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The Menil Collection, 
Houston, Texas 
Tom Barker 
Alistair Guthrie 
Neil Noble 
Peter Rice 
Arch i tec ts : P iano and Fitzgerald 

In 1 9 8 1 , tne Menil Foundation commiss ioned 
Renzo Piano to design a permanent home for 
the Menil Col lect ion of Art and Historic 
Ar t i fac ts . It is to be located in one of the older 
residential suburbs of Houston, surrounded 
by traditional t imber f rame houses, and near 
the campus of S t . T h o m a s ' Univers i ty . 
During vis i ts to museums and galleries in 
Europe and the Middle East and in subse
quent d iscuss ions , Madame de Menil and 
Renzo Piano evo lved three speci f ic ideas 
regarding the type of building most suitable 
to house the col lect ion: 
(1) The buildings should be in harmony wi th 
their environment and non-monumental in 
sca le . The sett ing should be of a domest ic 
nature, including garden areas, and one or 
t w o of the exist ing timber 'Bal loon Frame ' 
houses on the si te. 
(2) S ince the complete col lection, currently 
housed in Houston, New York and Par is , is 
too large to be put on permanent display, a 
signif icant part of the collection should be 
housed in a storage area. Th is area should 
provide secure s a f e s , wi th environmental ly 
stable condit ions, and should also al low 
occasional v iew ings by art scho lars . These 
s a f e s , called the 'T reasure House ' , should 
be prominently located for all to see s ince 
they house the major part of the col lect ion. 
Works kept in the Treasure House wi l l , 
however , be displayed for limited periods in 

2 the public galleries. 

( 3 ) Exhibi ts in the galleries should be v iewed 
under natural light coming predominantly 
from above. In addition, this natural lighting 
of the galleries should reflect any changes in 
the weather and the time of day. 
The fundamental archi tectural concept for 
the collection is the platform roof. Th is forms 
a unifying element, cover ing the whole 
building, pulling together all aspec ts of the 
design. Located below the platform wil l be 
the galleries, gardens, and external and 
internal w a l k w a y s . The platform, act ing like 
an umbrel la, will provide protection from the 
external environment, and will also al low the 
e f fec ts of any changes in this environment 
to be felt. In particular, the platform roof will 
reduce the level of natural light into the 
spaces below, without any means of mech
anical control. It will be formed of an 
assembly of specif ical ly designed, precision 
made, structural e lements, capable of per
forming this role, as wel l as supporting any 
additional components . Located promi
nently above the platform roof, and linked to 
the ground floor through the roof, will be the 
Treasure House. 

Roof des ign development 
Development of the design for the building, 
including structural and serv ices require
ments , took place during design sess ions at 
Renzo Piano 's studio in Italy. Due to its 
overriding importance in the project, the 
greatest proportion of the design time w a s 
spent in the development and detailing of the 
platform roof and its e lements. At the out
set, it w a s necessary to establ ish w h a t 
funct ions the roof should perform, and four 
main areas were identif ied, namely: 
(1) Light control 
(2) Solar gain control 
( 3 ) Structural performance ( s e e F ' 9 - 5 ) 

(4) Additional components . 
Based on international s tandards, a level of 
1 5 0 lux w a s adopted for lighting a permanent 
display of art work. Th is standard gave an 
al lowable annual exposure of 3 x 1 0 lux 
hours and formed the basis of the design. 

Fig . 1 
Piano's basic idea 
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Fig. 2 
The unifying element 
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Merseyside 
Garden Festival 
1984: 
Festival Building 
Arup Associates 
Group 4 

Client: Merseyside Development Corporation 
Competit ion winner: Ju l y 1 9 8 2 
Start on site: J a n u a r y 1 9 8 3 
Completion: March 1 9 8 4 

The building is designed to become 
A sports and leisure centre for 
Liverpool City Counci l 
after the Fest iva l . 

fear 

\ ' V 
i 

\ ~ — ^ 

5 
11 IIV I l i J r.l I VI I 

DC Jl __ 

/ 
/ 

/ 

/ 

/ 

7 / 
/ 

• 

Fig . 3 
The site (Photo: Bel-Air Photo) 

Fig. 4 
Model of the Menil Collection Building 
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Since the w o r k s , being kept for the most part 
in the Treasure House in darkness , are only 
exhibited for short periods in the galleries, 
the level of light on the paintings during 
these periods can be higher than 1 50 lux 
provided all ultra violet light and direct sun 
light are exc luded. T o achieve this level of 
light, a sys tem of reflecting e lements and 
roof glazing w a s developed. A g lass of the 
right light t ransmi t tance value, acceptable 
on colour per formance, and containing an 
ultra violet filter, w a s required. The reflect
ing e lements should prevent all direct sun
light from entering the spaces below, but 
should reflect this sunlight, and the bright 
ness of the whole sky , into these spaces . 

The shading function of the leaves also 
ass is ts the solar gain control by reflecting 
the heat to outside and forming a barrier 
above wh ich the heated air col lects. Th is led 
to the principle of supplying cool air at floor 
level, and extract ing air at roof level. Th i s is 
achieved by forming a pressurized air supply 
plenum below the gallery floor, and al lowing 
the air to distribute through linear, low 
veloci ty grilles at near room temperature. 
Th is also a l lows room temperature and 
humidity to be accurate ly control led. The 
primary means of reducing solar heat gains, 
however , is the type of roof glazing used . 

Th is shading funct ion and the need to 
protect the spaces below from the w ind and 
rain, and to perform as independent struc
tural members , created the feel of a naturally 
occurring feature, like a tree. Th is led to the 
roof e lements becoming known as the 
' l eaves ' . Like the leaves of a tree, these 
e lements should be very del icate, and 
precisely formed, containing no harsh lines 
or detai ls, being organic in appearance. In 
addition, they should be capable of spanning 
the gallery spaces below, and supporting the 
roof glazing and any additional components . 

Roof mater ia ls 
Ferrocement , a material traditionally used 
for boat building, and certain other thin wa l l , 
free-form structures, is ideally suited to this 
role. It cons is ts of a number of fine steel 
m e s h e s , impregnated wi th a cement- r ich 
mortar, and exhibi ts properties suf f ic ient ly 
different from normal reinforced concre te , 
to be c lassi f ied as a separate mater ia l . 
Act ing composi te ly w i th the ferrocement 
leaf, to form a stable structural e lement, are 
a ser ies of t russ e lements. A s they are part of 
the leaf, they too need to be organic 
in appearance, and therefore, a material 
capable of being cast into var ious shapes is 
required. A particular type of cas t iron, 
known as ductile iron or spheroidal graphite 
cas t iron is to be used. The grade chosen 
exhibi ts tensile strength and elongation 
properties similar to mild steel . 

Roof exper imenta l deve lopment 
For the leaf to perform all the above funct ions 
sat isfactor i ly, a period of research and 
development, including model test ing, w a s 
undertaken to arrive at the shape of the leaf, 
f rom both lighting and structural a s p e c t s . 
From an understanding of the funct ions and 
performance, a rough idea of the proportions 
of the leaves w a s formulated. A crude model 
w a s made, based on these ideas, and the 
e f fec ts of the leaves on the internal lighting 
and appearance w a s invest igated. Concur
rently, a computer program w a s developed 
to predict the ef fect of the shape and 
reflectivity of the leaves on the internal light 
levels. Information fed back from these 
sources led to the design of a more refined 
leaf shape, wh i ch w a s incorporated in a 
second ser ies of crude model tes ts . Fol low 
ing this, and a detailed ana lys is of this leaf as 
a structural element, a large-scale model 
w a s made. For this model, a g lass w a s 
selected to minimize the t ransmiss ion of 
heat into the gallery. Th i s reduced the light 
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wh ich refers to the s t resses in the sect ion it 
is important to define how the s t r esses are 
calculated. The seemingly constant 'no 
tension ' criterion wh ich has been used s ince 
the time of Freyss inet has become increas
ingly conservat ive as more component 
s t resses have been included. The current 
move towards partial prestressing in wh ich 
tensions less than the tensile strength of 
concrete are al lowed is really a rationalized 
return to the original 'no tension ' criterion. 

A t a time w h e n design criteria are changing it 
is important to understand the real con
sequences of change because , as has been 
s h o w n , criteria cannot be read at face va lue. 
Th is is w h y a clear express ion of design 
relationships is so important. Current ly t w o 
changes in bridge design are both favouring 
a sw ing from box sect ions to double T decks . 
Firstly partial prestressing, introduced in the 
UK in BS 5400 Part 4 1978, i nc reases the 
ef fec t ive core depth k e. 

k e = k ( 1 + A O T / P ) 

where A is the sect ion area and O t is the 
permitted tension s t ress in the concre te . The 
advantage of partial prestressing is propor 
tionately less for case 2 so this design c a s e is 
more likely to govern. Box sect ions offer a 
large core depth k in exchange for con
struct ion complex i ty . The large core depth is 
not so important for case 2 and so the 

simpler double T is more likely to be chosen . 
The second reason for choosing a box is 
because of its torsional e f f ic iency. A recent 
change in Department of Transpor t h ighway 
loading has greatly reduced the max imum 
torsions due to live loads (Fig. 11) so again 
the advantage of the box is lost. 
An alternative to the usual 'permitted ten
sion' version of partial prestressing is the 
'permitted depth of tens ion ' method. Th i s 
has advantages because many of the strain 
e f fec ts are most dominant near the sur face 
and also the design relat ionships are slightly 
simpler because the express ion for k e is 
independent of P. It a lso recognizes the fact 
that c racks are acceptable provided they do 
not ex tend to a depth suf f ic ient to threaten 
the life of the cab les . 

Des ign procedures 
The dependence of prest ress design on the 
complex strain behaviour within sect ions 
has far-reaching implications for design pro
cedures. Either such complex behaviour is 
covered wi th conservat ive va lues for the 
tensi le strengths of concrete or sav ings can 
be made by est imating each ef fect . Many of 
the e f fec ts depend on detai ls of the con
struction procedure and could only be in
cluded if detailed design and detailed 
construct ion planning we re carried out 
s imul taneously. 

C o n c l u s i o n 
T h e theory of prestressed concrete design 
(as opposed to behaviour) is still in its 
infancy. There now ex is ts suf f ic ient under
standing of design relationships and the 
behaviour of members to develop practical 
design procedures wh ich come nearer to 
realizing the full potential of prest ressed 
concrete. 
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Arup Acoustics 
J o b no. A A 2 9 2 
Henry Wood Hal l , S o u t h w a r k 
On p.23 of The Arup Journa l , December 
1 9 8 2 , a photograph of S t . J o h n s , Smi th 
Square, w a s wrongly capt ioned as the Henry 
Wood Hall, Sou thwark . T w o photographs of 
the real Henry Wood Hall, are included here. 

Fig.1 
Acoust ic test of Holy Trinity Chu rch , 
Sou thwark , in December 1 9 7 2 , before 
conversion into Henry Wood Hall . 

Fig.2 
Henry Wood Hall in February 1 9 7 6 , 
after convers ion into a rehearsal hal l . 
(Photos: Arup Assoc ia tes ) 
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Detai led des ign 
T h e earlier paper is limited to preliminary 
design. Because the required prest ress is 
derived directly during preliminary design 
the detailed design of the cable profile does 
not need the usual protracted i terations. It is 
clear from the above understanding of pre-
st ress ing in a cont inuous member that the 
ef fect of a cable profile will depend on its 
shape only and is not dependent on its level. 
Whatever the cable level the C o P wil l take its 
shape and shift it onto the centroid as its 
mean line. It fo l lows that the shape of the 
profile can be derived at any level in the 
sect ion and then be shif ted up or d o w n to fit 
wi thin the sect ion. For conven ience, assume 
the cable is first d rawn at the level wh i ch 
g ives zero parasit ic moment . In this c a s e the 
cable zones can be d rawn quite s imply. In the 
trivial case of no applied moments it is the 
kerns that are the limits of the cable zone. 
T h e upper kern is the limit outside w h i c h the 
sect ion would suf fer sagging tens ions and 
the lower kern is the limit for hogging 
tens ions. The e f fec t of applied moments is 
to shift these limits so that the upper limit 
becomes an image of the sagging moment 
envelope divided by P hanging on the upper 
kern. Similarly the lower limit is the hogging 
moment envelope divided by P hanging on 
the lower kern (see Fig. 8 ) . 
For c a s e s 3 and 4 the c?ble fo l lows tight 
along the edges of the zone or sect ion and so 
is defined uniquely. For c a s e s 1 and 2 it is 
necessary to remember that a zero parasit ic 
moment has been assumed . The profile 
chosen must have its mean level on the 
centroid. Once d rawn the cable is then 
shif ted to its real position. The e f fec ts of 
friction and other losses must be introduced 
into the analys is and a detailed check is 
required. Th is check is likely to require some 
fine tuning of the profile. 

Design criteria 
T o develop rational design procedures it 
is necessary to understand both the design 
relationships and the design cr i ter ia. A 
rational approach to design criteria is now 
usually called 'limit state des ign ' and it 
d ist inguishes be tween the requirements at 
'ul t imate limit s ta te ' ( U L S ) and 'serviceabi l i ty 
limit s ta te ' ( S L S ) . If a prestressed sect ion 
we re loaded to failure its ult imate moment 
would be very c lose to that ach ieved by the 
same sect ion wh ich had the same cab les 
grouted into its ducts but not prest ressed. 
Prestressing has nothing to do w i th the U L S . 
T h e purpose of prest ress is to enhance the 
behaviour of the beam at S L S . In particular it 
is needed to restrict the crack ing of the 
concrete to an acceptable level. In bridges 
wh ich are subject to fatigue loading the 
sl ightest cracking around the cab les can be 
signif icant. 

Most structural research and theory during 
the last 3 0 years has been concerned wi th 
U L S behaviour and safe ty . The great ad
v a n c e s in this field are due in part to the 
prudent preference of engineers for mater ials 
w h i c h susta in their ult imate strength over 
a wide range of stra in. Strength is indepen
dent of strain and U L S analys is can ignore 
the unquantif iable complexi t ies of strain 

that ex is t in real mater ials. Th is is not true at 
S L S and prestress design is all about quanti
fy ing the unquantif iable. Tradit ionally in 
prest ress design the tensi le strength of 
concrete has not been quantif ied either and 
design has proceeded on the optimistic 
hope, backed up by empirical observat ions, 
that the t w o unknowns wil l cance l . 

Before leaving the U L S there is one current 
pract ice wh ich needs to be corrected. A l 
though the U L S does not govern the pre
s t ress design the prest ress does participate 
at U L S . In the U L S check the act ions are 
factored and marshal led into opposing ranks 
of ' load e f f ec t s ' and 'resist ing e f fec t s ' . The 
confusion that commonly surrounds pre
s t ress is demonstrated by the fact that 
prestress is usually required to fight on both 
s ides. The free component is c lassi f ied as a 
resisting ef fect and factored down. The 
parasit ic component is added to the loads 
wi th a nominal factor of unity. The equiva
lent load method, wh i ch of all ana lys is 
methods models the prest ress the most 
directly, makes no distinction between the 
free and parasit ic components and so cannot 
be used without elaborate manipulat ions. A s 
parasit ic moment is a strain compatibil ity 
e f fect its participation at U L S is questionable 
and in the cause of simplici ty all prestress 
should should be included wi th the resisting 
e f fec ts . 

A number of strain e f fec ts wh ich exis t in 
prestressed concrete members are listed 
below: 

11) Differential temperature 
Radiation from the sun during the day and 
the ground at night se ts up temperature 
gradients in a concrete member. T h e s e 
gradients have been measured and most 
bridge design codes require their a s s e s s 
ment. F ig. 9 s h o w s a typical temperature 
distribution range from BS 54003. T h e s e can 
result in a s t ress of about 3 MPa . 

12) Creep redistribution 
W h e n a member is cas t in sect ions its built-
up pattern of bending moments can differ 
signif icantly from that for the member cas t 
as a complete structure. Af ter complet ion 
the moment pattern wil l creep from the 
'built-up' condition towards the 'complete 
st ructure ' condition. T h e extent of this 
creep is sensi t ive to the speed of construct ion 
and details of the concrete mix . 

(3) Differential shrinkage due to stage 
construction 

When a concrete c ross-sect ion is cas t in 
s tages the shr inkage that has already 
occurred before subsequent s tages are cas t 
will result in differential s t ra ins in a member. 
Th is can give s t resses of about I MPa. 

14) Differential shrinkage due to variations 
in thickness 

Thin sect ions shrink and creep more and 
respond faster than thick sect ions. It has 
been s h o w n by Bryant & Fenw ick that in the 
bridge sect ion s h o w n in F ig . 10 wh ich has 
little variation in th ickness this ef fect results 
in s t resses of 0 . 5 MPa . 
15) Surface shrinkage 
Sur faces of members dry out more readily 
and hence shrink more than the interior. 

(6) Thermal peak stressing 
This is a technique that can be applied during 
construct ion to al leviate crack ing due to 
some of the above e f fec ts . The heat of 
hydration in the concrete c a u s e s a signifi
cant temperature rise w h i c h reduces to
wards the sur face of the member. The peak 
temperature is reached after about t w o days 
and at this stage the w a r m fresh concrete 
susta ins very large creep stra ins under load. 
If a light level of prestress is applied at this 
age the s t ress wil l pass preferentially 
through the interior of the member where the 
thermal strains are greatest. Th i s hot 
s t ressed core is also the most sensi t ive to 
creep so there wil l be a large creep strain 
differential be tween core and sur face . Af ter 
cooling and final s t ressing this results in a 
member w h o s e sur faces are more highly 
prestressed that its interior. 
Under current pract ice, es t imates are often 
made for i tems (1 ) , (2) and (3) above but (4) , 
(5) and (6) are not usually considered. The 
distinction is arbitrary and so the s t resses 
that appear in calculat ions are to a similar 
degree arbitrary. In any design criterion 

Fig . 10 
Bridge sect ion 
used for differential shr inkage study 
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Fig. 11 
The model used for light tes ts 

t ransmiss ion, and, to max imize the levels of 
ref lected light, it w a s decided that the 
sur face of the leaves should be whi te . Light 
level readings, under both natural and arti
ficial light, wi th var ious types of roof glazing, 
were made. These conf i rmed that the roof 
s y s t e m w a s performing as predicted, and 
that the light levels were of the right order. 
At the same t ime, models of the ducti le iron 
t russ e lements were built. Being designed to 
support economical ly the structural loads 
imposed on them, a ser ies of e lements 
resulted, wh i ch also exhibited the organic 
appearance of the ' leaves. 

Building des ign 
The concept of the Treasure House is that of 
an environmental sa fe , designed speci f ical ly 
to ach ieve stable condit ions, particularly of 
light, heat, and humidity. T h e original design 
w a s based on m a s s , using principally con
crete for all wal ls and s labs . However , the 
construct ion of the wa l ls has been changed 
recently to a dry form more commonly used 
in local construct ion pract ice. Th is wil l 
include dry cladding and lining panels, ex
ternal insulation to smooth out external 
environmental changes , an inspectable 
vapour barrier to el iminate internal con
densat ion, and an air-tight construct ion to 
prevent infiltration of external air. The st ruc
ture wil l be a convent ional steel f rame, wi th 
in situ concrete being used for the floor and 
roof s labs. 

The ground floor will include the public 
galleries, library, conservat ion laboratory, 
and registration faci l i t ies. The const ruct ion 
of the ground floor wa l ls is dictated by the 
need to provide cladding wh ich is similar to 
the balloon frame houses nearby. Th is wil l be 
formed of horizontal, overlapping wooden 
str ips, surrounded by a f rame made of steel 
channels . Because of the need for environ
mental control of the gallery s p a c e s , these 
wal ls will also contain high levels of insu
lation, a vapour barrier, and a separate 
internal picture hanging wa l l . The steel sup
porting the platform roof above wil l a lso be 
contained within these wa l l s . T h e ground 
slab will be of reinforced concrete . 
The basement will include plant rooms, 
storage a reas , photographic studios, and 
workshops . It will be const ructed of in situ 
concrete, wi th special attention being paid 
to the waterproof ing and level of the s labs 
due to the likelihood of flooding. Addit ion
ally, high risk plant, such as boilers and 
generators, wil l be located in a structural ly 
isolated, blast-proof vaul t in the basement , 
designed to prevent a fire or explosion from 
affect ing the remainder of the building. 

The air-conditioning s y s t e m s for each zone 
will be a minimum fresh air, constant vo lume, 
recirculation s y s t e m . Th is has the advantage 
of reducing the r isks assoc ia ted w i th the 
intake of contaminated and polluted air into 
the building. 5 
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Fig . 1 2 
Ground floor plan 
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Fig . 1 3 
Typ ica l sect ion through building 
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Fig . 14 
Sect ion through external wal l 

Fig. 1 5 
Annual energy consumpt ion 
of an 80f t x 80f t gallery 

T h e s e proposals and models formed part of 
the design development presentation to the 
client in Houston. Fol lowing this present 
at ion, w e were given the go-ahead for 
further development work on the platform 
roof. 

Further development of roof design 
Detailed development work proceeded on 
three fronts: 
(1) Fabricat ion of the ferrocement leaf 
(2) Fabricat ion of the ducti le iron cast ings 
(3) Construct ion of a full sca le mock-up of a 
gallery to a s s e s s the lighting character is t ics . 
To ass is t in the pract ical methods of 
construct ing the leaves , Windboats Marine 
of W r o x h a m , Norfolk, a boat-builder specia l 
izing in ferrocement boats, w a s used. A full-
sca le sect ion of a leaf w a s made of poly-

6 s tyrene. Th is w a s then v iewed and approved 

by the archi tect . A g lass reinforced plastic 
mould w a s taken from the upper sur face of 
the sect ion and used as the master for all 
further development work on the leaf. At this 
stage, it w a s envisaged that the leaves 
would be fabr icated by placing a cage of 
reinforcement and mesh into the mould, 
placing the mortar and f inishing the inner 
sur face by hand. A jig s y s t e m for the bending 
and fixing of the mesh w a s devised and a 
number of cages for test leaves were built. 

