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MEMBRANE STRUCTURES AND THE AUSTRALIAN MARKET 

B.T. Davis 
D i r e c t o r ,  McWil l iam & Par tners  Pty. Ltd., Br isbane 

S ummary 

I n  the  space o f  a  decade, has been es tab l ished i n  A u s t r a l i a  a  small i n d u s t r y  
concerned w i t h  the  a p p l i c a t i o n s  o f  f l e x i b l e  membranes, u s u a l l y  f a b r i c s ,  i n  
s t ruc tu res  h i t h e r t o  t h e  domain o f  t h e  ' nob le '  m a t e r i a l s  t imber, s t e e l ,  concrete 
and b r i c k .  

This  paper b r i e f l y  reviews both the  development o f  engineered membrane s t r u c t -  
ures and the  c h a r a c t e r i s t i c s  which s e t  them somewhat apa r t  f rom ' o t h e r  s t r u c t -  
ures. 

I n  p a r t i c u l a r ,  t h e  techn ica l  requirements on design, ma te r i a l  s  and c o n s t r u c t i o n  
are  r e f e r r e d  to ,  together  w i t h  comments on present  and p o t e n t i a l  markets. 

Membrane St ruc tures  - What a re  they? 

What a re  they indeed, and why a r e  they d i f f e r e n t  f rom o t h e r  s t r u c t u r e s ?  - a r e  
they d i f f e r e n t  a t  a l l ?  

One o f  t he  bes t  d e f i n i t i o n s  (1) i s  t h a t  Membrane s t r u c t u r e s  a r e  those s t r u c t -  
ures which employ a  t h i n ,  f l e x i b l e  sur face ma te r ia l ,  such as coated and uncoated 
f a b r i c s ,  as t h e i r  main s t r u c t u r a l  and r o o f i n g  element which i s  permanently 
s t ressed between i t s  support system and i t s  anchorages. 

Membranes can be subdivided i n t o  two major groups: 

( i  ) Non-prestressed membranes such as ten ts ,  s a i l  s  and a i r - ( o r  o t h e r  medium) 
f i l  l e d  s t ruc tu res ,  which a r e  o r i g i n a l  l y  s lack  i n  the  unloaded c o n d i t i o n  
and assume shapes o f  e i t h e r  s i n g l e  o r  double curva ture  when loaded; 

( i i )  Prestressed membranes such as t e n t  and a i r  supported o r  a i r - i n f l a t e d  
s t r u c t u r e s  which, i n  t he  case o f  prestressed ten ts ,  assume double negat ive  
(saddle)  curvature,  o r  i n  t h e  case o f  a i r -supported o r  a i r - i n f l a t e d  
s t r u c t u r e s  under a i r  pressure assume s i n g l e  o r  double p o s i t i v e  (dome) cu r -  
vature.  

Being o f  f 1  ex.i b l  e  ma te r i a l  , membranes must be e i t h e r  supported i n t e r n a l  l y  o r  
suspended ex terna l  l y  f rom r i g i d  supports such as masts, frames, arches, w a l l  s, 
o r  f rom ground e leva t i ons  ; a1 t e r n a t i v e l y  membranes may be supported by r a i s i n g  
the  i n t e r n a l  a i r  pressure underneath t h e  membrane above atmospheric l e v e l .  

According t o  t h e  type o f  support, membranes may be f u r t h e r  subdiv ided i n t o  
po in t ,  l i n e  o r  sur face supported. 

The boundaries o f  membrane sur faces may e i t h e r  be bordered by edge cables o r  
may be clamped d i r e c t l y  t o  r i g i d  s t r u c t u r a l  elements such as edge seams, frames, 
compression r i n g s ,  o r  on t o  wa l l s .  
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Three impor tan t  po in t s  can be made here: 

( i )  J u s t  about a l l  our convent ional methods o f  cons t ruc t i on  employ a  s t r u c t -  .- 
u r a l  system o f  pr imary p lus  secondary frame elements p lus  an envelope. 
Note t h a t  i n  our  d e f i n i t i o n  t h e  membrane i s  both s t r u c t u r e  and envelope, 
and t h i s  i s  one major  d i f f e r e n c e  which se ts  membrane s t r u c t u r e s  a p a r t  
from convent ional s t ruc tu res .  

( i i )  The use o f  f a b r i c s  i n  o the r  than small sca le  s t r u c t u r e s  has, t o  a  g rea t  
e x t e n t  been a  t r a n s p o s i t i o n  o f  the  non -s t ruc tu ra l  envelope p r i n c i p l e  
noted above, i .e. a  pr imary load-car ry ing  frame has been erected and the  
f a b r i c  (membrane) merely f i x e d  t o  i t .  I n  our d e f i n i t i o n  o f  membrane 
s t r u c t u r e  the  membrane does a l l  the  work, and i t  i s  t h i s  which d i f f e r e n t -  
i a t e s  t r u e  membrane s t r u c t u r e s  f rom the  vas t  range o f  f a b r i c  a p p l i c a t i o n s  
which form the  bas is  o f  t he  'canvas goods' i ndus t r y .  These a r e  sometimes 
r e f e r r e d  t o  as 'non-prestressed merr~branes ' . 

( i i i )  Note t h a t  a  pre-stressed merr~brane i s  pe,rmanently ' s t ressed ' ,  i .e. i t  i s  
n o t  t o  be s lack  a t  any t ime. I t  i s  t h i s  element o f  permanent sur face 
s t r e s s  i n  an engineer ing sense which makes these s t r u c t u r e s  d i f f e r e n t  
from a1 1  our  convent ional  c o n s t r u c t i o n  systems. 

Yet, having s a i d  t h i s  and claimed t h a t  these s t r u c t u r e s  are  d i f f e r e n t ,  i t  i s  as 
w e l l  t o  remember t h a t  i n  the  broadest sense any ' s t r u c t u r e '  i s  j u s t  a  phys ica l  
means o f  c o l l e c t i n g  and d ispos ing  o f  loads and o f  p rov id ing  containment. Mem- 
brane s t r u c t u r e s  should be thought o f  i n  these terms r a t h e r  than i n  s imple terms 
o f  s t ress ,  o r  one can very q u i c k l y  be b l i nke red  i n  assessing t h e i r  wor th  and 
p o t e n t i a l ,  o r  f o r  t h a t  ma t te r  t h e i r  shortcomings. 

