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The wind 
environment of 
buildings 
Ken Anthony 

Summary 
As interest in the climatic aspects of the built 
environment develops. there follows a need to 
improve not only the techniques employed in 
the wind tunnel to predict conditions but also 
the establishment of tolerance criteria and the 
manner in which the results of tests are 
presented. 

This article briefly describes the characteristics 
of wind significant to environmental condi­
tions and reviews the current situation regard­
ing tolerance criteria. It stresses the impor­
tance of the averaging interval of wind speed 
on the 'static' and 'dynamic' effects on people 
and presents a refinement to the Beaufort 
Scale to allow for these. Wind criteria ranging 
from ·comfort' to ·accident' conditions are 
offered in conjunction with frequencies of 
occurrence. 

The approach and technical procedures 
adopted by the wind tunnel facility at the 
University of Bristol are outlined. The novel 
and flexible manner in which the results are 
presented. providing the architect or planner 
with a comprehensive and comprehensible 
view of the expected conditions. is described. 
Introduction 
One of the architectural developments of the 
last decade or so to which we can give our 
approval is the provision of open public plazas 
with their gardens and pools within dense 
building complexes. These are not. of course. a 
new idea. London is only one city which is 
famed for its old tree-lined squares but the 
new factor is the combination of open spaces 

2 with taller buildings. Without adequate en-

vironmental consideration. this can result in 
some loss of the very amenity it is intended to 
provide. 

Most of us have heard of. or may ourselves 
have experienced. wind conditions in the 
vicinity of buildings which are uncomfortable. 
disturbing or even. on occasions. verging on 
the dangerous. Some building developments. 
mainly in city and urban locations. have earned 
themselves such notorious reputations that 
they are avoided by the less hardy members of 
the public. 

Such instances. almost without exception. 
derive from inadequate attention to the 
potential problem at the project design stage. 
Faced with the virtual fait accompli of a com­
pleted building. it is very difficult to remedy 
such situations economically and in such a 
way that the solution is in sympathy with the 
original design. 

In very recent years there has been a growing 
appreciation of the fact that environmental 
conditions around buildings are a design 
parameter and that the wind tunnel is an 
effective design tool in this relatively new 
context. In the UK. this realization has deve­
loped to the point where some local authorities 
insist on an environmental wind tunnel study 
as a precondition to granting initial planning 
consent. However. such requirements are 
usually inadequately specified because the 
present state of the art is not generally under­
stood. 

It is not only in the cases cited above that the 
wind tunnel offers help. It is currently being 
used from the very inception of large develop­
ments to assist in the overall planning; that is. 
to determine the optimum locations on the site 
of the various parts of the project both from the 
viewpoint of their forms and functions and the 
characteristics of the terrain within which they 
are to be placed. It is proving valuable also in 
providing the HVAC design engineer with 
information on the fluctuating pressures and 
their distribution over the faces of buildings for 

use in heating and cooling load assessment 
and equipment selection. 
This article confines itself to the environmenta l 
aspects of wind around buildings and does not 
include structural loadings imparted by the 
wind nor the dynamic behaviour of structures 
with its effects on occupants. It outlines the 
current approach to the subject adopted in our 
close working relationship and continuing 
dialogue with Mr T. V. Lawson. Reader in 
Industrial Aerodynamics. Department of Aero­
nautical Engineering, Bristol University. 
For a clear understanding of the terminology, 
procedures and techniques employed in this 
sphere of environmental science it is first 
necessary to describe briefly some of the 
characteristics of the wind itself. 
The wind 
The structure of atmospheric wind is complex. 
While recent fuller descriptions are to be found 
elsewhere, 1, 2 for the purposes of this article it 
is only necessary to look at some of its simpler 
properties. 
Fig. 1 is a typical record of wind velocity at a 
point plotted against time and illustrates the 
manner in which the wind speed fluctuates 
with varying amplitude and time. Because of 
its intense variability arising from inherent 
turbulence. the magnitude of wind speed has 
inevitably to be considered as a random 
process describable only through its statistical 
properties . 
The simplest of these is the mean value. This 
will depend upon the time over which the 
averaging is carried out. It is convenient. to 
consider wind velocity as a long-term mean 
value upon which the shorter term gusts or 
fluctuating components are superimposed. 
From such a trace as Fig. 1, recorded over a 
period of say one hour. it is relatively easy to 
determine the mean value over that hour. 
However, within this period of time. both 
higher and lower values are evident. If one 
were to subdivide the hour into say ten-minute 
intervals and evaluate the mean values of these 
shorter term increments. one would expect a 



number of different results distr ibuted about 
the hourly mean. Similarly. as the increment is 
progress ively reduced to say one minute, three 
seconds. one second. larger populations of 
mean values are obtained with more and more 
dispersion relative to the long-term mean. 
because the intense peaks and troughs become 
inc luded as discrete values the narrower the 
time increment becomes. 
These short term values form statistical 
populations from which it is possible to } 
calculate. through their probability density 
functions (p.d.f.). the probability of occur- ~ 
rence of any particular magnitude of gust. as ~ 
shown in Fig. 2. In environmental wind work. i 
as in other fields. one is usually more interested ,. 
in the peaks of velocity rather than the troughs . 
Attention is therefore drawn to the upper end 
of the p.d.f. 

1 second nlervais 3 second lllervals 
It should be mentioned here that the very 
accurate assessment of maximum peak values 
and their probabilities demands a record long 
enough to prove its stationarity, that is. a 
length beyond which the statistical properties 
of the variable remain unchanged. 
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There are. however, economic reasons for 
accepting records less than their true station­
ary length. As a consequence. the 99 per cent 
values of wind speed are often derived and 
processed rather than the absolute t rue ones. 
The 99 per cent value is that which has only a 
1 per cent probability of being exceeded. as 
shown in Fig . 2. 
Another. but related. approach 1 , 2 is to con­
sider the frequency domain of the random 
wind speed. This involves the spectral density 
function (s.d.f.) or power spectrum which is a 
means of describing how the wind energy is 
distributed across its entire frequency range. 
Empirical work has resulted in expressions for 
the spectrum for strong winds over different 
types of ground surface. That due to Harris2 is 
illustrated in graphical form by Fig. 3. 
A further property of importance is the gusti­
ness of the wind. This is usually represented by 
the term intensity of turbulen ce. expressed as 
the ratio between the standard deviation (s.d.). 
or more usually in this context. the root mean 
square (r.m.s.) of gust speeds and the long­
term mean value of the wind speed. There is 
always some turbulence in natural wind even 
over the smoothest of terrains. Around build-
ings it is usually intense. particularly in urban 
and city situations. 
It is generally known that mean wind speeds 
increase with height above the ground. There 
are a number of empiri ca l expressions to 
describe this variation. known as the wind 
profile. of which the most commonly accepted 
is the power law. This has the form 

V(Z, )/V(Z2 ) = (Z,IZ 2 ) 0 

which relates the mean wind velocities, V. at 
any pair of heights z, and Z2 • 

The value of a varies both with the roughness 
of the terrain and the averaging interval of the 
wind speed. The greater the surface roughness. 
the greater will the wind profile be sheared 
through the boundary layer. It follows also 
that the terrain-induced turbulence decays 
with increas ing he ight. In densely built-up 
areas. the ground plane is effectively displaced 
approximately to the general roof top level 
below which winds are extremely turbulent 
and no discernible profile law exists.3 
These brief descriptions cover only a few of 
the characteristics of the wind itself but are. 
hopefully, su fficient to provide a general 
understanding of its nature. 

Meteorological data 
An essential ingredient of any wind study is the 
loca l meteorological data. Most. if not all. 
meteorological agencies throughout the world 
publish. as a matter of routine. standard wind 
data which are directly applicab le to environ­
mental wind studies. Wind roses. which des­
cribe graphically the percentages of time 
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Fig. 1 
Typical trace of variation of wind speed with time 
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Illustration of probability density function of random wind speed 

within which winds of various strengths blow 
from different directions. are useful for general 
appraisals of average annual conditions, but 
more relevant are the monthly tables. 
These conta in for each separate month. the 
number of hours during which. for each of 
eight or 12 wind directions. the wind strength 
is within prescribed ranges of speed. Fig. 4 is 
an illustration of such a table from data pub­
lished by the British Meteorological Office. 4 

Sometimes such tables are presented on a 
cumulative basis with wind speeds being 
defined as being in excess of given values 
instead of with in ranges. 
Some of the more 'sophisticated' meteoro ­
logical agencies also record simi lar data sub­
divided into four or more three-hour periods of 
the 24-hour day (Fig . 5) . This information is 
particularly useful in the study of buildings and 
their surroundings which have periods of 
intense use such as in the morning, at midday 
and again in the evening. Unfortunately, this 
information is not always published and may 
have to be specially requested and processed 
into an applicable form. 
Care has to be exercised in applying meteoro ­
logical data since. although the station from 
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Fig. 3 
Graphical representation of Harris' 
expression for power spectrum of 
longitudinal turbulen ce2 
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which the data originate may be close to the 
project site. differences in topography may 
well mean differences in wind characteristics. 
It is. therefore. advisable to obtain a description 
of the station location. its surrounding terrain. 
the anemometer situation and height and the 
sampling time over which the wind speeds 
have been averaged if these are not provided 
with the data. so that appropriate adiustments 
may be made. As far as the British data are 
concerned. the wind speeds presented in Fig. 4 
are hourly means while gusts. because of the 
response characteristics of the anemometer 
used. are effectively means over three seconds. 
Tolerance criteria 
To be able to assess the success of a project in 
terms of the effects of its environmental 
climate on people. one needs a set of criter ia 
against which to judge. 
The criteria will. by necessity. be concerned 
with people and it is this which. because it is 
such a subjective matter. makes their establish ­
ment so difficult. Clearly even if it were 
possible. it would be a psychological mistake 
to create an environment so 'perfect' that all 
sense of climatic variation was eliminated. 
Within the limits of wind environment. the 
problem of establishing criteria is compounded 
by the dependence of what may be considered 
acceptable on other climatic factors. One. of 
course. is temperature. Whereas a good breeze 
in the height of summer may be refreshing, the 
same wind in the depths of winter may well be 
decidedly uncomfortable. Similarly, humidity 
is an associated parameter. Humidity can bring 
with it conflicting wind requirements. Some air 
movement can alleviate the discomfort of 
dampness in the air but extremes of humidity, 
such as rain or sea-spray carried by high 
winds. are to be avoided if at all possible. 
Wind direction can. in itself. bring about 
changes in temperature and humidity. Winds 
from the sea. at least in summer. are usually 
cooler and damper than offshore winds. 
It may be possible. given adequate recorded 
data on temperature. humidity and wind 
direction. to assess the joint probabilities of 
these with wind speeds. However. the com­
bined nature of all these variables together 
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Fig.4 
Percentage frequencies of winds at selected stations. Manchester Ringway 
( British Meteorological Office table. facsimile copy) 
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Fig. 5 
Average frequency of wind speed and direction at 0300. 0900. 1500 and 2100 GMT from 1950-59. Ringway 
(A meteorological agency table, facsimile copy) 
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with the different attitudes and responses th at 
individuals have toward s weather conditions 
around the w orld. make it very difficult if not 
impossible to set global or even national 
standards of acceptability. 