T w o sect ions of leaf were made: one using 
the mould method and the other using the 
traditional hand placed method. Resul ts of 
these were encouraging, but more develop
ment work w a s required. Th i s is currently 
being carried out in Houston, where var ious 
w a y s of m a s s producing the leaves to the 
required quality are being invest igated. 
T e s t s on var ious cements and sands are also 

being conducted to meet the requirements 
of reflectivity and sur face texture. 

T o advise on the pract ical aspec ts of fab
ricating the ductile iron t russ e lements. 
C r o w n Foundry of Northampton w a s ap
pointed. Ful l-scale wooden models of the 
t russ elements were made from our detailed 
drawings, and assembled on the polystyrene 
sect ion of the leaf for the arch i tec t 's 
approval. Fol lowing compet i t ive bids to the 
main contractor for the supply of all ducti le 
iron elements for the project, this Brit ish 
foundry w a s appointed. A n acceptable 
specif icat ion and test ing procedure has 
been agreed, and prototype test ing s u c c e s s 
fully completed. The quality and tolerance of 
the cast ings produced to date are good, due 
mainly to the process employed. The com
plete roof unit will be formed by bolting the 
individual ductile iron t russ e lements to 
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Picture equat ions 

Fig. 6 
The hidden anatomy 

— hogging region of CoC zone 

CoC dead load line 

sagging region of C o C zone 

r 

upper kern 

- centroid 

- CoP line 
- cable 

- sagging limit of cable zone 
hogging limit of cable zone 

4(a) and 4(b) . M L 5 and M L M are the mean 
values of the sagging and hogging live load 
moment envelopes in the span . T h e required 
prestress for the four c a s e s can be expressed 
as the ratios of d imensions from the moment 
and sect ion diagrams and the picture equa
tions demonstrat ing this are s h o w n in Fig. 5. 
The prestress P required in design is the 
highest of the va lues P, to P 4 . T h e reasoning 
below derives these geometr ic relationships 
directly. 

The hidden ana tomy 
Fig. 6 s h o w s a longitudinal sect ion of a 
typical span of a cont inuous prest ressed 
member wi th considerable vert ical exagger
ation for clarity. Moments at any sect ion in 
the span are resisted by the couple act ing 
between the centre of prestress C o P and the 
centre of concrete s t ress C o C . Wi th no axial 
load in the member the total concrete force is 
equal to the prestressing force P. The profile 
of the CoP is f ixed by the designer and the 
profile of the C o C dances up and down in 
response to var iat ions in the applied load. Its 
dance s w e e p s out a zone s h o w n shaded in 
the diagram. A n eccentr ic C o C implies there 
is curvature in the member and in general a 
net rotation along the length of a span . In a 
continuous member wi th equal spans under 
equal loading there cannot be a net rotation 
in any span so the mean of the C o C profile 
must be at the level of the centroid. If all 
loads including gravity are removed then the 
C o P and C o C profiles must coincide. It 
fo l lows that the mean of the C o P profile must 
also be at the centroid. It is the parasit ic 
moment that sh i f ts the C o P from the cable 

profile to the position where this is ach ieved. 
If the spans are identical the parasit ic 
moment is the same at every support and so 
is constant along the span. The shift from the 
cable profile to the C o P profile is uniform 
without any s lewing. 
If the 'no tens ion ' criterion is applied, the 
C o C must a l w a y s be within the core for all 
serv ice condit ions. Notice that at any sect ion 
the depth of the unused area of the core 
be tween the C o C zone and the kern is the 
same as the gap be tween the cable and the 
cable zone limit. 

Design relat ionships 
Case 7 
The ampl i tude* of the dance of the C o C is 
Mp/P where M„ is the live load range of 
moment (see Fig. 7a ) . The prest ress P, 
necessary to enable this amplitude to fit into 
the core depth k is given by: 

„ P , = M„ /k 
Case 2 
Variation in moment along the member is 
taken in both the C o P and C o C profiles. T o 
achieve the max imum load-carrying capaci ty 
of the beam, the lever arm of the resist ing 
couple is maximized both at the support and 
in the span . The full amplitude of applied 
moments along the span M F is resisted by the 
full available amplitude of the CoP profile, a , 
together wi th the full amplitude of the C o C 
profile, k. The limiting prestress force P 2 to 
achieve this max imum load condition is 
qiven by: 
M P 2 = M F / (a + k) 

' 'Amplitude' is used to denote full depth from peak to trough 

limiting tension 

a) C a s e 1 

b) C a s e 2 

c) C a s e 3 

d) Case 4 

Fig. 7 
The four design c a s e s 

Case 3 
In choosing the profile of the C o P the 
designer is also f ixing the ambient (Dead 
Load) profile of the C o C . Because there is 
no net rotation in a typical span the mean of 
this profile must be at the level of the 
centroid. In sect ions where dimension k u is 
small it is diff icult to meet this requirement 
while also keeping the C o C zone below the 
upper kern. T h e limiting condition is s h o w n 
in Fig. 7 c . T h e area^of the sagging C o C zone 
is M L 5 L / P 3 whe re M L S is the mean value of 
the live load sagging moment envelope in the 
span. Th is is equal to the area of core above 
the centroid k u L . Hence the limiting pre
stressing force P 3 is given by: 

P 3 = M L S / k u 

Case 4 
In Fig. 7c the C o C profile for max imum 
sagging moments has no ampl i tude. T h e 
variation of the sagging moment envelope 
along the span M S A is taken on the amplitude 
of the CoP alone. Th is is only possible if M S A 

is smaller than P 3 a . For larger M S A it is 
necessary to take some of the ampli tude on 
the C o C (see Fig. 7d) . Th is requires additional 
prestress: 

P ~^P 
Th is increased prestress is not enough to 
dispense w i th the need for some amplitude 
from the C o C sagging limit. 

Hence: P T > P 4 > P 3 

where P T = M S A / a 
The evaluat ion of P 4 wi thin this interval is 
given in the earlier paper. 19 
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Prestress design 
for continuous 
concrete members 
Angus Low 
Introduct ion 
Despite ex tens ive use of prestress in con
t inuous members during the last 3 0 yea rs , 
the design relationships for this form of 
construct ion are not widely understood. In a 
recent paper' it w a s s h o w n that there are 
four c a s e s wh i ch can govern the design, and 
an express ion for the minimum prest ress 
w a s derived for each . Th i s paper ex tends the 
theory of the four design c a s e s and re
considers the basic criteria. The new- found 
understanding of fers an opportunity to 
develop rational and practical design pro
cedures. 

History 
Prest ressed concrete is the brainchild of 
Eugene Freyss inet . His earl iest studies date 
back to 1 9 0 3 2 but the widespread applic
ation of his ideas w a s not possible until high 
strength steel w i res were available after the 
Second World War . Freyss inet w a s clear 
that prestressed concrete w a s more than an 
enhanced form of reinforced concrete . He 
had a practical understanding of the sep
arate needs of durability and safe ty and he 
put great emphas is on the ability of pre
s t ressed concrete beams to carry a full 
range of work ing loads completely uncracked 
but, if an overload occurred, there would be 
a rapid and noticeable development of c r a c k s 
and an abrupt increase in deflection whi le 
the member still had some reserve of 
strength. Early practit ioners limited the 
work ing loads to the range wh ich would 
cause no calculated tension in the concrete. 
T h e design requirements to ach ieve this 
condit ion in a simple beam were best demon
strated by Gus tave Magnel in his Magnel 
diagram (Fig. 1) . The diagram s h o w s the 
prestressing force plotted as its inverse 1/P 
against the position of prest ress within the 
sect ion. He showed that the four limiting 
condit ions of zero s t ress and m a x i m u m 
permissible s t ress in the top and bottom 
fibres are represented by straight lines on the 
diagram and enc lose a quadrilateral region of 
acceptable designs. For a given force P the 
position of the cable must lie wi th in the 
'cable zone' ZZ . T h e min imum prest ress 
design is represented by the Point X . T w o 
design c a s e s ex is t depending on whether X 
is wi th in the cover limits of the sect ion or 
not. W h e n X is within the cover l imits, the 
design of the concrete sect ion is governed 
only by the range of l ive load moments 
applied and is independent of the dead loads. 
Th is notion w a s given undue prominence 
and prestressed concrete became known as 
the material in wh i ch it w a s only necessary 
to design for live load; the dead load carr ied 
itself. It fo l lowed from this understanding 
that joining multiple beams into a cont inuous 
structure offered no benefit. The sav ings in 
live load span moments due to continuity -
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Fig 1 
Magnel diagram 

8 

were of fset by the increase in moment range 
due to moment reversals w h e n adjacent 
spans were loaded. Unlike reinforced con
crete, prestressed concrete has been used 
mainly for simply-supported spans . 
Perhaps the most obvious application to 
benefit f rom prestressing is bridge const ruc
t ion. Structural continuity of fers many 
advantages to bridges wh ich are not related 
to the character is t ics of the construct ion 
material. There are sav ings in joints and 
maintenance, improvements in ride for the 
road user, simpli f ications in the t ransfer of 
horizontal loads and benefi ts in const ruc
t ion. Prestressing has been used for many 
years in cont inuous mult i-span bridges and 
v iaducts . One of the earl iest cont inuous 
prestressed structures w a s an Arup-
designed w a l k w a y at the Fest iva l of Britain 
South Bank Exhibit ion in 1 9 5 1 (Fig. 2 ) . 
The application of prest ress to a cont inuous 
beam sets up an additional set of reactant 
moments in the beam cal led parasit ic 
moments . T h e s e parasi t ics upset the s im
plicity of Magnel 's d iagram. Designers 
managed to retain his theory by considering 
only 'concordant ' cable profi les w h i c h pro
duced zero parasit ic moments . T h e s e profiles 
we re generated directly from the moment 
diagrams of applied loadings and their applic
ation w a s widened by the use of ' l inear 
t ransformat ions ' . However , these pro
cedures were iterative and indirect. Excep t 
in the c a s e of moment range governed 
designs (design case 1), there w a s no quali
tat ive w a y of understanding how changes to 
the loading or the shape of the concrete 
sect ions would a f fec t the required pre
st ress ing force. Later it w a s realized how 
useful the parasit ic moment could be to the 
designer. In a cont inuous member it could be 
used to redistribute moment be tween the 
support and the span to max imize the 
e f fec t i veness of the prestress (design case 
2 ) . The opt imum redistribution would imply 
a certain parasit ic moment to be ach ieved 
during detailed design of the profile. Un
fortunately in some si tuat ions, typical ly in a 
ribbed slab wi th slender ribs, the implied 
parasitic could not be ach ieved even wi th the 
cable tight to its limits along its full length. It 
is the design relationship for this last c a s e 
that has been published recent ly (design 
cases 3 and 4) and there is now a complete 
theory wh ich relates the required prest ress 
to the loading and the shape of the concrete 
member. 

Theory 
The recent paper der ives express ions for the 
minimum prestress of an internal span wi th a 
varying sect ion and variat ions of cable force 
are also considered. Both T and trough 
sect ions are d iscussed and the e f fec t of 
permitted tensions is ment ioned. Wi th so 
many var iables the simplicity of the design 
relationships is lost. By considering only 
uniform members w i th equal spans the four 
relationships can be re-expressed very 
succ inc t ly . The basic components of the 
concrete sect ion are s h o w n in Fig. 3 . T h e 
kerns are the upper and lower limits of the 
core region wh ich is the generalized 'middle 
third' of the sect ion. The total load and live 
load moment envelopes are s h o w n in F igs. 

top limit of cables 

upper kern 
ku 

; 
centroid 

com 

lower kern 

Fig. 3 bottom limit of cables 
Sect ion geometry Sect ion geometry 

M V 

s.-. 

a) Total moments 

M L H 

\1 L S 
b) Live load moments 

Fig. 4 
Moment envelopes 

Fig 16 
Full scale sect ion of leaf 

Fig . 1 7 
J ig used for bending and fixing 
mesh and reinforcement 
Fig . 1 8 
Traditional ferrocement p r o c e s s -
forcing the mortar through the mesh 
by hand 
Fig. 19 
Early Renzo Piano ske tch of 
ductile iron details 
Fig. 2 0 
The first ducti le iron elements — 
hastily assembled at the foundry 

Fig. 21 
Detail of connect ion of 
ductile iron elements 

Figs. 2 2 - 2 3 
Internal v i e w s of ful l-scale 
mock-up of gallery in Houston 

Photos: Ove Arup & Partners 
except where o therwise stated 

the ferrocement leaf, and the ducti le iron 
elements themse lves will be joined together 
using a clamping sys tem utilizing a metal-
filled epoxy resin. The first production 
elements have been dispatched to Houston 
to be used in a load test of the complete roof 
element. 
A t an early stage in the project the client 
decided on the necess i ty of building a full-
size gallery mock-up on the site in Houston. 
Th is w a s principally to make an a s s e s s m e n t 
of the appearance of the gallery and to judge 
the suitability of the lighting solut ion. It also 
provided an opportunity to take measure
ments of the lighting levels. Genera l re
act ions to the mock-up we re favourable 
although it did show up a f ew problems. T h e 
internal light levels were in e x c e s s of the 
design brief and there w a s some glare from 
the leaves due to the level of light t rans

mitted through the roof glazing. In addition 
there w a s a problem wi th s t reaks of sunlight 
entering the gallery through the roof in the 
early morning and the late evening in mid
summer . T o solve these problems, roof g lass 
wi th a lower light t ransmi t tance value w a s 
substi tuted and the gap be tween the leaves 
w a s temporarily adjusted. Based on the 
measurements taken in the mock-up, the 
annual and daily variation in light levels w a s 
computed, and a report, relating these to the 
target annual lux hours, w a s produced. In 
addition to the light tes ts , a very simple 
plenum floor air-conditioning s y s t e m w a s 
built into the mock-up. Th i s enabled us to 
measure the temperature strat i f icat ion 
be tween floor and roof. The mock-up is 
currently in the process of being adjusted to 
take all modif ications into account , for final 
approval by the client. 

The construct ion drawings, speci f icat ions 
and further detailed design on the project 
have now been handed over to the Houston 
team of arch i tects and engineers. W e antici
pate that construct ion will commence in the 
spring of 1 9 8 3 , subject to the approval of 
the project budget, the mock-up, and the 
ferrocement fabrication process. 
Credi ts 
Client: 
The Menil Foundat ion, Houston, T e x a s 
Architects: 
Piano and Fitzgerald, Houston, T e x a s 
Engineers: 
Ove Arup & Partners, London 
G a l e w s k y & J o h n s o n , Beaumont , T e x a s 
Gentry, Haynes & Wha ley , Houston, T e x a s 
Main contractor: 
E. G . Lowry Inc. , Houston, T e x a s 
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A s s e s s m e n t of m e m b e r st rengths 
A pre-requisite of the final assessmen t of 
member strength for future use or continued 
present use is that the structure has been 
surveyed in suff ic ient detail to establ ish the 
dimensions, the connect ions, and other 
details of the parts of the exist ing construc
tion that are to remain. These , together wi th 
the est imated or measured material 
strengths and loads, form the data to be 
employed in the a s s e s s m e n t . 4 

T w o approaches are available: using past or 
present codes or other published guidance, 
or starting from first principles. The first is 
obviously quicker, simpler, and hence 
preferable where guidance ex is ts and the 
answer it provides is good n e w s : the second 
may be necessary where this is not the c a s e . 
Exper ience has s h o w n that it can be 
ef fect ively used to just i fy co lumns. 
Regardless of wh i ch approach is used, 
calculat ions should generally be made in 
terms of (unfactored) serv ice loads and 
permissible s t resses , in order to facil i tate 
compar isons wi th published data. 

C a s t iron c o l u m n s : publ ished gu idance 
The most conc ise and useful guidance 
currently available is published by the 
Greater London Counc i l . 2 Th is reproduces 
the 'bas ic ' permissible s t ress figures from 
the 1 9 0 9 London Building Ac t quoted 
earlier, and includes also tables and graphs 
showing the reduction of permissible s t ress 
due to column s lenderness and end f ixity 
condition. 
Th is source appears to be generally accept 
able to District Surveyors in central London 
as a basis for assessmen t . Such accep tance 
could perhaps be discreetly cited as pre
cedent for agreement e lsewhere . 

Wrought iron and steel c o l u m n s : 
publ ished gu idance 
The 1 9 0 9 London Building Ac t g ives per
missible s t resses for varying s lenderness 
ratios and end f ixity condit ions. T h e s e re
mained in force until the advent of BS 449: 
1937, wh ich in turn w a s superseded by the 
1 9 5 9 edition. BS 449 applies to s tee lwork 
only (wrought iron being obsolete by 1 9 3 7 ) . 
A s s e s s m e n t should be made using the 
s t resses from these documents appropriate 
to the date of the structure. Where an 
enhanced permissible basic s t ress has been 
agreed by the building control authority 
fol lowing strength tes ts , it would be reason
able to factor up tabulated s t resses corres
pondingly. 

B e a m s 
The 1 9 0 9 London Building Ac t g ives permis
sible s t resses (quoted at the end of this 
paper) wh ich may be used to a s s e s s cas t and 
wrought iron, and steel pre-dating 1 9 3 7 . No 
reduction factors were given for slender
ness ; instead, it w a s required that beams be 

8 ' secured against buckl ing' if the span 

exceeded 3 0 t imes the width of the com
pression flange or the depth exceeded 6 0 
t imes the w e b th ickness . 
Deflect ions were to be calculated and were 
required to be less than one four-hundredth 
of the span, unless the span-depth ratio w a s 
less than 2 4 . 

The 1 9 3 7 edition of BS 449 similarly re
quired lateral restraint to compress ion 
f langes at a max imum spacing of 2 0 t imes 
the flange width; calculated def lect ions 
were not to exceed 1 /325th of the span 
unless the span depth ratio w a s less than 
24 . 
The 1 9 5 9 edition introduced the more 
familiar reduced permissible s t ress 
associated wi th s lenderness. 
Assuming that sect ion s izes and material 
strengths are known together wi th the date 
of construct ion, it seems reasonable to 
a s s e s s exist ing elements and connect ions in 
accordance wi th the relevant published 
guidance, i.e. cas t and wrought iron, and 
pre-1 9 3 7 steel , in terms of the 1 9 0 9 London 
Building Ac t ; pos t -1937 steel to the then-
current version of BS 449. For s teel , a 
rational alternative is to derive the basic 
permissible tensile s t ress from test results as 
previously described and carry out the 
assessmen t calculat ions in accordance wi th 
BS 449: 1959, factoring the var ious per
missible s t resses in proportion to the basic 
tensile s t ress . 

The approach should of course be agreed 
wi th the building control authority before 
time is expended on detailed just i f icat ion. 

Filler joist f loors 
The filler joist floor is a particular form of 
construct ion in wh ich concrete, usually wi th 
a flat soffit and unreinforced, ac ts as a s lab, 
spanning be tween steel or wrought iron 

joists at 0 . 5 - 2 m cent res . It evolved directly 
from the brick-arch ' f i reproof floor used in 
mills and warehouses , and would doubtless 
be more popular today if reinforced concrete 
were not so widely used . 
It should be noted that the s labs of filler joist 
floors are often found to be of 'c l inker ' 
concrete - the aggregate being coal or coke 
clinker or breeze. Th is c a n , in damp condi
t ions, cause severe chemica l at tack on the 
metal jo ists, and it may also become a matter 
for acceptance by the building control 
authority whether the floor can be regarded 
as non-combustible, w h e n the aggregate 
contains a high proportion of unburnt coal 
(up to 5 0 % has been found in one ins tance! ) . 
The metal joists should be asses s e d as for 
beams. BS 449: 1959 recognizes the en
hancement of strength wh ich is achieved by 
encasing the compress ion flange in con
crete, and the sect ion may be as s e s s e d on 
the basis of composi te act ion where this is 
present. (A building control authority may , 
however , demand just i f icat ion for the shear 
transfer at the concrete - steel interface. 
This can be difficult to substant iate, parti
cularly where clinker or breeze concrete is 
present in older s t ructures. A load test might 
then be the only posit ive proof.) 

A s s e s s m e n t of c o l u m n strengths 
f rom first pr inciples 
Empirical formulae 
Around 1 9 0 0 severa l empirical formulae for 
pinned-end co lumns were proposed and 
adapted for building codes , remaining in use 
until after the Second World War . General ly , 
these specif ied a limiting slenderness-rat io 
above wh ich the failure load w a s taken as 
equal to the Euler cr i t ical load: 
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Fig. 4 
The ultimate compress ive strength of cast iron co lumns as 
predicted by formulae and found by tests in the U S A . 

Note the variability of test resul ts, indicating the need for 
a generous factor of safety / 

Fig . 17 
Auditorium (Photo: Spanphoto, Dundee) 

Fig . 1 8 
Auditorium from stage (Photo: Spanphoto, Dundee) 

load-bearing concrete b lockwork. There are 
eight dressing rooms wi th s h o w e r s en suite 
and a green room. 2 7 players can be 
accommodated. 
The space heating and venti lation s y s t e m s 
comprise two natural gas L T H W boilers 
rated at 3 6 7 k W each serving the fol lowing 
areas: one air handling unit for the audi
torium and one air handling unit for the 
bars, restaurant and assoc ia ted a reas . The 
ancil lary areas and dressing rooms are 
generally heated by fan convec tors w i th 
local extract venti lat ion, wi th a small 
number of radiators in corridors. The work
shop is heated w i th three unit heaters at high 
level. The domest ic hot water is f rom t w o 
indirect storage cyl inders heated from the 
main boiler plant. 

The controls al low the auditorium venti la
tion sys tem to be used independently from 
the rest of the building. Exposed oval duct
work wi th both supply and ext ract at high 
level blend into the auditorium wi th linear 
supply grilles running in parallel w i th the 

lighting w a l k w a y s . The stage area has fan 
convectors round the perimeter hidden f rom 
the audience for use w h e n rehearsals take 
place, thereby lowering the building running 
cos ts . 
Low voltage electrical sw i tchgear is housed 
in the lowest level of the building and se rves 
the complete building by means of a network 
of armoured sub-main cab les and trunking. 
The cable trunking installation generally 
compr ises two-compar tment trunking for 
mains and stage lighting circui ts wi th single-
compartment trunking, separated by 
3 0 0 m m enabling the accommodat ion of 
microphone cabling. 