- 
I t  i s  n o t  uncommon, there fore ,  t o  see some s t r u c t u r e s  r e f e r r e d  t o  as membrane 
s t r u c t u r e s  b u t  which are n o t  so a t  a l l .  I n  our  fo rmat ive  years we would be f o r -  
g iven an occasional lapse born of enthusiasm, i n  l a b e l l - i n g  our  non-prestressed 
cousins thus; b u t  hencefor th h igher  standards must be asp i red  t o !  

O f  course, we must be ca re fu l  t h a t  we know whether i t  i s  t h e  ' f a b r i c  s t r u c t u r e s '  
i n d u s t r y  o r  the  'membrane s t r u c t u r e s '  i n d u s t r y  t h a t  we are  i n .  I t  cou ld  reason- 
ab l y  be sa id  t h a t  i n  the  present con tex t  we are  a l l  i n t o  f a b r i c s ,  b u t  on l y  a  few 
of us a re  i n t o  s t r u c t u r a l  membranes. 

The above d i f f e r e n t i a t i o n  between merr~brane and ' o t h e r '  s t r u c t u r e s  i s  n o t  meant 
t o  imply t h a t  s t r u c t u r a l  membranes w i l l  so lve  every p r a c t i c a l  cons t ruc t i on  prob- 
lem. Not so, every th ing  has i t s  place. The t o t a l  va lue  o f  membrane s t r u c t u r e s  
i n  A u s t r a l i a  i s  now and w i l l  remain i n t o  the  foreseeable f u t u r e  a  smal l  p ropo r t -  
i o n  o f  t h a t  o f  t he  es tab l ished ' f l a t  f a b r i c  products '  whose usefu lness t o  and 
a c c e p t a b i l i t y  by the  Pub1 i c  i s  undeniable. 

Wi th  few except ions f l a t  sur face  elements cannot form p a r t  o f  a  t r u e  membrane 
s t ruc tu re .  This  i s  an axiom o f  our  e n t i r e  design procedures. 

Nevertheless, where sca le  o f  a p p l i c a t i o n  increases, be i t  i n  terms o f  span, 
l oad ing  o r  environmental demand, t he  p r i n c i p a l s  o f  membrane s t r u c t u r e s  w i l l  be 
found t o  o f f e r  va luable,  economical and v i s u a l l y  p leas ing  s o l u t i o n s  when 
though t fu l  l y  appl ied. 
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I t  i s  becoming more ev ident  as experience grows t h a t  membrane s t r u c t u r e s  are  
o f f e r i n g  n o t  on l y  improved so lu t i ons  t o  many cons t ruc t i on  tasks but ,  on occasion 
maybe the  on ly  f e a s i b l e  so lu t i on .  

General Devel opment o f  Prestressed Membrane St ruc tures  

Because prestressed membrane s t ruc tu res  a r e  permanently tensioned they d i d  n o t  
s t a r t  t o  blossom u n t i l  s u i t a b l e  m a t e r i a l s  and j o i n t i n g  methods were developed. 
O f  course, t h i s  i s  a  chicken and egg s i t u a t i o n  which means t h a t  s u i t a b l e  demands 
had t o  e x i s t  as w e l l .  

The Second World War spawned a  l o t  o f  a c t f v i t y  o u t  o f  necessi ty ,  and a t  i t s  end 
many oppor tun i t i es  presented themselves f o r  a p p l i c a t i o n  o f  new technologies t o  
peaceful uses. Membrane s t ruc tu res  was one o f  them. 

From about 1945 onwards saw t h e  f i r s t  a p p l i c a t i o n s  o f  f a b r i c s  as' envelope and 
s t r u c t u r e  combined. The a i r  domes o f  Walter B i r d  i n  U.S.A. a t  the  end o f  t h e  
1940's and t h e  l a t e r  f o u r  p o i n t  s a i l s  o f  F r e i ' O t t o  i n  Germany i n  the  e a r l y  
1950's were t h e  prototypes from which t h e  now worldwide membrane s t ruc tu res  
i n d u s t r y  grew. 

A  l a r g e  number o f  B i r d ' s  three-quarter  spher ica l  domes were b u i l t  throughout 
the  Northern U.S. and Canada. B i r d  went i n t o  business by e s t a b l i s h i n g  ' B i r d a i r  
Structures,  I nc .  ' and cont inued the  development o f  t he  a i r  s t r u c t u r e  through a  
number o f  commercial and m i l i t a r y  app l i ca t i ons .  

From i t s  beginnings i n  the  U.S., t h e  a i r  s t r u c t u r e  spread q u i c k l y  t o  Europe 
where i n  1959 i t s  development was encouraged by F r e i  O t t o  and Peter  Stromeyer, 
who had been co-operat ing s ince 1954 on a  development o f  t h e i r  own; the  pre- 
s t ressed membrane t e n t .  

As a  r e s u l t  o f  t h e  work F r e i  O t t o  publ ished h i s  book 'Hanging Roofs' i n  1953. 
I t  became the  f i r s t  s i g n i f i c a n t  general work on l i g h t w e i g h t  tens ion  sur face 
s t ruc tures ,  c o n t r i b u t i n g  t o  a  subsequent r e v i v a l  o f  cable and membrane tens ion 
s t ruc tu res  i n  a r c h i t e c t u r e  and engineering. I t  i s  i n t e r e s t i n g  t o  note t h a t  t h e  
r i s i n g  i n t e r e s t  i n  tens ion s t ruc tu res  from t h a t  t ime contrasted a  f a l l i n g  i n t e r -  
e s t  i n  compression (she1 1  ) s t ruc tures .  

The c lose  co-operat ion o f  t he  a r c h i t e c t / o r i g i n a t o r  O t to  w i t h  t h e  entrepreneur 
Stromeyer l e d  t o  cons t ruc t i on  o f  t o t a l l y  new concepts i n  t e n t s  - the  modern 
prestressed membrane s t r u c t u r e  du r ing  t h e  1950's and 1960's. 