There is a clear need for research on the 
physi ca l and psychological aspects of this 
complex problem but at a simpler level. some 
progress is being made by considering criteri a 
in terms of the wind alone. 

In our work. we recognized early that there are 
two basi c sorts of wind whi ch may affect 
people. The first is what might be termed the 
'dynamic' effect - the short gust whi ch 
removes hats. reverses umbrel las and. more 
importantly. unbalances people . The other sort 
could be called the 'stati c' effect - the average 
wind condition which would be experienced 
as one walked across the site or stayed for a 
while at any particular point. 

Furthermore. in the case of design stage 
investigations into potential conditions. it was 
felt that a tiered set of criteria. divided into 
·acceptable'. 'tolerable' and ·unacceptable ' 
categories would enable the architect or 
planner to assess more readily the courses of 
design action open to him. 'Acceptable' con ­
ditions at any location need no action by the 
architect. 'Tolerable' conditions give the archi­
tect the opportunity to consider or call for 
remedial suggestions and have these tested in 
the wind tunnel. The finally decided course of 
design action will depend upon the intended 
use of the particular location. its importance to 
the success of the project. the influence that 
remedial measures may have on the overall 
architectural design and planning and. of 
course. the cost of the solution. If the condi­
tions fal l within the 'unacceptable' category, 
then some remedy is essential. 

The relevance of 'frequency of occurrence' was 
also recognized and it was decided to attach 
percentages of time to each of the three 
categories. 

Another aspect of criteria concerns ' time of 
day' . Conditions which may be unacceptable 
during peak periods of use. for instance at 
midday. may well be acceptable during night 
time hours when the development is va cant. 

There is. as yet. very little quantitative data 
upon which to establish wind criteria. While 
much research has been undertaken by 
physiologists and bio-climatologists. it tends 
to be concentrated on the more extreme con ­
ditions to be experienced in the arctic. the 
tropics and space or indoors where air speeds 
are very low. The interest in conditions within 
the built environment has been initiated and is 
being fostered by practising engineers and 
architects who will, no doubt. themselves 
admit that they are not the best qualified to 
judge. Any guidance in this respect from 
experts in these fields would be gratefully 
received by those active in the application of 
criteria to building projects. 

However. a start has been made. For the 
'dynamic' effect of wind on people. we 
adopted the standard three -second averaged 
gust as the parameter in our early work. The 
initial associated velocities and frequencies of 
occurrence in each criterion category. admit­
tedly chosen more by intuition than experi­
ence. are given in Fig . 6. These were later 
presented by Lawson 5 at a symposium on 
external flows. at Bristol in 1972. Melbourne 
and Joubert6 have observed in full scale situa ­
tions that gust speeds of the order of 23 m/sec 
are sufficient to physical ly unbalance able­
bodied pedestrians and suggest that from an 
·accident' or 'danger' viewpoint. one criterion 
worthy of adoption is that gust speeds in 
excess of this value occurring once a year 
should be considered unacceptable. In addi ­
tion. they have adopted a 'comfort' criterion 
wh ich defines as unacceptable gust vel ocities 
in excess of 15 m/sec for 1 per cent of the 
total time. 

At the Bri stol sympos ium. Hunt and Poulton.7 
who had commenced studies on the inter­
action of the dynam ics of wind and walking. 
suggested that the much shorter averag ing 
interval of between 0.1 and 0.5 seconds is 
signifi cant but did not offer any associated 
wind speeds. They did place emphasis upon 
the intensity of turbu lence as a fac tor. especi­
ally at the lower mean w ind speeds because of 
the consequent eye irritati on and disturbance 
to clothing and hair. At higher mean velocities. 
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it becomes more a matter of drag forces on the 
whole body and the necessary power to over­
come them. 
It seems. from the albeit limited information 
available. th at the short duration gusts are 
sign ificant and that wind speeds of about 
20-23 m/sec consti tute an upper bound to the 
'dynamic' criteria. However. it is less clear 
what constitute acceptable frequen cies of 
occurrence. 
For the 'stati c' effect there is less guidance. 
The criteria originally set up on one of our early 
projects were based on five minute mean 
values and are presented in Fig . 6. Melbourne 
and Joubert do not appear to have considered 
the longer term means. Wise and Penwardens 
and Penwarden 9 have suggested that at a 
speed of 5 m/ sec dust is raised and wind 
becomes annoying. at 10 m/sec it is definitely 
disagreeable and that at 20 m/sec it is likely to 
be dangerous. The averaging interval of these 
velocities was not specified but there is good 
reason to believe that they are 10-minute 
means. Hunt and Poulton.7 in studying the 
energy consumption measured through the 
rate of breathing when walking and running 
against the wind . suggest an acceptable level 
of 5 m/ sec at which wind speed the increase in 
energy expenditure over that in still air is only 
about 12 per cent. but at 14-17 m/sec the 
energy requirement is doubled. 
More recently, Hunt has proposed a criterion 
based on the intensity of turbulence arising 
out of experiments on reactions of people 
subjected to various conditions in a large wind 
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Ca lm. Smoke rises ve rll cally. 

Smoke drln s 

Wind fe lt on face. Lc:i.vea rustle. 

Hair disturbed, clothJ ng flapa. Light 
nags extended. 

Dual and looae s-,per raised. Hai r 
dlaa rr:inged. 

Wind force fell on bOdy 

DirrlcuJl to .... a lk 11eadily. Open 
wnbrcllu used with dUCicu!ty, 
Hai r blown •tralght 

Inconvenience relt v..hen walkJng 

Wa lking prol(TCH Impeded. Ousts 
dl1turb balance. 

Ptople blcw.•n over In gusts 

Scale to define ranges of wi nd speed. This 
may at first seem archaic but has proved to be 
most useful in a number of respects. The 
origina l scale formulated in 1805 has been 
adapted to describe the effects of wind to be 
seen and felt by people ashore rather than at 
sea . This 'Land Beaufort Scale' is presented in 
Fig . 7. Its main advantages in use are that it is 
illustrative of the effects of different wind 
speeds when introducing and discussing the 
subject of environmental wind with architects 
and clients. and it provides a convenient and 
recognizable shorthand in the processing of 
data and the presentation of results. 
All the criteria so far mentioned and quoted 
have used the Beaufort Scale as a basis. but 
none of them accounted for the averaging 
intervals associated with different effects on 
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Relationship between wind speeds of different averaging intervals for two particular situations 
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people within the Beaufort ranges. We have 
already seen the significance of the averaging 
intervals . In establish ing his scale. Beaufort 
used fairly crude measuring instruments with 
the result that the averaging interval of his 
quoted wind speeds was about ten minutes. 
Remembering that wind speed has the appear­
ance of Fig. 1. w ithin the 10-minute period 
over which each Beaufort wind speed was 
averaged. there will be shorter period peaks of 
veloc ity in excess of the 10-minute mean 
value. For example. 1 3 m/sec is considered in 
the straightforward Beaufort Scale to be at th e 
top of Force 6 but associated with this 10-
minute mean velocity, there will be short gusts 
of say 20 m/sec which without co rrection 
appear as near the top of Force 8. 
In order to utilize the Beaufort Scale effec­
tively, this point must be recognized and 
allowed for. To do this. resort has now been 
made to the data published by ES DU 1 o from 
which the relationsh ips between wind speeds 
of different averaging intervals may be 
assessed. Fig . 8 illustrates the relationship for 
strong winds for two different situations. As 
turbulen ce va ries with ground roughness and 
height, there is clear ly no unique curve for 
Fig. 8. From the fami ly of curves that one could 
draw. we have se lected as a basis the one 
applicable to a height of 1.7 m (head height) 
over flat level terrain. Fig. 9 represents the 
influence of averaging interval on the Beaufort 
Scale for th is particu lar circumstance. The 
information contained in Figs. 8 and 9 now 
enables any appropriate duration wind speed 
to be considered and any meteorological data 
to be used whatever averaging interval it 
employs. The original wind speed criteria 
adopted for our early projects. Figs. 6a and 6b, 
have now been rationalized and simplified into 
a standard form : 
Unacceptable - for wind speeds greater than 

Beaufort 6 for 
> 2.8 per cent of the time ( > 20 hours/ 

month) - designated ·u· 
> 2 per cent < 2.8 per cent of the time 

( > 14.4 < 20 hours/month) - designated 
·u · 

Tolerable - for wind speeds greater than 
Beaufort 4 for 

> 5.6 per cent of the time ( > 40 hours/ 
month) - designated T 

> 4 per cent < 5.6 per cent of the time 
( > 28.8 < 40 hours/month) - designated 
't' 

Acceptable - for wind speeds less than 
Beau fort 4 all the time. 

These contain the entire range from mean 
(comfort) speeds of less than 5 m/sec to gust 
(accident) speeds in excess of 22 m/sec. 
These criteria are. of course. able to be 
adjusted according to any particular project 
circumstance. On a number of recent projects. 
we have established wider ranges of criteria 
with additional categories in which both the 
wind speeds and frequencies of occurrence 
have been modified to suit the project use and 
the general climatic conditions. It is felt that 
initially the criteria should be fairly stringent so 
that critical areas can be identified for further. 
more detailed. consideration. We have also 
begun. in a simple way, to take account of the 
relationships between wind speed. tempera­
ture and humidity. 

The wind tunnel and models 
Reliable testing for environmental effects calls 
for a number of particular requirements within 
the working section of the wind tunnel. 
Perhaps the most fundamental of these is that 
the natural wind approaching the site be 
modelled as accurately as possible . The two 
main features which characterize the natural 
wtnd are its profile and its turbulence proper­
ties. The two are inseparable because they 
arise in reality from the same sou rce. namely 
the shape and size of the 'textu re· of the 
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In the wind tunnel. these are usually initiated 
by the presence, upstream of the model. of 
such devices as grids and 'shark's teeth' 
turbulence generators. Additionally, it is usual 
to 'roughen· the upstream floor of the tunnel 
with solid blocks appropriate to the surround ­
ing terrain. These means alone call for con­
siderab le upstream lengths and large working 
sections since the enti re boundary layer is 
simulated. Such large wind tunnels are expen ­
sive and space -consuming. At Bristol Univer­
sity, Cook10 recently devised a technique 
which comb ines the grid and roughness 
elements with a step in the tunnel floor. This 

simulates the lower third of the atmospheric 
boundary layer with sim ilar accuracy and 
allows models of around 1 : 250 linear scale to 
be accommodated in the 1 m by 2 m working 
section of the Bristol tunnel without blockage 
correction problems. 
The choice of linear scale of the model is also 
important. Apart from its appropriate size 
within the working section. other considera­
tions are the accuracy of the modelling of the 
surface details of the buildings and the ability 
to survey the project comprehensively in the 
wind tunnel. Surface features can influence 
the environmenta l wind flows significantly . 



Buildings with strong vertical emphasis. 
achieved through deep vertical grooves or 
projections. augment the drawing down of 
wind from above and its deflection. often at 
increased velocity, on to the low level publi c 
spaces. Buildings with deep horizontal texture. 
such as that provided by balconies. tend to 
reduce the veloci ty of the downdraught but 
make it more turbulent. Such bal cony areas 
would most probably be points of interest in an 
environmental wind study and must. therefore. 
be modelled. 