While the wardrobe and under-stage area is 
served by convent ional f luorescent lighting, 
the lighting within the dressing room block is 
mostly tungsten, wi th bare bulbs round each 
mirror in true theatr ical tradition. Lighting 
track is also used within the dressing room 
and administration block. T h e main audi
torium is lit by means of tungsten spotl ights 
mounted on the lighting bridges wi th t w o 

pygmy lamps incorporated in each riser of 
the stairs and connected to t w o circui ts -
one normal and one maintained essent ia l 
circuit wi red through the central battery 
unit, wh i ch also feeds the escape lighting in 
the auditorium. Emergency lighting in the 
auditorium is from a central battery unit and 
self-contained units are installed e lsewhere . 
The workshop to the rear of the theatre 
util izes high bay tungsten lighting in order 
that all s tage se ts and backdrops may be 
constructed wi th no problems from colour 
rendering of the artif icial lighting. 
The restaurant and two- level foyer make 
extens ive use of multi-circuit lighting track 
such that by sw i tch ing and dimming, the 
total character of the foyers may be easi ly 
altered to suit the vary ing requirements of 
the building. A complete s y s t e m of fully 
dimmable stage lighting is incorporated, 
utilizing multi-gang outlet boxes mounted at 
stage level , gallery level and lighting bridge 
level. S tage work ing l ights, blues l ights, and 
rehearsal lights are also provided in the stage 
areas, galleries and fly tower . T h e total 
lighting and sound s y s t e m wi th in the audi
torium and stage area is controlled from a 
computerized lighting pallette and sound 
rack within the control room at the rear of the 
theatre and provision has been made for the 
connect ion of outside broadcast equipment. 
Convent ional fire alarm equipment is instal
led wi th manual breakglass units and bells 
and automat ic detectors are provided in the 
wardrobe and plant areas. 

Simple f in ishes 
Finishes internally and external ly are simple. 
Wal ls are of oatmeal coloured concrete 
blocks. The auditorium slab soff i t , the upper 
foyer slab soff i t , dressing room and admin
istrative cei l ings, and entrance stair are all as 
struck concrete. T h e foyer and restaurant 
floors are carpeted as is the auditorium. T h e 
auditorium has black wa l ls and roof soff i t . 
Sea t s are black w i th thin red st r ipes. The 
only striking contrast in the auditorium is the 
provision of b lockwork wa l ls at the s ides and 
rear of the seat ing and be tween the front and 
rear areas. T h e s e wa l ls are lit by neon lights 
at their base . Throughout the building, the 
plan shape of the auditorium has been 
adopted as a motif and appears a s the shape 
of external w i n d o w s and numerous bits of 
internal decor. 

The archi tect has endeavoured to produce a 
building wh ich is not merely capable of 
functioning as a theatre but w h i c h has an 
interest value of its o w n and a place where 
people would like to be. 
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Pi t lochry Fest iva l Theat re 
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Quantity surveyor: 
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J o h n W y c k h a m A s s o c i a t e s 
Main contractor: 
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Theatre consultant: 
Andre T a m m e s 
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in addition to convent ional behind pro
scen ium a c c e s s . 
The 4 5 0 - s e a t auditorium has been designed 
to adapt to many different funct ions. A t 
approximately t w o thirds from the front of 
the seating to the rear there is a low concrete 
b lockwork wal l separat ing the sea ts in front 
from those behind. For a smal l aud ience, 
therefore, if everyone w a s seated in front of 
the wa l l , the theatre would appear full thus 
preserving the proper a tmosphere. It is 
possible to remove the front r o w s of sea ts 
wh i ch are set in a lowered area of the 
auditorium floor to create a pit for an 
orchestra for a touring ballet or opera. It is 
also possible to remove additional front 
sea ts , place them on the s tage and create a 
theatre in the round. 

In plan the auditorium is in the shape of a fan 
radiating from the s tage. Th is form is echoed 
by the roof structure wh ich has exposed 
hollow sect ion steel t russes supported at the 
centre of the proscenium and diverging to 

16 the rear of the auditorium. In addition to 

supporting the roof of t imber purlins and 
woodwoo l s labs, the t russes support t w o 
lighting bridges, again exposed , running the 
width of the auditorium. T o the rear of the 
seat ing is a control room wi th a com
puterized console lighting palette, tape 
decks and fol low spot. Behind the audi
torium and above the upper foyer is the plant 
room housing the heating and venti lation 
plant. 

There is a strong accen t on flexibility of form 
wh ich also applies to the stage that can 
extend by demountable panels into the 
auditorium. The head of the proscenium is 
defined by a f rame clad in adjustable ply 
wood panels so that the entire f rame may be 
set at any level above the stage and indivi
dual panels may be set up or down on the 
f rame to create pract ical ly every conceiv
able profile. The s ides of the proscenium are 
also adjustable, being formed by tubular, 
aluminium-framed periactoid towers tri
angular in plan w i th adjustable p lywood 
panels on one face . T h e panels match the 

side wa l ls of the auditorium and, by adding or 
subtract ing t owers , the proscenium width 
alters. 
The stage is surmounted by a structural 
steel f ramed f ly tower clad in fa i r faced 
concrete b lockwork. A lighting bridge runs 
around the inside perimeter of the f ly tower 
at mid-height wi th a telestage grid floor 
giving a c c e s s to the fly pul leys just below 
roof level. 
To the rear of the f ly tower is the scenery 
workshop, well-equipped to manufacture 
scenery and props. Like the f ly tower this 
building is steel- f ramed wi th concrete block-
work wal l ing. Both the workshop and the 
stage have a large external door. The t w o 
doors are adjacent and by opening each by 
4 5 ° they become the side of a covered link 
between workshop and stage. 
Stage left of the stage area are the theatre 
administrat ive of f ices wi th dressing rooms 
above. Th is is perhaps the only convent ional 
part of the project, being a rectangular block 
wi th reinforced concrete s labs supported by 

For smaller s lenderness ratios the failure 
load w a s given by some simple function of 
L/r. 
These formulae were chosen to fit experi
mental results taken from tes ts in wh i ch the 
columns were special ly st ra ightened, the 
loading special ly centred, and every pre
caut ion taken so as to attain as near as 
possible the ' ideal ' co lumn. T h e s e formulae 
are not very suitable for use in retrospect ive 
calculat ions. Th is is partly because their 
correct use would require knowledge of the 
material properties, not only of the column 
under investigation but also of those in the 
original tes ts . But a more important objec
tion is that the choice of sa fe ty factor, 
difficult enough for a co lumn, is made harder 
because it must take account of the im
perfect ions in a practical co lumn. The sa fe ty 
factor would then be expec ted to vary w i th 
the length of the column and wi th its 
s lenderness ratio. 

To get round the problem it s e e m s logical to 
use basic formulae for the failure load w h i c h 
include specif ical ly the ef fect of imperfec
tions. Th is is a logic wh ich has been adopted 
by most building codes s ince the 1 9 3 0 s , 
including BS 449. 
However it is useful for compar ison to recall 
the more important of the empirical formulae 
for the value P o f the failure load. 5 

Rankine-Gordon ( 1 8 5 8 - 1 9 0 2 ) 
P = Aa / (1 +b(L / r | ) 

where the recommended va lues for ' a ' and 'b ' 
were : 

Cas t Wrought Mild 
iron iron steel 

tons / in 2 3 6 16 21 
a (N /mm 2 ) ( 5 5 2 ) ( 2 4 8 ) ( 3 3 1 ) 
b 1 /1600 1 / 9 0 0 0 1 7 5 0 0 

where A is the cross-sect iona l area 

Te tma je r ' s Straight-Line Formulae ( 1 8 9 6 ) 
for mild steel wi th L/r > 1 0 5 : 

p = A ( 3 0 4 - 1.1 18 L/r) 

J o h n s o n ' s Parabolic Formula (1 8 9 3 ) 

P = A ( a - b (L / r ) 2 ) 

where the recommended va lues for ' a ' and 'b ' 
were : 

Cas t Mild Nickel 
iron steel steel 

tons / in 2 2 7 18 2 5 
a (N /mm 2 ) ( 4 1 4 ) ( 2 7 6 ) ( 3 7 9 ) 
, tons / in 2 0 . 0 0 2 8 0 . 0 0 0 6 0 . 0 0 1 1 
D (N /mm 2 ) ( 0 . 0 4 3 1 ) ( 0 . 0 0 9 2 ) ( 0 . 0 1 7 2 ) 
for L/r > 70 1 2 2 1 0 5 

The Rankine-Gordon formula is reckoned to 
be best for cas t iron and the J o h n s o n formula 
is preferred for mild steel . 

Calculation on the basis of assumed 
imperfections 
The principal imperfect ions in an actua l , not 
' ideal ' , column are: 
(a) accidental eccentr ic application of the 
load (i.e. other than design va lues of eccen 
tricity determined, for ins tance, by the 
position of a beam bearing relative to the 
column centre line) 
(b) non-homogeneity of the material , i.e. 
variation of the material properties 
especial ly ac ross the c ross-sec t ion . 
(c) geometr ic inaccurac ies in the c ross-
sect ion 
(d) initial curvature of the co lumn. 

All these imperfect ions can be represented 
by an initial end eccentr ic i ty of the load of 
amount e m m , together wi th an initial bow of 
amount c mm. In general the top and bottom 
end eccentr ic i t ies may be different and then 
e is taken to be their average value (when 
calculat ing the total eccentr ic i ty at mid-
height). For conven ience the bow is 
assumed to have the shape of a half sine-
w a v e (of amplitude c ) . 

Suppose that the determinate end eccen
tricities (due to known beam posit ions) are 
also, after averaging, included in e and 
suppose that a vert ical load P is applied wi th 
this eccentr ic i ty to a pin-ended co lumn; then 
the bending moment due to the eccentr ic i ty 
of the load from the centroidal ax is of the 
column will cause an additional deflect ion, 
wh ich will have approximately the shape of a 
half s i ne -wave of amplitude 

( ^ e + c ) a / ( 1 - a ) w h e r e a = P /P E . 

(This formula is exac t for the c term and 
approximate for the e term where it repre
sents the first term of a Fourier expans ion for 
a linearly varying eccentr ic i ty . The approxi
mation gets better as P increases and this 
first term tends to predominate.) 
The total eccentr ic i ty at mid-height wil l then 
be 

l ^ e + c) / ( 1 - a l - ( 4 / n - 1 ) e 

where the second term may be neglected. 
The cross-sect ion is then checked for the 
load P at this eccentr ic i ty . T h e load P at 
wh ich the capaci ty of the c ross-sec t ion is 
just not exceeded is taken to be the failure 
load of the co lumn. 

Assessing the assumed imperfections 
What va lues are to be assigned for the initial 
imperfect ions e and c? Sa lmon ( 1 9 2 1 ) f t 

collected the avai lable ev idence (back to 
1820 ) and suggested some va lues . The 
evidence w a s confl ict ing and confused and 
Salmon did not succeed in resolving the 
confusion. In the fol lowing, r is the radius 
of gyration and D the greatest overall dimen
sion of the cross-sect ion in the plane of 
bending. 
(a) For accidental eccentr ic i ty of load appli
cation Salmon suggested a value for e of r /10 
or, in a form wh ich he thought more useful , 
L / 1 0 0 0 . The fact that the s a m e data w a s 
represented by t w o such very different 
express ions is a measure of the unreliability 
of his conclus ions. 
(b) To account for the non-homogeneity of 
the material, he gave a formula for the 
eccentr ic i ty in solid compact sect ion wh ich 
reduced to D /50 for circular sect ions and 
D/40 for rectangular sect ions. For built-up 
(flanged) sect ions he suggested D /20 . He 
did not give any va lues for hollow circular 
sect ions but on his arguments D /30 would 
probably be appropriate. His va lues were 
based on rather theoretical grounds, pro
bably applying to cas t iron. It is not clear how 
or whether this e f fec t w a s exc luded from the 
est imates of e in (a) above. T h e y take no 
account of the e f fec t of residual s t resses 
from the manufactur ing process . It is worth 
noting here the great d i f ference be tween the 
properties of cas t iron at the periphery and at 
the core. Athough this would not normally 
influence the eccentr ic i ty , it a f f ec t s , of 
course, decis ions on the making and inter
pretation of tes ts on small spec imens . Collet 
Meygret and Desp laces ( 1 8 5 4 ) 7 made ex
periments on cas t iron bars such as were 
used for the Rhone Viaduct at Ta rascon . 
They concluded, supposing the peripheral 
zone to be 5mm thick, that E varied be tween 
1 2 , 0 0 0 , 0 0 0 kg /m 2 . ( 1 2 0 , 0 0 0 N/mm 2 ) at the 
periphery to one quarter of that value at the 

core. Th is E w a s tensile and presumably the 
initial va lue. Similarly, the tensile strength in 
one piece varied from 4 0 , 0 0 0 , 0 0 0 kg (m 2 . 
( 4 0 0 N/mm 2 ) to one half of that value. 
(c) T o al low for geometr ic inaccurac ies in 
the cross-sect ion , Sa lmon suggested an 
eccentr ic i ty of D /80 for a f langed or built-up 
sect ion. Th is w a s deduced theoretically from 
the then current speci f icat ions. He did not 
give a value for hollow circular sect ions and 
pointed out that, for cas t iron, the position of 
the core w a s so variable that it would be 
unreasonable to do so . Al though Hodgkin-
s o n 7 remarked that the displacement of the 
core 'does not produce so great a diminution 
in strength as might be expected, for the 
thinner part of a cast ing is much harder than 
the thicker, and this usually becomes the 
compressed s ide ' . A s a corollary he noted 
that ' T o ornament a pillar it would not be 
prudent to plane it'. He considered that, for 
Low Moor Iron the crushing resistance at 
the core w a s three-quarters of that at the 
periphery. Sa lmon proposed that the total 
eccentr ic i ty for (b) and (c) should be assumed 
to occur half as a constant eccentr ic i ty e and 
half as an intitial curvature c . 

(d) He studied a large number of test reports 
and concluded that a reasonable upper va lue 
for the initial curvature, c , of a pract ical 
column w a s L / 7 5 0 . Al ternat ively, he 
thought, for conven ience this could be taken 
as 0 . 0 5 8 L/r (mm). Th is part of the study w a s 
specif ical ly limited to wrought iron and s tee l . 
There w a s some suggest ion that the initial 
curvature of cas t iron co lumns would be 
rather greater. 
Kayse r ( 1 9 3 0 ) and T imoshenko ( 1 9 3 6 ) " , 
leaning rather heavi ly on Sa lmon ' s work , 
proposed that all the imperfect ions could be 
al lowed for by an initial curvature, c = L / 4 0 0 
without any end eccentr ic i ty e. Fol lowing 
J a s i n s k y ( 1 9 0 8 ) , T imoshenko also thought 
that for small s lenderness ratios the imper
fection would be better represented by an 
initial curvature S / 1 0 + L / 7 5 0 . Here S is the 
core radius, that is 2 r 2 / D . S has the value D/8 
for solid circle, D/6 for a solid rectangle, D/4 
for a hollow circle and approaches D/2 for a 
flanged sect ion. Both these proposals 
of T imoshenko seem to be intended for 
wrought iron and steel rather than cas t iron. 

Implicit in the strut formula of BS449: 1959 
0 6 

is an initial curvature, c = - q ~ L / 1 0 0 ) 2 , again 

without any end eccentr ic i ty , e. 
Th is has the notable advantage that the 
calculated failure load wil l depend only on 
the s lenderness ratio (L/r) and is independent 
of the shape of the sect ion. It seems sensible 
that the bow/height ratio should increase 
wi th L/r; of t w o co lumns of the same height 
the thinner would be expec ted to have the 
larger initial curvature. The BS449 require
ment is more onerous than T imoshenko ' s 
L / 4 0 0 if L/D is greater than 4 2 , ( i .e. if L/r is 
greater than 1 7 0 for solid c i rc les, 1 4 5 for 
solid rectangles, 1 2 0 for hollow c i rc les and 
8 5 for f langed sec t ions) . BS449: 1937 

implied an initial curvature of ' ^ \)Q) This 

is more severe than the later assumpt ion 
when L/r is less than 1 0 0 . 
It wil l be seen from all the above that the 
choice of va lues for initial imperfect ions is an 
act of faith rather then sc ience . Any informa
tion that can reasonably be obtained by 
in situ measurements should be grateful ly 
received. It seems feasible to measure the 
initial curvature by plumbing. But it must be 
remembered that, if the column is loaded at 
that t ime, a back-calculat ion must be made 
to deduce the unloaded initial curvature c. 
And this value must then be increased by 
terms representing the imperfect ions of type 
(a), (b) and (c) that cannot be directly 
measured. 



For hollow cast iron co lumns it will be 
essent ia l to measure the eccentr ic i ty of the 
core of the column. Th is can easi ly be done 
by measur ing the th ickness at points round 
the c i rcumference. If this is done at top, 
bottom and mid-height of each co lumn, it 
should give enough information to decide 
on end eccentr ic i t ies and bow. Some sa fe 
adjustment would be made for the ef fect of 
peripheral hardening and the va lues must be 
increased by terms representing imper 
fect ions of types (a), lb) and Id). 

Failure loads of wrought iron and mild steel 
columns 
With va lues assigned for the initial imper 
fect ions, including any determinate end 
eccentr ic i t ies, and knowledge of the s t ress 
strain properties, the calculat ion of the failure 
load is stra ight forward for materials wi th a 
wel l defined yield point such as these. T h e 
failure criterion at the crit ical cross-sect ion is 
taken to be the first occur rence of the yield 
s t ress . It is then reasonable to a s s u m e , for 
the calculat ion of P ( , the va lues of E as 
usually defined. Designing for the final total 
eccentr ic i ty given earlier leads to a quadratic 
equation for the failure load. 

It is worth noting that, using BS449, the 
determinate end eccentr ic i t ies are not in
cluded in the calculat ion of the additional 
deflection due to axial load. That is, the 
def lect ions due to applied end moments are 
not amplif ied by the ratio 1/(1-00. Th is is 
usually excused on the grounds that the 
ef fect is smal l . Th is may be reasonable for 
normal building co lumns but is far from true 
for slender struts in t ransmiss ion towers 
and similar s t ructures. 

Failure loads of cast iron columns 
Having ascerta ined the initial imperfect ions 
and determined the material properties, 
merely brings us to the start of the problem 
for a material such as cas t iron, wi th com 
pressive strain softening character is t ics as 
s h o w n by the s t ress strain d iagrams. For 
suppose that attainment of the rupture 
s t ress is taken as the failure criterion, how do 
w e find P, to calculate the final eccentr ic i ty? 
If w e used the secant modulus to the rupture 
s t ress this would be safe but unreasonably 
so. 

It will be recalled that the use of P ( is really 
only a convenient device to find the def lected 
shape due to the bending moments caused 
by the eccentr ic i ty of the load from the s a m e 
deflected shape. So wha t is required to 
calculate P, is an E-value wh ich represents 
an appropriately weighted average of the 
secant modulus of every piece of material in 
the column. Given a s t ress strain diagram it 
would be feasible to wr i te a computer pro
gram that carried out such a trial and error 
process Itrial and error because the final 
def lected shape is, at first, unknown) . It 
would be feasible but very formidable and 
completely unjustif ied by the quality of our 
input information. In particular, it w a s 
blithely supposed above that the engineer 
w a s given a s t ress strain diagram. S u c h 
information would hardly come as a gift and, 
in pract ice, it is unlikely that enough material 
would be available to determine represents 
t ive st ress-st ra in relationships for each type 
of co lumn. Substant ia l p ieces of metal would 
be needed to obtain the properties in the 
correct direction. 

Some improvement on the simple approach 
first descr ibed can be obtained by using a 
limiting s t ress smaller than the rupture 
s t ress . At some opt imum value the loss of 
ca lcu lated capaci ty due to the smaller al low
able s t ress wil l be just balanced by the 
increase of the secant modulus. For this sort 
of calculat ion, or for that descr ibed in the 
next paragraph, it would be appropriate to 
use a typical s t ress strain curve taken from 

the literature rather than one obtained by 
expens ive tes ts . 
However , this curve must be correlated wi th 
the actual material and simply measur ing the 
crushing strength will not suf f ice for this. It 
would also be necessary to measure the 
s t ress for a given strain, say 0 . 3 % , and, 
probably, to determine the initial E 
A greater improvement can be obtained, at 
the expense of some labour, by treating 
the critical c ross sect ion as made of t w o 
materials, one on each side of the centroidal 
plane. Th is corresponds to the problem of 
bending of a beam wi th different modulus in 
tension and compress ion Weighted average 
secant moduli for each half of the cross-
sect ion can be chosen , say E, and E . Then 
the curvature of the whole c ross-sect ion can 
be deduced from a single, reduced, modulus 
E ; g iven, for solid rectangles, by 

E = 4 E . E ? 
' ( V E , + \ / E / 

For other c ross sect ions, similar formulae 
can be deduced from the first principles that 
plane sect ions remain plane and that the 
internal s t resses are in equilibrium wi th the 
applied eccentr ic load. Th is value of E r can 
then be increased to al low for the less 
ext reme s t resses a w a y from the crit ical 
sect ion and the resulting value used to 
calculate P{. 

With cas t iron there is the further comph 
cation that, for slender co lumns, the tensile 
s t ress may become crit ical before the com 
pressive, and this must be checked . No 
doubt this is w h y building codes tend to limit 
the s lenderness ratio of cast- i ron co lumns 
rather severe ly . In addition, a l lowance must 
be made, for hollow co lumns, of the ef fect of 
any displacement of the core on both the 
s t i f fness and res is tance of any c ross -sec t ion 

Other end conditions 
All the above d iscussion has been in the 
context of co lumns pinned at both ends. For 
other end condit ions the column would be 
treated as pin ended of length equal to the 
ef fect ive length est imated in the traditional 
w a y . In that w a y the assumed imperfect ions 
are those appropriate to the e f fec t ive length 
and that s e e m s sensible. Wi th cas t iron the 
non-linear s t ress-st ra in curve would make 
any pseudo-scient i f ic calculat ion of the 
ef fect ive length peculiarly diff icult. 
Pre-war literature often refers to an end-
condition descr ibed as flat ended. This 
seems to be a rather academic distinction 
arising from the fact that test spec imens 
often had their ends pointed in the usual 
pursuit of the ' ideal ' co lumn. By compar ison, 
co lumns w i th top and base plates could 
develop signif icant end moment before the 
bearing su r faces started to open up. In the 
19th century the ef fec t ive length for a flat-
ended column w a s often taken as that for a 
column fully f ixed at both ends. Later it w a s 
given a value closer to that for a pinned-end 
column. The sl ightest rotation of the horizon 
tal structure would invalidate the former 
assumpt ion even if the end plates did not 
separate. 

