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ABSTRACT "

i
~ !

a
o

The generaf problems of low-cost roofing for tropical
é

devqlpéingucountries are discussed and the four main criteria:
. climate, economic, teéhéic&] and social, invesfigated in

detail. | -

Roofing Eypes anedéxdmjned ;ogeﬁher with the'rbof

e]ement;V(the supporting structﬁre,"ﬁhe rbofing substrate, the
. roof coveringj'and_é comprehensive 1ﬁs£ of‘poteﬁtial roofing
., materials' is included. ) - : - N
v A ;arie§& of roofing systems are discussed in detail

based on the previously outlined criterja and tlassification.
, The sy%tems and materials investigated are: "paper systems,

- metal roofs, bituminous roofing materials, cementitious com-

’

posites, burnt clay, earth roofs, waste materials, and sulfur

composites?f . | > )

From the data obtained, the author éonc1ddes that a
definite statement of apBropriatﬁéss for :a particu]ar roefihg
system {n a g%Ven region can only be made by recogni%ing the
coﬁp]ex_variafions,in local envifgnm@ntai conditions and

3

- economic and natural resources.’ '
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RESUME

. Les problémes généraux des toitures économiﬁues dans

les pays tropicaux en dévg]opﬁement.éont 1'objet de cette

étude, et les quatres cr1téres économique, c11mat1que, T

N

,

technique et social y sont ana]ysé en détail. . - ;

~ I3

Les différeﬁts types ge couverture sont 6tudiés en”

\

re1a§ion avec les éléments du toit (structure de support,

¥

partage, recouvrement).0On troyvera gégalement uneqnomencTature
des matériaux utilisables. ’ N
Divers systémes de toiture sont étudiés en détaijl

suivant les critéres et }es principes de classification .

décrits ci-dessu;. Ce sont: les toitures en papier, les
. [ '

toitures métalliques, 1e§ toitures asphaltiques, les toitures

en composés de ciment, en &lémeat dé terre cuite, en terre,’

en matériaux de récupération, en composés sulfureux. '

“

' D'aprés les données recueillies, T'auteur vient &

P

cette. conc]usion qu‘un systéme ne peut é&tre-applicable
directement 3 une reg1on donnée 59 seu]ément 1'importance

des variations environméntales,des cond1t1ons économiques

1]

et des resources naturelles est 'prise' en consdéderatian.

~

i



‘ ACKNOWL EDGMENTS . ) g ) . .
. ° - » i

1

’

qh

The author is grateful to PYOféSSOI‘WftOTd Rybczynski *

for his valuahle guidance and advice, whose assistance
g , . i

supported his research at the Minimum Cost Housiﬁﬁvﬁroup. -

Thanks are also.due to Vikram Bhatt who was always neady to o

v

. N (d
help when it was S%%ded. * T

K

The author-also wishes to exp#%@s his gratitude ti///

"Miss Maureen Anderson and Professor Norbert Schoenauer of
the School of A}chitecture of McGill University for their

9
assistance and encouragement.

, . ]

Finally, I would }MK&~to thank my* wife, Brigitte,

\ - ° . fo
not only for the typing 'but for her patience and cont4nued
° — T / ,

moral support. ‘ S /(

LY



o

" CHAPTER

CHAPTER

TABLE OF CONTENTS

CHAPTER

CHAPTER
o

CHAPTER

SEAETagh%

il
f].
l1.
1
1

NN MNDNDN

P

5
S.
5

L] L]
N et e et
. .

_LIST OF TABLES

N =

LIST OF FIGURES/

o

\
INTRODYCTION
The Hous1ng Problem
Land Tenure
Credit Facilities
The Roofipg Prob]em
References i

ROOFING CRITERIA
Climatic Aspects

‘CTimatic Performance Standards

Economic Aspects
Technical Aspects
Social Aspects
References

ROOFING TYPES

The Supporting Structure,.
The Roofing Substrate ‘rfﬁ,
The Roof Covering o
References

PAPER SYSTEMS ¢
Honey. Combed Panels

oL

The Multilayer Corrugated Cardboard Panels

References

METAL ROOFS
Supported Roofing Systems
Self Supporting Structures
References

BITUMINOUS ROOFING MATERIALS
Réferences 3
-

N

e



CHAPTER

o

b

o
L DHWWWNRNDN ~

NN N NNNNNNNN N
. « e ot e e e
« - e

CHAPTER

(oo ciioe)
N —

CHAPTER

Y o e Nv)

CHAPTER 10
, £ 10.1
10,2
10.3.
10.4
10.5

CHAPTER 11
‘ 1.1
11.2
11.3
11.4

CHAPTER 12

APPENDIX A

'APRENDIX B

-

[

N —

N —

CEMENT COMPOSITES
Introduction

Conventional Steel Reinforced Conrrete (Rb)

Self Suppdrting Systems
Supported Systems
Ferrocement Roofing Systems
Self Supporting System§ _
Supported Systems . )
Fibre-Cement Roofing Systems
Self Supporting Systems
Supported Systems
Conclusions

References

=

. BURNT CLAY

Seif Supporting Clay Roof -
Supported Clay T11e Roof's.
References,

EARTH ROOFS .
Supported Roofing Systems
Self Supporting Roofing Systems

. References

WASTE MATERIALS

Introduction

Consumpr Waste and Byproducts -
Agr1cu1tura1 Byproducts

Industrial Refuse and Byproducts,

Conclusions
References CIEN

SULFUR COMPOSITES

Introduction ¢

Sulfur Application

Self Supporting Roofing Systems
Supported Roofing Systems

Npte

References

~ CONCLUSIONS 2

References

GLOSSARY OF TERMS

ANNOTATED BIBLIOGRAPHY

g

190

191
194
198
204

205
206
209
212
214
218
220

222
223 .

228
231
242
260
261

263

=278

279

282

vi



e

e e e 1 v ot BB P g AT | e T ST i SO maimn = 0 8 S

o g o i e - T s Lt

J - \ -
LIST OF FIGURES ; _?
Fa. . .
2.1 Reed bane1 roof shade (OBN 164)
2.2 Reed panel roof shade (OBN 164) ’
4.1 Hongyéombgd pané1 : T
4.2 épq1ti1ayer gqrruga;ed‘pénel '
4.3 Paperboard #oof (Cornell University, 1973)
4.4  Shelter from waste paper and sulfur/sketch
4.5 Shelter from waste paper and sulfux/plan (Ache®on, A.) ™
4.6 Universal papertech.homeYSkeEch‘ ' . .

4.7 Universal papertech hohe/g]an~(Acheson, A.)

4,8, Geodégic paper dome (Fi]tered‘Ros%n Prod.Co.),

5.1 Emeréency CGI she]ferg,in PéruK(Acheson, A:)

5.2 ’ Typical CGI roof assembly

5.3 CGI roof scape, Ibadan, Nigeria ,

5.4 Metal roof shéeting: types manufactured in Kenya (Eygeﬁa;r,J.)
5:5 Channel roof, transport §nd installation concept

5.6 The Channel roof concept.

5.7 Channel roof applicatiofis principles (Schulze-Fielitz, E.)

’ . Y . .! . .\'. . s
5.8 The total application possibiTities as seen by the Channel
N roof inventor & o . '

6.1 Typical assembly of corrugated bituminous roof (Ondulite Ltd.)
6.2 Use of roofing felt in‘indigenous building (AD}4/75)

6.3 Asphalt metal roofing tile (Falconer, J.P.R.) -

»

vii



~J
=Y

~J
o N o ;

7.10

74
7.15

7.16

7.17
- 7.18
7.19

7.20

“S. D

w
Ferrocement warehouse by Nervi (Abercromb%e,-S.f

Ferrocement application for housing sceme in Cyprus ~
(Bauwelt, Heft 9, 1978)

- Traditiona]’barre1 vault roofs in Greece (Rudofsky, B.)

The vactium concreting methoé Stacking of vaults .
(Arch1tectura1 Record)

L1ft1ng of the thin shells (AR) .

Housing structure with vacuum concrete-vau]ts‘(hh)

A self-help low concrete dome (Alexander, Ch. et al)
Placing of formwork support

Putting the formwork skin in place

Sectioh,pf' floor/ceiling vault (Alexander, Ch. et al)
A p%inted arch type version (Alexander, Ch. et al)
Joist and infill floor system (East-wéet Center) ]
Infill floor rib slab system (East-West Center)
éemponents of joﬁ§f and infill slab system {GATE)
Joist'and infill s&stem (Mexic;, South America),
(Université Laval)

Isometric view of jbist and infil1l system (Mexico, South
America), (Université Laval) -

The conco- brlgk §y§%em (Surya Kant Mistra)

The zed-tile system (Ashfag Hasan)

Prefabricated concrete floor panels (East-West éenter)_v
Partial precast floor system (Ramahurthy ahd Ganesan)

<

o4
- 94
94
97
97
97 -
. 99
99
102
102
102

104

5104

106
106
107
108

viii



-

Fig.

7.21
1.22

7.29
7.30
7.31
7.32

7.36
7.37
7.38

" page
Expanded metal lath' for reinforcemenf: of ferrocement 112
Common reinf‘orcemer;t for ferrocement (chicken and welded ‘
wire "mesh 15mm) ’ . e
Propeﬂy t1 ed re‘mforcement for ferrocement - ns
Mortar p]astemng (Nat1ona'l Academy of Sc1ences) 1]4
Joint detail of ferrocement oroofing channe] 0 119

"Flat roof application of ferrocement roofing panel (ACI,Castro) 119

Pitched roof version (ACI, Castro) 119
Folded plate férrocement roofing system (Castro) - 123
Ferrocement panels devé]o‘g,ed by GATE-in E1 Salvador 123
Preparation of formwork for fef‘rocemént dome (ACI, Castro) 126
Lifting of a cast %errqcerr'nent dnome (ACI, Castro) s 126
Carrying of a ferrocement dome (ACI, Cz;stro) ’ 126
Insitu cast ferrocement dome (Ferrocement Jogrr]a])) - ’ 129
Plactng hof mortar for insitu cast ferroczmenf‘ dome ’
(Ferrocement Journal) X oo 129
Example of ferrocement roof in USSR (National Academy of '
Sc1encqs) ) 132
Low ferr‘ocement* vau]t w1th r1bs i USSR (NAS) L 132
Ferrocement roof support proposal for earth covered roof 132 .
Machine molding of ferrocement _sheet ‘ﬁ 136 .
Cross section\of ferrocement sheet ' 136
Crack ,pattern of corrugated ferrocemerit sheet . "v]36 .

Machine made corrugated ferrocement sheet (ACI, Ferrocer%ent), -, 136



u

Fig.
7.4
“7.42
7.43

7.44°
7.45
7.46

"7.47
7.48
7.49

@
7.50 .
7.51°

8.1

8.2

8.3
8.4

P

8.5

N

8.6

8.7

7

Flat ferrocement ropfing sheet system (East—Wes\t-Center)

\,

The cane'leta aslbest roofing channel (Architectural Record)

Roof scape of West African housing settlement in asbestos
cement: roofing channels (Asbestos Cement Review, AC58)

Asbe\stos cement round domed roofing system (AC58)
Housing cluster with asbestos cement domed roofs (AC58)

Architects' impression of bent asbestos roofing €1ements.
(Asbestos Cement Review, AC58)

The final version of vaulted asbestos roofing elements
-Chapa modulada asbgstos ¢ement roofing assembfy .

-Chapa modulada roofing elements (eternit do Brasil)
X S

_Corrugated roofing, sheets from coir waste/wood wool ~(Stulz, E.)

Manufacturmg and assembly of fibre- cement corrugated roofing

sheets (IT workshop) B

The fabrication of burnt clay products
(Schwe1zer1sche Ziegelei- Industme)

The ceramic fusée (C.S.T.B. France)-

A

Laying of thle ‘fusées

Di agram showmg dinamic isothermy achreved with ceramic
fusées

The new town of Medina de Fedala (Mor@éco) with roofing
structures made of cermaic fusées

The roman type fixed clay tﬂe (ETorfda AGM University)

F1at overlapping and 1nter]ock1 ng, machine made clay tﬂes
(Schwe1zer1sche Ziegelei-Industrie)

- -1

. “
Vo \
. F]

EE_QS'
137

152

152

153
;153

157
157
160
160
162

166

178
180
180

7l

182

182
184

184



. e = A

x1

ng

o

Fig. Page
1 8.8 Burnt clay Mangalore type roofing assembly (Eygelaar, J.) 186
9.1 Typgca1 mud roof structure of North Africa (OBN 182) . 195
9.2 Typical section through a mud roof (OBN 165) | 195
) @ 9.3 Dom& built of soil cément blocks (Fresno State Co]]ege) 199
' 9.4 Ihg process of bhi1ding earth domes and vaults after H. Fathy 201

) 9.5 -Vaults méae of soj] cement blocks, under construction tHUD) 203 -

! . 9.6 The administrational building of New Gourna (Fathy, H.) | 203
10.1 Consumer waste from packéginé (Pawley, M.) 211
10,2 A house built from cans and bott]eir(Paw1ey, M.) . 211

‘ 10.3  Isometric view of the Citroen Hougg;jpawley, M.) - 216 -
10.4 \Citroen House with Fourgonette in front (Pawley, M.) 216
, 10.5  Work in ﬁrogﬁess on the Crouch House (AIA Journal) 217

) 10.6  The roof covering of the Crou%h,Housp (AIA Journal) 27

' . ' M.1° Map, sho@ing world sources of elemental sulfur ‘ '
- « (The ECOL Operation) : ’ 225 |
L 11.2

11.3 Test vault made of sulfur concrete and gypsum . 232

. 11.4  Section of the first thin shell sulfur concrete roof . A 234
' 11.5 The sulfur concrete vault one day after casting' (McHG) 236

11.6  Possible application of thin shell SC roof with thermal

mass added . 236

; 11.7 The undersight of the precast gypsum tiles acting as .
fire protection ' 239

™

=
N t

Mixing of sulfur concrete (McHG) 232



¢

3

Fig.

1.
11.

1
11
11
1
1

1
n

.10
1
12
13
.14
.15
.16

Test samples of sulfur impregnated floor mats (Seyam, R.)

Sulfur spray coating of block wall (New uses of sulfur)

The sulfur bath equipment used for testing (McHG)
Assembly elements of solar heated toilet

The sulfur impregnated cardboard shingle roof (McHG)

Folded sulfur impregnated cardboard tile (Poonphol, Ch.)
Sulfur impregnated cotton fabric roofing sheets (Seyam, R.)

Assembly of doubled curved cloth roofing shingle (Ervin, J.)

<

Detail of overlap joint of cloth roofing ghingle (Ervin, J.)

]

Xii



(\

-

(o~

LIST OF TABLES

Table

1

N 0 BN

10

11

12

13
14

15

16
17
18
19

-

N

N

Multimillion cities of the world (UN)

Cost of support structures (Eygelaar, J.)

Roofing materials kNatioAa] Academy of Sciences)

Varieties of bitumen (Kinnibdggh, W.) ‘ .
Grading of sand for ferrocement (ACI)

Dimensions of standard corrugéted fe;rocement sheets (Castro)

Details of mix proportions for corrugated ferrocement sheets
(Castro)

Details of reinforcement for corrugated ferrocement sheets
(Castro) -

Failure loads for corrugated ferrocement sheets (Castro)

-

Cost comparison of corrugated ferrocement and asbestos sheets
(Castro, ACI)

Typical proportions for norma1 weight fibre-reinforced

concrete (ACI, Fibre-Reinforced Concrete)

Typical fly-ash fibrous concrete mix (ACI)- .
Data of various sulfur impregnated materials (MCHG)

Cost compar1son 0f Tow-cost roofing systems for Somalia
(Florida A&M Unfversity)

LCost comparison of Tow-cost- roofing systems in Na1rob1
‘(Eygelaar, J.)

Typical roofs for hot-dry climates (UBN 182)

xiif

110
134

134

135
135

135"

149
149
248

269

269

273

Cost comparison of roofs for hot-dry c]imete»in Sudan (OBN 182) 273

Compar1son of roofing cost in Madhya Pradesh (ISOHP-74)

Roof construct1on costs comparison in Indonesia (Habitat
International) ‘

273

275



™y
(ﬂ

3

&

2

1



"

1.1. THE HOUSING PROELEM

The unexpected urban growth, coupled with limited
financ%a1 and- industrial capacity jn developing countries,
has ﬁéd‘tp serious shortfalls of basic services, shelter,
and full-time employment. The lacking of sufficient medical
services, education and public utilities is even greater in
rura]lareasj The increasing importance of ‘money, introduced
through™ trading and specilization, lead to an uncontrollable
cityward migration. This influx pf migrants to urban.areas,

everyone dreaming of becoming a wage earner, is taking

‘dimensions no city can handle in conventional ways anymore,

Statistics on urban issues produce startfing figure53

60 percent of the population of Latin America is ajlready
urban, but the proporntion is expected to grow to 75 percent

within the next twenty years&2

-

Table 1 Multimillion Cities (UN)
up to+1920 between 1920 and 1960  between 1960. and 1980

East Asia: East Asia: East Asia: Latin America:
Tokyo Shanghai - Muhan Lima
Beijing Shenyang Sant1aqo
Tianjig , Chongoing Bogota
~ Hong Kong Guanqgzhou Caracas
- Osaka . Luda Africa:
South Asia: Raerbin Alexandria
Calcutta Tainei ' Lagos
Bombay . Seoul
Jakarta Delhi
Latin America: Madras
Rio de Janeiro Karachi
Sao Paulo Tehran ¢
Buenos Aires Baahdad -
Mexico City [stanbul
Africa: Singanore

Cairo . Manila

~
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There are approximately 60 cities toaay which,

-

accbrding to criteria set by the UN, fall under the definitfon

’

of multi-million cities (cities with'more than 2.5 million

population). Further 200 cities with a population now bétweqn

+

0.5 and 2.5 million will inevitably move towards the upper
category in‘the not so distant future.3

‘ Anothgr ﬁrognosiﬁ by the UNFPA predicts that Mexico
City{s population will reqéhrBIf% million by the year 2000,
Ca;ro 16.3 m{lliéﬁ, Lagos 9.4 million and Tokyo 26 million,
The wgr1d—wide need for housing in these.next 20 years will

3

, 4
amount to 1.14 billion units:. -

-

The problems associated with this growth rate are

B 1

further detailed by the fact that one fourth of those 1fving

in the major cities still have no direct wafer suoply; almost
two thirds have no sewage fagilities. As for shelter, urban

growth is five times faster thqn’the supply of planned

)

housing5
Nearly 50 million urban dwellers in Latin America

live below the urban poverty threého]d. Urban unemployment

,

and underemnloyment are high, and widespread low-productivity

o . 6
and earnings are even more serious problems.
‘r_ »

“

The poor newcomers are forced to live in unplanned

\

settlements, occupying thd i]Tega11y;¢often Tocated in

peripheral areas where travel to and from work each day may

1

*
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\ ‘ l 'exéeeq,three£6r four hours. Most o% these sduhtteﬁvsett1ements
| also occupy land otherwise unfit for development, such as ~
steep mountain s]opes; %]ood~endangered areas or leftover
.{ " areas between highways énd’railways. The“qua1ity'of these

. ’ structures, and roofs in particular, hard]yve}dms acceptable

. >
15

Tevels of comfort,
- o The nrevalence of disease.in such settlements is

sometimes as much «as 50 percent higher than the city-wide

- average. Suc?]conditions further erode the productivity of the '
. ’ 8 . r
poor and can lead to a self-perpetuating cycle of poverty.

The unhuman‘fiving conditions in theSe squatter settlements
alsc" involve a «very typ}cai gntisocia] behaviour of its in-
haBitants struggfing'to reach a hiﬁher standard of living and
to escape this cycle. Gambling ideology and” fatalism charac-
terize the generajﬁbehaviour as socioloagical surveys reveal;
v other alternatives'than the-individual's struggle for im-
provementsvdf living conditions are not sought? Some countries
' with socialistic experjience, iike Peru, have had some success ,
‘; with co]]et1§é efforts for improvements, organized by authorities
,instead of leaving these slums to their own resources and thus
‘only a]]owiﬁg a few strong individuals to escape, leaving the

T ., . 10 .
- : slum behind as- it is. ¢

o

!/

——~ Two decisive factors eminent for success of any project

‘for improvement of squatter settlements or'new low-cost housing



schemes have emerged during my research into the general

housing problems in developing countries:

/

1.1.7. Land Tenured1The definition of illegality of squatter

settlements which, according to quoted statistics, make up for
four fifths of new housing in developing couhtries,create a
conflict sjtuation for settlers as well as authoritiesl? If
housing is an acknowledged basic right and authorities or the

free market cannot deliver, the authorities have to legalize

€

these sett]emehts through Tand reforms, g1v1ng the settlers land

tenure, without which theyéhave no incentive to invest into

improving their shacks as they could be torn down by the

authorities any timel3

D

1.1.2. Credit fapi]ities: Although “squatter socities are very
1ndustr1ous and have developed very capitalistic mechan1sms,
they have 1ittle Or no access to cred1t facilities. As most
people in the 1owest income bracket are working in the informal
sector, which hardly provides a regular income, they hayé a

known bad payback ab111ty14

The lacking of credit facilities for this group makes
it very difficult if not impossible for them to start improve-
ments of their shelter 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 cyclel5

o
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proved before othgrs can be. - . .

\
[

One could ask, what do ]and‘tenure and credit'haye'to

do with roofing? - A great deal I think!

The problems of human settlements in developing.countries
form a chain with numerous elements, some-of which are cruéial
for surviva],‘éthers less, but all of;th;mﬁare«ipte}dependént.

! r

After fooa and sanitation, which are nrimary e]emehts, follow

sheqter: The poorest of the poor® never reach‘a higher Tevel than |

just being able to satisfy more or less these bdsic,needs, and
+ - ] ’
they are always at the mercy of others.
But as-soon as a dwellér manages to reach a level where

he can ﬁhink of improving his shelter, other factors come into

play. Some of these faéfors are imminent apd have to be im-

~ -

Ly

As thé.improvement of a house (extension, renovation,
etc.) is a major commitment for any dweller, whether rich or

poqr,:he yi]] never risk the investment without havina tenure

on the land (1easehold or ownership), and will therefore

rather buy movable .goods thén a new roofz
Oour economie; are functioning only on the basis of
well structured credit systems, enabling almost everybody to
get credit, especially for imp%oving real estate. If those
economic facts are true, why should the} not bé true for
déve]oping‘countriesg7§ome examples in South America ha?e
proven that peopie Qorking in the 1nfor&a1 sector are very

industrious and do not have as bad a payback record as is

sometimes believed.

e au e
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The roof plays a primal role in our Tives.
Jhe most primitive buildings are nothing
but a roof. If the roof is hidden, if its
_presence cannot be fev% around the building,
! g ‘ or if it cannot be used, then people will
'lackva fundamental sense of shelter.

¢ } 18
Christopher Alexander et Al.
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1.2. THE ROOFING PROBLEM

A wide rangé of historic and pfehigtogic shelters is
still fdund today,as contemporary dwelling fokmSaTﬁ developing
countries around the worlid. This great varjety-of indigenous
"housing forms has one distinct characteristicwin common: the

. 19° -
emphasis put to the roofs. In fact, many of the temporary

shelters consist of no more than a roof structure and its covering.

The roof is usually that part of a'dweTTing which gives most

difficulties to the builder and it has undoubetd{y always been
the most 1mpor£aﬁt of all the e]emen£5aof sheﬁter; it providéé
protectiocon f%pm enyironmenta1'cbhditions and often megts cul-

tural needs as well. In developing countries it serves many

other functions; there the roof can be a sleeping area during

the dry season, a water collecting system, a storage area;.q*
food and clothes drying area, ér jt can also serve as a refuge
from flood waters. In low-cost housing, the roof isﬁiheksingle
most expenditure and thus the design’of the roof becomes the
moderator of all Cohceptions.*z_O 3

The search for appr00r1ate low-cost roofing system§

for a particular region naturally starts with investigating

local traditional materials and methods for roofing. But

lTooking for solutions amongst indigenous tradi}ions of building

is of 1ittle or no help, as Koenigsberger says, they are

*  Between 30 and 50 % of the total construction costs in low-cost
housing are made up by the roof strugfure.

E

%

\
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based on conditions which have ceased to apply ﬁniversa11ya
Rural ﬁousing has neyer really been a pr6b1em compared with:

that arising from urbanization. Koenigsberger uses the

-3

.

_“fo]]owing example, under]ining'the difference of the situation:

- NWi%h the exception of a few rice growing areas, the
eqséforial tropics used to be regions of Tow population )
density. Houses were dispersed and wo&]é, therefore, be 1
roofed with inflammable materials. It did not matter
that thése materials had to be renewed frequently.

They camé from p]antslthat grew in the vicinity af
the houses and we;e available practically free of cost.

Agricultural activities were seasonal, and left spare -

time for 'the repair and renewal of houses and roofs .l

The urban environment and the changing-lifestyle of- the
masses in‘neeﬁ of hqusinqntoday bringqabout thé'need of inorganic, -
non-inflammable and regsdnab]e durable materials which exclude N
those utilized in most traditional methods. The choice of a
material, as we” will see later, is tﬁe main step in the ‘
design process for a low-cost roof as it 1nf1uﬁpces mBst'other'
decisions to b% made. -The use of Tocal mater1a1; is not.im— :

possible, on the contrary, it is desirable to utilize local .
resources where and whenever possible if they can be processed
or modified to meet the new requirements.

b b
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The‘process of finding an optimal Tow-cost roofingg‘.
system for any speéific location means translation of'in;"
formation in the form of requirements), constraints and
experience into potential roofing solutions.

A compréhensjve catalogue of roofing criteria is the
o
)
inevitable"basis of the process.

In this multiproblem-solving process, one has to eope
simultaneously with:

- climatic

1

economic

technical

1

social

|

problems, without ]osi,ﬁ éight.of the,genera] planning

context of the t;sk:] ’
Whatever the mo&e1 for sé]ving_thbse problems

might be, one will hévé to go through the three.stéges of

analysis, synthesis and evaluation at the various levels:

of the process of finding roofing solutions.
-Naturaliy the evaluation stage is the most crucial
one in any problem solving process.
We aim at methods of evaluation for easier decision
making and justif}ing them, but it is impossible go establish

.. . . \ .
an order of priority or universal evaluation scale dealing

with these problems.

13
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Perhaps the only scale against which priorities should
be plotted is that of "human misery". In fact, as we-dre not

only dealing with quantative, measqrab1e aspects but mostly non-

o~

. , , ‘
measurable ones, the evaluation of.an option could best be . -

described as follows: if the roof in low-cost housing is the
+ ’ ‘f' *
moderator of the conception,.it must not preclude the solution

of any of these aforesaid problems but promiseto solve a good

. 2
number of them in a convincing manner, ° O

a /' >
It is tempting in low-cost housing to”"use a single
quantifiable criterion of choice, cost, assoc1ated w1th each

option or combwnat1on of options, to make 1t possible to f|nd
¢

that feasible solution which best satisfies the criterion. .«

53

But it is clear that the compromise will a]ways have tg be sought

between severa] criteria which are never capab]e of be1ng

H

related to a single scale of measurement - . - .
- As I do not believe that a rigid methodo]ogy can be
of great help in finding aporopriate roofing sp]htions, a more

flexible way of identifying those solutions has'po be sought.

Perhaps a weighted™natrix technique could be-of a
better help than a ratio or ordinal scale would be’. .

But before I am able to draw any conclusions or make

any statement of what kind of roof is appropr1ate ang under

what cond1t1ons, the rpofing criteria have to be discussed.
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" of re]at1ve little différence:

v

To summarize the four main criteria (climatic,

K]

economic, technical and social), we can say that a roof

has to provide protection from:’sun, ra1n, storm, fare -

i -

and theft; be cheap and easy to trdnsport and ‘erect; -
provides effective resistance to the tnapsfer of heaf~from

the outsidey be durable aﬁd,abeye all be acceﬁted by the
"dweller on social grounds.3 |

- ~

‘ From this summary, it is evident that thesé four

main aspects have to be stud1ed in deta11 before a proposed

Al

roof1ng system can be evaTuated proper]y

'

2.1. CLIMATIC ASPECTS

L]

It is the ountr1es of the trop1cs wh1ch suffer mOSt

froem a severe .housing” shortage and” the c11mat1c factors in

.

these regions are a considerable design cr1ter1on:

In, those tropica] and subtropical regions, heat ig
the dominant prob]em apd the annual mean,. temperature 1s_

~usually not less than, QQQC 4

>

A w1de1y accepted c]ass1f1cat1on, as suggested by

G. A Attk1nson in 1953 and used by Koenigsberger, divides

N

the tropical regions of earth into the following three

-

major c11mat1c zones with each of them having a subgroup
F.

5 . : .
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L R a) warm - humid equatorial climate - ,
warm - humid island-or tradewind climate; -

‘ 4 . = -

S - . b) hot - dry desert, or-semi' desert climate :° =

P L = hot - dry maritime desert climate; .

s .

c) composite or monsoon climate

- : I ~ tropical upland climate; - .