The models themselves are normal ly made of 
plywood. but virtually any stiff material is 
suitable. In cases where one needs to study the 
wind conditions within the structure. for 
example in arcades or below plazas. trans­
parent acrylic plastics are used to provide the 
necessary visibility. If it is envisaged that 
pressure measurements may be called for at 
some time during the test series. the model 
maker must be advised so that he can design 
the model accordingly. It is often difficult to 
modify an existing model to accept pressure 
tappings . 
Architects ' drawings comprise the basi c infor­
mation from which models are made. but in 
order to simulate the surroundings. detailed 
street maps with present and future building 
heights should be supplied. Parti cularly useful 
are sets of oblique aerial photographs of the 
site. It is possible. of course. to obtain all the 
information needed from stereo pairs of photo ­
graphs but this calls for special equipment and 
skills which are relatively expensive and time­
consuming. Most universities would have 
such facilities however. 

In most environmental wind tunnels. to 
simulate different wind directions. the model 
and its immediate surroundings are mounted 
on a turntable set into the tunnel floor. At 
Bristol University. the turntable has a diameter 
of 1.9 m within which the site surroundings are 
modelled accurately. Upstream of the turn ­
table. the general outer terrain is represented 
by a number of blocks of var ious sizes and 
shapes. Any feature of significant influence. 
such as a large building, embankment or hill. is 
modelled at the appropriate wind direction. 

The wind speed at which the tunnel is run is 
not very critical provided that the model shapes 
are not Reynold 's Number dependent. The 
main criteria are that the resulting 'signal-to­
noise· ratio of the instrumentation should be 
acceptable and that the ambient wind noise 
should be tolerable to the technicians. The 
point at which the tunnel wind speed is estab­
lished is termed the reference point and its 
position is selected such that the wind at this 
location is not influenced by the presence of 
the project in question . This usually results in 
the reference point being some way above and 
to windward of the highest element in the 
complex. 

The relat ionship between the velocity scale. 
V,. (ratio of wind tunnel reference velocity to 
full scale reference ve loc ity) and the linear 
sca le. L,. leads to the concept of time scale, 
T,. such that T,= L,/V,. Th is time scale para­
meter is of the utmost importance in the 
measurement of wind speeds of differing 
averaging intervals and of power spectra. A 
linear scale of 1 : 250 together with a velocity 
scale of 1 : 2.8. say. leads to a time scale of 
1 : 90 which means that in effect the fluctua­
tions in tunnel wind speed occur 90 times as 
fast as in the atmosphere. A full scale three­
second mean becomes equivalent to a 1 /30 
second mean in the wind tunnel. Clearly. to 
estimate mean values over 1 /30 second. one 
has to measure a number of values of wind 
speed at a frequency of 90 Hz or more depend­
ing on the required accuracy. In some 
instances. one is interested in one-second full 
scale averages and so the frequency of tunnel 
measurements must be higher still. This calls 
for rather special instrumentation and tech­
nique. 
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Velocities at locations expressed as percentages of the reference velocity. Computer print-out 

Instrumentation, technique and 
results presentation 
The procedure adopted at Bristol for a typical 
environmenta l wind study and the process 
originating from the fluctuating wind speed 
through to the printing of resu lts is expressed 
diagrammati cally in Fig. 10. Prior to any 
measuremen ts being made at the selected 
locations. the simu lation of the approaching 
wind characterist ics is checked by measuring 
the power spectrum at the reference height. 
This is superimposed upon Harris' representa­
tion. Fig. 3. for the particular terrain. Only 
when there is close agreement does the test 
begin . 

The instrument generally used in the measure ­
ment of rapidly fluctuating flow is the hot wire 
anemometer. The one used at Bristol is of the 
constant temperature type with a response of 
up to 100 KHz. The fluctuating voltage ou tput 
from this type of anemometer is not directly 
proportioned to air velocity across the entire 
range. The emanating signal has to be passed 
through a 'linearizer' before being processed 
further. The sensing head of the anemometer is 
very small - hardly larger than a match head -
and is carried by a slender arm attached to a 
carriage in the roof of the wind tunnel so that 
it may be ·navigated' from outside in anv of 

three orthogonal planes simultaneously. 
In order to evaluate mean values of wind 
speed of whatever averaging interval. the 
fluctuating voltage from the linearizer is then 
sent through a low pass f ilter. This effective ly 
fi lters out al l frequenc ies hig her than th e one 
corresponding to the averaging in terva l of 
interest. Fro m the f ilter. the flu ctuatin g signal 
is passed to an ana logue/digital converter. 
A DC. which transposes the con tinuous fi ltered 
data to digital form suitable for further process­
ing by computer. Although adjustable in­
dependently of each other. the filter pulse rate 
and the ADC readings frequency are selected 
in coniunction with each other relative to the 
averaging interval of the wind data being 
processed and the accuracy of the averaging 
operation considered necessary. 
The digitized data then passes automatica lly to 
disk store. To the right of Fig. 10. it passes 
direct to the computer. having been identified 
by proJect data entered on a typewriter console 
next to the operator. The project data consists 
of the averaging interval (s) required. location 
reference. wind direction reference. filter pulse 
rate and reference point height and is entered 
for each anemometer position and each wind 
direction. The computer then prints out. 
lhrough the typewriter console. a tab le of 7 
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mean values and standard deviations for each 
location and the reference point. This basic 
information. primarily for use by the laboratory 
staff. 1s automatically transposed to form a 
table of velocity ratios between location 
veloc1t1es and the reference velocity. Fig. 11 
illustrates a typical velocity ratio table. a copy 
of which is always included in the final report. 
Its basic use is one of comparisons between 
conditions at each location point. but an 
interesting variation to this table has some­
times been offered to clients of proJects which 
include such facilities as shops and restaur ­
ants. In the modified table. the location velo ­
cities are related not to the reference velocity 
but to the equivalent open country mean 
hourly wind speed which is the basis of daily 
synoptic charts published by meteorological 
agencies. Such a table could be given to 
particular tenants of the development - for 
instance the proprietor of a restaurant with 
open-air lunching and dining facilities who. by 
referring to the morning newspaper and the 
velocity ratio table. could assess the expected 
conditions that day. 
At the completion of the anemometer survey, 
the accumulated data is processed further. At 
Bristol. a library of disk-stored wind data of the 
type illustrated in Fig. 4 for many town and 
city locations has been compiled for ready 
access. The meteorological data relevant to the 
site and anemometer output from the wind 
tunnel are then combined and processed by 
computer to produce 'hours of wind' tables. 
These set out. month by month and for the 
year as a whole. the numbers of hours at each 
location during the wind of each chosen 
averaging interval is expected to be w1th1n 
each Beaufort range. An extract from a typical 
print-out is given in Fig. 12. Months are 
numbered 1 to 12. while the year is assigned 
the number 1 3. Beaufort ranges are indicated 
as 82. 83. etc. The pairs of location reference 
numbers differentiate between three-second 
and ten-minute means in this case. 
Although of considerable value for reference. 
these 'hours of wind' tables are hardly an ideal 
form in which to present the results to an 
architect or planner. In any case. it does not 
relate conveniently to the tolerance criteria 
previously established. In early proJects the 
several th ousa nd numbers were scanned by 
eye and placed in each acceptabi lity category. 
Today. this tedious task is undertaken by the 
computer which then prints ou t a simp le 'table 
of acceptability criteria results'. A part of a 
typical result is shown in Fig. 13. In this table, 
categories are denoted ·u·. ·u· and T, 't' for 
unacceptable and tolerable conditions. 
Acceptable conditions are left blank in the 
tables. 
This form of table has proved to be a most 
useful way of presenting the results. Condi­
tions at any location for any month may be 
identified at a glance as can their variations 
throughout the year. It allows the architect to 
reconsider any location depending upon its 
sensitivity and use from month to month. 
In those instances where the intensity of use of 
public spaces varies considerably with the 
time of day' and for which the appropriate 

meteorological records are available, it is 
possible to go even further. Fig. 14 is a copy of 
an extract of the results in tolerance cr iteria 
terms for one particular location of a proJect 
under three different plaza roof configurations. 
For each month there are seven separate 'time 
of day· classifications which illustrate not only 
how conditions vary throughout the year but 
also through the 24-hour day. From such a 
form of presentation it is possible to make 
balanced Judgements. Conditions designated 
·u· or 'u ' could, for example, be tolerated if 
their incidence were mainly concentrated into 
the night-time hours. Thus. having identified 
critical areas and their expected troublesome 
periods of occurrence. this form of presenta­
tion does allow the original criteria to be 
re-graded if required. 
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Two features of the facilities at Bristol Univer­
sity which, although appearing in Fig. 10 have 
not yet been mentioned. are the oscilloscope 
display and the ultra-violet sensitive paper 
chart. These are of value in describing to 
architects the characteristics of wind at loca­
tions on the site. They both offer a visual 
representation of the nature of the wind, the 
chart providing a permar1ent record and the 
display providing an immediate but transient 
description. 

Throughout the entire investigation of a 
proJect. great emphasis is placed on the 
advantages of continuous liaison with and 
involvement of the architect. even to the extent 
of taking part in trying out in the wind tunnel 
various remedial measures to troublesome 
locations. The oscilloscope display is a 
particularly graphic way of illustrating 'before 
and after· conditions prior to more compre ­
hensive re-study. 

Conclusions 
The environmental climate in the vicinity of 
buildings, particularly in the context of urban 
and city situations, is receiving increasing 
attention and, in this respect, the wind tunnel 
is proving itself to be an effective design tool. 
Its contribution extends from the inception of 
the proJect to the detail design of features of 
the buildings themselves. It can provide 
valuable information ranging from the wind 
regime over the topography of the site to the 
very local effects of wind on people. 
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It is believed tha t a very effective and flexible 
facility for the investigation and reporting of 
environmental wind condi tions has been 
developed at Bristol. The 'sta ti c' and 'dynamic' 
effects are allowed for in line with current 
thinking . The Beaufort Scale is used to 
describe ranges of wind speed but has been 
reworked to allow for the influence of averag­
ing interval on the values of peak velocities. 

It is recognized that the wind aspects are only 
one of several climatic factors which should be 
included in any set of tolerance criteria. The 
criteria offered in this article have been formu­
lated basically for urban and city situations to 
cover the range of wind speeds relevant to 
comfort at the lower end to accident at the 
other. They may be considered to be relevant 
to temperate climates but are tentative pending 
further data. particularly their relationships 
with other parameters such as temperature, 
humid ity, activity and clothing. In dividing the 
criteria into 'acceptable' , 'tolerable' and 'un­
acceptable' categories and presenting the 
results month by month, the architect is pro­
vided with an overall view of the conditions 
throughout the year and is afforded the oppor­
tunity to regrade the criteria if he so wishes. 

The procedures employed and the close 
involvement of the architect throughout pro­
Ject investigations have proved most valuable 
in evolving designs which in many cases have 
eliminated all potentially troublesome con­
ditions originally identified. 



,. 0 " y C:/,R 
Loe -- '"1_.\jJ_ tt..it i.:t•R !11:R. 

