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DEALING WITH TECHNICAL PROBLEMS
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
THE PHILIPS INDUSTRIES

Photo Hans de Boer

THE PHILIPS PAVILION AT THE 1958 BRUSSELS WORLD FAIR

I. THE ARCHITECTURAL DESIGN OF LE CORBUSIER AND XENAKIS
II. THE HYPERBOLIC-PARABOLOIDAL SHELL AND ITS MECHANICAL PROPERTIES

061.41(493.2): 72591

III. MODEL TESTS FOR PROVING THE CONSTRUCTION OF THE PAVILION
1V. CONSTRUCTION OF THE PAVILION IN PRESTRESSED CONCRETE
At the Brussels World Fair, near the Dutch section,

Philips have had their own pavilion built. Visitors to the pavilion
are entertained to a “spectacle in light and sound”, the object
of which is to demonstrate the capabilities of modern technology
in some of Philips’ major fields of endeavour — illuminating
engineering, electro-acoustics, electronics and automatic control
techniques — and also to give an impression of the way in which
these technical facilities may in the future be turned to artistic ends.
The basic conception was propounded by Mr. L. C. Kalff, Arts

Director of Philips, and the architect Le Corbusier was commis-
sioned to give effect to it. The latter wished not only to design the
building but also wrote the scenario for the spectacle, which he
has entitled “An Electronic Poem”. The music for the spectacle
was composed by Edgar Varése. Completely automatic perfor-
mances of the spectacle are now being given scores of times a day,
controlled by a magnetic tape with fifteen command tracks.

A later article in this Review will be devoted to the performance,
which is produced by film projectors, lamps and hundreds of



loudspeakers, and to the technical devices and methods used. The
articles in the present issue are devoted to the pavilion itself.
From the outset this pavilion, designed by Le Corbusier and his
collaborator Y. Xenakis, has aroused considerable interest in
the world of architecture because of its extraordinary conception
and advanced design as a shell structure. The building is entirely
composed of shells having the form of hyperbolic paraboloids. The
method of construction in prestressed concrete, proposed and trans-
lated into reality by Dr. H. C. Duyster, director of the contracting
firm N.V. “Strabed” and a specialist in this field, is remarkable
for its originality and elegance. Before plunging into this ad-
venture — as Mr. Duyster himself put it — N.V. “Strabed”
approached Professor C. G. J. Vreedenburgh of the Delft Tech-
nische Hogeschool for advice concerning the stresses that might
oceur in the shells when loaded by their own weight, and by wind
and snow loads. To satisfy N.V. Strabed as to the feasibility of
the proposed scheme of construction and supply data for the actual
structure, tests on scale models were made by Mr. A. L. Bouma
and Mr. F. K. Ligtenberg in the “T.N.0."” Institute at Rijswijk
{ Netherlands ) and the Stevin Laboratory at Delft.

These aspects are treated in the four articles printed in this
issue: the architect's conception, the mechanical principles, the
model tests and the actual construction of the building.

As regards the first article it should be mentioned that Y. Xena-
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kis, the architect largely responsible for designing the shape of
the pavilion, has placed at our disposal a description of the way
in which the architectural design of the building was evolved.
In our opinion, however, there was little point in attempting to
render the author’s French text faithfully into English or other
languages, for translation would do less than justice to the elo-
quence of the artist’s highly individual style and risk distorting :
the sentiments of the original. It was therefore decided to confine
the English rendering of his article to a reproduction of the factual
contents *). i
The second article in this series also calls for some comment.
Although Professor Vreedenburgh has kindly taken great pains
to make the train of thought in his text as comprehensible as possi-
ble to the readers of this Review, we cannot disguise the fact that
many readers will perhaps have difficulty in following the details
of his article, lying as it does far outside the range of subjects
normally dealt with in these pages. On the other hand, the article
should be of particular interest to the specialist, since it provides
for the first time in published form certain formulae and results
concerning hyperbolic-paraboloidal shells which can be turned to
practical architectural use. :

*) For those readers who would like to have a copy of the
original French text, reprints will be available of the article
published in the French edition of this Review. "

I. THE ARCHITECTURAL DESIGN OF LE CORBUSIER AND XENAKIS

after Y. XENAKIS 1). 061.41(493.2): 72591

A report is given below of the ideas embodied in
the architectural conception of the Philips pavilion
and of the various stages through which the design
passed before the pavilion acquired its final shape.
This report is an authorized shortened version of
an article by Y. Xenakis. who also provided the
drawings illustrating the evolution of the design.
These drawings are the main feature of the article,

When Le Corbusier, in the beginning of 1956
agreed to undertake the design of the Philips pavilion,
he had in mind a structure to enclose a space o;'
unc?nventinnal form and to be materialized by
casting cement on a metal-gauze framework sus-
pended from scaffolding. The structure would have
a roof and surfaces on which pictures, colours and
film scenes could be projected for performing a
spectacle in light and sound — a so-titled “Elec-

tronic Poem™. In October 1956, Y. Xenakis, under

the direction of Le Corbusier, entered upon a de-

t) Paris, 35 rue de Sévres.

..

tailed study of the project 1), The result was a
design based entirely on the use of ruled surfaces.

This result, to which artistic intuition as well as
practical considerations contributed, will be eluci-
dated in the following pages.

At s e

o

The first design

The ground-plan of the pavilion was fairly simply
established, being dictated by the requirements for 1
the performance of the “Electronic Poem”. Each
performance was to last 8 to 10 minutes and to be.
attended by some 600 or 700 persons, uniformly
dwtfi'.buted over the whole floor surface of the
pavilion. A space of more or less circular plan was

therefore needed, with an area of 400 or 500 w’
and with two large “spouts”
channels,

as entrance and ex'it'.j

1
) A brief account of this st
Y. Xenakis, Le Corbusie

der Philips Pavi
&LPgh)‘-]’PB Pavillon, Gravesaner Blitter 3, 47-54, 1957

:.:dy has already been p“hlism';"
r's “Elektronisches Gedicht” und
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In order to be able to produce various fantastic
effects, locally changing colours, shifts of light and
shade, ete. in the projection of pictures or colour

 slides, the enclosing walls (or at least part of them)

had to be curved surfaces, so that they would receive
the light from divergent angles. All uniformity was
to be avoided, even the uniformity of curvature

~ found in spherical and eylindrical vaults. This led

to the idea of having surfaces with differing radii

PHILIPS PAVILION AT BRUSSELS, 1

paraboloid (hypar) is also produced by moving a
straight line such that it always remains parallel
to a given plane, but in this case it slides along two
skew straight lines (rectilinear directrixes). The
static stress distribution in a shell having the form
of a hyperbolic paraboloid can, to a certain extent,
be calculated: such a shell is found to possess re-
markable properties of strength and stability (see
article IT in this series). Moreover, these surfaces

Fig. 1. The church Notre Dame de la Solitude at Coyoacan, Mexico, having a concrete
shell roof in the form of a hyperbolic paraboloid, designed by the architect Felix Candela.
(Hlustration from: F. Candela, Les voiites minces et 'espace architectural, L’architec-
ture d'aujourd’hui 27, 22-27, March 1956.)

of curvature. Such surfaces also seemed suitable
for meeting the acoustic requirements. To allow
complete freedom for creating a wide variety of
spatial impressions with the aid of loudspeakers,
the aim was to avoid as far as possible the uncontrol-
led acoustic contributions due to reflections from
the walls and which are audible either as isolated
echos or as reverberation. It is known that parallel
flat walls are dangerous in this respect, because of
repeated reflections; parts of spherical surfaces are
equally inappropriate, since they can give rise to
localized echos.

Having turned his thoughts to surfaces with
widely varying radii of curvature, Xenakis was led
naturally to consider saddle surfaces, and in parti-
cular the ruled surfaces that come into this cat-
egory. Through the work of Laffaille and other pio-
neers in this field, the architect was familiar with
simple ruled surfaces, such as the hyperbolic para-
boloid and the conoid. The conoid is obtained by
letting a straight line (a generator) slide along two
non-intersecting lines (directrixes), one a slraight
line and the other an arbitrary curve, such that it
remains parallel to a given plane. The hyperbolic

produced by straight lines readily lend themselves
to construction in straight wooden beams or in con-
crete (see article 1V). These attractive properties
have led to an increasing use of such shell struc-
tures in various countries, particularly for roof
constructions ( fig. 1).

The Philips pavilion offered the architect a unique
opportunity to build a structure entirely from these
ruled surfaces, and in this way to create a homo-
geneous three-dimensional envelope in the sense
that the three dimensions would each really play
an independent role, as opposed to conventional
architecture in which, usually, the form of the
ground-plan is still manifest in every section of the
building high above the ground.

The working-out of this novel architectural idea,
however, was necessarily a process involving artistic
intuition and a feeling for form rather than a ques-
tion of reasoning. The series of sketches, figs. 2-10,
allow the architect to show how he arrived at his
first design.

This design (fig. 10) contains a conoid E, a surface
consisting mainly of two conoids 4 and D, two
hyperbolic paraboloids K and G, a connecting cone
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Figs. 2-4. Development of the ground-plan.

Fig. 2. Circular space with two “spouts™ as
entrance and exit channels.

Fig. 3. Further development of the plan form:
partly from its shape and partly because of
its function, the architect refers to it suc-
cinetly as “I'estomac™.

Fig. 4. The ground-plan forming the basis of
the first design.

Figs. 5-10. Stages in the development of the
first design.

Fig. 5. Ground profile of the left half of the
“stomach’. The intention was to build over
the ground-plan a shell composed of as few
ruled surfaces as possible. A conoid (E) is
constructed through the ground profile curve;
this wall is bounded by two straight lines,
viz. the straight directrix (rising from the
left extremity of the ground profile) and the
outermost ruling line (passing through the
right extremity of the ground profile). This
produces the first “peak” of the pavilion.

Fig. 6. A ruled surface, but consisting of two
conoids, A4 and D, is also laid through the curve
bounding the right half of the “stomach™.
The straight directrix of D passes through
the first peak, and the outermost ruling line
at this side forms with that of E a triangular
exit. The straight directrix of A passes
through a second peak and is joined by an
arc to that of D.

This basic form is that used in the first
design and was retained, with some modifi-
cations, in the final structure. The main
problem of the design was to establish an
aesthetic balance between the two peaks.

Fig. 7. Attempt to close the space between
the two ruled surfaces of the first design by
flat surfaces (which might serve as projection
walls).

Fig. 8. Another attempt. Above the entrance
channel a small triangular opening is formed,
flanked by two hyperbolic paraboloids (later
denoted by G and K). and the whole is covered
with a horizontal top surface.

Fig. 9. Elaboration of fig. 8. The third peak
begins tentatively to take shape.

Fig. 10. The first design completed (see also
the first model, fig. 11). There are no longer
any flat surfaces. The third peak is fully
developed and creates, with its opposing
sweep, a counterbalance for the first two
peaks. The heights of the three peaks have
been established. The third peak and the
small arc connecting the straight directrixes
of conoids 4 and D (see fig. 6) form, respec-
tively, the apex and the base of a part of a
cone L.
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Photo Lucien Hervé

Fig. 11. The first model. The “stomach” is set out on the base
of the model; the strings indicate the ruled surfaces. The inter-
sections of the ruled surfaces are represented by spokes of
piano wire. Their bent-over ends have no structural signifi-
cance.

L and two open triangles as entrance and exit, The
two peaks, produced from the oblique straight lines
arising out of one of the channels (fig. 6) are
counterbalanced by a third peak projecting above
this channel.

Fig. 11 shows a model of the first design. The
ribs in which the surfaces intersect are formed in
this model by spokes of piano wire, the bent ends
being anchored in a wooden base. The surfaces are

produced by spanning strings between the ribs.

The second design

At this stage, engineers of a Parisian firm of
contractors were consulted by the architects regard-
ing the system of construction.

With a view to soundproofing, Philips had speci-
fied a wall weight of 120 kg/m? (concrete or cement
about 5 em thick). There was therefore

no question
of building the

pavilion in the form of a tent,
whether or not with metal-reinforeed *

‘canvas”, The
engineers consulted believed that

in these circum-
stances the pavilion would have to be

on a fairly heavy metal skeleton. afte

of the wire spokes in the model and

constructed
r the manner
with supporting
stanchions corresponding to the vertical bent wires
in the model. At all events the

y thought it desirable
to change

from conoids to hyperbolic paraboloids
80 as to make it possible to specify more easily the
exact curvature of all surfaces .

and simplify the
calculation of static :

stresses as well as the work of
erection,

VOLUME %

This advice was accepted by Le Corbusier and
Xenakis, especially since they themselves felt that
the first design had certain aesthetic weaknesses
which in any case called for modification.

X enakis ;_:t't about converting the surfaces by
experiment. His method was simple: he us.vd two
straight metal spokes joined by a system of elastie
strings fixed at equidistant poeints along each spoke,
The strings formed the ruling lines of a hypar,
whose geometry was determined by the distance
between the spokes, the angle between them and
the positioning of two arbitrary strings. Other
variables determine the position of the hypar with
respect to ground level. To select each of the pavilion
surfaces the architect had to proceed by trial and
error, simultaneously varying all the above varia-
bles; as soon as he found a satisfactory form for a
particular surface, he immediately put it down on
paper in the form of an orthogonal projection ?).
For this purpose it is sufficient to give horizontal
and vertical projections showing the positions of
the two spokes and of two pairs of corresponding
points thereon (e.g. the end points of the two outer
most strings on the spokes: see figs. 12 and 13).
This done, all pairs of corresponding points are fixed,
each pair defining a ruling line. The points at which
the ruling lines meet the horizontal plane give the
intersection of this plane with the part of the hypar
surface involved ( fig. 14). This intersection can be
part of a hyperbola or of a parabola (this is the case
when one of the spokes is below the horizontal planf}»
or it can be a straight line (one of the spokes lies in
the horizontal plane), or, in special cases, it can b
a single point. There are also some hypar shells
in the design, of which the part of the surface used
does not touch the ground at all.

The first step in revising the original design was
to change the position in space of the three peaks
80 as to obtain more harmonious proportions, The
difference between the second and third peak had
to be accentuated, and the middle cone I widened:
The architect now fixed the height of the peaks at
21 m,13 m, and 18 m respectively. He then proceed:
ed, by allcrnat.ely 1.‘xpt'rim<rmi'ng with the spﬂk"'
and string model and drawing the surfaces found,

to establish the hyperbolic paraboloidal surfac

that both gave an aesthetically satisfying form and

vielded intersections with the ground level whic
were as much as possible in km'pillg with the Urigmal
ground-plan,

—_—

i lh 1s clear that it would hardly be convenient to define th
'ypar surfaces in terms of the numerical values of !

::_:fﬂlcli;"t" in the appropriate equation of the s ae

Bt
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By December 1956 the second design had been
completely worked out in this way and set down
on paper ( figs. 15 and 16). From this design a new
model was made ( fig. 17).

Comparing the second with the first design, we
see that the hypars G and K (which form the most
important surfaces for the projection of pictures)
have been retained, but the cone L has been widen-
ed and the conoids A, E and D changed into five
hypars 4, E and B, N, D. In addition, two new
hypars C and F appear. Surface F, which abuts
on E, provides the necessary space for certain in-
stallations (air-conditioning plant, toilets, control
room) and for the extensive equipment needed for
automatically performing, several times an hour,
the spectacle of light and sound.

Final modifications
Most of the contracting firms approached by

Philips at this stage of the design had only more or
less conventional schemes of construction to propose,
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Fig. 13

Fig. 12. Isometric drawing to indicate how the orthogonal pro-
jection (fig. 13) of a hyperbolic paraboloid may be constructed.
The two directrixes A, B are projected on to a horizontal plane
(4’, B’) and on to a vertical plane (A", B”); two pairs of
points, viz. the end points of 4 and B, and their corresponding
projections are shown.

Fig. 13. Horizontal and vertical projections of the directrixes
of a hyperbolic paraboloid from fig. 12. Also shown are the
projections X’X’ and X”X" of an arbitrary generator line
connecting two corresponding points X, X on the directrixes.
This generator passes through the horizontal plane at point X",

Fig. 14. The intersection of a hyperbolic paraboloid with the
horizontal plane is constructed from the points at which a
series of generator lines intersect this plane.

which were conspicuously out of keeping with the
revolutionary style of the structure. Double-walled
shells were suggested, having a total thickness of
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Fig. 15. Revised ground-plan for the second (and definitive)
design. The bounding curves are now composed of parts of
hyperbolae (for practical reasons the entrance and exit were
interchanged with respect to the first design).
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was a nuisance. The architect Xenakis now pfoposg?d
a slight change in the new hypar M fmd in B in
order to make it possible to dispense with the stan-
chions entirely. The reasoning was that the e.dge '
members (ribs) at the relevant shell intersections
ought to be able to take over, at least for the greater

St Dot frreans

Hy pan beligrees & € eveaplin

part, the supporting function of the stanchions.