.o . These thréé climatic ‘zones have the following

(. ‘ e T - ) t

. ‘characteristics and are predominant in the following locations:

-, . . a) Warm - humid equatorial climate:- ‘ e

)

- - “ - high'ambientitempératures; ' | 4,
N -, : - high humiditysy ‘ .

~"high and fairly even distributed rainfalls

i

- small-.diurnal and annual variations of temperature;

- o - little seasonal varjations; .-

A 0

- light winds and long periods of still airy

Examples of cities in _this zone:

- Lagos, Dar-es-Salam, Mombasa, Colombo, Singapore{_

\ - -

-Jakarta, Quito and Pernambuco.

Warm.- humid island or trade wind -climate:

X »
.

\

' - -. the characteristics of this zone are similar to

)

@ the warm « humid equatorial c]fmateﬂéxcept that

-

in this zone we find a dominance of trade winds

which facilitate heat Toss by convection ard

N +
evaporation; -

r .. * cr

) O
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Typical exémpjes for this climate are: .’ -\
- the Caribbeans, the Philippines and other 7

island groupes in the Pacific,0Ocean;

< 1

b) Hot - dry desert, or semi desert c]imafe: -

v high day temperatures; .

)

- low night temperatures; 7

. - low humidity;
‘\

-

- low precipitation;

- large diurnal -and annual ranges of temperature;
- \
- distinct seasonal variations between hot

~ )

e .
summer and -cool or cold winters;
= A Y

- - 1ittle air movement except for local thermal
¢ - N ’
winds and seasonal dust storms:

Typical-examples of settlements in thié zone are:

. Assuan, Baghdad, Atice Spfings:and Phoenix;

" Hot - dry maritime desert climate:
In this zone, where sea and desert Meet, we find

‘three distinct differences to ‘the-main zone:

\ ’

- .higher moisture content in air;

’

humidity tends %o reduce diurnal variations;

]

thermal breezes from and to the sea;

Typical examples are:

- Kuwait, Jeddah, Antifagasta and Karachi;

-

g
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c) Composite or monsoon climate:
This zone can have two, thyee or four distinct seasons:
- one similar to arid desert climate;

another warm humid;

1

1

and a third one with .

cold nights;

sunny warm days;

4

- Tow hﬁmidity; ~

little precipitation;

1

- transitional periods of varyingwﬁzﬁgths may occur -
9
between the clearly discernible seasons;

Examples of cities with composite climates are:

- Lahore, Mandolay, Asuncion, Kano and New Delhi;

~ 2

" Tropical up]and“p1imate:
is similar to above but with added complications
of night frost and in some areas snow. The in-
coming and outgoing radiation is of greater im-
portance in this zone. 5 .

We find the following cities with this climate:

‘- Addis Ababa, Bogota, Mexico City and Nairobi;



.

The main climatic elements to consider in roofing

N v

design are:’ .- , .

. , C &
p - temperature;’ ,
'+ - humidity; -

- precipitation, driving rain;
Cwindg ‘
- 'sky conditions’
. ; - solar radiation;
But in EJQition to the macro.climatic information as
outlined with the six c]imatié'zones, the site c]imate has to

r - .

be specially studied for each individual project. ;

The site climate can deviate from the genevial pattern

of the climatic zone due to the following factors:

topography (slope, orientation, exposure, elevation);

ground surface (reflectance, permeability);

. three dimensional objects (trees, fences, walls,
"“buildings, hills or valleys);

2:1.1. Climatic Performance Standards

I have th found a better way of describing climatic

performance:standards for roofs in the tropics than the way

Koenigsberger has done it:6 -



A buifding is acceptable from a climatic point of,

view if it provides indoor Eondﬁtions,which permit

sound sleep at night and the persuit of normé]

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 poiﬂt of view of climatic grotection. To be satis-

/

factory a roof must therefore, apart from being impermeable,

absorb as little radiant heat as possible and offer, depending

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

from %he 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 cannot 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 around the same level as other surfaces."

’ ~ .

20
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The study, "Roofs in the warm humid tropics" by
Koenigsberger and Lynn, concludes that a ceiling belongs to
the minimum requirements to be insisted upon even in houses

for the poorest of.the poor.: And further they stated that

under other than aluminium roofs the ceiling sHou]d be
7 -

supplemented by a layer of aluminium foil.*

Taking a house in this climatic region robfed with
corrugared asbestos cement and no ceiling, tﬂe underséide' of
this roof would measure 98°C at an outdoor air temperature of B
22°¢. ~
S A cheap kraft paper ceiling, faced with aluminium f%i]
on the upper surface, add}ng 3 to 4 %4 to the tota1'roof1nq
costs, would improve~the situation to 34OC. , )

( Apart from protection against heat flow, rainAwater
drainage is of particular importance in this climatic zone. As
rainfall is rather high in the%e,}egions, a pit&hed roof will
‘ most often be used, preventing the penetr;tiop of water.“
during tropical rainstorms best.

These rainsto}mé can\be accompanied by winds of more
than 40 km per 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
rdbf\cover. Roof gutters are breeding arounds for mosquitos
*- This, of course, will hardly anywhere be the case; the compromise

often lies in changing the lifestyle, using rooms at nights only or
carrying out certain activities outdoor during daytime.

\ ’
\l‘-}: . ’ ‘
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spréading,Malaria and are therefore prohibited in most
countries of the warm humid tnopicsx They are also not per-
mitted on grounds of Yellow Fever control.

/

Roofs for Qarm - humid 1s1ahd or trade wind c]imaxe:‘

B

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

basic c]i%étic criteria for roofs froﬁ those stated in the
preceedinig chapter except for the fact that most of these
islands lie in the tropical cyclone belt. Roofs, and the
qntire structure therefore, must be designed to withstand winds
up to 250 km/h! .

I do no£ see how this reauirement can be made compatible
with low-cost; the experience of Darwin 1H Northern Austraiia

@

has *shown that it .is impossible to withstand such farces even

with high standard housing.

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

The large diurnal temperdture variations necessitate roofs of
ﬁarge thermal capacity. Thgse will absorb most of the heét
entering through the outer surface during the day, before the
inn?r surface temperature would show any significart increase.
Thé méthod will only be effective if the heat stored during
the day can be dissipated. during the night. Residential
structures in this climate would therefore need to have a

§

time-lag of 9 to 12 hoursﬁ

—
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In regions wheré the night température daes not fall

23

below the comfort zone, roofs should have a high resistive “

insulation instead of large thermal capacity. The traditional
mud roof construction is still prevailing in this climate and

“

also very effective. °

But the nefd of heavy}mainbeams ;hd’numerous tjmber
joists make this heavx structuré ?gre and more expensive,
especial'Ty in urban areas,’aﬁq the need of continued main-
tenance less and less attractive. ’ '

Like in all other climate zones, the roof af&ne 6annqt
control the indoor climate; especia1]y in this ¢limate it

needs some "managerial control™. The occupant can improve

.the therma]\performance of his house if he ventilates it

during the night hours when the external air temperature is
Tower than the cornesponding internal air'temperature.

.The performance of conventional mud roofs as well as
concrete slab roofs can be considerab]ylimproved in this
climate through the use of simple shading panels made of local
materials such as reed.?

Such reed panels can reduce the maximum ceiling
tempe}ature by 59¢C aéd pro1onge'the time-lag by one hour. They
;hoq]d fe rolled or folded away during night time to allow

the rvof to loose most of its gained heat to the cool night

sky reducing heat transfer to the inside. (Figs. 2.1 and 2.2)
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Fig. 2.1 ° An experiment in the reduction of day-time

ceiling temperatures by simple local techniques

. (OBN 164)

Fig. 2.2 Detail of reed panefl after 36 months'

exposure (0OBN 164)
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s o Roofs for maritime desert climate: The difference

from the hot - dry deéert region is the high humidity and

thermal winds. i

i

The only solutjon to this is to provide a]terpative
spaces: | |
-~ a roof with high thermal capacity, for Jse at night, -
with no wall openings towards inland;
- a roof only proiiding shade with a low therm;1
capacity over daytiﬁe used areas, the walls having
ogenﬁngs to both s{des, sea and inland;

) c) Roofs %or~composite climate: -The changing seasons

in this climate make'it difficult to find a roof satisfactory
for a]J seasons.

The aha]ysis shows that the cold season,being the
most important, requires a high thermal capacity roof. This
roof *with a 9 to 12 hour time-Tlag in heat transmission will
also be dsefu1fdhring the hot dry season.

For the warm humid period, good ventilation or a
lightweight structure sleeping area could improve a lot on

¢

comfort.

<x
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Roofs for tFQpica1 upland climates: Roofs 1in this

climate can have a smaller thermal capacity with a time-lag

of 5 tosé hours,

2.2. ECONOMIC ASPECTS

Iy
»

Most developing countries are in Verytdynamic
economic situations and constantly short of foréign exchange.
To improve and sta?iiize thisfsitgation,"the evaluation of
Tow-cost roofing systems should put high priority -‘towards

minimizing foreign currency requirements and maximizing the

.
)

use of Tocally available materials to mention only two of the

= .

critical factorsjo

The owner builder will naturally always be 1ooking(fo}
the cheapest acceptable solution of the time, often ignoring
other important criteria invoived and this at the expense of

the dweller's com%ort, 11Miting the proper use of the house.

If developing countries' economic situations are to improve

‘appropriate low-cost roofing systems have to have a positive‘

local, regional or even national economic impact.]1

c

This need of a positive impact on the economy makes

<

the diécus%ion of technology exchange the most important

(%

devefopment issue of today. In that respect, it is important

\ . . .
- for the building industry of developing countries, often

¢

controlled py big foreign companies, that labor ,intensive

. »
<@

YTt
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'technojogies are preferred over capital intensive ones as they

will lead to the formation of local industries and b1%pd
%production* of building materials and thus be favourable to
smal) scale and self help building operations. '
Considering these general economic issues, cost will
always be the central criterion in the decision process; but
all the social and economisabenefits to a'region do not help
the low income dweller if he cannot afford what is supposed
tobbe best for the éommunity.
The cost faétors to consider are:
Material cost: %hey can be minimized through the use of local
méteria]s and manufactured components of low
' ‘energy value.
The total material cost of the roofing system
- " +is depending on the cost balance between the “
supporting structure, the roofing substrate and

>

the roof covering?

Labor cost: . can be minimized through the use of local
resources (materials, processes) but depends
+ on the roof typé and ski]]—required to-.con- -

B struct it.

* 'Blind production means production of materials which can be used in a
variety of applications rather than a single one. This term is often
compared with the Gutenberg principle. /

-Concrete ‘examples of components produced in blind product1on 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
it has been designed for.

s e
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Transportation
cost:

T

U ’ -

. ‘_ S
Equipment cost:

/heneral i’
expenses:¥*

- Maintenance
£ cost:

is in direct dependence to location of building

“site and used materials and can therefore be

minimized through 'the u§e'of local, regioﬁa] or

national available products and materials.,

can be eliminated. or minimized through the

use of easy to handle ébmponents‘and sample

processes to assemble them.

are ﬂsua]]y in proﬁortion'to the complexity
of-ihe overal construction process and should
be marg{nal for 1ow-cost roofing systems if no
overheads for foreibn organisations and con-
sultants have to be calculated.

depennds on the initital investment ang sy;tem
used and can only be minimized if the owner
cap carfy out maintenance himself without con-

siderably diminishing 1ifé¢ span.

If materials and prbcesses are found which are of

economic benefit to a region or cqhntry and are within that

* General expenses- include charges forbanking, taxes, licences, permits,
security and administration. .
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i . . - 2 . .
economic environment considered 1ow-cost*1‘the owner §u11der,

i
“

will ask for his cost benefits.

- Life cycle costing is often not a big help for

evaluation, as for the low-cost builder initial cost
is crucial and with no credit facilities available,
he cannot take advantage of spreading the cost and
for that matter choose a more durable but more

expensive roofing system.

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

much further.

As high durability of a roof increases its initial cost

and-this in most cases beyond the threshold of affordability,

maintenance becomes ankimportant issue. Therefore, a cheaper
material. which can relatively easy be maintained is usually

chosen dver the more durable one.

~

The responsability of maintenance, to make it work, has

to be tied to ownershiﬁ.

* Low-cost per'ﬂefin1t1on is a re]étive term. I could find the two
following definitions, one on an absolute basis, the other one on
a comparative one: jﬂ

Low-cost in an absolute basis can be defined as that of the most
price-competitive alternative roofing. This, in mdst cases, has been

, corrugated- galvanized iron which ranges in cost from 3.20 to 3.50 US-$/
m2 (including, sh1pp1ng, on Tocal market). -

A more relat1ve definition reflecting the rather large differences
between different countries is the rule of thumb for housing that
can be afforded to be to to 2 1/2 times the family annual income of-
the lower 50% income group.

PRENUERNPTE TR
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2.3, TECHNICAL ASPECTS o .

‘have a direct impact on each other. - I

»vInota1Jation
: T 7

usually nailed directly in 1arge pane]s to fabricate ;ne

‘roof.

- . - ‘ “ . -
- . o . N

ére\cjmée1y linked with economic ones apd uysually '~

. . °

Materia],‘]abor énd'equimeht in this case can be':

'grouped~together under installation. Other techn1ca1 asoects

to cons1der are transportat1on, durab111ty and ma1ntenance

" Ease of insta]]ation 55 1mportant to minimize the need

~

‘of sk111ed Tabor and var1ab111ty in the performance of the

roof due to 1mproper construct1on InstaT]atﬂon and main-
¥

tenance should be _possible w1thout the use of h1qh tec@* too1s
R/s{aple roofing component or e]ement shou]d not- exceed

100 &g so 'that it can be hand]ed*w1thout mechanlca] 1ifting

-

devices. X .
“a Apart from the roof's normal sonucfurai performance,
the mechanical stnength and rigidity of the roof covering ,

L+

should be sufficient to sunport 5 person for the installation

30

and repair of it, but minimizing truss and purlin requirements.

"Easy instadlation" is defined as the skill required,

for installing corrugated'ga]vanized iron sheet, which is

&

13 - - . -
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"be minimized where ever possible.

Transportation ' -

———%s in direct re1atioﬁ‘to cost and should therefore

t

v
- L A3

Transportation, similar to building material costs,

I4

is comparatively much more expensive in developing countries

o
¥

" than in’ihdustYia1ized'ones. But transportation of raw

materials to production centers and transportation.of the

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

It is therefore very important that the ‘location.of
a production faci]ify is well plannped in that resp@ct. As
roads in deve]bping'countrigs are usually not_ in Very.good

1

conditions, transportation of building materials-is moré * -

‘3

’, ‘ . , . -

Certain materials do not have good enough resistance

critical.

for transportation on rugged'roads/pnd higher than normal

v

breakage occurs. This cannot easy'bé‘prévented or redUCed

”»

and is of consideration when caTculating. quant1t1es r
Idea11y; the manufactur1ng of the comoonent takes

p]ace on the- bu11d1ng site with raw mater1als ava11ab1e

nearby and tthe need of Tittle or few materials to pe traﬁsi

ported to there.* . .

3

*  Good examples are fibre-cement sheets on site produced or ferro-
cement elements, but also burnt clay tiles if Tocally produced
are paying respect to these criteria. Most traditional systems
are based on these principles anyway as transportation was even

31

more critical in the past.
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Durability .

-

: Durability is a measure, in an inverse sense, of tk@ '
rate of deterioration of a material or component. It can also
be defined as the Qquality of maintaining a satisfactory
appearance and satisfactory performance of required functions.
This parameter is usually measured in terms of the minimum

number of years of satisfactofy 1ife (1ife span). - .

‘Maintenance is an economical mean to extend life span

~

"without usually the need of replacina components.

‘ Durability factors are:]4 ' k X

Environment: weather fattors; pollution, insect and fungal

-

-attack, soil aggressions

“

B - . - ‘ A ——
Use: "fairwear and tear" and excessive damage;,
Design:L + ~design detailing and selecting the cerrec€~ "

«~ - materials for design or des?gnihg apbropriaig',

to the materialS‘avaiggblgi

wo}kmaﬁghip: quality ~ . X S Ll

- b \

0f all these factors thé weather factors'are the most’
‘ Ly T ' - A
significant elements ‘leading.to deterioration of the roof
$ : ¥ :

covering, notably: hoisture,‘temperatured so1pr radiation,

atmospheric gases and salt-laden winds£]5 R b !



L4}

The roof structure, most often made of wooden trusses
and purlins, is usually prone to insect.attack as the timber

used for build%ng‘purpeses js soft wood of the higher-weight
) - ‘ | 1
.'hardwoods and therefore not resistant to termites or fungal

“decay. V.
‘ As structural elements have to serve the entire life <///

span of the roofing system, preservation treatment for wooden

o

elements 1is hbso]ute1y necessary in the tropics.

Maintenance

can never make ub‘for bad workmanship or unconsiderable
design but it can, with good management and judgement, extend
“the 1ife span of even the chegpest of the low-cost roofing
systems, -

The most common, effective and usually least expensive
- maintenance of a ropf is the renewing or applicaéjon of
?urface coat#ng nreferably as near to white as possible. For
all roofing types and most covering materials a well main-
tained surface coat$n§ can extend the 1ife span beyond normal

-expectations and will also improve or maintain climatic per-

formance of the same. <

4
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2.4.- SOCIAL ASPECTS

H Social:.aspects ﬁeiatgﬂ—to low-cost housjng\deaa with
the quality pf housing or in this case how this quality is
1nf1u9nced by the roofina system,. ‘ |

The qua]it& of housing has a direct impac% on the
we]?fare of the dweller because of its influence oﬁ human‘
He;1th, safety and living comfor‘t.]r6

‘ The following criteria relevant for evaluating a
roofing system can be identified and g#ouped in those of direct
concern to the user and those affectina the decision process:

Direct user related criteria are:
éafety: safety from fire, gtrustura1 safety including.

resistance to heavy winds, flying debris and

in many cases earthquakes are of major concern

to the dweller.*

Usability: it'is 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 physical 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 quality of housing
seen in a social context. :
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Physiological

Psychological

v

Aesthetic

o

performance standards.should be set to allow
indoor activities during day andﬁs]eepiqg at
night without affecting the health or comfort
of the occupants. The roof's acoustical per-
formance should be so that %n regions of heavy

rain and winds the noise from these elements 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 goes together with measurable

ddvantages for the dweller, even if his choice

W :

is based on one dominating characteristic and
thus acceptiﬁg sometimes considerable negative
aspects. Poor people prefer a high status but
substandard cement block tin-roofed house to,a
lower status but higher quality mud house, for

example, not for social prestige reasans only:

considerations should be based on local ideas of
aedthetical expression and preferably reflect
traditional art forms as well as materials and

colors.

! e
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The decision process is often influenced by political

factors beyond the owner builder's control. Especially in large

scale government organized Tow-cost housing schemes we find

these criteria often Timiting choice:

Development aid can limit or influence the choice unreasonably

e ’
S
The colonial
heritage
. . o
Corruption
/
L

#an influence decision making severely and
is often expressed by animosities towards
matéria]s, architectural forms or methods of
construction which have been established

during"the colonial period.

.

is wide spread in most poor countries ani
inf1uences_the~&ecision process a great deal.
These countries are in Myrddl's term "soft.
states” with areat discrepancy between authority
and control and the relative autonomy of in-
diginous‘po1itica1 processes at the local 1eve1.1
For example, a 6;w ;oca1 "industrialists" may
obtain.effective control of goverﬁment policy
insofar as it affects their industries and

tariffs; government contrdacts, tax laws and

the 1ike may then be manipulated accordingly.

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 Eompaﬁible‘
with the policies-of the local governmentand

USAID", for exah}]e.]g
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A roof is usually made of several components with
the assembly of these components forming the roofing system..
A roofing system can comprise the following elements

either ;ingly or in combination:1

- the supporting structure;

- the f%ofing substrate;

- the roof covering; .

o Low-cost roofing systems for housing have one distinct
charaéteristic, they are short-span only (average spans are
between 2.40 m and max. 6.0 ﬁ). ’

Roofs are commonly identified by their éhapes:
- flat roofs; [/7
- Tow pitcﬂed and shed roofs;
- gable roofs;
. ’ - hip roofs;
- gambrel roofs;
- vaulted roofs;
- dome;; '
- folded types; '
But for easy classification, other criteria are more
suitable. Roofs can be simply grouped into:

- self supporting systems, and

- supported systems.
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This simple classifijcation includes the great variety

Y

of structure systems and covering materials used for roofing.

El

The structure systems used for Tow-cost roofing are:

w '

- homogenous slab .
bulk active structure systems

- arch mechanism

)
)
- post and beam )
)
g vector active Sstructure systems

- truss mechanism

- fo]ded systems ) surface active structure system

‘ ther structure systems like, space, pneumatic and
Susﬁended structures are used fé}ﬁlong—spans mainly and are
-therefore not considered suitable or economical for Tow-cost

roofing. R
Besides the roof shape, thé covering material is most
aften used to characterise or identify a roof (thatched, zinc

or tiled roof are commonly used descriptions for roof types);

. we can devide these coverjng materials ipfo three gréups:
- tiles or shingfes;
- sheets or panels;
- built up roofs; .

Roofing covers (memhranes) applied in the form of three
groups are offen complemented with a waterproof coating and/ér
a sarking* if necessary.3
«* Sarking is an impervious membrane applied under roof covering to

prevent penetration of occasional drops of water during driving
rain, mainly needed for low pitched roofs.

P B
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solution is chosen. . . L

L8

With all the roofing criteria discussed and the
"roofing vocabu1ary"'iisted, I have to elaborate on the three
roofiﬁg elements and the variety of materials before I can

discuss and value the various~roofjn§ systems selected.

3.1. THE QUPPORTING STRUCTURE

Ideally, d@ Tow-cost roofing system’is 1?ghtweight, self
supporting and satisfies all other aspects of roofing. Un-
fQ%iunately, the self supporting solutions are not always

affordable or acceptable so that in most cases a supported

'

k4

Normally, room dimensions in low-cost housing Tead to

4

roof spans. which do not require trusses for supporting the
roof pur]jhs&or the roof batten‘s.4

“The :EOf purlins or battens can rest either directly
on walls or partitions or on simple rdfter;. However, there
may be éituations where roof trusses are needed to allow
larger roof spans.

The moét common material used for suppnort structures

is sawn timber, but also bamboo, palm fronds and stems as - .
well as branches of all kinds of trees are.used. These are

sl

usually Tocally available materials and relatively cheap as
compared with other.structural materials such as steel—and

A
. #
reinforced concrete,

@,

-t
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Except for a heavyweight roofing system (earth roofs)
or those which\reqyire’higher structural cepacitie; (accessible
roofs) steel and concrete are not used in ‘low-cost Housinﬁ for
supporting structures.

Durable timbers are too expensive to use for building
purposes too, because of first cost or the cost of brocessing.
The less durable timbers, most likely to be acceptable for
building purposeﬁf that is soft woods‘br the 1idghter-weight
hardwoods, can. nbrmq]]y be made sufficiently durable for most
situations by the use of one 6f the following pres%rvative

H

treatments: ° ‘ . \
' © - pressure;
- open tank;
-~ double wacuum;
- diffusion;
- immersion;

If treated properly the risk of timber being attacked
by decay fungi, insects or‘termites can further be reduced by
appropriate design.

Support structures in low-cost roofing are very dften
over dimensioned and are therefore uneconomical. (It is mainly

for heavngight roofs where the design of the support is

critical for safety.)

D
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The study of roofs for low-cost structures by’

J.Eygelaar shows that if properly designed savings onlth&

support structure for lighter-weight roofs can make them

/
more cost competitive without reducing safety or proper per-

formance.
Comparison of costs for a modular bay of 2.0 m x 6.0 m
for various covering materials, including rates for preservative

o

treatment, nails and transportation:

Table 2 Cost of Support Structures

1

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 profile 85 %

1

forrugated asbestos-cement sheeting

5 mm, standard profile ’@ 115 4%
- 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.*

3

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

€
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3.2. THE ROOFING” SUBSTRATE

" 46

A roofing substrate is mainly needed for built up

roofing systems.

-y

But‘built up roofing systems, like bituminous roofs

[edt)

used in North America, are very rare in the. tropics and

definitely not cost competitive in low-cost housing.

In Tow-cost housing in developing countries, roofing

systems requiring a roofing substrate are earth roofs or

roofing systems 1b which the covering material is subfunctional.”

v
Materials used as roofing substrate are:
!

"’Z/chipboard;

- boardstmade from agricultural waste (stramit);

- concrete panels (ferrocement);

- woven bamboo mats;

The rpofing substrate can often serve as supporting

structure at the same time or in the case of channel roofs

serve all roofing functions in one.

3.3. THE ROOF COVERING

The roof covering or roof membrane

component of a roofing system, not only as

O [ 0
is concerned but also with respect to cost.

of materials can be considered for roofing

of them are’composites.

A

<

is the major
far as its function -
A great variety

purposes, most
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A comprehensive list of potential roofing materials

and components has been developed by the Special Advisory

Comﬁjitee on New Technology Solutions to Roofing Problems

AN

‘ in Developing Countries, presented in 'an article written by

Warren R.

Research Advisory Board.

Table 3
Roofing Materials

Paper formed
Metal sheets formed
Iron(galvanized and painted)
Aluminium
Plastic
Sheet
Foamed
Formed
Fibres (artificial thatch)
Bituminous .
Formed
~Built up
Shingles
Cement asbestos
Formed
Shingles
Wood/wood products
Shingles/Tiles
P1ywood
Particle board
Vegetable
Grass
Cones
Reeds
Bamboo
Thatch
Woven

. . 4
Nellis of the National Academy of Sciences, Buildiny

. Concrete

Plain/reinforced
Ferrocement
Lightweight
Foamed
~ Lightweight aggredgates
Clay products
" Formed
Tiles
Sheets
Fabrics -
Animal products {
Minerals
Stlate
Stone
Gypsum
Earth materials
Stabilized
Non-stabilized
Foamed
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- Binders -

Portland Cement .
Other hydraulic-setting cements
From blast furnave slag
Fly ash
Calcinated clay
Limestone
Magnesium oxychloride sulfate
Gypsum
Lime
Sulfur (elemental)
Asphalts (pitches)
Coal tar derived
Petroleum derived
Tall oil pitch (coatinas)
Natural &sphalt
Vegetation derivatives
Pitches
Tall oil pitch
Cottonseed pitch
Resins
Cashew nut shell liguid
Soya bean o0il residue .
Lignins
Starches N
Grains
Root Crops
Sugars
Molasses
STurry of Banana stalksé&leaves
Gums

7

N

Reinforcement .

Metal .
Rod
Fibre
Mesh
Woven
Expanded
Mineral fibres
Asbestos wallostonite
Amphibole
Chrysotile (long fibre)
Rock wool (slag)
Glass fibres

48

0i1s (drying,withdwithout catalyst)
Linseed
Cashew nut shell liquid
Rubber _
Natural Tatex’
Protein
Casein
Animal and fish blood
Legume protein
Bone/hoof glue (animal glue)
Tannery waste
Animal grease
Silicates ;
Sodjum silicate (water glass)
Resins (Enormous potential at
local level - can be produced
from agriculture fTaster than
if an industry must be
established.)
Thermosetting plastics
Unsaturated polyesters
Urethanes -

Urea-formaldehyde

Thermoplastics
Polyolefins

Earths
Clays

Shellac

Glass ,
Blast furnace s1ag

Vegetable waste
Rice hulls
Bagasae
Cottonseed
Peanut and other seed hulls

.Textile fibre wastes (cotton,

jute, sisal, etc.)
Coconut husks
Stray
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- _ Fibres/Aggregate

Inorganic :
Sand
Earth
Expanded (bloated) clays
Verniculite
Expanded shale
Expanded perlite
Expanded slag and glass
Sintered fly ash .
%Rock
Shell
Pozzolans
Diatomaceous earth
Clays
Waste glass
Air (in foams)
Organic ’
Vegetation (processed&waste)
Bark
Wood (sawdust, chips)
Cork

/ Coatings —

Materials
Sul fur (elemental)
Polymers/paints
"Metallic
Silicones
Cashew nut shell liquid
Bituminous at
Organic wastes
Mineral particulates
White wash
Galvanizing

- From this

19

Carbonized and expanded vegetation
Husks
Cereal grains
Hulks
Plant products
Paper
Charcoal
Processed garbage
Coconut pith
Nut shells
Animal products
Hair
Feathers
Synthetic materials
Waste cans and other metals
Rubber (tires)
Plastic foam (styrene, etc.)
Plastic fibres

in general

1ist of materials, a number has been tested

and used for roof coverings for low-cost housing. Many com-

positions, although untested yet, have high potentials to



become low-cost materials with qualities required for this
purpose. Others like aluminium and plastics, both materials

with high energy values, are less likely to become potential

low-cost roofing materials.

50

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

further less affordable for low-cost h6U§?;g.

P]aétics have with the increased costs of petroleum
derivatives lost compétitivness to non-petroleum based
technologies.