Js10 ;s10 )S10 Js 10 Js10 

_/.. T T T u T u T u T u 
3 ·· - LI -
~l t t , 

--
7 
3 t i. 
9 

·10 
11 t T 
12 
13 
1,1 T T t 
1 :; t t 
1 i; 
17 T T T t T T 
18 -
19 T ,: T T T T T T T T 
20 
;! 1 ··~ I,(_ 

2) 
' 1 I , ... 
~~) 
26 
27 t T T t T 
?r 
{.~ T T T T T T t T t 
30 
3 1 T t T t t 
)?. 
33 
J,1 
)'.) 
;t_: T t T T u T T t T T 
'}7 
)Cl t t T T T T t t t t 

., 
" T ,1 s 

---· 
1:Ay_ Jur:i.:. ~UL':' ill)(, sc: rr 
)S10 3::10 ) S1 0 ;S 1() ji-10 

T T T T T T T T T T 

-

T t 

T t T t T t t t 

T T t T T 

t 

T T t T T T T 
t 

t t t t t 

-
or.r IIQY_ 
JS10 JS10 

T T T T 

t 

T 

T t 

t 

T T t 

t 

T t T T 

t T T 

DEC 
)S 10 

T L!. 

t 
t 

T 

T T 

T 

T t 

t 

T T 

T T 

I 
I 

I 

Acknowledgement 
Most credit for the development of the 
approach described in thi s artic le is due to M r 
T. V. Lawson of the University of Bristol. 
Parti cularly apprec iated is his continuous 
interest and work in helping to solve real 
design problems. 

References 
(1) ANTHONY. K. C. fhe background to the 
stat1st1cal approach. Paper 2. Proceedings of 
Cl RI A Seminar. 'The modern design of wind­
sensitive structures·. pp.17-28. CIRIA.1971. 
(2) HARRIS. R. I. The nature of the wind. 
Paper 3. Ibid .. pp. 29-56. 
(3) ENGINEERING SCIENCES DATA UNIT. 
Dara !(em 72026. Characteristics of wind 
speed in the lower layers of the atmosphere 
near the ground · strong winds (neutral 
atmosphere) . ESDU. 1972. 

(4) METEOROLOGICAL OFFICE . Tables of 
surface w ind speed and direction over the 
United Kingdom. HMSO. 1968. 
(5) LAWSON. T. V. Presentation of data 
about the wind env ironment of bui ldings. 
Symposium on externa l flows. pp. L l-L7. 
University of Bristol. 1972. 
(6) MELBOURNE. W. H. and JOUBERT. 
P. N. Problems of wind fl ow at the base of tall 
buildings. Internationa l conference on wind 
effects on buildings and structures. pp. 
105-114. Saikon Co. Ltd.1971 . 
(7) HUNT. J. C. R. and POULTON. E. C. 
Some effect of wind on people. Symposium on 
external fl ows. pp. K1-K9 . University of 
Bristol . 1972. 

;) T T T T T u T T T T T T 
Ii[) t t T T T T t t T T 
,1 1 

T t T T T T t T 
t t T T t 

T T T 
T T T 

T 

T ·1 

(8) WISE. A. F. E. and PENWARDEN. A. D. 
Wind environment around large buildings. 
Ibid .. pp. J1-J7. 

(9) PENWARDEN. A. D. Acceptable wind 
speeds in towns. Building Science. 8 (3). pp . 
259-267. 1973. 

1!2 t T T T T t T t t t T 
/ I~ ,, t T t 
i, '1 t 

_l~5 
,1i:; t T t t t 
,:7 
,15 t T T t t t T T 

Fig.13 
Extract from typica l table of acceptabil ity criteria results (by month) 

Location Year Jan. Feb. Mar. Apr. 

A A TTAA 
tTI 

A A 

TAT 
1t TI T~~ A A A 

5 
A A A A A 

A 
tAA 

1tT'r 
A A A 

-
A A A A A 

A A A A A 

~ 
Key:~ 

Fig. 14 

Ma·· June 

! 
July 

-

A A A 

1tAt 1tAA utU 
TTI uTA "TIT 

A A ?At 
!IA 

1AAt 
Ttt 

A ttAt 
in 

A A A 

A A 
tAt 

1ltA 

1: 24 hour pcl'io<l 
2: 12 hour dartimc period 
3: 12 hour nig:httlme period 

Aug. 

A 

1TAT 
tu u 

A 

111 t 
ITT 

A 

A 

4: J hour ncriort centred on 0900 hre. 
5: 3 hour pcrio<l centred oo 1200 hrs . 
6: 3 llow- period ccntrC'd OD l GOO hrs. 
7: 3 hour period centred on 1800 bra. 

Extract from typi ca l table of acceptability criter ia results (including 'Time of Day') 

T t 
t 

j: 

Sept. 

A 

TTAT 
TTI 

A 

1AAt 
1n 

A 

A 

I 
I 

(10) COOK. N. J. Wind tunnel simulation of 
the atmospheric boundary layer: methods in 
current use at Bristol. Symposium on external 
flows. pp. F1-F5. University of Bristol. 1972 . 

Oct. Nov. Dec. A\'craglng .. Roof 
loterval echeme 

TAA 
TTTT 

-TAA 
1 t TI 

A 5 mlo. 

1 

uTT TAT TAA 
"tuu uuuu TTrr 3 sec. 

-
?At A A' 5 min. 
Tuu 

2 

ltT TtAt 
tA1't TTu 

A 3 88(', 

A A A 5 min. 
3 

A 
tAA 

1ttt 
A 3 sec. 

9 



Flatjacks and some 
of their uses 

Paul Beckmann 
It is often difficult to understand fully and 
hence properly ascertain the forces and 
deformations which arise in structures and. 
even when we think we have succeeded. it is 
sometimes inconvenient to have to accept the 
consequences. In those circumstances the 
solution to the problem may be to induce pre ­
determined forces and movements into the 
structure and flatjacks offer a convenient 
means of doing this in many cases. 

The flatjack and its basic hardware k it 
The basic flatjack is a mild steel capsule. 
circular in plan and with a cross-section which 
is initially dumb-bell shaped. The dished 
portions are packed out with specially cham ­
fered circular steel thrust plates or filled with 
resin mortar before the jack is placed between 
the surfaces to be jacked apart. When the jack 
is inflated with a liquid the hydro -static 
pressure is transmitted by the flat portions of 
the capsule through the thrust plates. or the 
mortar filling. to the jacked surfaces. whilst the 
toroidal rim of the Jack deforms to allow the 
flat faces to move apart. 
The capsule is usually made of two circular 
pressings welded together along the circum­
ference. A special soft grade of steel. heat 
treated· after welding. is used in order to 
accommodate the substantial plastic strains 
which are necessary to allow the jack to open 
and close to the full extent of the depths of the 
rim. The material is about 2 mm thick. 
At least one pipe connection is welded into the 
rim. and for many applications two are pro­
vided. offset at 90° to each other to allow easy 
venting during filling. One of these is subse­
quently capped off and the other provides the 
connection to the pump. 
The flatjack was invented in 1934 by Freys­
sinet. It is marketed in the UK by PSC Equip­
ment Ltd. who also offer an extensive jacking 
service to sites as well as advice to designers 
on applications. They supply limited numbers 
of standard sizes off the shelf and hold fairly 
substantial stocks of standard pressings which· 
are welded up to order. This allows special 
arrangements of the connections. which are 
sometimes necessary, to be provided with 
minimum delay. 
By cutting standard round jacks in half and 
welding in straight pressings it is possible to 
make oval jacks and similarly 'rectangular' 
jacks can be made using quartered standard 
jacks for the corners. These special shapes are 
however ·not manufactured in this country at 
present and have to be imported from France. 
Flatjacks are usually inflated with a liquid 
similar to that used in the hydraulic brakes of a 
car. Where only a few jacks are involved this is 
usually done by a hand pump. 
When a substantial number of jacks have to be 
pressurized simultaneously the volume of 
liquid to be moved becomes excessive for the 
hand pump which. being of positive displace­
ment action. can deliver high pressures to 
small volumes only. In these situations a 
motor-driven pump is used. This is usually 
fitted with an adjustable 'blow-off' valve 
which enables the delivery pressure to be set 
to a predetermined value. This is often chosen 
somewhat above the jacking pressure to 
compensate for dynamic friction losses in the 
connecting pipework. 
For most short-term uses the jacks are con­
nected to the pump by 6 mm copper tubing. 
This is easy to fit as it is soft enough to be bent 
by hand and draped round obstacles much 

10 like electric cable. 

Where the pipework will be exposed for con­
siderable time to the 'slings and Acrows of 
outrageous fortune· which are inevitable on a 
building site. 10 mm steel tubing is usually 
employed. Both types of 'plumbing ' are con­
nected with compression fittings, which. 
particularly for the copper tubing, require some 
care and skill in installation and subsequent 
handling. if leakages are to be avoided. 
In order to ascertain the jacking force. the fluid 
pressure in the jack must be known and this is 
measured by a manometer. To avoid errors 

Fig.1 
Diagram showing how the thrust of a 
flatjack can exceed that corresponding to 
the contact area of the thrust plate 
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Fig. 2 
(Courtesy PSC Equipment Ltd.) 

Fig. 3 
Hand pump and resin cylinder 
(Photo: A' Court Photographs Ltd). 
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from friction losses in the pipes the manometer 
is usually positioned immediately next to the 
jack. and a stop-valve is fitted just ·upstream· 
of the manometer spur so that the jack can be 
isolated from the pump and still have its 
pressure checked. 

Operating limits 
It is fairly obvious from the geometry of the 
capsu le that the circumferential weld. which 
has to be made from the outside with no 
backing strip to help root penetration, is 
situated in a region of high strain during 
opening of the jack. 
The maximum safe operating pressure will 
therefore to some degree depend on the 
amount which the Jack is required to open. A 
single 'stroke' will obviously produce less 
work hardening than a series of 'ups and 
downs' so if repeated use is envisaged. lower 
pressures should be employed. 
For ordinary uses the makers recommend a 
maximum pressure of 1 50 bars= 15 N/mm2 

and this is perfectly safe for a well-made jack. 
For applications where pressure has to be 
maintained for long periods. the pipe joints 
may however. in the absence of special pre­
cau ti ons. prove to be the weak link in the 
chain and initial cho ice of a limit around 1 25 
bars may avoid a lot of worry later. 
The maximum recommended 'travel' or open­
ing of a flatjack is equal to the depth of the 
rim, i.e. about 25 mm. If it is intended to re-use 
such a jack. it should be annealed after 
being re-compressed. 
If a greater total travel is required, two or more 
jacks may be used in tandem. 
There have been several instances in which 
these limitations either on pressure or travel 
have been unintentionally exceeded by con­
siderable amounts without ill effects. This 
indicates a reassuring margin which must. 
however. not be used to 'advance the frontiers 
of technology· during the design stage. but 
should be reserved for possible site emer­
gencies. 

