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Contributions libres sur des développements nouveaux
importants

Freie Beitrige zu wichtigen neuen Entwicklungen
Free Contributions to Important New Developments

VI

Progrés importants de I’art de I'ingénieur. Constructions mixtes
Bedeutende Fortschritte der Baukunst. Verbundbauten
Important Progress in Bridge and Constructional Engineering
Composite Structures

General Report

0. A. KERENSKY
B.Sc.,, M.1.C.E., M.I. Struct. E., London

Introduction

The eight papers accepted under Theme VI deal with Atomic Power Sta-
tions, Dams, Bridges, Plate Girders, Composite Construction, and Battle
Decks. The papers have little in common except that all describe new construc-
tional features. It is, therefore, impossible to make a proper appreciation of the
latest developments in the fields covered by them. Instead, the report gives
reasonably comprehensive summaries, underlining important features in each
paper and suggests subjects for discussion at the Session.

Summaries

1. The two papers by Professor KurT BiLLic are complimentary and give
'some factual data for, and a general appreciation of, the factors affecting
design and construction of the Nuclear Power Stations, with particular refe-
rence to the civil and structural engineering problems associated with the
Nuclear Reactor.

The Author gives a considerable amount of statistical data relating to six
nuclear stations constructed, or under construction, in Great Britain and indi-
cates the lines upon which the development of nuclear reactors is progressing.
He states that the capital cost per K. W. for present day nuclear plant is
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between two and three times that of conventional stations, but the total
generating costs per K. W. are very little different.

Development work in nuclear power station reactors has concentrated on
the gas cooled graphite moderated reactor and on the possible advantages of
heavy water as a moderator.

The main difference between a nuclear power station and a conventional
one lies in the reactor unit itself, which is composed of a pressure vessel, a
biological shield and steam raising units. Although the gravity loads in nuclear
structures are considerable, the most important problems arise from tempera-
ture changes, creep, shrinkage, and variations in moisture content of th econcrete.

The raft has to withstand gravity loads and temperature stresses, together
with moments and shears due to the fixity of the shield walls. It is imperative
that differential settlements between units of plant are kept to a minimum.

In addition to many of the usual requirements regarding the siting of a
conventional thermal power station, in nuclear work consideration must be
given to the protection of the public from the hazards of possible radiation
due to accidentally released fission products. Nuclear reactors have either to
be located in non-populous areas or provided with a container sufficient to
prevent the escape of radio active materials in the event of an accident.

The Author suggests that the containment vessel design be based on a
limit of energy release equivalent to that just sufficient to melt all the uranium
fuel in the core.

As a compromise solution the idea of semi containment is now being
considered.

By siting reactors underground advantage can probably be obtained from
the point of view of containment as well as appearance and protection in war.
At Halden in Norway it has been found that there is little difference in cost
between a conventional reactor building and an underground containment.

Due to irradiation most metals become hardened, and limited experiments
have shown a slight decrease in creep strength. In soft metals the yield stress
is raised, whilst ductility is reduced. Neutron irradiation, in general, tends to
raise the transition temperature of a metal, thus rendering it more liable to
brittle fracture. Research is being carried out on embrittlement of mild steel
under prolonged strong irradiation. Many of the effects of irradiation on metals
can be reduced or removed by annealing.

In the case of concrete, radiation damage is not so serious. Tests on con-
crete specimens carried out at Harwell lead Professor BiLria to believe that
it is unlikely that there will be any significant change in the properties of
concrete in shields already built during the operational life of the reactors.

The Author briefly describes a prestressed concrete pressure vessel used
for the reactor at Marcoule where the concrete also acts as a shield, gas tight-
ness being assured by lining the vessel with sheet steel which acted as form-
work during the casting.
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The action of the shield is to slow down fast neutrons by collision with
atoms of light elements and to absorb thermal neutrons and gamma radia-
tion, for which purpose heavy elements are needed. These processes result in
a temperature rise within the shield.

The thermal shield should have high density, melting point, high atomic
number and good thermal conductivity, be stable under radiation and cheap
and easy to fabricate. In practice the choice lies between boron and cadium
bearing materials.

Considering the practical aspects of concrete construction the Author states
that certain forms of cracking do not reduce the effectiveness of concrete as a
shield, and in addition suggests that in the past specifications have been too
stringent in respect of uniformity of density of shield concrete.

It appears that experimental evidence is lacking in support of many
assumptions used in shield analysis, but measuring instruments are now being
included in the shields under construction. At Hinkley Point this work is
being supplemented by a comprehensive investigation of the site concrete.

In full scale work, only conditions arising from normal reactor operation
can be investigated. Whilst laboratory work is not limited in this way, shrink-
age, creep, moisture and thermal effects cannot be truly simulated in scale
work. By comparing the information obtained from the full scale measure-
ments of these phenomena with the behaviour of models, it is hoped to discover
methods of using models to predict full size behaviour.

2. In the paper on “Le barrage de Tourtemagne en Valais (Suisse)” Pro-
fessor F. PANCHAUD describes the application of prestressing adopted in the
construction of a 30 metres high Thin Arch Dam which retains the glacier waters
in the 850,000 cubic metres capacity reservoir.

The necessity for prestressing was mainly due to three factors:

1. The decision to use a thin structure.

2. The location of the dam in an area subject to severe climatic conditions.

3. The function of the reservoir which involves its being emptied and filled
at all seasons with glacial water.

The dam closes a narrow gorge and is composed of a thin vertical cylindrical
arch 1.20 m thick and with a maximum height of 28.5 resting on a pedestal
of concrete built into the bottom of the gorge. At the level of the coping, the
length of the structure is about 115 m. On the right bank the arch is prolonged
by a rectilinear wall of no great height forming a gravity dam about 30 m
long. Thus the developed length of the arch portion of the dam is 85 m. The
directrix of this arch is formed by a series of segmental arches whose radii
increase from the crown to the springings from 20 to 50 m. A gallery 1.20 m
wide located on the foundation rock, runs around the periphery of the dam
embedment.
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When the lake is empty only thrusts due to thermal effects are developed
in the arch.

A network of vertical cables starting from the coping and ending in the
gallery at the foot of the dam compress the horizontal sections of the vault
and assist in combating the bending forces. The trace of the cables in each
vertical section was chosen so that no tension appears in these sections however
full the lake may be.

The horizontal prestressing was obtained by means of curved horizontal
cables following the form of the arches and ending in the galleries at the
abutment in each bank. The cables were supplied with sheaths and placed on
the horizontal concrete construction joints at 1 m centres.

Four vertical temporary expansion joints were provided starting from the
foundations and dividing the vault of the dam into five voussoirs of 15 and
17 m long. Moreover, in the neighbourhood of the coping two construction slots
were left open which will only be closed after the prestressing has been com-
pleted and after a cold season.

The expansion joints were provided with Freyssinet flat jacks of 42 cm
diameter which enable the shortening of the voussoirs, due to the prestressing,
to be compensated for by opening the expansion joints proportionally thus
maintaining the horizontal prestressing force. The force exerted by the jacks
at each level was chosen to be slightly above that produced in the same section
by the horizontal cables, so that at the springings a permanent compression is
opposed to all forces which would uproot the foundation.

The Author claims that the construction of the Tourtemagne Dam is the
first application of prestressing to thin arch dams.

For combating the tensions due to intense thermal effects the solution
adopted is technically more satisfactory than that which consists of strength-
ening the sections by passive reinforcement.

Prestressing cables and flat jacks have been used in other dams to assist
in resisting the primary forces due to impounded water but this dam employs
a unique combination of prestressing cables and flat jacks to resist the secondary
stresses due to temperature changes.

Prestressing cables were used to keep the arch homogeneous and watertight
by neutralising tensile stresses due to thermal action and to control stresses
due to boundary effects adjacent to foundations. Flat jacks inserted in expan-
sion joints were used to:

a) Maintain the geometric shape of the structure by ‘“‘taking up” the short-
ening of the concrete due to horizontal prestressing and thus eliminating
unwanted secondary effects of the prestressing.

b) Push the sides of the dam into the rock abutments.

¢) Enable the expansion joints to be kept open until the best closure tem-
perature of the dam was reached.



GENERAL REPORT 791

The Author does not state how the actual construction worked out in
practice and whether the scheme proved economical.

3. The paper by Mr. ROBERT SAILER describes the Colorado River Bridge,
completed in February 1959. The bridge is spectacular in appearance, crossing
Glen Canyon 700-ft. above water level with a single span of 1028-ft. It is the
highest arch bridge in the world and the second longest of its type in the
U.S.A., but it incorporates few new features which call for discussion.

The bridge is designed to A.A.S.H.O. Specification to carry two lanes of
H. 20 — S. 16 loading on the 30-ft. wide roadway. Wind load was taken as
75 1b./sq.ft. without live load, and 25 1lb./sq.ft. with live load. A temperature
range of +60° F. was adopted.

Studies were made of fixed, 2-hinged, and 3-hinged arches, and, in the
case of the fixed arches, solid ribs were compared with trussed ribs. Although
somewhat less economical, trussed ribs were preferred as they were less
flexible, and subject to smaller wind loads. The 2- and 3-hinged arches were
both about 149, lighter than the considered fixed arch. Finally, a 2-hinge
trussed arch was selected.

The deck system consists of a 6-in. R.C. roadway slab (4-in. footway) on
continuous wide flange beam stringers. But it is not clear whether composite
action has been considered.

At the crown the floor beams (cross girders) rest directly on the ribs and
the floor system is held longitudinally at this point. In order to reduce secondary
stresses due to interaction of floor system and ribs, disc bearings allowing
rotation longitudinally and transversely are used for these floor beams and
also for the columns supporting the floor beams over the central portion of the
arch. The longer columns have riveted connections.

Horizontal wind bracing is provided between abutments and Panel Point 12
primarily for wind stresses during erection, the slab being effective for trans-
verse winds in the final structure.

Field connections of trusses and bracing are riveted, and those of columns
and floor are bolted with high tensile bolts — presumably grip bolts.

The 10-ft. wide concrete skewbacks are set 16-ft. into the sandstone and
are designed so that under service conditions tension never occurs at the
backface but anchor rods are provided to cater for any tensile forces which
might occur during erection.

The bridge was erected by the cantilever method with two sets of tie-back
cables, using a 25-ton capacity cableway spanning 1540 feet. An auxiliary
cableway for personnel was also installed. The cables were moved forward
panel by panel as erection proceeded, as far as Panel Point 15, the final 130
feet of each side being cantilevered out.

The arch was closed on 20-in. diameter steel pins in the upper chords, the tie-
back cables were then slackened off. The erection of the floor system proceeded
from the centre outwards. The whole of the steelwork was erected in7 months.
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The concrete deck was completed in 12 days using metal forms which were
left in place. To avoid overstressing the centre section of deck was placed first,
followed by the end sections and finally the sections above the quarter points.

It would be interesting to know:

1. Whether composite action of R.C. deck slab and steel stringers has been
considered and, if not, why not.

2. Why some field connections were made with rivets and others with bolts,
and what kind of rivets and bolts were used.

3. Are the riveted box chord members considered to be sealed against weather,
or will they be painted in the same manner as the rest of the steelwork
and what protective system has been adopted for the exposed surfaces.

4. Cost of construction.

4. In his paper on the Tancarville Bridge, Mr. A. DELcaMP briefly describes
the main features of the bridge, which was opened to traffic in July 1959,
and discusses several novel features of design and especially the solution of
the aerodynamic problem.

The designers and constructors of the bridge have shown originality in
conception and adopted most modern techniques in reinforced concrete,
prestressed concrete and steel construction.

The bridge and approach viaducts carry a 40-ft. roadway and two 4-ft.
footways. The suspension bridge has a central span of 1995-ft. and two side
spans of 577-ft. with a clearance for shipping of 167-ft. The approach viaduct
on the left bank consists of 8 spans of 164-ft. each, constructed in prestressed
concrete.

The left bank anchorage is a gravity one consisting essentially of two walls,
in line with the bridge cable, supported on caissons founded on a bed of sand
and gravel. The walls are joined at the back by a reinforced concrete box con-
taining ballast, and are capable of slight articulation at their junction with
the caissons. In view of the difficult ground conditions the designers are to
be congratulated on having evolved a relatively economic anchorage.

The right bank anchorage consists of two separate 160-ft. long prestressed
concrete tunnel anchorages in the calcareous rock.

The towers are constructed in reinforced concrete and, at 390-ft. are by
far the tallest concrete towers yet built.

It is in the design of the suspended structure that the biggest departure
has been made from previous practice in long span suspension bridges. Since
the failure, from wind oscillation of the first Tacoma Narrows bridge in
1940 American and British designers have kept the conventionally flexible
features of suspension bridge design and directed their efforts towards pro-
ducing a cross section which was aerodynamically stable. In contrast with
this the designers of the Tancarville bridge, whilst keeping the open web
stiffening truss which is the most important feature of an aerodynamically
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stable cross section, have done all they could to stiffen their suspension system.
This has been done by interconnecting systems which in most previous designs
have been independent. The side span and main span trusses have been made
continuous at the towers, the deck has been made to act integrally with the
top chord of the stiffening truss, the two trusses have been braced to form a
torsion box and the cables have been clamped to the tops of the stiffening
trusses at the centre of the main span to prevent relative longitudinal move-
ment. These measures greatly complicated the analysis of the structure as it
increased the number of static indeterminances from 1 to 4.

It is a pity that the account of the aerodynamic tests is incomplete and
rather confused. The ignoring of the effects of symmetrical oscillations seems
to require further justification.

The paper concludes with a very interesting description of some of the
special construction details in the bridge. Apparently all the site joints were
made with rivets; presumably in France riveting is cheaper than grip bolting.

5. Messrs. TRoTT and WiILsON’s paper describes tests carried out over a
period of eight years to find a suitable form of asphalt surfacing for the decks
of Severn and Forth suspension bridges.

All the test panels were laid in a heavily trafficked road and some have
now been in service for six years. A 1215 ton test load was applied to each
panel and no cracks appeared in the asphalt. The Authors also investigated
the contribution of the asphalt surfacing to the rigidity of the deck plates; it
was found that there was very little contribution at summer temperatures,
but under winter conditions the 115 inch asphalt increased by about 809,
the rigidity of the steel decking.

In the first experiment four steel panels 14 inch thick were set in the
roadway and surfaced with mastic asphalt. Three of the panels were smooth
and had different thicknesses of asphalt: 1", 114" and 2", the fourth panel had
a chequered pattern and 114" of asphalt. The steel panels had previously
been sand blasted and coated with bituminous paint. During the first year of
service the bond failed at the edges of the panels, and rust had penetrated 7”
in from the edge. Over the next four years cracks appeared in the asphalt
over the deck stiffeners, penetrating the 1” asphalt right through to the steel
deck, but in the case of the 114" asphalt the cracks appeared only in the sur-
face. Apparently there was no evidence of the asphalt pushing on either the
smooth or chequered panels except where the bond had failed at the edges.