Fig. 16. The second design. All surfaces of the first (ll'R’ign. ex-
cept cone L, have now been converted into h'\-'!lvr]mlu: para-
boloids, and two new hyperbolic paraboloids (F and C) have
been introduced. Compared with fig. 10, the design is seen here
from the opposite side, as can be seen from cone L, 1h|_* apex
of which appears top right in this sketch. The first peak is here
in the foreground.

Photo Lucien Hervé
80 cm and made of wood, metal or plaster carried

. Fig. 17. Second model, seen from the side which now forms the
by fairly complex skeleton structures. The Only  otrance: the thisd peak is in the foreground.

proposal that was really in unison with the architect’s
intentions, while being at the same time reasonable
in price, came from the Belgian contracting firm
N.V. “Strabed”, directed by Dr. H. C. Duyster.
Mr. Duyster’s plan was to build the pavilion as a
shell structure of prestressed concrete 5 em thick,
which would be largely self-supporting, i.e. only

The model tests (see article I11) confirmed that in
the design so modified the stanchions were super-
fluous. The structure was thus made entirely self-
supporting, that is to say it no longer contained
supporting elements that were not embodied in
a few stanchions would bhe used merely to give the
walls some additional support. The intention was
to follow closely the form of the second design, with

only one minor modification. The latter arose from

a misunderstanding of the architect’s drawing, in
which the hyperbolic paraboloids that did not touch
the ground were indicated only summarily, lt‘atling

Mr. Duyster to interpret the cone L and the hypar

N (fig. 16) as parts of a single hypar (denoted M

below). In fact. this simplification improved the

geometrical purity of the structure. The elegant
method by which Mr. Duyster proposed to con-

struct the ruled surfaces of the pavilion in concrete

is described in the fourth article of this series.

Finally, another modification was decided

on.
which, though a minor one in its effe

‘¢t on the strength

of the structure, was of the utmost importance as

regards the overall architectural effect. The design

still envisaged supporting stanchions, one of which 95462 i
was actually inside the enclosed Space, and as such  Fig. 18. General plan of the final design (enlarged from g IR
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the wall surfaces. To strengthen the third peak,
which slopes at a very oblique angle, the hypar C
was made convex at its foot mstead of concave,
and finally the two triangular opemngs were partly

g

4 f‘=

Fig. 19. Part of the scale drawing
signed by the architects Le Corbusier an

closed with extra hypars abutting on the existing
ones. In this way the definitive form of the pavilion
was arrived at, as illustrated in the plans of figs.

18 and 19.
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Fig. 20. Photograph of part of the int
concrete, which enhance the plastic for
the finished pavilion by a surfacing re

erior of the pavilion. The prestressing wires on the
m of the structure, are unfortunately concealed in

quired for the projection of colours and pictures,

Fig. 20 shows a plmlugraph of the interior made
before the concrete's prestressing wires were con-

cealed by the internal surfacing. This photograph

and the title photograph (and also fig. 12 in IV)
give an impression of the remarkable plastic
figuration of the building.
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II. THE HYPERBOLIC-PARABOLOIDAL SHELL
AND ITS MECHANICAL PROPERTIES

by C. G. J. VREEDENBURGH *).

It was about the year 1935 that Laffaille and
Aimond published the first studies on the distri-
bution of forces in “hypar” shells, i.e. thin-walled
structures having the form of hyperbolic para-
boloids ')?).

Shells of spherical and cylindrical form have been
used for many years but practical interest in the
hypar shell dates only from the last ten years. It
would seem that saddle surfaces (surfaces having
opposite curvatures along different directions) such
as these did not find much acceptance because they
seemed to defy architectural conventions. Moreover
it was thought that hypar shells would be more
costly to build than shells of the normal spherical
and cylindrical shapes.

Views on this subject have now changed consider-
ably. Partly through the pioneering work of Candela
in the U.S.A. %) and of Hruban in Czechoslovakia %),
it became realized that hypar shells not only possess
great strength and stability but also lend themselves
readily to a synthesis of striking architectural forms
in keeping with various tendencies in modern art.
The design of Le Corbusier and Xenakis for the
Philips pavilion in Brussels which, as described in
the first article of this series, is entirely based on
hyperbolic paraboloids, has certainly shown that
hypar shells can be used for creating the most
spectacular architectural fantasies. Furthermore,
as regards their actual construction, it is now
recognized that hyperbolic paraboloids, because of
the two systems of straight lines inherent in them ?),
are particularly well adapted to construction in
wood as well as in reinforced or prestressed con-
Crete,

—

*) grt;if_esnor of applied mechanics, Technische Hogeschool,
elft.

) B. Laffaille, Mémoire sur I'étude générale des surfaces
gauches minces, Mém. Assoc. Int. Ponts et Charpentes 3,

o 295-332, 1935,

) F. Aimond, Etude statique des voiles minces en paraboloide
}l'}'lplt'zrbulique, Mém. Assoc. Int. Ponts et Charpentes 4,
-112, 1936.

*} F. Candela, Structural applications of hyperbolic parabo-
loidal shells, J. Amer. Concrete Inst., Title No. 51-20,

o January 1955, pp. 397-415.

) K. Hruban, Obecné Feseni Zlabovych skofepin (The general
theory of saddle-surface shells), Institute of Technology

¢ Brno, 1953.

) See the third and fourth article of this series. A recent exam-
ple of a large hypar shell consisting of glued wooden sec-
tions is the roof construction of the Information Centre
i the Place de Brouckere, Brussels.

624.023.744: 061.41(493.2): 725.91

The hypar shell, then, has made its entry into
architecture and is being used in many countries
and for various kinds of building. However, owing
to the relative novelty of this structural form and
the greater geometrical intricacy of saddle surfaces,
the contractor presented with such an assignment
will often be unwilling to rely entirely on experience
already available and on his own intuition, but will
enlist the aid of a scientific analysis of the expected
mechanical behaviour of the structure. It thus came
about that, towards the end of January 1957, we
were approached by the contracting firm “Strabed”
for advice concerning the building of the Philips
pavilion.

Now it is simply not possible to calculate exactly
the states of stress that can arise in such an exceed-
ingly complicated structure of shells and ribs
(the latter at the intersections of the shells). On the
basis of theoretical considerations alone we were
therefore only able to provide Messrs. Strabed
with positive advice of a general nature regarding
the feasibility of the architects’ design and of the
proposed method of building: in order to give a
definite answer to certain specific questions re-
course was necessary, partly because of the limited
time available, to experimental stress analysis,
using a model. These tests, which were performed at
Rijswijk and Delft (Netherlands) by A.L. Bouma
and F. K. Ligtenberg, are described in the third
article of this series. Nevertheless it will perhaps be
useful to show the interested reader how far it is
possible to go with a calculation of the general states
of stress in hyperbolic-paraboloidal shells, and to
describe the mature of the difficulties which, in
intricate cases, oblige one to resort to supplementary
tests on a model.

The geometry of the hypar shell

To understand the distribution of forces in a
hypar shell it is first necessary to recall some facts
about its geometry.

With respect to a rectangular system of axes
Oxyz (see fig. 1), the equation for a hyperbolic
paraboloid may be written in the form:

2 2
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where O is the apex of the surface, 0z its axis, and
x0z and yOz are planes of symmetry which intersect
the hyperbolic paraboloid in the parabolae p, anfl.
p, respectively. The quantities ry and r, are the radii
of curvature of the parabolae p, and p, at the apex 0.

L =

LETT L]

Fig. 1. Geometrical definition of the hyperbolic paraboloid.
0 = apex; Oz = axis; x0z and y0z are the planes of symmetry;
£0z and 70z are the directrix planes (R, and R, ), to which the
two sets of rulings on the surface run parallel.

The plane xOy intersects the surface in the straight
lines Of and Oy. The axis Ox is the bisector of the
angle 29 between these lines. It can be shown,
from (1), that

Ira

P

With respect to the system of axes Ofyz (the
axes Of and Oy are not, in the general case, per-

tan ¢ =

(2)
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pendicular to each other) the equation for the
hypar is:

z = kénsin 2¢, . (3)
where
1
b= —. (4)
frire

The two planes passing respectively through the
axis Oz and the lines Of and Oy are the directrix
planes R, and R, of the hypar. From eq. (3) it can
be seen that all planes parallel to R, cut the surface
in straight lines, likewise all planes parallel to R,.
The hyperbolic paraboloid thus contains two systems
of straight lines (rulings). The lines of each system
all run parallel to the corresponding directrix plane,
but their slope varies with their distance from that
plane (see fig. 2a).

If we consider a part of the surface of a hypar
shell, bounded by two straight lines AB and CD
of the one set of rulings and two straight lines AC
and BD of the other set (see fig. 2b), we see at once
that a hyperbolic paraboloid is also obtained when
a straight line (e.g. AC), which intersects two skew
straight lines (AB and CD), slides along the latter
two lines, while remaining parallel to a given plane
(in this case the directrix plane to which AC and
BD are parallel).

Describing now a parallelogram on two adjoining
lines (e.g. AB and AC) of the above figure, the fourth
corner of the parallelogram being E, the line DE
will run parallel to the axis of the hyperbolic para-
boloid and is termed the linear distortion v of the

hypar surface ABDC.

Fig. 2. a) Hyperbolic p
b) Part of a hyperbolic
distortion" is v,

the specific distortion is v/F

araboloid showing the two set
paraboloid bounded by f?):: s

of ruling lines. 0 — apex, 0z — axi
rulings AB, CD, AC, BD, The “fies:

VOLUME 20 °
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If we project the surface ABDC on to a plane
perpendicular to the axial direction DE, and if the
area of this projection (parallelogram 4'B'D’'C’) is
F, we call the ratio v/F the specific distortion, this
being identical with k of formula (4) and constant
for all parts of the hypar shell, bounded by four
ruling lines. In practice the quantity k is usually
determined by calculating the specific distortion.

Finally, the hyperbolic paraboloid can also be
regarded as a translation surface. For this purpose
let us revert to fig. 1. All planes parallel to the plane
of symmetry xOz cut the surface, according to eq.
(1), in parabolae which are congruent with p,,
while all planes parallel to the plane of symmetry
y0z give intersecting curves congruent with the
parabola p,. We can therefore also imagine the
hyperbolic paraboloid as produced by displacing
parabola p, parallel to itself, its apex gliding along
P1» or by the parallel displacement of parabola p,,
its apex gliding along p,.

The plane z = ¢ intersects the hypar, accord-
ing to eq. (1), in a hyperbola. Projecting this onto
the plane x0y, the lines O and Oy are the asymp-
totes of this hyperbola, and Ox and Oy its real and
imaginary axes respectively. For the plane z = —¢,
the projected intersecting curve is again a hyper-
bola, again with 0% and 07 as asymptotes, but with
Ox as its imaginary axis and Oy as its real axis.

In the special case that ¢ — 45° (0¢ and O then
being perpendicular to each other) the above inter-
secting curves are rectangular hyperbolae and the
surface is then called a rectangular hyperbolic
paraboloid.

If we take an arbitrary hypar and project a num-
ber of contour hyperbolae and a number of ruling
lines onto the plane x0Oy, we obtain a diagram
such as that of fig. 3.

For the sake of completeness we should mention
the one-shell hyperboloid, which also contains two
Systems of ruling lines. These lines, however, are
1o longer parallel to two directrix planes, but parallel
to the generators of a conic surface, the latter being
the asymptotic cone of the hyperboloid. A conse-
quence of this fact is that it is much more difficult
to calculate the distribution of forces in a hyperbo-
loidal shell than in a hyperbolic-paraboloidal shell.

The membrane theory of the hypar shell

Forces lying in the median surface of a plate or
shell are known as membrane forces. (The median
Surface is defined as the locus of the mid-points of
the thickness everywhere in the plate or shell.)
Unlike a flar plate, a curved shell is able to take a
load Perpendicular to its surface in the form of mem-
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brane forces. When a shell is allowed to deform
freely under a given set of forces, a good approx-
imation to the actual distribution of forces is ob-
tained by assuming that exclusively membrane
forces are acting. This is plausible since for a static-

Cz=4]
_' +3
+5

-

+4
+2

v -5 -3
¥ 95363

E

Fig. 3. Projection on the plane x0Oy of contour lines (hyper-
bolae) and ruling lines (dashed) of a hyperbolic paraboloid.

ally possible stress distribution in which no bending
or torsion takes place (i.e. a quasi-two-dimensional
stress distribution) the deformation energy of a
shell structure is approximately a minimum. The
usual procedure, therefore, is to begin by calculating
the distribution of forces in the hypar shell in accord-
ance with the membrane theory, and subsequently
to apply corrections to allow for stress disturb-
ances at the edges of the shell, where the defor-
mations resulting from the membrane stresses
are not able to take place freely. In the Philips
pavilion, for example, at the intersection of each
pair of hyperbolic-paraboloidal surfaces, the surfaces
are rigidly joined by a rib. The condition here is
that the deformations of the rib must be the same
as those of the abutting edges of the shells. This
gives rise to stresses near the edges, so-called edge
disturbances, which we shall consider presently.
The differential equations for the membrane state
of stress can best be derived by considering the
equilibrium in the directions &, # and z of a loaded
element. For this purpose we consider a small
element of the shell bounded by four neighbouring
ruling lines which, when projected on to the horizontal
plane £07, form an elementary parallelogram of
sides d& and d# (see fig. 4). The components of the
applied load per unit projected horizontal area of
the shell in the directions O£, Oy and Oz are denoted
pé py and p; respectively. The oblique membrane
forces per unit length (called shell forces, analogous
to stresses in the more general case of solid bodies)
in the shell element are denoted ng, n, and ¥.
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The pmjecled shell-forces are:

= cos
nE=—0~nN —
* ecoaﬁ’
- cosff ) o - - oo (5)
ny, = ny s
COSs
9 =90.

The equilibrium conditions in the & 7 and z direc-
tions yield the following equations:

n i

Ong 0 + pesin 2¢ = 0,

0F dy ’

on, 0 . (6)
i 4 gin 2 = 0,

dy 0& i
2. [ (3 d i

20 - t [p. T )5in 2p=0.

0ty »— P 0f p”dq

The expression between brackets is the z-component
p: of the net load at the point of the shell under
consideration when the latter is resolved into two
components, one (p;) in the : direction and the
other in the tangent plane; the third equation of (6)
can therefore also be written:

a
-

24 350y +prein2p=0. .. (7)

A very simple solution is found when the applied

load in the z direction per unit horizontal area of

the hypar shell is everywhere constant (= g, say),

while p: = p, = 0. From eq. (3) we derive the
purely geometrical relation

0%

dEdn = ksin2¢.

For the case p, = g, eq. (7) thus gives

e o = constant. . . . . (8)
We see from this formula that the shell force 9 is
inversely proportional to k. In connection with (4)
it is therefore advantageous to make the radii of
curvature ry and r, as small as possible. The more
pronounced is the curvature of the shell, the more

favourable is the stress distribution.

If the shell is bounded by ruling lines, and if the

membrane forces n: and ny, at the boundaries may

be assumed to be zero (non-rigid edge members),
it follows from the first two equations of (6) that
these forees are zero at all pnillls of the sh('ll.

A load uniformly distributed per unit horizontal
area is therefore transmitted by a hypar shell of
vertical axis and constant Ihit‘km-ss' to the

edge

members in the form of constant shear stresses
along the rulings. The shell is then fur' practical
purposes a structure of equal strength, which means
that if at one point of the shell the stress reaches
its maximum permissible value, it will do so at all
points. Since in that case the strength of the mate-
rial is fully exploited everywhere, it is evident that ‘

a structure of equal strength requires a minimum

of material. §
element of the shell

/—-”I""‘ ~
i .
1 g} i
= s
-
| frr
| -,
,/’T' i
‘l i
| '
I h )
‘| | -8
|
l

g95368 E’

Fig. 4. Equilibrium of a shell element, introducing the oblique
shell-forces projected onto the £y plane. Shell-forces are
forces per unit length of the shell; the components in
median plane of the membrane are generally denoted by n

#. A shell-force divided by the thickness of the shell evidently
represents a stress (force per unit area). )

The above is further illustrated in fig. 5, Whjﬂh,
depicts a simple shell consisting of four quadrants,
cach constituting a part of a rectangular hyper
bolic paraboloid with edge members. As indicated in
one of the quadrants by dashed lines, there are tW0
sets of parabolae on the surface, a set with the con®
vex side upwards and another set with the conca®
side upwards. The former are in compression and
the latter in tension. The load on the shell is n0%
borne for one half by the compression pal'ﬂb"m
and for the other half by the tension parabo]aa-
If we consider a point on an edge member where
tension and a compression parabola meet, W€ m,
that the reactions of both together produce a sheal
force along the edge member, so that the lattet
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are not loaded perpendicularly to their axes.
The same manner of force-transmission also takes
place in non-rectangular hypar shells. This explains
why the load in the case of the Philips pavilion is
transmitted largely in the form of compressive
forces along the ribs to the foundations and why
the vertical stanchions originally envisaged for the
support of the ribs could eventually be dispensed
with.

