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1.0 INTRODUCTION 

Membrane s t r u c t u r e s  b u i l t  i n  temperate and t r o p i c a l  areas have wind fo rces  
as t h e i r  main s t r u c t u r a l  design load. This  d i f f e r s  from t h e  European and 
Nor th  American experience where snow load ing  i s  t h e  impor tan t  des ign l o a d  
and t h e  s t r u c t u r e  i s  checked f o r  l oad  capac i ty  under wind forces.  The 
para1 l e l s  w i t h  1 i g h t  weight  metal deck r o o f i n g  a r e  c l e a r  and techniques 
develop which a r e  s p e c i f i c  t o  t h e  design loads. The geometric l i m i t a t i o n s  
on metal deck r o o f i n g  a r e  r e l a t i v e l y  l a r g e  and i t  i s  unusual t o  f i n d  a 
metal deck r o o f i n g  t h a t  i s  o ther  than rec tangu la r  and w i t h  a constant  
slope. 

T h i s  s o r t  o f  s t r u c t u r e  i s  r e a d i l y  amenable t o  assessment from 1 oading 
codes such as our AS 117012 f o r  wind loads. There may we l l  be 
disagreement as t o  t h e  exact magnitude o f  t h e  design loads as s p e c i f i e d  i n  
a code and t h e  con t i nu ing  changes t o  AS 1170 brought about by committee 
806 a r e  wi tness t o  t h i s ,  nonetheless a designer o f  a convent ional metal  
deck r o o f  i s  we1 1 served by t h e  prescr ibed wind loads f o r  almost a1 1 o f  
t h e  forms o f  geometry l i k e l y  t o  be used. 

I n  marked c o n t r a s t  t o  t h i s ,  t h e  designer o f  a membrane roo f  can o b t a i n  
1 i t t l e  guidance from codes o f  p r a c t i c e  as t o  wind loads. This  i s  
p a r t i c u l a r l y  t h e  case i f  t h e  s t r u c t u r e  has s i g n i f i c a n t  b i a x i a l  cu rva tu re  
o r  cons i s t s  o f  r e p e t i t i o n  modules. A recent  supplement t o  t h e  B r i t i s h  
Code CP3 by Cook goes some way t o  q u a n t i f y  t h e  e f f e c t s  o f  m u l t i p l e  i n  1 i n e  
s t r u c t u r e s  b u t  t h e  e f f e c t s  o f  complex shape and h i g h  cu rva tu re  a r e  no t  
considered i n  any code known t o  t h e  author. 
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The purpose o f  t h i s  paper i s  t o  eva lua te  techniques f o r  e s t a b l i s h i n g  
design wind loads and t o  re1 a t e  these t o  performance. I n  order  t o  do t h i s  
i t  i s  necessary t o  b r i e f l y  d iscuss some o f  t h e  p r i n c i p l e s  behind t h e  
i n t e r a c t i o n  o f  f l e x i b l e  s t r u c t u r e s  w i t h  t h e  wind. 

2.0 RESPONSE OF STRUCTURES TO WIND LOADS 

I n  s p i t e   of t h e  simp1 i f y i  ng assumption of s t r u c t u r a l  designers t h a t  t h e  
wind i s  a  l o a d  o f  f i x e d  magnitude and d i r e c t i o n ,  i n  r e a l i t y  bo th  t h e  
magnitude and d i  r e c t i o n  o f  t h e  wind i s  vary ing  cont inuously  w i t h  t ime. A 
f u r t h e r  compl ica t ion  i s  t h a t  t h e  v a r i a t i o n  o f  magnitude and d i r e c t i o n  
depends on space as w e l l  - t h a t  i s  t h e  wind gusts have a  s i z e  associated 
w i t h  them. It i s  o f  course obvious why s t r u c t u r a l  designers p r e f e r  t o  
t r e a t  t h e  wind as steady and d e t e r m i n i s t i c  r a t h e r  than as a  s tochas t i c  
process va ry ing  i n  bo th  space and t ime. 

