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Su m m ar y

T he Solid House Founda t ion uses infla t able hemisperical formwork to build con-
crete dome dwellings. In t his t hesis a st udy is made of possible op t imiza t ion of
t his building concep t . M ain occasion is t he increasing price of rebar and t he bad
availabili ty of rebar in most regions where t he SH F is act ive. A s SH F is now
involved in a large housing pro ject in Sri L anka, a first focus is on t his region.

To have an idea of t hreads and oppor t uni t ies in dome building a li tera t ure st udy
was made on dome shapes in na t ure, domes in ot her cul t ures, t he history of con-
crete shells buil t wi t h infla t able formwork and of domes in general. A s a resul t
several form-rela ted possibili t ies were ident ified t ha t could reduce t he tension
st ress in t he shell and t hus t he amount of reinforcement needed.

A lso, research on al terna t ive ma terials for dome building was done. T his re-
sul ted in several op t ions of which ferrocement was considered t he most sui t able.
T he la t ter from bot h a cost point of view as from t he fact t ha t t here is a lot
of experience wi t h t his easy applicable ma terial in A sia. For t he current design
half of t he ma terial t urns ou t to be used for t he founda t ion of t he dome. A fter
some calcula t ions could be concluded t ha t t his heav y founda t ion was required
to anchor t he uplift ing forces of t he infla t able formwork . C onsequent ly research
has been done on al terna t ive anchorage of t he form, resul t ing in ideas for form-
work t ha t does not need anchorage a t all. T he research phase was rounded o  
wi t h a st udy of t he clima t ic circumst ances in Sri L anka. M a tching building
responses to t he clima te were st udied and applied on dome designs.

T he conclusions drawn from a st ruct ural analyses in t he fini te element program
A NS Y S have resul ted in a proposal for al terna t ive ma terial use in combina t ion
wi t h t he current ly applied formwork . A design for a ferrocement shell has been
made and an experiment is carried ou t .

However to improve issues such as t he heav y founda t ion and t he dependency on
elect rici ty, a di  erent design of t he formwork is required. T herefore possibili t ies
for an al terna t ive design of t he formwork are st udied and evalua ted.
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C hap t er 1

I nt ro d uct ion

T he dome shaped dwellings of t he Solid House

F igure 1.1: SH F in Bolivia [SH F ,
2005]

Founda t ion (or SH F ) are const ructed wi t h
reusable pneuma t ic formwork . T his concep t
origina tes in Texas, where t he Monoli t hic
Dome Inst i t u te t rains people to build t here
own dome. More abou t t he SH F and t his
const ruct ion technique can be read in chap-
ter 2 and sect ion 4.3.

In t he E ast of Sri L anka lies t he village of
Inspector E a t ham, which SH F is current ly
helping to rebuild, see chap ter 3. A fter t he
tsunami hi t in D ecember 2004, abou t 12,000
houses were damaged in t he eastern par t of
Sri L anka. T his has resul ted in an ex t reme
shor t age of skilled labor and an increase in
price of labor and building ma terials.

In t his M aster’s T hesis t he SH F ’s building concep t is st udied for use in Sri
L anka. C an cost reduct ions be made by changes in t he shape of t he dome or in
ma terial use? Is i t possible to simplify t he building process? How can building
physics be improved? C an local ma terials replace par t of t he current ly used
ma terials for more sust ainable development of t he domes? T he Solid House
Founda t ion ident ified t he reinforcement responsible for a subst ant ial par t of t he
building costs, besides rebar are less readily available t han ma terials as sand
and cement . T herefor ini t ial focus is on t he reduct ion or replacement of steel
reinforcement of t he domes.
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4 C H A P T E R 1. I N T R O D U C T I O N

T his repor t has been divided in four sect ions. T he sect ion ’Int roduct ion’ pro-
vides impor t ant background informa t ion abou t t he Solid House Founda t ion and
circumst ances in Sri L anka. T he sect ion ’ R esearch’ represents an overview of
t he first par t of t his t hesis; informa t ion was collected on dome const ruct ion
in general, al terna t ive ma terials and clima t ic responsive design. C onsequent ly
st resses in bot h t he shell and t he founda t ion of t he current Solid Houses caused
by di  erent load cases were analysed, see sect ion ’ A nalyses’.

A s a resul t of t he research and analyses, al terna t ives were developed. T he
sect ion ’ A l terna t ives’ consists of two chap ters: C hap ter 10 focuses on an al-
terna t ive ma terial, while making no changes to t he applica t ion of t he infla t able
formwork nor to t he formwork i tself. However to improve issues such as t he
heav y founda t ion and t he dependency on elect rici ty, a di  erent design of t he
formwork is required. T herefore possibili t ies for an al terna t ive design of t he
formwork are discussed in chap ter 11.

1.1 O b ject i ves
T he ob ject ive of t his M aster’s T hesis is

’ O ptimization of SH F ’s Dome Housing for Sr i Lanka’;

using minimum costs and maximum process simpl ic ity to bui ld sustainable domes.

T he scope will be limi ted to domeshells buil t wi t h infla t able formworks.

Note t ha t sa t isfactory resul ts imply al terna t ives wi t h improvement in sust ain-
abili ty, process simplici ty and( / or) building costs. T he implica t ions of t his
ob ject ive are explained in t he overview below.

Sustainabi l ity Simpl ic ity M inimum C osts
Independent fur t her B uilding process t ha t demands B uilding ma terials
development wi t hou t demands a minimum of skilled
suppor t possible labor

F ire resist ance E ase of repara t ion L abor

F lexible (al tera t ions E asy to copy wi t hou t Transpor t
and ex tensions) much inst ruct ion

A vailabili ty of M achinery
building ma terials

L ast ing 50 years



C hap t er 2

Solid H ouse Fou n da t ion

2.1 O b ject i ve
” T he Sol id House Foundation’s (SH F ) objective is to create, conduct and fa-
c i l itate housing projects in poor communities. T he intention is to enable local
inhabitants’ assoc iations to independently prepare and bui ld successful housing
projects. T he construction is therefore done in a fai r ly simple, inexpensive and
sustainable manner . ” [SH F , 2005]

Founded in November 2003, t he Solid House Founda t ion (SH F )

F igure 2.1:
Logo SH F

aims a t cont ribu t ing to an enduring development of social hous-
ing pro jects. K ey issues are t he sust ained development and
social grounding. T herefore, t he SH F works direct ly wi t h t he
t arget group and encourages local par t icipa t ion in pro jects by
st imula t ing people to t ake on responsibili t ies in di  erent areas,
such as t he pro ject and financial management , bu t also by per-
forming labor. T he number of houses buil t is not t he only mea-
surement of success to SH F , even more impor t ant is t he quali ty of t he t ransferred
knowledge. T he SH F aims a t increasing people’s independence and building
t heir capaci t ies. B esides building durable and solid houses, SH F is especially
interested in t he development of t he communi ty in a broader sense. To achieve
t his, SH F does not only focus on housing, bu t also on educa t ion, economic devel-
opment , heal t h care, safety and communi ty building. ’ B y act ively involving t he
t arget group in our pro jects, we want to achieve our pract ical goal of providing
accommoda t ion, as well as our social aim of increasing skills and st imula t ing
communi ty life. ’
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6 C H A P T E R 2. S O L I D H O US E F O U N D A T I O N

2.2 B uilding concep t
C oncrete domes, or ’Solid Houses’, are const ructed wi t h pneuma t ic formwork .
T his concep t origina tes in Texas, where t he Monoli t hic Dome Inst i t ue ( M D I)
t rains people to build t here own down.

T he pneuma t ic formwork is produced by B ing Fo 1 in t he N et herlands and t rans-
por ted to t he loca t ion. O t her ma terials are purchased locally. A fter t he rein-
forced concrete founda t ion ring and floor have hardened, t he formwork is fas-
tened to t he founda t ion. T he formwork is infla ted using blower fans (and a
genera tor). R ebar (diameter 10 mm) are t ied around t he balloon in meridional
and circumferent ial direct ion, resul t ing in a framework of maximum 25 cm spac-
ing. T he ver t ical rebar embedded in t he founda t ion ring are a t t ached to t he
steel reinforcing of t he dome i tself.

P ieces of plywood or board are used to make t he formwork for window and
door openings. A ddi t ional rebar are added. C oncrete is applied in two layers of
abou t 3 to 4 cm each, applying t he nex t layer when t he concrete is hard to t he
touch. T he layers can be hand applied or ’flipped’ on by using a small mason
t rowel.

A fter t he ex terior concrete has cured enough to st and, t he formwork is defla ted
and removed. Usually t he concrete will be st rong enough in 24 hours after t he
last coa t . T he exposed rebar on t he inside of t he dome are brushed and t hen
coa ted wi t h a layer of abou t 1,5 cm of concrete.

T he inside is coa ted wi t h plaster. T he ou tside should be coa ted wi t h an elas-
tomeric coa t ing to help wi t h solar reflect ance and to protect against possible
leaks from hair line cracks.

T he domes are hemispheres, some eleva ted on a cylinder of a meter. T he hemi-
spheres have a diameter of 6, 9 or 12 meter. D ue to t he shape, ring tension
forces occur in t he lower par t of t he spheres and reinforcement is necessary.
O penings in t he shell interrup t t he tension rings. T hese interrup t ions have to
be compensa ted for by ex t ra reinforcement below and above t he openings. More
informa t ion on st resses in shells in sect ion 8.1.

1 w w w .bingfo.nl



2.2. B U I L D I N G C O N C E P T 7

F igure 2.2: B uilding process Solid House and M D I [M D I , 2005]



8 C H A P T E R 2. S O L I D H O US E F O U N D A T I O N

2.3 P ro jects
T he first pro ject of t he SH F was completed in 2004. I t took place in Bolivia,
where a group of young ’shoeshine boys’ completed 8 homes in E l A l to (near L a
Paz). Sofar in K enia domes have been buil t for t he O wi t i O rphanage in K isumu
by t he A ust ralian organisa t ion ’ You t h Interna t ional’. In coopera t ion wi t h t he
local housing union t he SH F is planning to use t he infla t able formwork of t hese
domes to build more domes in N airobi as soon as more funds are available.

A fter t he mass dest ruct ion left by t he tsunami in A sia t he Solid House Foun-
da t ion st ar ted to focus on t his region. In A ceh t he SH F is st ar t ing a building
pro ject in coopera t ion wi t h a local organiza t ion called Yayasan M amamia. In
Sri L anka t he SH F is current ly rebuilding a village wi t h funding of t he R ed
C ross. A s t his is bot h t he most act ive pro ject a t t he moment of wri t ing as well
as a large long term pro ject , t his t hesis will focus on Sri L anka.

P roblems experienced in Bolivia had mainly to do wi t h t he air pressure of t he
formwork . To build t he Solid Houses t he formwork needs to be infla ted for a t
least t hree consequent days. A s air leaked a t t he base, t he pump needs to be
qui te powerful as well. I t t urned ou t to be di  cul t to find a reliable and powerful
pump. I t is recommended to use a back-up pump for t he nex t pro ject .

F igure 2.3: B uilding Solid Houses in L a Paz, Bolivia [SH F , 2005]

F igure 2.4: Solid House of t he O wi t i O rphanage in K enia [SH F , 2005]



2.3. P R O J E C T S 9

Table 2.1: P ropor t ions M D I and SH F

P roblems wi t h t he concrete quali ty occurred due to t he ex t reme clima t ic circum-
st ances, which resul ted in ex t ra coa t ing ma terial, an increase in shell t hickness
from 8 to 10 cm and an increase in rebar diameter of 8 to 10 mm. In t he evalu-
a t ion repor t t he impor t ance of t he right mix and t he t rea t ment during set t ing
of t he concrete are st ressed. A lso requirements for t he coverage of t he rebar is
given: a minimum of 2,5 cm on t he ou tside and 1,5 cm on t he inside.

Including sani t ary, elect rici ty, paint and coa t ing t he domes in Bolivia had build-
ing costs of 2.400 respect ively 5.300 euro for domes wi t h a diameter of 6 respec-
t ively 9 meter.

T he costs are rela t ively high per Solid House as t he pro ject is small, and t he
investment in t he formwork is rela t ively high. Normally between 75 and 125
domes can be produced wi t h one pneuma t ic form.

In t able 2.1 t he propor t ions given by t he Monoli t hic Dome Inst i t u te ( M D I) are
compared to t he use of ma terial by t he SH F in Bolivia. T he SH F used consider-
ably more ma terial, probably due to t he t hicker shell, bu t less cement per cubic
meter concrete. T he M D I calcula tes abou t 6 cubic meters concrete per dome of
6 m diameter. T he di  erence in amount of coarse ma terial is unclear as t here is
no det ailed informa t ion abou t t he size of t he shingles used by SH F in Bolivia.
M D I prescribes a maximum aggrega te diameter of 25 mm for t he floor and 10
mm for t he dome.



C hap t er 3

Sr i L an ka

Sri L anka, an island in t he Indian O cean, lies between 5  and 10  nor t h of t he
equa tor and between t he eastern longi t udes 79  and 82  . From Nor t h to Sou t h
i t has a maximum lengt h of 435 km and a t i ts widest point i t measures 225 km,
giving i t a land area of 65,600 sq.km. Sri L anka is most ly fla t land t ha t gent ly
rises to a mount ainous region, cent ral and sou t h. T he highest mount ain rises
to 2,518 m. Sri L anka has a popula t ion of abou t 20 million people.

F igure 3.1: M ap of Sri L anka [ C lima te, 2005]

11
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3.1 Si t ua t ion
T he pro ject loca t ion is a t Inspector E a t ham, Pot t uvil DS, A mpara D ist rict ,
E astern P rovince, Sri L anka. Inspector E a t ham is loca ted o  t he main road
just ou tside of Pot t uvil, abou t 1,5 km inland.

T he abou t 50 acres of land are slight ly eleva ted. Veget a t ion consists of large
bushes and some t rees. T here is a large wa ter t ank as well as some smaller ones.
L arge par ts of t he land are dry and barren ou tside t he rain season. Smaller par ts
are already being used for cul t iva t ion (mainly paddy), ca t t le farming and brick
making. T here are some exist ing buildings like a communi ty center, an unfin-
ished temple and some remains of old buildings on t he si te.

T he 280 Tamil families have been living and using t he land a t Inspector E a t ham
for many years. St ar t ing in 1983 t hey have been su  ering from t he war and in
1990 t his forced t hem to leave t he area. T hey moved to t he nearby Tamil com-
muni ty of K omari. In 1993 t hey ret urned to Inspector E a t ham bu t in 2001 t hey
were forced to move again by t he lack of wa ter and securi ty issues. T his t ime
t hey moved to K ot ukal, a nearby area close to t he sea.

T he tsunami on D ecember 26t h 2004 dest royed t he complete communi ty a t K o-
t ukal. Since most families were st aying in mud and clay brick houses not much
remained after t he tsunami. T he families do not want to ret urn to K ot ukal ou t
of fear for t he sea and i t is t heir wish to ret urn to t heir old land a t Inspector
E a t ham.

C urrent ly most families are st aying wi t h friends and rela t ives in t he area of
Inspector E a t ham or in improvised shel ters nearby. Some families decided to
leave t he area for good and moved to ot her par ts of t he count ry. A n est ima ted
150 families are ent i t led to use land in t he pro ject area and some have st ar ted
building improvised shel ters sca t tered over t he area. Most people do not act u-
ally live t here yet because of t he lack of wa ter and t he danger of elephants a t
night .

A n average family consists of 4 family members, adding up to 600 persons for
t he est ima ted 150 families. A mong t hese families t here are many widows who
lost t heir husband during t he war and over two t hird is under 35 years old.
Most families earn t heir income as day laborers (so called ’coolly’) wi t h some
excep t ions t ha t do so wi t h farming, fishing and self-employment . T he average
income is 3,300 RS (27 euro) per mont h per family.
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F igure 3.2: T sunami hi t area of K ot ugal [SH F , 2005]

F igure 3.3: Shel ters around t he pro ject area Inspector E a t ham [SH F , 2005]
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Table 3.1: C lima te Trincomalee [ C lima te, 2005]

3.2 C li m a te
Sri L anka’s posi t ion between 5  and 10  nor t h la t i t ude endows t he count ry
wi t h a warm clima te, modera ted by ocean winds. C lima te is t ropical wi t h high
humidi ty and year-round tempera t ures averaging 27 to 28  C . Pot t uvil is si t u-
a ted in t he ’dry zone’ of Sri L anka’s Sou t h- E ast coast , which receives between
1200 and 1900 mm of rain annually. M uch of t he rain falls from O ctober to
M arch, during t he rest of t he year t here is very li t t le precipi t a t ion. 1

In O ctober and November periodic squalls occur and somet imes t ropical cy-
clones bring overcast skies and rains to t his par t of t he island. From D ecember
to M arch, monsoon winds come from t he nor t heast , bringing moist ure from t he
B ay of B engal.

A verage tempera t ures in t he shade are:

• 28 − 30  C during November, D ecember and January

• 30 − 32  C during February, M arch, Sep tember and O ctober

• 32 − 36  C during A pril, M ay, June, July and A ugust

D ay and night tempera t ures may vary by 4 to 7  C .

Trincomalee lies in t he ’dry zone’ as well, 138 km nor t h of Pot t uvil. A verage
wea t her condi t ions are shown in figure 3.4 and t able 3.1.

1 U sed sou rces for t his sec t ion see [ C li m a t e, 2005].
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F igure 3.4: C lima te Trincomalee [ C lima te, 2005]

A s shown in figure 3.5 t he probabili ty of an ear t hquake in Sri L anka is very
low [Seismic, 2006].

T he wind is predominant ly onshore

F igure 3.5: C hance of ear t h-
quakes [ K N M I , 2006]

wind (east wind). A s typhoons occur
in t he Nor t h and E ast of Sri L anka
special a t tent ion is paid to wind load-
ing, even for small st ruct ures. T here
are abou t two cyclone warnings every
year and once every six or seven years
a cyclone act ually hi ts t he coast line.
T he last serious event happened in
1978, when a cyclone killed approx-
ima tely 1000 people. T herefore wind
speed for norma t ive wind loads in t he
Nor t h and E astern province (up to 50
km inland) is based on cyclonic condi-
t ions, being 49 m / s 2 . T his resul ts in
a design wind pressure of 1, 2 k N / m 2

and a tot al windload of 3, 4 k N on a
dome of 6 meter diameter 3

2 Sou rce: P rof. M . T . R . J ayasinghe, P rofessor of C i v il E ngineering a t t he D ep a r t men t of
C i v il E ngineering a t M or a t uwa U ni versi t y, Sri L a n ka

3 I n Sri L a n ka t he B ri t ish S t a n d a r ds a re used . T hese calcula t ions a re b ased on t he I n dia n
S t a n d a r ds ( IS: 875) , w hich is b ased on t he B ri t ish S t a n d a r ds.
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F igure 3.6: D iscussing funct ional design wi t h inhabi t ants [ V iguurs]

3.3 H ousing

3.3.1 Fu nct ional requi rements
T he SH F is current ly discussing funct ional requirements wi t h t he inhabi t ants of
Inspector E a t ham. T he archi tects of SH F ’s ’denk t ank’ have designed a flexible
st andard system of shor t walls inside t he dome on ground level to which families
can add walls t hemselves to t heir personal needs, see figure 3.7. T he shor t walls
are parallel to t he circumference and can be used to make a dividing wall of
cubboards. If t he shor t walls are not used for a dividing wall, t hey do not
divide t he space ei t her. A not her idea of t he denk t ank is to int roduce a first
level, crea t ing ex t ra square meters for example for sleeping. In figure 3.7 two
al terna t ives for t he first level can be seen. A s t he demands of a Sri L ankan family
are not clear yet , changes are to be expected. T he cooking uni t for example
might be leftou t , because Sri L ankans prefer to do t heir cooking ou tside. T here
is no cer t ainty abou t t he int roduct ion of a sewage system ei t her. Impor t ant to
note is t ha t compared wi t h t he western world Sri L ankans spend much more
t ime ou tside.

3.3.2 A vailable m a ter ials
A fter t he tsunami hi t in D ecember 2004, abou t 12.000 houses were damaged in
t he eastern par t of Sri L anka. M any chari ty organiza t ions are act ive in t he area,
bu t as t hey have no experience wi t h habi t a t pro jects all housing is tendered on
t he local const ruct ion market . T his has resul ted in an ex t reme shor t age of
skilled labor and an increase in price of labor and building ma terials. A s espe-
cially steel prices have increased considerably during t he last years and as rebar
are not always readily available, i t would be interest ing to reduce t he amount
of steel used in t he domes.
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F igure 3.7: F lexible system, ’ D enk t ank’ SH F
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W i t h t he help of R ik L urinks, a st udent C ivil E ngineering who is doing an in-
ternship in Pot t uvil, and T homas V iguurs who is working for t he SH F in Sri
L anka, t he list below was made.

B uilding ma terials in Sri L anka

• Sand

• C ement blocks

• C ement (nowadays par t ly impor ted from Japan)

• R ebar

• M esh

• R eed

• R ice grass

• Palm leaves

• C orruga ted sheets

• Wood

• B amboo

Wood is rela t ively scarce and expensive in Sri L anka. A vailable wood has most ly
been impor ted from Indonesia or logged illegally on t he island. B amboo does
grow on t he western par t of t he Island, bu t not a lot and t he quali ty is inferior
to t he Indonesian bamboo.



R E S E A R C H

I nformation col lected on domes, mater ials and cl imate responsive design by
studying var ious sources (see ’ References’) .
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C hap t er 4

L i ter a t u re St u d y

Domes have been buil t all over t he world. In E urope most ly for religious build-
ings, in A sia and A frica t hey have also been used in residences o  ces and public
buildings. In hot clima tes t he st ruct ures provides bet ter na t ural clima t ic con-
t rol because of t heir height in t he middle of t he rooms where t he light , warm
air ga t hers and can be easily discharged t hrough openings. A n impor t ant ad-
vant age of domes is t ha t t hey need less building ma terial for t he same volume
enclosed.

A li tera t ure st udy has been carried ou t on domes and rela ted sub jects, in order
to have a bet ter idea of potent ial problems and potent ial al terna t ives for i.e.
shape and ma terial. T he st udy is focused on t he history of domes in general,
inspira t ion from na t ure, t he history of concrete shells buil t wi t h pneuma t ic
formwork and al ter archi tect ure.

4.1 D omes, E xa m ples from H istor y
In order to build domes wi t hou t making use of a

F igure 4.1: Trullo domes

ma terial t ha t can be sub jected to tension, several
met hods have been developed to reduce t hese ten-
sions rings.

Domes made of stones held toget her wi t hou t mor-
t ar appeared in sou t h-east I t aly, especially Valle
D ’I t ria, somet ime between 2,000 and 1,000 B . C .
and prolifera ted in t he 15t h cent ury. T he conical
shape and t he heav y walls of t hese stone ’ t rullo
domes’ prevent tension to develop.

21
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In t he pant heon (115-125 A . D .), probably t he most famous dome in t he world,
ring tension forces were reduced in two ways. T he first being t he loading of
t he lower par t of t he hemisphere wi t h high mass ma terial and t hereby keeping
pressure in t he st ruct ure. T he second met hod used was t he reduct ion of t he
dead load in t he upper par t , by reducing t he shell’s t hickness, using lower mass
concrete, using casset tes and leaving t he uppermost par t open. T he rela t ive
t hickness of t he dome is reduced from 5.9 m a t t he base to nearly 5 feet 1.5 m
a t t he top [Moore, 2006]. Moreover t he ring of t his oculus is e  ect ive in properly
dist ribu t ing t he compression forces a t t his point . In ot her domes t he Romans
poured pots in t he shell to reduce i ts weight [Pa tzel t , 1972].

F igure 4.2: Pant heon, Rome [Por toghesi, 2000]

For t he H agia Sophia, buil t 417 years la ter in 532 A D , a di  erent met hod was
adop ted. T he lower par t of t he sphere was left ou t . T he ou tward t hrust force a t
t he bot tom was absorbed by t he surrounding const ruct ion of ot her hemispheres.
In t he same way bu t t resses were used in t he M iddle A ges.

F igure 4.3: left: H agia Sophia in Ist anbul [ O osterho  , 2002] right: R ampant
arches of St rassbourg C a t hedral [Por toghesi, 2000]

B runellesci int roduced a sor t of tension anchorage in t he dome of F lorence ,
which was buil t from 1420 to 1436. A s in t ha t t ime wrought iron could not
be made in su  cient sizes, he used oaken elements. A t abou t a quar ter of t he
height of t he dome he designed a ring of 24 oaken elements, spanning from rib
to rib, t ha t were connected by oaken wedges. A t t he base of t he dome he did
use iron anchors to connect limestone rocks [ O osterho  , 2002].
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F igure 4.4: A dobe, product ion and const ruct ion [ A uroville, 2006]

From anot her point of view t he dome of B runellesschi was bright engineering as
well. Instead of one massive shell, he const ructed two shells t ha t he connected
wi t h horizont al rings and ver t ical ribs, crea t ing a very st i  and st rong dome.

In count ries wi t h very hot and dry clima tes, domes are

F igure 4.5: Dome
F lorence

commonly const ructed wi t h ear t h or adobe. A dobe soil
has clay and sand in such propor t ions t ha t when mixed
into mud t hen dried ou t i t forms a brick or a wall. T he
best adobe soil will have between 15% and 30% clay in i t
to bind t he ma terial toget her, wi t h t he rest being most ly
sand or larger aggrega te. A n adobe brick is made of adobe
soil and is sun cured on t he ground.

T he archi tect H assan Fa t hy, born in E gyp t in 1899, de-
voted himself to housing t he poor in developing na t ions,
especially rural E gyp t . Fa t hy revived ancient design met h-
ods and ma terials. H e t rained local inhabi t ants to make
t heir own ma terials and build t heir own buildings, espe-
cially adobe domes. H is designs incorpora te wind towers and t radi t ional cour t-
yard forms to provide passive cooling [Steele, 1997] [ Fa t hy , 1973].

B y changing t he shape of t he cross-sect ion to a parabolic-like curve and by using
high mass walls, ring tension forces are reduced to a minimum. In t hese areas
wi t h a high range of diurnal tempera t ures t hey provide op t imal clima t ic cont rol
because of t here inherent t hermal mass and t heir height . A not her example is
t he domes of t he Mousgoum in C ameroon.

G audi used t hese parabolic-like curves in his designs as well. H e based t he shape
of his masonry vaul ts and domes on hanging models. In ot her words he used t he
shape of an inversed rot a ted ca tenary (which is di  erent from a parabole). T he
basis of t he hanging model experiment is t ha t one characterist ic load case is used
to genera te t he final shape by large deflect ions of a given membrane. In 1748 t he
inver ted ca tenary was already used by G iovanni Poleni to compare t he shape
wi t h M ichaelangelo’s design of St . Peter’s in Rome (see figure 4.6). In many
cases, heav y edge beams can be avoided by t his met hod, to yield na t urally
shaped shells wi t h free edges. T his principal was used very successfully and
economically in many pract ical applica t ions by H einz Isler [H illiges et al., 1992].
A n ot her archi tect who experimented wi t h hanging models is Frei O t to [ O t to
and O t hers, 1982]. T he procedure is powerful bu t has some drawbacks. For
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example, i t is not possible to find a compromise when di  erent load cases are
dominant .

F igure 4.6: St . P ieter in Rome and i t ’s ca tenary model, shell based on hanging
model by Isler [ O t to and O t hers, 1982]

A subdivided icosahedral hemisphere, t he st ruc-

F igure 4.7: Pa tent
Fuller [Por toghesi, 2000]

t ural framework of light steel bars, first buil t in
1922 in G ermany by D r. Wal ter B auersfeld. T he
frame was covered wi t h a t hin layer of concrete,
based upon t he t hickness ra t io of an egg shell to
i ts diameter [Pa t zel t , 1972]. T his was t he world’s
first t hin shell concrete dome, t he building tech-
nique la ter fur t hered in const ruct ion of large st ruc-
t ures by P ier L uigi N ervi of I t aly and Felix C an-
dela of M exico. Some t hir ty years after t he Jena
dome and considerable E uropean development of
domes and t hin shell const ruct ion, B uckminster
Fuller pa tented t he same sub divided icosahedron
principle in 1954 and buil t a variety of wha t he
termed geodesic domes in t he US.
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4.2 N a t u re

T he geodesic dome consists of a frame of

F igure 4.8: R adiolarien [ O t to
and O t hers, 1982]

t riangles. In na t ure frames of hexagons are
more common, for example in honeycombs.
Simple organisms like radiolarians are es-
pecially interest ing because of t heir dome
shaped st ruct ures. T he circular openings
(for soft t issue) are surrounded by a more or
less hexagonal frame. In a hexagonal frame
t he joints are st i  and fewer bars are needed.
In case of an icosahedral hemisphere t he con-
nect ions can be flexible, t he deforma t ions
are smaller. T he domes of t he E den pro ject in Cornwall consist mainly of
hexagons, bu t pent agons and t riangles were used as well.

However, cau t ion must be t aken when using examples from na t ure for building
purposes, as st ruct ures in na t ure are most ly op t imized for a far more complex
and di  erent set of parameters t han t he ones used for engineering purposes.
T herefore i t is impor t ant to know (a t least a par t ) of t he parameter t ha t lead
to a specific form in na t ure, so t ha t useful principles can be defined [ Vogel, 2000].

T he genera ted model of a sea urchin shell is shown in figure 4.9 and was t he
sub ject of biomechanical st udy [P hilippi and N acht igall, 1996] [B letzinger and
E . R amm, 1993]. A t hicker shell has a higher load-carrying capaci ty t han a
t hinner one and numerous invest iga t ions have shown t ha t sea urchins living in
t urbulent wa ter have t hicker shells t han echinoids living in calm wa ter. Shell
grow t h, however, is closely correla ted wi t h energy expendi t ure. T he energy bud-
get of a sea urchin is limi ted and must be exploi ted e  ect ively. T he expedient
use of ma terial and possession of a shell designed to minimize energy require-
ments have been shown in a F E analysis. T he model always reacts posi t ively
to t he int roduct ion of ribs. In ot her words t he int roduct ion of ribs is a very
ma terial-e  cient way to st i  en t he shell.

F igure 4.9: F E M analyses sea urchin shell model [P hilippi and N acht igall, 1996]
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F igure 4.10: R ibs providing st i  ness in na t ure: seashell [Pa t zel t , 1972], leaf
of unknown plant , leaf of V ictoria R egia and an elephant skeleton [Por toghesi,
2000]

F igure 4.11: R ibs in building engineering: A miens ka t hedral [Por toghesi, 2000]
and N ervi’s G et t i Wool Factory [ O t to and O t hers, 1982]

R ibs for st i  ening can also be found in i.e. plants, like t he leaf of a V ictoria
R egia. In Roman archi tect ure ribs were already in use. B rick arches were in-
ser ted into large vaul ted roofs made of concrete. T hese arches were ei t her buil t
a t groins of a t ransep t or used to divide t he hemispheric cupola into panels,
discharging t he weight onto t he groins in order to inser t large windows.

In t he L a te G ot hic archi tect ure of Nor t hern E urope and E ngland, t he ribbing
system t ha t had simplified building techniques by t aking t he weight o  t he sys-
tem now acquired dist inct expressive t rai ts, and t he infini te variety of di  erent
pa t terns became t he cent ral t heme of composi t ional research for almost two
cent uries [Por toghesi, 2000].

R ibbing also caught t he a t tent ion of t he masters of reinforced concrete. A na-
tole de B audot , Perret , M aillar t , N ervi, Torro ja, C andela, Morandi and more
recent ly C ala t rava have all interpreted i t individually according to t heir own
sensibili t ies.

” D ur ing the 19th or 20th centur ies, the engineer who did his best to design
re inforced or suspended beams, found that some of this best ideas had, so to
speak, been antic ipated long ago by the bone structures of gigantic repti les and
large mammals. ”

Wentwor t h D ’ A rcy T hompson1

T hompson is referring to t he op t imiza t ion of ma terial in bones. H e not iced
t he e  cient cylindrical cross-sect ion; torsion st i  and most of t he ma terial a t

1 [ Por t oghesi, 2000]
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t he ou tside to t ake t he bending forces. H e also st udied t he fine la t t ice-work of
bone ma terial in human bones under compression. H e realized t ha t t hese ac-
t ually form pa t terns of perpendicular compression and tension-lines. T he lines
show st rong similari t ies wi t h so-called ’ M ichell’-st ruct ures. M ichell st ruct ures
are st ruct ures designed to t ransmi t load from specified points of applica t ion
to suppor ts using a minimum weight of linear elements. L uigi N ervi used t his
principle for his designs, for example for t he design of t he G et t i Wool Factory
(1953), see figure 4.2. N ervi oriented concrete ribs in direct ion and magni t ude
of t he primary st ress t ra jectories [St ach, 2002] [Pa tzel t , 1972] [ D umans, 2005].
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4.3 H istor ical D evelop ment of C oncrete Shells
b uil t wi t h P neu m a t ic For mwor k

Pet ra van H ennik has t horoughly st udied t he historical development of pneu-
ma t ic formwork for her M aster’s t hesis [H ennik , 2005]. In t his sect ion an ab-
st ract is given of her findings concerning t he historical development of concrete
shells buil t wi t h pneuma t ic formwork . Note t ha t all domes ment ioned make use
of shotcrete or gunni te2 .

4.3.1 C oncrete ap plied on O u tside For mwor k

T he building concep t t ha t t he SH F uses origina tes in C alifornia. Wallace N e  
was t he first to use pneuma t ic formwork for t he const ruct ion of reinforced con-
crete domes in 1942. H e la ter developed t he concep t for mass housing pro jects
in West A frica, E gyp t and B razil in t he 1940’s and 1950’s.

F igure 4.12: Pa tent drawing of N e  ’s building system [H ennik , 2005]

O t her archi tects t ha t used t he system are H aim and R aphael H eifetz (Israel,
1964), Isler (Swi tzerland, 1977) and t he M R F (2001). E ach int roduced slight
changes to t he design.

N e  domes had st raight walls t ha t he t ight ly wrapped wi t h wire mesh rein-
forcement before infla t ing t he formwork completely. In t ha t way he prest ressed
t he ver t ical walls and prevented cracking t hrough ringtension. A circular foun-
da t ion ring provided for anchorage of t he balloon. To reduce deforma t ion due
to t he weight of fresh concrete (figure 4.13), he locally reinforced t he formwork
and st ar ted wi t h a t hin layer of fast-set t ing and light concrete on t he ou ter
surface of t he infla ted form as a preliminary st ruct ure.

H aim and R aphael H eifet z coped wi t h t he swelling of t heir hemispherical form-
work (figure 4.13) by using a higher air pressure. W hile N e  worked wi t h an
air pressure of 0,5 to 2,0 k N / m2 , H eifet z used 4,0 - 10,0 k N / m2 . To counteract
t he larger uplift ing forces he designed several anchoring system, of which t he

2 Shot cre t e is a p plied w i t h a p neu m a t icall y d ri ven p u m p . C oncre t e t h a t is ei t her si t e-m i xed
or del i vered from a pla n t is p ou red in t o a la rge hop p er , from w here i t ’s p u m p ed t h rough a hose
a n d sp r ayed by high air p ressu re (700-800 N / m m 2 ) a n d air volu me ( a rou n d 28,3 li t er / m in .)
against t he for mwor k . G u n ni t e di  ers from sho t cre t e in t h a t t he ingredien ts a re p u t sep a r a t el y
in to t he gu n ni t e t r uck , a n d t hen p u m p ed t h rough hoses, w here t he y m i x a t t he noz zle.
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F igure 4.13: D eforma t ion due to t he weight of fresh concrete [H ennik , 2005]

F igure 4.14: H eifet z, left: A pplying shotcrete on infla ted formwork , right: V illas
in R ama t H asharon, Israel [H ennik , 2005]

most successful is shown in figure 4.15. R adially arranged t russes counteract
t he forces of t he pneuma t ic st ruct ure (see also chap ter 9). B ecause of t he closed
circui t of forces t he founda t ion only needs to suppor t t he light and st rong dome.
T his resul ts in a light founda t ion and possibili t ies of building t hese domes on
rela t ively light suppor ts. H eifetz also int roduced an au toma t ic pressure cont rol
system to prevent cracks due to fluct ua t ion in air pressure (i.e. t hrough changes
in tempera t ure) during set t ing of t he concrete.

F igure 4.15: H eifet z, left: Suppor t by t russes [H eifetz, 1971], right: House
const ructed wi t h radial t russes on circular wall



30 C H A P T E R 4. L I T E R A T U R E S T U D Y

In 1977 t he Swiss engineer H einz Isler used an almost full sphere instead of a
half sphere, consequent ly no ma jor anchoring was needed. A fter a design for
ear t hquake resist ant housing in Iran, Isler worked on a st andard range of ’bal-
loon shells’ for living spaces, st udio workshops, clubhouses and motel rooms
wi t h a diameter of ca. 7 m (figure 4.16).

4.3.2 C oncrete ap plied B etween M emb r anes
T he I t alian archi tect D r. D ante B ini int roduced a new working procedure in
1965. E xpandable steel mesh reinforcements are lain ou t and concrete is poured
on ground level, before infla t ing t he form to a pressure of 3.66 - 5.27 k N / m2 .
T he steel springs and an ex ternal membrane hold t he concrete and maint ain
uniform t hickness, see figure 4.19. C onsequent ly no sca  olding is needed to
spray t he concrete. A lso, t he reinforcement members are not only meridians
and la t i t ude circles, bu t have several direct ions. Shell dimensions ranged from
12 to 40 m in diameter a t t he base, which was not necessarily circular. H e also
developed ’ M inishells’; 8 m x 8 m or 10 m x 10 m square-based, monoli t hic,
reinforced concrete shell st ruct ures.

F igure 4.16: Isler, prototype for housing pro ject in Iran and ’balloon shells’ in
Pont hierry, used as work st udios. [H ennik , 2005]

F igure 4.17: left: B inishell on rect angular base ( R andwick G irls H igh School,
N ew Sou t h Wales, A ust ralia). right: B inishell on circular base ( T he Nor t h
N arrabeen P rimary School, N ew Sou t h Wales, A ust ralia). [H ennik , 2005]
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F igure 4.18: Isler’s dome houses [H ennik , 2005]

F igure 4.19: B ini’s const ruct ion met hod [H ennik , 2005]
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4.3.3 C oncrete ap plied on I nside For mwor k
In t he six t ies t he C alifornian archi tect L loyd Turner invented a building system
which allows spraying of t he inside of t he pneuma t ic form, enabling const ruct ion
under all wea t her condi t ions.