The distribution of forces as described here applies
only to a load uniformly distributed per unit hori-
zontal area, as for example aload of snow of constant
(vertical) thickness.

For the dead weight of the shell, the simple distri-
bution of forces holds only approximately. If this
weight be g per unit area of the shell, then the shell-
force for a shell with a vertical axis (fig. 1) is:

A
P=— V0ot )

where
D=1+ k(2 + n*—2&ncos 2¢). . (10)

If the normals to the shell surface do not make large
angles with the axis (< 15°), we can put @ equal to
unity. Furthermore we find:

2k
+ 4gn sin®2¢ In [} @ + k& — ky cos 2¢] + fi(7)

cos 2¢) b -+

Hgyre=— é%f cos 2¢ if"lﬁf’ +
+ $g&sin®2¢ In[) @ + ky — k& cos 2¢] + £,(£).
R Tl e 0 8

The integration functions f;(y) and f,(£) must be
determined from the boundary conditions.

Fig. 5. System of four rectangular hypar shells, loaded uni-
formly per unit horizontal area. The arrows indicate the
shear forces transmitted to the rigid edge members.
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In this way we can also calculate the membrane
forces for a constant load w per unit area of shell
directed everywhere normally to the shell. Such a
load is often assumed to represent a wind load. We
then find:

R o ek s e

ng = wk(2&n — & cos 29) + f3(n), ) (13)
ny, = wk(26n — u® cos 2¢) + £4(). )
From the above formulae we see that, as opposed
to a snow load, the shell-forces # are no longer con-
stant under a dead weight or wind load, and that the
shell forces n now begin to enter into account.
Having calculated the projected shell-forces ng
and n,, the actual shell-forces ng and n, are also
known, from equations (5). It should be noted here
that (see fig. 4):

1
v R e e~
I1 + (9z/0)
1 ;o
cos f3

V1 -+ (9z/97)*

Finally, in order to judge the strength of the struc-
ture, we must determine from the actual shell-forces
the principal shell-forces ®) in magnitude and direc-
tion for a number of characteristic points of the
shell. For this purpose we must know the angle »
between the ruling lines (see fig. 4) at the point under
consideration. This is given by the formula:

(02/0£)(9z/0n) + cos 2¢
V{1 + (02/08)%] [1 + (0z/07)?]

(15)

CO8 ) = -

Since we are concerned here with eblique shell-forces,
or stresses, it is necessary to modify somewhat the
conventional Mohr circle construction. Fig. 6a shows
the conventional construction, for a plane state
of stress; such a diagram enables us to determine
graphically the direction and magnitude of the prin-
cipal stresses o, and o,, from the normal stresses
oy and oy and the shear stress 7, acting in two
mutually perpendicular plane elements (both
perpendicular to the stress-free plane). The modi-
fied construction is shown in fig. 6b; this enables
us to determine the direction and magnitude of the
principal shell-forces n, and n, from the oblique shell-
forces ng, ny and #, acting in two plane elements

%) Defined analogously to the principal stresses in the case of
a plane state of stress, i.e. as the shell-forces in those planes
in which there are no shear forces but only normal forces
(these are, incidentally, the largest and smallest shell-forces
at the point in question).
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i le @ with each other 7). questions arising TRSEROERS ti"e minimum tensi.lz
Wh;'t::'t;::.kzn:l::a::c:;zs:‘:tﬁzt in the median surface forces thaf should be ap.phe(ll. in t-ht"! cal:::s (laldm‘
of the shell two sets of curves such that the tangents  the direction of t.ht'a ruling lines); l.I'l 0 ]::H‘;ord.? |
at each point of intersection represent the direc- what are the mlemumd-'fon:ﬁ):e:s;:f] sdin;c:?:
tions of the principal shell-forces n, and n, in that that musr. h'e supenmp.ose.bln' ¢ dent i Ill :
point, These curves are then the principal shell- on the existing stress chstf'l ution n? order olp ve;m:
force “trajectories”; these are sometimes called the occurrence of a t?nsﬂe stress (l;; a’tlr‘llzr p am_ehic’ll |
the principal stress trajectories, since the shell ment through. the point concerned : eﬁgrap .
stresses are simply the shell-forces divided by the solution of this problem is shown in fig. 6e.
shell thickness. R VAT s |

If prestressed concrete is to be used, one of the ‘ : I

As remarked in the foregoing, the shell in the
€ Veelenburgh, fypeblic Parsboidel Shll, ity of a stif edge cannot freely undergo the
belangen, Delft 1954, pp. 17-26. deformations arising from the membrane state of

iy

Fig. 6. a) Mohr's construction for a plane state of stress. The cunstmcti?n gives the principal stresses 0y and o, at any
given point when the normal stresses o, and o, and the shear stress 7 in two mutually perpendicular plane elements at
that point are known. By plotting o, and o, on the horizontal axis and 7 on the vertical axis, we find the points R, and Ry E
The circle through R, and R,, with the centre M on the ¢ axis, yields the points o, and 7, The distances Og, and Og
give the magnitude of the principal stresses, their directions being given by Rya, and R,o,, respectively._ 3
b) Modification of Mohr's construction, adapted for the stresses (or, since a membrane state of stress is involved, the M i
forces ng and n,, see fig. 4) in the direction of the ruling lines passing through a point of the hypar. The plane elementsin

which these forces act are not mutually perpendicular, but make an angle @ with each other. Plotting n: and ny on an
axis set at an angle o with the # axis, and drawing two lines

of length # through these points, parallel to the # axis, yields
Rg and R,. The circle through R: and R, with centre M on
the relevant n axis yields the points n, and n,, The distances
On, and Ony give the magnitude of the principal shell-forces,
acting respectively in the directions R,n, and Ryn,.
¢) In order to obtain a state of stress entirely free of tensile
stresses, Mohr's stress circle must be displaced by external
forces in such a way that it comes to lie entirely to the left of the
f axis. This can be achieved by means of prestressing cables,
applied in the direction of the ruling lines of the hypar; the
prestressing shell-forces (compressive forces), directed along
ng and n,, must then be set out from the points ng and ny
on the same oblique axis towards the left,
he mini prestressing is obtained when the circle is
tangent to the & axis and when at the same time the new
points R: and R,’, which lie on the same oblique line as
R¢ and R, are made to coincide; the circle is then also tangent
to this oblique line (at point R’), The centre M’ of the circle
is therefore found on the line bisecting the angle between the
oblique line and the # axis, The figure shows that the pre-
stressing must cause the compressive shell-forces n: + & and
ny -+ # (giving the point n’ = n,’) and that the state of stress
is then converted into a linear compressive stress with a princi-
pal shell force On, (the other principal stress being zero);

Ony acts in the direction R'ny, i.e. in the direction of the above-
mentioned bisector.

i 95365
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stress. If we imagine for a moment the edge member
to be separated from the shell, so that the deforma-
tions can take place unhindered, it is clear that the
edge of the shell and the edge member will no longer
be a precise fit. A fit is only possible when the edge
member exerts forces and moments on the edge of
the shell (normal, shear and transverse forces, and
bending and torsional moments) and the shell exerts
opposite forces and moments on the edge member
such that the extra deformations enable a perfect
fit to be obtained. The calculation of these edge
disturbances, which must be superimposed on
the membrane state of stress, is one of the most
difficult problems of shell theory.

If we approximate to the hyperbolic-paraboloidal
shell in a small region by a translation surface of
circles of radii r; and r,, then, for small curvatures,
the following (tetra-harmonic) differential equation
for the edge disturbances is approximately valid:

Vi =
: 4 4
LD 1) 1%% 2 dw 104 (16)
K rg20x%  rr, 0220y 20yt
where

w = displacement of a shell point in the direction
of the normal,
02 o2 Eb E&
Vit 0, D=, K=o,
022  0dy? 1—»2 12(1—»%)
0 = shell thickness,

E = modulus of elasticity and
v = Poisson’s ratio.

The quantities D and K represent the tensile and
bending stiffness respectively of the shell.

If w is known, we can then find the entire distri-
bution of forces. We find that the disturbances
originating from the edge points always consist of
the superposition of two spatially periodic wave-
forms; in many cases both waveforms are rapidly
“damped”, so that at some distance from the edge
members little of the edge disturbance is perceptible.

Partly because a calculation based on equation
(16) is extremely complicated, and indeed, not
feasible in the case of such intricate boundary con-
ditions as exist in the Philips pavilion, the follow-
ing approximate calculation of the order of magni-
tude of the edge disturbances in hypar shells seems
to be entirely adequate for practical purposes. The
method adopted is based on the fact that, so far as
bending phenomena are concerned, a shell can be
compared with a plate supported on an elastic
foundation. Thus if we imagine a strip of the hypar
shell perpendicular to an edge member, this strip will
behave to a first approximation as a beam supported
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on an elastic foundation. If the local principal cur-
vatures ) of the hypar shell at the edge point in
question be k, and k,, then the coefficient of reac-
tion (foundation modulus) for the equivalent beam
on an elastic foundation is approximately:

¢ = Eo(k2+k?). . . . .. (17)

(The coefficient of reaction of an elastic foundation
is the reaction per unit area when the deflection is
equal to unity. The larger ¢, the greater the rigidity
of the foundation.)

It is now possible by simple means to calculate
the variation of the edge disturbance, which is in
this case determined solely by the bending moment
m and the transverse force ¢, both per unit length
of the shell. It is found that the behaviour of the
edge disturbances can be described in terms of a
“wavelength” and a “damping”, both of which are
determined by a characteristic length:

0.76)
A= . . ... (18)

Ve + k2
At a distance of about 3.5 4 from the edge, the edge
disturbance can be assumed to be negligible. From
(18) we see that the zones of appreciable edge
disturbance are smaller the thinner the shell and
the larger the principal curvatures (i.e. the smaller
the principal radii of curvature).

If the load on the shell perpendicular to its sur-
face is equal to p, and if we assume that the shell
is clamped perfectly rigidly to the edge member,
the edge-disturbance moment m and the edge-dis-
turbance shear force g, both per unit length of shell,
will vary with the distance x from the edge as illus-
trated in fig. 7. From the formulae given in the
figures it can be seen that each edge-disturbance
has the form of a single damped “wave”, which
can be regarded as the resultant of the two wave-
forms which satisfy equation (16). The damping is
stronger the smaller the characteristic length A.
In the case considered, assuming perfect clamping
at the edge, the negative clamping shell-moment is:

my = $p 2, (19)

and the support reaction per unit length (= the
shell shear force at the clamping position) is:

9o = pA (20)

If the shell is hinged to the edge, the support reac-
tion becomes :

Go=12%% ...... (21)

) In a hyperbolic paraboloid the principal directions of cur-

vature at a given point coincide with the bisectors of the

acute angle formed by the two rulings passing through
that point, and its supplement.
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and the maximum (positive) shell-moment, occurring
at a distance of 0.7851 from the edge member, is:

m=016pi%. ..... (22

If the edge member itself can undergo defor-
mation, the influence of this deformation can also,
if necessary, be taken into account.

1
?x:—r)n

7x FA

85366

Fig. 7. Curves showing the edge disturbances m (bending
moment per unit length of shell) and q (transverse force per
unit length of shell) as a function of the distance x from the
edge, when the shell is clamped in a perfectly rigid edge mem-
be_r. A is the characteristic length. At a distance x - 3.52 =

4.5 (2/4)4 from the edge, the edge-disturbance waveform

: form is
practically damped out,

With the aid of formulae (19) and (22) it is pos-
sible to determine the order of magnitude of the edge-
disturbance moments for any arbitrary shell. If these
moments become unduly large, the shell must be
strengthened at the relevant position. In the case
of reinforced conerete shells it is sufficient in many
cases to add extra steel. Otherwise the shell n'iil
have to be made thicker,

With formulae (20) and (21) we can caleulate
what fraction of the total shell load js lransmittrd
to the edge members by bending. Evidently the re.
maining part is borne by the siln‘ll in !ht"furm of
membrane forces,

The formulae given here, and in particular for-
mula (8), formed the basis for the theoretical
mination of the distribution of forces to he expected
in the Philips pavilion, and for the

dl'lcr-

Provisional

W
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dimensioning of the ribs and shell walls, also for
the purposes of the model tests.

It may be noted here in passing that the useful-
ness of formula (19) was recently demonstrated
experimentally in the Stevin laboratory at Delft,
in the course of tests on a large reinforced conerete
model of a hyperbolic-paraboloidal shell as in fig. 5.

Stability against buckling and second-order buckling

It is known that doubly-curved shells are much
more stable against buckling than cylindrical ones,
For estimating the buckling load py of a hyperbolic-
paraboloidal shell, i.e. the load perpendicular to
the shell surface under which the shell is about to
buckle, we can apply Wansleben’s theory ). We
then find:

2E#

k= _—:—_kk.. . e 23)
i (

where k, and k, respresent the absolute values of
the principal curvatures at the point in question.

When k, = k,, eq. (23) transforms into Zoelly’s
formula for a spherical shell. For a more rigorous
calculation of the buckling load of a rectangular
hyperbolic-paraboloidal shell the reader may be
referred to a paper by Ralston 10),

From formula (23) it can be seen that the buck-
ling load increases, that is to say the danger of buck-
ling decreases, proportionately as the curvatures
increase. In the case of the Philips pavilion it was
therefore primarily necessary to concentrate on the
stability of thoge parts where the curvatures were
very slight. As appears from formula (23), however,
the danger of a shell buckling can be substantially
reduced by increasing the thickness of the shell.
In any case, in applying this formula, a large safety
factor must be introduced to allow also for the pos-
sible presence of errors in the shape of the shell.

Itis not an casy matter to determine theoretically
the stability of shells, particularly when, apart
f:ﬂl.n buckling phenomena, second-order buckling
( "ll'canniﬂg”) is to be taken into account. The
latter Phenomenon consists of the shell suddenly
a@pﬁng 4 mew position of equilibrium, involving
displacements of finite magnitude. The conventiona-
t_h“’r}': which assumes only inﬁnitc]y small deformal
tions, is ngo longer applicable, and must be replaced
by a second-order theory. As regards the danger of
second-order buckling, which is more serious than
the dangvr of buckling, it scems to us that the

YR

) K. Glr_kmann, Flichen

) TI..RI%(), Pp. 516-529,
A. Ralston, Op the problem of buckling of a hyperbolif

boloi :
:[’J;:aa;lg;gx:lall;shﬁetil loaded by its own weight, J. Math. Phys.

tragwerke, Springer Vienna, 4th
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hyperho]i(‘.-paralmloid;ll shell will be less vulnerable,
owing to the saddle form, than the spherical shell.
Although this has not yet been proved theoretically,
our conjecture is nevertheless confirmed to some
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extent by the very high stability of hypar shells,
as observed in the model tests on the Philips pavi-
lion which are described in the third article in this
series,

[IIl. MODEL TESTS FOR PROVING THE CONSTRUCTION OF THE PAVILION

by A. L. BOUMA *) and F. K. LIGTENBERG **).

When the contracting firm “Strabed’ approached
Professor Vreedenburgh at the end of January
1957 for advice on the building of Philips pavilion,
the first question was whether the design of Le
Corbusier and Xenakis was indeed realizable as a
shell structure of reinforced concrete. The plan of
the contractors “Strabed” was to use concrete,
5 em thick, for making the walls, which were
designed as hyperbolic paraboloids, these shell walls

624.023.744: 061.41(493.2) :725.91

membrane state of stress can be assumed. This will
only be the case, however, if certain boundary
conditions are satisfied. In a structure of such intri-
cate shape as the pavilion under discussion, these
boundary conditions are not fulfilled in many of
the shells, giving rise to much more complex states
of stress which are scarcely amenable to exact
mathematical analysis. To answer the above ques-
tion, the obvious procedure was therefore to perform

Fig. 1. Framework of tubes and wire-gauze for making the plaster model of Philips pavilion,
scale 1: 25 (T.N.O. Institute, Rijswijk, Netherlands).