Because o f  t h e  complex and random nature  o f  wind fo rces  t h e  whole process 
can on l y  be t r e a t e d  us ing  app rop r ia te  s t a t i s t i c s .  Some o f  these a re  
f a m i l i a r  such as t h e  peak wind speed r e f e r r e d  t o  as t h e  reg iona l  design 
wind v e l o c i t y  i n  AS 1170. O f  course t h i s  peak i s  associated w i t h  a  
p r o b a b i l i t y  o r  recurence o f  exceedance, o f t e n  expressed as a  r e t u r n  
per iod .  Other s t a t i s t i c s  a r e  t h e  mean wind speed and t h e  variance. We 
a re  a l s o  aware o f  t h e  e f f e c t s  o f  d i r e c t i o n a l i t y  - t h e  i dea  o f  a  p r e v a i l i n g  
wind d i r e c t i o n  - and t h e  next  r e v i s i o n  o f  AS 1170/2 w i l l  i nc lude  
d i  r e c t i  onal wind speed in fo rma t ion  from which some reduct ions i n  design 
wind fo rces  w i  11 r e s u l t .  

The v a r i a t i o n  o f  wind fo rces  w i t h  space i s  considered i n  an approximate 
manner i n  AS 1170 which recognises t h a t  al though l o c a l  panels may 
experience h igh  peak loads, t h e  framing system w i  11 not experience t h e  
f u l l  summation o f  these peaks due t o  l ack  o f  c o r r e l a t i o n  o f  t h e  smal l  
sca le  gusts. Th i s  idea has s i g n i f i c a n t  imp1 i c a t i  on f o r  membrane 
s t ruc tu res ,  espec ia l l y  those t h a t  a re  cable re in fo rced,  t h i s  i s  discussed 
f u r t h e r  i n  Sect ion  3. 

Wi th t h i s  bas i c  d e s c r i p t i o n  o f  t h e  random nature  o f  wind forces,  i t  i s  
app rop r ia te  t o  consider  now how these fo rces  i n t e r a c t  w i t h  s t r u c t u r e s  t o  
produce response - a  d e f l e c t i o n ,  a  s t ress,  an acce le ra t i on  etc. Th is  may 
be most read i  l y  discussed us ing  t h e  ideas o f  spec t ra l  ana lys is  t o  
i nco rpo ra te  t h e  dynamic na ture  o f  both t h e  wind fo rces  and o f  s t r u c t u r a l  
response. It i s  w e l l  known t h a t  membrane s t ruc tu res  have a  dynamic 
response - t h e  standard "twang" t e s t  which exc i tes  l o c a l  panel resonances 
i s  an example of t h i s .  The ideas of spectra a re  we l l  s u i t e d  t o  t h i s  
approach. 

F igu re  1 shows d iagramat i  c a l l y  t h e  i n t e r a c t i o n  steps between t h e  wind 
fo rce  spectra - t h e  d i s t r i b u t i o n  o f  wind energy w i t h  frequency and t h e  
c h a r a c t e r i s t i c s  o f  t h e  s t r u c t u r e  de f ined by i t  mechanical admittance. 

The i n p u t  o r  wind f o r c e  spectra, expressed as power spec t ra l  densi ty ,  
f .S ( f )  shows t h e  v a r i a t i o n  o f  t h e  wind forces w i t h  frequency. (The 
apparent drop o f f  a t  very 1  ow frequencies i s  s imply a  f u n c t i o n  of t h e  
m u l t i p l i c a t i o n  by frequency f w i t h  f l e s s  than 1.0). 
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The Aerodynamic Admit tance curve  i s  a  measure o f  t h e  ab i  1  i t y  o f  t h e  
s t r u c t u r e  t o  o rgan ise  t h e  wind fo rces .  At  low f requencies,  t h e  
o r g a n i s a t i o n  i s  good w i t h  va lues approaching 1 .O. A t  h i ghe r  f r equen i  ces 
t h e  o rgan i  s a t  i on decays. 

The mechanical admi t tance de f i nes  t h e  response o f  t h e  s t r u c t u r e  t o  a  f o r c e  
a t  f requency f. Th i s  shows t h e  w e l l  known phenomenon o f  resonance f o r  a  
1  i g h t l y  damped s t r u c t u r e  and a  heavi  l y  damped s t r u c t u r e .  