F igure 4.20: M D I , t he formwork is infla ted on top of a reinforced ring beam
founda t ion, polyuret hane foam is applied on t he inside and reinforcement is
hung onto t he foam layer before t he inside is shotcreted. [H ennik , 2005]

A fter t he membrane is t ightened to t he founda t ion ring, vent ila tors infla te t he
pneuma t ic form and keep i t a low pressure of ca 0.5 to 1.0 k N / m2 . Subsequent ly,
t he inside of t he infla ted membrane is sprayed wi t h polyuret hane ( P U ) foam in
several layers wi t h a tot al t hickness of 7.6 to 15.2 cm. T he P U-foam hardens
into a self-suppor t ing dome, which can carry t he reinforcement and concrete
layers. H angers are a t t ached to t his P U-foam to a t t ach t he reinforcement rods
to, see figure 4.20. A fter all t he reinforcement is hung onto t he P U-foam, steel
fiber concrete is sprayed in successive layers on t he interior of t he P U-foam unt il
i t reaches a tot al t hickness of ca. 6.4 cm. T he successive spraying of t he layers
prevents deforming of t he P U-foam layer toget her wi t h t he pneuma t ic mem-
brane. W hen t he concrete is hardened, t he formwork membrane is removed.
If necessary a tension ring is posi t ioned around t he lower por t ion of t he dome
to hold t he walls prevent ing an ou tward deforma t ion under t he weight of t he
upper st ruct ure.
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T he Monoli t hic Dome Inst i t u te ( M D I) in I t aly, Texas, has buil t domes wi t h a
similar principle t ha t can reach a diameter up to 300 meter if ribs are added.
T hree brot hers - D avid, B arry and R andy Sou t h - buil t and pa tented t he first
Monoli t hic Dome in 1975. T he Monoli t hic Dome has several improved fea t ures,
such as an improved way of determining t he dep t h of t he foam layer during
spraying, and st ronger hangers. Fur t hermore, several al terna t ive concrete mix-
t ures and const ruct ion varia t ions are st udied a t t he center in Texas. T he Mono-
li t hic Dome Inst i t u te experimented wi t h steel fibers as primary reinforcement .
T hey concluded t ha t i t does not work in t hin shells; t he experiment al shells
developed cracks or failed completely. R einforcement bars add t he best tension
st rengt h. Moreover, t he ex t ra costs for t he steel fibers will pay for hanging t he
reinforcement bars.

F igure 4.21: Domes const ructed by M D I; in Sedona ( A rizona), Shamrock
( Texas), storage t anks in Por t of F lorida( Texas), M ani towoc ( W isconsin),
Pensecola beach ( F lorida) [H ennik , 2005]

Monoli t hic domes are buil t in various shapes, see figure 4.22. T he basic shapes
are par t of a sphere or an ellipsoid. Shapes t ha t are more complex consist of
cu t t ing domes or domes connected wi t h fla t or curved par ts. However, t hese
irregular shapes do complica te design and fabrica t ion. For inst ance, when a
small dome is a t t ached to a large dome, t he membrane of t he large dome is
more tensioned, and t hus more st retched. T he large dome tends to overpower
and pull t he small dome, causing small changes in shapes wi t hou t causing prob-
lems.
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A par t from t hese domes , t hey also developed ’ E coshells’ for low cost housing
in hot clima tes, garages and storages(figure 4.23. T hese are sprayed on t he ex-
terior of t he formwork , like t he domes of N e  . T he formwork is infla ted to 1.5
k N / m2 .

F igure 4.22: B asic shapes used by M D I , wi t h t heir uses [H ennik , 2005]

F igure 4.23: C onst ruct ion of an ’ E coshell’ [H ennik , 2005]

More t han 1400 domes are engineered by t he consul t ing engineer of M D I for
churches, o  ces, storages, schools, t hea ters, wa ter t anks, and supermarkets.
T he M D I provides t raining as well. T he Solid House Founda t ion buil t t heir
first pro ject in Bolivia wi t h formwork and t raining of t he M D I ( E coShells).
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F igure 4.24: P irs, possible openings in domes [H ennik , 2005]

In 1988 t he French company P I RS st ar ted building domes, using t he same
met hod as t he M D I . T he only ma jor di  erence is t ha t P I RS applies Vet hane
foam instead of P U-foam. O nce t he P I RS domes have a t t ained t heir final so-
lidi ty, pract ically any kind of opening is possible; sk ylights, enormous doorways
and windows of any shape or size can be cu t (figure 4.24). P I RS uses par t of
spheres and combina t ions of t hem. T he dimensions of t he P I RS domes vary in
diameter from 14 m to 60.4 m and in height from 5.5 m to 37 m.

F igure 4.25: P irs, left: L eisure park in Poland, right: P ublic A quarium in
C abries, France. [H ennik , 2005]
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4.4 A l ter A rchi tect u re

L ike al ter-globalisa t ion, ” al ter archi tect ure”

F igure 4.26: Mousgoum Dome in
C ameroon [ E xhibi t ion, 2006]

envisages a di  erent way of conceiving of t he
buil t environment , one t ha t t akes into ac-
count t he const raints linked to modern so-
ciety as well as t he need to protect t he en-
vironment and t he characterist ics of t he si te
in which i t develops (clima te, lifestyle, etc.).
A l ter archi tect ure is abou t archi tect ural forms
from all over t he world, from diverse na t ure,
whet her urban or rural, permanent or tem-
porary, crea ted by archi tects or not , of dif-
ferent form, bu t essent ially t he same in sub-
st ance. T hey have in common t heir links
to cul t ural and const ruct ive t radi t ions, re-
spect ing t heir buil t or na t ural environment
and having recourse to recyclable ma terials
t ha t consume li t t le energy and cause li t t le
pollu t ion [ E xhibi t ion, 2006].

In t his chap ter a few examples of al ter ar-
chi tect ure in rela t ion to ma terials or domes are given, t ha t might cont ribu te to
ideas for improvement of t he SH F domes.

Par t of al ter archi tect ure is vernacular archi tect ure, which means ’buil t by non-
academically t rained builders’. True vernacular archi tect ure is most apparent in
t he t hird world where indigenous popula t ions produce t heir own shel ter based
on t radi t ions of using locally available ma terials. E xamples are t he domes of
t he Mousgoum in C ameroon(figure 4.26), t he dwellings of t he Dogo in M ali or
t he st ruct ures of t he M ’ Z ab in Sou t h A lgeria. Note t he use of t hick walls to
absorb t he weight of t he roof and regula te tempera t ures.

B u t vernacular archi tect ure can be found in t he western world as well. In
t he sevent ies and eight ies a lot of people st ar ted to experiment wi t h building
t hemselves. In books like ’Shel ter’ [ K ahn, 1973] one could find ideas and recom-
menda t ions for building homes. A considerable par t of t he book was dedica ted
to building domes. A round t ha t t ime t he geodesic domes were very popular.
People buil t geodesic domes wi t h plywood, recycle ma terials and ferrocement .
’ Dome communi t ies’ were buil t , for example ’ D rop C i ty’ on t he ou tskir ts of
Trinidad , C olombo in 1967. Domes were buil t of all kind of recycle ma teri-
als, especially panels chopped ou t of car tops. In 1969 an experiment al high
school was set up in t he Sant a C ruz mount ains. T he st udents lived in self-buil t
plywood domes. Sealing t he domes from wa ter t urned ou t to be t he biggest
problem. Some domes were covered by asphal t shingles to keep t he wa ter ou t .

Nowadays ’vernacular builders’ in t he western world especially focus on t he
use of na t ural ma terials and old techniques. O rganiza t ions like ’ G reen Home
B uilding’ and ’ P lanet ary R enewal’ advice people on t heir websi tes on all kind of
ma terials and techniques, especially building wi t h ear t h based ma terials [ Ver-
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F igure 4.27: From left to right: M aquet te by K alberer, dome by H ubbel, st acked
wood st ruct ures of D elaroziere [ E xhibi t ion, 2006].

F igure 4.28: Low-cost housing in R icaur te C olombia,2004 [ E xhibi t ion, 2006]

nacular, 2006]. E xamples are adobe 3 , cob 4 , wa t t le and daub 5 , st rawbale,
C ompressed St abilized E ar t h B locks 6 and rammed ear t h 7 .

A l ter archi tect ure by archi tects is most ly focused on t he use of na t ural and waste
ma terials. M arcel K alberer was inspired by t he M esopot amiers who buil t t heir
houses of reed abou t 5.000 years ago. Since 1984 he designs ’living’ st ruct ures
of braided willow twigs. T he sculp ter James H ubbel builds domes ou t self-made
bricks, steel from dumped reinforced concrete and recycled glass. T he archi-
tect D elaroziere is looking for possibili t ies buil t st ruct ures made of st acked rest
wood [ E xhibi t ion, 2006].

Most interest ing in t he scope of t his M aster’s t hesis are t he archi tects t ha t aim
a t solu t ions for housing in t hird world count ries.

Simon Velez ( Colombia) has developed assembling techniques wi t h cement-filled
guadua bamboo. H e is using his knowledge of building wi t h bamboo for t he
development of ear t hquake resist ant low-cost housing in Colombia, saving abou t
45% on building costs.

3 A dob e soil h as b e t ween 15 a n d 30% clay. I t ca n b e m i xed in t o mu d a n d a p plied direc t l y
t o for m a wall or i t ca n b e d ried ou t to for m b ricks.

4 C ob is a dob e m i xed w i t h st r aw .
5 W a t t le a n d d a u b is cob or a dob e a p plied on a woo den fr a mewor k .
6 C S E B s, b ricks m a de by com p ac t ing ea r t h in a for m .
7 R a m med ea r t h is com p ac t ed ea r t h .
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Since 1980 M ichael R eynolds designs according to t he principle of t he ’au to-
nomic house’. H e set up t he founda t ion ’ E ar t hship’ [ E ar t hship, 2006], which
experiments wi t h his ideas in t he deser t of Taos in N ew M exico. A n ’ E ar t h-
ship’ incorpora tes many ’green’ principles; u t ilizing recycled and low embodied
energy ma terials, passive solar hea t ing and cooling, photovol t aic power system,
ca tchwa ter, solar hot wa ter, gray wa ter and black wa ter t rea tment systems. For
example wa ter is recycled 3 t imes and bearing walls are made of discarded car
t ires filled wi t h compacted ear t h or mor t ared aluminum cans. A fter t he tsunami
of D ecember ’04 he used t hese principles to const ruct a house ou t of waste ma-
terials in a severely hi t area of t he A ndaman Islands. In t he N et herlands t he
Founda t ion O waze [ O waze, 2006] propaga tes his ideas.

T he Iranian- A merican archi tect N ader K halili believes t ha t housing needs for
refugees can be addressed by ear t h const ruct ion. A fter ex tensive research into
vernacular ear t h building met hods in Iran, followed by det ailed prototyping, he
has developed t he sandbag or ’superadobe’ system (1982). T he prototypes have
not only received C alifornia building permi ts bu t have also met t he requirements
of t he U ni ted N a t ions H igh C ommissioner for R efugees ( U N H C R ) for emergency
housing. Bot h t he U N H C R and t he U ni ted N a t ions D evelopment P rogramme
have chosen to apply t he system, which t hey used in 1995 to provide temporary
shel ters for a flood of refugees coming into Iran from Iraq.

T he basic const ruct ion technique involves filling sandbags wi t h ear t h and lay-
ing t hem in courses in a circular plan. T he circular courses are corbelled near
t he top to form a dome. B arbed wire is laid between courses to prevent t he
sandbags from shift ing and to provide ear t hquake resist ance. T he system is
par t icularly sui t able for providing temporary shel ter because i t is cheap and al-
lows buildings to be quickly erected by hand by t he occupants t hemselves wi t h a
minimum of t raining. E ach shel ter comprises one ma jor domed space wi t h some
ancillary spaces for cooking and sani t ary services. Increment al addi t ions such
as ovens and animal shel ters can also be made to provide a more permanent
st a t us and t he technology can also be used for bot h buildings and infrast ruct ure
such as roads, kerbs, ret aining walls and landscaping elements. In 1991 K halili
founded t he C alifornia Inst i t u te of E ar t h A r t and A rchi tect ure [ C alear t h, 2006],
a non-profi t research and educa t ional organiza t ion which teaches people how to
build homes, schools, and ot her buildings using K halili’s met hods. ’ Vernacular
builders’ have applied his technique wi t h burlap sacks or rice sacks filled wi t h
vermiculi te, perli te, rice husk and ot her ma terials [H ar t , 2006] [R ice-hulls, 2006].
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F igure 4.29: R eynolds, A ndaman Island pro ject and ot her ’ear t hships’ [ E ar t h-
ship, 2006]

F igure 4.30: Dome buil t wi t h superadobe system of K halili [ C alear t h, 2006]
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For m

A s a resul t of t he li tera t ure st udy several op t ions were ident ified to al ter (and
potent ially op t imize) t he shape of t he shell. T hese op t ions are grouped into
3 ca tegories, being ’curva t ure’, ’mass’ and ’ tex t ure’. T he zero al terna t ive is a
shell wi t h uniform t hickness and hemispherical shape.

5.1 C u r va t u re

F igure 5.1: Model ’ideal’ dome cross sect ion [M inke, 2000]

T he ideal cross sect ion for a dome (of const ant t hickness) under dead load is
t ha t which crea tes only compressive forces going downwards (meridional). T his
means a form t ha t crea tes nei t her tensile nor compressive ring forces. If t he
cross-sect ion has t he shape of a ca tenary, compressive ring forces will occur.
T his might be disadvant ageous if openings have to be cu t into t he dome, or if
i t is a dome of large span. To crea te t his ’ideal’ cross sect ion a chain is loaded
by weights t ha t propor t ionally represent t he decreasing area from t he base to
t he apex of a hemisphere. T he model can be seen in figure 5.1.

However, since t he ideal form is not spherical, i ts segments have a slight ly dif-
ferent area t han t hose of a hemisphere. T herefore, t his procedure has to be con-
sidered a first approxima t ion. G rea ter accuracy can be achieved by successive
i tera t ions, subst i t u t ing t he act ual changing radii of curva t ure of t he segments
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F igure 5.2: Model used to produce plots of hanging models in E xcel

F igure 5.3: P lot of a ca tenary, a semicircle and t he cros-sect ion of a dome of
const ant t hickness under dead load t ha t crea tes only meridional compressive
forces (no ring forces), source: au t hor
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measured from t he model and adjust ing loads according to t he surface areas of
t he segments t hus calcula ted. O ne could also st ar t wi t h an ellipse instead of a
hemisphere as a basis.

T he model shown in figure is used to plot a ca tenary in E xcel. T he angle  ,
t he angle between t he first element left of t he center, determines t he horizont al
force in t he cable, which is const ant over t he lengt h of t he cable and t herefore
influences i t ’s final form. T he span and lengt h of t he cable and t he magni-
t ude and t he number of loads can be changed. To approxima te t he form of
t he ’ideal’ cros-sect ion as ment ioned above, t he load on each element should
be propor t ional to t he average circumference of t he dome in t his sect ion. T he
circumference is propor t ional to t he radius, which is determined by t he horizon-
t al posi t ion on t he cross sect ion of t he dome. T herefore t he nodes are loaded
propor t ional to t heir horizont al posi t ion. T he curve of t his ’dome-ca tenary’is
compared to t he cross sect ion of a hemisphere and a ca tenary in figure 5.3.

A s t he cross sect ion of t he hemisphere is ou tside t he ‘dome-ca tenary‘ a t t he
base, ring tension forces occur in t his par t of t he hemisphere. C orrespondingly
compressive ring forces occur in t he top par t of t he hemisphere. T he two curves
intersect a t an angle of 38  to t he horizont al (measuring from t he center of
t he hemisphere’s cross sect ion). T he ca tenary has a much steeper curve and
remains completely inside t he ’dome-ca tenary’. C onsequent ly a dome wi t h an
equivalent cross sect ion would be completely under compression.

N ever t heless, when unequally dist ribu ted loads occur in addi t ion, as is t he case
wi t h snow or wind loads, t he ini t ial coincidence between t he st ruct ural t ask and
t he form is no longer given. R esul t ing bending st resses have to be t aken into
account , a minimum amount of rebar may st ill be needed.

From a st ruct ural point of view i t would be interest ing to experiment wi t h t he
curva t ure of t he dome. A change in curva t ure can significant ly decrease t he
amount of rebar needed.



44 C H A P T E R 5. F O R M

5.2 M ass
A not her way to decrease ring tension forces is varying t he mass of t he shell
over t he cross-sect ion. For adobe dome building t his principle is adop ted and
Romans applied i t for t he const ruct ion of t he Pant heon (see sect ion 4.1). M ass
is added to t he lower par t of t he cross sect ion and mass is reduced in t he upper
par t of t he dome’s shell. T his can be achieved in di  erent ways (see figure 5.4):

• D ecrease shell t hickness in t he direct ion of t he apex

• Impose ex t ra weight on t he lower par t of t he shell

• Use a more dense ma terial for t he lower par t respect ively less dense ma-
terial for t he upper par t of t he dome

• M ake an opening in t he top of t he dome

F igure 5.4: Varying mass shell over t he cross sect ion

5.3 Tex t u re
T he pneuma t ic formwork is made of ma terial t ha t does not st retch in ei t her
way and can be adjusted to produce ot her shape t han a smoot h hemisphere.
In sect ion 5.1 t he curva t ure was varied, bu t also t he formwork could be given
a tex t ure to achieve al terna t ive shapes. Tension forces might be concent ra ted
a t specific par t of t he cross sect ion and reinforcement could be applied more
e  cient ly.

A s can be read in sect ion 4.2, bot h in na t ure and st ruct ural design ribs are
used to provide st i  ness to a st ruct ure. Forces are concent ra ted in ribs and
consequent ly ma terial can be saved in ot her par ts of t he st ruct ure. I t would be
interest ing to st udy t he influence of ribs on t he st ruct ural behavior of t he shell.
E xamples are shown in figure 5.5.
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F igure 5.5: G iving t he shell a di  erent tex t ure

5.4 C ombina t ion
T hese di  erent ca tegories could be combined as well. For example a tex t ure in-
t roduced on t he upper par t of t he formwork could reduce t he mass in t his par t
of t he cross sect ion (see figure 5.6). O r a di  erent curva t ure could be combined
wi t h a decreasing shell t hickness in t he direct ion of t he apex . E ven surrounding
forms could be added to t he tex t ure to provide for ex t ra mass (see H agia Sophia
in sect ion 4.1). E xamples are shown in figure 5.6.

F igure 5.6: C ombina t ions of t he di  erent ca tegories

In figure 5.7 an overview is given of examples of t he t hree ca tegories and t heir
combina t ions.
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F igure 5.7: O verview of form al terna t ives
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M a ter ials

Several ma terials have been st udied for applica t ion in Sri L anka. In t his chap-
ter several op t ions are discussed to conclude wi t h an advice for t he t ime being.
T he select ion is based on availabili ty, costs, durabili ty, simplici ty, reliabili ty and
maintenance level.

E a r t h b ased m a t er ials : E ar t h based ma terials as ment ioned in sect ion 4.1
and 4.4, i.e. adobe, are easy to use, available in Sri L anka and very cheap.
U nfor t una tely t hese massive ma terials loose t heir cooling proper t ies in a
t ropical clima te as tempera t ures st ay high a t night . More impor t ant how-
ever, t hese ma terials need to be adequa tely protected against excessive
wea t her. St raw-clay blocks for example are vulnerable to moist ure pene-
t ra t ion, cob needs to be protected against moist ure as well. C oncerning
adobe: ’In a wet clima te a good roof and a founda t ion to keep t he adobe o  
t he ground should be provided for. Somet imes adobe is st abilized wi t h a
small amount of cement or asphal t emulsion added to keep i t int act where
i t will be sub ject to excessive wea t her. Some adobe buildings have been
plastered wi t h Por t land cement on t he ou tside in an a t temp t to protect
t he adobe, bu t t his pract ice has led to failures when moist ure finds a way
t hrough a crack in t he cement and t hen can’ t readily evapora te.’ [ W ilson,
2006]
C onsidering t he monsoon rains in Sri L anka and t he fact t ha t domes are
open to all of t he wea t her, ear t h based ma terials are not considered a
frui tful al terna t ive for dome const ruct ion in Sri L anka.

O rga n ic m a t er ials : Housing on st il ts of lightweight ma terials like bamboo
and wood would sui t t he clima te very well. However, wood and bamboo
are ei t her impor ted or logged illegally and t herefore expensive and scarce
in Sri L anka. For help organiza t ions t he possibili ty of illegal logging alone
is enough to avoid t he use of wood. L eaves of i.e. palms and rice are read-
ily available to make walls and roofs. From a building physics point of
view t hese ma terials are ideal as t he air can blow t hrough, bu t t he leaves
have to be replaced qui te often as t hey are not st able in rough wea t her
and prone to a t t ack by insects. A lso fire safety has to be t aken into ac-
count as t he area is sub ject to regular riots. T he SH F and i ts st akeholders

47



48 C H A P T E R 6. M A T E R I A LS

care for a durable, low-maintenance solu t ion for t he village. A l toget her a
dome const ruct ion completely made ou t of organic ma terials is not fur t her
st udied as an op t ion for t he t ime being.

N a t ural fiber composi tes use organic ma terials in combina t ion wi t h a poly-
mer resin1 . Ju te and coir based composi tes have been developed as sub-
st i t u tes for plywood and medium densi ty fibre boards. Panel and flush
doors have also been developed ou t of t hese composi te boards especially
for low-cost housing needs. O t her product development act ivi t ies include
usage of sisal fibre based composi tes as panel and roofing sheets. A s coir
is abundant in Sri L anka i t is interest ing to look fur t her into t his ma terial.
A st udy can be found in sect ion 6.1.

C e m en t b ased m a t er ials : R einforced concrete, t he nulconcep t , has proved
to be durable and simple enough for t his applica t ion. R educt ion of rein-
forcement would crea te considerable cost and t ime -savings as prices for
steel rods are rela t ively high and applica t ion of t he steel rods is t he most
complica ted and t ime consuming par t of t he building process. To reduce
t he amount of primary reinforcement , fiber reinforced concrete might be
an op t ion. A not her op t ion might be ferrocement , as wire mesh is probably
cheaper and more easy to apply. T hese two are discussed in sect ion 6.2
and 6.3.

A lso considered is t he use of lightweight concrete. L ightweight concrete,
weighing from 560 to 1850 kg per cubic meter, has been used over 50 years.
T he compressive st rengt h is not as high as ordinary concrete. A mong i ts
advant ages are less need for st ruct ural steel reinforcement , smaller founda-
t ion requirements and bet ter fire resist ance. A disadvant age is i t ’s higher
costs and i t may shrink more upon drying. L ightweight concrete may be
made by using lightweight aggrega tes, or by t he use of foaming agents,
such as aluminum powder, which genera tes gas while t he concrete is st ill
plast ic. N a t ural lightweight aggrega tes include pumice, scoria, volcanic
cinders, t u  , and dia tomi te. L ightweight aggrega te can also be produced
by hea t ing clay, shale, sla te, dia tomaceous shale, perli te, obsidian, and
vermiculi te. Indust rial cinders and blast-furnace slag t ha t has been spe-
cially cooled can also be used.

1 S t ric t l y sp oken n a t u r al fi b er reinforced concre t e is a n a t u r al fi b er com p osi t e as wel l
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6.1 N a t u ral F ib er C om p osi tes

C omposi tes are hybrid ma terials made of a polymer resin reinforced by fibres,
combining t he high mechanical and physical performance of t he fibres and t he
appearance, bonding and physical proper t ies of polymers. D ue to t he wide vari-
ety of available manufact uring processes, each resul t ing in t heir own character-
ist ic products, t he design possibili t ies are numerous. C onsequent ly, a composi te
product and i ts manufact uring process can be chosen to best fi t t he environment
in which t he products will be made and used. B esides t he technical feasibili ty,
manufact uring of composi tes becomes also financially feasible when using do-
mest ically grown na t ural fibres in combina t ion wi t h simple manufact uring pro-
cesses. Potent ial products are roofing panels, fluid cont ainers, bridges and small
boa ts [van R ijswij k et al., 2003].

D ue to an occurence of a wide variety of na t ural fibres in t he count ry, Indian
researchers have directed e  or ts for qui te some t ime indeveloping innova t ive
na t ural fiber composi tes for various applica t ions. A n example is t he wide range
of wood subst i t u tes developed for t he housing and const ruct ion sector [ T I F A C ,
2006].

T hree kinds of na t ural fibers can be ident ified:

• Frui t fibers, such as cot ton and coir (coconu t fiber)

• B ast fibers, such as ju te, flax , ramie and hemp

• L eaf fibers, such as sisal

A pro ject t ha t underlines t he potent ial for na t ural fiber composi tes for use
in dome const ruct ion is t he const ruct ion of wa ter t anks in G ua temala. E arly
90’s, t he C ent re of L ightweight St ruct ures T U D- T N O 2 , T he N et herlands, ex-
ecu ted a U ni ted N a t ions pro ject in G ua temala for t he local manufact uring of
primi t ive composi tes. St ar t ing point formed G ua temala’s enormous ju te re-
sources. W i t h t rucks wa ter-soluble resin-powder (modified urea-formaldehyde)
was t ranspor ted to remote areas, where rainwa ter was used to impregna te t he
locally manufact ured ju te tex t iles, see figure 6.1. L arge P V C balloons where
used as mandrel to manufact ure wa ter t anks and la t rines. A fter t he pro ject ,
product ion of t hese products for local use cont inued successfully.

T he resin used for t he pro ject in G ua t amala is normally used in combina t ion
wi t h wood fibers, i.e. for joists. Some proper t ies of st andard resins based on
melamine and ureumformaldehyde according to t he ’Stork L ijmen’:

• ’ C an be supplied in powder or in fluid form by i.e. B A S F ’

• ’ A hardener should be added (available in powder or liquid)’

• ’ A fter mixing t hese wi t h wa ter t he resin can be used for two hours’

2 C oncer ning n a t u r al fi b re com p osi t es, t he facul t y p a r t icip a t ed in t he B iolich t p ro jec t w here
a p plica t ions for t r ucks, t r ailers a n d b usses were de velop ed . A s a resul t of t h a t p ro jec t t he
D elf t U ni versi t y m a nufac t u red m a ny p rot o t y p es w i t h fl a x fi b re com p osi t es, a mong t hem a
ca t a m a r a n , a n a u tomot i ve roof p a nel a n d sa n d w ich st r uc t u res.
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F igure 6.1: Const ruct ion of wa ter t anks wi t h biocomposi te in G ua t amala [van
R ijswij k et al., 2003]

• ’ T he woodfibers and resin should be bonded by high pressure’

• ’ T he hardened resin is not sensi t ive to sunlight , hea t resist ant to 80  C
and not harmful to heal t h and environment ’

• ’In fluid form cont act wi t h t he skin can cause irri t a t ion, t herefore i t is
advised to protect t he hands wi t h vaseline and to wash t hem regularly’

• ’ H igh bending st rengt h and st i  ness’

A ccording to research done in i.e.India [ T I F A C , 2006] t he use of na t ural fibers
instead of wooden fibers wi t h a resin should not be considered a problem. How-
ever i t may be necessary to t rea t t he fibers in order to reduce wa ter absorb t ion.
A lso circumst ances such as high tempera t ures and humidi ty influence t he qual-
i ty of t he product . T herefore i t is very di  cul t to determine proper t ies like t he
Young Modulus. Fur t her research and tests on si te would be necessary.

Bonding by high pressure is only necessary if high surface quali ty is needed and
shor t fibers are used (i.e. in case of formica). B y using woven ma ts of na t ural
fibers less pressure is needed as a high level of cohesion is already present . T he
resin could be applied on t he ma ts by a roller. A n op t ion for improved com-
pact ion is to cure while using a vacuum. A fter covering t he formwork and t he
t rea ted ma ts wi t h a foil, a vacuum is applied. E xcess air is removed and t he
a tmospheric pressure exer ts pressure to compact t he composi te.

A not her manufact uring process is resin inject ion. T he ma ts are placed on t he
formwork and covered by a foil. A t ube connects t he space between formwork
and foil wi t h a supply of liquid resin, which is t ransferred t hrough t he mould
t hrough vacuum pressure, imprecna t ing t he fibers. A fter curing t he foil is re-
moved.

Formaldehyde is considered toxic and should be used in t he open air. Nowadays
U F and M F resins are available t ha t emi t very li t t le or no formaldehyde. If used
in combina t ion wi t h a reusable infla t able formwork t he formwork will need a
teflon coa t ing and t rea t ment to avoid bonding wi t h t he resin.

R ik B rouwer of D elft U niversi ty of Technology (St ruct ures & M a terials L abo-
ra tory and t he C ent re of L ightweight St ruct ures T U D- T N O ) has done research
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F igure 6.2: T he set up of t he vacuum inject ion technology a t t he labora tory of
t he T U D elft . T he second pict ure shows an almost complete impregna ted coir
ma t . T he resin is injected wi t h polyester resin from t he bot tom left corner,
while vacuum is applied a t t he top right corner. In t ha t corner a small t riangle
of t he ma t is st ill dry, which can be seen by a lighter brown color. [B rouwer
et al., 2003]

on composi te applica t ions using coir fibres in Sri L anka. T he background of
t he research t ha t was carried ou t is t he awareness t ha t t he demand of coir and
coir products is slowly decreasing and t ha t ot her profi t able markets have to be
found for t his commodi ty in Sri L anka 3 . T he best way to bring t he exist ing coir
indust ry to a higher level is t he development of new coir products wi t h higher
added value. O ne possible technology t ha t could fulfil t his goal is t he use of coir
fibre in composi te components.

A mong ot her techniques vacuum inject ion technology was tested wi t h polyester
resin on coir ma ts (figure 6.2). T he flexural st rengt h varied from 29 M Pa 47
M Pa and flexural st i  ness of 2,91 G Pa 2,99 G Pa for coir fibre loading between
20% and 40% and di  erent fibre t rea t ments. A model boa t hull (scale 1:3)
was manufact ured using t he vacuum inject ion technology, see figure 6.3. T he
vacuum applied 1 bar pressure on t he whole surface of t he product . T he coir
ma t t urned ou t to be very sui t able, i t had a good permeabili ty and i t allowed an
easy placement into t he mould. Impregna t ion wi t h polyester was easy, par t ially
based on a na t ural good adhesion between cellulose and polyester. T his was
also observed during t he manufact ure of small samples.

3 Sri L a n ka is t he single la rgest su p plier of coir fi b er t o t he world m a r ke t a n d t oge t her w i t h
I n dia accou n ts for al most 90% of glob al coir e x p or ts. A l t hough Sri L a n ka h as t r a di t ion all y
b een t he lea d e x p or t er of coir fi b er a n d pi t h , I n dia holds t he dom in a n t p osi t ion in t er ms of
re venue gener a t ed by t he in d ust r y, gi ven t he higher value-a d ded com p onen t of i ts coir e x p or ts.
I n v iew of t he rela t i vel y sm all size of i ts domest ic m a r ke t , t he p ro d uc t ion of r aw fi b er a n d
rela t ed goo ds in Sri L a n ka a re al most e xclusi vel y d ri ven by e x t er n al dem a n d (in con t r ast t o
I n dia w hich h as a la rge domest ic m a r ke t ) . A l t hough glob al coir p ro d uc t ion since t he ea rl y
1990s h as grow n by a p p rox i m a t el y 6% p er a n nu m , t he in d ust r y con t inues to b e t h rea t ened
by sy n t he t ics, st agn a t ing world coir p rices a n d t he p oor a n d decl ining p rofi t a bili t y of sm all
m ills, w hich for m t he b asis of t he coir in d ust r y in Sri L a n ka . Fu t u re in d ust r y success t herefore
l ies in i m p roved p ro d uc t qu ali t y a n d consist enc y, as wel l as t he e x p a nsion of e x ist ing m a r ke ts
a n d de velop men t of com mercialized new a p plica t ions for coir t h a t invol ve in-cou n t r y value
a d di t ion [ U S A I D , 2006].
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F igure 6.3: A fter t he dry coir ma ts are placed into t he mould, t he ma terial is
bagged, t he package is sucked vacuum and t he resin is let in. T he last pict ures
show t he resul t ing product . [B rouwer et al., 2003]

However, whet her t his ma terial is sui t able for dome const ruct ion asks for more
research and experiments. Not only on t he load bearing capaci ty and t he dura-
bili ty of t he ma terial, bu t also whet her i t can crea te a house t ha t is comfor t able
to live in. I t might be a very interest ing op t ion for applica t ion in ( temporary)
shel ters as i t can be buil t very fast wi t h local ma terials.
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6.2 F ib er reinforced concrete
F ibers are typically not used in concrete as a direct replacement for convent ional
reinforcing steel applica t ions where flexure and tensile forces are predominant .
In terms of st rengt h, convent ional reinforcement is more e  cient , and t he dis-
cont inuous na t ure of fibers precludes t heir use in applica t ions where t heir tensile
resist ance would be needed to ensure st ruct ural integri ty. F ibers do not cause
an appreciable increase in t he tensile st rengt h of concrete, unless used a t very
high dosages, bu t t hey do provide some residual post-cracking st rengt h which
gives a less bri t t le and less vulnerable ma terial [M assicot te and P. H . B ischo  ,
2000].

U nfor t una tely fibers can not always be relied upon wi t h a grea t deal of confi-
dence, since behavior depends so much on t he type and dosage of t he fiber used,
interact ion of t he fiber wi t h t he concrete ma t rix , as well as orient a t ion and dis-
persion of t he fibers wi t hin t he member being considered for design. A s a resul t
experience and knowledge is a provision for successful applica t ion [M assicot te
and P. H . B ischo  , 2000].

Several types of fibers can be defined:

- na t ural fibres

- steel fibres

- glas fibers

- synt het ic fibers (i.e. polypropylene)

From several points of view t he applica t ion of ’high-tech’ fibers such as glas,
steel and synt het ic fibers is not fi t for use in Sri L anka:

si m p lici t y : P rofessionals are needed for succesful applica t ion as t he quali ty is
very dependent on t he applica t ion process.

relia b ili t y : B ehavior depends on many di  erent aspects, making i t unreliable
as a replacement for convent ional reinforcing in Sri L anka.

st r uc t u r al: F ibers do not cause an appreciable increase in t he tensile st rengt h,
for ring tension forces convent ional reinforcing would st ill be necessary.

availa b ili t y : C ompact ing of fiber reinforced concrete is impor t ant . C urrent ly
t he concrete for t he Solid Houses is not compacted and applied by hand. If
fiber concrete of a considerable quali ty is desired, t he mix t ure is preferably
shotcreted on t he formwork . B esides, some fibers (i.e.steel fibers) make
t he mix t ure very uncomfor t able to handle by bare hands. However t his
increases t he energy demand a t t he building si te as well as t he ini t ial
investment .

T herefore concrete reinforced by low-tech, na t ural fibers such as sisal, bamboo,
wood and coir (coconu t husk) were st udied.
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A sbestos cement was t he first indust rialized const ruct ion ma terial, which as re-
inforced wi t h na t ural fibers ( t he mineral asbestos) and used on a large scale.
D ue to i ts excep t ional mechanical behavior and low cost i t is unt il today st and-
ing ou t among t he const ruct ion ma terials. However, asbestos is considered to
be a potent ial heal t h hazard to humans and animals, mainly during ex t ract ion
and handling, causing cancer and fibrosis [ G havami, 2001].

A l t hough na t ural fibers exist in abundance and are readily available a t low cost ,
t hey have many inherent weaknesses such as low elast ic modulus, high wa ter
absorp t ion, suscep t ibili ty to fungal and insect a t t ack , lack of durabili ty and
variabili ty of proper t ies among fibers of t he same type [Swamy , 1990].

T he lack of durabili ty is mainly caused by t he fact t ha t na t ural fibers are chem-
ically decomposed in t he alkaline environment of t he cement ma t rix , resul t ing
in bri t t le composi te which has reduced capaci ty to cracking [H ussin and Z a-
karia, 1990]. In a t ropical environment , detoria t ion is even faster due to grea ter
humidi ty and higher tempera t ure [ G uimaraes, 1990]. To stop or slow down
t he embri t t lement process t he alkalini ty of t he pore wa ter of t he cement ma-
t rix has to be reduced. T his can be achieved by replacing par t of t he Por t land
cement wi t h a highly act ive pozzolana such as silica fume, fly ash or rice husk
ash [H ussin and Z akaria, 1990].

Several pro jects deploying na t ural fibers for roofing sheets have been carried ou t
qui te successfully in Sri L anka. D r P.St roeven of t he T U D elft has supervised a
range of pro jects on t his sub ject in Sri L anka [B lom et al., 1999]. O n t he long
term t he sheets do loose t heir st rengt h, which is not a problem as t hey are not
sub ject to large forces and can be replaced easily. However t he la t ter is not t he
case when applying fiber reinforced mor t ar for a monoli t hic dome.

T he di  erences in st rengt h and mode of failure will generally be accent ua ted if
t he fibres fail to provide any reinforcing e  ect . A larger product like a sheet is
t hus more likely to give t rouble, crack and fail suddenly t han a geomet rically
smaller product like a t ile. T his par t ly explains why a high incidence of crack-
ing and considerable performance deficiencies have been repor ted by users of
na t ural fiber reinforced sheets and t iles, limi t ing useful life of t hese products to
no more t han 2 to 4 years. E x tensive surveys have shown clearly t ha t i t is not
t he technology or t he product t ha t failed bu t t he inherent dest ruct ive e  ect on
t he fibres of t he alkalini ty of t he cement , par t icularly in t ropical envirionments,
and t he lack of adequa te st andards of roof const ruct ion and inst alla t ions t ha t
were responsible for t hese failures.

