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ABS-TRACT 

" 

The general pro.blems of low-cost roofi-ng for tropical 
~ 

, '. 
developing countries are discussed and the four main criteria: 

,,-- .... ' 

climate, ~coRomic, teéhnical and social, investigated in 

detail. 

Roofi ng 'tjpes ar,e I\.exa'rnjned ~oget~er wi th the r'oof 
,. 

J, 

elements~(the supp6rting structure,_the roofing substrate, the 
.. 1 • ~ 

roof covering) and. a comprehensive Hst of potential roofing 

mâterialS' is included. 
~ 

A variety of roofing systems are discussed in detail . '. ') .' 

based on the previously- outlined ,criterja and tlassification·. 

The systems and materials'inves.tiga.ted are: "paper systems~ 

metal roofs~ bitum'inous r_oofing matèrials, cementitious com-

posites,)burnt clay, earth roofs, waste materiaJs, and sulfur 

compos i tes ~I~' 
, 

From thè data obta,ined, the a'uthor concludes that a 

definite " -statement of appropriatn~ss for:a particular roofing 

system il1 a given region can only be made by recognizing the , . 

co'mplex. variations, in local envir'9nm~ntal conditions and 

economjc and natural resources_.' 

.' 
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RESUME 

Les problèmes g~n~raux des toitures ~conomi~ues dans 

les pays tropicaux en dév~loppement sont l'objet de cette 
, , 

étude, et les quatres c~itères économique, climatlque, 
\>;. ," 

technique et social y sont analysé' en détail. 
-1. i ,~ 

Les différents types ~e couverture sont étudfés en 

rela~ion avec les éléments du toit (structure' de support, 

par t age, r e cou v rem e nt) . 0 n t r o',u ver a é gal e men i: une nom e n c 1 a t ure 

des matériaux utilisables. 

Dive r s s ys t ème s d-e toi tu r e son t é tu d i é sen dé ta i 1 

suivant les critères et tes principes de classification 
. 

décrits ci-dessus. Ce sont: 
'4 ' 

les toitures en papi'er, les 
Q , 

It1 1 

toitures métalliques, les toitures a~phaltiques, les toitu~es 

e n corn p 0 s é 5 d e c i m ~ nt, e n é 1 é ~ ~ t d è ter r ecu i t~,' e n ter r e , , 

en matériaux de récupération, En composés sulfureux. 
,," , 

Dia p r è s 1 e s do, n née s r ecu ~ i l 1 i es, lia u te u r vie n t a 

cet te. con c 1 u s ion qui uns y s t ème n e peu t ê t,r e· a p pli'c a b 1 e 

di r e c te men t à une ré 9 ion d p n née sis e u l e'm en t l 1 i m p 0 r tan c e 
) , 

des variations envi~onm~ntales,des conditions é~onomiques 

et ~es resources naturelles est'prise'en cons~éderatinn. 
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l . 1. THE HOUS II-le; PROCL EH 
e 

'1 , 

The u~expected urban growth,'coupled with limited 

financial and- industrial capacity in developing countri es. 
, 1 

ha s 1 e d -t.o se rio u s s ho r t fa l l s 0 f bas i c se r vic es. s he l ter, 

and full-time emp1oym,l?nt. The lacking of suffici~nt medica1 

service;;. education and public utilities is even greate~jin 

l -' . 
rural areas. The increasing importance of money. introduced 

through~trading and speci1ization, lead ta an uncontrollable 

cityward migration. This influx of migrants to urban areas, 

ev~ryane dreaming of becoming a wage earner, is taking 

-dimensions no city can hand1e in conventianal ways anymore. 

St a t i s tic son ur ban i s sue s p r o-d u ces ta r t lin 9 fig ure s :fJ. 

60 percent of the population of La tin America i s ail ready 

urban, b_ut the propor.ti on i s expected to grow to 75 percent 

within the next twenty years4
2 

Table Multimillion Cities (UN) 
/ 

up to'1920 between 1920 and 1960 

East Asia: 
__ ---_ Tokyo 

East Asia: 
Shanghai 
Beijing 
Tianjig 
Hong Kong 
Osaka 

South Asia: 
Calcutta 
Bombay 
Jakarta 

Latin America: 
Rio de Janeiro 
Sao Paulo 
Buenos Aires 
Hexi co City 

Afnca: 
Calro 

lit 

between 1960, and 1980 

East Asia: 
~luhan 
Shenyàrîg 
Chongoing 
Guanqzhou 
Luda 
Haerbin 
Tainei 
Seoul 
Delhi 
r~adras 
Ka rachi 
Tehran 
Baahdad 
Istanbul 
Singaf)ore 
r~anil a 

Latln America: 
Lima 
Santl aga 
Bogota 
Caracas 

Africa: 
Al exandri a 

\ Laqos 

2 

. -

A 



" 

There are approximately 60 cities today which, 

ace 0 rd i n g toc rit e ria set b Y the UN" fa 1 1 und e r the de fin i t ion 

of multi-miflion cities (cities with'more than 2.5 million 
1\ , .... 

population). Further 200 cities with a population now betwee~n , 

o . 5 and 2. 5 mil l ion will i n e vit a b l Y m 0 v e---ro-wa r ct s the il p p e ;" 
, 3 

category in the not 50 d15tant future. 
\ 

" 

Another prognosi's by the UNFPA predi ct's that Mexi co 
" , ~ 

City's population will reélch,-31.6 million by the year 2000, 

Cairo 16.3 million, Lagos 9.4 million and Tokyo 26 million. 

The ~orld-wide need for hou~ing in these,next 20 years will 
4 

amount ta 1'.14 billion units·. 

The'problems associated Hith ,this growth rate are 
i 

1 
further detailed by the fact that one fOltrth of those livin~ , 

in the major cities still have no direct wat'e~ suoply; almost 
, 

t W 0 t h i r d s h a ven 0 s e w age f a (j: i lit i es. p., s for s h e l ter" u r ban 

gr 0 W th i 5 fi ve t i mes fa ste r th an the s u p ply 0 f pla n n e d 

housing.5 

Nearly 50 million urban dwellers in Latin Amel"ica 
. 

live belo\'J the urban pove'rty thre.shold. Urban un,employmEi!-nt 

3 

and under'employment arè high, and widespread low'prQductivity .' 
S 1 

and earnings 3re even more serious problems. 
1: ~ 

The poor newcomers a.,r.e forced .to live in unp'lanned 

set t lem e n t>5, 0 C ç U P yin q 1 ln d il,. e 9 a 11 y : ,of te n l 0 r cl te.d i n , , ' , 

peripheral areas where travel to and from work each day inay 

.' . 

.. 
. .. 

:. 
;. 
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, , 

, , 

.. 
• ' e x cee d . t h r e e "0 r fou r h 0 LI r s. M 0 s t 0 f the ses q' u ft t tel"" set t lem e n t s 

also occupy land otherwise u.,nfit for develo'prrent, such as / 

ste è p mou n ta i n s l 0 P es, fl 0 0 d 'e n dan 9 e r e d are a 5 ô r l e f t 0 ver 

areas' behJeen highways and, railways. The qual ity of th~se 
, 

s/tructurE?s, and roo.fs in. particul ar, hardly reaches acceptable 

l'evels of comfort: 
7 

The nrevalence of disease,in such settlements iS 

sometimes as much ,'as 50 percent higher th an the city-w,ide 

<lverage. suc~, condit.ions further .erode the producti vit y Of
S 

the 

'poor and can le,ad ta a s,elf-perpetuating cycle o,f poverty. 

1he unhuman livinq conditions in the§e squatter settlements 
, -. ~ 

also' involVe a ""very typical antisocial b'ehaviour of its in-
. . 

haBitants struggling' to reach a higher standard of living and 

to escape this cycle. Gal'lbling ideology and'fatalism charac-

terize the genera] behaviour as sociolo(1Îcal surveys reveal; 

other alternatives'th'an the'individual's struggle for im-
~ 9 

provements df living conditions are not SOU!1ht. Some countries 

with socialistic exper,i'ence, like Peru, have had sorne success. 

4 

~ 

with colletlve efforts for improvem~nts, organ1zed by authorities 

i n ste a d 0 f l e a vin a the ses l u,m s t 0 the i r 0 w n r e sou r c e' san d t h u s , -
1 

only allowing a (ew strong individuals to escape, leaving the 
10 

slum behind as, it is. 

/~ IWO decisive factors eminent f.or success of any project 

/for improvement of squatter settl efllents or' new low-cost housing 

" 

,. " 
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s che me' s h ~, ~ e e mer 9 e d dur i n 9 m y r e s e arc h i n t 0 the 9 e n e ra l 

housing problems in developing countries: 

1.1.1. Land Tenure:ll The definition'of illegality of squatter , 

settlements which, according to quoted statistics, make up for 

four fifths of new housing in developing countries.create a 

conflict situation for settlers as well as authorlties1.2 If 

hou~ing is an acknowledged basic right and authorities o~ the 

free market cannot delivèr, the authorities have to legalize 
, 

5 

these settl,eme~ts through land reforms, giving the settlers land""" "'J'-' 

tenure, without which the~~ave no incentive to invest into 

improving their shacks as they could be torn down by the 

authorities any time)3 

1.1.2. Credit facilities: AlthouClh 'squatter socities are very . ~ 

industriqus and have developed v~ry capitalistic mechanisms. 

they have little or no a~cess to credit facilities. As most 

p e 0 p lei il the l 0 w est i n co m e b rack e t are w 0 r k i n gin the i nJ 0 r mal 

sector, which hardly provides a regular income, they ha'vé a 

known bad payback abi li ty}4 

The lacklrlg of credit faci l ities for this' group makt':!s 
\ 

it very difficult if not impossible for them to start improve-

ments of their. sbelter after obtainment of land tenure. The 

sudden value of their plot is a temptation to sell it only to 

start over again and being caught in,a dead cycle)5 
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One cou l d as k, wh a t do land. tenure a n Id cre ct i th a.v ~ t 0 

~o with roofïng? - A ~reat deal l fhink! 

6 

The problems of human settlements in d,eveJop.ing.countries 

form a chain with numerous elements, 'some-of'\'lhich 'are crucial 
A 

r " 

for surviv'al,' othérs less' j but all or' them" are -i.nterdependent. 

After fooa and sanitation, whi ch are orimar.Y elements., fol1ow 

s'he-lter." The poo'rest of the pool"" neve~ reach a hig,her level than 
, 

just being, able to sati sfy morè or l ess these basic .needs, and 

they are.always at the mercy of otherS. 
16 

But as· soon as a dwe1,l ér manages to reach a l evel where 

h e c a n t h i n k 0 f i m pro vin ~ h i s s h e l tep" 0 the r f a c t 0 r s c 0 m e i n t 0 

play. Some of these factors are imminent and have to be i'm-

proved before others can be. 

As the' i m pro v e men t 0 f a hou se' ( ex t e n s i o,n, r e n.o y a t ion , 

etc~) i ~ a' majpr co~mi tment for any dw~ll er, wt\ether ri ch or 
, 1 

pO'o.r, ~he will never risk the investment without having tenure 

or'! the land (leasehold or ownership), and will therefore 

- rather buy movab)e ,~:wods th an a new :oof" 

Our economies are functlon-ing only on the basis of 

\'{ell structured credit systems, enabling a.lmost everybody ta 

9 etc r e dit, e s p e c i a l l Y for i m Pr:o vin 9 r e ale s t a te. 1 f t 11 0 '> ê 

economic facts are tru~~ w~y should they not be true for 

d ~ y e l api n g . cou n tri e s -1 7 S, orne e x a m p les i n Sou t h Ame r i c a h a v e 

proven that people working in the informal sector are very 

industrious and do not have as bad a -payback record as i s 

sometimes believed. 

1 • 
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The roof plays a primal role in our lives, 

,The most primitive buildings ar~ nathing 

but a roof.-If the roof is hidden, if its 

pr~se-nce cannat be fer.!i:. around the bui l di ng. 

or if i t cannot be used, then peopl e wi 11 

lack·a fundamental sense a~f sllelter. 

" 

" 

18 
Christopher Alèxander et Al. 
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1.2. THE ROOFING P~OBLEM 

A w ide ra n 9 é' of hi st a rl c and pre h i st 0 r i c s h e·l ter s i ~ 

still f6"'und today as contemporary dwell ing forl11s -.in developing , 

countries around the world. This great variety'of ind10enous 

'housing forms has one distinct characteristic in common: the 
19 -

emphasis put to the roofs. In fact, many of the temporary 

8 

shelters consist of no more than a roof structure and its cove~ing. 

The roof is usually that part of a dwelling which gives most 

difficulties to the ~uilder and it has undoubetdly always been 
'" 

the most lmportant of all the elementscof shelter; it provid~~ 
. , 

protection fr~m environmental'conditions and often m~ets cul-
• Cl 

tural needs as well. In developing countrie,s lt serves many 

other functions; there the roof ca~ be a sleeping area duri~g 
. -" 

th~ dry season~ à witer collecting system, a storage area, ~. 
'" 

food and clothes drying area, or it can also serve as 'a ref.uge 

from flood waters. In low-cost housin~, the roof is the si~gle 

most expenditure and thus the designPof the roof becomes the 
" 

. 20 
moderator of a11 éonceptions.* 

) 

The search for approorlate low-cost roofing systems 
~ 

for a par tic u l arr e 9 ion n a t u r a l lys t art s w l t h i n v est i g,a tin 9 

local tradltional materia1s and methods for roofing. But 
1 , 

looking for solutions amongst indigenous tra~itions of building 

is of little or no help, as Koenigsberger says, theyare 

* Between 30 and 50 % of the- total cons tn,lcti on cos ts in 1 ow-cost ~ .. 
housing are made up by the roof structure. 

-\. 
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based on conditions which have teased to ~pply universa11y~ 

1 

Rural housing ~as neyer really been a probleM compared with. 

that arising from urbanization. Koenigsberger uies the 
, ' 

9" 

"fo11owing ex~mple, underlining the di~ference of the s1tuatio~: 

... Il Vlith the exception of a few rice gro\'{ing areas, tbe 

equatorial trbpics used to be regions of"low population 

density. Houses were dispersed and would, therefore, be 

roofed wtth i.nfl amrnab 1 e materi al s. 1 t di d not matter 

that these materials had to be renewed frequently . 
. 

They came from plants that grew in the vicinity of 
l 

the hou ses and were available practically ~ree of cast. 

Agricultural activ.ities were seasonal, and 1eft spare 

time for 't.he repair and renewal of houses and roofs./I 

() 

The u r ban env i rD n men tan d the oC han gin 9 ? l i f est y l e 0 fn the 

masses in' need of hçusinC)' today bring ... about th~ 'need Dt" inorganic, 

non-inflammable and reasonable durable material~ which exclude 

t h 0 s eut i l i z e d i n m 0 s t' t rad i t ;' 0 n a l met h 0 d SO • The c h 0 i c e 0 f a 
" 

material,; as werwill s,ee later, is the main st~A"in tl1e 

des i 9 n pro c èS s for a l 0 w - co. s t r 0 0 f as i tin fl u en ces m ô s t 0 t h e,r • 

decisions to be made. ,The use of local materials is n.ot im-

possible, on the contrary, it is desirable to uti1ize 10.ca1 

resources wh~re and whenever possible if they Can be processed 

or modi n ed to meet the new requi rements' . 

• 

o 
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The Rrocess of finding an optimal low-cost roofing~' 

system for any specifie location means translation of' in-

formation in the form of requirements~ constraints and 

experience into potential roofing solutions. 
, 

A compr~hensJve catalogue of rpofing;criteria is the 
1 

inevitable-basis of the proce~s. 

In this m~ltiproblem-solving process, one has to cope 

simultanèously with: 

," climatic 

- economic 

tech

1
1'1Î cal 

soc i l 

problems, without !osi ,9 sight .of 
" l 

context of the task: 

the ~eneral planning 

Whatever the mocl,el for sol vi ng, th"ese probl ems 

m i .g h t b e, 0 n e w i l l h 'a v e t 0 go th r 0 u 9 h the th r e e. s ta 9 e s 0 f 

analysis, synthesis and evaluation at the vario"us levelst' 

of the proce~s of finding ioofing solu~ions. 
o 

Naturaliy the evaluation stage is the most crucial 

one in any problem solvi"g.process. 

We aim at methods of evaluation for easier decision 

making and justi{ying them, but it is impossible to establish 
1J 

an order of pr,iority or universal evaluatjon \cale dealing 

with these problems, 

13 
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Perhaps the on1y sca1e against wh i ch pri.ori ti es shou1d 

b e plo t t e dis th a t 0 f "h u man mis e r y". 1 n fa ct, as' w e' il r e n.9 t 
" 

on1y dealing with quantative, meas~r~ble aspects but mostl~ non-
t • 

measurable ones, th~ evaluation of an option could best be, 

described as follows: if the roof in low-cost housing is the 
) r 

moderator of the conc,e'ption;.it must I)ot preclude the solution 

of any of these aforesaid problems but promiseto solve a good 
, 2 

number of them in a convincing manner, . 
'\. 

,;' ., 
l t i ste m p tin girl 1 0 w - cos t no u sin 9 t 0" use a sin 9 1 e 

quantifiable criterion or choice, cost, associated with each 
-' ',"'1 

option or combination of options, to make it po~sible to find 
l ' 

that feasible solution which best satisfies the friterion.' r~' 
r 

put it'is clear that the compromise will always have tq be sought 
, 1 

between several criteria which ar~ never capable of bejng 

related to a single scale of measurement. 

As 1 do not believe that a rigid me~hodology can be 

of great help in findin~ aporppriate roofing s9l~tions, a more 

f l ~ xi b l e w a y 0 f ide ri tif yin 9 th 0 ses 0 lut ion s ha s . t,o b e s O'U 9 h t . _ " 

P e rh aRs a wei 9 h t e d~ a tri x. te c h n i que c 0 ~ l d bel' 0 f a 
. 

b e t ter h e·1 p th a n a rat i 0 0 r 0 r d i n a l s cal e wou 1 d 'b e·. 

But ,before l am able to draw any conclusions or make 

any statement o-R what kind of roof' is appropriats and under 

what conditions, the rpofing criteria have to be discu~sed. 
l' 1 

-. 
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To summarize the fQur m?in cr-iter-ia Lelimatie, 

econo'mie, technleal and social); we can° say that a'roof .. 

ha 5 top r 0 v ide pro t e c t ion f rom;"' S ~ n', "r a in, s ta r m, 'H r e , . " 
~ - , 

1 _ and the ft; b e' e h e a pan d e a s y t 0 ~ r-éin s- po r t ~ n.d 'e r e ct; . 

,~, -, 

,provides effeetive"resistance to the tr·ansfer ot:. heat,from 
~ 

the o.u,tside;' be durable and .above all be accerted by the , 

d w e 11 e r 0 n 's 0 c (a 1 S r 0 und s . 3 , . . ~ , 
, , , 

From this s~mmary, it is evident t~at thesé four '. 
" 

main aspects. have' to be studied in detail before a proposed 
\ ' 

~.oofing s'ystem tan be evaluated properly . 

- 2.1. ClIMATIC ASPECTS 

fram a' 

these 

It is the tountries of the tropics which suff~r mbst 

severe .hou.s1·~g· shortage. ~"d' .the cl imati e faetois ; n' 

regions are a considerable design eriterion: 

In, t h 0 set r 0 P ,i cal a n. d s u b t r 0 p) cal reg ion s, h e a t i s 

the domi nant pr.ob 1 em" àp,d the annua l mean., te'mpera ture' i s 
" ,;,'~" 

_e.U sua 11 y no t 1 es 5 th a n.,! 2'{)~ c. 4 

'A widely àccepted· c1assificat'ion, as suggésted, hy 
, 

G.A. Attkirson in 1953 and used by ~oenigsberger, divides 

the tropical regions of earth int~ the following three 

ma j 0 rel i mat i c z 0 n e 5 w i the a cha f the m h a vin 9 a s u b 9 'r 0 u p 

of re1aiive lit~le diffè~ence;5 

. \ 
\ 

" 

, " 

15 



• J 

,,,. 

" ,. , 

, / 

.. 
c 

,1 _"" 

" 

16 

" 
a) wa rrn - hum ide qua t 0 ria 1 c, i mat e 

wa rm hum i dis 1 and· 0 r t rad e win ct c),; m a t-_~; '" 

b) ho,t :. d r~' des ~ r't;, 0 r ~ s e J11 i' de g e rte l i m a te ' . ' . 

hot - dry mêlritime desert cl;'mate; 

'c} composite or monsoon climate 

trop'ical upland climate;" 
.' 1 

1 he 5 e t h.r è é cl i mat i c 'z 0 n e s h a v eth e fol l 0 win 9 

() '. 

, t )\ 

'characteristics and are predomi'nant in t'he fol'lowing loc,ations: 

, ' a)' W a 'r m - hum i d' e 9 u a t 0 ria l c 1 i mat e :. 

\ 

hi gh 'ambi ent ',tempéra tures; 

- high humiditYi' 

'~'high and fairly even distributed rainfall; 

small~,ctiurnal and a~nuaÎ variations of temperatu,re; 

little seasonal variations; 

light winds and 10ng periods of still ai'r;' 

E x a m pl es 0 f 'c i t i es i n th i s Z 0 ne: 

- L a go s, 0 ~ r - e s - Sa l am, Mo m bas a, Colom b 0, Sin 9 a p.o r e , . 

. Jakarta, Quito and Pernambuco. 

Warm.:"'hu,mid island or trade wind,climate: 

- the characteristics of this zone are sjmilar to 

the warm ,..::' humid equatorial cl îmate except that 

in this zone we find a dominance crf trade'winds 

which faci1itate heat 10ss by convection and , 

evaporation'; , 
. , 

" . 

, , 

" 
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T Y pic ale x à m p ,1 es for th i 5 c, i mat e are: 

... the Car i b b e ans. the P,~ i 1 i pp i ne 5 and 0 the r 
, 

island group~s in the Pacifie,Ocean; 

b) Hot - dry desert, or semi desert climate: 

hi~h day temperatures; 

low night temperatures; 

- low humidity; 

low precipitation; 
, 

\ 

l a r 9 e d i u r n a 1 -and a n nua 1 r a n 9 e s 0 f t e m p e rat ure, ; 
\ 

- distinct seasonaî variations between hot 
lb 

summer an~-cool ~r cold winters; 

- 1ittle air ,movement excep.t for local thermal 

winds and seasona', dust storms; 
1 

Typica1-examples of settlements in this zone are: 

·Assuan, Baghdad, Alice Springs.and Phoenh; 

Hot - dry maritime desert climats: 

In this zone, where 'sea and desert meet, we find 

'three distinct differences to the-main zone: 

~ higher mOlsture content in air; 

~umidity tends te reduce diurnal variations; 

therUla 1 bre,ezes from and to the sea; 

Typical exampTes are: 

- K~wait, Jeddah', Antifagasta and Karachi; 

\ ' 
, '. 
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c) Corn p 0 s i t e 0 r rI) 0 n s 0 0 n c l i m a t-e : 

J 

1 
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T h i s Z 0 nec a n h a v e t w 0, t h . .r e e 0 r fou r dis tin c t s e a son' S : 

one similar to arid desert climate; 

~ another warm humid; 

and a t h'i rd 0 n e w i th 

- col d, ni 9 h t s ; 

... sunny warm days; 

low humidity; 

little precipitation; 
- ~-~ .. 

- transitional periods of varying lengths may occur" 

between the clearly discernible seasons; 

Examples of cities with composite climates are: 

Lahore, Mandalay, Asuncion, Kano and New Delhi; 
, . 

T r 0 pic a l u pla n d_ cl i mat e : 

i s s i rn i l art 0 ab 0 v e but wï th ad d e d cam pli ca t ion s 

of night frost and in sorne areas snow. The in-

coming and autgoing radiation is of greater im-

portance in this zone. 

We find the following cities with this climate: 

'- Add{s Ababa, Bogota, Mexico City and Nairob~; 
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The mai n c 1 i ,m a tic e lem e n t 5 toc 0 n 5 ide r i n r 0 0 fin 9 

are: : 
o 

- temperature;' 

hl.llni di ty; , 

-', op r e c i -p i t a t; 0 n, d r i vin 9 r à in; 

wind; 

- sky condition's'; 

- solar radiation; 

,-

S'ut in acfdition to'the macro.c1imatic information as 

19 

outlined wïth the six climatic'zones, thp site climate has to , , 
r ' 

b e 5 pee ïa 1 1 Y s t u die d for e a chi n d i 'v i d u a 1 pro j e c t. 

The site c1imate' c'an deviate from the gener:al pattern 

of the c1if!1atic f:one due, to the following factors: 

- topography (slope, orientation, exposure, e1evation); 
, 

- ground surface (refl ectance, pe'l'meabi 1 i ty); . 
three dimensiona', objects (trees, fences~ walls, 

. ,~ bu i 1 di n 9 ~, h i 11 5 a r valley 5 ) ; 

2:1.1. C1imatic Performance Standards 

l have not found a better way of describing climatic 
1 

° 
performance~ standards for roofs in the trooic,s t'han the way 

Koenigsberger has done it: 6 

) 
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liA building is acceptable from a climatic point of. 

view if it provides indoor condltions.which permit 

sound sleep at night and the persuit of normal 

physical and mental activities by day without strain 

from excessive heat, cold or humidity." 

The roof is the most important element of the house 

from this point of view of climatic protection. To be satis-

factorya roof must therefore, apart from being imperme~ble, 

absorb as little radiant heat as possible and offer, depending 

on the climatic zone,· almost complete resistance to heat flow 

from ihe outside to the inside. 

For the three climatic zones, the following con-

clusions for application can be made: 

a} Roofs for warm - humid climates: As there is a 

very small diurnal ,variation of temperature in this climate, 

a building cannot cool off sufficiently at night-time to 

allow the storage of heat during the day, The roof should 

therefore have very low thermal capacity. 
( 

It cannat improve the indoor conditions but at least, , 

if well designed, it can prevent the indoor temperature 

increasing above the outdoor air temperature, and keep the 

'ceiling temperature araund the same level as other surfaces. 

,. 

. , 

20 
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The study, "Roofs in,the warm humid tropics" by 

Koenigsberger and Lynn, cOhcludes that a ceiling belongs to 

the minimum requirements to be insisted upon "even il') houses 

for the poorest of,,-the poor~ And further they stated that 
.' 

under other than aluminium roofs the ceilinq should be 

s u pp lem e n te d b Y a l a y e r 0 f a l u min i u m foi 1 . * 7,-

T a k i n 9 a hou sei ri t h i sel i mat i cre 9, ion r ° 0 f e d w j t h 

corrugared asbestos cement and no ceiling. the underJside- of 

this roof would measure ~80c Dt an outdaar air temperature of 

22 oC. 

~ A cheap kraft paper ceiling. faced with aluminium foil 

on the upper surfacé', adding, 3 ta 4 % ta the total "roofinq 

costs, would improve~the situation to 34 0 C. 

Apart from protection against heat flow, rain water 

drainage is of partïcular importance in this climatic zone. As 
, , 

rai n fa 1 1 i s rat h e r ~ i 9 h i n the s e r e'g ion s l éÏ pit che d r 0 0 f w i 1 1 

m~st often be used, preventing the penetratio~ of water 

during tropical rainstorms best. 

These rainstorms côn be accompanied by,winds of more 

th an 40 km p~r hour in areas that are not endangered by 

hurricanes or typhoons, a point to be considered with regard 

to the roofs structure and the metHod of fixation of the 

r~~f coyer. Roof gutters are breeding 9rounds for mosquitos 

*, This, of course, will hardly anywhere be the case; the compromise 
often lies in changinq the lifestyle. -using rooms at nights only pr 
carrying out certain activities outdoor during daytime. 
1 
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, 
spreading.Malaria and ar~ therefore prohibited in most 

" 
countries of the warm ~~mid t~opics. They ar~ also not per-

, 
mitted on grounds of Yellow Fever control. 

" 

Roofs for warm - humid island or tra~e wind clim~te: 

<'"This variety of the warmer humid climate does not change the 

basic Cli~a'tiC criteria for roofs fro~ those sta,te~ in the ' 

preceeding chapter except for the fact that most of these 

i s 1 ands 1 i e in the- tropi ca 1 cyclone bel t. Roofs, and the 

e n tir e- s t r u ct ure the r e for e, mus t b e des i g n e d t 0 w i t h s tan d win d s 

up to 25.0 km/h~ 

l do not see how this requirement can be made compatible . 
with low-cost; the experience of Darwin in Northern Australia 

h a s 'l"s h 0 w n th a t i t. _ i sim p 0 s s i b 1 e t 0 w i t h s tan d suc h for ces e ven 

with high standa~d housing. 

b) Roofs ,for hot - dry desert or semi desert climate: 

The large diurnal iempe~~ture variations necessitate ~oofs of 

~arge thermal capacity. Th~se will absorb most of th~ heat 

èntering through the outer surface during the day, before the 

inn~r surface temperature would show dny significart increase. 

The method will only be effective if the heat stored during 

the d,ay can be dissipated. during the night. Residential 

structures in this climate would therefore need ta have a 
8 

time~lag of 9 to 12 hours. 

> , 



t--

. . 

In regions where the night temperature daes not fall 
, 

below the comfort zohe, roofs should have a high resistivç 
Il .., 1 

insulation instead of large thermal capacity. The traditional 

mud roof construction is still prevailing in this climate and 

also very effective. 

But the need of heavy ma;nbe~ms and numerous tjmber 

j 0 i st s ma k eth i s he a v Y, s t ru c ~,u r e J.o r e and" m 0 r e exp e n s ive. . 

especial"ty in urban areas, 'and. the ~eed of continuea main­

tenance less and less attractive. 0 

Like in all other climate zones, the roof alone cannut 

control the indoor climate; especially in this Gli~ate it 

needs some "managerial control"'. The occupant can improve 

,the thermal performance of his house if he ventilates it 

during the night hours wh en the exter~al air temperature is 

lower than the cor~esponding internal air temperature . 

,The performance of conventional mud roofs as well as 

con crete slab roofs can be considerably improved in this 
f 

climate through the use of simple shading panels made of local 

materials such as reed. 9 

Su ch reed panels can reduce the maximum ceiling 
1 , 

o ' 
temperature by 5 C and prolonge the time-lag by one hour. They 

~houJd be rolled or folded away during night time to allow . ~ 

the rtof to 100se most of {ts gained heat to the cool night 
, 

sky reducing heat .:transfer to the inside. (Figs. 2.1 and 2.2) 

23 



( , .. 

." 

..... 

1 
" 

l 

) 

r 

Fig. 2.1 " An experiment in the reduction of day-time 
ceiling temperatures by simple local techniques 
(OBN 164) 

Fig. 2.2 Deta; 1 of reed pane' after 36 months 1 

exposure (OBN 164) 

.' 
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Roofs for maritime desert c1imate: The difference 
C) 

from the hot - dry desert reg-ion is the high humidity and 

the r m a l~ win d s . 

o , 

" The only sOlut1,on to thîs is to provide alterl')ative 

spaces: 
" 

a r 0 0 f wit h hi 9 h the rma l cap a city, for use a t ni 9 h t , 

with no wali openings towards inland; 
~ ~ 

- a roof only providing shade with a low thermal 

capacity over daytime used areas, the wal1s havin~ 

open'ings to both sides, sea and inland; 

c) Roofs for composite climate: ·The changjng seasons 

-
in this c1imate make it difficult to find a roof satisfactory 

for all seasons. 

The a n a 1 y sis s!lo w s th a t the col d s e a son , b e i n g the 

most important, requires a h.igh thermal capacity roof. This 

roof'with a 9 to 12 hour time-lag in heat transmission will 

also be u'seful'~during the hot dry season. 

For the w a rm hum i d p e rio d, 9 00 d ven t i 1 a t ion 0 r ~~ 

lightweight structure sleeping area could improve a lot on 

comfort. 

D 

. . '. 

(.) 
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Roofs for tropical upland climates: Roofs in this 

c1imate c~n have a smal1er tbermal capacity with a t;me-lag 

of 5 tè> 8 hours, 
~ 

.i 

2.2. E,ÇONDr1I C ASPECTS 
" 

Most developing countries are in very'dynamic 

economic situations and canstant1y s~ort of forèign exchange. 

To improve and stabilize this.situation" -the evaluation o'f 
;;, . 

10w-cost'roofing systems should put high priority -towards 
, , 

Q 

min{~izing foreign currency requirements and ma~imizing the .. 
use of 1ocal1y avai1able materia1s ta mention only two of the 

't' l' f t 10 crl lca ac ors, 

The owner b'uilder w'Ïll natura11y always be looking Jar 

the cheapest acceptable solution of the time, often ignaring 

other important criteria involved and this at the expens€ of 
. , 

the dweller's comfort, limiting the proper use o~ the house, 

·If developing countries ' e..conomic situations are to improve 

26 

'appropriate low-cost roofing systems have to have a positive '0 

local, regional or even national economic impact. ll 

This need of a positive impact on the economy makes 
. , 

the discus~ion of technology exchange the most important 

development i'ssue of today, In that respect, it;s important 

f~r the building industr;,y of' deve10ping c,ountri'es, often 

contro11ed.py big foreign companies, that labor ,in1;ensive 

'Q 

__ J 
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"technologies are preferred over capital intensive ones as th~y , 

will lead to th'e formation of local i,ndustries and bli,nd 
, 
=: production* of building rnaterials and thus be favaurable to 

smalJ scale and self help building operations. 

Considering these general economic issues, cost will . 
always be the central criterian in the decision process; but 

o 
all the social and econarnic benefits t'o a region do not help ., 

the Jow incarne dweller if he cannot afford what is suppased 

ta be best for the community. 
o 

The cost factors to consider are: 

Material cost: they can be minimized through the use of local 

materials and manufactured components of low 

'energy value. 

" The total material cost of the roofing system 

27 

ois depending on the cost balance between the -' 

Lab 0 r cos t : 

supporting structure, the roofing substrate and 

the roof covering~ 

can be minimized through the use of local 

resources (ma'terïals, processes) but depends 
• ol ,~ IS. 

, 

on the roof type and skill required to·con-: 

struct it. 

* 'Blind production means production of materials which can be used in a 
variety of appli,cations rather than a siri'gle one. This term is often 
compared with the Gutenberg principle. l ' 

,Concrete examples of components produced i~ blind production are 
bricks, tiles, 'etc. In comparisgn, in a closed building system, a 
single component can'only be used for the function and in the location 
i t has been des i gned for. 

;, 

r' 



) 

. i 

-------------~---

Transportation 
cost: 

-

J' 
is in direct dependenc.e to location of building 

site and used materials and can therefore be 

minimized through -the u:;e' of local, regional or 

natioQll available p~odutts and m~~erials. 
-' . < ' 

E qui pme n t cos t: ca n b e el i mi ri a t e d, o_r min i mi z e è th, r 0 U 9 h the 

Maint-enance 

cos t: 

use 0 f e a s y t 0 han d l e co. 0 m p 0 n en t s' and sam p 1 e 

'pro~esses to assemble them. 

1 

are usually in proportion to the complexity 

ot t~e overal construction process and sh9u1d 
-

be marginal for iow-cost roofing systems if no . 
overhe~ds for foreign organisations and con-

sultants have to be calculated . 
• 

depends on the initital investment ani system 

us-ed and can only ~e minimized if the owner 

can carry out maintenance himself without con­

siderably diminishing lifé span. 

