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PREFACE 

. Much a t t e n t i o n  h a s  r e c e n t l y  been g i v e n  by t h e  
B u i l d i w  S t r u c t u r e s  S e c t i o n  o f  t h e  D i v i s i o n  of  B u i l d i n g  
Research t o  t h e  s u b j e c t  of  l o a d s  on s t r u c t u r e s ,  w i t h  spe- 
c i a l  r e f e r e n c e  t o  t h e i r  t r e a t m e n t  i n  t h e  Na t iona l  Bu i ld ing  
Code of  Canada. Improvements i n  t h e  methods o f  des ign ing  
s t r u c t u r e s  must  be p a r a l l e l e d  by a more a c c u r a t e  asseSsment 
of t h e  l o a d s  a c t i n g  upon them, s i n c e  a d e s i g n  c a n  be  po 
more a c c u r a t e  t h a n  t h e  l o a d  assumption made f o r  t h e  c a l c u l a -  
t i o n . ,  I 

The B u i l d i n g  S t r u c t u r e s  S e c t i o n  h a s  begun a! s tudy 
of  t h e  a c t i o r ,  of  wind on s t r u c t u r e s ,  i n  a d d i t i o n  t o  c a r r y i n g  
on an e x t e n s i v e  s t u d y  o f  snow l o a d s  on r o o f s ,  In view of  
t h e  g r e a t  v a r i a t i o n  i n  c l i m a t e  and  topography a c r o s s  Canada 
and t h e  g r e a t  v a r i a t i o n  of  shapes  of  s t r u c t u r e s ,  much' s i m -  
p l i f i c a t i o n  i s  needed i n  c o d i f y i n g  wind l o a d s  f o r  p r a c t i c a l  
purposes,  P a r t  of t h e  s i m p l i f i c a t i o n  i s  t h e  i n e v i t a b l e  
consequence of l a c k  of knowledge; t h e r e  is  s t i l l  much room 
f o r  improvement i n  t h e  p r e s e n t  ~ v i n d  l o a d  requi rements .  

Wind f o r c e s  on s t r u c t u r e s  depend on t h e  v e l o c i t y  
of t h e  a i r  on t h e  one hand and t h e  e f f e c t  of  t h e  shape o f  
t h e  s t r u c t u r e  i t s e l f  on t h e  o t h e r ,  o r  i n  o t h e r  words, on 
meteoro log ica l  as  w e l l  a s  e n g i n e e r i n g  informat ion .  The 
b a s i c  i x f o r m a t i o n  on mind speeds  i n  t n e  Na t iona l  B u i l d i n g  
Code (1953) c o n s i s t s  of a map showing ''computed maximum 
g u s t  speedsf1 f o r  a l l  of C=lada. iTIhis w a s  p repared  by t h e  
~ ~ e t e o r o l o g i c a l  Div i s ion  of  t h e  Department of  Ilranspor-t; w i t h  
which t h e  D i v i s i o n  of B u i l d i n g  Research i s  f o r t u n a t e  t o  
maintain t h e  c l o s e s t  l i a i s o n .  

The p r e s e n t  s t u w  on wind l o a d s  was begun w i t h  " 

an e x t e n s i v e  su rvey  of t h e  l i t e r a t u r e  on t h e  a c t i o n  o f  
vrind on s t r u c t u r e s ,  based  upon which t h e  a u t h o r  has made 
a number of r e c o m e n d a t i o n s  which i n e v i t a b l y  r e f l e c t  t o  
some degree h i s  p e r s o n a l  opin ions .  The a u t h o r  o f  t h e  
paper  i s  A.G. Davenport who, from July 1957 t o  September 
1958, vras a member of t h e  B u i l d i n g  S t r u c t u r e s  S e c t i o n ,  t h e  
head of vihich i s  l'/.R. S c h r i e v e r ,  The a u t h o r  h a s  s i n c e  l e f t  
the Div i s ion  of B u i l a i n g  Xesearch t o  t a k e  up p o s t  g radua te  
study a t  t h e  U n i v e r s i t y  of  B r i s t o l .  

Rober-t F. Legget 
D i r e c t o r  
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LOADS CN STRUCTURES 

by  

A.G. Davsnport  

The purpose of t h i s  paper  i s  t o  i n d i c a t e  t h e  b a s i s  of 
t h e  p r e s s n t  des ign  wind-load r squ i rements  of t h e  Wational 
B u i l d i n g  Code of Canada (172)<:, t o  d i s c u s s  t h e i r  under ly ing  
assumptions,  and t o  provide  a survey of r e s e a r c h  d e a l i n g  w i t h  
t h e  s u b j e c t  of wind loads .  From th i s  recommendations m i l l  be 
o f f e r e d  w i t h  r e g a r d  t o  what improvements might be e f f e c t e d  i n  
t h e  a n a l y s i s  and f ormula t ion  of wind-load requi rements  and i n  
the  r e c o r d i n g  of m e t e o r o l o g i c a l  d a t a  and, t o  th is  end, t o  
sugges t  r e s e a r c h  needed, 

PRESENT WIND LOAD REQUIREMENTS ( s e c t i o n  4.1.2 0 3 ,  r e f e r e n c e  172) 

I n t r o d u c t i o n  

P r e s e n t  wind-load requ i rements  a r e  based on: 

( a )  "computed maximum g u s t  speeds", Vg, which a re ;  assumed 

t o  r e f e r  t o  a g i v e n  datum l e v e l  of 30 f t  ebov& ground: 

( b )  a c o e f f i c i e n t  Ch g i v i n g  the i n c r e a s e  i n  t h i s  v ' e l o c i t y  

f o r  h e i g h t s  g r e a t e r  t h a n  30 f t .  It i s  definejd b y  t h e  
forinula C h  = h 'l7 ( o r  t h e  one-neventh porreb law)  

3 I 

where h i s  the  h e i g h t  above ground, i n  f e e t ,  i 
( c )  a s e t  of shape c o e f f i c i e n t s  CS from which the' r i n d  

l 

p r e s s u r e s  on d i f f e r e n t  s u r f a c e s  of  a s t r u c t u q e  
assumed uni formly  d i s t r i b u t e d ,  and a l s o  i n t e n n a l  
p r e s s u r e s  can be i n f e r r e d ,  I . - 

l 

The u n i t  p r e s s u r e  q i s  t h e n  g iven  by  

i n  which P ,  t h e  d e n s i t y  of a i r ,  i s  assumed t o  have a va lue  such  
t h a t  if Vg i s  i n  mph, 

2% 

" numbers i n  pa ren theses  r e f e r  t o  l i s t  of r e f e r e n c e  m a t e r i a l  
a t  t h e  end of this paper.  



i 
l 

T h i s  uniform pressure  i s  assumed t o  be s t a t i c a l l y  a p p l i e d  
snd t o '  a c t  normal t o  the s u r f a c e .  I n  g e n e r a l  f orrn t h i s  formula 
and t h e  i n h e r e n t  assumptions in i t s  a p p l i c a t i o n  a r e  s i m i l d r -  t o  those 
used i n  many o t h e r  b u i l d i n g  codes (169-178). l 

i 

1.2 Shape F a c t o r s  

The v a l u e s  of t h e  shape f a c t o r s  g i v e n  i n  t h e  B r i k i s h  
S tandard  Code of P r a c t i c o  (171)  which, i n  t u r n ,  were l a r g e l y  
based upon i n v e s t i g a t i o n s  i n  a larninar f l o w  wind t u n n e l  a t  t h e  
Na t iona l  P h y s i c a l  Labora tory  (103, 161) have been adopted by t h e  
Na t iona l  Bu i ld ing  Code ~ i t h o u t  s u b s t a n t i a l  a l t e r a t i o n .  Recent 
s t u d i e s  appear  t o  show the  need f o r  some r e v i s i o n s .  

l , 3  I n c r e a s e  of Ve loc i ty  with Height 

The one-seven%h povrer law which h a s  been adopted by t h e  
bode t o  d e s c r i b e  t h e  i n c r e a s e  i n  Hmaxirnum computed gust speed" 
with h e i g h t  i s  a familiar aerodynamic p r o f i l e  found i n  wind-tunnel 
i n v e s t i g a t i o n s  o f  t u ~ b u l e n t  f l o w  over  smooth boundar ies  a t  r e l a t i v e l y  
high Reynolds numbers, (51, 85 (p.22), and  198)  i n  n e u t r a l l y  s t a b l e  
c o n d i t i o n s  over  open f l a t  t e r r a i n *  It should be noted, hov~ever, 
t h a t  t h e  p r o f i l e  r e f e r s  t o  t h e  i n c r e a s e  i n  mean v e l o c i t y  w i t h  
he5ght; t h e  assumption implied i n  i t s  adop t ion  b y  t h e  p r e s e n t  code 
t h a t  i t  also d e s c r i b e s  t h e  i n c r e a s e  i n  "maximum computed g u s t  
speed" w i t h  h e i g h t  i s  no t  s u b s t a n t i a t e d .  

1 .L! D e  s i g n  Y!ind Ve l oc  i.t i a  S 

P r e s e n t  des ign  wind v e l o c i t i e s  (231) were ob ta ined  b a s i c a l l y  
from anenlorneter records .  These r e c o r d s  a r e  . a v a i l a b l e  f o r  about  two 
hundred s t a t i o n s  a c r o s s  Canada (220) .  Most of t h e  in fo rmat ion  3 s  
used i n  connect ion  with the  me teoro log ica l  s e r v i c e s  r endered  by 
the  Department of Transpor t  t o  a v i a t i o n  and shipping and it i s  n o t  
u r p r i s i n g  t o  f i n d  t h a t  t h e  x a j o r i t y  of  s t a t i o n s  a r e  e i t h e r  a t  

a i r p o r t s ,  o r  ha rbours  and o t h e r  p l a c e s  a long t h e  c o a s t l i n o .  

The anemometers, u s u a l l y  s i t u a t e d  on t o p  of b u i l d i n g s ,  
a r e  of t h e  Robinson cup type  - the iniproved three-cup ins t rument  
hav ing  g r a d u a l l y  r ep laced  t b a  less a c c u r a t e  f our-cup instrument .  

Records a r o  a v a i l a b l e  from t h e s e  s t a t i o n s  f o r  periods 
renging from one t o  t h i r t y  y e a r s ,  The r e c o r d s  from these  i n s t r u -  
=nts a r e  given i n  terms of tne  number of m i l e s  of wind pass ing  



the anemometer i n  a n  hour. To t h i s  a c o r r e c t i o n  f a c t o r  i s  sorne- 
tin:es a p p l i e d  which may be about 5 p e r  c e n t  a t  60 mph (220), 
y i e l d i n g  t h e  ' ' t rue"  h o u r l y  mi leageo Th i s  c o r r e c t i o n  f a c t o r  i s  a 
f u n c t i o n  o f  t h e  g u s t i n e s s  which i s  asswned t o  be c o n s t a n t  i n  
app ly ing  t h e  c o r r e c t i o n .  I n  the  l a s t  f e n  y e a r s  no c o r r e c t i o n s  
have Seen a p p l i e d ,  

During the p r e p a r a t i o n  of t h e  1953 Code it was  decided 
t h a t  des ign  wind v e l o c i t i e s  f o r  t h e  requi rements  of the Code 
should c o n s i s t  of t h e  maxfmum gus t  v e l o c i t y  measured by t h e s e  
p a r t i c u l a r  ins t ruments  over  a t h i r t y - y e a r  per iod .  A t  t h a t  t ime 
Dines anemometer r e c o r d s  were a v a i l a b l e  f o r  f i v e  s t a t i o n s  f o r  two 
gears .  These ins t ruments  a r e  of  the  pressure type  and recorcl on 
anemographs t h e  average v e l o c i t y  of g u s t s  whose d u r a t i o n  i s  
between about  2 and 10  s e c  (depending on the  response  t ime of t h e  
ins t rument  ) . 

Vnf o r t u n a t e l y ,  however, r e c o r d s  from a l l  o t h e r  s t a t i o n s  
.ere  r e a d i l y  a v a i l a b l e  only  i n  te rms of mean hour ly  wind speeds. 

It was t h e r e f o r e  dec ided  t o  e s t i m a t e  t h e  gusi; speeds a t  t h e s e  
s t a t i o n s  by c o r r e l a t i n g  maximum g u s t  speeds xith h o u r l y  wind ' 

mileages a t  the  f o u r  s t a t i o n s  f o r  which t h e r e  were s imultaneous 
r e c o r d s  of  b o t h  v e l o c i t i e s ,  f o r  two years .  I n  performing th is  
c o r r e l a t i o n ,  g u s t  speeds  of over  65 mph occur r ing  s imul taneous ly  
with h o u r l y  mi leages  over  35 rnph were used; a l l  o t h e r s  were 
omitted from t h e  computaticln. 

To  t h e s e  r e c o r d s ,  shown i n  Fig ,  1, a l i n e  was f i t t e d  by 
l e a  s t  squares  r e l a t i n g  t h e  "most probable". g u s t  v e l o c i t y ,  Vg, with 
t h e  nean  hou.rly v e l o c i t y ,  V,, according  t o  

vg = 19 + 1.22 v,. 