' be reinforced in their lines of intersection by
®lindrical ribs 40 em thick.

In the previous article of this series it was ex-
]:I“i"f‘d that the stresses in hyperbolic-paraboloidal
(‘h-“'l""“) shells can readily be calculated if a
‘-‘-—-—"'—'——

4, l,"”ih”r‘ T.N.O. for Building Materials and Building
) poUStructions, Rijswijk, Netherlands.

Lrmerly of the Stevin Laboratory, Department of Civil
‘igineering, Delft Technische Hogeschool.

tests on scale models, and to introduce calculations
merely for supplementing the experimental results.

For this purpose the Netherlands Institute T.N.O.
for Building Materials and Building Constructions
prepared a model, scale 1 : 25, consisting of plaster
of Paris on a wire-gauze framework ( fig. I). Owing
to the term fixed for the decision by Messrs Strabed,
little more than a week was available for carrying
out this investigation, and the results could not
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therefore be considered as any more than a guide.
The tests led to the conclusion that, with some minor
modifications, the design was feasible.

After Philips had awarded the contract for build-
ing the pavilion to Strabed, the investigation was
continued more extensively. The object was to get
some idea of the stresses occurring in the ribs and
walls, in order to determine exactly certain dimen-
sions and the amount of prestressing needed, partic-
ularly since the architect had meanwhile altered
his design in some respects (see I). The most impor-
tant of these alterations were also introduced in

\5“‘
' A

Y444 R
iy -“ » “‘-J"
ok T 50 " >

AR T T e

Al

Fig. 2. The 1:10 scale model for investi
Messrs Strabed (Stevin labora

the model. Furthermore, an attempt was made
by applying overloads, to assess the stability of th(:
structure. In this invrst.igatinn the Str!l(‘t;lr(‘
regarded as being seamless (monolithic).

In fact the contractors Strabed did not intend to
build the pavilion as a monolithic structure, They
planned to form the shell surfaces from prt-("tq}
slabs which, after all the surfaces had been ln:th
up, were to be prestressed by mear
steel wires disposed on thr.inside surfaces of the
building. Naturally this method of mnsfrnvlio
introduced additional problems, and it was t. 1
fore desirable to investigate th
in particular the effect of the
new model. To this end a 1:10 scale model was
built in the Stevin Laboratory of the i
of Civil Engineering at the Delft Te .
school. The model, consisting of two
surfaces, omitted all details of the

was

1s of high-tensile

here-
ese problems, an(
prestressing, on g

Department
chnische Hoge-
adjoining shell

design but other-
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wise simulated as realistically as possible the
proposed method of construction ( fig. 2).

Model tests, general remarks ')

If model tests are to faithfully simulate the be-
haviour of a structure subjected to an increasing
load up to the moment of collapse, the model must
be a perfect scaled-down facsimile of the original
and be made of the same material. Phenomena such
as crack formation, vielding and rupture will then
occur at places analogous to where they would occur
in reality and under stresses identical with those

gating the system of constructi
tory, Technische Hugesc%mol. Dl'le[f:;'.ﬂ“tmﬂlml Pemnths

associated with the corresponding phenomena in the
actual structure,

Since a stress has the dimensions of load per
unit area (kg/em?), the loads per unit area of the
model must be the same as those for the actual
Structure. If the scale of the model js 1:n, the
following rules are applicable:

Stresses (kg/em?) . . |, . | o o v o
Forces per unit length (kg/em) . . . 1/n
Forces (kg) PRV o aTaa g

]fllnn}ellts per unit length (kg) . . .

Strains (specific deformations, ¢ — A1/l — o/E) 11

...::sljnﬁ

It is by i
by no means always possible, however, to
make a model of the
— iy

1) § 7e X :
) {:;':;il]'tg' \l‘s:l}_mrand C. H. Norris, Structural model analysis,
edited by ¥ a}nd[,m,k of experimental stress analysis,
¢d by M. Hetényi, Wiley, New York 1950.

same material as the actual



1958/59, No. 1

structure. In the case of the Philips pavilion, for
example, it was not practicable to make the 2 mm
thick model walls of conerete. One must look then
around for another material which is suitable. That
presents no particular difficulties if one wishes
to investigate the behaviour of the structure merely
in the elastic region: one can measure strains
(specific deformations) and determine from these
the stresses occurring. In that case it is sufficient
if the material of the model is elastic within an
adequately large range of deformations and satis-
fies Hooke’s law. The material will not, generally
speaking, possess the same modulus of elasticity
as that of the actual structure. The stresses being
equal, the specific deformation in the model is
inversely proportional to the modulus of elasticity.

If only the stress distribution is of interest, it is
no longer necessary to adhere to the rule that the
stresses in the model should be equal to those in
reality. Stresses can be chosen that are readily
measurable on the model material, and the latter
(which may, for example, be steel) may then in fact
be better suited to experimental investigation than
the actual material (e.g. concrete). If the load per
unit area of the model is larger, for example, than
it will be in reality, the local stresses measured in
the model are everywhere also proportionately
larger than those that will occur in practice.

The buckling load is proportional to the modulus
of elasticity of the material. This means that the
buckling load of the actual structure is equal to
the ratio of the respective moduli of elasticity times
the load at which the model begins to show signs
of buckling,

In some cases it is also possible to depart from
the actual structure by adopting different relative
dimensions for certain parts of the model, thereby
simplifying the building of the model. One must
then know, however, which parameters are impor-
tant for the behaviour of the structure (such as
for instance the area of the cross-section or the
second moment of area), and for these the true
values must be maintained.

A further complication arises if either the material
of the actual structure or the model material is not
’“’ﬂmgeneous. This was the case with the plaster
model, and we shall go into this in more detail.

Tests on the plaster model

As already mentioned, the first model was made
of plaster of Paris on a framework of wire-gauze,
the scale being 1 : 25 (fig. 1). The average thickness
of the walls was 2.1 mm. The ribs (edge members)
Were steel tubes with a diameter averaging 8.4 mm
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and a thickness of 0.7 mm. The tubes were slightly
thickened by plaster.

The tensile strength of plaster of Paris is rather
higher than that of concrete, and as a material it
obeys Hooke’s law fairly well, The finished model,
a structure of plaster and steel, could therefore be
regarded as behaving elastically and in accordance
with Hooke’s law, so that the strains measured on
this model could be interpreted with fair accuracy
as stresses.

For applying the loads a large loading frame was
built, by means of which the forces exerted by weights
were conveyed via lever systems to the surfaces of
the model ( fig. 3). Measurements were made with
the model subjected to:

a) loading by its own weight;

b) a vertical load on a single, fairly horizontal sur-
face, to investigate the effect of a snow load;

¢) wind pressure on the surfaces separately, en-
abling the effect of wind pressure on the wind-
ward side and wind suction on the lee-side to be
ascertained for two wind directions.

The most unfavourable combined loads of dead-
weight with snow or wind produced the extreme
stresses, moments and forces in the structure.

For measuring horizontal and vertical displace-
ments, altogether 40 displacement dial-gauges, ac-
curate to within 0.01 mm, were placed at various
positions on the ribs. The strains were measured
with strain gauges, a total of 40 being used for the
first tentative tests, and 130 for the subsequent
detailed investigation ( fig. 4). In the latter investi-
gation four strain gauges per measuring point were
fixed to the surfaces, two on the outside, often at
right-angles to each other, and two parallel to these
on the inside. In this way it was possible to deter-
mine the force and the moment to which the cross-
section concerned was subjected. Two, and where
possible three, strain gauges per measuring point
were fixed to the ribs.

Since the material of the model was not homo-
geneous (wire-gauze and plaster), it was not possible
to deduce directly the stresses in the actual construc-
tion by multiplying the measured strains by the
modulus of elasticity of the model material. The
following procedure was therefore adopted for inter-
preting the strain measurements.

Suppose that at a certain point of the model wall
the strains & and & were measured on the inside
and outside surfaces. In the case of a homogeneous
material, with modulus of elasticity E, the corres-
ponding stresses are then:

o, = E¢; and o, = Eg,
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(the influence of the transverse contraction being
here neglected). The cross-section, of thickness t,
must now transmit per unit length a normal force

and, introducing I, the second moment of area,
a bending moment

M = (o, — oy) It

Introducing the tensile stiffness D — Et and the
bending (flexural) stiffness K — EI of the cross-

section, we may write:

& 1 &

N=1D

M= K2223

(L)

These relations now apply equally well to a
non-homogeneous material. Since all the data were
not available for calculating the tensile stiffness
D and the bending stifiness K of the non-homo-
geneous material used, these quantities were deter-
mined for the model by combining a calculation
With a number of simple measurements. For this
purpose several test plates of the same construction
as the walls of the model were subjected to a purely
tensile load and to a bending load. The values
found were D — 40000 kg/em and K = 70 kg cm,
the wall thickness being t — 2.1 mm. From the strains
Measured on the model, the forces and the moments
Per unit length, N and M, were calculated with
the aid of formulae (1), and by applying the model
rules it was then possible to find N and M in the
dctual structure (N being n times, and M being n®
times larger than in the model).

An entirely analogous procedure was adopted for
the ribs, From the measured strains the strain &
was‘d"tf‘rminml in the centre of gravity of a cross-
*ction. The normal force in the cross-section is

then:

P = Bz,

\.ﬂ’e"“_ B is the tensile stiffness. This was again found
lt:[::]m““ta”y on a number of test rods. According

¢ model rules the normal force P in the actual
Structyre is n? times largﬂ-.

Once the tensile stiffness, for example, has been
l":";;niimjcl for the wall material, one can find with
duh.ql I';'i the _fl'frlt}-tlla 1 o= E't an "t_-quwalent mo-
lhickl fll) {*!astmn_\' " E’ for an imaginary, equally

ut homugt‘m'uus wall with the same D.
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The value found was E’ = 2x10° kg/em?, and
analogously, by representing the bending stiffness
by K= E"I, E” was found to be 10° kg/cm?. These
moduli of elasticity are thus lower than those for
the actual structure of concrete, for which E can be
put as 3 10° kg/em?®. The same can also be done for
the ribs. With the aid of these equivalent moduli of
elasticity the measured strains can also be directly
interpreted as stresses in the case of the ribs.

The test programme was carried out completely
both on the original design and on the modified
design. The original envisaged a number of stan-
chions for supporting the three peaks. The forces
in these stanchions were found to be generally slight.
In the modified design it was assumed that the
function of these stanchions could safely be taken
over by the neighbouring oblique ribs, It was in
fact found that the omission of the stanchions had
very little influence on the stresses in the model,
and therefore this modification of the design was
accepted.

The stresses in the walls were found on the whole
to be by no means negligible, sometimes exceeding
20 kg/em? and in one instance reaching a maximum
of 40 kg/em®. This applied particularly to the large
vertical surfaces. Johansen’s yield line theory offers
a reliable method of determining the ultimate load
of transversely-loaded flat plates ?). This theory
was accordingly applied to several very flat wall
sections to gain some idea of their collapse load.

The extreme values of the forces in the ribs
(both tensile and compressive) were found to be
about 30 tons, while the extreme values of the
stresses — partly caused by bending — amounted to
—60 kg/em?® and +80 kg/em?.

After the question as to the feasibility of the
structure had been answered by the preliminary
measurements, Strabed was able to determine
broadly the required amount of prestressing on
the basis of the stresses found in the surfaces and
ribs.

The interpretation of the measured strains natur-
ally involved various uncertainties. Owing to
variations in the thickness of walls and ribs it was
impossible to be certain that the actual stress, or
force or moment, had been found for all cases. More-
over, as far as the walls were concerned, it was not
known exactly where and in what direction the
maximum force or the maximum moment occurred,

8y R. Hognestad, Yield line theory for the ultimate flexural
strength of reinforced concrete slabs, J. Amer. Concrete
Inst., March 1953.
P. Lebelle, Caleuls “a rupture’ des hourdis et plaques en
béton armé, Ann. Inst. Tech. Batiments et Trav. publ.,

No. 85, Jan. 1955.
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and as regards the ribs it was not known at what
points the extreme values of the stresses appeared.
The measurements were therefore made at more or
less arbitrary points, and it was impossible to check
whether the greatest stresses had in fact been ob-
served. The distribution of forees will also have
been influenced somewhat by the fact that the
ratios of the tensile stifiness and bending stiffness
in the walls and ribs of the model were not entirely
in accordance with those in reality. Nevertheless
the results gave reason to assume that the measure-
ments carried out at the points chosen provided a
reasonable idea of the distribution of forces arising
under dead-weight, and with wind and snow
loads.

The Belgian building authorities had laid down
that the building must be able to withstand loading
by its own weight plus a double wind load (150
kg/m?) with complete safety. The model was accord-
ingly subjected to this load, and finally to a load
of 1.5 times its own weight and a slightly higher
wind load. Even under these conditions no particu-
lar effects were noted. In view of the fact that the
buckling load is proportional to the modulus of
elasticity, this meant that a monolithic structure
of a homogeneous material obeying Hooke’s law
and possessing a modulus of elasticity equal to
that of concrete (at least 300000 kg/em?) would be
able to withstand a load almost 3 times higher than
the above loads. It must be said at once, however,
that concrete is not homogeneous and elastie, nor
does it obey Hooke's law. Phenomena such as
crack formation, plastic yield and creep in concrete
can appreciably reduce the safe strength of the
building. '

The interpretation of the above results on the

plaster model in relation to a concrete structure

thus left some matters open to doubt. The formation

of cracks, however, can be prevented by prestressin z

m of construction plays an im-
portant part, as will be shown in the

Moreover the syste

fnlluwing.

Investigation of

the system of construction
plywood model e

The investigation described in the
based on the assumption that the Philips pavilion
was a monolithic shell Structure, the stiffness of the
surfaces being approximately identical in all parts
It was the intention of Strabed, however, to buildi
up the shell surfaces from precast slabs, which we
first to be erected at the site on se
pressed together by pre
problems were create

foregoing was
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because it was intended to arrange the prestressing
wires on the inside of the building only.

The theory was that the prestressing force, al-
though apparently eccentrically applied by the
wires inside the building, would nevertheless he
effectively exerted centrally in the shell surfaces,
The prestressing wires exert on a rib the forces
V, and V,, which can be combined to form a resul
tant R ( fig. 5a). This resultant R can be resolved

é
g %““vf

o

Fig. 5. Forces in a rib, viewed in cross-section.

a) Rib with two abutting shells. By means of prestressing wires,
fixed to the inside surface of each shell, forces V, and V, are
exerted on the rib. The resultant R of these forces can be
resolved into almost centrally exerted compressive forces P,
and P,, by which the shells are prestressed.

b) Rib with only one abutting shell. Here, too, a compressive
force P can be made to act centrally on the shell by introducing,
besides the force V of the prestressing wires, a torsional pre-
stressing of moment m, in the rib.

into forces P, and P, which the rib exerts on the
shell surfaces abutting on it. As appears from fig. 56,
R can be so resolved as to cause the compressive
forces P, and P, to appear practically centrally in
the wall surfaces. By allowing a certain freedom i
the magnitude of the prestressing forces it is also
possible to adjust the orientation of P, and P;.
If only one shell surface abuts on a rib, torsional
prestressing can be introduced into the rib (see
article IV) to produce a moment m of opposite
sign, so that the prestressing force V' in this cas
too is effectively exerted as a central compressivt
force P in the shell surface (see fig. 5b). Such
torsional prestressing may, of course, also be usefully
applied when two shell surfaces abut on the rib:
Where the shell surfaces meet the ground,
special substructure, which is later rigidly fixed 10
the foundation beam, can be arranged to supply
a moment, whereby here too the prestressing forct
Vis exerted as 5 central compressive force P in whe
shell surface,
A st'ructure when prestressed will undergo de-
formations, I these deformations are opposed by
say,'a relatively stiff or fixed section, it becomes
particularly complicated matter to ascertain the
effect of the Prestressing. A large proportion of the

Pl'fs.trf_-gsing forces will be lost in this stiff or fixed
sec -

Emfm and will not be exerted wheré they art
requir ;

quired. For this reason it was thought necessary
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to arrange that the substructure could move freely
during the prestressing of the shell surfaces.

It was decided to investigate the effect of the
movable substructure during the prestressing of the
shell on a separate model. The model could also be
used to ascertain whether the prestressing in the
shell surface did in fact act centrally as postulated
above, and whether the pattern of stresses set up in
the walls corresponded to that of the stresses in the
prestressing wires on the surface of the wall. If the
latter was not everywhere the case, there would be
a risk of buckling in those parts where the internal
(compressive) force per unit length in the cross-
section was appreciably larger than the external

(tensile) force.