In general, piastics 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 industries in
developing countries is the lack of gdequate markets for any
materials that could Hot usefully be emp]oyed_locally.
Economists also are skeptical about the capacity of the

8 L. .
market for plastics products themselves. This is because

plastics have ﬁot been much favoured for use in buildings
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materials.*
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v

since most people in these countries prefer "traditional"

~

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

3

fact that the housing problems in rural areas are less severe

and of different nature, roofing systems with inflammable

roof coverings are not discussed in this thesis.

In the following chapters, roofing systems are des-

cribed under the title of the respective roofing materials:

paper systems;
metal roofs;

bituminous roofing materials;
cementitious composites;)
burnt clay;

earth roofs;

waste materiais;

sulfur composites;

* Traditional 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.).
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The structural properties and potential uses of

paper for building construction have been investigated

L4

for many year;.*
Paper is a fairly cheap recyclable material ma&%
‘ from a renewable resource, is light weight and easily
manufactured.
Paper has often been used as a core material in

: ]
structural panels with various other materials as facings.

$

Lo ATl p;per panels appeared as an attractive a]termgtiﬁe
bédau%; of their lower cost and weight and because of the
flexibility and simplicity of construction which it affords.

Two metheds—of making panels can be distinguished:

honey combed panels and multilayer corrugated cardboard panels.

Only few papers marketed can be considered suitable

/ a

for structural applications; their names commonly used by

the manufacturers are:3 Coe

- beaming paper ° -, y ;

Tiner board *

multiwall kraft

super kraft o

[]

- cylinder Tiner ,
o = newslined chip
- "tag paper - .

<

* especially during the second world war in the US to find an
adequate material for disaster shelter,and Tow-cost housing
for war returnees.

54
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4.7. HONEY COMBED PANELS

Z -
fHoney,combed panels are a gtructural sandwich layered

constnuciion, formed by bonding_two thin facings to -a thick
core.4\(%ig. 4.1) -

] The>core is made of expanded kraft paper honey combs
and the facihgrcould be of a great variety of materials (cement

boards, plywood, aluminium foil, plastic foil, bituminous<felt

or plaster board).

4.2. THE MULTILAYER CORRUGATED CARDBOARD PANELS

* The multilayer corrugated cardboard panels are made of
standard corrugated cardboard bonded together in several layers

and facings ‘of the-same variety of materials as mentioned above.

(Fig. 4.2)

\
\

Quite a few all paper housing systems havgﬂgeen de-
veloped but not many found applications in the tropics.

Unimpregnated paper is, of course, far too weak and

'

too water absorbing to be used externally. Resins which are

known to impact good strength to paper are too co§t1y or not

enough fire Fetarding. '

<

6

>

The paper industry and paper world in May 1948 wrote:

\ “On reviewing a number of possible fortifying agents,
two materials, aspha’lt and sulfur, énpeared to be

, outstanding with regard to cost and supply.”

5
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Papéﬁbnapd and Beverage Can Houses built at Cornell a%iversity,
May 1973. .

Fig. 4.3 A paper composite proposal
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The latter was chosen in combination with an alu-
minium paint finish, The experimental structure hasuor{éina11y
been designed for a one year 1ife span but has lasted more
than twenty five, its roofing finish frequently being re-
" 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.’

Srrm g This e]imin%tes all the competitivness of such a roof and
N ,

- indicates that paper bo;rdé ma§<bc»the jdeal low-cost ceiling,
a necessarylroofing f]ement 16 the tropics for most robfing .
systems.8 /
In the course of my studies at McGill, I have maae
‘experiments with sulfur impregnated shinagles which turned

out rather promising and will be discussed in the chapter

on sulfur in detail.

-Climate Considerations

The light-weight paper roof covering and substrate

would make it- an adequate system for composite climates; the
severe conditions "of a’Warm humid climate make it a doubtful

solution for those regions and in a hot dry climate it is

{

- difficult to substitute thermal mass by the average thermal

insulation paperboard can offer. ‘
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SHELTER FROM '/
WASTE PAPER
AND SULFUR

DIMENSIONS
AREA
WEIGHT

"VOLUME PACKED

ERECTION N
PRODUCTION

59

Developed iﬁ USA during the second world war,
this structure uses paperboard made from waste

paper impregnated by immersion in molten

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

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

128 sq ft (13 sq m) enclosed.
10297bs .(465ka) inclusive.
[bO cu ft (3 cu m).

2—peop1e 3 hours,

" Prototype was handmade oh hardwood corrugators.

SUPPORT
PORTABILITY
LIFE EXPECTANCY
ENERGY SYSTEM
REUSABILITY

SITE PREPARATION
MAINTENANCE
FUTURE USE
EXAMPLES IN USE
CAPACITY
SUMMARY
PRbDUCER
INFORMATION

Loadbearing panels without frame. )

Vehicle (1/2 ton)/ship/aircraft/helicopter.

1 year, but lasted mo;e than twenty-five.

None required. Héated by o0il or electricity.
Since panels are gonnected by metal sfrips, they
could be easily dismantled and re-erected.
None required except‘c]earing and rough:wock.
Fire retardant paigzineeded attention.
Performed well enough ko be permanent house.
Only the prototype has been made.

4 people. ' .

WASTE PAPER/SULFUR/UNFOLdABLE/NOT EQUIPPEd.
Institute of Paper Chemistry, USA.

From producer. Documented in magazine

"The PapereIndustry and Paper World" May 1948,

s
&
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-~ MODEL 400 ‘This is the smallest of a range of cardboard
- UNIVERSAL . .
PAPERTECH structures produced by Herbert Yates' company
;E?EE. 4.6 and since 1959. Material is corrugated card with
| 57 polythyiene filler; structure is coated with
- pblyes;er’rés1n & fibregliass mat when erecty —
DIMENSIONS 20'0"x21'4"x8'8" high (6m x 6.4m x 2.6m high)
AREA “ 400 sq ft (40 sq m) enclosed.
WEIGHT 1000 1bs (450 kg) total.
~ VOLUME PACKED 600 cu ft (20 cu m).
ERECTION 8 hours for 4 people. (4 veopnle 1ift one pape]).
PRODUCTION Factory produces 60 pane]s/houf?’(é panefs/home)t
QSUPPORT ‘ Panels are loadbearing. Span reduced by using
sloped wall panels at 60° to horizontal.
PORTABILITY . Vehicle/ship/aircraft/helicopter.
LIFE EXPECTANCY 20 years.
ENERGY SYSTEM © None required. Services not included with shell,
REUSABILITY Not possible to dismantle and repack once built.
" @, SITE PREPARATION Necessary to have flat surface to act as f]oor.
MAINTENANCE Requires painting every five 'years.
FUTURE USE Can provide basis for permanent home; extendag1ei
EXAMPLES IN USE lUsed as emergency shelter in Peru. Many others.
O CAPACITY 8 - 10 people.
SUMMARY CARDBOARD/UNFOLDABLE/NOT EQUIPPED.
PRODUCER Universal Papertech Corp., Hatfield Industrial

Park, Hatfield, Pennsylvania, 19440, USA.

INFORMATION From producer.



Economic Considerations.

Paper products today are exlusively produced ipn
industrial processes and chiefly in industrial countries

where consumer goods packaging is needed most. Paperbased

(.

roofing systems woh]d Have little or no local economic

impact and use practica]{y 100 percent foreign exchange.

However, where kraft paper is nationally produced and’%n

effective fortifying agent to weatherproof the product

can locally be applied, this material could have a high—,
, ,

potential for more extensive use for roofing in low-cost

housing.

Technical Considerations

The lightweight material is easy and cheép to
transport and easy to install. "Breakage" through rough
handling cou]d'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 problem of satisfactory fire resistance may

not easily be solved but can be reduced to acceptable levels

with surface treatment or impregnation.
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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
paper®is not easily associated with performance,chgracte-
ristjits 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.

'
J
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Fig. 4.8 A geodesic dome struwgture
sold in the 50's and 60's in the S
(Filtered Rosin Prod.Co.) s
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Metal for roofing in é%e tropics is a'historical
material. ’
\ Since the rolling of corrugated plates was patented

. 1 '
in 1850, corrugated galvanized iron (CGI) sheets have

become the widest used,modern roofing material in the

AN

tropies. (Fig. 5.3 ) )

Meté] roofs in Tow-cost héﬁsing in the tropics are
almost exc]us%vefy'made of CGI sheets of various size% and |
quality.* Few owner builders are making Q%e of flat metal
sheets for roofing as they don't @ake a very watertight
;ogf below 45° slope. More recently, efforts have been made
ﬁa find uses of thin metai-sheets, galvanized or otherwise
protected, fo} 1ow—costwrobfing systems as tﬁe one developed
by Eckhard Schulze-Fielitz and discussed in this chapt.er.2

A'yery important consideration in selecting a

A

roofing system is its long term performance. In the case of
A

a meta] roof this is c]ose1y‘re1ated to ifs,corrosion—
resistance, and the compatibility of the metals uged with
their fixings, other building cohponents and other materials
in contact with the roof.3

The 1Tite of galvanized steé] is dependent on the

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

‘atmosphere it is exposed to. S

°

* In many developing countries there is a local manufacturing industry
producing CGI sheets using imported "black" steel sheet, which is
flattened, cut to size, hot dip galvanized, and then formed into
the required profiles. S o
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According toJProskurkjn and Gobunov, the different -
atmospheric conditions, such as the pressure of various im-

purities 1in the air (SOZ’ COZ’ S0 etc.), are a further

3’
important factor in the behaviour of zinc.

Thus a CGI sheet galvanized in a hot dip process .

with a 0,6 kg/m2 zinc coating in an industrial afmosphere,

#

would have a 1ife of about seven years until significant

rusting occurs (corrosion rate of 0,006 mm per year).4

-

A tropical marine enivornment, with salt-laden winds
¢

and possibly sea-spray, can provide conditions which are

ot

o

extremkly corrosive towards metals and reduce the 1ife span

of a-"zinc" roof-even more. Moreover, hygroscopic salts

deposited on mMetal-surfaces wﬁl]_a%% as a moisture trap and
speed up the corrosionfﬁfocess.G (Fig. 5.3) e
I£ is therefore.not su&ﬁ}ising that the 1ife~spah of
a CGI gsof‘gepbnding“on Tocation rangeslf%om 3 to 30 years.
The corrosioﬁ‘pgo;éss does not on]x haQe an
inF]uéncgfbﬁ the life span of the réofyput also its climatic

performance. After the first §ear in use the reflectance

of CGI roafs decreases considerably, thus increasing its

[

v'," y

A - ———
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absorptivity and heat transmission to the inside of the
house. This fact should be of high consderation to the '
users of metal roofs as surface coatiny is necessary to
maintain a reasonable climatic performanée of the roof
and increase its 1ife span aththe same time. /
The cheapest and very effective coating is a white
wash which has to be renewed after every rainy season. 07l
paint Jasts londger, but is subject to funga1'or‘a1ga1 growth.
Other.surface coatiﬁﬁs on the basis of polimeric
materials are also subject to‘degradation by solar radiation,
binders and plasticisers decompose and volatilise or are
feached out by rain, 1eading&}0 cracking of th; films ~
pigments tend to fade and are generally exoensive.8
Proper design and construction of a métal roof
can extend the Tife span considarab1yf Crevices -and
horizontal areas where water can remain stagnant should

be avoided. Roof spaces should be designed to prevent

condensation, either by ventilation or other means. (Fig. 5.2 )

o v

¢
@ e

* CGI roofs for Tow- costohous1ng can be’ bu11t—w1th0ut end]aps to a
" vratio of 1:5 (appr. 11°) but the ridge has to be sealed well, the
valleys of the-CGI sheets are usually f711ed with bitumen- sand

cement mortar.

£
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5.1. 'SUPPORTED ROOFING SYSTEMS

The Corrugated Galvanized Iron Roof .

The CGI sheet is often called the beginner's mate€rial |

i

for the.roof builder in developing countries.
Two of the main reasons must be that this material

is almost anywhere available in the tropics and that it.is

N

<

very easy fp build with.
The sheets are of various sizes between 2.10 m x 0.60 m
to 3.60 m x 0.90 ﬁ: A number of different gauged qua]ities*
(26/28 -N.5Mmm gauge) in circular or geometfica] corrugations
of between’3—5 cm rib height are distributed in bundles of
ten, twe1ve or more sheets.9 (Fig. 5.4 ) B
More recently and for large scale projects rather
than the individual builder, local manufdcturers offer
long span sheets of lengths of up to 12.0 m which'e11minate

some of the hegative chéﬁacteristics of CGI roofing (ten-

70

dency to fly when 11ft‘off in storms, removability, smaller purlin snacing).

4 i
Suppcrting Structure

The minimal weight of this roof does 'not create
many structural problems to the builder. However, it is

important that the structure is well tied together so that

o

* It is not uncommon that sheets of lessor thickness {s.w.g. 37)
0.17mm are used, but it is not recommended for permanent structures.

’
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'"METAL ROOT SHEET ING

,

Types manufactured in Ke.nya
{

total width of sheet 0.610 m.(2'-0") l

| |
RS -

, - |
[ cover width 0.534 m. (1'-9") |
|

TYP J': s%gndard corrugations 8 x 3"

| total width of sheet 0.762 m.(2'-6")

76 mm
‘ (3") T

cover width 0.686 m. (2'-3")

T YP E‘: standard corrugations 10 x 3"

total width 'of sheet 0.737 m. (2'-5")

|
] | 70 | 101 { 70 %
IS
oL
| |

[ - 17
cover w1dth[o.686 m. '

ey k : : 4
VN : N /T
!
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|
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T Y P E : trough sheeting I.T. 4

(Eygelaar, J.)
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it can resist the upTift during storms. F]yiné CaI sheéts
)

are deadly objects.*

Depending on the architecture of the house,trusses

can be eliminated and purlin can span from wall to wall.
xR ! ' Y

S -
"

3

‘

General Criteria

CGI is a very versatile material and its:advanfages

*outweigh the disadvéntages clearly.

Advantages Disadvantages )
low-cost ' high import costs
low-weight low mass

low-volume S poor thermal barrier

(for shipping and jdining) ;

life up to 40 years rusts
{

i

S

can be nailed and formed needs to be maihta{ned

paintable ) .range of, quality
high reflectant noisy in wind and rain
impermeable - cpntaminates water

wide avéi]abi]ity over-accepted

high status dangerous if Tloose,
‘ tendendcy to fly
vapour barvier

tough

wind resistant . .
' * Under normal circumstances purlin

spacing for 26 g sheeting will be

fire resistant
. et 1.2 mto 1.5 m.

reusable

~.
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Climate Considerations

The well maipntained CGI roof with a well ventilated
ceiling space and a ceiling of low thermal capacity is the ° O

. . - 11
ideal low-cost roof for the warm humid tropics. '

Koenigsberger and Lynn say: o

""Our heat flow calculations have convinced us

\

that a ceiling belongs to the minimum re-

quirements to be insisted upon even in houses

~
!

for the poorest of the poor.'

A ceiling is required also for acoustic reasons.

The drumming of tropical rain on an unprotected roof disturbs

sTeep and makes it impossible to understand .normal speech.

In all other climatic regions the CGI roof cover cannot
fulfill proper roofing functions as it will be necessary to add some
thermdl mass or therm;] resistance insulation to the roof
so that it would perform reasonably.

But it is obvious tﬁat in those climatic regions

the CGI Yoof is less cost competitive.

Economic Considerations .

Except.fBr countries which have their own.steel

/ .
industry CGI roofing will not have a positive local impact

; g



o~

~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 Aspecés

¢

Structural and fire safety seem to be of main .
consideration after that of ease of installation. The argument
;haﬁ the material can be used maintenance free is somehow -

Qn accépted compromise to shorter 1ife span due to the

easy and cheap -replacement possibility of individual sheets

or entire roofs.

Social Aspects

A The strongest social aspect is-that of social
6restige. For the dwe]?er'it is his first step towards
modernism and a sign of progress.

, It is hard to imagiqe that even if this matefia]
has to be 1mported that this well established markef could

disappear without reaction from the home builders.

*

8
/
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5.2. SELF SUPPORTING STRUCTURES

v Long span CGI sheets as mentioned in the preceeding
paragraph are also available in stronger gauges and geo-
metrical shapes with higher ribs. These sheets could span
Iy

3.0m to 4.0m easily but would not be cost competitive” for -

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

Dr. Eckhard Schulze-Fielitz (Co]oghe) has, together
with Sitec Robert Lourdin in Paris, registered a patent for
a metal roof system utiliifng thin metal sheets formed into

channe]s.]2

The Channel Roof ' .

The interesting aspect of this channel roof is the
ufilization of an industrial semi-product in the form of
painted or galvanized coils.

These coils when shiﬁped to the building site-are
unrolled from the truck with the two edges running th}ough -
a tool which is forming the edge profile. (Fig. 5.5 )

The profile on these edges is necessary for the
fixing of the channels to the rails but does also 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.
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kind can freely span up to 20.0 m and have a cantilever
- of up to 5.0 m!

The basic characteristics of this roof are the
same as for all metal roofs but two dtstincf advantages
make this system an interesting a1tefnative:

- the adaptability to all tropical climates and (Fiq. 5.7 f

- the structural capacity.
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Bitumen, Tar or Pitch are terms often used , ~

interchangably.
Asphaltic substances have been used by man for °

]They offer excellent binding qualities

thousands of years.
with good‘water proofing properties. Asphalt is derived
from many sources including the destillation of petroieum,
naturally occuring deposits, and depdsﬁts of rock asphalt*
mined out of the ground. (Table 4) : .

Asphalt or bituminous substances are avai]aale

with'a wide range. of properties from soft and st%cky to
Ay ,

hard and brittle and is made by heat, solution or emulsi-

. fication.

~

These substances are today mixed with a wide variéty-
of materials to provide water proofing coatings, or to
functioﬁ as biﬁders for fibrous felts, corrugated sheets,
boards or shingles. ,.

‘In the tropics, the material's behaviour shou]d be
of great concern as on roofs an& other expgsed places,
the viscoelastic properties of bituminous materials are
seriously affected by repeated wetting and drying, while

heat brings about softening aﬂd b]istering.2

¢

* The bridge/between the ancient and the p;esent day use of
bituminous substances was the discovery in 1712 of rock asphalt
at Neuchdtel, Val de Travers.

L]
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The study on durability ‘of "materiais for troBica]

building" reveals further that ultraviolet radiation leads to L

embrittlement and the production of water-soluble matéria1s

which can be Teached out by rain; feTt fibres may rot -

o

or undergo deterioration due to mould, og?even*be dttacked
<7
by termites. High winds cause felts to crack and tear, and

%

they can be abraded by sand stbrms.3 . S |

= »

Considering these aspects and the fact that” bituminous el

roofing materials are expensive, it is highly unlikely that such

-

materials will find brdad applications.. ’ S - A ’
Also, built up roofs are sophisticated systems -de- .
manding theswork of skilled labor. ‘ \ ’ .;h

In spite of all negative facts bituminous roofing_~
materials are used in developing countries in the form of
corrugated sheets and namely roofing felts. (Fig. 6.1 ) LT

_ ‘ . ¢
In Tow-cost housing roofing, felts find application in

/

combination with traditional roofs such as Makuti rgbfé (Sbmd]{a) I
but also to watertighten f]at‘earth‘roofs in hot dry. ": '/ f‘,

climates. (Fig. 6.2 ) ‘ ) . - D :;.\“

J.P.R. Falconer, in his report from aﬂF{e1d T;ip ; ]

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

_—
material marketed there under the name of "Decormastic" .-
tile, a stamped galvanized iron sheet (appr. 28 ga.) coated ‘ -

with asﬁha]t with a granular mineral shrface, similar to that
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VARIETIES OF BITUMEN

L ASPHALTlC BITUMEN
’ '(from natural sources)

/N

Natural Rock Asphalt
{calcareous rock, with
about 20% bitumen)

When combined in correct prgoportions /

these sources produce NATURAL MASTIC ASPHALT

Natural Seepage ,
{mixed with wind-
blown sands etc)

DERIVED BITUMEN
“(from refining of crude

petroleum)
t

2
i

Lake Asphalt
(with about
54% blturnen)

When combined in correct proportions
together with a mineral filler such

as crushed limestone, these sources
produce SYNTHETIC MASTIC ASPHALT

»\ A

FLUX OIL may be added to either of these :
mixes, to reduce the viscosity of the -—-

resultant MASTIC ASPHALT

Table 4 "(Kinniburgh, W.)
)’/ &q\
w4 £
¥
&
Fig. 6.1
typical assembly of
= : corrugated bituminous

roof (Ondulite Ltd.)

-
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. galvunu.d ool



e - S S /

&3

@
-

-

on asphalt roll roofing. This certainly represént; a hﬁgher

Pt

cost materia1€§hqn CGI but appears to increase life span

without any need for mainteénance. (Fia. 6.3 )

Barast roof . __.
da'am

[ 4

Rm{ng felt .. _
T

-

X Palm leal _______4
matling Y

: ' . Barasti stem
grid
Gableend grd

Barash daam __

Horzontal .~
bracing

+

. Fi g. 6.2 Us e.0 f / Barasti daam

roofing felt in indi-"
genous bui 1dinag . PALM FROND STEM (Barasti)

(AD/4/75) , CONSTRUC TION

P

A}

Fig. 6.3 (Falconer, J.P.R.)
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" 7.1. INTRODUCTION o
Before discussing the various types of s}stems falling
under this groups %t'is necessary to make a few introductory
remarks to the th;ee main types of cement composites;:
a) éonventiona] steel reinforced copcrete
4 b) %érroceﬁént
c) fibre-cement - ) ’ .

-

a) Conventional steel reinforced concrete (RC) widely

_known and used for all kinds of ‘purposes for over hundred yearg

now* is not the first composite material used for low-cost

roofing in deve1op{ng countries. And yet, concrete in some form

is a fascinating material and can be“uséd to make certain low-
cost roofing ‘components (joists).

| Concrete technology, common]y‘knowﬂ and not specially \
described iq ﬁhi§ thesis, is based on the chemical binding
process called hydration and the‘sﬁructura] comp]émentation
of steel ‘and PCC.]Th; greatér tolerances which can be accepted
for quality and mixing“proportions compared to ferrocement and

fibre-cement make this process a fess critical one for de-

veloping countries. -

[y

Portiand cement (PC) is the most common hydraulic-

setting binder, made of m%ﬁhly Timestone, consuming large

* The basis for wide application was given only with the exact des-
cription of the cement production process by J.C. Johnson in 1844,



quantities of energy for its production*., There are some
_other materials which have hydraulic setting properties or
can be used as partial substitute§ for the mére and"mqre‘

expensive PC:

plast furnace slag

fly ash

Timestone

bauxite

pozzolans

4

magnesia

ash of burn rice husks

PCC and steel as  reifforcement complement

° 3

each other in an ideal way, byt unfortunately steel is not a

cheap material** and neither {s the composition of the two.

Studies have been made to reinforce PCC with bamboo

as a substitute for stee]f but for our purposes other criteria

are making this composite a less competitive one: the com-
parison on a cost/strength ratio basis.

b) Ferrocement: The paradox associated with ferro-

5 : ,
cement, James P. Romualdi says, is that it is both one of
the oldest and yet one of tne newest forms .of reinforéed
{ f
concrete. Since the construction of a small row boat by

» 6
Lambot in 1848, ferrocement has been used for a wide range

.* 1 ton:of PC nééﬁs 6.300.000 kcal to produce.

** 1 ton of steel takes 7.225.000.kcal to produce.

[y
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of marine structures (such &s cargo ships), storage bins and
Ty

notably large span thin-shell structures ‘such as Freyssinet's

hangars at Orly, Nervi's numerous structures 1in Italy and

{

Mai]]art@s Cement Industries Hall at Zurich Expo 1939,

(Fig. 7.1)

Except” for the early pioneers, there was a‘general
realization on]§ in the sixties that this material has a
muchfbr%ader application in building structures than it§
previous apﬂ]ications.B

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

concretes, is in a more primitive form probably the 01destl
known technology.of pseudo—%ucti]e materja]s produced from
fibres embedded in relatively brittle cement based matrices.
A. Kelly refers to chapter 5, verse 6 in Exodus
noting the impo;sibility of making bricks without straw as

reinforcement at that t1'me.1O

There is, today, a wide range of fibrés suitbale for
use as reinfo}cement‘pf concrete. They can be divided into
two main groups, thoge with moduli lower than the cement
matrix, such as cellulose fibres, coconut fibres, nylon and
polypropylene and Fhe second group with a higher moduli
such as asbestos, glass, steel, carbon and Kev]arﬂlf

Asbestos fibres are the only type of the second

groub being feasible for-the use in building components and
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even this material is challenged today as it occurs in few

places only and requires deveioping countries to import it

. e o . , 12
in relative large quantities using scarse foreign currency.
b ;

4

! * -

¢ 4 . \
\ A o .
-

Fig. 7.1 Ferrocement warehouse built in 1947 by Nervi's .
firm; walls and roof were-less than 3 cm thick (Abercrombie, S.)}
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Lo 7.2. *CONVENTIONAL - STEEL REINFORCED CONCRETE (RC) .

Ry ipdustrialized counfries, few homes are roofed with

’
1

. RC-systems and, it” is therefore also reasonable to say that

I'S

¢ . conventional steel reinforced concrete isusually not associated
with low-cost roofing for developing countries.
pfé with re-

X But concrete techﬁB]ogy is simple to ap
< latively jiftfe equipment needed, and cement is available in
. £he remotest places around the world. -

Furfhermore, ﬁC¢systew§ are monolithic strong and -
durable structures and are tﬁérefore raving positiveﬁshe]ter
cﬂaracteris%ics. . )

These facts% fogether with the frequent needlor wish
to bQi1d a roof which can be accessible or serve a f100ﬁ

N - ceiling function in Fhe‘%uture, has led to the common flat
RC rQQF a’s a certain roofing ;01u£ion in many developing
Y * countries.
: .

* But ffat RC f]oof/roof slabs for short spans in low-

: cost housing are uneconomical® elements for the two following

d reasons: 13
‘ - unproportionéte high. quantity of steel and
;‘ ) : s “concrege (dead weight) needed compared to
& ;: : o the capacity rquived; ,

~

-~
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o

’ b - uneconomical system of redirecting.%ortes
in flat slabs;* | | ‘
Considering spans of between 2.40 m and 5.00 m, the
RC s]ab:of appr. 10 cm thickness would not be cost com-

(pegjtive on a-cost/strength ratio basis when compared with the

other "hybrid" RC systems.**

S
. - |

These sysfems have been developed to minimize the use.. .

of steel and cement without Timiting the user and™%helter

functions. (Fig. 7.2) e ' -

~

7.2J.SELF~SUPPORTING‘SYSTEM§

Se]f.suppo?ting RC roofing systems 'have been de&é]op%
for prefabrication of Targe housing_schemes or for self help

processes in aided low-cost housing developments.

>

Vaults Prefabricated T . \ -
" . L) C;'}
Structurally, the vauTt is a’ less favourab]excon—

u

figuration for a low-cest roof than a dome is as it Qi]l

require or tie rod béam to absorb the horizontal forces except,

L]
e R

of course, in a pure compression vault.

9

n

* Beams and slabs are bulk-active structure. .systems (bending structures)
adequate for long continuous spans without the need to give up the
advantage qf rectangulayr geometry. " -

** For curved elements 1ike the vaults and domes, the compqrison is even
less favourabley a ferrocement structure uses 3 to 4 times less 'steel
and cement than a comparable RC-system, . . .
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version has been designed for a

This

THin on site produced
(mesh 10 x 10 cm),

'1978)

Cyprus.
cement shells are used as l1ost shuttering. Low strength

b}
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An interesting but almost forgotten process had been

B

apined”by Alvaro Ortega, a'Cé1umbian architect, who has

t

been teaching at Harvard and McGill amongét other institut}ons.
It is the method of prefabrication he is proposing
. . io e,
which is of great interest for our purpose. He has developed

a method of casting curved thin concrete sections on the

" ground in stacks of as many as forty-one a top the other, so

that all the shells required for (in our case as many as te

houses - 60 m2 each) could be cast'from a single formJAFrd. 7.2 )
The most interesting part 6f this method is the

uti]izationtof vacuum equipment ‘that is’used not only {n

pre-curing the thin precast e]ements,'but 1nb1iﬁ¢ihg them

as well.* (F1g. 7.5)

Y
*After each element is poured, it is covered with pads

connected by hoses to a vacuum pumb which draws out the un- .
combined water in the mortar. Within half dn hour, the newly-
poured surface, though still moist, is strong enough to

support the wet concrete of the next shell.

To prevent bonding between the stacked layers and,

i 4

«

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

-

plastic foil, paper or lime paint, befbfe the next element:

is poured. Using this vacuum drying system; it is possible to

e

* The vacuum concrete process lwa% been invented by Bitner in Germany.

5
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_expensive due to the special equipment needed.