Safety factors 
Suppose a column failure load based on 
assumed initial imperfect ions has been 
found. A safety factor has now to be chosen 
to convert this to a safe work ing load. Apart 
from account ing for var iat ions in the applied 
load this should allow for any unseen weak 
nesses in the column or in the calculat ions 
and for the ef fect of residual s t resses . Its 
value will depend on the initial imperfect ions 
and on the material properties; in fact, it will 
depend on whether a partial sa fe ty factor 
has been incorporated in the est imates of 
these. 

Salmon ( 1 9 2 1 ) thought that the safety 

factor should be 20 or 2 5 % greater than for a 
comparable tensile member, on the grounds 
that the strength of a strut is far more 
sensi t ive to local f l aws and w e a k n e s s e s . For 
mild steel the safety factors given explicit ly 
by BS 449 are available as a yardst ick. T h e s e 
were 2 . 3 4 in 1 9 3 7 and 1.7 in 1 9 5 9 . 
For cas t iron, Sa lmon reckoned that the 
safety factor should be tw ice that for steel 
but this w a s in the context of safety factors 
on the empirical strength formulae. S o m e 
greater margin than for steel would be 
appropriate because of the ever present 
hazard of hidden f l aws in the cast ing; but the 
margin would depend on how conservat ive 
the method of calculat ing P. and the failure 
load had been. No yardst ick can be obtained 
from contemporary codes because the 
assumed eccentr ic i ty method w a s never 
used for cas t iron. Sa lmon thought the use of 
the method w a s not advisable. 
The engineer may w ish to compare his safe 
working loads so obtained wi th va lues 
deduced from the empirical formulae. Indeed 
for cas t iron this would be an imperative 
rather than an option. For this calculat ion he 
will need a larger safety factor wh ich now 
takes account of the imperfect ions in a 
practical column compared wi th the experi
menter 's ideal co lumn. Th is safety factor 
will also take into account the fact that, 
however wel l he knows the properties of his 
own material, he k n o w s nothing of the 
properties of the original exper imental 
material. 

To quote Salmon' ( 1 9 2 1 ) yet again, (but he 
did devote much effort to the problem of 
the column), he thought that an appropriate 
value for steel or wrought iron w a s 
4 + L / 2 0 D . For cas t iron he thought this 
factor should be doubled and should certainly 
never be less than 5. A s far as can be judged, 
contemporary code makers were less pessi 
mistic than Sa lmon. By the 1 9 3 0 s codes for 
mild steel co lumns were using safety factors 
of about 3 . The 1 9 0 9 L C C rules for cas t iron 
co lumns implied safety factors of be tween 7 
and 8 for L/r less than about 7 0 . The 1 9 3 7 
German rules for cast iron (DIN 1 0 5 1 ) 
catered, one supposes, for a more sophisti
cated and controlled mater ia l . The safe ty 
factor in these, for L/r less than 8 0 , w a s 
about 4 J on the Johnson parabolic formula. 
For more slender co lumns the safety factor 
w a s exact ly 6 on the Euler crit ical load, P , 

calculated using an E of 1 , 0 0 0 , 0 0 0 kg /cm ' 

( 9 8 , 0 0 0 N/mm 2 ) , (When calculat ing P E , if 

required for the empirical formulae, it is 
reasonable to use the initial value of E s ince 
the column is lightly s t ressed under the Euler 
load. The value adopted should also give 
continuity at the transit ion be tween the t w o 
parts of the formula.) 

Conclusions 
Old mild steel and wrought iron co lumns 
should be analyzed on the basis of assumed 
imperfect ions wi th the empirical formulae 
used only as a 'long stop ' check . The ca lcu
lation will differ little from one in accordance 
wi th BS 449 using a measured sample yield 
strength. Enough measurement should be 
made of visible imperfect ions, such as initial 
curvature, to determine whether the con
struction is except ional ly imperfect (or 
perfect) . Where measurement imperfect ions 
are used as a basis for calculat ion they must 
be augmented to al low for invisible im
perfect ions. The resulting design eccen
tricity should be handled wi th care if it d i f fers 
from those implied by BS 449 ( 1 9 3 7 or 
1 9 5 9 ) . 

The safety factor chosen will depend on the 
era of the construct ion and a judgement on 
the degree of control exerc ised in the work . 
It will often be two or less for mild s tee l . A 
check for wrought iron co lumns would tend 
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The building of the new Dundee Repertory 
Theatre has proved the except ion to two 
proverbs. First ly, it has been possible to 
make a silk purse out of a s o w ' s ear in that 
the fully equipped 4 5 0 - s e a t theatre cost just 
over d m and secondly , a quart has been put 
into a pint pot by providing such a theatre on 
a small plot of ground previously used for 
parking about 1 2 ca rs . 

Dundee Repertory Company staged per
formances in a convent ional theatre from 
1 9 3 9 until 1 9 6 3 w h e n the building w a s 
destroyed by fire. Thereaf ter , plays were 
produced in a smal l church conver ted to a 
theatre. Th is w a s a l w a y s considered to be a 
temporary home for the company who were 
constant ly searching for a site and funds to 
build a proper theatre. 

In 1 9 7 0 w e we re appointed as structural 
consul tants for a project combining a new 
hall for the Universi ty of Dundee wi th a new 
Repertory Theat re . Short ly after the project 
started, the theatre w a s removed from the 
brief and only the hall w a s built. In 1 9 7 4 w e 
were appointed as consult ing engineers 
(structural, mechanica l and electrical) for a 
theatre sited on wha t remained of the hall 
and theatre si te. A scheme w a s proposed, 
rejected on cos ts , the project given to 
another archi tect and eventual ly returned to 
the original design team in 1 9 7 6 . The project 
w a s to be funded by the Repertory Company , 
Dundee District Counci l , Tays ide Regional 
Counci l , the Scot t i sh Ar ts Counci l and the 
Scot t ish Tourist Board. 

The design stage commenced early in 1 9 7 7 . 
Work on site commenced early in 1 9 7 9 . The 
first performance w a s in April 1 9 8 2 . 
The theatre si ts in a corner of Tay Square , an 
area in the centre of the city affording a f e w 
trees and car parking for approximately 50 
cars . The arch i tects for the project, Nicoll 
Russe l l , were consc ious of the need to take 
every opportunity to conceal the fact that 
space w a s ext remely limited and created a 
g lass facade at the theatre ent rance thus 
fusing the foyer wi th T a y Square. The glazed 
wal l is over 7 m in height extending from the 
ground to auditorium entrance level. In order 
to make the glazed wa l ls as unobtrusive as 
possible there is little visible support to the 
glass wh ich cons is ts mainly of large panels 
and a folded plate form in plan wi th g lass to 
g lass jointing using adhes ives . 

Circulat ion 
Immediately behind the g lass facade is a 
small entrance foyer wi th a box of f ice and 
a c c e s s to the theatre administrat ive of f ices 
wh ich flank the stage. From the foyer one 
may proceed to the auditorium via a canti-
levered reinforced concrete s ta i rcase wh ich 
cu rves just inside the g lass facade up to the 
upper foyer. T h e entrance foyer also g ives 
a c c e s s to a bar and restaurant nestl ing 
below the stepped reinforced concrete audi
torium slab. Lighting to this area is by 
theatrical type spotl ights directed along the 
concrete and b lockwork su r faces . T h e in
tention w a s to create an area at the entrance 
wh ich could be changed by d isplays to echo 
whatever production is on. 
The restaurant and bar are open for bus iness 
every day and not only during per formances. 
It is hoped that in this w a y the theatre may 
provide a day-to-day meeting place c lose to 
the city centre. 

The upper foyer is immediately above the 
lower foyer and does not infringe on the 
restaurant, making it possible to look from 
the upper foyer into the restaurant. T h e edge 

of the upper foyer is protected not by heavy 
balustrading but by thin vert ical steel rods to 
create a minimal v isual barrier whi le main
taining safety standards. In this w a y , al
though the foyer, bar and restaurant a reas 
are relatively small they do not have heavy 
boundaries and a feeling of spac iousness is 
created belying their actual d imensions. T h e 
upper foyer has two bars and is used as an 
exhibit ion area for local arts and c ra f ts . 

At either end of the upper foyer are the 
entrances to the auditorium. Ad jacent to one 
of these is an external a c c e s s for the disabled 
and wheelcha i rs , so avoiding the stair from 
lower to upper foyer. Th is w a s ach ieved 
by adapting the natural slope of the site. 
The auditorium ent rances are so placed that 
one enters at stage level either side of the 
stage. During per formances this af fords the 
players the option of using these en t rances 1 5 



roof steelwork) the foyer and restaurant 
st ructures are built in a ' lean-to' manner. 
The br ickwork of the 1 2 m high rear wa l l of 
the stage is st i f fened by steel co lumns built 
into it. 

Steelwork is featured architectural ly in the 
foyer and restaurant areas where the main 
stairs to the upper gallery are const ructed of 
tubular sect ions and steel plate and the 
glazed wal ls incorporate steel tubes and I 
sect ions. E lsewhere structural s tee lwork is 
used in the roofs but hidden from v i e w by 
suspended ceil ings. Although of conven
tional design and fabrication the s teelwork is 
surprisingly compl icated, for funct ional and 
aesthet ic reasons, wi th very little repetition 
and this resulted in a high cost per tonne. 
Work began in October 1 9 7 8 , unfortunately 
coinciding wi th exceptional ly bad weather . 
Subsoi l , wh i ch had appeared reasonable 
when examined in the summer condit ions 
prevailing during the site investigation w a s 
reduced to a sof t uncompact ible m a s s . 5 0 % 
more rain than normal fell during the period 
of the bulk excava t ion and, as a result, 
material wh ich would have been re-usable in 
more clement condit ions had to be taken off 
site and replaced by imported fill. However 
these se tbacks only seriously a f fec ted the 
a c c e s s roads and car park; the excava t ions 
for the theatre building wh ich is founded on 
gravel and rock we re unaf fected. 
Inevitably the contractor exper ienced 
problems wi th the supply of mater ia ls, and 
also wi th obtaining suff ic ient labour, s ince 
the simultaneous construct ion of the Pit
lochry bypass strained local resources and 
labour had to be brought in on a daily basis 
from towns 4 0 miles a w a y . However , all the 
problems were finally overcome and the new 
theatre opened, as planned, on 19 May 
1 9 8 1 , to a gala performance of Br idie 's 
Storm in a Teacup exact ly 3 0 years after the 
company ' s first per formance. 
The company at last have a permanent base 
that will enable them to fulfil, for many years 
to come, their promise to Pi t lochry 's summer 
visi tors: ' S t a y s ix days and see six p lays ' . 

Fig . 7 
Interior of scene store (Below) 

Fig . 8 
North elevation of theatre 
overlooking the River Tumme l 
Fig . 9 
Foyer interior showing tended form of 
roof and fully glazed north wal l 
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Fig. 6 
Permitted working s t resses 
in compression for 
cast iron co lumns as defined for 
London 1 9 0 9 (lines A , B & C ) . Other l ines 
are for compar ison of Rank ine ' s formula 
and contemporary U S / G e r m a n pract ice. 2 
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to be less conservat ive s ince less is known 
about their behaviour, although there is no 
indication that this differs signif icantly from 
that of mild steel co lumns. 

The ana lys is of cas t iron co lumns on the 
basis of assumed imperfect ions is feasible. 
However , the non-linearity and greater vari
ability of cas t iron, in compar ison wi th steel , 
will lead to a more ex tens ive programme of 
sampling and test ing. In addition, more 
reliance has to be placed on the site measure
ment of geometr ic inaccurac ies and initial 
curvatures. Th is may not be a trivial matter; 
consider the diff iculty of interpreting o f fsets 
from a plumb-line w h e n the plane of wors t 
curvature is unknown and it cannot be 
assumed that the column is cyl indrical (it 
may taper or suffer from entas is ) . The 
answe rs obtained from all this work and 
some fairly complex calculat ion have then to 
be divided by a substant ial and speculat ive 
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safety factor to cover the possibil ity of 
hidden f l a w s . The engineer may then 
wonder whether his journey w a s really 
necessary . But if he relies more on the 
empirical formulae he meets the diff iculty 
that, to paraphrase Col . Wi lmot 's remark in a 
report to the War Of f ice (1 8 5 8 ) , ' T o say that 
a column is cas t iron c o n v e y s the same 
amount of information as saying that it is 
made of wood . ' A n y information that the 
engineer has obtained on the material and 
construct ion of the column cannot be in
corporated directly in the empirical formulae; 
it can only be taken into account when 
assess ing the safe ty factor. 
No doubt the engineer will devise a compro
mise method using both approaches and 
choosing a test ing/calculat ion plan in wh i ch 
the effort involved is commensura te wi th 
the quality and re levance of the answer 
obtained. But he should first reconsider 
whether he would not be just as wel l off 
using published permissible s t resses such as 
those of the 1 9 0 9 L C C A c t . 
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Two theatres 
in Scotland at 
Pitlochry and Dundee 
Derek Blackwood 
Charles Moodie 
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Introduction 
The construct ion of a new theatre in 
Scot land is a fairly infrequent occurrence so 
w e count ourse lves very fortunate to have 
been members of the design teams for the 
t w o most recently completed. 
Although of roughly similar seat ing capac i ty , 

the detailed descript ions below s h o w that 
the design problems presented by the 
different briefs and si tes have resulted in two 
very different buildings. In particular the 
si tes have had a strong inf luence on the 
architecture. A t Pit lochry the spac ious rural 
setting a l lowed the building to spread out 
comfortably, whi le , in complete contrast , at 
Dundee the building had to be shoe-horned 
into the corner of a city square. Not sur
prisingly, the atmosphere in each theatre is 
quite different. A t Pit lochry the foyer spaces 
are outward- looking, taking full advantage 
of the v i e w s over river and mountains, 
inviting a stroll in the fresh highland air during 
the intervals, whi le those in Dundee are cosy 
and intimate, appropriate to a smal l city 
theatre. 

Further compar ison would be invidious: 
each theatre is highly success fu l in its own 
environment and both are very we l come as 
the first permanent homes for t w o vigorous 
theatrical compan ies . 

Pitlochry 
Festival Theatre 
Architects: Law & Dunbar Nasmith 

For 3 0 years there has been a Fest iva l 
Theatre in Pit lochry, a small holiday t o w n on 
the fringe of the Scot t i sh Highlands sur
rounded by beautiful scenery . 
Originally a large marquee served to house 
Sco t land 's 'Theat re in the Hil ls ' , but wi th in 
t w o years , encouraged by the s u c c e s s of the 
enterprise and the fac t that the marquee 
blew down , the company erected a steel -
f ramed, asbes tos-cement clad st ructure, 
thereby achieving an air of permanence. A s 
the years wen t by, however , it became clear 
that the theatre society w a s there to s tay but 
the building w a s not. The ageing, unsafe 
structure had to be replaced and a design 
team w a s appointed in 1 9 6 7 , led by the 
archi tects , L a w & Dunbar-Nasmith and 

Fig . 1 
Pitlochry Fest iva l Thea t re : V i e w from the north w e s t . Foyers and restaurant at upper level overhanging dressing rooms 
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Fig . 2 
Interior of foyer showing bar 
upper gallery and tented form of ceiling 

Fig . 3 
Auditorium 
(All photos in this sect ion: A . L. Hunter Photography, Edinburgh) 

including ourse lves as structural engineers 
to design a new building on a new site. 

The long search for a suitable site c lose to 
the t own centre then began and w a s 
thought to have been solved when in 1 9 7 1 a 
likely site w a s found on the north bank of the 
River Tumme l . A fine design for the briefed 
700 -sea t theatre w a s produced but the 
e f fec ts of rampant inflation were now 
apparent and the cos ts exceeded the 
amount wh ich the Board of Governors felt 
they could raise. 

An interesting feature of this site w a s that, it 
being located on the river flood plain w e had 
to carry out a flood study. Although situated 
downst ream from the Pitlochry dam wh ich is 
part of the Tummel -Gar ry hydroelectr ic 
scheme comprising nine interlinked dams 
and power s tat ions, complete regulation of 
the discharge from the 1 8 0 0 k m 2 ca tch 
ment area could not be guaranteed by the 
North of Scot land Hydro Board. Th i s w a s 
borne out by the records of river levels 
available for the 2 5 years s ince construct ion 
of the dam and, by a stroke of good fortune, 
recorded at a point immediately opposite our 
site. The floor level w a s to be set above the 
predicted 100-year flood level but plant in 
the basements w a s designed to continue 
functioning underwater . Floods greater than 
the design flood or - the ultimate disaster -
failure of the dam itself, were considered 
matters not for design but for insurance and 
discussion wi th a major company indicated 
that this could be obtained at an acceptable 
premium. Howeve r our flood predictions 
were not to be put to the test ; this site could 
not, after all, be acquired. 

The long search continued and in 1 9 7 6 , an 
eminently suitable site on the south side of 
the river, wh i ch would al low the new theatre 
to be positioned on higher ground, w a s 
discovered by the Soc ie ty . By now, in 
deference to the grim f inancial si tuation, the 
brief had been s l immed down; it w a s to 
provide the s implest permanent replace
ment for the exist ing theatre to al low the 
company to cont inue the operation carried 
on success fu l l y for the previous 2 5 yea rs . 

The new and final site w a s , in many w a y s , 
the best. Al though on the south bank of the 
river and therefore far thest from the t own it 
w a s still a relatively short wa lk v ia the old 
suspension bridge nearby and there w a s 
space for a substant ial car park. T h e higher 
elevation of the building possible on this site, 
in addition to ensuring dry feet for the 
audience, opened up splendid v i e w s of the 
mountains rising to the north over the river 
and town . 

Fol lowing the acquisit ion of this site, a n e w 
scheme w a s evolved in 1 9 7 7 to meet the 
limited brief and the ser ious business of 
fundraising began. Th is operation w a s ex
tremely success fu l , the largest single con
tribution being almost £ 0 . 5 m from the Euro
pean Regional Development Fund, the first 
grant of its kind in the UK . As a result it w a s 
possible to award a £ 1 . 3 m contract for the 
building in September 1 9 7 8 . Prior to this, in 
J u n e , the contractor had been given a letter 
of intent to allow pre-planning and program
ming to ensure a good start . 

Des ign 
T h e final design is for a single tier, fan-
shaped auditorium of 5 4 0 sea ts surrounded 
by foyers , ki tchen and restaurant (very 
much a feature of the old theatre) . A t the rear 
the stage is f lanked by t w o large s c e n e 
s tores. One of these, separated from the 
stage by a double acoust ic wa l l , is dest ined 
in a future phase to become a studio theatre 
for an audience of 1 6 0 . 

The archi tects have used the sloping site to 
advantage by locating the stage and scene 
stores at the south side, dug into the hill. Th i s 
ensures that the entrance, the foyer and the 
c rossover in the centre of the auditorium are 
all at ground level. The coninuing slope of the 
site to the north a l lows the introduction of 
toilets and dressing rooms below the foyer. 
Th is unusual , but pract ical , arrangement 
incidentally affords the actors the s a m e 
splendid v iew over the river as the theatre
goers above. 

The old theatre obviously did not have a fly 
tower , nor does the n e w one. Desirable as 
this would have been it w a s considered too 
expens ive s ince it would have involved, in 
addition to the higher and heavier s t ructure, 
the provision of a sa fe ty curtain and a 
sprinkler sys tem —both unnecessary in the 
theatre as built, s ince stage and auditorium 
are treated as one space by the Fire Off icer. 
However , a grid (of inverted cold-formed 
steel channels) is provided over the s tage 

wi th overhead pul leys and handl ines, al low
ing the support and flying of low sect ions of 
scenery . 
T h e foyer spaces merging into the restaurant 
are dominated by the north-facing glazed 
wal l (5m high in the centre sect ion) cant i -
levered out from the dressing rooms below. 
T h e tent-like structure of the foyer deli
berately recalls something of the old 
theat re 's atmosphere but the t w o 7 m high 
' tent poles' are now of 2 0 0 m m tubular steel 
and support a reinforced concrete plantroom 
overhead in addition to the steel- f ramed 
roof. 

The auditorium is heated and venti lated by 
four heat pump units located on the roofs. A s 
a result the amount of large trunking 
commonly assoc ia ted wi th theatre buildings 
is signif icantly reduced. Other areas are 
heated wi th underfloor electr ical cab les aug
mented, in certain public a reas , w i th turbo 
heaters. In the absence of a gas supply on 
the south side of the River T u m m e l the 
ki tchen is provided wi th its o w n propane gas 
supply. 

Within the auditorium there are t w o lighting 
bridges and six side lighting ports. A c c e s s 
w a y s are provided within the roof structure 
linking the control suite and the grid. Much of 
the lighting and sound equipment w a s n e w 
but, where possible, i tems from the old 
theatre were re-used. 

Building mater ia ls 
Three main building mater ials are used: 
reinforced concrete, brick and s tee l . T h e 
tanked, reinforced concrete sub-structure 
rests on rock and compact sands and gravels 
wh i ch were happily found to occur on the 
proposed location of the building. E lsewhere 
on the 1.8 ha si te, ground condit ions we re 
not so favourable wi th peat and soft c l ays 
occurr ing. The main stabilizing e lements of 
the superstructure are the 3 2 5 m m thick 
loadbearing brick wa l ls enclosing the audi
torium. Against these wal ls (wh ich are re
strained at the upper level by the auditorium 
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Scot land is a fairly infrequent occurrence so 
w e count ourse lves very fortunate to have 
been members of the design teams for the 
t w o most recently completed. 
Although of roughly similar seat ing capac i ty , 

the detailed descript ions below s h o w that 
the design problems presented by the 
different briefs and si tes have resulted in two 
very different buildings. In particular the 
si tes have had a strong inf luence on the 
architecture. A t Pit lochry the spac ious rural 
setting a l lowed the building to spread out 
comfortably, whi le , in complete contrast , at 
Dundee the building had to be shoe-horned 
into the corner of a city square. Not sur
prisingly, the atmosphere in each theatre is 
quite different. A t Pit lochry the foyer spaces 
are outward- looking, taking full advantage 
of the v i e w s over river and mountains, 
inviting a stroll in the fresh highland air during 
the intervals, whi le those in Dundee are cosy 
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Originally a large marquee served to house 
Sco t land 's 'Theat re in the Hil ls ' , but wi th in 
t w o years , encouraged by the s u c c e s s of the 
enterprise and the fac t that the marquee 
blew down , the company erected a steel -
f ramed, asbes tos-cement clad st ructure, 
thereby achieving an air of permanence. A s 
the years wen t by, however , it became clear 
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the building w a s not. The ageing, unsafe 
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including ourse lves as structural engineers 
to design a new building on a new site. 