I n  the  1960's O t t o  publ ished books on design and ana lys i s  o f  pneumatic s t r u c t -  
ures and on cable-net s t ruc tu res ,  t he  p r i n c i p l e s  o f  which were app l i ed  i n  the  
c l a s s i c  Montreal Expo r o o f  i n  1967, the  U.S. a i r  supported p a v i l i o n  i n  Osaka 
i n  1970, and t h e  recent  Haj Terminal i n  Jeddah i n  1980. 

A u s t r a l i a n  Development 

The beginnings o f  contemporary membrane s t ruc tu res  development i n  t h i s  count ry  
i s  genera l ly  agreed t o  have been i n  the  l a t e  1950's. B e r t  B i l  sborough o f  
Sydney, learned o f  B i r d ' s  a i r  s t ruc tu res  and, a t  a  t ime when a i r  s t r u c t u r e s  
were j u s t  being int roduced i n  Europe, designed and constructed h i s  f i r s t  a i r -  
supported s t r u c t u r e  i n  1958, w i t h  a  newly developed PVC coated nylon f a b r i c  
produced by I C I  Chemicals. 
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Fabr ics  were, however, very  much i n  use p r i o r  t o  t h i s .  The f i r s t  membrane 
s t r u c t u r e s  i n  A u s t r a l i a  o f  any no te  were c i r c u s  ten ts ,  f i r s t  manufactured w i t h  
t h e  advent o f  c i r cuses  i n  A u s t r a l i a  around t h e  1850's. The f i r s t  c i r c u s  t e n t s  
were c i r c u l a r  i n  p lan  w i t h  one c e n t r a l  pole, bu t  as t h e  c i r cuses  grew i n  s i ze ,  
so d i d  t h e  t e n t s ,  t o  2, 3, 4 o r  more c e n t r a l  po le  supports. S ince those e a r l y  
days o f  c i r c u s  t e n t s  i n  A u s t r a l i a ,  t h e i r  main features have n o t  changed n o t i c e -  
ably .  I n  p a r t i c u l a r  they a re  s t i l l  made o f  e s s e n t i a l l y  l a r g e  f l a t  panel f a b r i c  
elements. 

A v a r i e t y  o f  non-prestressed membrane s t r u c t u r e s  where t h e  membrane a c t s  p r imar -  
i l y  as c ladd ing  on a frame have been erec ted  i n  A u s t r a l i a .  Amongst these were 
p o r t a b l e  a i r c r a f t  hangars and h e l i c o p t e r  r e p a i r  she l t e rs ,  which were s imple 
r i g i d  frames o f  s i d e  w a l l s  and p i t ched  roofs made o u t  of s t e e l  members. Other  
non-prestressed, l i n e  supported membranes inc luded e x h i b i t i o n  spaces, s h i p  
covers f o r  maintenance work, a dodgem c a r  t r a c k  cover,  and q u i t e  r e c e n t l y  an 
experimental  membrane covered g r i d s h e l l ,  t h e  f i r s t  such s t r u c t u r e  i n  A u s t r a l i a .  

Prest ressed membrane s t r u c t u r e s  were in t roduced l a t e r  about 1970. These i n -  
c luded bo th  p o i n t  and l i n e  supported examples, such as d i s p l a y  and shade mar- 
quees and covers, marquees a t  a shopping centre,  r a c i n g  c a r  covers, an a r t s  
and c r a f t s  s t u d i o  a t  a school, mul t i -purpose 'Tension S t r u c t u r e s ' ,  r e c e p t i o n  
canopies, walkway covers and outdoor  s tage roo fs ,  a r o o f  f o r  a r e c r e a t i o n  
cent re ,  a cou r t ya rd  cover f o r  an ho te l  and an entrance canopy, an e x h i b i t i o n  
stand and a church roo f ,  t h e  f i r s t  Tef lon-coated f i b r e g l a s s  s t r u c t u r e  i n  
A u s t r a l i a .  More and l a r g e r  s t r u c t u r e s  of t h i s  type  a r e  being constructed.  

Al though a i r -suppor ted  s t r ~ ~ c t u r e s  were in t roduced t o  A u s t r a l i a  i n  t h e  l a t e  50 's  
t h e i r  number has o n l y  r e c e n t l y  s t a r t e d  t o  increase. E a r l i e r  a p p l i c a t i o n s  had 
been main ly  f o r  i n d u s t r i a l  use; some exarr~ples i n c l u d e  storage s t ruc tu res ,  a i r -  

- 
supported h a l l s  as t r a v e l l i n g  churches, maintenance and cons t ruc t i on  she l t e rs ,  
and severa l  swimming pool covers. 

I n  rev iewing  t h i s  i t  i s  impor tan t  t o  no te  t h a t  t h e  development o f  membrane 
s t r u c t u r e s  has taken p lace  i n  t h e  ve ry  s h o r t  space o f  j u s t  t h i r t y  years.  I n -  
deed i t  cou ld  be s a i d  t h a t  r e a l  a c t i v i t y  i n  A u s t r a l i a  has been l i m i t e d  t o  l i t t l e  
more than h a l f  t h a t  t ime. 

We must apprec ia te  t h i s  l e s t  we become too  c r i t i c a l  of what some may see as 
l i m i t a t i o n s  i n  ou r  technology and ma te r i a l s .  For  example, where some f i v e  years  
ago eng ineer ing  design techniques based on model measurements and hand c a l c u l a t -  
i o n s  l e f t  something t o  be desi red,  we now employ computer techniques w i t h  s t rong  
conf idence i n  t h e  answers obtained. Even so, cont inuous ref inement  i n  these 
methods i s  proceeding whereby more accurate, more economical and f a s t e r  r e s u l t s  
w i  11 be obtained. For  i t s  s i z e  the  A u s t r a l i a n  I n d u s t r y  has much t o  be proud of 
i n  i t s  achievement t o  da te  i n  t h i s  f i e l d  and f o r  i t s  enthusiasm t o  a s p i r e  t o  
wor ld  standard technology when the  occasion demands. 

