES 

o 
30 0 . .326 

60 o· 652 

90 o· 978 

}20 /. 304-

/50 /. b3 

/58 /.7-2.. 

------'----~~x 

-.""" 

" 
~ ~ ~ 

-tI (\ 
() (\ 3 3 ~ f\ 

3 

30 30 30 

"W,'" ,"" ""-', ", .. ".,.-""" "x' 
y= C cos h -c y 

92 em 172 c.rn 

97- I {, 7-

/12 152 

/24.5 

/82. 82 

243·5 20.5 

264 o 

~----~-----~x 

!"-
~ 
U. 
~ 

30 30 

8 
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FIRST VAULT 

[Check the stresses on the supporting w811J 

WeIGHT OF WAW- = 3 X 0.5 X / X J X /.6 

2.41= 

N 2.""/ + 0.595 

=3t 

M = o. 2'2/ X 3 - O. 595 X o. Fl-

Ii 
N 

0.663 - 0.1 

0.563 /'Y) .t . 

0.563 
:3 

2N 
= 3cb 

0.188 

18.8 eM. 

2. X 3000 

/8.6b X 100 

= 3.2 )(91 Grn2. 

UI 
o 
o 
() 

3 

1 18.66 

6.22 4J 

696 kg 

IB.'7-8 

Fop., A SLOPING WALL OF .3 C)'Y) AI BASE OF SLOPE:. ANGLE . 

53 em 

2N 
3cb 

2. X 3000 

27. b6 ><"'100 == 2. J~ k.3 1 elY) 2. 

2.'7.66 

9.22 . 18."f8 

10 
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SECOND V AUL T 

UNE OF PRESSUR,E IN THE: M IDOL£. 3m ZONE 

SOJ-VING e:;QuAT/oN 

>< 
y = c cos h C- b:3 trial 

Yo ::=. /"1-5 + C 

Xo "" 1'55 

C:::: 88 emS 

Yo : 263 cms 

So .:::: J Ya 2 
- C z. 

(\) S _ 2.48 
Ian 10 "'c - 0.88 

:= 2.82. 

To 'vJYo 240 X 263 

= 630 ~//Y)' 

Ho w.e. 240>< 0.88 

- 2/1 kj/rn ' 

Va = W,So =2.40 X 2.48 

= 595 k!j/m' 

T 

CHECK OF STR£SSES IN THE VAULT 

~ .I::..b. =T 

~o = f~. 

2X 630 
100 X. )5 

Fo = 0.82 1<31 em 2.. 

175cm 

v 

I 
I 
I 
I 
I 
I 
I 

165icrn 
I 
I 
I 
I 

I 

i 

11 

CCl"'ehClr~ 
curve --\c'~ 

/50cm 

/66 ern 

v 
y 

/55 em 

C 

X 
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'.1 Ordinates of the line of pressure; 
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EXAMPLE 

Data; Sphsrical Doms; 

a :;- 2.65 I"f) • 

A 
I:.. = 25 crn· 

wall he'3hl- :: 5.2m. 

wall fulckness = bO crn. 

p= /x/ X 2...5 X /6 

== -4- 00 k9 1m2 ! c th,ck 

MClX. tension 

N¢ = P.q. 

-== 400 X 2.65 

= 1060 k31 m ' 
/060 

tensile sl-ress = 2. 5 X 100 MClx. r- '''29 

B 

CHE.C!<. STRe:..5SES IN THE. WALL I ASSUMING THAT THE. DOME. MATERIAL 

15 STRONG E:NOUGH To CARRY THE".. O. 42 1<..9' cm
2 

P. a. = 400 X 2.6 '5 

We I!P I' of wall jh"t ' 
=- /060 k..3 l/Yl' 
/X5.ZXbO X/6 

5000 k.:J / /Y) I 

/060 

SECTION A-A.: CarnpYe.5SIVe stress = 2.5 X /00 

SECTION B -8 M = /060 X (30 -/2..}:== /9/00 k3 em 

'"'I 

= 

5000 + 1060 = 6060 
6060 .±. 6 X /~IOO 

60 X /00 

+ 
- J. 01 

- J. 3; 28 

-0.6"72 

/00 X 60 X 60 

0.3/8 

K!j/cm Z 

~ / em:z. SAFE.· 

0.25 ·c + ~IT\ 

e B 

o 

15 

0.692... !4J/cm2 

\.328 k3/CrY)2 
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SPHERICAL DOME 

VERnCALLY ~ W-e- + 2rr [r. SIn.e- ] . N.e- s',n -e- := 0 

.'. N-e- - W.e-

2. nr. sln:2-e-

N-e-

froM vertIcal res. at- honzonra) Io.tih.{de, wher-e on.:Jle 

subrended at- centre. IS -B-

HORIZONTALLY: 

N.e- = 

Nc{l 

Pr- ::: Peos -e- and P-e- = P sIn-e-

where P Is the self we3hl- jur.lt VIr-eo. of the surface 

Nc/> and N-e- are W1embrone forces/ unIt- I~+h. 

- P.o. 
1;- Cos -e--

[ p.o.. J Pr . a + I +- cos e-

[ - P cos -e-. CI 
Po. ] 

+ 1 + cos .-e--

ME.RIDIA N N-e-
- Pet. 
/+ ~ E9uohoY'\ 

CDS -e- = 2 
a 

16 

90--0 

po 
'z 

\ 
-". Po, 

= (-p.z. + 
P 0\2 \ 

a..,..2 ) 

P a'Z - o.Z _.2.:2 A 
-'----q-=--:-..,..-2...---- =0 

_____ ~~:~E<.,.- N: Ac£: ;Pr 'dl. 
arch actIon Wl ~ . 

Ncp 0 at 
02- -
q ::: 

~ 
CI 

a.z _z.2.=0 

/ .62 .z. 

=:- 0.62. . 

CD mendlan plane N</> . 
@ arch oct-lOI'\ In ' 

hoop p/Clne 

N 4> ).s made up of 

comp,m enJ-s From N4 
and Pro 
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INDIGENOUS IRANIAN ARCHITECTURE 

CONTENTS: 

I INTRODUCTION: Instructive nature of building in mud brick. 