P a r a l l e l  t o  t h i s  l i n e  and enveloping t h e  d a t a  was f i t t e d  t h e  l i n e  

, V ,(m:.) = 2 5  + 1.22 V,. 
g 

This e q u a t i o n  wzs used t o  determine t h e  maximum g u s t  v e l o c i t i e s  
f o r  a l l  o t h e r  stations, This  was t h e  f irst  s t e p  i n  de termining  
design v e l o c i t i e s ,  

The second s t e p  was t o  e x ~ m i n e  the r e c o r d s  of a l l  s t a t i o n s  
a c r o s s  Canada  and dotermine f o r  each t h e  m a x i m u m  racorded hour ly  
mileage, 

Tho t h i r d  s t ep  was t o  c o r r e c t  each  o f  t h e s e  nnximum 
recor6ed mileages according  t o  t h e  number of y e a r s  r e c o r d s  had 



been kept .  The f o l l o w i n g  s t a n d a r d i z i n g  f a c t o r s  were ob ta ined  
from a s t u d y  of t h i r t y  y e a r s  r e c o r d s  a t  Toronto, Quebec, and 
Vic to r i a  : 

- - 

Percentage of mi leage  t o  be added t o  b r i n g  a r ecorded  
maximum t o  a 30-year maximum 

Years on r e c o r d  

t o  add 25 l 0  5 3 1 0 I 

The maximum g u s t  speeds f o r  each  s t a t i o n  were t h e n  computed 
f r o m  t h e  c o r r e c t e d  maximum h o u r l y  milea.gea. 1 I 

1 
To t h e s e  r e s u l t s ,  w i t h  more weight  g iven  t o  t h e  r ' c o r d s  of 

i - . ~ g e r  pe r iod ,  were f l t t e d  the  i s o t e c h s  shown in Chart  9 Tf P a r t  2, 
Climate, of  t h e  N a t i o n a l  Bui ld ing  Code (Flg. 2 )  I 

The p r e s e n t  d e s i g n  v e l o c i t y  requi rements  of the C 
def ined  (by t h i s  c h a r t )  f o r  " o r d i n a r y  t e r r a i n " .  i 

I 

2. THE DETER!/lINATIOIJ O F  BASIC DESIGN WIND VELOCITIES 

2.1 S t r u c t u r e  of  Na tu ra l  Wind 

Winds a r e  caused by t h e  atmospharic  p r e s s u r e  d i f f e r e n t i a l s  
which a r i s e  over  t h e  su r face  of t h e  e a r t h  due t o  d i f f e r e n c e s  I n  
the amount of h e a t  t h a t  i s  r e c e i v e d  from t h e  suno The a c c e l e r a t i o n  
produced by t h e s e  p r e s s u r e  d i f f e r e n t i a l s  i s  a f f e c t e d ,  ho~vever, by 
another component of acceleration knovm a s  t h e  geos.trophic accs le ra -  
tion vihich i s  caused  by t h e  r o t a t i o n  and c u r v a t u r e  of t h e  ea r th ;  
Thus a ' p a r c e l  of a i r  moving on t h e  n o r t h e r n  hemisphere exper iences  

fo rce  t o  the r i g h t  . ( ~ t & h t  a n g l e s  t o  t h e  d i r e c t i o n  of motion) 
dropor t ional  t o  the speed of motion, c a l l e d  t h e  c o r i o l i s  force.  If, 
? i r s t ly ,  t h e  p r e s s u r e  system remains t h e  same and s u f f i c i e n t  t ime 
elapses  f o r  t h e  wind t o  r each  a s t e a d y - s t a t e  c o n d i t i o n  and if, 
secondly, t h e r e  i s  no f r i c t i o n ,  then t h e  wind w i l l  f l o w  a t  ri h t  
a n g l e s  t o  the p r e s s u r e  g r a d i e n t  ( i . e .  p a r a l l e l  t o  t h e  isobars! w i t h  
t he  lower p r e s s u r e  on t h e  l e f t ,  In  o t h e r  words, t h e  c o r i o l i s  f o r c e  
1s just  i n  e q u i l i b r i u m  w i t h  t h e  f o r c e  due t o  t h e  p r e s s u r e  d i f f e r e n t i a '  
;50ve 1000 o r  1500 f e e t  t h e s e  c o n d i t i o n s  Eire o f t e n  n e a r l y  s a t i s f i e d  
3nd the wind blows n e a r l y  p a r a l l e l  t o  the i s o b a r s .  This wind, which 
is unaffec ted  by f r i c t i o n ,  i s  c a l l e d  g r a d i e n t  wind and i t s  v e l o c i t y  
TFSdient v e l o c i t y ,  



Under s t e a d y - s t a t e  c o n d i t i o n s  t h e  g r a d i e n t  v e l o c i t y  c a n '  
b e  de termined d i r e c t l y  i f  the l a t i t u d e ,  t h e  r a d i u s  of  c u r v a t u r e  
of t h e  i s o b a r s ,  and t h e  p r e s s u r e  g r a d i e n t  ( o r  spac ing  OS the 
i s o b a r s )  a r e  knorm ( 3 5 ) .  For zones of c y c l o n i c  winds (as isoc ia ted  
w i t h  a low-pressure system and a i t h  storms and h9gh winds )  t h e  
g r a d i e n t  v e l o c i t y  Vg i s  g iven  by: I 

Vg = r.n. sin h 

rrhere p = r a d i u s  of cu rva tu re  of i s o b a r s  

.rr/ = r o t a t i o n a l  speed of the  e a r t h  

--m = p r e s s u r e  g r a d i e n t  

p = d e n s i t y  of t h e  a i r  I 
The e q u a t i o n  l e n d s  i t s e l f  i d e a l l y  t o  s imple nomographic s o l u t i o n  
a s  shorn  by Humphreys ( 3 5 ) ,  and the  g r a d i e n t  ve loc iLy may be 
es t ima ted  d i r e c t l y  from i s o b a r  c h a r t s  such a s  t h a t  shorrn i n  Fig, 3 -  

Accura te  e s t i m a t e s  o f  g r a d i e n t  v e l o c i t y ,  however, are 
d i f f i c u l t  t o  o b t a i n  u ~ ~ l e s s  the  g r i d  of rnoteorological  s t a t i o n s  
measuring s u r f a c e  p r e s s u r e s  i s  c l o s e *  This  i s  n o t  p a r t i c u l a r l y  
the  case  i n  Canada and a t t e m p t s  made by the a u t h o r  t o  f i n d  some . I I 
c ons i s t ency  i n  a  comparison of sur face  v e l o c i t i e s  measured by an  I 

anenlomster ar,d simul-taneous gradient; v e l o c i t y  measured from t h e  
sur face  p r e s s u r e  c h a r t s  were n o t  succoss fu l ,  because of t h e  above 
reasons a s  w e l l  a s  a  v a r i e t y  of o t h e r s ,  

a 

' The v e l o c i t y  of tha g r a d i e n t  wind, however, i s  a t t a i n e d  
only a t  heights i n  t h e  neighbotulhood of 1000 t o  2000 ft above t h e  

:ound, C l o s e r  t o  t h e  gromd t h e  mind i s  r e t a r d e d  by f r i c t i o n a l  
l 'orce3 and o b s t r u c t i o n s  a t  t h e  su r face  and v i scous  f o r c e s  *Pansu 
n i t t e d  upwards by turbulence:  i t s  d i r e c t i o n  t h e n  i s  no l o n g e r  
m r a l l e l  t9 t h e  i s o b a r s .  Turbulence a l s o  causes  r a p i d  f l u c t u a t i o n s  
i;l the  v 9 l o c i t y  over  a  vrido range of f r equenc ies  and a m p l i t u d a ~ ~  
The v e l o c i t y  of the  a i n d  a t  l o v e r  l e v e l s  i s  t h e r e f o r e  expressed 
z o s t  u s e f u l l y  i n  terms of i t s  moan speed and the d e v i a t i o n s  from, 
this v e l o c i t y  (as), 

The trme o r  d i s t a n c e  i n t e r v a l  over  nhi'ch the  mean i s  
"Eraged depends upon the  purpose ?or which t h e  a i n d  v e l o c i t y  
is t o  be used,  For many a p p l i c a t i o n s  it i s  s u f f i c i e n t  t o  know t h e  
3-Jerage wind speed dur ing  a day o r  a n  hour  (43), For t h e  d e s i g n  
of structures, hoi;~ever, i t  i s  necessa ry  t o  1mw1 t h e  mean wind 



speed during t h e  peak of  a s torm which may l a s t  only  a f e n  
minutes.  The choice  of a  s u i t a b l e  t i m e  o r  d i s t a n c e  i n t e r v a l  
f o r  ave rag ing  mean v e l o c i t i e s  i s  d i c t a t e d  by c o n s i d e r a t i o n s  
of the  dynamic c h a r a c t e r i s t i c s  of t h e  wind, the  s t r u c t u r e ,  and 
t h e  anemometer. From a more d o t a i l e d  d i scuss ion ,  which i s  l e f t  
u n t i l  l a t e r ,  i t  i s  found t h a t  t h e  f a s t e s t  minute of wind o r  t h e  
f a s t e s t  mi le  of wind r e p r e s e n t s  roughly t h e  optimum averaging  
i n t e r v a l  f o r  determ-ining and de f in ing  b a s i c  d e s i g n  wind v e l o c i t i e s .  

2 *2 I n c r e a s e  o f  V e l o c i t y  w i t h  Height; t h e  E f f o c t s  of Surface  
F r i c t i o n  

One of the most important  f a c t o r s  t o  be cons ide red  i s  
the  i n c r e a s e  of t h e  mean n i n d  v e l o c i t y  w i t h  h e i g h t ;  a c o r o l l a r y  
t o  t h i s  i s  t h e  re-barding e f f e c t  o f  t h e  s u r f a c e  f r i c t i o n  on wind 
v e l o c i t y  n e a r e r  t h e  surface.  

Var ious  e m p i r i c a l ,  semi-empirical ,  and t h e o r e t i c a l  formulae 
have been d e r i v e d  t o  r e p r e s e n t  t h e  v a r i a t i o n  of wind v e l o c i t y  \vcvT,th 
hsight.  Three of t h e  more f a m i l i a r  forms a r e  t h e  s p i r a l ,  (19, 59)  
logari thmic,  (83) and exponen t i a l  (5) p r o f i l e s .  For s t r u c t u r a l  
purposes t h e  e x p o n e n t i a l  o r  po1:ler law p r o f i l e  h a s  been used most 
v:idely because of i t s  s i m p l i c i t y ,  It can be s t a t e d  a s  follows: 

vhore V, i s  t h e  v e l o c i t y  a t  he igh t  z above ground and 4 and  1 / ~  . 
ere  c o n s t a n t s ,  

By s u i t a b l e  choice of exponent t h i s  e x p r e s s i o n  can be made 
t o  correspond c l o s e l y  over a  cons ide rab le  range t o  t h e  o t h e r  forms 
o f  prof5.le a r e  l e s s  e m p i r i c a l o  The pol:ier law i s  'zipplicable 
only i n  the l a y e r  ex tending  from the ground up t o  t k e  h e i g h t  a$ 
\-?hich t h e  g r a d i e n t  v e l o c i t y  i s  f i r s t  a t t a i n e d  ( u s u a l l y  i n  the range 
1OOO t o  2000 f t )  Above t h i s  he igh t  t h e  wind v e l o c i t y  may be 
regarded a s  c o n s t a n t ,  

I n  h i s  t r e a t i s e  on " r y s i c a l  and Dynamical I,Teteorology, 
3 ~ u n t  ( S )  n ~ t e s  tha-L ':If ths- v a r i a t i o n  of wind w i t h  he ight  be 
r e g ~ e s e n t e d  by a loner l a n  z* i t  i s  found t h a t  p i s  i n c r e a s e d  by 
an  i n c r e z s o  i n  e i t h e r  rougl?r,ess o r  ~ t a b i l i t y ' ~  ( Z  be ing  t h e  h e i g h t  
C ~ O - J S  ground),  i-iere r e f e s e i ~ c e  i s  made by Brun.t S e c i f i c z l l y  t o  
a range of h e i g h t s  above roughly  10 metres  (33  ft which i s  of 
interest t o  s t ~ u c t u r a l  eng inee r s ,  

B 
An a t t empt  i s  now inade t o  evalua-t;o t h e s e  i n f l u e n c e s  of 

*tflbili-Ly and  s u r f a c o  14ocglincss on f i r s t ,  the r a t e  of i n c r o a s e  of - . .C  v e l o c i t y  with h e i g h t  and  second, on t : ~ e  rr.s[:nitude of t h e  mean 
rl-l*,ZI - - L ~ 2 c o  v e l o c i t y ,  b o t h  of ::hich n re  of p ~ i m o  i r . ~ ) o r t a n c e  i n  e s t i -  
.;ting b a s i c  dos ign  wind v e l o c i t i e s  f o r  s t r ~ c t u ; ; e 3 ~  



1 

The s t a b i l i t y  of' a  s torm i s  measured by the l a p s e  r a t e  o r  
r a t o  of tempers turo  v a r i a t i o n  w i t h  h e i g h t  (S ) .  In storm rvinds of 
long  d u r a t i o n  i n  which t ~ i r b u l e n c e  couses thorouzh mixing the l a p s e  

1 

r a t e  n e a r  the  ground i s  i n v a r i a b l y  c l o s e  t o  t h e  a d i z b s t i c  which 
l 

corresponds  t o  a s t a t e  o f  n e u t r a l  s t a b i l i t y  (78, 8 5 ) .  Geiger h a s  
s t a t e d  t h a t  this c o n 6 i t i o n  i s  enera1l.y a t t a i n e d  a t  v e l o c i t i e s  
g r e a t e r  t h a n  6 m/sec (13 mph) 723). Obssrvat ions  (40) of 
h u r r i c a n e s  Ed.na (1951~) and Ione  (1955) o f f  t h e  New England c o a s t  
r e p o r t e d  by ICssslei. (40) a p p a r e n t l y  confirm t h e  g e n e r a l  a s s e r t i o n  
t h a t  t h e  s t a b i l i t y  o f  mature and l a r g e - s c a l e  s t o r n s ,  whether of t h e  
t r o p i c a l  o r  B X ~ G T J .  t r o ~ i c a l  v a r i e t y )  i s  c l o s e  t o  being n e u t r a l .  