T he resul ts of flexural tests of cocunu t fibre reinfoced t hin cement sheets can be
found in t able 6.1. U nreinforced concrete having a tensile st rengt h of 1, 8 N / m m 2 ,
an increase in flexural st rengt h is clearly shown. However t his is not even near
to t he tensile st rengt h of steel, being 350 N / m m 2 for Fe B400. T herefore fibres
can increase t he cracking st rengh, bu t can not be t ake tensile st resses like steel
reinforced conrete concrete can.
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Table 6.1: F lexural st rengt h test coconu t-fiber-reinforced t hin cement
sheets [H ussin and Z akaria, 1990]

Summarizing:

si m p lici t y : B ecause of t he vulnerabili ty of t he fibers more care has to be t aken
to use t he right mix propor t ions and to include a component t ha t reduces
t he alkalini ty of t he environment . However t he process is rela t ively simple.

relia b ili t y : Variabili ty of proper t ies among fibers of t he same type reduce t he
reliabili ty significant ly. T herefore fiber reinforced concrete is bet ter fi t for
smaller products like t iles.

st r uc t u r al: T he fibers cont ribu te to t he flexural st rengt h to t he ex tend of
cracking st rengt h. A disadvant age is t he low elast ic modulus and high
wa ter absorp t ion of na t ural fiber reinforced concrete.

availa b ili t y : G ood, na t ural fibers exist in abundance and are readily available
a t low cost in Sri L anka.

costs: Very low.

d u r a b ili t y : T he alkaline environment reduces t he lifet ime of t he fibers signif-
icant ly, especially in t ropical clima tes like Sri L anka’s. A lso, fungal and
insect a t t ack t hrea ten t he durabili ty of t he fibers.

From t his summary is concluded t ha t na t ural fiber reinforced concrete is not
sui t able for applica t ion in a monoli t hic dome shell sub ject to tensile st resses and
open to all wea t her t ha t is expected to have a lifet ime longer t han ten years.
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6.3 Fer rocement

In 1848 Jean Louis L ambot of France con-

F igure 6.4: Ferrocement
G eodesic Dome in Sri
L anka [geoci t ies, 2006]

st ructed several rowing boa ts, plant pots,
sea ts and ot her i tems from a ma terial he
called ’fercicement ’. L ambot const ruct ion
consisted of a mesh or grid reinforcement
made up of two layers of small diameter iron
bars a t right angels to one anot her. T he
st ruct ure was t hen plastered wi t h a cement
mor t ar which only t hinly covered t he rein-
forcement . Several people adop ted his met h-
ods, of whom P ier L uigi N ervi is t he most
famous. N ervi’s development evolved from
t he fundament al concep t behind reinforced
concrete t ha t concrete can wi t hst and large
st rains in t he neighborhood of t he reinforcement , t he magni t ude of t he st rains
depending on t he dist ribu t ion and subdivision of t he reinforcement t hroughou t
t he concrete. E x tending t his concep t was t he observa t ion t ha t t he elast ici ty of a
reinforced concrete member increases in propor t ion to t he dist ribu t ion and sub-
division of reinforcement t hroughou t t he mass. N ervi noted t ha t ” t he ma terial
ob t ained in t his way had very li t t le in common wi t h normal reinforced concrete,
possessing as i t did, t he mechanical characterist ics of a completely homogenous
ma terial ” . T he composi te exhibi ted two impor t ant proper t ies: ex t reme elas-
t ici ty and a grea t resist ance to cracking, which, toget her wi t h i ts elimina t ion
of t he need for formwork , has a potent ial for mass product ion. N ervi chose to
describe t he met hod of const ruct ion as ’ferrocemento’ [Robles, 1985].

M eanwhile ferrocement boa ts and houses have been const ructed all over A sia. In
Indonesia numerous spherical domes for mosques have been const ructed wi t h fer-
rocement . T he N a t ional B uilding R esearch O rganiza t ion Sri L anka even t rains
people in ferro cement technology for product ion of low-cost building ma terials
and products [N B R O , 2006].

Ferrocement can be considered as a special form of reinforced concrete, how-
ever, i t exhibi ts behavior so di  erent from convent ional reinforced concrete in
performance, st rengt h and potent ial applica t ions t ha t i t is classified as a sep-
ara te ma terial. Ferrocement uses wire mesh, ra t her t han heav y rods or bars,
as t he primary par t of i ts met al reinforcement . Sand ra t her t han a mix t ure of
sand and stone in graded sizes is used in i ts concrete mix [ A bercrombie, 1977].
Wa ter to cement ra t ios commonly used in ferrocement product ion vary between
0.34 and 0.55, by weight .

Skelet al steel, as t he name implies, is generally used for making t he framework
of t he st ruct ure upon which layers of mesh are laid. Bot h t he longi t udinal and
t ransverse rods are evenly dist ribu ted and shaped to form. T he rods are spaced
as widely as possible up to 30 cm apar t . Steel rods of di  erent kinds are used
in ferrocement const ruct ion. T heir st rengt h, surface finish, protect ive coa t ing
and size a  ect t heir performance as reinforcing members of t he composi te. In
general, mild steel rods are used for bot h longi t udinal and t ransverse direct ions.
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In some cases high tensile rods and prest ressed wires and st rands are used. Rod
sizes varies from 4.20 mm to 9.5 mm, whereas 6.25 mm is most common [Robles,
1985].

T he wire mesh generally consists of t hin wires, ei t her woven or welded into a
mesh, bu t t he main requirement is t ha t is must be easily handled. T he funct ion
of t he wire mesh and reinforcing rod in t he first inst ance is to act as a la t h
providing t he form and to suppor t t he mor t ar in i ts green st a te. In t he hard-
ened st a te i ts funct ion is to absorb t he tensile st resses on t he st ruct ure which
t he mor t ar would not be able to wi t hst and. T he mechanical behavior of ferro-
cement is highly dependent upon t he type, quant i ty, orient a t ion and st rengt h
proper t ies of t he mesh and reinforcing rod [Robles, 1985].

I t should be pointed ou t t ha t t he ma terial used in t he t hird world is not ferro-
cement in t he t radi t ional sense (as used by N ervi) which should require a large
number of meshes. For economy, t he amount of mesh reinforcement is reduced
to only 2 layers. T he resul t is, in e  ect , an under-reinforced form of ferroce-
ment [ Ta tsa, 1994].

In general, ferrocement st ruct ures need no protect ion unless i t is sub jected to
st rong chemical a t t ack t ha t might damage t he st ruct ural integri ty of i ts compo-
nents. A plastered surface can t ake a good paint coa t ing. In terrest rial st ruc-
t ures, ordinary paint is applied on t he surface to enhance t he appearance [Rob-
les, 1985]. T he ideal ferrocement shell is a shell which is mainly sub jected to
compressive membrane forces and li t t le flexure under di  erent loading condi-
t ions [ W ieland, 1985].

T he grea test factors leading to t he accep t ance of ferrocement are:
- I ts basic raw ma terials are readily available in most count ries

- I t can be fabrica ted into any desired shape and adap ted to environment al
and t radi t ional custom of t he count ry

- T he skills for ferrocement const ruct ion can be acquired easily

- H eav y plants and machinery are not involved in ferrocement const ruct ion

- I t can be easily repaired and no maintenance is required

- I t is sui t able for mass product ion and const ruct ion on self-help basis

- Superior crack cont rol to convent ional reinforced conrete

A not her valuable characterist ic of ferrocement is t ha t i t may elimina te t he need
for separa te layers of wa terproofing. Indeed, a t t he new Sydney O pera House,
archi tect Jrn U tzon’s famous sail-shaped roofs (buil t of convent ional reinforced
concrete) have been covered wi t h t ile-surfaced panels of ferrocement which serve
as wa terproofing of t he concrete below [ A bercrombie, 1977].
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6.4 C om p ressed St abilised E ar t h B locks
For addi t ional st raight walls in t he domes and for addi t ional (non-dome)buildings
t he use of C ompressed St abilised E ar t h B locks is considered. B locks or bricks
could also be used to build domes and vaul ts, bu t t his kind of masonry would
ask for skilled labor. B esides t he formwork would be superfluous.

T he soil for a compressed ear t h block ( C E B ) is slight ly moistened, poured into
a steel press (wi t h or wi t hou t st abiliser) and t hen compressed ei t her wi t h a
manual or motorized press. C E B can be compressed in many di  erent shapes
and sizes. T he inpu t of soil st abiliza t ion allowed people to build higher wi t h
t hinner walls, which have a much bet ter compressive st rengt h and wa ter resis-
t ance. W i t h cement st abiliza t ion, t he blocks must be cured for four weeks after
manufact uring. A fter t his, t hey can dry freely and be used like common bricks
wi t h a soil cement st abilized mor t ar. Since t he early days, compressed ear t h
blocks are most of t he t ime st abilised. T herefore, t hey are called Compressed
St abilised E ar t h B locks ( C S E B ).

F igure 6.5: A uram hollow interlocking Compressed St abilized E ar t h B lock
295 [ A uroville, 2006]

Not every soil is sui t able for ear t h const ruct ion and C S E B in par t icular. B u t
wi t h some knowledge and experience many soils can be used for producing
C S E B . Topsoil and organic soils must not be used. Ident ifying t he proper t ies
of a soil is essent ial to perform, a t t he end, good quali ty products. Some simple
sensi t ive analysis can be performed after a shor t t raining. A good soil for C S E B
is more sandy t han clayey, i t has propor t ions as shown in figure 6.6.

F igure 6.6: P ropor t ions needed to produce CS E Bs [ A uroville, 2006]

M any st abilizers can be used. C ement and lime are t he most common ones.
O t hers, like chemicals, resins or na t ural products can be used as well. T he
select ion of a st abilizer will depend upon t he soil quali ty and t he pro ject re-
quirements. C ement will be preferable for sandy soils and to achieve quickly
a higher st rengt h. L ime will be ra t her used for very clayey soil, bu t will t ake
a longer t ime to harden and to give st rong blocks. T he average st abilizer pro-
por t ion is ra t her low, being minimum 3% and averagely 5% in case of cement
st abilisa t ion and minimum 2% and averagely 6% in case of lime st abilisa t ion.
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Table 6.2: B asic da t a on C S E B [ A uroville, 2006]

T hese low percent ages are par t of t he cost e  ect iveness of C S E B . T he st rengt h of
a block is rela ted to t he level of compression and to t he quant i ty of st abiliser.In
t able 6.2 some basic da t a abou t CS E Bs can be found.

T he A uroville E ar t h Inst i t u te in India recommends t he use of heav y manual
presses as equipment . C heap light manual presses have a low durabili ty, a low
ou t pu t and do not produce very well compressed blocks. A motorized press will
present t he advant age of a high product ivi ty, wi t h a bet ter and more regular
quali ty. B u t i t will require energy and a more complica ted maintenance, and
i ts cost are much higher. T herefore, heav y manual presses are most of t he t ime
t he best choice in terms of op t imisa t ion for t he investment , ou t pu t and quali ty
ra t io. T his does also apply for t he si t ua t ion in Sri L anka, where only addi tonal
const ruct ion is done wi t h CS E Bs. T he inst i t u te developed t he heav y press shown
in figure 6.7.

F igure 6.7: P ress developed by t he A uroville E ar t h Inst i t u te, India [ A uroville,
2006]

A par t from t he fact t ha t CS E B is consumes less energy and pollu tes less t han
fired bricks, t hey are most of t he t ime cheaper t han fired bricks. T his will vary
from place to place and specially according to t he cement cost . T he costs would
be wi t hin t hese figures when using t he A U R A M press 3000 [ A uroville, 2006]:
L abor: 20-25%
Soil and sand: 20-25%
C ement: 40 - 60 %
E quipment: 3 - 5 %
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A dvant ages of C S E B :

- I t uses local ma terials, saving on t ranspor t , fuel, t ime and costs.

- R equiring only li t t le st abilizer t he energy consump t ion is very low.

- A cost e  ect ive al terna t ive, t hrough t he use of na t ural resources and semi
skilled labor. T he final price will in most cases be cheaper t han fired
bricks.

- I t is a simple technology requiring semi skills t ha t are easy to aquire in
only a few weeks.

- C S E B allows unskilled and unemployed people to aquire a skill, crea t ing
a job oppor t uni ty.

6.5 C onclusion
R einforced concrete and ferrocement are considered t he most sui t able ma terials
to const ruct a monoli t hic dome wi t h in Sri L anka. Compressed St abilized E ar t h
B locks could be int roduced for addi t ional st raight walls.



C hap t er 7

C li m a te R esp onsi ve D esign

’ C l imate responsive design is the first and oldest craft of sedentary c ivi l ization.
It is the know ledge of how to go about using houses and mansions for cover
and shelter . T his is because man has the natural disposition to reflect on the
outcome of things. T hus it is unavoidable that he must reflect on how to avert
harm ar ising from heat and cold’

Ibn K halddum 1

C omfor t can be defined as t he complete physical and ment al well-being. T her-
mal comfor t is a subset of t he broad defini t ion of comfor t and rela tes to human
and environment al factors. I t is a complex area of st udy in fundament al terms,
bu t for t he designer t he key issues rela te to t he building and environment al fac-
tors t ha t a  ect comfor t since t hese are amenable to manipula t ion in t he design
of t he building . T he main environment al factors a  ect ing t hermal comfor t are
air tempera t ure, radia t ion, air veloci ty or air movement and humidi ty.

R esearch has pointed ou t t ha t basic physiological response to t hermal comfor t
is modera ted by acclima t iza t ion to respect ive clima te condi t ions. T hus people
living in tempera te clima tes may have a di  erent sensa t ion of clima te to t ha t of
people living in t ropical clima tes. T he person-specific na t ure of comfor t means
t ha t defining precise levels of comfor t for buildings is impossible. However, re-
search has genera ted some met hods whereby designer can measure performance
of buildings in terms of t hermal comfor t . T he global e  ects are defined as t he
level of comfor t provided by t he environment in which t he building is loca ted.
T hus for a given air tempera t ure and humidi ty a zone of comfor t can be found.
T he bioclima t ic char t in figure 7.1 describes a set of tempera t ures and humidi ty
a t which i t is t hought humans feel comfor t able [H yde, 2000].

1 [ H y de, 2000]
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F igure 7.1: B ioclima t ic char t showing clima te modifica t ion st ra tegies for ex-
tending t he comfor t zone by use of air-flow for over-hea t ing and radia t ion for
under-hea t ing periods [H yde, 2000]

7.1 C li m a te invest iga t ion

W i t h dots t he maximum average mont hly tempera t ures and t he rela t ive mont hly
humidi ty in Trincomalee (see page 14) are added to t he bioclima t ic char t in
figure 7.1. A circle indica tes t he loca t ion of t he average yearly maximum tem-
pera t ure and t he average humidi ty. T he t hick line shows t he t rend between
t he more humid winter and t he hot ter and slight ly dryer summer, based on
minimum and maximum average mont hly tempera t ures and rela t ive mont hly
humidi ty. T he t hin line uses mont hly record maximum and minimum tempera-
t ures instead. T he Sri L ankan hot humid clima te clearly does not fi t inside t he
comfor t zone. O ver-hea t ing is prevalent during t he whole of t he year. C lima te
modifica t ion st ra tegies are necessary to modera te t he condi t ions of tempera t ure
and humidi ty in order to provide for a comfor t able living. T he use of air-flow
can ex tend t he comfor t zone considerably, as is indica ted by t he lines in t he
bioclima t ic char t .

G eneral st ra tegies for ex tending t he comfor t zone in case of over-hea t ing are:

A i r flow , which improves t he e  ciency of cooling t he body and removes hea t
from inside t he building

B u il d i ng m ass, mass can be used to store hea t during periods of high tem-
pera t ures and t hus cool air, discharging t he hea t in cooler periods of t he
day

E va p or a t i ve cooli ng, t he la tent change of wa ter absorbs hea t and can t hus
cool t he air

D ehu m i fica t ion , using a plant to reduce t he moist ure in t he air

However t he high humidi ty of t he Sri L ankan clima te precludes t he e  ect iveness
of evapora t ive cooling and t he small range in diurnal tempera t ures rest ricts t he
use of mass. C onsidering costs and elect rici ty supply plants for dehumifica t ion
are no op t ion for housing in Inspector E a t ham ei t her. T herefore st ra tegies t ha t
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maximize airflow are desirable, wi t h wind speeds up to 1.5 ms − 1 . H igher wind
speeds are not pract icable for internal condi t ions as t hey cause flying papers
and ot her dist urbances.

L evels of airflow from mean wind speeds are modified by t he si te and t hrough
t he building skin. T he amount of mass 2 , t he volume of airflow t hrough t he
building as well as tempera t ure di  erence are crucial parameters for t he e  ec-
t iveness of vent ila t ion. T hus in designing for vent ila t ion t he main issues are
t he exposure provided by t he si te, t he amount of opaci ty in t he skin and t he
amount of mass t ha t needs to be cooled.

N a t ural vent ila t ion is genera ted by pressure di  erences in and around t he build-
ing. T hese pressure di  erences come from air movement genera ted by air tem-
pera t ure and by wind. Tempera t ure driven vent ila t ion uses t he na t ural buoy-
ancy of t he hot ter air to rise and displace cooler air (also called ’st ack e  ect ’).
A dvant age is st aken in buildings where t he ex ternal tempera t ure is lower t han
t he internal tempera t ure. T he internal air will rise up and exhaust from t he
building, bringing in fresh air. In warm clima tes t he e  ect iveness of st ack is ques-
t ionable, t he tempera t ure di  erences between inside and ou tside being small.
Since st ack is driven by tempera t ure di  erences, t he pressures are small. W ind-
driven vent ila t ion t herefore is commonly used in warm clima tes. W ind driven
vent ila t ion can be maximized by:

• R educt ion of t he plan dep t h and increased opennes of t he sect ion to facil-
i t a te cross-flow and ver t ical flow of air

• O p t imum orient a t ion of t he rooms to t he prevailing breeze and t he linkage
b tween leeward and windward side to u t ilize pressure di  erences

• M aximize t he skin opaci ty t hrough t he number, posi t ioning and size of
openings

• R educt ion of internal obst ruct ion

• Si te select ion and building si t ua t ion to increase exposure to airflow

2 st r uc t u r al cooling of t he b uilding a n d p erson al cooling of t he occu p a n ts
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F igure 7.2: B uderim house by L ynsey C lare, sect ion showing air movement in
t he open sect ion. [H yde, 2000]

7.2 C li m a te m a tching st r a tegies
In t he following overview t he Sri L ankan clima t ic elements, clima te modifica t ion
st ra tegies and ma tching building responses are summed up:

Adverse cl imatic C l imate modification B ui lding
elements strategies response
R ain M inimize hea t gain T hin plan wi t h axis east-west
H ea t M aximize vent ila t ion C ross-vent ila t ion, high ceilings
H umidi ty M aximize shading Vent ila ted roof
Small diurnal range W indow shading all year

Shaded veranda

Ideally, t he building response should have an integra ted landscape and building
response. T hese response t act ics can be developed for di  erent levels. T he first
one rela tes to general building and environment al cont rol characterist ics such
as ma terials, plan shape and sect ion. T he second rela tes to specific aspects of
building form such as t he plan orient a t ion, landscaping, veranda and cour tyards.

m a t er ials :
D ue to li t t le varia t ion in tempera t ure t he ma terial is non-determinant ,
bu t lightweight ma terial is preferred for i t ’s quick response.

p la n sh a p e :
A t hin plan to maximize cross vent ila t ion and to provide high levels of
na t ural light , avoiding dark areas as t his encourage mould grow t h.

sec t ion :
A n open sect ion to maximize vent ila t ion (figure 7.2).

p la n or ien t a t ion :
W indows facing prevailing breezes in summer for vent ila t ion and t he small-
est building aspect to east and west to reduce solar gain.

la n dsca p e :
Use of t ree canopy in summer to shade t he building bu t st ill allow breeze.
P rovide for hea t and glare 3 dissipa t ing plant ing.

3 G la re ca n b e fou n d from con t r ast b e t ween t he e x t erior ligh t le vels a n d t he wall su rfaces
a rou n d t he w in dow .
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F igure 7.3: In t hese colonial bungalows in Singapore t he most impor t ant func-
t ion of t he roof is to provide shade and protect t he walls, allowing skin cooling
t hrough t he use of lightweight ma terials. T he large overhangs allow t he win-
dows to be left open in case of rain, allowing vent ila t ions a t all t imes excep t in
storms. [H yde, 2000]

F igure 7.4: T he roof act ing as a parasol, protect ing t he inner spaces from sun
and rain as well as maximizing vent ila t ion below t he roof [H yde, 2000]

ver a n d as :
Verandas can provide rain and sun protect ion to walls and ex ternal space
for ex t reme hea t as well as di  used light .

cou r t ya r ds :
C our tyards provide light and vent ila t ion to deep plan buildings, t hey also
facili t a te di  used light and glare reduct ion.

In addi t ion t he main building elements are also rela ted to clima te types. R e-
sponse t act ics for t he building elements ’roof ’, ’walls’ and ’floor’ are discussed,
concluding wi t h a summary of each.

In hot humid clima tes t he desired response is to use t he roof for cooling. In
t his kind of configurea t ion t he roof acts as a parasol to simply protect t he inner
spaces from sun and rain as well as maximizing vent ila t ion below t he parasol
(figure 7.4). T he st ra tegy is to select a geomet ry t ha t fi ts airflow and funct ional
requirements of t he building design. L ightweight const ruct ion t ha t is reflect ive
and has li t t le t hermal mass is preferred as i t can cool rapidly.
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F igure 7.5: T he steeply pi tched roof of a M alay house, t he roof u t ilizes gable
vents to promote cooling. T his is illust ra ted by a sketch of t he design ap-
proach. [H yde, 2000]

For single-storey buildings in hot humid clima tes t he common st ra tegy is to
use a steeply pi tched roof, as hot air will rise. However vent ila t ion is crucial
to removing t his hea t in t he upper par t of t he roof (see figure 7.5 and 7.6).
O verhanging eaves are int roduced to reduce wind-blown rain penet ra t ion and
solar access. A s t he building increases in height t he e  ect of t he roof has to be
ex tended. T his can be achieved by set t ing walls back or by adding jack roofs or
verandas.

T he ear t h tempera t ure has an e  ect on t he tempera t ure of t he floors, par t ic-
ularly t hose adjacent or connected to i t . E ar t h has t hermal mass; connect ing
floors to t he earh means t ha t floors behave t hermally like t he ear t h. If t he floor
is shaded i ts surface tempera t ure will be similar to t he ground tempera t ure,
which is a t or below t he shade tempera t ure. R aising t he floor allows acces to
t he breeze and makes t he floor behave in correspondance wi t h air tempera t ure.
A t hick high desi ty floor reduces tempera t ure swings in t he building, while a
t hin lightweight floor does li t t le to a  ect t he fluct ua t ions in tempera t ure.

R oof :

• L ight colored to reflect solar radia t ion
• Parasol type to maximize vent ila t ion

F igure 7.6: Vent ila t ion is crucial to removing hea t in an a t t ic roof, ot herwise
back radia t ion from t he roof surface hea ts t he a t t ic air which is radia ted via t he
ceiling to t he internal air below [H yde, 2000]
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• R eflect ing foil lamina te under roof to reflect radia t ion

• M inimize area of roof lights

W alls :

• A void windows to t he east and west

• R eflect ing foil lamina te in walls to reflect radia t ion

F loors :

• L ight coloured to reflect solar radia t ion

• L ightweight eleva ted or shaded

7.3 A p plied on domes
In t his sect ion ma tching building responses to clima te modifica t ion st ra tegies
are applied on dome design. T he most impor t ant clima te modifica t ion st ra tegie
is t he promot ion of airflow. M a tching buildig responses and t heir applica t ion
on dome design are:

F igure 7.7: P rovide for openings for vent ila t ion.

F igure 7.8: R educe internal obst ruct ions of t he airflow.
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F igure 7.9: Posi t ion t he openings towards t he prevailing breeze. In case of
Inspector E a t ham east wind is prevailing.

F igure 7.10: T he applica t ion of a more steeply pi tched dome, hot air can rise
to t he upper par t of t he dome. Impor t ant is vent ila t ion of t his par t . C ross
vent ila t ion (wind driven) is probably more e  ect ive t han vent ila t ion t hrough an
opening a t t he top ( tempera t ure driven), as t here is no large di  erence between
inside and ou tside tempera t ures. O nly a t night t he opening in t he top might
provide for some cooling, during t he day however t he ent rance of sunlight should
be prevented.

F igure 7.11: For large domes, i t might be sensible to use an ellipse shaped floor
plan to facili t a te cross vent ila t ion.
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C oncerning t he minimiza t ion of hea t gain and t he maximiza t ion of shading t he
following responses can be ment ioned:

F igure 7.12: A light colored roof reflects solar radia t ion.

F igure 7.13: A t ree canopy provides shading of t he roof.

F igure 7.14: A n overhanging roof or a veranda provides shading. C oncequent ly
less sunlight is entering t hrough windows, reducing hea t gain. T he shaded floor
will t ake on t he ground tempera t ure, which is a t or below shade tempera t ure.
Par t of t he wall is shaded as well, reducing hea t gain t hrough radia t ion.
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F igure 7.15: A n example of a dome t aking several of t he ma tching building
responses into account . However t he hole in t he roof should preferably be shaded
by an eleva ted cover



A N A L Y S E S

A nalyses of stresses in both the shel l and the foundation of the Sol id Houses as
a result of di  erent load cases.
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St resses in Solid H ouse
Shells

In t his chap ter t he resul ts of t he first analyses in A NS Y S are presented. Domeshells
have been modelled in A NS Y S in order to have an insight in wha t si t ua t ions are
norma t ive and t he e  ects of changes in t he design. T he chap ter st ar ts wi t h an
int roduct ion abou t st resses in shells in general before embarking on t he analyses
in A NS Y S.

8.1 St resses in Shells in G eneral
St resses in a shell can be divided in st resses t ha t origina te from shell forces and
st resses t ha t origina te from edge dist urbances. E dge dist urbances (moments)
occur as a resul t of concent ra ted loads or where deforma t ions are limi ted by
t he geomet ry of t he st ruct ure. In case of t he Solid House Shells t his is t he
rigid connect ion between t he founda t ion and t he shell, see figure 8.1. T he
resul t ing moments cause st resses on t he inside and ou tside of t he shell. T he
moment dims wi t h t he dist ance from t he connect ion. St resses can be absorbed
by reinforcement on t he ou tside of t he cross-sect ion. However as soon as t he
concrete cracks, st resses are reduced to zero.

F igure 8.1: T he connect ion to t he founda t ion is rigid and prevents t he shell
from deforming as in most left sketch. C onsequent ly t he shell deforms as in t he
middle sketch. T he moments t ha t stem from t his edge dist urbance are shown
in t he sketch on t he right .
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F igure 8.2: Shell forces act in meridional and circumferent ial direct ion.

St resses caused by shell forces need to be absorbed by reinforcement . In A NS Y S
t hese st resses can be made visible by showing st resses in t he middle layer of t he
shell, as in t he middle layer t he st resses caused by edge dist urbances are zero.
F igure 8.4 shows t he st resses in t he ou ter layer of a dome shell, while figure 8.5
shows t he st resses in t he middle layer of t he domeshell. T he di  erence is very
small, concludingly edge dist urbances are very small.

F igure 8.3: D ist ribu t ion of st ress resul t ants over t he height of t he hemisphere.
T he dist ribu t ion of t he circumferent ial st ress n   is almost linear. T heoret hical
background in A ppendix C .1

Shell forces can be divided in two direct ions; shell forces act ing in meridional
direct ion and shell forces act ing in circumferent ial direct ion. In figure 8.2 bot h
have been illust ra ted. Forces in meridional direct ion are compression forces.
Forces in circumferent ial direct ion are compression forces or ’-rings’ in t he upper
par t and tension forces or ’-rings’ in t he lower par t of t he shell. T he t ransi t ion
of compression to tension rings occurs a t 38 degrees from t he horizont al. T he-
oret hical background can be found in A ppendix C .1.
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F igure 8.4: Shell loaded by wind and gravi ty, st resses in ou ter layer

F igure 8.5: Shell loaded by wind and gravi ty, st resses in t he middle layer
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F igure 8.6: M eridional compression forces around a rect angular and a round
opening

O penings in t he shell interrup t t he tension rings and t he meridional forces. T he
shell redist ribu tes t he forces around t he opening, resul t ing in more concent ra ted
forces, see figure 8.6. F igure 8.7 shows how t he forces in each of t he two direc-
t ions redist ribu te and cause addi t inal forces. If t he opening is a door, t he only
way for tension rings to redist ribu te around t he openings is to use t he founda-
t ion. Consequent ly a good connect ion to t he founda t ion is necessary nex t to
t he openings, ot herwise t he shell will tear from t he founda t ion.

A ddi t ional reinforcement is required to avoid tears where tension st resses have
increased. Tradi t ionally t he rebar t ha t are ’cu t away’ by an opening are com-
pensa ted by t he same amount of rebar around an opening, see figure 8.8.

O riginally t he Solid House Founda t ion is using rect angular openings for win-
dows and doors. A circular form would crea te less tension above and under
t he opening. In figure 8.9 t his is illust ra ted wi t h a simplified represent a t ion of
t he flow of t he meridional compression lines around a rect angular respect ively
circular opening.
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F igure 8.7: T he left pict ure shows how meridional compression lines are concen-
t ra ted a t t he side of t he opening and cause tension above and under t he opening.
T he pict ure on t he right shows t he redist ribu t ion of forces in circumferent ial di-
rect ion, in case t ha t t he opening is si t ua ted in t he lower area of t he shell (where
ringtension is present ). T he tension st resses are concent ra ted below and above
t he opening, a t t he sides compression forces origina te. In t he upper par t of t he
hemispere t he redist ribu t ion of t he forces in circumferent ial direct ion will be t he
same as t he pict ure on t he left t urned 90 degrees.

F igure 8.8: C ompensa te for ’missing’ rebar around t he opening

F igure 8.9: M eridional compression lines around a rect angular and a round
opening
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8.2 M o delling H em isp heres
T he model of a t hin concrete hemispherical shell has been analysed in A NS Y S.
T he shell has a t hickness of 0,1 meter and has been free meshed into ’shell-93’
elements (8 node elements). T he ma terial is t aken as linear-elast ic-isot ropic,
using and Youngs’ module 1 of 17 300 N / m m 2 and a cont ract ion coe  cient of
zero. T he model has been analysed for di  erent loads and di  erent dimensions.
T he most det ailed analyses was made of a dome of 6 meter diameter, as in t his
case a mesh wi t h an element edge lengt h of 0,1 meter could be applied wi t hou t
exceeding t he maximum number of nodes in A NS Y S. For 12 meter diameter
domes a grid of 0,4 meter has been applied. In t he plots t he contours have been
adap ted to show t he low st resses more clearly. T herefore di  erent colors are
used t han in ot her par ts of t his t hesis.

H emispher ical domeshel l, gravity load
T he maximum principal tension st ress in t he shell resul t ing from gravi ty var-
ied from 0, 035 N / m m 2 for an edge wi t h all degrees of freedom const raint to
0, 072 N / m m 2 for a ver t ically const raint edge (see figure 8.10). Bot h of t hese val-
ues have been checked wi t h a handcalcula t ion, see A ppendix C . For a 12 meter
dome t hese values vary from 0, 089 N / m m 2 to 0, 142 N / m m 2 . T hese st resses
are very low. T he tension st renght of B15 is even higher (0, 9 N / m m 2 ) [inf,
2002]. However t his value is only to give an idea of t he smallness of t he st resses,
as concrete should not be designed on tension st ress wi t hou t reinforcement . For
t he nex t t hree hemispherical models t he base edge has been const raint in all
degrees of freedom (simula t ing a ringbeam), t he react ions on t he const raints
are summarized a t t he end of t his sect ion.

H emispher ical domeshel l, wind load
A windload has been simula ted by applying a gravi ty load 2 in horizont al direc-
t ion, crea t ing a tot al react ion force of 3,4 k N . T he la t ter is t he tot al windforce
on a 6 m dome according to t he Indian St andards (see page 15). T he load
genera tes a maximum tension st ress of 0, 004 N / m m 2 and a maximum pressure
of − 0, 004 N / m m 2 . T hese occur very locally on t he inside of t he shell’s edge
(base). D isplacements are maximum 0.001 m m , which is in horizont al direct ion.

1 T he You ngs’ M o d ule is t a ken t wo t hir d of t he You ngs’ M o d ule of B 15 t o t a ke t he low
qu ali t y of t he concre t e a n d creep in t o accou n t .

2 T he horizon t al gr av i t y h as a value of 0, 255 m / s2 , crea t ing a horizon t al force of 3461 N .
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F igure 8.10: P rincipal tension st ress in middle layer as a resul t from gravi ty in
t he shell model wi t h an edge const raint in all degrees of freedom and tension
st ress as a resul t from gravi ty for a model t ha t is only ver t ically const raint a t
t he edge. T he la t ter will not occur in reali ty, bu t is used to check t he resul ts in
A nsys wi t h handcalcula t ions (See A ppendix C ). T he pict ures also illust ra te t he
impact of a const raint edge on t he st resses. St resses are clearly lower, bu t t he
tension rings wi t h t he maximum tension have moved upward as t he deforma t ion
of t he shell is const raint in t he edge.
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F igure 8.11: R eact ions of shell on ringbeam and Tensionforce T in ringbeam
caused by F x

H emispher ical domeshel l, gravity and wind load
G ravi ty load and wind load are combined in a model, calcula t ing according to
t he ul t ima te limi t st a te wi t h  g = 1, 2 and  q = 1, 5 3 . T he resul ts are only
slight ly di  erent from a load case wi t h only (ver t ical) gravi ty. M aximum val-
ues of t he principal st resses are a t t he inside and t he ou tside of t he shell edge,
amount ing to 0, 057 N / m m 2 and − 0, 132 N / m m 2 , see figure 8.12.

H emisper ical domeshel l, gravity and concentrated load
A pressure load is modelled on an area of 0, 48 × 0, 48 m 2 halfway t he top of t he
6 meter dome, crea t ing a load of  q · 1, 5 k N . C ombined wi t h gravi ty load t his
resul ts in a maximum tension st ress of 0, 053 N / m m 2 .

Load: gravi ty gravi ty and concent ra ted load gravi ty and windload
F x 981 1 000 1 058 N / m
F z 11 168 461 N / m
M z 171 175 188 N m / m

T he combina t ion of gravi ty and windload t urns ou t to be t he norma t ive si t ua-
t ion, bot h for st ress in t he ringbeam as for st ress in t he shell. T he maximum
st ress in t he shell in t his load case is 0, 057 N / m m 2 . T his is very low. Note t ha t
t he t heoret ical maximum tensile st rengt h of concrete [inf, 2002] is 0, 9 N / m m 2 .
However t his is a t heoret ical value, concrete should not be designed on tensile
st rengt h. For t his load combina t ion F z causes a shear st ress on t he connect ion
between ringbeam and shell of 0, 0046 N / m m 2 . T he maximum shear st ress of
unreinforced B15 concrete is 0, 36 N / m m 2 . T he react ion F x on t he ringbeam
causes a tension force in t he ringbeam of a · F x = 3 · 1 058 = 3, 2 k N (fig-
ure 8.11). To wi t hst and t his st ress a concrete beam would need to be a t least
3600 m m 2 , which expresses t he superflui ty of a ringbeam in t his case (if not
t aking soil condi t ions into account ).

3 T hus a p pl y ing a ver t ical gr av i t y of 11, 8 m / s2 a n d a horizon t al gr av i t y of 0, 38 m / s2 .
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F igure 8.12: P rincipal tension st ress in t he middle layer as a resul t of wind and
gravi ty load.
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8.3 M o delling S H F den k t an k design
Domeshel l with openings according to SH F design, gravity load
To have an idea of t he influence of openings on t he tension st ress in t he domes,
t he openings of t he SH F design (see A ppendix D ) have been modelled in A N-
S Y S. T his is a hemispherical dome, 9 meter in diameter on a 1 meter high
cilinder, wi t h four 1,2 meter wide openings up to 4,6 meter high. T he grid con-
sists of elements wi t h a wall t hicknes of 0,1 meter and an element edge lengt h of
0,2 meter. T he ring beam is connected to t he shell by ver t ical reinforcement .
I t is supposed t ha t t he ring beam const raints t he lower edge of t he shell in
all degrees of freedom. T his is modelled into A NS Y S wi t h a gravi ty load of
 g · 9, 8 m / s2 .

R esul t ing st ress levels in t he shell’s tension rings do

F igure 8.13: St irrups for
shear st ress caused by t he
torsional moment

not exceed 0, 2 N / m m 2 . Increased tension st ress
can be found above t he dooropenings, resul t ing
from diver t ing meridional pressure lines (as explained
in paragraph 8.1. In figure 8.14 can clearly be seen
how t he ring tension forces diver t around t he open-
ing t hrough t he founda t ion. Peak st resses wi t h a
maximum of 0, 7 N / m m 2 occur nex t to dooropen-
ings a t t he lower corners, as here t he shell’s ringten-
sion forces are concent ra ted and t ransferred on t he
ringbeam. T his can be seen in figure 8.14, show-
ing t he principal st resses t he elements t ha t are con-
nected to t he ringbeam, whi te arrows represent ing t he principal tension st ress
and blue arrows represent ing t he principal pressure. M aximum forces on t he
ringbeam can be found nex t to t he dooropenings, t he maximum nodeforce found
being and 9,8 k N / m perpendicular to t he shell in t he horizont al plane, crea t ing
a tension force of a · 9, 8 = 44 k N (figure 8.11). B ased on t he la t ter a minimum
ringreinforcement of t he beam of one rebar of 13 mm diameter would be needed.
To have an idea of t he st ress level: t he ringbeam should have a t least a cross-
sect ion of 49 000 m m 2 (230 × 230 m m 2 ) to reduce t he tension st ress below t he
maximum tension st ress of concrete [inf, 2002], however t his is only a t heoret ical
value and concrete may not be designed on tension. T he maximum torsional
moment M z on t he ringbeam can be found in t he middle between t he openings,
being abou t 323 N m / m. T he torsional moment 4 crea tes a shear st ress. If t he
cross-sect ion of t he ringbeam is smaller t han approxima tely 160 × 160 m m 2

t he maximum shear st ress exceeds t he maximum shear capaci ty of B15, being
0, 36 N / m m 2 . In t his case st irrups should be provided to increase t he shear
capaci ty (figure 8.13).