II kllST2f('I:,~~_J?:~,~~~;RO~JNP,: Deve 1 opment a. nd d'j S sEnri no. t'i on of il1ud"'lwi ck, 
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INTRODUCTION 

The development of indigenous Iranian architecture was predominantly. thougtl 
not exclusively, the development of the use of mud-'brick. For example, although 
most major sassanide buildings were 'in stone, yet the majority 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 indig.r 
enous building across Iran are still executed in sun-drieJ mud-~rick. The use 
of mud-brick as a training tool for aspiring master masons had advantages 
inherent in the ma teri a 1; the fact tha t it \'laS so c:heap and easi 'Jyobta inable 
encouraged experiment. Mud-bri ck bui 1 di ng through its 1 i ne~; and form c -, eay'ly 
~emonstrates the major mechanical forces involved in the structure. The small­
ness of the unH of composit"ion gives it great flex"ibility and e"lasticity. 

-i Thus ad-hoc adjustments can be made, even to modifying the basic brick unit, 
during the process of construction to respond to most structural or spatial 
demands that Inay a ri se. .I' 

After cunstruction any structural en~or will show up, often without. the call .. 
apse of th(~ whole building. r'l'jud brick buildings vlith large cracks and d'is'loi""" 
ti ons have stood up through the years) cl ear']y demonstrati ng in t.he structt~re 
the particular reasons for them. Thus in the absence of mathematical techniques 
Iranian masons, schoo"led for centuries in mud-brick bui'Jd"ing, we'te r(~sponsib'le 
for many new and complex structural forms developed to a high level of perfect-
ion*l.,It can be argued thut even today it is; ~nsurp-a-sseclas an Gmpi:~icc.l':' ~ 
metllod of puilding instructio~; resuHing in quick, ea,sily appa,rent E~ndreJiah'le] 

·"results ana a built Jorm practically and aesthetically 'in harmGny \-\lith the 
'Iranian envi ronment. One s imp"ly has to juxtapose I l~ani an i ndi qenous a reh itec,t·' 
ure, domestic or monumental, with 'modern ' Iranian building for this point 
to be illustrated. 

HISTORICAL BACKGROUND 

Iran played a major role in the development and dissemination of mud-brick, 
vaul t and dome constructi on and s tyl es such as the I Apadana I and I .1\i van I 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 pise 
using shuttering as the major building technique. Originally they were oval 
shaped mud-lumps *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, windows, recesses, 
butresses, rendered and painted walls. 

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

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

*3. R Girshman Iran p. 29. 



Because of the scarcity of Umbel': vauH and dome construct-ion vias developed 
in Asia. Flat roofs needed timber beams, branches and matting on which 
a layei' of mud was placed. This method is still used when there is no scarcity 
of timber. Early vaults used wood centering and shuttering and it was not 
unt"il the discovery of gypsum mortar "in this area that the use of timber even 
"in shutter"ing could bl'? entirely dispensed with. Gypsum sets almost immediately 
on contact and there is no danger of slipping *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 Oyn: 224 A.D. - 651 A.D: 
Islamic 651 A.D.)*5, this method reached high technical and architectural 
standal~ds . 

"Even today it can be said that there is hardly a room that a Persian bu"ilder 
cannot cover with a vault, from the most horrible peasant house to the covering 
of a cinema in Yazd where a single barrel vault of sun-dried mud-bricks spans 
a hall seatinq 600 people" ~:6. 

In style, fOi ,.-lnd plan, the 'Apadana' and 'Aivan' are the most characteristic 
of Iranian in~lgenous architecture. The 'Apadana' is a large room in the centre 
of a building wlth 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 later Iranian builders 
spread it through the ~los1em I'JOrld. The plan on the monumental scale as 
i 11 ustrated in Persepo"' i s differs 1 itt"] e from present day peasa.nt houses in 
Azerbaijan and in the central province (compare figs 1-4). In detail the 
capHals on wooden columns in the Azerbaijan houses are stylised vets"ions 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 looking out into open space and blue skys*8. 

CONTn1PORARY 

Geographical Influence: Availability of Materia"ls ~ Climate etc. and 
Build i ng Types: 
As it effects bunding types, Iran can be btoadly divided into two; the mountain 
ranges with their thick forests, snow and heavy rains (225" p.a. in the Casp~an 
Provinces*9) and the desert interior. Within the mountain tanges another two 
sub-divisions can be identified. The Alburg mountains of the Notth (the Caspain 
Provinces) have rather more timber, rain and snow. The house constructions are 
predominantly timber, with sloping thatched, tiled or shingled toofs 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 desett areas 
houses are made of mud-brick with vault and dome toofs. Though these divisions 
are broadly accurate there are of course many more types and differences. For 
example brick walled, flat thatched roofed houses are also found in the Alburg 
mounta ins. " 

Finally, although stone is generally available in Iran, btick, 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*lO. Today in mountainous regions stone and 
rubble villages have been built for centuries while cut stone is widely used 
for foundations. 
*4. Pope and Ac~erman *9. H E I~ulff: The Trad. Crafts of Pers i a 
*5. Pope and Ackerman pp. 415. M. 1. T. Press 1966 p.113. 
*6. H E Hulff p. 105. *10. Pope and Ackerman "Survey of Pets"j an 
*7. H E Wulff p. 104. Art" p. 900-901 . 
*8. Pope and Ackerman pp. 429-430 



WOOD CONSTRUCTION 

Hbuses built predominantly of wood are found north of the Alburz mountains. In 
the low 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 framewol"k. Bamboo and rushes grow in abundance along, the many water 
ways in this area. 

Further upland the Y'aised floor is not necessary and therefore the main frame is 
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 stl"aw (kah-gel). 

In place of thatching, shingles (tahteh) or burnt tiles are also used. The tiles 
al~e 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 haH resembl-ing 
spanish tiles. 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 Bl~icks: Earth for the mud-brick is taken from excavations or from a pH 
nearby. A pi ck and spade al~e used for d'j gg'j ng and if the earth i s rl(~i ng dug from 
a deep pit a wind-lass may be necessary to haul it to the surface (See fig '!63). 
The earth is soaked in plenty of I,vater; 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 v/ay 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" xli" - 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 nonnally used for facework the clay used has to be se'lected 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. 

*11. The following information is substantially derived from Hans E Wulff 
IITraditi ona 1 Crafts of Pers i a" pp. 110. 

*12. Compared to Egyptian method (or whose recommendation) where shade and 
\,/i nter is preferred for a more even dryi ng. 

*13. R Girshman Iran p. 166. 
*14. C Singer IIA History of TeChnology". 