I n  m a t e r i a l s  too,  whereas a decade ago saw f a b r i c  l i v e s  o f  5 - 10 years  as t h e  
norm, today we can o f f e r  10 - 25 years, w i t h  t o t a l  conf idence t h a t  w i t h i n  t h i s  
decade normal commercial f a b r i c s  w i t h  15 - 40 yea r  l i v e s  w i l l  be a v a i l a b l e .  

Techniques o f  recoa t i ng  t o  extend f a b r i c  l i v e s  have o n l y  j u s t  s t a r t e d  t o  be 
looked a t  se r i ous l y .  
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Even though t h e i r  economic analyses do n o t  r e f l e c t  i t  t h e  vast  m a j o r i t y  of 
C l i e n t s  s t i l l  expect s t r u c t u r e s  t o  l a s t  i n d e f i n i t e l y .  Our l o c a l  I n d u s t r y  i s  
then r i s i n g  t o  the  demands being placed upon it. By o f f e r i n g  c o n s i s t e n t l y  good 
work we w i l l  soon ga in  a  h igh  degree of a c c e p t a b i l i t y  f o r  membrane s t r u c t u r e s  
i n  t h i s  Country; a t  which stage we would have had some s t r u c t u r e s  up f o r  t h e  
apparent ly  magical 10 years. We would then be f i r m l y - e s t a b l i s h e d .  

We must be aware t h a t  we a r e  s t i l l  p ioneers i n  t h i s  f i e l d  even w i t h  t h e  amount 
o f  Overseas evidence a v a i l a b l e  bo th  t o  Ourselves and t o  our  p o t e n t i a l  C l i e n t s .  

We have gone through a  pe r iod  o f  i n i t i a l  establ ishment and exper imentat ion 
where most o f  our  s t r u c t u r e s  were r e l a t i v e l y  small and planned f o r  s h o r t  l i v e s  
o f  say, 3 - 10 years. With s t r u c t u r e s  of bott i  1  a rger  sca le  and l onger  planned 
l i v e s  we have entered a  prov ing  pe r iod  o f  considerable importance f o r  a l l  con- 
cerned. 

Features o f  Contemporary Membrane S t ruc tu res  

The new genera t ion  o f  membrane s t ruc tu res  i s  being expected t o  match i n  perform- 
ance long es tab l ished cons t ruc t i on  systems; t he re  w i l l  always be a  need f o r  t h e  
small o r  temporary p a v i l i o n s  and i n t e r e s t  ' f e a t u r e s ' ;  b u t  from here on we must 
address t h e  requirements o f  more soph is t i ca ted  cons t ruc t i on  i f  our  I n d u s t r y  i s  
t o  a t t a i n  m a t u r i t y .  

Experience gained from Overseas examples i s  he1 p f u l  , and, i n  f a c t ,  t o  f a i l  t o  
l e a r n  f rom such experience i s  inexcusable. However, r a r e l y  can a  s o l u t i o n  from 
one p a r t  o f  t h e  wor ld  merely be t ransp lan ted success fu l l y  i n  another. I t  i s  
necessary t o  work through the  f u l l  exerc ise  t o  prove i t  from concept t o  con- 
s t r u c t i o n .  

The f i r s t  change t h a t  i s  occu r r i ng  i s  one o f  scale, e.g. lh c l e a r  span o f  
f a b r i c  i s  q u i t e  c o ~ o n p l a c e ,  20m has been b u i l t ,  and l a r g e r  a re  being planned. 
Larger s t r u c t u r e s  w i t h  fewer supports mean heavy and bu lky  l i f t s ,  o f t e n  w i t h  
spec ia l  i sed  equipment. Th is  requ i res  an extension o f  a  Company's p lann ing  and 
opera t ions  a b i l i t i e s  and, i n  p a r t i c u l a r ,  f inanc ing .  Of ten such s t r u c t u r e s  a r e  
n o t  b u i l t  i n  i s o l a t i o n  and t h i s  requ i res  c lose  a t t e n t i o n  t o  c o n t r a c t u r a l  
mat te rs  and l i a b i l i t i e s .  

Since we a r e  t a l k i n g  most ly  'permanent' s t r u c t u r e s  over  va luable p rope r t y  we 
have n o t  g o t  t h e  f a l l - b a c k  s o l u t i o n  of r a p i ~ d l y  lower ing  them i f  a  severe storm 
i s  fo recas t .  Consequently we a r e  compelled i f  n o t  by Local A u t h o r i t i e s ,  then 
by our  own e t h i c a l  and commercial commonsense t o  design t h e  s t r u c t u r e  r a t i o n -  
a l l y  f o r  q u i t e  severe and, i n  p r o b a b i l i t y  terms, q u i t e  u n l i k e l y  loadings.  

i h i s  i n  t u r n  requ i res  i n p u t  o f  a  brand o f  engineer ing n o t  taught  i n  t h e  schools. 
I t  needs several years o f  'apprent icesh ip '  f o r  an Engineer t o  be ab le  t o  g i v e  
usefu l  se rv i ce  t o  a  Cont rac tor  specia l  i s i n g  i n  membrane s t ruc tu res .  Conversely, 
i t  i s  n o t  an easy task f o r  a  'Conver ter '  w i t h  l o n g  es tab l ished and proven pro-  
cedures t o  adapt t o  t h i s  new medium, n o t  t o  mention the  cos ts  involved.  

O f  course, t he  more severe demands on our  s t r u c t u r e s  have meant more s o p h i s t i c -  
ated membrane m a t e r i a l s  which r e q u i r e  new handl ing and f a b r i c a t i o n  methods and 
equipment, and c o n s t r u c t i o n  hardware t o  go w i t h  i t . 
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Without doubt t he  h igher  the  performance standards of a f a b r i c  t he  more c r i t i c a l  
i s  care i n  hand l ing  i t  from rece i va l  f rom the  Manufacturer t o  f i n a l  i n s t a l l a t i o n  
and maintenance. Such fab r i cs  as PTFE/Glass and heavier  top-coated PVC/Poly- 
e s t e r  cannot be g iven the  rough t reatment  which canvas can wi thstand,  e.g. sharp 
f o l d s ,  bu t  t h e i r  u l  t ima te  performance i s  worth the  t ime and e f f o r t .  Again, 
these f a b r i c s  a r e  u s u a l l y  incorpora ted  i n t o  s t ruc tures-  r e q u i r i n g  a p res t ress  
l e v e l  as much as t e n  times t h a t  o f  common marquee o r  s i m i l a r  long es tab l  ished 
app l i ca t i ons .  