4  m a x =
 

3 + 2 , 6
0 , 4 5 + h

b

 
· M z

b 2 h w i t h a ringb ea m of 200 × 200 m m 2 t his resul ts in a m a x i mu m

shea r st ress of 0, 2 N / m m 2
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F igure 8.14: P rincipal tension st ress in t he middle layer of t he shell as a resul t
of gravi ty load in a perfora ted hemisphere wi t h a base const raint for all degrees
of freedom and a vector plot of t he principal st resses in t he elements connected
to t he ringbeam.
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F igure 8.15: T he design of t he SH F denk t ank modelled in A NS Y S

Domeshel l according to SH F design, gravity load
T he covers above t he openings (according to SH F design) are now added to t he
model, resul t ing in t he model shown in figure 8.15. T he lower edges are con-
st raint in all degrees of freedom and a gravi ty load of  g · 9, 8 m / s2 is applied.
A vector plot of t he resul t ing principal st resses can be seen in figure 8.16. T he
resul t ing principal tension st resses resul t ing from shell forces are shown in figure
8.17, t he middle layer of t he shell has been plot ted. T he plot shows how t he
st rongest tension rings are diver ted to t he founda t ion by t he openings. M axi-
mum tension st resses in t he tension rings are below 0, 2 N / m m 2 . Peak st resses
up to0, 79 N / m m 2 occur nex t to t he openings, where t he tension forces are con-
cent ra ted and diver ted to t he founda t ion. A bove t he dooropenings st ress levels
are slight ly higher t han in t he rest of t he shell, caused by diver t ing meridional
pressure lines.

If t he lower edge is const raint in all direct ions, bu t not for rot a t ion, t he resul ts
look similar (see figure 8.18). T he maximum st ress caused by t he tension ring
diver t ing to t he founda t ion (nex t to t he door openings) is wi t h 1, 0 N / m m 2

higher t han in case of a tot ally rest raint edge.
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F igure 8.16: Vector plot of t he principal st resses as a resul t of gravi ty load.

F igure 8.17: P rincipal tension st resses in middle layer of t he shell as a resul t of
gravi ty load ( t he edge is const raint in all degrees of freedom)

F igure 8.18: Tension st resses as a resul t of gravi ty load in t he model if t he edge
is only const raint in all direct ions.
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Domeshel l according to SH F design, gravity and wind load
A windload 5 of  q · 12, 1 k N is added to t he gravi ty load  g · 9, 8 m / s2 on t he
model wi t h edges const raint in all degrees of freedom. St ress levels in t he shell
increase only slight ly, bu t t he maximum ringtension st ress in t he shell st ays
below 0, 2 N / m m 2 . Peak st resses in t he lower corner of dooropenings increase
from 0, 79 to 0, 93 N / m m 2 , see figure 8.19.

R esul t ing maximum react ions on t he ringbeam
F x 11,1 k N / m M x 6 N m / m
F y 55,9 k N / m M y 607 N m / m
F z 37,2 k N / m M z 747 N m / m

T his resul ts in a maximum ringtension force of T = a · 11, 1 = 50 k N . B ased
on t he la t ter a minimum ringreinforcement of t he beam of one rebar of 14 mm
diameter would be needed. To have an idea of t he size of t his st ress, t he ring-
beam should have a t least a cross-sect ion of 56 000 m m 2 (240 × 240 m m 2 ) to
reduce t he tension st ress below 0, 9 N / m m 2 which is t he t heoret hical unrein-
forced tension st ress of B15 [inf, 2002] (however concrete may not be designed
on tension). If t he cross-sect ion of t he ringbeam is smaller t han approxima tely
215 × 215 m m 2 t he maximum shear st ress caused by t he maximum torsional
moment M z exceeds t he maximum shear capaci ty of unreinforced B15, being
0, 36 N / m m 2 . In t his case st irrups should be provided to increase t he shear
capaci ty (figure 8.13). Shear st ress between t he ringbeam and t he shell, as a
resul t of F z , amounts to 0, 37 N / m m 2 . T his needs to be absorbed by shear re-
inforcement (ver t ical rebars, socalled ’uprights’, connect ing shell and ringbeam).

To have an idea of st resses caused by moments in t he shell t he st resses in t he
ou tside and t he inside of t he shell have been plot ted in figure 8.20. T he di  er-
ence in st resses wi t h figure 8.19 are caused by moments in t he shell. St resses
due to t hese edge dist urbances will resul t in cracks on t he inside and ou tside
of t he shell. R einforcement would be most e  cient a t t he ou ter edges of t he
cross-sect ion instead of in t he middle, however t hen t he cover is very small.
Yet a crack ’ t akes away’ t he st ress and will not develop fur t her. C onsequent ly
t he shell does not necessarily need ex t ra reinforcement for st resses caused by
moments.

5 A ccor ding t o t he I n dia n S t a n d a r ds t he c y lin d rical p a r t of t he dome recei ves a horizon t al
loa d of 4,5 k N a n d t he sp herical p a r t recei ves a horizon t al loa d of 7,5 k N , w hich resul ts in
a t o t al horizon t al force of 12,1 k N ca used by w in dloa d . T he horizon t al gr av i t y is se t on
0, 5 m / s2 , w hich resul ts in a t o t al horizon t al loa d of 18,4 k N . T his is a rough a p p rox i m a t ion
of t he w in dloa d .
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F igure 8.19: P rincipal tension st resses around t he door opening caused by shell
forces (in t he middle layer) in a shell loaded by a combina t ion of gravi ty and
windload (wi t h a tot ally const raint edge).

F igure 8.20: P rincipal tension st resses around t he door opening caused by shell
forces (in t he middle layer) in a shell loaded by a combina t ion of gravi ty and
windload (wi t h a tot ally const raint edge).
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F igure 8.21: Model in A NS Y S completed wi t h opening in t he top and t he
principal st resses resul t ing from gravi ty load.

Added opening at the top, gravity and wind load
T he model is completed by modelling a 1,6 m diameter opening in t he top,
which resul ts in a pressure ring around t he opening, see figure 8.21. D ue to
a reduct ion of weight t he tension st resses in t he shell decrease slight ly. In t he
vector plot of figure 8.21 can clearly be seen t ha t t he st resses are redist ibu ted
around t he opening in t he top to form a pressure ring.

Domeshel l according to SH F design, conclusions
T he st resses caused by shell forces in t he SH F denk t ank shell ( A ppendix D ) are
so low t ha t in t heory t he shell could do wi t hou t reinforcement excep t for a rein-
forced connect ion between founda t ion and shell. However concrete may not be
designed on st ress. For safety reasons, i.e. to avoid bri t t le failure, t he concrete
needs to be reinforced. B esides, t he mor t ar would not st ick to t he pneuma t ic
formwork i tself, rebar or somet hing else is needed to prevent t he mor t ar from
sliding down.

T herefore i t is advised to build wi t h a cheaper and easier met hod of reinforce-
ment , which also decreases t he amount of mor t ar needed. A design has been
made in chap ter 10 on t he applica t ion of ferrocement on t he SH F denk t ank
design.

St resses on t he in- and ou tside of t he shell t ha t are caused by edge dist urbances
are small. B esides t hese do not need addi t ional reinforcement . C racks will oc-
cur, bu t t hese are not endanger t he st abili ty of t he shell. T he cracks could
be plastered. Most impor t ant is t ha t moist ure is prevented from entering t he
cracks and cause corrosion of t he reinforcement .
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8.4 C om par ing ca tenar ic wi t h sp her ical dome
In t his sect ion t he st resses in a spherical dome are compared to a dome wi t h
a ca tenary’s cross sect ion. T he spherical dome consists of an eight meter di-
ameter hemisphere on top of a 2 meter high cylinder, a design which t he SH F
is planning to use in A frica. T he ca tenaric dome has a base wi t h t he same
diameter and is plot ted 6 to reach t he same height as t he spherical dome; being
6 meter. T he spherical dome has a larger volume t han t he ca tenaric dome, bu t
also needs 25% more ma terial. T he shells have been free meshed into ’shell-93’
elements (8 node elements) wi t h a t hickness of 0,1 meter and an element edge
lengt h of 0,2 meter). T he ma terial is t aken as linear-elast ic-isot ropic, using and
Youngs’ module 7 of 17 300 N / m m 2 and a cont ract ion coe  cient of zero. Bot h
domes have been modelled in A NS Y S for gravi ty load and for t he combina t ion
of gravi ty and windload 8 . A fter an analyses wi t hou t openings, openings are
added to t he model. In t he plots t he contours have been adap ted to show t he
low st resses more clearly. T herefore di  erent colors are used t han in ot her par ts
of t his t hesis.

R esul t ing maximum principal tension (peak)st ress (S1), maximum react ions on
t he ringbeam (see figure 8.11) and t he tension T in t he ringbeam caused by F x
are shown in t he t ables below. A r b is t he minimal cross sect ion of a beam based
on T if no reinforcement is used. T his value is just to give an idea of t he st ress
level as in pract ise reinforcement will always be applied ( t he used maximum
tensile st ress of t he concrete of 0, 9 N / m m 2 [inf, 2002] is only a t heoret ical
value).

G ravity load

’Spher ical dome ’
S 1 0,08 N / m m 2

F x 7,4 k N / m
F y 14,9 k N / m
F z 14,9 k N / m
M x 0 N m / m
M y 2,6 N m / m
M z 2,6 N m / m
T 30 k N
A r b 183 × 183 m m 2

’ C atenar ic dome ’
S 1 0,0003 N / m m 2

F x 3,2 k N / m
F y 13,4 k N / m
F z 7,5 k N / m
M x 0 N m / m
M y 15,0 N m / m
M z 38,6 N m / m
T 12,7 k N
A r b 118 × 118 m m 2

6 T he for mula for t he ca t en a r y is y = a · cosh ( x
a ) . T he p a r a me t er a is va ried t il l t he desired

heigh t of 6 me t er is reached .
7 T he You ngs’ M o d ule is t a ken t wo t hir d of t he You ngs’ M o d ule of B 15 t o t a ke t he low

qu ali t y of t he concre t e a n d creep in t o accou n t .
8 T he w in dloa d on t he sp herical dome is defi ned accor ding t o t he I n dia n S t a n d a r ds, see

p age 15. T he t ot al horizon t al force on t he sp herical dome a mou n ts  q · 22 k N . T his force is
si mula t ed by a p pl y ing a horizon t al gr av i t y loa d of 0, 92 m / s2 , w hich is a rough a p p rox i m a t ion .
T he w in dloa d on t he ca t en a ric dome is assu med t o b e si m ila r , w hich is also a rough est i m a t ion .
A s t he ca t en a ric dome uses less m a t erial t he horizon t al gr av i t y loa d needs t o h ave a value of
1, 14 m / s2 in or der t o resul t in a horizon t al force of 33 k N on t he dome.
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F igure 8.22: R esul t ing principal tension st resses from shell forces (middle layer)
caused by a combina t ion of wind and gravi ty load in t he ca tenaric model.
St resses st ay below 0, 02 N / m m 2 .

W ind- and gravity load

’Spher ical dome ’
S 1 0,094 N / m m 2

F x 8,4 k N / m
F y 16,6 k N / m
F z 15,2 k N / m
M x 0,3 N m / m
M y 14,8 N m / m
M z 44,1 N m / m
T 34 k N
A r b 194 × 194 m m 2

’ C atenar ic dome ’
S 1 0,003 N / m m 2

F x 3,8 k N / m
F y 15,1 k N / m
F z 2,0 k N / m
M x 0,1 N m / m
M y 0,4 N m / m
M z 86,3 N m / m
T 15 k N
A r b 130 × 130 m m 2
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F igure 8.23: R esul t ing principal tension st resses from shell forces (middle layer)
caused by a gravi ty load in t he spherical model

F igure 8.24: R esul t ing principal tension st resses from shell forces (middle layer)
caused by a combina t ion of wind and gravi ty load in t he spherical model. T he
assymet ric loading is clearly visible.
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O penings are added to both models,

R esul t ing maximum principal tension (peak)st ress (S1), maximum react ions on
t he ringbeam (see figure 8.11) and t he tension T in t he ringbeam caused by F x
are shown in t he t ables below. A r b is t he minimal cross sect ion of a beam based
on T if no reinforcement is used. T his value is just to give an idea of t he st ress
level as in pract ise reinforcement will always be applied ( t he used maximum
tensile st ress of t he concrete of 0, 9 N / m m 2 [inf, 2002] is only a t heoret ical
value).

G ravity load

’Spher ical dome ’
S 1 0,28 N / m m 2

F x 8,7 k N / m
F y 17,3 k N / m
F z 15,3 k N / m
M x 0,7 N m / m
M y 42,8 N m / m
M z 51 N m / m
T 35 k N
A r b 197 × 197 m m 2

’ C atenar ic dome ’
S 1 0,03 N / m m 2

F x 3,5 k N / m
F y 14,5 k N / m
F z 0,25 k N / m
M x 0,2 N m / m
M y 0,6 N m / m
M z 47,3 N m / m
T 14 k N
A r b 124 × 124 m m 2

W ind- and gravity load

’Spher ical dome ’
S 1 0,34 N / m m 2

F x 10,8 k N / m
F y 19,8 k N / m
F z 20,5 k N / m
M x 1,4 N m / m
M y 86,6 N m / m
M z 125,3 N m / m
T 43 k N
A r b 219 × 219 m m 2

’ C atenar ic dome ’
S 1 0,10 N / m m 2

F x 5,3 k N / m
F y 21,9 k N / m
F z 2,5 k N / m
M x 0,5 N m / m
M y 1,9 N m / m
M z 153,8 N m / m
T 21 k N
A r b 154 × 154 m m 2

C onslusions

St resses in t he shell and loads on t he ringbeam are generally largest in t he spher-
ical model, excep t for t he torsional moment on t he ringbeam which is generally
much larger in t he ca tenaric dome. A s t he windload is only an approxima-
t ion t he resul ts for bot h domes in case of a combina t ion of wind- and gravi ty
load should be seen as a very rough indica t ion. C lear is t ha t t he st resses in a
ca tenaric domeshell are considerably smaller t han in t he spherical domeshell.
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F igure 8.25: R esul t ing principal tension st resses from shell forces (middle layer)
caused by a combina t ion of wind and gravi ty load if openings are added to t he
spherical model

F igure 8.26: R esul t ing principal tension st resses from shell forces (middle layer)
caused by a combina t ion of wind and gravi ty load if openings are added to t he
ca tenaric model



C hap t er 9

Fou n da t ion

In figure 9.2 can be seen t ha t t he founda t ion counts for approxima tely half of t he
const ruct ion ma terials. T herefore an analysis of t he current ly used founda t ion
and t he loads act ing on i t was done. T he resul ts can be found in t his chap ter.

9.1 L oad C ases
T he founda t ion has to be analysed for two loadcases (figure 9.1):

• Loads act ing on t he founda t ion during const ruct ion

• Loads act ing on t he founda t ion during usage

In bot h cases ground pressure has to be t aken into account . D uring const ruct ion
t he founda t ion has to counterbalance t he uplift of t he formwork . A fter t he Solid
House has been completed t he founda t ion has to absorb some shear force from
windload and t he founda t ion floor is loaded by variable floor load. A ccording
to N E N6702 t he floor should be able to absorb a load of p r e p = 1, 75 k N / m 2 .

F igure 9.1: Load cases

95
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F igure 9.2: M a terial used by SH F in Bolivia for t he const ruct ion of a 6 m dome

F igure 9.3: C onst ruct ion of t he founda t ion [M D I , 2005]

9.2 C u r rent l y used fou n da t ion
T he founda t ion is const ructed as show in t he figure 9.3. T he ring beam has to
counterbalance t he uplift of t he hemishperical formwork . In order to calcula te
t he minimum crossect ion of t he ring beam, t his load case is shown in figure 9.4.

T he anchoring force n loads t he circumference of t he founda t ion, while t he air
pressure p loads t he circular founda t ion area under t he infla ted formwork .
T herefore: n · 2 · π · r = p · π · r 2 and n = 1

2 pr

A formwork measuring 6 meter in diameter t ha t is infla ted to a pressure of
1, 5 k N / m 2 needs anchoring:
n = 1

2 · 1, 5 · 3 = 2, 25 k N / m
T he tot al uplift t hen is 2.25 · 2 · π · 3 = 42, 4 k N .

If t he densi ty of t he concrete ring beam is assumed to be 24 k N / m 3 , and a
load factor yq = 1, 5 is t aken into account , a ring beam wi t h a cross sect ion of
141 · 10 − 3 m 3 is needed (abou t 375 by 375 mm). However if floor and ring beam
are well connected t he weight of t he floor may be t aken into account , which
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F igure 9.4: T he infla ted hemispherical formwork crea tes an uplift t ha t has to
be counterbalanced by t he reinforcement ring. T he anchoring force n loads
t he circumference of t he founda t ion, while t he air pressure p loads t he circular
founda t ion area under t he infla ted formwork .

resul ts in a smaller ringbeam. T he M D I recommends a ring beam of wi t h a
cross sect ion of 200 mm and a height of 300 mm and a floor of 100 mm.

T he concrete founda t ion needs to be reinforced to absorb t he radial and cir-
cumferent ial bending st resses. Perimeter rebar (ring beam tendons) are applied
to absorb circumferent ial bending st resses in t he ring beam. T he M D I recom-
mends two 12 mm perimeter rebar to be placed a t least 80 mm o  t he ground
and 50 mm in from t he formed edge in t he ring beam. A cross pa t tern of floor
rebar is int roduced to absorb st resses in t he floor. T he M D I recommends a cross
pa t tern of 10 mm rebar 350 mm on center.

T he concrete floor has been analysed for di  erent loadcases in A ppendix B .
T he floor needs a minimum of reinforcement (0,16% in each or t hogonal direc-
t ion). E ven if higher airpressures are used, t he load case during usage is norma-
t ive. T he reinforcement will not be heavily loaded, especially when considering
lifestyle in Sri L anka. R einforcement of t he concrete will be mainly necessary
for st resses caused by tempera t ure as t he soil is said to be qui te firm 1 and t he
loads are not t ha t high. I t might even be possible to replace t he rebar wi t h a
few layers of chicken wire in t he upper par t of t he floor. B esides, as t he floor
is not of st ruct ural impor t ance, t he founda t ion could do wi t hou t a reinforced
concrete floor. T he quest ion is whet her a rammed ear t h or t ile covered floor is
accep ted.

A not her variable load on t he founda t ion after complet ion of t he const ruct ion is
windload. T he tot al wind force on a hemisphere is smaller t han on a rect angular
building and i t lacks peaks of wind pressure around sharp corners. To have a
rough idea of t he force on t he founda t ion in case of wind load t he assump t ion
is made t ha t t he resul t ing shear force will act over 1

6 t h of t he circumference of
t he dome on bot h sides. A ccording to t he Indian St andards (IS: 875) t he design
wind pressure of 1, 2 k N / m 2 will resul t in a tot al windload of 3, 4 k N on a dome
of 6 meter diameter. Taking into account a load factor yq = 1, 5, t his causes a
shear force of 2,55 k N over a lengt h of 1

6 · π · 6m wi t h a shell t hickness of 0,1 m.
T he resul t ing shear st ress is 8, 1 · 10 − 3 N / m m 2 . T he maximum shear st ress of
unreinforced concrete B15 is 0, 36 N / m m 2 , t he windload on t he founda t ion is
neglegible.

1 A ccor ding t o R i k L u rin ks w ho su p er v ised t he lay ing of t he fi rst fou n d a t ion in I nsp ec t or
E a t h a m
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F igure 9.5: P ressure of fresh concrete against t he membrane

9.3 C u r rent l y ap plied ai r p ressu re su  cient?

A ccording to H aim H eifetz working wi t h airpressures below 3 k N / m 2 ’has
proved to be very di  cul t if not impossible to cont rol t he shape, loca t ion and di-
mensions of t he former, t hese being very suscep t ible to distor t ion by t he weight
of t he applied ma terials and t he force of applica t ion as well as to t he ex ternal
influences such as varia t ions in tempera t ure, winds or t he like. In consequence,
domes produced under such condi t ions are sub ject to disintegra t ion in view of
t he development of planes of rup t ure and i t has in fact been proposed to provide
such forms wi t h expensive reinforcing rings designed to suppor t t he shell during
applica t ion and set t ing.’ [H eifetz, 1971]

H e proposes ’pressures of infla t ion of t he order of 3 to 6 k N / m 2 , which are not so
high as to require form ma terials of excep t ional st rengt h or so low as to render
di  cul t if not impossible maintenance of t he former shape against t he distor t ing
e  ect of t he weight of t he applied ma terial and against ex t raneous dist urbing
influences, such as winds, tempera t ure varia t ions or t he like.’ [H eifetz, 1971]

Pet ra van H ennik also emphasizes t ha t ’a t all t imes, sagging of t he fresh con-
crete caused by a pressure t ha t is too low has to be prevented, because t he
load-carrying behavior of t he resul t ing shape will be inferior, which can resul t
in failure.’

T he weight of t he applied fresh concrete is pressing against t he form. In t he
higher par t of t he hemisphere t his resul t ing pressure is higher t han in t he lower
par t (see figure 9.5). A s a resul t t he formwork has t he tendency to bulge ou t-
wards in t he lower por t ions and inwards a t t he top. In t he top t he pressure from
t he fresh concrete equals t he weight of t he concrete. If t he concrete would be
applied a t once in a 100 mm layer, t he air pressure would have to wi t hst and a
pressure of 2,4 k N / m 2 in t he top. In ot her words after 60% of t he concrete layer
is applied a t t he toppor t ion t he balance becomes cri t ical ( t he current ly applied
air pressure being 1,5 k N / m 2 ). T he same goes for t he concent ra ted loads of
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F igure 9.6: C ircular wall counteract ing uplift ing forces

const ruct ion workers, who, st anding on t he formwork , achieve bet ter access to
t he surface. T he N E N dict a tes to t ake 1,5 k N concent ra ted load ( to be act ing
on 1 square meter) into account for loads on roofs.

However t he membrane is minimally ex tendable and will t herefore lessen t his
deforma t ion, al t hough i t will wrinkle if t he pressure on t he top exceeds t he air
pressure. A lso t he risk of bulging is reduced by applying t he concrete in layers,
as t he M D I prescribes, not adding a layer before t he previous layer is hard to
t he touch. In case of using a pressure of 1,5 k N / m 2 t he first layer should be
t hinner t han 60 mm. A not her possibili ty would be to apply a foam or ot her
ma terial on t he balloon t ha t provides a first form-defining layer (like t he M D I
uses on t he inside of t heir shells see sect ion 4.3.3).

9.4 A l ter na t i ves

If higher air pressures are used, t he ring beam shall have to be considerably
heavier. For an air pressure of 3 k N / m 2 a ring beam of a t least 500 by 500
mm is needed for a 6 meter dome, t his would be 650 by 650 mm for a 9 meter
dome (wi t h load factor yq = 1, 5). In t his sect ion an overview can be found
of al terna t ives for anchorage, in case higher air pressures are applied. Some of
t hese have been used in pract ice already, ot hers do not seem to be of pract ical
value. T hey are grouped into 4 subsect ions. A fter present ing an al terna t ive,
disadvant ages and (potent ial) problems are listed.

9.4.1 A l ter na t i ve anchorage

Instead of const ruct ing a permanent founda t ion for t he anchorage of a load
(uplift ) t ha t is non permanent (only present during const ruct ion), t he uplift
could ei t her be anchored to a permanent st ruct ure t ha t does have a funct ion
after const ruct ion or to a temporary anchor.

P er m a nen t st r uc t u re: T he permanent st ruct ure could be a ver t ical circular
wall (figure 9.6). T he mass of t he wall counteracts t he uplift ing forces.
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F igure 9.7: A nchoring uplift ing forces wi t h groundanchors

Holes a t t he base of t he wall are used to anchor t he formwork wi t h ca-
bles, t hese holes can la ter serve vent ila t ion purposes. T he cables need to
be protected for t he concrete as t hey enter t he ex terior of t he formwork .
T he wall could be made of bricks, for example t he C ompressed St abilised
E ar t hblocks (see sect ion 6.4), which have a densi ty of approxima tely 1700
to 2200 kg / m 3 . In t he previous sect ion was calcula ted t ha t an uplift ing
force of 2,25 k N / m has to be absorbed. Taking into account a load factor
yq = 1, 5, a weight of 337,5 kilogram per meter ring (circumference) would
be neccessary to counteract t he uplift . T his would mean a wall of 250 mm
t hick and a t least 800 mm high.

• Impor t ant to note is t ha t if anot her shape t han a hemisphere is used,
t he uplift ing force resul t ant might not be ver t ical which resul ts in
horizont al forces t ha t need to be absorbed. C oncequent ly a heavier
wall will be needed.

• A lso, ring tension forces present in t he lower sect ion of t he hemi-
sphere, crea ted by dead an live load, can not be absorbed by t he wall
unless i t is qui te heav y. T herefore a reinforced ring a t t he base of t he
hemisphere (on top of t he wall) might st ill be needed.

• W hen t he formwork is pressurized, t he walls (openings a t t he bot tom
being sealed) are loaded. T his is illust ra ted in figure 9.6 for a ring
wall 250 mm t hick and 800 mm high. T he wall needs to be made
wider a t t he base (dot ted line figure 9.6) or heavier.

• A not her problem is t he fact t ha t t he formwork needs to fi t well on
t he wall, to prevent uneven loading of t he wall. T his requires accu-
ra te building.

• Tension concent ra tes around t he holes in t he formwork . If t he holes
are spaced to far apar t t he formwork might rip.

• O penings in t he ’founda t ionwall’ for doors would preferably be made
after defla t ion of t he formwork . A not her possibili ty would be to use
a i.e. sandbags to fill an opening, bu t t he opening will have to be
sealed for airflow.
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F igure 9.8: R eusable groundanchors; T he Spira-Lock A nchor and t he A merican
E ar t h A nchor, source:www. terra-lock .co.uk

G rou n d a nchor : anot her al terna t ive is to achor t he formwork wi t h reusable
ground anchors. A n example of a ground anchor can be seen in figure 9.8.
T he Spira-Lock A nchor 2 is reusable and a 600 mm can resist a ver t ical
pull force of 6 k N , al t hough ini t al rise st ar ts a t 1,4 k N . To anchor a force of
3,4 k N / m, a 600 mm Spira-Lock anchor every 400 mm would do according
to Terra-Lock Systems L imi ted. T his resul ts in 47 anchors needed for a 6
meter diameter dome.

• R eleasing t he anchors is problema t ic as t he wall of t he concrete shell
curves inwards, t here might not be enough space to screw t he anchors
ou t completely.

• T he amount of anchors t ha t has to be brought in t he ground is qui te
high, so t here is not much saving in t ime needed for anchorage. T he
fact t ha t some rocks can be found in t he soil, complica tes t he process.
B esides, a foot ing will st ill be needed for t he dome walls to even ou t
pressure on t he ground and absorb ring tension.

• T he formwork is not very evenly anchored. If t he posi t ioning of t he
anchors is not precise enough t his could lead to deforma t ion of t he
formwork , as well as concent ra t ion of tension in t he membrane.

• T hese anchors are not sui t able for sandy soils t ha t have low cohesive
proper t ies. T he soil in Sri L anka does have cohesive proper t ies, bu t
is sandy and small rocks can be found as well. A BS A laskan Inc. 3

also provides 460 mm anchors sui t able for sandy soil (see ’ A merican
E ar t h A nchor’ in figure 9.8). A round t he same amount of anchors is
probably needed. However, too li t t le is known abou t soil proper t ies
in Sri L anka to be able to tell whet her anchorage wi t h t hese anchors
is possible.

• A n ini t ial invest ment is needed. T he A merican E ar t h A nchor’s are
priced $ 26,50 a piece on t he web.

2 h t t p: / / w w w . t err a-lock .co.u k / S L I n t ro.h t m
3 h t t p: / / w w w .a bsa k .com / ca t alog / p ro d uc t info.p h p / p ro d uc ts id / 819
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F igure 9.9: Temporary eleva ted const ruct ion

9.4.2 C om plete sp here
U plift ing forces could be prevented by using a complete sphere for t he formwork .
T he sphere only needs to be kep t in place.

Te m p or a r y eleva t ed const r uc t ion: If t he sphere is infla ted on ground level,
t he par t of t he sphere t ha t is act ually used as formwork for a dome is
eleva ted. A possibili ty is to suppor t t he applied concrete on jacks. A fter
set t ing of t he concrete t he formwork can be defla ted and t he jacks can
lower t he const ruct ion to t he ground.

• A n investment in jacks needs to be made. In case of a 6 meter
diameter dome t he jacks will have to carry a weight of abou t 1400
kg.

• I t is not a very st able const ruct ion, especially if no concrete has been
applied yet and considering t he wind condi t ions in Sri L anka.

• T he suppor t st ress on t he concrete dome needs to be dist ribu ted as
evenly as possible, ot herwise t he dome might crack . E i t her a lot of
jacks are required or t he suppor ts st ress needs to be dist ribu ted by a
st i  beam, which can not be re-used (as t he dome will be on top of
i t ).

• A ll jacks need to lower t he const ruct ion a t t he same speed to prevent
uneven loading of t he concrete shell.

• H igh sca  olding will be needed to give workers access to t he form-
work’s surface.

• In sect ion 4.3.1 was ment ioned how t he formwork deforms under t he
weight of t he fresh concrete. Swelling of a complete sphere will even
be larger. T he swelling can be reduced by using a higher airpressure,
reinforcing t he ou ter horizont al circumference of t he sphere (which
is under tension) and by using a ma terial for t he membrane which is
as non-elast ic as possible.
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F igure 9.10: Permanent ly eleva ted const ruct ion

P er m a nen t l y eleva t ed const r uc t ion: A not her possibili ty is to suppor t t he
concrete t ha t is applied on t he sphere (infla ted on ground level) on a
permanent const ruct ion. A circular wal should be erected around t he
circumference of t he sphere. T he wall will have t he same height as t he
radius of t he sphere. If a lower wall is preferred t he sphere will have to be
par t ly excava ted.

• Swelling, see previous op t ion.

• D ue to t he weight of t he fresh concrete t he balloon can deform side-
ways and event ually press on t he wall. A s t he wall is not reinforced
t his should be prevented. T he ou ter horizont al circumference of t he
sphere can be reinforced to deform less under ring tension. A not her
op t ion might be to int roduce a horizont al net or open membrane in
t he middle of t he shere. T he horizont al membrane in between can
prevent swelling sideways by absorbing tension.

• F loors can only be int roduced after t he sphere is defla ted.

• A ssuming t he wall is not reinforced, i.e. made of Compressed St abi-
lized E ar t h B locks, i t can not absorb ring tension. T herefore tension
forces present in t he lower sect ion of t he hemisphere need to be ab-
sorbed by reinforcement in t he hemisphere.

• Impor t ant to note is t ha t if anot her shape t han a hemisphere is used,
t he bearing st ress resul t ant of t he concrete dome is not ver t ical and
t he wall will also experience horizont al loading. A heavier wall would
be needed.
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F igure 9.11: E xcava ted const ruct ion

E xcava t ed const r uc t ion: A not her op t ion is to dig a cavi ty in which t he lower
half of t he sphere fi ts and apply t he concrete on ground level (figure 9.11).

• T he volume t ha t needs to be excava ted equals t he volume of t he
fu t ure dome. For a dome of 6 meter diameter 57m 2 would need to
be excava ted, and la ter pu t back in place. T his requires a lot of t ime
and energy. T he cavi ty might be used as a place for storage, bu t
during monsoon wa ter will enter.

• T he concrete dome is const ructed on t he edge of t he cavi ty. If t he soil
is not st able enough, i t will move after t he defla t ion of t he balloon
due to t he weight of t he concrete dome. C onsequent ly t he concrete
st ruct ure would move as well and serious damage could occur.
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F igure 9.12: D eforma t ion of hollow elast ic membrane

F igure 9.13: St i  ened ring

9.4.3 St i  ened closed for mwor k
T he original hemispherical formwork could be made hollow, like a sphere, by
adding a horizont al membrane to t he formwork . However due to t he airpressure
t he formwork has a tendency to deform into a sphere if t he membrane would be
elast ic, see figure 9.12. However, t he membrane is made of a ma terial t ha t does
not st retch in any direct ion 4 , which limi ts t he deforma t ion. N ever t heless high
pressure could cause t he membrane to wrinkle a t t he base circumference. To
fur t her limi t deforma t ions one or a combina t ion of t he following op t ions could
be applied.

S t i  ened r i ng: A s seen in figure 9.12 t he circumference of t he base is loaded
under compression. If t his circumference is st i  ened by a base ring t he
deforma t ion will be limi ted(see figure 9.13). However, to be able to remove
t he form after t he concrete has set , t he base ring needs to be flexible as
well. T he ring could be st i  ened by wa ter pressure or i t could be made
ou t of several par ts.

• T he st i  ened ring will make t he formwork more expensive. In case of
a wa ter pressurized ring, ex t ra machines are necessary as well and t he
const ruct ion is even more dependent on elek t rici ty supply. T herefore
loose par ts will probably be more pract ical. T he investment should
be compared to t he costs of a heavier founda t ion for t he number of
domes to be buil t .

4 w w w .bingfo.nl
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F igure 9.14: St i  ened lower membrane

F igure 9.15: Loaded lower membrane

S t i  ened lower m e m b r a ne: T he bot tom of t he form could be st i  ened so
t ha t i t can resist bending st ress, resul t ing in less deforma t ion of t he form-
work(see figure 9.14). However t he bot tom needs to st ay flexible as well,
to be able to remove t he formwork ou t of t he shell after t he concrete has
set . A floor of linked elements t ha t is placed on top (and connected wi t h)
t he horizont al membrane might be a solu t ion.

• T he st i  ened bot tom will make t he formwork more expensive. T his
investment should be compared to t he costs of a heavier founda t ion
for t he number of domes to be buil t . W ha t should be t aken into
account is t he simplici ty of t his system compared to a founda t ion. I t
simplici ty reduces t he probabili ty of mist akes in t he building process.

L oa ded lower m e m b r a ne: T he ou ter ring of t he horizont al membrane could
be loaded to prevent uplift of t his par t of t he formwork . T his could be
done by stones, sandbags or wa ter filled pipes(see figure 9.15). T he ini t ial
uplift ing force will be equivalent to t he uplift calcula ted in sect ion 9.2;
3,4 k N / m circumference(including load factor yq = 1, 5). If using soil 5 ,
having a densi ty of approxima tely 15 k N / m 3 , abou t 7.3 m 3 would be
needed to load t he ou ter 0,5 meter circumference.

• A lot of ex t ra work is involved loading and unloading t he form.

• If t he pressure varies, or a slight ly higher pressure is used, t he load
could st ar t to move and t he formwork will deform.

5 Swee t wa t er b eing sca rce in I nsp ec t or E a t h a m , t he sea is a b ou t 3 k m away

F igure 9.16: R educe deforma t ion by curved bot tom
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9.4.4 E x ter ior su p p or t of closed for mwor k
T he hollow formwork as described in t he previous subsect ion could also be
suppor ted by an ou ter framework to reduce deforma t ion. T he archi tect H aim
H eifet z (see sect ion 4.3) invented t hree di  erent systems to remove t he need of
a heav y founda t ion for his high pressure formwork (4,0 - 10,0 k N / m2 ). T hese
t hree will be presented in t his sect ion. In all t hree systems t he bot tom of t he
formwork is not horizont al, bu t spherical. T he uplift of t he ou ter circumference
is counterbalanced by a force resul t ing from a suppor t ing system of t his curved
bot tom(figure 9.16).

T his can be explained by calcula t ing t he resul t ing forces in t he suppor t ing frame-
work . T he case of an upwardly (’st anding’) curved spherical bot tom and t he
resul t ing forces in i t ’s system is shown in figure 9.16. T he system can be spli t
into two par ts; a tensioned spherical membrane and a spherical membrane under
pressure(see figure 9.17). In bot h cases t he load of t he air pressure, perpendic-
ular to t he membrane, can be replaced by a ver t ical load as i t is a universal
pressure si t ua t ion .

F igure 9.17: T he system can be spli t into a tensioned spherical membrane and
a spherical membrane under pressure

Tensioned spher ical membrane P ressur ized spher ical membrane
n v 1 · 2 · π · r = p · π · r 2 n v 2 · 2 · π · r = p · π · r 2

n 1 = n v 1 = 1
2 pr n v 2 = 1

2 pr
n v . t o t = 0

si n  = r
a = n v 2

n 2
= h

r
n 2 = n v 2

a
r = 1

2 · p · a
cos  = n h

n 2
= a − h

a
n h = n 2 · a − h

a = 1
2 · p · (a − h)

n h = 1
2 · p · (a − r 2

a )

T he same rules can be applied if t he bot tom is curved downwardly (’hanging’).
In t ha t case t he horizont al force will point in t he opposi te direct ion.
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F igure 9.18: Rods system [H eifet z, 1971]

T he systems require a higher ini t ial invest ment in t he formwork . T his invest-
ment should be compared to t he costs of a heavier founda t ion for t he number
of domes to be buil t .

R o ds syst e m : T he formwork is slight ly eleva ted on a circumferent ial ring. T he
ring is connected to radially arranged rods, on which t he bot tom of t he
formwork rests. T he air pressure pushes down t he lower membrane on t he
downwardly curved rods system, tensioning t he radially arranged rods or
cables (figure 9.18 and 9.19). T he rods t ransfer t he fores to t he circum-
ferent ial ring, which is loaded on pressure. T he rods prevent t he bot tom
to deform and t herewi t h counterbalance t he uplift , crea t ing pressure in
t he circumferent ial ring. T he ring can be a permanent concrete base ring
or t he ring can be a par t of t he temporary const ruct ion, see figure 9.19.

• T he fastening of t he rods and t he membrane on a permanent ring,
makes t he design of t he permanent base ring ra t her complica ted, see
figure 9.19. A s a par t of t he temporary const ruct ion t he ring can be
re-used and requires less act ions.

• T he formwork can not be placed direct ly on t he ground ( to allow for
t he downwoard displacement of t he tensioning cables).

F igure 9.19: Rods system [H eifet z, 1971]
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F igure 9.20: A rches system [H eifetz, 1971]

F igure 9.21: Trusses system [H eifet z, 1971]

A rches: In t his system t he bot tom of t he formwork is spherical (figure 9.20).
I t is suppor ted by a system of radially arranged st ru ts, whose inner ends
are coupled to a cent ral hub and whose ou ter ends are secured to a base
ring. W hen t he formwork is filled wi t h air, t he lower membrane presses
down on t he compression st ru ts. A s a resul t t hese st ru ts press against t he
ring which is tensioned. T he ver t ical component of t he resul t ing force in
t he rods counterbalances t he uplift ing force in t he membrane, t here is no
necessi ty to anchor t he base ring to t he ground. T he base ring and t he
compression st ru ts are re-usable.