The second experiment commenced when the first two panels were removed
and replaced by a new larger panel consisting of three steel plates of different
thickness, 15", ®/,¢" and 3/4", welded together. The panel was sprayed with
0.002 inches of zine to gain improved protection from corrosion, and then
treated with bituminous paint. Half of the panel was surfaced with 115" of
stone filled mastic asphalt and the other half with 11/;" of stone filled mastic
on 3/¢" of damp proofing mastic. The 3/;" mastic was returned into an angle
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welded to the edges of the panel. The edges of the 1!/,” asphalt being sealed
against the edge angles by a rubber-bitumen compound. Apparently there was
little difference between the condition of the asphalt on the 14", 9/,," and 5/4"
deck panels after 51, years of service, but there was some corrosion at the
edge joint between the angle and the two course mastic. The rubber-bitumen
joint was found to be entirely successful.

6. Messrs. BASLER and THURLIMANN of Lehigh University give and discuss
results of 15 tests on 7 full-size welded Mild Steel plate girders. The paper
makes an important contribution to the factual data on which the design of
slender webs should be based. Girders with webs of slenderness ratio of 185
and 388 were tested in bending and with ratio of 255 and 259 in shear, with
vertical stiffeners spaced apart at 15, 3/ and 114 times depth of web. No
horizontal stiffeners were used.

The tests show yet once again, that the web critical loads in bending or
shear have no real significance in assessing the actual load carrying capacity
of slender plate girders. ’

The Authors do not attempt to develop a new design method, but in dis-
cussing the results they conclude that the classical critical load theory based
on an elastic behaviour of a perfect web is unable to predict the carrying
capacity of girders subject to shear or moment. They assert that a panel of
web should not be considered as an isolated element, but that it is of the
utmost importance to investigate the strength of the supporting frame, con-
sisting of the flanges and the transverse stiffeners.

As far as your reporter knows of all modern Specifications only the British
Standard (B.S. 153) published in 1958 takes into account the postbuckling
strength of effectively stiffened webs and further study of the strength of plate
girders about to be undertaken by Lehigh University should be welcomed by
all concerned with the economic design of deep plate girders. There is no doubt
that more tests are required to determine the effects of combined shear and
bending into the buckled range and also the influences of the web on the
stability of thin compression flanges.

7. Professor GIBSCHMANN describes the use of precast reinforced concrete
units in composite action construction in the U.S.S.R. He states that combined
action construction is considered to be very economical and is much used. To
expedite construction, particularly in the winter, and to reduce shrinkage and
creep effects, the R.C. slab is often made up of precast units. Many large span
bridges have already been built using-this form of construction, notable among
them being the 3-span continuous girder bridge in Moscow with spans of
72.6 m, 108 m and 72.6 m. A further and novel development is the provision
of a precast concrete bottom flange in the compression zone of continuous
girders. The precast units are attached to the supporting girders either by
steel shear connectors which are welded to the steel flanges and concreted in
situ into the specially provided holes or grooves in the precast units or by



GENERAL REPORT 795

steel lugs or plates cast into the precast units and welded on site to the sides
of the steel flanges.

The edges of grooves or holes formed in the precast units must be castelated
to ensure a good bond between the in situ concrete filling and the precast
units. A great deal of research has been carried out in the U.S.S.R. on the
behaviour of composite decks and in particular on the design of shear connec-
tors. The best type of connector was found to be of the rigid dowel type with
oblique tying in rods welded to it. It was found that the anchoring of the
concrete to the flange against vertical uplifts improves the carrying capacity
of the composite unit. These findings seem to be in agreement with the German
ones. When welding the cast in connectors to the steel girders, care must be
taken not to damage the concrete by the heat from the arc and by the changes
in length of the steel elements. To eliminate both these dangers the distance
of the weld from the concrete must be appreciable and the welds as thin as
possible.

Tests on a complete bridge show that precast concrete combined action
deck behaves very similarly to the cast in situ one. In the calculations due
account is taken of the shrinkage, creep and temperature effects. This again
conforms to German regulations, but the American Specification suggests
that these factors can be ignored.

Comments and Subjects for Discussion

The two papers by Professor BiLric survey the state of Atomic Power
Station developments in Great Britain, and deal with the structural problems
only in general terms. They should give a useful background to the workers
in this new field.

Points of particular interest, suitable for discussion are:

1. The siting of reactors underground.
2. Relative merits of prestressed concrete and steel pressure vessels.
3. Design and construction of reactor shields.

In his paper on the Tourtemagne Dam, Professor PANCHAUD describes the
use of flat jacks and prestressing cables to control the effects of temperature
changes and shrinkage in mass concrete structures, which should have useful
application in structures other than dams, the atomic shield coming immedia-
tely to mind.

Mr. R. SAILER describes the considerable engineering achievement in
bridging the 1000-ft. wide and 800-ft. deep cannion, but the design of the
bridge itself is orthodox and hardly calls for further discussion.

Mr. A. DeELcaMP’s paper on Tancarville bridge contains a brief description
of many bold and novel features in the design of long span suspension bridges.
Although the adopted solution of the aerodynamic problem would appear to
be somewhat elaborate it is certainly thorough. However, its cost should be
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compared with that for other large bridges. The adoption of a composite
steel-concrete deck acting in combination with the stiffening trusses, and the
problem encountered in the design and construction of the 390-ft. high re-
inforced concrete towers, should be of great interest to all bridge engineers
and merits further discussion. |

With this can be linked the factual paper by Messrs. TRoOTT and WiLsoN
on the development of asphalt surfacings laid directly on the steel plate (as
has already been successfully done on many German bridges) instead of on
an intermediate layer of concrete provided in the Tancarville bridge.

A collection of data on the behaviour under traffic of mastic asphalt laid
on steel battle decks would make a valuable contribution to the solution of
this problem.

Messrs. BAsLER and THURLIMANN’s paper describing some buckling tests
on plate girders makes a useful addition to our knowledge of the behaviour
of slender webs. Since the war much work has been done in this field, but
entirely satisfactory design rules, based on the actual behaviour of web and
stiffeners, rather than on theoretical critical loads, have not yet been formu-
lated. The main difficulty arises from the unavoidable presence of initial imper-
fections, which rather paradoxially make all rules based on the behaviour of
a perfect plate, somewhat unrealistic and wastefull.

It would appear that the ultimate strength method of design of slender
plate girders should be more generally accepted and a discussion of this
problem could make a valuable contribution at this juncture.

Professor E. GIBSCHMANN’s paper on the use of precast reinforced concrete
units in composite constructions is the only one directly dealing with this
form of construction, which is especially mentioned as a desirable theme for
the Free Session. Composite construction is still in a state of development and
has not been universally adopted.

Although a few countries have produced tentative Specifications during
the last few years, often the method of design and even the allowable
stresses are left to the discretion of the designer.

The various fundamental differences between, say, the American and
German Specifications clearly indicate that full exchange of information and
a critical appraisal of the different practices is a matter of some urgency.

The following items should form a basis for a useful discussion:

1. Best type of connectors.

2. Allowable stresses at connectors.

3. Effects of, and allowances, if any, for shrinkage, creep and temperature
gradients.

4. Relative merits of precast and cast in situ composite section decks, espe-
cially with reference to continuity over supports and possible corrosion of
members in contact and of exposed shear connectors.
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Rapport général
Introduction

Les huit mémoires présentés sous le théme VI traitent des questions sui-
vantes: centrales nucléaires, barrages, ponts, poutres & 4me pleine, construc-
tions mixtes et tabliers métalliques raidis. Ces mémoires ne présentent que
peu de points communs, si ce n’est que tous décrivent des caracteres nouveaux
en matiére de constructions. Il est donc impossible de formuler une appré-
ciation correcte des plus récents développements dans les domaines qu’ils
couvrent. Le présent rapport est ainsi limité & des résumés assez détaillés,
dans lesquels les points importants de chaque rapport sont soulignés, ainsi
qu’a des propositions de sujets pour la discussion au cours de la séance.

Résumés

1. Les deux rapports du Prof. Kurt BirLic se complétent et donnent
quelques indications pratiques, ainsi qu'une appréciation générale concernant
les facteurs qui affectent le calcul et la construction des centrales nucléaires,
avec référence particuliére aux problémes de génie civil que pose le réacteur
nucléaire.

L’auteur présente un grand nombre de données statistiques concernant
six centrales nucléaires déja construites ou en construction en Grande-Bre-
tagne et indique les grandes lignes suivant lesquelles le développement des
réacteurs nucléaires se poursuit. Il montre que les frais d’investissement par
kW pour les centrales nucléaires actuelles se situent entre deux et trois fois
ceux des centrales classiques; néanmoins, les frais totaux de production par
kW sont trés peu différents.

Les investigations concernant les réacteurs des centrales nucléaires sont
essentiellement orientées sur le réacteur & refroidissement gazeux avec modé-
rateur en graphite et sur les avantages possibles de ’emploi de 1’eau lourde
comme modérateur.

La différence essentielle entre une centrale nucléaire et une centrale clas-
sique réside dans le réacteur lui-méme, qui est constitué par une cuve, un
écran biologique et des unités de production de vapeur. Bien que les charges
dues & la gravité soient considérables dans les centrales nucléaires, les pro-
blémes les plus importants sont ici posés par les variations de température, le
fluage, le retrait et les variations de la teneur en humidité du béton.

Le radier doit supporter les charges dues & la gravité et les contraintes
mises en jeu par la température, ainsi que les moments et les efforts tranchants
qui résultent de l’encastrement des parois formant écran. Il est en outre
extrémement important que les différences de tassement entre les divers
éléments de l’installation soient réduites au minimum.
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Outre les nombreuses exigences courantes concernant I'implantation des
centrales thermiques classiques, il faut, dans le cas des centrales nucléaires,
prendre en considération la protection de la population contre les risques de
radiations possibles & partir de produits de fission accidentellement libérés.
Les réacteurs nucléaires doivent étre installés dans des zones & faible densité
de population ou étre pourvus d’une enceinte suffisamment étanche pour
empécher la pollution de l’atmosphére extérieure par des matiéres radio-
actives en cas d’accident.

L’auteur propose que la conception de cette enceinte de protection soit
établie en admettant une limite supérieure de 1’énergie libérée, correspondant
a celle qui est nécessaire pour fondre la totalité du noyau d’uranium.

On envisage actuellement la solution de compromis que constituerait une
enceinte ne satisfaisant qu’a moitié & cette exigence (semi containment).

L’installation des réacteurs en sous-sol procurerait probablement des avan-
tages du point de vue de I’enceinte de protection, aussi bien qu’en ce qui
concerne l’aspect et la protection de la centrale en temps de guerre. A Halden,
en Norveége, on a constaté une faible différence entre les prix de construction
de réacteurs classiques et d’un réacteur installé en sous-sol.

Les radiations exercent un effet de trempe sur la plupart des métaux, et
des essais limités ont mis en évidence une légére diminution de la résistance
aux charges prolongées. Dans les métaux tendres, la limite élastique est relevée,
tandis que la ductilité est diminuée. En général, I’irradiation par les neutrons
tend & élever la température de transition d’un métal, le rendant plus fragile.
Des recherches sont en cours sur 1’accroissement de la fragilité de ’acier doux
sous l'influence de fortes irradiations prolongées. Le recuit permet d’autre
part de réduire ou d’éliminer un grand nombre des effets produits par l’ir-
radiation sur les métaux.

Dans le cas du béton, les dommages causés par les radiations ne sont pas
si graves. Des essais effectués & Harwell sur des échantillons de béton ont
conduit le Prof. BiLLIG & penser qu’il est peu probable qu’il se produise une
modification notable dans les caractéristiques du béton des écrans déja cons-
truits, au cours de la durée de service des réacteurs.

L’auteur décrit briévement une cuve de réacteur en béton précontraint,
utilisée & Marcoule; le béton y joue également le réle d’un écran. L’étanchéité
aux gaz est assurée par un revétement en tdle d’acier, qui a d’ailleurs joué le
réle de coffrage au cours du bétonnage.

Le role de 1’écran est de ralentir les neutrons rapides par collision avec les
atomes des éléments légers et d’absorber les neutrons thermiques et les radia-
tions gamma, ce qui nécessite des éléments lourds. Ces phénomeénes donnent
lieu & une élévation de la température & I'intérieur de I’écran.

L’écran thermique doit présenter une forte densité, un haut point de fusion,
un nombre atomique élevé et une bonne conductibilité thermique; il doit
étre stable sous la radiation et sa réalisation doit étre aisée et peu cofliteuse.
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En pratique, le choix doit étre fait entre des matériaux contenant du bore
ou du cadmium.

Considérant les aspects pratiques de la construction en béton, ’auteur
remarque que certaines formes de fissuration ne réduisent pas ’'aptitude du
béton & jouer son role d’écran; il estime en outre que les spécifications anté-
rieurement adoptées étaient trop rigoureuses en ce qui concerne l'uniformité
de la densité du béton destiné a la constitution des écrans.

On manque encore de données expérimentales pour appuyer les nombreuses
hypothéses faites dans I’étude des écrans, mais des instruments de mesure
sont actuellement incorporés aux écrans en cours de construction. A Hinkley
Point, ces études sont complétées par un examen minutieux du béton coulé
sur place.

En vraie grandeur, seules les conditions qui résultent de l’exploitation
normale des réacteurs peuvent faire I’objet d’investigations. Tandis que les
recherches de laboratoire ne sont pas limitées dans cet ordre d’idées, il n’est
pas possible de simuler avec fidélité, sur modéles, les influences du retrait, du
fluage, de I’humidité et de la température. En comparant les informations
obtenues & partir des mesures en vraie grandeur relatives a4 ces phénomeénes
et le comportement des modéles, on espére pouvoir mettre au point des métho-
des de travail sur modéles qui permettront d’en déduire le comportement en
vraie grandeur.

2. Dans son mémoire sur «Le barrage de Tourtemagne en Valais (Suisse)»,
le Prof. F. PANcHAUD expose 'application de la précontrainte a la construction
d’un barrage-voiite mince de 30 m de hauteur, qui assure la retenue des eaux
glaciaires dans un bassin ayant une capacité utile de 850000 m3.

La nécessité de la précontrainte était essentiellement due aux trois fac-
teurs suivants:

1. Décision de construire un ouvrage mince.
Implantation du barrage dans une région soumise a des conditions clima-
tiques rigoureuses.