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 firing becomes light-cream in colour, otherwise it would turn 
red). . ' 

After 24 hours the mass is thoroughly mixed wit~ wooden shovels and then 
hoed over. It is carlnied 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 settle. 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. '0 

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 sand is first put 
into the mould and shaken around so that it sticks to the wet surfaces. The 
clay is then put into 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 grounu level anu one above reached by a ramp. Thete is a 
smoke outlet at the top. 

The first lot of bricks are stacked through the bottom opening 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 1m2 areas which allow the 
smoke through. One of the openings is then closed up. 

Fuel oil, *16 a by-product of the refineries, is mixed wHh 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 shovel'led in and the 
resulting sudden lack 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 811 x 411 x 211 /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,tarklla) (artemisia herbs alba) and wormwood 
was used. It has a long 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 is 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 lime. 

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 'layer of this paste about 6"/l50mm deep 'lines the 

'bottom of the tY'ench and then course stone ba 11 as t with stones l50mm to 200rnm 
in diameter is thrown in. After a second layer of paste and stones are then 
placed on top. This is repeated till the trenches are full. Within 3 to 4 
weeks the foundations have set and wall building can commence. In time the 
lime-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. 'Ihe building line is marked with a string (risman). The 
builder then places this earth in lumps onto the properly set foundations 
and along the string. If it is a low gatden wall doundations may be no more 
than a layer of cut tack on the ground. The clay lumps are shaped freehand 
into a course 15"/400mm v.J;de appl"oximately *13. \~hen a course is finished it is 
smoothed over with a trowel and allowed to set usually for 2 or 3 days by 
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"/100mm to protect the wall against rain. Garden or orchard wans are 
capped off with wooden stic_ks about 30 1l /250mm long x 2"/50mm thick. The sticks 
carry a layer of thorny brushwood or rushes weighed down with a course of a 
lime mixture which sets and becomes water resistant. 

The walls narrow with height normally. An 81 /2.5mm high wall is 800mm 
at the base and 250mm at the top. Another method is to mix clay~ rubble, 
stravi and lime and firmly rack and harden it in two wooden mould making 
horizontal layers 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 line. The bricks 
are laid in bond and the mud-straw mortar mix is the same as used for making 
the brick. The mortar is laid about ~"/1Smm thick, is spread with a steel 
trowel, and the level checked with a p"lumb-'line or straight edge containing 
a small pendulum (sagul). 

Outside walls are usually 600 - 950ml11 thick. Inside walls can be single 
brick (yakajuri), bricks on edge (tigeh)s or bricks squared to form boi like 
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 = SOc.l11. 



The walls arc? rendered (gel Y'Us kasidan) \l/ith a llIud~stravJ rrrix (kah~yel) 
enriched with lime (ahak) which makes it insoluable after setting. 

BURNT BRICK WALLS 
The mortar (sey-ahak, maseh, malet) for burnt br'ick ivallsis a mixture of 
hydrated lime 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. l'ime, cement and \A/ood ashes (hakestaY'-i--hamn-iam) and 
either the hail~y seeds of y'ushes or goats hair is i'J.dded for internal bonding 
and to prevent craclci ng -:'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 
Many buildings today are built on a stone base approximately 1m 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 FaY'S. It is laid It/ithout 
mottar. When it is set in mortar a special lime and clay mixtul~e (dU9Ub) is 
used for the joints (darg, darzesand), It is applied soft and the stones set 
easily with a very th-in joint. In a few months it sets very hard. 

FLOORING 
The average 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 basicall.y three types of toofs. 
1. Pitched Roofs: (See Wood Construction) 
In the Casp,ian provinces with their heavy rainfall (225"p.a.) pitched roofs are 
found, covered with either straw, (figs 158-159) *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 becomi~g 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) supporter! 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 laid over this in 
thin layers. Each layer is allowed to dry and then compacted with a rolling stone 
(garraban) before the next layer is applied. In Fars and Isfahan the roof is 
approximately 250mm thick. In Azerbaijan it is 500rrrn 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, ~way. 

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

*20. For house construction see Wulff p.p. l06~107 



The mix is laid on the roof in sections approximatuly 3m wide. In betw2en 
each section a rain channel is formed slightly depressed in the centre 
and deepeni ng to the edge of the roof It/flere it ends ina \l/oocien spout. Aftet 
each rain the roof has to be compacted otherwise it 00uld develop cracks while 
drying, (a roller remains on the roof) and allY stravl has to be irmoed'iately 
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 

Vaul ti ng:_Intro~jcti on 

In Europe vaulting was developed for a limited 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 aesthetic 
and it's use was largely limited to buildings embodying these principles. In 
Asia, scarcity of timber led to the development of vaulting to meet almost 
every conce'ivable spatial problem ftom peasant houses to mosques to pal(i{(>s. 
Unfir2d mud-br'ick was used because 'it WJS fur marc f'lexib'le and adjust" " 
than fired brick. 

Two bas'ic fOrills evolved; the bcll~rel vault and the dome on squ'inches. The former 
roofed ob'long rectangular spaces and the latter roofed square spaces. A single 
vaul t or dome could normally span only a 1 imited area, but many combinations 
were developed, achieving large spans und roofing the most awkward spaces. 

"A vi ew over a Pers i an desert town) with thousands of vaults of all ki nds, 
defY'ing (\,11 regu'larity, g'ives the impression that there is noUdng that 
cannot be done with a vault built of unfired bricks" *1. 

Vault construction, as currently in practice in Iran and Iraq, i.e. without 
timber centeri ng or shutter-j ng became pass i b 1 e \\li th the di scovery of gypsum 
mortar. Gypsum mortar sets almost i~nediately on contact and there is no 
danger of slipping. The first Iranian examples of such vault construction 
is found in the Parthian buildings of Ashar (1st 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 cana·ls. 

1. ,Y2,~J.:LQ~~_!:.ons t~cted with cent.eri ng. 

Centering did not die out immediately with the discovery of gypsum but wa.s used 
in a modified form. A thin layer 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 vaLll t. Thus only a very 1 ight 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 ~ithout c.entering .using staging/mi!,ror wall. 

This type is used \'Jidely in Iran today. The courses are set vertically from the 
sustaining walls and leaning slightly against the staging/mirror wall. The 
thrusts are thus distributed between the vertical and horizontal axis, bp.t\</een 
the sustaining and mirror walls working together with the sticky gypsum mortar 
to minimise any possibilities of slipping. The vault described a large segment 
of a circle forming a parabolic (b elliptical) curve. 