T r usses: T his system is basically t he same as t he previously described system.
T he only di  erence is t ha t t he bot tom of t he formwork is suppor ted by
t russes t ha t can absorb tension crea ted by t he airpressure on t he spherical
bot tom, see figure 9.21. C oncequent ly no heav y base ring is needed. T he
t russes are demount able, so t ha t t hey can be removed after t he concrete
dome has set .



A L T E R N A T I V E S

A s a result of research on domes in general (page 19) and analyses of the Sol id
House domes (page 71) alternatives were developed. C hapter 10 focusses on
an alternative mater ial, whi le mak ing no changes to the appl ication of the in-
flatable formwork nor to the formwork itself. However to improve issues such
as the heavy foundation and the dependency on electr ic ity, a di  erent design
of the formwork is requi red. T herefore possibi l ities for an alternative design of
the formwork are discussed in chapter 11. A l l alternatives are adaptations of
the cur rently appl ied bui lding concept; incorporating an inflatable formwork and
resulting in a domeshel l as this is within the scope of the thesis. T he alternative
suggested in chapter 10 is designed to provide the Sol id House Foundation with
proposal(s) for improved use of the ’traditional bal loons’ , whi le the alternatives
in chapter 11 have an impact on the appearance of the domes and requi re a
(sometimes high) initial investment.
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C hap t er 10

Tradi t ional B alloon, N ew
Shell

From analyses of t he shell in A NS Y S (sect ion 8.3) followed t ha t st resses in t he
Solid House shells are very low. C onsequent ly a much t hinner shell is possi-
ble and t here is no need for such heav y reinforcement as is current ly applied.
T herefore a design is made by using ferrocement as ma terial, as recommended
in chap ter 6. However t his does not solve t he issue of t he heav y founda t ion
nor t he problem of keeping t he balloon up to pressure. To solve t hese issues
adap t a t ion of t he infla t able form is necessary.

10.1 Fer rocement D esign
In sect ion 6.3 a first int roduct ion to ferrocement can be found. Ferrocement
is a sui t able ma terial for roofing because of i ts rela t ively low cost , durabili ty
and wea t her resist ance. Ferrocement can be easily shaped into domes, vaul ts,
ex t ruded type shapes, fla t surfaces or free-form areas. O ften i t is used for on-
si te-manufacure of t iles or ot her roofing elements. For example in A uroville
C i ty, Pondicherry (India) t he A robindo A shram buil t houses wi t h ferrocement
roofings in 1977. T he unsuppor ted span of t hese houses varies from 5 to 15 me-
ter wi t h ferrocement roofs 50 mm t hick a t t he most . In Sri L anka t he technique
of ferrocement is often applied for t he const ruct ion of wa ter t anks. E i t her two
layers of hexagonal mesh or one layer of square woven mesh is used. G enerally
pract ical reinforcement is applied for ferrocement st ruct ures.

Several scient ists st udied t he behaviour of ferrocement . T heir findings resul ted
in advice on t he design of ferrocement st ruct ures [N aaman, 1985] of which an
ex t ract can be found in t his sect ion.

T he design st rengt h for t he mesh reinforcement shall be based on t he yield
st rengt h f y of t he reinforcement bu t shall not exceed 690 M pa. R ecommended
design yield st rengt hs of various meshes are given in t able 10.1 and may be
used instead of test da t a.

T he area of reinforcement per layer of mesh considered e  ect ive to resist tensile
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Table 10.1: M inimum values of yield st rengt h and e  ect ive modulus for steel
meshes and bars recommended for design [N aaman, 1985]

st resses in a cracked ferrocement sect ion can be determined as follows.
A s i =  V f i A c

A s i e  ect ive area of reinforcement for mesh layer i
 global e  ciency factor of mesh reinforcement in loading direct ion considered,
see t able 10.2
V f i volume fract ion of reinforcement for mesh layer i
A c gross cross sect ional area of mor t ar sect ion

V f i = V o l u m e o f m e s h
V o l u m e o f f e r r oce m e n t s ec t i o n

= t h eo r e t i c a l t h i c k n e s s s t e e l
t h i c k n e s s m o r t a r s ec t i o n

= t o t a l k g / m 2 m e s h
d e n s i t y s t e e l · t h i c k n e s s m o r t a r s ec t i o n

= N W m
 m h

N number of mesh layers
h t hickness of ferrocement
W m uni t weight of mesh
 m densi ty of steel

10.1.1 Tension

T he nominal resist ance of cracked ferrocement elements sub jected to pure ten-
sile loading can be approxima ted by t he load-carrying capaci ty of t he mesh
reinforcement alone in t he direct ion of loading.

N n = A s f y

N n nominal tensile load resist ance in direct ion considered
A s e  ect ive cross sect ional area of reinforcement in direct ion considered
f y yield st rengt h of mesh reinforcement , see t able 10.1
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Table 10.2: R ecommended design values of t he global e  ciency factor of rein-
forcement  for uniaxial tension or bending [N aaman, 1985]

T he value of A s is given by
A s =

 n
i = 1 A s i

n number of mesh layers
A s i e  ect ive area of reinforcement for mesh layer i

10.1.2 C om p ression
T he nominal resist ance of ferrocement sect ions sub jected to pure compression
can be est ima ted as a first approxima t in from t he load-carrying capaci ty of t he
unreinforced mor t ar ma t rix assuming a uniform st ress dist ribu t ion of 0.85 f  

c ,
where f  

c is t he design compressive st rengt h of t he mor t ar mix .

10.1.3 F lex u re
T he cracking moment M r in N m / m:
M r = f b r ,0

1
6 h2

h is t he height in mm
f b r ,0 = (1, 6 − h · 10 − 3 ) f b m ,0
f b m ,0 is t he average tension st rengt h of t he concrete
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F igure 10.1: A cross sect ion’s ul t ima te moment capaci ty

T he ul t ima te moment capaci ty M u in N m / m: (see figure 10.1)
M u = N s a

N s = A s f s = N  
b because

 
H = 0

N s is t he tension force in t he mesh
A s is t he surface of mesh per meter cross-sect ion
f s = f s r e p

1
1 ,15 is t he maximum tension st ress in t he mesh

N  
b is t he pressure force in t he concrete

a = d −  x is t he dist ance between t he resul t ant pressure and t he resul t ant
tension force act ing on t he cross-sect ion
d is t he dist ance from t he reinforcement to t he edge where pressure occurs
 is a cont ant and is 0,39

x = N  
b

1000  f  
b

is t he height of t he pressure zone

 is a const ant and is 0,75
f  

b = 0, 6 f  
c k , pressure st rengt h concrete

To avoid bri t t le failure M r  M u

If t here is a normal force present t his should be t aken into account . If a tensile
force N is present:

M r = ( f b r ,0 − N
A ) 1

6 h2

N being t he tension force and A t he surface of t he cross-sect ion.
C oncludingly M r is reduced wi t h 1

6 h N

 
H = 0 so N  

b = N s + N , see figure 10.2

x = N  
b

1000  f  
b

a = d −  x
M u = ( N s − N )a + N · e
C oncludingly M u is reduced wi t h (a − e) N

If M u is reduced more t han M r , so if a − e > 1
6 h, bri t t le failure should be

checked.
To avoid bri t t le failure M r  M u
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F igure 10.2: A cross sect ion’s ul t ima te moment capaci ty when a tension force
is also present

10.1.4 Shell T hick ness, M esh C over , N u mb er of L ayers

M aximum t hickness of t he shell is advised 5 cm. T he desired volume fract ion of
steel will require so many layers of mesh in t his case, t ha t reinforcement wi t h
rebar is more e  ect ive and cheaper.

C oncerning meshes; chicken wire is best available t hroughou t t he world, and
rela t ively cheap. Square mesh performs best on impact loading. A lso, t he min-
imum value for yield st rengt h and t he e  ciency factor for square meshes are
higher. T herefore if available, most ly square mesh is applied. For a given ferro-
cement ma terial of t hickness t , t he recommended mesh opening S should not be
larger t han t . St andard chicken wire dimensions are 0,7 mm wire and 13 mm
openings.

A dvice on t he number of layers is ra t her vague. I t is generally desirable t ha t
t he number of mesh layers be not less t han two, unless a heavier mesh is used.
Some advice a maximum of 5 layers per cm and a volume fract ion of t he mesh of
maximum 8%. N aaman [B etonvereniging, 1985] suggests a number of 1,6 t imes
t he shell t hickness in cm. A minimum number of two layers is advised in most
sources. D et Norske Veri t as [B etonvereniging, 1985] advises a minimum rein-
forcement percent age of 1,75%. For a given volume fract ion of reinforcement
higher performance (not necessarily st rengt h) can be achieved by uniformly
dist ribu t ing t he reinforcement t hroughou t t he t hickness and by increasing i ts
specific surface. Impor t ant to note is t ha t local increases of t hickness of t he
mor t ar sect ion are allowed (for example t hicker rims), given t ha t t he present
reinforcement is increased as well. T his is necessary to keep t he percent age of
reinforcement up to level.

Steel cover is most ly not more t han 2 to 3 mm and ranges from 1,5 to 5 mm.
W hile for reinforced concrete t he average cover ranges between 20 to 30 mm.
I A SS 1 proposes a minimum of 4 mm on t he mesh and 8 mm on steel rods.
T he net cover of t he reinforcement should be of t he same order as twice t he
equivalent diameter of t he mesh wire or ot her reinforcement used. However,

1 I n t er n a t ion al A ssocia t ion of Shel l S t r uc t u res, Ferrocemen t Wor kgrou p [ B e t onvereniging,
1985]
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F igure 10.3: Ferrocement roofs for houses by A robindo A shram in India [Paul
and Pama, 1978]

a smaller cover is accep t able provided t he reinforcement is not suscep t ible to
rapid corrosion, t he surface protected by an appropria te coa t ing and t he crack
wid t h limi ted [N aaman, 1985]. For ferrocement elements of t hickness less t han
25 mm a cover of t he order of 2 mm has given sa t isfactory resul ts. Some sources
even propose a maximum cover of 5 mm. If skelet al reinforcement is used, i t
is recommended t ha t t he skelet al reinforcement does not occupy more t han 50
percent of t he t hickness of t he ferrocement ma terial.

A l t hough t he mor t ar of t he ferrocement is much denser t han normal concrete,
t he cover is rela t ively small. I t is advised to add ca. 300 ppm chroomt rioxide to
t he mor t ar mix t ure. T he chroomt rioxide provides ex t ra protect ion to t he steel
against corrosion. A lso, i t passiva tes elect rochemical react ions 2 in t he fresh
concrete. W hich prevents t he forming of hydrogen gas along t he surface of t he
steel rods in t he fresh concrete 3 .

2 G al va nic ac t ions occu rs w hen t wo me t als of di  eren t elec t rical p ot en t ial a re in con t ac t
w i t h each ot her . I t resul ts in a n acceler a t ed r a t e of corrosion for t he least noble of t he t wo
me t als. I n ferrocemen t , t he t wo dissi m ila r me t als a re zinc coa t ing of t he gal va nized mesh a n d
iron in t he u ngal va nized st eel reinforcemen t b a rs. T he zinc coa t ing of t he mesh is t he least
noble of t he t wo a n d w ill t hus corro de.

3 U p u n t il t he t i me t he mor t a r se ts, a la rge elec t ron cu rren t flows from t he zinc a no de
to iron ca t ho de, w here hy d rogen ions acquire elec t rons a n d for m hy d rogen a t oms, w hich is
l ib er a t ed as hy d rogen gas, along t he su rface of t he black st eel a no de.



10.2. F E R R O C E M E N T SH E L L P E R F O R M A N C E I N A NS Y S 119

10.2 Fer rocement Shell Perfor m ance in A N S Y S

To have an idea of st ress levels in a t hinner shell a ferrocement shell is designed
for analyses in A NS Y S. A hexagonal mesh (chicken wire) is chosen, being cheap
and widely available. T he shell is designed 30 mm t hick wi t h t hree layers of
chicken wire, as i t is adviced to use a minimum of two layers. T he 13 mm
mesh has a uni t weight of 0, 58 kg / m 2 and consists of 0, 7 m m diameter wire.
Parameters are defined according to sect ion 10.1.

10.2.1 P ar a meters

V f i = 3 ·0 ,58 k g / m 2

7850 k g / m 3 ·30 m m = 0, 74 % E xplanation on this parameter on page 114

From t able 10.2 and 10.1 follow  = 0, 3 and f y = 310 N / m m 2 . T he reduct ion
factor for steel is  m , s t e e l = 1, 15.

T his resul ts in a tension capaci ty of  = V f  f y
 m , s t e e l

= 0, 60 N / m m 2

T he compression st rengt h 4 of t he ma t rix is

0 .85 f  
c

 m , c o n c r e t e
= 6, 4 N / m m 2

T he Youngs’ module of t he ma t rix is calcula ted in A ppendix C .3 and amounts
to 18 000 N / m m 2 .

10.2.2 W in d an d G rav i t y load in A N S Y S

T he ferrocement shell is applied on t he dome designed by t he SH F denk t ank
( A ppendix D ). T he model is loaded by a combina t ion of wind and gravi ty
load 5 .

T he resul t ing maximum principal tension st ress in t he shell is 0, 3 N / m m 2 , wi t h
peak st resses a t t he base of t he doorjambs up to 2, 02 N / m m 2 . From t he lower
corner of t he doorjambs t his peak st ress is dropping to 0, 6 N / m m 2 wi t hin 0,2 m
in horizont al and 0,5 m in ver t ical direct ion. Slight ly higher st ress levels (max-
imum 0, 4 N / m m 2 ) were also indica ted on t he upper side of t he opening, where
t he shell is connected to t he cover. T hese resul t from t he ’pressure meridians’
spreading around t he opening, see figure 8.9. T he maximum moment can be
found a t t he rim of t he cover over t he opening t ha t is leeside from t he wind and
amounts 10,4 N m / m. T he maximum moment in t he double curved shell is 2
N m / m in all direct ions.

4  m , c o n c r e t e = 1, 2 a n d for B 15 f  
c = 9 N / m m 2

5 G r av i t y loa d a mou n t ing  g · g = 1, 2 · 9, 8 m / s2 . T he w in d loa d is mo del led as a horizon t al
gr av i t y of 1, 63 m / s2 , crea t ing a t ot al horizon t al loa d of  q · Q w = 1, 5 · 12, 1k N . T his t ot al
horizon t al loa d is b ased on t he I n dia n S t a n d a r ds for w in d loa ds on c y lin d rical a n d sp herical
st r uc t u res.
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R esul t ing maximum react ions on t he ringbeam
F x 7,2 k N / m M x 0,4 N m / m
F y 32,4 k N / m M y 56 N m / m
F z 14,2 k N / m M z 42 N m / m

F x crea tes a maximum ringtension force of T = a · 7, 2 = 32 k N . B ased on
t he la t ter a minimum ringreinforcement of t he beam of one rebar of 11 mm
diameter is needed. If t he ringbeam has a t least a cross-sect ion of 36 000 m m 2

(190 × 190 m m 2 ), tension st ress in t he cross sect ion is reduced below 0, 9 N / m m 2

( t heoret ical tension capaci ty of B15 concrete).

Shear st ress between t he ringbeam and t he shell, as a resul t of F z , amounts
to 0, 47 N / m m 2 . T he maximum unreinforced shear st ress of B15 concrete is
0, 36 N / m m 2 . A reinforced connect ion between ringbeam and shell is t hus nec-
essary to absorb shear force, apar t from t he fact t ha t reinforcement is necessary
to crea te bonding between t he founda t ion and t he shell. Per meter perimeter
a t least 40 m m 2 steel is necessary.

F y causes a maximum compression st rengt h of 1, 08 N / m m 2 which is below t he
compression st rengt h of t he ma t rix . T he shear st ress caused by t he torsional
moment M z in a 200 × 200 m m 2 ringbeam is wi t h 0, 025 N / m m 2 below t he
shear st ress of concrete.

T he maximum displacement amounts 0,6 mm.

F igure 10.4: D esign in ferrocement modelled in A NS Y S and sub jected to wind
and gravi ty load. T he contours show t he principal tension st ress in t he middle
of t he shell. T hese are st resses as a resul t of ’shell forces’. M aximum (peak)
st ress nex t to door jambs, caused by openings t ha t interrup t ringtension forces,
amount ing 2, 03 N / m m 2 . St resses resul t ing from edge dist urbances are negleg-
ible. See sect ion 8.1.
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F igure 10.5: Moment dist ribu t ion caused by concent ra ted load

10.2.3 C oncent ra ted an d G r av i t y L oad
A concent ra ted load on a shell will resul t in a moment dist ribu t ion as can be
seen in figure 10.5. T he dome needs to be accessible for maintenance. Imagine
a person st anding on one foot . T he person weighs 70 kilograms and his foot
has a surface of 130 cm 2 . T he pressure he imposes on t he surface will amount
0, 055 N / m m 2 (or M Pa). A concent ra ted load of 709 N on a surface of 129 cm 2

in combina t ion wi t h a gravi ty load of 9, 8 m / s2 is modelled on top of t he dome
in A NS Y S, which resul ts in a maximum moment of 1, 52 N m / m . T he same load
on a fla t pla te would resul t in a moment of abou t 1

8 700 = 88 N m / m .

T he ’one foot ’ concent ra ted load (709 N on a sur-

F igure 10.6: Concent ra ted
load [ V iguurs]

face of 129 cm 2 ) is successively modelled on di  er-
ent loca t ions on t he dome, combined wi t h a grav-
i tyload of 9, 8 m / s2 . In t he double curved par t of
t he shell t he resul t ing maximum moment is 1, 52
N m / m . Yet t he covers above t he openings are
only singly curved. A s a resul t t he same con-
cent ra ted load on t he rim of one of t hese covers
causes a higher maximum moment in t he shell,
amount ing 6, 76 N m / m . T he tension in t he mid-
dle layer a t t ha t loca t ion have a maximum value of
0, 16 N / m m 2 . In figure 10.7 t he st resses t ha t are
caused a t t he underside of t he shell (ou ter fibers)
by t he concent ra ted loads on t he di  ent loca t ions
is shown. I t is clear t ha t t he concent ra ted load on
t he cover resul ts in higher st resses.

A ccording to t he du tch regula t ions [inf, 2002] a roof should be able to bear a
load of 1,5 k N dist ribu ted over an area of 0, 5 × 0, 5 m 2 . T herefore t his load,
mul t iplied by  q = 1, 5, is modelled as a pressure load on t he t he rim of one of
t he covers. T he resul t ing maximum moment and principal st resses are plot ted
in figure 10.8 and 10.9 respect ively. T he maximum moment of 8,1 N m / m is
measured a t t he rim, bu t does not coincide wi t h a high tension force ( tension
st ress in t he shell’s middle layer is below 0,1 N m / m a t t his spot ).
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F igure 10.7: O n di  erent loca t ions on t he dome surface a concent ra ted load of
709 N is dist ribu ted on an area of 129 cm 2 , represent ing t he load of a person of 70
kg st anding on one foot . T he maximum resul t ing tension st ress of 1, 36 N / m m 2

occurs a t t he rim of t he covers, which are only single curved. T he pict ure shows
t he underside of t he shell. T hese st resses are t hus a combina t ion of st resses
caused by shell forces and by moments in t he shell.

F igure 10.8: A load of  q · 1, 5 is loaded on a surface of 0, 49 × 0, 49 m 2 t he rim
of one of t he covers and combined wi t h a gravi ty load of  g · g = 1, 2 · 9, 8 m / s2 .
A s a resul t a maximum moment of 8,1 N m / m can be found a t t he rim of t he
cover.
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F igure 10.9: T he principal st resses in t he middle layer of t he shell are shown
in t his vector plot . T hese resul t from t he same load combina t ion as for fig-
ure 10.8. T he loca t ion of t he load is shown wi t h red marks. D irect ly under
t he concent ra ted load pressure prevails, pressure occurs in t he curved direct ion,
maximum tension st ress amounts 0, 1 N / m m 2 . Tension prevails in t he direct ion
of t he shell in t he uncurved direct ion of t he cover. M aximum tension st ress
amounts 0, 15 N / m m 2 .
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10.2.4 B uck ling A nal yses
B y calcula t ing t he t heoret ical buckling load in A NS Y S, t he sensi t ivi ty of t he
shell to small varia t ions in t he shell t hickness and geomet ry can be checked. If
t he t heoret ical buckling load is more t han 6 t imes higher t han t he norma t ive
load case, devia t ions of t hickness and devia t ions of geomet ry of around half t he
t hickness of t he shell are accep t able.

A NS Y S approaches t his as an eigenvalue problem wi t h t he form:
[ K ](  i ) =  i [S ](  i )

W here [ K ] is t he st ruct ure st i  ness ma t rix , (  ) is t he eigenvector,  i is t he
eigenvalue and [S] is t he st ress st i  ness ma t rix . T he eigenvalue is t he mul t i-
plica t ion factor of t he load case and is increased unt il t he t heoret ical buckling
load is reached. A block shifted L anczos algori t hm is t he t heoret ical basis of t he
eigensolver. T he met hod employs an au toma ted shift st ra tegy, combined wi t h
St urm sequence checks, to ex t ract t he number of eigenvalues requested.

T he shell from t he previous sect ion is sub jected to several load cases, resul t ing in

t he following eigenvalues:

 g · g +  q · Q w  = 192, 3
 g · g + concen t r a tedloado f  q · 1500 N  = 217, 1
 g · g  = 257, 1
concen t r a tedloado f  q · 1500 N  = 260, 5

T he minimal eigenvalue t urns ou t to be much larger t han 6. Small devia t ions
in t he shells dimensions should t herefore not be a problem.
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F igure 10.10: B uckled shape of a dome under t heoret ical buckling load of loading
condi t ions  g · g



126 C H A P T E R 10. T R A D I T I O N A L B A L L O O N , N E W SH E L L

T heorethical background:
T he graph in figure 10.11 shows t he t heoret hical failure of a hemisphere under
pressure, t he upper line indica t ing t he t heoret ical buckling st ress which can be
calcula ted wi t h a fini te element package, i.e. A NS Y S, slight ly lower t he cri t ical
st ress t ha t can be determined analy t ically. T he diagram in figure 10.12 shows
t he resuls of experiments in which hemispherical shells (each having small imper-
fect ions) were loaded perpendicularly to t heir surface unt il failure [Hoefak ker
and B laauwendraad, 2005]. T he values along t he ver t ical axis indica te t he pro-
por t ion of t he cri t ical st ress. R emaining st ress after failure (durchlschlagen) has
a minimum st ress level of abou t 0, 1  c r . In t he graph examples of experiment al
values have been indica ted by dot ted lines. C oncludingly t he knockdown factor
of a shell is 6, in ot her words:  c r should be a t least 6 t imes larger t han t he
maximum applied load on t he shell to allow for imperfect ions. However t his ex-
periment was not carried ou t for ferrocement domes bu t probably for aluminium
shells, also t he pressure is perpendicular to t he surface which is not t he case for
t he ferrocement dome and t he t heoret ical buckling load is slight ly larger t han
t he cri t ical st ress. Yet t he knock down factor found for t he ferrocement dome
shell t urns ou t to be around 200, t his is so large t ha t t hese di  erences are not
significant . T he st ruct ure can be regarded safe for small imperfect ions (abou t
0,5 t imes t he t hickness of t he shell).
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F igure 10.11: T heoret hical buckling load  1

F igure 10.12: Failure of hemispheres under loading perpendicular to t he sur-
face [Hoefak ker and B laauwendraad, 2005]
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10.3 D esign for solid houses

In t his sect ion a defini t ive design of t he shell is made, based on guidelines of
sect ion 10.1 and t he ou tcomes of t he analyses in sect ion 10.2. T he first para-
graph consists of a discussion on t he shell design if a hexagonal mesh is applied,
t he second paragraph applies a square woven mesh. A n experiment has been
carried ou t by t he au t hor to check bri t t leness of t he designed ma t rix and po-
tent ial pract ical problems. T his is described in paragraph 10.3.3.

10.3.1 D efi ning Shell D i mensions

H exagonal mesh is chosen for t he design as i t is most widely available. T he mesh
has 13 mm openings, a uni t weight of 0, 58 kg / m 2 and consists of 0, 7 m m diam-
eter wire. T he tension capaci ty for di  erent combina t ions of shell t hickness and
number of mesh layers is calcula ted wi t h t he met hod described in sect ion 10.1.1
(applying safety factors).

N umber of mesh layers and shel lthickness
T hickness ferrocement shell (mm) 50 50 50 30 30 30 30
N umber of layers of hexagonal mesh 5 8 15 2 3 4 5
Tension capaci ty ( N / m m 2 ) 0,6 1,0 1,8 0,4 0,6 0,8 1,0

T he maximum tension st ress occurs as a resul t of a load combina t ion of wind
and gravi ty load, see sect ion 10.2.2, amount ing maximum 0, 3 N / m m 2 up to
0, 4 N / m m 2 above t he openings. In applica t ions of ferrocement generally ’prac-
t ical reinforcement ’ is applied. A number of two layers of mesh is most common.
To keep t he level of reinforcement ra t her high (duct ili ty) and a t t he same t ime
use a pract ical number of layers of mesh a shell t hickness of t hree cent imeters
is proposed, applying 3 layers of mesh. T he tension capaci ty of t his ma t rix will
be 0, 6 N / m m 2 , which is 1,5 as high as t he maximum tension st ress in t he shell
in ul t ima te limi t st a te of a wind and gravi ty load combina t ion.

T he same load combina t ion leads to a maximum moment of 10,4 N m / m in t he
ou ter rim of one of t he covers above t he openings and 2 N m / m in t he shell (see
sect ion 10.2.2).

Location of the mesh in the cross-section
A fter t he mesh has been applied on t he infla ted membrane 6 2 cm of mor t ar
is applied on t he surface of t he dome. W hen t he formwork is defla ted one cen-
t imeter of mor t ar is plastered on t he inside. T his is most pract ical as i t would
be di  cul t to plaster more t han 1 cent imeter on t he inside. B esides, protect ion
of t he mesh is needed more on t he ou tside and edge dist urbances are largest on
t he inside of t he shell.

T his design has a cracking moment of:
M r = f b r ,0

1
6 h2 = 424 N m / m

h = 30 m
6 C oncre t e sp acers a re not used ( t o keep dist a nce b e t ween t he mesh a n d t he in fl a t ed for m-

wor k ) as t he mesh would defor m a rou n d t he sp acers.
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f b r ,0 = (1, 6 − h · 10 − 3 ) f b m ,0 = 2, 83 N / m m 2

f b m ,0 = 1, 8 N / m m 2 for B15 concrete

A nd an ul t ima te moment capaci ty of: M u = N s a = 990 N m / m
N s = A s f s
A s = 221, 6 m m 2 / m
f s = 270 N / m m 2

N  
b = N s

a = d −  x = 11, 1 m m
d = 20 m m
 = 0, 39

x = N  
b

1000  f  
b

= 8, 9 m m
 = 0, 75
f  

b = 0, 6 f  
c k

f  
c k = 15 for B15 concrete

M u > M r so t he design is duct ile and t he moment capaci ty is much larger t han
t he maximum moment for a (ul t ima te limi t st a te) load combina t ion of wind and
gravi ty.

Moments resul t ing from a concent ra ted load are highest if t he load is posi t ioned
on one of t he cover’s rim, see sect ion 10.2.3. B u t wi t h a value of 8,1 N m / m t his
is far below t he cracking moment of t he designed shell. Tension st resses t ha t
occur in combina t ion wi t h a moment are maximum 0, 3 N / m m 2 . T his tension
st ress reduces t he moment capaci ty only slight ly; M r decreases to 379 N m / m
and M r to 935 N m / m (see page 116).

For t he calcula t ions t he proper t ies of B15 concrete have been used. However
t his is an assump t ion. If t he applied mor t ar t urns ou t to be st ronger, moment
capaci t ies increase and t he ma t rix is st ill duct ile.

Yet t he number of layers advised in [B etonvereniging, 1985], [Paul and Pama,
1978] and [N aaman, 1985] is generally higher (see sect ion 10.1.4). N aaman
suggests a number of 1,6 t imes t he shell t hickness in cm, which would mean
5 layers in case of a 3 cm t hick shell. D et Norske Veri t as advises a minimum
volumepercent age of t he mesh of 1,75 %, while t his design only applies a vol-
umepercent age of 0,74%. T his is probably caused by t he small steel cover t ha t is
normally applied to ferrocement (most ly up to 5 mm). To be sure of t he failure
behaviour and have a bet ter idea of t he mor t ar st rengt h, bu t especially to see
more of t he pract ical side of producing ferrocement , an experiment is carried ou t .

Shear
Shear st ress between t he ringbeam and t he shell, as a resul t of F z , amounts to
0, 47 N / m m 2 (see sect ion 10.2). Consequent ly a shear force of 14, 1 k N / m has
to be absorbed. A ssuming t he mor t ar ma t rix does not cont ribu te to t he shear
capaci ty, 14 ,1

350 = 40, 3 m m 2 of steel is needed per meter perimeter. A 6 mm steel
upright every 0,5 meter around t he perimeter will be su  cient . However nex t
to t he openings an ex t ra upright wi t hin 0,1 meter should be planned to absorb
st resses from tension forces, which are diver ted to t he founda t ion by t he opening.
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10.3.2 A dap t a t ion: Square Woven M esh I nstead O f H exag-
onal M esh

D uring t he complet ion of t he design and calcula t ions wi t h hexagonal mesh, in-
forma t ion was received from Tomas V iguurs 7 abou t available meshes. Square
mesh t urned to be well available as i t is often applied for t he const ruct ion of
ferrocement wa ter t anks. Most common in use is 18 gauge square woven mesh.
T his mesh has a wire diameter of 1,2 mm, openings of 10 mm and a uni t weight
of 1, 56 kg / m 2 . O ne layer of t his mesh combined wi t h a shell t hickness of 30
mm, resul ts in a tension capaci ty of 1, 3 N / m m 2 of t he ma t rix (see met hods in
sect ion 10.1.1). T he higher capaci ty origins in t he orient a t ion of t he wire 8 and
t he higher densi ty of steel per square meter mesh.

C oncerning t he moment capaci ty of a 3 cm shell wi t h one layer of square woven
mesh; M r = 424 N m / m and M u = 1206 N m / m . C oncludingly t his design
will be safe to resist t he maximum moments occuring in t he shell as a resul t
of concent ra ted loads and windloads as described in chap ter 10.2. A lso, t he
design shows duct ile behaviour in spi te of i t ’s low volume percent age of steel
(0,55 %). O ne layer may be less t han advised in li tera t ure, bu t in ’Sri L ankan’
pract ise i t is st andard for t his type of mesh and t he design is safe against bri t t le
failure. B esides, one should realise t ha t in pract ise most spots will have a cover
of 2 layers, caused by t he way t he mesh is applied, see A ppendix G step 25 to 31.

T he 18 gauge square woven mesh has a price of 1,76 $ / m 2 compared to a price
of 1,27 $ / m 2 for hexagonal mesh. T hree layers of chicken wire are t hus more
expensive t han one layer of 18 gauge square woven mesh. C oncludingly for
18 gauge square woven mesh less mesh layers needs to be applied, performance
of t he shell is bet ter on tensile st ress and impact load and t he tot al price is lower.

T herefore t he design is changed to one layer of square woven 18 gauge mesh.
However t he experiment of sect ion 10.3.3 had already been set up by t he t ime
of t his decision.

7 b ased in Sri L a n ka for t he Solid H ouse Fou n d a t ion
8 T he glob al e  cienc y fac tor increases from 0,3 to 0,5 a n d t he m ini mu m value of t he y ield

st rengt h increases from 310 t o 450 N / m m 2 . See t a b el 10.2 a n d t a b el 10.1
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F igure 10.13: G raphs of t he two sandfract ions used for t he first experiment

10.3.3 E x p er i ment
G oal of t his experiment 9 is to test mix propor t ions before prescribing t hem in
t he manual, as well as to observe wha t problems could arise in t he applica t ion
process. A s t he volumefract ion of steel in t he ma t rix 10 is below t he normally
required volumefract ion, i t is also desired to invest iga te t he failure behaviour.
If t he volume fract ion is too low, t he tension st rengt h of t he chicken wire might
not be lower t han t he tensile capaci ty of t he mor t ar, which would resul t in bri t-
t le failure, which is undesirable. T he experiment will check t he behaviour of a
fla t pla te wi t h a cross-sect ion similar to t he cross-sect ion of t he shell designed
in sect ion 10.3.1: a t hickness of 3 cm wi t h 3 layers of chicken wire loca ted a t 1
cm from t he bot tom of t he pla te will be loaded by a concent ra ted load.

F irst a mix is designed. A ll st andard cements can be used, t hough Por t land
cement is recommend. T he percent age of cement in t he mor t ar mix is much
higher t han for general purposes. T he prescribed sand-cement propor t ions vary
among t he di  erent ar t icles. A sand-cement ra t io of 2 is sui t able according to
most ar t icles. T he wa ter-cement factor should be kep t low to achieve a st rong
shell. E xperiments wi t h wa ter t anks showed t ha t for ra t io’s above 0,5 leakage
can increase ra t her rapidly. T herefore i t is advised to use a wa ter-cement factor
between 0,4 and 0,5. [B etonvereniging, 1985]

Concerning sandfract ions, advise ranges from a maximum graindiameter of 2 to
5 mm. C onsequent ly i t is decided to test two mix t ures before making a t hin
pla te. O ne wi t h a rela t ively fine sandfract ion and one wi t h a rougher sandfrac-
t ion t ha t corresponds to ’st andard sand’ used in t he N et herlands. T he graphs
in figure 10.13 show t heir grain dist ribu t ions. T he mixes are each divided over
t hree moulds of 40 mm deep, 40 mm wide and 160 mm long.

9 C a rried ou t by t he a u t hor
1 0 0,74 % or 19,3 kg st eel / m 3 concre t e
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F igure 10.14: M ix t ures wi t h two di  erent sandfract ions are tested on pressure
(left pict ure) and bending (right pict ure) capaci ty ( M P a = N / m m 2 )

F igure 10.15: Increasing pressure and bending capaci ty of t he two sandfract ions
over a number of days.



10.3. D E SI G N F O R S O L I D H O US E S 133

Table 10.3: Mor t ar mix used for t he experiment .

Subsequent ly t he two mix t ures have been tested on compression and yield
st rengt h after 1, 3 and 7 days. R esul ts can be found in figure 10.15. T he
tests show t ha t bot h t he compression st rengt h as t he bending capaci ty of t he
mor t ar is high. T he maximum applied bending moment amount ing 92 N m 11 .

Bot h grain dist ribu t ions resul ted in sui t able mixes. A s a fine grain dist ribu t ion
is easiest in applica t ion and as grain sizes in Sri L anka are expected to be small
as well, t he 2 mm mix t ure is chosen for t he product ion of t he pla tes. T he mix
can be seen in t abel 10.3.

1 1 M =  · I x
y
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F igure 10.16: P rocess of making t hree pla tes for t he experiment
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In figure 10.16 t he process of making t he pla tes for t he experiment can be seen.
A mould wi t h sides of 2 cm high is const ructed. T hree layers of chicken wire are
laid on t he bot tom, which ’represents’ t he ou tside of t he infla t able membrane.
T he chicken wire needs to be kep t under tension to prevent i t from twist ing
ou tside t he form. T his was achieved by clamping t he t hird layer of chicken wire
under t he wooden la t hs of t he mould. However t he weight of t he fresh mor t ar
would probably keep t he chicken wire in place as well. Yet i t will be pract ical
to span t he chicken wire over t he dome’s surface. T his has la ter been t aken ac-
count when making t he const ruct ion manual (see A ppendix G ). Subsequent ly
t he mor t ar is mixed according to t he propor t ions in t abel 10.3. T he mor t ar
is applied on t he chicken wire using a t rowel. T he surface is smoot hened and
covered by plast ic to prevent dehydra t ion. W hen const ruct ing a dome t he t hick-
ness of t he applied mor t ar layer should ei t her be checked by concrete spacers
(a t t ached on t he ou tside of t he wire mesh) or by randomly checking t he t hick-
ness by prot uding t he layer wi t h a marked lengt h of i.e. a st raw.

T he nex t day t he formwork is t aken apar t and t he hardened pla te of 2 cm t hick is
t urned upside down. T he mor t ar adheres well to t he chicken wire. T he smoot h
bot tom of t he mould has resul ted in a very smoot h surface. T his might prevent
t he nex t layer of mor t ar from adhering well. T he wooden la t hs of t he formwork
are a t t ached to t he bot tom of t he mould up to a height of 3 cm. T he pla te is
wet ted and a layer of 1 cm of mor t ar is applied. T he layer is smoot hed and
covered by plast ic to prevent dehydra t ion. T he day after t he wooden la t hs and
t he plast ic are removed and t he t hree pla tes are stored unt il t hey are tested. No
visible cracks developed in t he pla te. In spi te of t he high propor t ion of cement
tempera t ure st resses are apparent ly low because of t he small t hickness of t he
pla te.
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F igure 10.17: Test ing a pla te on concent ra ted load after two weeks of curing

For t he test t he pla te, measuring 550 × 550 mm, is suppor ted on 4 sides by a
steel frame wi t h a wid t h of 40 mm. T hus t he span of t he pla te is 470 mm in
bot h direct ions. T he middle of t he pla te is determined. Subsequent ly t he pla te
is loaded by a pneuma t ic jack . T he loading surface is circular and 110 cm 2 .
T wo pla tes are tested exact ly 2 weeks after t he second layer has been applied.
T he pict ures in figure 10.17 to 10.21 show t he duct ile failure of t he ferrocement .
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F igure 10.18: F irst cracks develop

F igure 10.19: G rowt h of cracks

F igure 10.20: C rack develop on upper side of pla te

F igure 10.21: Fur t her loading (pla te 2)
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F igure 10.22: T he graphs show t he resul ts of t he two pla tes t ha t were tested.
C racks develop a t t he underside of t he pla te when t he load amounts 0,51 k N m / m
for t he first pla te and 0.46 k N m / m for t he second. T he first pla te is loaded unt il
cracks have developed a t t he upper side of t he pla te as well. T he second pla te
is loaded unt il t he mesh is torn in t he cracks close to t he load surface. T he
displacement is t he displacement of t he jack , which is not exact ly t he same of
t he displacement of t he pla te i tself.