3. Fonction de la retenue, qui implique sa vidange et son remplissage en
toute saison avec une eau glaciaire.

Ce barrage ferme une gorge étroite. Il est constitué par une voite cylin-
drique mince verticale de 1,20 m d’épaisseur et de 28,50 m de hauteur maxi-
mum, reposant sur un socle en béton encastré dans le fond de la gorge. Au
niveau du couronnement, la longueur de I’ouvrage est de 115 m environ; sur
la rive droite, la voite se prolonge par un mur rectiligne de faible hauteur
formant un barrage-poids de 30 m de longueur environ, de sorte que la
longueur développée proprement dite de la volte du barrage est de 85 m. La
directrice de cette volte est formée par une succession d’arcs de cercle dont
les rayons croissent, de la clé vers les naissances, de 20 & 50 m. Une galerie



800 0. A. KERENSKY VI

de 1,20 m de largeur court sur le rocher de fondation sur le périmeétre de
I’encastrement.

Lorsque le lac est vide, les arcs ne sont sollicités que par les seuls effets
thermiques.

Le réseau des cables verticaux partant du couronnement et aboutissant
dans la galerie de pied comprime les sections horizontales de la voite et permet
de lutter contre les flexions. Le tracé des cables dans chaque section verticale
a été choisi pour que dans ces sections aucune traction n’apparaisse quel que
soit le remplissage du lac.

La précontrainte horizontale est obtenue au moyen de cibles horizontaux
incurvés suivant la forme des arcs et aboutissant dans les galeries de pied de
chaque rive; munis de gaine, les cibles sont posés sur les arréts de bétonnage
horizontaux espacés de 1 m.

On a prévu quatre joints actifs verticaux provisoires partant de la fon-
dation et découpant la votte du barrage en 5 voussoirs de 15 et 17 m de lon-
gueur. En outre, dans le voisinage du couronnement, on a laissées ouvertes
deux bréches de clavage qui ne seront fermées qu’aprés la mise en précon-
trainte et une saison froide.

Les joints actifs sont munis de vérins plats FREYSSINET de 42 cm de
diametre ce qui permet de compenser le raccourcissement des voussoirs di &
la précontrainte en ouvrant les joints actifs au fur et & mesure que 1’on exerce
la précontrainte horizontale. L’effort exercé par les vérins a& chaque niveau
a été choisi légérement supérieur & celui produit dans la méme section par les
cables horizontaux, de maniére que sur les naissances une compression per-
manente s’oppose & tout effort d’arrachement des fondations.

L’auteur fait observer que la construction du barrage de Tourtemagne est
une premiére application de la précontrainte aux barrages-volites minces.

Pour lutter contre les contraintes de traction résultant des influences ther-
miques intenses, la solution adoptée est techniquement plus satisfaisante que
celle qui consiste & renforcer les sections avec une armature passive.

Des cables de précontrainte et des vérins plats ont déja été adoptés dans
d’autres barrages, pour contribuer a résister aux efforts primaires dus a la
pression de l’eau; dans ce barrage toutefois, il intervient une combinaison
unique de cdbles de précontrainte et de vérins plats destinés & résister aux
contraintes secondaires dues aux variations de la température.

Les cables de précontrainte ont été prévus pour conserver & la voiite son
homogénéité et son étanchéité, en neutralisant les contraintes de traction dues
aux influences thermiques, et pour controéler les contraintes dues aux influences
marginales au voisinage des fondations. Les vérins plats ont été insérés dans
les joints actifs aux fins suivantes:

a) Maintenir la forme géométrique de 'ouvrage en «absorbant» le raccour-
cissement du béton dii & la précontrainte horizontale, ce qui élimine les
influences secondaires inopportunes de cette précontrainte.
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b) Appliquer les extrémités du barrage contre les culées rocheuses.
¢) Permettre aux joints actifs de rester ouverts jusqu’a ce que la tempéra-
ture de fermeture la plus favorable pour le barrage soit atteinte.

L’auteur ne donne aucune indication sur le comportement effectif de
I’ouvrage et sur I’économie de la disposition prévue.

3. Dans son rapport, M. ROBERT SAILER décrit le pont de la riviére Colo-
rado, achevé en février 1959. Ce pont d’aspect spectaculaire traverse le Glen
Canyon & 220 m au-dessus du niveau de ’eau, en une seule portée de 315 m.
C’est le pont en arc le plus haut du monde; il occupe la deuxiéme place aux
Etats-Unis pour sa longueur mais ne comporte guére de caractéristiques
nouvelles qui méritent examen.

Il est congu suivant les régles A.A.S.H.O., pour supporter deux bandes de
circulation avec les charges H. 20 - S. 16, sur une chaussée de 9,15 m de
largeur. On a admis pour le vent une charge de 368 kg/m? sans charge utile
et de 123 kg/m? avec charge utile. On a adopté des écarts de température de
+33°C.

Les études ont porté sur I’arc encastré, I’arc & double articulation et I’arc
a triple articulation. Pour I’arc encastré, la forme & ame pleine a été comparée
avec la forme en treillis. Bien qu’un peu moins économique, la forme en
treillis a été préférée, car elle s’est révélée plus rigide et les sollicitations
provoquées par le vent sont plus faibles. Les arcs & deux et & trois articulations
étaient tous deux plus légers d’environ 149, que l’arc encastré. Finalement,
on a adopté un arc & treillis & double articulation.

Le tablier est constitué par une dalle de béton armé de 15 cm d’épaisseur
(10 cm pour les trottoirs), posée sur des poutres continues & larges ailes. Il
n’apparait pas nettement si ’on a ou non tenu compte de la liaison acier-béton.

A la clé, les pieces de pont (entretoises) portent directement sur l’arc; en
ce point le tablier est fixé longitudinalement. Pour réduire les contraintes
secondaires dues & ’action réciproque du tablier et de 1’arc, des appuis sphé-
riques permettant une rotation longitudinale et transversale sont prévus pour
ces entretoises, ainsi que pour les montants qui les supportent dans la partie
centrale de ’arc. Les montants plus longs sont attachés par rivetage.

Un contreventement horizontal a été prévu entre les culées et le douziéme
panneau, principalement pour supporter les contraintes dues au vent en cours
de montage. Dans 'ouvrage définitif, la dalle du tablier absorbe la charge
transversale du vent.

Les attaches du treillis et du contreventement sur le chantier ont été
rivées; celles du tablier et des montants ont été réalisées & 1’aide de boulons
a haute résistance.

Les culées en béton, de 3 m de largeur, sont encastrées de 4,9 m dans le
grés; elles sont prévues de telle sorte que, dans les conditions d’exploitation,
il n’intervienne aucune contrainte de traction sur la face postérieure; d’autre
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part, des barres d’ancrage sont prévues pour absorber les efforts éventuels de
traction en cours de montage.

Le pont a été monté en encorbellement, avec deux jeux de cables de
retenue, a ’aide d’un blondin de 25 tonnes sur une portée de 465 m. Un blondin
auxiliaire a été également installé pour le personnel. Les cibles ont été déplacés
vers I’avant, panneau par panneau, au fur et & mesure du montage, jusqu’au
panneau 15; les 40 m qui restaient de chaque c6té ont été achevés en porte-
a-faux.

L’arc a été fermé sur des tourillons d’acier de 51 cm de diamétre, intercalés
dans les membrures supérieures; les cibles de retenue ont ensuite été relachés.
Le montage du tablier a été effectué & partir du centre. L’ensemble de la
charpente métallique a été monté en sept mois.

Le tablier en béton a été construit en douze jours avec coffrages métalliques
perdus. Pour éviter des contraintes excessives, on a commencé par la section
centrale, puis continué aux extrémités pour terminer dans les parties inter-
médiaires.

Les informations suivantes seraient intéressantes:

1. La solidarité de la dalle en béton armé aux poutres longitudinales métal-
liques a-t-elle été prise en considération; sinon, pour quelle raison?
Pourquoi certains assemblages de chantier ont-ils été effectués par rivetage
et d’autres par boulonnage et quels genres de rivets et de boulons a-t-on
employés? '

3. Les sections rivées en caisson sont-elles considérées comme étanches vis-a-
vis des influences atmosphériques ou bien recevront-elles un enduit de
méme genre que le reste de la partie métallique et quel dispositif de pro-
tection a été employé pour les surfaces exposées?

4. Quel est le colit de 'ouvrage?

(8]

4. Dans son mémoire sur le pont de Tancarville, M. A. DELcaMP rappelle
briévement les données générales de 'ouvrage, qui a été ouvert au trafic en
juillet 1959; il expose les principales innovations techniques et tout parti-
culiérement la solution adoptée pour le probléme aérodynamique.

Les ingénieurs chargés du calcul et de la construction du pont ont fait
preuve d’originalité dans la conception et ont adopté les techniques les plus
modernes en matiére de béton armé, de béton précontraint et d’acier.

Le pont et les viaducs d’acceés portent une chaussée de 12,50 m de largeur
et deux trottoirs de 1,25 m chacun. La portée de la travée centrale de ce pont
suspendu est de 608 m, avec deux travées latérales de 176 m; la hauteur libre
pour la navigation est de 51 m. Le viaduc d’accés, sur la rive gauche, comporte
huit travées de 50 m chacune, en béton précontraint.

Le massif d’ancrage par gravité de la rive gauche est constitué essentielle-
ment par deux voiles, disposés dans les plans verticaux des cables, et qui
prennent appui sur des caissons foncés sur un lit de sable et de gravier. Ces
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voiles sont reliés, a I’arriére, par une caisse & lest; ils comportent une légere
articulation avec les caissons. Compte tenu des difficultés que présentait ’état
du sol, les ingénieurs chargés de I’étude doivent étre félicités d’avoir réussi
a construire un ancrage relativement économique.

L’ancrage rive droite est constitué par deux tirants séparés en tunnel, en
béton précontraint, de 49,50 m de longueur, dans la roche calcaire.

Les pylones en béton armé sont, avec leurs 123 m de hauteur, de loin les
plus grands pylones de béton qui aient jusqu’a maintenant été construits.

C’est dans la conception des travées suspendues que l'on s’est le plus
largement écarté de la pratique antérieure en matiére de ponts suspendus &
longue portée. Depuis la rupture du premier pont de Tacoma en 1940, sous
I'influence des oscillations provoquées par le vent, les ingénieurs américains
et britanniques ont conservé les dispositions classiques en matiere de flexibilité
des ponts suspendus et se sont efforcés de réaliser des sections droites aéro-
dynamiquement stables. Au contraire, tout en conservant la poutre de rigidité
en treillis qui constitue la caractéristique la plus importante d’une section
droite aérodynamiquement stable, les ingénieurs du pont de Tancarville se
sont efforcés de raidir leur systéeme de suspension. Ceci a été réalisé en reliant
des éléments d’ouvrage qui avaient été laissés indépendants dans la plupart
des réalisations antérieures. Les poutres en treillis des travées latérales et de
la travée centrale sont continues au droit des pylones; le tablier fait partie
intégrante de la membrure supérieure des treillis de rigidité; les deux poutres
sont reliées & leur partie supérieure et inférieure de facon & former un tube
continu et les cibles ont été fixés par «un nceud central» sur ces poutres de
rigidité, au milieu de la travée centrale, afin d’éviter tout mouvement longi-
tudinal relatif. Ces dispositions ont grandement compliqué I’étude de 'ouvrage,
car elles ont fait passer le nombre des hyperstatiques de 1 & 4.

Il est regrettable que les comptes rendus concernant les essais aérodyna-
miques soient incomplets et plutot confus. Il semble que le fait d’avoir négligé
les influences des oscillations symétriques demande une justification plus
poussée. Le rapport se termine par une trés intéressante description des détails
de construction des pieces spéciales du pont. Il semble que tous les assemblages
de chantier aient été effectués avec des rivets; le rivetage est probablement
plus économique en France que ’emploi des boulons & haute résistance.

5. MM. TroTT et WiLsoN décrivent dans leur mémoire les essais qui ont
été effectués pendant une période de huit années afin de déterminer une forme
convenable pour le revétement d’asphalte des tabliers des ponts suspendus
sur le Severn et le Forth.

Tous les panneaux d’essai ont été posés sur une route & grand trafic et
certains sont actuellement en service depuis six ans. Une charge d’essai de
12,5 tonnes a été appliquée & chaque panneau et aucune fissure n’est apparue
dans ’asphalte. Les auteurs ont également étudié la contribution qu’apporte
le revétement d’asphalte & la rigidité des toles du tablier; ils ont constaté
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qu’elle est tres faible en été, mais qu’en hiver, le revétement d’asphalte de
114" (38 mm) augmente d’environ 809, la rigidité de la téle.

Au cours du premier essai, quatre panneaux métalliques de 15" d’épaisseur
(12,7 mm) ont été posés dans la chaussée et recouverts de mastic d’asphalte.
Trois des panneaux étaient lisses et comportaient différentes épaisseurs de
revétement: 1” (25 mm), 11" (38 mm) et 2” (51 mm); le quatriéme panneau
était en tole striée et portait un revétement de 115" (38 mm). Ces panneaux
métalliques avaient été antérieurement sablés et enduits d’une peinture bitu-
mineuse. Au cours de la premiére année de service, le revétement s’est décollé
sur les bords des panneaux et la rouille a pénétré sur une profondeur de 18 cm.
Pendant les quatre années suivantes, des fissures se sont manifestées dans
I’asphalte au-dessus des nervures de raidissement du tablier, pénétrant dans
la couche d’asphalte de 1” jusqu’a la tdle elle-méme; sur le revétement de
114", les fissures ne se sont produites qu’en surface. Il semble qu’a ’exception
des bords des panneaux ot le décollement s’est produit, le revétement d’asphalte
n’a subi aucun déplacement, ni sur les panneaux lisses ni sur les panneaux
en tole striée.

Le deuxiéme essai a consisté dans le remplacement des deux premiers
panneaux par un panneau plus grand constitué par trois plaques métalliques
soudées ensemble de différentes épaisseurs: 1/,” (12,7 mm), %/,," (14,3 mm) et
5/¢" (15,9 mm). Ces panneaux ont été métallisés au zinc sur une épaisseur de
0,05 mm pour améliorer la protection contre la corrosion, puis traités avec
une peinture bitumineuse. La moitié de chaque panneau a été recouverte
d’une couche de 115" (38 mm) de mastic d’asphalte chargé de gravier et ’autre
moitié d’'une couche de 1!/" (28,5 mm) de mastic chargé de gravier sur 3/"
(9,5 mm) de mastic résistant a& ’humidité. Le mastic de 3/;" a été prolongé le
long de corniéres soudées aux bords des toles du tablier. Les bords de ’asphalte
de 115" ont été étanchés le long des corniéres marginales par un joint constitué
par un mélange de caoutchouc et de bitume. Aprés cing ans et demi de service,
il n’est apparu qu’une faible différence entre 1’état de I’asphalte sur les pan-
neaux de 15", %/,." et 5/4"; toutefois, une certaine corrosion se manifestait au
joint entre corniére et couche combinée de mastic. Le joint au bitume-caout-
chouc s’est révélé entierement satisfaisant.

