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When tall buildings r i se  above the average 
roof level of neighbouring structures they re-  
ceive the full force of the wind over most of 
their height, unless they happen to obtain 
partial shelter from other tall buildings. 
Their numbers have grown a t  an ever- 
increasing rate  since the beginning of this 
century. As early a s  1929 there were already 
nearly 400 buildings of more than 20 storeys 
and 10 buildings surpassing 500 feet in the 
U. S. A. 

It i s  therefore not surprising that wind 
loads and wind bracing of tall buildings were 
topics of considerable interest for  structural 
engineers during the 1920's and 1930's. Two 
well-known practisin engineers published 
full-length texts (132 r on this subject alone, 
and articles appeared regularly in the 
Proceedings of the ASCE. Several approxi- 
mate design methods were proposed and a 
committee of the ASCE worked on the problem 
over a period of 10 years ,  publishing the final 
report in 1940(3). 

The results of wind tunnel research on 
many simple building shapes were also 
reported during the thirties, notably by 
Irminger and ~ b k e n t v e d ( 4 )  in Denmark, 
Flachsbart(5) in Germany, and Dryden and 
~ i l l ( 6 )  in the United States. In most of these 
tests ,  small-scale models (1:200) were ex- 
posed to a low-turbulence flow in which the 
wind speed did not increase with height. Most 
experimenters were aware of the difference 
between the wind tunnel flow and the gusty 
natural wind for which windspeed does in- 
crease with height above ground. Although 
the effects of these differences could not 

easily be predicted, the limitations were at 
least recognized in the research reports. 

The importance of wind bracing was con- 
firmed by a full-scale demonstration of wind 
forces on tall buildings provided by the reat 
Florida hurricane of 18 September 1926 f 7). 
Passing right over Miami, the centre of the 
storm generated wind speeds exceeding 100 
mph, and some permanent deformations in the 
steel frame of the 17-storey Meyer-Kiser 
Bank Building gave convincing evidence of 
wind pressures a s  high a s  60 psf. On the 
other hand, design loads throughout the United 
States at that time ranged from 15 to 30 psf, 
and in Miami there were approximately two 
dozen buildings over 10 storeys that were 
designed for 20 psf. Except for the Meyer- 
Kiser Building, which was damaged beyond 
repair,  and the 15-storey Realty Board 
Building, which suffered extensive damage to 
exterior walls and partitions, these tall 
buildings came through the test essentially un- 
harmed. 

The need for answers to a number of 
questions was apparent. Buildings were then 
designed for a static load that was apparently 
much lower than the loads consistent with the 
probable maximum pressures of the wind, and 
yet many structures did not fail. Rigid, rein- 
forced concrete frame buildings were undam- 
aged in the hurricane, whereas many flexible 
structures such a s  radio masts o r  chimneys 
were completely wrecked. Witnesses spoke 
of the frequent violent gusts superimposed on 
the steady force of the wind that caused ex- 
t reme swaying of (for example) the Realty 
Board Building and the Meyer-Kiser Building. 
In their tests on wind s tresses  and wind brac- 
ing for tall buildings, Robins Fleming (1) and 
Henry ~ p u r r ( 2 )  emphasized the necessity of 
sufficient rigidity a s  well a s  strength. Both 
authors recommended measurements on actual 
tall buildings during strong winds in order to 
build up a fund of experience on the behaviour 
of buildings and the sufficiency of their 
designs. 

The first  measurements of this kind were 
made on the Empire State Building by Rathbun 
and reported in a paper to the ASCE in 1940(8). 
In addition to providing valuable information 
about the behaviour of the frame and the addi- 
tional stiffness contributed by the heavy stone 
cladding, these measurements afforded the 
first real  opportunity to check the applicability 
of a small-scale model test to full-scale 
conditions. The results were disappointing; 
i n  Rathbun's words, "A comparison of the 
pressures on the model and tllose on the build- 
ing shows clearly that the natural wind move- 



ering the effects of the strongest wind 
measured during several months o r  even a 
few years,  they have been found to be of the 
same order of magnitude, i. e. in the range 
0 2 10 psf. 

Difficulty with the static reference pres- 
sure does not affect the calculation of the net 
force on the building a s  a whole (i.e. evalua- 
tion of a drag coefficient Cd), but for  the 
extrapolation of measured local suctions on 
cladding to higher wind speeds it is important 
to distinguish between wind-induced pressure 
differences and those from other causes. 