The long search for a suitable site c lose to 
the t own centre then began and w a s 
thought to have been solved when in 1 9 7 1 a 
likely site w a s found on the north bank of the 
River Tumme l . A fine design for the briefed 
700 -sea t theatre w a s produced but the 
e f fec ts of rampant inflation were now 
apparent and the cos ts exceeded the 
amount wh ich the Board of Governors felt 
they could raise. 

An interesting feature of this site w a s that, it 
being located on the river flood plain w e had 
to carry out a flood study. Although situated 
downst ream from the Pitlochry dam wh ich is 
part of the Tummel -Gar ry hydroelectr ic 
scheme comprising nine interlinked dams 
and power s tat ions, complete regulation of 
the discharge from the 1 8 0 0 k m 2 ca tch 
ment area could not be guaranteed by the 
North of Scot land Hydro Board. Th i s w a s 
borne out by the records of river levels 
available for the 2 5 years s ince construct ion 
of the dam and, by a stroke of good fortune, 
recorded at a point immediately opposite our 
site. The floor level w a s to be set above the 
predicted 100-year flood level but plant in 
the basements w a s designed to continue 
functioning underwater . Floods greater than 
the design flood or - the ultimate disaster -
failure of the dam itself, were considered 
matters not for design but for insurance and 
discussion wi th a major company indicated 
that this could be obtained at an acceptable 
premium. Howeve r our flood predictions 
were not to be put to the test ; this site could 
not, after all, be acquired. 

The long search continued and in 1 9 7 6 , an 
eminently suitable site on the south side of 
the river, wh i ch would al low the new theatre 
to be positioned on higher ground, w a s 
discovered by the Soc ie ty . By now, in 
deference to the grim f inancial si tuation, the 
brief had been s l immed down; it w a s to 
provide the s implest permanent replace
ment for the exist ing theatre to al low the 
company to cont inue the operation carried 
on success fu l l y for the previous 2 5 yea rs . 

The new and final site w a s , in many w a y s , 
the best. Al though on the south bank of the 
river and therefore far thest from the t own it 
w a s still a relatively short wa lk v ia the old 
suspension bridge nearby and there w a s 
space for a substant ial car park. T h e higher 
elevation of the building possible on this site, 
in addition to ensuring dry feet for the 
audience, opened up splendid v i e w s of the 
mountains rising to the north over the river 
and town . 

Fol lowing the acquisit ion of this site, a n e w 
scheme w a s evolved in 1 9 7 7 to meet the 
limited brief and the ser ious business of 
fundraising began. Th is operation w a s ex
tremely success fu l , the largest single con
tribution being almost £ 0 . 5 m from the Euro
pean Regional Development Fund, the first 
grant of its kind in the UK . As a result it w a s 
possible to award a £ 1 . 3 m contract for the 
building in September 1 9 7 8 . Prior to this, in 
J u n e , the contractor had been given a letter 
of intent to allow pre-planning and program
ming to ensure a good start . 

Des ign 
T h e final design is for a single tier, fan-
shaped auditorium of 5 4 0 sea ts surrounded 
by foyers , ki tchen and restaurant (very 
much a feature of the old theatre) . A t the rear 
the stage is f lanked by t w o large s c e n e 
s tores. One of these, separated from the 
stage by a double acoust ic wa l l , is dest ined 
in a future phase to become a studio theatre 
for an audience of 1 6 0 . 

The archi tects have used the sloping site to 
advantage by locating the stage and scene 
stores at the south side, dug into the hill. Th i s 
ensures that the entrance, the foyer and the 
c rossover in the centre of the auditorium are 
all at ground level. The coninuing slope of the 
site to the north a l lows the introduction of 
toilets and dressing rooms below the foyer. 
Th is unusual , but pract ical , arrangement 
incidentally affords the actors the s a m e 
splendid v iew over the river as the theatre
goers above. 

The old theatre obviously did not have a fly 
tower , nor does the n e w one. Desirable as 
this would have been it w a s considered too 
expens ive s ince it would have involved, in 
addition to the higher and heavier s t ructure, 
the provision of a sa fe ty curtain and a 
sprinkler sys tem —both unnecessary in the 
theatre as built, s ince stage and auditorium 
are treated as one space by the Fire Off icer. 
However , a grid (of inverted cold-formed 
steel channels) is provided over the s tage 

wi th overhead pul leys and handl ines, al low
ing the support and flying of low sect ions of 
scenery . 
T h e foyer spaces merging into the restaurant 
are dominated by the north-facing glazed 
wal l (5m high in the centre sect ion) cant i -
levered out from the dressing rooms below. 
T h e tent-like structure of the foyer deli
berately recalls something of the old 
theat re 's atmosphere but the t w o 7 m high 
' tent poles' are now of 2 0 0 m m tubular steel 
and support a reinforced concrete plantroom 
overhead in addition to the steel- f ramed 
roof. 

The auditorium is heated and venti lated by 
four heat pump units located on the roofs. A s 
a result the amount of large trunking 
commonly assoc ia ted wi th theatre buildings 
is signif icantly reduced. Other areas are 
heated wi th underfloor electr ical cab les aug
mented, in certain public a reas , w i th turbo 
heaters. In the absence of a gas supply on 
the south side of the River T u m m e l the 
ki tchen is provided wi th its o w n propane gas 
supply. 

Within the auditorium there are t w o lighting 
bridges and six side lighting ports. A c c e s s 
w a y s are provided within the roof structure 
linking the control suite and the grid. Much of 
the lighting and sound equipment w a s n e w 
but, where possible, i tems from the old 
theatre were re-used. 

Building mater ia ls 
Three main building mater ials are used: 
reinforced concrete, brick and s tee l . T h e 
tanked, reinforced concrete sub-structure 
rests on rock and compact sands and gravels 
wh i ch were happily found to occur on the 
proposed location of the building. E lsewhere 
on the 1.8 ha si te, ground condit ions we re 
not so favourable wi th peat and soft c l ays 
occurr ing. The main stabilizing e lements of 
the superstructure are the 3 2 5 m m thick 
loadbearing brick wa l ls enclosing the audi
torium. Against these wal ls (wh ich are re
strained at the upper level by the auditorium 

Lighting galleries 

Auditorium 

Toilets 

Gallery 

Foyer 

Dress ing l 
rooms I 

Fig . 4 
North-south section along centre line 

J I L 

Scene store Stage 

Fig. 5 
Plan at ground level 

Scene store 

Stage I Electr ics 
manager 

btore 

Main ; jStage door 
keeper entrance 

Audito 

JJ Kitchen 

Box off ice 
Restaurant 

-oyer 

W7 

\ T o i l e t s - . ^ l ^ J o i l e t r 

, I w a r d r o b e f ^ g J X ÎriU Jf L iLI4li> 
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roof steelwork) the foyer and restaurant 
st ructures are built in a ' lean-to' manner. 
The br ickwork of the 1 2 m high rear wa l l of 
the stage is st i f fened by steel co lumns built 
into it. 

Steelwork is featured architectural ly in the 
foyer and restaurant areas where the main 
stairs to the upper gallery are const ructed of 
tubular sect ions and steel plate and the 
glazed wal ls incorporate steel tubes and I 
sect ions. E lsewhere structural s tee lwork is 
used in the roofs but hidden from v i e w by 
suspended ceil ings. Although of conven
tional design and fabrication the s teelwork is 
surprisingly compl icated, for funct ional and 
aesthet ic reasons, wi th very little repetition 
and this resulted in a high cost per tonne. 
Work began in October 1 9 7 8 , unfortunately 
coinciding wi th exceptional ly bad weather . 
Subsoi l , wh i ch had appeared reasonable 
when examined in the summer condit ions 
prevailing during the site investigation w a s 
reduced to a sof t uncompact ible m a s s . 5 0 % 
more rain than normal fell during the period 
of the bulk excava t ion and, as a result, 
material wh ich would have been re-usable in 
more clement condit ions had to be taken off 
site and replaced by imported fill. However 
these se tbacks only seriously a f fec ted the 
a c c e s s roads and car park; the excava t ions 
for the theatre building wh ich is founded on 
gravel and rock we re unaf fected. 
Inevitably the contractor exper ienced 
problems wi th the supply of mater ia ls, and 
also wi th obtaining suff ic ient labour, s ince 
the simultaneous construct ion of the Pit
lochry bypass strained local resources and 
labour had to be brought in on a daily basis 
from towns 4 0 miles a w a y . However , all the 
problems were finally overcome and the new 
theatre opened, as planned, on 19 May 
1 9 8 1 , to a gala performance of Br idie 's 
Storm in a Teacup exact ly 3 0 years after the 
company ' s first per formance. 
The company at last have a permanent base 
that will enable them to fulfil, for many years 
to come, their promise to Pi t lochry 's summer 
visi tors: ' S t a y s ix days and see six p lays ' . 

Fig . 7 
Interior of scene store (Below) 

Fig . 8 
North elevation of theatre 
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Fig . 9 
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Fig. 6 
Permitted working s t resses 
in compression for 
cast iron co lumns as defined for 
London 1 9 0 9 (lines A , B & C ) . Other l ines 
are for compar ison of Rank ine ' s formula 
and contemporary U S / G e r m a n pract ice. 2 
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to be less conservat ive s ince less is known 
about their behaviour, although there is no 
indication that this differs signif icantly from 
that of mild steel co lumns. 

The ana lys is of cas t iron co lumns on the 
basis of assumed imperfect ions is feasible. 
However , the non-linearity and greater vari
ability of cas t iron, in compar ison wi th steel , 
will lead to a more ex tens ive programme of 
sampling and test ing. In addition, more 
reliance has to be placed on the site measure
ment of geometr ic inaccurac ies and initial 
curvatures. Th is may not be a trivial matter; 
consider the diff iculty of interpreting o f fsets 
from a plumb-line w h e n the plane of wors t 
curvature is unknown and it cannot be 
assumed that the column is cyl indrical (it 
may taper or suffer from entas is ) . The 
answe rs obtained from all this work and 
some fairly complex calculat ion have then to 
be divided by a substant ial and speculat ive 
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safety factor to cover the possibil ity of 
hidden f l a w s . The engineer may then 
wonder whether his journey w a s really 
necessary . But if he relies more on the 
empirical formulae he meets the diff iculty 
that, to paraphrase Col . Wi lmot 's remark in a 
report to the War Of f ice (1 8 5 8 ) , ' T o say that 
a column is cas t iron c o n v e y s the same 
amount of information as saying that it is 
made of wood . ' A n y information that the 
engineer has obtained on the material and 
construct ion of the column cannot be in
corporated directly in the empirical formulae; 
it can only be taken into account when 
assess ing the safe ty factor. 
No doubt the engineer will devise a compro
mise method using both approaches and 
choosing a test ing/calculat ion plan in wh i ch 
the effort involved is commensura te wi th 
the quality and re levance of the answer 
obtained. But he should first reconsider 
whether he would not be just as wel l off 
using published permissible s t resses such as 
those of the 1 9 0 9 L C C A c t . 
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For hollow cast iron co lumns it will be 
essent ia l to measure the eccentr ic i ty of the 
core of the column. Th is can easi ly be done 
by measur ing the th ickness at points round 
the c i rcumference. If this is done at top, 
bottom and mid-height of each co lumn, it 
should give enough information to decide 
on end eccentr ic i t ies and bow. Some sa fe 
adjustment would be made for the ef fect of 
peripheral hardening and the va lues must be 
increased by terms representing imper 
fect ions of types (a), lb) and Id). 

Failure loads of wrought iron and mild steel 
columns 
With va lues assigned for the initial imper 
fect ions, including any determinate end 
eccentr ic i t ies, and knowledge of the s t ress 
strain properties, the calculat ion of the failure 
load is stra ight forward for materials wi th a 
wel l defined yield point such as these. T h e 
failure criterion at the crit ical cross-sect ion is 
taken to be the first occur rence of the yield 
s t ress . It is then reasonable to a s s u m e , for 
the calculat ion of P ( , the va lues of E as 
usually defined. Designing for the final total 
eccentr ic i ty given earlier leads to a quadratic 
equation for the failure load. 

It is worth noting that, using BS449, the 
determinate end eccentr ic i t ies are not in
cluded in the calculat ion of the additional 
deflection due to axial load. That is, the 
def lect ions due to applied end moments are 
not amplif ied by the ratio 1/(1-00. Th is is 
usually excused on the grounds that the 
ef fect is smal l . Th is may be reasonable for 
normal building co lumns but is far from true 
for slender struts in t ransmiss ion towers 
and similar s t ructures. 

Failure loads of cast iron columns 
Having ascerta ined the initial imperfect ions 
and determined the material properties, 
merely brings us to the start of the problem 
for a material such as cas t iron, wi th com 
pressive strain softening character is t ics as 
s h o w n by the s t ress strain d iagrams. For 
suppose that attainment of the rupture 
s t ress is taken as the failure criterion, how do 
w e find P, to calculate the final eccentr ic i ty? 
If w e used the secant modulus to the rupture 
s t ress this would be safe but unreasonably 
so. 

It will be recalled that the use of P ( is really 
only a convenient device to find the def lected 
shape due to the bending moments caused 
by the eccentr ic i ty of the load from the s a m e 
deflected shape. So wha t is required to 
calculate P, is an E-value wh ich represents 
an appropriately weighted average of the 
secant modulus of every piece of material in 
the column. Given a s t ress strain diagram it 
would be feasible to wr i te a computer pro
gram that carried out such a trial and error 
process Itrial and error because the final 
def lected shape is, at first, unknown) . It 
would be feasible but very formidable and 
completely unjustif ied by the quality of our 
input information. In particular, it w a s 
blithely supposed above that the engineer 
w a s given a s t ress strain diagram. S u c h 
information would hardly come as a gift and, 
in pract ice, it is unlikely that enough material 
would be available to determine represents 
t ive st ress-st ra in relationships for each type 
of co lumn. Substant ia l p ieces of metal would 
be needed to obtain the properties in the 
correct direction. 

Some improvement on the simple approach 
first descr ibed can be obtained by using a 
limiting s t ress smaller than the rupture 
s t ress . At some opt imum value the loss of 
ca lcu lated capaci ty due to the smaller al low
able s t ress wil l be just balanced by the 
increase of the secant modulus. For this sort 
of calculat ion, or for that descr ibed in the 
next paragraph, it would be appropriate to 
use a typical s t ress strain curve taken from 

the literature rather than one obtained by 
expens ive tes ts . 
However , this curve must be correlated wi th 
the actual material and simply measur ing the 
crushing strength will not suf f ice for this. It 
would also be necessary to measure the 
s t ress for a given strain, say 0 . 3 % , and, 
probably, to determine the initial E 
A greater improvement can be obtained, at 
the expense of some labour, by treating 
the critical c ross sect ion as made of t w o 
materials, one on each side of the centroidal 
plane. Th is corresponds to the problem of 
bending of a beam wi th different modulus in 
tension and compress ion Weighted average 
secant moduli for each half of the cross-
sect ion can be chosen , say E, and E . Then 
the curvature of the whole c ross-sect ion can 
be deduced from a single, reduced, modulus 
E ; g iven, for solid rectangles, by 

E = 4 E . E ? 
' ( V E , + \ / E / 

For other c ross sect ions, similar formulae 
can be deduced from the first principles that 
plane sect ions remain plane and that the 
internal s t resses are in equilibrium wi th the 
applied eccentr ic load. Th is value of E r can 
then be increased to al low for the less 
ext reme s t resses a w a y from the crit ical 
sect ion and the resulting value used to 
calculate P{. 

With cas t iron there is the further comph 
cation that, for slender co lumns, the tensile 
s t ress may become crit ical before the com 
pressive, and this must be checked . No 
doubt this is w h y building codes tend to limit 
the s lenderness ratio of cast- i ron co lumns 
rather severe ly . In addition, a l lowance must 
be made, for hollow co lumns, of the ef fect of 
any displacement of the core on both the 
s t i f fness and res is tance of any c ross -sec t ion 

Other end conditions 
All the above d iscussion has been in the 
context of co lumns pinned at both ends. For 
other end condit ions the column would be 
treated as pin ended of length equal to the 
ef fect ive length est imated in the traditional 
w a y . In that w a y the assumed imperfect ions 
are those appropriate to the e f fec t ive length 
and that s e e m s sensible. Wi th cas t iron the 
non-linear s t ress-st ra in curve would make 
any pseudo-scient i f ic calculat ion of the 
ef fect ive length peculiarly diff icult. 
Pre-war literature often refers to an end-
condition descr ibed as flat ended. This 
seems to be a rather academic distinction 
arising from the fact that test spec imens 
often had their ends pointed in the usual 
pursuit of the ' ideal ' co lumn. By compar ison, 
co lumns w i th top and base plates could 
develop signif icant end moment before the 
bearing su r faces started to open up. In the 
19th century the ef fec t ive length for a flat-
ended column w a s often taken as that for a 
column fully f ixed at both ends. Later it w a s 
given a value closer to that for a pinned-end 
column. The sl ightest rotation of the horizon 
tal structure would invalidate the former 
assumpt ion even if the end plates did not 
separate. 

Safety factors 
Suppose a column failure load based on 
assumed initial imperfect ions has been 
found. A safety factor has now to be chosen 
to convert this to a safe work ing load. Apart 
from account ing for var iat ions in the applied 
load this should allow for any unseen weak 
nesses in the column or in the calculat ions 
and for the ef fect of residual s t resses . Its 
value will depend on the initial imperfect ions 
and on the material properties; in fact, it will 
depend on whether a partial sa fe ty factor 
has been incorporated in the est imates of 
these. 

Salmon ( 1 9 2 1 ) thought that the safety 

factor should be 20 or 2 5 % greater than for a 
comparable tensile member, on the grounds 
that the strength of a strut is far more 
sensi t ive to local f l aws and w e a k n e s s e s . For 
mild steel the safety factors given explicit ly 
by BS 449 are available as a yardst ick. T h e s e 
were 2 . 3 4 in 1 9 3 7 and 1.7 in 1 9 5 9 . 
For cas t iron, Sa lmon reckoned that the 
safety factor should be tw ice that for steel 
but this w a s in the context of safety factors 
on the empirical strength formulae. S o m e 
greater margin than for steel would be 
appropriate because of the ever present 
hazard of hidden f l aws in the cast ing; but the 
margin would depend on how conservat ive 
the method of calculat ing P. and the failure 
load had been. No yardst ick can be obtained 
from contemporary codes because the 
assumed eccentr ic i ty method w a s never 
used for cas t iron. Sa lmon thought the use of 
the method w a s not advisable. 
The engineer may w ish to compare his safe 
working loads so obtained wi th va lues 
deduced from the empirical formulae. Indeed 
for cas t iron this would be an imperative 
rather than an option. For this calculat ion he 
will need a larger safety factor wh ich now 
takes account of the imperfect ions in a 
practical column compared wi th the experi
menter 's ideal co lumn. Th is safety factor 
will also take into account the fact that, 
however wel l he knows the properties of his 
own material, he k n o w s nothing of the 
properties of the original exper imental 
material. 

To quote Salmon' ( 1 9 2 1 ) yet again, (but he 
did devote much effort to the problem of 
the column), he thought that an appropriate 
value for steel or wrought iron w a s 
4 + L / 2 0 D . For cas t iron he thought this 
factor should be doubled and should certainly 
never be less than 5. A s far as can be judged, 
contemporary code makers were less pessi 
mistic than Sa lmon. By the 1 9 3 0 s codes for 
mild steel co lumns were using safety factors 
of about 3 . The 1 9 0 9 L C C rules for cas t iron 
co lumns implied safety factors of be tween 7 
and 8 for L/r less than about 7 0 . The 1 9 3 7 
German rules for cast iron (DIN 1 0 5 1 ) 
catered, one supposes, for a more sophisti
cated and controlled mater ia l . The safe ty 
factor in these, for L/r less than 8 0 , w a s 
about 4 J on the Johnson parabolic formula. 
For more slender co lumns the safety factor 
w a s exact ly 6 on the Euler crit ical load, P , 

calculated using an E of 1 , 0 0 0 , 0 0 0 kg /cm ' 

( 9 8 , 0 0 0 N/mm 2 ) , (When calculat ing P E , if 

required for the empirical formulae, it is 
reasonable to use the initial value of E s ince 
the column is lightly s t ressed under the Euler 
load. The value adopted should also give 
continuity at the transit ion be tween the t w o 
parts of the formula.) 

Conclusions 
Old mild steel and wrought iron co lumns 
should be analyzed on the basis of assumed 
imperfect ions wi th the empirical formulae 
used only as a 'long stop ' check . The ca lcu
lation will differ little from one in accordance 
wi th BS 449 using a measured sample yield 
strength. Enough measurement should be 
made of visible imperfect ions, such as initial 
curvature, to determine whether the con
struction is except ional ly imperfect (or 
perfect) . Where measurement imperfect ions 
are used as a basis for calculat ion they must 
be augmented to al low for invisible im
perfect ions. The resulting design eccen
tricity should be handled wi th care if it d i f fers 
from those implied by BS 449 ( 1 9 3 7 or 
1 9 5 9 ) . 

The safety factor chosen will depend on the 
era of the construct ion and a judgement on 
the degree of control exerc ised in the work . 
It will often be two or less for mild s tee l . A 
check for wrought iron co lumns would tend 
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The building of the new Dundee Repertory 
Theatre has proved the except ion to two 
proverbs. First ly, it has been possible to 
make a silk purse out of a s o w ' s ear in that 
the fully equipped 4 5 0 - s e a t theatre cost just 
over d m and secondly , a quart has been put 
into a pint pot by providing such a theatre on 
a small plot of ground previously used for 
parking about 1 2 ca rs . 