The ne t  r e s u l t  i s  shown i n  t h e  lower  curves as mean square response. It 
can be c l e a r l y  seen t h a t  t h e r e  a r e  two components o f  response, A  and A  . 
A  may be viewed as t h a t  p a r t  o f  t h e  response which may be c o n s i l e r e d  a! 
q!asi s t a t i c ,  w h i l e  A  i s  t h a t  p a r t  o f  t h e  response which i s  due t o  
resonance. For  heav i f y  damped s t r u c t u r e s  t h e  resonant response i s  o f  much 
l e s s  s i g n i f i c a n c e  t h a n  f o r  l i g h t l y  damped s t r u c t u r e s  where t h e  resonant 
response may be t h e  most impo r tan t  component o f  t h e  response. It can t h u s  
be seen t h a t  a  r e a l i s t i c  assessment o f  damping i s  e s s e n t i a l  t o  t h e  
computat ion o f  t h e  response o f  f l e x i b l e  o r  dynamic s t r u c t u r e s  t o  w ind  
1  oad. 

3. MIND TUNNEL TESTING OF MEMBRANE STRUCTURES 

3.1 MODELLING OF THE WIND 

It i s  no t  a p p r o p r i a t e  t o  d iscuss  he re  t h e  ph i l osoph ies  o f  wind t unne l  t e s t  
procedures. The e a r l y  pages o f  AS 1170 desc r i be  we1 1  t h e  e s s e n t i a l  
r equ i  rements o f  wind tunne l  t e s t i n g .  T h i s  s i m u l a t i o n  r e q u i r e s  t h e  dynamic 
c h a r a c t e r i s t i c s  o f  t h e  wind ( t u rbu lance )  t o  be model led t o  an a p p r o p r i a t e  
s c a l e  as w e l l  as t h e  v e l o c i t y  p r o f i l e  f o r  t h e  app ' ropr ia te  t e r r a i n  
category.  T h i s  form o f  s i m u l a t i o n  i s  e s s e n t i a l  and has rep laced  t h e  e a r l y  
t e s t i n g  i n  ae ronau t i ca l  w ind  t u n n e l s  u s i n g  smooth f low.  

3.2 MODELLING OF THE STRUCTURE 

The most comolete t y p e  o f  w ind  tunne l  s i m u l a t i o n  i s  where t h e  f u l l  dynamic 
c h a r a c t e r i s t i c s  o f  t h e  s t r u c t u r e  a r e  model led t o  t h e  same s c a l e  ( l eng th ,  
t i m e  e t c )  as t h e  wind s imu la t i on .  T h i s  means t h a t  t h e  membrane s k i n  i s  
sca led  i n  terms o f  mass and b i a x i a l  t e n s i l e  s t i f f n e s s ,  any cables a r e  
s i m i l a r l y  sca led  and t h e  e f f e c t s  o f  moving a i r  i s  a l s o  sca led  - e.g. 
t rapped a i r  a c t i n g  as a  s p r i n g  f o r  pneumatic s t r u c t u r e s  o r  a t t ached  a i r  
a c t i n g  as a d d i t i o n a l  mass on a  moving membrane. A t y p i c a l  wind t unne l  
model i s  shown i n  F i g u r e  2  a f t e r  I r w i n  [2]. As has been developed i n  2  
above, t h e  e v a l u a t i o n  o f  damping i s  o f  g rea t  impor tance i f  dynamic o r  
resonant response forms a  s i g n i f i c a n t  p a r t  o f  t h e  system response. 