The third objective is concerned with 
building displacement, velocity, o r  accelera- 
tion under wind excitation. Measurements in 
this area can add valuable information about 
wind forces on tall buildings; and it is also 
possible to derive information from strain 
measurements on some of the main framing 
members. Such measurements a r e  useful in 
the determination of the over-all loading of 
the frame, and in investigating the behaviour 
of the structure itself when acted on by a 
dynamic load. 

Finally, a s  an over-all objective to be 
considered in conjunction with the three 
specific ones, full-scale measurements on 
tall buildings a r e  required to assess  the 
results of conventional wind tunnel tests and 
to permit the development of new flow model- 
ling techniques that will give more realistic 
answers for building aerodynamics problems. 

Methods of Measurement and Analysis 

The most common method of measurement, 
and the one used in three of the four projects 
to be described, is to make a grid of pressure 
taps through the exterior walls of the building 
and record pressures and suctions (relative to 
some internal reference pressure) during 
strong winds. In this respect the measure- 
ments a r e  similar to those made in a wind 
tunnel study using a smooth a i r  flow, except 
for the differences already mentioned with 
regard to reference pressure. 

The most obvious difference between 
pressure measurements in the smooth flow of 
a low-turbulence wind tunnel and those made 
in real  wind is that the former a r e  (for 
practical purposes) constant with time, 
whereas the latter a r e  constantly varying. As 
a result, full-scale measurements must be 
recorded simultaneously for all pressure taps 
and continuously for  periods of at  least 5 
minutes in order to provide adequate informa- 
tion about the pressure distribution on a 

building. 
The next problem encountered concerns the 

analysis of the great quantities of information 
contained in simultaneous and continuous 
recordings of pressures at several pressure 
taps. Fluctuations of pressure about some 
mean values a r e  essentially random in nature, 
and a statistical approach is needed to reduce 
the data to some manageable form. The 
quantitative characteristics of the pressure 
records a r e  summarized by the meark pres- 
sures  (averaged over several minutes) and the 
standard deviation o r  RMS (root-mean-square) 
value of the pressures. The RMS pressure is 
the square root of the variance of the pressure 
record, and the variance can be further 
described by i ts  graph of power spectral 
density plotted against frequency divided by 
the mean wind speed. The latter quantity 
(wave number) can be thought of a s  the inverse 
of wave length, a measure of the physical 
dimensions of a gust. The graph of power 
spectral density vs. wave number, therefore, 
gives the distribution of variance according to 
the spatial extent of the gusts. Spectral 
analysis also plays an important role in the 
recently developed analytical methods for 
handling loadings produced by random phenom- 
ena. 

The statistical treatment of pressure 
records applies equally well to measurements 
of displacement of the building and deforma- 
tions in the main framing members. Such 
measurements a r e  necessary for the accom- 
plishment of the third objective of investigating 
the behaviour of the structure under dynamic 
loading. 

Full-Scale Measurements in Four Countries 

London, England: Newberry, Eaton and 
Mayne (A) 

The Building Research Station in England, 
after conducting a survey in 1957 of the general 
problems of wind load on buildings, decided to 
concentrate a major part of i ts efforts on a 
full-scale study of wind effects on tall build- 
ings. A building 194 feet high and 142 feet by 
58 feet in plan was chosen for instrumentation 
at three levels with wind pressure gauges (see 
Fig. 1). The building was completed in 1963, 
and readings were taken at 48 gauge points 
simultaneously during periods from 1964 to 
1966 whenever the wind speed exceeded ap- 
proximately 35 mph. Recordings were made 
on two synchronized multi-channel oscillo- 
graphs and varied in length up to about half an 
hour. 



Fig. 2. The Barry Building at University 
of Melbourne showing the north 
face (Plate 1, Joubert (B) ) 

building. Pressure readings were taken by 
observers watching banks of manometers at- 
tached to 65 pressure taps at  five levels of 
the building. 

Gusts of relatively long duration (approxi- 
mately 30 seconds) and steady velocity at  the 
tower were selected for correlation with 
pressures measured at the building after a 
suitable delay. Fifteen test  runs were per- 
formed. The problem of the internal 
reference pressure was circumvented by 
dealing only in terms of pressure difference 
across the whole building, using readings 
from corresponding pairs  of points on the 
north and south walls. 