Converters e n t e r i n g  the  membrane s t r u c t u r e s  f i e l d  w i l l  f i n d  themselves having t o  
a c t  a t  t imes as p r i n c i p a l  sub-contractor o r  even prime con t rac to r  and t h i s  
in t roduces a new dimension t o  cont rac t ing ,  - f i n a n c i n g  and e r e c t i n g  o f  membrane 
s t ruc tu res .  

F i n a l l y ,  the  f i n i s h e d  cos t  per  square metre o f  covered area f o r  a f u l l y  engin- 
eered membrane s t r u c t u r e  i s  w e l l  above t h a t  o f  convent ional  tents ' ; .and on top  o f  
t h i s  t he  C l i e n t  may demand a w r i t t e n  guarantee t o  safeguard h i s  investment. 

. . 

Engineering o f  Membrane St ruc tures  

We have sa id  t h a t  membrane s t r u c t u r e s  r e q u i r e  engineering, and the  two p r i n c i p a l  
areas o f  involvement a r e  geometry and ma te r ia l s .  

The bas ic  r u l e s  governing the  development o f  s u i t a b l e  form f o r  a membrane 
s t r u c t u r e  have l ong  s ince  been establ ished,  i .e .  b r i e f l y ,  open tens ion  s t r u c t -  
ures must have a permanent saddle o r  a n t i - c l a s t i c  sur face form, w h i l e  c losed o r  
pneumatic s t ruc tu res  must have e i t h e r  a domical i .e .  s y n c l a s t i c  form o r  be 
devel opabl e. 

The one common f e a t u r e  o f  both o f  these i s  t h a t  f l a t  sur faces a r e  n o t  t h e o r e t i c -  
a l l y  permi t ted .  . 
The word ' t h e o r e t i c a l  ' has been int roduced because today 's  techn ica l  s o c i e t y  
tends t o  recognise o n l y  numbers and c a l c u l a t i o n s  as the  indispensable means of 
' p r o o f '  o f  s t r u c t u r a l  v i a b i l  i ty. One must, however, be aware o f  our  1 -inii t a t i o n s  
when i t  comes t o  desc r ib ing  a phys ica l  system w i t h  numbers. There a r e  a g r e a t  
many th ings  i n  t h e  wor ld  which 'work'  bu t  which e i t h e r  have n o t  o r  cannot be 
numerical l y  q u a n t i f i e d .  

Nevertheless, as our  s t ruc tu res  venture f rom t h e  temporary t o  t h e  permanent, and 
each one i s  d i f f e r e n t  from the  l a s t  we a re  compelled t o  theo r i se  t h e  s t r u c t u r e  
s ince  t h e r e  i s  no b e t t e r  accepted method. I t  must a l s o  be r e a d i l y  de fens ib le  on 
economic grounds even though b u i l d i n g  prototypes each t ime would be a g r e a t  way 
t o  e f f e c t i v e l y  double t h e  I n d u s t r y ' s  workload! 

F i r s t l y ,  then, we have t o  d e r i v e  a s u i t a b l e  sur face shape f o r  the  s t r u c t u r e .  We 
need t o  combine t h e  general c r i t e r i a  f o r  s t r u c t u r a l  membrane s t a b i l  i t y  w i t h  the  
geometric l i m i t a t i o n s  of t he  s i t e  and support  system t o  a r r i v e  a t  an optimum 
form. We do t h i s  by so-ca l led  'shapef inding techniques ' .  

Based on one's own knowledge and experience we must decide on e i t h e r  model o r  
mathematical ( u s u a l l y  computer) procedures t o  develop and d e f i n e  the  c o r r e c t  
surface. 
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The l i m i t a t i o n s  of model techniques a re  s e l e c t i o n  of a s u i t a b l e  model 'membrane' 
and accuracy o f  cons t ruc t i on  and measurement. Nevertheless, phys ica l  model 1 i n g  
w i l l  l ong remain a valuable dec is ion  making and checking procedure. 

With computer techniques t h e  prime l i m i t a t i o n s  a r e  the  mathematical model o f  t h e  
membrane mate r ia l  s , e s p e c i a l l y  f ab r i cs  ; and, on the  1 ocal scene, s u i  tab1 e com- 
pu te r  capac i ty  t o  handle l a r g e  and complex forms. 

However, bo th  techniques i n  s p i t e  o f  t h e i r  l i m i t a t i o n s  have helped t h e  con- 
s t r u c t i o n  o f  every membrane s t r u c t u r e  t o  date, and so the re  i s  now q u i t e  a h igh  
degree o f  s a t i s f a c t i o n  w i t h  t h e i r  cont inued e f fec t iveness.  

Most development i s  being d i r e c t e d  t o  the  computer area, and we may reasonably 
expect t o  see t h e  ' i n s t a n t  membrane s t r u c t u r e  design package' a v a i l a b l  e w i t h i n  
f i v e  years, say, i f  present a c t i v i t y  i s  sustained. (A word o f  caut ion ,  however 
i s  t h a t  i t  w i l l  no t  be cheap t o  obta in! ) .  

Having der ived a sur face form we need t o  record i t  i n  a s u i t a b l e  fash ion,  and 
t h i s  i s  u s u a l l y  done as w i t h  any o the r  cons t ruc t i on  a c t i v i t y  by product ion  o f  
a r c h i t e c t u r a l  and engineer ing drawings. 

Such drawings may be o f  two classes: 

( i  ) general p i c t o r i a l  and arrangement drawings ; and 

( i i )  workshop and cons t ruc t i on  drawings. 