E a r l y  es t imates  o f  damping were g e n e r a l l y  performed a t  low amp1 i t u d e s  and 
t h i s  s e r i o u s l y  underest imated t h e  e f f e c t s  o f  aerodynamic damping. As 
we1 1, t h e  e f f e c t s  o f  added mass o f  t h e  a i  r were no t  w e l l  understood f o r  
some t ime.  The t e s t s  took  a  very  l o n g  t i m e  t o  complete - o f  t h e  o rde r  o f  
n i n e  months f o r  t h e  a e r o e l a s t i c  s t ud ies  o f  t h e  Ha j  campus by Davenport e t  
a1 . L l ]  and t h e  Montrea l  Olympic Stadium by I r w i n  [2] and t h e i r  r e a l  c o s t  
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was enormous. Few p r o j e c t s  can bear t h e  cos t  o f  these f u l l  a e r o e l a s t i c  
s tud ies  but ,  f o r tuna te l y ,  enough have now been performed t o  a1 low some 
general statements. The most reassur ing f i n d i n g  i s  t h a t  p r o v i d i n g  
geometric s t i f f n e s s  i s  prov ided by b i a x i a l  curva ture  o r  by reasonable 
l e v e l s  of p r e  s t ress  ( o r  bo th )  then gross dynamic response i s  no t  a 
s i g n i f i c a n t  p a r t  o f  t h e  response. Th is  i s  because t h e  h igh  added mass of 
t h e  t rapped a i r  combined w i t h  h igh  aerodynamic damping a t  peak a1 lowabl e 
membrane def 1 ect  i on combi ne t o  s i  gni f i cant l y  reduce t h e  dynamic response 
compared t o  i t s  importance a t  low amplitudes. Th is  can be appreciated 
from F igu re  1. These f i n d i n g s  a r e  conf irmed f o r  t h e  study on t h e  
Dalhousie Steel  membrane roo f  repor ted  by S p r i n g f i e l d  and Sinoski  [3] and 
t h e  Cal gary Stadium by Novak and Elashkar [4]. These l a s t  s tud ies  were 
based on e a r l i e r  wind tunnel  and t h e o r e t i c a l  work o f  Howell [5] and 
E l  ashkarC61. 

It would thus  seem reasonable t o  consider a f u l l  a e r o e l a s t i c  study on ly  
f o r  rea l  l y  major p r o j e c t s  which can bear t h e  h i g h  p e n a l i t e s  o f  cos t  and 
t i m e  associated w i t h  these studies.  For p r o j e c t s  o f  somewhat l e s s  
importance, s imp ler  t e s t  procedures a re  appropr iate.  For some t ime  now 
t h e  use o f  pressure tapped r i g i d  models has been persued as an app rop r ia te  
method o f  eva lua t i ng  t h e  wind 1 oads on medium s i z e  membrane s t ruc tu res .  
Th is  has been undertaken by several workers and a fami l i a r  example i s  t h e  
covered stage b u i l t  by Bi lsborough and discussed by C lark  [71 i n  t h e  
Membrane St ruc tures  Conference o f  1983. The assumption o f  t h i s  form o f  
t e s t ,  shown schemat ica l ly  i n  F igure  3, i s  t h a t  t h e  motion o f  t h e  s t r u c t u r e  
i s  smal l  compared w i t h  o ther  c h a r a c t e r i s t i c  dimensions (such as span) and 
thus  does not  s i g n i f i c a n t l y  e f f e c t  t h e  f low pa t te rns  and hence wind 
induced forces. The v a l i d i t y  o f  t h i s  assumpti on i s  somewhat quest ionabl  e, 
however, i t  does p rov ide  a reasonable engineering s o l u t i o n  t o  a d i f f i c u l t  
problem. The e r r o r s  a re  l i k e l y  t o  be conservat ive i .e. t o  over est imate 
fo rces ,  and p r o v i d i n g  steps a r e  taken t o  overcome o ther  problems such as 
Reynolds number e f f e c t s ,  t h e  r e s u l t s  a re  genera l l y  s a t i s f a c t o r y .  

Using t h i s  technique, i n fo rma t ion  can be r e a d i l y  supp l ied  t o  t h e  designer 
i n  a form t h a t  i n  s i m i l a r  t o  AS 117012. That i s ,  pressures a re  presented 
i n  terms o f  dimensionless c o e f f i c i e n t s ,  C r e l a t e d  t o  a p a r t i c u l a r  design 
wind pressure. This  design wind pressureP;ay be e i t h e r  peak o r  mean 
re ference wind pressure, nominal ly  measur d a t  t h e  t o p  o f  t h e  s t ruc tu re .  1 Loads a r e  then evaluated by m u l t i p l y i n g  C by t h e  reference pressure and 
then by t h e  area over which t h e  pressure ac ts  t o  y i e l d  a patch load. Th is  
technique has been used by t h e  author  t o  q u a n t i f y  wind loads on r e l a t i v e l y  
l a r g e  membrane roo f  s t ruc tu res  a t  Edinburgh, Gat1 i nbugh Gap USA, Dolphin 
Park Toronto, Poole Dorset a l l  f o r  Buro Happold, t h e  Mannheim G i t t e r s c h a l e  
f o r  Ove Arup repor ted  i n  t h e  F i r s t  Aus t ra l i an  Membrane St ruc tures  
Conference [8] and t h e  NSW covered stage repor ted  above. 