Fig. 6. Sketch of the Philips pavilion, indicating the surfaces
; ‘}'Rl K from which the plywood model was built (cf. fig. 18
" 1). E is bounded by the straight lines ae and ad and the
Yperbola ed; K is bounded by the twisted “quadrangle™ achd.

. ;m“(;?-l was supported by vertical stanchions under points
1 and e,

From the plaster model a reasonable idea had
dlready been gained as to the behaviour of the
Structure as a whole. Since the above-mentioned
Problems  concerned details connected with the
Ystem of construction, it was sufficient to build a
mode] of only a part of the Philips pavilion. The
areas selected were those marked E and K in fig. 6
(e also fig. 18 in I). All details, such as the win-
t}:T._‘;n]th".r.lnittillg a view into the equipment l-'oum.,

~!terior floors and canopies, and in particular
:[i: ;“it;‘;'li“" shell su'rfacv F meeting E almost in
% ,,-h,.[“l e, were lurm'rted. It was__: .t’xp(‘ctf'(-l that all
L Fuh.‘ .’.?’“Ff'ilct-s in l.lu- actual Phlll'.)sf Iravllmn would
[“.0' qjl;.t to more [.a\'ourable condltwns‘ than_ the
dliq d‘:l” aces. investigated, which contained inter

ery high, almost entirely flat section; hence
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Fig. 7. The plywood model in course of construction. In a
manner similar to that to be used in the actual erection, the
slabs are fitted together on wire “scaffolding”, the wires being
spanned between the previously erected ribs in accordance with
rulings of the hyperbolic-paraboloidal shells.

any difficulties attaching to the system of construc-
tion should come to light readily in the investiga-
tion of these two surfaces.

To simulate closely the system of construction
the model was built on a large scale (1:10). The
shell sections were made of plywood slabs (3-ply),
each of which was bent, by means of a rigid attach-
ment, to the appropriate saddle shape and finished
to ensure an accurate fit (figs. 7, 8 and 9). Each
slab had an area of approximately 100 cm? so
that many hundreds of slabs, and a great deal of
work, were needed to build a model 2 m high
and 3 m long. A realistic prestressing system was
created fairly simply by using prestretched nylon
thread for the prestressing wires.

Since the modulus of elasticity of the plywood
used was 165 000 kg/em?, i.e. about half that of
concrete, the prestressing and the loads were kept

Fig. 8. Detail of a wall of the plywood model, illustrating the
bending of each plywood slab to fit a certain part of a saddle
surface. In the centre of the photograph is a photo-elastic
measuring element.
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measurements were carried out than on the plaster
model, the emphasis being laid on visual observa-
tion of how the model behaved under diverse cir-
cumstances. I

The plywood slabs from which the model was
built up were temporarily held together by strips
of adhesive tape (fig. 8). This structure was then
uniformly prestressed ( fig. 10). At first it was found
that those ribs of the model which were free on one
side were eccentrically twisted by the prestressing,
and buckling occurred in a part of the steep upright
surface. To prevent this happening it was necessary,
as described above with reference to fig. 5b, to exert
torsional moments on these ribs equal in magnitude
to those which would result from the prestressing }
of the abutting surface (not present in the model).
These torsional moments were produced by fixing
a large number of spokes at right angles to the ribs,
(see also fig. 9) and by arranging for forces to act on
the ends of these spokes in directions perpendicular
to both the ribs and the spokes. The forces were
exerted by wires passing over pulleys and to which
weights were suspended (fig. 11). This improvement

having been introduced, the prestressing was able

to be applied without difficulties.
Fig. 9. The complete plywood model.

to half their actual values. Under these conditions,
according to the model rules discussed at the be-
ginning of this article, the occurrence of buckling
phenomena and rupture (in the joints) in the model
should t'urru-ﬁpnml to the manner of their occurrence
in the actual structure. The deformations were re-
produced on a scale of about 1 : 10,

It was evident that, even without many measire-
ments, a model of this kind would provide consider-
able insight into the behaviour of the structure dur-

ing the process of prestressing. (:llll:il'llllt‘llll\'. fewer

Fig. 1. In the free ribs (to which no second hyperbolic-para-
Iu_rlnul_ul surface abuts in the model), spokes are fitted by means
of which moments can be applied to the ribs (see ﬁ;.','- 5b) to
oppose the torsional moment exerted by the prestressing wires.
I ||1.-a_ is done by exerting transverse forces on the spokes by wires
passing over pulleys and from which sandbags are suspended
(see also fig, 10). -

; ,Tht' result of this test was entirely satisfactory.
The effect of the prestressing was ill'flt‘l'd found to
be as expected, and the movable substructure alse
came up to t'xp(-t'laliunh‘.

Although the model dit not exactly simulate the
actual structure as far as the action n-f forces due to

are concerned, it was nevertheless thought
worth while to

the model to

Itmdillg

o

in\'vsti;__{ah' the effect of -“-“bj"di“r‘

a load corresponding to its own weight
plus wind, l,u‘.nlin;_r

Fig. 10, |'rl‘--lrl'--i||u the

plywood model,
due to l_Il.'illi-\\-'l'ight was hithert?
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absent, because the weight of the plywood slabs
amounted to only about 1/25 of the dead-weight
per unit area of the actual structure, whereas it was
necessary, owing to the lower modulus of elasticity
of the model, to apply half the actual dead-weight
per unit area. This was done by slowly and uniformly
applying increasing numbers of sandbags to the

two wall surfaces (fig. 12).

though the appearance of such a phenomenon was
to some extent a warning signal.

Following this phenomenon the load was removed
from the model. Not until the load had been re-
moved in the upper surface K did the model return
to its original state, from which it was concluded
that the reaction forces in the surface supporting
this surface had been in part responsible for the

b
-
-3
-
B:
S

Fig. 12. The plywood model during the application of a load corresponding to the dead-

weight of the structure.

When the load had almost reached its full value
[“"frf’slalnilllirlg to 0.9 of the dead-weight), the lower
Surface suddenly began to buckle along an
most horizontal joint in the flat upright section
"r_‘}'f‘ wall close to the ground. This buckling was
auite Unexpected. Originally it was thought that the
t horizontal section of the same surface would
® much more dangerous and for this reason the
"e€p part of the wall had been built up much more

"' n the model than it was to be in the actual
Paviligy
Vall gy
Omitte

almog

Simpl

In particular, as stated above, the exterior
ace F abutting at this position had been
: d (see fig. 6). It was not, therefore, necessarily
It to conclude from this buckling that the actual

avilie : : g
Pavilion vwould not be able to carry its own weight,

phenomenon. Owing to the absence of the abutting
surfaces, the upper surface K will have acted more
as a thick plate than as a shell, that is to say
the state of stress comprised not solely forces and
reactions lying in the surface itself (membrane state
of stress) but also bending moments and reactions
perpendicular to the plane.

The area that had buckled was subsequently
stiffened with two ribs in order, among other things,
to simulate the effect of the adjoining surface F;
this produced a stiffness more in accordance with
that of the actual structure. It was now found that,
when loaded by its own weight and even by very
heavy wind loads on both sides, the structure was

well able to stand up to all the forces applied ( fig. 13).
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Fig. 13.

Arrangement for applying a wind load (tensile load from sandbags hung over
pulleys).

Finally, the model was overloaded by allowing
several persons to climb on to it (up to about 1.5 % the
dead-weight). Although this represented extremely
heavy loading, the model was still capable of
withslum]ing shocks and wind loads, so that it may
be said to have passed this test very satisfactorily

(fig. 14).

This result, then, promised well for the actual
pavilion, although the original buckling when the
model was loaded by its own weight suggested
possible dangers. In this respect, however, the
jointing of the slabs is of essential importance, and

this was impossible to simulate entirely realistically
in the model.

Fig. 14, The plywood model

severely overloaded.
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It seemed desirable to carry out additional tests
in order to investigate more closely the buckling
stability of a shell surface composed of slabs. This
could not be done, however, owing to lack of
time. After consultation with Le Corbusier, Philips
decided that it would be preferable to apply
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prestressing wires also on the outside of the
building. It seemed to us that this would suf-
ficiently strengthen the coherence of the surfaces
and the erection of the Philips pavilion could
therefore be started with full confidence in the
outcome,

IV. CONSTRUCTION OF THE PAVILION IN PRESTRESSED CONCRETE

by H. C. DUYSTER *).

When the Philips concern asked us to submit a
proposal on how the pavilion designed by Le Cor-
busier and Xenakis might be built, our thoughts
tumed at once in the direction of self-supporting
concrete shells, which would be no thicker than
the minimum of 5 em specified for reasons of sound-
proofing by the acoustic engineers, In the design
submitted to us (see article T, figs. 15-19) the walls
vere composed of hyperbolic paraboloids, or of
sufaces that could readily be transformed into
?l)pﬂrhnlic paraboloids, and from experience gained
fl various projects as well as from theoretical con-
siderations (in part quite new) '), we were aware
of the outstanding qualities of st rength and stability
I"?ssessed by shells formed as hyperbolic parabo-
I”"_is (*hypar” shells). Even without detailed ana-
Iysis we were able to arrive at an idea of the forces
and deformations that would occur in the structure
% designed, so that we were in a position with the
belp of elementary calculations, to estimate the
rength that would be required at the various points.
We shal] not go into the subsequent developments
= the more exact caleulations by Professor Vree-

d"fubmgm the modification of the first design by
Xenakis,
Todels,

the structural tests carried out on scale

oy I"‘tc-hh— all lh.esu_- ha\:‘ing fn'en .suf:ﬁcientfy

B o ll;]t e EJrPcedmg art‘lclvs in this issue (I,

Mestions ). We Shalll confine ourselwis here to

huilding i toncerned with the construction of the
> 1 prestressed concrete ) T

Why Prestressing
It wi
will P'-‘l”}laps be useful first of all to recapitulate

hrivﬂ}- the jde

3 @ underlying the prestressing of con-

e : e :
: oferete can safely withstand very consider-
o . 3 3 ; f
Mpressive stresses — up to 150 kg/em?® in
) "Strahed": Socié

y Te Gineste,

té de Travaux en Béton et Dragages, 11
1 ""al'tirl russels,
| The rnm[t.- I1, and the literature there referred to.

deserie, ""_1|"'"Hlll details of the work have already been
o, 11. },}""" H. C. Duyster, Cement 9, 447-450, 1957

624.023.744:061.41(493.2):725.91

the case of good quality concrete (i.e. made of good
materials and carefully manufactured). It is much
less capable, however, of withstanding tensile
stresses. In order to use concrete in structures
where tensile stresses will oceur, one of two courses
can be adopted: 1) The concrete can be reinforced,
the reinforcement consisting of steel rods around
which the concrete is cast, leading to firm internal
adhesion: these rods take up the tension ( fig. I).
2) The concrete can be prestressed, by means of
steel wires which are fixed to both ends of a con-
crete constructional element: when the wires are
tensioned a compressive stress is produced in the
concrete, and with appropriate dimensioning the
resultant stresses even when the element is loaded
will everywhere be compressive stresses ( fig. 2).

Having decided on concrete as the material
eminently suitable for giving shape to the ideas
embodied by Le Corbusier and Xenakis in their
design, we were thus left with the choice between
reinforced and prestressed concrete.

Now, for shells as thin as these, reinforced conerete
is not an attractive proposition. To make good,
homogeneous concrete in the form of such thin
layers and for such large and often steep walls as in
the present structure, is in itself extremely difficult.
When reinforcement is present the difficulties be-
come well-nigh prohibitive. There are thus objec-
tions to the principle of reinforced concrete. With
prestressed concrete, on the other hand, there are
no such inherent difficulties: the prestressing wires
can be applied not inside the concrete but on its
surface, if desired. In fact, the shape of the walls
of the Philips pavilion lent itself exceptionally well
to this treatment owing to the fact that hyperbolic
paraboloids may be generated by straight lines, a
property possessed in common with ruled surfaces
in general: this made it possible to apply all or most
of the prestressing wires such that they would run
straight. This would make it easier to introduce the

appropriate prestresses in the material.
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Fig. 1. Principle of reinforced concrete,

a) Beam with steel reinforcement, in unloaded state (dead-
weight disregarded).

b) Beam subjected to a load P. The stippling in the transverse
section indicates the oceurrence of an axial compressive stress
in the conerete. Hair cracks appear in the concrete at the lower
surface of the beam, and the steel reinforcement comes under
tensile stress, On the extreme right is shown the vertical dis-
tribution of the axial stresses (compression towards the left,
tension — in the reinforcement — towards the right),

Though the choice necessarily fell on prestressed
concrete for the practical reason mentioned, it js
important to note that prestressed concrete is, in
fact, an intrinsically better solution of the problem
than reinforced concrete. The
as follows (see also article I1).

Ina h}'pc'rbnlic-paralmloidal shell, a load uniform-
ly distributed over its surface (parallel to the hypar
axis) is transmitted to the edge members in such a
way that, to a first approximation, normal forces
alone arise in these members, The shell is then left
with purely membrane stresses, which is
favourable state from the
The edge members ¢

reasons for this are

the most
standpoint of strength.
arry the load as a normal force
down to the points of support on the foundation,
In reality the picture is not ¢

Juite as simple as
this, differences being

introduced mainly as ga
result of deformations in the structure, Allhough

T
———3 W 4

P
< @ %
5487
concrete,

Fig. 2. Principle of prestressed
a) Beam with prestressing wires, in unloaded state, The
els through the conerete,

run through parabolic chann
b) Beam after prestressing, still unloaded, The beam is deform.-
rin the concrete, distributed gs

ed; compressive stresses appea
shown by the stippling in the transy secti

) erse section and the
on the right. graph
¢) Prestressed beam under a load P, -
changes but now

wires

: | T'he stress distribution
1ere do tensile stresses oceur in the concrete
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primarily the shell ought to be able to transmit the
load solely by membrane stresses, deformation
gives rise to secondary (bending) stresses, and the
trajectories of the principal stresses are distorted.
These effects are also discussed at greater length in
article I1. The flatter the shell the more the stress
distribution differs from that of a membrane state
of stress. Usually a very localized but pronounced
deviation is found near the edge members, for the
deformations of the latter are of a different order
of magnitude and vary along the edges otherwise
than in the thin shell itself.

By appropriate prestressing of both the shell and
the edge members it is possible to limit the dispari-
ties in deformation that are responsible for the oc-
currence of often relatively large secondary stresses,
It will be more economical, then, to construct the
shell in prestressed concrete than in reinforced
concrete, for the prestressed shell can take up the
load mainly with membrane stresses and hence
approaches a true “shell” construction, whereas in
a shell of reinforced concrete the secondary stresses
produced by deformation will generally predominate:
it may therefore require much greater wall thick-
nesses and possibly even additional strengthening
with supports,

Two other advantages of prestressing must be
mentioned:

a) Of practical, though not vital importance is the
fact that, owing to the elimination of tensile
stresses in the concrete, the hairline cracks often
occurring in concrete structures are entirely
avoided. As a result, less stringent demands can
be made on the waterproofing of the shells. This
is particularly convenient, since to provide the
unusually-sh aped shells with conventional roofing

would be a highly difficult if not impracticable
operation,
b) A most essential feature of prestressing, and per-
haps the sine qua non for the building of the
Philips pavilion, is that it enabled us to form the
shell surfaces from precast slabs. We shall deal
with this in more detail.

Construction of the hypar

shells from precast con
crete slabs

‘It would have heen very difficult,
remfurcvmt-nt, to cast t

strongly twisted
means of wooden
workers in conere
to the task, e
made on the
before

even without
he thin and, in many cases,
shells of the pavilion in situ by
shutlering. The most fxpeﬂenced
te would scarcely have been equal
specially when such high demands are
quality of the concrete work. Even
“Strabed” was awarded the

contract,
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Fig. 3. Conerete slabs being
cast on a sand-bed to form a
part of a hyperbolic-parabo-
loidal shell. The mound of sand,
containing a certain propor-
tion of loam, is levelled off with
a plank sliding over two edges,
after the limiting rulings of the
shell section have been defined
by four planks. The sand is
coated with a thin skin of ce-
ment. By positioning slats of
wood 1 em thick along the rul-
ing lines the entire surface of
the section is divided into
lozenge-shaped  moulds, of
approximately 1 m*, into which
the concrete is cast to produce
slabs 5 em thick (a light rein-
foreement mesh is introduced

to prevent breakage during
transport to the site). The
checker-board structure visi-

ble on the photograph is due
to the system of first casting
the “black™ squares, the slats
being prevented from giving by
rods driven into the sand;
subsequently, when this con-
crete is set, the rods are re-
moved and the “white’ squares
are cast,

we had therefore devised the plan to form each
hypar shell from sections which could be cast in
open sand-bed moulds. This system of “prefabri-
cation” also offered the advantage that it could be
carried out under cover and hence independent of
weather conditions; for this purpose a shed stood
a’l our disposal some kilometres from the building
sl.lp' The extent to which each shell had to be sub-
divided depended in the first place on the available
h':'g]“ in the shed and on the permissible steepness
of the slopes of the sand bed (shuttering would
again have been necessary if the slopes were too
Steep). What was even more important was that the
“@l sections should be easy to handle and transport.
‘F"h this in mind the size of the precast slabs was
fixed at about 1 m2. One sand bed was formed for
tach shell section consisting of a few dozen glabs.