Capacity and calibration 
The force exerted by a hydraulic jack is equal 
to its effective piston area multiplied by the 
pressure of the liquid. Whilst the latter can be 
measured fairly simply by the manometer. the 
effective area of a flatjack varies with the 
opening of the jack and is not a simple function 
of its manufactured dimensions. 
When closed or nearly closed the effective 
area is somewhat larger than the contact area 
between the flat face of the jack and the thrust 
plate/mortar infill. This is due to the vertical 
component of the meridional hoop tension on 
the inside of the toroidal rim being transferred 
by shear and bending to the edge zone of the 
contact area. 
The gain in effective area from this effect is 
proportionally greater for the smaller jacks. but 
cannot be ignored even for diameters of 
300 mm and more. 
For ordinary applications where extreme 
accuracy is not necessary. the manufacturers 
provide calibration curves for the standard 
range of jacks (70 mm-920 mm overall dia­
meter with corresponding maximum thrust 
from 20kN to 8680kN) . These curves show 
the effective area as a function of the travel and 
illustrate the decreasing effect of the hoop 
tension with increasing opening. 
It is a fairly simple matter to calibrate a flatjack 
using a hydraulic press which has been 
checked against a proving ring, and this 
shou ld be done when accurate knowledge of 
effective area is essential, and of course for 
non-standard sizes. The jack is filled and 
connected to its manometer and pump and. 
with its thrust plates. placed between the 
platens of the press. which are adjusted to 
allow the desired travel of the jack to occur. 
By inflating the jack and readinA correspond-



1ng values of pressure on the jack manometer 
and load on the indicator on the press. the 
effective area can be deduced. 
By increasing the pressure in the Jack it is 
possible also to test it in the press to some­
thing like 25 per cent above the rated capacity 
and. if for reasons of limited space one is 
forced to use high pressures in the Jacks and 1f 
the consequences of a failure could be serious. 
such pre-tested jacks should be specified. 
For certain applications. such as resin filling. 
an initia l minimum gap of about 3 mm is 
desirable. This initial opening can conveniently 
be done as part of the pressure testing in the 
same press. 
Once a flatjack has been .individually cali ­
brated it can of course be used as a load cell 
itself and. whilst not capable of extreme 
accuracy. the combination of flatJack and 
manometer is inexpensive. can generally be 
inserted in a gap only 40 mm wide. is weather­
proof and will function independently of any 
electronic gadgets. 

Temporary and permanent 
incorporation in the works 

Usually flatjacks are a temporary feature of the 
works. They are installed and inflated. the 
required force is induced in the structure 
and/or a specified gap is opened up and. after 
an interval to ensure that the situation is static. 
the gap separation is made permanent by steel 
wedges between the flatjacks. which may 
subsequently be removed and the gap grouted 
up. Alternatively the jacks are part of a 
temporary support system and are removed 
with it. 
It does however happen that there is no room 
to insert wedges or no way of grouting the gap. 
and thus fill it permanently. In this situation 
there is a need to solidify the jack in its inflated 
state and thus turn it into a permanent packing 
piece. This can be done in one of two ways 
depending on whether or not the jack can be 
temporarily de-pressurized. 
If. by temporary wedging or similar means. it is 
possible to release the pressure in the jack. it 
will. bar a negligible amount of elastic 
recovery. remain in its inflated shape. It will 
now be possible to replace the hydraulic fluid 
with cement grout. either by draining and 
re-filling or by displacement injection. The first 
method is much the simpler as the hydraulic 
fluid can be flushed out by an inJection of 
solvent prior to grouting. The second method 
requires the jacks to be vertical or in a sloping 
position in order that gravity displacement of 
one liquid by the other can take place under 
pressure. The connections can be placed 
wherever convenient. provided they are con­
tinued inside the rim as small bore steel tubes 
to the upper and lowermost points so that the 
grout fil ling can proceed from the bottom of 
the jack and displace the hydraulic fluid with­
out too much intermixing. Even so. consider­
able 'bleeding off' may be necessary until only 
neat grout emerges from the top connection. 
An alternative is to have pairs of jacks in 
tandem of which one jack in each pair is left 
dry and flat during the jacking operation and. 
once the 'active· jack has been de-pressurized. 
is inflated with grout. flattening its partner in 
the process. 
The handicap of cement grout as a permanent 
filling medium is that it is not capable of being 
pumped at the pressures normally used for 
activating flatjacks because it tends to dewater 
and cause blockages and PSC recommend a 
pressure limit of 75 bars. Epoxy resins. how­
ever. do not suffer from this limitation and a 
number of interesting techniques are possible 
using these latter-day magic potions. 
There is however a basic difficulty to over­
come: the normal cold-setting resins will 
harden just as happily in pipework and pumps 
as in the flatjacks themselves. 

One solution to this problem is the 'resin 
cylinder'. This is a fairly long cylinder with 
bolted on. removable, ends which accom­
modate couplers for the standard 6 and 10 mm 
tubing. In the cylinder a tight-fitting piston is 
free to move from one end to the other. A 'dose· 
of filled resin with a setting time of two to four 
hours is placed in one end of the cylinder. The 
end is bolted on and connected with the 
shortest possible length of tubing to the 
empty flatjackvia its close-coupled stop-valve. 
The other end of the cylinder is now con­
nected to a standard pump circuit filled with 
hydraulic fluid. When the fluid is pressurized 
by the pump. it will force the piston along the 
cylinder and the piston. in turn. will force the 
resin into the flatJack. Once the required 
pressure has been attained. the stop-valve is 
closed and the resin cylinder and its plumbing 
can be removed and cleaned with solvent 
before the resin has set. 
If it is feasible to locally heat the flatjacks to 
100°-120°C there is a possibility of using a 
hot-curing resin. This removes the time limit 
on the operation and this 1s most valuable if 
many jacks are involved. needing individual 
pressure adjustments. but our experience so 
far has shown that there are many, very 
difficult. problems associated with this tech­
nique. even though they have been overcome 
in one large-scale application. 

Examples of applications 
The classical application of the flatjack is the 
release of large span concrete bridge arches 
from their centring. This can be a critical opera­
tion. for if during the process of dismantling the 
scaffold a non-symmetrical portion of the arch 
is left unsupported before the full weight is 
transferred to the abutments and thus the arch 
thrust mobilized. the dead load moments in the 
unsupported portion may become large 
enough to cause failure. 
This problem is overcome by inserting flatjacks 
vertically in a joint formed in the crown of the 
arch. When they are inflated to exert a thrust 
equal to the arch thrust due to self weight. the 
arch will lift off the formwork which can then 
be removed in any convenient way. The gaps 
are wedged solid. the flatjacks may be grouted 
up or removed and the voids are grouted or 
concreted up. 
This method also eliminates the moments 
which otherwise are induced into encastre 
arches due to the shortening of the arch under 
its axial thrust. 
A recent notable example of this application is 
the Gladesville bridge near Sydney in Austra­
lia. which has a clear span of 305 m. and 
where 224 flatjacks in four layers were 
inserted at the third points of each arch to give 
a thrust of 65.000 kN and allowing a move­
ment of 100 mm. The jacks were here used not 

only to provide the thrust. but also. by 
differential inflation. to control the position of it. 
There are occasions when it is desired to 
induce a force which remains constant irres­
pective of deformations of the structure. This 
can be done by connecting flatjacks to a 
pressure stabi lizer which will maintain practic­
ally constant pressure although the flatjack is 
expanding and contracting. 
When the raking shores for the east end of 
York Minster were designed. there was con­
cern about settlement of their foundations. and 
the fact that the over 20 m long steel struts 
could. within a day, vary 5 mm in length due to 
thermal movement. caused anxiety about local 
crushing of the stonework where the shores 
were built in. 
To overcome these problems the base plates of 
the shores were each supported on two 
480 mm flatjacks in tandem. The feed pipe 
between the pump and the jacks was con­
nected via a spur to a nitrogen-filled cylinder. 
which. having a volume which was large 
compared w ith the volume changes of the 
flatjacks. would absorb these with negligible 
pressure variations. The nitrogen cylinders 
were. together with the pumps and mano­
meters. housed under cover and protected 
from the worst of the diurnal temperature 
fluctuations. They were frequently inspected 
so that adjustments could be made for 
seasonal variations and foundation settle­
ment. On one occasion however it was found. 
after a lapse of some time. that due to the 
settlement of a buttress during the under­
pinning operations. one base plate was resting 
hard on the steel packs which had been placed 
as 'emergency buffers· in case of jack failure. 
The steel packs were however eventually 
withdrawn with the manometer needle point­
ing well past the 200 bar mark and the jacks 
took over their function for the remainder of 
the work as if nothing had happened ! 
With the strengthening of the tower founda­
tions of the Minster. the problem was to 
mobilize the bearing capacity of the new 
foundation areas without having to wait for 
further settlement of the existing fabric. This 
was achieved by placing a 600 mm thick 
nominally reinforced concrete pad under each 
of the new foundation blocks which were pre­
stressed to the existing masonry. and by 
inserting flatJacks in slots created by inverted 
concrete troughs. 
When the prestress had been stabilized and 
the tendons grouted. the flatjacks were 
inflated in steps to 35, 70. 88 and 105 bars 
successively, each pressure increment being 
applied when the downward movement of the 
lower pad had ceased. In this way the clay was 
compressed and the pore water allowed to 
disperse so that the new foundations would 
safely carry their share of the total load. 

Nitrogen - ---~ 

Fig. 4 

Manometer - --, 

In· situ Concrete 

2 No. 48()rm, dia. 
Flat .lad< In Tandem 

Arrangement of flatjacks and pressure stabilizer for raking shores at York Minster 
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Section and plan of flatjack arrangement for 
foundation strengthening to the central tower 
of York Minster 

The gaps which developed between the upper 
foundation blocks and the lower pads were 
generally in the order of 20-25 mm but at one 
corner a movement of over 30 mm was 
measured. Despite the relatively low pressures 
a number of leakages occurred in the joints to 
the copper tubing. The layout of the plumbing 
however enabled the offending jacks to be 
isolated and in one or two cases they were 
wi thdrawn and replaced. At the end of the 
operation the gaps were grouted but the jacks 
were mere ly de-pressurized and left in. as they 
w ere surrounded by grout. 

The same principle of introducing pre­
determined forces into a statica lly indeter­
minate system was applied. albeit on a 

12 reduced scale. to one of our early South 

African jobs : the UK Pavilion on the Rand 
Centre in Milner Park near Johannesburg. 
The guyed pylons which provide the wind 
stability had their baseplates placed on flat­
jacks. When the roof structure had been com­
pleted. the jacks were inflated so as to lift the 
pylons and thus pre- tension the guy ropes. 
When the calculated force had been achieved, 
the base plates were packed up on steel shims 
and the flatjacks removed prior to grouti ng of 
the gap. 
This was an application of flatjacks in a con­
text of lightness and elegance and, as such, in 
contrast to the more common, heavy duty use 
of these devices to control the movements of 
the sides of large basement excavations. 
Speed of construction and other considera-

Fig. 5 
Raking shore to east end gable 
of York Minster 

Fig. 6 
Placing ·sandwich' of tandem flatja cks 
and thrust plates under base plate of 
raking shore to east end of York Minster 

(Photos: 5. 6 and 8 
Shepherd Building Group Ltd .) 

Fig. 8 
Placing flatjacks and inverted concrete 
troughs prior to casting foundation 
extension to central tower of York Minster 

tions often make it desirable and sometimes 
inevitable to strut the retaining walls nearly 
horizontally right across the full width of the 
basement. Such strutting will, however, 
shorten appreciably under the compression 
induced by the earth pressures, and in doing 
so will allow the sides of the excavation to 
move inwards. 
Such movements could lead to extensive 
damage to adjoining property and to bounda ry 
roads and should therefore. as far as possib le. 
be eliminated. 
This can be done by inserting a number of 
flatjacks in tandem in the struts and inflating 
them to provide the appropriate forces in the 
struts. In this way the struts can be allowed to 
shorten while the flatjacks expand and thus 



keep the distance between the retaining walls 
constant. 