If materials and processes are found whieh are of 

eeonomie benefit to a 'region or c~untry and are within that 

* General expenses- i nel ude cha rges for bank i n,g. taxes, 1 i eences, permits·. 
security and administration. 

, 
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economic environment considered low-cost*~2the owner ~uilder, 

will ask for his cost benefits. 

,- Life eicle e6~ting is often not a big help for 

_ e val u' a t -i 0 n -, a s for the 1 0 w - cos t b u il der i nit i a l cos t 

ï"s'crucial and witti no credit facilities available, 

he cannot take advantage of spreading the cost and 

for that matter ehoase a mo_re durable but more 

expensive roofing system. 

A social cost-benefit analysis can help in this 'case 

much further. 

29 

As high durability of a roof increases its initial cast 

and'othis in most cases beyond th~ threshold of'affordability, . , 
, ~ 

mainten~nce becomes an important issue. Therefore, a cheaper ., 
material. which can relatively easy be maintained is usually 

chosen dver the more durable one .. 
.. 

The resporrsability of maintenance, to make it work, has 
, 

to be tied to ownership. 

* Low-cost per tlefinition is a relati-ve term. 1 could find the two 
following definitions, one on an absolute basis. t! other one on 
a comparative one: 
Low-cost in an absolute basis can be defined as th t of the most 
priee-competitive alternative roofinq. This, in most cases, has been 
corrugated.galvanized iron which ranges in cost fram 3.20 to 3.50 US-$I 
m2 (including.shipping; on local market) . . 
A more relative definition reflecting the'rather large differences 
between di fferent countri es' i s the rul e of thumb for hous; ng fhat 
can be afforded to be to 'to 2 1/2 times the family annual intome of· 
the 1 awer 50% i ncome gr'ouo. ' 

.. J 
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'2.3. 'TECHNICAL ASPECTS 

â r e . c l~ 5 e l y l i' n k e d w i the con 0 mie 0 n es a (l d l! sua' l li' ~, 

'hiv~ a d~rect impact ~n e~çh other .. 
, ' , , 

M a ~ e ria l " l a b 0 'r â n d 'e qui pme h t i.n J h i s c ~.? e ç a n b e' , 
" , , 

'g r·o u p e d- t 0 9 eth e r und e r i n s ta l 1 a t ion. O't he rte c fi nie a 1 as 0 e c ts , -' 

to consider, are, trarisporta~ion,. dura,bility and llJairitenanH. 

, . 

,. 1 n s,t a ~ l a ti ? n 
,\~ r 

E a s ~ 0 f î n s ta 1 lat J 0 n i s, ïm p 0 r tan t tom i n i rd z 'e t h',e née d 
.J 4 \. 1 

.' 'of,sk,ille'd labor and v'éiriability in th.e p'erformance o-f the 
, .. 

30 

'rOOf 'due t~ improper co'nstruction. Instal'lat-ion and main- " . .' \' \.... , 

tenanc~ should be:.,possïble' \",ithout. the use of 'high te'c~J tools. 

,,/:~)le'rOOfing,COmponent ~:~ 'e:lement should ~ot'~:xceed 
100 fg 50 ,that it c'an be ,n,andl'ed'withou't mèchanical lifting' , 

devices. 
. ~ , 

Ap~rt from the roofls normal st~uctural performance, 

the mechani ca l s trength a'rtd ri gi di ty of 'tire roof coveri ng 

should be sufficient to $uppoft ~ per~on forAthe installation 

and repair of it, but minimizi~g tr~ss and purlin'requirement~ . . , . 
• 

Il E a s yin s t aJ lat r 0 n Il i s 'd e fin e d a s the ski 11 r e qui r e d " . " 

for installing corrugated '~a.lvanized iron sheet, which .is 
. 

~sually nailed directly in large pa~els to fabricate the 
l3 

roof. .1 

" 

J 

, 
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Transportation 
, . 

--------ts i n d i r e'c t rel a t ion toc ost and g hou l d the r e for e . . 
, b e mri ni mi z e"d wh e r e ev e r po s 5 i b le. 

Transportation, similar to buildi~g material costs, 
~ , 

is comparatively much more expensive in developing ~ountri~s . ~ 
,. '-1 'r 

than in 'i-ndust'rialized'ones. But 'transportation 'Of raw 

materi al s to production centers and transportation, of the 
" 1 ~ 

components from there to the building site cannot be ,avoided. 
, . 

It is therefore very important that the 'location . .Df ,. 

il produ'ction facility is well planl)ed in that ,resp@ct'. A-s 

roads i; devel~pin~'countri~s are usually not.in \e;y,g~ad 
condi'tions,.'transpartation of building materials'is moré ,". 

cr{:tical. 

Certain mat~ria}s do not have goèd énough resistanc~ 

for tra~sportation ~n rugged'roads }Qd higher than normal 

b,rea'kage occurs. ~hi s cannot easy' bé 'preven.teQ o~ reduced 

1 and is of considera.tion when .. calculating, quantit;es', 
, ' 

Ideally,. tbe manufacturi ng "of tn,e component~ tak.es 

l' 

place on the:building site with ,raw materi'qls avail,able 

nearby and t;he need of little or few materials ta b.e tra'ns-

ported to there.* " . 

31 

'. 

* Good,exdmoles are fibre-cement sheexs on site produced or ferro­
cement ele~ents, but ~lso burnt clay tiles if 10cally produced 
are ~aying respect ta these criterja~ Most traditional systems 
are based on these principles anyway as transportation was even 
more critical in the pasto . ' ------
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Durability 

Durability is a measure, in an inverse sense, of tni 

rate of deterioration of a material or component. It can also 
~ 

be defined as the °quality of. maintaining a satîsfactory 

appearance and satisfactory performance of required Tunctions. 

Th i spa ra met e ris us ua 11 y me a 5 ure d, i n te rm 5 0 f the min i mu m 

number of year5 of sati5factory life (life span) .. 

Maintenance i5 an ecorromical mean to ~xtend life span 

without usually the need of r~placi~9 components. 

Durability factors are: 14 

Envi ronment: weather factors, pollution; in5ect and fungal 

, a t -t ·a c k, soi 1 a 9 9 r e s s ion-; 

-
Use: "fairwear and tear"' and e:,cessi~e damage;, 

32 

DesignJ des i 9 n' d e·t ail i n 9 and sel e c tin 9 .t h e c G r,r e ct.· r 

\ mater'lals for design or designing ap'propria:,te " 
> 

Workman~hip: 

t 0 the mat e ri il 1,5 ' a va i ., ~ 1 ~-'; 

quality , • f 

, 
Of all these faotors the weath{:!r fac1:o-rs:are .the most 

significant elements ',le.adfng,t'Ü' de'teriorat'ion of '"t'he roof . . . . 
. , 

c 0 ver i n g, n 0 t a b l .y: hl 0 i, s t ure, . t e,nI p e rat Il r e. , 

atmospheric gases and" sa)t-laden. win,ds: 15 

.. , 

. .-

" 

r . 

solar radiation, 
• f J • 

'. 

. , 

,1 

'1 • 

r 

.: 

.. 
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The roof structure, most often made of wooden trusses 

and purlins, is usually prone' to insect ·attack as the timber 

used for bUild~ng purp~ses ~s soft wood 'of the higher-weight 
',.' "-

) 

.'hardwo.od,s and therefore not resistant to termites or fungal 

'deca:y. \ , 

33 

As structuraT elements have to serve the entire life ~/ 

span of the roofing system, preservation treatment for wooden 

elements is absolutely necessary in the tropics. 

r~ a i n t e n an ce 

can never make up'for bâd workmanship or unconsiderable 
... 
'j( design but it can, with good management and judgement, extend 

the life span of even the cheapest of the low-cost roofing 
) 

sys tems. 

The most common, effective and usually least expensive 
El , 

malntenance of a roof i~ the renewing or application of 

surf~ce coat~ng p~efera~ly as near to white as possible. For 

all roofing types and most covering materials a well main-

tained surface coa'ti·nq can extend the li fe span beyond normal 

.expectations and will also improve or maintain cTimatic per_ ..... 

formance of the same. 
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2.4.' SOCIAL ASPECTS 

Social.aspects r'elat~d to 'ow~cost haus1Ag,deal with 

the quality of housing or in this case how this quality is , ,. 

influenced by the roofinn syst~m. 
, 

The quality of housing has a direct impact on the 

wellfare of the dweller because of its influence oi human 
_. ' 

16 
health, safety and living comfort. ' 

The following criteria relevant for evaluating a 

34 

roofi ng! system can be i-denti fi ed and grouped i n thos~ of di re,ct 

concern to the user and those affectinç the decision process: 

Direct user related criteria are: 

Safety: 

Usa b i l i ty : 

safety from fire, structural safety including. 

resistance to heavy winds~ flying debris and 

in many cases earthquakes are of major concern 

ta the dweller.* 

it'~s of great importance that the dweller can 

use the roofing system according to his 

traditional needs, for example as a storage 

area or to dry food, but notably in urban areas 

as a sleeping area in the dry season. 

* These physica"aspects are also of consideration under the other---­
three, climatic, economic and technical criteria, but are classified 
under this group as they have an impact on the qualitx Qf housing 
seen in a social context. 
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P'hj si 0 log i cal 

Psychological 
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perforl1)ance standards·should be set to al'low 

i n do 0 r a ct i vit i e s dur i n 9 d a yan d-s l ~ e p i ny a t 

night'~ithout affecting the health or comfort 

of the occupants. The roof's acoustical per-

formance should be so that in regions of heavy 

rain and winds the' noise from these e.lements is 

reduced to a bearable level. 

aspects for a roofing system include con-

siderations of privacy for the dweller. But 

moreover the concern of status symbolism or 

social prestige fall under this category and 

'should not be ignored. Status symbolism like 

in North America go es together with measurable 

.advantages for the dweller, even if his choice 

is based on one dominating characteristic and 
, 

thus accepting sometimes considerable negative 

a~pects. Poor people prefer a high,st~tus but 

substandard cement block tin-roofed house to.a 

lower status but higher quality mud house, for 

'f:I example, not for social, prestige reas~ns only! 

considerations should be based on 10C~1 ideas of Aesthetic 

ae~thetical expression and preferably reflect 

traditional art forms as well as materials and 

colors: 
? 
J 
.. , 
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't 

The decision pr06eSS is often influenced by politiGal 

factors beyond the owner builder's control. Especially'in l~rge 

scale government organized low-cost housing schemes we find , ' 

thése criteria often limiting choice: 17 

The colonial 
heritage 

, . 
Corruj)tion 

~an influence decision making severely and 

is often expressed by animosities towards 

materials, architectural forms or methods of 

construction which have been established 

during the colonial period. 

i s w i d'e s pre a d i n m 0 s t poo r' cou n tri e san d 

influences the decision process a great deal. 

These countries are in Myrdàl's term '~soft 

" 

states" with grea,t discrepancy between authority 

and control and the relative autonomy of in-
l 8 

diginous political orocesses at the local level. 

Fo.r example, a few ;ocal "industrialist s " may 

obtain effective control of government policy 

insofar as it affects their industries and 

,tariffs; government contràcts, tax laws and 

the like may then be manipulated accordingly. 

o e v e l 0 pm e n t a ide a ri l i mit 0 r i n f lue n cet h e c h 0 i c e u n r e a son a b 1 Y 

due to political reasons or idealistic views 
'" 

, , , , 
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of the senior officials involved. Basic policies 

in development projects can then read like: 

"Any roof system selected should be compa,tible' 

with the policies-of the local government"and 
~ 19 

USAID", for example. 

\ 
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A roof is usually made of severa1 components with 

the as'semb1y of these components forming the roofing system." 

A roofing system 'can comprise the fol1owing elements 
1 

either singly or in combination: 

the supporting structure; 
1 

• the foofing substrate; 

- the roof covering; 

Low-cost roofing systems for housing have one distinct 

characteristic, they are short-span only (average spans are 

between 2.40 m and max. 6.0 m). 

Roofs are commonly identified by their shapes: 

.. 

flat roofs; 

low pitched and shed roofs; 

- gable roofs; 

hip roofs; 

gambrel roofs; 

vaulted roofs; 

- dames; 

folded types; 

But for easy classification, other criteria are more 

suitable. Roofs can be slmply grouped înto: 

- self supporting systems, and 

- ~upported systems. 

l' 

41 



", 

• 1 

( 

i 

--- ._-----_.-~---------

/ 

This simple classifjcation includes the great variety 

of struçture systems and covering materials used for !oofing. 2 

The structure systems used for low-cost roofing are: 

h 0 m 0 9 e n 0 u s 's l a b 

post and beam 

- arch mechanism' 

- truss mechanism 

- folded systems , 

bulk active structure' systems 

vector active ~tructure systems 

surface active structure system 

o the r s t rue ~ ure s y s t e.!11 s U k e, spa ce, p n e u mat i c and 

suspended structures are used for long-spans mainly and are 

, the r e for e no t con s ide r e d s u ,i ta b l e 0 r e con 0 mi cal for. l 0 W - C,o s t 

roofing. 

Besides the roof shap~, the covering materia'l is most 

often used to characterise or id'entify. a roof (thatched, zinc 

-or t,i l ad roof are commonly' used descr.i ptions for roof types); 

we can devide these covering materials into three groups: 
, 

- tile? or shingles; 

sheets or panels; 

built up roofs; 

42 

Roofing covers (membranes) applied in the form of three 

groups are often complemented with a waterproof coating and/or 

a sarking* if necessary.3 

.* Sarking is an impervious membrane applied under roof covering to 
prevent penetration of occasional drops Df water during driving 
rain, mainly neèded for low pitched roofs. 

/ 
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. Hith all the roofing crjteria discussed and the 

,"roofing vocabulary"'listed, 1 have to elaborate on the three 

roofing elements and the variety Df materials before 1 can 
. - ~ . 

dis eus 5 and val u eth e var i 0 us· r 00 f.i n 9 5 ys te mss e l e c t'e d . 

, 
3.1. THE SUPPORTING STRUCTURE 

Ideally', ë1 low-"cos.t roofing' systemïs lightweight, self 

s u p po r tin g' and s a t i s fie s a l l 0 th e r ,a s pee t s 0 f r 00 fin g. Un -

fQrtunately, the self supporting solutions are not always 

affordable or a~ceptable sa that in most cases a supported 

solu.tion is chosen. 

Normally, room dimensions in low-cast hou~ing lead to 

roof spans, which do not require trusses for supporting the 

roof purl i ns or the roof ba ttens. 4 
, i,t 

1 

. The r'oof purl i ns or battens can rest ei ther di rectly 

on wa l l sor par t i t ion sor 0 n s .i m pl e ra' ft ers. Ho w ev e r, t' h e r e 

may be ~ituations where roof trusses are needed to allow 

larger roof spans. 

The most comman material used for supnort structures 

i s sa w n t i m ber, but a l 50 b a m b 0 o. pal m f r 0 n d san d 5 te ms a s 

\v e 1 1 a s b r a n che s 0 f a l 1 k i !l d s 0 f t r e e 5 a r~,' use d, l h e s e a r, e 

usually locally avai'labie materia1s and relatively cheap as 

compa,red with other- structural materials such as steel-and 

4 
reinforced COrl'crete. -
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Except for a heavyweight roofing system (earth roofs) 

or those which require higher structural capacities (accessibl.e 
\ ~ " 

roofs) steel and concrete are ,not used in 'law-cast housing for 

supporting structures. 

Durable timbers are tao expensive to use for building 

purposes too, because of first cast or the cast of processing. 

The less durable timbers, most likely ta be acceptable for 

b u i l d i n 9 pur pas es, th a t i s s.a ft W a 0 d s'a r the l i 9 h ter - wei g h t 
/ 

ha rd W 0 a d s, Ga. n- nô r ma, 1 l Y b e ma des u f fic i e n t l y dur a b l e for mas t 
• 

situatioris by the use of one bf the following preservative 
5 

treatments: 

pressure; 

- open tank; 

~ double .vacuum; 

diffusjon; 

- immersion; 

If treated properly the risk of ti~ber being attacked 

by decay fungi, insects or termites can further be reduced by 

appropriate design. 

Support structures in low-cos~ roofing are very often 

over dime~sioned and are therefore uneconomical. (It is mainly 

for heavyw~ight roofs where the design of the support is 

critical for safety.)-
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The study of roofs for low-cost structures by­

J.Eygelaar shows that if properly designed savings on th~ 

support structure for lighter-weight roofs can make them 
, ( 

more cost competitive without reducing safetyr or proper per-
6 

formance. 

Comparison of costs for ~ modular bay of 2.0 m x 6.0 m 

45 

\ 

for var i 0 use 0 ver i n 9 mat e ria 1 s. i n c l u d i n 9 rat es for pre s e r v a t'T v e 
4. 

treatment, nails and transportation: 

Table 2 Cost of Support Structures 

- corrugated galvanized iron sheeting 

26 S.W.g., standard profile 2.40 m x 0.9 m 100 % 

corrugated galvanized iron sheeting . 

26 s.w.g., trough prcrfile 85 % 

- corrugated asbestos-cement ~heeting 
'" 
5 mm. standard profile 115 % 

- low pitch concrete roofing tiles 196 % 

- burnt clay tiles, Mangalore type 183 % 

This comparison indicates that if a support system is 

properly designed, certain roofing systems could be made more 

cost competitive with the savings through optimal dimensioning, 

/. etc.* 

* Costs for supporting structures are between 20 and 38 percent of the 
total rOQfing costs, labor not included. 



46 

3.2. THE R 0 0 FIN G4' SU B ST RAT E 

A roofing substrate is mainly needed for built up 

roofing systems. 

But built up roofing systems, like bituminous roofs 
<-:::::;--~ 

used in North America, are very r~re in t~etropics and 

definitely not cost competitive in low-cost housing. 

In low-cost housing in developing countries, roofing 

s y ste m s r e qui r i n g a r 0 0 f i 'n 9 s u b s t rat e are e art h r 0 0 f sor 

roofing systems i~ which the covering material is subfunctional~ 
\ 

Materials used as ~oofing substrate are: 
1 

~-~Jchipboard; 

boards made fram agricultural waste (stramit); 

- concrete panels (ferrocement); 

woven bamboo mats; 

The roofing substrate can often serve as supporting 

s t rue t ure a t t h e- sam e t i m e 0 r i n the cas e 0 f cha n n e l r 00 f s 

serve all roofing functions in one. 

3.3. THE ROOF COVERING 

The roof covering or roof membrane is the major 

co m pOli e n t 0 far a 0 fin 9 s y ste m, n 0 ton 1 y a s far a s ï t s fun c·t ion ' 
o 

is concerned bout also with respect to cost. A g-reat v·ariety ,~ 

of fflaterial~ çan be considered for roofing purposes, most 

of them are composites. 
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A comprehensive list of patential roofing materials 

and , co m p 0 n e n t s ,h a s b,'e e )1 de v e -1 b p e <J b Y the S p e c ; a lAd vis 0 r y . 
c 0 mln'~ .tt e ~ 0 n New Te c h n 0 log y Sol u t i ans t 0 R 0 0 fi n 9 Pro b 1 e m s 

in Developing Count.ries, presented in 'an article written by 
1 

Wa r r e n R. Nell i s 0 f the: Nat i a n ~ lAc a d e my 0 f Sc i en ces, Bu i l di n 11' 
7 

Res~arch Advisory Board. 

Table 3 

Roofing Materials 

Paper formed 
Metal sheets formed 

Iron(galvanized and painted) 
Al umi n i Url 

Plastic 
Sh eet 
Fa amed 
F 0 rmed 
Fîbres (artificial thatch) 

Bitumino'us 
F 0 rmed 

.Built up 
Shingles 

Cement asbestos 
Fa rmed 
Shingles 

Wood/wood products 
Shingles/Tiles 
Plywood 
Particle board 

Vegetable 
Grass 
Canes 
Re eds 
Bamboo 

Thatch 
Woven 

" 

Cancrete 
Plain/reinfarced 
Ferro cemen t 
Li 9 h tw.e-i grrt 

FoaJlled 
Lightweight aggregates 

Cray products 
, Formed 

Tiles 
Sheets 

Fabri cs 
Animal products --~-------­
Minerals 

Slate 
Stone 
Gypsum 

Ear;th materials 
Stabilized 
Non-stabilized 
Foamed 

/ 
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Binders ' 

Portland Cement 
Other hydraulic-setting cements 
From blast furnave slag 

Fly ash 
Calcinated clay 
Li mestone 
Magnesium oxychloride sulfate 
Gy p sum 
Lime 

Sul fur (el emental) 
Asphalts (pitches) 
Coal tar derived 
Petroleum derived 
Tall oil pitch (coatinqs) 
Natural âsphaJt 
Vegetation derivatives 
Pitches 

Tall oil pitch 
C 0 t ton s _e e dpi te h 

Res i ns 

48' 

Oils (drying~with&without catalyst) 
Linseed 
Cashew nut shell 1 iquid 

Rubber _ 
Natural latex' 
Protein 

Casein 
Animal and fish blood 
Legume protein 
Bonejhoof gl ue (animal glue) 
Tannery waste 

Animal grease 
Silicates 
, Sodium silicate (water glass) 
Resins (Enormous potential at 

local level - can be produced 
" from agriculture faster tnan 

if an industry must be 
established. ) 

Thermbsetbin~ plastics 
Unsaturated polyesters C a,s h ew nu t s he 1 l l i qui d 

Soya bean oi l resi due 
Lignins 

1'- Urethanes 

Starches 
Grains 
Root C rops 

Sugars 
Molasses 

Slurry of Banana stalks&leaves 
Gums 

Rei nforcement 

r~etal .. 
Rod 
Fibre 
Mesh 
Woven 
Expanded 

Mi neral fi bres 

, '. 
f , 

Asbestos wallostonite 
Amphibol e 
Chrysotile (long fibre) 
Rock 'Wool (slag) 
Glass fibres 

'U rea - fo rl'la 1 dehyde 
Thermoplastics 

Polyolefins 
Earths 

Clays 
Shellac 
Glass 

Blast furnace sla~ 

Vegetable waste 
Rice hulls 
Bagasae 
Cottonseed 
Peanut and other seed hul1s 

.Textile fibre wastes (cotton, 
jute, sisal, etc.) 

Coconut husks 
Str\,w 

( . 
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FibresjAggregate 

Inorganic 
Sand 

Carbonized and expanded vegetation 
Husks 

Ea rth 
Expanded (bloated) clays 
Verniculite 
Expanded shale 
Expanded perl i te 
Expanded slag and glass 

tSintered fly ash 
\ Roc k 
She 11 
Pozzolans 
Diatomaceous earth 
Clays 
Waste glass 
Air (in foams) 

Organic -
Vegetation (processed&waste) 
Ba r k 
Wood (sawdust~ c,hips) 
Cork 

Coatings 

Materials 
Sul fur (elemental ~ 
Polymersjpai nts 
'Metallic 
Silicones 

Cashew nut shell liqu;d 
Bituminous ~( 
Organ;c wastes 
Mineral particulates 
Whi te wash 
Ga 1 van; zi ng 

Cereal grains 
Hulks 
Plant products in general 
Paper 
Charcoal 
Processed garbage 
Coconut pith 

Nut shells 
Animal products 

Hair 
Feathers 

Synthetic materials 
Waste cans and other metals 
Rubber (tires) 
Pl~stic foam ~styrene, etc.) 
Plastic fibres 

From thi~ list of. materials, a number has been tested 

and used for roof coverings for law-cast housing. Many com­

positions. although untested yet, have high potentials to 
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become law-cast materials with qualities required for this 

purpùse. Others like aluminium and plastics, both materials 

with high energy values, are less likely tô become potential 

low-cost roofing materials. 
--_.--------

Aluminium is not discussed in the following chapters 

for this reason. Although it is probably the most durable of 

all roof coverings and most appropriate for the warm - humid 

tropics, the high foreign exchange requirements make it 

fu~ther less affordable for low-cost h~g. 

Plastics have with the increased CŒsts of petroleum 

derivatives lost competitivness to non-petroleum based 

technologies. 

In general, plastics raw material can be produced 

economically only on a large scale and due to the above fact, 

the main drawback to the development of plastics industrles in 

developing countries is the lack of adequate markets for any , 

materials that could not usefully be employed locally. 

Eco nom i st s a l s 0 are s ke fJ tic al a.b 0 u t the cap a ci t Y 0 f the 

market for plastics products themselves~ This is because 

plastics have not been much favouréd for use in buildings 
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since most people in these countries prefer '"traditional ll 

materials.* 

With the housing deficit occuring mainly in urban 

and semi-urban areas of the developing world, the roofing 

criteria most critical to users, builders and authorities is 

flammability of the roofing system. Considering this and the , , 
fa c t t h a t the hou sin g. pro b 1 e m sin ru ra l are a s are 1 e s s s ev e r e 

and of different nature, roo~ing systems with inflammable 

roof coverings are not discussed in this thesis. 

In the following chapters, roofing systems are des­

cribed un der the tit1e of the respective roofing materials: 

- paper systems; 

metal roofs; 

- bituminous roofing materials; 

- cementitious composites; 
) 

- burnt clay; 

- earth roofs; 

- waste materials; 

su1fur co~posi~es; 

* Traditio"al materials in this context shall mean those which have 
been used over longer periods of time than just a few years . 
(CGI, asbestos, cementitious, bituminous, etc.) . 

..J 
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The structural properties and potential uses of 

paper for building construction have been investigated 

for many years.* 

Pa p e r ïs a fa i r l y che a pre cy c l ab 1 e mat e ria l m a~ 

from a renewable resource, is light weight and easily 

manufactured. 

Paper has often been used as a core material in , 
1 

structural panels with various other materials as facings. 

~i, All paper panels appeared as an attractive alternqtive 
{: 

.' -b~éalJ~ of their lower cast and weight ,and because of the' 

flexibility and simplicity of construction which it afforqs. 

Two met~f mak i ng 
2 

panels can be distinguished: 

honey combed panels and multilayer corrugated cardboard panels. 

Only few papers marketed c~n be considered suitable 

for structural applications; their names common,ly used by 

the manufacturers are: 3 

* 

beami ng pa per ,'. 

liner board 

- multiwall kraft 

~ cylinder liner ') 

news li ned chi p 

- ~tag paper 

especially during the second world war in the US ta find an 
adequate material for disaster shelter,and low-cost housing 
for war return a:s. 

54 
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4.1. HONEY COMBED PANELS 
1 

['Honey, combed 'Panels are a ~tructural sandwich 1ayered 
;f 

con s t r, U c;.t ion, f 0 rm e d b Y bon d i n 9 t w 0 th i n fa c i n 9 s t 0 ·a th i c k 
1 t 

4" ,j, , 

core. (Fig. 4.1') 

Th~'core is made of expanded kraft paper honey combs 

and the facing could be of a great variety of materials (.cement 

boa r d s, ply w 0 0 d, a 1 u min i u m foi l, pla s tic foi l, b ,i t u min 0 us', f e 1 t 

or plaster board). 

4.2. THE MULTILAYER CORRUGATED CARDBOARD PANELS 

The mu1ti1ayer corrugated c~rdboard panels are made of 

s..tandard corr~gated cardboard bonded together in severa1 layers 

and facings'of the'same variety of materials as mentioned above. 5 

(Fig. 4.2) 
'1 

Quite a few all paper housing systems haveJeen de-

ve 1 0 p e d but n 0 t man y fou n d a p pli ca t ion s, i n t ~ e t r 0 pic s . 

Unimpregnated paper is, of c·ourse, far too weak and 
o 

too water absorbing ta be used externally. Resins which are 

known ta impact good strength ta paper are tao cost1y or not 
\ 

enough fire retarding. 

The paper industry and paper world in May 1948 wrote: 6 

liOn reviewing a number 9f possible fortifying agents, 

two materials, aspha~t and sulfur, ~Dpeared to be 

outstanding with regard to cost and supply." 

, , 
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Fig. a.2 Fig, 4.1 
Honeycombed panel Multi'ayer crrrruqated panel 

PaperbncU'd and Beverage Can Bouses bui~t at Co;'ne~J, tiniversity, 
May 197:3. 

Fig. 4.3 A p a pey;' 'c 0 m p 0 s ï-t e pro p 0 s a l 

- . Ci , 
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The latter was chosen in combination with an alu-
., .. A 

minium paint finish. The experimental structure has originally 

been designed for a one year life span but has lasted more 

than twenty five, its rO,ofing finish frequently being re-
7 newed. (Fig. 4.4 

The larger panels seem to be ideal to form a roofing 

substrate but need a roof covering to complete the roof.' 

Th i sel i min!a tes a l r the c 0 m pet it i v n e s S 0 f suc h a r 0 0 fan d 
, 

indicates that paper 60ardi ma} ~c/the ideal low-cost ceiling, 
1 

a necessary roofing flement in the tropics for most roofing 
8 sys,tems. 

In the course of my studies at McGill, l have made 
. 
experiments with sulfur impregnated shingles which turned 

out rather promisin~ and will be discussed in the chapter 

on sulfur in detail. 

rClimate Considerations 

The light-weight paper roof covering and substrate 

v,Quld make it· an adequate system for composite climates; the 

severe conditions 'of a warm humid climate make it a doubtful 
. 

solution for those regions an~0in a hqt dry climate it is 

difficult to substitute thermal mass by the average thermal 

insulation paperboard can offer. 

57 
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SHEL TER FROM 
vI A STE PA P E R 
AND SUL FUR 

Developed in USA during the second world war, 

this structure uses'paperboard made from wast~ 
f 

P a P e r i m pre 9 n a t e d b Y i mm,e r s ion i n. mol te n 

sulfur for ten minutes. (Figs. 4.4 dllld 4.5) 

59 

DIMENSIONS 16' x8' x8' high (max.) (4.8m x2.4m x2.4m high) 

AREA 128 sq ft (13 sq m) enclosed. 

WEIGHT l0291bs ~(465kg) inclusive. 

~OLUME PACKED 100 cu ft (3 cu m). 

ERECTION 2 people 3 hours. , 

PRODUCTION Prototype was handmade -on hardwood .corrugators. , 

SUPPORT Loadbearing panels without frame. 

PORTABILITY Vehicle (1/2 ton~/ship/aircraft/helicopter. 

LIFE EXPECTANCY l year, but lasted more than twenty-five. 

ENERGY SiSTEM None required. Héated by oil or electricity. 

REUSABILITY Since panels are connected by metal sfrips, thev . , 

could be easily aisman~led and re-er~cted. 

S 1 TEP R E P A RA T ION Non e r e qui r e d e xc e pt' c l e a r i n 9 and r 0 u 9 h w 0 t; k . 

MAINTENANCE Fire retardant paint needed attention. 

FUTURE USE Performed well enough to be perman~nt house. 

EXAMPLES IN USE Only the prototype has been made. 

CAPAC~TY 4 people. 

SUt~MARY 

PRODUCER 

'" INFORMATION 

WASTE PAPER/SULFUR/UNFOLDABLE/NOT EQUIPPED. 

Institute of Paper Chemistry, USA. 
. 

F rom pro duc e r. 0"0 c u m ~ n't e d i n ma gaz i ne 

" The Pa p e r #.1 n dus t r yan d Pa p e r ~I 0 r l d" M a y l 948 . 
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~lODEL 400 
UNIVERSAL 
PAPERTECH 
HOME 

1 Figs. 4.6 and 
4.7 

DIMENSIONS 

AREA 

WEIGHT 

VOLUME PACKED 

ERECTION 

PRODUCTION 

QsUPPORT 

This is the smallest of a range of cardboard 
• v 

structures produced by Herbert Yates' company 

since 1959. Material is corrugated card with 

polythylene filler; structure is coated with 

po l y'es_ter -res~i bregl ass mat when-e-re-cr;-

2G'O"x21'4"x8'8" high (6m x 6.4m x 2.6m high) 

400 sq ft (40 sq m) enclosed. 

1000 lbs' (450 kg) total. 

600 cu ft (20 cu m). 

61 

8 hours for 4- people. (4 oeoole lift one panel). 

Factory produces 60 panels/hour--. (5 panels/home). 

Panels are loadbearing. Span reduced by using 

s 1 0 P e d wa 1 1 pan el s a t 60 0 t 0 ho riz o-n ta 1 . 

PORTABILITY, Vehicle/ship/aircraft/helicopter. 

LIFE EXPECTANCY 20 years. 

ENERGY SYSTEM None required. Services not included with shen. 

REUSABILITY Not possible to dismantle and repack once built. 

<::" SITE PREPARATION Necessary to have flat surface to act as floor. 

MAINTENANCE Requires painting every five'years. 

FUTURE USE Can provide basis 'for permanent home; extendable: 

EXAMPLES IN USE IJsed as emergency shelter in ·Peru. Many others. 

CAPACITY 

SUMMARY 

PRODUCER 

INFORMATION 

8 - 10 people . 

CARDBOARD/UNFOLDABLE/NOT EQUIPPED. 

Universal Paoertech Corp., Hatfield Industrial 

Park, Hatfield, Pennsylvania, 19440, USA. 

From producer. 
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Economic Considerations, 

Paper products today are exlusively produced i~ 

industrial processes and chiefly in industrial countries 

where consumer goods packaging is needed mo~t. Paperbased 

roofing systems would have little or no local economic 

imp~ct and use practical~y 100 percent foreign exchange. 

However, where kraft, paper is nationally produced and'an 

effective fortifying agent to weatherproof the product 

can locally be applied, this material could have a high 

pot e n t i a l for m 0 r e ex te n s ive use for 'r 00 fin gin l 0 w - cos t 

housing. 

Technical Considerations 

The lightwei~ht material is eas-y and cheap to 

transport and easy ta install. "Breakage" through rough 

handling could be higher due to the low impact resistance 

'. of the material. Durability can be high if design and 

maintenance of the roof are to normal standards. 

The probl~m of satisfactory fire resis'tance may 

not easily be solved but can be reduce~ ta acceptab,le ~evels 

with surface treqtment or impregnation. 

, 
o , 

62 
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Social Considerations 

Paper or materials on the basis of cellulose fibres 

are widely used in building materials but in its pure form 

pape~i5 not easily associated with performance.ch~,racte­
ris~s as outlined for a roof. This and safety conside-

rations may make it difficult to find wide uses for paper 

roofing systems in developing countries. 

Fig. 4. 8 Age 0 des i c dom est r u'c,t ure 
sold in the SOiS and 60 l s in the'~S 

63 

(Filtered Rusin Prod.Co.) ", 
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Metal ,for roofing in téf,e tropics is a"historLcal 

mat e r j a' :1 

\ Since ~he r~lling Qf corrugated ~lates was patented 

in 1'850,' eorrugated- galvanized iron (CG1) sheets have 

beeome the widest used modern roofing. material in the 

tropicso (F{go 5.3 
f} 

Meta' roofs in 1ow-cost housing in the tropics are 

alrrost exclusively' made of CGI sheets of various sizes and 

" quality.* Few owner builders are making use of flat metal 

sheets for roofing a? they don1t make a very watertight 

roof below 45° slope .. More recently, ef.forts have been made 

ta. .find uses of thin metai 'sheets, galvanized or otherwise 
, ' 

pr~tected, for low-cost ro~fing systems as the one dEveloped 

by E~kha~d Schulze-Fielitz and discussed in this chaPt~r.2 ., 

A very important consideration in selecting a 

roofing sy~tem is its long term performance. In the case of 

a m e't q, l r 0 0 f th i sis clos e l y . rel a te d toi t s - ,c 0 r r 0 s ion-
,\ 

resistance, and the compatibility of the metals used with 

their fixings, other building components and other materials 

i n con tac, t w i th the r 00 f. 3 

The lite of galvanized steel is dependent on the 

zinc thickness, the quality of the coating and the type of 

~tmosphere it is exposed to. 