95

>
cast eight fayers in a normal working day in each stack. And,

because each layer is sealed top to bottom, the stack becomes

a ready-made curing room in which moisture and temperature

are kéﬁt uniform yntil the shell reaches full strength.
This system has first been used in the USA on the
Pentagon building and in the early fifties in a number of

projects by Ortega in Columbia, notably for a 600 unit housing

project in Bogota. 15 ’

4

Thin shell concrete roofs have characteristics similar
.

to,ferrocement ones, except that their produ&tion is more

-

It also seems that for low-cost housing, the barrel

i

vault with its structurad disadvantages compared to a double
curvgd strdcture.shouldpon1y be’coﬁsidered if aesthetical '
p;iorities require a roof of such shape. (Fiq. 7.3)

The vacuum process, if considered at all, could a]sd
bg\useé\for double curved elements and then represent a
feqsible a]tern&tive for large scale projects where the

ferrocement proEess is considered too slow.

The Floor-Ceiling Vault

9

, ‘- 16
Christopher Alexander et al write under flat roofs:

"FTat roofs, except—roof\gardens (or we could say

if they have to serve a floor function) are already

eliminated by the psychological arguments of




8

sheltering roofs (1 bid. pp. 569-574) and, of course,
by structural ;ohsiderations. A flat roof i;

necessary where people are going to walk on it;/

’

but it is a very inefficient structural shabe since

-~ -

it creates bending."

The floor-ceiling vault combines two interesting

- . . . . [
characteristics, a functional one serving as floor and

an architectural one creating a ceiling height variety.
There, are, ofygcourse, various ways of achieving

fhis combination, one of which I will discuss with the

L 4

" ferrocement low height dome which can be filled with sand,

mud or any other suitable filler for that matter to form a
flat surface on fop. (Fig. 7.7)

Alexander's vault is made in a simp1é way, first
placing lattice rips)at 30 c¢cm centers, spanning in one

direction, from“one perimeter beam to the opposite perimeter

»

beam, each strip bent to make a sensible vault shape.*
Then strips are woven in the other direction, alsoc at almost
30 c¢cm centers, forming a basket. The strips can be nailed

onto the form of the perimeter beam around the room. This

i

basket is immensly strong '£d stable. (Figs. 7.8 and 7.9)

0
[

*  From structural considerations we know that a circular shell dome
will generate virtually no bending moments when its rise is at least
13 to 20 percent of its diameter. . -

- 96
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Burlap is then stretched over these lattice strips, _

tacked- onto the strins so that it fits tightly. The burlap

is painted with a heavy cbat of’polyester resin to stiffen it.,

This burlap-resin skin is strong enough to support
2.5 to 5 cm 0% {ightweight concrete. One layer of chickenwire
as shrinkage reinforcement is needed. The shell, which formsQ
is strong enough.to support the rest of the vault and the
floor abdve. In order tolgeép the weight of thé vault down, it
is important that the concrete forming the floor be iightened

by mixing it with 50 percent voids and ducts. Any kind of

e used, empty beer cans, wine jugs, sono tubes,

ductsf and

ther 1ightWeight hollow materials. (Fig. 7.7 )
R ~

ﬁ%]usio

| A]ex;nder's version is of 1ntérest ds it utilizes a
combination of structural and material characteristics to
form a sound and architecturally appea]iﬁg structuré.

| My own suggestion 1is té find another solution to .
stiffen the burlap as few people in developing countries

would use resins effectively and moreover resins are

expensive and have a short shelf life, especially in the

_tropics. It is also worth trying whether the initial ferro-

cement-like thin shell is needed in the first place or if the

<
°

burlap or similar forg work, together witﬁ'chﬁckenwire, could

not support the entire infill at once.

98



Fig 7.11
A type similar to ‘the
floor ceiling vault.
(Alexander et al)
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7.2.2.SUPPORTED SYSTEMS'

Supported RC roofing systems are known in industrialized
countries in the form of planks, channels and rih slabs, usually

used for larger spans and for industrial buiidings.

i

In India, Central and South America, such syste%s have

been deve]oped for low-cost housing, taking‘advantage of rec-

r

tangular geometry and economisjng on the Jse of cement and

steel,

Joist and Infill Systems
‘ Joist and infill systems are supported structural
systems forming a flat structural element of small construction-
height, capable of serving a f]oor-cei11ng‘fun6tion in an
economical way for spans in the range of 2.4 m to 5.0 m. This
method‘islused around the worid in ‘developing countries for
various purposes but mainly in housing and for §hort spans.

The components are joists usya]]y in precast reiﬁforced

L]

concrete; infill panels or bricks, spanning between the joists

p—

¢ - . . -~
and a covering screed in concrete or mertar.]7 (Fig. .7.12)

\

A hybrid version is the "lost shuttering" type where
hollow bricks forming a continuous ceiling are shaped with

blockouts to form a rib slab by the concrete poured on top

of them. ‘'(Fig. 7.13 )

. a -

o
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jhese methods are providing a saving of 40 to 60
percent in the consumption of both cemen£'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 countries is cheaper _than a conventiona]ireinforced
concrete slab would be. (Mate%ia] cost versus labor-cost.)
However, xin comparison to other systems~déscrﬁbed in this
chapter, this method is still relatively expensive in the

context .of Tow-cost housing and should enly q% considered

for housing where future vertical extensions are anticivated and

“possible.

In those cases the roof is a very expensive one for

3 3

the period before the extension is undertaken as wqterproofing
has to be added ,on the surface:

For any other purpose, the joist and infill system
will not Qe competifive as it is still structurally an )
un%conomica] system and’quite Tabor intensive to build, too.

E As far as its adabtasi1ity to climate is concerned it
}sito say that it would make a very poor roof for the‘warm
humid tropics but as it is a recommended solution for a floor-

ceiling type, temporary measures would have to be taken to

improve the climatic performance of this temporary roof,

— \
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The Joists

»

The prefabricated joists are reinforced according
to the structural design and loading conditions.
In the case of-the Indiqn "Concobrick" system 18

reinforcement is provided for final loading conditions- while

~the precast concrete position is to take 'the dead and Tive

®

1dads during construction.

-

The Infill Panels or Bricks

Most conventional systems,namely those used in Central

-and South America,are using hollow tiles or bricks of the

same type as sandcrete blocks are to span the gap between

o 3

the joists. In industrialized countries, they are always made
of burnt clay and much lighter in weight. (Figs.7.15 and 7.16)

The jackarch principnle uses burnt hollow bricks

°

covering 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 soil of the\required curvature. The height of the

curve may vary from 50 to 100 mm, thé former being preferable.

No reinforcemént is used. (Figs. 7.17 ) i
' Another popd]ar systenP widely used in India is the

i7ed-Tile" roof where the infill panels are made by stretching

burlap or hessian cloth over a wooden frame ‘having inside
‘ (Figs. 7.14 and

20

7.18
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Fig. 7.15
Joist and Infill Systems

as used in Mexico and South _.—=x
America (Université éava]) 6§§3\
Fig. 7.16 | RINEY
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dimensions of appr.-80 cm x €0 cm. The cloth is fitted slightly

loose over the frame so that the concrete (mortar) takes a ,

norma]asag under its own load. The natural éurve formed by

the concrete's Tload Qi]] tet the sfab act\asla catenary, being

completely in tension. This slab used as infill between the

Joists in an inverted position will wholly be in compression.
Other methods could be used like ferrocement arches or

flat elements, even the possibility of using fibre boards or

stramit panels should be studied. v

3
X

Al

The Covering Screed ' . .

The covering layer of concrétg.or mortar bonds the
e]éménts toge£her to form a composite roof/floor.

It.is necessary to‘giye the roof/floor impact strength
and to distribute the ioads.

In the "Concobrick" system the roof/floor is con-
structed by putting the jackarch p;nels on partia]]&dptecast
I-beams. Concrete of reasonable strength is 1a%d over to
fill the haunch;s and ferm an integral structure with the
I-beam and the pane]s?](Fig. 7.17)

The roof is pften finishgd after placing a 50 mm thick
layer of mud and wheat straw mix and/or lime concrete for

¢

some thermal capacity and waterproofing.
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) Fig. 7.17
The conco-brick®
system. (Surya
Kant Mistra)
o~ '
: Fig. 7.18

‘ The zed-tile éystem.

(Ashfag Hasan
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P?@labricated Panels

i

1 Similar to the ‘joist and infill systems, there are

-

partial precast floor syétems which can be considered for

the purposes of roofing (floor, teiling or accessible roof).
These systems (Fig.7.19 ) are either forming a true rib s]gb \
when finished (a structurally economical solution for Targer
sb;ns), or a less economical discontinuous chaghe] system.
(Fig. 7.20)%2

AT of these systems, if compared with thehjoist‘and
infill principle, will be less competﬁtive in developing
qouptries and they should only be considered if cement and

steel are relatively cheaper and prefabrication is an econo-

mical,positive factor.,

P 9416

Fig. 7:19. Prefabricated = e

Panels’ (East-West Center)
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ot 4 7.3. FERROCEMENT ROOFING SYSTEMS A N

- Ferrocement exhibits behaviour so different from con-
ventional reinforced concrete in strength, deformation and

potential -application that it is classified as a separate and

distinct material. d

LN o -

The American Concrete Institute Committee oﬁ Ferro-

. . : ! . . . "
cement defined it as construction material as follodws:

"Ferrocement is a type of thin wall reinforced

concrete ponstruction, where usually a hydraulic

o
-

cement is reinforced with layers of continuous and

relatively small diameter mesh. Mesh may be made.
23

“of metallic materia1s~or other SUitablé materials.,"
: . The mechanics of ferrocement and the mechanical
brope}ties)arenvery complex because of the almost infinite

.
variation of size, geometry, fabrication method, orientation,

yield and Ultimate stress of steel wire mesh that could be

used,’asyréinforce‘ment.23 g
Consequentiy, designing a ferrocement structure s a
sophisticated enginéering matter which for our purposes has
5]

to be sihp]ified to a trial and test method of the roofing

I elements as they arelmanufactured. o
Q’ . There are rules of thumb for the proportioning of
. \ ingredients by Abercrombie which will produce a mix quite

|
I .
‘/ strong "enough for most small projects:24

3
-
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- Use sTightly more than half as much mesh as

cement, measuring by weight.

- Use the minimum amount qf mortar needed to.cover
the mesh. \

- Use slightly more than half as much cement as
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 standards for concrete construction.

Cement

The cement can be ordinary portland cement but should

be fresh and.ofcuniform consistency.

Fine Aggregates (Sand)

Sand shall Be obtained from a reliable supplier and

should be clean, hard strong, free of organic impurities

and deleterious substances.
-

- ‘The following table gives some guideline on desirable

*

gradings:
&
) Sieve Size . Percent Passing
U.S. Standard Square Mesh by Weight
No. 8 ' 100
L0 ‘ No. 16 50 - 85 -
Table 5 No. 30 25- 60
ACI ‘ ‘No. 50 40 - 30
No 100 2-10




- ‘__*

Water

Water used in the mixing is to be free of dny organic

and harmful solutions which will lead to a deterioration in

the properties of the mortar. Salt water js noi io be used.

N |8

Steel Reinforcement

. The reinfo%cemenf shoy]d be clean and free of all
lToose mill scale, -dust and loose rust, and coatings such as

paint, oil or anything thét'might reduce bond.

Welded wire mesh, hexagonal woven mesh or thicken

wire, and- expanded metal*lath can be untreated or,galvanized

with a wire diameter of not more than 1.5mm. The txpp of mesh

recommended is the 15mm x 15mm gage 19 with a yield strength
at 0.2% offset strdain, in excess of 4500kg/cm2. Rods, wires

and strands if used shall have a diameter -smaller than

“10mm. (Figs. 7.21 and 7.22)

It is the fabrication of the reinforging cage, the

mortar-plastering and the.curing which are furthermore’

crucial for the quality of the product.25

‘Fabrication of the reinforcing cage

~

The wire mesh and/or ﬁesh fabric or rods are to be

I3

placed and shaped to'thefroofrform such that the-production

11



Fig.
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Common chicken and welded wire mesh

15 mm. ‘
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of a void-free material mﬁy be obtained. Adequate reinforce-

13

el

ments are to be placed locally where higher stresses are
% [

' ’
"

expected.

The different layers of wire mesh should be carefully

%

and securely- tied together and to the central layer of coarser

»

reinforcement, if neéded, in order to provide an as much even

thickness as possible and to avoid movement during the.placing

of the mortar.

Any discontinuities in the strength of the reinforce-
‘ment are to be avoided 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 shouid

be“cpnsidered and closely supervised to ensure high quality

material. ' B

il

The mortar must be thoroughly compacted during placing .

., to ensure the absence . of voids around reinforcement and in~

the c&(ner of any frame work. '

Under no circumstances should the mortar ‘be éompacted

simultaneously from both sides of the reinforcement in One ~
, , b

operation. Vibrators and handrodding can be used if neges§ary

‘to achieve better penetration and distributidn.
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Properly tied reinforcement.

7.23
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The mo}tar Shauld-be placed within a reasonably short
period of adding the mixing water‘and with continua1'agiiation
during the wa1t1ng period. During hand11ng an 'placiﬁg of the

mortar, care shall be taken to avoid segregatvqn/g;: e mix.

S )

(Fig. 7.24) =

Curing

Curing, a very important stage of ferrocement making,
Abercromb1e says, 1S s1mp1y taking care that after the mortar
has been app]1ed proper conditions preva11 wh11st the ear11est

and most critical part of the hydration process automat1ca11y

takes p]ace.26

The set mortar 1; to be kept'wet for a period

dependent bn-thé_tyﬁe‘of‘cemeht used and the ambient con- -
ditions.
The methad of curing should normally be_by Watef spray

but other broven methods - are acdeptab]e, such as steam clring

and membrane curing. The temperature of, curing must be above

0 - ' ‘ ) '
- - S
10°C . , : L .o
* . B - N ~ ¢
> N > . . N - -
. .

Painting '

h1te wash or; pa1nt to 1mprove therma] bérfdrmanpé

'_should only be applied after comp]et1on of cur1ng and

after the surfaces have been dried. = -.

\
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Conclusion

Ferrocement combines almost idea]]y\the'ﬁbst dgsirab]e‘
characteristics for low-cost roofing.

It is made of materials that are easy to find almost
anywhere in the wor]d, easy t; buy on almost any budgef,and -
easy to use with the most meager amount of skill or training;
no e]abota{e toolg are\n§eded; and, because the basic mesh can
be bent by hand into shapes that are naturally structural, (
supporting framg@ork can often be eliminated. It 1is ;150
relatively 1jghtweigﬁt, impressively watertight, rotproof,
and bugproof, and i't shares with g]] concrete work the‘
envié%]é.qua]ity of improving its strength as it ages.

Abercrombie mentions as disadvantages the work, which
in our case could hardly be ratgd negative.

The other arguTeht,.itslrarity,'is‘probab1y a greater
obstacle. Use eﬁcouﬁages fpfther use;’disuse, further
disuse.

Therefore a great body of scientifically conducted
tests of the matef%a]'s.strength and of all the pecularities
of its behaviour should be started. Without these tests, no
reliabtle gu%de]ines for still missing proper building

standards nor approval from the building codes which enforce °

those standards can be established.

[
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. 7.3.1.SELF SUPPORTING SYSTEMS

Considering ferrocement as a construction material in
¥

all its &pplications, it must be in the form of a self

supporting roof where it performs at its begt.

The characteristics of ferrocement. free forﬁabi]ity
and thin structural thickness, demand a shape of the roof
surface'with'a beariﬁg mechanism of surface-active structural
systems* (single or double curved surfaces).

It is quite obvious that with this technic, ferro-

cement will not be ideal for constructing flat-self supporting

accessible roofs where the redirection of forces is most un-

L

economical anyway.
With a little _more construction height, a ferrocement
structure can serve a floor ceiling function in certain

3

circumstances.

Modular Panels

Modular panels for self s&pportkng low-cost roofs
combine some highly desirable characteristics. -

But considering that they will in most cases be used
for flat roofs, ferrocement panels as mentioned in the pre- °
ceeding paragraph will not be able to perform the most

)

* These are structure systems in surface stress condition.
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desired functions a flat roof usually should: being
accessible or geéving a floor ceiling funé;ion for future
extensions. In spite of this fact and as a comparison to-
the "céna]eta“ panel, I think that for certain cases the
following system could be feasible for 1ow-cést roofing.

31

Jose Castro%)describesla panel din his paper” which

has been successfully ugéd in Mexico as roof and wall elements

in different projects. One of them was a group of 350 houses

‘built by the prisonérs of the Tabasco Jail, using only thesé

~

elements to form the structure. (Figs.7.25, 7.26 and 7.27)

"Mexican” Channel

" The U-shaped channels of various dimensions are

prefabricated individﬁa]]y. The reinforcgment, consisting
of two .steel rods 6.0mm placed in the corners and two or
more layers of wire mesh or the more aqd more used cheaper
But also effective expanded metal (E-600, 600gr/m), is shaped
with'the he]ﬁ of a template. |

The channels are then plastered manually on a
smooth surface floor with a wooden form to the| sides.

The finished and cured channels, weighling appr.

75kgs- for 4m spans, can easily be installed byl two men.
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. Fia. 7.25  Joint detail
of ferrocgment roofina channel.
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Fig. 7.26 Ftat roof
application. (ACI, Castro)
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Pitched roof
version. (ACI,
Castro}
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Dimensions:

Production:

Application:

G~

Climatic

Performance:

Economic
Impact?

Technical
Aspects:

*industrial manufacture;

0.50m to 1.0m wide

©3.00m to 6.0m long

appr. 2cm thick

8 - 20cm webs

on site manual prefabrication or Jlocal

@

flat or shed rodfs, v

pitched roofs-with ridge beam support;

warm humid climates, preferably with a

ceiling and we]f ventilated between roof

w

me
and ceiling;

composite climates, with a céiling of some
thermal capacity (fibreboard, stramit);

is positivé as process is labor intensive,
Tocal materials can be used (except for the
wire mesh which is usually imported; in China,
it is reported, wo}kers also weave mesh from
wire on site);

except for é trained supervisor, no skilled -
lTabor nor any special and expensive

equipment is needed; the panels are easy to

install and very durabley

v
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" Maintenance: annual cleaning will improve climatic per-
< 3
/,\ formance which could further be improved with

the application of a white washg
Social needs: can be satisfied as discussed in the first

part of this thesis (pp34-37 ) except that'it

"

., 1s not accessible for other purposes than '

b3

-

majntenance; ’

Free Formed Precast Panels

4

NIK The fhree advantages of single fold structures over
: rib-s]ab'structures are the main reasdns for Advocating use
of ferrocement for roofing:
'A singte fold ferrocement roof structure aHows:32
- réduction of slab span to‘aaout'
half because each fold-acts %s rigid 5upp6;1;é
- é]%mination of ribs because each plane acts
g]so as beam in 1ongitudiﬁa1 direction}’
- increése of*spgnning“capacity thrdugh incré§sé
of~constrpction‘heighp;

Lt is therefore only logical to use the -ferrocement

tedmidueto these‘aQVantageé. Apart from the U-shaped channel

£

-

elements,the following two systems could be traced:
- folded plate roofs; . * .. - .

: . " - folded curved panels;



9

.gether with -mortar app1{ed to the high joints.

Lo

The folded plate roof elements are precast in a mold

of compacted $0i1 protected by a mortar cover.

Each U-shaped plate is cast individually and then
join;,tpgethgr by overfapping the wire rods and meshes left at
the edges. Finally tﬁe union is plastered with mortar trying
to keepvthe sH}pe and good consolidation to guarantee the

watertightﬁess of the systenﬁ3(Fig..7.27) g

*
kN

The folded curved panels (Fig. 7.28) are manufactured

the-.same way é} folded plate roof e]éments, utilizinJ the

Y

ferrocement process described in thﬁs_chapter. But other than

~the system described in the preceeding paragraph, these

e]eménts,‘when cured.,and put in place, are simply Jjoint ®o-
’ 34 '

T

Domes Prefabricated

ot

The u§e,of prefabricated ferrocement domes is re-

commended for the constructionﬂbf strictly modular, projects,

phereby'a110wing repeated use o.f" the molds. ’j

J. Castrog in his summary of the practica]:ex-

“periences resulting from the research work carried on Eg

" two Mexican education institutions, demonstrated the

advantages of such a roof?S(Figs. 7.29, 7.30 and 7.31).
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entails tﬂexfollowing stages:

wgoden

to the

in Fig.

making

The construction of precast ferrocement domes
36

manufacture of mold;

- reinforcement of precast domes;
t + - pouring and curing;
- form-stripping and storage;
/// - erectingoand joinipg;
In”{he manufacture of the mold, four interconnected

trusses are used which must have shapeshcorresponding

cross-sections of the shell at the locations shown
7.29. . ;’ {

The construction of the mold simply consists of

a dome of well compacted earth, covered by a Tayer of

wellffinished concrete having a thickness of appr. Qﬁm, with

the shape defined by the trusses.

Before the reinforcement is put in place, the mold

needs to be cleaned and greased to facilitate withdrawal

of the mold. The reinforcement consists of two no. 2 bars

along the edges, one of them straight and the other one with

.

the necessary bends to provide the handles to 1ift and fix

the dome to the structure. These handles should be placed

at the

corners of the edge and on the sides at a maximum

spacing of 1m. Furthermore, two layers of chickenwire mesh

or expanded‘metal lath attached to the bars are directly

mounted over the mold.
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P

After the pouring and curing of the prefab domes

the mold is removed with thefhe]p of‘a wooden tripol (Fig.,7.30)

or any structure able to withstand the weight of the shell

' (appr. 23kg/m2), plus a pulley and a rope. With this

--equipment, twg or three people can, 1ift the shell from the

-
mold.

Once the form has been stripped, the dome can be

carried to the storage site or to its final position by not

mof% than eight people. - )

"Mexjcan" Domq37

Dimensions 3.00m to 6.00m and mbre span;

2
0.50m to 1.10m and more depth;

appr. 1.00cm thick;

(2.00cm edges) |
Production: very easily prefabricated on site and tg
| any desired shape; )
St?ucturg] if,was demonstrated with several experiments~

Performance: - , . .
that resistance to uniform lodads increases with

increasing slopes atAthe edges.

The domes with eliptical shapes have higher
resistance when subjected to di;;ﬁibuted loads
'tHan those with sinusoidal shapes; their re-

sistance to concentrated loads was increased;

i
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Climatic
-Performance:
S ®

o

g "

.- Economic
Impact:

Technical
Aspects:

127

this réofing system can be modi?ied_to'perform
in every climate;

warm humid climates; a minimum of a kraft

paper ceiling with aliminium foil 1ining on the

upper side could make indoor conditions bearable

during. the day if ventilation is sufficient;

hot‘dry desert climate: as this roof\can support
heavier Toads than 100ka/m2 with a still good
safety fadto}} it is aétual?& ideal'for*this
climate with an earth-cover or-sand added to
give the roof enough thermal fabs for a time

lag Sig enough; ’ ~

composite climates: in this climate with modular

houses buiit; éne dome could have more, the
other 1§ss thermal mass and as such be adequate
for different seasons;

is positive as unskilled labor can produce these
domés with Jocally available materials;

for domes not exceeding 4.0m span no special
équjpment is required to handle the domes; as
they weighrabout 22kg/m2 only, they can be
handled by eight people in the dismolding:

which is acceptable in self-help construction

methods;



e Tt
S

Maintenance: no.maintenance needed except for cleaning

out roof water drainage;

"Social Needs: can all be satisfied but the shépé hay not}

-

and. non-moslem ones as this roof is often

. _described as a symbol of Islamic Architecture;

o -

Cast Insitu Domes

This version is equally cheap and also sﬁmp]é to

D
build as the prefabricated version is. It$ advantage over

o

the prefabrfcated one is that it can be built with Qrgatef

span, does not have to be moved with the risks éf_being

damaged and that it can be fitted to any room sﬁape, wdthout'

difficulty. (Figs. 7.32 and 7.33)

The only disadvantage is that thé plastering of the

dome is more difficult and has to be done most likely from o

n

the inside or with elaborate scaffolding otherwise.

+

'

Insitu built domes have the same characteristics -for

the user as prefabricated domes have and will perfori ﬁhp

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 hbeam at its top.

S a
appeal to societies in the warm humid tropies

f28
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To form a double curvature surface, 6mm or 3mm bars

.well 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) ,
e

The reinforcement is then completed as described <

in the p,r‘ecee‘!ﬁng paragraph.

The pouring operation in this case can be performed

in one or two stages according to the size of the roof.

For this operation, two people are needed. One worker
on one of the supports and either manually or with a trowel
he distributes the mortar over the éhicken wire as far up
the dome as he can reach (1.2m to 1.5m) thus forming a ring.
Siﬁu]taneous1y, another worker from within the robm to be
roofed, holds the .mortar which is applied from the outside

with a metal float or trowel. in order that the mortar does

3

' The central part remains uncovered and will be

1

completed after 7é hours. In this éase) the worker can climb’

on the previously cast portion, carrying out the same .process

N 38 ¢
as for the lower one.

\ (..
It is-advisable’, in all cases, to support the dome
until the mortar has cured in order to avoid deformations

caused by the weight of the mortar and to guarantee curvature

»

6f the shell at all points.



Vaults Cast Insitu -

For tHe relatively small spans needed in low-cost -

housing, it-is usually easier to build a double ‘curved insitu

ferrocement roof than making the expense of builging ribs

into a single curved vault (Fig. 7.35 ). Further,; the ski]]

131

and effort required to build a compression vault conventionally

is more than for doing the same in ferrocement. Therefore, in

countries like those around'the Mediterranean Sea,where

the pure compression long barrel vault is a traditional form,

the method of ferrocementing could substitute the traditional

way of building and produce an earthquake proof low-cost

roofing system.

Free Formed Cast Insitu Roofs

-

It is the free formability of ferrocement demon-
strated in a great diversity of structure from Dinosaurs

39 which give this technique such

to organic shaped houses
a high potential for roofing. The superb chéractéristics

of ferrocement do not normally make an owner built freely

formed ferrocement roof more expensive than a prefabricated

or in simple geometric form insitu built one.m(Fig.f7.36)

-

-
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Fig. 7.34
Example of ferro-
cement roof in
-USSR. (National
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7.3.2.SUPPORTED SYSTEMS .

14
’

The advantages of supported ferrocement roofing
systems are ‘that the components can be manufactured in
"blind production" to an optimal cost/strength ratiol

The disadvantage, -of course, is that such a system
needs a support structure usually wobden trusses and purlins
which, gonsidering the characteristics of ferrocement, make
such a roof usually. more expensjve than a self supporting
ferrocement roofing system of the same size.

Ferrocemept'roofing sheets can be produced
indu;triaj1y‘énd large purlin spacipg is poss{ble.

For pitcheq roofs, ferroceflent sheets of various
shapes- could be, a feasib]e alternative to the moré‘expensive
asbestos roofing‘méterials. ’

Ferrocement has a higher flexural strength than
asbestos cemént but performs, ogﬁewwise, not as favourable

as asbestos cement sheets of comparable size do.

Coﬁrugated‘Sheets
} - P. Srinivasa Rao dﬁd M.S. Mathews in their paper;40

report _about the deve]qﬁment and testing of ferrocement
corrugated sheets. They conclude that such sheets can be

cast with a minimum of equiopment and supervision. They further

4

Q
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note that while the strength of the ferrocement sheets thej
had tested 1§ ha]% that of asbestos sheets, the strength to

cost ratio approaches about the same value. (Table 9) .

-

TABLE ©  DETAILS OF SHEETS

t , ' .

Weight
Material Notation Size Average Total per unit
Length  Width  thickness  Weight area.
Ferrocement FS1 59 in. 37.5 in. 0.434 1n, 86 1b. 0.039
shegt (150 cm) (95 am.) (1.1 cn) (39 kg) 1b/in.2
o {0.0027
kg/cm2)
Ferrocement FS2 59 in. 39.5 1n. 0.275 in. 58 1bs. 0.025
Sheet (150 cm) (100 cm) (0.7 em) (26.5 16/1n.2
kg) (0.00%8
' kg/cm¢)
Asbestos AC S 89 1n. 19.75 1n. 0.236 in. 26.4 0.023
Cement Sheet (150 cm) (50 cm), (0.6 cm)  b.  1b/in.2
(12 kg) (0.00%6
kg/cme)

TABLE 7  DETAILS OF MIX PROPORTIONS

) Cube strength
Sheet W/C ratio Mix ratio - 3.9% in x 3.95 wn x 3.95 1n
(10 cm x 10 cm x 10 cm.)