T he graphs in figure 10.22 show t he resul ts of t he test . T he force t ha t was
imposed on t he pla te has been t ransla ted to a moment wi t h t he propor t ion
M = 1

8 F for a concent ra ted load on a square pla te suppor ted on four sides 12 .
T he ferrocement displaces 2 to 4 mm unt il t he first crack develops. T he crack
leads to a sudden increase of deforma t ions and t hus a sudden decrease in force,
which can be seen in bot h graphs as a ’first dip’ in bot h graphs. Fur t her increase
of t he load increases deforma t ions. T he second dip is assumed to be caused by
a first crack in t he (underside of t he) upper par t of t he pla te, t he par t t ha t has
been concreted first . T he final dip occurs when cracks appear on t he upper side
of t he pla te. St ill deforma t ions increase. E ven after t he concrete is cracked on
bot h sides, i t is able to bear a load of a t least 50 kilograms.

1 2 T his p rop or t ion is b ased on calcula t ions of plast ic momen ts by P ierre H oogenb oom , t a k ing
t he p a t t er n of t he cr acks in to accou n t
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F igure 10.23: D ist ance ’a’ between t he resul t ant pressure and t he resul t ant
tension force act ing on t he cross-sect ion of t he pla te. a = 20 −  x and x =
f c w A c w

b  f  
b

= 2, 8 m m , t he height of t he pressure zone. Values parameters:  =

0, 39, f c w = 270 N / m m 2 , A c w = 110, 8 m m 2 , b = 500 m m ,  = 0, 75 and f  
b =

0, 6 · 47 N / m m 2 (pressure st rengt h of 2 mm mix t ure according to experiment is
applied, see figure 10.15). R esul t ing in a value of 18,9 mm for a.

T he tension st ress in t he chicken wire (cw) a t t he point of t he first crack is
determined:

 c w =

M
a

A c w
M is t he moment a t which t he first crack occurs, being 510 N m / m t hus 255 N m
for t he first pla te 13

a is t he dist ance between t he resul t ant pressure and tension force in t he cross-
sect ion, see14 figure 10.23
A c w is t he area of t he steel of t he chicken wire, amount ing 110,8 m m 2

A s a resul t  c w , t he tension st ress in t he chicken wire, amounts 122 N / m m 2

when t he first crack in t he concrete occurs. W hile 270 N / m m 2 is t he max-
imum tension st ress t ha t is allowed in t he mesh ( t he minimum value of t he
yield st rengt h is 310 N / m m 2 ). T hus there is enough tension capac ity left in the
chicken wi re at the moment of the first crack in the concrete. A moment of 649
N m / pla te or 1,3 k N m / m is needed to reach t he yield st renght of t he chicken
wire. In case of t his pla te t ha t moment corresponds wi t h a concent ra ted load
of 1039 kg on t he pla te.

Concludingly, t here need not be fear of bri t t le failure of t he ma t rix .

1 3 T he di mensions of t he pla t e a re si m plified t o 0,5 m by 0,5 m .
1 4 C heck ing calcula t ion of a: If a is a p p rox i m a t ed w i t h a = 0, 9d, d b eing 20 m m , a = 18

m m . If t he p ressu redist rib u t ion is rega r ded as a t ria ngle, so  would b e valued 1
2 a n d  would

b e valued 1
3 , a = 18,6. T hese a re b ot h close t o t he calcula t ed ’a’ in figu re 10.23.
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F igure 10.24: A concent ra ted load will cause a moment dist ribu t ion (in each
direct ion) as shown in t his figure. T he moment will dim wi t h increasing dist ace
from t he concent ra ted load.

I t is not possible to t ransla te t he quant i t a t ive capaci ty of t he pla te loaded by
a concent ra ted load to t he capaci ty of t he domeshell loaded by a concent ra ted
load. F irst of all t he pla te is not curved, secondly normal forces are hardly
present in t he pla te and t hirdly t he pla te is only ver t ically suppor ted by t he
frame while each ’element ’ of t he domeshell is rigidly suppor ted by t he sur-
rounding ’elements’. A s a resul t t he moment caused by t he concent ra ted load is
much higher in a fla t pla te t han in a double curved shell and t hus t he capaci ty of
t he double curved shell will be higher. In paragraph 10.3.1 a load of 70 kilogram
dist ribu ted over a surface of 130 cm 2 was analysed on several surfaces on t he
dome. T his resul ted in a maximum moment of 2,7 N m / m. A load of 70 kg on
a fla t pla te will resul t in a moment of 88 N m / m. T he tested pla tes are bot h
able to bear more t han five t imes t his load, t he maximum moment amount ing
460 N m / m . A s t he double curved shell will even have a higher capaci ty, i t can
assumed to be safe against concent ra ted loads. Someone can st and on top of
t he dome.

W ha t has not been t aken into account is t he st resses t ha t occur on t he upper
side of t he shell, caused by t he fact t ha t t he shell is rigidly suppor ted by i t ’s
surrounding ’shellelements’ and not freely suppor ted such as t he pla te. However
t hese st resses will be smaller t han t he ones a t t he underside of t he pla te as t he
moment dims wi t h t he dist ance from t he concent ra ted load, see figure 10.24.
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10.4 C om par ing C osts to ’ Tr adi t ional’ Solid H ouses
In t his sect ion t he costs for raw ma terials of t he t radi t ional reinforced concrete
design is compared to t he costs for raw ma terials of a ferrocement design. T he
calcula t ions in t he first paragraph are based on Sri L ankan prices, t he calcula-
t ions in t he second paragraph are based on prices in K enia.

10.4.1 B ased on Sr i L an kan P r ices an d E x p er ience
In t abel 10.4 t he costs for a concrete dome are displayed. T hese are t he costs of
t he raw ma terials cement , sand, stones, wa ter and rebar for t he 9 meter concrete
dome t ha t has been buil t in Sri L anka (see A ppendix E ). A lso, t he costs of
a ’minimum’ version of t his concrete shell are shown. T his ’minimum’ version
applies smaller rebar (6 mm) and t he shell t hickness is reduced from 120 to
70 mm. T he la t ter is based on t he fact t ha t t he st resses in t he shell are low
and consequent ly 6 mm rebar should be able to replace t he 10 mm rebar (see
sect ion 10.3.1). T he price of 6 mm rebar is 0,78 dollar a piece (lengt h 5,5 m)
compared to 2,18 dollar a piece for 10 mm rebar. T he lengt h of t he 10 mm
rebar is assumed to be t he same as t he lenght of 6 mm rebar. T he minimum
shell t hickness of 70 mm is based on a minimum cover of 30 to 40 mm on t he
ou tside and 20 mm on t he inside [inf, 2002].

A dist inct ion has been made between costs including plaster and costs excluding
plaster in order to compare bot h wi t h t he costs for a ferrocement dome. T he
surface of cured ferrocement is already smoot h, as no coarse aggrega tes are used
for t he mor t ar. T he mor t ar could be regarded as a sor t of plaster. C onsequent ly
addi t ional plastering will hardly be necessary.
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Table 10.4: T he first t abel shows t he costs of raw ma terials for a 9 meter diam-
eter reinforced concrete dome const ructed in Sri L anka, based on informa t ion
from Tomas V iguurs, Inspector E a t ham, Sri L anka (see A ppendix E ). T he sec-
ond t abel shows t he costs of raw ma terials for t he same dome in Sri L anka if
t he shell t hickness is reduced to a minimum and smaller rebar are used.
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Table 10.5: C osts of a 9 meter diameter ferrocement dome, based on informa t ion
from Tomas V iguurs, Inspector E a t ham, Sri L anka (see A ppendix E ).

In t abel 10.5 t he costs for a ferrocement dome are calcula ted. T hese are t he
costs of t he raw ma terials cement , sand, wa ter and mesh. Bot h for a design wi t h
hexagonal woven mesh (sect ion 10.3.1) as for a design wi t h square woven mesh
(sect ion 10.3.2) costs have been calcula ted based on prices in Inspector E a t ham,
Sri L anka. 25% E x t ra mesh has been calcula ted to allow for overlapping pieces
of mesh. If t he ex t ra mesh percent age is increased to 50% t he tot al costs of
(raw ma terials for a 9 meter diameter) ferrocement dome applying square wo-
ven mesh will amount 760 dollar.

In t he diagram of figure 10.25 t he tot al costs of t he di  erent op t ions are com-
pared. T he raw ma terial costs for a ferrocement dome wi t h square woven mesh
is clearly lowest in price. However a considerable improvement in costs is al-
ready possible by reducing ma terial use to a minimum, t he only quest ion is
whet her t his reduct ion in shell t hickness is feasible using coarse aggrega tes.
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F igure 10.25: G raphs displaying t he tot al costs of raw ma terials for a 9 meter
dome in Sri L anka for t he di  erent op t ions of t abel 10.4 and 10.5. T he bars
are spli t into costs for reinforcement and costs for mor t ar.

T he diagram also displays t he share of reinforcement and t he mor t ar to t he
tot al costs for each op t ion. A s t he ferrocement shells are much t hinner, costs
of reinforcement are rela t ively higher t han for t he t radi t ional building met hod
applied in Sri L anka. If hexagonal mesh is applied t he costs for reinforcement
are similar, while if square mesh is applied t he costs for reinforcement decrease
compared to t he dome buil t in Sri L anka 15 .

C oncludingly, a swi tch from ’ t radi t ional’ (as buil t in Sri L anka) to ferrocement
Solid Houses will lead to considerable savings in costs of raw ma terials, more
t han could be achieved by reducing t he shell t hickness and t he rebar size of t he
Shell. O n top of t his labour costs will also be reduced as plaster will not or
hardly be necessary. A lso, t he mor t ar will harden much faster as t he share of
cement in t he mix t ure is higher and t he shell is t hinner. C onsequent ly t he t ime
t ha t t he formwork needs to st ay infla ted can be reduced.

1 5 E ven if 50% e x t r a mesh is calcula t ed , t he costs for t he mesh a re b elow 400 $ w hile t he
costs for t he 10 m m rea b a r for t he dome in Sri L a n ka a mou n t ed t o 700$
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F igure 10.26: G raphs displaying t he costs of rebar / mesh and mor t ar of a 6
meter dome for t he di  erent op t ions of t abel 10.6

10.4.2 B ased on A fr ican p r ices an d M onoli t hic D ome in-
st i t u te

A s da t a on prices in K enia was best available a t first , t he first comparison was
made wi t h da t a from K enia. A gain t his overview is rest ricted to raw ma terial
costs of cement , sand, stones, wa ter, rebar or mesh. M ix propor t ions are based
on recommenda t ions of t he Monoli t hic Dome Insi t u te [M D I , 2005]. M ix pro-
por t ions of t he mor t ar for t he ferrocement ma t rix are based on t he mix used for
t he experiment of sect ion 10.3.3. R esul ts for a 6 meter diameter dome can be
found in t abel 10.6 and an overview is shown in t he diagram of figure 10.26.
P rice of square woven mesh was not available. In K enia t he ferrocement version
of t he dome t urns ou t to be most low-cost in raw ma terials as well.
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Table 10.6: C omparing costs of a 6 meter diameter reinforced concrete dome
wi t h a 6 meter diameter ferrocement dome, based on informa t ion from K enia
and from t he Monoli t hic Dome Inst i t u te
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10.5 For mwor k

10.5.1 D efor m a t ions For mwor k
T he 9 meter dome of t he Solid House Founda t ion consists of a hemisphere of 9
meter diameter and a cylindrical par t wi t h a diameter of 9 meter and a height
of 1 meter. A s can be seen in t he resul t ing shell in figure 10.27, t his par t of t he
formwork deforms.

In t he first place a pneuma t ic form t ha t is not spherical will ’ t ry’ to deform under
airpressure, making t he ver t ical walls bulge ou tward. T he load of fresh concrete
on top of t he dome will add to t his ’swelling’, as is shown in figure 10.28. Most
impor t ant however is t he cont ribu t ion of t he load of t he fresh concrete on t he
ver t ical par ts of t he formwork . T he formwork already bulges ou tward a bi t
because of t he ot her airpressure inside t he formwork . C onsequent ly t he resul t-
ing st ress R from t he airpressure and t he load of t he fresh concrete is directed
ou tward and downward. M aking t he form bulge, especially if airpressures are
below 3 k N / m 2 . D eforma t ions can be reduced by increasing t he airpressure bu t
also by applying less ma terial. D eflect ions are expected to be much smaller if
ferrocement is applied. However i t is advised to use as li t t le ver t ical par ts for
t he form as possible.

If accep t able from an aest het ic point of view, a ca tenaric cross-sect ion of t he
infla t able formwork could be applied (see figure 10.29). T his removes t he ver-
t ical par t of t he infla t able formwork , and t hus reduces deforma t ions. A lso, t he
mor t ar can be more easily applied on a slope t han on a ver t ical surface. T hirdly
t he resul t ing shell will be sub ject to considerably reduced st resses compared to
a spherical dome, which was analysed in sect ion 8.4. C oncludingly a ca tenaric
cross-sect ion would be a very sui t able al terna t ive.
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F igure 10.27: W hile lower meter of t he infla t able formwork was ver t ical, t he
resul t ing shell bulges ou tward [ V iguurs].

F igure 10.28: D ue to t he weight of t he concrete t he infla ted formwork deforms.
T he ver t ical par ts of t he formwork deform most as t he resul t ing st ress R is
directed ou tward and downward [H ennik , 2005].

F igure 10.29: C a tenary plot ted for a height of 5,5 meter and a base diameter of
8,2 meter, which would be sui t able for a house wi t h a first floor.
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F igure 10.30: C onnect ing t he formwork air t ight to t he founda t ion [M D I , 2005]

10.5.2 A nchorage For mwor k
T he formwork in use by t he Solid House Founda t ion has no bot tom, in ot her
words, i t is not a closed formwork . C onsequent ly t he formwork needs to be con-
nected air t ight to t he founda t ion. In figure 10.30 is shown how t his is achieved
in Sri L anka. T he connect ion will never be completely air t ight , t hus cont inuous
inflow of air is necessary. A not her disadvant age is t ha t t he required anchors are
qui te expensive and not so well available in Sri L anka. In pract ise t hey t urn ou t
not to be reusable.

T he anchors need to anchor a considerable force. If t he formwork measures 9
m in diameter and t he applied pressure is 1,5 N / mm, t he tot al uplift per meter
perimeter amounts to 1

2 · 4, 5 · 1, 5 = 3, 4 k N / m = 334 kg / m . R esul t ing in a
tot al uplift ing force of 9740 kg, which is t he reason for t he very heav y founda-
t ion of t he dome. From sect ion 10.2 follows t ha t a reinforced ringbeam wi t h a
cros-sect ion of 200 × 200 should be more t han su  cient as a founda t ion for t he
resul t ing domeshell. However a ringbeam of 200 × 200 only weighs 96 kg / m. T he
only op t ion apar t from changing t he formwork (see chap ter 11 is to temporarily
load t he ringbeam. Per meter a weight of 238 kg needs to be added. T his would
mean 5 sacks of cement per meter or 30 D u tch pavement t iles per meter. T he
30 t iles could be divided over t hree piles of 10 t iles, reaching a height of abou t
40 cent imeters. In figure 10.31 t his is illust ra ted by a sketch. T he workman
can hardly reach t he first meter of formwork . A possibili ty would be to cast
against wooden formboards t ha t are suppor ted by t he t iles. A not her op t ion is
to lay t he t iles on t he inside of t he ringbeam.

A ll in all temporary loading is a possible, bu t ra t her unpract ical solu t ion to t he
problem of t he heav y founda t ion.
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F igure 10.31: A sketch of a temporary loaded ringbeam. T he t iles need to act
as one mass wi t h t he ringbeam. E x t ra reinforcement in t he ringbeam will be
needed. T he center of mass does not lie in t he prolonga t ion of t he anchoring
force, resul t ing in a moment . Consequent ly t he ringbeam is loaded on torsion.
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10.6 C onclusions an d R ecom men da t ions
A ferrocement dome is a good al terna t ive compared to a reinforced concrete
dome. C osts of raw ma terials for t he domeshell are only 30% of t he costs of t he
domes t ha t have so far been buil t by t he Solid House Founda t ion. E ven if t he
rebar of t he reinforced concrete dome would be reduced to a smaller size and
t he wall t hickness would be reduced to a minimum, costs of a ferrocement dome
applying square woven mesh would amount 60% of t his ’minimum’ reinforced
dome. B esides, t his ’minimum’ reinforced dome might even not be feasible as
i t is very di  cul t to apply a t hin layer wi t h mor t ar which cont ains coarse ag-
grega tes. T he mor t ar mix of t he ferrocement resul ts in a smoot h plaster, as i t
cont ains only sand, cement and wa ter. T he plaster is easy to apply in t hin lay-
ers, st icks to t he mesh and dries quickly to form a smoot h surface which needs
no addi t ional plastering. T his not only saves ma terials, bu t also a lot of labour
costs. A not her advant age is t he decrease of deforma t ions of t he infla t able form-
work , as t he weight of t he ferrocement shell is much lower t han t he reinforced
concrete shell.

T he design of t he ferrocement domeshell consists of a t hree cent imeter t hick
shell. T he reinforcement is si t ua ted two cent imeter from t he ou tside of t he shell
and ei t her consists of t hree layers of chicken wire or one layer of square woven
mesh. T he square woven mesh is preferred as i t resul ts in a lower price (in Sri
L anka) and i t is less work to apply. In spi te of t he low level of reinforcement , t he
failure behaviour of ferrocement is duct ile. T his followed from t he experiment
t ha t was carried ou t by t he au t hor a t t he Stevinlab in D elft .

A dome wi t h a ca tenaric cross sect ion would be preferred above a dome wi t h
ver t ical sect ions because of deforma t ion of t he infla t able as well as st ress levels
in t he resul t ing shell. A recommenda t ion is an analyses of t he possibili t ies to
crea te suppor ts for a floor in t he domeshell.



10.6. C O N C L USI O NS A N D R E C O M M E N D A T I O NS 153

However t he building concep t incorpara tes st ill a number of impor t ant disad-
vantages :

• T he infla t able form needs to be anchored by t he founda t ion, which resul ts
in a very heav y and reinforced founda t ion (around 10 000 kg is needed for
a 9 meter diameter formwork). For t he 9 meter dome in Sri L anka 35% of
t he tot al amount of used concrete and 28% of t he used rebar were applied
in t he founda t ion. T hese raw ma terials could be reduced wi t h 85% if only
a ringbeam of 200 × 200 is applied (excluding ma terial for a floor). A s t he
infla t able formwork is not closed, bu t open a t t he bot tom t he infla t able
form i tself cannot be temporarily loaded. A temporary load could only be
applied to t he founda t ion ring. T his is a possible bu t ra t her unpract ical
solu t ion, see sect ion 10.5.2.

• T he infla t able form needs to be connected air t ight to t he founda t ion. T his
is di  cul t to achieve, leaks reduce t he air-pressure capaci ty. T he remov-
able bol ts needed are not well available and t urn ou t not to be as reusable
as t hey should be.

• T he infla t able formwork can not be closed and air leaks t hrough t he seams.
C onsequent ly t he formwork is sensible to powercu ts. A par t ly closed form-
work would t herefore already be an improvement . Some airflow will al-
ways be needed to absorb pressure di  erence due to changing clima t ic
circumst ances. B u t i t ’s dependency on power makes t he met hod expen-
sive. E lect rical power is often not available a t t he si te and t he costs to
keep a genera tor running for several consequent days is considerable.

T hese issues can only be solved by radically changing t he formwork . In t he nex t
chap ter, chap ter 11, a st udy is made on al terna t ive formworks t ha t are focussed
on solving t he issues ment ioned above.
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A N ew I n fla t able For mwor k

C urrent ly, t he loads to anchor t he infla t able formwork are norma t ive for t he
dimensions of t he founda t ion (see chap ter 9). In some cases up to 50% of t he
ma terial was used for t he founda t ion ( Bolivia), in case of applica t ion of ferroce-
ment t his percent age will be even around 70%. A n a t temp t was made to reduce
t hese anchoring loads by changing t he design of t he formwork , so t ha t less ma-
terial will ’end up in t he ground’. B esides t he possibili ty to make t he infla t able
form air t ight were invest iga ted. A n overview of analysed al terna t ives, as well
as a resul t ing proposal for a design can be found in t his chap ter. A ll ment ioned
al terna t ives are closed or par t ly closed formworks, cont rary to t he formwork
t ha t is current ly applied. B efore st ar t ing new designs for t he formwork a shor t
st udy was made on membranes in general. In A ppendix F a number of aspects
are discussed.

R elevance of ai r t ight ness

T he relevance of t he la t ter was emphasized when a t a final st age of t his research
a log of a dome buil t in K enia became available:
T here had been a lot of t rouble anchoring t he baloon in t he first place. A n-
chors are not widely available and unfor t una tely t hey can often not be re-used
ei t her (which is also t he case in Sri L anka). A fter t he anchoring was solved
t he formwork t urned ou t to be leaking. Wet sand was used inside t he airform
to make i t air t ight . A s elect rici ty is rela t ively expensive in K enia, t he builders
decided to keep t he formwork as often defla ted as possible. A cage of rebar
was const ructed, while t he formwork was only infla ted now and t hen to check
t he dimensions. D uring cast ing of t he concrete, t he form st ar ted to leak again,
bu t t his t ime i t was not possible to go insight and improve t he air-t ight ness by
wet t ing t he sand. A not her problem was t ha t t he airform did not reach t he top
of t he rebar cage, and i t was impossible to cast (see figure 11.1). T he cage was
not made t ight around t he form, t he leaking and t he sagging of t he form due to
weight of t he fresh concrete only increased t he problem. A lot of e  or t had to
be pu t in addi t ional wooden formwok to fill t he gap.

A n air t ight membrane could be infla ted by hand pump and would not need a
cont inuous flow of air to keep i t up to pressure. T hereby t he building concep t

155
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F igure 11.1: T he airform did not reach t he rebar cage in R uia, K enia [Spi t]

would not be dependent on elect rici ty, al t hough you will need a considerable
amount of t ime to infla te a large volume. A lso t he connect ion to t he founda t ion
would not need to be air t ight i tself, saving a lot of t rouble. However a t mospheric
pressures vary during t he day 0.05 - 0.1 k N / m 2 in mild clima tes, and due to
ex t reme wea t her changes i t can change 1-2 k N / m 2 wi t hin a few hours. A n air
pressure device might be needed to cont rol t he changes due to tempera t ure and
a tmospheric changes to maint ain one volume during curing.
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A lte r n a t i ves
I n section 9.4 a number of options has already been generated. To a selection

of these more ideas have been added. T he alternatives are grouped into four
sections:

• Sti  ened C losed Formwork

• I nflated Spheres Supporting Formwork

• P neus

• P neus for Roof O nly

I n each section the alternative(s) is (are) presented and an evaluation is made.
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F igure 11.2: C losed formwork loaded wi t h wa ter, to reduce deforma t ions a t
least 22 000 li ter wa ter is needed. D eforma t ions a t t he sides are compensa ted
wi t h i.e. adobe before t he ferrocement or concrete is applied.

F igure 11.3: A pressure ring will buckle if i t is not st i  enough.

11.1 St i  ened closed for mwor k

A s loads are very high, interior suppor t as ment ioned in sect ion 9.4.3 is not
feasible; to load t he lower membrane an enormous amount of ma terial would be
needed. T he ma terial is especially needed near to t he perimeter, where loads
reach 3,4 k N / m if a pressure of 1,5 k N / m 2 is applied on t he formwork of 9
meter diameter. A st andard du tch pavement t ile of 30 by 30 cm weighs 80 N .
T ha t means a pile of a t least 43 t iles every meter would be necessary...which
is very unpract ical. N ei t her is a st i  ened (pressure-)ring an op t ion, i t would
buckle (see figure 11.3) unless i t is very heav y which is unpract ical for system
t ha t needs to be demount able.

Loading t he lower membrane wi t h wa ter would ask for a t least 10 000 li ter of
wa ter to compensa te t he 9740 kg uplift for a 9 meter diameter formwork under
1,5 k N / m 2 air pressure. T his corresponds wi t h 16 cent imeters of wa ter in t he
formwork . However a t t he sides t he loads on t he membrane are concent ra ted,
t he lower membrane will be lifted as wa ter is not a st i  mass such as a reinforced
concrete floor. Consequent ly a wa terheight of a t least 35 cm would be needed
to reduce deforma t ions to an accep t able level. T hese deforma t ions could be
compensa ted for wi t h i.e. sand or adobe formwork around t he perimeter (see
figure 11.2). In tot al a t least 22 000 li ter would be needed. T he wa ter could be
reused for several domes. However t he wa ter will evapora te, causing t he dome
to deform in t he process, addi t ional wa ter will be needed. T he dependency on
a wa ter pump and t he scarci ty of wa ter (in Sri L anka) are disadvant ages.

T his leaves t he ex terior ( temporary) suppor ts as invented by H eifet z (sect ion
9.4.4) to st i  en t he closed formwork . O f his designs, t he systems ’arches’ and
’ t russes’ in figure 11.4 are most pract ical in use, for explana t ion on t hese designs
see sect ion 9.4.4. T he system should ei t her be made in t he N et herlands and be
as lightweight as possible, or i t should be produced locally. In t ha t case t he
design should be simplified as much as possible. However even if simplified t he
ma terials and techniques needed for t he system are qui te complica ted, especially
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F igure 11.4: L eft t he ’arches’ design and right t he ’ t russes’ design of
H eifet z [H eifet z, 1971]

as i t needs to be demount able.

To have an idea of t he amount of ma terials needed and t he costs involved, t he
design ’arches’ is fur t her analysed for a dome wi t h a 9 meter diameter base and
for t he case t ha t t he lower membrane is suppor ted by 6 elements and reaches a
maximum height of x = 1 meter.

In figure 11.5 t he loads on t he st ruct ure are shown and simplified into separa te
elements. A s x = 1 meter, a = 10 meter (see 9.17). W i t h p = 1, 5 k N / m 2 ,

R = 1
2 pa · 1

6 π2r = 35 k N
q R = 1

2 pr = 3, 4 k N / m
V R = 1

2 pr · 1
6 π2r = 16 k N

H R = 1
2 p(a − r 2

a ) · 1
6 π2r = 28 k N

T = q r  2r  1
2 = 27k N

To absorb t his load in t he tension ring t here is not much steel needed, abou t
115 N / m m 2 . T he load is not norma t ive.

T he ver t ical load case on t he tension ring ( A ), see middle figure in 11.5, is
simplified as a st i  suppor ted. A beam on several suppor ts would be more ap-
propria te, assuming t he ring’s par ts are well connected, bu t t he st i  suppor t
produces a slight ly larger maximum moment . A s i t is more pract ical and on t he
safe side, t he moment is calcula ted based on a st i  suppor t:
M = 1 / 12q R ( 1

6 π2r )2 = 6, 3 k N m

A rect angular sect ion wi t h a height of 100 mm, a wid t h of 50 mm and a wall
t hickness of 4 mm and I z z = 141, 79 · 104 m m 4 could be used for t he ring.
C oncludingly t he deflect ion has a value between:
(St i  suppor t ) w = 1

384
q R l 4

E I = 14 m m
( H inged suppor t ) w = 5

384
q R l 4

E I = 73 m m

T he maximum moment in one of t he arches ( B ) will be around 24 k N m. A n
I-sect ion wi t h height 100 mm, wid t h 40 mm and wall t hickness of 5 and 10
mm will have a deflect ion of 0,6 meter if modeled as a st raight beam on hinged
suppor ts, loaded by a varying dist ribu ted load. In reali ty t he deflect ion will be
smaller because i t is not a st raight beam, bu t an arch.
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F igure 11.5: Loads on t he ’arches’ system of H eifet z in case t he lower membrane
is suppor ted by 6 elements, t he model is simplified into separa te elements and
t heir loads.
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T his rough est ima t ion of needed dimensions for t he di  erent par ts of t he st ruc-
t ure is calcula ted to kilograms of steel. T his resul ts in a weight of 518 kilograms
of steel, excluding connect ions. T he current ly used membranes for a 6 meter,
a 9 meter or a 12 meter diameter dome weigh respect ively 60-90, 120-150 and
210-240 kilograms. C oncludingly, ini t ial costs would be considera tely increased
by t he const ruct ion and t he t ranspor t of t he suppor t ing system. 1

To decrease dependency on elect rici ty a rubber over sized in-

F igure 11.6:
Steel sect ion

fla t able could be inst alled between t he upper and t he lower
membrane. T he system could t hen be infla ted by handpump
and air cont rol is only necessary for changes in wea t her condi-
t ions.

11.1.1 E x ter ior su p p or t of closed for mwor k ,
C onclusions
T he ex terior suppor t ing systems of H eifet z are re-usable and e  ect ive in t heir
purpose to reduce t he weight of t he founda t ion. However t he system is probably
too complica ted to be produced locally. A par t from t he product ion costs t he
system increases weight of t he ’const ruct ion package’ of a 9 meter balloon by
more t han 4,5 t imes. So not only ini t ial invest ment is higher, bu t t ranspor t a-
t ion costs increase considerably as well. T he system could reduce t he current
founda t ion to a ringbeam of 200 × 200 m m 2 , which means saving 85% in ma-
terials in t he founda t ion. For concrete ma terial only (excluding rebar costs)
t his would mean a cost reduct ion of $ 700 per dome 2 . T hese domes lack a
concrete floor. T he floor could be made of t iles or rammed ear t h, or a t hin layer
of unreinforced concrete if cracks are not a problem. In case of a large pro ject
t he costs of t ranspor t and product ion of t he system should be compared wi t h
t he number of domes to be build t imes t he cost reduct ion in ma terials per dome.

1 A lu m iniu m h as a 35% lower u ni t m ass, b u t i t ’s st i  ness is onl y a t hir d of t he st i  ness of
st eel a n d t he t ensi le st reng t h onl y 20% of t he t ensi le st rengh t of st eel. A s t he st i  ness of t he
elemen ts is i m p or t a n t in t his design , t he replacemen t of st eel by alu m iniu m is p rob a bl y not
a n i m p rovemen t .

2 C alcula t ed w i t h p rice-d a t a from K enia , see sec t ion 10.4.2
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F igure 11.7: L arge reusable poly vinyl balloon (www.sou t hernballoonworks.com)

11.2 I n fla ted Sp heres Su p p or t ing For mwor k
Spheres do not deform under air pressure. A spherical membrane can be
equipped wi t h an air t ight ’inner sphere’, for example a reusable poly vinylballoon
(see figure 11.7). T his allows t he spherical membrane to be sub ject to higher
pressures and t he seams of t he membrane need not be air t ight . In t his sect ion
membranes are discussed t ha t are suppor ted by an infla ted spherical form. In
sect ion 9.4.2 several ideas pu t forward t ha t direct ly use infla ted spheres as
formwork in combina t ion wi t h a brick wall. A s t he Solid House Founda t ion
prefers to work wi t h one const ruct ion met hod, t he possibili ty of suppor t ing a
membrane wi t h a spherical formwork is analysed first in t his sect ion. In sect ion
11.4 t he use of complete spheres or similar forms for const ruct ion of par t of t he
dome are fur t her discussed.

11.2.1 I n fla ted Sp here wi t h Tensioned Sk i r t

If a ’skir t ’ is a t t ached to t he membrane, like in figure 11.8, t he skir t can be
pu t under tensile st ress in order to suppor t t he fresh concrete. T he resul t ing
shape approxima tes t he ca tenary, as shown in figure 11.9. However t he lower
par t of t he form, t he skir t t ha t is kep t in shape by tension, is only curved in
one direct ion. T his decreases t he st i  ness of t he resul t ing shell in t his par t , bu t
i t is very pract ical for t he product ion of moulds for windows and doors.

To know more abou t t he feasibili ty of t his design, t he tensile st ress t ha t is
needed to keep t he ’skir t ’ in shape is calcula ted. T he calcula t ion is based on t he
equa t ion N = q R , which is explained in figure 11.10. T his is act ually a formula
for cables; for elements st retched in only one direct ion. T he ’skir t ’ will also be
tensioned in circumferent ial direct ion and t herefore deflect ions will be slight ly
smaller t han is calcula ted here. Not t aken into account is t he deforma t ion of
t he sphere as a resul t of t he weight of t he fresh concrete. T he sphere will fla t ten
a bi t a t t he top and bulge a t t he sides. T his e  ect could decrease t he tension
of t he ’skir t ’ and t herefore increase deforma t ions (see figure 11.12).

n = qp R , see figures 11.10 and 11.11
n is t he tension force needed per meter circumference a t t he base to prevent
deflect ion w, t hus n is t he anchoring force needed
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F igure 11.8: Infla ted sphere wi t h tensioned skir t

F igure 11.9: C ompare t he cross-sect ion of a sphere wi t h tensioned ’skir t ’ wi t h
a ca tenary
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F igure 11.10: B ased on ver t ical equilibrium: 2 · N V = q · x , N V = N si nd  =
N · d  , x = 2 · d  R , 2 · N · d  = 2 · d  · R , N = q · R

F igure 11.11: qp = b
a · t · 2426 kg / m 3 · 9, 8 m / s2 R = 1

8
l 2

w + 1
2 w
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F igure 11.12: T he load component q n (k N / m 2 ) of figure 11.11 is causing a uni-
form dist ribu ted load q n t o t (k N / m circumference)on t he spherical membrane.
T he load resul ts in addi t ional tension in t he upper par t of t he spherical mem-
brane. D epending on t he pressure level of t he sphere, t he sphere will deform.
T he deforma t ion may decrease tension (and t hus increase deflect ions) in t he
‘skir t ‘.

qp depends on t he t hickness of t he ferrocement layer and t he steepness of t he
’skir t ’ as is shown in figure 11.11, qp = b

a · t · 2426 kg / m 3 · 9, 8 m / s2 , qp is act ually
a pressure as i t is a uniform dist ribu ted load on a st rip of 1 meter wide
R depends on t he deflect ion w as is shown in t he same figure, R = 1

8
l 2

w + 1
2 w

For a sphere of 6 meter diameter, and t he following dimensions of t he skir t:
a = l = 3,5 meter
b = 0,5 meter
t = 0,03 meter
T he maximum w allowed is 30 mm:

qp = 0, 1 k N / m 2

R = 51 m
n = 5, 1 k N / m

In sect ion 9.2 was calcula ted wha t force needs to be absorbed by t he founda t ion
to anchor t he infla ted formwork . For a dome wi t h a diameter D = 6 meter t his
amounted:
n = 1

2 · p · 1
2 · D = 2, 25 k N / m

C oncludingly, an even heavier founda t ion is needed to keep a ’skir t ’ wi t h t hese
dimensions in shape t han for t he current formwork . To arrive a t a similar force
n of 2,25 k N / m wi t h t = 0,03 m, l = 3,5 m and w m a x = 30 mm, b should be reduced
to 0,21 meter.

O n top of t ha t t he load q n has not been t aken into account yet . A s long as t he
mor t ar is fresh i t will not suppor t i tself bu t st ick to t he chicken wire and t he
membrane. In a st andard single membrane, deforma t ions will occur as described
in sect ion 10.5. In t his case t he force q n pulls down and causes a load q n t o t
on t he spherical membrane (see figure 11.12). T he upper par t of t he spherical
membrane receives an addi t ional tension load which resul ts in deforma t ions.
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F igure 11.13: A ’donu t ’ infla t able to reduce t he lengt h l ( = a). T he second
sketch shows how an increasing diameter of t he donu t has more influence on b
t han l.

T he deforma t ions may even resul t in a relaxa t ion of t he tension in t he ’skir t ’
(see ∆ a , figure 11.12), which would cause a larger deflect ion of t he skir t .

U nless some adap t a t ions are made to t his al terna t ive i t is useless, as t he amount
of founda t ion required is similar and t he deflect ions are higher t han t he current
building concep t .

A first adap t a t ion t ha t was analysed, is t he addi t ion of a donu t-shaped infla t able
membrane, see figure 11.13. T his ’donu t ’ can suppor t t he ’skir t ’, reducing t he
lengt h a and l. W i t h increasing diameter of t he ’donu t ’ t he lengt h l is fur t her
reduced. However b increases too and faster t han l, so i t does not improve t he
al terna t ive.

If b = 0, deforma t ions are t heoret ically 0, bu t hanging t he reinforcement and
applying t he mor t ar on a ver t ical wall is very unpract ical. T he mor t ar will have
t he tendency to slide down and also t he weight of t he fresh mor t ar against t he
walls will cause a considerable load on t he spherical membrane.
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F igure 11.14: T he ’skir t ’ st i  ened by la t hs or by infla ted t unnels

11.2.2 I n fla ted Sp here wi t h St i  ened Sk i r t

A n a t temp t is made to st i  en t he ’skir t ’ wi t h demount able wooden la t hs (figure
11.14). L a t hs of 6 × 6 cm would have a maximum deflect ion of 2,1 cm if t he
dimensions of t he skir t are as in sect ion 11.2.1 and t he la t hs are maximum 1
meter apar t . T he membrane would st ill have to span a meter and would need
a tension of a t least 0,4 k N / m in circumferent ial direct ion if deflect ions should
be smaller t han 3 cm.

T he la t hs complica te t he design of t he infla t able, t here need to be holes in t he
’skir t ’ or st rings a t t ached to be able to temporary fasten t he la t hs. A lso la t hs
of t he right size have to be found on loca t ion. T he membrane of t he skir t is no
longer curved in one direct ion, bu t fla t . T his considerably decreases t he st i  -
ness of t he shell. D eflect ions even cause curva t ure t ha t is disadvant ageous to
t he shell’s st i  ness.

A not her op t ion is to st i  en t he skir t wi t h air infla ted t unnels, see figure 11.14.
T he skir t now has a ribbed ou ter membrane. T he ribs cont ribu te to t he st i  ness
of t he resul t ing shell. If desired t he ou ter surface of t he shell could be made
smoot h, while t he inside keeps a ribbed surface.

Frank B raam [B raam, 2000] tested infla ted t ubes on deflect ions when loaded
by a uniform dist ribu ted load, see figure 11.28. T he infla ted t ube had a span
of 3 meter, a diameter of 0,3 meter and was infla ted to an air pressure of 250
mbar. T he dimensions of t he skir t in sect ion 11.2.1 lead to a load perpendic-
ular to t he membrane’s surface of qp = 0, 1 k N / m 2 , t he span is 3,5 meter (see
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F igure 11.15: T he ’skir t ’ st i  ened by airpressure and t he similari ty in shape
wi t h a ca tenary

figure 11.11). Frank’s infla ted t ube has a deflect ion of 12 mm when loaded by
Q = 3meter × 0, 3meter × 0, 1k N / m 2 = 110 N . A s t he lengt h of t he span of t he
skir t is abou t 1,2 t imes larger t han t his t ube, t he deflect ion will be 1, 24 = 1, 9
t imes larger. B ecause of second order e  ects deflect ions will probably be even
larger. A lso, deflect ions caused by q n have not yet been t aken into account , see
page 166.