Except ions  t o  t h i s  s ta tement  may be ' found horvevar, in 
s e v e r e  l o c a l  s torms such a s  thruzdsrstorms and f r o n t s 1  s q u a l l s  
(and perhaps o t h e r  l a r g e r  stoi-ins such  a s  h u r r i c a n e s  i n  t h e i r  e a r l y  
i n c i p i e n t  s t a g e s  b e f o r e  f u l l  m a t u r l t y  i s  reached)  which a r e  n o t a b l y  
uns tab le ,  a i r  n e a r  t h e  ground being warmer than t h a t  aloft, As 
r consequence of this i n s t a b i l i t y  v i o l e n t  the rmal  i n t e r c h a n g e  takes 
place b e t ~ r e e n  the a f r  near the s u r f a c e  and t h e  faster-xovfne,  upper  
a i r  which i s  n o t  retsl-dod by f r i c t i o n  nea r  t h e  surface, Under - 
circums-t;ances of extreme i n s t a b i l i t y  the value of t h e  exponent l/ 
may a t t a i n  the l i m i t i n g  va lue  of z e r o  corresponding t o  zero i n c r e a s e  
i n  i r s l o c i t y  t:ri-th heighk* A t  Agra, Bal-kat A l i  (1) measured an 
sxponont of 0.02 (1/50) i n  very  u n s t a b l e  c o n d i t i o n s  and S u t t o n  (85) 
sugges ts  a va lus  o f  1/100. 

From t h e  fo rego ing  remarks the fo l lowing  genoral  i n f e r e n c e s  
may be draan with r e g a r d  t o  t h e  e f f e c t s  of s t a b i l i e y  on the  p r o f i l e .  

(1) Severe l o c a l  s torms,  such a s  thunderstorms, f r o s e a l  
squalls (and perhaps o t h e r  s torms such a s  h u r r i c a n e s  
i n  t h o i r  early incip5.3n-t s t a r e s )  a r e  ex-i;remely un- 

? s t a b l e  and consequent ly  the l n c r e a s e  of mzan v e l o c i t y  
vrith hl=i~;'nt i s  very sriml.l., Tile f r i c t i o n a l  c h a r ~ c -  
L ~ o i - i s t i c s  o f  the ground surface mar h z r o  alrnost  
c e g l i g i b l e  ei ' fects  on the  v e l o c i t y  p r o f i l s ,  

I ( 2 )  Large-sca le  mature s t  orins of e i t h e r  t r o p i c a l  o r  e x t r a - t r o p i c a l  
d e s c r i p t i o n  e x h i b i t  n e a r l y  n e u t r a l  s t a b i l i t ~  vrfth 

j no marked t e ~ d e l z c y  for v i o l e n t  thorrnz:l i n t e rchange .  
! The domj.natinz inf luonce on the v e l o c i t y  p r o f i l e  

l i n  t h o s e  s t o ~ ~ ~ s  i s  n o t  s t a b i l i t y  but the s u r f a c e  

t roug'm1e S S 

1 The iinportgnt q u e s t i o n  noa s r i s e s  how g r e a t  a n  efi 'ect  does 
~ ; ~ . ~ f z c e  roug1n~ess  have o n  t he  v i n d  v e l o c i t y  p r o f i l e  i n  s t o r n ~ s  of 
t'n3 l a t t c r  ca tegory ,  which ape pPo'uably f ~ p  more important?  In 
c 0 ; ~ i ~ a r i o o n  t o  the v a s t  ainoul1-k vrhich has  been w 7 i t t e n  i n  c n e i n ~ ~ r i n g  



papors  on t h i s  gene ra l  s u b j e c t  s c a n t  a t t e n t i o n  has  been g iven  
t o  t h i s  p a r t i c u l a r  q u e s t i c n ,  It appears  t o  be of paramount 
importance i n  t h e  a c c u r a t e  e v a l u a t i o n  o f  a i n d  vo1oci t ies . j  

It should f i r s t  be emphasized t h a t  what i s  r e f e r r e d  t o  
in t he  t e r m  " s u r f a c e  roughnessv i s  n e i t h e r  t h e  s h i e l d f n g  duo t o  
i n d i v i d u a l  obs-tac1.e S n o r  t h e  orograplzic o f  f e c t s  i n f l u e n c i n g  t h e  
a i r f l o w  i n  mountain r e g i o n s  b u t  t h e  c ~ m u l a t  ivo s t a t i s t i c a l  d r a g  
e f f e c t  of many obstruc-bions on the  wind, The induced r e t a r d i n g  
f o r c e s  on t h e  a i r f l o w  a r e  due n o t  only  t o  t h e  f r i c t i o n a l  d r a g  
a t  t he  s u r f a c e  b u t  a l s o  t o  the much g r e a t e r  v i scous  f o r c e s  
a s s o c i a t e d  n i t h  t h e  t u r b u l e n c e  n h i c h  ex tends  t o  a  h e i g h t  f a r  
g r e a t e r  t h a n  t h e  o b s t r u c t i o n s  which caused i t .  The surface 
roughness i s  t h e r e f o r e  c h a r a c t e r i z e d  by t h e  d e n s i t y ,  size and 
hoight of t h e  b u i l d i n g s ,  t r e e s ,  vege ta t ion ,  rocks,  e t c .  on t h e  
ground, around and over n h i c h  t h e  a i n d  must flovi. Sur face  roughness 
will be a minimum over t h e  ocean and a maximum over  a l a r g e  c i t y .  

The m9asumment of wind v e l o c i t y  p r o f i l e s  has f o r  some 
years  been of i n t e r e s t  i n  t h e  f i e l d s  of meteorology, a v i a t i o n ,  
a g r i c u l t u r e  and wind power a s  n e l l  a s  eng inee r ing  ( s e e  Reference's 
on %ind S t r u c t u r e ,  Nos, 1 t o  l o o ) ,  A cons ide rab le  amount of 
informatioiz h a s  norr accumulated from which it i s  p o s s i b l e  t o  
evalua te  t h e  i f l luence  of t h e  su r face  roughness  on t h e  wind 
v e l o c i t y  p y o f i l e  

In  Figo 4 t h e  power laws corresponding t o  t h e  accumulated '  
sxperirnentn3 r e s u l t s  of a  number of observeys (38) have been 

1 
2 l o t t e d  on a  compara%ive b a s i s  r e l a t i n g  t h e  r a t i o  of mean v e l o c i t i e s  
a t  a g iven  h e i g h t  t o  t h a t  a t  30 f-i; w i t h  t h e  he5.ght above ground. 1 
Tne d a t a  from which t h e s e  equ iva len t  pol;Ier l a n  c u r v e s . a r e  derived I 

aTo given i n  r e f e r e n c s s  17,  22, 25, 39, 48, 67, 73, 79, 80, 90, 99, 
100, and 156 ( see  a l s o  Appondix I) Vrnere the  r e s u l t s '  were not 
e x p l i c i t l y  s t a t e d  a s  a  pov:er l a n  i t  was found t h a t  i n  each  c a s e  a  
pc-:er l a v  cou ld  be cl .osolg f i t t e d  t o  the  d a t a  n i t h  o n l y  srnall " 
Ceviat ions,  It should be noteed that Yne d a t a  r e f o r  s p e c i f i c a l l y  
? o  Kea-n v - s loc i ty  p r o f i l e s  p r e v a i l i n =  abova a h e i g h t  of 30 f  t i n  
, t r o n g  vrlnds, over f l a t  grorzlld s u r f a c e  a t  I a p s s  r a t e s  r ~ h i c h ,  if not 
e x 7 l i c i t l y  s t a t e ? ,  by t h e  natura 02 t h e  storms s t u d i e d  could n o t  
3 a v s  d i f f o r s d  g r s a t l g  f rcm t h e  a d 5 a b ~ t 5 . c ~  The d a t a  a r e  t h e r e f o r e  
3~:.logeneous v i t h  the excap t ion  t h a t  the n a t u r e  of the  ground 
--9Q,.-- ~,n;lsss and the aggrega te  n s t u r e  of o b s t r u c t i o n s  v a r y  : . ~ i d e l y  f r o n  
;ha smooth s u r r a c e  of the sea  t o  the rough o b s t r u c t e d  s u r f a c e  of 
2 l a r g e  c i t y ,  

The exporient of' th ,s  poner law i n c r e a s o  i s  seen t o  va ry  
t , - ) k~! scn  r o u g l ~ l y  l /9  and 1 depending only on t h s  s w r a c e  roughness 

. - - - m  p . .  - : ~ - ~ . : ~ t e r l s . ( ; ~ c s ~  It i s  seen t h a t  curves  1 t o  7 have e x p o ~ o n t s  - i:rinz beky;een 1/8,3 and 1 /h07 and i n  e a c h  case t h a  swrounding 



t e r r a i n  was c h a r a c t e r i s t i c a l l y  f l a t  and open, The avorago l i e s  
c l o s e  t o  1/7 which i s  a f a m i l i a r  e x p o n ~ n t  found a t  t h e  boundar ies  
of p i p e s  and nind t u n n e l s  i n  which mechanical tu rbu lence  p re -  
doa ina tes  and t h e  f l u i d  i s  n e u t r a l l y  s t a b l e o  The exponents  of 
curves  8 t o  l b  l i e  between 1/5 and 1/2.8 and average  1/3.5. 
For t h e s e  c u r v e s  t h e  t s v r a i n  correspoizded t o  t h e  rougher  charac-  
t e r i s t i c s  of  rough c o a s t s ,  treed and wooded farmland, tcv S, s c r u b  
t r e e s ,  e t c .  Curves 15 and 16 a r e  d e r i v e d  from r e c o r d s  ob a i n e d  
i n  l a r g o  c i t i e s ,  Paris and N e 7  York, v h i c h  probably r e p r e  en t  
c o n d i t i o n s  of eiitreine s u r f a c e  roughness;  the correspondin  exponents  
a r e  1/2,0 and 1/1.6. I 

i 
It should be n o t e d  a t  t h i s  s t a g e  t h a t  v e l o c i t y  i t k e l f  may 

be expected  t o  have a s l i g h t  secondary e f f e c t  on t h e  prof  $10 i n  
t h a t  t h e  v a l u e  of t h e  s w f a c e  f r i c t i o n  i n c r e a s e  S sligh%lyl with wind 
ve loc i ty ;  a s  a consequence t h e  r a t e  of i n c r e a s e  of moan nind 
v e l o c i t y  w i t h  helgh-t; i n c r e a s e s  s l i g h t l y  w i t h  veloci.i;ye ?is i s  a 
f a m i l i a r  r e s u l t  i n  wind tunne l  nor!t (85). 

Numerical evidence of t h e  i n d i r e c t  i n f l u e n c e  of the ,  
v e l o c i t y  on t h e  v e l o c i t y - h e i g h t  r e l a t i o n s h i p  i s  furnished by 
C o l l i n s  1 i n v e s t i g a t i o n s  of nZne stor-ms, mainly  a t  Brookhavan 
Laboratory,  Long Island (11)  a I n  t h i s  i t  n a s  found by examining 
the  5-minute mean v e l o c i t i e s  a t  different e l e v a t i o n s  up t o  ,!Q0 ft 
t h a t  t h e  exponent OF t h o  povler l a n  p r o f i l e  i n c r e a s e d  by approximate ly  
0-02 f o r  evory  1 0  mph i n c r e a s s  i n  surf ace  wind v e l o c i t y ,  a t  50 mph . 

t he  v a l u e  b e i n g  0,27 ( i o o o  1/3.7) and t h ~  e x t r z p o l a t e d  value a t  
- 80 nph b e i n s  0.33 (1/3.0) Theso p r o f i l e s ,  accord ing  t o  C o l l i n s ,  - 

f i t t e d  t h e  expsrirnen'cal r e c o r d s  extremely w e l l  with t h e  s t a n d a r d  
d e v i a t i o n  e q u a l l i n g  1,26 nph, 

These r e s u l t s  indics-ko honeve~,  t ~ a t  t h e  e f f e c t  of  mind 
v e l o c i t y  (over  t h e  range  of ma;:ima oncoun'tered) i s  no-k n e a r l y  so 
grea t  a s  t h a t  due t o  t h e  d i f f c r c n c o s  i n  surTuce rouglmecsg 

Bearing i n  nlind tho influence ol" tho n i n d  v e l o c i ~ y  on the 
r a t 2  of i n c r e a s s  of nknd v e l o c i t y  v i t h  h e i g h t ,  I t  i s  now p o s s i b l e  
t o  sugge S% approxlma t e  value s f o p  pouGia h i 7  exponents  c o r m  sponding 

nore o r  lsss q u n l i t a t i v e  d e s c r i p t i o n s  of t h e  surTaco roughness  
OT agzrega te  inf  lucnco of t h e  sur faco  o b s t r u c t i  ons, a s  f olloi7s: 

D e s c ~ i p t  i o n  of t h e  T e ~ r 3 5 ~  -- 
7 i102 open count ry ,  Tla% coas+ ta l  b e l t s ,  1/7 



These f i g u r e s  r e f e r  t o  t h e  mean wind v e l o c i t y  over l e v e l  
ground, t o  l a r g e - s c a l e  severe  s torms (which e x h i b i t  n e a r l y  
n e u t r a l  s t a b i l i t y )  and t o  h e i g h t s  between about 30 f t  and the 
he igh t  a t  which t h e  g r a d i e n t  v e l o c i t y  i s  f i r s t  a t t a i n e d .  If 
t h e r e  a r e  a r e a s  i n  which t h e  h i g h e s t  probable  v e l o c i t i e s  occur  
dur ing  severe  l o c a l  storms such a s  thunders torms and f r o n t a l  
s q u a l l s  (which does n o t  seem l i k e l y )  no  i n c r e a s e  i n  v e l o c i t y  
w i t h  h e i g h t  viould seem a p p r o p r i a t e  . 
2.3 The E s t i m a t i o n  of Extreme Mean Wind Ve loc i ty  

If r e l i a b l e  long-term anemometer r e c o r d s  were a v a i l a b l e  
f o r  a l l  a r e a s  e x h i b i t i n g  d i f f e r i n g  c h a r a c t e r i s t i c s  of s u r f a c e  
roughness and inc idence  t o  s e v e r e  s torms t h e  d i s c u s s i o n  cou ld  
perhaps be l e f t  a t  t h i s  poin t :  a b a s i c  wind v e l o c i t y  could be 
determined f o r  each  geographica l  l o c a t i o n  "based upon a s t a t i s t i c a l  
~ n a l y s i s  of wind r e c o r d s  over a p e r i o d  of 40 o r  50 years" ,  and 
t l ' s  a p p l i e d  t o  a wind v e l o c i t y  p r o f i l e  a p p r o p r i a t e  t o  t h e  s u r f a c e  
rbdghness of t h e  v i c i n i t y .  l 

l 

Un fo r tuna te ly  t h e r e  a r e  s e r i o u s  o b s t a c l e s  t o  t h i s  approach 
( a t  l e a s t  i n  a s p a r s e l y  popula tsd  c o u n t r y  such a s  Canada) ' s i n c e  
meteorologica l  r e c o r d s  a r e  n o t  always a s  s a t i s f a c t o r y  a s  t h i s  
approach would r e q u i r e  f o r  t h o  f o l l o w i n g  reasons .  