-Ir In many deveToping countries there is a local manufact~ring industry 
producing CG! sheets using imported "black ll steel sheet. which is 
flattened, eut ta size, hot dip galvanized, and then formed into 
the required profiles. .' ,a , 
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According to Proskurkjn and GobunPv, the different 

.. 
atmospheric co~ditions, such as the pressure of various im-

purities in the air (S02'.C02, 50 3 , etc.), are a further 

important factor in the behaviour of zinc. 

Thus a CGI sheet galvanized in a hot dip process 

with a 0,6 kg/m 2 zinc coatin~ in an industrial atmosphere, 
Q 1 

wou.la have a life of about seven years'until s'ignificant 

. .rusting occurs (corrosion ra:te of 0.,,006 mm per year). 4 

, 

A tropical marine enivbr~~en~. with salt-laden winds 
< 

and possibly sea-spray, can provide conditfons which _are 
, Il' f 

extrem~ly ~orrosive toward~ meta1 cs and reduce the life span 

o fa· Il z i n c Il r 0 0 f " e ven III 0 r e. Mor e 0 ver, h,y 9 r 0 seo pic sa 1 t s 

deposited on nfetal·surfac,es w-i11 .act as a· moisture trap and 
" 

d h . ' . 6 spee up t e corrOSlon process . (Fig. 5.3) . ~ ~ , 

I~ is tl1erefore.not su,p'~îSing that the life,span oJ , 

a CGI roof, ,dep'endi!l9,on 1Çlcation ranges .fram 3 to 30 years. 

The corrosion pfocess does not only have an 
a 

innuence.~o~ the life span of t-he roof but a1so its cJimat;'c 

p~rformance. After the first year in use the reflectance 

of CGI roa.fs" decreases considerably, thus inct'l'easin9 jts 

. , 

__ - _~ ___ 1 

1 
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Fig. 5.1 Emergency Housin9 after thé 
1920 earthquake in Peru, CG! huts supplied 
by UN (Acheson, A.) 

Fig. 5,.2 < 

The typical 
assembly 

1" 

,~ \ 1.) 

Fig. 5.3 The roof scape of Ibadan,-
Nigeria (Stern 1982) 

.. . -
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absorptivity and heat transmi~sion ta the inside of the 

house. This fact should be of high consderation to the 

users of metal roofs as surface coatin~ is necessary to 

maintain a reasonable climatic performanèe of the roof 

and increase its life span at the same time. 

The cheapest and very effective coating is a white 

wash which has to be renewed after every rainy season. Oil 

69 

, 7 
paint tlasts langer, but is subject to fungal ,or algal growth. 

Other,surface coatings on the basis of polimeric 

• materials are also subject to degradation by solar radiation, 

binders and plasticiser~ decompose and volatilise or are 

leached out by rain, leading to cracking of the film; 
"-" 8 

pigments tend to fade and are generally exoensive. 

Proper design and construction of a mètal roof 

can extend the life span considerably~ Crevices -and 

horizontal areas wheie water can remain stagnant should 

be avoided. Roof spaces shoul~ be designed to prevent . 
\ 

condensatio,n, either by ventilation or other means. (f-tg. 5.2 

" 
J. 

* CGr roofs for lo~-cost housing ca~ be"built~without endfaps ta a 
ra ti 0 of 1=5 (appr. 11 0) but the ri dge has .to be sea led wc.! l, the 
valYeys of thè-CGI sheets a.re usualTy filled'with bitùmen-sand 
cement mortar. ," 

l '1 

" 
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5.1. 'SUPPORTED ROOFING SYSTEMS 

The Corrugated Galvanized Iron Roof 
, 1 
.~. 

The C GIs h e e t i S 0 f t e n calle d the ,b e gin n e ris 

for the~roof builder in developing coun~ries. 
-.' . 1 

~wo of the main r~ason~ must be that this material 

;s almost anywhere avai1ab1e in the tropics and that it·is 

very easy to bùild with. 

i al 

The sheets are of various sizes between 2.10 m x Oh60 m 
1 

to 3:60 m x D.90 ~. A number of different gauged qualities* 

(26/28 -O.5Mm gauge} in circular or geometrical corrugations 

of between 3-5 cm rib height ~re distributed in bundles of 
9 

t en, t'lie l v e 0 r mo r,e s he e t s . ( F i CJ. 5. 4 ) 

More recently an~ for large scale projects rather 

than the individual builder, local manufàcturers offer 

long span sheets of lengths of up to 12.0 m which eliminate 
• 1 

sorne of the negative characteristics of CGT roofinq (ten-

aency to fly when lift off in stoms, removabil ity , sr.1aller purlin sflacing). 

SuppGrting Structure 

The minimal weight of this roof does -not create 

many structural prob1ems to the bui1der. However, it is 

important that the structure is well tied together 50 that 

* It is not uncomrnon that sheets of lessor thickness (s.w.g. 37) 
O. 17mm are used, but it is not recommended for nermanent ?tructures. 
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total v/idth of sheet 0.610 m.(~~~_-j)"-,--) __ ..... 

CGVer width 0.534 In. (1'-9") . .!.-----+--

standard corrugatlons 8 x 3" . . 

1 
-' "'~19 rr.ml3/4 Il 

T, 

" , ' ........ 

cover vlidth 0.686 ffi. 12_'-=-23_"J..)_~ _____ -+_ 

T Y P standard corrugations 10 x 3" 

1 
total width ~f sheet 0.737 ffi. 

1 70 101 

1 J ,Ft 
,~ . Ir 1 

--_-/ ~ ~-----~ 
t . 171 

_-"-,, -+j _________ -"c-"o-'-v-"e:..=r'---'--'-"'n d th O. G 86 nt. 

T Y P E : trough sheetins J.T. 4 

(2 1 -5") 
~~--------~--

\ , 
\.._--

l r 
.-: 1 - 3 1\) 

(Eygel aar, J.) 
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it can resist the upTift during storllJs. Flying CGI sheets 

are deadly o~jects.*. 

Depending on the architecture of the hause,trusses 

c a n b e e l i hl i n a t e dan d pur lin c ans pan f r oro w a l 1 t 0 w a T.1 • 
.-

10 
Genera l Cri teri a 

,<\. 

- ' 
CG! is a very versatile material and its,advantages' 

, outweigh the disadvantages clearly. 

Advantages 

law-cost 

law-weight 

law-volume 
(for shipping and joining) 

life up to 40 years 

can be nailed and formed 

paintable 

hi gh refl ectant 

impermeable 

wide availability 

high status 

v a pou r bar \' i e r 

tough 

wind resistant 

fire re~istant ~) 
~ 

reusable 

Dîsadvantages 

high impart casts 

low mass 
, .. 

pooY" thermal barrler 

rusts 

needs ta be ma~htained 

,range of,quality 

noisy in wind and rain 

conta~inates w~ter 

over-accepted 

aanÇ/erous if 1 aose, 
tendendc.):' to fly 

* Under normal circumstances purlin 
spacing for 26 9 sheeting will' be 
l .? m ta 1. 5 m. 
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, 
Climate Considerations 

The well maintained CGr roof with a well ventilated 

ceiling space and a ceiling of low thermal capacity is the 
11 

ideal law-cost roof for the warm humid tropics. 

Koenigsberger and Lynn say: 

'''Our heat flow calculations have convinced us 

that a ~eiling belorgs to the minimum re­

quirements to be insisted upon even in hou ses 
, 

for the paorest of the poor." 

A ceiling is req~ired also for ~coastic reasons. 

The drumming of tropical rain on an unprotected roof disturbs 

sleep and makes it impossible to unde'rstand ~normal speech. 

1 n a l lot h e r cl i m a.t i cre 9 i 0 n,S the C G 1 r 00 f co ver c an n 0 t 

fulfill proper roofing functions as it will be necessary ta add some 

therma'l mass or thermal resistance insulation to the roof 

50 that it would pe~form reasonably. 
Ji 

But it is obvious that in those climatic regions 

the CGr'roof is less cost competitive. 

Economie Considerations 

Except .f'Or eountries whieh have their own ,steel 
.N 

// 

industry,CG! roofing will not have a positive loeal impact 

~ '. 

o 

.1 
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on the economy as foreign exchange requirements are almost • 

100%. The negative aspect of foreign exchange seems to be 

outweighed by the material's performance characteristics 

and its social acceptance. 

Technical Aspects 

Str.uctural and fire safety seem to be of main 

considerati~n after that ef ease of installation. The argument 

that the material can be used maintenance free is somehow 

~n accépted compromise to shorter life span due to the 

easy and cheap-réplacement possibility of individual sheets 

or enti re roofs.' 

Social A-spects' 

1ij Tre strongest social aspect isrthat of social 

prestige. For the dwellerït is his first step towards 

modernism and a sign of progress. 

It is hard ta imagine that even if this material 

has to be i~ported that this well established market could 

disappear without reaction from the home builders. 



\, 
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5. 2. SEL F SU P PO R T tN G ST R U C T URE S 

~ Long span CGI sheets as mentioned.in the preceeding 

paragraph are a1so availab1 e in stronger gauges and geo­

metrical shapes with higher ribs. These sheets could span 

3.0m to 4.0m easily but wou1d not be cost competitiv/for 
.,' 

low-cost housing as too much steel in weight would be used. 

Dr. Eckhard Schulze.-Fielitz (Cologne) has, together 

with Sitec Robert Lourdin in Paris, registered a patent for 

a metal roof system utilizfng thin metal sheets formed into 

channe1s.l2 

• 
The Channel Roof 

The inte'resting aspect of this channel roof is the 

ufllization of an industrial semi-product in the form of 

painted or galvanized coils. 
, 

These coils when shipped to the building site'are 
, 

unrolled from the truck with the two edges running through 

a tool which is forming the edge profile. (Fig. 5.5 

The profile on these edges is necessary for the 

fixing of the channe1s to the rails but does a1so force 

the sheet into its channel form. Depending on the gauge of 

the metal sheet, the span,dead and life load, a roof of this 
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Fig. 5.5 Transport and 
installation. 

F.ig. 5.7 
Application in 
three tropical 
climate zones. 

warm humid 

hot dry 

composite 

(Sch,ulze-Fi'elitz, E.) 

" 

Fig. 5.6 The concept. 

/' 
/ 

/ 

1 
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kind can freely ~P!n up to 20.0 m and have a cantilever 

- of u P to 5.0 m! . 
The basic characteri'sfics of this roof are the 

sam e a s for a 1 1 met a 1 r 0 0 f s but t W 0 d i-.5 tin c t a d van t'a 9 e s 

make thi5 system an interesting alternative: 

- the adaptability ta all tropical climates and (Fig. 5.7 

- the st r u c t Il ra 1 cap a city. 

Fig. 5.8 

(~~ 
J J il 
J il 

cf 

The ~tal roafing concept as seen by 'the inventor . 

• 

1 
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Bi tumen, Ta r or Pi tch a re te r.ms often us ed 

interchangably. 

Asphaltic substances have been used by man for 

thousan ds of years. lThey offer excell ent bi ndi ng qual i t i es 

w i t h 9 a a d w a ter pro a fin 9 pro p e r t i es. A s p h a l t i s der i v'e d 

from many sources including the destillation of petroleum, 

naturally accuring depo?its, and deposits of rock asphalt* 

mined out of the ground. (Table 4) 
~ 

Asphalt'or bituminous substances are available 

" with'a wide range, of properties fram soft and sticky ta --.. 
hard and brittJe and is made by heat. solution or emulsi-

fication. 
~ .... ~ " 

These substances are today mix'ed with a wide variety 

of rr1aterials ta provide water proo,fing coatings, or ta 

functi on a's bi nders for fi brous fel ts, corruga·ted sheets, 

boards or shi ngles. 

'In the tropics. the material's behaviour shou1d be 

of great concern as on ~oofs and other expQsed places, 

the viscoelastic properties of bituminous materials àre 

seriously affected by repeated wetting and drying, while 

heat brings about softening and blistering. 2 

* The br; dgel between the anci ent and the p~esent day use of 
b(tuminous substances was the discovery in 1712 of rock asphalt 
at Neuchâtel, Val de Travers . 

• 
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The study on duraoility 'of "ma terials for tropical 

b u i l d i n 9 Il r e v e a l s fur the r t h a t u 1 t r a v i 0 let 0 rad i a t ion 1 e ~ d s t 0 t, . . 
embrittlement and the production of water-solub1e materials 

" 
w hic h 'c a n b e, 1 e a che d 0 u t b Y rai n; f e f t f i b r e s m a y' ~ rot 

" ~. 

o r und erg 0 d-e ter i 0 rat ion due tom 0 U 1 d • 0 n'! e ven t b e a't t a G k e d 
,,~r 

by termites. High winds cause felts to crack and tear, an~ 
. 3 

they can be abraded by sand storms. 

Con si der in 9 the 5 e as p e c t san d t h e~-f a-<: t t h ~~.;\ i tu min 0 us 

'. t . 
,.. . 

• ' .t 

r 00 fin 9 mat e ria 1 s are exp e n s ive, i t i shi g h 1 Y un 1 i k e 1 y th a t su ch 

mat'erials will find bro,ad applications .. 

Also. built up roofs are sophisticated systems -de .. 

manding tl'le.-;work of skil1ed 1abor.) '. 

In spi te of a11 negative facts bituminous roofing , 

materials are used in developing countries in the form 'o.f 

corrugated sheets and namely roofing felts. (Fig. 6.1.) 
~ 

In low-cost housing roofing, felts find application llJ.-
" ,,', / 

combination wi th traditional roo'fs such as Makuti roof~ (Somàl i.a) 

but also to watertighten flat earth'roofs in hot dry. 
,/ " ).. .... 

climates. (Fig. 6.2 ) 

J.P.R. Fa1coner, in his report frol1l a Field Trip , -' 

to Jamaica for-USAID in June 1974, mentioned a composite 

material marketed there under t~e name of IIDecormasticlI~<I, 
tile, a stamped galvanized iron sheet (appr. 28 ga.) coatkd 

with asphalt wi-th a granular miner q1 surface, similar' to that 

't ' 
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VARIETIES OF BlTUMEN 

, ASPHAL TIC BITUMEN 
.... ' d. 

!(from natural sources) 

1 
Natural Seepage . 
(mixed with wind­
blown S'ands etc) 

Natural Rock Asphalt 
(calcarèous rock, wlth 
about 20% bltùmen) 

t 

DER IVED BITUMEN 
'(from refining of crude 

petroleum) 

Laké Aspha It 
(with about 
54% bltumen) 

82 

When combined in correct prqportions 
/~ 

When combined in correct proportions 
these sources produce NATU RAL MASTIC ASPHAL T togeth~r with a minerai filler such . 

Table 4 

~, 

as crushed limestone, these sources 
produce SYNTHETIC MASTIC ASPHAL T 

L- _____ _ 
FLUX 01 L may be added to either of these 
mixes, to reduce the viscosÎty of the 
resultant MASTIC ASPHAL T 

(Ki nniburgh, lL) 

Fig. 6.1 l. 
typical assemb1y ot 
corrugated bituminous 
roof (Ondulite Ltd.) .. 

.r 

o 
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on a s p ha 1 t r 0 11 r 0 0 fi n g. T h i s c e r ta; n 1 y r e pre sen t ~ ah'; 9 h e r 

cos t mat e ria 1 ~ h a. n C G 1 but' a p p e ars toi n cre a se] i f e s p.a n 

without any need for maintènance. (FiC!. 6.3 ) 

Fi 9. 6. 2 ,U s e,t. 0 f 
r'o of; n 9 f el tin ; n d i -
genous bu; lding 
(AD/4/75) 

1 

Fig. 6.3 (Falconer, 

: 

BarasL roof __ . __ _ 
da'arn 

Palm leaf --~'ff-'r---,--"~~..;,q-d--,~ 
mailing 

• Sarastl stem --l ......... -"!.,~d-L'4,,-,frl.:;,:;.:~ 
911(j- • 

C' 

Gable end gnd 
Sarastl daam _ 

HOmontal __ _ 
braclng 

PALM FROND STEM (Barast!) 
CONSTRUCTION 

.' 

<;'"rAt'\~I5~ .CJ.LJ. lilki 

\ll.-t:. 

r. . 

_L 4c UYl 
., L 

/i /j 
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7.1. INTRODUCTION 

Before discus.sing the various tY'Pes of systems falling 
" under this group~ i t 1S necessary to make a few introductory 

1 • 

remar-ks to the three ma; n types of cement composi tes; 

a) conventional stee1 reinf.orced concrete 
. 

;. b) férrocem~nt 

c) fibre-cement" 

a) Co nove nt ion al s t-e e 1re i n for c e d con cre t e (R C) w ide l y 

..... known and used for all ki nds pf 'purposes fo"r ov~r hundred year~ 
now* is not ~~e first composite material used for low-cost 

;; 
roofing in develop,;'ng countries. ,And yet, concrete in sorne form 

, 
is a fascinatins material and can be.,used to make certaïn low-

cost roofing 'componen-ts (jo'ists). 

Concrete technology, commonly, known and not specially 

described in thB thesis,is based on the chemical binding 

process called hydration and the' structural compl~mentation 
l '" " 

of steel 'and PCC. The greater toleranées wh; ch can be acceptecl 

for quality and mixing proportions compared to ferrocement and 

fibre-cement make this process a ~ess critical one for de-

veloping countries. 

Po\,tland cement (PC) is the most common hydraulic­

setting binder, made of m~nly limestone, consuming larg~ 

* The basis for wide application was given only with the exact des­
cription of the cement production process by J.C. Johnson in l84Ll • 

\ 
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quantities of ene~gy for its production*. There are sorne 

Dot h e r mat e ria l s wh i c h h a v e h y d ra u 1 i c set tin 9 pro p e r t i es' 0 r 

can be ùsed as partial substitutes for the m0re and mO,re 
2 

expensive PC: 

- blast furnace s1ag 

- fly ash 
" 

l imestone 

bauxite 
, 

- pozzol ans 

- magnes i a 

PCC and s't e e las' r e i for c e men t co m p lem e n t 

3 
- ash of burfîice husks 

~ \ . ' , 

e a c hot h e r i n an ide a l w a ~' b t un for t u n a tel y ste e 1 i s no t a 

theap material** and neitHer 1s the comoosition of the tw~. , ' 

Studies have been made to reinforce PCC with bamboo 

as a substitute for steel ~ but for our purooses other c.riteri a 

are making this composite a less competitive one: the com-

pariso'n on a cost/strength ratio basis. 

b) Ferrocement: The paradox associated with ferro-
5 

cement 3 James P. Romuald; says, is that it is both one of 

the oldest and yet one of t;iP Ilew'est forms .of reinforced 
l ' 

concrete. Since the construction of a smal1 row boat, by 
6 

Lambot in 1848, ferrocement ha"5 been used for a wi de range 

* 
** 

ton' of PC n1ee'ds 6. 300.000 k ca l to produ ce. 

ton of s tee l takes 7.225.000 ok ca l to produce. 
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of marine structures (such as cargo shi ps) 1 storage' bins and 

notably larg~ span thi'n-shell structures 'such a's Freyssinet's ... ,;-

hangars at Orly, Nervi 's nu~erous structures in Italy and 

'7 
Mai 11 arhs Cement In_dustri.es Hall at luri ch Ex~o 1939. 

(Fi'g. 7.1) . 

Ex cep t· for the e a r l y pi 0 ne ers, fh e r e wa s age ne ra l 

realization only in the sixties that this material has a 
J 

much:broader application in building structures than its 

pre v i 0 usa p pOli c a t ion s . 8 

c) Fibre-cement, .the youngest group of reinforced 

concretes, is in a more primitive form probably the oldest 

known technology,of pseudo-ductile materials produced from 

fibres embedded in relatively britt,le cement based matrices.
9 

A. Kelly refers to chapter 5, verse 6 in Exodus 

noting the impossibility of making bricks without straw as 

reinforcement at that time.10 

There is, today, a wide range of fibres suitbale for 

use a s r e i n for c e men t. 0 f con c re te. The y ca n b e div ide d i nt 0 

two main groups, those with moduli lower than the cement 

matrix, such as cellulose fibres, coconut fibres, nylon and 

polypropylene and the second group with a higher moduli 

11 
such as asbestos, glass, ~teel, carbon and Kevlar. ' 

A s b ~ s t 0 s fi b r e s a r.-e the 0 n 1 y_ t y P e -<> f the sec 0 n d 

group being feasible for-the use in building components and 

" / 88 
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even thi's ma'terial is c:hallenged today as it occurs in few 

pla ces' 0 n l y ~ n d r e qui r e,s d e v e l 0 pin 9 . ç 0 u n tri. est 0 i m p 0 r t i t 
~ , l 2 

in relatiVe large quantities using scarse foreign curre~y. 

1 
\1 

f 

\ 
\. 

, 

• 
Fig. 7.1 Ferrocement w.arehouse built in 1947 by Nervi's . 
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firm; walls and Y'oof were·less than 3 'cm thick (Abercrombie. S.} 
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7.2. ';'CONVENTIONAL-STEEL REINFORCED CONC.RETE (RC) 

In i ndtlstri al i zed countri es, few homes are. roofed wi th 

RC-system~ and. it? i5 therefore a150 re'asonable to s,ay that' 
, ... 

con ven t ion a l ste e ire i n fo r c e d con cre te i sus ua; l Y Tl 0 tas soc i a t e d . . 
wi~h low-co:t.roofin g ~~r,develOPing countries .. 1 

But concretF technalogy i~ simple to ap~, with re-
... 

latively little equipment needed, and cement is available' in 

the remotest places around the w6~ld. 

Furthermore, RC~sY5te~s are monolithic strong and' 

durable ~tructure~ and are th~refore ~aving positive shelter 
D 

e 

characteristics. 

These facts, together with the frequent need or wish 

to build a roof which cari be accessible or serve a floor 

0, ce'iling funçtion in the- future, has led to the common 'flat 

Re roof a1s a certain' rooftng solution in many deyeloping 

" countrf es.' 

'-
, But fla t R C f1 00 ri r 0 0 f s l a b s for s ho r t . s pla n sin l 0 w -

cost hous'ing aTe uneconomical t elements for the two following 

reasons: 13 

- unaproportionate high.quant'ity of steel and 

"con,crete (dead weight) needed compared to ' 

the ca~acity requi~ed; 

" 
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uneconomical system of redirecting,forces 
.~ 

in f1at slabs;* 
, 4 

Co~sidering spans of between 2.40 m arid 5.00 m, the 

RC slab' of appr. '10 cm thi c-kness would: nct be cast com­

\pe\i~ive on a 'cost/strength ratîo basis when compa,red with the 

o the r Il h yb r.i d Il R C s ys t ~ ms. * * 

These sysiems have b~ep developed to minimize t~~ u~~". 

o f ste e l and c e P.l e n t w i th a u t l i m i Li n 9 the u"" e r and ~ h e l ter 
"." 

functions. (F~g, 7:2) 

. , 

7.2.1.SELF-SUPPORTING SYSTEMS 

Self,supporting' Re roofing systems 'have" been de~'e'oped 
" 

for prefabrication of large housing schemes or' for self help 
" , 

prQcesses in aided low-cast hous~ng develbpments. 

Vaults ~refabricated 
\ 

St r u c t u ra 1 -, y, the vau T t i·s a" les s f a vou rab lei con -
1 

• u 1 

figuration for q 10w-c6st roof than a dome is as ,it ~ill 
r."' • • 

r e q li i· r e 0 r t i e rD ,d b ê a m t 6 a b"s 0 r b the ho riz 0 ~ t a 1 Jo r ces e x cep t , 

of course, in a pure compression vault, 

* Beam~ and slabs are bulk-active structure.systems (bending structures) 
adequate for long continuous spans without the need to give ûp the 
advantage qf rectangular geometry. 

** For curved elements like thé vaults and domes, the comDarison is even 
less favourable;" a ferrocefTIent structure uses 3 ta 4 Urnes less 'steel 
and cement than a compa rab 1 e RC-sys tem. ... 

'. 
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,Fig. 11'7.2 T"his "hybrid" version has been designed for a 
refugee "resettlePlent in Ndrthern Cyprus. Ttfin on site produced 
asbestos' cement sheils are 1Jsed as lost shutterin·g. LOw strength 
concrete, with"distribution reinforcem!Hlt (mesh 10 x 10 cm), 
is poured a top: (Bauwelt"Heft 9','1978) 
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An interesting but almost forgotten process had been 
1 

apP,lied' by Alvaro Ortega, a, CQltt'mbian architect, who has 
, ' 

been t.eaching at Harvard and McGi 11 amongst other i nsti tutions. 

l t i s the method of prefabri ca t i on he i s propos i ng, 
10 Il , 

which is of great interest "for our purpose. He has developed 

a method of casting curved thin c()ncrete sections on the 

ground in stacks of as many as fort y-one a top the 'other, so 

that all the Sh~1l5 re'quired for ,(in our case as many' as te~ 
houses - 60 m2 each) coul,cÎ be cast"from a single form.'w' 7.(1 

The most interesting part of this method is the 
, 

utilizatiol} of vacuum equipment 'that is used not only in 

pre-<::uri ng the thi n precas t el eme~ts) 'but in"',; fl'.t;i ~g them 

as we 11 . * /h g. 7.5) 

'After each element is poured, it is covered with pads 

connected by hases ta a vacuum pump whlch draws out the un­

combined water in the mortar. Within half an hour, the newly-

poured surface, though sti l} moi st, ;-s strong 'enough to . 
support the wet concrete ot the nex't shell. 

T,o pr-event bonding between the stacked lay,ers, and, 

to give a smooth undersurface, each shell is coated with a 

pl~stic 'foil, parer or lime paint, bef'ore the next elèment' 

is poured. Using this vac,uum drying system-, it is possible to 
, 

* The vacuum concrete process ha, been i nvented by Bi tner in Germany. 

, ' 
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Fi~. 7.3 
Prehistoric dwelling 
forms can today be 
euilt economically 
with new techniques.­
(Rudofsky. the Pro­
digiou's .Bui.1 ders) 

" 

" 

· ' 

1 
Fiq. 7.4 Stacks 
(Ar,chitec~l Record) 
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'Fig. 7.5 
Lifting 
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't1 F~i g. 7 . 6 
The final structure. 
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cast eight fayers in a normalwor~ing day in each stack. And, 

because each layer i s seal ed top to bottom, .the stack becomes 

a ready-made:curing room in which m~isJure and tempe rature 

are k(~pt uniform 'intil the shel1 r.eaches full strength. 

This system has first been used in the USA on the 

Pentagon building and in the early fifties in a nu~ber of 

projects by Orteg~ in Columbia, notably for a 600 unit housing 

project in Bogota. 15 

Thin shell concrete roofs have charaeteristics si~ilar 

to.ferrocement ones, except that their produ~tion is more 

95 

o expensive due to the special equipment needed. 

It also seems 't'hat for low-cost housing, the barrel 

vault with its structuraJ disadvantages compared to a double 

cu r v e d 5 t r u' c t ure _ 5 hou 1 don 1 y bec 0 n 5 ide r e d if a es' the tic a l 1 
, 

o 

priorities require a roof of such shape. (Fiq, 7.3) 

The vacuum proces;, if considered at all, could also 

be used for aouble curved ~lements and then represent a , ' 

fe~sible alternative for l~rge scale ~rojects where the 

fer.rocement prorss i S cO,ns i dered 

The F16or-Ceiling Vault ~ 

too slow. 

· - 16 Christopher Alexander et al write under flat roofs: 
~\ 

"Fl'at roofs, except -roof gardens (or we could say' 

if they have to serve a floor function) are already 

eliminated by the psychological arguments of 

J 
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sheltering roofs (1 bide pp. ,569-574) and, of course, 
, , 

b Y s t r u c t u r a 1 c 0../1 S ide rat i 0 !1 S. A fla t r 0 0 fis 
, . 

necessary whe~e people are qoing to walk on it; 
, 

but i t i s a v,e r y ; nef fi cie nt' s t r u c t u ra 1 s h a p e sin c'e 

i t cre?les bendi ng. Il 

, 
The floor-ceiling vau1t combines two interesting 

cha ra c t,e ris tic s, a fun c t ion a l 0 n e s e r vin 9 ,a 5 f l 00 r and 

an architectural one creating a cejling height variety. 

The r e,' are, 0 h,SJ> urs e, var i 0 u 5 w a ys 0 f a chi e vin 9 

t h i s c 0 m b i 11 a t ion', 0 n'e 0 f w h i' chI w i 1 1 dis c u 5 S w i t h the 
\ 

ferrocement low height dome which can be filled,~~th sand, 

mud or any o_ther suitable filler for that matter to 'form a. 

flat surface on fop. (Fiq. 7.7) 

Alexander's vault is made in a simple way, firs~ 

Pla~ing }attic:\..-Jri~s) at 30 cm centers, spanning in one 

directi~n, fro~e perimeter beam to the opposite perimeter 

beam, e~ch strip bent to make a sensiqle vault shape.* 

Then strips are woven in t~e other direction, also at almost 

30 cm centers, forming a basket. The strips can be nailed 

onto the form ot' the perimeter beam around the room. This 

basket is immensly strong and stabl~. (Fiqs. 7.M and 7.9) 
«. 

* From structural considerations we know that a circular shell dome 
will generate virtually no'bending moments when its rise is at least 

, 96 

13 ta 20 percent of i ts di ameter. *, ...... 
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Fig. 7.7 

Fig. 7.8 
lattice strips 
in pos;i tion. 

\ 
\ 

, , 

1 • 

Fig. 7.9 
Burlap, over 'the 
latticé wor.k. 
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Burlap is then stretched over these lattice strips, 
. 

tac k e d - 0 n t 0 the s tri fJ s sot h a t i t' fit s t i 9 h t l y. The b u or l a p 
. 

is painted with a heavy ~bat of polyester resin to stiffen it~ ., , 

This burlap-resin skin is strong enough to support 

2.5 to 5 cm of lightweL~fht concrete. One layer of chickenwire 

as shr~ nk,age rei nforcement i s needed. The sh~ell ~ whi ch forms', 

is strong enough -to support the rest of the vault and the 

floor ab-Ove. In order to keep the weight of thé vault down, it 

is important t~at the concrete forming the floor be lightened 

by mixing, it with 5,0 percent voids and' ducts. Any kind of 

voids can e used, empty beer cans, wine jugs, sono tubes, 

ducts, and ther lightweight hollow materials.' (Fig. 7.7 ) 
~"';::.'\ 

Alexander's version is of interest ris it ~tilizes a 

combination of structural and material characteristi cs to 

fonm a sound and architecturally appealing structure. 

My own suggestion is to find another solution ta 

stiffen the burlap as few ~eople in developing countries 
/ " 

wnuld use resins e(fectively and moreove~ resins are , 
expensive and have a short shelf life, especially in the 

t r 0 pic s. l t i s al s 0 wo r t h t r yin 9 wh eth e r the i.n i t i al Je r ro-

cement-like thin shell is needed in the first place or if the 

burlap or similar fori work, together with' ch'ickenwire, could 

not ,support the entire infill at once . 

• 
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Fig 7.11 
A type siml1ar ta -the 
flaor ceiling vault. 
(Alexander et al) 
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7.2.2.SUPPORTED SYSTEMS' 

Supported Re roofing systems are known in industria1ized 

countries in the form of planks, channels and rib slabs, usuall~ 

used for larger spans and for industrial buildings. 
, 

l n l n dia, C e n t r a l and Sou t h Ame r i ca, suc h s y s t e'm s h a v e 

been developect for low-cost housing, taking advantage of rec­

tangu1 arr geometry and ecoYlomi sjng o'n the use of cement and 

steel :. 

Joi st and Infi 11 Systems 

Joist and infill syste~s are supported structural 

systems forming a flat structural e1ement of small construction­

height, capable of serving a floor-cei1ing. funétion in an 

economical way for spans in the range of 2.4 m to 5.0 m. This 

met h 0 d 'i sus e d a r 0 und the w 0 r l d in' de v e l 0 pin 9 cou n tri es for 

various purposes but mainly ~n housing and for short spans. 

The components are joists us~ally in preca~t reinforced 

~ concrete; infill panels or bricks, spanning between the joists 

and a cov~ng s~reed in con crete or mertar. 17 (F,ig. ~-7.12) 

, A hybrid version is the "lost shuttering" type where 

hollow bricks formJng a continuous cei1ing are shaped'witb 

blockouts to form a r.ib slab by the concrete pourpd on top 

of them. '(Fig. 7.13 ) 
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These methads are providing a saving of 40 to 60 

per~nt in the consumptian of bath cement 'and steel against 

reinforced cement concrete floor slabs. It is not surprising 

to see that such a system in opposition to the situation in ~ 

developed cauntries is cheapercthan a conventional reinforced 

con cre tes 1 a b wou 1 d' b e . ( Mat e ~ i a l cos t ver sus 1 a b 0 r 'C 0 st. ) 

However, ~,in comparison ta other systems' descrïbed in thi~ 

chapter, this 'method is still relatively expensive in the 

, context ,of low-cost housing and should C9nly ~e considered 

yo~ housing where future vertical extenslons are anticioated and 

·possible. 

In those cases the roQL is a very expensive one for 

the period before the extension is undertaken, as waterproofing' 

has to be added ,on the surface, 

For any other purpose, the joist and infill system 

will not be com~etitive as it is still structurally an 

un~conomical system and quite labor intensive' to build, too. 
, 
1 

A~ far as its adabtability to climate is concerned it 

is 'to say that it would make a very poor roof for the warm 

humid tropics but as it is a recommended solution for a floor­

ceillng typè, temporary meqsures would have to be taken to 

improve the climatic performance of this temporary roof: 
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. 
The Joists \ 

prefabricated joists'are reinforced according The 

to th~ structural design and loading conditions. 

In the case of'the Indian "Concobrick" system 18 

r e i n for ç e men t .i s pro v ide d for' fin a l l ° a d i n 9 c 011 dit ion s- w h i l e 

the precast concrete position is ta take'the dead a'nd live 

16ads during cQnstruction. 

The Infi1~ Panels or Bricks 
, 

Most conventianal syttems ,namely those used in Central 

. 'Bnd South America,are using 10110W ~il~s,or bricks of the 

same type as sandcrete blocks are ta span the gap between 

the joists. In industria1ized countries, they are always made 

of burnt clay and much lighter in weight. (Figs. 7.15 and 7.16)' 

The jackarch princio1e uses burnt ho1'low bricks 

coverlng a larger span than the conventional system. 

A jackarch panel (1200x500x75 mm), is formed by 19 

laying 20 bricks in 1:4 cement: sand mortar upon a low 

ridge of sail of the required curvature. The height of the 

curve may vary from 50 ta 100 mm, the former being preferable. 