6. MM. BasLEr et THURLIMANN de ’Université Lehigh exposent et dis-
cutent les résultats de 15 essais portant sur 7 poutres en téle d’acier doux
soudées, exécutées en vraie grandeur. Ce rapport constitue une importante
contribution aux données pratiques sur la base desquelles doit étre effectué le
calcul des poutres & 4me pleine mince. Des poutres ont fait I’objet d’essais
4 la flexion pour les rapports d’élancement de 185 et de 388 et d’essais au
cisaillement pour les rapports d’élancement de 255 et de 259; ces poutres
comportaient des raidisseurs verticaux écartés de 15, 3/ et 11, fois la hauteur
de I’dme. Il n’était pas prévu de raidisseurs horizontaux.

Ces essais montrent & nouveau que les charges critiques des d4mes en
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flexion ou cisaillement ne présentent aucune signification réelle pour la déter-
mination de la capacité de charge effective de ces poutres & 4me pleine trés
mince.

Les auteurs ne se proposent pas de mettre au point une nouvelle méthode
de calcul; toutefois, en discutant ces résultats, ils concluent que la théorie
classique de la charge critique basée sur un comportement élastique d’une
ame parfaite ne permet pas de prévoir la capacité de charge des poutres qui
sont soumises & un cisaillement ou a un moment fléchissant. Ils précisent
qu'un panneau d’dme ne doit pas étre considéré comme un élément isolé,
mais qu’il est de la plus haute importance d’étudier la résistance mécanique
du cadre qui le supporte, formé par les ailes et les raidisseurs transversaux.

Dans la mesure ou votre rapporteur général est informé de toutes les regles
modernes, seules les normes britanniques (B.S. 153) publiées en 1958 tiennent
effectivement compte de la résistance hypercritique des ames efficacement
raidies. Les recherches qui doivent étre poursuivies sur la résistance de ces
poutres & ’Université Lehigh seront les bienvenues auprés de tous ceux qui
se préoccupent du calcul économique des poutres a a4me haute. Il n’est pas
douteux que des essais plus poussés soient nécessaires pour déterminer les
influences du cisaillement et de la flexion combinés dans le domaine hyper-
critique, ainsi que l'influence qu’exerce I’ame sur la stabilité des ailes minces
travaillant & la compression.

7. Le Prof. GIBSCHMANN expose les conditions d’emploi des éléments pré-
fabriqués en béton armé dans les ouvrages mixtes, en U.R.S.S. Il précise que
la construction mixte est considérée comme trés économique et est largement
employée. Pour accélérer la construction, en particulier en hiver et pour
réduire les influences du retrait et du fluage, la dalle de béton armé est souvent
formée d’éléments préfabriqués. De nombreux ponts & grande portée ont déja
été construits sur ce principe; il faut mentionner tout particulierement le pont
a poutres continues de Moscou, qui comporte trois travées de 72,6 m, 108 m
et 72,6 m. Une autre application réside dans le montage d’une dalle de béton
préfabriquée inférieure, dans la zone de compression d’une poutre continue a
ame pleine. La liaison des éléments préfabriqués aux poutres est assurée par
des piéces métalliques transmettant les efforts rasants, soudées aux ailes, puis
bétonnées sur place dans les évidements spécialement prévus dans les éléments
préfabriqués eux-mémes. Une autre possibilité consiste a incorporer aux élé-
ments préfabriqués des piéces métalliques d’assemblage, pattes ou plaques,
que ’on soude sur place sur les c6tés des ailes des poutres. '

Les bords des évidements prévus dans les éléments préfabriqués doivent
étre crénelés, afin d’assurer une bonne adhérence entre le remplissage de béton
et ces éléments eux-mémes. D’importantes recherches ont été effectuées en
U.R.S.S. au sujet du comportement des tabliers mixtes et en particulier en ce
qui concerne la conception des dispositifs de liaison transmettant les efforts
rasants. On a constaté que la meilleure disposition consistait en une cheville
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rigide portant des étriers obliques soudés. On a constaté également que I’an-
crage du béton sur les ailes, s’opposant aux mouvements verticaux, améliorait
la capacité de charge de I’élément mixte. Ces constatations semblent étre en
accord avec celles qui ont été faites en Allemagne. Lorsque 1’on soude sur les
poutres métalliques les dispositifs de liaison bétonnés, il faut veiller & ce que
la chaleur émise par I’arc et la dilatation des éléments métalliques n’endom-
magent pas le béton. Pour éliminer ces deux risques, la distance entre la
soudure et le béton doit étre suffisamment grande et la soudure aussi mince
que possible.

Les essais qui ont été faits sur un pont terminé montrent que le tablier
mixte en béton préfabriqué se comporte d’une maniére trés semblable au
tablier bétonné sur place. Dans les calculs, il faut tenir compte des influences
du retrait, du fluage et de la température. Ceci est aussi conforme aux regle-
ments allemands, mais les spécifications américaines indiquent que ces fac-
teurs peuvent étre négligés.

Commentaires et sujets de discussion

Les deux mémoires du Prof. BiLLiG portent sur I’évolution actuelle des
centrales nucléaires en Grande-Bretagne et ne traitent les problémes corré-
latifs de construction que de fagon générale. Ces rapports doivent constituer
une excellente base pour les recherches dans ce nouveau domaine.

Les points qui paraissent se préter particuliérement bien & la discussion
sont les suivants:

1. Installation de réacteurs souterrains.
2. Avantages relatifs des cuves de réacteur en béton précontraint et en acier.
3. Etude et construction des écrans pour réacteurs.

Dans son mémoire sur le barrage de Tourtemagne, le Prof. PANcHAUD
expose les conditions d’emploi de vérins plats et de cidbles de précontrainte
pour neutraliser les influences des variations de température et du retrait dans
les ouvrages de béton massif; ces dispositions peuvent étre appliquées avan-
tageusement & des ouvrages autres que les barrages et I’écran nucléaire vient
ici immédiatement & 1’esprit.

M. R. SAILER décrit les travaux considérables qui ont été faits pour le
franchissement d’un canyon de 300 m de large et 240 m de profondeur; cepen-
dant, la conception du pont lui-méme. est orthodoxe et ne justifie pas une dis-
cussion ultérieure.

Le mémoire de M. A. DeELcamP sur le pont de Tancarville contient une
bréve description de nombreuses dispositions nouvelles et hardies en matiere
de ponts suspendus & grande portée. Bien que la solution adoptée pour résoudre
le probléme aérodynamique paraisse quelque peu compliquée, elle est certaine-
ment minutieusement étudiée. Toutefois, il y aurait lieu de comparer son
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prix avec celui d’autres grands ponts. L’adoption d’un tablier mixte béton-
acier intéressé & la résistance des treillis de raidissement et les probléemes qu’ont
posés I’étude et la construction des hauts pyloénes en béton armé de 123 m
sont d’'un grand intérét pour tous les ingénieurs spécialisés dans la construction
des ponts et méritent une discussion ultérieure.

A ce mémoire, peut étre rattaché l’exposé pratique de MM. TroTT et
WiLsoxN sur le développement des revétements d’asphalte appliqués directe-
ment sur un platelage métallique (ainsi qu’il a déja été effectué avec succes
sur de nombreux ponts allemands), disposition qui peut étre substituée a celle
du pont de Tancarville comportant une couche intermédiaire de béton.

Il serait indiqué de réunir des données concernant le comportement sous
trafic des revétements de mastic d’asphalte sur les tabliers métalliques, ce qui
apporterait une intéressante contribution a la solution de ce probléme.

Le mémoire de MM. BASLER et THURLIMANN expose certains essais de
voilement sur des poutres a ame pleine et apporte une utile contribution & nos
connaissances sur le comportement des admes trés minces. D’importantes
recherches ont été effectuées sur cette question depuis la guerre; néanmoins,
il n’a pas encore été formulé de prescriptions entiérement satisfaisantes, qui
soient basées sur le comportement réel des ames et des raidisseurs plutét que
sur des charges critiques théoriques. La difficulté provient ici de I'inévitable
présence d’imperfections initiales, qui conférent plutét paradoxalement un
caractére quelque peu irréaliste et sans utilité pratique & toutes les prescrip-
tions qui sont basées sur le comportement d’une plaque idéale.

Il apparait que la méthode de la résistance limite pour le calcul des poutres
a ame pleine trés mince doit étre plus généralement admise et la discussion
de ce probléme pourrait ici apporter une contribution intéressante.

Le rapport du Prof. E. GiBSCHMANN sur ’emploi des éléments en béton
armé préfabriqué dans les ouvrages mixtes est le seul qui traite directement
de cette forme de construction qui est spécialement mentionnée comme cons-
tituant un théme opportun pour la session libre. La construction mixte est
actuellement encore en pleine évolution et n’a pas été adoptée universellement.

Bien que quelques pays aient établi des projets de régles au cours de ces
derniéres années, la méthode de calcul et méme la définition des contraintes
admissibles sont fréquemment laissées au choix de I'ingénieur chargé du calcul.

Les diverses différences fondamentales entre, par exemple, les normes
américaines et les normes allemandes mettent nettement en évidence le grand
intérét qu’il y aurait & procéder au plus t6t & de larges échanges d’informations
et a une étude critique des différentes pratiques.

Les points suivants peuvent constituer une base de discussion utile:

1. Type le meilleur des dispositifs de liaison de I’acier au béton.
2. Contraintes admissibles dans les dispositifs de liaison transmettant les
efforts rasants.
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3. Influence du retrait, du fluage et du gradient de température et maniére
d’en tenir compte, §’il y a lieu.

4. Avantages relatifs des tabliers & éléments mixtes, préfabriqués d’une part
et coulés sur place d’autre part, tout particuliérement en ce qui concerne
la continuité sur les supports et la corrosion éventuelle des éléments en
contact et des dispositifs de liaison non protégés.

Generalbericht
Einfiihrung

Die zum Thema VI eingereichten acht Arbeiten betreffen Atomkraftwerke,
Stauddmme, Briicken, Vollwandtrager, Verbundkonstruktionen und versteifte
Blechfahrbahntafeln. Diese Arbeiten haben wenig gemeinsam, auller daf3 alle
neue konstruktive Ziige zeigen. Aus diesem Grunde ist es unmdoglich, eine
allgemeine Bewertung der neuesten Entwicklung in den behandelten Gebieten
zu geben. Dagegen soll dieses Referat umfassende Zusammenfassungen mit
Betonung der wichtigsten Merkmale enthalten und einige Grundlagen fiir die
Diskussion an der Arbeitssitzung geben.

Zusammenfassungen

1. Die beiden Arbeiten von Prof. K. BiLLiG ergénzen sich und geben einige
praktische Angaben und eine allgemeine Beurteilung der Faktoren, die die Be-
rechnung und Konstruktion von Atomkraftwerken beeinflussen mit besonderer
Beriicksichtigung der damit verbundenen Bauingenieurproblemen.

Der Autor bietet ein bedeutendes statistisches Zahlenmaterial iiber sechs
vollendete oder noch im Bauzustand stehende Atomkraftwerke in Grof3-
britannien und beschreibt die Entwicklungstendenz der Atomreaktoren. Er
stellt fest, daB die Kapitalkosten per KW eines heutigen Atomkraftwerks
zwei- bis dreimal diejenigen eines konventionellen Werkes betragen, aber dal}
die totalen Produktionskosten pro KW sehr wenig differieren.

Die Entwicklungsarbeit fiir die Atomkraftwerkreaktoren konzentriert sich
auf den gasgekiihlten, mit Graphit als Moderator ausgestatteten Reaktor und
aus den eventuellen Vorteilen bei Verwendung von schwerem Wasser als
Moderator.

Die Hauptdifferenz zwischen einem Atom- und einem konventionellen
Kraftwerk liegt im Reaktor selbst, der aus Druckgefdll, biologischer Ab-
schirmung und dampferzeugenden Einheiten besteht. Obgleich die Eigen-
gewichtslasten in Atomwerken betriachtliche Werte erreichen, ergeben sich die
wichtigsten Probleme aus Temperaturdnderungen, Kriechen, Schwinden und
Anderungen im Feuchtigkeitsgehalt des Betons.
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Die Fundamentplatte muf3 die Eigengewichtslasten, die Temperaturspan-
nungen sowie die Momente und Querkrifte infolge der Einspannung der
Abschirmungswinde aufnehmen. AuBerst wichtig ist die Beschrinkung der
Setzungsdifferenzen zwischen den einzelnen Einheiten des Werkes auf ein
Minimum.

Zusitzlich zu den vielen iiblichen Anforderungen, die die Ortlichkeit fiir
ein konventionelles thermisches Kraftwerk betreffen, muBl in der Nuklear-
technik Riicksicht auf die Gefahrdung der Bevélkerung durch Strahlung von
zufillig freigewordenen Spaltungsprodukten genommen werden. Atomreak-
toren miissen entweder in unbewohnte Gegenden gelegt werden oder von
einem Gehduse umgeben sein, das im Notfall das Freiwerden von radioakti-
vem Material verhindert.

Vom Autor wird vorgeschlagen, dal die Konstruktion des Schutzgehiuses
auf ein Maximum von freiwerdender Energie entsprechend derjenigen, die
notwendig ist, den ganzen Uraniumkern zu schmelzen, basiert werden soll.

Als KompromifBlésung wird jetzt die Idee eines Gehéuses, das diese Anfor-
derung zur Halfte erfiillt (semi containment), betrachtet.

Durch die Verlegung der Reaktoren unter den Boden koénnen Vorteile
gewonnen werden im Hinblick auf AbschluB, Asthetik und Kriegseinwirkungen.
Bei Halden in Norwegen hat sich gezeigt, dal die Preisdifferenz zwischen einem
konventionellen Reaktorgebaude und einem unterirdischen Gehéuse klein ist.

Die Strahlung bewirkt bei den meisten Metallen eine Hartung und einige
Versuche haben eine leichte Abminderung der Kriechfestigkeit gezeigt. In wei-
chen Metallen wird die Streckgrenze heraufgeschoben, wiahrend die Dehnbarkeit
vermindert wird. Eine Neutronen-Strahlung driickt im allgemeinen die Uber-
gangstemperatur eines Stahles hinauf, so daBl er sprodbruchanfalliger wird.
Neuerdings laufen Versuche iiber die Versprodung von FluBstahl unter ver-
langerter starker Strahlungseinwirkung. Viele der Strahlungseinwirkungen
konnen durch Ausglithen beseitigt oder wenigstens vermindert werden.

Fiir den Beton sind die Strahlungsschéden nicht so schlimm. In Harwell
an Beton-Probekorpern ausgefiihrte Versuche fithren Prof. BiLric zur An-
nahme, da3 es unwahrscheinlich ist, da wahrend der Betriebsdauer der
Reaktoren der Beton in den bis heute gebauten Abschirmungen irgendwelche
wesentliche Verdnderung erleiden wird.