T 

Only n comparat ively smal l  number of s t a t i o n s  woufd have - 
records  ex tend ing  bzck a s u f f i c i e n t  number of y e a r s  ( e s p e d i a l l ~  . 
i n  ~ a n a d a ) ;  a t  some l o c a t i o n s  the  anemometer h a s  been moved s e v e r a l  
t imes dur ing  t h e  pe r iod  of r ecord ,  a f f e c t i n g  t h a  exposure and t h e  
homogeneity of t h e  da ta :  on o t h e r  occas ions  severe  s t o r n s  have 
blorm t h e  anemometsr away o r  r e n d e r e d  it i n o p e r a t i v e  t h u s  l o s i n g  
c r u c i a l  informat ion .  The anemometer may a l s o  g ive  r e a d i n g s  which 
a r e  n o t  r e p r e s e n t a t i v e  of l e v e l  c o u n t r y  owing t o  t h e  s i t i n g  o f  
the anemometer on o r  n e a r  a bu i ld ing .  Dryden and H i l l  (117),  f OB 
example, sugges t  t h a t  t h e  well-exposed anemometer on t o p  of t h e  
Empire S t a t e  Bu i ld ing  s i t u a t e d  more than  200 f t above t h e  roof,  
r \ds 23 p e r  c e n t  h i g h e r  t h a n  t h e  approaching f l o w  due t o  presence  
OL t he  bu i ld ing .  If, a t  a i r p o r t s ,  anemometers were r a i s e d  t o  a 
s a t i s f a c t o r y  h e i g h t  t o  be f r e e  from the i n f l u e n c e  of t h e  b u i l d i n g s  
they might p r e s e n t  a hazard t o  a i r c r a f t .  In w i n t e r ,  t h e  p e r i o d  
of iarorst s t  omns, Dines anemometers sometimes c l o g  with blowing snow 
and  i c e  a c c r e t i o n s  sometimes form on cup anemometers; anemometer 
readings t aken  i n  mountains, v a l l e y s ,  and c o a s t a l  c l i f f s ,  a r e  
subjec t  t o  orographic e f f e c t s  some t imes  r e s u l t i n g  i n  much h i g h e r  
- ; ~ l o c i t i e s .  



A l l  t h e s e  c o n s i d e r a t  i o n s  add emphasis t o  Sherlock1 s 
reconmendation, shared  by many o t h e r s ,  t h a t  d e s i g n  v e l o c i t i e s  
should be based "on a s t a t i s t i c a l  a n a l y s i s  of wind r e c o r d s  over  
a p e r i o d  o f  40 t o  50 years"  (77) .  But n o t  o n l y  t h i s ,  t h e  r e s u l t s  
ob ta ined  from the r e c o r d s  of one s t a t i o n  should  be r e l a t e d  t o  
the  r c s u l t s  from o t h e r  ne ighbour ing  s t a t i o n s  by a s u i t a b l e  
numer ica l  method; o n l y  i n  t h i s  way can s p u r i o u s  and sys temat ic  
e r r o r s  a r i s i n g  i n  t h e  r a c o r d s  of  a n  i n d i v i d u a l  s t a t i o n  be 
m-inin~ized. 

The n e x t  s t e p ,  t h e r e f o r e ,  i s  t o  e x p l o r e  a s u i t a b l e  method 
whereby bhe accumulated t o t a l  of  a l l  me teoro log ica l  wind yecords  
might be c o r r e l a t e d .  

S ince  i t  i s  n o t  d e s i r a b l e  t o  r e s t r f c k  t h e  admiss ib le  da ta  
s o l e l y  t o  t h o s e  ob ta fned  from anemometers s i t u a t e d  i n  "open level 
countryn (77)  ( t h i s  in c e r t a i n  r e g i o n s  of Canada would decimate 
t%e  a v a i l a b l e  d a t a ) ,  i t  i s  f i r s t  n e c e s s a r y  t o  inves t iga te1  more 
Ily t h e  e f f e c t s  of  s u r f a c e  roughness on the v e l o c i t i e s  imeasured 

n e z r  t h e  s u r f a c e  over  l e v e l  ground, I 

1 

It h a s  a l r e a d y  been no ted  t h a t  t h e r e  i s  some h e i i h t  a t  
which t h e  i n f l u e n c e  of t h e  ground f r i c t i o n  t r a n s m i t t e d  upwards 
through eddy v i s c o s i t y ,  has a  n e g l i g i b l e  e f f e c t  on t h e  v e l o c i t y  
of t h e  wind a s  i t  responds  t o  t h e  p r e s s u r e  g r a d i e n t ,  If t h e  
v e l o c i t y  a t  t h i s  h e i g h t  i s  denoted by V ( t h e  g r a d i e n t  v e l o c i t y )  
and t h s  h e i g h t  a t  which t h i s  v e l o c i t g  is f i r s t  a t t a i n e d  by  z t h e n  t by r e f e r e n c e  t o  t h e  power law i n c r e a s e  of v e l o c i t y  with h e i g  t, + 

To determine t h e  ratio of t h e  v e l o c i t y  a t  h e i g h t  2 above 
the ground t o  t h e  g r a d i e n t  v e l o c i t y  it i s  f i r s t  n e c e s s a r y  t o  
determine va lues  of zp corresponding t o  t h e  va r ious  s u r f a c e  rough- 

9ss c a t e g o r i e s  a l r eady  e l a b o r a t e d  upon. T h i s  w i l l  now be a t tempted  
an t h e  b a s i s  of such p e r t i n e n t  exper jmen ta l  d a t a  a s  a r e  a v a i l a b l e .  

Exarnina t i o n  of Sher lockf  s i n v e s t i g a t i o n s  a t  Ann Arbor (73 
i n d i c a t e  t h a t  f o r  t h e s e  c o n d i t i o n s  of f l a t  open coun t ry  t h e  value 
of z ( t h e  h e i g h t  a t  which t h e  g r a d i e n t  v e l o c i t y  i s  f i r s t . a t t a i n e d )  
i s  ok the o r d e r  of 900 f t .  T h i s  value a g r e e s  r easonab ly  c l o s e l y  w i t h  
t h a t  ob ta ined  by Tag lo r  a t  S a l i s b u r y  P l a i n  ( d i s c u s s e d  by  P Q ~ O ~ )  (48) 
Tor  s i m i l a r  t e r r a i n  i n  which average va lues  of Z g  f o r  s t r o n g  winds 
were 1250 f t  i n  summer and 885 f t  i n  winter. An approximate value 
of 900 ft i s  t h e r e f n r e  chosen f o r  the  va lue  of zg i n  f l a t  Open 
country . 



In l a r g e  c i t i e s  Pagon (48) c i t i n g  T a y l o r l s  s t u d i e s  a t  
the  E i f f e l  tower sugges t s  a  value of z f o r  s t r o n g  winds i n  a 
l a r g e  c i t y  of 2020 f t i n  sumnler and 1450 f t  i n  winter .  An 
approximate v a l u e  of  1700 f t i s  adopted f o r  t h e  p resen t .  The 
value of 1300 f t  i s  chosen f o r  t h e  i n t e r m e d i a t e  c o n d i t i o n s  of 
rou h wooded count ry .  These v a l u e s  of zg  of 900, 1300, and 1700 
ft f t o g e t h e r  w i t h  t h e  a p p r o p r i a t e  exponents)  corresponding t o  
the t h r e e  t y p e s  of roughness c o n d i t i o n s  g ive  t h e  t h r e e  cu rves  of 
~ i g s .  6 and 7. i 

A t  t h i s  s t a g e  no sugges t ion  i s  in tended  t h a t  these/ cu rves  
a r e  h i g h l y  a c c u r a t e  -- indeed t h e  q u a l i t a t i v e  a s p e c t s  of ?he 
problem do n o t  permi t  g r e a t  exac tness .  It should  be n o t e q  t h a t  i n  
these curves  the  v a l u e s  of I/& a r e  founded upon a  r e l a t \ v e l y  
g r e a t e r  amount of  in fo rmat ion  t h a n  a r e  t h e  v a l u e s  of . ,The 
o r r o r s  invo lved  i n  t h e  l a t t e r  however (which may d i f f e k  ~ J I  200 f t )  
e-s of l e s s  consequence. I 

1 

Some a f f i r m a t i o n  of t h e  rough accuracy  of t h e s e  c k v e s  
i s  a f fo rded  by t h e  comparison of the s u r f a c e  v e l o c i t i e s  over 
t e r r a i n  of d i f f e r e n t  s u r f a c e  roughnesses.  I n  t h e i r  s tudy  of the 
cl imate of C e n t r a l  Canada, Kendrew and C u r r i e  (224, p.150) observe 
" the  mean ( a n n u a l )  wind speed i n  the  p r a i r i e s  i s  between 1 2  and 16 
nph .. . . The speed i s  apprec iab ly  l e a s  i n  pa rk lands  w i t h  means of 
9-12 mph and a g a i n  l e s s  i n  f o r e s t s  5-9 mph; t h e  i n c r e a s e d  f r i c t i o n  

- among the t r e e s  i s  t h e  main cause". 

These r e d u c t i o n s  i n  wind v e l o c i t y  compared t o  t h e  a r c h e t y p a l  
f l s t  open c o u n t r y  of the  p r a i r i e s  a r e  e n t i r e l y  compatible w i t h  those  

I suggested by Mg. 7. 
1 

A comparison of mean wind speed i n  n i n e  Canadian. c i t i e s  (220) 
and a t  a i r p o r t s  on t h e i r  o u t s k i r t s  i n d i c a t e s  t h a t  the  speed i n  t h e  
c i t y  i s  65 p e r  c e n t  of  t h a t  n e a r  t h e  o u t s k i r t s .  (The value s u g e s t e d  
by Fig. 7 i s  59 p e r  cent . )  E l e v a t i o n ,  s h i e l d i n g ,  and s i t i n g  of t h e  
~c7arnometers and p e r i o d s  of obse rva t ion  vary i n  every  case  bu t  t h e  

e n d  i s  obvious.  

A s t u d y  of  hur r i cane  winds a t  Lake Okeechobee ( F l o r i d a )  by 
t h e  U,S. Corps of Engineers  (97)  i n d i c a t e d  that t h e  wind o f f  the 
lend ( eve rg lades ,  covered w i t h  s c rub  cypress ,  e t c .  ) averaged 60 
c e ~ t  of the wind over  t h e  n a t e r  when t h e  l a t t e r  was 50 rnph a n d  7 
? e r  cent  vr'nen the l a t t e r  was 80 mph. 

E"' 
An a r t i c l e  i n  "T'ne S t r u c t u r a l  ~ n ~ i n e e r "  by  F e r r i n g t o n  

(181, p . 9 4 . )  d i s c u s s i n g  t h e  wind v e l o c i t i e s  found i n  Great B r i t a i n  
'in g e n e r a l  terms a  t e r r a i n  c h a r a c t e r i z e d  by t r e e d ,  r o l l i n g  c o u n t r y  
and s t r a g g l i n g  urban a r e a s )  c o n t a i n s  t h e  fo l lowing  5 .n tQyr~- l t ing  



note.  ''On one occas ion  when t h e  whole of the B r i t i s h  I s l e s  was 
covered w i t h  p a r a l l e l  i s o b a r s  running  n e a r l y  west  t o  e a s t ,  all 
s t a t i o n s  on the  wes tern  s i d e  gave t h e  wind a s  f o r c e  8 (42 mph) 
while t h o s e  on the  e a s t e r n  s i d e  gave f o r c e  5 (21 mph) so  t h a t  
t h e  v e l o c i t y  was reduced by one-half i n  consequence of t h e  
" f r i c t i o n t f  of the  land .  If t h e  v e l o c i t y  a t  t h e  exposed wes te rn  
s t a t i o n s  be taken a t  two- th i rds  t h e  v e l o c i t y  of t h e  wind f r e e  
from f r i c t i o n ,  w e  g e t  t h e  fo l lowing  i n t e r e s t i n g  r e s u l t  which i s  
probably c o r r e c t  enough f o r  p r a c t i c a l  use:  one - th i rd  of t h e  
v e l o c i t y  i s  l o s t  by t h e  sea f r i c t i o n  on t h e  wes te rn  s i d e ,  and one- 
t h i r d  more by the l a n d  f r i c t i o n  of the coun t ry  between west  and  
e a s t  ." 

These a g a i n  a r e  very c l o s e  t o  t h e  va lues  sugges ted  by 
Fig. 7. 

It i s  now p o s s i b l e  t o  r e t u r n  t o  t h e  problem of  de termining  
design v e l o c i t i e s  a p p r o p r i a t e  t o  d i f f e r e n t  geograph ica l  reg ions .  