No reinforcemênt is used. (Figs. 7.17 ) 

A,nother popùlaî systerrf'widely used in lndia is the 

"'Zed- Ti le'; raof where' the i nfi 11 panel s a,re made by stretchi ng 20 

burlap or hessian cloth over a waoden frame 'having inside 

(Figs. 7.14 and 7.18 
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Fig. 7. l 5 

JO"; s tan d 1 n fil 1 S y ste m s 
as used in Mexico and South 
America (Université Laval) 
Fig. -7.16 l 
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dimensions of appr~.·80 cm x 80 cm. The C"loth is fitted slightly 

loose over the frame so that the conq'ete (mortar)' takes 'à 
1 

normal sag unden its own load. The naturàl curve formed by 

the concrete's load will let the slab ac~ as a c~tenary, being 

completely in tension. This slab used as infill between the 

joists i-n an inverted position will wholly be in compression. , 

Other methods could be used like ferrocement arches ~r 

flat Elements, Even the possibility of using fibre boards or 

stramit panels should be studied. 

The Coyering Screed 

The covering layer of concrete.or mortar bonds the 

elements together to form a compo5~te roof/floor. 

, , 

It. is necessary to gi.ve the roof/floor impact strength 

and ta distribute fhe loads. 

In the "Concobrick" system the roof/fl'oor is con-

structed by putting the jackarch panels on partially precast 
-' . 

J-beams. Con crete of reasonable ~trength is laid over to 

fill the haunches a~d ferm an integral structure with the 

I-beam and the panelll (Fig. 7.17) 

The roof is often finishrd aftel placing a 50 mm th~ck 

layer of mud and wheat straw mix and/or lime concrete for 

some thermftl capacity a~d waterproofing. 
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Fig. 7.1'7 
The conco-br; ck 'i 

system. (Surya 
Kant Mistra) 

--

,Fig. 7.'18 , 
The zed-tile ~ystem. 
( A s.h fa 9 ,H a sarl ) 
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p,,,,,Jab ri ca ted Pane 1 s , , 
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1 

Similar ta the"joist and i'nfill systems, there are 

partial pre~ast flaor systems which can be considered for 

the purposes. of roofinq (floor, ceiling or accessible roof).'· 

These systems (Fig.7.19) are either forming a true rib slab , 

when finishetl (a structurally economical solution for larger 

s'p ans), 0 r ale s sec 0 nom i cal di seo n tin u 0 use han 'n e l s y s t ê m . 

(Fig. 7.20)22 

A 1 lof the ses y ste ms, i f corn Q are d w i t h the j 0 i s t. and " 

infi,ll principle, Will be less compe(itive in developing 

countries and they should only be considered if cement and 

steel are relatively cheaper and pre~abrication is an econo-
-

mie a', ,p 0 s i"t ive fa c t 0 r . , 

Fig. 7~19 .. p,refabr.icated 
Pan e l s"' . ( E a s t - vI est C e n ter) 
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( Ramamur'thy 

Partial precast floor systems 
and Ganesan) 

108 

" 



1 

.. r • 

/ 

cL 

.---------------------------

o 

" 7.3. FERROCEMENT ROOFING SYSTEMS 

Ferrocement exhibits behaviour so different from con-

ventional reinforced' con.crete in strength; deformation and 
. 

pot en t i a l 'a p pli ca t ion th a t i t is c1assified as a separate .and 

distinct material. 

The American Con crete Institute Committee on Ferro-. 
c e men t de fi n e dit a s con s t r L c t ion ma ter i a 1 a s f 0 1.1 6w s : 

"Ferrocement is a type of thin wall reinforced 

conçrete ~onstruction, where usually a hy~raulic . 
cement. is reinforced with 1ayers of continuous and 

rel a t ive lys mal l dia met e r mes h. t~ es 'h m a y b e ma de. 
. 23 

of me t al l i c mat e ria 1 S· 0 rot he r s u1. t a b lem a ter i a l s . Il 

The mechanics of ferrocement and the mechanical 

'properties, are ·very complex because of the almost infinite 

var i a t i o-n 0 f s i z e '" 9 e 0 met r y, fa br i ca t ion met h 0 d,or i en t a t i o-n , 

yi"eld and ultim.ate stress of steel wire mesh that could be 

used ;as reinforcement. 23 

Consequently, designing a ferrocement structure fs a 

.sophisticated engineering matter which for our purposes has 
1 
\ J 

to be simplified to a ttial and test method of the roofing 

~lements as thfty are ~anufactured. 
, 

There are rules of thumb for the proportioning of 

1 \ i n 9 r e die n t s b y Abe r c rom b i e wh i c h w i 11 . pro d u ë e ami x .q u i t e 
\ \ 1 \ , 
, strong -enough for most small projects: 

. .. 

24 -

-
1 
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- Use slightly more th an half as much mesh as 

. cement, measuring-by weight. 

Use the minimum amount Qf mortar needed to cover 

the mesh. 

Use s l i 9 h t l Y m 0 r e 'b han h a l f a 5 m u c h c e men t 'a s 

sand, measuring by weight or volume. 

Use slightly less than half as much water as-

cement. measuring by volume. 

The materials have to be of good quality and shall 

conform to the TOcally used standar"ds for concrete constr'uction. 

L 
The cement can be ordinary po~tland cement but should 

be ,fresh and.of uniform consistency. 
Q 

Fine Aggregates (Sand) 

Sand sha11 be obtained fram a reliable supplier and 

should be'clean, hard strong,. free of organic impûrities 

and deleterious substances. 

The follawing table gives sorne guideline on desirable 

gradings: 

SlPve SlZe Percent Pass i ng 
U. S. Standard Square Mesh by Weight 

No. 8 100 

No. 16 50 - 85 

Ta'b 1 e 5 '1 
No. 30 25 - 60 

(AC I) 1 No. 50 40 - 30 
" No 100 2"'- 10 

-----~ -----
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Wate r -/ 
Water used in the mixing is to be free of any organic 

and harmful solutions which will lead to a deterioration ~n 

the properties of the mortar. Salt wat.~r js not to be used. 
l 

Steel Reinforcement 

The r e i n f 0 r·c e me n t s hou 1 d bec 1 e a n and f r e e 0 f a 11 
;, 

loose mill sca1e, :dust and loose rust, and 'coatings' such as 

p a i nt, 0 i 1 0 r a n y th i n 9 t h at- m i 9 h t r e duc e bon' d . 

We 1 de d w ire mes h, h e x a go n a 1 w 0 ven mes h 0 r t,h i c ken 

wire, and- expanded meta1'lath can be untreated or,galvanized 
, ,,. 

\vith a wire dialT)eter of_not more th an l.Smm. :he t1,p.e of mesh 

recom'mended is the lSmm x 15mm gage 19 with a yield strength 

at 0.2% offset strain, in excess of 4500kg/cm2. Rods, wires 

and strands ff used sha11 ha-ve a di ameter' small er than 

'lOmm. (Figs. 7.21 and 7.22) 

It is the fabrication' of the reinforqing cage, tire 

mortar-plastering and the, curing which are furthermore' 
~ 25 

crucial for the quality of the product. 

'Fabrication of the reinforcing cage 

The wire mesh and/or mesh fabric or rods are to be 

placed and shaped ta the roof ,form such that the'produçtion 
? 

'. 
l ' 
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of a vo; d-free material may be obtai.ned. Adequate reinforce-
" 1 -/ 

ments are t9 be placed locally where h,igher stresses are 
~, 

expected. 

The different layers of wire mesh should be carefu11Y 

and securely- tied together and to the central layer of coarser 

reinforcement; if neéded~ in order to provi de an as much even 

thickness as possible and to avoid movement during the,placinq 

of the morta r. 

Any discontinuities in the strength of the reinforce­

'ment are ta be avoid~d and an overlap of 10 cm is recommended 

to assure continuity between the ends of a layer- oF mesh. 

(Fig. 7.23) 

Mortar - Plastering 

Mixing, handling and compaction of the mortar should 

be--considered and closely supervised to ensure high quality 

material. 

The mor.tar must be thoroughly compacted during placing 

to ensure the absence ,of vo"i d s around reinforcement and in" 

the coyner of any frame work. . 

Unde r no circumsta/lces s hou l d th'e mo r ta r "be comp a'Cted 

simultaneously from both sides of the reinforcement in "one 

operation. Vi bra'tor,s and handrodding can be used îf nec:,ess'ary 
. 

-to achieve better penetration and distributipn. 

l ' 

. 
" , 
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Fig. 7.23 ,Propérly tied reinforcement. 

, . 

Fig. 7.24 Mortar plasterinq. t 
( Nat ion a lAc ad e my 0 f Sc; en ces) 
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The mortar should· be p,laced within a reasonably slrort 

period of adding the mixin-g water' an<d with continual' a-gitation 

during the waiting 

mortar, care shall 

(Fig. 7.24) 

Curing 

per,iOd, Ouring h,a,ndli~9 an('Placi~9 of the 

be tak~n to avoid segre.gatNl~_~~e m-i x. 

Curing, a very important stage of ferrocement making, 

Abercrombie s'ays, is simply taking care that after the m,ortar 

has been applied prop,er conditions prevail whilst the earliest 

and most critical part of the hydration p~Jocess automatically 

ta k e s pla ce. 26 

The set mortar is to be kept wet for a period ' 

depe'ndent 'on- thé .type of' cement used and Üe ambient con- ' 

ditions. 

The met h a d 0 feu ri n 9 s ho u l d n 0 r mal l' Y b e b y w a ter s pray 

but othe·r 'proven methods',are ac~eptabl e, such as steam c,~ring 

and m e .m b r ~ n.e c u i'i, n 9. The t e m p e rat u r é 0 f,c U rl n 9 ,m u s :t b e a b 0 v e 

l Oo·C. 

j 
, , 

Painting 
. " 

. ( '- ~ 

\o!hite- wash o'r; pa1nt to 'improve th~rm.al p'erfo'rmaQ,cè' , . 
shoul-d' only b~' "applied 'aft~; completion 'of .. curi'ng and 

. 
after th? s.urfaces have been dried' .. " 

.' .' 
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Ferrocement combines almost ideally'the'most cjesirable. 

characteristics for low-cost roofing. 

It is made of mat.eri'als that' are easy to find almost 
• \ 1 

anywhere in the world, easy to buy on almost any budget. and 

easy to use with' the most meager amount of skill or training; 
, 

no elabo(ate tool,s are 'needed;- and, because the basic mesh can 

be bent by ha'nd in-to shapes that are naturally ?tructura1, 

s u pp 0 r tin g. f r a me w 0 r k ca n 0 ft e n b e el i min a t e d. 1 t i s al s 0 

relatively lightweight, impressively watertight, rotproof, . . 
and bugproof, and "ït sha re·s wi th all concrete work the 

envi~"blè. quality of impro'ving its, str~ngth as it ages.'27 

Abercrombie mentions as disadvantages the worl<-, whicb 

in our case coule hardly be rated negative. 

The oth~r argu~ent,.its rari ty,' is
c 

probably a greater 
, . 

obstacle. Use encourages f!1rther use; dlsuse, further 

disuse. 

Therefore a great body of sci enti fi cally conducted 

tests of the material's strength and of all the pecularities 

of its behaviour should be started. Without these tests; no . 

reliable guidelines for still missing proper building 

standards nor aoproval from the building codes which en force . 
28 

those standards can be established. 

) 
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7.3.l.SELF SUPPORTING SYSTEMS 

Con 5 ide ri n, 9 ·f e r roc e men tas a con s t rue t ion mat e ria lin 

all its applications, it must be in the form of a self 

supporting roof where it performs at its best. 

The characteristics of ferrocement. free formability 

and th;n structural th;ckness, demand a shape of the roof 

surface with-a bearing mechanism of surface-active structural 
29 

systerrts* (si ngle or doubl e curved surfaces). 

It i s qui te obvi ous tha t wi th thi 5 techni c, ferro­

cement wïll not be ideal for constructing flat·self supporting 

accessjble roofs where the redirection of forces is most un-

economical anyway. 

With~Ù;t_tle_mofe. cons~_ruction height, a ferrocement 

structure can serve a floor cÈdling fùnction in certain 

ci rcumstances. 

Modular Panels 

Modular panels for self supporting low-cost roofs 

co m'b ; ne som e h i 9 h l Y des; rab l e cha ra c ter i s tic s . 

But considering that they will in most cases be used 

for fl a t r 00 f s, fer roc e men t pan e 1 sas men t ion e ê:i i n the pre -. 

ceeding paragraph will not be able to perform the most 

,,' 

* ~hese are structure systems ;n surface stress conditfon. 
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desired functions a flat roof usua11y shou1d: being 

accessjble or servi~g a f100r ceiling function for future 

extensions. In spite of this fact and as a comparison to' 

the IIcanaleta ll panel. 1 think that for certain cases the 

following system could be feasib1e for low-cost roofing. 

Jo seC a s t r 030 des cri b es, a pan e 1 .i n h i spa p e r 31 wh i ch 

h a s b e e n s u,c ces s f u 1 1 Y u s. e d i n t~ e x i c 0 a s r 0 0 fan d w a 1 l e 1 e m e n"t s 

in different projects. One of them was a group of 350 houses 

built by the prisonérs of the Tabasco Jail. using only thesé 

e lem e n t s t 0 for m the s t rue t u,r e. (F i 9 s . 7 . 2 5, 7. 2 6 and 7. 2 7) : 

"Mexican ll Channel 

. T'he U-.sJElped channels of varjous dimensions are 

prefabricated individua11y. The reinforcement. consisting 

of two . steel rods' 6.0mm placed in the corners and twa or 

more layers of wüe mesh or the more and more used cheaper 

but a 1 s 0 e f f e c t ive exp and e d m ~ t a 1 (E - 6 0 O' • 6 a 0 9 r / m). i s s h a p e d 

with the help of a temp1ate. 

The channels are then plastered manually on'a 

smooth surface floor with a waoden form to the! sides. 

The finished and cured channels, weighing appr. 
\ 

.75kgs- for 4m spans. can easi ly be i nstal1ed byl two men. 

, 

J 



------ -- - -------~- ._-------_._-------- .. _------.,,------ -------------- --

, 

" 
" 

.' 

F'i g. 7 . 26 Fla t ro 0 f 
application .. (ACI, Castro) 

P,itched roof 
version. (~CI, 
Castro} 
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Fi9. 7.25 Joint detail 
of ferrocement roofin9 channel. 
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DimeQsions: 

Producti-on: 

Application: 
'l -

Climatic 
P e r-fo rma n ce: 

Economic 
Impact ':' 

Technical 
Aspects: 

O.50m ta 1.Om wide 

3".O.om ta 6. Om long 

appr. 2cm thick 

8 - 20cm webs 

, . 

o 

on site manual prefabrication or ,local 

industrial manufacture; 

fla t 0 r s h e d r 0 ~ is , 
pitctied roofs'with ridge beam support; 

warm humid climates, prefera~ly wit.h a 

ceiling and well ventîlated between roof 

and ce{l i ng; 

c 0 m p 0 s i t e ·c l i mat es, w i t h a c é i '1 i n 9 0 f som e 

thermal capacHy (fibreboard, stramit); 

is "positive as process is labor intènsive, 

local materi als can be used (except for the ,. 
wire mesh 'which is usually imported; in China, 

, 
it is reported, workers also weave mesh from 

wire on site); 

except for a trained supervisor. no skilled -

labor nor any special and expensive 

equipment is needed; the panels are easy to 

i n s t a 1 1 and ver y dur a b l e ;-

o 
> 
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annual cleaning will improve cl imatic per-

formance which could furth,er be improved wij:h 

the application of a white wash; 

Social needs: can be satisfi ed as discussed in the fi rst 

part of th.is thesis (pp34~37) except that 'it 

i s not accessible' for other purposes than 

majntenance; 

Fr e e F 0 rm e ct Pre cas t Pan e l s 

T~e three advantages of single fol d structures over 

ri,b-slab structures are the main reasons for advocating use 

of ferrocement 'for roofi ng': 
32 

'A singre fold ferrocement roof structure allows: 
" 

(J 
- réd u c t ion 0 f s l q b 's pan to' a b 0 ut· 

, ; 
half because each f{)ld'acts ,as rigid .support; 

eli.mination ~f ribs because each plane acts 

a l sb a s b e ami n 1 0 n 9 i tu d i, na l d ire c t ion '; . 
. ' 

i n cre a seo f -spa n n i n 9 ~ cap a ci. t Y t h r 0' u 9 h i n c r è a s é 

of, con s t r,u c t ion he i ,9 h t ; 

U is therefo_re _only logical to use the ·fer·rocement 

techniqueto these. adyantages. A-PéH't from the U-s.hpp.ed channel 

elements, ·the following two systems could be traced: .. 

f 91 d e d. pla ter 0 o,f s; . 

folded curved panels; 

" 
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The 'folded plate roof el ements are precast in a mo1d 

of compacted soil protected by a mortar cover. 

Each U-shaped plate is cast individually a,nd then 

/ joint,(ogeth~r by overlapping the wir~ rads and mesh'es left at 

the edges. Finally the union ;5 plastered with mortar trying 
~ 

t 0 k e e p the 5 ha p e and go 0 d con sol i da ,t. i OJI t 0 9 u a r a n tee the 

wat-ertightness of the system~3 (Fig. ].27) 

T h.e fol d e d c u r v e ,d pan e 1 s (F i g. 7. 2 8) are man ur a c t ure d 

the,s'ame way â:s folded plate roof e1~ments, utilizin~ the 
, 

ferrocement process descri bed i il th~ 5 chapter. But other than 

"the system described in th-e' preceeding paragraph, these 

el~ll)'en~s" when cured-~an,d put in place, are simply joint ~o-

, 9 eth e r w i th ·m 0 r t a r a pp lie d t 0' the hi 9 h j 0 i n t s. 34 

-Dornes P'refabri cated 

The u,~e, of prefabricated ferrocement domes is re-

com,~ended for' the construction of strict1y modular, projects,. 

thereby"a11owing repeated use o.f~ the mo1ds. 

J. Castro~ in his summary of the' prac.tical-ex-

periences resulting front the 'research work carried on by 
~ 

two Mexican education institutions. demonstrated the 

advantages of such a roof~5(Figs" 7.29,7.30 and 7.31), 

122 
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a) Mo/d 

.. 
c) Connect ion of two tjiieces 

1---- 70 cm 

b) Relnforccmenl 

Fig. 7.27 The folded plate system (Castro) 

'.' 

Fig. 7 . 28 r. Fer roc e men t pan e ls de v e l 0 P e d b y G A'T E i n 
-? El Salvador. 
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The construction of precast ferrocement domes 
, 36 

ent~ils th~ following stages: 

manufacture of mold; 

reiAforcement of precast domes; 

, ' pouri ng and c.uri ng; 

- form-strippirig ana storage; 
o 

,.- - erecting and joining; 
// 

In-fhe manufacture' of the mold, four interconnected 

wooden trusses are used which must have shapes corresponding 
Il 

to 'the cross-sections of the shell at the locations shown 

in Fig. 7 -.:29. 

The c'o n's t ru c t ion 0 f the mol d sim ply c q n sis t S 0 f 

making a dome of well compacte~ earth, covered by a layer of 

we l l - fin i s h e d con cre t e h a vin 9 a t hic k ne 5 s 0 f a p p r. .m, w i t h 

the shape defined by the trusses. 

Before the reinforcement is put in place, the mo)d 

needs to be cleaned an9 greased t,o facilitate withdrawal 

of the mold. The reinforcement consists of .two no. 2 bars , 
a10n9 the edges, one of them straight and the other one with 

the necessary bends to provide the hand1es to lift and f;x 

~he dome to the structure. These handles should be placed 

at the corners of the edge and on the sides at a maximum 

spacing of lm. Furthermore, two layers of' chickenwire mesh 

b r exp and e d ' met a 1 1 a t h a t tac h e d t 0 the bar 5 'a r e d ire c t l Y 

mounted over the moTd. 

124 " 
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A f ter the pou ri n 0 a n,d cu r i n 9 0 f the pre f a b d 0 n1 e s 

the mo'ld is removed with the.'help of a wooden tripol (fig.,7.30) 

or any structure able to withstand the weight of the she11 

( a p.p r. 23 k 9 / m 2 ), plu sap u 11 e yan d a r 0 p e. W it h th i s 

equip,ment, tWQ or three people can(,lift the shell (rom the -mold. 

Once the form has been stri pped. the 'dame can be 

carried to the storage site or to its final position by not 

mo~~ than el~ht people. 

"Mexi can" Dome 37 

[i i men s ions 

Production: 

Structural 
P.erformance: 

3.DOm to 6.00m dnd more span; 
;z: 

O.50m to 1.lOm and more depth; 

a pp r. 1. 00 cm th i c k ; 

(2.qOcm edges) 1 

v~ry easily prefabricated on site and to 

any desired shape; 

it~was demonstrated with several experiments 

that resistànce to unifo'rm lo'ads increases with 

increasing slopes at the edges. 

The domes with eliptical sha~es have higher 

resistance wh en subjected ta dis~ributed 10ads 

t h- an th 0 s e w i th sin u sOi da l 5 ha 0 e,s '; the i r r e-

sistance to con~ent~ated loads was increased; 
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, 7 29 
Flg .. 'the farm. 
Shaplng. )' 
(A CI, Cas t ra • 

Fig. 7.30 
lifting the 
dame. (ACI, 

cast 
Castr~) 

t 

F" 7 . 31 
1.g.. the dame" CarrYlng ) 

(ACI, Castro 
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Climatic 
·Performance: 

Economie 
Impact: 

Technical 
Aspects: 

, ' , ,. 
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" 

this roofing system can oe modified ta perform 

\';0 in every climate; 

~arm humi~ climates; a minimum of a kraft 

paper ceiling with alum-ini,um foil li"ning on the 

upper side could make indoor condïtions bearable 

dur j n g, th e' 'd ay i f ven 'Li lat ion .. i s 5 U f fic i en t ; 

hot ory desert climate: as this roof can support 
-. , 

h e a vie r l 0 a d 5' t han 1 00 k 9 / m 2 w i t h a s t i 1 l go 0 d 

safety fac,tor, it is aétually ideal for, this 

climate with an earth-cover or sand added to 
!';"'f 

give the roof enough thermal mass for ç time 

lag big enough; 

composite climates: in this climate with modular 

houses built, one dame cauld have more, the 
. , 

ather less thermal mass and as such be adequate 

for different seasons; 

is positive as unskilled labor can produce these 

dames with locally available materials; 

for dames not exceeding 4.0m span no special 
, 
equoipment is required to handle the dames;' as 

they weigh about 22kg/m2 only, they can be 

handled by eight people in the dismolding. 

which is acceptable in self-help construction 

methods; 



,t-
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( 

Maintenance: nO.maint~nance needed except for cleaning 

out roof water drainage; 

'Social Needs: can all be satisfied but the sh~pè 'may not," 
J, 

" 

1 • 

appeal to societies in the wa'rm humid tr,opi,q; 

and. non - m 0 s lem 0 n e sas t h i s r 0 0 fis 0 ft e n 

described as a symbol of Islamic Architecture; . 

Cast Insitu Domes 

This version is equally cheap and also s~mpl~ t~ 
Ç) 

b u i l d a s the pre f a b r i c a t e d ver s ion i s. l ts , a d van .,t age ,0 ver 

the prefabricated one is that it can be built wit,h gr~ater 

span, does not have to be .moved with the risks pf.being 
"il 

dhmaged and that it can be fitted to ~nY roam shape, ~ithaût 

difficulty. (Figs. 7.32 and 7:33)' " 

The only disadvantage is 'that the plastering of the 

dame is more difficult and has to be done mb~t Jikely from 

the inside or with elaborate scàffolding otherwise. 

Insitu built domes have thé same characterist,ics -for' 

the user as prefabricated domes have and will perfor~ i~e 

same way, too. 

The construction method for this type of ferrocement 

roofing differs from the afor-mentioned insofar that more 

reinforcement is needed and that the vertical structure has 

to be connected with a tie beam at its top. 

• 
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orne IF cern \ erro-

ent Journal) 
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Fig. 7.33 
Placing of 
rnortar ( cernent'J Ferro-ournal) 
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To -form a doub1 e curvature surface, 6mm or 8mm bars 

.wel1 tied to the concrete ties are first placed in the center 

and should have a camber of 15% of their span. Other bars 

are then placed perpendicular to the first one with one meter 

distance between them. (Fig. 7.34) 

The reinforcement is then completid as described 

in the p.rece~ng paragraph. 

The pouring operation in this case can be performed 

in one or two stag~s according to the size of the roof. 

For this operation, two people are ne~ded. One worker 

on one of the supports and either manually or with a trowel 

he distributes the mortar over the chicken wire as far up 

the dome as he can reach (1.2m to 1. 5m) th us forrri,ing a ring. 

Simultaneously, another wor~er from within the ro~m to be 

roofed, ho1ds the,mortar which is applied from thé outside , 

with a meta1 float or trowel. in order that the mortar does 

not,fa11. . , The c en t' r a 1 par t 'r e mai n sun co ver e dan d w i 1 1 b e 
l ,. 

comp1eted after 72 hours. In this case', the worker can c1imb' 

un the previou~ly cast portion, carrying out the same,process 
38 

as for the 10wer one. 
1 

1 t i s- a d vis a b l €-; i n a l l cas es, tas u pp 0 r t the dom e 

until the mortar has cured in or.der to avoid deformations 
, 

caused by the weight of t~e mortar and to guarantee curvature 

of the shell at a11 poi nts. 

130 
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Vaults Cast Insitu 
, 

For the relatively small spans needed in low-cost ' 

hou s'i n g, i t . i sus u a 1 l Y e a sie r t 0 b u i l d a d 0 u b le' c u r v e d i n s i t u 

ferrocement roof than making the expense of bui19ing ribs 

into a single curved va~lt (Fig. 7.35 ). Further; the skill 

131 

a~d effort required to build a compression vault conventionally 

is more th an for dqing the same in ferrocement. Therefore, in 

countries like th~se around the Mediterranean Sea,where 

the pure .compression long- barrel vault is a traditional form, 

the method of ferrocementing could substitute the traditional 

_________ way o( byjlding_ and produce pn earthquake proof law-cast 

" 

roofi n9 sys,tem. 

Free Formed Cast Insitu Roofs 

It is the free formability of'ferrocement demon-

strated in a great diversity of structure from "Dinosauys 

to organic shaped houseJ9 which give this technique s~ch 

a high potential for roofing. The superb characteristics 

"Of ferrocement do not normally make an owner buirt freely 

f~rmed ferrocement roof more expensiye thao a prefabricated 

or in simple geometric form ins;tu built one. "(Fig.~ 7.36) 
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Fig. 7.35 

FLOO" 
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Fig. 7.36 Se1fhelp 
housing in Egypt: a student 
design competition, se~ond 
p riz e: P·a u 1 d'e Cou r t, a 
sugqestion for an econornJcal 
f1aL rodf with thermal mass. 
Akin, Oe., Selfhe1p Housing 
in Egypt: A stud~nt design 
competition, Carnegie Me110n 
University 1980. 
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7.3.2.SUPPORTED SYSTEMS 
/, 
1 

, 

The advantages of supported ferrocement roofing 

systems are ·that the components 'can be manufactured in 

"blind production" to an optimal cost/strength ratio. 

The di saldvantage, -of course, i s that such a system 

needs a support structure usually wooden trusses and purlins 

whi~h, çonsidering the characte~istics of ferrocement, make 

such a roof usuallY.more expensjve than a self supporting 
l " 

ferrocement roofinB system of the same size. 

ferrocement' roofing sheets can be produced 

industrially,and large purlin spacing is possible. 
• 1 / 

1 

For pitched roofs, ferrocement sheets of varlous 

shapes' could be, a feasible alternative to the moré expensive 

a s b est 0 S r 0 0 fi n 9 . m a te ria l s • 

Ferrocement hps a higher flexùral strength than 
o 

asbestos cement but performs, ot~etwise, not as favour~ble 

as isbestos cement sheets of comparable size do. , . 

, • 1 

Co~rugated'Sheets 

o 

, . 
P. Sri n i va s a Ra Q.. a: n dM. S. Mat ~ e w 5 i n the i r pa p e r , 40 

report _about the develo.pment and testing of- ferrocement 

corrugated sheets. They conclude that such sheets can be 

cast.with a mjnimum of equipment and supervision. They further 
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note~hat while the strength of t~e ferrocement sheets they 

had tested is half that of asbestos sheets, the strength ta 

cast ratio a~proaches about the same value. (ïable 9) " 

TABLE 6 DETAILS OF SHEETS 

Weight 
Mate ri al Notation Si ze Average Total per uni t 

len2th Wldth th i ckness Welght area. 

Ferrocement FSI 59 in. 37.5 1 n. O. 434 1 n. 86 lb. 0.039 
sheet '050 cm) (95 cm.) (1.1 cm) (39 kg) lb/in. 2 

" , (0.0027 
kg/cm2) 

Ferrocement FS2 59 in. 39 .5 1 n. O. 275 in. 58 lbs. 0.025 2 
Sheet (150 cm) (100 cm) (0.7 cm) (26.5 1b/ln. 

k,g) (0 .00~8 
kg/cm ) 

Asbestos AC S 59 m. 19,75 1 n. 0.236 in. 26.4 0.023 
Cement Sheet (150 cm) (50 cm)" (0.6 cm) lb. lb/in. 2 

(12 kg) (0.00~6 
kg/cm ) 

TABLE 7 DETAILS OF MIX PROPORTIONS ---
Cube s trength 

Sheet W/C ratIo MIX ratIo 3.95 in x 3.95 ln x 3.95 ln 
(10 cm x 10 cm x 10 cm.) 

FS 1 0.45 1 . 1.75 *3200 lb/in. 2(224 kg/cruZ) 

FS 2 0.35 1 ; 1. 75 "3130 1b/1n. 2(220 k9/cm2) 

*Strength on the day of testing; average of 3 cubes. 
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TABLE 9 FAILURE LOADS' 

Descnpt10n Width of Sheet Ultlmate Load Load taken per unlt 
width 

FS 1 37.5 1 n. (95 cm) 55Q lbs. (250 kg) 14.7 lb/ln.' 
(0.264 kg/ml 

FS2 39.5 ln. ( 100cm) 560 lbs. (255 kg) 14.'2 lb ./ln. 
(0.255 kg/lfm) 

ACS 19.75 ln. (50 cm) 615 lbs. (280 kg) 31.2 lb/ln. 
(0.56 kg/mm) 

TABLE 10 caST OF FERROCEMENT AND ASBESTOS SHEETS 

Item 

Cemen t tnorta r 

Mesh 

Rads 
'ç 

Cost of Mould 
(20 reuses) 

Oil 

Vlbrator 

Labour 

CUrl n9 

Iland: 1r.g. break-
ages (d 10% 

Prcfl ts, aver-
hea ds. 

St rengthl cos t 
ratio, 

.. " 
FS1 
Rs. 

0.15 

0.45( 26 9) 

O~O . 

"0.20 

0.05 

0.05 

0.40 

0.10 

1.60 

0.16 

a 24 

2,00 

0.132 

FS2 
Rs. 

0.10 

O. 70( 20g) 

0.20 

0.05 

0.05 

0.40 

O.lQ 

1.60 

0.16 

0.24 

2.00 

0.127. 

1 Cast lS glven for sq. ft area of the sheet 

2 1 U. S. $ = Rs. 8.50 

3 Cast as per prevall i ng rrldf~et rates 

ACS 1 
Rs.2 

3.503 

0.16 
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Flat Sheets 

Using flat ferrocement shéets in form of roo~ing~ 
; 

tiles or bigger sheets do~s not rea11y make sense as the, 

materia1 ~ou1d not be used to its advantages and it wQu1~ 
• .' l 

q 

therefore h~ver be competitive. TlJe plank system as suggested 

for mass housing in Indonesia by Hasan Poerbo and Albert 
J. 

Kartahardja demonstrate$ such an application but 1eaves 

t · 4l(F" 7 ) many ques 10ns open. 19 .. 41 
" 

Fig. c 7. 41 
(East-West Center) 
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, 7.4. FIBRE-CEMENT ROOFING SYSTEI~S 

Similar to ferrocement, fibre-cements exhibit 

behaviour quite different from conventional reinforced 
. ,. 

~oncrete and the scientific prjnciples behind the under-

s tan di n 9 0 f ho w fi br e's i n cor po rat e d i n t 0 br i t t let h ; n 9 s 

prevent these breaking, has ,on1y recently been explored, 

undertood and rationally applied. 
42 " 

Since 1900,'the most.important example of a fibre­

cement composite has been asbe~tos èement and this fibre 

material still rei~ns alm~st supreme, t; though, par­

t~cu1arly within the 1ast few yeftrs, intensive_research 

has been aimed at finding suitable 'substitute fibre's.43 

In .the State-of-the-Art-Report o-n' fibre reinforced 

concrete by the ACI, published in 1973, the definition of 

fibre reinforced concrete reeds as follows: 

IIFibre reinforced concrete is concrete'made of 
, 

hydraulic cements containing fine or fine and 
,. , 

coarse aggregate and dis00ntinuous discrete 

fibres. Continuous m'eshes, woven fabrics and long 

rods are not considered to be discrete fibre,type 
J 4tl 

reinforcing Elements in this report.'1 

It i's the non industria1 process which is of interest 

to the producer of a fibre-cement low-cost roofing system, 
, , 

and i t s des i 9 n w i 11 na t u ra 1 1 Y b e b a s,e d on p ra t i ca 1 ex.., 
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perience and some basic principles as staotedhereinafter. 

As mentioned in the introductory part of,this chapter, 

we c~n distinguish between two basic groups of fibr~s, the 

one with fibres of a lower moduli than ,the cement matrix and 

, the 0 the r w; t h fi b r e S 0 f a m 0 d u 1; h i ,g h e r t han the mat ri x . , 

For the purpose of low-cost roofing, the highly 

c'omplicated and scient,ific fie'ld of study of 'fibre material 

properties 'can be simplified to a few basic aspects. A5 
\ 

.This esp~cial1y as a part from asbestos fibres, mainly 

those of the first group, will find Use for low-cost com-

ponents. 

Properties of Materials 

The main factors controll.ing the theoretical per-

~ormance of the composite mgteria1 are the physical 

properties of the fibres, the matrix and the strength of 

46 g the bond between the two. ~ , 

Asbestos Cement 

Asbestos cement, the widest' used fibre-cement 
• 

composlte around the world, has excellent Rhysical properties 

for a roofing material but has in recent years lost its 

cost competitiveness in many developing countries duè to 

shifting economic ·conditions. 

<0 
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A study of alternative roofing systems for a pilot 
, 
project in Sûmalia, hy Florida A&M University School of 

47 
Architecture, reveals that in $omalia and possibly most 

other poor countries in that "bracket", asbestos cement 

roofing is the most expensive roofing system amongst common 

roofingmaterials used in the tropics., 

This shift is due ta the fact that asbestos is in 

relative rare occurenCB and, therefore, requires foreign 

exchange for most buyers of this raw material. 

Furthermare, asbestos cement products are mainly 

produced in industrial processes and in few locations 50 

th a t t r ans port a t ion bec 0 mes an i m po r tan t cos t fa c t 0 r, t 0 0 • 

The known hazards to health- are also la,rgely 
.l.iJ .... 

responsible for the current interest in finding asbestos 
48 

substitutes for cement reinforcement~ 

Why.is it th en that asbestos cement has been used . ,~ 

so widely and has been unchallenged by other fibre-cement 
r 

materials until today? 

After its discovery, asbestos, which is the only 

known naturally occuring fibrous mi neral, performed sa 

well in bond with cement and was relatively cheap to produce 

that there was no reas,on to lopk for alternative materials. 

I~ 

* The extremely heavy consumption of this raw material (appr. 20 million 
tons a year) represents a burden of several million dollars of scarse 
foreign exchange for each developing country. Thailand imports US-$8 
million worth of asbestos fibres a year. 

ri 
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The use over decades led to further use and the 

formation of a strong industry. 