COMMISSIONER STREET One completed large scale example of this 
application 1s the basement to the Carlton 
Cen tre 1n Johannesburg which measures 
approximately 169 m by 133 m in plan with a 
depth of about 20 m. and where the bracing 
structu re took the form of an octagonal ring 

c ...................................................... . 
Perimeter Piles 

rather th an straight struts. · 

The current heavy-weight example of excava­
tion bracing is at the Barbican Arts Centre 
where, at the time of writing. blocks of four 
1080 mm diameter flatjacks in tandem have 
been installed at the ends of the tunnels which 
serve as bracing members for the 22 m deep 
excavation. Each block is designed to provide 
a thrust in the order of 13.000 kN and the Jacks 
will at the end of the operation be sol1d1f1ed 
under pressure. using displacement iniecuon 
with automatic con trol of the bleed valve. For 
reasons of access the inle t and out let have to 
be adJacent to each other on the side of the 
Jacks and. to enable proper displacement to 
take place. the connections continue inside th e 
rim of the Jack through nearly 90 to the top 
and bottom respectively of the Jack when 
placed in the works. 

Some years ago we were ca lled in as advisers. 
when failures of some of the joints between 
the loadbearing precast concrete mullions in a 
multi -storey office block had resulted in the 
concre te fa<;:ade structure being considered 
suspect. In order to eliminate all doubts about 
structural adequacy it was decided to tran sfer 
by Jacking the load from the concre te mullions 
to new steel stanchions which were to be 
inserted immediately inside the mullions. 

The problem here was that. in order to avoid 
punching shear failures in the floor slabs. all 
the steel stanchions in one vertical line had to 
take up load simultaneously, and on top of this 
the stiffness of the floor slabs and the cladding 
led to lateral load transfer so that. to be 
successful. jacking would have to be carried 
out on several consecutive vertical lines of 
stanchions at the same time. 
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Each vertical line of jacks was to be connected 
to a 'rising main' fed from its own pump. but it 
was considered impractical to have Jacks 
tailor -made to exact size to enable them to 
exert the exact jacking force required at each 
floor when connected to their common rising 
main. The jacks were therefore arranged as 
pairs or singles of standard size. and this 
meant that on some floors the specified jacking 
forces would be achieved at much lower 
pressures than on others. It would therefore be 
necessary to gradually increase the pressure in 
the rising main and to turn off the stop-valves 

Plan and sections of excavat ion for the Carlton Centre. J oha nnesburg. showing 
bracing to piled retaining wall and positions of Jacks 

Fig. 9 
UK Pavilion. Rand Centre near Johannesburg. The cables were 
stressed by raising the pylons on flatjacks. (Photo : Brian Jouxsow) 

Fig. 11 
View of the Carlton Centre excavation. showing bracing to 
piled retaining wall. (Photo: A. A. Gordon) 

13 



14 

Railway Tunnel 

12 2 

£ 

to the jacks when their manometers indicated 
the pressure corresponding to their specified 
jacking load. 
The sizes of the stanchion cap plates did not 
allow the use of temporary or permanent steel 
packs. so the jacks had to be solidified under 
pressure at the end of the operation. As the 
jacking also had to proceed along the fai;:ade 
with consecutive vertical lines having to be 
jacked to gradually increasing pressures (to 
limit distortion of the concrete structure). 
direct inflation with a resin having a pot life 
that might only be stretched to six hours could 
not be contemplated. 
Laboratory trials showed that there were 
difficulties in completely displacing the 
hydraulic fluid with resin due to the horizontal 
position of the jack. and moreover that it was 
extremely difficult to manually control the 
bleeding-off process so as to avoid pressure 
fluctuations which in the real building could 
result in punching failure of the floor slab. 

It was eventually decided to pressurize the 
whole system with a heat curing resin which 
at normal ambient temperature had a pot life of 
months but which could be cured overnight at 
100-120°C by surrounding the stanchion tops 
and the jacks with insulated electrical heater 
jackets. 
Unfortunately the recommended resin tended 
to shrink on curing; and although it was a very 
slight shrinkage it meant that some of the 
jacking force was lost. Mr John Harvey of 
PSC then hit upon the idea of minimizing this 
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Fig.14 
Arrangement of steel stanchions and 
flatjacks to relieve precast fai;:ade panels 
of load 
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loss by reducing the volume of resin in the 
j acks. To this end the jacks prior to filling were 
pre-packed with single size 3 mm shingle from 
Chesil Bank {the only place where you will 
find shingle naturally sorted: 2 mm at West 
Bay gradually increasing to 100 mm at Port­
land). 
That the curing reaction. once started, was 
exothermic and therefore required the heating 
current to be cut off at rather lower tempera­
ture than foreseen. was just another snag that 
became apparent during the course of the 
work. as did the fact that a resin classified as 
' low viscosity' could. when situated in an 
unheated building in a British winter. become 
so thick that it took an hour for a pressure 
increment induced at the pump to register on a 
jack manometer two floors up! 
Safety precautions included a hydrau lic circuit 
employing several pumps. each of which 
could be connected to any or all of the vertica l 
rising mains and each of which could con­
versely be isolated and removed in case of 
failure. Similarly every jack could be isolated 
from the circuit. All the pumps were set up in a 
bank on a floor ha lf-way up the building and 
an intercom system enabled the foreman in 
charge of the operation to keep in touch with 
the fitters on every floor and monitor progress 
as 40-odd jacks were brought up to their 
various specified pressures and isolated in 
turn. 
A thermo-electric probe. inserted in one of the 
connection 'spouts'. enabled the temperature 
of the resin to be monitored during the curing 
operation. This facility was used to ascertain 
the optimum heating sequence to be estab­
lished. and subsequently this was implemented 
by time-governed manual switching. checked 
by examining the colour of thermo-indicating 
paint applied to the stanchion tops. 

Fig. 12 
Section through excavation for 
Barbican Arts Centre. showing bracing tunnel 
and jacking position 

Fig. 13 
Concrete block encapsulating four 1800mm 
diameter flatjacks in tandem for use in 
bracing to reta ining wall at 
Barb1can Arts Centre 
(Photo: A'Court Photographs Ltd.) 
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Fig. 15 
Diagram of hydraulic circuit for 
simultaneous load relief of precast fai;:ade 
panels in multi-storey block 



Creating 
building forms 
responsive to 
environmental forces 
Kenny A. Gerlach 
Abstract 
The actions of environmental forces have the 
most sign ificant impact on the rate at which 
buildings utilize energy. Appropriate metho ­
dologies are developing to counter the waste 
and reconsider building design in terms of 
discovering how the eff icient responsiveness 
of nature itself deals with the problem. Design 
implications rest in finding optima l surfaces 
and forms which minimize these external 
effects. Although the remaining problems are 
finding means of handling the complexities of 
analysis. 
System response to envi ronmental 
stress 
Buildings are subject to the same natural 
f orces that have produced the high degree of 
differentiation we are used to seeing in natu re. 
We have tended to make buildings which 
demonstrate. to a very low degree. the differ­
entia ti on of force effect. It is not unusual to 
find a building that looks quite the same in 
New York. London or in Sydney. 

There are some very good reasons for this. 
One of them is the rapid change in c ities which 
we have taken to be normal. This makes it very 
difficult to predict. from year to year. what is 
going to be constructed in the near proximity 
of a single building. Careful design might be to 
no avail if suddenly the building is placed on 
another adjacent site. or a larger structu re is 
constru cted nearby, influencing wind patterns 
and sun exposures. 
The second major reason. as suggested by 
many observers. that our buildings do not 
exhibit the high degree of differentiation of a 
natural system. is our mechanisti c tenden cy to 
over-simplify problems with redundancy 
acceptable to us but not to nature.4 • 9, 13 

In spite of the real conditions presently in 
con tradiction to appli cation. there is some 
usefulness in considering the building as if it 
were directly affected by the natural environ­
ment. Since the main forces of the natural 
environment. such as sun. wind. water and 
gravity, tend to be recurring and therefore 
predictable. at least some of the reasons for 
treating the building as a closed system might 
be overcome. The building might then respond 
dir_ectly and begin to exhibit some of the 
attributes of flexibility and adaptiveness as 
found in natural systems. 
Change in the natural environment will always 
initiate a response in the interacting system of 
a building. This response involves an exchange 
of energy and results in a cost. Such costs will 
increase if systems are loca ted in areas where 
environmental change is great. This notion 
about system-environment interaction allows 
a general description for a 'least cost' system 
response which is quite independent of any 
commitment to orientations of specific urban 
functions. The fundamental cr iteria for deve­
loping an optimal building form and surface 
will be dependent upon the condition whereby 
the potential for an energy exchange is 
minimized. 
Evolution of building form and surface 
Hundreds of years ago Vitruvius succinctly 
said why there should be different building 
shapes: • .. . th e sty le of building ought mani ­
festly to be d ifferent because in one part the 
earth is oppressed by the sun in its course; in 
another part the earth is far removed from it ; in 
another it is affected by it at a moderate 
distance.' 13 

Fig. 1 
Model of a high-rise building developed from tetrahedron light-gravity study 
(Photo : Courtesy of Royal Institute of British Architects. London) 

Ralph Knowles. of the University of Southern 
Cal ifornia. had engaged upon some pioneering 
research by ask ing: . .. can we. if we deal 
with large enough parts of the environment. 
make arrangements which are as subtly 
responsive as those in nature 7' 9 With that lies 
the possibility of building form and surfaces 
being truly responsive to environmen tal forces. 
So in his laboratory he began to look at form in 
conditions of simu lated environments. What 
resu lted from a series of low velocity wind 
tunnel. light and water erosion tests were 
forms that had been shaped in order to 
optim ize a certain condition relative to recur­
ring environmental forces. The optimally 
derived spatial systems tended to suggest that 
individual increments be small on the surface 
and la rge inside. small at th e top and large at 
the bottom. Fig . 2 i llustrates such a possible 
application of his finding s. 

What if a form - loca tion mismatch for a build­
ing exists? The effects of maintaining an 
inappropriately formed enve lope will manifest 
itself in higher costs for mechanical com­
pensation. The response to stress is provided 
by more heating or coo ling with appropriate 
quantities of fuel and exhaust of waste 
materials. 
Just as Knowles tried to demonstrate the 
relationship of building shapes and sizes to the 
natural environment. the two Olgyay brothers 
at Princeton University had earlier made signifi­
can t contributions in relating environment to 
building shape. They aptly observed: 'The 
right shape building is not only an esthetic 
nicety, but can also save up to 1 0 per cent in 
heating-cooling loads' .13 

It was pointed out by their study how much 
cheaper the truly optimum shape is to heat and 
cool as compared to the more commonly 
accepted square shape held to be the optimum. 

In Minneapolis : 1.4 per cent cheaper to heat ; 
1.6 per cent cheaper to cool. 

In New York: 4.6 per cen t cheaper to heat; 
4.2 per cent cheaper to cool. 