At the site the slabs were fitted together in a
;.nu“'"'l' which will be desecribed, and the joints
llled with mortar (the operation thus being a rather

L1} - . .
lfi kind of l;rwk-luymg process).
l"hi:a }.]

!-l|||r_.,~|.'

ab-wise construction of each shell was, of
3 only possible owing to subsequent prestress-
Inw " a

118 of the entire structure: the bond between ad-
Jacent slahg

is even less able to withstand tension
than the

concrete itself, but thanks to appropriate
Er[::::-a:n:i no tensile stresses can ever occur any-
make the
J'J.;{\-'. P

e walls. The effect of prestressing is to
entire structure, including the ribs, be-

8 if it had been cast as one whole.
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The prefabrication process brings out even more
clearly than the considerations in the previous sec-
tion how remarkably well the hyperbolic-parabo-
loidal shell is adapted to construction in prestressed
concrete. The sand beds on which the lozenge-
shaped concrete slabs were to be cast — each slab
individually moulded as part of a particular hyper-
bolic paraboloid — were very easily made by delin-
eating them, following the ruling lines, with straight
planks of wood, and then levelling them off ( fig. 3).
Particular care was needed, however, in setting out
the ruling lines along the edges and the curved
lower boundary of a shell, as well as in carrying
over the corresponding angles from one section of
the shell to the next. This would naturally have
been simpler if we had been able to make all slabs
of each shell on one sand bed, but this was not
possible for the reasons given (surface steepness,
shed height). Following the directions of the ruling
lines, slats of wood 1 em thick were fitted on the
sand bed and the slabs cast between them. With a
view to transport from the shed to the site, the slabs
were provided with a light reinforcement mesh.

We must return at this point to the remarks made at the
beginning of this article concerning the choice between rein-
forced and prestressed concrete. The artifice of prefabricating
the hyp(-rbulir'-paralmlnidal shells in small elements without

shuttering brings reinforeed concrete into the picture again —

as we have just seen — as a reinforcement mesh to facilitate
transport. It might seem, then, that in spite of what was

<aid earlier, the shell walls could be made of reinforced
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Fig. 4. The 40 em thick cylin-
drical ribs were cast in sin
in  “shuttering” erected on
scaffolding,

concrete, The reinforcement of
the slabs is of no help, however,
for forming the large walls, for
there is no possibility what-
soever of joining up the rein-
forcement of adjacent precast
slabs in such a way that it
would keep the concrete free
from tensile stresses with the

whole structure loaded.

The edge members fitted
at the intersections of each
pair of hyperbolic-para-
boloidal shells are cylin-
drical concrete ribs 40 cm
in diameter. They were
cast in situ in shuttering
on a framework of wooden
struts and stays (fig. 4)
while the more than 2000
slabs were being cast in
the shed. It was rationalto
make the ribs cylindrical,
because the shells “turn”
about the ribs: with any
other shape it would have
been troublesome to join
the shells to the ribs. Nor
would there have been
any sense in providing the
ribs with any buta circular
cross-section, for their
purpose was after all t0
take substantially normal
forces and therefore no
particular flexural stiffness
was required of them.

After the ribs had been
cast, further wooden :‘-Eai-.
foll]ing was erected, ol
which the outer-surfac
beams followed the ruling

lines of the ll}"lt'rb(l]ll“

Fig, 5. The precast slabs, ('u_],}
5 em thick, were placed in pos”
tion and mortared on scaffolding
im'nrpnratin;_r wooden l'f'im]t
along the ruling lines of the

:-lll'“h.
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paraboloidal surfaces. The slabs were then placed
in position on the scaffolding and provisionally held
in place ( fig. 5). The 1 em wide joints between the
slabs having been filled, the entire structure was
prestressed, after which the scaffolding was re-
moved and the finishing touches put to the shell

surfaces.

(loser consideration of the prestressing of the shells
and ribs

The requisite prestresses in the shells were derived
from the results of the model tests performed in the

TN.O. Institute (see III, sub-section entitled

a
) In order for the prestressing to be completely effective,

HL’ 0, a

the 0ttom

w edge of a shell must be able to move a few em
thout gq,

tting, i.e. changing its inclination) over the foun-

Tests on the
“ere the e

the Soung-
of 75

plaster model”). The loads allowed for

ad-weight of the structure together with

proofing, a snow load, and a wind load

> %8/m? from various directions.

in !::: r.H.N.“ar-\- prestresses were to be introduced
shells

y systems of 7 mm steel wires laid
("‘f'l' ”]t’ o

surface and post-tensioned, each wire
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being capable of taking a maximum tensile force
of about 3300 kg. Assuming that the forces so intro-
duced in a shell would everywhere act centrally
(i.e. in the median plane of the shell) and would
follow the direction of the wires, it was possible to
write down the formulae giving the principal
stresses produced at each point by the applied
forces, as well as the stresses produced along the
joints between the slabs and perpendicular thereto.
In this way we could ascertain the number and po-
sition of the prestressing wires needed.

The assumption just mentioned seems justified
in the case of hyperbolic-paraboloidal shells, where

dation, during the prestressing process. For this purpose two
layers of bituminous felt 5 are introduced between the fuuq-
dation I and the substructure 2 against which the shc]]_.‘f is
pulled tight by prestressing wires 4. The 5u[.:51ru('turt: lt-_:;e]f
is prestressed by wires 6 running along the perimeter. Canting
is prevented by tail blocks 7 cast on to the edge beam and
anchored to the foundation. Anchorage is effected by means
of temporary wooden beams 8, whiqh are fixed by cl"'!‘pﬁ 10 to
flexible rods 9 cast into the foundation between the tail blocks.

b) Substructure with tail blocks. In orderto fix the whole struc-
ture to the foundation, the space between the tail blocks is
filled with concrete after the shells hfa\'e been erected and
prestressed (hence after the dcfurrlnatmn has lnken_ place).
The reinforcement for this concrete filling (not shown in fig. a)

can be seen between the blocks, i :
It may be pointed out that the tail blocks were in all cases

inside the building. In the part of the hui_]ding shown here, the
wall bends outwards. It may also be pointed out that as the
substructure can slide only horizontally and any rotational
movement is completely prevented, any eccentrically-acting
prestress is made to act centrally in the_ shell: 1}1e l)end:r‘]g
moment will be taken up by the foundation, leaving none in

the shell (see IIL, fig. 5b).

the prestressing wires can follow straight lines,
always provided, however, that two conditions are
satisfied, viz. the wires must be disposed with rea-
sonable uniformity over the shell surface, and the
shell must be capable of freely undergoing defor-
mation during the application of the prestresses.
The latter condition called for special measures at
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various points, particularly as regards the shells
resting on the foundation: the substructure of th‘l'st'
shells was initially separated from the foundation
by two layers of bituminous felt (which also served
later for \‘wul:-rpruuiin;: the building from the sur-
rounding water channel); this permitted relative
movement between substructure and foundation
until after pn-.ﬂirt-.-asiu;_: was l'llll]]b]('ll‘l!. when the
whole structure was joined to the foundation by the

addition of concrete ( fig. 6). Without this measure

Fig. 7. The pavilion shortly before
of high-tensile steel which are

thick and is tensioned with a force of 3300 kg.

some of the prestressing forces would have 1}
taken up by the foundations and the
duced in the shell would ¢

een
stresses intro-
ertainly not have had the

right direction. The tests carried out on the ply-

11, showed that this
construction functioned as re

wood model, described in

quired and, in general,

that the above assumption was justified in our ecase:

the fact that no buckling oceurred

at any part of
the model (modified

as described,

p. 25) during
|nrr-:~lr|-.-.-'in;_; provided the

assurance that the
mitted forces substantially followed the
of the wires.

trans-

direction

In accordance with the original pl

an the wires in
these prestressing tests were

applied to only one

side of the shell surfaces {c'urrl-.-lmmlin;; to the

completion, showing the nume
applied to both surfaces of the shells, E
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inside of the building). Further tests were needed
to ascertain whether the shell surfaces would have
sufficient Slabilil}' against llm*kling when suhjected
to external loads, but owing to lack of time it was
decided with Le Corbusier’s approval to apply
prestressing wires to the outside surfaces as well
(see fig. 7). This simplified the problem appreciably,

The wires mainly followed the ruling lines of the
hyperbolic-paraboloidal surfaces, but in the case
of some shells whose rulings intersected at very

rous prestressing wires
‘ach wire is 7 mm

sharp angles it was necessary also to apply wires
that followed the bisectors of the obtuse angle be-
tween the ruling lines. These wires formed the
exception in that they followed a curved path.
The ribs were :
ways. Firstly,
[lrulltl(_‘ :

also prestressed, in three distinct
tompressive prestresses had to be
ed by straight wires so that the ribs could
take up the tensile
tests, Sc'(.‘omll}',

stresses measured in the ml'fl"l
some ribs had to be given a bend’!-‘f.{-’
prestress, by means of Swires fo[lm\‘ing 2 parabﬂll"
through the axis (cf. fig. 2). This was
in particular in the case of two ribs at
the entrance and exit,
almost fi

path in a plane
necessary

: ; . one
to each of which only on

- - r = ; 288 5
at shell abyts. Thirdly, torsional prestresse
were introduced in

s cl
a number of ribs to counterad

|
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the torsional moments imparted to them by the
prestressed abutting shells. Although the concrete
of the ribs was capable of taking up these torsional
moments, it was desirable to eliminate them to
ensure centralized prestresses in the shells (see 11,
fig. 5b). As far as we know, this is the first applica-

tion of torsional prestressing in concrete.

q
, e 6 e B (B0 0 B et

a .

i1

gxr

|

-d- 95469

Fi
L’gi}eal: |E}i:)la"‘.’-‘ where the prestressing forces (F kg/m, i.e.
¢ rib is |“,r 'l‘:]“") do not act centrally 1.h‘ruugh the shell, (‘u{.
give rise 10 T o l!’}' a torsional moment (F'x e kg.m/m), which
Mated |y, im’[‘lul ing moments in the shell. }hv:_w. can b.e (‘hfn-
this purpgse -:'f‘ ucing a torsional prestressing in the rib. For
would he 'al ll‘* necessary to tension wires along a path that
Plaineq a}j f"h'”l"f' on the surface of the rib. This may be ex-
Dolically t:ur? []’“'.i-' Consider first a |-I‘m|1- on \'\'h:(-h a para-
I8 tensioned :ll wire is fixed as shown in (b) When lh? mrt;
orce g ke /m “1_" plane is loaded by a uniformly dl.-'tn]mlt'(l
2 tylinder {c. }lhl.-a imaginary plane is now h'rnp]_njd a‘rnuu(l
Otsigng] nmn}‘ the latter is loaded by a |_1m!nrml)" dl.ilrll}_l_lltw
1sgiven the 1)t’lllq <rkg.m m when the wire is tensioned. W ”11'.11
or the (qut,;:;(’p” value, this moment will il’ﬂil!'ll‘\' l.‘om[lt'.l.!:-.ll(;
Momeny ., "f',’ caused b}’ a lllllhlrltll‘_\' distributed I()l'.-l.lll'lf;
the endg .:fﬂ: (i: f. a and d). (The parts of the structure to “.l?ln_ 1
Wire jg anc} ¢ beam are connected and in w hich tllo pre._alrt-s-m.l‘nf
Other yihye .lml“"l- e.g. the llnnmlaninn and the junction ‘ml;
oag, U“_.' » dre naturally ‘-"lll‘}l'l‘“'li in this process to a torsiona
ing to the reactions to the tensile forces of the wire.)
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Fig. 9. Prestressing wires for a rib, mounted before making
the shuttering and casting the concrete. This particular rib was
fitted only with wires for producing torsional prestressing (eight
wires running on the circumference of a cylinder, 35 em in
diameter, formed by a series of iron hoops). The 9 mm wires
look thicker here sinee they have been coated with a prepara-
tion to prevent bonding with the conerete.

The torsional prestressing wires were disposed
helically round the axis of the ribs (figs. 8 and 9).
Like the wires for producing the compressive and
bending prestresses, they were fixed in position
before the shuttering for the ribs was made.
All wires (9 mm thick) were coated with a special
preparation to prevent bonding with the concrete
cast around them and to reduce friction losses when
the wires were tensioned.

The contraction which a rib undergoes as a result
of compressive prestressing is greater than the de-
formation, measured along the rib, suffered by the
abutting shell under its own prestressing. If shell
and rib were first to be joined firmly together and
then prestressed, the difference in deformation
would once again give rise to extra stresses in the
shell. To avoid this, most of the ribs were partly
stressed before the shell was mounted, in such

I]TI
a way that when the final prestressing was applied
the deformations then occurring in rib and shell

were to all praclical purposes equal.
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Methods of prestressing

All wires were tensioned by a method devised
and currently used successfully by Strabed. The
main feature of this method is the possibility of
tensioning wires between anchorings fitted to the
structure in advance. With the traditional methods
it would have been necessary to pull the wires
through openings across the ribs, and this — apart
from aesthetic objections — would have presented
very considerable difficulties in the case of those
beams where several wall surfaces meet at small
relative angles,

In the method used, anchoring wires are cast into
the ribs and into the substructure of the shells at
ground level. Each of these wires is threaded through
a small steel anchor plate and is crimped at each end.
The prestressing wires are coupled to the anchoring
wires by special sleeves ( fig. 10), so designed that

no slip can oceur during this fixing process.

98470 8 9 8

Fig. 10. The “Strabed" system for mounting prestressing wires.
I = shell, 2 = rib (not shown in exactly the right proportions),
3 = prestressing wire. The anchoring wire 4 with anchorage
plate 5 is fixed in the rib during fabrication of the latter. The
wires are tensioned with a special jack which grips the erimps
(6) in the prestressing wire and anchoring wire. The tensioned
wire is elamped tight in an internally threaded coupling sleeve
7, by serewing two split annulus pieces 8 against the erimped
ends 9,

This is particularly important for short wires which
were necessarily relatively numerous in the pavilion,
a special jack designed
this grips the wires from the .;ii(Il‘.
The amount of tensioning applied can be read ac-
curately from a dynamometer fitted to the
(fig. 11).

As may be seen in fig. 11, it is possible, with this
Strabed method, to lay the wires very
the walls to be prestressed (in the :

The wires are tensioned with

by Strabed;

jack

close to
Philips pavilion,
only 2 to 3 em from the shells). This is useful in

order to be able to introduce the prestresses cen-

trally in the shells, and moreover it is convenient
for constructional reasons, since each prestressine
wire must be fixed at regular points to the wall, 5

All the exterior surfaces

of the pavilion, inr.']udin,l,r
the

'r‘lh‘ IH 1 1 7= L] v v » : P
.| : tressing wires, were given a coating of
.‘ "|(! ¥ \\-1 » " ¥ 1 m ra ]
pecia aterproof paint, To this base a final
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coating of aluminium paint was applied. Fig. 12
shows the finished pavilion from the entrance end,
In view of the fact that pictures were to be pro-
jected on the interior walls, the prestressing wires
on the inside shell surfaces were concealed by a
sound-absorbent layer of ashestos felting.

Concluding remarks

The erection of exhibition buildings usually
involves having to work against time, especially
when the building departs so radically from classical
concepts as the present one. The marks of haste
are bound to be present in the finished structure;
this need not be objectionable, however, since a
temporary structure can be measured against dif-
ferent standards. Because of this circumstance we
were able to experiment with an entirely new system
of construction for the Philips pavilion, a system
which we would otherwise probably not have dared
to embark upon but which in this case was remark-
ably consistent with the ideas of the patron — N.V.
Philips — and of the responsible architect — Le
Corbusier. The Belgian Inspectorate of Works
(Séco: Bureau de contréle pour la Sécurité de la
Construction en Belgique), by acting expeditiously

Fig. 11.