The dynamic wind pressure at  the top of 
the tower (two-thirds of the building height) 
was used to determine drag coefficients for 
the whole building. The drag coefficient for  
the fifteen individual large gusts was found 
to vary from 0.8 to 1.6.  In addition, it was 
noted that the contours of pressure were in 
most cases unsymmetrical, contrary to 
model test results. The mean value for the 

drag coefficient was 1.1 and the centre of 
pressure was found at 53 per cent of the 
building height. 

Wind tunnel tests were carried out in 
which the velocity profile and turbulence were 
produced by a ser ies  of horizontal rods across 
the flow upstream of the model. The centre of 
pressure agreed with the full-scale tests,  but 
the pattern was symmetrical and the drag co- 
efficient 1.0. The authors concluded that dif- 
ferences in the contours of pressure distribu- 
tion could perhaps be explained by differences 
in the lateral distribution of wind velocity. 
They recommended that further results be 
collected on similar buildings and that both 
lateral and vertical distributions of velocity 
should be measured. 

Another explanation was advanced at the 
Seminar for the lack of agreement between 
model and full-scale pressure distributions. It 
was suggested that pressure distributions for 
each of the fifteen individual large gusts were, 
in effect, fluctuations about a mean pattern 
that would possibly agree better with the model 
pressure pattern. 

Delft, Holland: Van Koten (c) 
The measurements and the method of 

analysing the results applied by Van Koten to 
another slab-like tall building form a remark- 
able contrast to the two projects already 
described. The building chosen is 150 feet 
high, 255 by 40 feet in plan (see Fig. 3) and 
has an open exposure. The structure consists 
of a steel frame skeleton with prefabricated 
concrete floor slabs. Deformations produced 
by wind action were measured in one of the 
steel columns instead of recording the pres- 
sures  on the walls of the building. The only 
other wind measurement used in the analysis 
was a record of wind speed registered several 
kilometers away by a different institute. 

Two types of deformation records were 
taken. The f i rs t  consisted of recordings of 
deformation for 3 o r  4 minutes out of each 3- 
hour period for three months. This slowly 
varying phenomenon was compared with cor- 
responding readings of wind speed made by 
the other institute. The second type of 
measurement was made during periods of high 
wind and consisted of continuous recordings 
lasting for 20 o r  30 minutes at  a time. 

The recordings of deformation during high 
winds showed clearly that the building was 
vibrating at i ts  fundamental frequency of 0.7 
cps, with a low but significant amplitude 
compared with the larger deformations result- 
ing from large gusts. This experimental 
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Fig. 7. Model of downtown Montreal with major topographical features in the boundary layer 
wind tunnel a t  the University of Western Ontario for comparison with full-scale meas- 
urements (photo by Ron Nelson, London, Ontario). (Fig. 4 ,  Dalgliesh (D) ). 

the tunnel floor upstream of the scaled section 
of Montreal to create similar conditions of 
turbulence and increase of windspeed with 
height, By December 1967 only a preliminary 
run of model tests had been completed, but 
there were encouraging indications that good 
agreement could be obtained. 

Spectra of the variance of selected pres- 
sure records for the model were compared 
with the full-scale spectra, and with the 
empirical strong wind spectrum suggested by 
Davenport. The agreement of the spectra for 
one such record, shown in Fig. 8, i s  a good 
indication that the turbulence of the flow was 
properly scaled to simulate the actual condi- 
tions. 

The preliminary model tests covered only 
one of the five runs selected for detailed 
analysis. The results a r e  therefore limited 
to a comparison of twelve mean pressures 
and twelve RMS pressures measured for one 
particular wind direction (normal to the long 
wall), but the agreement obtained so  far  i s  
very promising. For example, the linear 
relation found between model and full-scale 
mean pressures had a correlation coefficient 
of approximately 0.96, which indicates that 
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Fig. 8. Sample power spectral density 
curves obtained from both model 
and full-scale experiments on an 
office building in Montreal. 
(Fig. 10, Dalgliesh (D) ). 

the model test results could have been used 
to predict the full-scale mean pressure co- 
efficients to within a few per cent on the 
average, The agreement for RMS pressures 
was not quite so good, and the average corre- 
lation coefficient was about 0.84. 

The measurements made so far were 



ings for  which aeroelastic modelling would 
provide relevant design information, and for 
which flexibility cr i ter ia  might well govern 
the design. 