Standard specifications were estab~ished which are 

an important bas; s for the wide use of any pro'duct. 

Asbestos Fibres 

By far the most abundant of asbestos minerals is 

chrysptile or white asbestos. Chrysotile constitutes more 

t han .9 0 p e r c e n t 0 f the W 0 r l d a s b e.'s t 0 s r e s e r v e san dis use d 

49 
in the manufacture of asbestos cement. 

" 
Bef 0 r eth e a s b est 0 s f' i b r e s c a n bec 0 m b i n e d w i t h 

ce men t, h'e a v y pre t r e atm e n t i s r e qui r e d t 0 b r e a k u p th e b 1 0 c k s 

off i b r es, min e d f rom t ti e s e e m sin the roc k b e ,cl, ; n t eth i n 

fib-re units of an effective diameter of l umor.1ess and 

1 en 9 th s 0 f 2 mm a ver age. * 50 

A praèti cal range for tensi l e strength of white 

asbestos after Klos, is 560-750 MN/m2. Fibre strengths of 

this order are easily o'btained with several fibres other 

than,asbestos and this consideration is a1so responsible 

for the current interest in asbestos substitutes for cement 
51 

re in fo rceme n t. 

The i no r 9 a n i cas b est 0 s fi b r e s h a V e, a par t f rom' the i r 

good mechanical properties, a high t:hemical resistance. 

* Longer fibres, èan 'be as 'long as, lOOmm. 

141 



t--

1 
-. 

And al though the asbestos cement material becomes 

u n de r n a t u ra l w e a the r i n 9 con dit ion s p ra 9 r e s S i v è"l y m 0 r e 

brittle and suffers a certain amount of corrosion, it.is known 

to be very durable. 

Organic Fibres 

The low modulus organic fibres are generally sUbject 

t 0 h i 9 h cre e p wh i c'h me ans th a tif the y are use d t 0 s U p par t 

permanent high stresses in a cracked composite, considerablef'\' 

elongations or deflections may occur over a ,period of time. 

They are therefore more likely ta be used in situations 

wh e r eth ,e mat r i x i 5 exp e ete d t 0 b e une rack e d, but wh e r e 

transitory overloads such as handling stresses, impacts or 

windloads, all relevant factors for roofing, are signi-
52 

fis;ant. 
\, 

On the basis that locally avaifable organic fibres 

ta b eus e d i n sim p l e ,m a n u f a c t uri n 9 pro ces ses s hou 1 d bec a n -

sidered f'Dr low-cast roofing, the following fibre materials 

seem to me approprlate for consideration: 

Akwara Fi bres 

In many parts of the world, lTIanufactured fibres are 

~ot readily a~ailable and studies have therefore been made 

of natural vegetable fibres. Akwara (piassave fibre) is a 

natural vegetable stem fibre which is readjly available in 
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Nïg.eria and has been "s(udied by Urtoma.ka - with regard to , , 
, , 

it~ use in concrete. The'modulus of the fibr'e- is low 

(1 to 4 Gl~/m2) but it_ i,s stated tp ,be dimensi?na'lly stable 
, , 

i n wa ter and dur ab lei n ace men t mat n"x. H b w e ver, a t fi br e 

volumes up to 5%, there is no improvement, th modulus of 

rupture of the concrete alth0ugh',the resistance to impact 

is increased. 

Cellulose Fibres 

Cellulose fibres have'a considerably lower tensile 

strength and' m6du1us of ~lasticity thqn asbestos. They are, 
'- 54 

as Krenchel, further exp1ains, hygtos'copic and their strength 

is reduced by the absorption of water.~_ 
• 'X 

The dimensions of the fibres ire not stable under . , 

varying moisture content, and the fibres rot if kept moist 

for l 0 n 9.e r P e rio d s. Fin a 11 y, ce 11 u los e fi br e s ca n n 0 t 

tolerate heating to beyond lOO-120°C. 

In view of this, cellulose fibres do not imllle-

diately'seem to lend themselves as a suitable substJtute' , 

for as b est 0 sin th i s con tex t, but Kr e ne h e 1re a son" s th a t -th e y 
must -be mentioned because they_ are presumably tne on ly fi bre 

o 
material that has_ sa far b~en used ta any reasqnable extent 
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a s r· e i n for c i n 9 mat Fia 1 for: P 0 r t 1 and C f! m. e n tin ace 0 r dan c e 'li it Ir 
, 

the same principl-es as asbestos. 
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l'he paper industry"has worked on the improvement 

of this fibre material, primari1y by impregnating and coating 

the fibres with polimeric materials 'such as, rnelamine and 

pheno1-forma1dehyde, to' pr.oduc-e a water resistant paper 
\,,' 

with greater dimel)s-ional stability than i 5 normally 
55 

achieved without impregnation. 

By utilizing:the experience gained in the paper 

industry, it)5 not impro-bab,le that a competitive fibre-cement 

material with valuable mechanica1 properties could soon be 
1 

developed, benefitting such countries as Brasil and Nigeria 
1 

with vast Mangrove swamp areas, potential cellulose.fibre 

resources. 

Hamboo Pul p and Fi bre 

S~ng-Lip Lee, in his paper on low-cost housing in 
56 

Thailand, descritJes the utiltlati~of ~dULenous materi~Jï 
, 

with an ernphasis on the potentia1 uses of bamboo. Amongst the 
\ 

many ;;tructural qualities bamboo has to offer, Seng-Lip Lee 

also notes that his investigations révealed tha~ bamboo fibres 

appeared more promising than other natural organic fibres on 

account of ib superior strength and surfa-ce texture. More-

over he states that it possesses good buoyancy characteristiCs 

which help prevent bundling fibres during the mixing process. 

J' 

• 
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T w a t y P e s 0 f barn boa r e i n for cern e n t s we r e u "s e d; barn b 0 0 

fibres and bamboo pulp. The term bambo fibres refers ta those 

fibres which were obtained by mechanically hammering dried 

short bamboo sticks of specified 1ength. The fibre length 

, varies from 38 mm to 63.5 mm with a ~ean diameter of 0.4 mm. 

Pulp in this context refers to tho~e fibres which 

were o6tajned by cooking bamboo chips in a 20% NaOH 

solution at appr. l70 0 C under a steam préssure of 8.5 kg/cm2 

for 6 hours. 

145 

57 
A detai1ed. investigati.on by Pakotipraoha, Pama and Lee , 

showed that bampoo pulp and fibre boards are suitable sub-, , 

stitutes for asbestos fibres. ~~ith cement pas.te binder, the' 

resu1ting composite yields building boards which can be used 

for walls, ceil"ings and roofs. 

The cost analysis also showed .that bamboo pulp and 

fibre boards are competitive in cast comp,ared with asbestos 

0e~ent boards. Moreov~r, the production process is such that 

e x i s tin 9 pla n t 5 C a n q,e use d w i t h min 0 r m 0 d i fic ~ t i 0 r:t. l t i s 

hoped, Seng-Lip Leé cancludes, that the use of natural 

organic fibres such as bamboo will save much needed foreign 

exchange and at the same time reduc~ the basib cost of the 

material. . , 

( 
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Coconut Fibres J ' 

Coconut fibres are very durable under natural 

weathering conditions and attempts have therefore been made 

to include them in cement based materials. Published data is 

sparse but they are likely to suffer from the usual dis-

advantages of vegetable fibres in that the modulus is very 

low'and they are sensitive to moi.sture changes. Howe";'er, the 

res.u.lts might. turn out, these fibres have a potential in 
58 

the production of low-cost roofing materia1s.·' 
" 

Jute Fibres (Kenaf) 

No data was avai1ab1e about its use in fibre-cements 

but similar to other natural fibres not specially mentiqned 

in ·th; s report. li ke cotton or li nen. a 11 of these fi bres 

could be considered for use as reinforcement of fibre-cement 

-s-h-ee-t s . 

Polyethylene 

Polyethy1en.e has not been used to any extent in 

cement composites because of its low modulus but'the de-
, 

velopment ~f high modulus polyethylene has enabled the 

production of relatively cheap fibres with considerable 
59 

potential in the fie1d of cement based composites. 
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Po1yethylene Fibres 

This mate~ial in form of fibres, monofilament and 
, 

c~lntinuou,s opened film has been used in' various types of 
-" 

cement bonded materials and with its high impact strength 

it may prove to be economical as direct replacement for 
60-

asbestos cement sheeting. 

Sisal Fibres 

A small study program on the use of sisal fibres in 

concrete has been carried out at the Building Research 
61 

Station. Jhe 'fibres tended .to clump in 'th~/ mix and setting 

was retarded by leaching or organic impuritie's from the 

presoaked cuttings: but satisfactory pressed concrete 

beams were produced with up to 5% of sisal by weight 

of cement. However"no a~ditional strength was obtained by 

~he addition of sisal reinforcement. More promising results 

have been obtained by Swift, at Kenyatta University College, 

Kenya, who h~s produced effective corrugated sheeting 

using combin~tions of long and short fibres.62 
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The Matrix 

The maximum particlè size of the matrix is im-

portant because it affects the fibre distribution and the 

quality of fibres which can be included in the composite. 

The mortar should not contain aggregate particles of more 

than 5mm maximum size. 63 

Strength of the matrix ts mainly affected by th~ 

64 free water/cement ratio which should be between 0.35 - 0.45. 

The Bonding Strength 

A problem with .the low modulus fibres is tha:t they 

generally have large values of Poisson's ratio and .this, 
.' . . . 

combined with their low moduli, means that if stretched 
, , 

along their axis, they contract sideways much more than 

other fibres. 65 

This, D.J. Hannant further describes, leads to 
" 

ft high lateral tensile stress at the fibre-matrix interface 

which is likely to cause a short aligned fibre to debond and 

p u l 1 0 ut. For 0 u r pur p 0 se, de vic e s suc h a s w 0 ven m'e ~ h ~ s 
, ,'\.~ 

or networks of fibrillated fibres may therefore be necessary 

to ~ive efficient composites. 
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Preparation of Fibre Reinforced Concrete .. ~) 
l~ 

v"" • 

Above a 11 other aspects which mi ght di ffer from 

the mixing of ordinary concrete, it is necessary to have 

a uniform dispersion of the fibres and pr.event the segregation 

of bal lin 9 0 f the fi b r e s dur i n 9 m i' x i n 9 • Bec a use 0 f a b ~ 

sorption, the water requirement will vary with the type and 

nature of fibre but for our pratical purpose the following 

proportions can be used with the exception that the fibre 

content wh en using natural fibres should be increased up 

to 5 percent by volume of mix. 66 
'1 

TA~LE ll-TYPICAL PROPORTIONS FOR NORMAL TABLE 12-TYPICAl FLY ASH FIBROUS CONCRETE 
WÊIGHT FIBER REINFORCED CONCRETE ---. MIX 

5»-g5O lb/eu.)'d 

D4 to 0 i 
Pe~nta.r. of und to .'&re,_te SO to 100 percent 
Maximum 1IIfI'.t. ~. In. 
Air eonUont 

I1ber Ç1jOot41l1 

llb p.r cu yd=O.!is.l3 kl,m" 
1 ln. =2.34 cm 

.10 , per-cent. 

O.!! tQ 2 " .perC1rnt by vulume or 
mi. 

111«1-1 ~,.cel\t:;;:: ua lb/cu )Id 

,Ia .. -l p"'rCt::nt = tllb/cu yd 

nylnn·l petunl =: IP lb/cu ydl 

Tl, uh 
W/C ratio 

4Wlb/cu yd 
~ lb 'eu yd .. .,... , .. 

...,. Pl'rn-pt..r. Qt und to .,zr",t. ~ p.,"",nt 

llaxirnum Il:.e C'O.r •• • 1f.~I;lt. l, ln 

!ttt~'~i~b:~ ~~i~l'r~ tn ). lJ ~fCft\t br \ OhlIn, 

Alt-~ntralnlnJ .,"'l 
W .. t.r·reduth'lr .,en\ 
Siump 

t )~ pet cu rd:;:: O'9lJ ki/m-
lin =2Hern 

UIn ... ro1nur .. JI fte<'lrn 
MII"Iuf.&«ur •• t,~ 
!k/.lJA,. 

. In case of asbestos,cement, changes in mixing 

techniques, sel ecti,on :Jf appropri ate fi bre SOL!rces and 

blending have occure{} through the natural pr.ogY'ess and 

development within ttie in.dustry. Techniques'like the one 

of fibre deposition onto a preformed shape and compressi"on 

. , 
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profile rolling with vacuum extraction employed at the same 

time can be applied as well as the hand forming over a 

template of the th;n sheet green state asbestos m;xw;th(~ 
wet life of appr. one and a half hours. 

7.4.l.SELF SUPPORTING SYSTEMS 
j 

The characteristics of fibre-cement composites 

similar to those of ferrocement require the form of a folded 

structure ta serve this function economically. This fact 

h a s l e d t 0 the sin 9 lem 0 s t suc ces s f u l a p pli ca t; 0 n 0 f a :~~ 

cementitious roofing channel around the world and,also sorne 

other "nterestin_9 self support;n~ systems made of fibre 

cement 

The R 0 0 fin 9 Cha n n e l (è a n ale ta) , 
o 

l n F e bru a r y lJ 96 l, Arc h i te c [11 r a'l R e cor d r e po rte d 

on how Alvaro Ortega, who was then on the staff of the· . , 
United Nati ons 1 Technica l Assi stance Comm; ssion, had ta ken 

67 asbestos cement pipe directly from a Guatemala factory, 

sliced it in halves and while it,was "still fresh, pressed 

it into galvanized metal fOfms to make channel-shaped roof 
0' 1 

members. When dry, these channels, 6.40 m long, 20 cm deep, 

38 cm wide at the bottom and 66 cm wide ai the top" w'ere 
1 

rigid enough to -span 6.1,,0 m wi thout intermediate support. 
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Lat e r, the cha n n e 1 pro fil e h a sun der g 0 ne' a Il f ace -,. 

lifting", two small bends at the edges for overlapping 

joints. (Fig. 7.42) 

The later modified curvéd shape was developed tq 

permit stacking of units to greater heights for storage and 

shipping. The first housing project was in Guatemala City, 

where the process was first tried out.68 (Fig. 7.43) 

Sin c e i t sin ven t ion, the l, ca n ale ta" .r, ci s ma d eth e 
, 

tour aroun~ the world and is tod~y manufactured in all 

continents and up ta lengths of 10.5 m, but is unfortunately 

n 0 t~ v e t' y c 1 a w - cos t r 00 fin 9 s y ste man y m 0 r e . 

All user aspects are similar to those mentioned ----under ferrocement channels l except for cast con5iderations. 

Should it be possible to substitute asbestos fibres with 

cheaper and locally available ones, fibre-cement roofing 

channe1s could certainly become a cost competitive self 

supp~rti~g roofing system again. 

Dornes and Vaults 

'0 ' 

Where aesthetical considerations are given high 

priorit'y and the shape of the roor is an important element 

for tribill identity, like in the Kainji resettlement sc~eme 

151 

in Nigeria, a 
69 

fibre-cement roof can be' a convincing solution. , 
(Fig. 7.44) 
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~Fig. 7.42 The, 
evolutionary process 
of the "caneletall 
(Architectural 
Record) 

" 

r ...... • 
) 

TMIRO TYPE 

Fig. 7.43 (Asbestos Cement Revue, AC58) 

152 



, 
L 

t 
t 

\ ' 
t , 

153 

Asbestos-cement round. 
domed roafing segments. 

2 Asbestos-cement roofi ng , 
1 cap. 
~ 15 cm hallow black wall. 
4 15 cm sandcrete block 

wall fil1ed with con­
crete. ' 

5 7,5 cm sand on rammed 
laterite. 

',6 2,5 cm cement screed. 

Fig. 7.44 Section eValuations,flaor plan, roof plan. 

,-

Fig. 7.45 Cluj)ter. 
, 

(Asbestos Cement Revue, AC58) . , 

~ 
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For large sca1e projects like the above mentioned 

one involving,the resettlement'of 42~OOO people, an 

industrially produced system will probably be'necessary for 

reasons of time and scale. But otherwise the same system 

could be applied, made of fibre-cement (with any suitable 

fibre) locally ma"nufactured and lower ,in cost than the'same 

elements would be mdnufactured industrially in'asbestos 
1 
~-4 

C e men tin a far' dis fan t p l à ce. ~ 

The Kainj'i Dome and Vaults 

, , 

Introducing this unique application of fibre-cement 
J 

roofing, it is best to ~uote the architect's own report 

on the design of roofing for this development: 70 

"It was decided that a self supporting roof would 

be used if this could proove econdmically viabl~, 

sl>t r u ct u ra l po s s i b le, " we a the r and s t 0 r m pro 0 f. One 

of the advantages for this choice would be the eli­

mi~ation of wodden structural supporting members. lt 

was realized that if a standard roof structure 
" ' 

for sh~èting support was used, this would be 1iable 
J 

to warp and crack due to the extreme heat and extremes 

of relative humidity. In turn such warping or cracking 
~ 

~ 

would adversely affect any sheeting it supported, 
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causing it to crack or admit 'rainwater. An'other possible. 

'h'azard' in the use of timber in Northern Nigeria is 
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attack by termites; which is difficult to resist even 

b y pre s sur e i m pre g na t i k 0 r pre. s e'r vat ive a pp 1 i ça t ion 
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by hand. It was not certain that eve~ if wood was 

specified tO,be impregnated that al1 eut ends wou1d be : 

treated on site. 

Set against this was the argument that the inhabitants, 
~ 

whose traditional roof covering is thalch, if provided 

with a self supportin~ asbestos-cemeht roof covering, 

could neither repair nor replace damaged roofing, should 

th1s occur, under abnormal circumstanc,es. Economies in 
, 

reducing the ere~tion period and security in fixings out-

weighed th~se 1atterargul]le,nts' in favour of the self 

. supporting roof. 
" . 

The span was the first ,desj'gn'considera.tion. From th;s 
o • 

evolved the three basic sh~pes 9f t~è ~uildings. Ob1ongs 
-

in juxtaposition covered w.ith "canaP 'roofing sheets, 

squares cover~d with curved corrugated sheets and circles 

covered with segmental domes. The ::,1'ze' .of th.e shee.t~ 

coming from the machine determined the span in relation 

to thé stiffness necessary to r~sist the de~ign loading 

of 160 kg/m2. lhe 'stiffn~~s was obtained by shaping the 

she~ts either in trougns, curves or arches. 

The roofing is carried on the ·sandcrete blQck wal1ing'and 
~ . 

is' helâ down by ,}ong bent bars built into the courses ol 

the b l 0 c kw 0 r k. The' end 0 f the bar ter min a tin gin à d 0 t'h es 
! , 
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hanging hook w~thin the rooms, i~corporated to ensure 
, 

easy checkin~ of t~e proper fixing of all fastenings. 

In the cas~ of ihe curved·~~6fing sheets the gutter 

f a 5 t e n i n, 9 s are sim i l a r 1. y' t a ken d O'VI n i n t 0 the w a l 1 s à n d 

the ~h~eting is'then-bolted·to the gu~terr The asbestos 

r 0 0 fin 9 s h e e t s' a s f i x, e d h a v est 0 0 d u P t 0 t r 0 p lè à 1 s t 0 r ms 

-' 

1 r 

~ .' -
and l o,,,càl i'zed tornadoes. 

T'hrougbout the development of the design, of the rqofing, 

a local asbestos-cement manufacturer worked with the 

architftcts to ensure t~at every aspect of the prob1~m: 

spa n, s U p P 0 r t, s t r e n g th, f i x i n 9 san d w a t,e r pro 0 fin 9 ;' 

was satisfactorily solved. 1I (Figs. 7.46 ~nd 7.47) 

1 have visited sorne of the 119 new settlements in ' 

April of 1979, a1most ten years after its completion, and was 

ïmpressed by the good conditions the roofs were in.' 

It r.lUst be said that the cl i mat i c performàn,ce of these 

roofs wrth no ceil i 1)9 a'~d in th·e case of th€ domes and vaults 
. . 

i nad e q u a't e ven t i lat ion' i s no t a t a J l th a t sa t i s fa c t 0 r y. The 5 e 
. 

vil,lages,and towns are situated in ,the composite climatic 

zone. 

Roofs i~ this cljmate s~ould be adequate for th~ 
. 

different seasons an~ should therefore have sorne thermal 
oP 

capacity. The dw~llérS have made.s6fue modifications themselves 

and the unshaded walls with a reasona~le time-lag reradiate 

som e. h e a t· '''Cl uri n 9 the c 0 0 1er ni, 9 ~ t s sot h a t the n e 9 a t ive d i u r n a 1-

, . 
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Fig. 7.46 The architects ' impression~ 

.' 
(Asbestos Cement Revue, AC58) 

, .0 

\..... 

Fiq. 7.47 A group of houses. 

~t __ 
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peaks have been reduced and thus the solution responds ta 

the different climatic conditions of the various seasons. 

7.4.2.SUPPORTED SYSTEMS' 

Supported fibre-cement systems consist'of flat 

sheets j tiles or corrugated sheets of var;ous spans and 
\ 

sizes mounted.on a support structure usually made of wooden 

or bamboo trusses and purlins. 

T.he'most common of them all to date is the corrugated 

asbestos cement sheet roofing, of course. But there have been 

.~ other shapes developed with the ~im to find a structurally 
\~J \ " 1 

op~imal solution using minimal quantity of materia'l. 

-
The. Corrugated Asbestos Sheet Roofing 

Similar to CGI sheeting, corrugated a~bestos cement 

roofing sheets are mqnufactured in various circular.shapes 
a 

and s i z e s ~ 't hem 0 s t - corn m ,0' n b e i n 9 _2. 00 m x O. 6' m (O. 9 m) 

'a'n d' 5 mm th i ck w i t han a ver age den s i t Y i of a p p f? l 40 q k 9 / m 3 . 

The pitched r~o~ with corrugaied as~estos ceme~t 
a ' sheets with endlaps should have a slope of at lea~t ]8 . 

The support structure ,'or purl ;hs 'need to be well 

levelled with purlins at 0.95 m centers on rafters ~t 2.00'm 

centers. Installation of asbestos cement roofs is not as 

easy as with CG! sheets as this material is quite fragile 

1 • 

158 

) 



( 

1 

l 

and not easy nailabl~ .. A ladder or plank should be used to 

distribute the load"of the person wor~ing'on th~ roof. 
l 

71 
The IIChapa r~odul ada Il 

The chapa modulada is an example of a free formed 

(ourved) asbeStos roofing sheet from Brasil. 

'T h e i ~ ter est j n 9 f e a tu r e' 0 f th i s s y ste mis the co m -

pination of aesthetic qualities with structural and 

,economic ones. These 8 mm thick sheets are in various 

lengths of up to 3.70 m and width of 0.60 m on the ~arket. 
J 

This means tnat a roof can ~e built with trusses, just a 
" 

ri dg e b e a m, and t'e 1 a t ive sm a 11 di men s ion s 0 f ra ft ers. And 

as.the roof cove~ing is ~ade with no endlaps suc~ a roof can 

h a ve as 1 '0 w api t cha s 80 
0 r 1 00

• (F i g s. 7. 48 and 7. 49 ) 

o r 9 a n i c F i b r e C'e men t . S h e e t s 

Supported roofing sy~tems are cost competitive if the 
, , 

needed support structure reduces the. cost of the entire roof 

below that of a comparable self supporting system. The roof 

éovering material, in this chapter being fibre-cement, should 

therefore have a strength appropriate to the design. 

Supported asbestos cement rooting systems are after 

the con~iderable economic changes in most developing countries 

not competitive anymor~ if compared with other fibre-cement, 

159 
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Fig. 7.48 

( 
'--

Fig. 7.49 (eternit do Brasil) 
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sy~tems on a costjstrength ratio ba~is. 
l " .... ' 

72 Two of those alternative systems are the one de-

ve16~ed at the Central Building Research Institute in 
,~7 

Ro 0 r k è e, U. P. l n dia, und e r the t i t l e ,6 f Il cor r u 9 a t e d r 0 0 fin 9 

sheet from' coir wastejwood wool" and the one developed at 

1.T. 'workshops, by J.P,M. Parry & Associates Ltd.~ 73 
i' _ 

'i n H a r ,1 e y, H est Mid l and 5, U. K.. b e i n gal 0 w - cos t han dm a d e 

roof sheet of fibre reinforc~d cement. 
1 

The Corrugated Roofing Sheet from Coir Waste/Wood Wool 

The light, fire resistant sheets are made from wood 

woolfrom soft wood which is mixed with coir waste fibres 

and'cement. 

The mixtu!~is formed to a mat of suitable thickness 

and pressed on a corruqated mold. After demolding the sheet , -
i5 cured and dried. 

Although the mixing proportions were not stated, 

the data sheet revealed that this product would need appr. 

30% less cement than asbestos cement sheets of comparable 
74 

,size would. 

They can be used like asbestos cement sheets and do 

not require any further finishing or water proofing. The 

1.5 m by 0.8]) m and 8 mm thick sheets weigh appr. 11 kgjm2 

and have a capacity of 160 kgjm2. (Fig. 7.50) '. 
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Fig. 7.50 Corrugated roofing sheet from 
coi r waste/wao'd waal (Stul z, B.) 
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The l.T. Workshop Roofing Sheet (Fig. 7.51) 

Roof sheets: Wark on evolving the best app1ica~ion 

for the fibre~cement roofing technolbgy has tesulted in the 

',-
dev~lo'pment of a sheet or panel -desi.gned to fit an a variety 

o' f roof 5 t r u cl u-r es. 75 

The sheets can, be made iJ\ two alternative forms; 

smooth side up,wards with a highly reflective top surface'for 
~ , 

with the trowelled fac~ ~pward, sa that.the str~ngthening 

cross r~bs provide a~ attractiv~ tile-like effect. 

Most'fibre~cement sheeti are now made in short lengths 

bf one metre to accommodate irregularities which occur in 

many roof structures. 

Pur 1 i n sou t 0 f' 1 i ne wou 1 d br e a kas; n 9 1 e l 0 n g s h e e t. 
\ 

But two ·slfort sheets can"adjust at the overlap and avoid 

b-reaking. 

Ridge tiles: A second component which can be mad~, in 

the 's a me pla, n t i. 5 the f i b r e - c e men tri dg e t i, 1 e. 1 nit s 

" simplest form thi$ is just a p~ain capping which provides a 
" 

strong ,ventilating ridge to the roof. 

All the products are made of a simple formula of 

~ortland cement, sand, chopped fibre and water. ,A wide range' 

of artificial and natural fibres can be used to ma~e thé 

FRC products, including sisal, coir and polyproopylene. 
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The tecHnology: The process is simple but involves 

·some subtleties of ski1l and technique wl:lich take a ,few days 

training to learn from an experienced, certificated sheetmaker. 

The work begin~ with the operator trowellin~ a thin scread of .. 
cement. This is then corrugated by pul1ing it onto the mold 

using a selflubricating inte.rface sheet. 

The apparatus can be made çut of steel or woo~en com­
i:A 

ponents and 'is easily transported in a standard van. It car) 

be constructed and put into operation within a féw d~~s by an . . , 
experienced team, producing sheets at a fraction of the ,cast 

t, 

of simi1ar materials. 
[., 

) 

Strength: The shee·ts can, be made ta a specification.' 

Where ne~ded, gr'eater,strength can be achieved by i'lcreasing 
, , 

their thickne~s or the depth of the corrugations and cross 

ribs, or by using a hi'g'her cement sand ratio. Fœr normal 

cl i mat es i t . i s • con s ide r e d th a ta' 1 0 a d car r yin g cap a city' 0 f 

100 kg'at, a point glidwa y between the pùrlins will be adequate. 
\ J, rf 

b 

In hurricane-prone a~ea~ it might be necessary ta increase 
Cl " 

this minimum to 150 kg. Typica1 FRC roof sheets weigh 18 kg 

per sq.m. 

Durability: As the production process was fir~t 
, .~ 

developed in 1977, roof sheets made with I.T .. Workshop 

o method' have only 50 far been under exposure test since th en 

l 
o~ j 

: ' 

1 : 

, -- . 

, 

\ 

1 

None of the many thousand sheets put under test or in to ~----~1 
. { 

until the time of preparation of this leaf1et in 1980. 

_._~ ... -----
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practical use on buildings in different countries over the 

1ast 3 years has shown any sign of physica1 deterior"ation due 

to age. So durabilHy cou
1

1d be a feature of this new product c.S 

well as 10w initial çost. 

Structures" ,Although up to a third heavier than asbestos. 
'-

FRC sheets do not deman9 any d'iffe,rence in rouf structure as . , 

the main factor determining the design of these is not wefght, 

but wind pressure which could amount to ten times any 10ad put 

on the roof by the wei ght of the sheets themsel ves. Bui l ders 

should use ~russes made on a template to ~nsure that purlins 

are accurately positioned. FRC sheets are not flexible and 

will.crack if fixe'd irregularly. 

Fixings: The majority of FRC sheets in use are nailed, 

but where possible the use of hookbolts is prefera~le pro: 

viding a more secure,tixing. Development work i5 in progress 

on a s~stem of built-in fixing ties to further reduce the cast 

~ of bought-i n components. 

Maintenance:The sheets are not especially resistant 

ta impact from heavy fa11ing or flying objects and where this 
\ t ( • 

~ ~. 

occurs repai rs wi 11 be nee(jed for hol es and cracks. Thi scan 

be done insitu without actually removin~ the ~heet, and it is 

eve n po s s i b let 0 . und e r t a k eth e r e pa; r' f rom bel 0 w, the r e b y 
II-

avoiding having to climb on th,e roof. The repair is simple to 
" carry out, the sheet surface around the crack is p~inted with 
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Testing. 

(~' 

l~D"'t' DDt' 'D" 'lr:Jj\ ,J E3~i ' L-J . , 
IN TYPICAL APPLICATIONS ONE 8AG OF CEMENT AND ONE MAN'a_ 

LABOUR NOW MAKE FIVE ROOF SHEETS IN A DAY 

loT. ROOF SHEETS WORLDWIDE 

• V.K ... mUlllten,Ulce \tork>4hopL -:Thf-" G.-trnbla; demon"lt.rutlon 
, ~' 

.J 

/ 
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P V A ( w h i t e W Çl 0 d 9 1 u e) a Il d the n -a pat c h 0 f f r e 5 'h f i b r e - c e men t 

pa tted on by hand and 1 eft to set. 

Eco nom i cs: The m 0 s t i m p 0 r tan t cos t i' n ~ pro duc i n g the 

5 h e e t sis cern e nt. For· no r JTI a' l a p pli ca t ion 5 W i th go 0 d san dit i s . 
" . 

1 

often possmible to produce standard, dut y sheets with as little 

as 8 kg of cement. One' bag 'of cement will thetefore produce 

roofing caver up to 6 sq.m. Hhere heavy dut y sheets are re-

q Ü ire d, ce men tus e d m a'y b e 'a s mu cha s l 2 ·k 9 sot h a ton e b a g 
-

will produce 4 sq.m. Labor needed to run roof sheet plants is 

usually 4-men ta make 20 items a day. For costing, allow about 

1.5 manhours wages per sheet. Sand and fibre are not usuàlly 

regarded as a significant cost 'factor. One kg of fibre, will 

normally produGe 5 sheets and a ton of sand over 100 sheets. 

Climate 

Like the other fibre-cement roofing systems, thi s 

roof can perform as well 'in warm humid climate as in composite 

cl imatic zones if other arrange,ments such as for ventilation 

and adequa~e ceilings are made. 

Economi cs 

If cement is produced locall.y. foreign currency re­

quirements are eliminated. The oracess is relative labor 
. 

intensive and the sheets can be manufactured in blind pro-

duc t ion. The cos t f a c t 0 r sap p e art 0 "b e w e l l bal a n c e d . 

167 
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Technical Criteria 
'. , 

Installation can be defined as being easy and trans-

portation problems do not occur. Durability is high and 

maintenance is minimal. 

Social C.'iteria 

All social criteria as described (pp. 34-37) earlier can 

be measured po itively with this roofing system in the two 

climatic zones where it is suitable. 

Gen e ra 1. 

It appears that this type of supported roofing system 

represents a well balanced solution with the promis of a wide 

application offeri~9 an alternative for the CGI roof replacement. 

7.4.3. CONCLUSIONS 

Applications of fibre-cement will depend on the 

ingenuity of designer and builder taking àdvantage of the 

s t a tic and d y n ami c te n sil est r e n 9 t han d 0 't h e r cha ra c ter i s tic s 

of the ma teri al. 
~ "F 

Co m par i n 9 the cha r,a ct e ris t j cs w i th th 0 seo f fer r;; 0 -

cement i t appears to me that they could complement each other 

in the form of fibrous ferrocement elements. Fibre-cement 

embodies qua.lities which make the material a potential 



i 
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roofing material for supported roofing systems in the form 

of corrugated sheets. But it should also be possible to 

produce elements for self supporting roofs such as the 

asbestos ~0mes and vaults specially designed and manufactured 

169 

76 
for the Kainj; re5ettlement in Western Nigeria in the 1960'5, 

but utilizing cheaper locally available fibres. 
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Burnt clay materi-als have been used for building 

since history has been r'ecorded. The,se products are made 
, 

from a material found i~ abundance almost anywhere around 

the world. 

The cl ays used for ro-af i 119 t il es ar'e -qui te var-iab-l"e.-----

in composition but produce a hard, infusible, insoluble mass, 

resistant to weathering and fire. 

The q ua1 i ty and eo'lor of the fi ni shed product 

depends on the type and mix of clay used and on how we1l 

the wet formed tiles are dried and burned. l 

Three different processes for produeing burnt clay 

'products are known: 2 

, 

~ 

- soft mùd process 

- sti ff mud process 

- and dry pressed process 

ln the soft mud process clay is mixed with water 

to a soft consistency and pressed into molds. If the mold 

walls are wet with water to prevent sticking, the tiles are 

called water struck; if the mold wa~ls are sanded, th~ 

tiles are sand struck. 
\,) 

In th~ stiff mud process (for bricks mainly), high 

consistency clay is forced through a die as il continious 

ribbon whose cross section is equal to either the end or 

the flat side (bed) of"the unit. It is eut by taut wires 

into. indiv\dual end-eut or side-cut units. 
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In the dry-pressed process "d ry " cons;stency clay 

i s for c e d und e r h e a v y pre 's sur e i n tom u l t i p l e ° r 9 a n 9 mol d s . 

" Thi s process produces the greatest accuracy. (Fi.g. 8.1 ), 

After forming~ bricks and tiles have to dry either 

naturally or in special dryunits. The final process of 

burning takes place in kilns under temperatures between 

900°C and 1000 0 C. 3 

The durability of the tiles depends upon the degree 

o f ob u r n i n 9 a chi e v e d. T; 1 es n e are s t t 0 f; r e are bu r n e d the 

hardest and may be overburned, those farthest from the fire 

may be too lightly burned and only good enough for mild 

con dit ion s . 4' 

\ 
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Fjg. 8.1 
The fabrication of burnt clay products 
( Sc h we i z e ris 'ê he Z i e g.e lei - l n dus tri e) 

l~~"lJ '. ( u 
v ' o 0 

1 m;n;ng hli 2 
2 mixing ... ~I 

3 break; ng n fl().O 

4 fomi ng 4.1. bri ck >$ 

4.2. tiles 
5 drying 
6 burning 

4.1 • 

1 
L 

•• do 
. \ • .-.. "' . 