The p r e d i c t i o n  of p r o b a b i l i t i e s  and r e t u r n  p e r i o d s  of 
extreme wind v e l o c i t i e s  h a s  been sugges ted  many times.  In 1932 ' 

l.?!ing (203) used the  normal d i s t r i b u t i o n  curve t o  o b t a i n  t h e  
d i s t r i b u t i o n  curves  f o r  extreme wind v e l o c i t i e s  i n  s e v e r a l  l a r g e  
American c i t i e s .  A more r e c e n t  m i t e r  Johnson (202)  h a s  remarked, 
h~l:ever, t h a t  t h i s  type  of d i s t r i b u t i o n  "g ives  a s i g n i f i c a n t  
d e v i a t i o n  from observed values" .  S ince  the  d a t e  of Wingfs c o r r e s -  
pondence t h e  e x t r e ~ e  value d i s t r i b u t i o n  (due l a r g e l y  t o  Gumbel (201)) 
has been developed; Johnson analyzed  t h e  anemometer r e c o r d s  f o r  . 
both extreme i n d i c a t e d  g u s t s  and h o u r l y  mi leages  a t  13 s t a t i o n s  i n  
Sweden and s i x  i n  t h e  B r i t i s h  I s l e s  and s t a t e s  t h a t  " the  r e s u l t s  
obtained do n o t  c o n t r a d i c t  t h ~  assumption t h a t  t h e  d i s t r i b u t i o n  
of extreme va lues  of type  No. 1 i s  i n  c l o s e  agreement wi th  t h e  
d i s t r i b u t i o n  of the  a c t u a l  wind v e l o c i t i e s ' '  (202, p.119). Court  
(199) ana lyzed  t h e  r ecords  of 25 weather s t a t i o n s  i n  t h e  United 
S t a t e s  hav ing  37 y e a r s  of  s a t i s f a c t o r y  r e c o r d s  accord ing  t o  t h e  hame  
theory and s t a t e s  ' ' a l l  of t h e  wind d a t a  seems t o  follovr t h e  theory". 

The form t h i s  d i s t r i b u t i o n  f u n c t i o n  t a k e s  i s  

The reduced v a r i a t e  y = a (X-U) 

)*;here a i s  the  sca lg  f a c t o r  and U the mode of t h e  extreme value data.  

Suppose t h a t  a l l  anemometer r e c o r d s  a r e  analyzed  t o  o b t a i n  
the parameters  a and U ( i n  terms of which t h e  r e t u r n  p e r i o d  cf 
extreme s u r f a c e  v e l o c i t i e s  can be completely determined according  



t o  the  extreme v a l u e  t h e o r y ) .  Then a n  e s t i m a t e  of  the  d i s t r i b u t i o n  
of extreme g r a d i e n t  v e l o c i t i e s  a t  t h i s  l o c a t i o n  i s  g iven  by the  
oarsmeters  ka and  ku where k i s  a "roughness c o e f f i c i e n t "  de f ined  

2, being  t h e  h e i g h t  of the anemometer and zg  and 1 / ~  being g iven  
by Fig*  7, 

! 
l 
5 

The o b j e c t  now is t o  t r y  t o  c o r r e l a t e  t h e s e  e s t i m d t e s  of 
the g r a d i e n t  v e l o c i t i e s  t o  reduce t h e  sys temat ic  e r r o r s  w9ich may 
have occur red  i n  t h e  anemometer r ecords ,  improve t h e  e s t i m a t e  of 
oxtreme wind v e l o c i t i e s  occur r ing  a t  s t a t i o n s  w i t h  shor te*  pe r iods  
of r ecords ,  and minimize t h e  s u b j e c t i v e  e lements  invo1ved : in  the 
de te rmina t ion  of  des ign  wind v e l o c i t i e s .  t 

Suppose t h a t  anemometer "nlr s i t u a t e d  a t  l a t i t u d e  9, and 
longi tude  A n  possesses  r e c o r d s  extending  back a p e r i o d  of H, y e a r s  
~vhich, by extreme va lue  a n a l y s i s ,  y i e l d s  v a l u e s  f o r  t h e  s c a l e  f a c t o r  
and mode of  a, and U,. Suppose t h a t  the  b e s t  e s t i m a t e  of t h e  
"roughness f a c t o r u  i s  kn, t h e n  t h e  corresponding v a l u e s  of scale 
f a c t o r  and modal value r e f e r r i n g  t o  t h e  g r a d i e n t  v e l o c i t y  a t  t h i s  
point  a r e  knan = a f n  and kn U, = U!,. 

It i s  now assumed t h a t  t h e s e  parameters  f o l l o w  some mth 
. 

degree  con tour  s u r f a c e  (where m i s  l e s s  t h a n  t h e  t o t a l  number of 
rscords b e i n g  ana lyzed)  of the  forms 

The v a l u e s  of the  c o e f f i c i e n t s  A , ,  and B , ,  a r e  now ob ta ined  
J-J  I J  

- 7  fitting the  observed va lues  t o  t h e s e  s u r f a c e s  by t h e  method of 
1 * ? ~ 3 t  S ~ U R T O S .  T l ~ i s  problem of course i s  one s u i t e d  t o  e l e c t r o n i c  
- - .  ' 13ut~lt ion.  In f i t t i n e ;  the d a t a  i t  would be a p p r o p r i a t e  t o  weight 

v n l u o s  first by the f a c t o r  x v ~ h i c h  p u t s  more r e l i a n c e  on 
:'""ordo or longer per iod  and .second by a  f a c t o r  Q determined, 
~: '?"oi .?ably i n  most cases ,  by o sub j o c t i v e  e v a l u a t i o n  of the  q u a l i t y  

i ?: t he  rocords ,  hnv9ng r e g a r d  t o  t h e  s i t i n g  o f  t h e  anornometer, t h e  
i 
l 



n~ullimr of  tSmes i t  h a s  been noved,  t h e  p o s s i b l e  a m p l i f i c s t i o n  
o f  mountains ,  v a l l e y s ,  ~ t c .  For exurnple a f i r s t - c iSass  

sea t h e r  s t a t F o n  a t  whlich t h e  anemometer i s  s i t u n  t r d  on levjel 
Grour~4 well army from shielding and has  not been moved m i  
g i v e n  a wcighti-ng of 9 o r  1 0  ( o u t  of a possfr'ole 1 0 )  and a 
anemometer s l t ~ l a t e d  c l o s e  t o  the roof of a building, i n  a 
shi431rled area o r  i n  a v a l l e y ,  might only be weighted by a [ f a c t o r  
of 1 o r  2. The 1~?123t squares  p rocess  minimizes t h e  e r r o r  
and 11' owing t o  the  many causes c l t e d  (on t h e  assumption 
vreightsd e r r o r s  a r e  normally d i s t r i b u t e d ) .  i 

I 

T h i s  p r o c e s s  l e a d s  d i r e c t l y  t o  the c o n t o u r s  of a '  jand ur 
f o r  t he  t e r r i t o r y  cons idered .  If now it i s  wished t o  e r e y t  a 
stslxcture a t  a c e r t a i n  l o c a t i o n  t o  l a s t  a  pe r fod  of T y e a r s  
( ~ i - 1 0 )  w i t h  a r i s k  of  q ( d i c t a t e d  by c o n s i d e r o t i o n s  of pbblic 
l i a S i l i t y ,  t h e  use and occupancy of the s t r u c t u r e ,  r e p l a c e ~ n e n t  
cosi ;s ,  e t c . )  that the b a s i c  d e s i g n  wind v e l o c i t y  V i s  exceeded 
w i  th5.n t h i s  t ime, t h e  r e  turn  p e r i o d  R of this  wind v e l o c i t y  V i s  
L ren by i 

l 

By extreme v a l u e  t h e o r y  the ' This r e p r e s e n t s  a p r o b a b i l i t y  of R I  

E value of  the r e q u i r e d  g r a d i e n t  v e l o c i t y  

i w h e r e  a t  and ut a r e  determined from the contours .  

The v a l u e s  of thc v e l o c l t y  n e a r e r  the s u r f a c e  corresponding 
th-is g r a d i e n t  v e l o c i t y  a r o  detsrmined from Fig. 7 accord ing  to 

t?.3 a p p r o p r i a t e  roughness c o n d i t i c n s .  

If the s t r u c t u r e  i s  t o  be e r e c t 5 d  on a hill o r  i h  a v a l l e y  
9 s u i t a b l e  amnplj.fication f a c t o r  should be used. ( ~ x a m p l e s  of t h e s e  
: l v ~ n  by Tagon (40) and Putnam ( 5 3 )  a r e  t a b u l a t e d  in Appendix 11.) 
= h e n  the only way t o  e v a l u a t e  t h i s  would be by a c t u a l  o b s e r v a t i o n  

.nfind v e l o c i t i e s  a t  the s i t e  f o r  a s1:1ort pe r lod  and comparing 
z k e i r  va lue  ~ v i t l . 1  those a t  a  nearby anazrlometsr on level t e r r a i n .  



2.4 Choice of a  S u i t a b l e  Averaging I n t e r v a l  

It h a s  a l r e a d y  been no ted  t h a t  owing t o  t h e  wide 
f l u c t u a t i o n s  i n  wind v e l o c i t y  which t ake  p l a c e  over  p e r i o d s  
r ang ing  f rom f r a c t i o n s  of a  second t o  many c e n t u r i e s  i t  i s  
n e c e s s a r y  t o  measure wind v e l o c i t y  s t a t i s t i c a l l y  i n  terms of 
a  mean va lue  and t h e  d e v i a t i o n s  from the mean, The t ime o r  
d i s t a n c e  i n t e r v a l  f o r  which t h e  mean i s  o b t a i n e d  depends upon 
the  purpose f o r  which i t  i s  requ i red .  To c a l c u l a t e  b a s i c  wind 
v e l o c i t i e s  f o r  t h e  des ign  of s t r u c t u r e s  c e r t a i n  fundamental  
c o n s i d e r a t i o n s  determine which i n t e r v a l  i s  most a p p r o p r i a t e .  
These may be s t a t e d  a s  follows: 

( 1 )  The i n t e r v a l  should co inc ide  a s  f a r  a s  p o s s i b l e  w i t h  
some n a t u r a l  p e r i o d i c i t y  of t h e  wind. 

( 2 )  The i n t e r v a l  should be ''long" compared t o  b o t h  t h e  
n a t u r a l  f r equency  of t h e  s t r u c t u r e  and t o  t h e  response 
t ime of t h e  ins t rument :  i n  t h i s  way t h e r e  w i l l  be no . 
dynamic i n t e r a c t i o n  between t h e  s t r u c t u r e  and t h e  mean 
wind and measured wind v e l o c i t i e s  w i l l  be w t r u e " ,  

(3 )  The i n t e r v a l  should be s h o r t  enough t o  r e c o r d  t h e  
f t  peaks" of seve re  storms. 

(4) The i n t e r v a l  should correspond t o  a body of a i r  of 
s u f f i c i e n t  s i z e  t o  completely envelop  a  s t r u c t u r e  

i 
I 

and i t s  v o r t e x  reg ions .  

I t  should  be no ted  t h a t  i n  Canada t h e  only  wind 
v e l o c i t y  s t a t i s t i c s  recorded on a r o u t i n e  b a s i s  a r e  t h o  mean 
hourly mi leages  r ecorded  by cup anemometers and the g u s t  speeds 
(roughly a 3-sec average  speed)  r ecorded  by a  smal l  number of 
f a i r l y  r e c e n t l y  e s t a b l i s h e d  Dines anemometers. N e i t h e r  of t h e s e  
averaging i n t e r v a l s  i s  s u i t a b l e  f o r  o b t a i n i n g  b a s i c  d e s i g n  wind 
v e l o c i t i e s  f o r  s t r u c t u r e s  a s  can be argued from t h e  f a c t  t h a t  
the hour ly  average does n o t  s a t i s f y  c o n d i t i o n s  1 and 3 and t h e  
3-sec average does n o t  s a t i s f y  c o n d i t i o n s  1, 2,  and 4. 

On t h e  o t h e r  hand, it can be argued t h a t  t h e  "mile 
of windu o r  t h e  "minute of windft b o t h  r e p r e s e n t  i d e a l l y  
s u i t a b l e ,  if n o t  optimum, i n t e r v a l s  f o r  measuring h i g h  wind 
v e l o c i t i e s  f o r  purposes of s t r u c t u r a l  des ign .  The reasons  may 
be s t a t e d  a s  fo l lows  i n  corresponding o r d e r  t o  t h e  s t i p u l a t e d  
condi t ions .  



( 1 )  By means of  c o r r e l a t i o n  c o e f f i c i e n t s ,  Durs t  (25) 
found t h a t  i n  storm winds major groups of eddieg,  
the rmal  i n  o r i g i n ,  had wavelengths o f  about  4000 
t o  6000 f t  - corresponding c l o s e l y  t o  t h e  m i l e  
i n t e r v a l  o r  t h e  minute i n t e r v a l  i n  winds of 60 mph. 

l 

(2) The n a t u r a l  p e r i o d  of  most s t r u c t u r e s  i s  of t h e '  o r d e r  
I of 0.1 t o  3 sec  (235)  with t h a t  f o r  t h e  E m p i r e  S t a t e  
! Bui ld ing  of 8.14 s e c  (156).  W i t h  t h e  damping p r e s e n t  
i i n  most s t r u c t u r e s  f l u c t u a t i o n s  corresponding t o  one 
1 m i l e  i n  extrome winds would have infinitesimal dynamic 

a c t i o n .  

Sher lock  and S t o u t ,  r e f e r r i n g  t o  t h e  r e sponse  t h e  of 
c o m e r i c a l  anemometers, wrote  i n  1937 " t h a t  because of 
t h e  i n e r t i a  of moving p a r t s  of t h e  ins t ruments  t h e  
r e c o r d s  could  only be accep ted  a s  a c c u r a t e  i f  they were 
averaged o v s r  10 seconds o r  moretr (72) .  Thus even a t  
150 mph, t h e  m i l e  of wfnd ( o r  t h e  minute of wind) 
s a t i s f i e s  t h e  second requirement  . 