Der Autor beschreibt dann kurz ein Druckgefa3 in vorgespanntem Beton
fir den Marcoule-Reaktor, wo der Beton auch als Abschirmung dient. Die
Gasabdichtung wurde durch eine Blechverkleidung, die wihrend dem Beto-
nieren als Schalung gebraucht wurde, erreicht.

Die Wirkung der Abschirmung besteht im Bremsen von schnellen Neutro-
nen durch Zusammenstéfle mit Atomen leichter Elemente und im Absorbieren
von thermischen Neutronen und von Gamma-Strahlung mit schweren Ele-
menten. In der Abschirmung wird dieser Prozel von einem Temperaturanstieg
begleitet.
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Die thermische Abschirmung sollte eine hohe Dichte, einen hohen Schmelz-
punkt, eine hohe Atomzahl und gute thermische Leitfahigkeit besitzen, soll
unter Strahlung unveréndert bleiben und einfach und billig in der Herstellung
sein. Praktisch liegt die Wahl zwischen Bor oder Kadmium enthaltenden
Materialien.

Zu den praktischen Aspekten der Betonkonstruktion wird vom Autor be-
merkt, daBl gewisse RiBbildungen die Eignung des Betons als Abschirmung
nicht entwerten und daB bis vor kurzem die Bestimmungen iiber die Gleich-
maéaBigkeit der Dichte im Betonschirm zu streng waren.

Es zeigt sich, dafl wenig Versuchsgrundlagen fiir die vielen Annahmen in
der Schirm-Analysis vorhanden sind; aber die im Bau befindlichen Abschir-
mungen enthalten jetzt verschiedene Mefinstrumente. In Hinkley Point wird
diese Arbeit ergédnzt durch eine umfassende Untersuchung des Ortsbetons.

In Naturgrofle konnen nur die Bedingungen bei normalem Reaktorbetrieb
untersucht werden. Wahrend die Laborarbeit in dieser Hinsicht nicht be-
schriankt ist, konnen am Modell Schwinden, Kriechen, thermische und Feuch-
tigkeitswirkungen nicht wahrheitsgetreu nachgebildet werden. Durch Vergleich
der Resultate aus den Messungen am Objekt mit dem Verhalten des Modells
hofft man Methoden herauszufinden, um vom Modell auf das Objekt in Natur-
grofe schliefen zu konnen.

2. In seiner Arbeit «Le Barrage de Tourtemagne en Valais (Suisse)» be-
schreibt Prof. F. PANcHAUD die Verwendung der Vorspannung beim Bau einer
30 m hohen, diinnen Bogenstaumauer, die mit ihrem 850000-m3-Stauvolumen
die Gletscherwasser ansammelt.

Die Notwendigkeit vorzuspannen war hauptséchlich durch drei Faktoren
gegeben:

1. Der EntschluB, eine diinne Konstruktion zu wihlen.

2. Die Lage des Dammes in einer Gegend mit strengen klimatischen Bedin-
gungen.

3. Die Funktion des Staubeckens, das zu jeder Jahreszeit entleert und wieder
mit Gletscherwasser gefiillt wird.

Der Damm schlieft eine enge Schlucht und besteht aus einer diinnen,
zylindrischen, 1,20 m starken Bogenmauer mit einer maximalen Hoéhe von
28,5 m, die auf einem in die Schluchtsohle eingespannten Betonsockel ruht.
Die Kronenlinge betragt ca. 115 m. Am rechten Fliigel lauft der Bogen in
eine gerade, 30 m lange Wand bescheidener Hohe, die als Schwergewichtsmauer
arbeitet, aus, so dal die Entwicklung des Bogendammes ungefahr 85 m miBt.
Die Leitlinie dieses Bogens wird von einer Reihe Kreisbogen, deren Radien
vom Scheitel bis zu den Kémpfern von 20 bis 50 m anwachsen, gebildet. Ein
1,20 breiter Gang lauft iiber dem Fundationsfelsen der Peripherie der Damm-
lagerung entlang.
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Wenn der See entleert ist, ergibt sich nur infolge thermischer Einwirkungen
ein Bogenschub.

Ein Netzwerk von Vertikalkabeln, die bei der Krone beginnen und im Fuf}-
stollen enden, komprimiert die Horizontalschnitte des Bogens und tragt zur
Aufnahme der Einspannmomente bei. Die Kabellage in jedem Vertikalschnitt
wurde so gewéhlt, dafl in diesen Schnitten bei beliebiger Staukote nie Zug-
spannungen auftreten.

Die Horizontalvorspannung wurde mittels gekriimmter horizontaler Kabeln,
die der Form des Bogens folgen und in den Randstollen der beiden Widerlager
enden, erreicht. Diese Kabel wurden mit Hiilsen versehen und auf die 1 m
auseinanderliegenden horizontalen Betonierfugen gelegt.

Vier provisorische vertikale Dilatationsfugen, die von den Fundationen
aus den Damm in fiinf Gewdlbestiicke von 15 und 17 m teilen, wurden vorge-
sehen. Zusatzlich wurden in der Nahe der Krone zwei konstruktive Schlitze
offen gelassen, die erst nach vollendeter Vorspannung und nach einer kalten
Jahreszeit geschlossen werden sollen.

Die Dilatationsfugen wurden mit flachen Freyssinet-Pressen von 42 cm
Durchmesser versehen, welche gestatten, die Verkiirzung der Gewdlbeteile,
verursacht durch die Vorspannung, zu kompensieren, indem die Dilatations-
fugen entsprechend gedffnet werden, so dafl die Horizontalspannkraft kon-
stant bleibt. Die von den Pressen in jedem Schnitt ausgeiibte Kraft wurde so
gewihlt, daBl sie um ein Weniges hoher als die von den Spannkabeln herriih-
rende Druckkraft liegt, so dall bei den Widerlagern ein permanenter Druck
sich jeder Belastung entgegensetzt, die die Fundation ausreilen mdochte.

Der Autor behauptet, dal die Konstruktion des Tourtemagne-Dammes die
erstmalige Anwendung der Vorspannung bei einer diinnen Bogenstaumauer ist.

Zur Bekdmpfung der Zugspannungen infolge intensiver thermischer Ein-
wirkung ist die gewéhlte Losung technisch befriedigender als diejenige der
Verstarkung durch passive Armierung.

Vorspannkabel und flache Pressen wurden schon in anderen Dammen als
Tragglieder zur Aufnahme des Wasserdrucks verwendet; dieser Damm aber
setzt eine ganz besondere Kombination von Spannkabeln und Pressen ein zur
Bekdampfung der Nebenspannungen infolge Temperaturianderungen.

Die Vorspannkabel wurden eingesetzt, um den Bogen homogen und wasser-
dicht zu halten, indem die Zugspannungen infolge thermischer Einwirkung
neutralisiert werden, und um die Spannungen, verursacht durch Randein-
wirkungen bei den Fundationen, zu beherrschen.

Die in den Dilatationsfugen eingesetzten flachen Pressen dienten:

a) Zur Beibehaltung der geometrischen Form der Konstruktion, indem sie die
Verkiirzung des Betons, verursacht durch die horizontale Vorspannung,
aufnahmen, so dal unerwiinschte sekundire Auswirkungen ausbleiben.

b) Zum Einpressen der Dammenden in die Felswiderlager.
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c) Zum Offenhalten der Dilatationsfugen, bis die giinstigste SchlieBtemperatur
fiir den Damm erreicht war.

Der Autor gibt keine Angaben, wie sich die ausgefiihrte Konstruktion
bewéahrte und ob das System wirtschaftlich war.

3. Der Artikel von Herrn ROBERT SAILER beschreibt die im Februar 1959
beendete Briicke iiber den Colorado River. Die 700 ft. iiber dem Wasserspiegel
liegende Briicke, die mit einer einzigen Offnung von 1028 ft. den Glen Canyon
iiberspannt, ist ein groBartiger Anblick. Sie ist die hochste Bogenbriicke der
Welt und die zweitlingste in den Vereinigten Staaten, aber sie besitzt wenige
neue Merkmale, die eine Diskussion begriinden kénnten.

Die Briicke wurde nach den AASHO-Normen fiir zwei Bahnen mit der
H. 20 - S. 16-Belastung auf der 30 ft. breiten FahrstraBle projektiert. Die
Windbelastung wurde zu 75 1b./sq. ft. ohne Nutzlast und zu 25 Ib./sq. ft. mit
Verkehrsband angenommen, wahrend fiir die Temperatur ein Spielraum von
+ 60° F. in Rechnung gesetzt wurde.

Untersucht wurden eingespannte, Zweigelenk- und Dreigelenkbogen, und
fiir den Fall des eingespannten Bogens wurde die vollwandige mit der fach-
werkartigen Form verglichen. Obgleich etwas weniger wirtschaftlich, wurden
fachwerkformige Rippen vorgezogen, da sie weniger elastisch waren und klei-
nere Windlasten erhielten. Die Zwei- und Dreigelenkbogen waren ca. 149,
leichter als der eingespannte Bogen. SchlieBlich wurde ein Fachwerkzweigelenk-
bogen gewihlt.

Die Fahrbahnplatte besteht aus einer 6 in. starken armierten Betonplatte
(4 in.-Gehweg) auf durchlaufenden Breitflanschldngstriagern, aber es ist unklar,
ob die Verbundwirkung beriicksichtigt wurde oder nicht.

Auf der Krone ruhen die Fahrbahntriger (Quertrdger) direkt auf dem
Bogen und das Fahrbahnsystem wird hier in der Langsrichtung gehalten. Um
die sekundiren Spannungen infolge Zusammenwirken von Fahrbahnsystem
und Bogen zu vermindern, wurden Kugelzapfenlager, die Drehung in Léngs-
und Querrichtung gestatten, fiir diese Fahrbahntrager und fiir die, die Fahr-
bahntriager tragenden Stiitzen iiber den mittleren Teil des Bogens vorgesehen.
Die lingeren Stiitzen haben genietete Anschliisse.

Ein horizontaler Windverband wurde zwischen dem Widerlager und dem
12. Feld hauptsachlich fiir Windbeanspruchungen wahrend der Montage ein-
gesetzt. Im definitiven Bauwerk iibernimmt die Platte die Windquerbelastung.

Die Montageverbindungen der Fachwerktriger und des Windverbandes
sind genietet, und diejenigen von Fahrbahn und Stiitzen hochfest verschraubt.

Die 10 ft. breiten Betonwiderlager wurden 16 ft. tief in den Sandstein ver-
legt und sind so berechnet, dafl im Betriebszustand auf der hinteren Flache
niemals Zugspannungen auftreten konnen. Hingegen sind Ankerstangen ein-
gesetzt, die jegliche Zugspannung, die im Montagezustand entstehen konnte,
aufnehmen.
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Die Briicke wurde im Freivorbau mit zwei Sétzen Riickhaltekabel und mit
Verwendung eines 25 t tragenden Kabelkrans, gespannt iiber 1540 ft., gebaut.
Zur Installation gehorte zusétzlich eine Seilbahn fiir die Belegschaft. Die
Riickhaltekabel wurden vorwirts verschoben, Feld um Feld, entsprechend
dem Arbeitsfortschritt bis zum Feld 15; die restlichen 130 ft. jeder Seite wurden
im Freivorbau eingebracht.

Nachdem der Bogen mit im Durchmesser von 20 in. starken Stahlbolzen in
den Obergurten geschlossen wurde, konnte man die Riickhaltekabel 16sen. Der
Einbau des Fahrbahnsystems wurde von der Mitte aus begonnen. Die Montage
der Stahlkonstruktion dauerte 7 Monate.

Die Betondecke wurde in 12 Tagen mit verlorener Stahlschalung einge-
bracht. Um Uberbeanspruchungen zu vermeiden, wurde zuerst der Mittelteil
der Platte, gefolgt von den Endbereichen, und zuletzt die Teile iiber den
Viertelspunkten betoniert.

Folgende Punkte wéren von Interesse:

1. Ob die Verbundwirkung zwischen Fahrbahnplatte und Léngstrager beriick-

sichtigt wurde und, im negativen Fall, warum nicht.

Warum ein Teil der Montageverbindungen genietet und andere geschraubt

wurden und welche Niet- und Schraubenarten Verwendung fanden.

3. Ob die genieteten Kastenquerschnitte gegen Witterungseinfliisse als her-
metisch betrachtet werden, oder ob sie in gleicher Art wie der restliche Teil
der Stahlkonstruktion gestrichen werden und welches Schutzsystem ge-
wahlt wurde.

4. Bauwerkskosten.

(8]

4. In seinem Beitrag beschreibt Herr A. DELcaMP kurz die hauptséchlichen
Merkmale der Tancarville-Briicke, die im Juli 1959 dem Verkehr iibergeben
wurde, und behandelt verschiedene neue Konstruktionsideen und hauptséch-
lich die Losung des aerodynamischen Problems.

In Entwurf und Konstruktion zeigt diese Briicke eine originelle Konzep-
tion und eine dullerst moderne Technik in Stahl, Eisenbeton und Vorspann-
beton.

Die Briicke und die Zufahrtsrampen tragen eine 12,50 m breite Fahrbahn
und zwei 1,25 m Gehwege. Die Hingebriicke besitzt eine Mittelspannweite von
608 m und zwei Seiten6ffnungen von je 176 m, mit einer schiffbaren Durch-
fahrtshohe von 51 m. Die Zufahrtsrampe am linken Ufer besteht aus acht
50 m messenden Feldern in vorgespanntem Beton.

Die linksufrige Schwergewichtsverankerung besteht im wesentlichen aus
zwei Wanden in der Kabelflucht, die von Senkkésten getragen werden, die
ihrerseits auf einem Kiessandbett gegriindet sind. Die Wiande sind hinten
durch einen Eisenbetonkasten mit Ballast zusammengeschlossen und kénnen
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in ihrem Anschlul mit den Senkkésten kleine Bewegungen ausfiithren. Ange-
sichts der Griindungsschwierigkeiten sind die Projektverfasser fiir diese re-
lativ wirtschaftliche Verankerung zu begliickwiinschen.

Die rechtsufrige Verankerung besteht aus zwei getrennten, 49,5 m langen
vorgespannten Tunnelverankerungen im Kalkfelsen.

Die Tiirme bestehen aus Eisenbeton und sind bei 123 m Hohe die bei
weitem hochsten je gebauten Betontiirme.