• •• 
if 

5 

6 

<--

.. 

_ ... ,,..1 

l' 
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8.1. SELF SUPPORTING "CLAY ROOF" 

An interesting but today little or no more used 

technic of building jack arches or vaults with clay elements 

i s the met h,o d 0 fus i n 9 the c e r ami c fus é e . The fus é e h a 's the 

shape of a b~ttoml ess bottl e made of ordfnary drawn and 

stamped cl ay .,5 

The total" length is 30 cm with a useful length of 

appr. 25 cm, an external diameter of 8.0 ;cm, an internal one 
.. 

of 6.0 cm and an approximate weight of l kg, (Fig. 8.2 ) 

The neck ensures thë proper overlapping of the 

fusées in one and the same line by fitting.them one into the 

other which makes them adaptable to extre~ely pronounced 

curvatures. 

Structurally ~t appears that this method would not 

be--c.ost competit.ive with ferrocement,as a mortar coating 

to bond the rows of fusées together is nec~ssary,which 

~ together with the recommended distribution reinforceme~t 

\WO.Uld make up a ferrocement structure alone. (Fig.8.3 ) 

However, there is an interesting aspect which is 

the second important property of the "Cerami c Fus~e", its 
" . 

isothermy. Depending on the method they are laid. this 

isothermy may reveal two differen't aspects: 

1 

" 
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Fig', 8.3 
fusées . 
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Laying the 
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classical isothermy common to all h0l:!0w 

structures; 

d yn ami c i sot h e rmy; (F i g. B. 4 

Although many m2 of roofs have been constructed in 

Fra n cet 31 0" 0 a a m 2 
t 0 1 9 6 g), Net h e r 1 and s ( a p p r. 7 50 , 00 0 m 2 ) 

and other European countries, 1 could only trace one low-cost 

hQu~ing scheme in a developing country, 508 houses in the 

new'town of Medina de Fedala in Morocco. (Fig. 8.5 . 
The necessity for an industrial process to 

etonomically manufacture these hol1ow "fusées" make it a , 

difficult choice for a roofing system. However, ït seems 

that if a brick factory would have the tools to manufacture 

the m ti c ~a p l ~' th; s s ys t e m cou 1 d ma k e a 9 0 0 d roof for 

composite and hot dry maritime climates. 

\ 

J 
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Fig. 8.4 
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Fig. 8.5 
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Diagram, showingothe air circulation in an arch. 

T h.e ne w t 0 w n 0 f Me d i nad e Fe d a 1 a ( Mor 0 cc 0 ) 
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~<B. 2. S U P PO RTE D C L A Y T IL E R 0 0 F S 

3 Simple kilns have been used in many de, 
,~ -

veloping countries to'produce pottery for everyday~s use,. , 

in {'la.1y cases they!'have been rei ntroduced to manufacture 

bri~ks and tiles. 

Clayftiled 'roofs did not have a tradition in most 

de v e 1 0 pi, ry 9 cou nt rie s. But w i th- colon i sa t i o,n i n SOU th Ame ri ca 

clay tile roofs became very popular and were dominant in 
, 

urban areas until CGI roofs-were introduced lher. r' 

, , 

t ..... , 

v-a~us shaped ti le:.; fraye been developed all over 

the world. 'The most- common of th~m a11 is the single 

curved roman tile.(Fiq. 8.6 ) 

Roman ànd plain tiles are 50 common as they need 
. . 

little precision in manufac~uring and still make a weather-

tight r'oof. Naturally a roman tiled roof would be heavier 

than one made wi th overl a ppi n9 or i nterl ock i n9 ti 1 es. But , 
'1 11 

i t ;' 5 the use 0 f a sim pl e soft mu d pro ces s tom a·n u fa c t ure 

pla i n-, rom a n 0 r 0 ver l a p p i-n 9 t i 1 es wh i ch ma k est h e set y p e s 

the, most widely .used ones. Interlocking ones dre usually . 
manufactuOred in industrfâl processe5 with modern machinery 

and in conti nous kil n5. 6 (Fig. 8.7 ) 
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Flat overlapping and inter-
Fig. 8.7 , rna:de clq,W tiles .. 
locking rnachlne Zieneleli-Industne) (Schwei zerische .:J 
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Roofs made of burnt clay tiles require a minimal 

s l 0 p e 0 f 1: 2 (a p p r, 26 0) w i t 11,0 u t s a r k i n 9 * but cou l d h a v e 

a rat i 0 0 f 1: 3 (a p p r, l 8 0
) oW i _ th sa r k i n g"., , 

However, steeper slopes are recommended for 

structural as ~ l as shelter reasons', In most ~~ases a 

higher pitch is chosen for-aesthetic" reasons anyway. 

1 

'" . ' . 

\ 

* Sarki ng i s an impel'!'vi ous membrane under the roof coyer; ng 'to 
prevent penetration of occasional drops of water during driving 
rain, made 'of either bituminous roafing felt or polythene . 
sheeting, 
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The relative heavy roofing material (appr. 30-35 

k 9 sim 2 ). r e qui r es?' s u p p'O r t s t r. u c tu r e ~,s u a 11 y 'm a d e 0 f s a w n 1 

,timber,' capable to carry this dead weight ·p1LJ,.s super 
J . 

imposed loading and the weight of the ceiling structure. 

corrugà'ted Clay Rootïng Sheets 

fi InA p pen dix 1. L 0 W - cos t t:' 0 0 fin 9 r e s e arc h i n l n d i·a 

of" roofing in deve10pi.ng countries", an interesting product 
7 

has been described: 

A proces~ has'been developed for producing c8rrugat~d 

clay roofing s\heet~ (105 cm x 60 cm x 0.1 cm) from 
, 

s pee i a 1 1 y pro c'e s s e d c 1 a y . m i x. The ses h e e t s don 0 t w a r p 0 r 
. , {' " 

cr:ack during drying and firing, and the process is simple 

en 0 U 9 h. t ~ b e i m pl e m e'n t e d w i th' han d 1 ab 0 uri n Il villa 9 e 
, 

;nduS"trie~'''. The tensi1e strength of. these sheets lie,s in 

2 the ran,ge between 100-10'5 kgs/cm , and water a.bsorption 
, \ 

i S ,b el 0 w 2 pet:' c e nt. E a c h s h e ~ t wei 9 he s ab 0 u t 1 5 kg s . 

Bu"t room dimensions in low-cost housing lead to 

roof spans which do not require trusses for supporting the 

roof purlins .(used for CGT roofs) or the roof battens used 

for ti 1 ed. roofs. The roof pur1 i ns or battens can rest 
1: 
" 

either direct1y on.walls or ~artitions or on simple rafters. 

.ft 

i 
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used wi,th sorne insul'ation and a. ceili n-g does not perform 
~ 

as well as'a CG! roof or fibre-.cement roof would. 
\ f\ ~ 

The thermal mass of this roof has a negativ~ effect 

in this climate .. 
•• 
In hot dry climates the clay-tile roof ha~ too little .... 

the r maL cap a c i t Y t 0 • m a k e a. corn f,o r t a b 1er 0 0 f .' Fur the r m ore , -

this is t~e least airtight rdof discussed and ~ould be un-
1 ~ 

comfortable- during frequent dus,t and sand storms ,occuring 

in this climate zone. 

In all other ~limate zones (ma'ritime d.esert cli/mate, 

comp'osite climate a'nd tropical upla~d cli'mates) this roof 

appeats ta be ,a goo.d compromise for the changing' se.asons 1 

con dit ion s. Ho w e ver, ace i 1 i n 9 w i th r e sis t ive i n sul a t ion s h'o u l d . " 

be installed with this,roof. if poss,ible:' • 

1 

Economie Considerat~ons 
, i. 1 - .. 

'\ . l f the c l a y t i 1 e d 'fi 0'0 f h a.s bée n . à n e ° f the m 0 r e 

, expensive roofs during the fifties an d six t i es this has 

gradually changed ,d u r ~ n 9 .the 1 as t decade. 
" 
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The relative cost of the various low-cost materials 

has changed considerably due to international movemerlt of 
.,' "-

raw mater; al pri ces, increased cos't of energy and the 
~ 

i nt r 0 d u c ... t ion 0 f l o,c al i n <:Pu s tri es ut i 1 i z i n 9 1 0 cal mat e ria 1 s 
, 

and labor in many developing countries now, 

A very~strong advantage of burnt clay products is 

that th~y can be competitively Rroduced with local materials 
, 

~ in blind 'production, either in the most primitive labo,r 

intensive wa'y and ,small quantities or in a chigh~y industri-

l , d d 1 't' 8 a lse process an arge quantl les, \ 

It-is'possible to find the right size and type of 

manufacturing proce~s between labor intensive and capital 
• 1 

intensiye technologies for every reglon and thus foreign 

c u r r e n cyr e qui rem e. n t s, w i l l b e min; m i z e'd . , 

Ina r e a s w h e r e f u e 1 "'i s e x h 0 r bit a n t l y exp e n s ive , 
Q • , .. 

thi~ material may not be cost competitive, 

tJ \ 

Social Considerations 

A tiled roof is safe and pleasant ln shape and 
,) 

color; it has a permanent and modern status and reflects , 

a natural transition from traditional roofs made of organic 
Il ' 

materials, 

Jn sorne areas colonial ,heritage may,be a negati've 

aspect against this otherwise very acceptable roof. 

4 
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Earth is probably still th'e, single most important 

b~;1,d;J9 mate/ri ai 'in develoo;ng countries around the world. 

Earth means the' entire spectrum from topsoil ta 

cOlloids, clay, silt and sand with little or no organic 
l 

matter. For building purposes clay and sand qre used with 

water in various ways,ta farm building components 6r 

e lem en t s. Fou n da! ion s, f1 0 ars a n' d wall s rn a d e 0 f ra m"m e d 
, ,1 

earth, adobe blocks or cob and wattle and daub are the 
. 

oldest methods of building construction and with time and 

labour being a less critica1 factor a cost competitive way 

of building houses. 

Heavy rain,falls are a destructive for,ce,eroding 

earth structures very qUickly . 

To;increase its resistante to deterioration and 

water and in sorne instances, ta increase the sfrength, 

attempts have been made ta stabilize sail by admixtures. 2 

" 

~ The following indigenous materials have been emp.'oyed~ 

usually on a completeiy empirical baÇis: cattle dung and 

urine, ,9ra,ss, nax, straw, oat straw, jute fibre, sawdust, 

wood shavings, tannic acid, molasses, various plant juices, 
. 

pu)verizedclaybrick and tile, gum arabic, a~d_hard wood 
3, 
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But the most extensive. work in stabilizing earth 

has been done with IImodern ll agents like portland cement, 

lime and lime admixtures and emulsified as~halt. 
'r 

Surface coatings are another way of protecting 

~arth structures from erosi~n and general weathering. 
... "" 
& 

Many different plasteras ana stuccoes or other thick coatings 

are commonly applied to li'niit water absorption. Where cost 

is of overriding importance and better materials ~re either 

too expensive or unavailable, mud plaster;5 widely 
\ 

employed. ~ 
In Nort~ern Sudan, the earth finish used for walls • 

and roofs is cal1ed Zibala, a mix of an'imal dunq, straw 

and mud. 4 (Fig. 9.1 ) 

Lime and Portland Cement, if available and not 

too costly, ~an provide a hard and durable protective 

plaster or stucco when properly formulated with a good 

grade of clean sand, using standard mixes.
5 

The Extreme exposure to weather makes the earth 

roof the criti c'al elemenl of the mud house. 

Earth roofs are heavy structures and if not 
f. 

structural1y sound great hazards ta the dwel1ers. 

" 
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, After heavy 'rai ns they sometimes coll apse under 

----------. . 
the 'weight of wet mud or of the pond which is formed as the 1 

result of the roof deflection. Earth roofs should not be' 
, L 

considered in seismic areas as th~y are the first to be 

destroyed during even minor sho~ks. 

'.9.1. SUPPOR~~ ROOFING SYSTEMS 

Traditional roofs are st.ill the most common fn 

rural areas of the hot· dry trop; cs w"here the mater; al sand 
/ 

the skill are sti;l available. 
. 

Materials are basically timber from the palm tree 

and e art h fin i s h e d w i t h Il Z i bal a ". The pal m t r e e PX 0 v ide s 

the ma i n b e a m Il mir i 9 Il, the j 0 i nt s ~I s h a r; 9 ", the, mat tin 9 

~bearers "jarid ll and the mattinCl "birish" which receives 

'the mud layer. 6 ,* ( Fig. 9. l ) 

Sometimes dry 1 eaves :of the pa,l m tree or dry grass 
, \ 

are placed under the mud 1 aye r. The initial s;ost i s norma11y 

small' but good experience and a certain skill is needed 

to build this heavy roof. (Fig. 9.2,) 

... 
* Zibala, miri~, sh~rig, jarid and birish are designations used in 

Northern Sudan and are different in other places. 
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Fig. 9.1 
typica1 mud roof 
in upper Sudan 
(OBN no. 182) 
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Fig. 9.2 Typical section 
through mud roof (OBN no. 165) 

l Mud-brick p~rapet 
2 Roof fi ni sh ,P-" 

3 Earth layer 
4 Polythene or roof felt 
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Climatic Considerations 

This roof, combined with customarY'~ud walls 

and minimum openi~gs, provides a satisfactory internal . 
élimatic côndition in hot dry and composite climates. If 

built properly, the roof can also sustain the infrequent 

heavy rainfalls. * 

Economie Considerations 

This roof has a posit'Ïve local impact on the . 
economy; it can be built almost entirely of locally 

available materials in a labour intensive process with 

1ittle equipment needed. 

The need of heavy wain beams and numerous timber 

joints makes it more and more expensive but modern solutions 

have shown that this traditional method of building can be 

improved with modern low~c6st materials. 

TeGhnical Considerations 

The cost factors of this roofing system indicate 

that ihere are two problems to consider: the support struct~re 
o 

and maintenance. 

-. 

* Kano in Northern Nigeria counts appr. 20 rainfalls durinq 
the rainy season, other places in the Sahara Desert from 
zero to four or -five. i 
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The su pp 0 r t st rue t ure ca n b e ma de 0 f pre c a s't con cre t e 
. 

j o'i s t 5 sim i 1 art 0 the fa l ses l ab. s y ste man d the n C 0 ver e d w i th 

CGI s'heets or traditional materials', More recent proposa1s 
t 

sugg~st to use ferrocement structures as they could carry 

/, at the same 
c .... 

... ~ 
, 1 

Anhual maintenance i~ abso1utely necessary as most 

ear; h roof1\leak after heavy'·rains and roofs gradually 

deflect. Ev~~ if made watertight with the help of plastic . 
foils or roofing felts laid on the subroof before adding 

the rnud; a protecting coat of plaster or some sort of tiles-
" is necessary to prevent excessive erosion. 

Social Considerations 

After having visited places like Kano in Northern 

N.igeria, Agadez in Niger or Beni Isguen in Algeria where 

the mud house is predominant, it is hard to imagine 

that there could be a better way of building house~ in 

this climate than the traditional way. The flat roofs, 
'" 

forming an outdoor extension offering privacy', are an 

integral dnd extremely important part of the Islamic house. 7 

The root'in'this climate is used'for sleeping 

and various domestic activities such as drying linen or 

food staples. 
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Although the application of this'type of roof in 

urban areas is becominq impracticable due to its weiqht and 

difficulty of construction and maintenance in multi-storey 
1 
1 

buildings, its social importance and acceptance has probably 

never been in question. 

9.2. SELF SUPPORTING ROOFING SYSTEM 

Mud brick domes and vaults had a tradition in the , 

or i en ta 1 arc hi te c tu r e as far bac kas 4P 0 0 B. C. 0 r ev e n 

farther. 8It can be assumed that wherever roofs did not have 

. to be accessible that this method would be more economical 

and architecturally satisfactory as no scarce timber is 

needed and weathering would be less severe than on a flat 

roof. (Fig. 9.3 ) 

Jhe only recent example of these types of roofing 
h 
,\' 

1 have found are the famous mud bric~ dome and vault houses 

and community buildings of the village of New Gourna in 
1 

Upper Egypt, designed by architect Hassan Fathy.9 

Initially there were a l~O one and ~wo storey 

hou ses built including communal facilities $'uch as market 

place, shops and craft works, an open air theatre, a large 
, 

recreation area, an administration building and townhall, 

two large 12 class~oom schools, a craft school and workshops, 

a community building, and a very f,ne Mosque, all in sun­

dried mud bricks. 10 

1 
f.. 
1 

i 
1< 
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Fig. 9.3 Experimental earth structure built at the 
Technology, Fresno State International Institut~ of Housing 

College, Fresno, California. 

.. 
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These mud bricks~ containing good clay,soil (one 

cubic meter), white calciferous'sand (1/3 cubic meter) and 

fresh stra"J chaff (about 22 kgs), were manufactured in the 

tradltional way with no stabilizing agents. ll 

For pr~ctical purposes, spans for mud brick vaults 

are about 3.50 m. Construction is usually star~fid,against 

~nd walls and built towards ~he center. One mason can lay 

< , 
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a b 0 u ton e lin e a r m et e r a f par a b à 1 i -c s h a p e d vau 1 t P e r d a y . l 2 (' F i 0 :'-9 .'5 ' 

Low and high domes are bUllt in the"igloollmanner, 

and s~milar ta the high vault,are built in pure compression 

as mud roofs would not stand up to forces of bending or 

tension. (Fig. 9.4 

1 
1 The low domes sjmilar to Christopher Alexander'6 
l' 

.j 
sUIgg'estion (p. 96 ) is suitable for two-storey construction 

0tj,~ where, by'filling in above the do~est a flat roof is 

b e' 0 b t al ne d . 
l 
l 1 
t 
" 

ïimatic Con,iderations 

1 They are direct comparable to those of the flat 

s !pported earth roof. 

1 

\ 

Ec~nomic Considerations 
1 
1 

\ With the severe shortage of structural timber in 
t . 

man\\ hot dry regions; thlS method offers a feasible 

alt~rnatlve to the supported flat roof version. It is, \\ 
\ 

"-1, • 
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Fi 9 . 9.4 
earth dames 
H. Fathy in 

The process of bui1dinq 
and vau1ts as built py 
New Gourna Egypt. 

Walls bu"t up ta tha level 01 the 
spnng pOints 01 the vaults. End wall 
bu"t up for vault to lean on Inverted 
catenary f orrn traced on end wall. 

Wlndow openlngs bu'" up wllh dry 
brick - no mortar. 

Clrcular arches bullt over veulu la 
lorm il baIe for tha dome 

Vault bUilding wlth courses leanlng 
towards end wall so that no lorm 
work o,r shuttermg 15 needed 

W;ù!s bullt up Arches bull' over dry 
brick ln windows 

Pendentlv81 completed. 10rminQ 
COnllnUOUI cour" Irom whlch dom. 
c." t>. COfT'UI.tlu 

Foundatlons 

Vault completed 

Small vaul, bu/lt in same way as large 
on es Loose bricks remov~ Irom 
wlndowopenlngs 

eflck cours .. 01 dom. Incl In. In·, 
C"~llngly unI" dome Il IIn,'hed. 
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however, much more labour intensive and ~ith the even higher 

use of earth material more problematic for u~ban areas in. 

biggeyt. cities. 

Maintenance 1s absoluteiy èssential.' 

Technical Co~siderations 'I 

More than any other traditional roofing system , 

this method of building requires_~~illed/and experienced 

labour no longer found everywhere: .. , ' 

~ - . 
Social Considerations 

(j 

More than probably any other culture today, Moslem 

societies are traditionalists, rejecting many Western 
''V 

methods which are ~ften inapproprlate ta local conditioni 

Co" and needs. As John .Turner 13 is sayinq, the idea of housing 
. ' c 

'~s a "productlf is unworkable; l believe that i,n the hot 

dry reglons where Islafu is prevailfng, mud brick co~structions 

are al"lowing housing to bè a "process" and therefore this 

indigenous system will ?lways have a future. 

. , 
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Fig. 9 .. 5 
(HUD, mud brick ~ 
roo fs ) 
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Two masons are seen applying the mud guide ring 
which will tie the vault ta the end wall. The end wall has been 
huilt'above the limits of th'. ptop050d vault and has had suffi· 
cient time to dry and rcaeh its maximum stobility. It 15 now 
read)' ta roceive the th eu st of the vault. Be,fore GournaeVi lIago ( 
was started tho mosans would moke this mud ring guide by \ ' 
guess worle. and by oyo. Dr. Houan Fnthy sp,eoded up construc· ,~ 
tion time by moking Cl wood template in the shape of the undor 
side of the vault and usirrg this tomplate as a guide for This 
mud ring. A more uniform vault was the.,.rosult, plus a saving in 
time, ln addition, at New Gourna, two mosans, rather than one, 
work on the vault. One helper con s'upply materi~1 for bath 
masons. 

'. 
'. 

The administrational building of New Gourna 

'J 
l 

" 
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" 10.~ 'INTRODUCTIO~ 

The sheer ~olume of waste~output derived from packaging 

___ and agricultudil a's wa.ll as industrial producti~n processes 'is 

.,clearly"sufficient argqment to justi,fy research in~o re-'us,;e '. 
---'----

anêlrecycling of<twqste materials for building purposes. Un-, 
, 'l 

for,tunate'ly, the populat,ion of indu-s-trialized countries does 
, ' 1 

not see muc:h va1ue in waste materials. (Fig ... 10.l) 
, 

The kind of value we see in, what we waste and how this 
, 

is lo?ked at b~ native populati?ns of developing countri~s . . 
has been wr i,tte n to the point by Mar.tin Pawley in his book, 

Ho v\s ; n 9," l : '. JIGa rbage , 

"We in the "West have' come te i dentify the termination 

o"f',one use with th"e termination of al; usefulness, and 
\' '" 
\ ; ~ .. 

we tarpy this simple idea th,rough ruthlessly, in our 
\ E 
1 / 

!' " trea'.,tmen:t of the old as much as ou,r treatment of the 

waste products oùr soci et y generates in such' pro-

fusion. 11 

, .. 
~lartin Pawley fu\rthe~ ,quotêd Frapces F;tzger~ld who " 

wrote' in l her book, I~The fire'in tjle ,lake" 2
t that~ ~n()rmous . 

Q: 'ôifferences in culture and perceptions sep~r,a.ted the' Amer;cans 
j , 1" .", ~ 

;, from the native" 'popula,tions' of South Ea'St Asia: 
, .. 

o 

.. '. . " 

. ' , . , 

. 
il 

1 :_, v, . . 
~' 1 

',~ ~ ", 
~ " . 
. ' ~. (. . ~ •• '1" 
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, 

Il Far the Ame r'; ca n s ; n V; et na m", s hep a ; nt e d 0 ut, 
, 

"it would be difficult ta make this leap of. perspective, 

difficult to understand that while they saw themselves 
1 

as building world arder, many Vietnamese saw them 

. ·merely as the producers of Qarbage fram which they , 

cauld build houses." .. 
It must "be the use of terms 1 i ke waste, refuse" gar-, 

bage, ~junk and litter, bearing an unmistaken negative conno-

,tation, which created this perception of: once used is equal 

to termination of âll usefulness. Forrest vlilson 3 , in his 

article"on the First Intern"ati6nal clonference' of IIGar~ 
Arc hi te ct Sil, ma d e a ver y s t r 0 n g st a t. men t for the qua 1 i t Y 

and value of waste materials used fa building purposes, and . . 
he probably used for the"':'-airo-ve reason a, positive term in the, 

title: "Building with Byproducts of,Society". 

If the term bypro~uct is used for all those materials 

usually described under waste, secondary use'of these materials 

for building purposes would have a much m~ore positive meaning. 
., 
There i s, of course, a w,i de var; et y of byproducts 

,used' already for buildin.g and oth.er purposes. These "waste" 

~aterials are usually grouped into consumer waste and 

industrial waste . 

<' 

, ,~ 
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Consumer waste is le-ss signif~icant as a planetary poison,' 

Nonetheless, the fact that it is to be found everywhere (.but in 

1es5er qUantities in developing countries)'presents unique 
. 

problems of retrieva1 which are ndt.. ge'nera1,ly faced where ,ij}"'~ 
1 • - r, /~~"" , 

dustrial waste ;5 concerned.~ 

Industrial wastes -are in 'general concentrated and -are 

a1so relatively' localised and 'will therefore', according to 
'T'.. ~ .,.. 

Pa~fey5, most Ilkely remain the most realistic targe,t for re .. 

~yc1ing progra~mes. - ., 
, . 

, 
,Recycling, in the strict sense of t~e term, 15 not a 

very ,efncient and is certainly a very expensive wa; of 

tickling most of the ~roblems pose~ by consumer waste dispqsal. 6 

But even if recycling pf' industri~l and agricultural wastes 
, , 

'a p p e a r 5 t 0 b e, r e al; 5 tic t 0 d a y, i t wou 1 d ma k e ma r e s e ~'5 e i f t h, ~ Y 

could be adapted to secondary or alternative uses. 
- , . 

'Secondary use is most often asso~iated with low-cost 

coristruction. This is a1so true in developing cpuntries, thoUgh 
~ -

to a 1esser degree. -Martin Paw1ey argues that secondary or alter-

native use of waste materials is the only means by which an 
, 

'adequate ~m?unt of housing,materials can be supr1ied in a fast 

deve10ping society wtthout total disruptioA of existing pro-

\ 
\ 

l' duction processes. 7-As long as we' find these ideas remote from·our. 
t' _ 1 

mind or reference, it will be impo.ssible to venture into.this new 

'wor1d of pn5sibilities' whîch _a1'so' offers a unique design cha11énge. 
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10.2 CONSUMER HASTE AND, BYPRODUCTS 

Consumer waste consists of various components, the 

most important of them being: paper, metals, glass and organic 

matters. Separation of these components is very difficult and 

most garbage 'is therefore indiscriminately dumped. 

Different ways.h~ve been tried by introducing me ans of 

recovery of resources contained iD garbage. Magnetic and flo-
. 

tation separation, air classifying, pyrolysis and use of some 

substances for produéti.on ,of buildi ng blocks, boards and panel s 

are the latest a'cco!l1'plis/lments in 'this field. 8 

In principle, processes converting cqns~mer waste fnto 
,q 

building materials consist in its decomposition )nto workable .. 
mass, grinding into fine granular" material and compressing 

\ 

it und~r heat with the use of chemicals. End products are 

boards, panels, blocks, roofing tiles and shingles* which have 

'apparently good physical and mechanical properties. 9 ' 

Other than recycled consumer waste roofing materials 
, " 

are those with a long and honorable history. The secondary 

use of bottles for build.ing has in fact been recorded as far 

. back as the fourth centlJry. The Roman tomb on the Vi a. Api a was 
, 

dubbed II pigna terra" in hqnor of its dame built of clay pots. 

i'-

* Neither a product reference nor any projeçt app1ication could be 
traced by the author. 

\ 

.. '\ 
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Similar ta the abdve, it is nat knawn what the pots 
<t 

wer.e serving for before they ~ere used for the dome of the 
~ 

orthodox baptistry built around the same peri~d in'Ravenna, 

but they might well have been former wine jugs. 10 " 

In more recent pioneering history. buildings were 

\' , , , 

built of whisky bottles, sorne of them still standing in Nevada, 

Alaska and Australia. l1 (Fig. 10.2) e, 

In developing countries, bott-re-s--hardly find th-eir way 

210 

to become roofing materials as they are making qood containers :. 

for palmoil or other household liquids. 

A secondary-use consumer waste material for roofing 

are thin metal containers. When eut open and flattened, 

they make good roofing sheets or shingles. 5uch an application 

had been seen by the author in sorne of the squ~tter settlements 
.1' 

in West Africa. 

Wâste-Paper Corrugated Roofing Sheets 

The Central BuiJding Research Institute in Roorkee, 

joint-l'Y with the Regional Research Laboratory jn Jorhat, India, 

has de~loped a corrugated paper roofing ~heet with remarkable 

prop~rti es. 12 

These sheets are made out of "road sweeping paper", 

grass or straw. The process of making these she~ts inyolve~ j 

l' 
~ , 

'l 



", 

l 

\ 

Fig. 10.1 l<Jaste from packaging (Pawley, H.) ., 

Fig. 10.2 Halter Slzemore built h.is house fram cans and bottles 
wit'h a steel frame (Pi.:wley, M.) 
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mechanical beating of the waste paper or other cellulose wastes 

and mixing it into pulpe The pu1p is 

sheet-forming machine, producing wet 

then fed into a continllous 

sheets of var;o(~ness. 

10.3 AGRICULTURAL BYPRODUCTS , 

Ag r i cu n tu ra 1 b Y pro duc t s, h u s k s, s ta l k san d gr a s.s ~ 

are avaihble in many countries of the developing world in . 
abundance and represent, like for'est wastes, a remarkab1e re-.. ' 
source. 

, 
The major agricu1tura1 byproducts with possibilities 

for pressboard and concrete manufacturing are: 13 

abaca h emp shives 

a1phagrass jute fi b re s 

bagasse kenaf sticks and coir 

ba rl ey hus k~ 1inseed residues 

cassava s ta lk s oat straw 

cocoa shells palm fronds ,. 

coconut s he 11 s peanut s he 11 s ., 
coconut outer husks rape straw 

coffee h u s k s rice s traw 

corn sta1ks rice hus ks 

corn cabs rosella 

cotton stalks seed flax 

cotton seeds and hu11s ",sisal fi bres 

f1ax shives sunflower hus ks 

gra,ss seeds ,.. 

1 , 

, 
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Forest byproduets for 'similar uses are: 

ba rk 

wood shavings 

saw dust 

No specifi c roofi ng material has been developed from 

these materials so far, but several produets can be eonsidered 

as partial roofing materials, serving as ceiling boards or 

roofing substrate. 

There are several problems involved in the manufacture 

of a roofing material from the above resi~ues, such as: 14 

,.' --------

,-
a} S t 0 ra 9 e, s e a son a l h a r v est i n g, ris k 0 f d e c a y 'a n d 

fire hazard; 

b} Transport costs, especially when the plant is not 

lO,cated near waste resources i 

e} High expenses may arise from import of synthetiè 

resins in the absence of locally produced or 

natural adhesives; 

d} The size 9f the industry plays an important role in 

dev,eloping countries. Experience shows that up-to-

date fibreboard production should be in the order of 

about 15,000 tons yearly and that of partiel e boards 
. 

can be slight1y lower in order to justify the invest-

'ment. Th i s mi ght be too hi gh for markets in small er 

) 
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deve10ping countries. In addition, there is a lack 

of know-how which cannot be eastly overcome by 

d~..lJ e l 0 p ;' n 9 cou n tri e s w i t hou tin ter n a t ion a 1 a 5 5 i s -- . 
tance. 

Three typical and ~ell known products under this 

group are:*' \-

IIStramit li straw panels, produced semi-automatica11y 

by compressing, with cardboard glued to both surfaces. . \ 

-"Duripanel ll
, an fncQfTlbustible, weather-proof, resistant 

J to rot, fungus and termites, product made of wood' 

strands and portland cement. 

IILignex Board ll
, a resin catalyst, rice husk Donded and 

----- ,---- ---
hot.pressed board with qualities good for building 

Lpurp.oses. 

10.4 INDUSTRIAL REFUSE AND BYPRODUCTS 

There is a great varietJ of inorganic industrial 

wastes which 'can be used in construction. SOllle of them found 
" 

as residues of byproducts are suitable as component for com-
" 

posite materials. Others in fariT! of production byproducts or 

production rejects can be used as they are or somehow modified. 

* Producer information. 

, .. 

o 
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The 'following examples are worth mentioning: 

Asphalt 

Paper Products 
.' 

Sulfur 

i s 'di 5 c u S 5 e d ; n m 0 r e d e t ail i n sep a rat e cha pte r s 0 f t tli s the sis. • 

Blast furnace slagthas hydraulic pro~erties and can sub~ 

stitute up' to 80% of cement clinker, thus yielding considerable 

economy in fuel and'energy consumption,15 

. Fly ash, formed by small solid particles generated in 

coal-burning power-generating plants, exhibits p,ozzol anic' 

activi ty and is also a practi cal extender for portland cement. 16 

Burnt clay-bricks breakage is very good 1ight-weight 

concrete aggregate and if finely ground, its pozzo1anic pro­

perties €an be utilized in su~stituting cement in mor~ars\17 

Car b 0 d Y e 1 e men t s, The 'i d e a 0 f e con 0 mie i n t e 9 rat ion 

as envisioned by' Martin Pawley was car·ried farthest with rE'sp'ect 

t 0 .r 0 0 fin gin the Il C i t r 0 e n Hou s e Il, des i 9 n e d b Y J e f f S k 0 r nec k 

1973 at Cornell University, (Fig, 10.3) With the collapse of 

Chilels foreign credits in 1971, the Citroen Chilena SA factory 

in Santiago, which had for severdl years bui1t 2.3 and 4 CV 

vehicles using on1y imported engines and transmissions, was 
. 

ob1iged to virtually cease production. Using manufacturerls 

data, J. Skorneck developed a design for the adaptatïon of, 

1 l ' 
i 
l ' 
1 

, 
i 

1 
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Fio. 10.3 Isometric, 
vl ë w. 0 f the C'i t r 0 e n 
House (Paw1ey, M.) 

Fig. 10.4 Citroen 
House with Fourqonette 
in front (Pawley, M.) 



t 

\ 

Fig. 10.5 Work on the 
Cro uch House structure 
(AIA Journal) 

Fig. 10.6 The roof 
cove~i~g of the Crouch 
Hous~ 
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Chilean produced body parts for the 2CV Fourgonette 'into a 

housing system. The vehicle (Fig. 10.4) proved surprisingly 

suitable for the conversion, which could have yielded a .. 
production of 5000 housing units per year. 18 

o 

Butyl rubber cutoffs from extrusion processes were used 

as roofing tiles in the Crouch house, built in Tq>y, N.Y. (F,ig. 
" 

1-0.5) The structural frame, trusses and col umns of th; s house, 

are made from cardboard newsprint cores. The cores are joined 
o " 

with no. 5 steel cans, pinned with ga1vanized roofing nails and 

the trusses and columns are secured with steel strapping. The 

exterior walls of the CroUch house are no. la steel cans in 

mortar, except for a bottle wall at the living room and bedroom. 

The roof coveri'ng cons i sts of a tri ple 1 ayer of 

'p a c ka gin 9 car d boa r-d, l ami na te d w; th s cr a p pol ye t h Y l en e s he e tan ct 

bonded with cold lar roofing cement. Ov.er this are rubber ti1es 

derived fram butyl 'rubbe,r cutoffs. 19 (Fig., 1'0.6) 

10J5 CONCLUSIONS 

Agricultural and industrial wastes are not sufficiently 
" 

utilized mainly because there is inadequate current research 

and development to pravide confideQce to manufacturers and 

consumers in new products based on waste materials . 

• 1 

,. 
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.c T rad i t ion and pre j U die e ~p 0 rte CI ;.~ yin su f fic i en t 

expè'rience with such materials are 1~9 ·ta mistrust on th'e 
, . 

pa'r"t 'of"users. 