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

*2. Pope and Ackerman p. 415 
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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 Taq-i-Kisra in Tesiphon.(with a span of 84 1 

- 25 gometres). 
The vault at Firuzabad, despite the use of crude, flat stones instead of 
bri cks, spans 43~ 1 (13. 3m. ) . 

3. Vaulting without centering or staging/mirror wall. 

In constructing a brick barrel vaul~ without staging.the mason~i starts at 
the back wall with a course describing a segment of ~ circle igd advances 
w~ith a succession of parallel courses. This method is used i~ran. 

I 

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 

,+),and the pendentive,wffs developed~with many interesting types of combinations. 
(A) ('ll}; , 

4. Dome on Squinches. 
(I 

\ ~,It>'Ll/V 
(1 In this type the dome ;H formed by A squinches built up from the .f=ettr 

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 
~ith increasingly larger courses unti~ a segment of a cone iSi/0<1tm~_~.,,~ .This 

y 1S done at each of the four corners tl11 the half cones meetr-a--t--the"Clrc-le 
~k each side of the room. The work is continued in this way/until the 
remaining opening which is square in horizontal projection fls closed. This 

.h, type of dome is used wi de lyon houses in Kl <2 ( 
\ t 

Dome on Squinches and Infill Walls. 
{\ " 

In this type the squinches stop short of meeting in .the circle. The spa~es 
left in between them are filled with level courses on a gradual increas1ng 
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 
interior surface forms part of the interior of a sphere, it can be continued 
un~ a perfectly round setting for a dome is achieved. 

I - d 1'/1' r , "I" ' ,l"" ", 'l 1.\' J, ",~, "j' '--- 11'..;" I' 'l tv\ , .... , 1?\1\'(', \';"1 "0)\/\r'l.i",,)~\ \1\'~S t·, V f~(Ur ,\,~\,;:'~,r1.'::'.' 

Combinations ' \~W\f\,(\ .lv" 
,,J 

~I 1,' ( {J\. 

The above outline of vault and dome construction remains a very basic 
vocabulary for the technique, types and their potentials. Very many 
ingenious v.ariations 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. 



FIG. 128. Construction of an arch with centering 
set on the supporting members. 

FIG. 1'.'.y. Di.lgram of a Sasanian barrel vault with parabolic cross-section, 
built 'without centering, with vertical semicircular courses. 



FIG. 130. Diagram of method of constructing an 
Iranian vault on squinches. 

.j 
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FIG. 13 I. Diagram of an Iranian dome on squinches. 



M I CAR CHI T E C T U R E. N. S QUI N C H E S, ETC. 

. Between the squinches the wall is built up vertically at ~~ and then filled 
the face of the squinch, so that its surface Bb, Dd, has no precise geonletrical 
>ugh it is practically circular at the level of the crown of the squinches. 
c corner of the lower walls and the crown of the squinch the groin gradually 
(pD and mA). 
,f this a\vkward groin the tenth century produced two other solutions: first, 
) as in the Mausoleum of Ismatil, the Sanlanid, at Bukhara (PI. ~64 c) ; and 

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

nq ~h niche which blandly overrides the corner as in the Masjid-i-Jan1i t, 
26B A), and closely resen1bles a certain Byzantine type (Fig. 450), I though 
11inted. . 
lllsoleunl of Arslan Jadhib, Sangbast, this squinch exists on a Inonumental 

i)O B) .. Half a century later appears at Yazd, in the Duvazdah Imam (PI. 
le first of a very long line of complicated squinch-backs, so numerous and 
lCy can hardly be classified here (PIs. 320, 4II A, 4I2 A, F, 442). Along with 
iuqs used a very beautiful plain squinch with a sharp groin running fronl the 
c walls in a smooth curve to the crown of the squinch (PIs. 305, 3I4)' 
t likely that Persian architecture could long rest content with the rather 
lnian filling between the squinches. Great side-arches, uniforn1 with the 
ilcs, replaced the old beetling walls, and created with their spandrels a bold 
rism (PI. 260 B). On this the dome rested, projecting without further 
This offered a better opportunity for lighting the don1e chalnber with win­
·60 B, 274 c.) Aesthetic and practical considerations (see pp. rooo-I) nlade 
i ustment of the polygonal to the circular form necessary, and the architect 
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9.3.2. Materials 

9.3.2A Mud Brick (Adobe) Construction 

Hud brick is used as one of the pi'incipal building mat.erials 'in many po.rts 
of D~an. Its use depends to a large extent on the availability of lateritic 
(clay) soils. These are present in most parts of the country. t,1uci brick 
although vias not found to be extensively used in the Dhofat coasta" region. 
This is ~robably due to the limestone bed rock condition. Clay is used here 
although as a mortar for linlestone block as well as for rendering barasti 
houses. 

Mud brick has been used in the past in Oman fot the construction of C1V1C 
buildings, forts, market places as well as residential buildings. It 
continues today as one of the ptimary muter'jals 'in ovmer built housing. Thp. 
use of mud brick in buildfng has developed to a high artistic level espec­
ially in the interior towns such as Nizwa and Hamrah, where multi-storied 
buildings of two and three stories are the rule. 

In recent cons 'cruct'i on of pub'l i c bui 1 d'i t~gs""ll:1l1d br; ck has been supel'ceded 
by concrete .. The idea that mud brick and oth&K indigenous materials sannot 
be used in modc}'n bui 1 di ng projects has been 'i t1tr:'Qduced on the gr'ounds thi'\t 
these indigenous ll1ater'ials tend to pl'oduce environmE:.nts \vhich an~ 

.' p'r/siologically unhealthy and structures \vtl'ich are uh<s~~{e_~.. ___ .... --- ... --.. 
,_vr,,-:;-_~~c ' _________ .-- "'""- '--~ 

Before mud brick or any other matel"lal 'is discounted 'its \)i'OpeTUes sh()u'!d 
be analized and compared to properties knmm about other r.ICltel'ia'ls. Every 
building material has its adva~tages and disadvantages and its Jppropriate 
uses, ~1ateri a'i s shaul d be ana'! i zed and compared \'/i th rei'etellce to thei l" 
physical properties and strengths) EnvironllVi'ntal t'esponses~ economic 
impl'ications~ ease of use, effect'iv2 "ives?~availability, and aesthetic 
qualities. 

Composition of Soils 

In choosing soils suitable for the making of mud br'icks its l=,hyslcal iWOpEI" 
ties must be analized. Soils of various compositions produ2e bricks \Iith 
differing properties and strength and resistance to water damage. 

Soils are usually graded into four divisions according to the size of 
particles, as gravel, sand, silt and clay. 