FS 1 0.45 . 1 1.75 *3200 1b/in.2(224 kg/cml)
Fs 2 C 0.3 15 1.75 “3130 1b/1n.2(220 kg/cm2)

A ' -

*Strength on the day of testing; average of 3 cubes.
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TABLE 8  DETAILS OF REINFORCEMENT

" . 135
v N)escmptlon * Diameter Gauge Ultimate tensile
v X - stress
. Hexagonal 0181 1n. (0.046 cm) 26 124212 1b/1p.?
. Chicken mésh X : (8735 kg/cm2) -
“He xagonal .0318 n. (0.081 em) 20 37825 1b./1n:2 ,
\ Chicken mesh * . k (4660 kg/cm?)
. i Mild steel rod * .1106 1n. (0.281 cm) - 47850 1b./n.2
(3365 kg/cm?) -
. TABLE g FAILURE LOADS
Description Width of Sheet Ultimate Load Load taken per umt
- - width i ¢
/ -
FS1 37.5 in. {95 ¢cm) 550 1bs.(250 kg) 14.7 1b/1n.’ v
(0.264 kg/mm)
FS2 39.5 in. {100cm) 560 1bs.(255 kg) 14.2 1b./3n. .
5 (0.255 kg/rm) v
“ 7 ACS 19.75 1n.(50 cm) 615 1bs.(280 kg) 31.2 1b/1n.
{0.56 kg/mm)
: TABLE 10 COST OF FERROCEMENT AND ASBESTOS SHEETS ’
Item FS1 . FS2 ACs?
Rs. Rs. ° . Rs.2
Cement hortar 0.15 0.10 - '
. Mesh 0.45(26g) 0.70(20g) - ’
Rods 00 - - -
5 # _—
Cost of Mould .
(20 reuses) 0.20 0.20 N
011 0.05 0.05 . -
k Vibrator 0.05 0.05 -
Labour 0.40 0.40 -
» Curing 0.10 0. ’
‘ 1.60 1.60 .
. llandiing, break-
- ages 0 10% 0.16 0.16 -
i“r - Profits, over- .
heads. 024 0.24 -
2.00 ‘ 2.00 3.503
Strength/cost
, ratio. 0.132 0.127, 0.16
f . f f heet
IVCoﬁ 1s given for sq. ft area of the shee (ACI, Ferro-
2 1US.$=Rs. 8.50 cement)

3 Cost as per prevailing markel rates
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of ferrocement .
sheets.

e Machanical
/ vibrator

(ACI, Ferrocement)

~

o
L)




)

. | ' 137

© ~—

-

Flat Sheets .

Using flat ferrocement sheets in form of rodfing‘;

tiles or bigger sheets does not really make sense as the

>

material would not be used to its advantages and it wouTld.
. . ¢ . '

therefore never be competitive. The plank system as suggested
for mass housing in Indonesia by’Hasan Poerbo and Albert

Kartahardja demonstrates such an application but leaves

many questions open?]

(Fig. 7.41)
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7.4. FIBRE-CEMENT ROOFING SYSTEMS

Similar to ferrocement, fibre-cements exhibit
behaviour quite different from conventional reinforee&
concrete and the scientific principles behind the undér-
standing of how fibres incorporated into brittle th{ngs
prevent these breaking, has _only recently been exp1ored;
undertood and rationally app]ied.42 f

K Since 1900, the most, important example of a fibre-
cement composite has been asbestos cement and this fibre
material still reiéns a]mést supreme, veﬁ though, par-
ticularly within the Tast few years, intensive research
has been aimed at finding suitable Substitute fibrésﬂ3

In .the State—of—thé~Art-Rep0rt on fibre ﬁeinforced’
concrete by the ACI, published 1n‘1973, the definition o}
fibre reinforced concrete reedg as follows:

"Fibre reinforced concrete is concrete’made“of

hydraulic cements containin§ fine or fine and

coarse aggregaée and dchontinuous discrete

fibres; Continuous meshes, woven fabrics and long

rods are not copsidered to be discrete f;bre.type.

reinforcing eTemenfs‘in tﬁis réport.”

It is the non industrial process which is of interest

to the producer of a fibre-cement low-cost roofing system,

and its design will naturﬁ]ly be based on pratical ex-
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perience and some basic principles as statedhereinafter.
"As mentioned in the introductory part of,this chapter,
we can distinguish between two basic groups of fibres, the

one with fibres of a lower moduii than the cement matrix and

‘the other with fibres of a moduli higher than the matrix,

For the purpose of tow-cost roofing, the highly

complicated and scientific field of study of fibre material

properties can be simptified to a few basic aspects. A5

.This especially as a part from asbestos fibres, mainly

those of the first group, will find use for Tow-cost com-

ponents.

Properties of Materials T

The main factors controlling the theoretical per-
formance of the composite mqteriai are the physical

properties of the fibres, the matrix and the‘strength of
46 ‘ ) 2

the bond between the two. c

- ¥

-

Asbestos Cément

-

Asbestos cement, the widest used fibre-cement
composite éround the world, has excelient physical properties
for a roofing material but has in recent years lost its
cost competitiveness in many deJe]oping countries dué to
shifting economic conditions.

! ’
N

€
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A study of alternative roofing systems for a pilot

project in Somalia, by Florida A&M University School of
47
Architecture, reveals that in Somalia and possibly most

other poor countries in that "bracket", asbestos cement

roofing is the most expensive roafing system amongst common

roofing mate;ials used 1n'the tropics. .

This shift is due to the fact tﬁat asbestos is in
relative rare occurence and, therefore, requires foreign
ex}hange for most buyer§ of this raw material,.

Furthermore, asbestos cement products are mainly
&

produced in industrial processes and in few locatians so

that transportation becomes an important cost factor, too.

The known hazards to health are also largely

?gsponsib1e for the current interest in finding asbestos

48
substitutes for cement reinforcement.

Why -is it then that asbestos cement has been used

S0 wiae]y and has been unchallenged by other fibre-cement
- r ) *
materials until today? '

Q

After its discévery, asbestos, which is the only

known naturally occuring fibrous mineral, performed so

well in bond with cement and was relatively cheap to produce

¢ )

that there was no reason to 1opk for,a1ternat1ve materials.

A

* 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.

140
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The use over decades led to further use and the

formation of a strong industry.
Standard specifications were established which are

an important basis for the wide use of any prodiuct.

Asbestos Fibres

By far the most abundant of asbestos minerals is
chrysptile or white asbestos. Chrysotile constitutes more
than/go percent of the world asbestos reserves and is used
in the manufacture of asbestos cemenﬁ.

Before the asbestos fibres éan be combined with
cement, Heavy pretreatment is required to break uﬁ the blocks
of fibres, mined from the seems in the rock bed, intc thin
fibre units of an effective diameter of 1 umor.less and
lengths of 2 mm average.*5O

A practical range for tensile strength of white
asbestos after Klos, is 560-750 MN/m2. Fibre strengths of
this order are easily obtained with several fibres other
than.asbestos and this consideration is also }esponsible

for the current interest in asbestos substitutes for cement
5] . . -

"rejnforcement.

The inorganic asbestos fibres have, apart from their

good mechanical properties, a high themical resistance.

* Longer fibres, can be as ‘Tong as.100mm.
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And although the asbestos cement material becomes
under natural weathering conditions progressivély more
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
to high creep-whioh means that if they are used to support
permanent high stresses in a cracked composite, considerab]Q?“
elongations or deflections may occur over a .period of time.
They are therefore more likely to be used in situatibns
where the matrix is expected to be uncracked, but where
transitory overloads such as handling stresses, impacts or
windloads, all relevant factors for roofing, are signi-
figant.52 |

On the basis that locally ava;?able organic fibre§/

to be used in simple .manufacturing processes should be con-

sidered for low-cost roofing, the fo11ow{ng fibre materials

seem to me appropriate for consideration:

Akwara Fibres

In many parts of the world, manufactured fibres are

hof readily available and studies have therefore been made
of natural vegetable fibres. Akwara (piassave fibre) is a

natural vegetable stem fibre which is readily available in

Y

%
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Nigeria and has been <studied by\UrZOﬁ;késswﬁph regqrd to
its use in concrete. The modulus of the fibre- is low

(1 to 4 GW/m2) but it_is sta;eq to be dimensipna11y stable
in water and durable in é cement matrix. However, at fibre
volumes up to 5%, there is no imprévement,ih modulus of

rupture of the concrete although'the resistance to impact

is increased. : -

Cellulose Fibres

Cellulose fibres have‘q considerably lower tensile

strength and modulus of elasticity than asbestos. They are,

54 , !
as Krenchel. further explains, hygroscopic and their strength

is reduced by the ébsorption of water. _
‘ ¥

The dimensions of the fibres are not stabTe under

_varying moisture contenf, and the fibres rot if kept moist

for longer periods. Finally, cellulose fibres cannot

tolerate heating to beyond 100-120°C.

In view of this; cellulose fibres do not imme-
diately‘seem to lend themselves as a sui}ab]e substitute-
for asbestos in this context, but Krenchel Féasonﬁ that they
must-be mentioned because they are presumably thHe only fibre

(@] N .
material that has.so far been used to any reasqgnable extent

as reinforcing material for PortlTand cement in accordance with

the same principles as asbestos.

v

143



144

a
%ésj ’ The paper industry-has worked on the improvement
of this fibre material, primérily by impregnéting and coating
the fibres with polimeric materials "such as melamine and
phenol-formaldehyde, to produce a water resistant paper
with greater dimensional stability than is norma]%&
achieved without 1mpreg;ation.55 K

By utilizing the experience gaided in the paper
industry, it ﬁs not improbagle that a competitive fibre-cement
material with valuable mechanical properties could soon be
developed, benefitting such countries as Brasil ané Nigeria
with vast Mangrove swamp areas, ﬁotential cellulose: fibre

resources.

Bamboo Pulp and Fibre

Seng-Lip Lee, in his paper on low-cost housing in

: 56
Thailand, describBes the utilization of indigenous materials

with an emphasis on the potential uses of bgmbo&. Amongst the

N
\

" many ;tructura] qualities bamboo has to offer, Seng-Lip Lee

also notes that his investigations révealed that bamboo fibres

' s

appeared more promising than other natural organic fibres on

account of its superior strength and surface texture. More-

e

w

over he states that it possesses good buoyancy characteristics
A\

which help prevent bundling fibres during the mixing pfocess.
. ,
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Two types of bamboo reinforcements were used; bambob

fibres and bamboo pulp. The term bambo fibres refers to those

fibres which were obtained by mechanically hammering dried
short bamboo sticks of specified length. The fibre length
varies from.38 mm‘to 63.5 mm with a ﬁean diameéer of 0.4 mm.

Pu]b in this context refers to those fibres which
were obtained by cooking bamboo chips in a 26% NaOH
solution at appr. 170°¢ under a steam pressure of 8.5 kg/cm2'
for 6 hours.

A detai]éd.investigation by Pakotiprgoha, Pama and Lee
showed that bamboo pulp and fibre boards are Suitable sub-
stitutes for asbestos fibres. With cement baste binder, the~
resulting éomposite yields buifﬂing boards which can be used.
for walls, ceilings and roofs.

The cost analysis also showed .that bamboo pulp and

fibre boards are competitive in cost compared with asbestos

cement boards. Moreovgr, the production process 1is such that
existing plants can he used with minor modification. It is
hoped, Seng-Lip Leé concludes, that the use of natural
organic fibres such as bamboo will save much needed foreign
exchange and at the same time reduce the basik cost of the

material.

145
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Coconut Fibres oo

Coconut fibres are very durable under natural
weathering conditions and attempts have therefore been made
to include them in cement based materials. Pub]i;hed data is
sparse but they are 1ikg1y to suffer from the dsua] dis-
advantages of vegetable fibres in that fhe modulus is very

( low ‘and they are sensitive to moisture changes. Howeéer, the

results mightfturn out, these fibres have a potential in

the production of low-cost roofing materials. '

Jute Fibres (Kenaf)
. No data was available about its use in fibre-cements
but similar to other natural fibres not specially mentioned

in this report, like cotton or linen, all of these fihres

could be considered for use as reinforcement of fibre-cement

—  ——— -~ —sheets. — e e e

Polyethylene

Polyethylene has not been used to any extent in

k]

cement composites because of its low modulus but'the de-
( \ velopment of highrmodulus polyethylene has enabled the
production of relatively cheap fibres with considerable

59
potential in the field of cement based composites.



b s e mea.

Polyethylene Fibres

‘ This material in form of fibres, monofilament and
cphtinuous opened film has been used in various types of
cemenf bonded materials and with its h{ah impact strength
it may prave to be economical as direct replacement fori

asbestos cement sheeting.

Sisal Fibres

A small study program on the use of sisal fibres in
concrete has been’éarried out at the Building Research
Station.61Ihe’fibres tended to clump 1n*thg mix and setting
was retarded by leaching or organic impurities from the
presoaked cuttings’, but satisfactory pressed concrete
beams were produced with up to 5% of sisal by weight
of cement. Howe&er,\no additional strength was obtained by

the addition of sisal reinforcement. More promising results

have, been'oBtained by Swift, at Kenyatta University College,

Kenya, who has produced effective corrugated sheeting

using combinations of long and short fibres.02

147
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The Matrix
| The maximuﬁ particle size\of the matrix is im-
portant because it affects the fibre disiribut?on and the
quality of fibres which can be included in the composite.
The mortar should not cgntain aggregaté particles of more

than 5mm maximum size. 63 Y
Strength of the matrix is mainly affected by the

free water/cement ratio which should be between 0.35 - 0.45.64

The Bonding Strength .

A problem with the low modulus fibres is that they
generally have large values of Poisson's rﬁtio aﬁd,this,
combined with their low moduli, means that if stretche&

along their axis, they contract sideways much more than

other fibres.65

This, D.J. Hannant further describes, leads to

a high lateral tensile stress at the fibre—ma%rix interface

which is likely to cause a short aligned fibre to debond and
pull out. For our purpose, devices such as woven meises

. ! ! u—‘/
or networks of fibrillated fibres may therefore be necessary

to give efficient composites.
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< Preparation of Fibre Reinforced Concrete o

LN

o
Above all other aspects which might differ from
thedmixing of ordinary concrete, it isanecessary to have
a uniform dispersion of the fibres and prevent the segregation

of balling of the fibres during mixing. Because of ab-

sorption, the water requirement will vary with the type and

r nature of fibre but for our pratical purpose the following

v ﬂ

proportions can be used with the exception that the fibre

content when using natural fibres should be increased up
to 5 percent by volume of mix.§6

»

¢

TABLE | T1YPICAL PROPORTIONS FOR NORMAL
e

TABLE | 2-TYPICAL FLY ASH FIBROUS
TGHT FIBER REINFORCED CONGCRETE — . MIX CONCRETE

- o
Cement v 350950 Ib/cu yd Cament 9 1b/cu yd
W/C ratio 4o 0d 2 ¥iy ash e wewyd ¥
= Percentage of sand to sggregate 30 to 100 percent W/C ratio * 0N \
Maximum aggregate 4 in, Percvptage of sund to BEITREAtS | 30 percent =
Alr content € to 9 percent Maximum size cosrse agaresate | i n
Fiber content Bjm(&Z 3 gercent by volume of %l:;lo'ﬂ,b;ro;g;ﬂ:;\lo tn) 13 percent by \olume -
{steel-1 percent = 132 Ib/cu yd Alr-entraining agent Manufacture s Tecom
glass-) pereent =42 lh/cu yd Water-reduting agent Monufseture 1 fecom
nylon-1 percent = 19 lb/eu yd) Slump Sto8in
. Hrr ez e iz e ez
- In case of asbestos cement, changes in mixing
techniques, selection 5f appropriate fibre sources and
-5 : blending have occured through the natural progress and

development within the industry. Techniques 1ike the one

of fibre deposition onto a preforned shape and compression

. . .
/
B R 5



profile rolling with vacuum extraction employed at the same
time can be applied as well as the hand forming over a
template of the thin sheet green state asbestos mix\witﬁ a

wet 1ife of appr. one and a half hours.

7.4.1.SELF SUPPORTING SYSTEMS

The characteristics of fibre-cement composites
similar to thbse of ferrocement require the form of a folded
structure to serve this function economically. This fact
has 1ed to the single most successful application of 5
cementitious roofing channé] around the world andia]so some
other fnteresting self supborting systems made of fibre

cement

The Roofing Channel (Canaleta) ’
' In Feﬁruary 1961, Architectural Record reported

on how Alvaro Ortegaﬁ who wasxthen on the staf% of the

+

" United Nations' Technical Assistance Commissidn, had téken

asbestos cement pipe directly from a Guatemald factory,67

sliced it in halves and while it was still fresh, pressed

it into ga]vanizeﬁ\me;a1 faorms to"make channe]-éhaped roof
members. When dry, these channels, 6.40 m long, 20 ¢m deeﬁ,
38 cm wide at the bottoﬁ and 66 cm wide at the top, Wére .

rigid enéugh to-span 6.710 m without intermediate support.

¢
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Later, the cﬁanne] profile has undergone a “face-
1ifting", two small bends at the edges for overlapping
joints. (Fig. 7.42) |

The later modified curved shabé was déve]oped to
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 88(Fig. 7.43)

Since its invention, the “cana]eta":héswmade the -
tour around the world and is today manufactured in all
continents and up to 1éngths of 10.5 m, but is unfortunatgly
nofﬁé very low-cost rdofing system anymore.

A11 user aspects are similar to those mentioned

—_ .
under ferrocement channels, except for cost considerations.
Should it be possible to substitute asbestos fibres with -
cheaper and locally available ones, fibre-cement roofing
channels could certainly become a cost competitive se[f. .

suppqrtihg roofing system again.

>

Domes and Vaults

Where aesthetical considerations are given ﬁ?gh
priority and the shape of the rooi is an important element
for tr%ba] identity, like in the Kainji resettlement scheme
in Nigeria, a fibre-cement roof can be' a convincing solution.

(Fig. 7.44)
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oFig. 7.42 The.
evolutionary process
of the "caneleta".
(Architectural
Record)

'

. .
ST e
U T PIPCIRRIN . s S R
<~ e o Y
L Lo’

Fig. 7.43 (Asbestos Cement Revue, AC58)
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Asbestos-cement round,
domed roofing segments.
Asbestos-cement roofing’
cap.

15 cm hollow block wall.

15 cm sandcrete block
wall filled with con-
crete,

7,5 c¢cm sand on rammed

~~
.

Fig.

Fig.

Taterite.
2,5 cm cement screed.

7.44 Section evaluations, floor plan, roof plan.

&
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7.45 Cluster. '

(Asbestos Cement Revue, AC58) ' ,
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For large sca]é projects like the above mentioned
" one involving-the resettlement’of 42,000 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 manufactured and lower .in cost than the‘same‘
elements would be manufactured industrially in"asbestos

¢
. T .
cement in a far distant place.

The Kainji Dome and Vaults

Introducing this unique application of fibre-cement
roofing, it is best to quote the architect's own report

on the design of roofing for this deve]opment:70

"It was decided that a self supporting roof would
be used if this could proove economically viable,
structural possib]e;‘weather and storm proof. bne
oftthé advantages for this choice would be the eli-
mination of wooden structural supporting members. It
was realized that if a standard roof structﬁré

for sheeting suppqrt was used, this would bg liable

to warp and crack due to the extreme heat and extremes
of re]ativenhumidity. In turn such warping or cracking
would adverse]ivaffect any sheetipg it supported,

causing it to crack or admit rainwater. Another possible

‘hazard in the use of timber in Northern Nigeria is

¢
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attack by termites, which is-difficult to resist even
by pressure 1mpregnat13ﬁ/or preservatiye application
by hand. It was not certain that even~if wood:was' -
specified to be impregnated that a]} cut ends would be -
treated on site. -

Set against this_was the argument that the 1nhab1tan£§,
whose traditional roof covering is tﬁa{ch, if provided
with a self supporting asbestos-cem?ht'roof covering,
could neither repair nor rep]ace/damaggd roofiné, should
this occﬁr, under abnormal circumétances. Ecohomies in
reducing the erection period and secuﬁity }h fixings out-
weighed these latterargumepfé'in favour‘of the self |
supportiné roof. . ‘

The span was the first;desjgn‘consideratioﬁ. From this
evolved the three basic shapes of the buildings. Oblongs
in juxtaposition covered with Léana1@‘roofing sheeté, .
squares covered with curved corrugated sﬁeefs énd circles
covered with segmental domes. The size of thé sheet”
coming from the ﬁachine determiﬁed the span in re1atiod
to thé stiffness necessary to resist the design loading
of 160 kg/m2. The stiffness was obtained by shaping thé_
sheets either in troughs, curves or érches. .
The roofing is carried on the -sandcrete block walling and

is- held down by long bent bars built into the courses of

the blockwork. The end of the bar terminating in a clothes

oy
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hanging hook w%tﬁin the rooms, 1ﬁéorporated to ensure
easy checkiné qf the proper f%xiné of all fastenings.

In the case of the curved{rpd%ing sheets the gutter
fasteniqu are similarly taken down into the walls and
the éhéeting is‘then—bo1ted~to’the gutter, The asbestos
rodfing sheetgAag fixed have stood up to tropical storms
aﬁ@ﬂlqpalized tornadoes. B

Throughout the deve?opﬁent of the design of the‘rqofing,

, ':a Tocal a§bestos—cement manufacturer worked with the

- - . architects to ensure that every aspect of the p#oblgm:

span, support, strength, fixings and waterbroofing;
was satisfactorily solved." (Figs. 7.46 and 7.47)
I have visited some of the 119 new settlements ijin '
Apri] of 1979, almost ten years aftér its completion, and was
impressed by the good conditions the roofs were in. |

It nust be saidthat the climatic performance of these

roofs with no ceiling and in the case of the domes and vaults

inadequafe venti]afion‘ﬁs not at all that satisfactory. These

villages and towns are situated in .the composite climatic

Zone.

Roofs in this climate should be adequate for the

'different seasons and should therefore have some thermé]

capacity. The dwellers have made.sofe modifications themselves

i

and the unshaded walls with a reasonable time-lag reradiate

i

* some_heat~during the cooler nights so that the negative diurnal
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The architects' impression

46

7.

Fig.

(Asbestos Cement Révue, AC58)

A group of houses.

47

7.

Fig.
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peaks have been reduced and thus the solution responds to

the different climatic conditions of the various seasons.

7.4.2.SUPPORTED SYSTEMS -

Supported fibre-cement systems consist-of flat
§heef§, tiles or corrugated sheets of various spans and
sizes mounted.on a supLort structure usually made of wooden
or bambooltrusses and pur11n§.

The most commorn of them all to date is the corrugated
asbestos cement sheet roofing: of course. But there have~been

other shapes developed with the aim to find a structurally

optimal solution using minimal quantity of material. o

P

Thetéorfugated Asbestos Sheet Roofing
A Similar to CGI sheeting, corrugated asbestos cement

rogfing sheéts are manufactured in various circular.shapes

and sizes; ‘the mosf’commﬁn being 2.00 mlk 0.6 m (0.9 m)

and 5 mm thick with an average density if appr. 1400 kg/m3. -

The pitched roof with corrugaied ésbesﬁos cement
sheets with endlaps should have a slope of at 1qgét 18°.°
r The support structure.or purlins need to be well
levelled with purlins at 0.95 m centers on rafters at 2.00'm
centers. Installation of asbestos ceméﬁt roofs is net as

easy as with CGI sheets as this matéria] is quite fragile

158
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and not easy nailable. A ladder or plank should be used to

distribute the load of the pérson worKing~on the roof.

o L

71
The "Chapa Modulada"

i

The chapa modulada is an example of a free formed

(curved) asbestos roofing sheet from Brasil.

-~

The interesting feature of this system is the com-

bination of aesthetic qualities with structural and

.economic ones. These 8 mm thick sheets are in various

19ngths of up to 3.70 m and width of 0.60 m on the market.

This means that a roof can bé built with trusses, just a

- ridge beam, and relative small dimensions of rafters. And

as.the roof covering is made with no endlaps such a roof can

have as low a pitch as 8% or 10°. (Figs. 7.48 and 7.49)

Organic Fibre Cement ‘Sheets

Supported roofing systeﬁs are coé@ competitive if the
needed support structure reduces the_cosé of\the entire roof
below that of a comparable self supporting system. The roof
covering material, in thjs chapter being fibre-cement,)should
therefore have a strength appropriate to the design.

. Supported asbestos cement roofing sygtems are after
the considerable economic éhanges in most developing countries

not competitive anymore if compared with other fibre-cement,
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systems on a cost/strength ratio bagdis.
Two of those alternative systemgzare the one de-
veIdpéd at the Central Building Research Institute in

Roorkée, U.P. India, under the title of "corrugated roofing

1

sheét from coir waste/wood wool" and the one developed at
73

I.T. workshops, by J.P,M. Parry & Associates Ltd.,

in WaFJey, West Midlands, U.K., being a low-cost handmade

roof sheet of fibre reinforced cement.

The Corrugated Rooffhg Sheet from Coir Waste/Wood Wool

The light, fire resistant sheets are made from wood
wool from soft wood which is mixed with coir waste fibres
and‘ cement.

: The mixtu%%}ié formed to a mat of suitable thickness
and pressed on a cbrrugated mold. After demolding the sheet
is cured and dried:

ATthough the mixing proportions were not stated,
the data sheet revealed that this product would ﬁeed appr.

30% less cement than asbestos cement sheets of comparable

,size would.

They can be used like asbestos cement sheets and do
not require any further finishing or water proofing.,The
1.5 mby 0.85 m and 8 mm thick sheets weigh appr. 11 kg/m2
7.50)

Iy

and have a capacity of 160 kg/m2. (Figq.

[




-

Fig. 7.50 Corrugated'roofing sheet from
coir waste/wood wool (Stulz, B.)

b
~

162



ca——— s e om

b o e e = o it s ot v

[FEPUSP

The I.T. Workshop Roofing Sheet (Fig. 7.51)

Roof sheets: Work on evolving the best app]icagion

- for the fibre-cement roofing technology has resulted in the

- [

deve]opméht of a sheet or panel-destghed to“fit on a variety
of roof sprucid¥95.75 N ’

The sheets canxbe~made in two alternative forms;
smooth s;dg upwards with a higﬁ]y reflective top surface,;, or
witﬁ the trowe1ied face wupward, ;o that the strengthening
cross ribs provide an attractive tile-like effect.

Most-fiﬁreicement sheets are néw made in short lengths
6f one metre to accommodate irregu]afﬁties which occur in
many roof struétures. |

Purlins out of - 1ine would break a single 1bng sheet.

N q » ) k -
But two short sheets can adjust at the overlap and avoid

breaking.

™~
Ridge tiles: A second component which can be made:in

the ‘same plant is the fibre-cement ridge tile. In its
simplest form thii is just a plain capping which provfdes a
str&ng\ventiiatiﬁg ridge to the'roof.

A1l the products are made of a simple formula of
Portland cement, sand, éhopped fibre and water. A wide range’
of artificial and natural fibres can be used to make the

FRC products, including sisal, cpir and polypropylene.

163



E=)

of similar materials.
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The tecﬁno1ogy: The process is simple but involves

some subtleties of skill and technique which take a few days

training to learn from an experienced, certificated sheetmaker.

Thp work begins., with the bperator trowelling a thin scread of

cement. This is then corrugated by pulling it onto the mold

using a selflubricating interface sheet.

The apparatus can be made gut of steel or wooden com-
. 1 .
ponents and ‘s easily transported in a standard van. It can

“be constructed and put into"operation within a féw déy§ by an

experiencéd team, producing sheets at a fractipn of the .cost

» :
e .

v R R
Strength: The sheets can.be made to a specification.:

Wherg negded, greater .strength can be achieved by increasing
their thickness or the depth of the corrugatians and cross
ribs, or by using a higher cement sand ratio. Far normal
climates it "is considered that a-load carrying capacity of
100 kg'at‘a point gidway bekw?en the pdr]ins wil]lbiQadequate.
In hurricane-prone ageas, it might be necessary to increase
this minimum to 150 kg. Typica]lFRC roof ghéets weigh 18 kg
pef’sq.ﬁ.'

gﬁrabilitx: As the production process was fi}st

W@

developed in 1977, roof sheets made with I.T..Workshop

> method have only so far been under exposure test since then

until the time of preparation of this leaflet in 1980,

None of the many thousand sheets thiuﬁder test or in to

*
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practical use on buildings in different countries over the

last 3 years has shown any sign of physical deterioration due

“

to age. So durability couﬁd be a feature of this new product cs
well as low initial cost.
Structures: . Although up to a third heavier than asbespos,

~

FRC sheets QO not demand any difference in roof structure as

the main factor determining th; design of these is not weTghf,
but wind pressure which could amount to ten times any tload pﬁt
on the roof by the weight of the shegts themselves. Bui]detf
should use trusses made on a template to ensure that purlins '
are accurately positioned. FRC sheets are not flexible and

will.crack if fixed irregulariy.

Fixings: The majority of FRC sheets in use are nai]ed,“

t

but where possible the use of hookbolts is preferable pro-

viding a more secure, fiixing. Development work is in progress

on a system of built-in fixing ties to further reduce the cost

»

of bought-in components. .

Maintenance:The sheets are not especially resistant

to impact from heavy falling or flying objects and where this
occurs repairs will be nee@ed for holes and cracks. This can
be done insitu without actually removing the 5hget, and it is

even possible to undertake the repair from below, thereby
. ,
avoiding having to climb on the roof. The repair is simple to

Ji >
carry out, the sheet surface around the crack is painted with

1
i
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PVA (white wood glue) and then a patch of fresh fibre-cement
patted on By hand and 1e%t to set.