The main disadvantage w i t h  t h i s  technique i s  t h a t  i t  tends t o  over- 
est imate t h e  loads t ransmi t ted  t o  masts and cab le  boundaries. The reason 
f o r  t h i s  f o l l  ows d i  r e c t l y  from t h e  d iscussion o f  Sect ion 2 which addressed 
t h e  random nature  o f  wind loads i n  t ime and space. The r e s u l t  i s  t h a t  
where cab le  boundaries a t t r a c t  l o a d  from a s i g n i f i c a n t  area o f  membrane, 
t h e  cab le  fo rces  a re  always l e s s  than t h e  sum o f  t h e  peak pressures over 
t h e  t r i  bu tory  area. Th is  i s  because f o r  we l l  separated po in ts ,  t h e  
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peaks occur a t  d i f f e r e n t  t imes. Th is  phenomenon i s  o f  course not  new and 
most codes of p r a c t i c e  a l l ow  a  s i z e  reduc t i on  f a c t o r  t o  a l l ow  f raming 
members t o  be designed t o  lower loads than t h e  vec tor  sum o f  t h e  peak 
l o c a l  panel loads. 

Th is  i s  bourne out  by observat ions of f a i l u r e  o f  convent ional  s t r u c t u r e s  
under h i g h  wind loading.  The most common f a i l u r e  mode i s  associated w i t h  
l o c a l  panels and t h e i r  attachment. It i s  r a r e  t h a t  t h e  f raming system 
f a i l s  under wind loading.  O f  course, a  f u l l y  scaled a e r o e l a s t i c  model can 
account f o r  t h i s  phenomonon w e l l  b u t  t h e  cos t  and t i m e  f o r  t h i s  form o f  
study i s  o f t e n  p roh i  b i t i  ve. 

The problem o f  i n c o r p o r a t i n g  s p a t i  a1 c o r r e l a t i o n  o f  t h e  wind loads has 
been t h e  sub jec t  o f  much work s ince  about 1977, ma in ly  by Stathopol ous [9] 
who developed t h e  concept o f  pneumatic averaging. Th is  technique i s  shown 
schemat ica l l y  i n  F igu re  4. The author  has used i t  success fu l l y  t o  
e s t a b l i s h  t h e  wind loads on a  l a r g e  (50m square) e leva ted  r o o f  over a  coal  
s t o r e  a t  Lamma Is land,  Hong Kong. A wind tunnel  model was constructed,  
f i t t e d  w i t h  pressure taps  and t h e  ne t  sur face pressures i.e. vec to r  sum o f  
t o p  and bottom fo rces  recorded f o r  t h e  surface. The model was a l s o  
mounted on a  f o r c e  balance t o  measure t h e  t o t a l  1  i f t ,  drag and ove r tu rn ing  
moment. A s imp le  a d d i t i o n  o f  a l l  t h e  peak forces c l e a r l y  showed t h a t  t h e  
t o t a l  f o r ces  o f  1  i f t  and drag were much l ess  than t h e  app rop r i a te  vec tor  
sum o f  t h e  l o c a l  panel loads. 

The wind study a l s o  i nc luded  t h e  establ ishment o f  pneumat ica l ly  averaged 
loads assigned t o  tributary areas f o r  t h e  r o o f  g i rde rs .  The vec tor  sum o f  
these loads, w h i l e  s t i  11 l a r g e r  than t h e  measured t o t a l  forces,  was i n  
much b e t t e r  agreement. 