In Phoenix : 26.7 per cent cheaper to heat; 
2.5 per cent cheaper to cool. 

In Miami : 16.3 per cent cheaper ·to heat; 
8.1 per cent cheaper to cool. 

To structure response to change in the environ­
ment. the Knowles· Owens Valley Study made 
the mode of response (location. form or meta­
bolism) a function of the interval of environ­
ment variation . 

The methodo logy of the study followed a 
three step procedure : 

(1) First. it determined the attributes of the 
envelope that makes it responsive to the 
environment. This being concerned with a 
family of scales and shapes and common­
ly representing a range of surface/ 
volume ratios. 

(2) Second. it established a form vocabu lary 
combining sca le and shape to be 
expressed as a 'form coeffi cient' . 

(3) Finally. it matched the building to a 
particular set of environmental conditions. 

The study demonstrated the importance of the 
premise that increasing rates of energy con­
sumption are unnecessary if the tools of 
location and form are first employed to reduce 
the main body of environmental stress. What 
remains can more easi ly be hand led with 
reduced energy inputs. Building metabolism 
then becomes. as it is in nature. an adjustment 
or fine tuning device to handle short interval 
changes rather than a mechanism for handling 
all environmental change of whatever interval. 

In particular the researchers at Princeton 
studied the thermal forces on buildings and 
their effects on various shapes for four 
climatic regions of the United States (cold, 
temperate, hot-arid and hot -h umid} . Their 
findings were13: 

(1) Adverse air temperature acts to compress 
buildings into compact form to present 
the least surface. 

(2) Radiation tends to elongate certain sides. 
usually the north and south. to receive 
more sunlight. 

Upon computing the thermal inputs on the 
interior of various shaped buildings on a 
quantitative basis. the following conclusions 
were drawn : 

(1) All the shapes elongated on the north­
south axis w ork both in winter and 
summer with less efficiency than the 
square one. 

(2) The square building is not the optimum 
form in any region. 

(3) The optimum lies in every case in a more 
elongated form somewhere along the 
east-west direction. 

The objective of Knowles· research was the 
organization of information leading to the 
development of a prototype structure that is 
systematized through the geometric modelling 
techniques of analysis; the structure to be 
vertically orientated. space enclosing, and 
having properties of environmental con trol for 
useful occupation. 

Professor Knowles· study was accomplished 
in four phases. 11 Phase I established the 
means of analysis in which fundamental 
geometric ordering of form surfaces were 
rea lized by means of intersecting planes. 

Fo rms studied were the cube. tetrahedron. 
hyperbo loid of revo lution of one sheet. ell ip ­
soid and prism. These particular forms were 
selected because they are common to single. 
isolated buildings. 15 



Phase 11 defined. measured and recorded the 
environmental forces as the componen ts of 
light, gravity. heat and wind along with their 
effects on the surfaces of the five forms. 

In Phase Ill each surface response under a 
single force was graphically indicated and 
measured on the planes with the original form 
as a reference. Systems of planes acting as 
graphs are compared on the basis of area 
required to produce a working response under 
the conditions set. 

The final Phase IV dealt with the study of 
surface responses manifested by size. shape 
and attitude of planes which were graphic 
indicators of the simultaneously acting en­
vironmental forces of light and gravity. 

Systems of planes acting as graphs are com­
pared in terms of the amount of planar surface 
acting in direct response to both forces. One of 
the provocative forms that evolved. shown in 
Fig. 1. resulted from two environmental 
constraints of light and gravity. 

Fig. 2 
An environmentally responsive form for a 
hillside structure of differentiated increments 

The problem for generating a surface in 
response to sunlight. for example. was to 
maintain a stab le condition defined as 'no 
direct sunlight upon the surfaces of the cube' .9 

Regularly spaced planes were extended just 
far enough from the surface to maintain the 
condition of stability previously defined. Such 
a curious result does not derive from whimsy 
but from a consistent attitude taken about the 
way planes will work in relation to a differ­
entiated force (the changing attitude of the 
sun in this case). The result is that the planes 
themselves are highly differentiated . 

The surface and form results of the study were 
considered to be graphic indications of real 
conditions measurable in terms of planes with 
no thickness. hence no ability to develop 
structural properties. The models cannot. 
therefore. be considered real structures. They 
do. however. suggest an attitude about the 
multiple use of material disposed to form 
building surfaces. 
By the recognition of the importance for con­
sidering environmental constraints Christopher 
Alexander's words ring of prophecy: • ... the 
form that the building will take derives from 
these sub-systems of physical relation­
ships .. .'.' 
Maybe because of the rapid advance of tech­
nology our modern structures have not dis ­
played the uniqueness of environmental fit 
which buildings of previous ages displayed. 
'So the architect. in reality. had been a clima­
tologist long before he acquired a knowledge 
of all the other professional activities so closely 
associated with his work, such as economics. 
engineering and sanitation· . 1 5 

Urban form 
The complex three-dimensional nature of the 
shapes being produced. especially of Ralph 
Knowles. implies that the results could be 
most applicable to group (urban) form as 
formerly applied to single building forms. 
Towns too should be shaped by climate just as 

16 the Olgyays believed:· .. . the forms of towns 

and cities represent composites of influ­
ences ... they are ruled by the same tendencies 
and character istics that influence single 
buildings·. 13 

Knowles preferred to be more explicit in terms 
of design methodology: · ... the single incre­
ment. i.e. the single building, is not the design 
tool of the future. It is barely the design tool 
today. It is the form framework within which 
increments fit that will be designing· . 9 

Of primary importance is not the relatively 
small surface increments but the form itself 
whi ch requires various degrees of differ­
entiation necessary to lend functional stability. 
As in the epidermal layer of animals. the 
surface increment must be small relative to the 
form as a whole and must not cause functional 
discontinuities. Any surface variations are 
considered from the point of view of their role 
in maintaining the stabi lity of the larger form. 
The buildings of the future will have to con­
form to the functional perogatives of the urban 
form. The same criteria to the modification of 
environmental forces must be extended. not 
only for buildings, but also for urban districts 
and entire cit ies. 

Emerging systems of analysis 
The engineering design process is broken into 
two face ts. 5 design and analysis. and it is 
analysis that has been receiving the most 
attention over the years. Thus. once a design is 
formulated an engineer can very satisfactorily 
analyse it but is often not in a position to fully 
utilize the results of his analysis in a revised 
design. because until recently, the techniques 
of design had not been well developed. The 
normal engineering design is an iterative 
process (Fig. 3) where design revisions are 
based entirely on the designer's intuition and 
experience with no objective guidelines to 
assist the designer to produce the best design. 
Often the 'best' or 'optimum· design is not even 
defined adeciuately. 

PRELIMINARY DESIGN 

ANALYSIS 

REVISED DESIGN 

FINAL DESIGN 

Fig. 3 
The engineering design process 

Engineering design methodology is in great 
need of refinement in order to furnish the 
necessary feedback so that the optimum 
energy balanced commun ities we seek may be 
created . A research group at Strathclyde Uni ­
versity in Glasgow offer their observations of 
the problem: 'One problem which is funda­
mental to predictive design by cost is to find 
relationships between measures of hardware 
systems and their environmental performance 
and the costs'. 3 In order to cope with the 
complexities. architects and engineers are 

turning to computer technology and systems 
analysis. but it still lacks the capab ility to 
organize problems. 

In response to such a dilemma a highly flexible 
computer representation 6 of built forms has 
been developed for use in eva luating the 
environmental performance of individual rooms 
or whole buildings. The resulting outputs of 
the modelling technique which are produced 
can be varied quite easily to suit the needs of a 
particular purpose. 

Mathematical techniques such as quadratic 
programming and modelling with linear con­
straints2 in which it may be applied to include 
determination of overal l building proportions 
have been developed. Another attempt to aid 
in the representation of complex building 
forms is the mathematical formulation of point 
set theory' 2 which is both an appropriate and 
powerful means of representation . 

With the assistance of any analysis the 
designer should keep in mind the objective of 
D'Arcy Thompson's 'morphology·: · ... of 
inventing physical things which display order. 
organization. form. in response to function·. 1 4 

Conclusion 
Why has there existed so long this neglect to 
ignore the designing process which strives for 
this optimal fit with its environment? Four 
main reasons have been offered :13 

(1) The rush into construction which often 
precludes thorough design. 

(2) The air-conditioning and heating indus ­
tries. which can correct any architectural 
mistake in climate. though for a price. 

(3) The lack of architectural research telling 
how a bui lding shou ld be shaped for any 
given climate. Only designers· instinct 
and old architects' tales have been avail­
able. 

(4) The assumptions among architects and 
owners that there is little to be gained in 
shaping big buildings to conform with 
cl imate (shaping. not just orientating or 
sun-shading). 

The political and social impact of continuing to 
build structures equipped with cost ly heating 
and cooling systems that when most needed 
might not be operable due to power shortages; 
systems that could commit a building owner to 
high initial payments and to increasingly un­
bearable operating costs. as well as to systems 
that undergo premature obsolescence. make 
the development of optimal building forms a 
high priority. 

It has been demonstrated that the potentials 
for working with the climate and a procedure 
for inter-disciplinary evaluation of systems 
designed can make a major impact upon the 
current environmental crises. The problem is 
clear and the need is now to direct technology 
in ways less harmful to our living space. These 
potentials for a return to the natural. without 
significant loss of convenience or comfort. 
could scarcely have been broadly considered 
had the energy crisis not coincided with those 
of fossil fuel depletion and pollution. 7 

In order to integrate design and re-establish 
the response to environmental variables. James 
Marston Fitch suggests his view: · ... to master 
these subtle and intricate interrelations 
between man. his buildings and the natural 
environment will require the highest levels of 
sc ientifi c thought. They involve such a 
bewildering array of variables that they will 
certain ly depend upon the computer for 
so luti on. And rather than aiming at the 
elimination of such basic elements of modern 
architecture as air-conditioning and art ifi cial 
illumination. they aim at creating the environ­
mental conditions in which such systems will 
be able to operate at optimal levels of 
efficiency. economy and safety'. 4 
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Report on 
wind and vibration 
measurements taken 
at the Emley Moor 
television tower 
Michael Shears 
Summary 
The paper briefly describes the 330 m high 
te levision tower at Emley Moor. with particular 
reference to the structural steel cantilever mast 
at the top carrying the aerials. 
The instrumentation of the tower with anemo­
meters at the top of the tower and at ground 
level. and three sets of electrolevel-type 
accelerometers. is fully described together 
with the arrangements made for the remote 
recording of the signals. 
The simple recording system adopted is shown 
to be an effective method of observing the 
general vibrational behaviour of the tower 
using records collected over long periods of 
time. 
Some preliminary results of the wind and 
vibration analysis are presented. including 
plots of the peak displacement amplitudes of 
the mast top against windspeed. 
Introduction 
The 330 m high television tower for the 
Independent Broadcasting Authority at Emley 
Moor in Yorkshire. England. came into service 
in 1971. 
The tower structure consists of a 274 m tall. 
reinforced concrete tubular shell . surmounted 
by a 56 m high aerial mast of steelwork con­
struction (Fig. 1 ) . The concrete shaft is 24.4 m 
in diameter at the base and tapers exponen ­
tially to a minimum diameter of 6.4 m at the 
top. where the aerial mast steelwork is held in 
position at two concrete slabs by horizontal 
and vertical bearings. The aerial mast steel­
work is generally of open. latticed construction 
in two triangular sections. the geome1ry of 
which was dictated by the performance of the 
aerials. Both sections are enclosed by glass 
reinforced plastic cladding to give the form of 
a stepped circular cylinder. The cylinder 
diameters are 3.66 rn over the lower. VHF 
aeria l portion and 1.52 m over the upper. UHF 
aeria l portion of the mast. 
Fu ll details of the design and construction of 
the Emley Moor tower are given elsewhere 
(see reference). 
Following the construction of the tower. a 
system of instrumentation was installed to 
facilitate the collection of data for the assess­
ment of the full-scale behaviour of the mast 
under wind action. 
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Fig. 2 
Mode shapes and frequencies 