6) .c 
o 

, .s:-' -.. 
v 

(f) 

II} 

Particle Size 

Gravel 2.0 rmn 

Sand 0.2 - 0.02 mm 

Silt a.o? - 0.002 mill 

~ a~) \,\ c ~~:,~. OOX.llTun . ~ vv \' ,,) t ( v 
The soils cohesion pl~opel"ties (ability to ho'ic) tooether in a mass) are 
directly due to particle sizes. Coarse soil particles are not cohesive 
and rely un fric:t'ioll oetvleen particles for stctbiiity Itlhile 0. fine ~Wdin 
soil (i .e. with a high proportion of clay) is cohesive. 



The presence of a high water content reduces the cohesive strength, and 
t~s its plasticity, res'istance to defotl11ation and its compressive strongth. 

The presence of organic material such as humus in the so11 is Ilot favourable 
for brick making and in 2reparing a site for Clyanying clay for br'ick nlaking 
the top sailor organic layers in which biological activity takes place, 
must be cleared away. 

In making bricks of a sand-clay soil, the clay provides the cohesive strength 
and the sand lowers the moisture absorption and gives resistance to 
abrasion. 

Soils having a high propurtion of clay swell yp increasing the;\" volume vthen 
wet and shri nk and crack badly v1hen dryi ng. Sandy soi"! s on the otherhand 
do not have sufficient cohesive strength to prevent crumbling. 

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 gGod brick. 
The c1 ay and sand content of soi 1 s very even \.rj thi n short. di stances, 
physical properties of soil from one area may be quite different from soi 1 
taken from a neighbouring nrea. 

F'j 9 shm'/s that the J~e§uctigILfQ~claYJ~~tC~Qtage wi 1'1 cause an a,ccor:1Pani ed 
reduct i Oil ins tren9th of thi':btic:K. Tili s ; s "tti'i buted to the con:;cqu2nt 
detrea~e in coh~sion which in turn is the rcason for brumbling and breaking 

.of bricks having a low percentage of clay. 

The water absorption rate of bricks varies directly v;iththe f.1JnolJnt. of c'lay 
present. 14hen submerged in water bri cks absorb at. 1 east tJlE.!<j r 0i'1Il \'Ii efli1t 
of water after half an hour and show signs of disint~gration. 

,-~tJ<;2'§h'<lW~ich:a:"t1\1hen mud bricks are exposed toasaturtl.ted atmosphere 
they absorb \vater to only about 4% of their weight. Bricks \'1ith a high proportion 
fo clay absorb slightly more. t;r0~9ture abso¥4p4icm·'3'i3opS'*·at about 4% aftel' 

h \12,~to'+6, days. 

In dbnsidering the effects of rain it is found that br'icks having il greater 
proportion of sand are more resiliant. Rain damage varies in inverse pro­
portion to the amount of sand present in the brick. 

Water Content of Mud Brick 

'·:--.Btick making relies on the properties of clc_y in the soil vlhen saturated 
wfthwater to become plyable but still p'lastic. This ii,11o'l/s the .mud to be 
moulded into a block shape and to keep its shupe when tl~s;.fofrilv/ork is l~e­
moved. T,he proper proportion of \'/ater to obtain thJ»,~!)rate is usuany 
between one quarter to one half the ~irght of dry clay. 

There are hw stages in drying of the brick. /\s most of the water evaporates 
shrinkage of the brick corresponds to the amount of water' evaporated. At a 
point v.fhen the brick contains 7-10% water- shri-nk£lge ceases and thQ, brick 
has become hard, though rema i ni ng a dard col out dUetl)-t-he~presence of \'/ater. 
son particles are in contact at this point and the 1~emainiI1~rwcrte):~.J:~er.lOved 

\isrep1aced bya'ir'. \IJith drying the brick gains a l-ighter colout. 

'ffri'sdneans tha:LiLter content of7-l0%is to'lerable~;nn'Lld t)l':icb c 0nstt'u:::ti 0;1 
. and "dl L_n():Lxe5_u1.tfI1'~ira~ina-ge:, On' the othel' hand wfleri'-wa t;;r ~;onten~, F;XC2(ds ' 

that limit it breaks dovm the cohesive strength bell'leen c'ldy pal'tic1(::s and 
consequently the strength of the brick. 



) 

Climatic Response Heat Transfer 

The response of mud brick building to thermal condit"ionsexperienc8t:.! jA'1 

Oman has been tested in a seriesDf experiments ~t various locations in 
tbecountry (see sections 3, & ), The thick mud br'ick walls insulate 
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 that] wall surfaces 
of many other materials, becuase mud walls especittl'ly those l'endered with 
a mud plaster have a light colour. These wall surfaces therefore reflect 
solat Y'adiation rather than absotb it, t,1ud 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 ftom reaching interiol' surfaces fot hientj' 
four to thi tty hours. Very 1 i ttl e of the heat ft'om O~Jt!:; i de surfaces Y'eaches 
interior sutfaces which remtlin roughly at a constant tel11petatul'(~ vih-ich is 
an average of the daily range of outside surface temperatures. 

!he'mud ~ric~ walls.actio~ of insulati~g t~e interior f~o~ heat and col~' 
lS not only'~ttte to lts thlchness but also 'lts 10'tli coeff'lclent of they'mal 
conductivity. (i .e. the higher the coefficient of thermal conductivity the 
more ready the material is to transfer heat through a wall). 

The coeffi ci ent of thermal conducU vity for mud bl"i ck va!"i es with the 
composition of the mud brick. The coefficient increases with a higher 
portion of sand to clay. See fig 

In comparison to other structural materials mud brick has a relatively 
10Vl coefficient of thermal conductivity at 0.50 HlI',loC wlrile concrete is 
approximately 1.2 ~J/~'10C and limestone is 1.5 V!/~loC. 

Mud Brick !11aking 

\ ,Choosing soils for mud brick making. 
(Z', \.'_" _ 

(The demands of modern construction require a scientific appraoch to the 
,;~election and composition of building materials. Individual materials must 

.\~')\be uni form in thei r propcrti es and strengths and th(':5e propert-i es and stY'en~rths 
YI [!must be clearly understood. ~lud brick as a material must also meet these 

requirements. 