( 3 )  Tha m i l e  of wind a l s o  r e p r e s e n t s  a  body of a i r  f a r  
l a r g e r  than  most s t r u c t u r e s ,  s o  t h a t  s t a t i c  p r e s s u r e s  
a t  l e a s t  e q u i v a l e n t  t o  t h i s  average speed can  be 
a n t i c i p a t e d .  

(4) The mi le  of wind v i i l l  be of s u f f i c i e n t l y  s h o r t  d u r a t i o n  . i t o  r e c o r d  t h e  peak of a  sudden severe  l o c a l  thunderstorm 
o r  s q u a l l .  

These arguments j u s t i f y i n g  t h e  use  o f  t h e  extreme m i l e  
or minute of wind a s  b a s i c  des ign  v e l o c i t i e s  a r e  endorsed f u r t h e r  
by the f a c t  t h a t  t h e  mi le  of wind h a s  been recommended f o r  use  in 
the Uni ted  S t a t e s  (77, 170)  (where r e c o r d s  a r e  a v a i l a b l e  f o r  many 
y e a r s )  a s  t h e  b a s i s  f o r  des ign  wind v e l o c i t i e s  and t h e  minute of 
wind i n  the  B r i t i s h  I s l e s  (171).  The m o d i f i c a t i o n s  t o  t h e  
Inernometers a t  p r e s e n t  i n  use  in  Canada which would be necessa ry  
t o  conver t  f r o m  r e a d i n g s  of hour  averages  t o  mi le  ave rages  would 
involve l i t t l e  more t h a n  the  replacement of t h e  p r e s e n t  r e c o r d e r  
t o  one of f a s t e r  c h a r t  speed. I n  view of t h e  f a c t  t h a t  a t  l e a s t  
13 o r  14 y e a r s  of r e c o r d  should e l a p s e  b e f o r e  t h e  wind v e l o c i t y  
d a t a  a r e  u s e f u l  f o r  s t a t i s t i c a l  a n a l y s i s ,  t h e  modi f i ca t ' i on  of the  
?resent  ins t ruments  would appear  t o  be of utmost urgency. The 
cos t  of t h e s e  modi f i ca t ions  v~rould be smal l  compared t o  the  g r e a t e r  
s a f e t y  and economy which could thereby bo e f f e c t e d  i n  s t r u c t u r e s  
throughout t h e  country.  



* 
THE DETZRMINATION O F  W I N D  PRESSURES ON STRUCTURES 2 /' ! 

3.1 Wind Tunnel S t u d i e s  and Shape C o e f f i c i e n t s  

Most of -  the  knowledge r e l a t i n g  t o  shape c o e f f i c i e n t s  and 
the d i s t r i b u t i o n  of p r e s s u r e s  on s t r u c t u r e s  h a s  been a c q u i  
numerous and o f t e n  e x t e n s i v e  t e s t s  on models i n  wind tunne 
s e l e c t i o n  of t h e  publ i shed  r e p o r t s  of t h e s e  i n v e s t i g a t i o n s ;  
o r i g i n a t i n g  from many c o u n t r r e s  and covering a  wide v a r i e t k  o f  
shapes i s  g i v e n  i n  r e f e r e n c e s  1 0 1  t o  168. 1 

! 
These shapes inc lude  elementary geometr ica l  f igu;res 

(120, 123, 124, 139, 140, 141, 165) ( c y l i n d e r s ,  cones,  f l d t  p l a t e s ,  
spheres ) , w a l l s ,  (134) elementary p i t c h  roof s t r u c t u r e  S, (113, l&, 
179, 1 4 - 0 9  14-99 15'7) r e c t a n g u l a r  b lock  s t r u c t u r e s  (103, l&, 139, 
0 157)  i n c l u d i n g  t h e  e f f e c t s  of p a r a p e t s  (147) ,  c l e r e s t o r i e d  

' r u c t u r e s  (119,157),  ambrel r o o f s  ( l57) ,  shed r o o f s  (LSY), 
wds-toothed r o o f s  (1577, v a l l e y  r o o f s  (&2,157),  a rched roofa  - 
(102, 114, 115), gas  t a n k s  (125) ,  c o o l i n g  towers (133), s k y s c r a p e r s  
(1171, b r i d  e  s e c t i o n s  (110) ,  t r u s s e s  f o r  towers and o t h e r  
s t r u c t u r e s  ?155), and numerous o t h e r  shapes (146). I n t e r r i a l  
pressuyes (13Sy 139> 143) and s h i e l d i n g  (103, 136) have been the 
subjects  of o t h e r  s t u d i e s .  

F i g u r e s  Ba, by and c  show the  c h a r a c t e r i s t i c  two- 
6 h e n s i o n a l  f low p a t t e r n s  around a  45' p i t c h  roof  s t r u c t u r e ,  a 
Clat roof b lock  s t r u c t u r e  and a semi-c i rcular  a r c h  s t r u c t w r e  each  
standing on a  f l a t  ground sur face .  It i s  no ted  t h a t  t h e  flovr i s  
eivided i n t o  t h r e e  d i s t i n c t  r e g i o n s  - a  windward v o r t e x  r e g i o n  ( A ) ,  
E? l e e e a r d  v o r t e x  r e g i o n  ( E ) ,  s e p a r a t e d  from t h e  n o n r o t a t i o n a l  f low 
( C )  by a v o r t e x  l a y e r  ( V )  which envelopes the  s t r u c t u r e  l i k e  an 
h a g i f i a r y  membrane, and i n  con tac t  with the  s t r u c t u r a l  shape a t  
the  sqparat  ion  p o i n t  ( S ) .  The windward v o r t e x  r e g i o n  may be 
t:lought; of ss a n  ex tens ion  of t h e  boundary l a y e r .  In r e g i o n s  in 
,:;l:ich t'ne v o r t e x  l a y e r *  i s  convex ( w i t h  r e s p e c t  t o  t h e  r e  i o n  of 

>xrotational f l o v )  t h e  p ressu re  i s  p o s i t i v e  ( t o  windward7 and 
-.-:ere concave, i s  nega t ive  ( t o  leeward) .  The s t a t i c  p r e s s u r e  on 
nither s i d e  of t h e  v o r t e x  l a y e r  i s  t h e  same ( & l ) .  Much of  t h e  
; :he t i c  er,ergy w i t h i n  the  v o r t e x  r e g i o n s  i s  d i s s i p a t e d  i n t o  h e a t  
':: t~ l .bulence .  The p r e s s u r e s  on s u r f a c e s  of t h e  s t r u c t u r e  a r e  
~ l : l ~ l .  to  t h a t  a t  the vor tex  l a y e r  modified by t h e  degree of 
::irbulent a c t i v i t y  remaining. High s u c t i o n  p r e v a i l s  j u s t  behind 
''9 point  of s e p a r a t i o n s .  In  curved s t r u c t u r e s  t h e  p o s i t i o n  of 

T,rsr ies and i s  dependent on the Reynolds number .- 
- 9 l c c i t y  X c h a r a c t e r i s t i c  dimension),  the  su r face  roughness  of 

7 k i n e r . a t ; i . c  v i s c o s i t y  of f l u i d )  



the body, t he  turbulence of t he  oncoming f low and the  upstream 
ve loc i ty  p r o f i l e .  Henc,e t he  p re s su re s  a l s o  depend on these  
f ac to r s .  On sharp-edged s t r u c t u r e s ,  however, the  separaf Ion 
found normally occurs a t  one of  the  sharp  edges, end the  / f l o w  
pa t t e rns  and hence the  p re s su re s  are l a r g e l y  independent; of 
Reynolds number and surface roughness, bu t  not  of t he  upstream 
ve loc i ty  p r o f i l e .  Exceptions t o  t h i s  s tatement a r e  found, 
however, when the  vor tox l a y e r  approaches tangency t o  one of the 
surfaces,  i n  which case a f u r t h e r  t u rbu len t  zone may be s e t  up over 
t h i s  sur face  w i th  h igh suc t ions .  In t h i s  case Nbkkentved obtained 
d i r ec t  proof of a  s t rong  Reynolds number dependence f o r  a def l n i t e  
type of bui ld ing,  broad i n  propor t  ion t o  he igh t  and w i t h  a f l a t  
roof s lope,  p a r t i c u l a r l y  marked wi th  a roof s lope of 20° (aq). 
The same s i t ua$ ion  can a r i s e  when the wind is  inc iden t  upon the  
walls of a s t r u c t u r e  a t  small  angles .  

The presence of the  ground surface  e x e r t s  a considerable 
s t a b i l i z i n g  inf luence on t h e  p ressure  d i s t r i b u t i o n s  which, except  
just t o  the  l e e  of the  s epa ra t ion  po in t ,  a r e  f o r  a l l  p r a c t i c a l  
purposes s t a t i c  i f  the  f low i s  steady.  If the  ground plane i s  no t  
present ( ~ i g .  91, a s  i s  e f f e c t i v e l y  the  case in  t a l l  s l ende r  
s t ruc tu re s  such a s  smoke s tacks ,  marked i n s t a b i l i t y  can a r i s e  ii 
the pressure  d i s t r i b u t i  on: t h i s  case  r e q u i r e s  s p e c i a l  cons idera t ion  
and w i l l  be discussed in  sec t ion  4.3 which dea l s  wi th  t h e  v i b r a t i o n  
of s t ruc tu re s .  

- 3.2 The V a l i d i t y  of Wind Tunnel Resu l t s  

Ths r e s u l t s  of wind tunnel  t e s t s  on models a r e  genera l ly  
v a l i d  for f u l l - s c a l e  prototypes  provided tha-t; th ree  condi t ions  a r e  
f u l f i l l e d  (196) : 

( a )  t h a t  the re  i s  geometrical  s i m i l a r i t y  between the  model 
andpro to type  

: 
(b) t h a t  the re  i s  e q u a l i t y  of Reynolds numbers i 

a 

( c )  t h a t  t h e r e  i s  kinematic s i m i l a r i t y  i n  the  approaching 
flonrs* 

Provided t h a t  only over -a l l  e f f e c t s  a r e  being s tudied 
t k a  f i r s t  condi t ion presen ts  no problem. The second condition, '  
hogever, i s  not so  easy t o  s a t l s f y  s ince  e q u a l i t y  of Regnolds 
~unlbers  r equ i r e s  t h a t  the  v e l o c i t y  and c h a r a c t e r i s t i c  dimension 

th9 model and prototype be kept  i n  inverse  r a t i o .  That is, 
if the model i s  1/100th s ca l e ,  t he  v e l o c i t y  i n  the  wind tunnel  
should be one hundred t imes a s  g r e a t  a s  t h a t  t o  v h  i c h  t h e  prototype 
i s  exposed, provided, of course, the f l u i d  used in both cases  is 

a t  atmosphol-ic temperature and pressure .  The s i z e  of the  
: ;~f ie l ,  i n  turn ,  i s  determined by the  f a c t  t h a t  the  c r ~ s s - a e ~ t i ~ n a l  



araa should n o t  exceed about 5 p e r  c e n t  o f  t h e  c r o s s - s e c t i o n a l  
area o f  t h e  wind tunne l ,  The c o n s t r u c t i o n  e f f e c t s  which r e s u l t  
i f  th is  f i g u r e s  i s  exceeded can be q u i t e  l a r g e  (157). These 
p r a c t i c a l  r e s t r i c t i o n s  g e n e r a l l y  p r o h i b i t  e q u a l i t y  of  Reynolds 
numbers b e i n g  achieved. 

For tuna te ly ,  however, f o r  most sharp-edged s t r u c t u r e s  
i n e q u a l i t y  of Reynolds n w b e r s  between model and pro to type:  a r e  
inconsequent ia l  a s  h a s  a l r e a d y  been desc r ibed .  Curved s t r ) l c tu res  
such a s  c y l i n d r i c a l  s t a c k s ,  a rched roofs ,  e tc . ,  normally e i b i t  
a f a i r l y  cons tan t  p r e s s u r e  d i s t r i b u t i o n  between Regnolds n c b e r s  
of 104 and 2 x 105 a t  which p o i n t  a t r a n s i t i o n  occurs  prod/uoing 
a d i f f e r e n t  but a g a i n  p r a c t i c a l l y  cons ta  t p r e s s u r e  d i s t r i p u t i o n  f f o r  Reynolds numbers i n  e x c e s s  of 5 X 10 . The b o r d e r l i d e  
betvreen t h e s e  two p a t t e r n s  i s  p r i m a r i l y  a v i scous  f u n c t i o d  and 
t r a n s i t i o n  from one f low p a t t e r n  t o  t h e  o t h e r  can be a r t i q i c i a l l y  
s t k u l a t e d  by roughening the s u r f a c e  of the body o r  by i n o r e a s i n g  
' ' e turbulence  of t h e  approaching f low by means of mesh sbreens.  

l 
I n  this way t h e  e f f e c t s  of i n e q u a l i t y  of ~ e y n o l k s  

numbers f o r  models and p r o t o t y p e s  w i t h  curved s u r f a c e s  ca+ be 
kept t o  a minimum a s  in  t h e  case  of sharp-edged s t r u c t u r e ? .  

The t h i r d  requirement  f o r  t h e  v a l i d i t y  of model/ t e s t a ,  
namely,  t h a t  t h e r e  i s  k inemat ic  s i m i l a r i t y  i n  t h e  approaching 
flows, is  f a r  more d i f f i c u l t  t o  achieve,  and i n  on ly  one 'or t w o  
t e s t s  has t h i s  requirement  been even p a r t i a l l y  s a t i s f i e d .  It i s  
therefore  important  t o  i n d i c a t e  t h e  consequences of k inemat ic  
d i s s i m i l a r i t y  i n  t h e  approaching f l o w s  i n s o f a r  a s  t h e  p r e s s u r e s  
cn f u l l - s c a l e  s t r u c t u r e s  might d l f f e r  from those  i n  t h e  wind 
tunne l .  