Dundee Repertory Company staged per
formances in a convent ional theatre from 
1 9 3 9 until 1 9 6 3 w h e n the building w a s 
destroyed by fire. Thereaf ter , plays were 
produced in a smal l church conver ted to a 
theatre. Th is w a s a l w a y s considered to be a 
temporary home for the company who were 
constant ly searching for a site and funds to 
build a proper theatre. 

In 1 9 7 0 w e we re appointed as structural 
consul tants for a project combining a new 
hall for the Universi ty of Dundee wi th a new 
Repertory Theat re . Short ly after the project 
started, the theatre w a s removed from the 
brief and only the hall w a s built. In 1 9 7 4 w e 
were appointed as consult ing engineers 
(structural, mechanica l and electrical) for a 
theatre sited on wha t remained of the hall 
and theatre si te. A scheme w a s proposed, 
rejected on cos ts , the project given to 
another archi tect and eventual ly returned to 
the original design team in 1 9 7 6 . The project 
w a s to be funded by the Repertory Company , 
Dundee District Counci l , Tays ide Regional 
Counci l , the Scot t i sh Ar ts Counci l and the 
Scot t ish Tourist Board. 

The design stage commenced early in 1 9 7 7 . 
Work on site commenced early in 1 9 7 9 . The 
first performance w a s in April 1 9 8 2 . 
The theatre si ts in a corner of Tay Square , an 
area in the centre of the city affording a f e w 
trees and car parking for approximately 50 
cars . The arch i tects for the project, Nicoll 
Russe l l , were consc ious of the need to take 
every opportunity to conceal the fact that 
space w a s ext remely limited and created a 
g lass facade at the theatre ent rance thus 
fusing the foyer wi th T a y Square. The glazed 
wal l is over 7 m in height extending from the 
ground to auditorium entrance level. In order 
to make the glazed wa l ls as unobtrusive as 
possible there is little visible support to the 
glass wh ich cons is ts mainly of large panels 
and a folded plate form in plan wi th g lass to 
g lass jointing using adhes ives . 

Circulat ion 
Immediately behind the g lass facade is a 
small entrance foyer wi th a box of f ice and 
a c c e s s to the theatre administrat ive of f ices 
wh ich flank the stage. From the foyer one 
may proceed to the auditorium via a canti-
levered reinforced concrete s ta i rcase wh ich 
cu rves just inside the g lass facade up to the 
upper foyer. T h e entrance foyer also g ives 
a c c e s s to a bar and restaurant nestl ing 
below the stepped reinforced concrete audi
torium slab. Lighting to this area is by 
theatrical type spotl ights directed along the 
concrete and b lockwork su r faces . T h e in
tention w a s to create an area at the entrance 
wh ich could be changed by d isplays to echo 
whatever production is on. 
The restaurant and bar are open for bus iness 
every day and not only during per formances. 
It is hoped that in this w a y the theatre may 
provide a day-to-day meeting place c lose to 
the city centre. 

The upper foyer is immediately above the 
lower foyer and does not infringe on the 
restaurant, making it possible to look from 
the upper foyer into the restaurant. T h e edge 

of the upper foyer is protected not by heavy 
balustrading but by thin vert ical steel rods to 
create a minimal v isual barrier whi le main
taining safety standards. In this w a y , al
though the foyer, bar and restaurant a reas 
are relatively small they do not have heavy 
boundaries and a feeling of spac iousness is 
created belying their actual d imensions. T h e 
upper foyer has two bars and is used as an 
exhibit ion area for local arts and c ra f ts . 

At either end of the upper foyer are the 
entrances to the auditorium. Ad jacent to one 
of these is an external a c c e s s for the disabled 
and wheelcha i rs , so avoiding the stair from 
lower to upper foyer. Th is w a s ach ieved 
by adapting the natural slope of the site. 
The auditorium ent rances are so placed that 
one enters at stage level either side of the 
stage. During per formances this af fords the 
players the option of using these en t rances 1 5 
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in addition to convent ional behind pro
scen ium a c c e s s . 
The 4 5 0 - s e a t auditorium has been designed 
to adapt to many different funct ions. A t 
approximately t w o thirds from the front of 
the seating to the rear there is a low concrete 
b lockwork wal l separat ing the sea ts in front 
from those behind. For a smal l aud ience, 
therefore, if everyone w a s seated in front of 
the wa l l , the theatre would appear full thus 
preserving the proper a tmosphere. It is 
possible to remove the front r o w s of sea ts 
wh i ch are set in a lowered area of the 
auditorium floor to create a pit for an 
orchestra for a touring ballet or opera. It is 
also possible to remove additional front 
sea ts , place them on the s tage and create a 
theatre in the round. 

In plan the auditorium is in the shape of a fan 
radiating from the s tage. Th is form is echoed 
by the roof structure wh ich has exposed 
hollow sect ion steel t russes supported at the 
centre of the proscenium and diverging to 

16 the rear of the auditorium. In addition to 

supporting the roof of t imber purlins and 
woodwoo l s labs, the t russes support t w o 
lighting bridges, again exposed , running the 
width of the auditorium. T o the rear of the 
seat ing is a control room wi th a com
puterized console lighting palette, tape 
decks and fol low spot. Behind the audi
torium and above the upper foyer is the plant 
room housing the heating and venti lation 
plant. 

There is a strong accen t on flexibility of form 
wh ich also applies to the stage that can 
extend by demountable panels into the 
auditorium. The head of the proscenium is 
defined by a f rame clad in adjustable ply 
wood panels so that the entire f rame may be 
set at any level above the stage and indivi
dual panels may be set up or down on the 
f rame to create pract ical ly every conceiv
able profile. The s ides of the proscenium are 
also adjustable, being formed by tubular, 
aluminium-framed periactoid towers tri
angular in plan w i th adjustable p lywood 
panels on one face . T h e panels match the 

side wa l ls of the auditorium and, by adding or 
subtract ing t owers , the proscenium width 
alters. 
The stage is surmounted by a structural 
steel f ramed f ly tower clad in fa i r faced 
concrete b lockwork. A lighting bridge runs 
around the inside perimeter of the f ly tower 
at mid-height wi th a telestage grid floor 
giving a c c e s s to the fly pul leys just below 
roof level. 
To the rear of the f ly tower is the scenery 
workshop, well-equipped to manufacture 
scenery and props. Like the f ly tower this 
building is steel- f ramed wi th concrete block-
work wal l ing. Both the workshop and the 
stage have a large external door. The t w o 
doors are adjacent and by opening each by 
4 5 ° they become the side of a covered link 
between workshop and stage. 
Stage left of the stage area are the theatre 
administrat ive of f ices wi th dressing rooms 
above. Th is is perhaps the only convent ional 
part of the project, being a rectangular block 
wi th reinforced concrete s labs supported by 

For smaller s lenderness ratios the failure 
load w a s given by some simple function of 
L/r. 
These formulae were chosen to fit experi
mental results taken from tes ts in wh i ch the 
columns were special ly st ra ightened, the 
loading special ly centred, and every pre
caut ion taken so as to attain as near as 
possible the ' ideal ' co lumn. T h e s e formulae 
are not very suitable for use in retrospect ive 
calculat ions. Th is is partly because their 
correct use would require knowledge of the 
material properties, not only of the column 
under investigation but also of those in the 
original tes ts . But a more important objec
tion is that the choice of sa fe ty factor, 
difficult enough for a co lumn, is made harder 
because it must take account of the im
perfect ions in a practical co lumn. The sa fe ty 
factor would then be expec ted to vary w i th 
the length of the column and wi th its 
s lenderness ratio. 

To get round the problem it s e e m s logical to 
use basic formulae for the failure load w h i c h 
include specif ical ly the ef fect of imperfec
tions. Th is is a logic wh ich has been adopted 
by most building codes s ince the 1 9 3 0 s , 
including BS 449. 
However it is useful for compar ison to recall 
the more important of the empirical formulae 
for the value P o f the failure load. 5 

Rankine-Gordon ( 1 8 5 8 - 1 9 0 2 ) 
P = Aa / (1 +b(L / r | ) 

where the recommended va lues for ' a ' and 'b ' 
were : 

Cas t Wrought Mild 
iron iron steel 

tons / in 2 3 6 16 21 
a (N /mm 2 ) ( 5 5 2 ) ( 2 4 8 ) ( 3 3 1 ) 
b 1 /1600 1 / 9 0 0 0 1 7 5 0 0 

where A is the cross-sect iona l area 

Te tma je r ' s Straight-Line Formulae ( 1 8 9 6 ) 
for mild steel wi th L/r > 1 0 5 : 

p = A ( 3 0 4 - 1.1 18 L/r) 

J o h n s o n ' s Parabolic Formula (1 8 9 3 ) 

P = A ( a - b (L / r ) 2 ) 

where the recommended va lues for ' a ' and 'b ' 
were : 

Cas t Mild Nickel 
iron steel steel 

tons / in 2 2 7 18 2 5 
a (N /mm 2 ) ( 4 1 4 ) ( 2 7 6 ) ( 3 7 9 ) 
, tons / in 2 0 . 0 0 2 8 0 . 0 0 0 6 0 . 0 0 1 1 
D (N /mm 2 ) ( 0 . 0 4 3 1 ) ( 0 . 0 0 9 2 ) ( 0 . 0 1 7 2 ) 
for L/r > 70 1 2 2 1 0 5 

The Rankine-Gordon formula is reckoned to 
be best for cas t iron and the J o h n s o n formula 
is preferred for mild steel . 

Calculation on the basis of assumed 
imperfections 
The principal imperfect ions in an actua l , not 
' ideal ' , column are: 
(a) accidental eccentr ic application of the 
load (i.e. other than design va lues of eccen 
tricity determined, for ins tance, by the 
position of a beam bearing relative to the 
column centre line) 
(b) non-homogeneity of the material , i.e. 
variation of the material properties 
especial ly ac ross the c ross-sec t ion . 
(c) geometr ic inaccurac ies in the c ross-
sect ion 
(d) initial curvature of the co lumn. 

All these imperfect ions can be represented 
by an initial end eccentr ic i ty of the load of 
amount e m m , together wi th an initial bow of 
amount c mm. In general the top and bottom 
end eccentr ic i t ies may be different and then 
e is taken to be their average value (when 
calculat ing the total eccentr ic i ty at mid-
height). For conven ience the bow is 
assumed to have the shape of a half sine-
w a v e (of amplitude c ) . 

Suppose that the determinate end eccen
tricities (due to known beam posit ions) are 
also, after averaging, included in e and 
suppose that a vert ical load P is applied wi th 
this eccentr ic i ty to a pin-ended co lumn; then 
the bending moment due to the eccentr ic i ty 
of the load from the centroidal ax is of the 
column will cause an additional deflect ion, 
wh ich will have approximately the shape of a 
half s i ne -wave of amplitude 

( ^ e + c ) a / ( 1 - a ) w h e r e a = P /P E . 

(This formula is exac t for the c term and 
approximate for the e term where it repre
sents the first term of a Fourier expans ion for 
a linearly varying eccentr ic i ty . The approxi
mation gets better as P increases and this 
first term tends to predominate.) 
The total eccentr ic i ty at mid-height wil l then 
be 

l ^ e + c) / ( 1 - a l - ( 4 / n - 1 ) e 

where the second term may be neglected. 
The cross-sect ion is then checked for the 
load P at this eccentr ic i ty . T h e load P at 
wh ich the capaci ty of the c ross-sec t ion is 
just not exceeded is taken to be the failure 
load of the co lumn. 

Assessing the assumed imperfections 
What va lues are to be assigned for the initial 
imperfect ions e and c? Sa lmon ( 1 9 2 1 ) f t 

collected the avai lable ev idence (back to 
1820 ) and suggested some va lues . The 
evidence w a s confl ict ing and confused and 
Salmon did not succeed in resolving the 
confusion. In the fol lowing, r is the radius 
of gyration and D the greatest overall dimen
sion of the cross-sect ion in the plane of 
bending. 
(a) For accidental eccentr ic i ty of load appli
cation Salmon suggested a value for e of r /10 
or, in a form wh ich he thought more useful , 
L / 1 0 0 0 . The fact that the s a m e data w a s 
represented by t w o such very different 
express ions is a measure of the unreliability 
of his conclus ions. 
(b) To account for the non-homogeneity of 
the material, he gave a formula for the 
eccentr ic i ty in solid compact sect ion wh ich 
reduced to D /50 for circular sect ions and 
D/40 for rectangular sect ions. For built-up 
(flanged) sect ions he suggested D /20 . He 
did not give any va lues for hollow circular 
sect ions but on his arguments D /30 would 
probably be appropriate. His va lues were 
based on rather theoretical grounds, pro
bably applying to cas t iron. It is not clear how 
or whether this e f fec t w a s exc luded from the 
est imates of e in (a) above. T h e y take no 
account of the e f fec t of residual s t resses 
from the manufactur ing process . It is worth 
noting here the great d i f ference be tween the 
properties of cas t iron at the periphery and at 
the core. Athough this would not normally 
influence the eccentr ic i ty , it a f f ec t s , of 
course, decis ions on the making and inter
pretation of tes ts on small spec imens . Collet 
Meygret and Desp laces ( 1 8 5 4 ) 7 made ex
periments on cas t iron bars such as were 
used for the Rhone Viaduct at Ta rascon . 
They concluded, supposing the peripheral 
zone to be 5mm thick, that E varied be tween 
1 2 , 0 0 0 , 0 0 0 kg /m 2 . ( 1 2 0 , 0 0 0 N/mm 2 ) at the 
periphery to one quarter of that value at the 

core. Th is E w a s tensile and presumably the 
initial va lue. Similarly, the tensile strength in 
one piece varied from 4 0 , 0 0 0 , 0 0 0 kg (m 2 . 
( 4 0 0 N/mm 2 ) to one half of that value. 
(c) T o al low for geometr ic inaccurac ies in 
the cross-sect ion , Sa lmon suggested an 
eccentr ic i ty of D /80 for a f langed or built-up 
sect ion. Th is w a s deduced theoretically from 
the then current speci f icat ions. He did not 
give a value for hollow circular sect ions and 
pointed out that, for cas t iron, the position of 
the core w a s so variable that it would be 
unreasonable to do so . Al though Hodgkin-
s o n 7 remarked that the displacement of the 
core 'does not produce so great a diminution 
in strength as might be expected, for the 
thinner part of a cast ing is much harder than 
the thicker, and this usually becomes the 
compressed s ide ' . A s a corollary he noted 
that ' T o ornament a pillar it would not be 
prudent to plane it'. He considered that, for 
Low Moor Iron the crushing resistance at 
the core w a s three-quarters of that at the 
periphery. Sa lmon proposed that the total 
eccentr ic i ty for (b) and (c) should be assumed 
to occur half as a constant eccentr ic i ty e and 
half as an intitial curvature c . 

(d) He studied a large number of test reports 
and concluded that a reasonable upper va lue 
for the initial curvature, c , of a pract ical 
column w a s L / 7 5 0 . Al ternat ively, he 
thought, for conven ience this could be taken 
as 0 . 0 5 8 L/r (mm). Th is part of the study w a s 
specif ical ly limited to wrought iron and s tee l . 
There w a s some suggest ion that the initial 
curvature of cas t iron co lumns would be 
rather greater. 
Kayse r ( 1 9 3 0 ) and T imoshenko ( 1 9 3 6 ) " , 
leaning rather heavi ly on Sa lmon ' s work , 
proposed that all the imperfect ions could be 
al lowed for by an initial curvature, c = L / 4 0 0 
without any end eccentr ic i ty e. Fol lowing 
J a s i n s k y ( 1 9 0 8 ) , T imoshenko also thought 
that for small s lenderness ratios the imper
fection would be better represented by an 
initial curvature S / 1 0 + L / 7 5 0 . Here S is the 
core radius, that is 2 r 2 / D . S has the value D/8 
for solid circle, D/6 for a solid rectangle, D/4 
for a hollow circle and approaches D/2 for a 
flanged sect ion. Both these proposals 
of T imoshenko seem to be intended for 
wrought iron and steel rather than cas t iron. 

Implicit in the strut formula of BS449: 1959 
0 6 

is an initial curvature, c = - q ~ L / 1 0 0 ) 2 , again 

without any end eccentr ic i ty , e. 
Th is has the notable advantage that the 
calculated failure load wil l depend only on 
the s lenderness ratio (L/r) and is independent 
of the shape of the sect ion. It seems sensible 
that the bow/height ratio should increase 
wi th L/r; of t w o co lumns of the same height 
the thinner would be expec ted to have the 
larger initial curvature. The BS449 require
ment is more onerous than T imoshenko ' s 
L / 4 0 0 if L/D is greater than 4 2 , ( i .e. if L/r is 
greater than 1 7 0 for solid c i rc les, 1 4 5 for 
solid rectangles, 1 2 0 for hollow c i rc les and 
8 5 for f langed sec t ions) . BS449: 1937 

implied an initial curvature of ' ^ \)Q) This 

is more severe than the later assumpt ion 
when L/r is less than 1 0 0 . 
It wil l be seen from all the above that the 
choice of va lues for initial imperfect ions is an 
act of faith rather then sc ience . Any informa
tion that can reasonably be obtained by 
in situ measurements should be grateful ly 
received. It seems feasible to measure the 
initial curvature by plumbing. But it must be 
remembered that, if the column is loaded at 
that t ime, a back-calculat ion must be made 
to deduce the unloaded initial curvature c. 
And this value must then be increased by 
terms representing the imperfect ions of type 
(a), (b) and (c) that cannot be directly 
measured. 
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A s s e s s m e n t of m e m b e r st rengths 
A pre-requisite of the final assessmen t of 
member strength for future use or continued 
present use is that the structure has been 
surveyed in suff ic ient detail to establ ish the 
dimensions, the connect ions, and other 
details of the parts of the exist ing construc
tion that are to remain. These , together wi th 
the est imated or measured material 
strengths and loads, form the data to be 
employed in the a s s e s s m e n t . 4 

T w o approaches are available: using past or 
present codes or other published guidance, 
or starting from first principles. The first is 
obviously quicker, simpler, and hence 
preferable where guidance ex is ts and the 
answer it provides is good n e w s : the second 
may be necessary where this is not the c a s e . 
Exper ience has s h o w n that it can be 
ef fect ively used to just i fy co lumns. 
Regardless of wh i ch approach is used, 
calculat ions should generally be made in 
terms of (unfactored) serv ice loads and 
permissible s t resses , in order to facil i tate 
compar isons wi th published data. 

C a s t iron c o l u m n s : publ ished gu idance 
The most conc ise and useful guidance 
currently available is published by the 
Greater London Counc i l . 2 Th is reproduces 
the 'bas ic ' permissible s t ress figures from 
the 1 9 0 9 London Building Ac t quoted 
earlier, and includes also tables and graphs 
showing the reduction of permissible s t ress 
due to column s lenderness and end f ixity 
condition. 
Th is source appears to be generally accept 
able to District Surveyors in central London 
as a basis for assessmen t . Such accep tance 
could perhaps be discreetly cited as pre
cedent for agreement e lsewhere . 

Wrought iron and steel c o l u m n s : 
publ ished gu idance 
The 1 9 0 9 London Building Ac t g ives per
missible s t resses for varying s lenderness 
ratios and end f ixity condit ions. T h e s e re
mained in force until the advent of BS 449: 
1937, wh ich in turn w a s superseded by the 
1 9 5 9 edition. BS 449 applies to s tee lwork 
only (wrought iron being obsolete by 1 9 3 7 ) . 
A s s e s s m e n t should be made using the 
s t resses from these documents appropriate 
to the date of the structure. Where an 
enhanced permissible basic s t ress has been 
agreed by the building control authority 
fol lowing strength tes ts , it would be reason
able to factor up tabulated s t resses corres
pondingly. 

B e a m s 
The 1 9 0 9 London Building Ac t g ives permis
sible s t resses (quoted at the end of this 
paper) wh ich may be used to a s s e s s cas t and 
wrought iron, and steel pre-dating 1 9 3 7 . No 
reduction factors were given for slender
ness ; instead, it w a s required that beams be 

8 ' secured against buckl ing' if the span 

exceeded 3 0 t imes the width of the com
pression flange or the depth exceeded 6 0 
t imes the w e b th ickness . 
Deflect ions were to be calculated and were 
required to be less than one four-hundredth 
of the span, unless the span-depth ratio w a s 
less than 2 4 . 

The 1 9 3 7 edition of BS 449 similarly re
quired lateral restraint to compress ion 
f langes at a max imum spacing of 2 0 t imes 
the flange width; calculated def lect ions 
were not to exceed 1 /325th of the span 
unless the span depth ratio w a s less than 
24 . 
The 1 9 5 9 edition introduced the more 
familiar reduced permissible s t ress 
associated wi th s lenderness. 
Assuming that sect ion s izes and material 
strengths are known together wi th the date 
of construct ion, it seems reasonable to 
a s s e s s exist ing elements and connect ions in 
accordance wi th the relevant published 
guidance, i.e. cas t and wrought iron, and 
pre-1 9 3 7 steel , in terms of the 1 9 0 9 London 
Building Ac t ; pos t -1937 steel to the then-
current version of BS 449. For s teel , a 
rational alternative is to derive the basic 
permissible tensile s t ress from test results as 
previously described and carry out the 
assessmen t calculat ions in accordance wi th 
BS 449: 1959, factoring the var ious per
missible s t resses in proportion to the basic 
tensile s t ress . 

The approach should of course be agreed 
wi th the building control authority before 
time is expended on detailed just i f icat ion. 