Builders in the past cannot be dismi ssed as unscjentifj<:: and the reason for 
'their successes and ingenllity put aside to intuition. \1hat VIe have today ilC1S, 
evplved over mq.ny years of te$ting and experimentat-ion. It is the accumu'lated i 
knowledge of ma'ny people bunding \in response to similar pr'oblems and i 
en/vi ronments. On the other /hand whE'm new tools and tecl"tniques make themse -/ ves) 
a~ailable they should be, taken up i\f they pl~ove thf;ll1Selves to be improvemEnts! 
o,h ex is ting sys tems. Jmpr6venlen ts h:a, v~ah'lays;beJ~}Lmad,e .. ,~am.LjnlJsL.c.Qnt i nue,. ' i 
When more than 6~e mate~ial ct'9rade of matefial is available the choice of I 
building materia:l or sy:~tem of construs::tion must rely on the requirements of \ 
the buil di n9 and the ervi ronmental fattQ(s. 

Jle cat) see from fi g / & fi g that r1u~'·1Jr.i"ck' s properti es of strength i 
~nd resistance to welter damage var~ clependi~$ ol:~~e.composi~iot! of the b~ickt 
Therefore the mud brlck can be deslgned to flt lndl~ldual bUllctlng's requlre-, 
rhents. Compressive,16ads experienced by beating \'Jalls"'in the building must be} 
determined and the ~mount of moisture in the environmen~*nown in order to, / 
~hoqse the optimum proportions of sand and clay to produce lhe best brick. ~ 
furth~r non structural consideration can be made at this point. It is know~ 
that the insulat"ion or heat transfer value of the bY'ick (i .e. its coeff'icieqt 
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of thermal conduytivity) composition of the material.i<tlOytiWJ the. location 
and orientation of the bunding' the optimum cop.ffici(~nt 6f thermal 
conductivity can .also oeattained by choosing theprppor'tic1tl of ' sand und 
flay .. 

Ideally one would like to find soils of appropriate quantities of sand and 
clay neas_Jhe bui'lding site. Hater in considel~able quantit'ies is also 
requi'red nearby:'IfrriLii:lcan be quartied near the building site and mud 
t>J't~k makjng,carried out nearby there vrill be a great sav'ing in tilile ,and 
:tl'anspol'tation cos~s. lhis of couY'se is not always possib"le. On the other 
hand a site may be found where there is a J~rgedeposit of soil whicb 
produces a high quality br"ick and a '2l~.<i,bt1ck mak"ing yard established here 

'to produce bticks for a 'large project or fot gener(ll cOll1lnun'ity usc~, In 
choosing a site not only the son quality and econondcy of tran:::poI,ting 
bricks must be considered but the eventual use of the excavated depression 
whichjsJ~ft behi nc!o ~ .. _oo'~" 0.0_

0

_ 

It is not always possible to find soils of the propet composition for mud 
brick making in the desited area. Soils may vary in thEdr composition even 
ovet relatively short distances. Soils from various sites may be mixed to 

, I provide the.~orrB$t proportions of sand and clay for the production of 
suitable bricks. It therefore becomes very importa.nt to make a thorough 
soil survey of areas where mud brick production is proposed. 

( 1 

(A) In the past the mud brick lTIason \'Jould cleat al'Jay the top son from (\ 
number of sites allJ test examples of the sub soils using simple tests. Colour 
of the coil would be noted, black soils tend to indicate unwanted organic 
material, and other colours indicatR ptesence of various chenicals and 
m;neta"/s. J\ musty srnel'i is a good "im1"icator' of the pl~esence of organic 
material. Larger particles can be gtaded visually and soils having gravels 
or very course sands vdl'l be rejected. GY'ain size can be determined by 
'touch'. Soil if tested between the teeth can be graded (the tongue and 
mouth being extremely sensitive to small particles). Sandy particles will 
feel sharp and will grate against the teeth. Silt particles will be finer 
but still grate somewhat. I-Jh,le clay will feel powdery or even soapy, l'let 
samples of soil rubbed between the fingers will give similar sansatiot1s. 
When a ~a 11 of soi 1 is mani pu"1 ated in the hand its texture becor~1es apparent. 
If it ~lds together and is very plyable it has a high proport"ion of clay~ 
if it crumples easily it has a high proportion of sand. If the ball of soil 
swells up in water it is clay, if it falls apart in water is it sandy. 
t,1any qualitative tests such as these give ilJlportant information on the uses 
of soils for mud brick making. 

Quantities of variou3 parti~les in the soil can be roughly graded visually. 
, Soil samples must be dried and pulverized. All particles which can be seen 

by the naked eye are separated and set aside. These are sands and gravels, 
the remainder being silt and clay. T\·,/o piles are made and the proportions 
can be estimated visually or measured. 

The accuracy of the above 'tr'adi t"i ana l' tes is 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 neVI techniques that the mud brick builder can employ to upgrade 
his methods of soil selection and testing. 

.' 



Bore holes can be dug in various places and core samples removed. These 
samples indicate soil conditions at various levels below the surface at 
each test location. 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 gra·in 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 
s'ize is determined. This gives very accurate inforrna.tion to t.he 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 aesired 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 particles, although there is a site 
with 20% sand and 80% cl ay and another with 60% sand and 40% cl ay. M·j xi ng 
is therefore required to obtain the proper composition in the brick. In 
this case if soil from the first site was mixe~ with soil from the second 
site in a proportion of 2 to 1 the proper composition of 50% sand and 50% 
clay would be obtained. 

,I) ~'\ -: 
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TI~aditional Bl'ic'k ~'laking 

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

I I This mixing process is usually carried out by f60t though machines can be 
used, 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 watel' 
at this stage will result in bricks shrinking and cracking excessively in 
the dl~ying process. This in tUl'n results in a loss of strength and density 
in the bri cks. As a rough Y'ul e of thumb if the mud st'j cks to the moul d 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. 

Too much moisture in the rn-ix vlill dry out in the brick leav'ing voids \'/hich 
weaken thE! bricks compressive strength and allow furthet moistul~e absorption. 
The mud must stand for a day or two before brick making to allow all the 
small lumps to break up into a consistant mix, 

When the mud is finally ready a clean level is cleared, over which a layer 
of sand or dust in sprinkled 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 requi red size of the bri ck 'i s then p'l aced on the ground and 'fi 1'1 ed 
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 leave the 
formed bdck to dty. Bricks should be 'left to dry in a shaded place for the 
,first three days. This prevents excessive shrinkage and cracking, Infact ' 
the slower a brick takes to dry the stronger it becomes. The best br'icks. 
,~re th~refore made during the winter. After three days bricks are turned on 
end so they dl'y evenly and lift in the sun. Bricks should not be used 
before they have thoroughly dded out~ \I/hich usually takes at least thil'ty 
days, when they vlill attain a constant weight. 