D eflect ions are accep t able of t his al terna t ive, however t he design of t he mem-
brane is very complica ted. If an air pressure of 250 mbar is to be allowed in t he
t ubes, a more air t ight and st ronger membrane and seams are necessary or an
inner t ube has to be used to guarantee air t ight ness. T he skir t does not need to
be heavily anchored as t he one in t he la t ter sect ion, which is a big advant age. A
disadvant age is t he fact t ha t t he membrane is less st i  t han a single pressurized
membrane, so t ha t i t is more di  cul t to apply t he concrete.

11.2.3 I n fla ted Sp here wi t h Sk i r t u n der P ressu re

A not her way to st i  en t he skir t is to use air pressure. A disadvant age is t ha t
t he connect ion of t he membrane to t he founda t ion st ill needs to be air t ight , like
t he current ly applied membrane. However t hanks to t he sphere only a par t of
t he membrane needs to be suppor ted by air pressure. If a lower level of air
pressure is needed, less founda t ion to st abilize t he anchoring forces is needed as
well.
C onsider t he graph in figure 11.15. For K enia t he SH F would prefer a dome
wi t h a height around 5,5 meter and a base diameter of abou t 8 meters. In t he
graph of figure 11.15 a ca tenary is plot ted in t hese dimensions (in black). If a
skir t is a t t ached to an infla ted sphere for t hese dimensions i t will look like t he
yellow line. A n advant age of a singly curved base (’skir t ’) is t ha t i t makes t he
moulds for windows and doors a lot easier. However a double curved surface
is st i  er. A ir pressure enables t he product ion of double curved surfaces. So if
t he ’skir t ’ is suppor ted by air pressure i t could curve according to t he ca tenary
in figure 11.15. A s proven in sect ion 5.1 t he fla t tened top of t he cross-sect ion
compared to a ca tenary is act ually advant ageous.
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T he slope of a double curved skir t is least steep a t t he top. T he angle of t he
skir t wi t h t he horizont al will t hen be abou t 60 degrees. If t he dimensions of
t he skir t in t he graph of figure 11.15 are t aken and t he t hickness of t he ferro-
cement layer (wi t h a densi ty of 2426 kg / m 3 ) is assumed 0,03 m, t his resul ts
in a qp = 0, 46 k N / m 2 . C oncludingly t he airpressure needs to be a t least
qp = 0, 42 k N / m 2 , causing a anchoring force of 1

2 pr = 0, 84 k N / m perimeter.
T his would have to be anchored by a weight of a t least 84 kilograms per meter,
which corresponds wi t h a minimum concrete cross-sect ion of 190 × 190 mm.

T he slope of t he single curved skir t of figure 11.15 has an angle wi t h t he hor-
izont al of 70 degrees. W i t h t he same dimensions of t he ferrocement layer, t his
resul ts in a qp = 0, 26 k N / m 2 . C oncludingly t he airpressure needs to be a t least
qp = 0, 26 k N / m 2 , causing a anchoring force of 1

2 pr = 0, 52 k N / m perimeter.
T his would have to be anchored by a weight of a t least 52 kilograms per meter,
which corresponds wi t h a minimum concrete cross-sect ion of 150 × 150 mm.

T he current anchoring force on t he founda t ion amounts 3 k N / m for a dome
wi t h a base diameter of 8 meter (see sect ion 9.2). W hich resul ts in a heav y
founda t ion, in concrete t his corresponds wi t h a minimum concrete cross-sect ion
of 360 × 360 mm. A ccording to analyses of loads during usage in sect ion 10.2,
a ringbeam of 200 × 200 would be su  cient .

I t can be concluded t ha t t his design of t he membrane does not require a heavier
founda t ion t han needed for loads during usage of t he dome. T his represents a
considerable saving of ma terial for t he founda t ion (abou t 85%). However t he
connect ion of t he membrane’skir t ’ to t he founda t ion st ill needs to be air t ight
and also t he design is dependent on elect rici ty to keep t he pressure under t he
’skir t ’ on a required level. Yet in case of a power cu t , t he sphere keeps i t ’s
shape so t here is no risk of collapse of t he dome. T he pressure needed for t he
skir t is qui te low and t he mor t ar t ha t is plastered against t he skir t will soon
be self-bearing. C are must be t aken to keep airpressure between cer t ain levels,
so t ha t t here is enough pressure to suppor t t he fresh mor t ar bu t not so much
t ha t t he founda t ion is pulled ou t . I t might be di  cul t to keep t he t ransi t ion
from t he skir t tot t he sphere smoot h. T he load q n (see page 166) will cause
addi t ional deforma t ions.

O t her shapes t han an infla t able sphere are desirable for houses wi t h only a
ground floor. Imagine a house wi t h a maximum height of 3 meters, t he cross-
sect ion of a sphere-suppor ted membrane would t hen look like t he yellow drawing
in figure 11.16. T he diameter of t he base is around 4 meter, of which only 3
have a height of more t han 1,5 meter. T hese are not pract ical dimensions for
a house. In t he same graph a ca tenary is plot ted in black wi t h a height of 3
meter and a base diameter of 6 meter. T he orange figure shows t he infla t able
t ha t would be able to suppor t t his ca tenary; an infla t able wi t h an ellip t ical
cross-sect ion. Yet i t is obvious t ha t t his is not a pract ical shape ei ter as only
t he blue area is really useful to live in, which almost equals t he ’leftover’ area.

Concludingly t he membrane should be changed to a cross-sect ion similar to t he
orange one in t he upper left corner of figure 11.16. In case of t he use of an
ellep t ical cross-sect ion of t he infla t able, care should be t aken to keep t he roof
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F igure 11.16: A house wi t h only a ground level would require a di  erent shape
of t he suppor t ing airform, a ca tenary-based cross-sect ion would not be pract ical
ei t her.

su  cient ly steep to garantee t he drain of rainwa ter and leaves. E specially as
t he top of t he ellips will fla t ten as a resul t of load q n , which needs to be t aken
into account when t he membrane is designed.
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11.2.4 I n fla ted Sp heres Su p p or t ing For mwor k , C onclusions
From calcula t ions can be concluded t ha t t he par t of t he membrane t ha t is not
direct ly suppor ted by t he sphere, t he ’skir t ’, needs considerable adap t a t ions
to prevent large deforma t ions. U nfor t una tely t hese deforma t ions are disadvan-
t agous from a st ruct ural point of view. Tensioning of t he ’skir t ’ nor st i  ening
t his par t by la t hs gives sa t isfying resul ts if issues such as simplici ty, deflect ions
and t he required founda t ion mass are considered.

Feasible op t ions are ’suppor t of t he skir t by airpressure’ and ’st i  ening of t he
’skir t ’ by infla ted t ubes’. T he la t ter requires very expensive formwork , bu t no
significant tension forces to be absorbed by t he founda t ion nor air t ight con-
nect ion of t he membrane to t he founda t ion. I t has qui te an impact on t he
appearance of t he shell’s shape, as t he infla ted skir t resul ts in a ribbed shell.

If t he skir t is suppor ted by airpressure, air t ight anchorage of t he airform to
t he founda t ion is necessary as well as a const ant airflow. T he anchoring force
however, can be reduced to such a level t ha t t he founda t ion does not need to be
heavier t han is required for loads during usage of t he ferrocement shell. A lso,
t he dependency on elect rici ty is less high as t he form is mainly suppor ted by
t he spherical form, which can be made air t ight . A s a consequence e  ects of a
powercu t will not be as severe as t hey are using a single membrane suppor ted
by airpressure ( t he current si t ua t ion).
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F igure 11.17: Fuji G roup Pavillion, E xpo’70, O saka [H uybers, 1999]

F igure 11.18: A irsolid, Japan [H uybers, 1999]

11.3 P neus

A ir infla ted double membranes or ’pneus’ are more similar to convent ional st ruc-
t ures in behaviour t han pressurized single membranes. Tex t ile airfilled t ubes are
used as columns and beams. Cont rary to single membranes, like a Solid House’s
formwork or a cover for tennis cour ts, t he st ruct ural par ts are under pressure
and not t he st ruct ure i tself. A s a consequence much higher pressures are needed.

A n example of a large infla t able st ruct ure is t he Fuji G roup Pavillion, t ha t was
build on t he occasion of t he E xpo’70 in O saka (figure 11.17). T his very large
infla t able st ruct ure consists of 16 arched t ubes, each 72 meters in lengt h and
a 4 meter cross-sect ion. T he t ubes are connected by st rips and placed on t he
perimeter of a circular floor which has a cross-sect ion of 50 meters. T he pressure
needed for t he building to st ay upright is 80 mbar, in case of bad wea t her con-
di t ions t he pressure could be increased up to 250 mbar. To allow for changes in
pressure due to clima t ic circumst ances and small punct ures, a cont inuous inflow
of air was combined wi t h a cont inuous bu t limi ted ou t flow of air. [H uybers, 1999]

A not her example is t he roofs of t he Techno-C osmos Pavillion in t he T sukuba
Scient ific E xpo ’85. T hese roofs or solcalled ’airsoilids’ were made of infla t able
ma t resses. T he upper and lower membrane are connected by st rips. St i  ness
and st abii ty is achieved by airpressure. T he design was fur t her developed and
applied as a cover for tennis cour ts (figure 11.18). [B raam, 2000]

P neus are especially used for events, temporary exposi t ions. T hey can be found
in various sizes and shapes. O ften not t he whole wall or roof is an infla ted
double membrane, bu t single membranes are suppor ted by infla ted t ubes. A
good example of t his technique are t he tents of G oldfinch (fig 11.19.
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F igure 11.19: E xamples of pneus (www.balloonworks.com)

F igure 11.20: T he permanent roof of a parking garage in Mont reux (Swi t zer-
land) is suppor ted by infla t able girders [Lombardi, 2006].

In Swi tzerland infla t able girders have been developed for permanent use. T hese
’ Tensairi ty ® ’ combine an airbeam, a compression element and a cable for
tension. F irst applica t ion is a roof over a parking garage in Mont reux rail-
way st a t ion, Swi t zerland. T he roof covers 1700 m 2 and is composed 11 sec-
t ions of tensioned single saddle shaped membranes, suppor ted by 12 Tensair-
i ty ® beams of abou t 27 m span and a ver t ical suppor t ing steel st ruct ure (figure
11.20) [L uchsinger, 2006].

A s a resul t of t his orient a t ion on pneus two designs were made for an infla t able
dome. T hese will be discussed in sect ion 11.3.3 and 11.3.2.



174 C H A P T E R 11. A N E W I N F L A T A B L E F O R M W O R K

F igure 11.21: St resses in t he membrane of a pneuma t ic t ube

11.3.1 M echanics of P neu m a t ic Tu b es

In t he membrane of a pneuma t ic t ube is (pre) tensioned by airpressure. In t he
circumferent ial direct ion of t he membrane (n 1 in figure 11.21) t his tensile st ress
amounts to:
n 1 = p · r

In direct ion of t he span, t he tensile st ress of t he membrane n 2 depends on con-
di t ions a t t he ends of t he t ube, as normally here t he loads are t ransferred to t he
membrane. T he load on t he end of a t ube as a resul t of airpressure is p · π · r 2 .
A s a concequence t he membrane is prest ressed in direct ion of t he span by:
n p = p ·π · r 2

2·π · r = p · r
2

If t he pneuma t ic t ube is loaded by a uniform dist ribu ted load, t he upper side of
t he t ube will shor ten, while t he lower side will increase in lengt h. C onsequent ly
t he tensile st ress caused by t he airpressure in t he upper par t of t he cross-sect ion
decreases and on t he lower side i t increases. M aximum resul t ing st resses can be
found in t he cross-sect ion midspan as t he moment resul t ing from t he dist ribu ted
load reaches a maximum M m a x = 1

8 q l 2 . See figure 11.22.

B ased on Hooke’s L aw, st resses in t he cross-sect ion midspan are
 (z ) = n p

t + M m a x z
I z z

n p = prest ress of t he membrane as a resul t of airpressure
z = height of cross-sect ion = r
I z z = πt r 3

n 2 (z ) =  (z )t = p r
2 − q l 2

8π r 2

To avoid wrinkling of t he membrane on t he upper side, t he upper side of t he
membrane must st ay under tension. n 2 ( r ) = p r

2 − q l 2

8π r 2 ≥ 0
so p ≥ q l 2

4π r 3

or more general p ≥ 2 M t
I z z

If t he pressure equals 2 M t
I z z

t han t he membrane st ress midspan on t he upper side
of t he beam is zero. W i t h increasing load q t his very local ’ tension-free’ area
will grow unt il t he pneuma t ic t ube collapses.

Frank B raam tested a pneuma t ic t ube wi t h a 3 meter span, a diameter of 30
cm and an airpressure of 250 mbar (see figure 11.24). T he t ube was equipped
wi t h an (oversized) inner rubber membrane to make t he beam very air t ight .
T he membrane was made of P V C coa ted polyester wi t h a membrane st i  ness
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F igure 11.22: St resses in t he cross-sect ion of a pneuma t ic t ube loaded by a
uniform dist ribu ted load.

F igure 11.23: E xperiment of Frank B raam; a pneuma t ic t ube loaded by a
(roughly) uniform dist ribu ted load pulling on t he upper side of t he beam [B raam,
2000]
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F igure 11.24: E xperiment of Frank B raam; a pneuma t ic t ube loaded by a
(roughly) uniform dist ribu ted load pulling on t he upper side of t he beam, two
pict ure of a wrinkle t ha t develops a t t he lower side as a resul t of t he uniform
dist ribu ted load [B raam, 2000]

F igure 11.25: A higher pressure increases t he capaci ty of t he pneuma t ic beam,
bu t t he deflect ions as well [B raam, 2000].

( E t ) of 575 k N / m. In figure 11.28 t he resul ts of his experiment are compared
to t heoret ical values (i.e. t he wrinkling moment according to t he described for-
mula’s). T his da t a can be used to have an idea of deflect ions of a pneuma t ic
t ube.

From ot her tests, see figure 11.25, Frank concluded t ha t a higher pressure does
increase t he maximum load t he beam can absorb, bu t also considerably increases
t he deflect ions. A larger cross-sect ion of t he t ube or a smaller span is t herefore
more e  ect ive to decrease deflect ions t han a higher pressure level [B raam, 2000].

C oncerning normal loads ( N ) on t he beam: N < πpr 2 Frank B raam carried ou t
a test on buckling load as well. T he resul ts can bee seen in figure 11.31.
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F igure 11.26: A membrane suppor ted by an system of infla t able t ubes will
undergo large deflect ions under loading condi t ions.

11.3.2 A i r I n fla ted Su p p or t ing St r uct u re
A dome could be made by crea t ing an infla t able suppor t ing st ruct ure for a
hemispherical membrane. T he t ubes could be orient a ted in circumferent ial and
meridional direct ions or as a frame for a geodesic dome. Tunnels in t he mem-
brane could be filled by rubber (cycle) t ires, in order to make t he system air t ight
and increase t he admissable level of airpressure.

However, as shown by calcula t ions in sect ion 11.2.1 a loaded single membrane
resul ts in rela t ively large deflect ions. E ven if t he pressure in t he t ubes would
resul t in a very st i  suppor t ing st ruct ure, t he membrane would deflect under
t he load of t he fresh concete. A par t from t he fact t ha t t his is not desirable from
an aest het ic point of view, i t is not advant agous from a st ruct ural point of view.
Moreover, t he surface of t he dome would consist of single curved facets instead
of a double curved shell, which increases st resses in t he shell considerably.

T herefore t his design is considered as unsui t able for use by t he Solid House
Founda t ion.
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F igure 11.27: D esign applying a double membrane wi t h possible adap t a t ions
t ha t might decrease deflect ions (by au t hor).

11.3.3 D ome- M a t t ress
C ont rary to t he design in t he last sect ion, t his dome consists ent irely of air-filled
t ubes. A ct ually i t is a sor t of 3D ma t t ress. A s all t ubes are coupled ringtension
and ringpressure st resses can occur to a cer t ain ex tent , which st i  ens t he st ruc-
t ure. T he ribbed surface resul ts in a ribbed domeshell, which is st i  er t han an
unribbed shell (see sect ion 4.2). In figure 11.27 several sketches, impressions
and possible cross-sect ions can be seen.

A s can be seen in figure 11.28 rela t ively small loads cause considerable de-
flect ions already. T he design could easily handle t he load according to t he
t heory of 11.3.1: Moments will be small in t he st ruct ure under t he equally
dist ribu ted load of t he fresh concrete because of t he arched shape of t he t ube.
T he maximum normal load on t he arches can be calcula ted wi t h t he maximum
loads on t he ringbeam of t he ca tenaric dome of sect ion 8.4 wi t h a shell t hick-
ness of 0,03 meter, assuming a ca tenaric cross sect ion of t he infla t able dome.
N m a x =

 
F 2

y , m a x + F 2
x , m a x = 4.6 k N / m , wi t h p = 1 bar t his resul ts in a mini-

mum cross sect ion of 43 mm. However t his is not realist ic, t hus deflect ions are
norma t ive.

U nfor t una tely t he only da t a available on deflect ions of pneuma t ic t ubes is on
st raight t ubes wi t h const ant cross-sect ion. To give a precise expect a t ion of de-
flect ions t he design should be modelled in E asy. U nfor t una tely t his was not
possible wi t hin t he t ime span of t his t hesis. T herefore i t is t ried to give a rough
est ima t ion of t he deflect ions to be expected.
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F igure 11.28: R esul ts of t he experiment of Frank B raam; a pneuma t ic t ube
loaded by a uniform dist ribu ted load. T he pneuma t ic t ube has a span of 3
meter, a diameter of 30 cm and an airpressure of 250 mbar [B raam, 2000].

U nfavourable A pproach
A dome wi t h a base of 8 meter across loaded by a uniform dist ribu ted load
(fresh concrete) is compared wi t h t he beam in figure 11.28. T he beam in t he
figure had a lengt h of 3 meter, a cross-sect ion of 0,3 m and was pretensioned
by 250 mbar airpressure. T he concrete, assuming a layer of maximum 3 cm is
applied, causes a load of
Q = 24 k N / m 3 · 0, 03 m  0, 3 m  3 m = 650 N
A ccording to figure 11.28 t he beam will have a deflect ion of more t han 10 cm,
i t will collapse. A ll t hough t he span of t he dome is more t han 2 t imes larger,
which in case of a beam causes a 16 t imes larger deflect ion, t he deflect ion is
limi ted by t he arched shape and ringst resses. T he load is not perpendicular
to t he cross-sect ion and moments are small. A ll t hough ringst resses will be less
st rong as t he dome is more flexibel in circumferent ial direct ion t han a normal
double curved shell, t hey do decrease deflect ions.

Now t he dome is simplified as a two beams wi t h t hree hinges

F igure 11.29:
T hree hinges

(figure 11.29), t he dome’s base st ill being 8 meter across while
t he heigt is 5,5 meter. E ach (st raight ) beam has a span of 6,4
meters and t he angle wi t h t he floor of 54 degrees. If a load of
Q = 650 · 4

6 ,4 = 400 N is applied on t he beam of figure 11.28
t he deflect ion is 5 cm. Considering t he span being more t han
twice as large, deflect ions are around 80 cm. T his assump t ion
is on t he safe side as t he ringst resses and t he shape of t he span
(decreasing moments to a minimum) are not t aken into account .

However, unfavourable is t he fact t ha t t he diameter of t he t ubes decreases in t he
direct ion of t he top. T he loaded surface decreases also, bu t q has less influence
on t he deflect ion t han t he diameter of t he t ubes 3 . A lso, t he load component
perpendicular to t he surface of t he dome increases in t he direct ion of t he top
(figure 11.30).

3 T he for mula for t he deflec t ion of a free su p p or t ed b ea m loa ded by a u nifor m dist rib u t ed
loa d is y = 5

3 8 4
q l 4

π E t r 3 .
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F igure 11.30: T he load component perpendicular to t he membrane’s surface
increases in direct ion of t he top.

F igure 11.31: R esul ts of t he experiment of Frank B raam; a pneuma t ic t ube
loaded on pressure. T he pneuma t ic t ube has a span of 3 meter and a diameter
of 30 cm [B raam, 2000].
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Favourable A pproach
If t he design is approached as a dome, moments caused by a uniform dist ibu ted
load will be very small. Normal forces will be causing t he deflect ions. T he
maximum load on t he ringbeam of a 8 meter diameter ca tenaric dome wi t h a
shell t hickness of 0,03 meter amounts 4.6 k N / m. For a beam wi t h a minimum
diameter of 0,3 meter, which has an ini t ial angle of approxima tely zero t his
resul ts in a normal force of 1400 N . In figure 11.31 t his normal load causes
a deflect ion of 13 mm for a beam wi t h a diameter of 0,3 meter, a span of 3
meter and an internal pressure of 250 mbar. C onsidering E uler’s formula for
buckling 4 t his deflect ion will be more t han 22 larger for a beam spanning 6,4
meter, amount ing to 6 cm.

T his resul ts in a very rough assump t ion:
T he deflect ion of a 8 meter diameter ca tenaric dome loaded by a 3 cm layer
of fresh concrete, has a value between 6 cm and 1 meter, if a minimum t ube
diameter of 0,3 meter and an airpressure of 250 mbar is applied.

T he rela t ively large deflect ions, combined wi t h a high price for t he membrane
in order to make pressures of 250 mbar (25 k N / m 2 ) do not make t he design a
very favourable op t ion. However if E asy is used to model t he membrane in such
a way t ha t i t approaches t he desired shape when deflected as a resul t of t he
load of t he fresh concrete, i t is a good op t ion from a st ruct ural point of view.
A lso, i t would mean a large simplifica t ion of t he building process; no anchorage
is needed excep t for windload and t he membrane is completely air t ight .

11.3.4 P neus, C onclusions
O nly a completely double membrane could be considered as an op t ion. T he de-
sign ’ Dome-M a t t ress’ of sect ion 11.3.3 needs fur t her research in E asy to make
a more precise est ima t ion of t he deflect ions of t his model. If deflect ions t urn
ou t not to be very large t he membrane could be designed in such a way t ha t i t
a t t ains i t ’s desired shape under loading condi t ions. However, t he costs for t he
membrane will be very high as apar t from t he fact t ha t i t is double instead of
single i t should be able to resist airpressures up to 250 mbar (25 k N / m 2 ) and
has to be made air t ight , if necessary wi t h a rubber inner t ube.

4 F E = π E I
l 2
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F igure 11.32: Holes in a shell interrup t tension rings and weaken t he shell

11.4 P neus for R oof O nl y

A full sphere can be made air t ight , does not need anchorage and does not deform
by airpressure. In sect ion 9.4.2 several ideas were pu t forward to use t he upper
half of a full sphere as formwork . Most pract ical is to build a wall first and
pu t t he sphere inside, if necessary i t can be par t ly excava ted. T he Solid House
Founda t ion does not direct ly approve of t his met hod, afraid t ha t a combina t ion
of building met hods will complica te t he building process. A lso t he st raight walls
change t he appearance of t he Solid Houses. However t his combina t ion can ren-
der a solu t ion to problems such as t he dependence on elect rici ty and t he heav y
founda t ion. A lso t he combina t ion of a st raight wall wi t h openings and a double
curved roof wi t h only an opening a t t he top is more logical from a st ruct ural
point of view. O penings weaken a shell (see figure 11.32) and are much easier
to make in a st raight wall. B esides, a st raight wall is more pract ical in use t han
a doube curved wall. A ll in all t he use of a par t of an infla ted sphere or similar
form needs to be considered more t horoughly, which is done in t his sect ion.

T he wall could be made wi t h C oncrete St abilised E ar t h B locks, see sect ion 6.4.
In Inspector E a t ham, an ear t hblock press is already present . I t is now used to
make bricks for t he inner walls. W hy not use t hese blocks for st ruct ural walls as
well? T he blocks consist for t he plupar t of free ma terial. T hanks to t he added
cement t hey are st abilised and not sensible to rain. T he skills of laying blocks
need not require a lot of t raining. T he recent ly const ructed inner walls of t he
first dome in Inspector E a t ham prove t his, see figure 11.33.

B esides, preconst ructed walls make t he const ruct ion of floors easier; suppor ts
for t he first floor can be provided for in t he walls. C urrent ly (in Sr L anka) t he
const ruct ion of t he floor is not t hought abou t unt il t he const ruct ion of t he shell
has been completed. A s no suppor ts are crea ted on t he inside of t he shell, t he
floor needs to be suppor ted by inner walls. C onsequent ly t he placement of t he
inner walls is rest ricted to allow for a minimum span of beams and girders for
t he floor. T his completely undoes one of t he main st renght of a dome: a dome
facili t a tes free lay-ou t of t he floor plan as t he roof is completely suppor ted by
t he ou ter walls. A ct ually crea t ing bearing walls inside a dome equals t he buid-
ing of ’a house inside a house’.

O n top of t he wall t ha t bears t he domeshell a ringbeam should be allowed for.
T he ou ter rim of t he wall can be made several cent imeters higher t han t he inner
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F igure 11.33: Inner walls buil t wi t h ’home-made’ C S E B ’s (see sect ion 6.4) in
t he first dome in Inspector E a t ham [ V iguurs].

F igure 11.34: A sketch of t he idea of using a full sphere in combina t ion wi t h
a wall. A small ringbeam on top of t he wall, reinforced wi t h rebar, prevents
ring tension forces to develop in t he wall. T he det ail of t he ringbeam is scaled.
M easurements are in millimeters.
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F igure 11.35: Swelling of t he sphere, depending on t he airpressure. Idea of
a donu t shaped infla t able form to counteract swelling forces and to provide
formwork for a cover and raingu t ter.

rim, crea t ing room for a ringbeam. A round 10 mm rebar is lain on spacers
and t he void can be filled wi t h concrete. T his rebar can absorb t he ringtension
forces t ha t have developed in t he shell. C onsequent ly no ringtension forces have
to be t aken by t he brick walls and openings do not cause peak st resses. T he
design of a raingu t ter to collect rainwa ter should be considered, as well as t he
connect ion of a cover to provide shade nex t to t he house.

A potent ial problem is space between t he wall and t he sphere due to inaccu-
racies when building t he wall. However t he sphere will deflect a bi t under t he
load of t he fresh concrete, swelling a t t he side and filling t he void. C are should
be t aken t ha t t he pressure of t he balloon does not crea te high loads in t he wall.
A ’donu t ’-shaped volume might be a possibili ty to counteract t hese forces and
a t t he same t ime provide a formwork for a cover combined wi t h a raingu t ter
(figure 11.35).

In figure 11.36 cross-sect ions of several sphere diameters and t heir correspond-
ing domes are shown and compared wi t h human height . For a dome wi t h a
first floor, a sphere of 2,5 to 3 meter would be most pract ical. However if a
larger ground surface is desired, heights tend to get ra t her unpract ical. A dome
higher t han 6 meter is unpract ical in const ruct ion and a lot of space is useless
unless anot her floor is added. T he only good t hing abou t ex t ra height is t ha t i t
enables hot air to lift . B u t i t is a waste to use t he ma terials to reach a cer t ain
height of which only a par t is used. B esides, a hole in t he top facili t a tes t he lift
of hot air as well.
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F igure 11.36: Using full spheres does not always resul t in pract ical dimensions.
A dome wi t h only a ground floor would use a sphere wi t h a maximum diameter
of 3 meters, which corresponds wi t h a very small base surface. A larger base
surface however also resul ts in larger heights. For a dome wi t h a first floor, a
sphere of 5 or 6 meter diameter would be most sui t able. L arger base surfaces
are unpract ical as t hey resul t in even higher domes. M easurements in meters.

A dome wi t h only a ground floor is unpract ical to const ruct wi t h a complete
sphere, as can be seen in 11.36. If t he maximum height of t he dome is 3 meter,
t he diameter of t he base is 3 meter as well, which is far too small. A n op t ion
would be to use a larger diameter and par t ly excava te t he sphere. C onsider
t ha t a reasonable base diameter for a house wi t h only a ground level would be
6 meter. In t ha t case a volume of 57 m 3 would need to be excava ted to reach
a maximum height of 3 meter. T his volume corresponds wi t h 870 wheelbarrow
loads! (65 li ters per barrow)

A not her disadvant age of a complete sphere is t ha t t he const ruct ion of t he first
floor has to wai t unt il t he domeshell has hardened and t he formwork is defla ted.
Subsequent ly t he supply of ma terials and t he space available for t he const ruc-
t ion workers is rest ricted by t he shell.

C oncludingly, anot her shape of t he infla t able would be more pract ical. In t he
past elep t ical shapes have been used for infla t able roofs. A n example is t he cover
for t he Boston A r t hs C ent re T hea t re by K och, Ross and Weidlinger [H uybers,
1999](see figure 11.38). C ables were used to reduce t he necessary height of t he
const ruct ion. T wo nylon membranes are span in a steel pressure ring wi t h a
diameter of 35 meter. T he maximum dist ance between t he two membranes is 6
meter in t he middle.

In figure 11.37 is shown how t he infla t able membrane is pretensioned wi t h n by
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F igure 11.37: T he airpressure prespans t he membrane wi t h tension n . T he
uniform dist ribu ted load causes a moment m r r in t he air infla ted form. T he
moment reduces t he tension in t he upper par t of t he membrane and increases
t he tension in t he lower par t .

F igure 11.38: Boston A r ts C ent re T hea t re by K och, Ross and Weidlinger. C a-
bles were used to reduce t he necessary height of t he const ruct ion. [H uybers,
1999]
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airpressure pp and loaded by t he pressure pq of t he fresh concrete. pq imposes
a moment m r r on t he air infla ted ellips. T his reduces t he tension in t he upper
par t of t he membrane and increases t he tension in t he lower par t . If no tension
is present in t he upper membrane, i t will wrinkle and ul t ima tely t he cushion
will collapse. T herefore t he tension n caused by t he airpressure should be larger
t han t he ’pressure’ imposed by t he moment m r r :
n
t > m r r

2 h t
n > m r r

2 h
(see figure 11.37)

For a simply suppor ted pla te m r r = 3 +  
16 pq R 2 (1 − r 2

R 2 ) [B laauwendraad, 2002]
 is t he cont ract ion coe  cient , which is 0,5 for an infla t able form as air is in-
compressible (and i t is an assump t ion on t he safe side). In t he middle of t he
span t he moment is maximum:
m r r = 3 +  

16 pq R 2

pq = 2400 kg / m 3 · 9, 8 m / s2 · 0, 03 m + 2 · 0, 9 kg / m 2 · 9, 8 m / s2 · π R 2 = 1, 2 k N / m 2

T he span is 6 meter and t he ellip t ical shape consists of two membranes, wi t h
each a radius a of 5 meter (so h m a x is 1 meter):

m r r = 3 ,5
16 · 0, 72 · 32 = 2, 36 k N

n = 1
2 pp a = 1

2 · 1, 5k N / m 2 · 5 m = 3, 75 k N / m
a = h 2 + R 2

2 h

pp > 2· 3 +  
1 6 p q R 2

h 2 + R 2

pp >
7

1 6 1 ,2 ·3 2

1 2 + 3 2

pp > 0, 47 k N / m 2

T he pressure needed to suppor t t he weight of t he fresh conrete and t he weight
of t he membrane is reasonable. However t he membrane should be accessible as
well in order to apply t he ferrocement . A concent ra ted load of 740 kg over an
area of 140 cm 2 causes a maximum moment m m a x , r r , F = 22, 8 N m / m .
n > m r r , q + m r r , F

2 h
pp > m r r , q + m r r , F

a h
pp > 2 ,36 + 0 ,023

5·1
pp > 0, 48 k N / m 2

However deforma t ions are probably norma t ive. T his should be fur t her analysed,
for example wi t h E A S Y .

Instead of cables and a pressure ring, an inner t ube could be used to span t he
sides to increase tension in t he membranes. T his also prevents wrinkling of t he
sides of t he membranes as a resul t of airpressure and i t makes t he sides st i  er so
t ha t suppor t ing st resses can more easily be absorbed (see figure 11.39). More
impor t ant , i t can be infla ted first , so t ha t t his ring can be pu t on top of t he
walls before t he ellip t ical membrane is infla ted.

C onsidering t he weight of t he current formwork for a 6 meter dome being 60
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F igure 11.39: T he airpressure prespans t he membrane wi t h tension n . T he
uniform dist ribu ted load causes a moment m r r in t he air infla ted form. T he
moment reduces t he tension in t he upper par t of t he membrane and increases
t he tension in t he lower par t .
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F igure 11.40: People will have to lift t he formwork above t heir heads unt il i t
is completely infla ted. T herefore, and to decrease deflect ions, t he lower par t of
t he formwork could be increased so t ha t i t reaches t he ground. However in case
of a first floor t his increased demands on t he st renght of t he first floor.

to 90 kilograms, t his formwork will probably be even heavier. If t he membrane
weighs 1 kg / m 2 and t he span is 9 m, t he weight will be a t least 130 kg. Imagine
t he angle between t he wall and t he lower membrane to be 45 degrees. T hen
t he load of t he infla ted membrane will cause a pressure in t he infla ted ring of
280 N 5 . T he pressure in t he inner t ube must be very high to prevent i t from
buckling. A par t from t ha t , i t will be di  cul t to get t he infla t able on top of t he
wall. People will have to lift t he formwork , pu t t he infla ted ring of t he membrane
on top and keep t he formwork above t heir heads unt ill t he ellip t ical membrane
is infla ted. T herefore i t will be pract ical to increase t he height of t he lower par t
of t he ellip t ical membrane, so t ha t i t can rest on t he floor (or first floor) as is
shown in figure 11.40. In t ha t case t he infla t able ring will not be pu t on top of
t he wall, bu t i t will push t he formwork against t he wall. T his will look similar as
t he cross-sect ion in figure 11.34. A disadvant age is t ha t t his design will impose
ex t ra requirements on t he st rengt h of a potent ial first floor. T he floor will need
to be able to suppor t bot h t he weight of t he membrane as t he weight of fresh
concrete on top.

T he resul t ing shell of 6 meter span and wi t h a height of 1 meter is mod-
elled in A NS Y S. G ravi ty load combined wi t h two concent ra ted loads (pressure
55 000 N / m 2 on two areas of 125 cm 2 each). M aximum tension st ress in t he
shell amounts 0, 6 N / m m 2 and a maximum react ion solu t ion of F x = 1, 6 k N
resul ts in a ringtension force of 2,4 k N . A 10 mm diameter rebar as reinforce-
ment for t he ringbeam will be su  cient .

5 π  4, 52  2  1 k g / m 2 / 9  π = 4, 5 k g / m pe r i m ete r , w i t h a n a ngle of 45 degrees t he
horizon t al loa d on t he in ner ring w ill a mou n t to 4, 5 k g / m  9, 8 m / s2 / cos45 = 62 N / m
w hich resul ts in a p ressu re of 62 N / m  4, 5 m = 280 N
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11.4.1 P neus for R oof O nl y, C onclusions
T his al terna t ive of using a full sphere is wor t h considering as t he met hod is
very simple. T he formwork is very st raightforward and problems such as t he
heav y founda t ion are solved. However t his al terna t ive is not pract ical to use
for houses wi t h only a ground floor, or where a floor diameter of more t han 6
meter is required. T herefore research was done on ellip t ical air infla ted mem-
branes. If deforma t ions are not too large, t his will be a very sui t able met hod.
T he formwork can be infla ted on ground level or on t he first floor and needs not
be anchored. In t his way t he first floor can be const ructed in t he open air. A
disadvant age is t ha t t he formwork needs to be lifted in place unt il i t has been
infla ted completely. A lso, t he required airpressures will be considerably higher
t han for t he spherical membrane, pu ts higher demands on t he st renght and t he
air t ight ness of t he membrane. From t his pract ical point of view as well as far
as deflect ions of t he loaded infla t able are concerned, i t would be even bet ter if
t he lower par t of t he infla t able reaches t he floor. However in case of a dome
wi t h a first floor, t his requires t he first floor to be able to bear t he load of bot h
t he infla t able as t he fresh concrete on top, unless t he floor is propped (st u t ten).
A n oversized rubber inner membrane can garant uee air t ight ness. A s t he lower
par t of t he infla t able is suppor ted by t he ground, pressures need not be as high
as for an infla t able as described in sect ion 11.3.3.
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11.5 Su m m ar y

T he design of t he infla t able formwork will need to change in order to facili t a te
air t ight ness of t he formwork and to t ake away or reduce dependency on elec-
t rici ty and t he need of a heav y founda t ion for anchorage of t he formwork . A
change in design will require a (somet imes high) ini t ial investement in new form-
work . T his invest ment should be compared to t he number of domes t ha t is going
to be build and t he potent ial cost savings in elect rici ty and founda t ion ma terial.

O f each sect ion a shor t summary is given of t he most feasible al terna t ives and
t heir advant ages and disadvant ages. C oncerning air t ight ness, all closed form-
works can be made air t ight . In case of air pressures above 2 k N / m 2 an oversized
rubber inner membrane is most pract ical. In case of pressures around 2 k N / m 2

and lower a coa t ing of t he inside of t he membrane will be su  cient . T he amount
of compar tments has a significant influence on t he price of t he formwork , espe-
cially if t hese will be pretensioned by a high airpressure.

Sti  ened C losed Formwork
A n exter ior supporting system can t ake away t he need for anchorage of t he in-
fla ted formwork to t he founda t ion. T he system is assumed to be too complica ted
to build on si te and should t herefore be designed and const ructed as lightweight
as possible in t he N et herlands. A first design of t he system, using steel sect ions,
increases weight and t hus t he t ranspor t a t ion costs of t he whole package a t least
4,5 t imes.

I nflated Spheres Supporting Formwork
A general disadvant age of using full spheres is t he rest rict ions in height and span
ra t io. A n inflated ful l sphere with a sk i rt sti  ened by ai rfil led tubes is a feasible
bu t very expensive infla t able formwork . D eflect ions of t he skir t caused by t he
weight of fresh concrete are disadvant agous from a st ruct ural point of view.
H igh pressure will be needed to reduce t hese deflect ions of t he skir t , which con-
sists of a lot of di  erent compar t ments. H eav y anchorage is not needed t hough.