The t i m e  and t h e  cos t  o f  these s tud ies  i s  no t  i n s i g n i f i c a n t ,  however, w i t h  
model making occupying two t o  f o u r  weeks and wind tunnel  t e s t i n g  a  f u r t h e r  
week. With tunne l  cos ts  t y p i c a l l y  $1200 per  day t h e  cos t  i s  subs tan t i  a1 . 
A f u r t h e r  a l t e r n a t i v e  method, and one which i s  c e r t a i n l y  a p p l i c a b l e  t o  
medium s i z e  membrane s t r u c t u r e s  i s  t o  d i r e c t l y  measure t h e  l i f t  and drag 
fo rces  and t h e  over t u r n i n g  moment o f  a  model o f  t h e  s t ruc tu re .  For  
simp1 e  and regu la r  s t r u c t u r e s  t h i s  i s  an e f f i c i e n t  method o f  e s t a b l i s h i n g  
t h e  magnitude o f  t h e  t o t a l  f o r ces  a c t i n g  on cables and o ther  boundary 
elements. It does no t  y i e l d  f a b r i c  loads bu t  these may be est imated from 
pas t  exper ience and checked t o  see t h a t  t h e i r  vec to r  sum i s  g rea ter  than  
t h e  n e t  loads. It i s  probable t h a t  any small e r r o r  i n  under-est imat ing 
l o c a l  panel 1  oads w i  11 be o f  no consequence due t o  t h e  abi  1  i t y  o f  t h e  
membrane t o  undergo h igh  l o c a l  d e f l e c t i o n s  f o r  t h e  purpose o f  1  oad 
shedding. 

Th i s  approach has been used f o r  t h e  design o f  one o f  t h e  schemes f o r  t h e  
l a r g e  t e n t  s t r u c t u r e s  f o r  Expo 88. A l i g h t  vac formed model o f  t h e  module 
was cons t ruc ted  i n  two days and w i t h i n  about 1 week t h e  study y i e l d e d  n e t  
l i f t  and and drag f o r c e  and ove r tu rn ing  moment. As we l l  t h e  e f f e c t s  o f  
a d d i t i o n a l  s t r u c t u r e s  upstream was quant i f ied .  
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3.3 WIND TUNNEL TECHNIQUES 

While t h e  above d iscuss ion  o f  wind tunnel  t e s t i n g  appears t o  be s t r a i g h t  
forward, t h e r e  a re  several areas where p a r t i c u l a r  a t t e n t i o n  i s  requ i red  i n  
o rder  t o  achieve s a t i s f a c t o r y  r e s u l t s .  One o f  t h e  most important  areas i s  
ach iev ing  Reynolds Number s imi  1  a r i t y .  Without d e l v i n g  i n t o  t h e  
mathematics, t h i s  simply means ensuring t h a t  t h e  f l o w  pa t te rns  a r e  
reproduced accura te ly  on t h e  model. For convent ional b l u f f  bodies, t h i s  
normal ly  i s  we1 1  s a t i s f i e d  by wind tunnel  models. For smooth rounded 
s t ruc tu res ,  however, some important  fl ow parameters a r e  h i  gh ly  dependent 
on both sca le  and f l ow  v e l o c i t y .  An example o f  t h i s  i s  separat ion and 
reattachment o f  f low, t h e  phenomona responsib le f o r  t h e  h igh  peaks on t h e  
s t ruc tu re .  For wind tunne l  models o f  smooth shapes, i t  i s  thus  necessary 
t o  use c e r t a i n  t r i c k s  t o  make t h e  model appear t o  t h e  wind as i f  i t  i s  
s a t i s f i e d  Reynolds Number simi l a r i t y  . These t r i c k s  i nc lude  roughening t h e  
sur face o f  t h e  model t o  promote a  l o c a l  l y  t u r b u l e n t  boundary l aye r ,  t h e  
use o f  edge cab le  t r i p s  t o  model l o c a l  separat ion and others. For open 
membrane s t ruc tu res ,  t h e  problem i s  l e s s  as separat ion i s  near ly  always 
we1 1  de f i ned  by t h e  r e l a t i v e l y  sharp edge cab le  boundary. 

The o ther  area o f  p a r t i c u l a r  importance concerns t h e  design o f  t u b i n g  
systems used t o  measure l o c a l  pressures and by pneumatic averageing, t o  
e s t a b l i s h  cable loads. The t u b i n g  used t o  connect t h e  pressure t a p  t o  t h e  
t ransducer  i s  i t s e l f  a mechanical system and 1  i k e  t h e  mechanical system of 
F igu re  1 i t  has i t s  own resonance. This  resonance i s  governed main ly  by 
tube length .  The l a r g e r  t h e  tube t h e  lower t h e  resonance frequency of t h e  
tube. The i m p l i c a t i o n s  o f  t h i s  a r e  t h a t  measurements taken w i t h  t u b i n g  
g rea te r  than about 500mm w i l l  be over es t imat ing  t h e  peak pressures w i t h i n  
t h e  frequency range o f  i n t e r e s t .  Th is  i s  shown i n  F igure  5. The problem 
has been recognised f o r  some t i m e  and spec ia l  techniques i n v o l v i n g  e i t h e r  
d i  g i  t a l  f i  1  t e r s  o r  mechanical cons t ruc t ions  i n  t h e  t u b i n g  a re  usual l y  
employed t o  e l i m i n a t e  t h i s  problem. F igure  5  a l s o  shows t h e  almost f l a t  
response o f  a  ca re fu l  l y  desi gned tub ing  system. 