Hauptséichlich in der Hangebriickenkonstruktion hat man sich am meisten
von der herkommlichen Praxis der weitgespannten Héangebriicken entfernt.
Seit dem durch Windschwingungen verursachten Einsturz der ersten Tacoma-
Briicke im Jahre 1940 haben die amerikanischen und britischen Ingenieure
die elastischen Eigenschaften der Hingebriickenkonstruktion beibehalten und
alle ihre Bemiithungen darauf gerichtet, einen aerodynamisch stabilen Quer-
schnitt zu schaffen. Im Gegensatz dazu haben die Erbauer der Tancarville-
Briicke, neben der Beibehaltung des Fachwerkversteifungstrigers, der das
Hauptmerkmal eines aerodynamisch stabilen Querschnitts ist, ihr méglichstes
getan, um das Héangebriickensystem zu versteifen. Dies wurde durch Ver-
bindung von Systemen, die in den meisten fritheren Ausfithrungen unabhingig
waren, erreicht. Der Versteifungstriger wurde tiber die Mittel- und Seiten-
spannweite durchgehend entworfen; die Fahrbahnplatte wurde zur Zusammen-
arbeit mit dem Fachwerk-Obergurt der Versteifungstriager gezwungen; die
beiden Tréger wurden zu einem geschlossenen Torsionsquerschnitt zusammen-
gefalit und die Tragkabel wurden in der Feldmitte der Hauptspannweite an
die Oberkante der Versteifungstrager fixiert, damit keine gegenseitige Léngs-
verschiebungen eintreten konnen. Diese MaBnahmen komplizierten die Be-
rechnung des Tragwerks ziemlich, da die statisch unbestimmten Gréfen von
1 auf 4 anwuchsen.

Es ist schade, dafl der Bericht der aerodynamischen Versuche nicht kom-
plett und eher konfus ist. Das Weglassen der Wirkungen der symmetrischen
Schwingungen scheint eine Rechtfertigung zu verlangen.

Die Arbeit schlieft mit einer sehr interessanten Beschreibung einiger der
besonderen Konstruktionsdetails der Briicke. Scheinbar sind alle Montage-
stoBe genietet; wahrscheinlich ist die Nietung in Frankreich billiger als die
Verwendung hochfester Schrauben.

5. Die Herren TROTT und WiLsON beschreiben in ihrer Arbeit Versuche,
die sich iiber acht Jahre erstreckten, um eine passende Asphaltabdeckung der
Fahrbahnen fiir die Severn- und die Forth-Héngebriicken zu finden.

Alle Versuchstafeln wurden in eine schwer befahrene Strafle verlegt und
sind nun seit sechs Jahren im Dienst. Bei einer Versuchsbelastung von 127, t
auf jeder Fahrbahntafel erschienen keine Risse im Belag. Die Autoren unter-
suchten ebenfalls den Beitrag des Asphalt-Belags zur Steifigkeit des Deck-
bleches. Es ergab sich, daBl bei Sommertemperatur ein minimaler Beitrag
geleistet wird; hingegen stieg der Einflufl der 114 in. starken Asphaltschicht
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unter winterlichen Bedingungen auf ungefahr 809, der Steifigkeit der Blech-
fahrbahn.

Im ersten Versuch wurden vier 1, in. starke Blechtafeln in die Fahrbahn
gelegt und mit Gufasphalt iiberzogen. Drei Tafeln waren glatt und hatten
verschiedene Belagsstirken: 1”7, 114" und 2”; die vierte Tafel, mit einem Riffel-
blech versehen, war mit 11" Asphalt bedeckt. Die Stahltafeln wurden vorher
sandgestrahlt und mit einem bitumindsen Anstrich versehen. Im ersten
Betriebsjahr ging die Haftung an den Kanten verloren und der Rost konnte
vom Rand aus 7" vordringen. Im Belag bildeten sich in den néchsten vier
Jahren iiber den Deckblechaussteifungen Risse, die beim 1” starken Asphalt
bis zum Deckblech vordringen konnten. Hingegen beim 11,” starken Belag
erschienen die Risse nur in der Oberfliche. Kein sichtbarer Beweis war vor-
handen, daB} sich der Belag, sei es auf der glatten wie auf der gerippten Platte,
verschob, ausgenommen an den Kanten, wo die Haftung verschwunden war.

Der zweite Versuch begann mit der Entfernung der ersten zwei Tafeln,
die durch eine neue groBere Tafel mit drei zusammengeschweil3ten, verschieden
starken Blechen von 15", 9/,.” und 3/;" in. ersetzt wurden. Die Tafel erhielt fiir
einen besseren Korrosionsschutz eine Spritzverzinkung von 0,002 in. und
wurde dann mit einem bituminosen Anstrich behandelt. Jedes Blech wurde
zur Halfte mit einem der beiden folgenden Beldge versehen: entweder 114"
GuBasphalt mit Split oder eine zweilagige 1'/” Schicht GuBasphalt mit Split
auf einer 3/3” feuchtigkeitsabhaltenden Mastixlage. Der 1!/;" GuBasphalt wurde
an der Innenseite der an die Deckbleche geschweilten Kantenschutzwinkel
hinaufgezogen. Die Fugen des 1!/, Asphaltes wurden durch eine Bitumen-
Kautschuk-Mischung ausgegossen. Nach 5145 Jahren war praktisch kein Unter-
schied im Zustand des Asphaltes der 15", 9/,.", 3/s" starken Deckbleche sicht-
bar; es konnte aber eine gewisse Korrosion an der Randfuge zwischen dem
Winkel und dem 2-lagigen GuBlasphalt festgestellt werden. Der Kautschuk-
Bitumen-Fugenverguf} hatte vollen Erfolg.

6. Die Herren THURLIMANN und BaSLER der Lehigh-Universitat geben und
besprechen die Resultate von 15 Versuchen an sieben in Naturgrofle ausge-
filhrten geschweiB3ten FluBstahlblechtriagern. Die Arbeit gibt einen wichtigen
Beitrag zu den praktischen Angaben, auf denen die Bemessung von schlanken
Stegblechen basieren sollte. Trager mit einem Schlankheitsfaktor von 185—388
wurden auf Biegung, solche mit 255—259 auf Schub untersucht. Der Abstand
der Vertikalaussteifungen wurde zu %-, 3/- und 1% mal die Stegblechhohe ge-
wahlt. Langsaussteifungen wurden keine verwendet.

Die Versuche zeigen wieder einmal, daBl die kritischen Stegbelastungen auf
Biegung oder Schub keine reale Bedeutung in der Abschatzung des effektiven
Tragvermogens von schlanken Vollwandtragern haben.

Die Autoren versuchen nicht, eine neue Bemessungsregel zu entwickeln;
sie stellen aber bei der Besprechung der Resultate fest, dal die klassische
Theorie der kritischen Last, gegriindet auf dem elastischen Verhalten eines
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idealen Stegbleches, unféhig ist, das Tragvermogen von Vollwandtriagern unter
Biegung oder Schub vorauszusagen. Sie behaupten, daf ein Stegblechfeld nicht
als isoliertes Element betrachtet werden soll, sondern, daB3 es von duferster
Wichtigkeit ist, die Festigkeit des stiitzenden Rahmens, bestehend aus den
Flanschen und den Queraussteifungen, zu untersuchen.

Soweit der Generalreferent orientiert ist, ziehen von allen modernen Nor-
men nur die britischen (B.S. 153), Ausgabe 1958, die iiberkritische Tragfahig-
keit bei kraftig ausgesteiften Stegblechen in Betracht, so daf alle weiteren
Untersuchungen der Lehigh-Universitédt iiber das Tragvermogen von Vollwand-
tragern von allen, die mit der wirtschaftlichen Bemessung von hohen Trigern
beschéftigt sind, willkommen geheilen werden.

Es ist zweifellos, dafl weitere Versuche notwendig sind, um die Wirkung
der Kombination von Schub und Biegung im iiberkritischen Bereich zu be-
stimmen und um den Einflu} des Steges auf die Stabilitdt von diinnen Druck-
flanschen zu untersuchen.

7. Prof. GiBscHMANN beschreibt die Verwendung von vorfabrizierten
Eisenbetonelementen in Verbundkonstruktion in der UdSSR. Er stellt fest,
daBl die Verbundkonstruktion als sehr wirtschaftlich betrachtet und dem-
entsprechend viel gebraucht wird. Um den Bau, hauptséchlich im Winter zu
beschleunigen und um die Kriech- und Schwindwirkungen zu reduzieren, wird
die Eisenbetonplatte oft aus vorfabrizierten Elementen zusammengefiigt. Viele
weitgespannte Briicken wurden schon in dieser Konstruktionsart ausgefiihrt,
unter ihnen die bemerkenswerte 3-feldrige Durchlauftragerbriicke in Moskau
mit Spannweiten von 72,6, 108 und 72,6 m. Eine weitere Neuentwicklung
besteht in der Anordnung einer unten liegenden vorfabrizierten Betonplatte
im Druckbereich des durchlaufenden Vollwandtrigers. Die vorfabrizierten
Elemente konnen einerseits mit stahlernen Schubverbindungen, die am
Flansch des Triagers angeschweillt sind und in mit Ortsbeton gefiillte Aus-
sparungen oder Fugen greifen, verbunden werden. Die andere Moglichkeit
besteht darin, daBl man in das vorfabrizierte Element die Diibel oder schlaffen
Bindeelemente einbaut und auf der Baustelle mit dem stihlernen Haupttrager
verschweiBt.

Die Kanten der Aussparungen oder der Fugen im vorfabrizierten Element
miissen stark gezahnt sein, um gute Haftung zwischen dem Orts- und dem
vorfabrizierten Beton zu gewihrleisten. Eine groBe Forschungsarbeit wurde
in der UdSSR durchgefiihrt iiber das Verhalten von Verbundplatten im allge-
meinen und iiber die Bemessung der Schubverbindung im besonderen. Der
starre Diibel mit schrigen, angeschweiBlten Ankereisen hat sich als die beste
Schubverbindung erwiesen. Ebenso wurde herausgefunden, dafl die Veranke-
rung des Betons an den Flanschen gegen vertikales Anheben die Tragfahigkeit
des Verbundtragers erhoht. Diese Ergebnisse scheinen sich mit denen aus
Deutschland zu decken. Beim Anschweiflen der einbetonierten Schubverbin-
dungen muB} groBe Sorgfalt darauf verwendet werden, den Beton weder durch
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die Hitze des SchweiBbogens noch durch die Dehnung der Stahlelemente zu
beschiddigen. Um diesen beiden Gefahren aus dem Wege zu gehen, mul} die
Distanz zwischen Schweifinaht und Beton grof3 sein und die Naht selber so
diinn als moglich gehalten werden.

Bei Versuchen an einer fertigen Briicke zeigt die vorfabrizierte Beton-
verbundplatte ein sehr dhnliches Verhalten wie die an Ort betonierten. In den
Berechnungen wird entsprechend Riicksicht auf Schwinden, Kriechen und
Temperatureinfliisse genommen. Dies wiederum entspricht den deutschen
Normen, im Gegensatz zu den amerikanischen, die die Vernachlissigung dieser
Faktoren zulassen.

Bemerkungen und Grundlagen fiir die Diskussion

Die beiden Arbeiten von Prof. BiLLic geben eine Ubersicht des Entwick-
lungsstandes der Atomkraftwerke in Grof3britannien und behandeln die Bau-
probleme nur im allgemeinen. Diese Beitrige geben eine brauchbare Grund-
lage fiir Arbeiten auf diesem neuen Gebiet.

Einige fiir die Diskussion geeignete sehr interessante Punkte sind:

1. Die Anlage von Untergrundreaktoren.

2. Die relativen Vorziige von Druckgefaflen aus Stahl oder vorgespanntem
Beton.

3. Berechnung und Konstruktion von Reaktor-Abschirmungen.

In seiner Arbeit iiber den Tourtemagne-Damm beschreibt Prof. PANCHAUD
die Verwendung von flachen Pressen und Vorspannkabeln, um die Temperatur-
und Schwindwirkungen in Massenbetonkonstruktionen zu beherrschen. Dies
kann sicher auch anderswo nutzbringend angewendet werden, wobei einem
unwillkiirlich die Atomschutz-Abschirmung in den Sinn kommt.

Herr R. SAILER beschreibt die bemerkenswerte Ingenieurleistung der Uber-
briickung des 300 m breiten und 240 m tiefen Canyon. Die Konstruktion
der Briicke selbst ist aber orthodox und bietet schwerlich Grundlagen fiir
eine Diskussion.

Die Arbeit von Herrn A. DELcamP iiber die Tancarville-Briicke enthalt
eine kurze Beschreibung von vielen kithnen, neuen Merkmalen im Entwurf
von weitgespannten Héangebriicken. Obgleich die gewéhlte Losung des aero-
dynamischen Problems etwas miithsam scheinen mag, ist sie sicher gut durch-
dacht. Trotzdem sollten die Kosten mit denjenigen anderer groBen Briicken
verglichen werden. Die Verwendung einer Stahlbeton-Verbundplatte, die mit
den Versteifungstrigern zusammenarbeitet und die bei dem Entwurf und bei
der Ausfithrung der 123 m hohen Eisenbetontiirme aufgekommenen Probleme
sollten fiir jeden Briickenbauer von groBem Interesse sein und verdienen sicher
eine weitere Behandlung.
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Mit dem konnen die Angaben der Herren TroTT und WiLsoN iiber die
Entwicklung der direkten Abdeckung von Stahlplatten (wie sie sich schon in
vielen deutschen Briicken bewihrte) mit Asphalt anstatt einer Betonzwischen-
schicht wie bei der Tancarville-Briicke, verbunden werden.

Eine Sammlung Angaben iiber das Verhalten von GuBlasphalt auf versteif-
ten Blechen wiirde einen wertvollen Beitrag zur Losung des Problems bedeuten.

Die Arbeit der Herren THURLIMANN und BASLER iiber einige Beulversuche
an vollwandigen Tragern ist eine sehr niitzliche Erweiterung unserer Kennt-
nisse im Verhalten von schlanken Stegblechen. Seit dem Kriege wurde auf
diesem Gebiet viel Arbeit geleistet; aber vollbefriedigende Bemessungsregeln,
basierend auf dem tatséchlichen Verhalten der Stege und der Aussteifungen
statt auf einer theoretischen, kritischen Last wurden noch nicht aufgestellt.
Die Hauptschwierigkeit ergibt sich aus der Unvermeidbarkeit kleiner Unge-
nauigkeiten, die paradoxerweise alle Regeln, basierend auf dem Verhalten der
ideellen Platte, irgendwie unrealistisch und nutzlos machen.

Es scheint, dafl das Traglastverfahren bei der Bemessung von schlanken
Vollwandtragern allgemeiner angenommen werden sollte und dall eine Dis-
kussion dieses Problems an der Arbeitssitzung einen interessanten Beitrag in
diesem Zusammenhang sein diirfte.