. 'l‘cn.&iuniug a
Jack, The tensioning fo

Prestressing wire with the “Strabed’
ree 1s read on a dynamometer.

SRR

A



Fig. 12, The finished pavilion,

ang offer:
leg] ¢ ”}Tlg Constructive criticism, also did a great
5 0 he

Were ¢}
lere i 4 3 .
1 gath ‘_ﬁm able to use this unique opportunity
sather inform

lp make the experiment succeed. We

ormg] ; ation and experience which, under
4l circumst

taineq in the f
Mych lrmg”. pe

ances, would only have been ob-
ace of much opposition and after a
‘riod,
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Photo Hans de Boer
seen from the entrance end.

In a number of countries wide and wvaried use
has already been made of shells composed of saddle
surfaces, such as the hyperbolic-paraboloidal shell.
They have been introduced, for example, as roofs
for ]argv halls. We are convinced that their con-
struction in prestressed concrete, whether or not

combined with prefabrication, offers yet more
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interesting and wider possibilities. The Philips
pavilion constitutes proof that such shells can be
pieced together to form very intricate structures

VOLUME 2

that serve both as roof and wall. Architects may
find it rewarding to exploit the possibilities thus
revealed.

Summary I-IV

Based on an idea of L. C. Kalff, the Philips pavilion was
designed and equipped for automatic performances of a spec-
tacle in light and sound, a so-titled “Electronic Poem’’, the
scenario of which was written by Le Corbusier and the music
composed by KEdgar Varése. The architectural design was
undertaken by Y. Xenakis under the direction of Le Corbusier.
Visual, acoustical and architectural considerations led to the
pavilion being built up entirely from ruled surfaces, viz.
hyperbolic paraboloids. In article 1, an authorized shortened
version of the original French text, the evolution of the first
design, which also contained conoids, is illustrated by a series
of original sketches by the architect. A description is then given
of the semi-experimental, semi-geometrical method by which
the surfaces of the first design were completely converted into
hyperbolic paraboloids (second design). As a result of this
conversion it was found possible to adopt the scheme of con-
struction proposed by the contracting firm “Strabed”, which
was to build the pavilion as a self-supporting shell in pre-
stressed concrete 5 em thick.

The excellent mechanical properties of shells shaped as
hyperbolic paraboloids (hypars) which made this scheme of
construction possible, are discussed in general terms in the
second article. After recapitulating the most important geo-
metrical properties of the hyperbolic paraboloid, the author
gives a concise explanation of the membrane theory of the
hypar shell. The differential equations for the state of stress

ve an extremely simple solution in the case of a uniaxial,
uniform load applied parallel to the axis of the shell; the shell is
then found to be a structure of equal strength. The author also
gives formulae for somewhat more complex loads, which are of
importance under practical conditions, and describes a simple
graphical method of determining the principal shell forces and
the prestressing forces required in order to avoid in the shell
any tensile stresses (which concrete cannot withstand). Finally
edge dlst.u_rbanceu are considered that occur when the bound-
ary conditions are such as to prevent the existence of a purely
membrane state of stress. Some details are given of the stability
of hypar shells against buckling and second-order buckling.

The theory gives a general idea of the behaviour of hypar
shells and allows solutions to be found to certain detail prob-
lems, but a complete calculation of the mechanical properties
of such a complex structure as the Philips pavilion is out of
the question. For this purpose model tests were required, and

these are described in article 1TI. In accordance with the ar.
chitects’ design, a 1 : 25 scale model was made of the pavilion
in plaster of Paris on a framework of wire-gauze, steel tubes
simulating the ribs of the structure. The states of stress pro-
duced in the model under different loads (dead-weight, wind,
etc.) were investigated with a large number of strain gauges
and displacement gauges, The conclusion was that a structure
of 5 em thick conerete with 40 em thick ribs would be sufficient-
ly strong. In a second model 1 : 10, two of the hypar shells
were built up from several hundreds of appropriately shaped
plywood slabs. These shells were prestressed, and the results
observed proved the feasibility of the proposed system of
construction, using precast concrete slabs and prestressing
wires anchored in the ribs, :

This scheme of construction, proposed and translated into
reality by the firm “Strabed™, is described at some length in
the fourth article. The consideration underlying this scheme of
construction was that the irregular and steeply twisted shelk
of the pavilion, which Strabed decided to keep as thin as
possible (subject to the minimum of 5 em dictat_ed by acoustic
insulation demands) could not be made by casting concrete in
situ in shuttering. The hypar shells were therefore built up
from more than 2000 slabs, each about 1 m?, which were cast
in open sand-bed moulds, built to the required shqpe- Tll;
slabs were subsequently erected on site on scaffolding, an
pulled tight by steel wires. This construction is also mechani-
cally favourable in that with suitable prestressing of shells
and edge members (ribs) the structure can be brought appros:
imately into a membrane state of stress, The precasting
assembly of the slabs were greatly simplified by the fact that
the walls were ruled surfaces. The prestressing wires (aPP!fe‘i
on both surfaces of the walls) followed, as a rule, the ]
lines of the hyperbolic paraboloids. The wires were tensioned
using a system devised by Strabed. The special feature
this system is that the anchorings for the wires are‘ﬁttedtﬂ
the structure in advance; this apparently minor detail hlﬁd- .-
important bearing on the successful erection of the pavilion.
In addition to compressive and bending prestressing, some
ribs were given torsional prestressing, partly to compensale
for the torsional moments exerted on the ribs by abutting
shells, and partly to introduce the prestressing forces cet
trally in the shells. This is thought to be the first application
of torsional prestressing to concrete.
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Philips Technical Review

DEALING WITH TECHNICAL PROBLEMS
RELATING TO THE PRODUCTS, PROCESSES AND INVESTIGATIONS OF
THE PHILIPS INDUSTRIES

THE “ELECTRONIC POEM” PERFORMED IN THE PHILIPS PAVILION
AT THE 1958 BRUSSELS WORLD FAIR

A. THE LIGHT EFFECTS, by L. C. KALFF
B. THE SOUND EFFECTS, by W. TAK

C. THE ELECTRONIC CONTROL SYSTEM, by S. L. de BRUIN.

628.973: 534.86: 621.316.7.076.7: 789.983

In its pavilion at the 1958 Brussels World Fair Philips has broken with tradition, in that
its products are not put on display as is customary at other exhibitions and trade fairs, but are
symbolized, as it were, by a novel synthesis of light and sound — Le Corbusier’s ** Poéme Elec-
tronique”. Among those who collaborated with Le Corbusier in achieving this synthesis were

the composer Varése, the film producer A
this article. The creation of this

acoustical equipment; moreover, since it is performe

gostini and the technical specialists contributing to
“Electronic Poem™ called for elaborate lighting and electro-

d and repeated almost entirely automatically,

an intricate, largely electronic, control system was needed.

A. THE LIGHT EFFECTS

by L. C. KALFF.

Philips is represented at the Brussels World Fair
by a pavilion designed by Le Corbusier and Xenakis.
The highly unusual architecture of the pavilion 18
dfscﬁbed in a series of articles published in the pre-
Y1ous issue of this journal'). In the present article we
shall be concerned with what takes place inside the
‘ructure. Here the public is shown how science and
u:ch"ol“g}’ have created an instrument which pro-
m.ies the artist with a novel form of expression
ing light and sound effects. Audiences of some

—

Y
) The Philips pavilion at the 1958 Brussels World Fair,
L Y. Xenakis, The architectural design by Le Corbusier
and Xenakis, : :
IL. C. G. J. Vreedenburgh, The hyperbolic paraboloidal
I shell and its mechanical properties,
< L Bouma and F. K. Ligtenberg, Model tests for
v Proving the construction of the pavilion, 2
« H. C. Duyster, Construction of the pavilion in pre-
hi Stressed concrete,
ilips tech. Rev. 20, 1-36, 1958/59 (No. 1).

five hundred at a time see a performance of the
“Electronic Poem” by Le Corbusier and his colla-
borators. On the curved walls the audience sees
a continuously shifting play of projected pictures
and colours. These are accompanied by sound effects
which, by means of electro-acoustical tricks, join
in creating the illusion of movement.

In this “Electronic Poem’, Le Corbusier has
attempted to express his view that our increasingly
mechanized civilization is striving towards a new
harmony. The scenario consists of seven parts, which
are entitled:

Genesis.

Spirit and matter.

From darkness to dawn.
Man-made gods.

How time moulds civilization
Harmony.

To all mankind.
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Au niveau du sol : tout bleu, outromer nassif,
Un soleil rouge intonse uni ot not,

Azbiance générale noire, :
Aux niveaux supérieurs du pavillon deux parties

95333
jaunss,

95335

Fig. 1. Two pages of the scenario of Le
left indicates the colours of the “ambiances’
gives a time schedule, specifying the det

Le Corbusier’s scenario specifies what should be

seen from second to second l}lrmlg]mul the entire
spectacle, which lasts 480 seconds. Two pages of
the scenario are reproduced in fig. 1.

Le Corbusier distinguishes the l‘nlln\\ing light
effects:
1) “Ambiances”, which are illuminated surfaces in-
tended to conjure up a particular atmosphere,

'I'Iu-_\' are produced by prujm'ling coloured Ii;_(ln

on to the pavilion walls: long bands of colour
accentuate the peculiar r-huln- of the lluihling,
2) “Volumes”, i.e. two figures suspended in sp

ace,
the one a female hgure, the

other a4 space struct-
ure of metal tubes, and both treated with flyor.

escent paint, When irradiated with il|lrzl\'iu||-[.

Corbusier’s “Electronie Poem™
"in a given time interval;
ails of “écrans” and “tritrous’,

3) “Ecrans”: these are |

4) “Tritrous™,

. The page on the
that on the right

: 25 . Zenish
the one “volume” glows red, the other green
blue,

arge areas of the wall mf
which are projected black-and-white pi(-t‘lm‘!-
of human beings, animals and all kinds of uh;
Jeets ( fig. 2). The presence at the same lim‘t‘ (,“
“ambiances” makes the black of the projections
appear coloured.

At certain parts of the wall arn.und
the “écrans”. lJri][iaritl)' coloured beams of llght‘
or figures in black and white are n('caaiunau.}
projected. This is done by means of a film strip
each frame of which

. : . except
1s entirely opaque exce}
for three holes («

! SR : i urs
trois trous”) in which the colo
or figures are introduced.
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5) A red sun, a moon, stars and clouds can also be

Blaged,

The technical arrangements made for producing
these effects are relatively simple compared with
lFlt' electro-acoustical equipment and the control
SYstem. Nevertheless the realization of the light
effects presented certain difficulties. The greatest
difﬁc“h)' arose from the fact that the films and
colours were 1o be projected from opposite sides of
‘!10 enclosure simultaneously. This entailed a con-
Siderable amount of diffusely reflected light, which
threatened 1o spoil the contrasts and the colour
effects,

The problem was solved by 1) using the lowest
Practicable luminous intensities, so that not too
much of the auditorium would be seen, 2) avoiding
th? use of large white surfaces, and 3) choosing
“Wtable combinations of colours. Complementary
®lours, additively mixed, yield white or at least

colours that are less saturated, that is to say less
striking. The answer to that was to use only non-
complementary colours, such as green and blue,
red and yellow, violet and red.
These measures demanded close cooperation be-
tween Le Corbusier and film-producer Agostini in
regard to the prescribed pictures, and between the
illumination engineers, whose task it was to decide
on the kinds of light-sources and colour filters to
be used. These questions were largely settled at the
last moment by experiment in the pavilion itself.
The choice fell on the following light-sources:
a) Four large cinema-projectors, two of them for the
pictures and two for the “tritrous”. The *tri-
trous” beams are directed on to the required
places by means of mirrors fixed at the appro-
priate angles. Synchronism between the projec-
tors is assured by means of magslips.

b) Four projection lanterns, each with a 3 kW in-
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Fig. 2. An “écran™ (picture projected on the wall). The small rectangles
are loudspeakers, of which there are 350 in the pavilion.

candescent lamp and a large rotary disc fitted

with eight slides or colour filters for the “ambian-

ces”. Servo motors rotate the dise into the re- e)
quired position.

¢) Two projection lanterns as under b) for producing
cloud effects.

/)

d) Two projection lanterns each with a 1 kW

Fig. 3. Vertical
ion. L low-note loudspeaker j
F white and
violet lamp

section Ihruug

n one wall of
coloured fluorescent lamps, V]

for exciting floor-tiles T into flu

h the space behind the
closed concrete ¢
amp for-emergenc
orescence. B halus

incandescent lamp, for projecting a sun and a
moon.

Six spotlights, each with a 500 W incandescent
lamp, for projecting the colour “ambiances” onto
the walls,

Four reflectors, each fitted with a 125 W high-
pressure mercury-vapour lamp whose bulb trans

ol T
e S
955682

balustrade, W conerete wall of pavil-

abinet, P projection lantern.
y lighting,

U tubular ultra-
trade,
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mits ultra-violet but hardly any visible light.
Two of them excite red fluorescence on the female
figure, the other two greenish-blue fluorescence
on the space structure.

Fifty “stars”, formed by incandescent 5 W
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(40 W), in white, red, yellow, green and blue.
These lamps are used to light the entire audito-
rium or, with reduced luminous flux, to create
the illusion of a bright horizon. The lamps are
accordingly mounted behind a six feet high

Film projector (for “écrans’)
Film projector (for “tritrous’™)
Projector (for “ambiances’)
Projector (clouds)

Projector (sun)

Projector (moon)

Spotlight (coloured patches)

U-y source ("volumes")

Fig. 4. Plan of the Philips pavilion with schema

bulbs scattered over the upper surface of oy
?‘-a“s' A twinkling effect is produced hy’ switch-
ing the bulbs on and off irregularly (by means 8
telephone selectors).

Forty groups of five fluorescent “TL”M lamps

L

Filament lamps (stars)

/ "// Fluorescent lamps (“TL™ M), white

and coloured

= T1.V. source (floor-tiles)

0  FEmergency lighting (white)

®  Emergency lighting (red)

o< Panic lighting

I: Mirrors for directing “tritrous’ beams

©  Yellow fluorescent lamps (“TL" M) in exit porch.

tic indication of the light-sources.

balustrade which follows the contour of the floor
(see vertical section in fig. 3 and plan in fig. 4).
The projectors are also mounted behind this

balustrade ( fig. 5)-
The brightness of the fluorescent lamps behind the
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9
balustrade is controlled by means of lh_\_-‘ra‘lronr- I")j
The thyratron control-pulses are l}h:J:R(‘-Sh!fli'tl )\
the illll"l'llll'(“ill‘_\' of potentiometers driven by svr\t;
motors. The latter are in turn driven by cuntl:u
signals recorded on a magnetic tapt-._Furth(-r p.arn('-
ulars of the control system — which comprises a

Fig. 5. Glimpse behind the balustrade,
lamps can be seen and, behind them,
the “ambiances”. Above, on the wall
right a low-note loudspeaker,

great deal more — are given in the last part of this

article.
The above llrnjm'liml and ]ighlillg illHIal”

ations
exclusively for producing the

serve light effects
spectacle, We
the arrangements made
utility lighting in the pavilion (see fig. 4).

First, the regulation safety lighting is run on
60y h"ltll‘l’_\' and consists of two red ine

required for the performance of the

shall now touch on

for

a
;lmlt-sl'u-nl

) K. W. Hess and F. H, de
imtensity of fluorescent |
Philips tech. Rev,

Jong, Lontrolling the luminous
amps with the aid of relay valves.
12, 83-93, 1950/5]. ’
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lamps, burning cuntinunusl__v above the @fltl'ance
and exit, and of several white hull)s-‘-. that‘llght up
automatically in the event of a mains f'allur.e. To
meet the contingency of panic amongst the audience,
emergency lighting can be Sw‘lll.‘ht‘l_f.l)ﬂ from the
control desk. Furthermore, bluish-white fluorescent

¥55

Some of the variously coloured fluorescent
an array of projection lan

» & number of high-note |

terns with filters for
oudspeakers, Bottom

tiles are fitted in the floor around the whole length
of the balustrade 1o prevent people knocking thﬂ:
selves upon entering the darkened pavilion. .
tiles are excited i:1l.u fluorescence by 45 wblﬁg
ultra-violet ]amps of 40 W, In addition, six 40

“TL" Iamlns concealed above the entrance on "
outside produce g
ticularly since the
provide

decorative effect at night, pa”
y are yellow fluorescing and hen(‘f
a striking contrast to the blue m”c_u.r}
vapour light which floods the exterior of the pavﬂlﬂn
(16 high-pn_'ssurv

250 W).

: h o
mercury-vapour lamps, eac
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B. THE SOUND EFFECTS
by W. TAK.