A t  t h i s  t ime manual methods a r e  being used t o  produce most drawings, however, 
computer d r a f t i n g  techniques a r e  developing apace. Present ly ,  general arrange- 
ment layouts ,  plans, views and sec t ions  can be produced i n  out1 i n e  form by 
computer t o  be f i n i s h e d  o f f  by a draftsman. C u t t i n g  pa t te rns  and 's tandard de- 
t a i  1s '  can be produced e f f e c t i v e l y  by computer. 

The r a p i d  development o f  such procedures i n  A u s t r a l i a  i s  s t i f l e d  by t h e  f a c t  
t h a t  we r a r e l y  b u i l d  t h e  same form of s t r u c t u r e  twice,  and even i f  we d i d  t h e  
funding t o  a s s i s t  such development i s  severely 1 imi ted.  

Obtain ing an opt imised e q u i l i b r i u m  shape and p rov id ing  c u t t i n g  pa t te rns  and 
hardware d e t a i l s  i s  t he  main t a n g i b l e  r e s u l t  o f  t h e  engineer ing i npu t .  However, 
t o  ensure t h e  s t r u c t u r e  i s  sound i t  i s  necessary t o  'analyse '  i t , t h a t  i s ,  t o  
de r i ve  the  loads t h a t  w i l l  be imposed on the  s t r u c t u r e  du r ing  i t s  l i f e ,  t o  c a r r y  
out  c a l c u l a t i o n s  t o  determine the  fo rces  i n  both t h e  membrane and t h e  support 
systems a t  a l l  times, and t o  assess t h e  movements o r  d e f l e c t i o n s  which might  
occur i n  t h e  s t r u c t u r e  under var ious loadings. 

Only by c a r r y i n g  through such analyses can requ i red  f a b r i c  s t rengths,  seams, 
edge r e s t r a i n t s ,  cables, f i t t i n g s ,  supports and anchorages be p roper l y  selected. 
I t  should be added t h a t  t h e  r e s u l t s  o f  such analyses need t o  be i n t e r p r e t e d  
carefu l  l y  from a background o f  experience. 
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We mentioned 'loads on the structure'. Physical loadings such as dead weight, 
wind, snow, earthquake, etc. immediately spring to mind. However, there are 
other physical factors which are equally important to the performance of a 
structure, viz. heat transfer (both in and out) ,  lighting, acoustics, f i r e ,  U V  
radiation, amenity (wind environment, glare, colour, etc.)  and other possible 
design considerations such as access and egress, demountabil i t y  , cost,  transport 
weight, erection feasibil i ty etc. which a1 1 need to be resolved during the de- 
sign and analysis phase. These are required of 'conventional ' buildings and we 
must expect the same for membrane structures. 

I t  can be stated that ,  a t  present not a l l  these questions can be answered with 
the same cost-effective assuredness as for  conventional longer established 
building forms where a f a r  larger basis of experience and markets exist.  Don't 
be fooled, however, there are a great nlany unanswered questions in a1 1 f ields of 
building materials and construction systems, and ours i s  by no means poorly 
placed in this regard. 

Because of the projected ionger 1 ives and higher permanent stresses in contem- 
porary membrane structures the demands on the membrane materials are more severe 
than for ,  say, marquees and tents. 

Both designer and fabricator have now to look carefully a t  a l l  the membrane 
material properties and not merely the weight, tear strength and colour as 
hitherto may have been the case. 

Degradation of membrane performance over time i s  a prime consideration a t  th is  
stage; however, a great deal has been achieved, remembering the few short years 
t h a t  fabrics have been used in permanent structures, and one can reasonably look 
forward probably as l i t t l e  as 5 years to having powerful answers to the most 
commonly asked question by prospective Clients 'how long will i t  l a s t ' ?  

Accelerated weather and UV testing has shown that fabric materials can be sel-  
ected to give a wide range of working lives, with the natural fibres a t  the 
lower end of the scale, through the now cotmilon PVC/Polyesters to PTFE/and S i l i -  
cone/glass a t  the upper end. Valuable outdoor weather testing such as that re- 
ported in Ref. ( 2 )  i s  providing information n o t  only on nlaterial breakdown with 
exposure b u t  quaiiti tative measures of strength retention which i s  cr i t ica l  t o  
sound structural design. 

Allied with this  testing i s  an appreciation of the need for detailed design in- 
formation on load/extension characteristics of fabrics, particularly their  
biaxial performance and the effects of seams and seam efficiency. One area in 
which the Industry would benefit from some investigation work i s  that relating 
t o  the application of 'reduction' or 'correction' factors t o  theoretically der- 
ived cutting patterns to arrive a t  the final workshop cutting patterns. 

This need to define and measure many material and seam properties both new and 
aged, and their  performance under f i r e ,  abrasion, etc. has created a denland for 
both testing fac i l i t i es  and useful basic standards to which we a l l  may refer. 

I n  striving to improve our design techniques we have recognised the need t o  
establish an accurate measure of wind loadings on and flow patterns around our 
structures, which can only be obtained by careful wind tunnel studies. We are 
fortunate in having several well staffed facil i t i e s  throughout Austral i a .  
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The whole quest ion o f  's tandards '  may be sa id  t o  be i n  the  m e l t i n g  pot .  Th is  
appl i es t o  both techn ica l  and e t h i c a l  standards. 

Techn ica l ly ,  a  l o t  o f  standarised t e s t  methods have ex i s ted  f o r  some t ime i n  
respect  of f a b r i c  mater ia ls .  These, however, were developed a t  a  t ime when the  
extension o f  f a b r i c s  i n t o  the  s t ruc tu res  f i e l d  as has-occurred could no t  reason- 
ab ly  be envisaged and i t  i s  w ide ly  considered t h a t  they  do n o t  now adequately 
prov ide  s u i t a b l e  measures f o r  t h i s  app l i ca t i on .  I n  shor t ,  m a t e r i a l s  f o r  s t r u c t -  
u r a l  membranes r e q u i r e  know1 edge o f  a  range of p roper t i es  no t  necessar i l y  re1 e- 
vant  t o  e a r l i e r  f a b r i c  usages and these p roper t i es  r e q u i r e  the  developnient and 
documentation o f  new t e s t  procedures. 