Die Arbeit von Prof. E. GiBscHMANN iiber die Verwendung von vorfabri-
zierten Eisenbetonelementen im Verbundbau ist die einzige, die sich direkt
mit diesem Problem, das speziell als erwiinschtes Thema der freien Arbeits-
sitzung gestellt wurde, abgibt. Die Verbundkonstruktion ist immer noch in
einem Stadium der Entwicklung und wurde noch nicht allgemein angenommen.

Obgleich ein paar wenige Lénder in den letzten Jahren eine provisorische
Normierung eingefiihrt haben, sind die Bemessungsmethoden und die zuléssi-
gen Spannungen oft dem Ermessen des Entwerfers anheimgestellt.

Die verschiedenen grundsétzlichen Unterschiede, z. B. zwischen den ameri-
kanischen und den deutschen Normen, zeigen, daB ein integraler Informations-
austausch und eine kritische Bewertung der verschiedenen Methoden eine
hochst fallige Angelegenheit ist.

Die folgenden Punkte sollten eine Grundlage fiir eine ersprieBliche Dis-
kussion bilden:

1. Bester Schubsicherungstyp.

2. Zulassige Spannungen bei der Schubverbindung.

3. Wirkungen und, wenn iiberhaupt, Beriicksichtigung des Schwindens, Krie-
chens und der Temperaturgradiente.

4. Relative Vorteile von vorfabrizierten und an Ort betonierten Verbund-
platten, besonders im Hinblick auf die Kontinuitat iiber den Stiitzen und
auf eine mdogliche Korrosion von Berithrungsflichen und von ungeschiitz-
ten Schubverbindungen.
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Government Programme

The 1953 Government White Paper described plans for the construction
of nuclear power stations to develop 1500—2000 MW of electricity by 1965.
The White Paper suggested that the programme was provisional and would
be altered in many ways in the course of time and that new technical develop-
ments might perhaps lead to a more rapid improvement in the performance
of stations than had been assumed. That this condition was wise is shown by
the changes in output and in the programme during the last few years.

The first important change has been in the output of individual nuclear
power stations. The White Paper made a conservative forecast that the out-
put of a two reactor power station might increase from the 70 MW of Calder
Hall to between 100 and 200 MW. This forecast has been overtaken by the
design outputs of 275, 300 and 500 MW from the Berkeley, Bradwell, Hunter-
ston and Hinkley Point power station. Aided by this, the overall programme
has been increased and 5,000—6,000 MW are now to be installed by 1966.

The increase in output over Calder Hall has been achieved by straight-
forward engineering development. First by an increase in the size of the
reactor and a corresponding increase in the amount of uranium fuel. Second
by an approximate doubling of the amount of heat extracted from each ton
of uranium. This increase in rating has been achieved by increasing the fuel
element surface temperature from 410°C to about 425°C; by a 50 percent
increase of the pressure of the carbon dioxide heat transfer gas and by improve-
ments to the heat transfer surface. The overall result of this has been pro-
gressively to decrease capital costs per kilowatt.



12.

A. General Data

. Location

. Authority or Consortium
responsible for design and

construction

Completion of first reactor

Electrical output (total from

2 reactors)
Heat output per reactor

B. Fuel

. Diameter of element
. Length of element
. Number of elements per

channel

. Diameter of channels
10.
11.

Number of channels

Weight per reactor

C. Canning

Material

Table 1. Industrial Power Stations in Great Britain
(Natural Uranium, Graphite-Moderated, CO2-Cooled)

Calder Hall Berkeley Hunterston
Cumberland Gloucestershire  South Scotland
Chapel Cross
Scotland
U.K. Atomic Assoc. Electr. General Electric
Energy Indust. Simon Carves
Authority John Thompson
May 1956 Mid 1960 Early 1961
MwW 184 (4 reactors) 275 300
MW 200 550 535
in. 1.15 1.10 1.15
in. 40 19.2 24
— 6 13 10
in. 3.61—4.16 4.0
— 1696 3275 3288
tonnes 130 250 251
— Magnox C

Bradwell
Essex

Nuclear Power
Plant Co.

Mid 1960
300

1.15
36

2575
240

Magnesium alloy Magnox A 12

0¢8

Hinkley Point
Somerset

English Electric
Co., Babcock &
Wilcox
Taylor Woodrow

Mid 1961
500

980

DITIIE L4903

1.10—1.15
36
8

3.85
4500
370

I TA



. Construction — extended surface, straight extruded machined or ex- 30-start helical

14.
15.
16.

17.

18.

19.

20.
21.

22.
23.

24.

26.
27.

28.

single-start helical fins truded surfaces  extruded fins
Wall thickness in. 0.072 0.08 0.075
Maximum can temperature deg. C. 408 425 454 450 430
Support of fuel elements — stacked graphite struts  graphite sleeves stacked stacked
with zirconium loaded with
end brackets cartridge
D. Moderator
Net size of moderator ft. dia. 31x21 42 % 24 44.5x 23 40 x 25.67 49x 25
X height

Overall size, including ft. dia. 36 x 27 48x 30 50.5 % 28 45x 31 53 x 29
reflector X height
Total weight tonnes 1146 2134 2180 1910 2032
E. Nuclear Data
Lattice, square pitch in. 8.0 8.16 8.25 8.0 7.75
Maximum thermal neutron n/cm?2/sec 2x 1013 2.76 < 1013 2.5x 1013
flux
Conversion factor — 0.80 0.85 0.85
Excess reactivity in cold, percent 4.5 4.0 4.5 4.9 4.2
unpoisoned state
Specified minimum burn- MWD/tonne 3000 3000 3000 3000 3000
up of fuel

. Mean fuel rating MW /tonne 1.4 2.16 2.60
Central channel rating kW 100 214 201 236 258
Number of control channels — 112 150 208 120 132
per reactor
Diameter of control channels in. 3.25 3.5 3.2
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29.

30.
31.

32.
33.
34.

36.
317.
38.
39.
40.

41.

42.

43.

44.

I, Pressure Vessel

Type of steel

Shape
Dimensions

Wall thickness
Charged from
Supported by

@. Coolant

Mass flow

Gas pressure

Inlet temperature
Outlet temperature

Number of inlet and out-
let ducts

Diameter of ducts
H. Circulators

Type

Control

Speed

Table I (cont.)

Calder Hall Berkeley

— Lowtem. Al-kill. Si-killed
mild steel mild steel
— Cylinder Cylinder
ft. dia. 37x 170 50 x 80
( X height)
in, 2 3
— top top
A-frames 18 A-frames
Ib./sec 1964 6200
p. s. 1. g. 100 125
deg. C 140 160
deg. C 336 345
— 4 8
ft. 4.5 5
— Centrifugal vari- Single-stage
able frequency axial a.c. induc-
induction motors  tion motors
— Ward-Leonard Scoop-control
type speed fluid coupling
control
r. p. m. 580/2900

Hunterston

Coltuf 28

Sphere
70

2.88—3
bottom

Continuous
skirt

5640
150
204
391

8

<&

Vertical shaft
centrifugal d.c.
motors fed by

grid-controlled
rectifiers

200/1000

o
Bradwell Hinkley Point *
Low alloy 28/32 Si-killed

steel boiler quality

mild steel

Sphere Sphere
66.75 67
3 3
top top

24 rocking  Continuousskirt 30
columns ft. dia.
s

5260 10,300 g

132 185 &
180 180 %
390 375

6 6

5 6.5

Single-stage Single-stage
axial variable- axial squirrel-
frequency induc- cage motors from
tion motors fed turbo-alternator
from turbo-
generator

600/3300

IIA

750/3000



45.

46.

47.
48.

49.
50.
51.
52.

53.
54.

55.

56.

57.

Control-rod drive

Power

1. Heat Exchangers

Number per reactor
Dimensions

H.P. steam temperature
H.P. steam pressure
L.P. steam temperature
L.P. steam pressure

J. Turbo-Alternators

Number per reactor
Individual rating

K. Shielding

Biological concrete shield,
thickness

Thermal steel shield,
thickness

Total weight on founda-
tions, per reactor

MW

ft. dia.
X height

deg. F
p-s. 1. a.
deg. F
p. s. i. a.

MW

ft.
in.

ton

Synchronous Variable-fre-
motor and winch, quency induc-
20 : 1 gearing tion motors
5.44 19.04
4 8
17.25x 77.33 17.5x 70
637 612
210 320
350 612
63 77
4 4
23 85
7—8 8.5—10.5
6 Two 1/5” plates
and 114" air gap
33,000 55,000

Variable-fre-
quency induc-
tion motors

14.08

8
20x173.5

700
590
570
160

60

9—10.5
None

44,700

Variable-fre-
quency induc-
tion motors

Variable-fre-
quency synchro-
nous motors

15.18 31.26
6 6
19x 82 21.5x 90
700 685
765 650
700 660
210 180

6 4+ 3 auxiliaries
93.5 and 33

6 + 3 auxiliaries
52 and 20.5

9—10 7—9

14" sheeting and 9” concrete
air gap

76,600 88,000
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Whilst these designs have been proceeding there has been a substantial
development of our technological knowledge although in a rapidly developing
field such as this, design has inevitably anticipated technology.

The First Series of Civil Power Stations

Table 1 gives a summary survey of the main technical data of the Calder
Hall prototype and the four civil power stations forming the first series of the
U.K. programme: Berkeley, Bradwell, Hunterston and Hinkley Point.

All these stations use natural uranium for fuel, graphite as moderator, and
CO, as coolant. Each station has two reactors of equal power. The fuel rods
are of 11/, in.dia. positioned at a square lattice of 8 in. on an average. The
canning material is a magnesium alloy, Magnox A 12; its wall thickness is
approximately 2 mm. The maximum thermal neutron flux is about 2.5 1013
n/cm?/sec. The minimum burn-up of fuel is specified as 3000 MW-days/tonne.
The steel used for the pressure vessel is of mild or low alloy steel quality; the
maximum thickness of plate used is 3 in. and all plates are welded. The supports
of the pressure vessel allow for slight movements in order to minimise thermal
stresses. The number of heat exchangers per reactor is six or eight; and that
of the turbo-alternators six or four. The thickness of the concrete biological
shield varies between 7 and 10 ft. according to location. Thermal shields are
of various types.

Fig. 1.
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As a representative example of this type of nuclear power station, the
500 MW Hinkley Point Plant is illustrated here by a view of the plant when
completed (fig. 1) and by a typical plan of the reactor building and its cross
section (figs. 2 and 3). Fig. 4 shows one of the reactor buildings during cons-
truction at the beginning of 1959. At the time of writing the present report,
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this nuclear power project is the largest in existence. It is designed and
constructed by a Consortium comprising English Electric Co. Ltd., Babcock
& Wilcox Ltd., and Taylor Woodrow Construction Ltd., with whom the
author is associated.

The present type of gas-cooled reactor, though suitable for the generation
of the base load component of the national power demand, will need further
development to make it economically competitive for peak load operation.
The development will be directed towards increasing the fuel element rating
and thermal efficiency so as to bring down the size and cost of the larger units

Fig. 4.

Table 2. Capital Costs of Nuclear Power Stations
(in £ per kW) and Cost of Power (in pence per kWh)

Nuclear plant Coal-fired
275—300 MW 500 MW plant
Capital costs in £ per KW 145 1201) 45
Capital charges?), incl. charges on
initial fuel, in pence per kWh 0.51—0.52 0.41—0.42 0.11
Fuel replacement costs  do. 0.13—0.19 0.13—0.19 0.37—0.48
Works operating costs do. 0.06 0.05 0.05
Total generating costs do. 0.70—0.77 0.59—0.66 0.53—0.64
1) This cost is likely to fall to £ 100—110 as a result of expected reduction of
capital costs.
2) Capital charges taken at 89, representing 59, rate of interest and 20 years’
life of power station.
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and make the small unit economically attractive. Indeed these objectives are
common to most other reactor systems now under development.
An analysis of the cost of power from present-day nuclear stations and a
comparison with that from conventional thermal power is given in table 2.
A second series of civil power stations is now being planned. The estimated
figures of their electrical output are as follows:

Trawsfynydd, Merioneth ~ 550 MW
Dungeness, Kent 650 ,,
Sizewell, Suffolk 650 ,,
Oldbury-on-Severn, Glos. 1000 ,,

which will add another 2850 MW to the 1400 MW of the first series of the
U.K. nuclear power programme.

Future Reactors

During the past years, detailed design studies and research have been
carried out on several promising types of liquid cooled reactors, such as the
pressurised and boiling water reactors, and the liquid-sodium-cooled graphite-
moderated reactor. Some of the problems which had to be carefully investigated
in these projects were: temperature and pressure regimes, thermodynamic
efficiencies, neutron economies, types of fuel, compatibility and safety pro-
blems, maintenance, and economics.

For technological as well as for economic reasons these types of reactors
are not regarded to be suitable for large scale power plants in this country.
Development work has therefore been concentrated on the two following lines:
a) the development of the gas-cooled graphite-moderated reactor to the
maximum of its considerable potentialities; and b) the possible advantages
of a change to heavy water as a moderator.

The Advanced Gas-Cooled Reactor

The project on which U.K.A.E.A. development work has been mainly
concentrated during the past few years has been called the advanced gas-
cooled reactor (A.G.R.). The objective of the A.G.R. is to decrease capital
costs per KW by a substantial amount — of the order of 30 percent — by
increasing the surface temperature of fuel elements to about 600° C. By this
means and by using clusters of smaller diameter fuel elements, average ratings
should be increased to the region of 8 MW thermal per ton. To enable this
increase of fuel element temperature to be obtained a change is being made
from uranium metal fuel to a sintered uranium oxide fuel element. Sintered
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UO, has a melting point of about 2400°C. This type of fuel is already being
used in the Westinghouse PWR reactor and has been shown to have very
good irradiation stability and burnups of up to 8000 MW-days per ton have
been achieved.

Table 3 gives a comparison of the main parameters for three reactors of
natural-uranium, graphite-moderated, and CO,-cooled type. The three reac-
tors which form definite milestones in the development of this type are the
Calder Hall prototype, the Hinkley Point Station as the most progressed
plant of the present series, and the experimental A.G.R. as the next step in
our development work.