A inflated ful l sphere with a sk i rt that is kept under pressure does not t ake a
way t he need of air t ight anchorage to t he founda t ion nor t he dependency of
elect rici ty, t hough i t does reduce bot h.

P neus
T he only feasible op t ion is t he dome-mattress, a dome which solely consists of
connected air-infla ted t ubes. D eflect ions need to be analysed in a program such
as E A S Y , as for t his design deflect ions will be norma t ive. T he design will need
to t ake deflect ions into account in such a way t ha t t he formwork will deflect to
t he desired dimensions when loaded by t he fresh concrete. B ecause of t he many
di  erent compar tment and t he high level of air-pressure needed, t he formwork
will be very expensive.

P neus for Roof O nly
In t his sect ion infla t able membranes are combined wi t h brick walls. T he brick
walls can be const ructed of t he Concrete St abilized E ar t hblocks t ha t are now
only used to const ruct t he inner walls. T he shell is not weakened by openings,
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F igure 11.41: St i  ened C losed Formwork

F igure 11.42: Infla ted Spheres Suppor t ing Formwork

F igure 11.43: P neus

F igure 11.44: P neus for Roof O nly

F igure 11.45: A n overview of t he feasible al terna t ives
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openings can be made more easily and a st raight wall is more pract ical in use.
A lso, i t facili t a tes t he const ruct ion of a first floor.

A ful l sphere requires a very uncomplica ted formwork which does not need heav y
anchorage to t he founda t ion and is easy to make air t ight . However t he sphere
rest ricts t he span-height ra t io. T his is ex t remely unpract ical when const ruct ing
a dome wi t h only a ground floor as a small height will also resul t in a very small
span.

A n el l iptical inflatable would facili t a te a wider range of combina t ions. A lso i t
facili t a tes t he const ruct ion of a first floor. However i t will require qui te an ef-
for t to get t he infla t able in place and to keep i t in place. B esides t he infla t able,
especially t he inner t ube, will require a much higher pressure t han t he spherical
infla t able to reduce deflect ions.

A possibili ty is to increase the he ight of the lower part of the inflatable to the
floor . T hereby reducing deforma t ions and removing t he need to suppor t t he
membrane unt il i t has been completely infla ted. Yet t his is less sui t able for
domes wi t h a first floor as i t sifnificant ly increases demands on t he bearing
capaci ty of t he first floor.
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11.6 C onclusions an d R ecom men da t ions
T he most st raightforward al terna t ive formwork is t he full sphere used only for
roof const ruct ion. I t needs not be bol ted to t he founda t ion, nor heavily an-
chored in anot her way. A lso i t will not be an expensive formwork , nor will i t
be di  cul t to make air t ight . T he shell needs not be weakened by openings, and
t he placement of openings in t he ver t ical wall is easier and more flexible. A lso,
t he ver t ical wall will be more pract ical to use for t he inhabi t ants, crea t ing less
’useless’ space. T he ou ter walls can be const ructed similarly as t he inner walls,
suppor ts for a floor can be provided for. A n infla t able, such as one wi t h an
t he adap ted ellip t ical cross-sect ion (which reaches t he floor), would even facil-
i t a te t he const ruct ion of a first floor before t he const ruct ion of t he roof. More
impor t ant , t he height and span ra t io of t he const ruct ion are no longer be limi ted.

However, such a di  erent formwork and const ruct ion met hod does change t he
appearance of t he solid-houses. T he quest ion is whet her t his is accep t able for
t he Solid House Founda t ion.

A compromise would be t he al terna t ive ’infla ted full sphere wi t h a skir t t ha t is
kep t under pressure’, from sect ion 11.2.3. T his design of t he membrane does
not require a heavier founda t ion t han needed for loads during usage of t he dome.
However t he ’skir t ’ st ill needs to be bol ted to t he founda t ion and t his connect ion
needs to be made air t ight as well. A lso, t his infla t able formwork is dependent
on elect rici ty to keep t he pressure under t he ’skir t ’ on a required level. Yet in
case of a power cu t , t he sphere keeps i t ’s shape so t here is no risk of collapse of
t he dome. T he pressure needed for t he skir t is qui te low and t he mor t ar t ha t is
plastered against t he skir t will soon be self-bearing. C are must be t aken to keep
airpressure between cer t ain levels, so t ha t t here is enough pressure to suppor t
t he fresh mor t ar bu t not so much t ha t t he founda t ion is pulled ou t . I t might
be di  cul t to keep t he t ransi t ion from t he skir t tot t he sphere smoot h.

T here are ot her op t ions, such as t he Dome-ma t t ress of sect ion 11.3.3. Fur t her
research on deflect ions of t his infla t able are needed before a conclusion concern-
ing t he sui t abili ty of t his op t ion can be drawn. W ha t can be st a ted t hough,
is t ha t t his al terna t ive will resul t in a very expensive formwork and a ribbed
surface of t he dome.
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F igure 11.46: B uilding brick walls in t he first dome in Inspector E a t ham, Sri
L anka. [ V iguurs]

11.7 R eflect ion

In t he scope of t his t hesis I have rest ricted my research on t he use of infla t able
forms to make domes, bu t in pract ice t here is no such rest rict ion. T herefore I
would like to reflect upon t he applica t ion of t his building concep t in general.

T he st rengt h of a dome is t ha t i t can enclose a large space wi t h li t t le ma terial,
facili t a t ing a flexible lay-ou t of t he plan as no bearing inner walls are necessary.
In t he current Solid Houses in Sri L anka however, inner walls are made of heav y
bricks and t heir placement is not even flexible as t hey need to suppor t t he first
floor. O ne of t he main problems after t he const ruct ion of t he dome is made,
is t he par t i t ion of t he inner space in a pract ical way, while a t t he same t ime
crea t ing suppor ts for t he first floor. Walls are somet imes buil t up to t he roof,
which requires a lot of building ma terial while t hese walls are not necessary from
a st ruct ural point of view. In ot her words, if brick walls are desired to divide
t he inner space up to t he roof, why not use t hem to carry a roof ?

T he ringtension and -pressure forces make a domeshell very st rong. O penings
however weaken t he shell as t he ringforces need to be diver ted. In Sri L anka
inhabi t ants wish to have as many openings as possible in t heir homes.

C oncludingly some of the main strengths of a domeshel l are undone by the way
it is now used. W hy then construct domes when they are adapted to resemble a
standard home as much as possible?

T he Solid House Founda t ion is aware of t his cont rast and would ra t her use light
ma terials indoors to allow for fu t ure changes in t he dome’s funct ion, crea t ing
sust ainable shel ters. However, communi ty building is a t least as impor t ant for
t he SH F as ’dome building’. C onsequent ly if t he inhabi t ants propose brick walls
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for t he first dome t his is not overruled. T he change of t he domes into a more
sust ainable pract ical solu t ion should t herefore be approached very delica tely
and be st retched over a number of ’ test-domes’.

In sect ion 11.4 a proposal is made to use t he shell only for t he roof. T his not
only solves t he problem of t he anchorage of t he infla t able formwork bu t also
facili t a tes openings in t he walls wi t hou t weakening t he shell. Yet t he plan is
st ill circular and par t i t ion walls will be made t hought t hey do not carry t he roof.
W ha t is t hen t he advant age compared to a house wi t h a rect angular floorplan
and a roof made of elements such as corruga ted pla tes? A nd do t hese advan-
t ages ou tweigh t he advant age of a rect angular floorplan?

A dome can resist ear t hquakes and survive ot her ex t reme clima t ic circumst ances
such as tornadoes. However as t he shell is very exposed to t he wea t her circum-
st ances t hroughou t t he year, ma terial use is very rest ricted. More impor t ant ,
t he walls are not protected against direct sunlight , which is a disadvant age in
a t ropical clima te such as Sri L anka’s. B esides, for t he const ruct ion of a house
wi t h brick walls and an overhanging roof of corruga ted pla tes no formwork , nor
elect rici ty is needed.

O n t he ot her hand, t he Solid House Founda t ion gets a lot of a t tent ion wi t h i t ’s
unusual way of building, which enables t he Founda t ion to raise funds and build
many Solid Houses. A l t hough i t might not be t he most pract ical or a  ordable
concep t , i t can be buil t wi t h li t t le t raining and so far t heir fu t ure inhabi t ants
are very happy to have a house a t all.

Yet in t his reflect ion I would like to emphasize t ha t one should not blindly press
upon t he applica t ion of domes for housing purposes. C are should be t aken
not to push people to live in an adap ted dome while t hey would act ually prefer
a ’normal’ house, which might even be cheaper and easier in const ruct ion as well.

T he Solid House Founda t ion is conscious of t his issue, and t herefore discusses
t he concep t ex tensively wi t h fu t ure inhabi t ants to be cer t ain to provide t hem
wi t h a house t ha t is according to t heir needs and wishes. A t t he same t ime t his
explains t he apparent discrepancy ment ioned above.
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A p p en di x B

Fou n da t ion F loor

To determine t he necessary level of reinforcement for t he floor a number of
calcula t ions, assump t ions and simplifica t ions has been made. A n overview is
presented in t his sect ion.

T he founda t ion floor is schema t ized as a circular concrete slab suppor ted by
springs. D epending on t he ra t io of st i  nes between floor and ground, t he spring
st i  nes is ei t her const ant or variable, see figure B .1 [van Tol, 2000].

T he st i  nessra t io is defined as:
c = 1

12
E h 3

E g l 3

E , Y ou ng M odul us f loor = 26 000 N / m m 2

h, he ight f loor = 100 m m
l , spa n f loor = 6 000 m m
E g , B qc [van Tol, 2001]
B = 2
qc , conoı̈d resistance = 2 N / m m 2 1

T his resul ts in a value of 0,0025 for c, which is smaller t han 0,01. C onsequent ly
t he ground can be seen as rela t ively st i  and t he spring st i  ness may assumed
to be const ant . T he spring st i  nes is assumed k = 0, 04 N / m m 3 (see figure B .2).

1 L i t t le is k now n a b ou t t he soil p rop er t ies in I nsp ec t or E a t h a m . A ccor ding to R i k L u rin ks,
w ho h as b een wor k ing on t he fi rst fou n d a t ion of t he fi rst Solid H ouse in t he a rea , t he red soil
is a m i x t u re of sa n d a n d a bi t of clay. Some t i mes l i t t le rocks ca n b e fou n d . T he soil is h a r d
t o dig. To b e on t he safe side t he conoı̈d resist a nce of clay h as b een used [ C U R / P B V , 2000].
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F igure B .1: T he spring st i  nes depends on t he ra t io of st i  ness [van Tol, 2000]

F igure B .2: A pproxima t ion of soil proper t ies [ C U R / P B V , 2000]

F igure B .3: Load cases A ’after complet ion of dome’ and B ’during dome con-
st ruct ion’



225

T he loadcases are grouped into A ’after complet ion of dome’ and B ’during dome
const ruct ion’ and can be found in figure B .3. T hey have been schema t ized into
circular pla tes on hinges and suppor ted by springs.

For A :
Load p is a combina t ion of t he variable load (pq , A = 1, 75 k N / m 2 ) 2 and t he
floor’s deadweight (pg , f l = 2, 4).
Load v represents t he resul t ing weight of t he ring beam (being approxima tely
3.4 k N / m) and t he weight of t he dome shell (being approxima tely 7 k N / m). A n
approxima t ion of 10 k N / m is used.

For B :
Load p is a combina t ion of t he variable load (pq , B = 1, 5 k N / m 2 ) resul t ing from
airpressure and t he floor’s deadweight pg , f l = 2, 4.
Load v is zero as t he dead weight of t he ring beam and t he uplift of t he form-
work are assumed to be equal.

T he following di  erent ial equa t ion for pla tes wi t hou t shear deforma t ion has
been solved using M aple:
D ( d 4 w

d r 4 + 2
r

d 3 w
d r 3 − 1

r 2
d 2 w
d r 2 + 1

r 3
d w
d r ) = p − k · w ( r )

K [B laauwendraad, 2002]

In case of load case A by int roducing ini t ial condi t ions:
1 t he di  erent ial of set t ing (w(r)) is zero in t he middle
2 t he shear load3 a t t he circumference v = − K ( d 3

d a 3 w(a))

In case of load case B by int roducing ini t ial condi t ions:
1 t he di  erent ial of set t ing (w(r)) is zero in t he middle
2 set t ing a t circumference is zero (w(a) = 0)

T he following parameters are defined:
- D iameter of t he floor is 6 meter
- F loor t hickness is 0,1 meter
- Young Modulus of floor is 26000 N / m m 2

- C ont ract ion coe  cient vco n c r e t e is 0,15
- k = 0, 04 N / m m 3

- St i  ness ( K = E I) is defined as 1
12

E t 3

1 − v 2

- D ist ribu ted load = p

W i t h k r r = − d 2 w
d r 2 and k   = − 1

r
d w
d r , t he moments can be defined:

m r r = K · (k r r + v · k   ) and k   = K · (k   + v · k r r ).

Using Mohr’s circle t hese moments are t ransferred into or t hogonal moments
m x x , m y y and m x y . In case of m x x and m y y , reinforcement is needed in two
direct ions. T he moment m x y causes t he need for some addi t ional reinforcement
in bot h direct ions. T he reinforcement may be calcula ted on t he basis of two
moments m x x and m y y , for which t he following formulas are valid:
m x x = m x x + | m x y |

2 Va ria ble floor loa d for d wel l ings accor ding to N E N
3 To b e verified , as a di  eren t ial equ a t ion for pla t es wi thout shea r defo r m a t ion is used .
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F igure B .4: R esul ts from maple for m x x in case of load case A I and load case
B I

m y y = m y y + | m x y |

T he following loadcases have been calcula ted:
Load case p p(k N / m 2 ) v v(k N / m )
A I 0.9 · pg , f l 2,2 0.9 · v 12
A I I 1.2 · pg , f l + 1.5 · pq , A 5,5 1.2 · v 9
B I 1.2 · pg , f l + 1.5 · pq , B 5,1 0 0
B I I 1.2 · pg , f l + 1.5 · pq , B 2 8,9 0 0

Load case A has been spli t in 2 load cases, as p and v are act ing in opposi te
direct ion.
Load case B I I shows resul ts in case an air pressure of pq , B 2 = 4 k N / m 2 .

R esul t ing in:
Load case m x x , m a x (k N ) m i n A r e (m m 2 ) m i n %r e

A I − 2, 85 163 0.16
A I I − 2, 15 123 0.12
B I + 0, 42 24 0.02
B I I + 0, 75 43 0.04

T he square meters of reinforcement needed are calcula ted assuming t he rein-
forcement is in t he middle of t he floor and assuming f s = 350 N / m m 2 .

Load case A 1 t urns ou t to be norma t ive, even if t he airpressure during const ruc-
t ion is increased to 4 k N / m 2 . T he reinforcement should preferably be above
t he middle of t he floorslab.



A p p en di x C

H an dcalcula t ions

C .1 For a dome w hich base is onl y const r aint in
ver t ical di rect ion

T he membrane solu t ion 1 is applicable since t he suppor ts are compa t ible wi t h
t he membrane st ress resul t ants and t hey allow deforma t ion in circumferent ial
direct ion. T his resul ts in a st ress resul t ant (in circumferent ial direct ion) of
n   = p · a a t t he lower edge of t he hemisphere (see figure C .1). In case of a
6 meter diameter dome t he tension st ress in t he lower edge amounts to a st ress
level of n  = 2400kg / m 3 · 9, 8m / s2 · 3m = 0, 071 N / m m 2 , which corresponds
wi t h t he resul ts in A nsys.

F igure C .1: D ist ribu t ion of st ress resul t ants over t he hemisphere. T he dist ribu-
t ion of n   is almost linear.

1 C alcula t ed w i t h for mula n   = 1
r · s i n  F (  ) a n d n   = p z r 2 − 1

s i n 2  
F (  )

r 1
, see p age 146 of

[ H oefa k ker a n d B la a uwen d r a a d , 2005]
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F igure C .2: Load components and st ress resul t ants on an infini tesimal element
[Hoefak ker and B laauwendraad, 2005]

C .2 For a dome w hich base is const r aint in all
degrees of freedom

A nsys results for a 6 meter diameter dome:
M aximum principal tension st ress is 0, 035 N / m m 2

M aximum react ion force in horizont al plane perpendicular to shell is − 981 N / m .
M aximum react ion torsion moment is 171 N m / m

T he shell has a diameter of 6 meter (2a) and a wall t hickness of 0,1 meter ( t ).
T he ringbeam has a cross-sect ion of 300 × 300 mm.
p = 2400kg / m 3 · 10m / s2 · 0, 1m = 0, 0024 N / m m 2

Membrane state:
E quilibrum equa t ion shell element 2 : − n   r − n   r si n  + r r 1 = 0
sphere: r 1 = r 2 = a ; r = asi n  
n   

r 1
+ n   

r 2
= pz

 
p  = psi n  
pz = − pcos  

 
n   = − pa( 1

1 + cos  )
n   = pa( 1

1 + cos  − cos  )

 =
π
2

 
n   = − pa
n   = pa

 = 0
 

   = 1
E t n   

   = 1
E t n   

 =
π
2

 
u r =    a = p a 2

E t
  =  x = 0
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F igure C .3: T he ring beam prevents t he hemisphere to expand

E dge disturbance:
T he ring beam prevents t he hemisphere to expand C .3.
M embrane act ion hemisphere:

u m =
 

u r
  

 
=

 
p a 2

E t
0

 

T he ringbeam receives a force f r
N   = − f r a
   = − a

E A f r

D isplacement ring beam:

u r b =
 

u r
  

 
=

 
− a 2

E A f r
0

 

B ending e  ect spherical shell wi t h  0 = π
2 :

u b =
 

u r
 x

 
=

1
D b

 1
2 µ 3 − 1

2 µ 2

− 1
2 µ 2

1
µ

  
f r
t x

 

T he st i  nesses are (  = 0): D b = E t 3

12 and D m = E t

Parameter µ wi t h r y = a: µ 4 = D m
4 D b a 2 = 3

( a t ) 2

T he displacement of t he spherical shell (by membrane and bending act ion) has
to be equal to t he displacement of t he ring beam.
u m + ub = u r b

 
p a 2

E t
0

 
+ 1

D b

 1
2 µ 3 − 1

2 µ 2

− 1
2 µ 2

1
µ

  
f r
t x

 
=

 
− a 2

E A f r
0

 

 p h i : − 1
2 µ 2 f r + 1

µ t x = 0, t x = 1
2 µ f r

2 See 9.5 [ H oefa k ker a n d B la a uwen d r a a d , 2005] a n d fig C .2
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u r : p a 2

E t + 1
2 D b µ 3 f r − 1

2 D b µ 2
1

2 µ f r = − a 2

E A f r

− p a 2

E t = f r ( 1
4 D b µ 3 + a 2

E A )

f r = − ( 1
4 D b µ 3 + a 2

E A ) − 1 p a 2

E t

4 D b = E t
µ 4 a 2

f r = − ( µ a 2

E t + a 2

E A ) − 1 p a 2

E t = − ( m u
t + 1

A ) − 1 p
t

using µ =
4√ 3√

a t
=

4√ 3√
3·0 ,1 = 2, 4 m − 1

f r = − ( 0 ,0024
100 + 1

90 .000 ) − 1 0 ,0024
100 = − 0, 68 N / m m = − 680 N / m

W hich corresponds roughly wi t h t he maximum react ion force of − 981 N / m
found in A nsys.

t x = 1
2 µ f r = 1

2 ·0 ,0024 · − 0, 68 = − 142 N m m / m m = − 142 N m / m
W hich corresponds roughly wi t h t he maximum react ion ( torsion) moment of
171 N m / m found in A nsys.

Stresses due to edge disturbances in the shel l wal l where the r ing beam is present:

B ecause t he hoop st rains in t he shell edge and t he suppor t ing ring are generally
di  erent , a boundary dist urbance (flexure) has to be expected in t he vicini ty
of t he edge. T hese flexural e  ects are damped ou t very fast . For example, t he
boundary dist urbance in a cylindrical shell wi t h radius a and wall t hickness t
is reduced to below 5% in a dist ance of abou t d = 2, 4

√
a t . Taking into ac-

count t ha t in a spherical shell wi t h posi t ive G aussian curva t ure t he damping of
a dist urbance is even larger t han for a cylinder, i t is evident t ha t t he addi t ional
flexural reinforcement can be limi ted to a very narrow st rip or i t may even be
disregarded. In t he la t ter case, however, cracks will develop which may not be
accep t able under service loads.

 x x (z ) = 12 m x x z
t 3

 x z (z ) = 3  x z
2 t (1 − 4 z 2

t 2 )

B ending st resses are maximum for z = ± 1
2 t  x x (z ) = ± 6 m x x

t 2 = ± 6 t x
t 2 =

± 6·142
100 2 = ± 0, 085 N / m m 2

 x z (z ) = 3  x z
2 t = 3 f r

2 t
3· − 0 ,68

2 ·100 = − 0, 01 N / m m 2

Stress due to edge disturbance in the r ing beam:

n   = − f r a

   = − f r a
A = − 0 ,68 ·3000

90 .000 = 0, 023 N / m m 2

T he maximum tension st ress of 0, 035 N / m m 2 which was found in circumferen-
t ial direct ion in t he shell in A nsys is of equal magni t ude. T he tension st ress in
t he ringbeam calcula ted wi t h t he maximum horizont al react ion force resul ts of
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A nsys amounts 3  981
300 2 = 0, 033 N / m m 2 .

A s t he resul ts in A nsys are of t he same order of magni t ude as t he resul ts of
t he handcalcula t ion, t he model in A nsys is considered as sui t able for fur t her
analyses.
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C .3 You ngs’ mo d ule for a fer rocement m a t r i x

W i t h t he volume fract ion of t he mesh V f and t he ra t io E m o r t a r / E f t he Youngs’
module of t he ma t rix can be defined [N imi tyongskul, 1985] [R aisinghani, 1985].
However, as chicken wire consists of wires orient a ted in di  erent direct ions, ad-
justments have to be made. To simplify t he calcula t ion i t is assumed t ha t t he
volume fract ion of mesh is divided over two instead of t hree layers, which are
orient a ted perpendicular to each ot her.

F igure C .4: O rient a t ion of t he wire meshes

For each layer t he moduli of elast ici ty E c1 and E c2 are calcula ted. T he Youngs’
module E c of t he ma t rix can t hen be determined:

1
E c

=  1
E c 1

+  2
E c 2

T he parameters  1 and  2 denote t he lengt h fract ions of t he par ts of a typical
segment , see figure C .4.

T he load act ing on a composi te sect ion per uni t area carried by t he ma t rix
and N types of fibers oriented a t an angle  wi t h t he loading direct ion can be
expressed as:

 c =  m A m +
 N

i = 1 F i  f i A f i

 c average st ress in composi te sect ion A m area fract ion ma t rix
 m st ress in t he ma t rix A f i area fract ion fiber i
 f i st ress in t he fiber i F i cosine of  

M ul t iplying t his equivala t ion by t he uni t lengt h in t he direct ion of t he load and
not ing t ha t A f i / F i = V f i gives:

 c =  m V m +
 N

i = 1 F 2
i  f i V f i
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F igure C .5: St rain of t he inclined fibers and t he ma t rix

V m volume fract ion ma t rix V f i volume fract ion fiber

T he st rain in t he ma t rix is equal to t he average st rain  i in t he composi te. In
figure C .5 i t is illust ra ted t ha t  i =  c F i

1 / F i
= F 2

i  c

B y Hooke’s law t his becomes:
E c = E m V m +

 N
i = 1 F 4

i E f i V f i

W i t h t he parameters from sect ion 10.2:
E m 17 300 N / m m 2 E f 210 000 N / m m 2

V m 99, 26% V f 0, 74%
 1 60   2 30  

F 1 0, 5(1 + cos  1 ) F 2 0, 5cos  2

E c1 18 336 N / m m 2 E c2 17 844 N / m m 2

 1 0, 63  2 0, 37

t his resul ts in E c = 18 023 N / m m 2



A p p en di x D

D esign by D en k t an k Solid
H ouse Fou n da t ion

F igure D .1: D esign for a dome in Sri L anka by t he SH F ’s archi tect ’ D enk t ank’
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A p p en di x E

B uilding C osts D ome Sr i
L an ka
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# DESCRIPTION Item Unit Quantity Rate Amount Total Amount

Skilled Labour days 1 1000,00 1000,00

Unskilled labour days 4 600,00 2400,00
Food expenses nos 5 125,00 625,00

Skilled Labour days 1 1000,00 1000,00

Unskilled labour days 8 600,00 4800,00

COM. Contribution days 0 0,00 0,00
Food expenses item 9 125,00 1125,00

10mm steel bars 172 225,00 38700,00

Binding Kg 6 125,00 750,00

Polyttheen Sheet meter 30 100,00 3000,00

Cookies Nos 200 5,00 1000,00

Transport trips 1 4500,00 4500,00

Skilled Labour days 3 1000,00 3000,00

Unskilled labour days 5 600,00 3000,00

COM. Contribution days 0 0,00 0,00
Food expenses item 8 125,00 1000,00

Cement bags 56 625,00 35000,00

Metal cubs 6 10500,00 63000,00

Sand cubs 6 2000,00 12000,00

Water liters 4000 0,75 3000,00

Transport trips 1 4500,00 4500,00

Deasel liters 20 62,00 1240,00

Skilled Labour days 4 1000,00 4000,00

Unskilled labour days 28 600,00 16800,00

COM. Contribution days 0 0,00 0,00
Food expenses item 32 150,00 4800,00

Iron plates Nos 130 125,00 16250,00

 Nut & bolt Nos 410 35,00 14350,00

Installing Generator 1000,00

Installing Ventilator 1000,00

Deasel liters 10 62,00 620,00

Skilled Labour days 3 1000,00 3000,00

Unskilled labour days 6 600,00 3600,00

COM. Contribution days 0 0,00 0,00
Food expenses item 9 125,00 1125,00

# DESCRIPTION Item Unit Quantity Rate Amount Total Amount

GI Pipes (1 1/2) length 36 2150,00 77400,00
Timber  4"x2" l.ft 510 40,00 20400,00
Timber  2"x1" l.ft 250 10,00 2500,00
G.I.binding Nos 75 300,00 22500,00
Planks Sq.ft 100 40,00 4000,00
Transport trips 2 4500,00 9000,00
Nails Kg 5 125,00 625,00
Skilled Labour days 5 1000,00 5000,00
Unskilled labour days 5 600,00 3000,00
COM. Contribution days 0 0,00 0,00
Food expenses item 10 125,00 1250,00
10mm steel bars 320 225,00 72000,00
Binding Kg 15 125,00 1875,00
Cookies Nos 500 5,00 2500,00
Transport trips 1 4500,00 4500,00
Deasel liters 100 62,00 6200,00
Skilled Labour days 30 1000,00 30000,00
Unskilled labour days 60 600,00 36000,00
COM. Contribution days 0 0,00 0,00
Food expenses item 90 125,00 11250,00
Plywood 1/4 sheets 3 700,00 2100,00
Plywood 1/2 sheets 18 1300,00 23400,00

Door & Window form works Plywood 3/4 sheets 12 1900,00 22800,00
( 4 Nos Doors & 2 Nos Windows) Timber  4"x2" l.ft 300 40,00 12000,00
and lower shuttering Reapers l.ft 100 10,00 1000,00

Transport trips 1 4500,00 4500,00
Nails Kg 5 125,00 625,00
Skilled (carpenter) days 20 1000,00 20000,00
Unskilled labour days 26 600,00 15600,00
Food expenses days 46 125,00 5750,00

164325,00

105675,00

6 Scaffolding 145675,00

7 Dome Reinforcement

8

Concreting of the foundation4

5 Attach in balloon for the foundation

144340,00

40945,00

54950,003 Rebar Binding (foundation )

INSPECTOR   EATHTHAME   REHABILITATION   PROJECT
9 meter   Dome ( Model House )  Actual   Cost (in LKR)

Site clearing1

2 Excavation Foundation

4025,00

6925,00



Cement bags 110 625,00 68750,00
Metal cubs 5 10000,00 50000,00
Sand cubs 6 2000,00 12000,00
Water liters 4000 0,75 3000,00
Transport trips 1 4500,00 4500,00
Deasel liters 220 62,00 13640,00
Skilled Labour days 20 1000,00 20000,00
Unskilled labour days 120 600,00 72000,00
COM. Contribution days 0 0,00 0,00
Food expenses item 160 150,00 24000,00

# DESCRIPTION Item Unit Quantity Rate Amount Total Amount

Gunny bags bags 200 125,00 25000,00

Water liters 15000 0,75 11250,00

Transport trips 0,5 4500,00 2250,00

Skilled Labour days 1 1000,00 1000,00

Unskilled labour days 5 600,00 3000,00

COM. Contribution days 0 0,00 0,00
Food expenses item 6 125,00 750,00

Cement bags 18 625,00 11250,00

Sand cubs 2 2000,00 4000,00

Lime bags 25 200,00 5000,00

Water liters 1500 0,75 1125,00

Transport trips 0,5 4500,00 2250,00

Skilled Labour days 24 1000,00 24000,00

Unskilled labour days 20 600,00 12000,00

COM. Contribution days 0 0,00 0,00
Food expenses item 44 125,00 5500,00

Cement bags 34 625,00 21250,00

Sand cubs 1,5 2000,00 3000,00

Water liters 3000 0,75 2250,00

Transport trips 0,5 4500,00 2250,00

Skilled Labour days 16 1000,00 16000,00

Unskilled labour days 16 600,00 9600,00

COM. Contribution days 0 0,00 0,00
Food expenses item 32 125,00 4000,00

water profing paint L 24 175,00 4200,00

Wethercoat paint L 20 450,00 9000,00

Piller paint L 20 200,00 4000,00

Transport trips 0,25 4500,00 1125,00

Skilled Labour days 0 1000,00 0,00

Unskilled labour days 12 600,00 7200,00

COM. Contribution days 0 0,00 0,00
Food expenses item 15 125,00 1875,00

# DESCRIPTION Item Unit Quantity Rate Amount Total Amount

Cement bags 20 625,00 12500,00

Sand Cubs 2 2000,00 4000,00

Water L 1000 0,75 750,00
Bricks Nos 3000 7,00 21000,00

Skilled days 15 1000,00 15000,00

Un  Skilled days 20 600,00 12000,00
Food expenses Items 35 125,00 4375,00

Cement bags 8 625,00       5000,00

Sand Cubs 1 2.000,00    2000,00

Lime bags 12 200,00       2400,00
Transport trips 1 4.500,00    4500,00

Skilled days 12 1.000,00    12000,00

Un  Skilled days 15 600,00       9000,00
Food expenses Items 35 125,00       4375,00

Cement bags 8 625,00       5.000,00              
Sand cubs 1 2.000,00    2.000,00              

Water L 2000 0,75           1.500,00              
Transport trips 1 4.500,00    4.500,00              

Skilled days 6 1.000,00    6.000,00              
Un  Skilled days 6 600,00       3.600,00              
Food expenses Item 12 125,00       1.500,00              

Curring 43250,0010

16 Gutter with pavement 24.100,00                 

15 Wall plaster 39275,00

14 Divisioning wall 69625,00

13 Out side painting 27400,00

267890,009 Concreting of the dome

11 Inside plaster 65125,00

12 Out side plaster 58350,00



Cement bags 3 625,00       1.875,00              
Sand cubs 1 2.000,00    2.000,00              

Metal 3/4 cubs 0,5 10.500,00 5.250,00              
10mm steel Nos 19 225,00       4.275,00              
water L 1000 0,75           750,00                 

Skilled days 3 1.000,00    3.000,00              
Un  Skilled days 6 600,00       3.600,00              
Food expenses Item 9 125,00       1.125,00              

# DESCRIPTION Item Unit Quantity Rate Amount Total Amount

Door Frame (Concrete) No 3 3.250,00    9.750,00              
Door Slashes No 5 10.000,00 50.000,00            
Window Frame (Concrete) No 4 2.950,00    11.800,00            
Window Slashes No 8 3.500,00    28.000,00            

Transport trips 2 4.500,00    9.000,00              
Door Frame (Timber) No 2 5.000,00    10.000,00            

Carpenter days 2 1.000,00    2.000,00              
Skill days 3 1.000,00    3.000,00              
Un Skill days 6 600,00       3.600,00              
Food expenses Item 11 125,00       1.375,00              

Cement bags 5 625,00       3.125,00              
Sand cubs 1 2.000,00    2.000,00              

Skill days 8 1.000,00    8.000,00              
Un Skill days 16 600,00       9.600,00              
Food expenses Item 24 125,00       3.000,00              

Emultion Paint liters 20 450,00       9.000,00              
Enamal Paint liters 4 700,00       2.800,00              

Skill days 6 1.000,00    6.000,00              
Un Skill days 10 600,00       6.000,00              
Food expenses Item 16 125,00       2.000,00              

Cement bags 5 625,00       3.125,00              

Sand cubs 1 2.000,00    2.000,00              
Red Cement Kg 10 525,00       5.250,00              
Water L 1000 0,75           750,00                 
Skill days 6 1.000,00    6.000,00              
Un Skill days 8 600,00       4.800,00              
Food expenses Item 14 125,00       1.750,00              

Total in LKR 1.487.475                 
Total in EURO 11.900                      

20 Inside Painting 25.800,00                 

19 Door and window plaster 25.725,00                 

18 Doors and Windows 128.525,00               

17 Pantry Cupbord with Slab 21.875,00                 

21 Floor Rendering 23.675,00                 



A p p en di x F

A b ou t M emb ranes

B efore st ar t ing new designs for t he formwork a st udy was made on membranes.
In t his sect ion a number of aspects will be discussed.

F .1 M echanics of single memb ranes u n der p res-
su re

T he st resses in a double curved single membrane depend on t he pressure and
t he curva t ure of t he membrane.

T hese st resses can be determined by t he equilibrium of a small square element
wi t h angles of curva t ure   and   , see page 242.

Ver t ical equilibrium:
2n  r 2   si n(   

2 ) + 2n  r 1   si n(   
2 ) = pr 1   r 2   

For small angles si n(   
2 ) =   

2 and si n(   
2 ) =   

2 .

W hich renders:
n  r 2     + n  r 1     = pr 1 r 2     

Simplified: n  
r 1

+ n  
r 2

= p

r 1 and r 2 are t he radiuses of t he two posi t ive curva t ures
n  and n  are t he membrane forces in t hese direct ions
T he membrane force n = membrane st ress × t hickness of t he membrane
T he di  erence in st resses between t he upper and lower level of t he membrane
is neglected because of t he small t hickness.
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F igure F .1: St resses in a small double curved square element under pressure
[H uybers, 1999]

F .2 M a ter ials
M any di  erent ma terials can be used to make a membrane. A rough dist inct ion
can be made between isot ropic and anisot ropic ma terials [B raam, 2000]:

Isotropic M ater ials

• P last ic foils made of i.e. P V C , polyet hyleen, polyester, poly vinylchlorid or
synt het ic rubbers. T hese foils are very air t ight , flexible and easy to weld
or glue.

• R ubber membranes are very flexible because of t he large elonga t ions pos-
sible. R ubber is air t ight , bu t t he st rengt h of rubber is very low.

• M et al foils such as aluminium and steel foil are very air t ight and have a
high tensile st rengt h. A big disadvant age is t he st i  ness which requires
ex t remely precise cu t t ing pa t terns.

A nisotropic M ater ials

• T issues consist of t hreads which are woven in a specific pa t tern. T he
direct ions in which t he t hreads are woven are called warp and weft . In
t he direct ion of t he warp t he t issue is st rongest as t he t hreads of t he weft
are woven t hrough st retched t hreads of t he warp. T here are a lot of di  er

Isot ropic foils and synt het ic rubbers are not sui t able for a membrane because
of t heir low Young’s Module and sensi t
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T herefore membranes for st ruct ural applica t ions most ly consist of coa ted t is-
sue. T he t issue absorbs st resses on t he membrane while t he coa t ing makes t he
membrane air t ight and increases i t ’s durabili ty. Polyester t issues wi t h P V C
coa t ings are most common because of t heir good proper t ies and rela t ively low
price. T he current infla t able formwork of t he Solid House Founda t ion consists
of P V C coa ted polyester and has a weight of 900 g r / m 2

F .3 Sea ms

T he seams have to be st ronger t han t he membrane i tself, as air t ight as possi-
ble, durable and flexible. In general most seams are ei t her st i tched, welded or
glued 1 .

A ll t issues can be st i tched. I t is more expensive, bu t st ronger t han welded
seams. However st i tched seams are not air t ight and dir t accumula tes along t he
seams.

In case of welded seams, t he connect ion is made by joining t he coa t ing. T here
are several techniques 2 , depending on t he kind of coa t ing used. T he level of
air t ight ness depends on t he technique. Most common is point-welding. T he
crea ted seams are not air t ight , so a cont inuous inflow of air is necessary to
keep pressures on t he required level. Instead of increasing t he air t ight ness of
t he seams i tself t he membrane could also be filled wi t h an over sized rubber
membrane (a sor t of inner t ire). T he rubber membrane will t ake care of t he
air t ight ness, while t he polyester membrane provides st rengt h.

F .4 A i r p ressu re

A ir pressure can be supplied by a vent ila tor, a blower or a compressor.

Vent ila tors have a low pressure capaci ty bu t a high volume capaci ty. C ent rifu-
gal vent ila tors are most sui t able as t hey require most energy for high volumes
wi t h low pressure levels. T he maximum air pressure a cent rifugal vent ila tor can
provide amounts approxima tely 300 mbar.

B lowers can handle higher pressures t han vent ila tors. Some can crea te up to 2
bar overpressure. However volume capaci ty is lower t han for vent ila tors.

C ompressors are especially sui t able for very high pressures as t hey can provide
up to 15 bar overpressure. Yet t heir volume capaci ty is very small, which makes
t hem unsui t able for large const ruct ions.

A s a comparison: a bicycle pump has a very small volume capaci ty, bu t can
provide pressures up to 9 bar. A t ire for a racing bike needs abou t 8 bar over-

1 B ui t in k Z ei l m a keri j
2 H igh frequenc y welding, p oin t-welding a n d ho t-air-welding
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pressure.



A p p en di x G

C onst r uct ion M anual
Tradi t ional B alloon wi t h
Fer rocement Shell
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