3.3 The Consequences of Kinematic D i s s i m i l a r i t y  

The kinematic  p r o p e r t i e s  of t h e  n a t u r a l  wind which e 

~ e q u i r e  s imula t ion  i n  t h e  wind tunne l  a r e ,  b a s i c a l l y ,  the  i n c r e a s e  
C mean v a l o c i t y  w i t h  h e i g h t  and t h e  tu rbu lence .  

It i s  normal i n  qidnd t u n n e l  t e s t s  t o  t e s t  models a s  
a3  p o s s i b l e  i n  a uniform v e l o c i t y ,  Th i s  i s  achievod by 

r m n t i n g  the  models on smooth base  p l a t e s  and suppor t ing  t h e s e  
n e a r  the c e n t r e  of t h e  t u n n e l  away from the f r i c t i o n a l  e f f e c t s  
Z P S r  the w a l l ,  The shape c o e f f i c i e n t ,  CS,  a t  a p o i n t  on t h e  
s ' u f a c e  i s  thus given by 



where P - PO r e p r e s e n t s  t h e  d i f f e r e n c e  between t h e  pressuce  a t  
ths po in t  on t h e  su r face  of the  s t r u c t u r e  and t h e  s t a t i c  R r e s s u r e  
i n  t h e  ups t ream f low and 1/2 PV* is  t h e  v e l o c i t y  p r e s s u r e  of t h e  
upstream flow. 

I 

Simula t ion  of any g iven  r a t e  of i n c r e a s e  of v e l  
w i t h  h e i g h t  i n  t h e  wind t u n n e l  can be accomplished, howev 
using graduated  mesh sc reons  p laced  i n  t h e  upstream f l o w  
making use  of t h e  n a t u r a l  p r o f i l e  occurr5ng a t  the  w a l l s  f t h e  
wind t u n n e l  One such  t e s t  a l o n g  these  l i n e s  was c a r r i e d  ou t  by 
Bailey and Vincent (103);  i n  t h 9 s  t h e  model was p l a c e d  on the  
f l o o r  of the t u n n e l  where the r a t e  of v e l o c i t y  i n c r e a s e  c ' r r e s p o n d e d  I 
c lose ly  with t h e  1 /7 th  power law. The shape c o e f f i c i e n t s /  were ref- 
orenced t o  t h e  v e l o c i t y  p r e s s u r e  a t  a s c a l e  h e i g h t  of 40 ft above 
ground, a t  which p o i n t  t h e  v e l o c i t y  p r e s s u r e  was some 40 per  cent 
l e s s  t h a n  t h a t  o c c u r r i n g  away from t h e  w a l l s .  In  s p i t e  of t h e  
Zncrease i n  v e l o c i t y  w i t h  h e i g h t  ' ' the a n a l y s i s  of t h e  r e s u l t s  ... 

'qo1ired t h a t  i n  all c a s e s  t h e  e f f e c t  i s  p r a c t i c a l l y  e q u i v a l e n t  
,C a uni.torm p r e s s u r e  over  t h e  who10 p r o j e c t e d  height ' ' .  

T h i s  s ta tement  i s  d i s t i n c t l y  a t  va r i ance  w i t h  t h e  
assumption commonly used  i n  p r a c t i c e ,  t h a t  t h e  p r e s s u r e  on a 
s t r u c t u r e  a t  any g iven  h e i g h t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
va loc i ty  p r e s s u r e  of t h e  oncoming f low a t  the  same l e v e l .  Th i s  
assumption may be t r u e  f o r  t a l l ,  s l e n d e r  struc1;ures of h i g h  a s p e c t  
r n t l o  such a s  r a d i o  towers, b u t  i s  e v i d e n t l y  n o t  t r u e  f o r  t h e  
i7-132-e u s u a l  b u i l d i n g  shapes.  The t o t a l  p r e s s u r e s  i n  lb /sq  f t * 

s c t i n g  on t h e  v a r i o u s  s t ruc t ;u ra l  shapes t e s t e d  by Bailey and 
Vincent a r e  g iven  i n  Fig .  10 ( i n  terms of an 80-mph wind v e l o c i t y  
a: the r e f a r e n c e  h e i g h t  of 40 T t ) .  It i s  noted t h a t  t h e s e  p r e s s u r e s  
i n c r e a s e  viith t h s  h e i g h t  H of t h e  s t r u c t u r e  and t h a t  a 1 1  the 
experimental  r e s u l t s  l i e  c l o s e  t o  the  l i n e  ( B )  expressed  by 

1 

9 & H  1.33 

Compared w i t h  t h i s  r e s u l t  is t h e  i n c r e a s e  of p r e s s u r e  
~ i t h  he igh t  g iven  by the  p r a c t t c a l  r u l e  a l r e a d y  mentioned; namely, 
t :?a t  t h o  p r e s s u r e  on a s t ruc ' tu re  a t  any heLght i s  p r o p o r t i o n a l  t o  

v e l o c i t y  p r e s s u r e  of the  vdnd a t  t h e  same he igh t .  For  t h e  
1/7t'n poT;Jer law i n c r a a s e  i n  h e i g h t  t h i s  corresponds t o  

- .  
- 2 - s  relationship i s  given by  l i n e  ( B )  i n  which t h e  shape 
23'f ' f  i c i e n t  of 1.5 and t h e  v e l o c i t y  of 80 cgh a t  40 f t  a r e  
%sur;.ed. The d i s p a r i t y  betllieen the two curves  IS immediately 
:''*l:iced and su p s t s  t h a t  where t h e  wind v e l o c i t y  p r o f i l e  co r res -  - T : n j s  to t h e  177'th ponrer lavt  the assumption t h a t  t h e  p r e s s u r e  on 



a s t r u c t u r e  i n c r e a s e s  a t  the  same r a t e  a s  the  v e l o c i t y  p r e s s u r e  
may cons ide rab ly  o v e r - o s t h a t e  t h e  t o t a l  h o r i z o n t a l  d rag  f o r c e s  
on a  s t r u c t u r e  l e s s  t h a n  about  100 f t  and under-ostimate tlyose 
fo rces  on a s t r u c t u r e  g r e a t e r  t h a n  t h i s  h e i g h t .  

These f i n d i n g s  of B a i l e y  and Vincent c  oncerning t h e  
e f f e c t  of t h e  i n c r e a s e  of v e l o c i t y  w i t h  h e i g h t  on t h e  pP8SSWe 
d i s t r i b u t i o l l  should  a l s o  be cons idered  i n  con junc t ion  w i t h  o t h e r  
experiments i n  vrhich the  e f f e c t  of tu rbu lence  on t h e  p r e s s u r e  
d i s t r i b u t i o n  i s  a l s o  s tudied .  

I Turbulence i s  t h e  o t h e r  f a c t o r  l e a d i n g  t o  k inemat ic  
t I d i s s i m i l a r i t y  between t h e  f lows of t h e  wind t u n n e l  and t h e  
[ na tu ra l  wind, i t  be iag  u s u a l  t o  use  laminar flow i n  the  model 
; t e s t s ,  

I n  t h e  n a t u r a l  wind, e d d i e s  of a wide range of s i z e  
a superimposed upon one ano the r ,  Some e d d i e s  w i l l  be very  
much smal ler  t h a n  t h e  s t r u c t u r e  i t s e l f :  t h e s e  may be expected  
t o  a l t e r  t h e  s t a t i c  p r e s s u r e  on s t r u c t u r e s  ( e s p e c i a l l y  i n  
ro~t lded  s t r u c t u r e s  where t h e  p r e s s u r e s  a r e  s e n s i t i v e  t o  v a r i a t i o n s  
i n  t3e p o s i t i o n  of t h e  p o i n t s  of s e p a r a t i o n )  b u t  may have l i t t l e  
o r  no dynamic e f f e c t .  The second type  of eddy, of t h e  same 
order of s i z e  a s  t h e  s t r u c t u r e  i t s e l f ,  may be r e s p o n s i b l e  f o r  

1 causing l o c a l  dynamic changes i n  p r e s s u r e  while  the  t h i r d  type  1 ' o f  eddy, much l a r g e r  t h a n  the  s t r u c t u r e  and i t s  surrounding 
[ -,-crtex l a y e r s  (and probably  more c o m o n l y  r e f e r r e d  t o  a s  g u s t s )  ,. 

xqy be r e s p o n s i b l e  f o r  l a r g e  dynamic p r e s s u r e  changes a f f e c t i n g  
:I-.@ s t r u c t u r e  a s  a whole. 

Only the  e f f e c t s  of smal l -sca le  turbulence  a r e  d i scussed  
L!mediately, t h e  o t h e r  two c a t e g o r i e s  be ing  d i scussed  under t h e  
:??sding of Gust Action. 

One of the  v e r y a f e w  pub l i shed  r e p o r t s  of t e s t s  under 
i! ZM?bulent f low i s  t h a t  by Kamei (143) i n  Tokyo. I n  t h e s e  
P * j u l e n c e  n a s  induced i n  t h e  flow by l a t t i c e  screens ;  i n  Some 
k z 

~f ihe t e s t s  mesh g r i d s  were used t o  s imula te  a n  i n c r e a s e  of 
':"ocity with he igh t  a s  wel l .  

f 
The r e s u l t s  i n d i c a t e d  t h a t  ~ d n d w a r d  p r e s s u r e s  were 

" i i h t l y  l e s s  than  i n  laminar  f low and t h e  r educ t ions  i n  leeward  
r" . rssure  cons iderably  l e s s  (up  t o  50 p e r  c e n t )  f o r  b o t h  rounded 
-.-; sharp-adged s t r u c t u r e s ,  Comparative t e s t s  on f u l l - s c a l e  
r:':ioty?es e v i d e n t l y  y i e l d e d  p r e s s u r e s  s i m i l a r  t o  those  f0Im.d 
i:7. 2 turbulent  wind tunnel ,  i .e . t h e  windmard p r e s s u r e s  on f u l l -  
'"19 - .  s t r u c t u r e s  \'rere s l i g h t l y  l e s s  t h a n  i n  laminar  f lovr wind 
- -"31 t e s t s  and the r educ t ions  i n  leeward p ressu re  Up t o  

cent l e s s ,  



These r e s u l t s  a r e  c o n t r a r y  t o  B a i l e y ' s  f i n d i n g s  1 
t h e  p r s s s u r e s  on a  shed (105)  which r e s u l t e d  iq' 

t h e  fo l lowing  comment i n  t h e  paper  by Ba i l ey  and Vincent (;103). 
I 

"3xperirnents on'wind p r e s s u r e s  on a  f u l l  s c a l e  
bui ld ing  under n a t u r a l  c o n d i t i o n s  and on i t s  c o u n t e r p a r t  i n  a 
wind t u n n e l  . .. i n d i c a t e  t h a t  w h i l s t  the  g e n e r a l  form of  
pressure d i s t r i b u t i o n  i s  s i m i l a r ,  t h e r e  i s  a r e a t e r  r e d u c t i o n  

-7- of p r e s s u r e  ( u p  t o  50 p e r  c e n t  more) on t h e  leewar s i d e  o f  
the f u l l  s c a l e  b u i l d i n g  t h a n  v~ould  be e s t i m a t e d  from t h e  model 
t e s t s .  S i m i l a r  evidence on t h i s  p o i n t  was ob ta ined  by Stanton".  

Only one o t h e r  i n v e s t i g a t i o n ,  r e l e v a n t  t o  this 
d iscuss ion ,  comparing t h e  p r e s s u r e s  on a  p ro to type  s t r u c t u r e  
and i t s  wind t u n n e l  model appears  t o  have been r e p o r t e d :  t h i s  
was on t h e  Empire S t a t e  Bu i ld ing  (54). One of t h e  o b s e r v a t i o n s  
of t h i s  paper  was: 

ItA comparison of t h e  p r e s s u r e s  on the  model and t h o s e  
on t h e  b u i l d i n g  shows c l e a r l y  t h a t  t h e  n a t u r a l  wind movements 
a r a  no t  a t  a l l  l i k e  those  i n . a  wind tunnel." 

In t h e s e  f u l l - s c a l e  t e s t s  the p r e s s u r e s  were measured 
by manometers a t  t e n  p o i n t s  a t  e a c h  of t h e  36th Ss th ,  end 75th 
f loors .  The e x t e r n a l  p r e s s u r e  r e a d i n g s  were r e f e r e n c e d  t o  an 
unknown i n t e r n a l  p r e s s u r e  i n s i d e  a  c l o s e t  on each  f l o o r  and 
therefore  on ly  t h e  t o t a l  p r e s s u r e  d i f f e r e n c e  of' t h e  wind on t h e  
bui lding was o f  any meaning, I n  s p i t e  of the  seemingly 
hsphazard d i s t r i b u t i o n  of the p r e s s u r e s  (due l a r g e l y  probably  
t o  the wide spac ing  of t h e  p r e s s u r e  tubes and s h i e l d i n g  from 
other  b u i l d i n g s )  two t r e n d s  seem t o  be apparen t ,  F i r s t ,  t h a t  
on the whole t h e  p r e s s u r e s  a r e  much l e s s  (up t o  50 p e r  c e n t )  
than wind t u n n e l  r e s u l t s  would suggest  a t  tho  measured wind 
v e l o c i t i e s ,  Second, t h a t  i n  s p i t e  of t h e  very  r a p i d  i n c r e a s e s  . 
of  v e l o c i t y  w i t h  h e i g h t  t o  be found i n  t h e  c i t y  (1/2 power l aw)  
the p r e s s u r e s  a t  t h e  36th  f l o o r  do n o t  d i f f e r  g r e a t l y  and a r e  

metimes g r e a t e r  than  those found a t  t h e  75th. There i s  no 
suggestion t h a t  the  p r e s s u r e  i n c r e a s e s  a t  t h e  same r a t e  a s  t h e  
zeasured v e l o c i t y  p ressu re .  Th i s  a g r e e s  e n t i r e l y  w i t h  t h e  
findings of B a i l e y  and Vincent d i scussed  e a r l i e r .  