Economics: The most important cost in-producing the
sheets is cement. For normal app]icatiqns witﬁrgood sand it is’
often possjb]e to prodhce standard duty sheets‘with as 1itt1ei
as 8 kg of cement. One'bag‘of cement will thetefore producé
roofing cover up to 6 sa.m. llhere heavy duty sheets are re-
Iquired, cement used may be as much as 12 kg so that one bag
will produce 4 sq.m. Labor needed to run roof sheet plants is
qfua11y 4-men to make 20'items a day. For cpsting, afloﬁ about
1.5 manhogrs wages per sheet, Sand and fibre are not usually
regarded és a significént gost‘factor. One kg of fibre will

normally produce 5 sheets and a ton of sand over 100 sheets,

Climate
Like the other fibre-cement roofing systems, this

roof can perform as well «in warm humid climate as in composite

climatic zones if other arrangements such as for ventilation

and adequaﬁe ceilings are made.

Economics
If cement is produced locally, foreign currency re-
quirements are eliminated. The process is relative labor ,

intensive and the sheets can be manufactured in blind pro-

duction. The cost factors appear to he well balanced.

0
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Techﬁica] Criteria

Installation can be defined as being easy‘and trans-
portation problems do not occur. Durability is high and

maintenance is minimal.

Social Criteria

A1l social criteria as described (pp:34-37) earlier can
be measured positively with this roofing system in the two

climatic 'zones where it is suitable. °

General
It appears that this type of supported roofing system
represents a well balanced solution with the promis of a wide

application offering 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 advantage of the
static and dynamic tensile strength and other characteristics
of the material.

Compar?ng fﬁe characteristics with those of ferro-
cement it appears to me that they could complement each other
in the form of fibrous ferrocement elements. Fibre-cement

embodies qualities which make the material a potential



[
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roofing mater%a] for suﬁported roofing sysfems 1m'£he form ’
of corrugated sheets. But it should 5150 be possible éo
produce elements for self supportiﬁg roofs such as the
asbestos &omes and vau]tls specially designed and manufactured
for the Kainji resettlement in Weste}n Nigéria in the ]966'5,

but utilizing cheaper locally available fibres.
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Burnt clay materials have been used for building

since history has been Fecorded. These products are made
from a material found in abundance almost anywhere arouynd
the world. ‘
The clays used for roﬁfﬁngth%ES*aPE*quite variable——
ih composition but produce a hard, infusible, insoluble mass,
resistant to weathering and fire.
The quality and color of the finished product
debends on the type and mix of clay used and on how Qe]]

the wet formed tiles are dried and burned.]

Three different processes for producing burnt clay

‘products are known:

¢

- soft mud process

stiff mud process

and dry pressed process

In the soft mud process clay is mixed with water

to a sofp consistency and pressed into molds. If the mold
walls are wet with water to prevent éticking, fhe“tiles are
called water struck; if the mold QaL1s are sanded, the
'§iles are sand struck.

In the stiff mud process (for bricks mainly), high

consistency clay is forced through a die as a continious
ribbon whose cross section is equal to either the end or

the flat side (bed) of the unit. It is cut by taut wires

into(indivxdual end-cut or side-cut units.
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In the dry-pressed process "dry" consistency clay

is forced under heavy pressure into multiple or gang molds.

This Srocess produces the greatest accuracy. (Fig.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°¢C.3 \

The durability of the tiles depends upon the degree
' of sburning achieved. Tiles nearest to fire are burned the
hardest and may be overburned, those farthest from the fire
may be too lightly burned and only éood enough for mild

conditions. N
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8.1. SELF SUPPORTING "GCLAY ROOF"

An interesting but today 1ittle or no more used

technic of building jack arches or vau]fs with clay elements

.

is the method of using the ceramic fusée. The fusée has the

shape of a bottomless bottle made of ordinary drawn and
stamped clﬁyzs

The total® length isy30 cm with a useful length of
appr. 25 cm, an external diametev¥ of.8.03cm, an internal one
of 6.0 cm and an approximate weight of 1 kg. (Fig. 8.2 )

The neck ensures thé‘proper overlapping of the
fusées in one and the same 1ipe by fitting.them one into the
other which makes them adaptable to extremely pronounced
curvaturesa

. Structurally it appears that this method wou{d not
b;‘cost competitive with ferrocement,as a mortar coating
to bond the rows of fusées together is necéssary,which
together with the recommended distribution reinforcement
would make up a ferrocement structure alone. (Fig.8.3 ‘)

However, there is an interesting aspect which is
the second important property of the "Ceramic Fusée", its.

isothermy. Depending on the method they are laid. this .

isothermy may reveal two different aspects:

8
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- classical isothermy common to all holJow

structures;

dynamic isothermy; (Fig. 8.4 ) -

Although many me of roofs have been constructed in

2

France (310,000 m“ to 1969), Netherlands (appr. 750,000 m?)

and other European countries, I could only trace one low-cost

hquging scheme in a developing country, 508 houses in the
new ‘town of Medina de Fedala in Morocco. (Fig. 8.5 )

The necessity for an fndustrie] process to ‘
ecoﬁomica]ly’manufacture these hollow "fusées" make it a
difficult choice for a roofing system. However, it seems
that if a brick factory would have the tools to manufacture
themgcggaply, this system could make a good roof for

composite and hot dry maritime climates.
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%8.2. SUPPORTED CLAY TILE ROOFS -

. » Simple kilns have been used in many de;
veloping countries to'produce pottery for everyday"s use,,

in mMacy cases they*have been reintroduced to manufacture

-
hes . 2

bricks and tiles. o

~ 3
*

. Claytiled roofs did not have a tradition in most

devefopiqg countries. But with colonisation in South America

‘clay ti1e‘r60fs became very popular and were dominant in

]

urban areas until CGI roofs-were introduced later. -

’

Tiles , . -
Va:?%us shaped tiles rave been developed all over

the world. The most” common of them all is the single

-

curved roman tile.(Fig. 8.6 ) , s

4

Roman and plain tiles are so common as they need
1ittle precision in manufacturind and still maké a weather-
tjght roof. Naturally a roman tiied'roof would be heavier
than one made with over]appjng o% interlocking tiles. But
it is the use of a simple saft gud process to manufacture

®
plain, roman or overlappi-ng tiles which makes these types

the. most widely used ones. Inte}locking ones are usually
manufactured in industrf§1 processes with modern machinery

and in continous kilns.® (Fig. 8.7 ) -
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Roofs made of burnt clay tiles require a minimal
slope of 1:2 (appr. 26°) without sarking* but could have
a ratio of 1:3 (appr. 18°) with sarking“.‘[«

However, steeper slopes are recommended for
structural as ml as shelter reasons'. In mostj’éases a

higher pitch is chosen for-aesthetic reasons anyway.

* Sarking is an impervious membrane under the roof covering to
prevent penetration of occasional drops of water during driving
rain, made 'of either bituminous roofing felt or polythene T
sheeting. ‘
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cale 1/5 Fig. 8.8 (Eygelaar, J.) ‘ .
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The relative heavy roofing material (apﬁr. 30-35

kgs/mz)frequires a support structure qsua??y'made-of sawn

[

t

‘timber;,cépab]e to carry this dgad weight plus super

imposed loading and the weiéht of the ceiling structure.

R Ty 'f/

Corrugated Clay Roofing Sheets

"In Appendix 1. Low-cost roofing research in India

of roofing in developing countrieé“, an interesting product

" has been described:

P -

A p#ocess has been developed for producing c8rrugated
clay roofing sheets (105 cm x 60 cm x 0.1 cm) from
specially processed clay mix. These sheets do not Qarp or

E
crack during drying and firing, and the process is simple

enough. to be implemented with-hand labour in "village

cqindustries". The tensile strength of these sheets lies in

the range between 100-10% kgs/cmz, and water aps?rption
is pe1ow 2 percent. Each shegt weighes about 15 kgs.

But room dimensions in low-cost housing lead to
roof spans which do not require trusses for supporting the
roof purlins (used for CGI roofs) o% éhe roof battens used

L}

for tiled roofs. The roof purlins or battens can rest

either directly on.walls or bart$tions or on simple rafters.
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_'warm humid tropics show that this roefing system even if

, =

Climate Consjderations .

Koenigsberger's and Lynn's study-on roofs in' the

used with some insulation and a ceiling does not perform

-~

as well as a CGI roof or fibre-cement roof would.

The thermal mass of this roof has a negative effect

in this climate. )

ol

In hot dry climates the clay-tile roof hag too lTittle

[y

thermal. capacity to-make a.comfiortable roof.. Furthermore

this is the least airtight roof discussed and would be un- ~

\ 4

i . . g .
comfortable during frequent dust and sand storms .occuring

in this climate zone.

~

¢ g
In all other ¢limate zones (maritime desert climate,

composite climate and tropical upland c1{mates) this roof

' _ |

"appears to be a goqd'compromise %or the changing seasons' : |

conditions. However, a ceiling with resistive insulation should
0 ) . , ‘ . ‘ @
be installed with this.toof, if possible. - , , ol

~
- -

..
1

/ ’ .
Economic Consideratjons -
) v 7 = 4 -

3

a ~ If the clay tiled Poof haﬁ been .one of the.more « ’

"expensive roofs during the fifties and sixties this has

- R o

gradually changed during the last decade. R

r
4
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" raw material prices, increased cost of energy and the

The relative cost of the various Jlow-cost materials

has changed considerably due to international movement of
.

P Az
introduction of local incdustries utilizing local materials

t

and Tabor in many developing countries now.

AY
Xt

A very strong advantage of burnt clay products is

. that they can be competitively produced with local materials

Qin blind production, either in the most priﬁitive labor

intensive way and small quantitieslor in a highly industri-

\

alised process and large quantities.8 - .
It is possible to find the right size and type of

manufacturing proceks between labor intensive and capital
} 4

. . . . U .
intensiye technologies for every region and thus foreign

currency requirements will be minimized. ,

In areas_where fuel *is exhorbitantly expensive,

1
- *

this material may not be cost competitive.
g . AN

Social Considerations

A tiLfd roof is safe and p{easant'in shape and

color; it has a permanent and modern status and reflects

v

a natural transition from traditional roofs made of organic
Q
materials.
Jn some areas co]onia]_herﬁtage may -be a negative

aspect against this otherwise very acceptable roof. .
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. water and in some instances, to increase the strength,
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a
L]

Earth is probably still the single most important
bqi]ﬂing mate&ia? in develoning countries around the world.
Earth means the‘éntire spectrum from topsoil to

-

co]ioids, clay, silt and sand with 1ittle or no organic
matt@r.]For bui]d;ng purposes c]a; and sanq are used with

water in various ways to form building components or J
elements. Foundations, floors and walls made of rammed

earth, adobe blocks or ceb and wattle and daub are the

oldest methods of building construction and with time and

labour being a less criticaf facfor a cost competitive way

wa

of building houses.

2

Heavy rainfalls are a destructive force,eroding A A

earth structures very quickly. N .

~

To.increase its resistdnce to deterioration and

to stabilize soil by admixtures.2 T

o

atfempts have been made

“ The following indigenous materials have been employed,

?

usuai]y on a completedy empirical basis: cattle dung and
urine, grass, flax, straw, oat straw, jute fibre, sawdust,

wood shavings, tannic acid, molasses, various plant juices,

.

pulverizedclaybrick and tile, gum arabicz and.hard wood

s L .

3
ashes. ‘- '
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But the most extensive work in stabi]izihg earth

has been done with "modern" agents like portland cement,

lime and lime admixtures and emulsified asgha]tl .-

kA

Surface coatings are anot@er way of protecting
garth structures from erosioy and general weathering.
Many different plastegs ana stuccoes or other thjck coatings
are commonly applied to 1imit water absorption. Where cost
is of overriding importance and better ma}eria]s are ei;her
too expensive or unaVaiTabTe, mud plaster is widely \
employed, ' i N

‘ In Northern Sudan, the earth finish used for walls,

and roofs is called Zibala, a mix of animal dung, straw
and mud.t (Fig. 9.1 ) -

Lime qnd Portland Cement, if available and not
too costly, can provide a hérd 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 critical element of the mud house. ' '\

Eayth roofs are h%?vy structures and if not

structurally sound great hazards to the dwellers.

.

©
- [REREER PR SRR NS S 3 )

ot

Mk e e S e L o S% X ¢ 4




194

l‘ : §
- After heavy rains they sometimes collapse under

. \\ .
the ‘weight of wet mud or of the pond which is formed as the
result of the roof deflection., Earth roofs should not be~

considered in seismic areas as thely are the first to be

destroyed during even minor shogks.

9.1. SUPPOR%;E ROOFING SYSTEMS

’Traditiona1 roofs are still the most common in
o ’ " rural areas of Eﬁe hot- dry tropics where the mater%a1s and
the skill are stiil available.
: ‘ . Materials are basically tjmber from the palm trée
and eﬁrth finished Qith "Zibala". The palm treé‘grovides
' the main beam "mirig", the‘joints "sharig", the.matting
) (;; : 4 bearers "jarid" and the mattina "birish" thch receives
‘the mud 1ayer.6 * (Fig. 9.1 )
Sometimes dry 1eave5f0f the palm tree or dry grass
“are placed under the mud Tayer. The initial cost is norma]]}
y o sma]]‘but'good experience and g certain skill is needed
- . fo build this heavy roof. (Fig. 9.2 )

e -

b 4

* 'Ziba1a,‘mir%gw sharig, jarid and birish are designations used in
Northern Sudan and are different in other places.

~
Q
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Fig. 9.1 : \
typical mud roof 0 R¥Z I
in upper Sudan \ ' o 1ot e
(OBN no. 182) N |
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Fig. 9.2 Typical section I j
through mud roof (OBN no. 165) T — X
1 Mud-brick parapet Jr [ ] H ]
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N
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Climatic Considerations .

7
This roof, combined with customary-myd walls

and minimum openings, provides a satisfactory internal
¢limatic condition in hot dry and composite cfimates. If
built properly, the roof can also sustain the infrequent

heavy rainfalls. *

8

Economic Considerations

This roof has a positive local impact on the
economy; it can be built almost éntire]y of locally
available materials in a labour intensive process with
little equipment needed.

The need of heavy main Peams 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-cost materials.

Technical Considerations

and maintenance.

The cost factors of this roofing system indicate

that there are two problems to consider: the support structure
) )

~

d ~

- Y

*  Kano 1@ Northern Nigeria counts appr. 20 rainfalls during
the rainy season, other places in the Sahara Desert from -
zero to four or -five.

L]
1
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\ +
) The support structure can be made of precast concrete
joists similar to the false s]ab.system'and then covered with

CGI sheets or traditional materials. More recent proposals

L .

suggest to use ferrocement structures as they could carry
the learth .material. and make the roof watertight at the same
tike.

Anhua]hmaintenance is absolutely necessary as most
earth roof; leak after heaqurains and roofs gradually '
defﬁect. Evem if made watertight with the help of plastic
foils or roofing felts Taid on the sﬁbroof before adding
the mud, a protecting coat of plaster or some sort of tiles-

is necessary to prevent excessive érosion.

Social Considerations

After having visited places Tike Kano in Northern
Nigeria, 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 houses in
thif climate than the traditiona% way. The.f1at roofs,
forming an outdoor extension offering privacy, are an

v

integral and extremely important part of the Islamic house.7
The roof in this climate is used for sleeping
and various domestic activities such as drying linen or

food staples.

197
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Although the application of this type of roof in
urban areas is becoming impracticable due to its weight and
difficulty of c?nstruction and maintenance in multi-storey
buildings, its éocia] importance and acceptance has probably

never been in question.

9.2. SELF SUPPORTING ROOFING SYSTEM

Mud brick domes and vaults had a tradition in tbe
oriental architecture as far back as 4000 B.C. or even
farther.BIt can be assumed that wherever roofs did not have
ts be accgssib]e that this method Qou]d be more economical
and architecturally ;atisfactory as no scarce timber is
needed and weathering would be less severe thaﬁ on a flat
roof. (Fig. 9.3 )

»

IQe only recent example of these types of roofing
$

I have found are the famous mud brick dome and vault houses

-~

and community Qu11d1ngs of the village of New Gourna in
Uppér Egypt, designed by architect Hassan Fathy.9
Initially there were a 150 one and two storey

houses built including communal facilities Such as market
place, shops and crdft works, an open air theatre, a large
recreation area, an administration building and townhall,

two large 12 c]asscoom schools, a craft school and workshops,
a community building, and a very fine Mosque, all jnnsun-

dried mud bricks.]O

198
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as mud roofs would hot stand up to forces of bending or

. These mud bricks, containing good clay,soil (one
cubic meter), white calciferous’sand (1/3 cubic meter) and

a

fresh straw chaff (about 22 kgs), were manufactured in the
traditional way with no stabilizing agents.]1

For practical purposes, sdéns for muq brick vaults
are about 3.50 ﬁ. Constructioﬁ is usually started against
end walls and built towards the center. One mason can lay
abéut one lipear meter of parabolic shaped vault per day.]Z(Fjgfa,
Low and high domes are built in the”iq}oo“manner,A

and similar to the high vault,are built in pure compression

tension. (Fig. 9.4 ) ' )

The low domes similar to Christopher Alexander's

s%ggest1on p.96 ) is suitable for two-storey construction

orl where, by filling in above the domes, a flat roof is

be obtained.

/

~

C11mat1c Considerations

They are direct comparable to those of the flat

supported earth roof.

\

Economic Considerations - ;
l -

% With the severe shortage of structural timber in

| N : ¢

} .
many hot dry regions,; this method offers a feasible

alternative to the supported flat roof version. It is, »
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so that no form

work or shuttering 1s needed

The process of build

0

Egypt.

a

E

Walls built up Arches buiit over dry

Vault building with courses leaning
brick in windows

towards end wall

9.4
Fathy in New Gourna,

F%g.
earth domes and vaults as built by
H.

butit up for vault to lean on Inverted

Walls built up to the level of the
spring points of the vaults, End wall
catenary form traced on end wall,

Window openings built up with dry

brick ~ no mortar.

r

N .
i SR - -

window openings

.\mlrw,ﬂ. i
S

T~ ™

in-.

dome Incline
craaingly untl dome is finished,

Brick courtas of

forming

complated,
continuous course from which dome

can be comuleted

Pendantives

Circular archas built over vaults to
form a bas~ for the dome
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however, much more labour intensive and with the even higher

use of earth material more problematic for urban areas in.

‘biggeﬁ cities.

Maintenance is absolutely éssential.* - .

"Technical Considerations '’

P More than any other tradipiona] roofing system . o
this method of building requireslgki11ed/and experienced -

lTabour no longer found everywhere.

Social Considerations 8

More than probably any other culture today, Moslem 4

societies are traditionalists, rqlecting many Western

; methods which are often inappronriate to local conditions

13

L and needs. As John .Turner is saying, the idea of housing
* §

e

L )
as a "product” is unworkable; I believe that in the hot

dry regions where Islam is prevailing, mud brick constructions

are allowing hous%ng to be a "process" and therefore this Fy

indigenous‘system will always have a future.
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Two masons are seen applying the mud guide ring

+ which will tie the vault to the end wall. The end well has been
built above the limits of th'e ptoposed vault and has had suffi-
cient time to dry ond reach its maximum stability, It is now
ready to receive the thrust of the vault. Before Gouma¥illage
was started the masons would moke this mud ring guide by
guess work and by eye. Dr. Hasson Fathy speeded up construc-
tion time by mecking & wood template in the shape of the under
side of the vault and using this template as a guide for this
mud ring. A more uniform vault was thesresult, plus a saving in

Fig. 9.5 .
(HUD mud brick time, In addition, at New Gournag, two masons, rather than one,
s . " .
roofs ) ., work on the vault. One helper can supply moterial for both
/// masons. -
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.__and agricultural as well as industrial production processes s
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The sheer volume of waste:output derived from packaging

_clearly-sufficient argument to justify research into rewusg'“

and recycling of waste materials for building purposes. Un- -

3
3l .
r

fortunately, the ﬁopu]atfon of industrialized countries does

not see much value in waste materials. (Fig.-10.1)

* o

The kind of va1qé we see in what we waste and how this

e

is 106ked at by native populations of developing countries -

has been Qri;ten to thé ﬁoint by Martin Pawley in his book,
"Garbage Hoﬁ§ingﬁlz k .

P . "We in the west have‘cqme'td identify the termination

2

of one use with the termination of all usefulness, and

L.
1 \ @

we ﬁarhy;ihis simple idea through ruthlessly, in our
, " treatment of the old as much as our treatment of the

o waste products our society generates in such pro- hl

B -

s fusion." . '
o vt < a -

Martin Pawley fuwtheécqudtéd Frances Fitzgera]d'who S

Il2 )

wrote in' her book, {The fire-in the lake"“, that enormous

v

. differences in culture and perceptions separated the Americans
. from the native populations of South East Asia:

2
!
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"For the Americans in Vietnam", she pointed out,

207

"it would be difficult to make’this leap of perspective,

difficult to understand that while they saw themselves

B /
. as building world order, many Vietnamese saw them

-merely as the producers of garbage from which they

could build houses."
1Y

n

bage, "junk and Titter, bearing an unmistaken negative conno-

-tation, which created this perception of: once used is equal

"to termination of all usefulness. Forrest Wilsons, in his

article on the First International Conference of "Garw?
74

Architects", made a very strong statqment for the quality

and value of waste materials used for building purposes, and

he probably u;ed for the—above reason a positive term‘in the.

title: "Building with Byproducts of Society".

It must -be the use of terms like waste, refuse, gar-.

If the term byproduct is used for all those materials

usually described under wasfe, secondary use of these materials

for building purposes would have a much mgore positive meaning.

ﬁhere is, of course, a wide variety of byproducts

‘used already for building‘and other purposes. These "waste"

"

materials are usually grouped into consumer waste and

industrial waste. ~

i ooy ST VPRI
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Consumer waste is less significant as a planetary poison.

Ndnethe]ess, the fact that it is to be found everywhere f(but in

lTesser quantities in developing countries)-presents unique \
prob]ems of retr1eva1 wh1ch are ndt.genera]]y faced where 1»« ( ‘
dustr1a1 waste is concerned. 4 - . ’ ot

g Industr1a] wastes are 1n ‘general concentrated and -are

‘a1so relatively 1oca11sed and w111 therefore, accord1nq to

Pawley most [ikely remain the most realistic target for re-

\ -

c11n programmes.. . ‘ 'f’ a

- Yy
,Recycllng, in the strict‘sen§e_of the term, fis notla
veny gffﬁcdent and is certainly a veny eXpénsiye way of '
‘tahkling most of the brob]ems poséd oy consumer waste disposat.
But even 1f recycling of 1ndustr1a1 and a agr1cu1tura1 wastes ’
appears to be, realistic today, it would make more se%se if they

could be adapted to secondary or dlternative uses. ’ ‘ -

Secondary use is most often associated w1th low-cost

constnuct1on. This is also true in developing countries, though

A

to a lesser degree. Martin Pawley argues thatﬁsecondary‘or alter-
native use of waste materials is the gonly means by which an
‘adequate amount of hous1ng materials can be supplied in a fast ’
deve10p1ng society w1thout total disruption of existing pro—

duction processes.7-As long as we find these ideas remote from'oun
B 4 ] ‘ . .

mind or reference, it will be impossible to venture into this new

“world of possibilities which also offers a unique design cha]]énge.”

L] . 4

" . .
¢
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10.2 CONSUMER WASTE AND. BYPRODUCTS

9

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.

29

Different ways have been tried by introducing means of

recovery of resources contained in garbage. Magnetic and flo-

tatjon separation, air classifying, pyrolysis and use of some

substances for produétion‘oﬁ building blocks, boards and panels

are the latest atcomp]ishments in this fie]d.8

In principle, processes converting consumer waste jnto
i

building materials consist in its decémposition&jnto workable

masé, grinding into fine granular material and compressing
it under heat with the use of chemicals. End products are

bdards, panels, blocks, roofing tiles and shingles* which have
9

'épparent1y good physical and mechanical properties.

Other than recycled consumer waste roofing materials

are those with a long and honorable history. The secondary\

use of bottles for building has in fact been recorded as far

.pack as the fourth century, The Roman tomb on the Via. Apia was

dubbed "pigna terra")in honor of its dome built of clay pots.

FY
* Neither a product reference nor any project app11cat1on could be
traced by the author.
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) Similar to the abdve, it is not known what the pots

were serving for before they were used for the dome of the

§
orthodox baptistry built around the same peripd in Ravenna,
10 '

L]

but they might well have been former wine Jjugs.
In more recent pioneering history, bui]dings were
built of whisky bottles, some of them still standing in Nevada,

Alaska and Austra]ia.]]

(Fig. 10.2) ‘ o

In developing coun%ries, bottTes hardly find their way
to become roofing materials as éhey are making qgood containers
for palmoil or other household 1liquids.

A secondary-use consumer waste material for roofing

are thin metal containers. When cut open and flattened,

they make good roofing sheets or shingles. Such an application

had been seen by the author in some of the squatter se%t]emént%

@

in West Africa.

»

Waste-Paper Corrugated Roofing Sheets

The Central Building Research Institute in Roorkee,

~Jjointly with the Regional Research Laboratory in Jorhat, India,

has de>b]oped a corrugated paper roofing sheet with remarkab1e

propgrt1es.]2

These sheets are made out qf “road sweeping paper",

grass or straw. The process of making these sheets involves

t

210
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Walter Sizemore built his house from cans anq'bottles
1 frame (Pawley, M.)
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grass seeds

mechanical beating of the waste paper or other cellulose wastes
and mixing it into pulp. The pulp is then fed into a continuous

sheet-forming machine, producing wet sheets of varioys thickness.

}4::35 \

Agricuflltural byproducts, husks, sta]ks and grasses

10.3 AGRICULTURAL BYPRODUCTS

are avaitable in many countries of the developing world in
abundance and represent, like forest wastes, a remarkable re-

source.

The major agricultural byproducts with possibi1itie§

for pressboard and concrete manufacturing ar'e:]3
abaca | hemp shives

alphagrass’ ' Jjute fibres

bagasse . kenaf sticks and coir
barley husks . Tinseed residues
cassava stalks ‘ oat straw ‘ .
cocoa shells palm fronds

coconut shells peanut shells

coconut outer husks rape straw

coffee husks : rice straw

corn stalks rice husks

corh cobs _ rosella J
cotton stalks | seed flax .

cotton seeds and hulls . ,sisal fibres

flax shives + sunflower husks




)

Forest byproducts for similar uses are:
&
bark ' ‘

wood chips

o

wood shavings
| f saw dust
Nq spec%fic roofing.mater1a1 has been developed from
these materials so far, but several products can be considered
)

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 resifues, such as:]4

a) Storagé; seasonéi harvesting, risk of decay and
- fire hazard; * _

b) Transport costs, especially when the plant is not
located near waste resources; ‘

c) High expenses may arise from import of synthetic

* resins in the absence of }oca]]y produced or
natural adhesives;

d) The size of the industry plays an important role in
developing countries. Experience shows that up-to-
date fibreboard production should be in the order of
about 15,000 tons yearly and th;t of particle boards
can be slightly lower 1in order to justify the invest-

]

‘ment. This might be too high for markets in smaller

1
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~developing countries. In addition, there is a lack
of know-how which cannot be easily overcome by
dgye]qpfng countries without international assis-

-~ . tance.

Three typical and je]] known products under this
group are:* . .
"Stramit" straw panels, produced semi-automatically

~

by compressing, with cardhoard dJlued to boRh surfaces.

i"Durigane]", an Tncambustible, weather-proof, resistant

j to rot, fungus and termites, product made of wood -

t
|

strands and portland cement. ,

"Lignex Board", a resin catalyst, rice husk bonded and

hot pressed board with qualities geod for building

.purposes.

10.4 INDUSTRIAL REFUSE AND BYPRODUCTS

. There is a great variety of inorganic iﬁdustria] O‘
Qaste§ which ‘can be used in construction. Some of them found
as'residues of byproducts are suitable as component for com-
bosite naterials. Others in form of production byproducts or
production rejects can be used és they are or somehow modified.

o

*  Producer information.
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The following examples are worth mentioning:

Asphalt

Paper Products

Sulfur
is discussed in more detail 1in separate chapters of this thesis. .,

Blast furnace slag'has hydraulic properties and can sub-

stitute up” to 80% of cement clinker, thus yielding considerable

econohy in fuel and‘energy consump’cicm.]5

_Fly ash, formed By small solid particles generated in
coal-burning power-generating plants, exhibits pozzolanic
activity and is also a practical extender for portland cement.]6

Burnt clay-bricks breakage is very good light-weight

concrete aggregate and if finely ground, its pozzolanic pro-

perties can be utilized in substituting cement 1in mortars.,17

»

far body elements. The ﬁdea of economic integration

as envisioned by Martin Pawley was carried farthest Qith respect
to roofing in the "Citroen House", &esigned by Jeff Skorneck
%973 at Cornell Un%versity. (Fig. 10.3) With the collapse of ;
Chile's foreign credits in 1971, the Citroen Chi]eaa SA factory

in Santiago, which had for seveéa] years built 2.3 and 4 CV
vehicles using only imported engines and transmissions, was

obliged to virtually cease productibn. Using manufacturer's

data, J. Skorneck developed a design for the adaptation of:

U S .2 N

oy

¥
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e Fia. 10.3 Isometric,
- view. of the Citroen
House (Pawley, M.)

T [N
Y:]E]E] I

Fig. 10.4 Citroen
¢  House with Fouraonette
. in front (Pawley, M.)