Acoustical science has long been familiar with
various effects that influence our perception of sound.
Reverberation and echo are the best known of these
phenomena. Without the agency of visual percep-
tion, they provide us with an impression, learnt
by experience, of our surroundings. Reverberation
and echo can also be created artificially, and in such
a way that the listeners’ acoustical impression of
their surroundings is made to differ appreciably
from their visual impression ?). This discrepancy
between seeing and hearing can evoke in an audience
the sensation of experiencing something startingly
unexpected. With such possibilities electro-acoustics
may well contribute something to the development
of music.

Equally remarkable effects can be obtained with
the technique of stereophony ): sounds are heard
to issue from a direction where there is no sound-
source, and by means of purely electrical manipula-
tions the impression of a moving sound-source is
created without there being, in fact, any movement
of the source.

These effects were in mind when, at the end of
1956, we discussed with Le Corbusier the sound
effects for his “Electronic Poem”. The listeners were
.lo have the illusion that various sound-sources were
in motion around them, rising and falling, coming
together and moving apart again, and moreover the
Space in which this took place was to seem at one
instant to be narrow and “dry”, and at another to
seem like a cathedral.

At that stage of the plans the music which Edgar
Varése was to compose was still quite literally music
of the future. All that was known was that it would
be mainly electronic music, in the connotation given
to the term in recent years; that is to say, music
whose actual composition is based on the use of
f’ltmﬂnjc devices. As explained in an earlier article
in this Review, electronic devices can be employed
to produce entirely novel musical sounds ). Al-
though we were as yet unaware of the composer’s

wishes in the matter, we were certain that sterco-
.

a
) I"“I""“’illg the acoustic properties of a hall by “stereo

reverberation’ (R. Vermeulen, Philips tech. Rev. 17,
258-266, 1955/56) is also based on bringing about a dif-
ference between the “acoustic”” environment and the real
one, In this case, however, the difference should be such
Yy }'ih“ the listeners are unaware of it. .
.} See, for example Philips tech. Rev. 17, 173 et seq., 1955_;'?6-
Badings and J. W. de Bruyn, Electronic music, Philips
tech. Rev. 19, 191-201, 1957/58 (No. 6)-

phony and artificial reverberation would turn out
to be important elements of the “Electronic Poem™.
That was enough to enable us to plan in advance
the general scheme of the requisite equipment.

It was our opinion that the simultaneous percep-
tion of three sound patterns issuing from or travel-
ling in different directions would constitute a com-
pletely new experience. For this reason we decided
there and then to develop and build apparatus that
would be capable of reproducing the composition
via three independent channels. We calculated that
it would be possible to achieve the required electro-
acoustical effects with the aid of a three-track mag-
netic tape. Each of the three playback heads would
feed, via amplifiers, numerous loudspeakers. On
another magnetic tape, having a large number of
tracks, control signals would be recorded, some for
determining which loudspeakers should be on at each
moment, and others for controlling the light effects.

When these preparations were far enough ad-
vanced, Varése came to Eindhoven to “produce” his
composition with our cooperation. For this purpose
a specially equipped studio was provided. In com-
posing, Varése concentrated primarily on the char-
acter of the tonal pattern, and for the most part
left us to decide on the “intonation” (the distribu-
tion of the sound over the loudspeakers, i.e. the
spatial effect). The composition is characterized by
an extraordinary wealth of sounds, the realization
of which often involved considerable difficulties °).
The deficiency of language in this field, the lack of
words to express what is intended, was keenly felt.
Vardse frequently indicated his wishes by such
expressions as “more nasal”, “less biting”, “more
rasping”’, and it was our job to meet his wishes as
well as possible by means of filters, mixers and fre-
quency-shifting circuits. To define the necessary
operations we had to resort repeatedly to onoma-
topeeic words, such as “wow wow, “puowhip"
“ick tock”, “whoop™ and “choochah”. It should
be mentioned, incidentally, that the recording was
not limited to electronically produced signals but
also included “concrete” sounds picked up by the
microphone, for example piano chords, chimes of
bells, choral and solo singing, drum beats and work-
shop noises, which, after electrical treatment (with
filters, etc), were also recorded on tape.

§) We are greatly indebted to Mr J. W. de Bruyn for
solving many of these difficulties.
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Fig. 6. Special playback machines

for the 3-track tape carrying the electronic music by Varése,

and for the 15-track control tape. Two of the four machines are used for each performance.

The recording on the three-track tape was made
so as to leave tracks II and 1] specifically
reverberation and stereophonic  effects,

for
For the
purposes of stereophony, compact groups of loud-
speakers would be necessary, e.g. one group above
the entrance and another above the exit. However,
it was not to be expected that everyone in the
audience (the pavilion accommodates about 500)
would receive a distinet stereophonic impression
unless other, more dispersed, groups of loudspeakers
were introduced, and the individual loudspeakers
switched on and off successively in such a way that
the sound-source would describe
paths. This system of “sound routes” (routes de
son) was therefore adopted and has
ful.

After the composition had been completely built
up on the three-track tape

+ 88 it were, set

proved success-

- @ start could be made
on working out a “control score’

". On a second mag-
netie tape

- containing no fewer than 15 tracks.

the control signals were recorded which were to

assure the required distribution of the

composition
over the various loudspeakers.

This was work calling
for the most scrupulous accuracy, for every control
signal had 1o appear or disappear at [Jl'l‘("'iSI‘I.\’ the
right moment,

Further particulars of the control
System are given in the next section,
Finally, a few words about the I'II'I‘trli-ﬂl‘(lllﬁli(‘al

equipment installed in the pavilion,

Both the sound tape and the control tape have

the same width (35 mm) and the same perforatin.n
as normal cinematographic film. The perforation. 18
important with a view to the synchronous running
of the two tapes. Each tape is scanned sgparat:?}}'
in a special magnetic playback machine (one with
3 and the other with 15 playback heads) and driven
by a rapid-starting synchronous motor. With the
exception of the loudspeakers, the entire installa-
tion is duplicated, which means that there are four
playback machines in the control room (fig- ©)-
There are altogether 350 loudspeakers. Twenty
five are low-note loudspeakers fitted in one of the
walls of the otherwise completely enclosed concrete
cabinets 7) behind the balustrade (see figs. 3 and 5)-
The efficiency of these loudspeakers is particular}}’
high (209). The other loudspeakers (efficiency 5%)
are mounted partly in compact groups (above the
entrance and exit) and partly in dispersed groups
(figs. 2 and 5), for example in “sound routes” along
the shell ribs and horizontally. Over a complex
relay system the loudspeakers are fed from 20 am-
plifiers, each with an output of 120 W. Six of the
amplifiers derive their input signal from sound track
I eight from track I and six from track I1I. BY
means of special signals the inputs of the various
amplifier Broups can be interchanged, allowing 2
free choice of the path along which a certain sound
i to be reproduced, .
.

") See Philips tech, Rev, 18, 310 seq., 1956/57.




1958/59, No. 2/3

“ELECTRONIC POEM™ 45

C. THE ELECTRONIC CONTROL SYSTEM
by S. L. de BRUIN.

As mentioned in the foregoing, the light and sound
effects of the “Electronic Poem™ are controlled by
signals recorded on a magnetic tape. A simplified
block diagram of the installation is shown in fig. 7.
The control desks from which the duplicated instal-
lation is operated can be seen in fig. 8.

On each of the 15 tracks on the control tape, twelve
control signals can be recorded, each with a fixed
amplitude and a fixed frequency which differs from
one signal channel to another. There are thus alto-
gether 15 x 12 = 180 control channels available.
The lowest frequency is 900 c/s (this fairly high value
was chosen to exclude the risk of interference from
hum), and the highest is 10 500 c/s. Neighbouring
frequencies stand in a ratio of 1:1.25 to each other.

A, (20x)

Each of the 15 playback heads delivers an output
of 12 superimposed signals which is split into its
components by selective amplifiers. These consist
of two amplifying stages with tuned-circuit coup-
ling and a relay. The relay closes only when the
input signal in the first stage has the frequency to

which the circuit is tuned. Fig. 9 shows one of the
consoles accommodating 48 of the total of 180
selective amplifiers,

Certain control channels are reserved for the light
effects. Via some of these channels servo motors

can be set in operation which rotate the required
colour-filter or slide in front of the lens of the pro-
jection lanterns. Other channels control the thyra-
trons, which regulate the luminous flux of certain

Y
v
Y

Ll

> B}--—->--

s R B

S L
Fig. 7. Simplified diagram
illustrating the principle of the

installation for performing the
“Electronic Poem’. P, play-
back machine with 3-track
sound tape, A, amplifiers (20 in
all) with 120 W power output.
Re relays. L londspeakers (350
Th (30x) in all). P, playback machine
wiht 15-track tape on which
the control signals, with differ-

®Lu ent frequencies, are recorded.

A, selective control-signal amp-
: .!.) lifiers (180 in all); some of these
1 control the loudspeaker relays
Re., others the groups of servo
motors S, and S,. The motors
S, change the phase of the
ignition pulses in the thyratron
control-devices Th (30 in all),
thereby varying the luminous
flux of the lamps La. The servo
motors S, rotate discs ) which
contain slides or colour filters,
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Fig. 9. Rack containing 48 of the
180 selective control-signal amp-
lifiers,

Fig. 10, loudspeaker relay system (Re in fig. 7). a) .
b) opened, In b) car

Rack housing the
l'lll.‘ll'il. i h(‘ 8
loudspeakers and the amplifier outpy

or the “sound routes” are visible

: ich the
een the contact fields at “]]-th e
1S terminate, The five rotary selec

at the top of the rack,
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light-sources 2), This is also done by the intermed-
iary of servo motors. In this case they turn potentio-
meters that vary the direct current through satur-
able reactors, thereby shifting the phase of the
voltage pulses that ignite the thyratrons and hence
changing the average thyratron current. Two thyra-
trons connected in anti-parallel are circuited in series
with the light-source to be regulated. There are alto-
gether 30 of these thyratron regulators.

The remaining control channels are used for the
sound effects. They ensure that only those loud-
speakers that are required are switched on at any
given moment. The switching on and off of groups
of loudspeakers is effected by relays (Re in fig. 7).
A photograph of the relay rack is shown in fig. 10a.
An interior view is seen in fig. 10b. The oblique panel
below contains two fields of contacts; on the one
field the amplifier outputs terminate, on the other
the loudspeakers. Connections between any re-
quired loudspeakers and amplifiers (a maximum of
12 loudspeakers to one amplifier) are made or bro-
ken by the relays. These receive their energizing
current via the contacts of the relays in the selective
control-signal amplifiers,

The substantial number of relays needed for all
this would have had to be very much larger if use
had not been made of a circuit employing rectifier
clements. The principle is illustrated in fig. 11 for
three relays, but the circuit can be built for any
number. Suppose that, with relays 4, B and C,
we wish at one instant to energize only 4, at another
stant both 4 and B, and sometimes A, B and C
together. The first can be done by raising point I
10-a certain positive potential; A then closes and

“ELECTRONIC POEM"
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e
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c
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Fig. 11. Circuit with three relays, 4, B and C, and rectifiers
Vy...V,. A positive potential applied to points I, 2 or 3
energizes respectively relay A, relays 4 and B, or relays A,

B and C.

rectifiers ¥, and V; prevent current from reaching
B and C. To energize both A4 and B, point 2 is given
a positive potential, and rectifiers ¥V and V, prevent
relay C from being energized. All three relays are
actuated by giving a positive potential to point 3.
Without the rectifiers, additional relays would be
necessary, the contacts of which would make or
break connections between the coils of 4, B and C.

Reference was made above to the system of
“sound routes” with which the illusion of a moving
sound-source is created. This effect is produced by
switching on first, say, only the loudspeakers L,,,
... Ly (arbitrary numbering), a moment later
Lyss « - - Lyggs then Lyog ... Lyy,, and so on, ending
with, say, Ly -« - Ly (fig. 12). The rapid switch-
ing from one set of loudspeakers to another is

L llelatelalolels 1
: o T e

Lizr Lz
Fig. 12. Diagram of a “sound route”, forme
fed from one of the power amplifiers A, via
T is energized by pulses from one 0
loudspeakers are always in operali
is switched in and another switched out.

f the control
on at one time. At each selector step,

133

d by loudspeakers Lyg . .. Lygs which are
relay Re. The solenoid S of a uniselector
-signal amplifiers A, (see fig. 7). Five
one loudspeaker
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Fig. 13. Schematic representation of the recorded sounds and
associated control signals in the time interval from 2 min
05 sec to 2 min 35 sec.

Below: the sounds recorded on the three tracks I, I and I11.
Above: the control signals present on tracks 7, 8, 9, 10 and 11
of the 15-track tape. The twelve frequency channels of each
track are marked a ... L

In order, for example, to reproduce over loudspeaker group
A the sound “tja-tju’’ recorded on track I, a control signal
appears at the right moment in channel 8¢ and switches A
on and off again. In the same way a control signal in channel
9j ensures that the two percussion sounds on track II are
reproduced over loudspeaker group U.

The sound entitled “whistle finger’ on track I is to be re-
produced by the loudspeakers forming the “sound route” 0.
First, then, there must be a control signal in channel 9b for
ensuring that group O will be available during the required
time. As a rule this group reproduces sounds from track II.
“Whistle finger””, however, is on track I, so that a control signal
is needed which will switch over the input of the amplifier for

“ELECTRONIC POEM™ 49

group O from track IT to track I at the appropriate moment:
this signal appears in channel 11j. When the above two signals
are present, a train of 60 pulses (at a frequency of 4 per second)
begins in channel 9k and these pulses cause one of the rotary
selectors (I11) to make a full revolution. This results in the
functioning of “sound route” (. The selector must now be
returned to its starting position, and this is done by the signal
“reset k II1'* in channel 9a. To ensure that the selector returns
exactly to its starting position, even if it has covered too few
steps, the number of pulses in channel 9k is made somewhat
larger than the number of selector positions (60 pulses, 52
positions). The simultaneous presence of these pulses and the
reset. signal prevents the selector from rotating beyond its
starting position.

Reset signals also appear in channels 7a, 8a, 10a and 1la
for _retuming selectors V¥, IV, II and I to their starting
positions,

The control signals marked L.t. IT and L.t. I1] cause the
low-note loudspeakers (which form one group) to reproduce
sound from tracks Il and III, respectively.

effected by selectors as used in automatic tele-
phone exchanges (T in fig. 12). These are operated
by signals on the control tape which consist of short
pulses with a maximum repetition frequency of
10 per second. The selectors are visible at the top of
the rack shown in fig. 10a and b.

If the loudspeakers of the group concerned are
disposed around the auditorium, “circulating sound”
is produced by letting the selectors rotate completely

several times. Special control signals return the.

s»:alectora to their starting position after the comple-
tion of a “sound route”.

Fig. 13 shows a diagrammatic representation of
the sound with the associated control signals. The
sounds on the three tracks during the interval rep-
resented are indicated below, while above can be
seen the control signals required for these sounds
to be reproduced via the appropriate loudspeakers.
Some of the signals are explained in the caption;
further details would exceed the scope of this article.

The “Electronic Poem™ lasts eight minutes. Each
performance is preceded by an introduction in

Fnglish, French and Dutch, which takes two min-
utes. Some twenty performaices are given daily,
alternately via the two installations, which amounts
to many thousands of performances throughout the
exhibition.

Summary. In the Philips pavilion at the Brussels World Fair
performances are given of Le Corbusier’s “Electronic Poem”,
which is a combination of light effects and electronic music
involving extensive technical provisions.

The equipment for the light effects includes four large cinema
projectors, eight projection lanterns, six spotlights, six ultra-
violet lamps, fifty electric bulbs representing stars, and
several hundreds of tubular fluorescent lamps in various
colours. The luminous flux of most of these light-sources is
variable by means of 30 thyratron control circuits.

The electro-acoustical installation comprises a special play-
back machine with a three-track perforated magnetic tape on
which is recorded a composition by Edgar Varése, 20 ampli-
fiers each with an output of 120 W, 350 loudspeakers and an
elaborate switching system with relays and telephone selectors.

The electronic control system employs a second playback
machine, which scans a 15-track perforated magnetic tape.
Twelve control signals differing in frequency are recorded on
each track, so that 180 channels are available for controlling
the light-and-sound effects in accordance with the scenario.
Both playback machines are duplicated, with a view to provid-
ing a reserve as well as ensuring continuous performances.