4. CONCLUSIONS 

This  paper has attemped t o  d iscuss t h e  r e s u l t s  o f  over a  decade o f  
r e l a t i v e l y  sparse research i n t o  t h e  wind performance o f  membrane 
s t ruc tu res .  It i s  s t i l l  c l e a r  t h a t  t h e  most accurate form o f  t e s t  i s  t h e  
f u l l  a e r o e l a s t i c  wind tunnel  study us ing a  f u l l y  scaled dynamic model. It 
i s  u n l i k e l y  t h a t  these w i l l  be used except f o r  major p r o j e c t s  due t o  
p roh i  b i t i  ve t i m e  and cos t  cons t ra in t s .  

The reassur ing  r e s u l t s  from those t e s t s  c a r r i e d  out t o  date conf i rm t h a t  
t h e  response o f  membrane s t ruc tu res  t o  s t rong winds i s  e s s e n t i a l l y  non 
resonant and s t a t i c  ana lys i s  i s  general l y  s a t i s f a c t o r y  p r o v i d i n g  good 
geometric s t i f f n e s s  or  p res t ress  i s  maintained. O f  course 1  ocal panel 
f l u t t e r  w i l l  occur on f l a t  o r  s o f t  areas but  i t  i s  no t  necessary t o  
conduct a  wind tunnel  t e s t  t o  l e a r n  t h i s .  One n i g h t  i n  a  cheap t e n t  i n  a  
wind w i l l  do. 
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The remainder o f  t h e  paper has discussed a l t e r n a t i v e  wind tunne l  
techniques f o r  e s t a b l i s h i n g  t h e  loads i n  t h e  f a b r i c  and then i n  t h e  cables 
and boundary e l  ements. 

As a f i n a l  word o f  caut ion,  t h e  aerodynamic terminology uses 1 i f t  t o  mean 
a f o r c e  perpend icu la r  t o  t h e  wind flow. It should no t  be assumed t o  a c t  
upward. For some commonly used f a b r i c  shapes, t h e  l i f t  f o r c e  i s  i n  f a c t  
downward. 
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F IGURE 1: REPRESENTATION OF THE EVALUATION OF MEAN 
SQUARE RESPONSE FOR L I G H T L Y  AND WELL DAMPED STRUCTURES. 
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1: 100 scale  model i n  9m Y m  ( 30ft - )Oft) I.ow Speed ldincl T I I I I I ~ ~ .  I 
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f-7 retractable 
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fixed roof 
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Stadium deta i l s  

F IGURE 2: MONTREAL OLYMPIC STADIUM WIND TUNNEL MODEL 
AFTER I R W I N  AND WARDLAW 1979 
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( a )  Single unit with the pressure taps visible 

(b )  Double unit formec d by the union of two circular units 

FIGURE 3: VIEWS OF TWO OF THE PRESSURE MODELS 
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OF STRUCTURAL 
INFLUENCE L l NE 

L INSTANTANEOUS 
B.M. AT A , B ,  OR C M E A N  B.M. 

RMS B . M . ~  - 
T I M E .  

INSTANTANEOUS 
HOR l ZONTAL 
FORCE 

I - 
T I M E  

1 _ INSTANTANEOUS 
U P L I F T  LOAD 

F IGURE 4: DIAGRAMMATIC VIEW O F  UNSTEADY WIND LOADS ON A LOW RISE STRUCTURE 

AFTER STATHOPOULOS 1977 
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Amp1 i f i c a t i o n  

FIGURE 5 ( a ) :  RESPONSE CURVES FOR UNRESTRICTED TUBES 
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FIGLIRE 5 ( b )  : Typical amplitude response curves 
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