‘ Fig. 10.5 Work on the
Cro uch House structure
(AIA Journal) ,
pe .
= ~ t

Fig. 10.6 The roof
+ coverihg of the Crouch
Hous et

A

217
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Chilean produced body parts for the 2CV Fouréonette'into a
housing system. The vehicle (Fig. 1b.4) proved surprisingly
suitable for the conversion, which cggid have yielded a
production of 5000 housing units per year.]8

Butyl rubber cutoffs from extrtsion processes were used

as roofing tiles in the Crouch house, built in Troy, N.Y. (Fig.
10.5) Thé structural frame, trusses and columns of this house,

“

are made from cardboard newsprint cores. The cores are Jjoined
with no. 5 steel cans, pinned with gB]vanizéd roof%ng nails and
the trusses and columns are secured with steel stravping. The
exterior walls of the Crouch house are no. 10 steel cans in

mortar, except for a bottle wall at the living room and bedroom.

The roof Covering consists of a triple layer of

‘packaging cardboard, laminated with scrap polyethylene sheet and -

bonded with cold tar roofing cement. Ower this are rubber tiles

19

derived from butyl rubber cutoffs. (Fig., 10.6)

10/5 CONCLUSIONS

s

Agricultural and industrial wastes are not sufficiently .
utilized mainly because there is inadequate current research

and development to provide confidepce to manufacturers and

. consumers in new products based on waste materials.

|
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~Tradition and prejudice smwgported by insufficient
» . - LY

1

expé}ience with such materials are laading -to mistrust on the

, -
patt of "users.

. " Lack.of support from the public sector aﬁa,a Timited
» G . =l o

<

market vis-a-vis investments and often séarcity of foreign

>
I3

| exéhange for import of sometimes sbphisticated equipment for

/
a are further Timiting introduction or wider use

processing
of waste materials in developing countries,
But the waste resource utilization period of the:

future will be rich in innovations and the ingenuity of the
¥ y ’ * o
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11.7. INTRODUCTION

?

The Minimum Cost Housing Grodp (MCHG) at McGill
University, School of Archijtectures—has with -the initiative
of Prof. Alvaro Ortega and today Prof. Witold Rybczynski
conducted research and experiments into uses of sulfur for
building for the last decade.

' Much has been published and a gfeat deal has been.
1earnéd since the MCHG built the first sulfur house ever
in-1972. - : .

Several other pfﬁjécts fol]owgd but relatively 1itt[é

has been done to find applications of su]fﬁr composites for
N v -~ T~

. . roofing.

. .1 was attracted by the potentials of thi% bonding

"materih] and the ‘fact that some original work could be done.

The only limitations were time and the fact that
I was working alone. The work-1 am describing hereafter has
been continued by Prof. Rybczynski in spriﬁq 1981 during
a course he was giving at Florida A&M University in

Ta]]ahassee,'F1orida; some of 'the results are mentioned in

this chaptér.

223
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[ <:: ‘. Sulfur is one of the four basic raw materials of:

, n’ the chemicalgindustry (the other -three being cq&1, time ..

[T
-

stone, and saTt).]
v Sulfur, a yellow nonmeta]fic element, occu?stfn .
sedimentary and volcanic deposits and exists in several
‘ ;%fferent forms, the most stable being orthorhembic sulfur, -
a crystalline form that melts at about 116°¢.° (Fia.11.1 )
"Today, an important source of sulfur lies in thé
large volume of sulfur didiide recovered from filters in
. coal-fired steam powertp1anﬁs ‘and other large industrial RN
processes* namely petroleum and natural gas product*@m%g
If economically and politically furthermore
easib]e,’the recovery of)su1?ur as by-product in
ndustrial processes thno%gh %he su]fbr abatement program
could double sulfur production in the United States**
2[one and proyide numerou§ small sulfur sources throughout - Y
the world forming the basisnfor'the production of low-cost
sulfur bonded building materials.

The use of sulfur in building has been known since

the Middle Ages, and examples still exist in Latin Amerjca .

from the 17th century, when sulfur was used to anchor

6

: 5
( metal in stone.

*  The main smoke stack of Inco Ltd. in Sudbury, Ont., emitts apwr.
2500 t of sulfur dioxide every day. 4500-5000 t are retained in filters.

** and exceed the forecast consumer demand.
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pilot projects have been undertaken after the first sulfur

In the middle of the 19th tentury interest in finding
new ytilizations for sulfur as cements and concretes led to
the first patent :egistrations, the very first one in 1859
under the title® "Composition of Matter for 0rna§$nta1
Purposes" by Wright, A.H.6 ‘

More recently research in sulfur concrete and im-
pregnation, as well as the development of fire-retardant
additives, have encouraged already a fair use of appl}cations
in road construction, special pavements, containers, pipe
lining and -components for building. Various low-cost housing
concrete structure was built in 1972 in Montreal*’ But no
particular roofing material or roofing system based on
sulfur had been then developed. Many other institutes have
conducted }esearch into finding wide uses for sulfur in
building and enéineering; a successfu1‘pkoduct as a result of
this research is sulfur foam for ﬁ%su]ations of roads in
the Arctic and other insulation purposes.gMany of these
institutes have also determined properties'of sulfur com-
po§iteg, namely sulfur concrete (SC). This research will]
eventually lead to the formuiation of legal standards Whjch
in return wi1ll 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 Unjted Arab
Emirates.
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many ways

(PCC) except for the flamability of sulfur. The characteristics

a: of SC are

{

\& The characteristics of sulfur concrete (SC) are in

favourable to those of Portland Cement Concrete

the fo]]owing:9
impermeability

low thermal conductivity
low electrical conductivity
nopshrinkage

extremely smooth finish
high compressive strength
quick setting

no curing

recycleable

no water needed

corrosion resistant

‘can tolerate chioride and sulfate containing

aggregates

bonding properties are not affected by salt .
components cén be produced of high precision
flamable )

me}ting at 116°C

thermal contraction as the fresh concrete cools

thermal expansion above steel and PC concrete

5
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- ‘réacts to copper
- "fiigh" rate of creep
A placed .in ground bacterial degradation possible

- possible formation of acjd under action of water
and sunlight '

--unp1easanf odor ‘when melted

- energy needed for process

]].ZHSULFUR APPLICATION ,
Thf problem of flamability of sU]fuf‘compqsitéslhés

ﬁeen studied extensively and the fact that it has a low

fuel value, burns slowly and can be rendered self g&tjﬂ/
"guishing by the addition of plasticizers, does,/iﬂcﬁ//

applications in housing. _ . J/

~

.The fact that the preparatien of sulfur concrete

or other su]fuf composites involves melting and handling

“of the material at temperatures above 100°C 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 sulfur and pyrites" in Madrid 1976,
addressed a more important aspect with rega?d to the

* _Bituminous roofing and asphalt paving are both hot processes.
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arguments in favour or against the use of sulfur in
10

O

building:

‘

"The environmental impact of building materials,

B E byttt e

* both with respect to their production and use, .

is extremely complex and difficult to measure.

ad o

With the exception of traditional materials such

as wodd, stone or earth; most modern materials

require substantial energy inputs. Sulfur concrete,

v * opn the other hand, does demonstrate four characte-
risticsethat could form the basis for reassessing

materials in the light of emerging ecological con-

B R PV PR P PRe VPR T O

cerns and needs for energy conservation, which are
both relevant in low-cost construction.’
The first of these characteristics is that sulfur for ‘

]

building represents a zero opportunitylcost, since this

material is either involuntarily produced as industrial
by-product or is locally available as a valueless volcanic
ore.

Secondly, that the use'of industrial by-products,
or wastes, for building represents a more effective use of
resources, is demonstrated by fhe fact that ii{ takes 33

A times more energy to produce portland cement than it takes -

for the same quantity of sulfur.*

* 1 ton of portland cement‘produced takes 6,300,000 kcal
1 ton of suifur appr. 190,000 kcal.

—

t
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The implication, particularly for the petroleumless

countries of the industrialized as well as the third world,

could be enormous.

The third characteristic that sulfur concrete can

"be recycled without, excessive energy input will also be

important in helping to reduce the amount of wastes.*
Finally, in assessing the energy requirements of a

build;%g material, Rybczynski says, maintenance must be

considered. Sulfur concrete seems to be very durable and

if poured in a smooth form does not require painting and,

being a non-porous material, it is also self cleaning.
"There are many indications that sulfur as a

binder has high botentia]s in applications not investigated

so far. Until 1979 one of them was roofing. The three

sulfur technologies, sulfur concrete, sulfur impregnation

and sulfur coating present a wide range of potential

applications for low-cost roofing. After I had acquainted
myself with this for me new material and the basics of
the three technologies, it was necesshry to make a choice
as to in which direction I should lead my experiments.

I was interested in finding a sgiution for a self
supporting roofing system and then if there was more time

left also for a supported one.

o
<

* To recycle one ton of sulfur concrete, appr. 30,000 kcal are needed.

230
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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. Witold Rybczynski and'Vickram Bhatt;
were of valuable help, saving me a lot of time and mak{ng

me quickly feel at home with this sometimes rather smelly

e

substance.

)

11.3. SELF SUPPORTING ROOFING SYSTEMS

Two technologies were promissing to lead to a

solution: Sulfur concrete and sulfur impregnatioﬁ. §
The tatter has been tried with cardboard formwork
tubes but several problems arising with the handling and {

the material itse]% made me decide to persue a solution with

sulfur concrete.]] . ' :

The main difference between the making of a SC’

structure and one of PCC is the mixing and placing of the
composites. ' ' »

5

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 sulfur has
metted, sand and gravel 1n.sma11 quantities are added
so that the mix stays liquid until the proportions are

right and the hot composite can be poured into place.

(Fig. 11.2) : - | ;

.
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- Fig. 11.2 Mixing of sulfur cloncrete’ (MCHG) .
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| Fig. 11.3 The first test vault with gypsum tile
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Other methods have been‘tr%ed like preheating the aggregate
and melting of the sh]fur separatély, but special equipment
would have to be désigned until Targer 9uantities could be
processeﬂ?ﬁithin a shorter peﬁ%od of ti;e;}z .

., The proportions of the mi x are‘%im}ﬁar to PCC but
more research is needed to make qualified sEEteMents about
effects of changing proportions. The mix used by weight
appr. 25% sulfur, 37-44% sand and 30-35% coarsé aggregate
(stone chippings ]gg?). In comparison, PCC would' be
of appr. 15% water, 12% cement, 25% sand and 45% arser

aggregate. The remaining 1% in SC and the 3% inPCC represent

enclosed air.]3

/

The placing of SC creates some different prob]emsj

The hot mixed composite has to be pfaced fast into the form-
work, cannot be vibrated and will start to solidify

immediatély. As sulfur is not a hydraulic binder, no curing

_~time other-than the cooling down of the material is needed

andﬁa SC element will reach 90% of its u]timate»strength
within-the first six hours (depending on its mass and
dimensions). These facts make it difficult to manufacture

thin shell structures as it is almost impossible to trowel

gl
3
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- a smooth surface. The formwork can be of similar type and

‘The Roof Vault . .

y Although I am convinced today that it.would be _

after casting, the formwork was strippéd with all gypsum

- 235

>

SC poured into place for more than a minute. Furthermore,
the rather quuid state of the mix makes it difficult to ) Agﬂ

p1acé it on's1op1ng formwork at equal thickness and to get

quality as for PCC construction.

possible to build double curved thin shell structures.,in
SC similar to %errocement, a shell vau]taw{?h 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 pre]iminary‘experimehtsthad proven that gypsum
was bonding well with SC ﬁnd that it cou]ﬁ be otherwise
possible to cast a thin vault with a span of 2.40 m
(chosen for praciicai reasons, workshoﬁ, formwork, etc.).

. As a fire protective coating, gypsum is‘a very
effective, qheap ané everywhere avﬁ?]abWe mater{al.(Fig. 11.3

)
. )
) The vault was cast without any major problem; care 3/

had to be taken that no weak cold joints occured. The day

tiles,previously placed in the formwork, sticking well to

the undersight of the vault (d& la Space Shuttle).(Fig. 11.5)
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Thin shell SC roofs do not need any additional
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g= 1,50 t/m ‘
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Because of the complexity of the calculation of this

statically indeterminate structure, I had to simplify the

calculation as a feel of magnitude, to a three hinged arch.
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SC Properties ds chosen

L]

" compr. strength B = 200 kg/cm2
tensile g B, - 18 kg/cm2
flexural " Bey - 35 kg/cm2

70300 kg/cm2

Mod. of elasticity E
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R\ = 1,80t
H - Av 2':_f_ p.f_ - 1,8 & 1:20-31,'8 . 0,6 - 3,6 t
2 ) Pl 1/ 2 2 -
C A= B = P + 1 - 1,8 + 3.6 - 4,02-' t
i »
P .1 1,8 . 1,2 ‘ - 0.54 t
M - 7 = 7] ) - »54 tm
er = P, cos/- H sin/ ‘
- 1,8.0,97014 - 3,6 . 0,24254 - 0,8731 t
. Mo 54000
k = oo hd = 100 . 25- = 21,6 kg/cm2
5 e max - 2400 - ) ;
c, - = - 5760 | , 111,11 ' |
/u% = 1,02 H <p - 6,3
Sactual = cb .k = 6,3 . 21,6 = 136,08 120 : o ,
//
-

The above edge stress appears’ to be high but as there
"are no standards for SC yet, this would have to be further

investigated.

Reinforcement

FE req. M b= B o102 L5 5 5010 eme

Code requirement for pure dﬁstribution‘reinforcement" %
for PCC | ’ |
101.6mm2/m (0.048 in2/ft) ;
16 gauge wiremesh 19 sections 34 m%Z . A~T
It would be necessary to use a bigger gauge wiremesh
for future constructions, but it does nol nécessarily reducg ‘
L. ‘the strength of this vault except that it could have some in-

,f1uen€e on cracking due to shrinkage and temperature effects.

4
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AN o
Tke Rod .
mild steel bar ¢ 9mm 0,6362 cm2 -
v max - 3700 kg/cm?2
H - 3,61 H b -~ 1.é m H.b - 4,32t - H
Section required for H' - 1,1676 cm? 0,6362 cm2

The above calculation shows that with an assumed }oad
of 1.5 t/m2 the tie rod would fail first.

The tie rod used would only allow for a load of
812 kg/m2 (166.3 1b/sqft). H also indicates that it will be
necessary to fix an additional tie to be able to establish

the actual strength of the shell in future testing:

Fig.. 11.7 The undersight of the precast aypsum tiles
placed in the framework before casting the vault.
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From the result of preliminary te§t 1oadjng
(appr. 400 kg/m2), my calculations and the fact that this
vault has withstood severe weather conditions outside our -
workshop for over 2 years, the following can be concluded:

- the capacity of such a‘she11 vault is more than
what is needed in low-cost housing;

- a compréssive strength of appr. 200 kg/cm2,
tensile strength in the range of 18 kg/cm2, and
and average f]exﬁra1 strength of }5 ka/cm2,
aré very low properties for any reasonably well
prepared and placed SC mixture.

2

Climate Considerations

—— Similar to ferrocement roofs, SC roofing systems

will not be ideal for warm humid climates unless the roof 1§

planned to serve a floor ceiling function later. In all

other climate zones, roofs made of SC can be combined with

an earth or sand cover to reach 'the thermal mass needed.(Fig.

Economic Considerations

In a country or region where sulfur'occurs naturally
[o] R 0
or as by-producE/3§/{t does 1in many developing countries,

/ : 0 3
small scale sulfur gqperations could already be feas?ble today.

240

11.



e

s L AR YWRQTNR L P e e e p

However, to introduce this technology, some training and
preferably repeated demonstration are needed as has been shown

in the case of the Phillipines where much had been done

.

' L

/Q// but Tittle is happening today.
.

Technical Considerations : - L

On a small scale, SC can.be prepared almost every-
where ; for larger scale operations, more appropriate
equipment, like the one existing for blending sulfur with

asphalt, would have to be developed.

Social Considerations

Safety from fire may be of some concern but possible
odor at times of high solar radiation and humidity in the
air may be a negative factor weighing against‘the use of
this material. AT1 other social criteria can be plotted
'positive1y against th1§ material, depending on the way it

is going to be introduced.

F
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11.4. SUPPORTED ROOFING SYSTEMS

A wide scope of sulfur based materia]g could be

‘ considered for a supported roofing system. Naturally, a

'supported roof should be as light asypossible to serve its . \

functions cost effectively.™ l |
Therefore, in my second preoject during the summer

‘of 1980, I concentrated on the following two technologies: {

‘imgregnation and coating to find a suitable composition
“with the desirable characteristics for a low-cost roof in
developing countries.

Sulfur coating as I had suspected earlier, did not

prodgke satisfactory results as the coa%%ng material is
subjected to bending and tensile stresses beyond the
material's capacity. Ceating could be syccessfu] in com-
Bination with fibres or sand as reinforcement if applied

on rigid materia]s!48ut in an almost pure state, even if

plastisizers are added, sulfur coats on fabrics, barasti,
thatch or even chigboard will crack after a very short
time.'> (Fig. 11.8)

Sulfur impregnation had been tried earlier and

produced some promising results. The MCHG has conducted
experiements with wood and also other more or less porous
materials which resulted in surprising improvements of

the materials' properties. :
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ig. 11.9 Sulfur spray coating of biock wall
new uses of sulfur)
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Earlier projects have shown that for continous
working and experimenting 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 spo1l the equipment and experiment all-
together.

Kitchen melting pots have been successfully used in
laboratory experiments but they are both expensive and not

very adequate in size.

The Equipment

As no adequatecand éffordab]e equipment could be
found, I designed and built my own melting basin. (ﬁ19-11.10)

The petroleum and chemical industry is keeping sulfur
liquid in large steel holding tanks, heated with high |
pressure stéam, the pipes running in bundles submerged in,
the liquid-sulfur.

The main problems with sulfur impregnation are
—eorrosion of the equipment, fire hazard when overheating

occurs and the need to constantly maintain the temperature

level of the bath.
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Corrosion turned out to be-a minor problem in our
case. For fjre protection, the basin waé packed in 8 cm of
glass wool and covered with asbestos gement panels. The
temperature was monitored with a pyrometer connected\ to
a pro&e.

The temperature couid be controlled with four
rheostatic step-up switches connected to four heating plates,

mounted in pairs to the long side of the basin. (Fig.11.10)

The Test Materials

It was my intention to test a wideurange of
materia1s,/1nclud1ng some which would normally not be con—r
sidered lTow-cost but could, when impregnated with sulfur,
have improved properties which could in return make them .
more cost competitive.

[ selected the following materials for testing:

- kraft paper ‘

- card-board

- corrugated card-board

- hard-board o ' '\;\\f\;f

- soft-board, low quality
- soft—boarq, high quality
- papier maché (egg cartons)

- stramit panels (straw composite)

245 (\
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- asbestos fibre-board - .
- plaster-board (gyprock) jf
- cement block

- plywood 6 mm

246

- pine (2"x4") 5cm x 10 cﬁ -
- ;oftwood shingles

- coconut fibre bundles

- jute fabr%c

- canvas (good quality)

- 'foam rubber ] o

The first tests were conducted to éee how the

equipment was functioning and whether other unforeseen

prob]ems would develop.

«
Eiad

As the basin was relatively small, every time a new

material was §ubmerged the temperature dropped and the

~escaping vapour created "smelly" fumes. After the vapours

had escaped, the temperature sometimes rose quickly and the
heaters had to be readjusted; disasters could be avoided but
burniné sulfur emitts toxic fumes and around 160°C sulfur
burns very well, and ﬁore-than once it was close to that

situation.

‘The next step was to find out the-time of impregnation

needed until the various materials were saturated. This is

dependent on the foT]bwing three criteria: structure df

f
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material, dimension of material and surface tension of liquid. &

The sulfur bath contained appr. 5% DCPD (dicyc]oﬁentadin;)
'p1astisizer, increasing the viscosity of the mix and nedﬁcing
combustibility of the impregnated material. 0
A small quantity of irop oxide was also added to change
the color from sulfur yellow to a warmer red shadel , . N
A short dip in the bath would give a relative thick
coat to theafiner structured materials. Hair crack{ng developed

during the cooling process and no improvement of the base

materials’ properties could be noticed,(similar to coating). ! L 9

It is quite obvious that complete series of tests . A
including the finding of saturation time aqd major proﬁérties
of all 18 materials was too big a scope.for a one man "show"
in just a couple of months. And as I was trying to }indqa
roof covering material for & supported roof,*weather resistance
was of more importance than structural properties. For aJ]ater
stage, structuril properties would ge important to Know so that
optimal spans and product sizes Eogﬂd bé established. -
‘ All 18 materials were imprégnated for various periods
of time and the absorption ratgs were calculated on per-
/CEntage of weight. Theosqturatgd samples were then‘submerged

|
in water for- at least 6 hours at a time and the water absorption

v
2 h

was measured again by weight.
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B Table 13 Sulfur impregnation of various materials
« \‘ & ’
dry impregnation weiqﬁt 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
card-board ‘'34.5 105 8 90 &2 gﬁ 17 :
- corrugated, 3.5 99 73 89 105 110 5\
C e VL .
I hard-board 188 311 275 276 261 2719 6
i " St ‘ .
i sgft-board ;nd alty- 403 995 1383 1656 --- 1675 1
- gity. . .
| _asbestos fibre bbard 192 321 390 416 425 425 -
/—_
"egg carton " 20 135 132 155 =--- 160 '3
' plywood 6mm 237 305 318 --- 375 575
. pine shingle 146 186 172 256 280 ' 311 ° 10 ;
softwood 2x4 942 ——— 910 910 910 951 8 B
gypsum board 600  --- 962 1050 2OKEM 1129 "6
' canvas 40 ° 100 101 --- --- 109 7
) jute — 44 235 239 —em  --- 368 n .
© ¢ \ o]
£ s
S ’ - O ! 5
A
4 ! : i \
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' Considering all aspects of low-cost roofing and the
results of the impregnation tests as per table , c?rrugated
sulfur impregnated-card-board in form of shingles, sheets or

i -
tiles promised to be the most feasible roofing Materféﬁ\amongst

‘those tested.

Stramit panels cannot be improved through impregnation

as they are absorbing too muéh sulfur and therefore are loosing

“their insulation qualities and also structural strength.

Fibre-boards' (soft and asbestos) are comparable to
any fibre cement board after impregnation and it would be
worthwile conducting te§ts with this material to compare it

with "can letas" or co}rugated sheets.

Plaster-board (gyproc) created several problems; <

in the process; the material became more brittle and the N

surface cover separated after some time. When saturated or if
left in the molten sulfur for too Tong, the gypsum tiles
started to break up in smaller pieceﬁ.

Soft wood, after impregnation, has properties“simi]ar
to hardwood and appears to be dimensionally ‘very stable when

exposed to changing weather conditions. This very interesting

“ vresult could lead tq the use of low quality timber for structural

purposes where much more expensive materials are used today.
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Orghn%c fibres, if not woven tightly, do no& make ‘a
) |

useable compbsite with pure sulfur as their moduli bf elasticity

is too different so‘that’ﬂhe matrix will break from surface
tensions alone.

Fabrics 1ike burlap havé ‘shown promising results but
good quality tightly woven material is needed and that is not
everywhere a low-cost material.

An interesting anf positive result of impregnating

combustible materials with,sulfur is that the flamability of

the ‘composite is reduced considerably as all pores are filled

and no air is entrapped anymore. . N

Conclusions i

H

Thg impregnation project I conducted during the summer
of 1980 proved that this process could produce a low-cost
roofing material with characteristics as outlingd 1nithis
\thesis but that further testing is needed, like weather ex-

posure, design of a system, structural properties and as man}

more others as possible.

-

From ready available matefia]s, corrugated card-board
produced the bgst results but "egg cartons", if manufactured
as corrugated sheets similar to CGI shéets, could make an even
better lightweight, low-cost, mainienanée free and durable

roofing material.
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? <: . Corrugated sulfur impregnated card-bpard shing]es were

, mounted to the West wall of the MCHG workshop in summer 1980

and have performed very well since.

The Fall Project in 1980

The Arboretum,.-belonging to McGill University an{
located at McDonald Campus .onythe West Island of Montreal,
needed urgently some to11el§fac1]1t1es for their visitors.

Some small fund1ng was available but only enough for a very
lTow-cost solution.

The.concept 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 frame was made of sulfur impregnated timber
,and the ffoor of .sulfur concrete tiles. One side wall was made
of sulfur impregnated chipboard, the other with a black painted
metal sheet and a vandal proof acrylic transparent sheet; the
metal sheet was moqnted appr. 20 cm above f]obr Tevel, realhing
‘ l" 1%80 m high and 10cm inside the acrylic sheet to allow the air

to circulate but prov%de privacy at the same tfme‘ (Fig.11, ]})
& S ) ] The two toilets were designed back %o back with a

dividing double wall form1ng the ventilation dpct.
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Fig. 11.10 The sulfur _bath
equipment used for testing.

Fig. 11.11 Assembly of solar
heated and sulfur impregnated
toilet house. ¢

Fig. 11.12  Sulfur

impregnated cardboard
shingle roof.
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"For the door, we wanted to use impregnated soft-board
which we could i@pregnate at Lau;entide ChemicaTé & Sulfur Ltd.
in Montreal. Thek]arge hoiding tanks at their bremises were '
ideal to immerse components as big as needed, but the handling
of fhe wet state sulfgr impregnated soft-boards turned out to

be impossible with the equipment available. The only way of

‘ impregnating sqoft materials of bigger sizes is with the help of

a support gri]T\EF“Which the material can be dipped into the
liquid and 1ifted out of it again. Once dry, impregnated
soft—board% , also heayy, are comparabie to fibre cement com-
posites.

The ‘roof finally, we decided to build with a support
and §ubstrate made of plywood and a cover of sulfur impregpated
corrugated card-board shingles. (Fig.11.12) |

The entire structure:was basically prefabricated in

transportable elements and was erected in one day on site.

Conclusions

After two winters in use, two major deficiences could
\
be observed.

o

The roofing has been badly damaged by weather due to

the fact that the pitch designed was too low.

Swe
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-but complement them in many fields.

Winds were bending the tiles up aﬁd in’'some cases \
they were broK%n.'Driving rain penetrated into the grooves

from the headends and disolved the- bond between the surface

‘11ner and core. But on a steeper roof or with a tile or sheet:

-of different design, this material could perform very well.

“

Other Reﬁeﬁt Projects
. ' / ' ’

1}
J
The experimental low-cost construction workshop of

FTorida A&M University, School of Architecture, in Tallalasse,

Florida, has, under the guidance of Prof. Larry Birch and

Prof. Witold Rybczynski conducted further experiments with

materials and sulfur impregnation for lTow-cost roofing in 1981.

Their findfngs partly correspond with those of the MCHG
: -

o

- 17
Sulfur Impregnated Cotton Fabric Sheets

‘Ramadan Seyam, after discouraging results with coating
and impr;gnating othérTUTganic fabrics, produced 48 cm ; 75 cm
shing]es (sheets) made of woven cotton fabric which he rolled
on a steel pipe and 1mmers;§ the package into a sulfur bath
for two hours. Although his findings were not wholly satis-

factory as far as water resistance is concerned, it appears

to me that if the right fabric is uséd this could be a very

feasible solution. (Fig.11.14)

\

\
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Sulfur Impregnated Double Curved Cloth Roofing Shingle

- 255

18

Jim Ervin, after testing different fabrics for strength,
texture and workability, designed a shirgle 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

while allowing the middle section to sag due to gravity.
An interesting modification to the preceeding system

is his proposed "second dip" which could improve watertightness’

of the material. (Fig.11.15)

Sulfur Impregnated Folded Card-Board Ti1e]9

This tile, designed and tested by Chaovalit Poonphol,
has some very interesting qualities. ' ‘

Poonphol found that the card-board when taken out of
theAsulfur bath could be formed for about 45 seconds which would
be enough to fit the wet sheets into any mould. (Fig.11.13)

a

The results of his testings indicated that such a tile

- wou]d‘fail in shear at the uniform load of-1277kg/m2 which was

8 times higher than for an unimprednated one. He concluded that

with a uniform load the tile would withstand 855kg/m2.
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Fig. 11.13
(Poonphol, Ch.) .
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Climate Considerations

Sutfur impregnated roofing materjals being lightweight
would be adequate for the warm humid tropics, but in con-
junction’with an insulating roofing substrate such as stramit
or similar material it could be considered for composite

climates =@as well.

Economic Considerations

<

If sulfur is not locally available or nationally as

cheap by-product on the market, sulfur composites will probably

~not be feasible for Tow-cost roofing.

But impregnation uses relatively little sulfur compared

“to SC. The technology is simple rand cén be applied at almost

any scale with §§Eski11ed\1abor needed. That sulfur composites
generalTy would be fcost 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 tanker truck could

providé an ideal holding tank; on a smaller scale, the
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(: melting pdt, for example, could be an oil drum. The bigger
the holding tank and subsequently thé'therma1 mass of liquid

sulfur, the less critical the heat loss wou]@ be.

o

L] . . .