Standards f o r  t he  design o f  membrane s t ruc tu res  a re  a t  present l i m i t e d .  Guide- 
l i n e s  do e x i s t  Overseas f o r  a i r -supported s t ruc tures ,  however, t he re  i s  no 
equ iva lent  f o r  tens ion membrane type s t ruc tures .  The r e l a t i v e l y ,  sho r t  h i s t o r y  
o f  membrane s t ruc tures ,  and the  wide range o f  geometric forms being b u i l t  a re  
l a r g e l y  the  reasons f o r  t h i s  l a c k  o f  o f f i c i a l  .engineering design standards. 

A word o f  caut ion  must be sounded, however, against  e s t a b l i s h i n g  Standards f o r  
Standards sake. One has on ly  t o  review a c t i v i t y  i n  some areas o f  the  con- 
s t r u c t i o n  i n d u s t r y  t o  see t h a t  'over -s tandard isa t ion '  leads t o  stagnation, and 
t h a t  i s  t h e  l a s t  t h i n g  we want f o r  our Indust ry .  

The M.S.A.A. i s  very conscious o f  these po in ts  and i s  proceeding c a u t i o u s l y  and 
t h o u g h t f u l l y  on the  mat ter  o f  Standards, p r e f e r r i n g  t o  see a  need f o r  ' t e n t a t i v e  
guide1 ines '  and an in-depth view o f  e x i s t i n g  Standards a t  t h i s  time. 

Onthe much broader ma t te r  o f  e t h i c a l  standards i t  i s  being commented by many 
observers t h a t  t he  wor ld comnunity i s  s l i d i n g  i n t o  another 'dark age', and as 
nat iona l  economies ge t  t i g h t e r  evidence o f  t h i s  i s  n o t  hard t o  f i n d ,  p a r t i c u l a r l y  
i n  the  b u i l d i n g  i ndus t ry .  One would hope t h a t  our  a c t i v i t i e s  r i s e  above tha t .  

The Aus t ra l i an  ~ a r k e t  

Membrane s t ruc tu res  i n c l u d i n g  both open st ressed and pneumatics have been 
employed by both  p u b l i c  and p r i v a t e  c l i e n t s  w i t h  t h e  m a j o r i t y  being f o r  S ta te  
Governments and Local Au tho r i t i es .  The Federal Government has so f a r  been a  
minor supporter.  

A c t i v i t y  has been s t rong i n  the  th ree  .eastern States, bu t  w i t h  two s izeab le  
s t r u c t ~ ~ r e s  near complet ion i n  South A u s t r a l i a  and 'Centra l  A u s t r a l i a  wider  a c t i v -  
i t y  may be expected. Several p r o j e c t s  have been proposed and planned t o  f i r m  
p r i c i n g  stage i n  South A u s t r a l i a  and Northern T e r r i t o r y  bu t  have n o t  y e t  been 
proceeded w i  th.  

I n  New Zealand several small bu t  no tab le  s t ruc tu res  have been completed and 
more are being proposed. 

With the  except ion o f  the  Yulara P r o j e c t  i n  Centra l  A u s t r a l i a  t h e  m a j o r i t y  o f  
s t ruc tu res  t o  date have been r e l a t i v e l y  small sca le  and one-off  i n  nature. 
About 80% o f  t h e  t o t a l  value o f  a l l  recent  s t ruc tu res  here have been tens ion 
r a t h e r  than a i r  supported membrane s t ruc tures .  

A small number o f  ' h igh  pressure '  a i r - i n f l a t e d  s t ruc tu res  have been done. 
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The v a s t  m a j o r i t y  o f  s t r u c t u r e s  have been f o r  temporary a p p l i c a t i o n  such as 
arcades, shade roo fs ,  e x h i b i t i o n s ,  pool covers, band she1 1  s, e t c .  

Permanent membrane r o o f s  have been i n s t a l l e d  f o r  a  church, school,  mote l ,  swimm- 
i n g  centres and stage roo fs .  

A t  l e a s t  two 'permanent' r e t r a c t a b l e  membrane roo fs  over  res tau ran ts  have been 
b u i l t  and are  prov ing  h i g h l y  successful .  

Standard type a i r  supported roo fs  have been b u i l t  over  swimming pools, spo r t s  
h a l l  and f o r  s torage purposes. 

Plans a r e  w e l l  advanced f o r  some s i x  medium s ized permanent r o o f  s t r u c t u r e s  i n  
l o c a t i o n  from Western A u s t r a l i a  t o  Nor th  Queensland. I t  i s  impor tan t  t o  no te  
t h a t  f o r  a l l  o f  these p r o j e c t s  membrane s t r u c t u r e s  were spec i f i ed .  from t h e  s t a r t  
o f  p lann ing  r a t h e r  than being o f f e r e d  as some form o f  cost-saving a l t e r n a t i v e  
subsequently. 

An est imate o f  t he  value o f  recen t  nlernbrane s t r u c t u r e s  b u i l t  i n  Aus t ra las ia  
suggests t h a t  i n  1982 i t  was $0.7m, and i n  1983 about $1.3m. Present i n d i c a t i o n s  
a r e  t h a t  a t  l e a s t  $2.8m worth o f  f a b r i c  s t r u c t u r e s  w i l l  be erected i n  1984-85. 

More than h a l f  o f  t h i s  market ( i n  d o l l a r  va lue)  i s  a t  present  supp l ied  from Over- 
seas where a  g rea te r  range o f  m a t e r i a l s  and f a b r i c a t i o n  f a c i l i t i e s  e x i s t s ,  i n  
p a r t i c u l a r  PTFE/glass f a b r i c s .  However, i n i t i a l  developments toward product ion  
f a c i l i t i e s  f o r  such f a b r i c  s t ruc tu res  have commenced here. 

The constructed cos t  o f  membrane s t ruc tu res  can vary between $60/m2 and $360/m2 
o f  p lan  area. Since most a re  i n  the  lower range i t  i s  ev ident  t h a t  we a re  cover- 
i ng between 10,000 and 20 ,000m2 a t  present.  

The above f i g u r e s  suggest a  hea l thy  growth ra te .  Whi le i t  i s  n o t  easy t o  s e l l  
engineered membrane s t r u c t u r e s  a t  t h i s  p o i n t  i n  t ime we can expect t h i s  s i t u a t i o n  
t o  change i n  t h e  near f u tu re .  