Filler joist f loors 
The filler joist floor is a particular form of 
construct ion in wh ich concrete, usually wi th 
a flat soffit and unreinforced, ac ts as a s lab, 
spanning be tween steel or wrought iron 

joists at 0 . 5 - 2 m cent res . It evolved directly 
from the brick-arch ' f i reproof floor used in 
mills and warehouses , and would doubtless 
be more popular today if reinforced concrete 
were not so widely used . 
It should be noted that the s labs of filler joist 
floors are often found to be of 'c l inker ' 
concrete - the aggregate being coal or coke 
clinker or breeze. Th is c a n , in damp condi
t ions, cause severe chemica l at tack on the 
metal jo ists, and it may also become a matter 
for acceptance by the building control 
authority whether the floor can be regarded 
as non-combustible, w h e n the aggregate 
contains a high proportion of unburnt coal 
(up to 5 0 % has been found in one ins tance! ) . 
The metal joists should be asses s e d as for 
beams. BS 449: 1959 recognizes the en
hancement of strength wh ich is achieved by 
encasing the compress ion flange in con
crete, and the sect ion may be as s e s s e d on 
the basis of composi te act ion where this is 
present. (A building control authority may , 
however , demand just i f icat ion for the shear 
transfer at the concrete - steel interface. 
This can be difficult to substant iate, parti
cularly where clinker or breeze concrete is 
present in older s t ructures. A load test might 
then be the only posit ive proof.) 

A s s e s s m e n t of c o l u m n strengths 
f rom first pr inciples 
Empirical formulae 
Around 1 9 0 0 severa l empirical formulae for 
pinned-end co lumns were proposed and 
adapted for building codes , remaining in use 
until after the Second World War . General ly , 
these specif ied a limiting slenderness-rat io 
above wh ich the failure load w a s taken as 
equal to the Euler cr i t ical load: 

° - n ( L / r ) 2 
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Fig. 4 
The ultimate compress ive strength of cast iron co lumns as 
predicted by formulae and found by tests in the U S A . 

Note the variability of test resul ts, indicating the need for 
a generous factor of safety / 

Fig . 17 
Auditorium (Photo: Spanphoto, Dundee) 

Fig . 1 8 
Auditorium from stage (Photo: Spanphoto, Dundee) 

load-bearing concrete b lockwork. There are 
eight dressing rooms wi th s h o w e r s en suite 
and a green room. 2 7 players can be 
accommodated. 
The space heating and venti lation s y s t e m s 
comprise two natural gas L T H W boilers 
rated at 3 6 7 k W each serving the fol lowing 
areas: one air handling unit for the audi
torium and one air handling unit for the 
bars, restaurant and assoc ia ted a reas . The 
ancil lary areas and dressing rooms are 
generally heated by fan convec tors w i th 
local extract venti lat ion, wi th a small 
number of radiators in corridors. The work
shop is heated w i th three unit heaters at high 
level. The domest ic hot water is f rom t w o 
indirect storage cyl inders heated from the 
main boiler plant. 

The controls al low the auditorium venti la
tion sys tem to be used independently from 
the rest of the building. Exposed oval duct
work wi th both supply and ext ract at high 
level blend into the auditorium wi th linear 
supply grilles running in parallel w i th the 

lighting w a l k w a y s . The stage area has fan 
convectors round the perimeter hidden f rom 
the audience for use w h e n rehearsals take 
place, thereby lowering the building running 
cos ts . 
Low voltage electr ical sw i tchgear is housed 
in the lowest level of the building and se rves 
the complete building by means of a network 
of armoured sub-main cab les and trunking. 
The cable trunking installation generally 
compr ises two-compar tment trunking for 
mains and stage lighting circui ts wi th single-
compartment trunking, separated by 
3 0 0 m m enabling the accommodat ion of 
microphone cabling. 

While the wardrobe and under-stage area is 
served by convent ional f luorescent lighting, 
the lighting within the dressing room block is 
mostly tungsten, wi th bare bulbs round each 
mirror in true theatr ical tradition. Lighting 
track is also used within the dressing room 
and administration block. T h e main audi
torium is lit by means of tungsten spotl ights 
mounted on the lighting bridges wi th t w o 

pygmy lamps incorporated in each riser of 
the stairs and connected to t w o circui ts -
one normal and one maintained essent ia l 
circuit wi red through the central battery 
unit, wh i ch also feeds the escape lighting in 
the auditorium. Emergency lighting in the 
auditorium is from a central battery unit and 
self-contained units are installed e lsewhere . 
The workshop to the rear of the theatre 
util izes high bay tungsten lighting in order 
that all s tage se ts and backdrops may be 
constructed wi th no problems from colour 
rendering of the artif icial lighting. 
The restaurant and two- level foyer make 
extens ive use of multi-circuit lighting track 
such that by sw i tch ing and dimming, the 
total character of the foyers may be easi ly 
altered to suit the vary ing requirements of 
the building. A complete s y s t e m of fully 
dimmable stage lighting is incorporated, 
utilizing multi-gang outlet boxes mounted at 
stage level , gallery level and lighting bridge 
level. S tage work ing l ights, blues l ights, and 
rehearsal lights are also provided in the stage 
areas, galleries and fly tower . T h e total 
lighting and sound s y s t e m wi th in the audi
torium and stage area is controlled from a 
computerized lighting pallette and sound 
rack within the control room at the rear of the 
theatre and provision has been made for the 
connect ion of outside broadcast equipment. 
Convent ional fire alarm equipment is instal
led wi th manual breakglass units and bells 
and automat ic detectors are provided in the 
wardrobe and plant areas. 

Simple f in ishes 
Finishes internally and external ly are simple. 
Wal ls are of oatmeal coloured concrete 
blocks. The auditorium slab soff i t , the upper 
foyer slab soff i t , dressing room and admin
istrative cei l ings, and entrance stair are all as 
struck concrete. T h e foyer and restaurant 
floors are carpeted as is the auditorium. T h e 
auditorium has black wa l ls and roof soff i t . 
Sea t s are black w i th thin red st r ipes. The 
only striking contrast in the auditorium is the 
provision of b lockwork wa l ls at the s ides and 
rear of the seat ing and be tween the front and 
rear areas. T h e s e wa l ls are lit by neon lights 
at their base . Throughout the building, the 
plan shape of the auditorium has been 
adopted as a motif and appears a s the shape 
of external w i n d o w s and numerous bits of 
internal decor. 

The archi tect has endeavoured to produce a 
building wh ich is not merely capable of 
functioning as a theatre but w h i c h has an 
interest value of its o w n and a place where 
people would like to be. 

Credi ts 
Pi t lochry Fest iva l Theat re 
Client: 
Pitlochry Fest iva l Soc iety 
Architect: 
L a w & Dunbar-Nasmith 
Quantity surveyor: 
J a m e s D Gibson & S impson 
Theatre consultant 
(including services and acoustics): 
J o h n W y c k h a m A s s o c i a t e s 
Main contractor: 
J Fraser Construct ion 

Dundee Repertory Theatre 
Client: 
Dundee Repertory Theatre 
Architect: 
Nicoll Russe l l , Arch i tec ts Studio 
Quantity surveyor: 
D I Burchell & Partners 
Theatre consultant: 
Andre T a m m e s 
Acoustician: 
Sandy B rown Assoc ia tes 
Main contractor: 
Burness & Son 
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Prestress design 
for continuous 
concrete members 
Angus Low 
Introduct ion 
Despite ex tens ive use of prestress in con
t inuous members during the last 3 0 yea rs , 
the design relationships for this form of 
construct ion are not widely understood. In a 
recent paper' it w a s s h o w n that there are 
four c a s e s wh i ch can govern the design, and 
an express ion for the minimum prest ress 
w a s derived for each . Th i s paper ex tends the 
theory of the four design c a s e s and re
considers the basic criteria. The new- found 
understanding of fers an opportunity to 
develop rational and practical design pro
cedures. 

History 
Prest ressed concrete is the brainchild of 
Eugene Freyss inet . His earl iest studies date 
back to 1 9 0 3 2 but the widespread applic
ation of his ideas w a s not possible until high 
strength steel w i res were available after the 
Second World War . Freyss inet w a s clear 
that prestressed concrete w a s more than an 
enhanced form of reinforced concrete . He 
had a practical understanding of the sep
arate needs of durability and safe ty and he 
put great emphas is on the ability of pre
s t ressed concrete beams to carry a full 
range of work ing loads completely uncracked 
but, if an overload occurred, there would be 
a rapid and noticeable development of c r a c k s 
and an abrupt increase in deflection whi le 
the member still had some reserve of 
strength. Early practit ioners limited the 
work ing loads to the range wh ich would 
cause no calculated tension in the concrete. 
T h e design requirements to ach ieve this 
condit ion in a simple beam were best demon
strated by Gus tave Magnel in his Magnel 
diagram (Fig. 1) . The diagram s h o w s the 
prestressing force plotted as its inverse 1/P 
against the position of prest ress within the 
sect ion. He showed that the four limiting 
condit ions of zero s t ress and m a x i m u m 
permissible s t ress in the top and bottom 
fibres are represented by straight lines on the 
diagram and enc lose a quadrilateral region of 
acceptable designs. For a given force P the 
position of the cable must lie wi th in the 
'cable zone' ZZ . T h e min imum prest ress 
design is represented by the Point X . T w o 
design c a s e s ex is t depending on whether X 
is wi th in the cover limits of the sect ion or 
not. W h e n X is within the cover l imits, the 
design of the concrete sect ion is governed 
only by the range of l ive load moments 
applied and is independent of the dead loads. 
Th is notion w a s given undue prominence 
and prestressed concrete became known as 
the material in wh i ch it w a s only necessary 
to design for live load; the dead load carr ied 
itself. It fo l lowed from this understanding 
that joining multiple beams into a cont inuous 
structure offered no benefit. The sav ings in 
live load span moments due to continuity -
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Fig 1 
Magnel diagram 
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were of fset by the increase in moment range 
due to moment reversals w h e n adjacent 
spans were loaded. Unlike reinforced con
crete, prestressed concrete has been used 
mainly for simply-supported spans . 
Perhaps the most obvious application to 
benefit f rom prestressing is bridge const ruc
t ion. Structural continuity of fers many 
advantages to bridges wh ich are not related 
to the character is t ics of the construct ion 
material. There are sav ings in joints and 
maintenance, improvements in ride for the 
road user, simpli f ications in the t ransfer of 
horizontal loads and benefi ts in const ruc
t ion. Prestressing has been used for many 
years in cont inuous mult i-span bridges and 
v iaducts . One of the earl iest cont inuous 
prestressed structures w a s an Arup-
designed w a l k w a y at the Fest iva l of Britain 
South Bank Exhibit ion in 1 9 5 1 (Fig. 2 ) . 
The application of prest ress to a cont inuous 
beam sets up an additional set of reactant 
moments in the beam cal led parasit ic 
moments . T h e s e parasi t ics upset the s im
plicity of Magnel 's d iagram. Designers 
managed to retain his theory by considering 
only 'concordant ' cable profi les w h i c h pro
duced zero parasit ic moments . T h e s e profiles 
we re generated directly from the moment 
diagrams of applied loadings and their applic
ation w a s widened by the use of ' l inear 
t ransformat ions ' . However , these pro
cedures were iterative and indirect. Excep t 
in the c a s e of moment range governed 
designs (design case 1), there w a s no quali
tat ive w a y of understanding how changes to 
the loading or the shape of the concrete 
sect ions would a f fec t the required pre
st ress ing force. Later it w a s realized how 
useful the parasit ic moment could be to the 
designer. In a cont inuous member it could be 
used to redistribute moment be tween the 
support and the span to max imize the 
e f fec t i veness of the prestress (design case 
2 ) . The opt imum redistribution would imply 
a certain parasit ic moment to be ach ieved 
during detailed design of the profile. Un
fortunately in some si tuat ions, typical ly in a 
ribbed slab wi th slender ribs, the implied 
parasitic could not be ach ieved even wi th the 
cable tight to its limits along its full length. It 
is the design relationship for this last c a s e 
that has been published recent ly (design 
cases 3 and 4) and there is now a complete 
theory wh ich relates the required prest ress 
to the loading and the shape of the concrete 
member. 

Theory 
The recent paper der ives express ions for the 
minimum prestress of an internal span wi th a 
varying sect ion and variat ions of cable force 
are also considered. Both T and trough 
sect ions are d iscussed and the e f fec t of 
permitted tensions is ment ioned. Wi th so 
many var iables the simplicity of the design 
relationships is lost. By considering only 
uniform members w i th equal spans the four 
relationships can be re-expressed very 
succ inc t ly . The basic components of the 
concrete sect ion are s h o w n in Fig. 3 . T h e 
kerns are the upper and lower limits of the 
core region wh ich is the generalized 'middle 
third' of the sect ion. The total load and live 
load moment envelopes are s h o w n in F igs. 

top limit of cables 

upper kern 
ku 

; 
centroid 
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lower kern 

Fig. 3 bottom limit of cables 
Sect ion geometry Sect ion geometry 
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a) Total moments 

M L H 

\1 L S 
b) Live load moments 

Fig. 4 
Moment envelopes 

Fig 16 
Full scale sect ion of leaf 

Fig . 1 7 
J ig used for bending and fixing 
mesh and reinforcement 
Fig . 1 8 
Traditional ferrocement p r o c e s s -
forcing the mortar through the mesh 
by hand 
Fig. 19 
Early Renzo Piano ske tch of 
ductile iron details 
Fig. 2 0 
The first ducti le iron elements — 
hastily assembled at the foundry 

Fig. 21 
Detail of connect ion of 
ductile iron elements 

Figs. 2 2 - 2 3 
Internal v i e w s of ful l-scale 
mock-up of gallery in Houston 

Photos: Ove Arup & Partners 
except where o therwise stated 

the ferrocement leaf, and the ducti le iron 
elements themse lves will be joined together 
using a clamping sys tem utilizing a metal-
filled epoxy resin. The first production 
elements have been dispatched to Houston 
to be used in a load test of the complete roof 
element. 
A t an early stage in the project the client 
decided on the necess i ty of building a full-
size gallery mock-up on the site in Houston. 
Th is w a s principally to make an a s s e s s m e n t 
of the appearance of the gallery and to judge 
the suitability of the lighting solut ion. It also 
provided an opportunity to take measure
ments of the lighting levels. Genera l re
act ions to the mock-up we re favourable 
although it did show up a f ew problems. T h e 
internal light levels were in e x c e s s of the 
design brief and there w a s some glare from 
the leaves due to the level of light t rans

mitted through the roof glazing. In addition 
there w a s a problem wi th s t reaks of sunlight 
entering the gallery through the roof in the 
early morning and the late evening in mid
summer . T o solve these problems, roof g lass 
wi th a lower light t ransmi t tance value w a s 
substi tuted and the gap be tween the leaves 
w a s temporarily adjusted. Based on the 
measurements taken in the mock-up, the 
annual and daily variation in light levels w a s 
computed, and a report, relating these to the 
target annual lux hours, w a s produced. In 
addition to the light tes ts , a very simple 
plenum floor air-conditioning s y s t e m w a s 
built into the mock-up. Th i s enabled us to 
measure the temperature strat i f icat ion 
be tween floor and roof. The mock-up is 
currently in the process of being adjusted to 
take all modif ications into account , for final 
approval by the client. 

The construct ion drawings, speci f icat ions 
and further detailed design on the project 
have now been handed over to the Houston 
team of arch i tects and engineers. W e antici
pate that construct ion will commence in the 
spring of 1 9 8 3 , subject to the approval of 
the project budget, the mock-up, and the 
ferrocement fabrication process. 
Credi ts 
Client: 
The Menil Foundat ion, Houston, T e x a s 
Architects: 
Piano and Fitzgerald, Houston, T e x a s 
Engineers: 
Ove Arup & Partners, London 
G a l e w s k y & J o h n s o n , Beaumont , T e x a s 
Gentry, Haynes & Wha ley , Houston, T e x a s 
Main contractor: 
E. G . Lowry Inc. , Houston, T e x a s 
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Fig . 1 2 
Ground floor plan 
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Fig . 1 3 
Typ ica l sect ion through building 
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Fig . 14 
Sect ion through external wal l 

Fig. 1 5 
Annual energy consumpt ion 
of an 80f t x 80f t gallery 

T h e s e proposals and models formed part of 
the design development presentation to the 
client in Houston. Fol lowing this present 
at ion, w e were given the go-ahead for 
further development work on the platform 
roof. 

Further development of roof design 
Detailed development work proceeded on 
three fronts: 
(1) Fabricat ion of the ferrocement leaf 
(2) Fabricat ion of the ducti le iron cast ings 
(3) Construct ion of a full sca le mock-up of a 
gallery to a s s e s s the lighting character is t ics . 
To ass is t in the pract ical methods of 
construct ing the leaves , Windboats Marine 
of W r o x h a m , Norfolk, a boat-builder specia l 
izing in ferrocement boats, w a s used. A full-
sca le sect ion of a leaf w a s made of poly-

6 s tyrene. Th is w a s then v iewed and approved 

by the archi tect . A g lass reinforced plastic 
mould w a s taken from the upper sur face of 
the sect ion and used as the master for all 
further development work on the leaf. At this 
stage, it w a s envisaged that the leaves 
would be fabr icated by placing a cage of 
reinforcement and mesh into the mould, 
placing the mortar and f inishing the inner 
sur face by hand. A jig s y s t e m for the bending 
and fixing of the mesh w a s devised and a 
number of cages for test leaves were built. 

T w o sect ions of leaf were made: one using 
the mould method and the other using the 
traditional hand placed method. Resul ts of 
these were encouraging, but more develop
ment work w a s required. Th i s is currently 
being carried out in Houston, where var ious 
w a y s of m a s s producing the leaves to the 
required quality are being invest igated. 
T e s t s on var ious cements and sands are also 

being conducted to meet the requirements 
of reflectivity and sur face texture. 

T o advise on the pract ical aspec ts of fab
ricating the ductile iron t russ e lements. 
C r o w n Foundry of Northampton w a s ap
pointed. Ful l-scale wooden models of the 
t russ elements were made from our detailed 
drawings, and assembled on the polystyrene 
sect ion of the leaf for the arch i tec t 's 
approval. Fol lowing compet i t ive bids to the 
main contractor for the supply of all ducti le 
iron elements for the project, this Brit ish 
foundry w a s appointed. A n acceptable 
specif icat ion and test ing procedure has 
been agreed, and prototype test ing s u c c e s s 
fully completed. The quality and tolerance of 
the cast ings produced to date are good, due 
mainly to the process employed. The com
plete roof unit will be formed by bolting the 
individual ductile iron t russ e lements to 
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Picture equat ions 

Fig. 6 
The hidden anatomy 

— hogging region of CoC zone 

CoC dead load line 

sagging region of C o C zone 

r 

upper kern 

- centroid 

- CoP line 
- cable 

- sagging limit of cable zone 
hogging limit of cable zone 

4(a) and 4(b) . M L 5 and M L M are the mean 
values of the sagging and hogging live load 
moment envelopes in the span . T h e required 
prestress for the four c a s e s can be expressed 
as the ratios of d imensions from the moment 
and sect ion diagrams and the picture equa
tions demonstrat ing this are s h o w n in Fig. 5. 
The prestress P required in design is the 
highest of the va lues P, to P 4 . T h e reasoning 
below derives these geometr ic relationships 
directly. 

The hidden ana tomy 
Fig. 6 s h o w s a longitudinal sect ion of a 
typical span of a cont inuous prest ressed 
member wi th considerable vert ical exagger
ation for clarity. Moments at any sect ion in 
the span are resisted by the couple act ing 
between the centre of prestress C o P and the 
centre of concrete s t ress C o C . Wi th no axial 
load in the member the total concrete force is 
equal to the prestressing force P. The profile 
of the CoP is f ixed by the designer and the 
profile of the C o C dances up and down in 
response to var iat ions in the applied load. Its 
dance s w e e p s out a zone s h o w n shaded in 
the diagram. A n eccentr ic C o C implies there 
is curvature in the member and in general a 
net rotation along the length of a span . In a 
continuous member wi th equal spans under 
equal loading there cannot be a net rotation 
in any span so the mean of the C o C profile 
must be at the level of the centroid. If all 
loads including gravity are removed then the 
C o P and C o C profiles must coincide. It 
fo l lows that the mean of the C o P profile must 
also be at the centroid. It is the parasit ic 
moment that sh i f ts the C o P from the cable 

profile to the position where this is ach ieved. 
If the spans are identical the parasit ic 
moment is the same at every support and so 
is constant along the span. The shift from the 
cable profile to the C o P profile is uniform 
without any s lewing. 
If the 'no tens ion ' criterion is applied, the 
C o C must a l w a y s be within the core for all 
serv ice condit ions. Notice that at any sect ion 
the depth of the unused area of the core 
be tween the C o C zone and the kern is the 
same as the gap be tween the cable and the 
cable zone limit. 

Design relat ionships 
Case 7 
The ampl i tude* of the dance of the C o C is 
Mp/P where M„ is the live load range of 
moment (see Fig. 7a ) . The prest ress P, 
necessary to enable this amplitude to fit into 
the core depth k is given by: 

„ P , = M„ /k 
Case 2 
Variation in moment along the member is 
taken in both the C o P and C o C profiles. T o 
achieve the max imum load-carrying capaci ty 
of the beam, the lever arm of the resist ing 
couple is maximized both at the support and 
in the span . The full amplitude of applied 
moments along the span M F is resisted by the 
full available amplitude of the CoP profile, a , 
together wi th the full amplitude of the C o C 
profile, k. The limiting prestress force P 2 to 
achieve this max imum load condition is 
qiven by: 
M P 2 = M F / (a + k) 

' 'Amplitude' is used to denote full depth from peak to trough 

limiting tension 

a) C a s e 1 

b) C a s e 2 

c) C a s e 3 

d) Case 4 

Fig. 7 
The four design c a s e s 

Case 3 
In choosing the profile of the C o P the 
designer is also f ixing the ambient (Dead 
Load) profile of the C o C . Because there is 
no net rotation in a typical span the mean of 
this profile must be at the level of the 
centroid. In sect ions where dimension k u is 
small it is diff icult to meet this requirement 
while also keeping the C o C zone below the 
upper kern. T h e limiting condition is s h o w n 
in Fig. 7 c . T h e area^of the sagging C o C zone 
is M L 5 L / P 3 whe re M L S is the mean value of 
the live load sagging moment envelope in the 
span. Th is is equal to the area of core above 
the centroid k u L . Hence the limiting pre
stressing force P 3 is given by: 

P 3 = M L S / k u 

Case 4 
In Fig. 7c the C o C profile for max imum 
sagging moments has no ampl i tude. T h e 
variation of the sagging moment envelope 
along the span M S A is taken on the amplitude 
of the CoP alone. Th is is only possible if M S A 

is smaller than P 3 a . For larger M S A it is 
necessary to take some of the ampli tude on 
the C o C (see Fig. 7d) . Th is requires additional 
prestress: 

P ~^P 
Th is increased prestress is not enough to 
dispense w i th the need for some amplitude 
from the C o C sagging limit. 