" "" L a ck _ a f s u p p 0 r t f r dm th e pub 1 i c sec t 0 r and a 1 i mit e d 
C3 ,J .. cr 

ma r k e t vis - a -vis ; n v est men t san d 0 ft e n s ~'a r c i t Y 0 f > for e i 9 n 
, 

~ . 
ex cha n 9 e for i m p 0 r t 0 f som e t i mes s' 0 phi s tic a t e d e qui pme n t for 

*. ~ 21 ,4 

pro ces S 1 n g' are fur the r 1 i Ol,it i l'l gin t rad u ct i. o. n 0 r w~i d e,r use 
• -? 

of waste materials tn de~~loping countriès'. 

But the waste resource utilization periad of the-

fut ure w i l 1 ber; chi n i n nova t ion san d the i n g e nui ty 0 f the 
~" Cr 

'd,esigners the only limits. 
~ 

-., 

, 
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1Ll. INTRODUCTION 

The t~inimum Cost Housing Group (MCHG)' at McGH1 
, , 

Uni ver s ity, Sc h 001 0 fAr chi te c t ur e-;-h a s w i th- the i nit i a t ive 

of Prof. Alvaro Ortega and today Prof. Wito1d Rybczynski 

conducted research and experiments into uses of sulfur for 

buildin-g for the 1ast decade. 

Much has been published and a great dea1 has been, 

learned since the MGHG built the first' sulfur hou se ever 

in-1972. 

Severpl other proj~cts follo~~d but relative1y litt!~ 

has been done to find applications of sulfur composites for 

" roofing. , , 

1 was attracte4 by the pot~ritials of thi~ bonding 

material and the 'fact that sorne original work could be done. .' 
The only limitations were time and the fact that 

1 was workjng alone. The work'I am describi~g hereafter has 

been continued by Prof. Rybczynski in spring 1981 during 

a course he was giving at Florida A&M University in 

Tallahassee,'Florida; sorne of'the results are men;J;ioned in 

this chapt~r. 
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" , Sulfur ;s one 
~ 

the chemical~industry 
1 stone, and salt). 

, " 

,. 

.-
, . 

, 

',. '.~. 

of the four basic raw ,materials of, 
(the other ·three being cO,al, limé 1 

Sul fur, a y e l 1,0 w non met a l lie e lem e nt, 0 ecu 'r sin _ 

sedimentary and volcanic deposits and exists in several 

.' 

different forms, the most stable being orthorhOO1bic sulfur, .. , , 

a crystal.l'ine form that melts at about 116 oC. 2 (Fio.',ll.l ) 

'Today, an important source of ~ulfur lie~ in the 

large volume of sulfur dio'xide recovered from'filt'ers in 
1 • 

coal-f,ired steam power' plan~ts 'and other large, industrial 

processes* namely petroletim and natural gas prOduct~h'~ 

If economically ana polit{cally furthermore 

ne.s i b le •. the recovery of, s ul'fur as by- product in 

'. \ndustrial processe~ th~o~gh fh~ sulfur abatement program 
1 

could double sulfur production in the United States** 

alone and provide numerous small sulfur sources throughout 

the world form;ng the basis for th~ production of low-cost 

'sulfur bonded building materials. 4 

The use of sulfur in building has been known since 

the ~id~le Ages, ,nd examples still eii~t in Latin America , 

f rom the l 7 th ce n t u ~ y, Wh e ri sul fur wa sus e d t 0 a t1- c.h 0 r 

metal in stone. 
5 ' 

~ The main smoke stack of Inca Ltd. in Sudbury, Ont., e~itts ap~. 
2500 t of sulfur dioxide every day. 4500-5000 tare retained in filters. 

** and exceed the forecast consumer demand. 
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In the middle of the 19th tentury interest in finding 

new utilizations for sulfur as cements and concretes led to 

the first patent registrations, the very fi~st one in 1859 
" 

"'" under the title: IIComposition of Matter for Orna"fntal 
6 

Purposes ll by Wright, A.H. 

More reèently research in sulfur concrete and im­

pregnation, as well as the development of fi re-retardant 
", 

additives, have encouraged already a fair use of applications 

in road construction, special pavements, containers, pipe 

lining and-components for building. Various low-cost housing 

pilot projects have been undertaken after the first sulfur 
, , 
con crete structure was built in 1972 in Montreal~7 But no 

particular roofing material or rôofing system based on 

sulfur had been then developed. Many other institutes have 

conducted research into finding wide uses for sulfur in 

building and engineering; a successful'product as a result of 
~ 

th i s r es e a r.c h i s sul fur f 0 am for Îln sul a t ion s 0 f r 0 a d sin 

the Arc tic and 0 t'h e r i n sul a t ion pur p 0 ses . 8M a n y 0 f the s e 

institutes have also determined properties of sulfur com­

pos~tes, namely sulfur concrete (SC). This research will 

eventually lead to the formulation of legal standards ~hich 

in return wlli form the basis for wider application and 

acceptance of the sulfur composites. 

* One or more buildings have been built in Canada, United States, 
Western Germany, Mexico, Columbia, Guatemala and the United Arab 
Emirates. 
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The characteristics of sulfur concrete (SC) are in 

many ways favourable to those of Portland Cement Concrete 

(PCC) except for the flamability of sulfur. The characte!istics 

of SC are the following: 9 

, 

impermeabi 1 ity 

- low thermal conductivity 

- low electrical conductivity' 

no shrinkage 

- extremely smooth finish 

- high compressive strength 

quick setting 

- no curing 

, recycleable 

no water need~d 

corrosion resistant 

- can tolerate chloride and sulfate containing 
aggr~gates 

bonding properties are not affected by salt \ 

components can b~ produced of high precision 

flamable 

melting at 116°C 

- thermal contraction as the fresh concrete cools 

thermal expansion above steel and PC con crete 
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- "nigh" rate of creep 

l '. ,- placed ~in ground baèterial degradÇition possib'le 

- possible formation of acjd under' action of water 
and sunlight 

-' unpleasant odor-when melted 

energy needed for process 

11.2. SULFUR APPLICATION f 

Thf problem ofJlamabilïty of sulfur'comp~s;tes has 
\ been studied extensively and the fact that it has a lp'w 

f-uel value, burns slowly and can be rendere'd Self),xt~ 

guishing by the addition of plasticizers, does_~ 
/ 

/ 

applications in housing. / 
1 

.The fact that the preparatien of su{fur concrete 
, . , 

or other sulfur ~ampoiites involv~s melting and handling 

(.of the material at temperatures abov~ lOOoC'is not a major 

problem as other processes in building construction have 

proven.* 

Prof. Rybczynski, in his paper for the "Symposium 

on new uses for sulfu,r and pyrites" in Madrid 19ï6, 

addressed a more important aspect with rega~d ~o the 

* .Bituminous roofing and asphalt pavi~g are both hot processes. 

2213 

/ 
" 

1 

"1 



/ 

.' 

arguments in favour or against the use of sulfur in 

'b u i l d i n 9 : l a 
; 

"The environmental impact of building Materials, 

bath with respect to their produ~tion and use, 

1S extremely complex and difficult to measure. 

With the exception of traditional materials such 

as wo~, stone or earth, most modern materials 

require substantial energy inputs. Sulfur concrete, 

on the other hand, does demonstrate four characte-

ristics that could form the basis for reassessing 

materials in the light of emerging ecological con-

cerns and needs for energy conservation, which are 

bot h rel e van tin' l 0 w - cos t con s t ru c t ion. Il 

The first of these characteristics is that sulfur for 
, 

buildin~ represents a zero opportunity cost, since this 

material is either involuntarily produced as industrial 

by-product or' is loca1ly avai1able as a va1ueless vo1canic 

ore. 

Secondly, that the use of industrial by-products, 

or wastes~ for building represents a more effective use of 

resources, is demonstrated by the fact that ft takes 33 

times more energy to produce portland cement than it takes 

for the same quantity of sulf'ur.*, 

• l ton of portland cement produced takes 6,300,000 kca1 
l ton of sulfur appr. 190,000 kca1. 

\ 
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The implication, particularly for the petroleumles? 

countries of the industrialized as well as the third world, 

~ould be enormous. 

The third characteristic that sulfur concrete can 

'be recycled witho~,excessive energy input will also be 

important in helping to reduce the amount of wastes.* 

Finally, in assessing the energy requirements of a 
<> 

building material, Rybczynski says, maintenance must be 

considered. $ulfur con crete séems to be very durable and 

if poured in a smooth form does not require painting and, 

beiflg a non-porous material, it is also self cleaning. 

"There are many indications that sulfur as a 

binder has high potentials in applications not investigated 

so far. Until 1979 one of them was roofing. The three 

sulfur technologies, sul fur concrete, sulfur impregnation 

and sulfur coating present a wide range of potential 

applications for low-cost roofing. After l had acquainted 

~yself with this for me new materiaT and the basics of 

the three technologies, it was necessary to make a choice 

as to in which direction l should lead my experiments. 

1 was interested in finding a sqiutlon for"a self 

supporting roofing system and then if there was more time 

left also for a supported one. 

* To recycle one ton of suJfur concretè, appr. 3o,oba kcal are needed. 
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The information of the numerous projects carried out 

by the MCHG over the past ten years and the experience of my 

Project Advisors, Prof. Hito1d Rybczynski and Vickram Bhatt, 

were of valuab1e help, saving me a lot of time and making 

me quick1y fee1 at home with this sometimes rathe( smelly 

substance. 

11.3. SELF SUPPORTING ROOFING SYSTEMS 

Two technologies were promissing to lead to a 

solution: Sulfur conérete and sulfur impregnation. 

The latter has been tried with cardboard formwork 

tubes but several problems arising with the hanqling and 

the material itself made me de~ide to persue a solution with 

sulfur concrete. ll 

The main difference between the making of a SC' 

structure and one of PCC is the mixing and placing of tne 

composites. 

The mixing of sc for smaller quantities has so far 

been done in a concrete mixer, heated at the bottom by an 

open gas flame. After elemental or recycled sul fur has 

melted, sand and grave1 in small quantities are added 

sa that the mix stays 1iquid until the proportions are 

~ight and the hot composite can be poured into place. 

(Fig. 11.2 ) 
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Fig. 11.2 Mi'xing of su1fur concrete (MCHG) 

" 

,Fig. 11.3 The first test v"au1t with gypsum tile 
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Oth'er methods have been tri ed 1 i ke preheati n9 the .aggregate' 

and melting of the sulfur separate1y, but special equipment . 
would have to be designed until 1arger q.,uantities cou'ld be 

D 'c 

processecd:'within a shorter period of time. 12 
, ( 

"', The pro p 0 r t ion 5 0 f the mi x are"! 's i m n art 0 PCC but 

more research is needed to make qualified statements about 

effects of changing proportions. The mix,used by weight 

appr. 25% su1fur, 37-44% sand and 30-35% coarsé aggreg te 

( s ton, e chi P pin 9 s 1 ~ ). l n corn par i son, PCC wou l d \ b e 

of appr. 15% water, 12% cement, 25% sand and 45% 

aggregate. The remaining 1% in sc and the 3% in CC represent 

1 d 
' 13 .' 

enc ose alr. 

~ 

The placing of sc creates sorne different problems. 

The hot mixed composite has to be p1aced fast into thi form­

work, cannot be vibrated and will start to solidtfy 

immediat~ly. As su1fur is not a hydraulic bi~der, no curing 

~ time other'than the cooling down of the material is needed 

'0 and a SC e1ement will reach 90% of its ultimate,strength 

w i t h i n ..--t h e f i Y' S t six hou r s (d e pen d i n 9 a n _ i t s mas san d 
., 

dimension~). These facts make it difficult ta manufacture 

thin she1l structures as it is almost impossible ta trowel 

d 
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SC poured into place for more than a m{nute. Furthermore, 

the rather liquid state of the mix makes it difficult to 

place it on sloping formwork at equal thickness and to get 

a smooth surface. The formwork can be of similar type and 

quality as for PCC construction. 

·The Roof Vault 

Although l am convinced today that it.woU1d be 

poss~ble to build double curved thin she~l structures,in 

SC similar to ferrocement, a shell vault \nth a height of 

a tenth of its span and a spherical curvature appeared to 

be the ideal shape at the time. (fig. 11.4) 
, 

The preliminary' experiments ·nad proven that 9,Ypsum 

was bonding well with SC and that it could be otherwise 

posiible ta cast a thin vault with a sp~n of 2.40 m 

(chosen for prac"tica; reasons, workshop, formwork, etc.). 

As a fire protective coating, 9ypsum is a very 

effec~ive, cheap an~ everywhere ava~lable mater;a1.(Fig. 11.3) 
-c. 

J 'The vault was cast withciut any major problem; care .~? 

~ad to be taken that no weak cold joints occured. The day 

after casting, the formwork was strip~ed with all gypsûm 

tiles,previously p~aced in the formwork, sticking we11 ta 

the ungersig~t of the vault (a la Space Shuttle).(Fig. 11.5) 

.' 
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'fig. 11.,6 Thin shell SC roofs do not need any additional 
, protection if earthb'is added. 
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Beca~se of tbe complexity of the calculation of this 

statical1y indeterminate structure, 1 had to simplify the 

calculation as a feel of magnitude, to a three hinged arch. 
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SC Properties as chosen 

compr. strength B - 200 kg/cm2 sc 
tensile If 

Bt A - 18 kg/cm2 

flexural " Bfl - 35 kg/cm2 

Mod. of elasticity E - 70300 kg/cin2 
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• 
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/ 

1,02 
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- 6,3 

136,08 120 

o. 

/ 

, ;" 

The above edge stress appears" to be hig,h but as there 

, are nos tan d a rd s for Seye t, ~)b ; s wou 1 d ha v. e , t 0 b e fur t h,e r 

investigated. 

Reinforcement 

FEr e q. ~.:.:.% ---=l:-::O=o..::;..b _=---..:..:..h ,~ l, 0 2 . 5 5. l 0 cm2 

Code requirement for pure distribution reinforcement" 

for PCC 

lOl.6mm2/m (0.048 in2/ft) 

16 gauge wiremesh 19 sections 34 mm2 

It would be necessary to use a bigger gauge wirem~sh 

for fut ure con s t rue t ion s , - but i t d 0 e s n () L nec e s s a r i l Y r e duc e. 

'the strength of this vault except that it could have some in-

" . fluence on cracking due ta shrinkage and temperature effects. 

\ 

\. 
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rie Rod 

mild steel bar ~ 9mm 0,6362 cm2 

'- max 3700 kgjcm2 

H 3,6 t b 1. 2 m 'H-. b 4.32 t HI 

Seçtion required for HI 1,1676cm2 0,6362 . cm 2 

The above calculation shows that with an assumed load' 

o f 1. 5 t / m 2 the t i ,e r 0 d wa u l d fa i l f i r 5 t . 

The tie rad used would only allow for a load of 

812 kgjm2 (166.3 lb/sqft). H a1so indicates that it will be 

necessary to fix an additional tie to be able to establîsh 

the actual strength of the shell in future iest;ng~ 

Fig .. 11.7 The undersight 'of the precast gypsum tiles 
placed in the framework before casting the vault. 
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From the result of preliminary test loading 

(a p p r. 400 kg / m 2 ), my cal cul a t ion san d the fa ct' th a t th i s 

vault has withstood severe weather conditions outside our 

workshop for over 2 years, the following can be concluded: 

the capacity of such a shell vault; s more than 

w h a t i sne e d e d i n l 0 w -, cos t hou sin 9 ; 
, 

- a compressive strength of appr. 200 kg/cm2, 

tensile strength in the range of 18 kg/cm2, and 

and average flexural strength of 35 kg/cm2, 

are very low properties for any reasonab1')h w'e 11 

prepared and placed SC mixture. 

C1imate Considerations 

--Sim; l ar to ferrocement roofs, SC roof; ng systems 

wi 11 not be i dea l for warm hum; d cl i mates un1 es s the roof i s 

p1anned to s'erve a floor ceiling function 1ater. In all 

other climate zones, roofs made of SC can bè combined with 

240 

an earth or sand cover to reach'the thermal mass needed.(Fig. 11.6) 

Economie Considerations 

or as 

small 

In a country or region wh'ere sulfur"occurs natural1y 
o 

b y - pro duc ~.t do e 5 i n man y de v e l 0 P ; n 9 cou n t r ; es, 
~. 

sca1e su1fur Qperations cou1d a1ready be feas'ible today. 
\ 
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However, to introduce this technology, sorne training a·nd 

\' 1 

preferably r·epeated dernonstration are needed as -has been shown i 
in the case of the Phillipines where rnuch had been done 

but little is happening today. 

Techni cal Considerations 
, 

O'n a small scale, SC can.be prenared almost every-

where; for larger scale operations, more appropriate 

equipment, like the one existin0 for blendinq sulfur with 

asphalt, would have to be developed. 

Soc'ial Considerations 

t, 

Safety from fire may be of sorne concern but possible 

odor at tirnes of high solar radiation and humidity in the 

air may be a negative factor weighing against the use of 

this material. All other social criteria can be plotted 

po si t i v.e l y a gai n 5 t th; s mat e ri al, de pen di n 9 0 n the w a y i t 

is going ta be introduced. 
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11.4. SUPPORTED' ROOFING SYSTEMS 

A wide scope of 5ulfur based materia15 could be 

con s ide r e d for a 5 u p P 0 rte d r 0 0 fin 9 s Y, ste m . Nat u r a l l y, a 

's u p po rte d r 00 f s hou 1 d b e a s 1 i 9 h t a 5':11 po S 5 i b 1 e t 0 s e r v e i t s 

function5 cost effectively. * 

Therefore, in my second project during the summer 

'of 1980, 1 concentrated on the following two technologies: 

impregnatian and coating to find a 5uitable composition 

',with the desirable ch'aracteri5tics for a .law-cost roof in 

developing countries. 

Sulfur coating as I had suspected earlier, did not 
. , 

pro duc e 5 a t i s fa c t 0 r y r e 5 U 1 t sas the c 0 a~t i n 9 mat e ria lis 

subjected to bending and ten~le stresses beyond the 

material's capacity. CQating could be s~ccessful in com-
J 

bination with fibres or sand as reinforcement if applied 

on rigid materials~4But in an alJ110st pure state, even if 

plastisizer5 are added, sulfur coats on fabrics, barasti, 

thatch or even chi~poard will crack after a very short 

time. 15 (Fig. 11.8) 

Sulfur impregnation had been tried earlier and 

produ~ed some promising results. The MCHG has conducted 

experiements with wood anJ a150 other more or less porous 

materials which resulted in surprising improvements of 

the mat e ria l S 1 pro p e r t i es. 1 6 ~" 
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Earlier projects have shown that for continous 

working and e~perimenting with impregnation, suitable and 

lasting equipment is absolutely necessary. If the heating 

system of a sulfur bath breaks down, the liquid solidifies 

quickly and could spoll the equipment and experiment all­

to,g ether. 

Kitchen melting pots have been successfully used in 

laboratory experiments but they are bath expensive and not 

very adequate in size. 

The Equipment 

As ~o adequaterand affordable equipment could be 

" found, l designed and built my own melting basin. (Fig.l1.10) 

The petroleum and chemic_aJ industry ;s keepilJJLs_ulfur_ 

liquid in large steel holding tanks, heated with high 

pressure steam, the pipes running in bundles submerged in, 

the liquid-sulfur. 

The main problems with sulfur impregnation are 

corrosion of the equipment, fire hazard when overheating 

occurs and the need ta constantly maintain the temperature 

level of the bath. 

244 



, 
1 

. , 

r' 

Corrosion turned out to be'a minor problem fn our 

cas e . For f ire pro t e c t ion, "t h e bas i n w a spa c k e d i n 8 c rn 0 f 
o 

glass wool and covered with asbestos cement panels. The 

" temperature was monitored with a pyrometer connected to 

a pro~e. 
The temperature could be controlled with fo~r 

rheostatic step-up switches connected to four heating plates, 

mounted in pairs to the long side of the basin. (Fig.l1.10) 

~he Test Materials 

·It was my inténtion to test a wide range of 
, , 

materials, including sorne which would normally not be con-

sidered low-cost but could, when irnpregnated with sulfur, 

have improved properties which could in refurn make them 

more cost competitive. 

selected the following materials for testing: 

- kraft paper 

card-board 

- corrugated card-board 

hard-board 

- soft-board, low quality 

s 0 f t - boa rd, h i 9 h qua lit y. 

papier maché (egg cartons) 

stramit panels (straw composite) 

, , 
,~ 
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asbestos fibre-board 

- pl aster-board (gyprock) 

cement black 

- plywood 6 mm , 

- pine (2"x4") 5cm x la cm 

- softwood shingles 

- coconut fi bre bund,l es 

- jute fabric 

canvas (good quality) 

- 'foam rubber 

The first tests were conducted to see how the 

equipment was functioning and whether other unforeseen 
. 

problems would develop. 

As the basin was relatively small. every time a new 
. , 

material was submerged the temperature dropped and the 

.escaping vapour created " sme ll y ll fumes. After the vapours 

h a des cap e d. the t e m p e rat ure som et i m e ,s r 0 s e qui c k l yan d the 

heater.s had to be readjusted; disasters could be avoided but 

burni ng sul fur emi tts toxi c fumes and around l60 0 C sul fur 
. . 

burns very well, and more ·than once it was close to that 

situation. 

'The next step wa.s to fi'nd out the"time of impregnation 

needed until the various materials were saturated. This is 

dependent on the foll owi ng th ree cri teri a: structure df 

, ' 
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material, dimension of material and surface tension of liguid. 

The sulfur bath contained appr. 5% DCPD (dicyclopentadine) 
, ( 

plastisizer, increasing the viscosity"of the mix and l?educ;ng \ 

combustibility of the impregnated material. 

A small quantity of iron oxide was also addecl'to change 

the color from sulfur yel10w ta a warmer red shade. 

A s h 0 r t di pin t h 'e bat h wou l d 9 ive are lat ive t hic k 

co a t t 0 the fi ne r st ru ct ure ct ma ter i al s. Ha ire ra c k i n 9 de ve l 0 p e d 

during the co01ing process and no improvement of the 'base 

materials i properties cou1d be noticed,(similar to coating). 

It is quite obvious that complete series of tests" 
o _ 

including the finding of satura'tion time and major properties 

of al1 18 materials was too big'a scope,for a one man "show" 

in just a couple of rnonths. And as l wa,s trying to find"a 

r 0 0 f c 0 ver i n 9 mat e ria 1 for' a s ,u p p 0 rte .d r 0 0 f , , w e a the r r e sis tan c e 

was of more importance than struc:-tuY'al properties. For a later 
, -

s t age, s t rue t u r a l pro p e r t i e' s wou 1 ct li e i m p 0 r tan t t 0 k n 0 W sot h a t 
1) , 

optimal spans and product sizes cou~d be established. 
1 

All 18 materials were impregnated f.or va'rious periods 

of tirne and the absorption rates were calculated on per-

" centage of weight. The.saturated samples were then submerged 
0' 1 • 

in water for.- at least 6 hours at a time and the water absorption 

was measured agai n by wei ght. " 

. > 

• < 

i 
1 
: 

c. 

, ' 

", 

--;-



... (\'-' f"l'..c-. .. ;/"~, 

l 

248 

c" . , 
Table 13 $ulfur impregnation of various materials ." 

\ 
" 1 , 

dry impregnation wei ght after , water ab-
weight minutes 6hrs in water sorption 
gr .. gr. in percent 

30 180 300 500 

kraft paper 5.0 22 18 20 19 23 
-~ 

17 

ca rd- boa rd \ 34.5 105 a5 90 82 P~:'-': 17 -, . 
, ... ~ .. 

corrugated, 34.5 99 73 89 105 110 .' 5 \ , . 

,'''' " r· 1 
, . hard-board 188 311 275 276 261 279 6 

1 ~t-board l~~ qlty. 403 995 1383 1656 1675 1 
~-. 
".,. 

2 q1ty. 

asbestos f.ibre bbard 192 321 390 416 425 425 ..--- ;; 

"egg carton" ' 20 135 132 155 160 3 

p1ywood 6mm 237 305 318---- 375 375' , . -
pine shing1e 146 186 172 256 280 ' 311 10 '-; 

,: .. 
~ 

softwood 2x4 942 910 910 910 951 4 ' .. ~ 

'0 962 105Q broken gyps um boa rd . 600 1l2(!) f;~ 6 
up \ 0 

~ 

canvas 40 , 
1.00 101 109 7 

jute .--. 44 235' 239 4-68 11 

.,,' rJ 

, 
, ' 

• (:J, 
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Considering all aspects of low-cost roofing and the 
( 

results of the impregnation tests as p'er table ,c~rrugated 

su1fur impregnated- card-board in form of shingles, sheets or 
'Ii,' " 

ti1es promised to be the most feasibl'e roofing materia''''' amongst 
~, 

;7 'those tested. 

Stramit panels cannat be improved th~ough impreg~atioh 
1 

as they arë absorbing tao ~uch sulfur and therefore are 100sing 

the; r' i n s 'u lat ion qua lit i es and a l sos t ru ct u ra r s t r en 9 th . 

Fibre-boards' (soft and aSbestos) are comparable to 

any fibre cement board after impregnation and it would be 

'\ wor.thwile conducting tests with this. material to compare it 

with IIcan letas ll or corrugated sheets. 

Plaster-board (gyproc) created several problems; 

in the process~ the material became more brittle and the 

surface caver separated after sorne time. When saturated or if 

left in the molten sulfur for toc l~ng, ~he gypsum tiles 

started to break up in smaller pieces. 

Soft wood, after impregnation, has properties"similar 

to hardwood and appears to be dimensionally 'v~ry stable when 

exposed to changing weather conditiorys. This very interesting 

~~sult could lead to the use of low ~uality timber fo~ structural 

pur p 0 ses 'W h e rem u ch m 0 r· e exp en s ive mat e r; al s are use d t 0 d a y • 
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Org'an'ic fibres, if not woven tightly, do no~ make 'a 
1 

250 

useable composite with pure sulfur as their moduli bf elasticity, 
)/ 

is too different so that ~he matrix will ~reak from surface 

tensions alone. 

Fabrics like burlap have shawn promising results but 

good quality tig~tly ~oven materiil is needed and that is not 

everywhere a low-cost material. 

An interesting an~ positive r~sult of impregnating 

combustible materials withjsulfur is that the flamability of 

the'composite is reduced considerably as 'all pores are filled 

and no air is entrapped anymore. 

Conclusions 

The impregnation project 1 conducted during the summer 

of 1980 praved that this process could produce a low-cast 

roofing material with characterlstics as outlined in this 
\ . , 

thesis but that further testing is needed, like weather ex- . 
posure, design of a system, structural properties and as many 

mo~e others as possible. 

From ready available materials, corrugated card-board 

praduced the best results but "egg cartons", if manufactured 

as corrugated sheets similar ta CGI sheets, could make an even , 

better lightweight, law-cost, maintenance free and durable 

roofing material. 
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Corrugated su1fur impregnated card-board shingles were 

maunted to the West wall of the MCHG workshop in summer 1980 

and have performed very we1l since. 

The Fall Project in 1980 

The Arboretum',·belonging ta McGill University and 

located at McDonald Campus ,on~the West Island of Montreal, 
,; 

needed urgently sorne toil~tifaci1ities for their visitors. 
, / 

Sorne small funding was available but only enough for a very 

low-cost solution. 

Thel~oncept of an improved pit latrine was chosen. The 

improvements included ventilation of the pit and passive solar 

heating. As construction materials, sulfur improved or com-

posited materials were chosen. 

The support fr~me was made of sul fur ~mpregnated timber 

and the flaor of.sulfur concrete tiles. One side wall was made 

~f sulfu! impregnated chipboard, the other with a black painted 

metal sheet and a van9al proof acrylic transparent sheet; the 

met a 1 s h e e t w a s m 0 up t e d a p p r . 20 cm a b 0 v e f 1 00 r lev el, r e a chi n 9 

1~80 m high and lOcm inside the acrylic sheet to allow tbe air 
• L 

ta circulate but provide privacy at the same time. (Fig.n.l1) 

The two toi lets were designed back to back'with a 

dividing double ~a1l forming the ventilation duct. 
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Fig. 11.10 The sulfur.bath 
equipment used for testing: 
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Fig. 11.11 Assembly of sb1ar 
heated and su1fur impregnated 
to-i1et house. i 

t , • 

, 

252 

1 >1 

1 

,Fig. 11.12 Sul{ur 
i mp regn a ted -,ca rd b oa rd 
shingle roof. 
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'For the door) w~ w~nted to use impregnated soft-board 

which we could i~pregnate at Laurentide Chemicals & Sulfur Ltd. 

in Montreal. The large holding tanks ?t their premises were 
- , 

i dea 1 ta immerse components as bi 9 as needed, but 'the handl i ng 

of the wet state sulfur irnpregnated soft-boards turned out to 
- , 

be impossible with the equipment availar'le. The only way of 

impregn~ting sQft materials of bigger sizes is with the help of 

---------a S u p p 0 r t 9 r i 11 0 n wh i c h the mat e ria l c a n b e d i P P e d i n. t 0 the 

liquid and lifted out of it again.' Once dry, impregnated 

soft-boards , also heavy, are comparable to fibre cement com-

, . 
pOSltes. 

The'roof finally, we decided to build with a support 

and s'ubstrate made of plywood and a cover of sulfur impregnated 

corrugated ca rd-board shingles. (Fig.ll.12) 

The entire structure ,was basically prefabricated in 

transportable Elements and was erected in ohe day on site. 

Con c lus to n s 

After two winters in use, two major deficiences could 
\ 

be observed. 

The roofi ng has been badly damaged by i'ieather due to 

the fact that the pitch designed was too low. 
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Wi nds' were bendi ng the ti l es up and; n 'some cases 

the y w e r e b r 0 k'1:! n . - D r i vin 9 rai n pen e t rat e d j n t 0 the 9 r 0 0 v e s 

from the headends and disolved the- bond between the surface 

liner and core: But on a steeper roof or with a tile or sheet 0 

-of different desJgn, t~is material could perform very well. 

,Other, R~~,ent Projects' 
, l' 

The experimental low-cost construction workshop of 

Florida A&M University, School of Architecture, in TallaHasse, 

Flori da, 'has, under the gui dance of Prof. Larry Bi rch and 

Prof. Witold Rybczynski conducted further experiments with 

254 

materials and sulfur impregnation for low-cast roofing in 1981. 

Their fjndings partly ~or~espond wilh those of the MCHG 

, vi" ,but complement them in many fields. ' 

1.7 
Sulfur Impregnated Cotton Fabiic Sheets 

,Ramadan Seyam, after discnuraging results with coating 

and i m pre 9 n a tin 9 0 t h ey-;-ur ~"a n i cfa br; cs, pro duc e d 4 8 cm x 7 5 cm 

shi n 9 1 e s (s h e e t s) ma d e 0 f w 0 ven c· 0 t ton f a b rie w hic h h e r 0 l l e d 

on a steel pipe and immerse~ the packpge into a sulfur bath 

fo~ two hours. Although hi~ findings were not wholly satis­

factory as far as watpr resistance is concerned, it appears 

to me that if the right fabric is us'èd this could be a very 

feasible solution. (Fig.ll.'14) 
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Sul fur Impregnated Double Curved Cloth Rooling shingle 18 

Jim Ervin, after testing different fabrics for strength, 

texture and workability, designed a shingle with a minimal need 

for overlap. This double curved shingle was formed in a wooden 

frame restricting or containing the four sides of the shingle 

whi.le allowing the middle section to sag due to gravity. 

An interesting modification to the preceeding system-

ïs his proposed "second dip" which could improve watertightness' 

,of the material. (Fig.ll.15) 

Sulfur Impregnated Folded Card-Board Tile19 

This tile, designed and tested by Chaovalit Poonphol, 

has sorne very interesting qualities. 

Poonphol found that the card-board when taken out of 

the sul fur bath could be formed for about 45 seconds which would 

b e e n 0 u 9 h t 0 fit the w e t s h e e t sin t 0 a n y mou 1 d. "( Fig . 1 l . 1 3 ) 
o 

The results of his testings indicated that such a tile 

would fail in shear at the uniform 10ad of- l277kg/m2 which ,was 

8 times higher than for an unimpregnated one. He concluded that 

with a uniform load the tile would withstard 855kg/m2. 
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Fig. 11.13 
( Poo n p h 0 l, Cil.) 

rlNISH~D 
CJ\.I< DE30ARD -rI L-r::: 

Fig. 11.14 
Seyam1s test roof 
with Poonpholls in 
the. background 
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Fig. 11.16 Detail of overlap,joint form. The second dip was 
also necessary to close the pin holé. 
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C]imate Considerations 

Sulfur impregnated roofing materials being lightweight 

would be adequate for the warm humid tropics, but in con­

junction ~ith an insula~i~g roofing substrat~ such as strami~ 

or similar material it could be considered for composite' 

cl imates '.ns well. 

" 

Economie Considerations 

258 

If sulfur is not locally available or nationally as 

cheap by-pr?duct on the market, sulfur composites will probably 

not be feasible for low-cost roofing. 

But i m pre 9 n a t ion use s rel a t ive l y lit t les u,l fur co m par e d 
1 

. to SC. The technology i5 simple 'and can be applied at almost 

any scale with \~Skilled ,labor needed. That sulfur composites 

genera17y would be ~ost competitive is almost certain as 

sulfur is basically a cheap material in many developing 

countries and very durable in storage and 'as final product. 

Technical Considerations 

The major problem.with sulfur impregnation certainly 

is the need for special equipment and a constant heating 

source. On a larger scale, a scrap ~anker truck could 

provide an ideal holding tank; on a smaller scale, the 
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.' 

o 

o 
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melting pot, for example, could ~e an ail drum. The, bigger 

the holding tank and subsequ~ntly the'ther~al mass of Jiquid 

~ulfur, the less critical the heat 105s would be. 

Social Criteria 

The fla m a b i lit Y 0 f m 0 s t i m pre 9 n a te d' sul fur mat e ria l s' 

259 

may not qualify them for use in high density urban environments 
~ 

.but future inventions may improve on t'his aspect. 

This roofing material, if well introduced, could 

create an image as any other modern roofing material doe5 

today. 
, . 

Pilot projects using sulfur blocks for waUs in, 

developing countries have shown that new materials, if they 

s e r v eth e i r fun c t ion s w e 1 1 , 1 W i 1 1 9 e n e r a 1 l Y b e ' ace e p t.e d ~ 
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,1 NOTE 

The most recent conclusion c!rawn by Prof. L.E. Birch 

of Florida A&M University on the re~ult~ of card-board im­

pregnat'ion is that it is probably n'ot feasible to use 

comm~rcially available ~or,rugated'paper mqterial for roofing 

shipgles, as the impregnation process does not prevent the bond 
~- ~, . 

. between the Jayers from disolving Linder humid weather c,on-
o , 

ditions. 

Consequently, the manufacturing process for corrugated 

• 260 

paper material would have to be changed, using a water re- , 

/ sistant glue. This is not very real~stic, considering the 

'secondaryruse principl~. 

The Il exp e rime n t a l 1 0 w - cos t con s t rue t ion li nit Il 0 f the 
1 l ' 

School. (J-f Arch,itecture'lat Florida A&M University has therefore 

conducted further experiments in finding a paper based sulfur 

impregnated roofing material. 

Tests have been carried out with newspaper clipped 

together in several layers; ~mmersed in sulfur, these sheets 
:~ 

have ~hown promising results, but before further conclusions 

can be drawn, this material wiJl have to be exposed to the 

elements for sorne time. 
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12. CONCLUSIONS 

Low-cost roofing in dev~loping countries is often 
'" 

thought of as hardware., or part of the physical entity of a 

house and nothing more. Although tnis is the final product. 

concentration on the hardw~re alone, we have seen, does not 

of itself lead to a usefuT solution, supposing a useful 

solution ;5 to be found at all. 