'Two~guides as to the quality of ' the finished brick g'ive an indication 
whetllerit will be adequate for any load beating commonly found in house 
building. Firstly, whilst small surface cracks are pennissable in the brick, 
if these cracks extend from one side to the other the ~rick should be 
rejected. Secondly, the'bricks should be uniform in size, free of voids and 
should stahd up to stacking, handling and movement without appreciable 
breakage or sl~umbling at the corners. The surface of the brick should give 
good resistance to abrasion when rubbed with 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~or 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 used as models for 
working out similat production problems in Oman. 

Rammed Earth Bricks 

Mud bricks of a strength gre~ter than those made using the traditional 
method can be made employing brick ramming-form devices and the same hasic 
material. These rams use a lever action to form bricks under compression. f 
somewhat dryer cl ay sand m; xtute is put into the mou-I d and a stronger br'j ck 
requiring less drying time is produced. 



The most common bri ck ram machi ne is the man pmvered ICi vca Raill l produced 
in Columbia, South Amer'ica. It requires a creV! of t\vO men to operate plus 
men to mix and carry the mortar. The Civca Ram can produce about 400_pl"essed 
blocks per day while '-Professor Filtbyls experience sholtis thif:13 a crevJ can 

'produce 3000 traditional moulded blocks per day. Other automatic or semr­
mechanized techniques can produce 1500 to 2000 pressed blocks in a working 

,day but at greater expense. --

It must be remembered that high strength pressed blocks are not always 
necessary. The compressive strengths taken by tradit'ional'ly 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 bt'ick. It can only be used in campression. Even 
with its relatively low compressive strength substantial two and three 
storied bu-ildings are the rule in many areas of Oman. Extensive mult'j-stor'ied 
mud brick buildings have been built in many other patts of the world. Mud 
brick has a low 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 improve mud brick systems. 

i) Firstly~ the use of mud brick in conjunction with other materials can be 
. advantageous. Limestone footings for mud walls are employed extensively 
~ Ivhere water damage to the bases of wa 11 s due to fl oodi ng 'j s 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 should be 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 layer of bitumen spread 
continuously over a levelled course all top of the footing wall. The damp 
proofing course must be above ground level. The mud brick con~truction starts 
above it. 

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 
wa 1'/. Hori zonta 1 rei nforcement can take the form of il ri ng beam (~r'€ferto\ 

';,Fig v/hich may be as substantial as a cor:tinuous reinforced concrete 
member running around the walls of a structute. 

ii) 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 IAJith the mud brick surface~ their 
ability to resist the penetration of 'i/ater) the;!' durability and their 
availability and cost. 



The simplest and- most readily avanable material -is u type of clay plr:tster. 
Special high grade clays more resistant to Rbrasion are used to render the 
~/alls of mud brick buildings. This is tile most common type of tendf~t'-in9 
and is used universally in indigenous construction. The c-Iay is gencr-a!'ly 
of a lighter colour than the brick c-Iay and renects solar l'adiClt-ior. v/ell. 
Its actual composition varies from area to area but its prod~ction generully 
requites a period of germentation in ".Jatet'. It is sOllletime::, nlixed vlith stravi 
to help stop cracking. This material has the advantage of binding reJdily 
to the mud surface. Repl asteti ng is generally requ-j red every three years. 

Recent experi menta ti on has shown that a very hard rendered surface It,hi eh I'd n 
not tend to crack can be obtained by simp-Iy using a clay--sand m-ixture with 
a high proportion of sand i.e. two parts sand to one part clay. ,The \vall 
surface in this case will be darker than the one above and absorb nlora 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 weigbed against effect.iveness and durability. The VIall construct-ion 
must be completely dried out before plasterin9~ further settling of drying 
will cause cracking or flaking of the new surface. 

Surfaces must be prepared. Rendering materials adhere well to rough surfac2s 
and are less likely to crfick. 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, spl~ead by hand, throvm or 
mechanically sprayed. These rendel"ing mateY'ials t.end to 'last 5 to 10 years, 
then must be repl~ced;~! 
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we ge~ resolving; 

Hon"u:duI1:J I Co.s lJl ;::: 
Verhealty I~;n tv -
Dii,dinj lfun If --T 

to 
LJs 

WS 
T() 

~ 

..!..2- ~ c 
W 

CJ2. ;: C T5~ 

!:J' ~ C;COs,h..x.-
c 

5 -;:: C sh ::x: ,--c 
-r :: W:J ' 
[ W weight / un; r: /cngtVt ] 



VAULT ANALYSIS. 

y = C Co sh x 
C' 

The slope of the tangent. to the curve is given by; 
vertical rosolution b-) 

divide horizontal resolution 0-) 
hence 2-) 

tan"-Y = .§. 
C 

3.=l .(.-<--

The length of the arc 'S'is given by;; 

5. 

2 2 
S=y=o 3-) ~ differential calculus using 2-)dy-=dy.ds 

dx ds dx 
where 'O'is the parameter of ttce curve.The two components of force 

along ~he eatenary are given by; 

H = w.o. 

v = W.s. 

a-)Tcos ~=H 

b-)Tsin'1-'= w.S. 

4-) constant. 

..2=l 

.',-!tP 

y 

-~>x 
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.. ---FIl~ST VAULT. 

The lino of pressure coincides 
l. 

with the centre line of thevaul t. 

(This obviously 81sswnes ithat the 

vaul t haS' been cons'truat;ed to suit 

the catenary line of pressure.) 