Conclusions 

Most wind research pr ior  to 1958 was 
based on the simple concept of a smooth a i r  
flow, which resulted in stat ic design loads 
fo r  most structures.  Research for  the past  
10 years ,  on the other hand, has benefited 
f rom three related major innovations: (1) A 
s ta r t  has been made on gathering the full- 
scale information needed to identify and 
evaluate properly the main features of the 
rea l  wind structure;  (2) A workable analytical 
basis fo r  r esea rch  was provided by the im- 
plementation of the stat ist ical  theory of 
turbulence, specifically fo r  wind effects on 
buildings and s t ructures ;  and (3) Experimen- 
tation with turbulent boundary layer flows to 
simulate the rea l  gusty wind and with aero- 
elastic building models has progressed to the 
point where they can be used with confidence 
fo r  providing design information. 

The main features of the statistical ap- 
proach to design a r e  already embodied in the 
new Danish Code in the section on d namic 

6 7 )  wind loads, prepared by Davenport , 
Designers using this Code a r e  made to adopt 
a realist ic view of wind effects, to recognize 
how wind turbulence on the one hand, and 
dynamic properties of the building on the 
other,  can affect design loads, and to assess  
their  influences quantitatively. Future re -  
sea rch  will probably bring adjustments to 
some of the parameters  o r  even modify the 
method itself. One important advantage of 
using such a code, even though some aspects 
a r e  st i l l  only tentative, is that it promotes 
an awareness of the true nature of wind and 
i t s  effect on buildings and structures.  A 
s imilar  approach is expected to be recom- 
mended in Canada by the Subcommittee on 
Loads of the Standing Committee on Structural 
Design in preparing the 1970 edition of the 
wind load requirements in the National Build- 
ing Code of Canada. 

References 

Major References: A, B, C and D - to be 
published by the University of Toronto P r e s s ,  
in Proceedings of the International Research 
Seminar on Wind Effects on Buildings and 
Structures,  Ottawa, Canada, September (1967). 

(A) Newberry, C. W., K. J. Eaton and 
J. R. Mayne - The Nature of Gust Loading on 
Tall Buildings. 

(B) Joubert, P. N., L. K. Stevens, M. C. Good, 
E. R. Hoffmann, and A. E. P e r r y  - The Drag 
of Bluff Bodies Immersed in a Turbulent 
Boundary Layer. 

(C) Van Koten, H. - Some Measurements on 
Tall Buildings in the Netherlands. 

(D) Dalgliesh, W.A., W. Wright and 
W. R. Schriever - Wind Pressure  Measure- 
ments on a Full-Scale High-Rise Office 
Building. 

1. Fleming, R. Wind Stresses  in Buildings. 
Wiley and Sons (1930). 

2 .  Spurr,  H. V. Wind Bracing. McGraw- 
Hi11 (1930). 

3. ASCE Subcommittee No. 31, Committee on 
Steel. Wind Bracing in Steel Buildings. 
Trans . ,  ASCE, Vol. 105, p. 1713 (1940). 

4. Irminger,  J. Q. V. and Chr. ~ h k e n t v e d .  
Wind Pressures  on Buildings. Experimental 
Researches (1st Series 1930, 2nd Series 1936). 
Copenhagen. 

5. Flachsbart, Q. Wind Pressures  on Solid- 
Walled and Framed Structures. International 
Assoc. Bridge and Structural Engineering 
Publications. Vol. 1, p. 153-72 (1932). 

6. Dryden, H. L. and G. C. Hill. Wind Pres-  
s u r e  on a Model of the Empire State Building. 
Journal of Research, National Bureau of 
Standards, Vol. 10, p. 493-523 (1933). 

7. Engineering News Record. Articles on the 
Florida Hurricane. Vol. 97, Oct. 7, 14 
(1926). 

8. Rathbun, J. C. Wind Forces on a Tall 
Building. Trans.  ASCE, Paper No. 2056, 
Vol. 105, p. 1-41 (1940). 

9. Chien, N.,  Y. Feng, H. Wang and 
T. Siao. Wind-Tunnel Studies of Pressure  
Distribution on Elementary Building Forms. 
Iowa Institute of Hydraulic Research,  p .  113. 
(1951). 

10. Swiss Association of Engineers and 
Architects. Normen ftir die 
Belastungsannahmen, die Inbetriebnahme 