The term useful indicates that there is no single 

scale against which all"aspests of low-cost roofing could be 

plo t t e dan d as W it 0 ] d Ry b c zy n ski, po i nt sou tin hi s b 0 0 k , 

Pa per, Hera-es, when com"pa ri ng ,two 1/ appropri a te Il bu il di n9 
',- '". . . . . 1 './ technologles: \ 

;j 
1\ Use ~ u l ne s s 1\ mus t b é me a 5 ure d b Y' a con s ide r a t·i 0 n of 

ove~-all:benefits, n~t,by some narrow measure of 

Il a pp r 0 p ria t n.e 5 Sil. 

This statement reflects the complexity of evaluation 

and further underlines that the hardware. ev en if it serves 
, 

iti function~ can have a positive or negative social and 

economic impacL 

Amongst all the criter.ia discussed in this thesis 

(climatic, economic. technical and social), the climatic 
, 

criteria are most critical for the,dweller's comfort and 
, 

o " 

are-therefol"e f.orming the base for the 'se"ection of a roofing 

system. 

" 
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From the elimatic data* collected for a specifie lo­

cation of:a proj~ct. a Glimê1tic pattern will emerge, which in 
o 

this case, will inevitably correspond to one of the three major 

tropical climate types or their related subgroups as describeâ 

:in chapter 2: a} w~rm-humid equatorial clitnate, warrn-humidoor 
1 

tradewind climate; b) ho~-dry' desert, or sem; desert climate, 
1 

hot-dry maritime desert cl.irnate; c} composite or monsoon climate, 
,-

tropical upland climate. It is then relatively easy to arrive 
~ \ 

at p~rformance specifications for a roof, taking all other 

criteria into consideration~ 

Amongst these "other" criteria, we find sorne which 
.r 

don1t clearly fit into one of these four groups: II c lirnate, 

economic, techni cal, or social'", but rather deal with aspects 
) 

~elated to 10'(:a1 a'nd{operational problems and conditions. 

Four distinct qUestio\s dealing with these aspects can be 

identified: 

* . For the diagnosis of a tropical climate, C. Mahoney has devised a 
series of tables. The system was first RUblished by United ,Nations 
Centre for Housing, Building and Planning, in IIClimate and House 
Design ll as part of the series IITrends in House Design ll

• Table 1 is 
used to record the most essential climatic data, directing and 
defining the extent of data 5earch. Table 2 facilitates a diagnosis 
of the climate and develops a series of climatic indicators. Table 3 
trans'lates these into perf~nce specifications or sketch design 
reconmendatiDns. \.' , 

, , , , .. , 

I~ 
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How much is 90in9 ta be built? 
1 

The answer to this question will determin what type of operatio"~ 

would'be appropriate under the specifie local conditions. Th~ r 
number of units to be built, whether one or several hundred, is 

an important factor in the decision making process. It will 

influence the type and size of operation and often limits choice 

considerably. 

Who builds the project? 
• 

Th i s w i 1\ d e pen don the for mer que s t ion and c e r t a i n l 0 cal . c O"Q-

ditions. Jn most developing countries today, we find two broad 

sectors, modern and traditional, and each of these can be 
'''''' 

further subdi vi ded i nto two subséct ions: a) i nter~ati onal 

modern, b) national modern, c) transitional-traditional, and 

d) traditional-rura1. 2 

How will the project be built? 

This will be determined by the technology, quality and quantity, 

or labor and equipment 'available or feasible to use for a 

particular project. 

Furthermore, the time of completion will be an im-
1 

. portant factor under this question. ( 
How,is the project financed~ 

\ 
""-

It makes a difference whether a project is solemnly financed 

and built by a family, mainly active in the informal sector, 

.. 

" j 

~ 
1 

1 

1 



~,.. 

L 

,_. ___ , ... ~_~1~ 

() 

.' 

or through the World Bank~ and/or a nation~l organi.zation .. 

Depending on the situation, this question'influen~es the 

decision"making with respect to higher or lower first cost 

and durabi1ity and maintenance considerations. 

, 

C+-
In the 'f.g)lowing three paragraphs, 1 will summarize 

and rank, in order of preference, roofing systems discusse~ 

in chapters 4 to 11, as they compa re to one another under 

each of the three climate types. However, these recommendations 

can only be regarded as being very general. It is difficult 

to select a roofing system on a general basis as local con-

di ti ons di ffer wi dely f<rom one to another.' 

My selection is based mainly on the general climatic 

performance and those economîc, technical and social criteria 

which are crucial and of importance universally. On this basis, 

1 judge t'he following roofing systems to be useful in these 

climate zones. 

ROOFS FOR WARM-HUMID EQUATORIAL CLITMATE 

266 

Due to the very small diurnal variàtions of temperature 

in this climate, roofs in this zone should have a very low 

thermal capacity, preventing the ind~or temperat_ure from in­

cre?sing above the outdoor one. A ceiling with a we1l venti1ated 

roof space should be considered as a minimal requirement. 
,./ 
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1. The corrugated galvanized iron roof, CGI roof (P. 70) 

Based on pure climate considerations, this roof 1s 

certain1y a\ leader as it has the 10west therma'l mass amongst 

aN low-cost roofs consideroed. 

The CGI roof is generally low-cost but the covering 

material requires usually up to 100% foreign exchange. This 
o 

negative aspect, though, is today often improved by importation 
c ' 

of b lac k met a l s h e, et s wh i cha r e for me dan d fin i s h e d lac "a 11 yin 

a simp1e'process. The fact that this material is available 

almost anywhere in the tropics, .that transportation is not 

difficult and installation very easy, is making this system a 

very useful one. 

The need for maintenance and, relative short' life span 

are balanced by'·the possibility of easy r,eplacement and low-cost. 

2. Fibre-cement 'roofing sheet's (p. 163) 

This system follows after the CGI roof, not 50 much 

for its thermal performance than for the gO?d ~ompromise of most 

other factors. The on site manufactured prO'cess is inexpensive, 

simple, and labor intensive. Apart from the need of cement, " 
'-

cheap brganic fibres and aggregates can be~used. 
, 

C~o m par e d t 0 the la s b est 0 s ce men t r 0 0 fin 9 ·m a ter i al 5 , 
\, 

this system performs equally wel1 but needs less foreign 

exchange. 

• 

\ 

(1 

" 

\ 

" .,.~ 
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If th,is technology is' properly and widely introduced, 

this roofing system has all the potentials to become a feasible 

substitute of CGI rQofing. 

13. Burnt clay tile roofs (P. 183) 
1 

\ \ Similar to fibre-cement roofs, this roof is iri a 

~alanced relationship to most criteria. Although its thermal 

p e r f 0 rm an c e i s no tas f a vou rab l e as th a t 0 f the CG 1 0 r fi br e-

cement roof, a ceiling with some insulation ~apacity could make 

this system even in this climate zone a feas'ible one. 

The cost comparison of low-cost roofing systems in 

Somalia (Table 14) leads to an interesting conclusion as far 

a,s t/raditional versus ,modern roofing ~ystems are concerned~ 

Lif~ cycle costing dDes nDt only p'kace traditional roofs behind 

sorne modern ones, but it also shows that appropriatness cannot 

e a sil Y b e ma d e exp l i ,c i \ 0 n the bas i s 0 f con s t r u ct ion cos tan d 

the evaluation of the general criteria. 
\, 

Comparing the Somalia study and the cost comparison 

of low-cost roofing system~ in Nairobi (Table 15), it further 

indicates that appropriatness can differ in different places 

depending on local economic conditions. 

Where as CGI roofing was the absolute leader in 

Nairobi, local fired clay tiles were lowest in cost in Somali~. 
1 

But the authors of the Somalia study did not consider this 
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Table 14 Cost comparison of low-cost roofing systems in 
Somalia (Experimental Low-Cost Construction Unit) 

'Ill""" .. 
1· Jill!!;! lUiJ' ,~ , 1 , FOIŒIGN Ml\JNf. ITOTAL LlI-'E 

ROOF mIlS., 1-futeTl31s LabaT 1 , Tata~ rutuu:NCY mrr lS YI l CYCLE CŒJ' IS YR 
. ~t $fSM ~/:>'oI ~1:iM ~!JWJ' lU~D. (\) WW1' 111HOUJ' UIlOU!1/YR 

Tradititnal Ma~ti' $ 3.25' $0.08 '1/' $3.33 $185.81 51\ $199.84 $ 385.65 $25.71 
, ' ( 

As IluiIt Makut~ Type l 5.86 0.10 5.9f 332.57 54\ 224.23 556.80 37.1Z 
" " 

As Duilt Makut!' Tffle 2 5.07 0.10 ,5~17 • 288.49 61\ 265.01 553.50 36.90 

30 on Porlin, M<Jku~I, 4.07 0.08 " 4-.15 Z31.S7 65\ 237.78 469.35 31.29 
Alternate Type 3 , 

.' 
Preservative Treated 

, a 

lobJruti-AlteITIate"Type 4 
8.57 0.11 8:68 484.34 83~ -- 484.20 32":28 

a 
Local Fired Clay TUes 3.41 0.31 3.72 207.58 82\ -- 207.58 13.83 

1. T. Workshop Corr. '279,00 
, a 

Fiber Cement Tiles 
4.83 0.17 5.00 100\ -- 279.00 18.60 

8 
50.69 34.11 

Corr. Galvanizcd Iron 9.13 0.04 9.17 511.69 100\ --
0.04 16.30 909.54 100\ 

a 909.54 60.64 
Cor~. 1\1uminÏIII 16.26 --

24.2~ 0,07 24.32 1357.06 100\ 
a 1357.06 90.47 

COH. Asbestos Cement --
Sulphur lmpregnated -- a 397.85 26.52 ' 
èorrugated Cardboa~d 

7.06 0.07 7.13 :m.85 100\ --
Reinforced Cam:rete Slllb 11.09 0.80 1l.89 513.65 100\ 

__ 8

l 513.65 34.24 . 
lllilŒ LOI'IJ:Sr FIllSl COST: 11lREE W'/LST (X)Sf PER YEIIR: 

'Crilditional Makuti $l.33 [,ocal Fircd Clay Tiles • . • $13.83 

I.ocal Fired Clay Tiles : '~..;: 3.7Z I.T. Worlshop-Cornlgated • 18.60 
J1bcr Celllent Tiles 

30 011 PurIin 
Altcmatc Type 3 • . . . 4.15 Traditional ~lakuti . . . 25.71 

arndicates no major replacement of any. system or sub-systern of the roof rcsulting, in a negligible 

maintaincnce cast. 
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Table l~ Cbst comparison of low-cost roofing system in Nairobi 
R 0 0 ~ S T R 'J C '1' URE S FOR L 0 W - COS THO U SIN G ( Ey gel a a r ) 
cos 'r c 0 M PAR l SON FOR VARIOUS ROOFING MA'l'ERIALS 

C.q.1. 
sheet),ng 

Standard 
sheeting 

'!'roush 'IT ' 4 

132% 135% 

Asb .-cel1l'3nl. 

sheeting 

StanJard 

Concr&tE­

tiles 

lnw pit ch 

5 

Concrcte 

tn .. " . 
Ligl-.l ·1E:Jgh\. - ~--: _.~ 

C'-lrnt chty 

t 1 tf>t:­

/ ... nga101" - ------

1 

·1 
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system to be appropriate as local firewood would have been u 

depleted by buil~ing up a c~ay tile industry, which would apply 

in other countries with similar arid climates. 

These facts indicate that the selection of a roofing 

system not O'ril y for this climate zone but in general, is a very 

dynamic process depending on local con,ditions mainl1y. 

ROOFS FOR HOT-DRY OR SEMI DESERT CLIMATE 

The large diurnal temperature variations necessitate 

270 

roofs of large thermal capacities, storing heat during the day 

and dissipating it during the night. Residentia1 structures need 

to have a time-lag of 9 to 12 hours. 

Considering that wood is always in short supply in 
1 

this c1imate zone and precipitation sma11; I have arrived at 

the fo11owing rank in order of preference of appropriate roofs • 

for this climate: 1 • 

1. Ferrocement,structure with earth cover (p. 127, p. 132) 

The excellent structural and economic qua1ities of 
1 

• 
Q 

fer r o.c e men t are ma k i n 9 t h i s mat e ria 1 the ide a 1 s u p p 0 r t 5 t ru ct ure, 

serv,ing as roofi,ng substrate and water barrier at the same time. 

All aspects as further summarized on page 276 apply and the 

earth or sand cover can be tailored to serve the thermal 



c 

. " . 

capacity needed. T~is roofing system has the further advantage 

th a t nos car c e -w O-o-cl- i sne e de dan d the r 0 0 f ca n s e r v e a 11 

traditiona1 requ~rem~nts and can also have an indigenous 

appearance. 

2 • Th e Con co - br i c k, Z e d - t i 1 e and j 9 i s t a fi d i n fi 11 s ys te m s' 
~pp. î 00-1 08) 

In densely populated cities like cair1' where the'mud­

brick technology is not feasible anymore, these roof-f1oor 

systems are offering a good compromise, 1eaving the possibi1ity 

of future upward extensions open. 
, 

The cast comparison of test roofs in Table 16 and 

17 indicate that after the thermal performance has been eva1u-

ated, local econo~ic conditions are influencing the situation 

a great deal. Roof., no. 6 appears ta be the best compromi se as 

cement seem~ to be imported but not the clay tiles and with 

the minimal use of cement for this roof, the system offers 

the best choice in that case. 

If ro'of no. 10 had been built with a ferrpc.ement 

~upport structure and thus reduced the high proportion of cost 

for imported materials, this roofing system would appear ahead 

. of roof. no. 6. 

. , 

1 

1 

1* 
1 
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3. Mud brick dame ~nd vault (p. 1~8) , 
\ 

This roofin~ system combines a great number of aspects 
. 

positively and win a~ways have a future. Especial1y the 
, 

'economic aspects like law-cost, no foreign currency required, 
~ \ 

use of local available materials, high labor input, and low in-
1 

vestment techn'ology, together with posi1tive social aspects are 

out wei 9 h i n g t he ne e d for ,..a n nua l ma; n te na n c e and s k ; 11 e d l a b 0 r • 

The major drawback of this otherwise very convincing. 

often with stabilizers impraved materia1, is its Tow resistance 

"ta Earthquakes. Had this roof been included in the comparison 

of Table 17, it may not have turned out to be the chea'pest one, 

but certainly the ohe with zero cast for imported materials. 

ROOFS FOR COMPOSIT.E CLIMATE 

The changing seasons in this c1imate are demanding 

more of a compromise ~ith regard ta thermal performance of the 

roofo Ideally, a hause in this climate zone would have a high-
l' 

weight structure for the warm-humid period and one with a high 

thermal capacity for the calder season. 

The compromise often ;s a structure with a time-lag 

of 5 to 6 hours or less. 

" 
l 

. '" l ) 
?' 
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Table 

Table 1 7 

Typi ca l roofs for hot-dry climates 9(OBN 

Roofnol1102 

1 lOOmm reanforcecl concrele &lib 

Roof no3 

1 lOOmm re onforced concreie sllb 
2 50mm e.ponded polystyre". 
3 Two lavers roofu)g I.h 

Roof no 4 

", 

1 100mm reanforced c.~,::r8tlf-Sl1lb--------::;~~~~~~ 
2 Two layers roollng lei, 
3 Khafg' (mla 01 cement sand lime and 

lmall ch1pp.ngs of red bucksl 

Roof no 5 

, 100mm reanlorcod concrete slab 
2 Venlolaled ilor space 
3 Corrugaled galvanlled Sleel 

'i 

'. 

....... ' 273 

182) ", 

Rool noe 
, 300.250. 180mm hollow .. It. 
2 50mm reonlorced conc,ele 
3 T'NO lavers roof"'IJ len 
4 70 - 50mm cement und ,(reed 

Roof no 7 
o 

, eroçk on edge Jack Irch 
2 Cemenl sand sc"ed 
3 Two layers roolong leh 
4 'Khalg,' 

Roolne 8&8 

, Corrogàted galvinlzed steel 
2 Air space 
3 15mm lobre board cOlh09 

Roof no 10 

15mm T!o G tlm~r boardlO9 
2 Two lavers roolo09 feh 
3 100mm mud laver 
4 Z,bala' layer Imlo 01 .nom.1 dung 

....... nd """', 

Cost of roof construction for the above roofing types 
(OBN 182) 

15000'r-----------------------~------------, 

CoSI 01 local mal.roals 0 

6 

Roof number 

Cost 01 omported mal.roals 0 Totol cost ~ 

1 
, 1 

! 
1 
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1. Burnt clay tile roof (p.- 183) 

Whether the roof is made of' cerami c fus~es or con-

ventional clay tiles, this material combines excellently all 

• roofi ng cri teri a and appears to be closest to the i deal for' 

low-cost housing in composite and tropical upland climates. 

Nevertheless, there can be f!o absolute hierarchy of 

costs of different rooflng systems and the following tables with 

cost comparisons of comman 'roofing materials indicate only that 

'indigenous, low energy consuming materials with e,xcellent 

roofing characteristics, such as burnt clay tiles, are actually 

very cost effective. 

The cos t e f f e c t ive ne s s ,0 f a clay t i 1er 0 0 fis no ton l y 

documented by ·these cosot compari sons, but more so by the fact 

that burnt clay tiles have a longer, maintenance free life 

than CG! roofs for example do. 

Considering over-all benefits, it is this kind of a ~, 

-
,raofing'material which fits best in the prevailing transi-

, 
tional-traditional segment* of construction industry in de-

veloping countries. 3 But it would be wrong to assume that this 

\ 

i s the ide a l r 0 0 fin 9 mat e ria l wh i c h 'c'o u l d b e a p pli e dan y w h e r e i n 

the developing world without further research in this field. 

* In this segment are found small firms characterized by labor­
intensive methods of construction, with attendant lowered 
productivity and labor skills an'd capabilities among the entre­
preneurs and work force than i s true of the modern segments • 

. ~-

\ 
\ 
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Table 19 
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/' 

Roofing costs in Madhya 
/ 

P'radesh (I SOHP-=74) 

--- -
.!.!!:!! 

RATF. WITIIOUT WOOD WOU 
& OntER IICCfSSORIES 

a. Single wheel tUe K •• 40.68 per 10 sq ••• , 
b. Double whrd tU. Rs. 86.14 

c. Al1ah~bad tilt Ro. 8S.0S 

d. H.rigalore tU. R •• 75.74 

e. Asbesto8 CCIllcnt sheet Ro' lZ6.79 

f. C:tlvanl7'ed Corrug.oted R. 138.79 
Iron sheet (22 BIIG. 
oheets) ~' 

g. Asphalt!c sheet Ra. 19.30 ~ " 

h. Asbestos cement (urved Rs. 174.-60 
'1hcet 

TOTAL cosf OF 

--!QQL 

+~. 880.00' 
, 

+RB. 1,175.00 " 

+RB".. 1,200.00 
t 

+Rs. 1,205.00 

+RB. 1,470.00 

+Rs. 1,690.00 

+Rs. ~,JOO.OO 

+R •• i,315.00 

,. 

• 

...­
./ . 

Roof construct~n cost comparison 
(Habitat Int~rnational) 

in Indo.nesia 

- roof with clay tîle 
- roofwith 28 BWG galvanised iron shect 
- roofwith wooden single 
- roofwith asbestos sheet 

Rp. 700.-1.250 
Rp.l,400 
Rp.I,800 
Rp,2,OOO 
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'2. Ferrocement roofing systems (p. 109) 

Ferrocement, a "modern" material, has high potentials for 

r'o 0 fin gin th i s c 1 i mat e . The h i 9 h e r cos t for th; s r 0 a fan d po s s i b 1 e 

foreign currency requirements for cement are welJ balanced by the 

f~ct that all o~her criteria can be satisfied in a very positive 

way. Machinability and the general structural capacity are making 

t h.i s r 0 0 f~' fur the rad a pt a b let 0 var i 0 U s l 0 cal and e con ami c con -

ditions. 
• 

For large scale d~velopments, machine made panels like 

des cr; b e don pp. l 1 8 - l 22 will m ost l i k e 1 y b e 'm 0 r e a p pro p ri a t e 

than insitu "cast" roofs". Transportation of roofing elements 
.' 

would make this material less competitive, on site or local pro-

duction is désirable. 
t. 

, J 

Ferrocement needs to be further promoted; wider use 

is then almost certain. 

3. Waste material and paper systems epp. 205 & 53.LI 

It appears that these materials wou)d be most appropriate 

; n ~"'! i mat e Z 0 n e a s sun rad i a t ion, te m p e rat ure and pre c i p i -

tation ar~ less extreme than, in the other two zones discussed. 
~ 

The increasin~ interest in resource recovering projects, 

the scarcity of foreign currency, the increasing production of 

waste ma~erials, like packaging, and a1so industrial and a9ri-

1 

1 
j 

i 
.~ 

1 
, [ 
-Î 

1 

r 

l 
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• , 
cultural by-products'I-indi~cate tha.t there 1s a, potential for 

l 9 e ~ u ; ne. a p pli c a t ion in' 1 0 w - c 0 ~ t hou sin 9 • Them a j 0 r pro b 1 e m 

, . 

_ \ '<If f ., 

connected wi·th the, use of waste materials is a management problem. 

thatmeans if Mr. Heineken hadfinal doubts and the'Chilean 

Governmen-tt no courage to i ntroduce or ~i mpl ement a by- product 
"'", " , 

project,.wi,de s.pread use anp eS·pecially efforts into this 

direction wHl' be l~ted. . 

.. 
~ ... 

.­, . 

Fin' a 11 y, t h·e p e r f 0 rin an ces tan g a r d san d 9 e ~ e ra 1 cr j ·t e r la 

discussed at length in this t~sis provide sp:eci"fications of 

the qualifies which idea1 roofing systems for the tr(}pic~ should 

possesse These specifications may appear to be, a~ Kpenigsb~rg6r4 

said, "a tall arder ll
• Yet, modern indu.st'ry has coped with more 

1 

d i f fic u 1 t .a n d co m p l ex tas k s • 

The enormous housing defi ci t and, the roofing 'flrob.l em, 

_ e s pee i a l 1 Y _w h e n t h,e hou sin g. i s t 0 b e pro v ide d b Y self - he 1 p 0 r - .. 

mutual aid, utilizing unskifled or lo~-skilled labor, are 

therefore calling for research, development, :ïmplementation and 
" 1 

'. 

finally application of new useful low-cost raOfing systems. 
1 

There are, however, bartiers to innovation, especially in 

bu il di n 9 bec a use Q. f i.t s h u 9 e and d; ffvs e na t ure and it sin t 1 mat e 

'r e 1 a t ion shi p t 0 a 1 lof the soc i a.1, e con ami c, pal i tic a 1 and 

other influences that must be considered. 5 . 

,.' 
; , 

. ... 
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GLOSSARY OF·TERMS ç .. 

Abaca 

Adobe 

': 
% Atap 

J Azaras 
.. 

Bagasse 

Barasti 

Barri adas 

Bi donv1l1es 

Birish 

B,urlap 
1 

Bustee 

Canal etta 

CG! 

Chapa modul ada 

Ci nva-ram 

Cob 

Coir 

~" 

fI-

Second in importance among the gro~p .called leaf fibre. 

Mud'"or soil~ used for building in "form of bricks, poured 
or ralJlTled. 0 

Leaves used .for thatching in r1alaysia. 

Spl it palm trunks used as earth mix reinforcement in 
the construction of floors ànd flat or domed roofs in the 
arid zones of West Africa (they are appr. 2.40m long). 

Fibre remaining after the extraction of- the sugar-bearing 
juice from sugar cane (also cal1ed mégass). 

Palm frond stem construction. 

Squatter s,.ettlements (Peru). 

Squatter settlements, slum areas (French Africa). 

RDof~ng substrate '(matting) on ea1t,h roofs .in Sud1!-n. 

Coarse fabri-c-,ma-de usually from j~te or hemp. ' 

Slum settlement (India). 

Folded asbestos . cement roofing-channel~ 

Corrugated gal~~i~ed i ~on sheets. 

Curved asbestos roofing sheet, made in Brasil.(': 

Soil ce~ent block hand-machine. 

Soil lump in form of a football us~d as soil brick. 

Fibre, covering coconuts. 

L" 

0' 

./' 
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Favela 

c " H~rapan 

Javeed 

Kenàf, 

Khafgi 

Makuti 

Mangalore 

Mirig 

\ PC 
\ 

PCC 

Pisé 

Rattan 

Rammed Earth 
'. 

RC . 

Rosella 

Sawal i'. _ 

SC 

Shagig 

Shanty 

Soi 1 Ce!11ent 

: (" 
\ 

Stramit 

$wish 

, , . 
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Squatter settlements (South America). 

Roof extension of typical rural Philippine house. 

, Bearers and cross bearérs of an earth roof. 

A fibre of the group called bast fibres used as jute substitute. 

Mix of cement,sand and 11me with a small chipping'of 
ordinary brick, used in North Africa as scr,eed. 

Thatch shingle (East Africa). 

Hand pressed, curved.rQ~f clay tile. 
t \.1 

Main beam (palm trunk) supporting earth roofs. 
<'.. '{ 

Portl and cement. 

Portland cement concrete. 

Rammed earth. , 

Climbing vine, used for construction in Indonesia. 

Clay mix,' used for insitu construction. 

Reinforced concrete. 

Pl ant fi bre. 

Bamboo matting in tropical Asia. 

Sulfur concrete. 

Timber joists on earth rodfs. 

Slum type structures in Asia. 

Cement stabalized soil for making blacks, tiles 
or plastering walls and waterproofing éarth roofs. 

Compressed straw panel (product name).' 

Cob in Ghana. 
/ ' 
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Thatch 

Torchis 

/ 
Tubali 

Vigas 

-.' .\ 

\~attle and Daub 

Zed-Ti1e 

Zinc 

l .. 
" 

Common term, used for roof coverings made of straw, 
1eaves or grasses. 

,. 

A mixture. consisting of clay soil and cow hair", used 
for' buil di ng daub wa 1'1 s and roofs (French), 

A' West Afr; can term for hand made, pear shaped "bri cks" , 
made from a mix consisting of clay soil, water and short 
pi eces of grass, . 

Poles, used as rafters for earth roof construction. 

Framewark of posts and pales, supparting a matting or 
other assemblage of woven or otherwi se i nterwi ned reeds 
or sticks. Sail mixed w;th water is then plastered on 
both si des, 

i 
Fibre-reinforced, double curved infi" element, used for 
floor joist and infil'l 'systems (India). 

l 

~1ix of animal dung. straw and mud for rendering mud walls 
and roofs in Sudan. 

A comman African expression for CGI roofing 
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ANNOTATED ffIBLIOGRAPHY 

- A • 1 s sue s t 0 . L ow - Cos t Hou sin 9 

Turner, J.F.C." "Housing b~eople; towards autonOll(Y in 
building environmen 5". 

New York, Pantheon, 16-9 p., 1977;diagrams, photos . 
. 

This essay on adequate housing for low incorne groups and the 
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rQle of selfhe1p at the individual and the local level, dis­
eusses the adyantages of Tocal government co'ntrol in urban 
planning and building, use of traditional architecture, in,ter­
persona1 'commut)ication networks and social participation at 
the c 0 m m I,l nit Y l\e v el, a s 0 p p 0 s e d t 0 the i nef fic i e n c yan d s 0 ci a 1 
cost involved in current central governrnent controlled housing. 

Fu rther read in g on genera 1 aspe~ ts:4I. 

Tu r n e r, J. F . C ., Fic h te)' J R., Il Fr e e dom t 0 bu i 1 d Il • 

N è w Y 0 r k, M'a c Mil l an, 3 0 0 P ,., 1 9 7 2 . 

r. Sta'ndard' Works on Low-Cost Roofing 

Btrch, E.L., Bruce,' J.B., Hollister, D.T., Wright, M.M •• 
Florida A&M University, School of Architecture, 
Tallahassee, Flori.da, USA, "Investigation of 
alternative roofing systems available for use in 
the Kurtunwaare Pilot Housing Project". 
Experimental low-cost construction unit, publication 
No. 5, 75 p., June 1981, 24 refernces. 

~ 

'This report was prepared as a result of the USAID and GQvern-
ment of Somal ia funded Construction Training Prt>gram for the 
Pilot Housing Project in Kurtunwaare, Somal ia. 
Following projè'ct specifie notes, a comprehensive list of 
available roofing materials together with a detailed des­
cription of the twelve considered roofing types are shown. 
These roofing types are finally plotted agairlst criteria like 
material anq l~bor cost, foreign currency requirements, 
maintenance cost and' the total 1 ife çycle cost for a' 15 year 
period. ~, 
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.Eygelaar~ J., '~Roofs for Low-Cast Structures". 
"Housfng R'esearch and 'Development Unit" University 
of Nairobi, appr. 30p., 1978. 

\ 

to., 1 Il • 
- v -

E r.k e l e n s, ~A., "L 0 w - Cos t T i fi ber R 0 0 f t (1 u s ~ " . 
. H 0 us i n 9 Res e arc h q n d De v e l 0 pme nt. Uni t, Uni ver s i t Y ~ 
b f Na i rob i, a p p r. 25 p, 1 980-• . ' 

These two, as well as fJrther publication~ by the Housing 
Research and Development Unit on the topics of iow-~ost 
~ 0 u s i n'g and 1 0 w ...: cos t r 0 ~'If i n gin par tic u l a r 'a r e ver y pra c t i ~ e 
related standard works. 

. , 
Koenigsberger, O., Lynn, R., Architectural Association, 

London, U.K., "R60fs in the warm humid tropics". 
Arc h i tee t u ra 1 A s soc i a t ion, P a p e r N om'b e r 1, Lon don , 
U,. K., 5 5 p., 1 96 5. l 7 ta b 1 es' and 26 r e fer en ces., 

This paper discusses performance standards on roofing.for the 
warm humid tropics. The results of heat-flow calculations of \ 
roofing and ceiling materials are analysed with reference to 
these perfbrmance standards. The main el~ments of,cost are 
compared for those roofs which satisfy the tentative per~ 
formance standards. Results are d~~cussed and conclusions 
drawn for fur,ther research, preselrf~\practice and future deve­
lopment. 

c 

National Academy of Sciences, National Research Council, USA, 
"Roofing in Developing Coun,tries". Research for New 
Technologies. 
Washington, D.C., 74 p., 1974. 

This report presents the National Academy's Building Re~earch 
Advisory Board's (BRAB) special committee's conclusions and 
recommendations concerning areas of research and kinds ôf 
materials indicating signiflcant potential for the development 
of new roofing technnlogies that could provide early solutions 
to the particular ~roblems of developing countries. Ten appen­
die e sad d ~ e s~ a rio us tee h nie a 1 as p e ct s ,0 f pot en t i al ne w r 0 Çl fin 9 
technologle~ ~ 
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C, Tec~nologic81 Topics 

Overseas building notes. Informa~ion 'on housiR"g and con­
struction in tropical and sub-tropfcal countries.' ~ 

No. 145 "Durabil,ity of Materials for Tropical Building", 
12 p, August ,1972.,' ~ 

No. 148 "The Duraoility o'f Metals in Bulldlng"" 
8 p, Fe b r'u a r y l 973. .. 

No. l 55 "0 n Ce i lin 9 He i 9 h t san d H-u man Corn for t" , 
6 p, Apr;] 1974 . 

No. 158 "Bui1ding for'Comfort", 
9 p, October 1974. 

Nà. 160 "Low-Cost Housing in Urban a~d Peri-Urbal1"Areas rl
9 

6 p, February 1975. 
, 

No. 164 "The Thèrmal Performance oJ Concrete Roofs and Reed 
Shading Panels under Arid Summer Conditions", 

,8 p, October ]975. 

No. 165 "Bui ldi.ngs and the Envi ronment", ô 

la p, December -197f. 

No. l 80 "B it ume n Co v e r,i ri 9 s for Fla t R 00 f Sil, 

l 4 P. J une 1 9 7 8 '. 

No. 182- "Roofs in Hot Dry C1imates, \'11th Special Reference 
to Northern Sudan", 
17 p, October 1978. 

\ 

Prognos 'AG, "Economical Housing for Devèloping Countries", 
B a-s el" 'S w i t z e r 1 and, a p p r. 1 200 P ~ in 4 vol ume s, 1 979. 

Vol. 1 Ge~eral Survey ResuNs, requirements, technological 
options, forecasts, trends of development, \ 
(appr. 10.0 p). 

"Vol. Ir Technological Survey, Raw materials and semi-finished 
" products, 

Vo1.III 

(appr. 460 p). 
, 

Technological Survey, Building systems and pre­
fa b ri c a tJ 0 n , 
( l pp r . 4 1 0 p t. 

• 
-·Vul. IV Macro-Economie Survey, Housing needs and markets r 

(appr. 200 p). " 
- .' 

Th i s ver y c 0 m p'r e h e n s i v' e colle C; t ion 0 f t e c h n 0 log i cal and 
economic data was unfortunately not available for my research 
~f art h i s the sis . ~ 
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Other consultea, less cbmpr~hensive'but ne~ertheless valuable 
and part1y comparable' works consulted were: 

, , ~ 

Goodman, L.J., Pama, R.P., Tabujara, E.G., Razani, R., Bu,riall" 
F.J., East-West Cen'ter, Hawaii, USA, "Low-Cost Housing 
Techno1ogy", New York, Pergamon, Press, 3~5. p., 1979. 

St ut z, R'., Il A p p r ci p ria te b u i 1 d i n 9 ma t.e ria l s ", a, c a ta log u e 0 f 
~otential sol~tions, Swiss Center for Appropriate 
TechnQ1agy, St. Gallen, Swit~erland, 321 p., 1981.. 

SalY\er,\t.O., BÇlll', G.L., Uzmani, A:M., Werkmeister, D.W., 
Monsanto Research Corp., Dayton, Ohio, ~Deve1op~ent 
of Low-Cost Roofing from Indigenous Materials in· 
Oeveloping Nât'ions", a'nnual report no. 2, Washington, 
O' • C ., A ID, 3 4 9 p.. 0 e c e m b'e r 1 9 7 5 . 

.-1.,' • 

D.- Further Aqnotited Bibliographjes on Low-Cost Housing for 
Developing Countries 

1 

285 

Eas't-West Center. H9nolulu, Hawaii,' USA~ "Annotated b'ibliography 
on ,housing and ,settlements. for low income p'eople", 
East-West Center, 37 p., 1976. . 

This annotated bibliography has been put together from revised, 
edited and selected documents from HABITAT Forum, UN Conference 
on Human Settlements (HABITAT), 30st May - 11th June, 1976, 
and the TRIAD Operation Workshop, 24th May - 2nd July, 1976. 

S'late, F.O., Acton, M"A., 'Chinamora, T., Cornell UniversHy, 
Ith<aca, N.Y., USA, "Low;-co'st housing f~r developin,g 
cou n tri ,e s ": a n an no t a te d b i 'b 1 i 0 g.r a ph y, 1 95 0 - 1 972 , 
Cornell' Universi'tY1,' 214 p., 1'974'. 

, . 
Bibliography/costs/~ousingfdevelopin9 countries. 

, '. 

/ " 

• 
\ 

.' 

/'~ fi . 

1 " 