For : Yo =~--=--,-h05U7 
Xo=~ 

•• C:= Cf2 b:J -triaL 

Yo = 2 &'4 on 

Ltngfh 
0{- Arc: 

50 "" J Ya~ _c:2-

A nglccf 1hrvs­
. tdle.re o1Ch rn:ill 

~ 24-3 GITl 

wIt :' tan lJIo = ~ = 
C 

T 

To -- w.~. :::: 240)( 2. Co4-, 
- &>34- K9.Lm , 

He ;:= w.e. - '2.40 >< o.cr 2. 
k.~Lm 

, 

- '22 { 

Vo :::: Vf. S. '2.IJD X '2, 4-~ 
I 

- 595 I:J. L rn 
j 

6 • 

/50Cfl1 

15'3 ern 

Yo -, 
() 

15Scrn 



CHECK OF STRESSI~S IN THE VAULT. 
----~~~~~~~~~~~~ 

'221 ksJmL---~A -\ ! 1--__ 

F = 11 
A 

fmox -== ~ ~3lJ. 0·422.. k9/cm"z" 
looxJ5 -

ff-op -= 221 0·/4-7 kg/crt}2. -
/00)(/5 

CORDINATES OF "PRESSURE LINES - '1 • 

l----.l----. >< 

x f: Y:= C Cosh2 ~ Y 
ZE.ro - Q2c.rn 172 ern 

30 0326 q7 1 to7 
--

(00 0.&>52 I 12 15.2 

qo Q·Q76 139- 5 124-·5 

J'1. 0 I. 304- 192 g2 

150 (. Co3 24-3.5 :zo·S 

158 { .72 2(04- :z. ero 

:;'0 30 30 -::'0 
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'FIHST VAULT" 
V7 ~ -" 

~ I,-~ 

-I 
~I 
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I 

I 
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FIRST VAULT. 

CHECK OF STHESSES ON THE SUPPORTING t1ALL. 

Weight of woil = 3x O·.5xl x I x /. fo 

::: 2·4t 

N ;:: 2· 4 -I- 0·595 
.:: "3t 

. M = 0·221 x 3 - 0·5Q5'1'( Of7 

= o.~t03 - 0./ 
= O.5Co3h1.t. 

M - O·5~?J 
N - "3 

Nor!? : 'for a 6Iopirg {AX).!l o{-·3(JYl ar hase.­
t --2f:L =::. 2 x 3000 ::z:<, 17 k9/crrt-

3cb 2.7.bbX100 

'i 5 0 -J. . 
I 

-' I"-

\J.J 
o o 
('\ 

3 

/<6.'/'6 
-'tr---"-~---'k---' ---._-._-----k-

~ 
0 
0 I 

3 
I 
i 

i 
I 
I 
I 

. , Q5 
: .. "-

, 
/ / 7 ~/ 

9. 
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Line of pressure in the middle 3rd 

5olvin3 equofton.' 

y :0 C cosh f /~ fnol 
-Yo .,. 175 t-C 

XO = J55 

~y\ 410 .:: ~ ~ 2 .LJ-a 
c.. o. '2.<6 

;::: ;Z. £,;2. 

10 == W '10 ,= 24-0 t< .:Z<o '3 

-= G>.30 kj/m' 

I v 

H 

I 
- ~ I 
~I 

I 

10 .. 

_~~-,I ____________ ~~~~rrnc~ j c.url~. + :~~:: 
y 

Ho = w· C. =.. ~OA O.l6<D 
::::: ;(1/ K 7/m I 

---'--'---+--*-----I-I~ >< 

Vo - W. ~o :;;: ,zLl-Ox 2.42, 

- S9S kg/tn' 
• 

CHECK OF ST?ESSES· IN THE VAULT ... -

Ie ::= 2T 
I t.b. 

fo "" ;J...-,( Co3Cl 
1001( f 5 

10 - O. RZ kJ/cm '2... 

• 
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Ordinats of the line of pressure; 

x y 

-z.f::fO n5 

"30 l(pqS 

~o 

C/o 
80 

zErO 

-~ 
~ 

\1 
\J) --\J\ 

3 +:-

3 ;:::; 
lr\ 

3 

~ 
3 

~, 30un 1, 30 em ,( 30 em 
30 CiJI 30 crn 

~K~-------------- 150cm ------------------------~ 
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DOi.ms. 

METHOD'OF CONSTRUCTION • 
.,....-.. G!! ... tr .. 

The domes are constY'ucted without the aid of' any shuttering as in 

fig.1. It is built in ring courses,eacn course being completed befo:be 

the pext course is started.The job should be carried out in at least 

three stages, to give th.e mortar time to dry, since the lower part of 

the dome will carrY' some tensile ring stresses afte1" the dome is 

aompleted.fig.2. 

RECOMMENDATIONS. .......... .,,,,,.... ...... 

ll"To compensate the weakness of the itensile strength ot! the dome,it 

is rec ommended to construct: the dome :from a st,ronge~ and longer type 

of briak,with its long side in the eircumpherential di:reationfOfig.3. 

2.It is better to use the Byzantium. type of dome ,since it,s dia!ghragm 

rise = a =0.72a,which is greater than the previous 0.62a needed to get 
2 

in the compression zone of' NIlJ.But less of dome is in compression. 
-& ': 4- 5¢ (Anc(er U. D·L. ho ri!):onroI I ood. 

N.B .. During the stages of' const:ruc,tion of the spherical dome, th.e stresses 

are safer since~w during construct.ion is less thani: after completion 

at the same sec. 

Hef'.Theory of PIa tes and shells ~ stephen Timosh.enko and S .. \YoinowGkyv 

Krieger. 
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Second 5f'aq,e. 

o· First !>tog 

J 
'I' a. 

fig.2. 

Byzantine Dome 
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15 .. 

Ji.ot£P.t::biI~ 

N¢ -- CPr -f 
Pr ::. PCC/s.e-

- N17J 
J- f' .e-- -- P 5/r) ..e 

where p' is the own weight/uni t . a:r~a.1 of the surface. 
N-e-& ii<p ape membpaine fOY'cea/uni t length. 

N = .- P a 

H002-

e- -, .,... C05-& 

tid. :::fr.. q +_'P.a - l 
y L'r I + COS -e-

Hp 

Nt> 

Nq 

-

= [- Pccs-ET. a+ p q l 
J -t cos e-

= -:p. q -::: ~ r. q2.. 
I+?-= ----q 0 -r '2_ 

(- p.z. + Pa2.. J q+z. 

2.. . 
== p a - q.z. _!2 

-.::,. -::>0 

Cf +2-

""- ZE.ro at 
q2. _ ;2. 

q. Z .-?-. ;:.. ::z..crO 

q -= /. (02 z 

Z - O.wZ 
.Q 

a 

q 

/.1) . 

4-- o.? eSq-7' 

\ 
. N¢ N-& 

A - - -x- -:- -if B~~;: if ~~ 
Qrch cwh Dr! .41 N ~ . 

I 
h'\endlQn plane I'} arch C! c'Roh In 

. . ~. hot:) P plan e 
.' . N ~ is. rrad6 up Or components 

from ~~~ and Pr 
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}.IIDD BRICK CONSTRUCTION: SASSANIDE DOME CONSTRUCTION METHOD 

Part of the training programme at GouD1a,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 Viall which formed 

the square support. 

section 
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