. Social Criteria

) 0

’ The flamability of most impregnated sulfur materials

may not qualify them for use in high density urban environments&

» ) - » A + t
but future inventions may improve on this aspect.

This roofing material, if well introduced, could
create an image as any otﬁer'modern roofing mateéial doesﬁ
today.

Pilot projects using su{fur‘blocks for walls in
developing countries have shown that new materiais, if they

serve their functions well, will generally bevaccépted,
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fhe most recent con;]usion drawn by Prbf. L.E. Birch

Q

of Florida A&M University on the resu]té of card-board im-

bt
¢

pregnation is that it is probably not féasib]e to use
commercially available cerugated’paper méteria] for roofing
séjng]es, as the 1mpreghation Rrocess does not prevent the'bonq
_bétwgen the ,layers from disofying under humid weather con- o

ditions.

o
kS

) ‘ Consequently, the manufacturing process for corrugated

paper'materiaf would have to be changed, using a water re- 4
* sistant g]ue: This is not very rea]ﬁsfic, considering the
‘secondary=-use princip]é. |

! ‘ The "experimental Tow-cost construction unit" of the

1“ N
" School of Architecture®at Florida A&M University has therefore

¥ conducted further experiments in finding a paper based sulfur

impregnated roofing material.

Tests have been carried out with nerpaper clipped
together 1in sev%ra] Tayers; immersed in su]fuf, these sheets
héve shown promising results, put before further conclusions
can be drawn, this material will have to be exposed to the

1Y

elements for some time. . ‘.
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12. CONCLUSIONS

Low-cost roofing 1in deyﬁ]oping countrief is 9ften
thought of as hardware, or part of the physical entity of a
house and nothing more.‘A1though this is the final product,
concentration on the hardware alone, we have seen, does not
of itself Tead to a useful solution, supposing a usefu]
solution is to be found at all.

The term useful indicates that there is no single
3ca1e against‘which a]]«aspegts(of Tow-cost roofing could be
plotted and as Nﬁto]d Rybczynski points out in his book,

Paper. Heraes, when comparing .two "appropriate” building -

-

L BN
technologies: 'Y

— — — Ay — -

"Usefulness" must bé measured by a consideration of

!

over-all’benefits, not-by some narrow measure of

-
+

"appropriatness"”.
. .

This statement reflects the complexity of eva]uatio&
and further underlines thqt/the Eardware, even if it serves
its funct%én; can have a positive or negative social and
economic‘impact. - A

Amongst all the criteria discussed in this thesis
(climatic, economic, technical and social), themglimatic
criteria are most critical for the -dweller's comfort and

are -therefore fprminb the base for the sg1ection’of a foofing

system.
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From the c]imétic data* collected for a specific lo-
catioﬁ of a project, a e¢limdtic pattern wi11 emerge, which in
this case, will inevitably corr%spond to one of the three m%jor
tropical climate types or their related subgroups as described’ *

in chapter 2: a) wérm-humid equatorial climate, warm-humid. or
. tradewind climate; b) hot-dry desert, or semi desert climate,
hot-dry maritine desert climate; c) composite or/monsoon climate,
ytropica] upland climate. It i; then relatively easy to arrive
o at performance specificatibns %or a roof, taking all other
criteri; into consideration.
Amongst these "other" criteria, we find some which
don't c]gar]&'fit into one of these four groups: "climate,

economic, technical, or social", but rather deal with aspects
3 -

. ?e]ated to local ahdfoperationél problems and conditions.
Four distinct questighs dealing with these aspects can be

identified:

W -
v v =

S

* ' For the diagnosis of a tropical climate, C. Mahoney has devised a
series of tables. The system was first Rub11shed by United Nations
Centre for Housing, Bu1]d1ng and P1ann1ng, in "Climate and House
Design" as part of the series "Trends in House Design". Table 1 is
used to record the most essential climatic data, directing and
defining the extent of data search. Table 2 facilitates a diagnosis

3{ of the climate and develops a series of climatic indicators. Table 3

> translates these into perf rmance spec1f1cat1ons or sketch design
’ recommendations.
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How much is going to be built?
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. . .
The answer to this question will determin what type of operation

would ‘be appropriate under the specific local conditjons. The 7

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?

This wilg depend on the former question and certafn 1oca1‘gon-
ditions.”In most developing countries today, we find two broﬁh
sectors, modern and traditional, and each of these can be
further subdivided into two subsections: a) international
modern, b) national modern, c) transitiona]-traditiopa], and

d) traditiona]—rura].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-

portant factor under this queEtion. /

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,

¢

- e
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y

or through the World Bank.and/or a national organizafion¢
Depending on the situation, this question‘%nf1uenbes the
decision making with respect to higher or lower first cost
and durability and maintenance considerations.

In th;Qﬁgjlowinb three paragraphs, I“wjll summarize
and rank, in order of preference, roofing systems discugseq
in chapters 4 to 11, as they cﬁmpare to oﬁe 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-
ditions differ widely from one to another.“

My se]ecfiqn is based mainly on the general climatic
performance and those economic, technical and social criteria
which are crucial and of importance universally. On this basis,
I judge the following roofing systems to be usefu]lin these

4

climate zones.

ROOFS FOR WARM-HUMID EQUATORIAL CLIIMATE

Due to the very small diurnal variétibns of temperature .
in this g]imate, roofs in this zone should have a very low
thermal capacity, preventing the indoor temperature from in-
creasing above the outdoor one. A ceiling with a well ventilated

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 is

certainly a) leader as it has the lowest thermal mass amongst

, aldl low-cost roofs considered.

The CGI roof is generally low-cost but the covering

material requires usua]]& up to 100% foreign exchange. This

negative aspegt, though, is today often improved by importation

of black metal sheets which are formed and finished locally in

a simple 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 sﬁ%n

are balanced by the possibility of easy rgp1acemeﬁt and Tow-cost.

2. Fibre-cement roofing sheets (p. 163)

This system follows after the CGI roof, not so much

for its thermal performance than for the good compromise of most

other factors. The on site manufactured process is inexpensive,

simple, and labor intensive. Apart from the need of cement, -
cheap brganiz fibres and aggregates can be®used.

Compared to the.eébesfos éement roofing materials,
this system performs equally well but needs less foreign

exchange.

Q

{
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(l - . If this technology is properly and widely introduced,
this roofing system has all the potentials to become a feasible

substitute of CGI roofing.

3, Burnt clay tile roofs (p. 183)

\
oA

Similar to fibre-cement roofs, this roof is in a
balanced re]atioqship to most criteria. Although its thermal
performance is not as fayourabie as that of the CGI or fib;é-
cement roof, a ceiling with some insulation capacity could make
“this system even in this climate zone a feasible one.

The cost comparison of 1ow-cost Eoofing systems in
(; . Somalia (Table 14) leads to an interesting conclusion as far
as gmad1t1ona1 versus modern roofing systems are concerneds
R L1fé cycle costing does not only place traditional roofs behind
some modern ones, but it also shows that appropriatness cannot
easily be made explicit on the basis of construction cost and
the evaluation of tHe.general critgria.
Comparing the goma]ia study and the cost comparison

i

of low-cost roofing systems in Nairobi (Table 15), it further

indicates that approprfatness can differ in different places v
depending on local economic conditions.

(; - Where as CGI roofing was the absolute leader in
Nairobi, local fired clay tiles'were:1owest in cost inrgomaliq.

/ .
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) 269
Y D -, i
LA FIRGT CORT PN " TORETCN MRINT. TOTAL LIFE
ROOF TYPES , Materials | Libor (], Totaks CURRINCY | 00ST 1S YR|CYCLE COST 15 YR
R L A £ ST ] 37R00F TR0, (%) T JY/IOOF ~
| t 7
Traditicnal Makhti $ 3.25- [$0.08 w $3.33 $185.81 51% $199.84 |$ 385.65| $25.71
As Built Makuti Type I 5.86 0.10 :A 5.99 332.57 54% 224.23 §56.80| 37.12
As Duilt Makutl T”m 2 5.07 0.10 .Spl'r'" 288.49 613 265.01 §53.50] 36.90
30 on Porlin, Makuti: .
Alternate Tn’)e 3 . 4.07\— 0.08 . 4~1‘5 231.57 65% 237.78 469.35 31.29 ‘
Preservative Treated . : a - '
Makuti-Altermiate, Type 4 8.57 0.11 8.68 ) 484.34 83% —— 484.20 . 32.28
Local Fired Clay Tiles 3.41 0.31 3.72 207.58 82% . 207.58] 13.83
- { 1.T. Yorkshop Cerr. : ¢ _ =8
<] Eiber Cement Tiles 4.83 0.17 5.00 279.00 100% 279.00f 18.60 ,
. a
Corr. Galvanized Iron 9.13 0.04 9.17 511.69 100% ——— 511.69] 34.11 .
Corr. Aluminin 16.26 0.04 16.30 909.54 |  100% . 909.54] 60.64 !
Coir. Asbestos Cement 24.25 0,07 24.32 1357.06 100% . 1357.06] 90,47
~ 3y Sulphur Impregnated —_— 8
orrugated Cardboard 7.06 0.07 7.13 397.85 100% 397.85] 26.52 -
Reinforced Concrete Slab | 11.09 0.80 11.89 513.65 100% a;’ 513.65] 34.24
TALE LOWELST FIRST COST: TIRCE LOWLST COST PER YEAR:
Traditional Makuti . . .. . $3.33 local Fired Clay Tiles . . . . $13.83
local Fircd Clay Tiles e 3.2 I1.T. Workshop-Corrugated . . . 18.60
! . fiber Cement Tiles
. 30 cm Purlin ,
~ Alternate Type 3 . . . . . 4.15 Traditional Makuti . . .. . . 2571
i
arpdicates no major replacement of any system or sub-system of the roof resulting in a negligible
maintaincnce cost.
) \
Table 15 Cost comparison of low-cost roofing system in Nairobi
ROOF STRUCTURES FOR LOW-COST HOUSING (Eyge1aar)

COST COMPA R‘ L. SO N FOR VARIOUS ROOFING MATERIALS
o (:‘ 4 5
3 1384 e Pets/.
132% ///}I 135% | /xx
1 / / / 108%
LA
/ - /é 7 / / /
i /
oA
/ : radity
) N
/ ahiet
r
S\odott sdnport ddpboit Bhipidi g Eungatt
(11
] -, o
c.g;s;;:eti C.g.i. Asb .-cement Concretle Concrcte purnt clay
ng sheeting sheeting tiles tfley - til
Standard Trough 'IT 4 -
g _w_?tandazd o Inwﬂp}tch _ Light w:-igln_ liungalore
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system to be appropriate as local firewood would have been ,

depleted by building up a clay tile industry, which would apply
in other countries with similar arid c]imate;. ]
These facts indicate that the selection of a_roofing

systém not 6ﬁly for this climate zone but in general, is a very

dynamic process depending on local conditions mainly.

ROOFS FOR HOT-DRY OR SEMI DESERT CLIMATE
The large diurnal temperature variations necessitate

roofs of large thermal capacities, storing heat during the day
and dissipating it during the niéht. Residential structures need
to have a time-lag of 9 to 12 hours,

| Considering that wood is always in short supply in
this climate zone and precipitation small; I have arrived at
the following rank in order of dreference of appropriafe roofs

for this climate: , -

(=%}

1. Ferrocement .structure with earth cover {(p. 127, p. 132)

The excellent structural and economic qualities of
ferrocement are making this material the ideal support structure,
serving as roofjng substrate and water barrier at the same time.
A1l aspects as further summarized on page 276 apply and the

earth or sand cover can be tailored to serve the thermal
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capacity needed. This roofing system has the further advantage
that no scarce wood-is needed and the roof can serve all
traditional requirements and can also have an indigenous

appearance.

2. The Conco-brick, Zed-tile and joist and infill systems
.pp. 100-108)

IS
I

In densely popu]éted cities like Cair%, where the mud-

brick technology is nop feasib]e\anymore, these 'roof-floor

. systems are offering a good compromise, leaving the possibility

of future upward extensions open.
The cost comparison of test roofs in Table 16 and

17 indicate that after the thermal performance has been evalu-

~ated, local economic conditions are influencing the situation

a great deal. Roof. no. & appears to be‘the best compromise as

cement seems to be imported but not the clay tiles and with

the minima{‘use of cement for this roof, the system offers
the best choice in that case.

If roof no. 10 had been built with a ferrpéement
support structure and thus reduced the high proportion of cost

for imported-materials, this roofing system would appear ahead

“of roof.no. 6.

i
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3. Mud brick dome and vault (p. 198)

Thieroo}iné sy;tem combines ; great number of aspects
positively and wf}ﬁ aiways have a future. Especially the
economic aspects'fﬁke ﬁow-cost, no foreign currency required,
use of 1oca1‘ava1]éb1e materials, high labor input, and low in-

1

vestment technology, together with positive social aspects are

putweighing the need for'annual maintenance and skilled labor. /k
The major drawback of this otherwise very convincing,

often with stabilizers improved material, is its Tow resistance

"to Earthquakes. Had this roof been included in the comparison

of Table 17, it may not have turned out to be the cheapest one,

but certainly the one with zero cost for imported materials.

ROOFS FOR COMPOSITE CLIMATE

%

The changing seasons in this climate are demanding
more of a compromise with regard to thermal performance of the
roofg Ideally, a house in this climate zone would have a high- .
weight strucfuré for the warm—humid period and oﬁe with a high
thermal capacity for the co?der season. =

The compromise often is a structure with a time-lag

of 5 to 6 hours or less.

»
*

e
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© Table 16 Typical roofs for hot-dry climates -(0BN 182) - ..

. *

n

Roof no 6

1 300250 » 180mm holiow tiles
2 50mm renlorced concrate

3 Two layers roofing feht

4 70-50mm cement sand streed

Rool no18& 2
1 W00mm reinforced concrete slab

Roof no 3 Rool no 7

1 Brick on edge jack arch
2 Cement sand screed
3 Two layers roofing feft

1 100mm remnforced concrele Eub
2 50mm expanded polystyrene
3 Two lavers rooling feh

4 Khatgs'
Roof no 4 .
1 100mm renforced concretesiab Roofno B&Y —.
2 Two tayers roohing felt 1 Corrogated galvanized steel
3 Khalgt (mnof cement sand hme and 2 Ar spacs

small chippings of red bricks) 3 15mm fibre board ceding

Roof no 6
Roof no 10

1 15mm T & G umber boarding

2 Two layers rooling felt

3 100mm mud layer

4 Zibala® layer {(mm of ammal dung
straw and mug)

1 100mm renforced concrete slab
2 Ventilated aw space
3 Corrugated galvanized stieel

v @ 104

\ ~

* Table 17 Cost of roof con;truction for the above roofing types

(0OBN 182) .
B 000“ A ) [ (
£ 10000} g [
: 7 z B
& - 7 Z
£ ”? _é 7 é
2 - 7 - " 7
i ?é :é a1
“ 1 2 3 4 5 6 8 0
L \ Roof number
' Cost of local majerials D Cost of -mpo;led materals  £.3 Total cost EA43
* ' |
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1. Burnt clay tile roof (p. 183)

Q

Whether the roof is made of ceramic fus&es or con-
ventional clay tiles, this material combines excellently all
roofing criteria and appears to be closest to the ideal for’
lTow-cost housing in composite and tropical upland climates.

Nevertheless, there can be no absolute hiérarchy of
costs of different roofing systems and the following tables with

cost comparisons of common roofing materials indicate only that

"indigenous, low energy consuming materials with excellent

foofing characterigtics, such as burnt clay tiles, are actually
very cost effective.

The“cost effectiveness -of a clay tile roof is not only
docymented by~thesé cost comparisons, but more so by the fact
that burnt clay tiles have a longer, maintenanée free ]ife/
than CGI roofs for example do.

.

Considering over-all benefits, it is this kind of a

.roofing material which fits best in the prevailing transi-

tiona]-tﬁaditiona] segment* of construction industry in de-
veloping countries.d Buf it would be wrong to assume that this
is the ideal roofing material which could be applied anywhere in
the developing world without further research gn this field.
* In this segment are found small firms characterized by labor-

intensive methods of construction, with attendant lowered

productivity and labor skills and capabilities among the entre-
preneurs and work force than is true of the modern segments.

-

Py
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Table 18 Roofing costs in Madhya Pradesh (ISOHP-74)

.
°

-

— - ]

- RATF. WITHOUT §0OD WORK  TOTAL cost OF

1 & OTHER ACCFSSORLES ROOF . '
o k] 3
a. Single wheel tile R, 40.68 per 10 sq.m. +Rs.  880.00 L
< '; “ [ ‘ &
b. Double wheel tile Rs., 86.14 we +Rs. 1,175.00 *
B .
c. Allshabad tile Rs. 85.05 " e 1,200.00 . .
1
d. Mangalore tile Rs, 75.74 " +Rs. 1,205.00 - ?
e. Asbestos cement sheet Rs. 126.79 ” +Rs. 1,470.00
7
f. Calvanized Corrugated Rs 138.79 " +Rs. 1,690.00 s L,
Iron sheet (22 BWG. e
sheets) (0 LA
. i .
g. Asphaltic sheet Ra. 19.30 ﬁ " +R8. 1’.300.00 .

) h. Asbestos ccement curved Rs, 174.60 " +RS. ‘1.315.00 H C)
b sheet ’
Ty r
. .

- [ -
ya ]
PN
+ -

Table 19 Roof construction cost comparison in Indonesia -
(Habitat International) ]

. o A

—roof with clay tile S . .;_ R;T 7—OQ-—“1‘,.2‘;0‘ -

— roof with 28 BWG galvanised iron sheet Rp.1,400 !

— roof with wooden singie Rp.1,800 ’ '

— roof with asbestos sheet ‘ Rp.2,000
. - PN i -~ . ‘ ?

N * )V’
/ . .
. ) N ) . ” N

o

s
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2. Ferrocement roofing systems (p. 109) 7 ]

Ferrocement, a "modern" material, has high potentials for

f
34

rqofing in this climate. The higher cost for this roof and possible
foreign currency requirements for cement are well balanced by the

- fact that all other criteria can be satisfied in a very positive
way. Machinability dand the general structural capacity are making

this roof’further adaptable to various local and economic con-

. ditions. o ¥

For large scale developments, machihe made panels like
described on pp. 118-122 will most likely be more appropriate -
than insitu "cast" roofs”. Transportation of roofing elements

would make this material less cohpetitive, on site or local pro-

duction is desirable. He
Ferrocement needs to be further promoted; wider use

- o

is then almost certain. 1
. |

. 3 t
‘ 3. Waste material and paper systems (pp. 205 & 53) .’ |

It appears that these materials would be most appropriate -

‘/

‘' dn Eﬂiﬁ“ limate zone as sun radiation, température and precipi-
. .
tation arewless extreme than in the other two zones discussed.

The increasing interest in resource recovering projects,

the scarcity of foreign currency, the increasing production of

waste materials, like packaging, and also industrial and agri-

>

/
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cultural by-products,,indicate that there fis a’poten}ia1 for

geﬁuihe,application in"low-cost housing. The major problem

of
;

- \ o » ’
connected wi'th the use of waste materials is a management problem,

@

that means if Mr. Heineken had final doubts and the Chilean

Government. no courage to introduce or implement a by-product

" project,. wide spread use and especially efforts into this

direction w111 be 1ﬁmNted , » a

]
£’ .
-
+ & '3

Finally, the*performSnce standards and Qenera] ériteria'
discussed at length in this tme51s prov1de speC1f1cat1ons of
the qualities which ideal roofing systems for the tropics should
possess. These spec1f1cat10ns may appear to be, as ernlgsberger4
said, "a tall order". Yet, modern industry has coped with more

difficult and comp]ex tasks.

o

The enormous housing deficit and the roofing problem,

.especially when the housing is to be provided by self-help or -

mutual aid, utilizing unskilled or low-skilled labor, are
therefore calling for research, develqpmgnt, ?mp]ementation and
finally application of new useful Tow-cost ro@fing systems.
THere are, however, barriers to innovation, especially in
building because f its huge and difﬂ@e nature and its intimste
relationship to all of the social, economic, political and A

other influences that must be considered.” )

[y
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GLOSSARY OF- TERMS

»

Abaca

Adobe

Atap

Azaras

Bagasse

y

Barasti
Barriadas
Bidonvilles
Birish
Bgrlap
Buétee
Canaletta
CGI

Chapa modulada
Cigva—ram
Cob

Coir
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Second in importance among the grodp.ca]led leaf fibre.

Mudor soil- used for building in fprm of bricks, poured
or rammed.

Leaves used for thatching in Malaysia.

Split palm trunks used as earth mix reinforcement in

the construction of floors and 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 called megass).

Palm frond stem constructiog.

Squatter settlements (Peru). B

Squatter settlements, slum areas (French Af;ica)
Roof1ng substrate (matt1ng) on eaTth roofs in Sudan.
Coarse fabrrc~made usually from Jdte or hemp.‘

STum settlement (India).

Folded asbestds cement roofing channel. M’;/"
Corrugated galyanized iron sheets. |
Curvgq asbestos roofing sheet, made in Brasi1.(ﬂv
Soil cement block hand—nmchine: l

Soil Tump ih form of a football used as soil brick.

Fibre, covering coconuts.

w” o 6




Favela

-

* Harapan

Javeed
Kenaf.
Khafgi

Makuti
Mangalore
Mirfg
PC
PCC

\
Pisé
Rattan

Rammed Earth

"RC -

Rosella -

Sawali’, _
SC
Shagig
Shanty

Soil Cement

§tramit

Swish

’

Squatter sett]ements‘(South America).

Roof extension of typical rural Philippine house. -
_Bearers and cross bearérs of an earth roof.

A fibre of the group called bas§ fibres used as jute shbstitute.

Mix of cement,sand and 1ime with a small ch%pping‘of
ordinary brick, used in North Africa as screed. . .

Thatch shingle (East Africa). | :
Hand pressed, curved rqof c]dybtiTe. ﬂ

Main beam (palm t;unk)d§upporting éarth roofs.

Portland cement.

Portland cement concrete.

Rammed earth.

Climbing vine, used for construction in Indonesia.

Clay mix,*uséd for insitu con;truction.

Reinforced concrete.

Plant fibre. ©

Bamboo matting in tropical Asia.

Sulfur concrete. D

Timber joists on earth rodfs.
Slum type structures in Asia.

Cement stabalized soil for makiné blocks, tiles
or plastering walls and waterproofing earth roofs.

_ Compressed straw panel (product name).:

Cob in Ghana.

J .
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Thatch
Torchis

Y
Tubali °

zVigas

Wattle and Daub

Zed-Tile
Zibala™ ‘

Zinc

Common term, used for roof coverings made of straw,
Jeaves oOr grasses. .

A mixture, consisting of clay soil and cow hair, used
for- building daub walls and roofs (French).

A West African term for hand made, pear shaped "bricks",
made from a mix consisting of clay soil, water and short
pieces of grass. .

Poles, used as rafters for earth roof construction.

Framework of posts and poles, supporting a matting or
other assemblage of woven or otherwise interwined reeds
or sticks. Soil mixed with water is then plastered on
both sides. ‘

Fibre-reinforced, double curved infill e]ement,iused for
floor joist and infill systems (India),

Mix of animal dung, straw and mud for vendering mud walls
and roofs in Sudan.

A common African expression for CGI roofing sheets.

/ ?
; N




. ANNOTATED BIBLIOGRAPHY .

-A. JIssues to.Low-Cost Housing #

bl

Turner, J.F.C., "Housing b“@feOP]E; towards autonoﬁy in
building environmen®s"” ,
New York, Pantheon, 169 p., 1977, diagrams, photos.

This essay on adequate housing for lTow income groups and the
role of selfhelp at the individual and the local level, dis-
cusSes the advantages of Tocal government control in urban
planning and building, use of traditional architecture, inter-
personal - commufiication networks and social participation at

the community Tevel, as opposed to the inefficiency and social
cost involved 1in current central government controlled housing.

Further reading on general aspects:

Turner, J.F.C., Ficpter, R., "Freedom to build",
New York, MacMillan, 300 p., 1972.

+

F. Standard Works on Low-Cost Roofing

0

" Birch, E.L., Bruce, J.B., Hollister, D.T., Wright, M.M.,

Florida A&M University, School of Architecture,
Tallahassee, Florida, 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 Govern-

ment of Somalia funded Construction Training Prbgram for the
Pilot Housing ayoject in Kurtunwaare, Somalia.

Following project specific 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 against criteria like
material and 1abor cost, foreign currency requirements,

, maintenance cost and the total Tife cycle cost for a 15 year

period. ‘
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Eygelaar, J., "Roofs for Low-Cost Structures”.

~National Academy of Scienées, National Research Council, USA,
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“Housing Research and 'Development Un1t University
of Nairobi, appr. 30p., 1978
' 3 & . .
Erkelens, *A., "Low-Cost Timber Rooftmuss“. 4
Housing Research agnd Development, Unit, University ’
of Nairobi, appr. 25 p, 1980 . ¥

These two, as well as further publications by the Housing
Research and Development Unit on the topics of low-gost
housing and low-cost roqfing in particular 'are very practipe
retated standard works. t »

3

Koenigsberger, 0., Lynn, R., Architectural Association,
London, U.K., "Rdofs in the warm humid tropics". )
Architectural Association, Paper Nomber 1, London, ‘1,
U.K., 55 p., 1965. 17 tables ‘and 26 references.

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 performance standards. The main elements of cost are
compared for those roofs which satisfy the tentative pere g
formance standards. Results are dfacussed and conclusions ’
drawn for funrther research, presen&’pract1ce and future deve-
19pment ; ,

"Roofing in Developing Countries", Research for New
Technologies.
Washington, D.C., 74 p., 1974, .

This report presents the National Academy's Building Resgearch
Advisory Board's (BRAB) special committee's conclusions and
recommendations concerning areas of research and kinds of
materials indicating significant potential for the development
of new roofing technologies that could provide early solutions
to the particular problems of developing countries. Ten appen-
dices addresg various technical aspects of potential new roofing
technologied ' ®
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Overseas building notes. Information on housimg and con-

struction in tropical and sub-tropical countries..

No. 145
No. 148
No: 155
No. 158
Na. 160

No. 164

No. 165

No. 180

No. 182

Prognos

Vol. I

§

,,Vo1. IT

Vol.111

~

—_——

Vol. TV

<

“Durability of Materia]s fbr'Tropica1 Building",
12 p, August }972 2

"The Durab1]1ty of Metals in Bu11d1ng"q
8 p, February 1973.

"On Ceiling Heights and Human Comfort",
6 p, April 1974. .

et

“Bu11d1ng for Comfort", . \7
9 p, October 1974,

"Low-Cost Housing in Urban ahd Peri- Urbah Areas“
6 p, February 1975. ) .

"The Thermal Performance of Concrete Roofs and Ree&
Shading Panels under Arid Summer Conditions",

»*

.8 p, October 1975. | .

"Bujldings and the Environment", 4
10 p, December 197@.

"Bitumen Coverings for Flat Roofs",
14 p, June 1978.

"Roofs in Hot Dry Climates, with Special Reference
to Northern Sudan",

17 p, October 1978.
-

AG, "Economical Housihg for Devé]obing Countries”
Basel, "Switzerland, appr. 1200p, in 4 volumes, 1979,

General Survey Results, requirements, technological
options, forecasts, trends of development,
(appr. 100 p). .

Technological Survey, Raw materials and semi-finished

products,
(appr. 460 p). 1

Techné]ogica] Survey, Building syStems and pre-
fabrication,
(appr 410 p).

Macro Economi¢ Survey, Hous1ng heeds and markets »
(appr. 200 p).

This very comprehensuve collegtion of tecHno]ogica] and

economic data was unfortunately not ava11ab1e for my research

‘for this thesis. . &
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Other consulted, less comprehens1ve ‘but nevertheless vaiuab]e
and part]y comparab]e works consulted were:
7
Goodman, L.J., Pama, R.P. Tabugara, E.G., Razani, R., Burian,
F.J., East-West Center, Hawaii, USA, "lLow-Cost Housing
Technology", New York, Pergamon Press, 345 p., 1979.

Stutz, R., "Appropriate building materials", a,catalogue of
potential solutions, Swiss Center for Appropriate
Technalegy, St. Gallen, Switzerland, 321 p., 1981.

Salyer,41.0., Ball, G.L., Uzmani, A.M., Werkmeister, D.W.,
~ - Monsanto Research Corp., Dayton, Ohio, “Qeve]ogment
of Low-Cost Roofing from Indigenous Materials in-
Developing Nations", annual report no. 2, Washington,
' D.C., AID, 349 p., Decembei 1975. .

- <
o
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D.” Further Annotated Bibliographies on Low- Cost Hous1ng for
Deve}op1ng Countries

-

East-West Center, Hono]u]u, Hawaii,'USA‘ “Annotated bﬁb]iography
on .housing and .settiements for low 1ncome people",
Last-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.

Slate, F.0., Acton, M.A., Chinamora, T., Cornell University, \
Ithaca, N.Y., USA, "Low-cost housing for developing
countries": an annotated b1b11ography, 1950-1972,
Cornell University, 214 p., 1974,

Bib]iob}aphy/costs/housing!deve]oping countries. ﬁ@
f . : |
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