There a re  many p r o j e c t s  i n  which a  C l i e n t  o r  A r c h i t e c t  w i l l  independently decide 
on a  membrane s t r u c t u r e  be fore  approaching the  Indus t r y .  However, t he re  a r e  a  
g r e a t  many o thers  where membrane s t r u c t u r e s  would be sound a l t e r n a t i v e s  i f  o n l y  
the  Designer was aware o f  t h e i r  p o t e n t i a l .  We need, there fore ,  t o  keep up a  
s t rong program o f  educat ion o f  C l i e n t s  and p o t e n t i a l  C l i e n t s .  

M.S.A.A. recognises t h a t  such promotion i s  as important  t o  t he  I n d u s t r y  as tech- 
n i c a l  achievement and promotes both aspects w i t h  equal v igour .  

To acce le ra te  t h e  number o f  f u t u r e  membrane p r o j e c t s  present  markets must be 
developed and new a p p l i c a t i o n s  must be found. 

We1 1, i t  cou ld  f a i r l y  be argued t h a t  we have no i d e n t i f i a b l e  exc lus i ve  market a t  
present. Therefore, we must f i r s t  and foremost nu r tu re  the  C l i e n t s  we have by 
doing good work f o r  them and con t i nu ing  t o  o f f e r  them in fo rma t ion  on new p r o j e c t s  
and ma te r ia l  developments. 
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Support f o r  t he  m a j o r i t y  o f  p r o j e c t s  t o  date has been provided by the  Pub l i c  
Sector,  and along w i t h  t h i s  support the standing and recogn i t i on  o f  membrane 
s t ruc tu res  as v i a b l e  and economical a l t e r n a t i v e  b u i l d i n g  systems. 

I t  i s  hoped t h a t  t h i s  support w i l l  be cont inued and, indeed, extended a t  Federal 
1  eve1 , so t h a t  the  Aust ra l  i an  Membrane St ruc tures  ' Industry,  which a t  present  
1  acks t h e  funding and resources fo,r accelerated techno log ica l  change which i s  
necessary t o  keep pace w i t h  market developments, can expand and develop t o  
m a t u r i t y  and compete on an equal bas is  w i t h  Overseas Companies f o r  A u s t r a l i a n  
p ro jec ts .  

A t  present the  b u i l d i n g  i ndus t ry  i n  A u s t r a l i a  i s  i n  a  negat ive growth cond i t i on ,  
and whatever a c t i v i t y  there  i s ,  i s  due t o  an a r t i f i c i a l l y  created h igh  i n  the  
domestic f i e l d .  

Maybe, there fore ,  t he  domestic area i s  worth i nves t iga t i on .  A1 so, t h e  temporary 
r e n t a l  market could do w i t h  an i n j e c t i o n  o f  novel engineered designs. I n  
A u s t r a l i a  the re  i s  a  g rea t  need f o r  shade r a t h e r  than f o r  enclosure aga ins t  
elements as i n  many o the r  Countr ies. With so many schools, reso r t s ,  shopping 
and spor ts  centres being planned the re  a r e  many oppor tun i t i es  f o r  custom 
designed o r  standard range s t ruc tu res  such as umbrellas, hypars and s i m i l a r  
a t t r a c t i v e  y e t  simple forms. 

A t  t h e  o ther  end o f  t he  scale, even though the  number of l a r g e  b u i l d i n g  and 
engineer ing s t ruc tu res  i s  very 1  im i ted  a t  present,  the  oppor tun i t y  should be 
taken t o  propose membrane so lu t i ons  i n  these areas, however remote the  probab- 
i l i t y  o f  success. I f  our ideas do n o t  f i n d  t h e i r  way i n t o  t h i s  p r o j e c t  then 
maybe they w i l l  p l a n t  t he  seed o f  a  s o l u t i o n  f o r  t he  next !  

CONCLUSION 

I t  could be sa id  t h a t  Membrane St ruc tures  i n  A u s t r a l i a  have completed an i n i t i a l  
t r i a l  period, and t h a t  a  pe r iod  o f  conso l i da t i on  and assessment by both  end 
users and a l l  invo lved i n  t h e i r  design and cons t ruc t i on  has commenced. 

I t  i s  recognised t h a t  t he  value o f  the membrane s t ruc tu res  market w i l l  remain 
r e l a t i v e l y  small f o r  some t ime y e t  which must 1ead. to  a  s p e c i a l i s a t i o n  o f  a c t i v -  
i t i e s .  The once paroch ia l  A u s t r a l i a n  soc ie ty  has been l a r g e l y  broken down, and 
advances i n  t ranspor t  and communications have made i t  q u i t e  p r a c t i c a b l e  and 
economical f o r  a  small number o f  e f f i c i e n t  s p e c i a l i s t s  i n  design, f a b r i c a t i o n  
and con t rac t i ng  t o  se rv i ce  t h e  whole country. 

While t o t a l  cons t ruc t i on  a c t i v i t y  worldwide i s  low a t  present i t  must be recog- 
n ised t h a t  such times can o f f e r  oppor tun i t i es  f o r  new ideas and techniques 
lead ing t o  improvements i n  q u a l i t y  and/or economy i n  our b u i l t  environment. 

A  number o f  new key p ro jec ts  such as theme parks, h igh  standard t o u r i s t  and 
community centres, a g r i c u l t u r a l  shade s t ruc tu res  and na t iona l  and i n t e r n a t i o n a l  
e x h i b i t i o n s  a re  be-ing planned, and these a r e  expected t o  l ead  t o  an increase i n  
demand f o r  membrane s t ruc tures .  

As p r o j e c t s  become l a r g e r  and C l i e n t s  more c r i t i c a l  the  need f o r  t r u l y  contempor- 
a r y  technological  i n p u t  increases, and t h i s  need must be met by each sec t i on  of 

+ 

our  Indus t ry  i f  i t  i s  t o  f u l f i  1  i t s  r o l e  as prime s u p p l i e r  t o  the  Aust ra l  i a n  
market. 
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