Apart  from t h e  incomplete informat ion  t o  be de r ived  
rrom t h e s e  few i n v e s t i g a t i o n s  it appears  t h a t  no comprehensive 
sfudy of t h e  consequences of t h e  marked d i s s i m i l a r i t y  of the  
:low i n  the wind tunne l  and t h e  n a t u r a l  wind has h i t h e r t o  been 
?ubl ished.  I n  p r a c t i c a l  a p p l i c a t i o n  t h i s  l a c k  of exper imenta l  
c?? o the r  da ta  h a s  been met by c e r t a i n  assumptions which may be 
3 h t e d  a 3  fo l lows :  



1. The d i f f e r e n c e s  of p r e s s u r e  between p r o t o t y p e  s t r u c t u r e s  
and models t e s t e d  i n  s t e a d y  f low which may a r i s e  due t o  
tu rbu lence  i n  the n a t u r a l  wind a r e  no t  s i g n i f i c a n t ,  

2 .  The i nc rease  o f  v e l o c i t y  w i t h  h e i g h t  found i n  t h e  n a t u r a l  
wind ( b u t  n o t  normally s imula ted  i n  t h e  wind t u n n e l )  can 
be accounted f o r  by a n  i n c r e a s e  i n  p r e s s u r e  on the  f u l l -  
s c a l e  s t r u c t u r e  w i t h  h e i g h t  p r o p o r t i o n a l  t o  the  i n c r e a s e  
i n  v e l o c i t y  prossure .  

The exper imenta l  evidence r e f e r r e d  t o  i n d i c a t e s  t h a t  
both t h e s e  assumptions a r e  h i g h l y  tenuous: the smal l - sca le  
turbulence may have a  s i g n i f i c a n t  e f f e c t  on t h e  shape f a c t o r s  
descr ib ing  t h e  d i s t r i b u t i o n  of p r e s s u r e  on a  structure; t h e ,  
h o r i z o n t a l  p ressu re8  on broad b l u f f  b u i l d i n g s  a r e  e f f e c t i v e l y  
uniform even if t h e  v e l o c i t y  i n c r e a s e s  r a p i d l y  w i t h  h e i g h t ; ;  
t b  magnitude of t h i s  uniform p r e s s u r e  i n c r e a s e s  with t h e  
he&ght of  t h e  b u i l d i n g  i n  a manner which i s  n o t  s imply r e l a t e d  
t o  the  i n c r e a s e  of v e l o c i t y  p r e s s u r e o  

In  view of t h e  l a r g e  number of  d e t a i l e d  wind-tunnel 
s tudies  on a  wide v a r i e t y  of s t r u c t u r a l  shapes it i s  perhaps  
remarkable t h a t  such important  f a c t o r s  a s  those  mentioned above, 
upon which t h e  v a l i d i t y  of %he a p p l i c a t i o n  of the' wind-tunnel 
r e s u l t s  must depend, should have r e c e i v e d  so  l i t t l e  a t  t e n t i o n *  

3.4 Shieldinz E f f e c t s  

A s t r u c t u r e  l y i n g  t o  the  l e e  of  ano the r  s t r u c t u r e  
;.iill i n  g e n e r a l  exper ience  s u b s t a n t i a l l y  reduced p r e s s u r e s .  
Various s t u d i e s  have been conducted on t h i a  s u b j e c t  (103,135, 
136,1&) i n c l u d i n g  t h a t  due t o  Ba i l ey  and Vincent a t  t h e  Nat ional  
?1- .~s ica l  Labora t o r l e s  i n  which t h e  f  olloiving comment appears  
slth regard  t o  t h e i r  exper imenta l  f i n d i n g s  on t h e  e f f e c t s  of 
s 3 i e  l d i n g  , 

"The genera l  conclusion t o  be drawn from t h e s e  t e s t s  
I s   hat when a  b u i l d i n g  i s  s h i e l d e d  by ano the r  of t h e  same order  

S Q-' he igh t  on 1;he a i n d a a r d  s l d ~ ,  a  r e d u c t i o n  i n  the wind-pressure 
"'ctor i s  pe rmiss ib le ,  the  amount depending on t h e  d i s t a n c e  
e ? - ? r t ;  if the s h i e l d i n g  b u i l d i n g  i s  r e l a t i v e l y  low only  a smal l  
reduction, if any, i s  p e ~ ~ n ~ L s s i h l e  . 

"These t e s t s  have been c a r r l e d  out w i t h  only  one '" two models t o  the n-indliiard of t h e  test-rnociel, b u t  t h e  
z : i $ l d i n i S  a f f e c t s  do n o t  appear  t o  be much a f f e c t e d  by t h e  

. *.. 

. . . -z 'mr of models anti it appears  reasonable  t o  suppose t h a t  . - 
' 2  r e s u l t s  ~ c u l d  be appli.ce'ole t o  a  normal b u i l t - u p  a r e a ,  

"It i s  c l e a r  t h a t  f o r  g e n e r a l  des ign  purposes i t  



n o t  be p r a c t i c a b l e  t o  t r e a t  each  case s e p a r a t e l y  and 
a l 1 0 ~ 1  f o r  t h e  s h i e l d i n g  e f f e c t s  of e x i s t i n g  sur rounding b u i l d i n g s ,  
p r t l y  because t h i s  would be an u n n e c e s s a r i l y  complicated 
procedure b u t  mainly because the c o n d i t i o n s  might be v a r i e d  
a f t e r  t h e  b u i l d i n k  was e r e c t e d .  On t h e  o t h e r  hand, t h e  r e s u l t s  
of t h e  t e s t s  show t h a t  i n  a b u i l t - u p  a r e a ,  even w i t h  b u i l d i n g s  
qui te  l a r g e  d i s t a n c e s  a p a r t ,  t h e r e  i s  a  s u b s t a n t i a l  s h i e l d i n g  
e f f e c t  and i t ;  i s  unnecessary t h e r e f o r e  t o  a l l o w  f o r  t h e  f u l l y  
exposed loading . .  . . 

"A p r a c t i c a l  method of  making t h i s  allowance would 
b e  t o  t a k e  reduced va lues  f o r  t h e  lower p o r t i o n s  of a b u i l d i n g  

t o  some s p e c i f i e d  h e i g h t ,  say 100 f e e t ,  above which t h e  
fully-exposed v a l u e s  would be taken.'' 

Although, a s  i s  i n d i c a t e d  by t h i s  conclus ion ,  
g e n e r a l l y  reduces  p r e s s u r e s  on a s t r u c t u r e ,  i n  one 

. p t i c u l a r  i n s t a n c e  t h e  p r e s s u r e s  can be s i g n i f i c a n t l y  
i i rLbreased. If a  s t r u c t u r e  s t a n d s  i n  t h e  l e e  o f  a  s h i e l d i n g  
'- I 

obstacle n e g a t i v e  p r e s s u r e s  w i l l  some-t;imes be produced over  
a l l  s u r f a c e s  of  t h e  s t r u c t u r e ,  The e f f e c t  of this  i s  t o  1 expose a l l  r o o f s ,  i n c l u d i n g  those  wi th  ve ry  s t e e p  p i t c h e s ,  
t o  the p o s s i b i l i t y  of u p l i f t .  It would t h e r e f o r e  be a d v i s a b l e  

f t o  design a l l  r o o f s  f o r  a n  u p l i f t  shape c o e f f i c i e n t  of -1.0 
j p a r t i c u l a r l y  i n  b u i l t - u p  a r e a s  where t h e  v a g a r i e s  of t h e  
;-airflovr a r e  h i g h l y  u n p r e d i c t a b l e ,  I n  a l l  o t h e r  c i rcumstances  
the sh4pe c o e f f i c i e n t s  i n  the unsh ie lded  c o n d i t i o n  y5eld  t h e  
zaximum p r e s s u r e s .  

e .  

i The g e n e r a l  o v e r - a l l  a l lov~ance  f o r  s h i e l d i n g  i n  
built-up a r e a s  suggested by Ba i l ey  and Vincent i n  t h e  l a s t  ! 

$ psyagraph of t h e  above q u o t a t i o n  i s  t o  a  l a r g e  degree provided  I I 
f o r  by t h e  r e d u c t i o n  i n  su r face  wind v e l o c i t i e s  i n  c i t i e s  and I 
u~.;:ns advocated i n  S e c t i o n  2.2 of t h i s  paper ,  l 

!I 

The o n l y  o t h e r  c ircumstance under which al lowance 
c Id be conven ien t ly  nisde i s  i n  the case of b r i d g e s ,  tower 
c:usses and o t h e r  s t r u c t u r e s  i n  which the  s h i e l d i n g  i s  
z f f o r d e d  by o t h e r  components of the  same s t r u c t u r e s .  Th i s  

8 is 5 e a l t  w i t h  i n  most papers  d e a l i n g  w i t h  wind l o a d s  on 
:?as. s t r u c t u r e s  (154, 166).  

~ ~ r w . u l a t i o n  of  Shape C o e f f i c i e n t s  - 
The f o r a u l a t i o n  of des ign  shape c o e f f i c i e n t s  i s  

=-.;-rned l a r g e l y  by cons ide ra t  Pon of a c c u r a t e  r e p r o d u c t i o n  % -. -:".S g r e s s u r c s  and t h e i r  r e s u l t a n t  moments and shea r s ,  of D ' : ' : l i c i tq  and of u n i v e r s a l i t y  of a p p l i c a t i o n .  U n t i l  t h e  
'?f-sirli. t h e  l a s t  two c o n s i d e r a t i o n s  would appear  t o  have been h ;-:-:-X s ~ b ~ t e n t i a l l y  g r e a t e r  weight i n  the  formulat.ion of the 
:, 1 .. 2 

- . - - - -had  requi rements  t o  be found i n  most codes w i t h  the 
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r e s u l t  t h a t  t h e  design-shape c o e f f i c i e n t s  advocated,  somet 
t e a r  l i t t l e  resemblance t o  t h e  o r i g i n a l  vrind-tunnel e x p e r i  

case i n  p o i n t  and i s  n o t  u n l l k e  many o t h e r  codes.  In  t h i s  
T ~ Z  requirement  of t h e  Na t iona l  Bu i ld ing  Code of Canada i a B 
only wind a c t i o n s  a l o n g  the major  a x e s  of t h e  b u i l d i n g  a r e '  
spec i f ied ;  d i s t i n c t l y  nonunif orm p r e s s u r e s  a r e  cons idered  
uniforn~; t h e  in f luence  of b u i l d i n g  h e i g h t  on the roof  p resbures  
of p i t ched  roofed  s t r u c t u r e s  i s  n o t  noted;  and t h e  t r e a t m e ~ t  

t o  c i r c u l a r  s t r u c t u r e s  i s  inaccura te .  I 

l 
A d e p a r t u r e  from t h i s  t r e n d  which b r i n g s  eng inee r ing  

more i n t o  l i n e  w i t h  t h e  r e s u l t s  of wind-tunnel 
s tudies  i s  provided  by the  Swiss s t a n d a r d s  which appears  i n  
t r a n s l a t i o n  a s  an  appendix t o  t h i s  paper  ( s e e  a l s o  r e f e r e n c e  159).  

DYNAIIC EFFECTS OF WIND 

Causes of Dynamic Fressures  

Wind produces dynamic changes i n  p r e s s u r e  on ! 
s t r u c t u r e s  i n  trvo ways. F i r s t  by f l u c t u a t i o n s  i n  t h e  f l o v r  
veloci ty ,  more commonly known a s  g u s t s ,  and second by p e r i o d i c  
vs r i a t ions  i n  p r e s s u r e  which a r e  due t o  i n s t a b i l i t y  in  t h e  
f 10:~ pat  t e r n s  formed around c e r t a i n  b l u f f  shapes,  t o  d e f l e c t i o n s  
of the s t r u c t u r e  i t s e l f  inducing a d i f f e r e n t  and g r e a t e r  p r e s s u r e  

. d i s t r i b u t i o n ,  o r  t o  a combination of both .  The f i r s t  type  of 
dynamic p r e s s u r e  change (which i n  g e n e r a l  i s  ape r iod- ic )  I s  
5lscussed under t h e  heading "Gust Act i o n  and Gust ~ o e f  f i c i e n t  stt 
and the second (which i n  g e n e r a l  i s  p e r i o d i c ) ,  under  t h e  heading 
"Vibration of ~ t r u c t u r e s "  . 
h.2 Gust Act ion and Gust C o e f f i c i e n t s  

The fundamental problem r e l a t e d  t o  g u s t  a c t i o n  i s  
t o  determine what equ iva len t  s t a t i c  p r e s s u r e s ,  i n  e x c e s s  of' 
t:-.ose given by t h e  b a s i c  des ign  wind v e l o c i t y  ( f a s t e s t  "mile" 

"minute'') i n  conjunct ion  w i t h  t h e  a p p r o p r i a t e  shape 
"safficient, a r e  e x e r t e d  by g u s t s  of h i g h e r  v e l o c i t y  s t r i k i n g  
5 strluctu-re suddenly. 

It i s  convenient a t  t h i s  stzige t o  d i s c u s s  t h e  problem 
rslation t o  what w i l l  be t e r x e d  a  pust c o e f f i c i e n t ,  d e f i n e d  
-'h? r a t i o  of the  maximum eq~r iva lcni ;  s t a t i c  p r e s s u r e  e x e r t e d  

': 3 s t r u c t u r e  t o  the  p ressu re  e x e r t e d  by t h e  b a s i c  des ign  wind 
, -.. S : --3c: i ty.  ( T h i s  i s  d i f f e r e n t  from t h e  g u s t  f a c t o r  not7 used 

" ~ ~ ~ ~ n s i v e l y  which i s  the r a t i o  of t h e  peg]< g u s t  t o  t h e  concurrent  
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