Hence: P T > P 4 > P 3 

where P T = M S A / a 
The evaluat ion of P 4 wi thin this interval is 
given in the earlier paper. 19 
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Temperature 
gradients in a bridge 
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Detai led des ign 
T h e earlier paper is limited to preliminary 
design. Because the required prest ress is 
derived directly during preliminary design 
the detailed design of the cable profile does 
not need the usual protracted i terations. It is 
clear from the above understanding of pre-
st ress ing in a cont inuous member that the 
ef fect of a cable profile will depend on its 
shape only and is not dependent on its level. 
Whatever the cable level the C o P wil l take its 
shape and shift it onto the centroid as its 
mean line. It fo l lows that the shape of the 
profile can be derived at any level in the 
sect ion and then be shif ted up or d o w n to fit 
wi thin the sect ion. For conven ience, assume 
the cable is first d rawn at the level wh i ch 
g ives zero parasit ic moment . In this c a s e the 
cable zones can be d rawn quite s imply. In the 
trivial case of no applied moments it is the 
kerns that are the limits of the cable zone. 
T h e upper kern is the limit outside w h i c h the 
sect ion would suf fer sagging tens ions and 
the lower kern is the limit for hogging 
tens ions. The e f fec t of applied moments is 
to shift these limits so that the upper limit 
becomes an image of the sagging moment 
envelope divided by P hanging on the upper 
kern. Similarly the lower limit is the hogging 
moment envelope divided by P hanging on 
the lower kern (see Fig. 8 ) . 
For c a s e s 3 and 4 the c?ble fo l lows tight 
along the edges of the zone or sect ion and so 
is defined uniquely. For c a s e s 1 and 2 it is 
necessary to remember that a zero parasit ic 
moment has been assumed . The profile 
chosen must have its mean level on the 
centroid. Once d rawn the cable is then 
shif ted to its real position. The e f fec ts of 
friction and other losses must be introduced 
into the analys is and a detailed check is 
required. Th is check is likely to require some 
fine tuning of the profile. 

Design criteria 
T o develop rational design procedures it 
is necessary to understand both the design 
relationships and the design cr i ter ia. A 
rational approach to design criteria is now 
usually called 'limit state des ign ' and it 
d ist inguishes be tween the requirements at 
'ul t imate limit s ta te ' ( U L S ) and 'serviceabi l i ty 
limit s ta te ' ( S L S ) . If a prestressed sect ion 
we re loaded to failure its ult imate moment 
would be very c lose to that ach ieved by the 
same sect ion wh ich had the same cab les 
grouted into its ducts but not prest ressed. 
Prestressing has nothing to do w i th the U L S . 
T h e purpose of prest ress is to enhance the 
behaviour of the beam at S L S . In particular it 
is needed to restrict the crack ing of the 
concrete to an acceptable level. In bridges 
wh ich are subject to fatigue loading the 
sl ightest cracking around the cab les can be 
signif icant. 

Most structural research and theory during 
the last 3 0 years has been concerned wi th 
U L S behaviour and safe ty . The great ad
v a n c e s in this field are due in part to the 
prudent preference of engineers for mater ials 
w h i c h susta in their ult imate strength over 
a wide range of stra in. Strength is indepen
dent of strain and U L S analys is can ignore 
the unquantif iable complexi t ies of strain 

that ex is t in real mater ials. Th is is not true at 
S L S and prestress design is all about quanti
fy ing the unquantif iable. Tradit ionally in 
prest ress design the tensi le strength of 
concrete has not been quantif ied either and 
design has proceeded on the optimistic 
hope, backed up by empirical observat ions, 
that the t w o unknowns wil l cance l . 

Before leaving the U L S there is one current 
pract ice wh ich needs to be corrected. A l 
though the U L S does not govern the pre
s t ress design the prest ress does participate 
at U L S . In the U L S check the act ions are 
factored and marshal led into opposing ranks 
of ' load e f f ec t s ' and 'resist ing e f fec t s ' . The 
confusion that commonly surrounds pre
s t ress is demonstrated by the fact that 
prestress is usually required to fight on both 
s ides. The free component is c lassi f ied as a 
resisting ef fect and factored down. The 
parasit ic component is added to the loads 
wi th a nominal factor of unity. The equiva
lent load method, wh i ch of all ana lys is 
methods models the prest ress the most 
directly, makes no distinction between the 
free and parasit ic components and so cannot 
be used without elaborate manipulat ions. A s 
parasit ic moment is a strain compatibil ity 
e f fect its participation at U L S is questionable 
and in the cause of simplici ty all prestress 
should should be included wi th the resisting 
e f fec ts . 

A number of strain e f fec ts wh ich exis t in 
prestressed concrete members are listed 
below: 

11) Differential temperature 
Radiation from the sun during the day and 
the ground at night se ts up temperature 
gradients in a concrete member. T h e s e 
gradients have been measured and most 
bridge design codes require their a s s e s s 
ment. F ig. 9 s h o w s a typical temperature 
distribution range from BS 54003. T h e s e can 
result in a s t ress of about 3 MPa . 

12) Creep redistribution 
W h e n a member is cas t in sect ions its built-
up pattern of bending moments can differ 
signif icantly from that for the member cas t 
as a complete structure. Af ter complet ion 
the moment pattern wil l creep from the 
'built-up' condition towards the 'complete 
st ructure ' condition. T h e extent of this 
creep is sensi t ive to the speed of construct ion 
and details of the concrete mix . 

(3) Differential shrinkage due to stage 
construction 

When a concrete c ross-sect ion is cas t in 
s tages the shr inkage that has already 
occurred before subsequent s tages are cas t 
will result in differential s t ra ins in a member. 
Th is can give s t resses of about I MPa. 

14) Differential shrinkage due to variations 
in thickness 

Thin sect ions shrink and creep more and 
respond faster than thick sect ions. It has 
been s h o w n by Bryant & Fenw ick that in the 
bridge sect ion s h o w n in F ig . 10 wh ich has 
little variation in th ickness this ef fect results 
in s t resses of 0 . 5 MPa . 
15) Surface shrinkage 
Sur faces of members dry out more readily 
and hence shrink more than the interior. 

(6) Thermal peak stressing 
This is a technique that can be applied during 
construct ion to al leviate crack ing due to 
some of the above e f fec ts . The heat of 
hydration in the concrete c a u s e s a signifi
cant temperature rise w h i c h reduces to
wards the sur face of the member. The peak 
temperature is reached after about t w o days 
and at this stage the w a r m fresh concrete 
susta ins very large creep stra ins under load. 
If a light level of prestress is applied at this 
age the s t ress wil l pass preferentially 
through the interior of the member where the 
thermal strains are greatest. Th i s hot 
s t ressed core is also the most sensi t ive to 
creep so there wil l be a large creep strain 
differential be tween core and sur face . Af ter 
cooling and final s t ressing this results in a 
member w h o s e sur faces are more highly 
prestressed that its interior. 
Under current pract ice, es t imates are often 
made for i tems (1 ) , (2) and (3) above but (4) , 
(5) and (6) are not usually considered. The 
distinction is arbitrary and so the s t resses 
that appear in calculat ions are to a similar 
degree arbitrary. In any design criterion 

Fig . 10 
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Fig. 11 
The model used for light tes ts 

t ransmiss ion, and, to max imize the levels of 
ref lected light, it w a s decided that the 
sur face of the leaves should be whi te . Light 
level readings, under both natural and arti
ficial light, wi th var ious types of roof glazing, 
were made. These conf i rmed that the roof 
s y s t e m w a s performing as predicted, and 
that the light levels were of the right order. 
At the same t ime, models of the ducti le iron 
t russ e lements were built. Being designed to 
support economical ly the structural loads 
imposed on them, a ser ies of e lements 
resulted, wh i ch also exhibited the organic 
appearance of the ' leaves. 

Building des ign 
The concept of the Treasure House is that of 
an environmental sa fe , designed speci f ical ly 
to ach ieve stable condit ions, particularly of 
light, heat, and humidity. T h e original design 
w a s based on m a s s , using principally con
crete for all wal ls and s labs . However , the 
construct ion of the wa l ls has been changed 
recently to a dry form more commonly used 
in local construct ion pract ice. Th is wil l 
include dry cladding and lining panels, ex
ternal insulation to smooth out external 
environmental changes , an inspectable 
vapour barrier to el iminate internal con
densat ion, and an air-tight construct ion to 
prevent infiltration of external air. The st ruc
ture wil l be a convent ional steel f rame, wi th 
in situ concrete being used for the floor and 
roof s labs. 

The ground floor will include the public 
galleries, library, conservat ion laboratory, 
and registration faci l i t ies. The const ruct ion 
of the ground floor wa l ls is dictated by the 
need to provide cladding wh ich is similar to 
the balloon frame houses nearby. Th is wil l be 
formed of horizontal, overlapping wooden 
str ips, surrounded by a f rame made of steel 
channels . Because of the need for environ
mental control of the gallery s p a c e s , these 
wal ls will also contain high levels of insu
lation, a vapour barrier, and a separate 
internal picture hanging wa l l . The steel sup
porting the platform roof above wil l a lso be 
contained within these wa l l s . T h e ground 
slab will be of reinforced concrete . 
The basement will include plant rooms, 
storage a reas , photographic studios, and 
workshops . It will be const ructed of in situ 
concrete, wi th special attention being paid 
to the waterproof ing and level of the s labs 
due to the likelihood of flooding. Addit ion
ally, high risk plant, such as boilers and 
generators, wil l be located in a structural ly 
isolated, blast-proof vaul t in the basement , 
designed to prevent a fire or explosion from 
affect ing the remainder of the building. 

The air-conditioning s y s t e m s for each zone 
will be a minimum fresh air, constant vo lume, 
recirculation s y s t e m . Th is has the advantage 
of reducing the r isks assoc ia ted w i th the 
intake of contaminated and polluted air into 
the building. 5 



Since the w o r k s , being kept for the most part 
in the Treasure House in darkness , are only 
exhibited for short periods in the galleries, 
the level of light on the paintings during 
these periods can be higher than 1 50 lux 
provided all ultra violet light and direct sun 
light are exc luded. T o achieve this level of 
light, a sys tem of reflecting e lements and 
roof glazing w a s developed. A g lass of the 
right light t ransmi t tance value, acceptable 
on colour per formance, and containing an 
ultra violet filter, w a s required. The reflect
ing e lements should prevent all direct sun
light from entering the spaces below, but 
should reflect this sunlight, and the bright 
ness of the whole sky , into these spaces . 

The shading function of the leaves also 
ass is ts the solar gain control by reflecting 
the heat to outside and forming a barrier 
above wh ich the heated air col lects. Th is led 
to the principle of supplying cool air at floor 
level, and extract ing air at roof level. Th i s is 
achieved by forming a pressurized air supply 
plenum below the gallery floor, and al lowing 
the air to distribute through linear, low 
veloci ty grilles at near room temperature. 
Th is also a l lows room temperature and 
humidity to be accurate ly control led. The 
primary means of reducing solar heat gains, 
however , is the type of roof glazing used . 

Th is shading funct ion and the need to 
protect the spaces below from the w ind and 
rain, and to perform as independent struc
tural members , created the feel of a naturally 
occurring feature, like a tree. Th is led to the 
roof e lements becoming known as the 
' l eaves ' . Like the leaves of a tree, these 
e lements should be very del icate, and 
precisely formed, containing no harsh lines 
or detai ls, being organic in appearance. In 
addition, they should be capable of spanning 
the gallery spaces below, and supporting the 
roof glazing and any additional components . 

Roof mater ia ls 
Ferrocement , a material traditionally used 
for boat building, and certain other thin wa l l , 
free-form structures, is ideally suited to this 
role. It cons is ts of a number of fine steel 
m e s h e s , impregnated wi th a cement- r ich 
mortar, and exhibi ts properties suf f ic ient ly 
different from normal reinforced concre te , 
to be c lassi f ied as a separate mater ia l . 
Act ing composi te ly w i th the ferrocement 
leaf, to form a stable structural e lement, are 
a ser ies of t russ e lements. A s they are part of 
the leaf, they too need to be organic 
in appearance, and therefore, a material 
capable of being cast into var ious shapes is 
required. A particular type of cas t iron, 
known as ductile iron or spheroidal graphite 
cas t iron is to be used. The grade chosen 
exhibi ts tensile strength and elongation 
properties similar to mild steel . 

Roof exper imenta l deve lopment 
For the leaf to perform all the above funct ions 
sat isfactor i ly, a period of research and 
development, including model test ing, w a s 
undertaken to arrive at the shape of the leaf, 
f rom both lighting and structural a s p e c t s . 
From an understanding of the funct ions and 
performance, a rough idea of the proportions 
of the leaves w a s formulated. A crude model 
w a s made, based on these ideas, and the 
e f fec ts of the leaves on the internal lighting 
and appearance w a s invest igated. Concur
rently, a computer program w a s developed 
to predict the ef fect of the shape and 
reflectivity of the leaves on the internal light 
levels. Information fed back from these 
sources led to the design of a more refined 
leaf shape, wh i ch w a s incorporated in a 
second ser ies of crude model tes ts . Fol low 
ing this, and a detailed ana lys is of this leaf as 
a structural element, a large-scale model 
w a s made. For this model, a g lass w a s 
selected to minimize the t ransmiss ion of 
heat into the gallery. Th i s reduced the light 
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wh ich refers to the s t resses in the sect ion it 
is important to define how the s t r esses are 
calculated. The seemingly constant 'no 
tension ' criterion wh ich has been used s ince 
the time of Freyss inet has become increas
ingly conservat ive as more component 
s t resses have been included. The current 
move towards partial prestressing in wh ich 
tensions less than the tensile strength of 
concrete are al lowed is really a rationalized 
return to the original 'no tension ' criterion. 

A t a time w h e n design criteria are changing it 
is important to understand the real con
sequences of change because , as has been 
s h o w n , criteria cannot be read at face va lue. 
Th is is w h y a clear express ion of design 
relationships is so important. Current ly t w o 
changes in bridge design are both favouring 
a sw ing from box sect ions to double T decks . 
Firstly partial prestressing, introduced in the 
UK in BS 5400 Part 4 1978, i nc reases the 
ef fec t ive core depth k e. 

k e = k ( 1 + A O T / P ) 

where A is the sect ion area and O t is the 
permitted tension s t ress in the concre te . The 
advantage of partial prestressing is propor 
tionately less for case 2 so this design c a s e is 
more likely to govern. Box sect ions offer a 
large core depth k in exchange for con
struct ion complex i ty . The large core depth is 
not so important for case 2 and so the 

simpler double T is more likely to be chosen . 
The second reason for choosing a box is 
because of its torsional e f f ic iency. A recent 
change in Department of Transpor t h ighway 
loading has greatly reduced the max imum 
torsions due to live loads (Fig. 11) so again 
the advantage of the box is lost. 
An alternative to the usual 'permitted ten
sion' version of partial prestressing is the 
'permitted depth of tens ion ' method. Th i s 
has advantages because many of the strain 
e f fec ts are most dominant near the sur face 
and also the design relat ionships are slightly 
simpler because the express ion for k e is 
independent of P. It a lso recognizes the fact 
that c racks are acceptable provided they do 
not ex tend to a depth suf f ic ient to threaten 
the life of the cab les . 

Des ign procedures 
The dependence of prest ress design on the 
complex strain behaviour within sect ions 
has far-reaching implications for design pro
cedures. Either such complex behaviour is 
covered wi th conservat ive va lues for the 
tensi le strengths of concrete or sav ings can 
be made by est imating each ef fect . Many of 
the e f fec ts depend on detai ls of the con
struction procedure and could only be in
cluded if detailed design and detailed 
construct ion planning we re carried out 
s imul taneously. 

C o n c l u s i o n 
T h e theory of prestressed concrete design 
(as opposed to behaviour) is still in its 
infancy. There now ex is ts suf f ic ient under
standing of design relationships and the 
behaviour of members to develop practical 
design procedures wh ich come nearer to 
realizing the full potential of prest ressed 
concrete. 

R e f e r e n c e s 
(1) LOW, A . M c C . The preliminary design of 

prestressed concrete v iaduc ts . Pro
ceedings of the Institution of Civil 
Engineers, 73, pp. 3 5 1 - 3 6 4 , J u n e 
1 9 8 2 . 

(2) F R E Y S S I N E T , E. Pres t ressed concrete: 
principles and appl icat ions. Journal of 
the Institution of Civil Engineers, 3 3 ( 4 ) , 
pp. 3 3 1 - 3 8 0 , February 1 9 5 0 . 

(3) B R I T I S H S T A N D A R D S I N S T I T U T I O N . 
B S 5 4 0 0 : Part 2 1 9 7 8 . S tee l , concrete 
and composi te bridges. Speci f icat ion 
for loads. B S I 1 9 7 8 . 

(4) B R Y A N T A . H. and F E N W I C K , R . C . 
Creep and shrinkage in concrete struc
tures. New Zealand Road Resea rch Unit 
Bulletin No. 4 4 , 1 9 7 8 . 

(5) B R I T I S H S T A N D A R D S I N S T I T U T I O N . 
B S 5 4 0 0 : Part 4 1 9 7 8 . S tee l , concrete 
and composi te bridges. Code of pract ice 
for design of concrete bridges. B S 1 , 
1 9 7 8 . 

Arup Acoustics 
J o b no. A A 2 9 2 
Henry Wood Hal l , S o u t h w a r k 
On p.23 of The Arup Journa l , December 
1 9 8 2 , a photograph of S t . J o h n s , Smi th 
Square, w a s wrongly capt ioned as the Henry 
Wood Hall, Sou thwark . T w o photographs of 
the real Henry Wood Hall, are included here. 

Fig.1 
Acoust ic test of Holy Trinity Chu rch , 
Sou thwark , in December 1 9 7 2 , before 
conversion into Henry Wood Hall . 

Fig.2 
Henry Wood Hall in February 1 9 7 6 , 
after convers ion into a rehearsal hal l . 
(Photos: Arup Assoc ia tes ) 
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Merseyside 
Garden Festival 
1984: 
Festival Building 
Arup Associates 
Group 4 

Client: Merseyside Development Corporation 
Competit ion winner: Ju l y 1 9 8 2 
Start on site: J a n u a r y 1 9 8 3 
Completion: March 1 9 8 4 

The building is designed to become 
A sports and leisure centre for 
Liverpool City Counci l 
after the Fest iva l . 
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Fig . 3 
The site (Photo: Bel-Air Photo) 

Fig. 4 
Model of the Menil Collection Building 
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The Menil Collection, 
Houston, Texas 
Tom Barker 
Alistair Guthrie 
Neil Noble 
Peter Rice 
Arch i tec ts : P iano and Fitzgerald 

In 1 9 8 1 , tne Menil Foundation commiss ioned 
Renzo Piano to design a permanent home for 
the Menil Col lect ion of Art and Historic 
Ar t i fac ts . It is to be located in one of the older 
residential suburbs of Houston, surrounded 
by traditional t imber f rame houses, and near 
the campus of S t . T h o m a s ' Univers i ty . 
During vis i ts to museums and galleries in 
Europe and the Middle East and in subse
quent d iscuss ions , Madame de Menil and 
Renzo Piano evo lved three speci f ic ideas 
regarding the type of building most suitable 
to house the col lect ion: 
(1) The buildings should be in harmony wi th 
their environment and non-monumental in 
sca le . The sett ing should be of a domest ic 
nature, including garden areas, and one or 
t w o of the exist ing timber 'Bal loon Frame ' 
houses on the si te. 
(2) S ince the complete col lection, currently 
housed in Houston, New York and Par is , is 
too large to be put on permanent display, a 
signif icant part of the collection should be 
housed in a storage area. Th is area should 
provide secure s a f e s , wi th environmental ly 
stable condit ions, and should also al low 
occasional v iew ings by art scho lars . These 
s a f e s , called the 'T reasure House ' , should 
be prominently located for all to see s ince 
they house the major part of the col lect ion. 
Works kept in the Treasure House wi l l , 
however , be displayed for limited periods in 

2 the public galleries. 

( 3 ) Exhibi ts in the galleries should be v iewed 
under natural light coming predominantly 
from above. In addition, this natural lighting 
of the galleries should reflect any changes in 
the weather and the time of day. 
The fundamental archi tectural concept for 
the collection is the platform roof. Th is forms 
a unifying element, cover ing the whole 
building, pulling together all aspec ts of the 
design. Located below the platform wil l be 
the galleries, gardens, and external and 
internal w a l k w a y s . The platform, act ing like 
an umbrel la, will provide protection from the 
external environment, and will also al low the 
e f fec ts of any changes in this environment 
to be felt. In particular, the platform roof will 
reduce the level of natural light into the 
spaces below, without any means of mech
anical control. It will be formed of an 
assembly of specif ical ly designed, precision 
made, structural e lements, capable of per
forming this role, as wel l as supporting any 
additional components . Located promi
nently above the platform roof, and linked to 
the ground floor through the roof, will be the 
Treasure House. 

Roof des ign development 
Development of the design for the building, 
including structural and serv ices require
ments , took place during design sess ions at 
Renzo Piano 's studio in Italy. Due to its 
overriding importance in the project, the 
greatest proportion of the design time w a s 
spent in the development and detailing of the 
platform roof and its e lements. At the out
set, it w a s necessary to establ ish w h a t 
funct ions the roof should perform, and four 
main areas were identif ied, namely: 
(1) Light control 
(2) Solar gain control 
( 3 ) Structural performance ( s e e F ' 9 - 5 ) 

(4) Additional components . 
Based on international s tandards, a level of 
1 5 0 lux w a s adopted for lighting a permanent 
display of art work. Th is standard gave an 
al lowable annual exposure of 3 x 1 0 lux 
hours and formed the basis of the design. 

Fig . 1 
Piano's basic idea 
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Fig. 2 
The unifying element 
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