The main purpose of the instrumentation 
programme at Emley Moor was to observe the 
full scale behaviour of the aeria l mast for 
conditions which might lead to sustained. 
resonant- type vibrations of the kind caused by 
vortex shedding. particularly at low wind 
speeds. The instrumentation was also used to 
measure the behaviour of the tower under 
oth er wind conditions in the search for a better 
understanding of the wind response of tall 
structures. 
Aerial mast frequency behaviour 
The frequency analysis of the tower indicated 
that the aerial mast structure was sufficiently 
more flexible than the concrete shell . for the 
mast to behave dynamically as a structural 
appendage with almost independent fre­
quency-mode character isti cs. It can be seen 
from the overa ll mode shapes ( Fig. 2). that 
modes 2. 4 and 7 are essentially motions of the 
aerial mast. Indeed. these vibration charac­
teristi cs correspond very closely with the first 
three modes of vibration of the mast stru cture 
alone. 
Dynamic response studies carried out for the 
tower design revealed that the aerial mast 
could be sensitive to gusts and peri odic 
flu ctuations of wind forces. In particu lar. the 
cylindrical shape and very slender proportions 
of the mast made vibrations arising from 
vortex shedding an important consideration. 
In view of the operational requirements of the 
aerials at Emley Moor. it was of prime conc~rn 
to ensure the absence of regularly occurring, 
large amplitude vibrations of the resonant­
type. To minimize the likelihood of sustained 
vibrations. particularly at 0.53 Hz. it was 
decided to attach heli ca l strakes over the 
upper one-third of the UHF mast cladding. 

Instrumentation 
Wind speed and direction measurements were 
taken at the top of the aerial mast. and also at 
ground level some distance to the west of the 
tower where the prevailing wind directions 
were clear of surface obstru ctions. The instru ­
ments installed were Munro type 1 M 146 cup 
anemometers and direction vanes fitted with 
Colvern potentiometers. The upper instru­
ments were mounted about 1.5 diameters 
above the top of the UHF mast. while the 
ground level instruments were mounted on an 
indeperident 1 0 m high mast. 
Mast vibrations were measured using BAC 
electro level type ELH25 accelerometers 
mounted in orthogonal pairs. w ith one axis 
or ientated along the north-south direction 
and the other along the east-west direction. 
The electrolevels were ca librated before in sta l­
lat ion and found to exhibit linear responses up 
to about 0.1 Bg. 
The accelerometer pairs were located at three 
levels. Two pairs were attached to the aerial 
mast steelwork. one at the top of the mast and 
the other in the transition zone between the 
UHF and VHF aerials. The third acce lerometer 
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pair was posit ioned at the top of the concrete 
shell. 
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It was decided to install a recording system i 
best su ited to simp le visua l ana lysis tech- ! 11 

niques. In v iew of the fact that any significant g 
vibrations were expected to be limi ted to two I 

.: .,.:: r:· ..... 
•• &. ·:· •••• 

... w: •.... . .... . . .. .... . . . . . . . 
: .. : .:.... . . :·. or three well separated frequencies. this was 

believed to be an acceptable method of study­
ing the general patterns of behaviour of the 
tower. as well as satisfying the primary 
objective of the instrumentation programme. 
namely to observe for sustained vibrations at 
low wind speeds. 
The signals from all instruments were received 
at a common recording pane l at ground level 
with wind speeds and directions recorded 
continuous ly on separate two channe l paper 
chart recorders having running speeds of 
25 mm pe, hour. 

Signa ls from the accelerometers were recorded 
on a six channel. ultra-violet paper chart 
recorder. the running speed of which was 
adjustable but was most usefully set to 
100 mm/min. The chart speed and sensi tivity 
of the recorder were such that adequate 
resolution of oscillations was possible with a 
maximum single amplitude of 0.25 g in the 
frequency range of 0.5 Hz to 2 Hz. 

The ultra -violet recorder was operated auto­
matically under the control of a mast top 
displacement trip ci rcu it. The signa ls from the 
uppermost pair of accelerometers were pro­
cessed separately and the corresponding mast 
displacements computed using a double 
integrator uni t. The recorder was tripped when 
the peak to peak displacement in either direc-
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Hourly mean wind speed at ground (m/s) 

Fig. 3 
Plot of hourly mean wind speeds 
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tion at the mast top exceeded a preset 
threshold level. which was adjustable in steps 
between 25 and 1 50 mm. The recorder tripping 
mechanism only operated. however. when the 
di sp lacemen t threshold level was exceeded for 
more than a selected time interval of between 
a hal f minute and two minutes. A wind speed 
inh ibit switch prevented the recorder trip being 
activated unless the wind speed measured at 
the mast top was above a preset level of 
between zero and 27 m/s. Once tripped. the 
recorder operated for a minimum period of 10 
minutes. even if the signal dropped below the 
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Plots of gustiness against hourly mean wind speed 

Sample wind record 
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Plots of mast vibration amplitude against 
wind speed 
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Fig. 6 
Plots of modal cross-wind amplitudes 
against wind speed 

Fig. 7 
Computer plot of wind speed and 
acceleration records 
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threshold level. At the start and finish of each 
recorder trip. a marker pulse was applied to the 
two wind speed charts for later identification 
of time scales. 
A further facility of the recording system 
allowed records to be made of the mast top 
displacements obtained through the double 
integrator circuit. so that the acceleration and 
displacement time histories for the mast top 
could be examined together. 

Analysis of wind and vibration records 
Since visual methods were used in the inter­
pretation and analysis of the records. it was 
only possible to study the general dynamic 
behaviour of the tower. However. the great 
advantages of visual processing of records on 
paper charts are that general patterns of 
behaviour and trends can be easily recognized . 
and analysis is made as simple as possible. 
The wind charts for the first few months of 
records were used basically to determine the 
wind speeds and dire(,[ions for conditions of 
interest 1n the investiga ·on of the vibration 
behaviour of the aerial mast. In particular. the 
charts were inspected closely to locate all 
periods of low wind speeds and possible 
critical wind speeds for vortex shedding. 
Subsequently, wind charts covering a period 
of record of about a year have been examined 
at three hourly intervals along their length to 
establish maximum gust speeds. hourly mean 
speeds. approximate w ind directions. and 
measures of turbulence or gustiness intensity 
in terms of the range of wind speeds expressed 
as a fraction of the hourly mean speed ( Figs. 
3and4). 
The accelerometer records were scanned for 
evidence of sustained. resonant - type vibra­
tions. At the same time. note was made of the 
vibratory behaviour of the mast during all 
storms. and other conditions producing peak 
vibration amplitudes. for later detailed analysis. 
The acce lerat ion traces were also used to 
measure the full-scale vibration frequencies of 
the tower. 
Three frequencies clearly predominated and 
were observed throughout all the accelero ­
meter records. These corresponded to the first. 
second and fourth modes of vibration of the 
tower. From records taken during periods of 
high wind speed accompanied by intense 
gustiness. however. it was possible to observe 
vibrations at higher frequencies. The accelera­
tion amplitudes at these higher frequencies 
were generally too small to measure accur­
ately at the recorded scale of 0.16 g per cm. 
The correspondi ng mast displacements would. 
therefore, be quite negligible. 
Seven vibration frequencies were observed. 
and these compared closely with the values 
predicted for the design of the tower (Fig. 2). 

The output from the accelerometers records 
the dynamic motions of the mast about some 
relatively slowly varying mean deflected 
position. The dynamic displacements of the 
mast corresponding to the recorded accelera­
tions can be evaluated. although this is com­
plicated by the superposition of different 
frequency components of the motion . 
Fortunately. the three predominant natural 
frequencies are very nearly multiples of each 
other. in the ratio 1 : 2: 6. and could usually be 
found occurr ing together in simple phase 
relationships. Simple waveform analysis was 
then used to separate the various frequency 
components for independent modal displace­
ment computations. The accuracy of such 
calculations clearly reduces as the acceleration 
amplitudes become smaller, particularly for the 
lower frequencies. The 0.26 Hz frequency 
component was often the most difficult to 
estimate, since relatively small acceleration 
amplitudes at this frequency correspond to 
large displacement contributions. To try to 
reduce scale errors of this kind. several wave 
separation calculations were made for each 
position studied along the record. Compari-
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Fig. 8 
Computer plot of acceleration response 
spectrum 

sons made with the recorded displacement 
amplitudes obtained from the double integra­
tor unit. however, indicate that the waveform 
analysis method is quite accurate. 
The investigation of the behaviour of the mast 
at low wind speed conditions revealed that 
records were not tripped by mast top vibra­
tions during any of the critical wind speed 
ranges. The displacement threshold levels 
were variously set at 25. 75 and 100 mm peak 
to peak amplitude. On the occasions when the 
recorder was manually tripped during periods 
of low wind speeds. the records indicated 
peak to peak amplitudes of less than 50 mm at 
the mast top . 
At higher wind speeds. in excess of about 
1 5 m/s. mast vibrations were observed both 
across the mean wind direction and in-wind . 
Generally, the cross-wind vibration ampli­
tudes were greater than the fluctuating com­
ponent in the mean wind direction. Both types 
of vibration appeared to be fairly random in 
character. with peak amplitudes increasing 
with wind speed and with intensity of gusti­
ness. The cross -wind vibrations, however. did 
exhibit occasional short bursts of response 
with single frequencies predominating. 
The peak to peak displacements of the mast 
top recorded during each storm analyzed are 
plotted against hourly mean wind speed in 
Fig. 5. These displacements are the maximum 
values obtained for all frequency components 
combined. 
The records indicated that the fundamental 
mode of vibration of the concrete shaft at 
0.26 Hz provides a maior contribution to both 
the cross-wind and in-wind displacement 
ampl itudes. although aerial mast vibrations at 
this frequency are largely rigid body moti-Ons. 
The separated modal contributions to the 
cross-wind displacement amplitudes at the 
mast top are plotted against the hourly mean 
wind speed in Fig. 6. 

Concluding remarks 
The system adopted at Emley Moor to obtain 
wind and vibration records on paper charts. 
suitable for processing and analysis using 
visual methods. has proved to be a most effec­
tive and simple means of observing the 
general vibrational behaviour of the tower 
using records collected over long periods of 
time. 
The instrumentation has also been used. 
however. to obtain somewhat shorte r records 
on magnetic tape for digitization and com­
puter analysis (Figs. 7 and 8). but further 
measurement and analysis will be needed 
before proper comparisons can be made with 
the predicted behaviour of the tower. 
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