Table 3. Comparison of Main Parameters for CO3:-Cooled Graphite-Moderated Reactors

Proto- Industrial Experimental
type power advanced
Ttem reactor gas-cooled
Hinkley reactor
Calder Hall Point Windscale
1. Year of completion of first reactor — 1956 1960 1961
2. Heat output per reactor MW 100 980 100
3. Net electrical output per reactor MW 35 250 28.5
4. Type of fuel — Natural uranium U0
5. Distribution of fuel — 8” square lattice Cluster of
thin rods
6. Number of fuel channels — 1696 4500 253
7. Total weight of fuel per reactor tonnes 130 370 12.3
8. Average fuel rating MW /tonne 14 2.6 7.75
9. Minimum burn-up of fuel MWD/tonne 3000 3000 5000
10. Maximum fuel temperature deg. C 530 580
11. Maximum can surface temperature deg. C 408 425 600
12. Canning material — Magnox C and A 12 Beryllium
13. Graphite core, height ft. 27 29 14
14. Graphite core, nominal diameter ft. 35 53 15
15. Graphite core, total weight tons 1146 2000 200
16. Pressure vessel, shape — cylinder sphere cylinder
17. Pressure vessel, dimensions ft. dia. X 37x70 67 21 x 60
height
18. Pressure vessel, wall thickness in. 2 3 3
19. Gas pressure p-s.i. g. 100 180 275
20. Diameter of main ducts ft. 4.5 6.5
21. Gas inlet temperature deg. C 140 180 250 — 325
22. Gas outlet temperature deg. C 336 380 500 — 575
23. Circulators, number per reactor —_ 4 6 4
24. Power per circulator H.P. 1495 3000 1200
25. Heat exchangers, number per
reactor — 4 6 4
26. Number of control rods — 50 132 25

27. Thickness of concrete biological
shield : ft. 7—8 7—9 9
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At present, the Authority is pursuing a research study on the High-Tem-
perature Gas-Cooled Reactor. They are attempting to develop impervious
ceramic sheaths for a fuel element which is a ceramic — a mixture of graphite,
uranium and thorium. A zero energy experiment is being built at Winfrith
Heath. This will enable the nuclear properties of the reactor at high tempera-
ture to be studied.

Design of Reactor Structures

General Considerations

Many of the problems encountered in the structural design of nuclear power
stations are similar to those which have been solved for the more usual thermal
stations. Both involve heavy engineering and both present the designer with
similar problems relating to turbine halls, cooling water systems and ancillary
buildings. The essential difference involves the reactor unit, where new con-
siderations call for a new approach to various aspects of design and construc-
tion. The principal components of the reactor unit are the pressure vessel, the
biological shield and the steam-raising units.

The internal dimensions of the biological shield are decided by the size of
the pressure vessel and the necessary clearances for erection, ducting and
operation. The thickness of the concrete shield is carefully calculated to reduce
all emergent radiations to a safe level. Openings occur in the biological shield
for various charge and control tubes, inspection purposes and ducting. A
thermal shield is introduced between the biological shield and the pressure
vessel to protect the former from the full effect of radiations from the reactor.
Cooling air passages, a few inches thick, are formed between the biological
shield and the thermal shield to reduce temperatures to a reasonable design
level.

Loading

In contrast to conventional industrial structures, the principal loads to be
carried by reactor structures are those due to change in temperature, changes
in moisture content, shrinkage and creep.

The usual type of gravity loads also play a considerable role but only in
certain parts of the structure, such as the pile cap, the heat exchanger plinth,
the equipment building and the reactor foundations.

The structure is designed to withstand the effects of self-weight of the
structure, dead-weight of the plant and superimposed floor loads; loading due
to heating from the reactor and ambient air; the effects of shrinkage and
creep; wind loading and other lateral forces such as due to earthquakes.
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Joints

From the point of view of thermal loads, buildings subjected to different
ranges of temperature should be separated from each other to keep tempera-
ture stresses at a low level. For this reason, the charge and discharge buildings
are usually separated from the central shield structure by full expansion joints
while the buildings surrounding the heat exchangers are monolithically cons-
tructed with the secondary shields. Generally, there is also a complete joint
between the primary and secondary shields from the foundation level upwards.

Prelvminary Design

For practical reasons, a polygonal shape is usually adopted for the biologi-
cal shield. Allowance may be made for this in the shield design, but where
the polygon is 12-sided or more, the shape may be regarded as a cylindrical
one for simplicity. The dimensions of the shield vary with the power of the
reactor and the shape of the pressure vessel. However, for the type of industrial
reactor described in this Paper, the height of the shield may be taken as, say,
100 ft. to pile cap level, the internal diameter as 70 ft., and the thickness of
both the wall and roof as 8 ft.

In the preliminary design, the pile cap, the shield wall and the raft may
be analysed quite separately. The pile cap is treated as a circular reinforced
concrete slab. Fixed end moments are computed for both gravity and heating
effects and the free radial deflection due to heating in the cap is estimated.

In the design of the shield walls, two separate aspects are considered: the
shield expanding freely in the radial direction and the effect of restraints at
the roof-wall and wall-raft junctions. The elastic equation governing the
behaviour of the cylindrical shield wall due to these top and bottom restraints
is first determined. The slope, moment and shear at any point up the height
of the shield wall is then obtained in the usual way from the first, second and
third derivatives of that equation. Finally, fixed end moments in the shield
are computed for any required deflection at the top and bottom junctions.

The design of the raft, or individual foundations to the reactor, depends
on gravity loads from the superstructure and on the nature of the subsoil.
Effects of long-term settlement have sometimes to be considered. Allowance
has to be made for stresses arising from heat soakage through the raft into
the underlying ground, unless suitable protective measures are taken.

The relative stiffnesses of the pile cap, shield wall and raft are obtained
by calculating the moments necessary to rotate through the same angle (a)
the pile cap at its periphery; (b) the top or bottom of the shield wall; and (c)
the raft at its junction with the wall. The ratios of these moments give the
relative stiffnesses of the members. When the stiffness factors and fixed end
moments are determined, it is then possible to obtain ‘‘balanced’’ moments
for the connections and to complete the design.
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Foundations

The loads of reactor structures to be carried on the subsoil are very substan-
tial. In a typical example for a 250 MW unit, the total weight was of the order
of 100,000 tons, and the major items were as follows:

Reactor 31,600 tons
Charge equipment building 9,800 ,,
Discharge building 10,000 ,,
Heat exchanger building 9,000 ,,
Foundation raft 35,600 ,,
Total live loads 6,200 ,,

Total 102,200 tons

Wherever possible nuclear power plants are therefore sited where good
load-bearing rock strata is available within a reasonable depth. In such cases,
the shield structure, pressure vessel, heat exchangers, blowers, and other
equipment are usually carried on independent block or strip foundations, as
the question of settlement does not arise.

However, under less favourable ground conditions it has been found
necessary to carry the major items of the plant on a common raft foundation
which, for a 250 MW reactor, may require a thickness of 12—15 ft. Although
the full thickness may not be required at the outer portions of the reinforced
concrete raft, the underside is usually kept level to facilitate construction and
to allow for the provision of pits and ducts in the outer region of the foundation.

The raft is designed for gravity loads, temperature stresses and the most
severe moments and shears transferred from the shield walls. Effects of
immediate and long-term settlement and rotations should be checked.

The raft can be regarded as a flexible plate on a compressible sub-grade,
and to arrive at an acceptable solution several designs based on different
assumptions and methods were made:

a) Grid of beams. In the first approximation an analysis was carried out
of a grid of beams, running in the directions of the two principal axes of the
foundation. The design was based on the compatibility of the deflections of
the two sets of beams where they cross each other. This lead to a series of
simultaneous equations; the unknowns in these equations being the deflections.
Various patterns of soil reactions were assumed and the design was carried
out for three types of pressure distribution. The deflected form of the raft
under the influence of the external loads on the top and the soil pressure on
the bottom was then compared with the deflected form of the ground under
the same soil pressure conditions. The actual soil pressure distribution adopted
for the final design was that for which the deflections of the raft approached
nearest the deformation of the ground.
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b) Grid of beams on an elastic foundation. This method utilised the same
grid as method a) but instead of assuming a bearing pressure distribution,
the contact pressure at any point is assumed to be proportional to the deflec-
tion at that point. The coefficient of proportionality (i.e. the modulus of
sub-grade reaction) was assumed, in this particular design, to have a constant
value of 200 tons/sq. ft./ft. over the central area, falling off towards the edges
to a value equal to half of the maximum.

c) Rigid central plate with four cantilever wings. A third method was
evolved in order to take into account the considerable stiffening effect of the
shield walls on the central part of the raft, which is assumed to be completely
rigid and to remain flat. The four separate cantilever slabs carrying the heat
exchangers, the equipment and discharge buildings, are then analysed on the
basis of an elastic subgrade, using values similar to those under b). While
this approach is of necessity approximate, it is thought to give a more realistic
solution to the problem since it takes into account the rigidity of the central
shield structure.

d) Plate on elastic foundations. A rather more complex solution, treating
the raft as a continuous plate was carried out, also on the basis of the same
grid as the previous solutions. This method has the advantage of taking into
account the torsional rigidity of the individual beams in addition to the bend-
ing resistance which alone was considered in the three preceeding methods.

Thus a considerable effort was made to study the foundation problem,
and the raft design in particular, because of the great importance attached
to a satisfactory performance of the foundation. Uneven settlement must be
prevented at all costs and displacement between the principal items of the
plant must be minimised even under the most exacting loading conditions.
The loads carried are extremely high: the weights are of the order of 100,000
tons, and the thermal loads are considerably greater than in normal industrial
structures. By considering several different methods of design which lead to
essentially similar results, sufficient assurance was obtained that our estimates
of stresses, strains and deformations are reasonably correct. The results
obtained by the various methods varied within + 15 percent from the average.

Briological Shield

The biological shield is designed to withstand gravity loads due to the
self-weight of the walls and roof and superimposed loads due to the maximum
concentrations of machines and equipment on the pile cap. At the same time,
severe temperature stresses have to be accommodated. During reactor opera-
tion heat is caused in the biological shield by the capture and slowing down
of nuclear radiation and by the thermal radiation across the air space from
the thermal shield. The intensity and distribution of temperatures through
the shield vary from point to point up the wall and across the roof. They
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remain, however, reasonably constant at any given level around the walls.
The effect of these temperature variations is to produce strains which, due to
restraints imposed at the roof-wall and wall-raft junctions, are accompanied
by stresses in the shield.

The flow of heat through the raft is more indeterminate. Special thermal
shields and cooling precautions are taken to restrict the heat flow into the
raft and to improve the temperature conditions in the concrete foundations
and underlying ground. The actual temperatures in the structures are dependent
also on ambient temperatures and the design must take into account their
seasonal variation. Calculations also cover the effects of drying shrinkage
and heat of hydration.

The analysis of the primary shield is based on the investigation of a long
cylinder restrained at both ends. It may be assumed that the radial expansion
of the walls is unrestrained at all levels, as an expansion joint separates the
primary and the supplementary shields.

Full consideration is given to the various conditions to which the reactor
may be subjected, namely from the one extreme of reactor heating and ambient
temperature rise to the other extreme of ultimate shrinkage and minimum
temperature during a shut-down of the plant.

Moments and shears in the biological shield are computed on the basis of
homogeneity. Checks are applied, as necessary, to establish the validity of this
assumption.

The design allows for a range of deflections of the connection between the
roof and wall. Heating, shrinkage and imposed loadings are taken into account
in determining the degree of fixity of the shield wall with the pile cap. The
treatment. of the lower wall junction depends on the type of foundation
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adopted. Limiting conditions are established and the design should permit
the joint to take any intermediate position.

Bending moments and shear envelopes are next prepared for the shield
wall. The wall is then designed for gravity loads and bending moments at the
top, bottom and several intermediate positions, using concrete and steel
stresses somewhat below the permissible values.

As soon as the quantitiy of steel reinforcement is known, it is possible to
calculate the additional concrete and steel stresses due to the temperature
gradient across the wall. These stresses are added to the main stresses deter-
mined previously and their total values should not exceed the maximum
permissible values.

Fig. 5 shows a typical example of moment, shear and deflection curves for
the design of a biological shield wall.
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Summary

The paper starts with giving the outlines of the U.K. nuclear power pro-
gramme. A summary survey of the main technical data of the power stations
at Calder Hall, Berkeley, Bradwell, Hunterston and Hinkley Point is given
in form of a table, followed by a comparison of the cost of power from nuclear
stations with that from conventional thermal plant. Development towards
the advanced gas-cooled reactor and the high-temperature gas-cooled reactor
is then described.

In the second part of the paper a typical design of a reactor structure is
given in its outlines: general considerations, loading and joints. Several alter-
native design methods of the heavy raft foundations are discussed and the
report closes with the structural analysis of the primary shield structure.
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Résumé

L’auteur esquisse tout d’abord, dans ses grands traits, le programme de
développement de I’énergie nucléaire en Grande-Bretagne. Il expose dans leur
ensemble les caractéristiques techniques essentielles des centrales nucléaires
de Calder Hall, Berkeley, Bradwell, Hunterston et Hinkley Point, sous forme
de tableaux. Il compare ensuite les prix de revient de 1’énergie produite par
les centrales nucléaires avec ceux de I’énergie fournie par les centrales ther-
miques classiques. Il décrit ’évolution qui s’est manifestée dans le sens des
réacteurs & refroidissement gazeux et des réacteurs a refroidissement gazeux
sous hautes températures.

La deuxiéme partie de cette étude est consacrée & un projet de centrale a
réacteurs: considérations générales, charges, exécution des joints entre les
différentes parties de 'ouvrage. L’auteur examine enfin différentes variantes
pour le calcul du radier lourd et continu, puis étudie la construction de ’écran
principal.

Zusammenfassung

Die Arbeit erhellt zuerst die allgemeinen Umrisse des Atom-Energie-Pro-
gramms von GroBbritannien. Eine zusammenfassende Darstellung der wesent-
lichen technischen Daten der Kraftwerke von Calder Hall, Berkeley, Bradwell,
Hunterston und Hinkley Point wird in Tabellenform gegeben. Anschliefend
werden die Kosten von aus Nuklear-Stationen gewonnener Energie mit der -
aus konventionellen thermischen Kraftwerken verglichen. Sodann wird die
Entwicklung in Richtung gasgekiihlter Reaktoren und unter hohen Tempera-
turen gasgekiihlter Reaktoren beschrieben.

Der zweite Teil der Arbeit behandelt die Projektierung einer Reaktor-
station: Allgemeine Betrachtungen, Belastungen, Ausfiihrung der StéBe zwi-
schen den verschiedenen Gebidudeteilen. Es werden mehrere Varianten fiir die
Berechnung der schweren, durchgehenden Fundamentplatte diskutiert und
schlieflich wird noch die Konstruktion der Hauptabschirmung behandelt.
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Various Problems in the Design and Construction of Nuclear Reactor
Structures

Problémes divers que posent l’étude et la construction des centrales nucléaires

Verschiedene Probleme bei der Projektierung und beim Baw von Atomkraftwerken

KURT BILLIG
Prof. Dr.-Ing., M.1.C.E., M.1. Struct. E., M. Am. Soc. C.E., M.I1.C.E.1.

Great Britain

It is not intended to discuss here such problems of power reactor design
as achievement of chain reaction, stability and control, neutron economy, fuel
technology, coolants, or radio-activity. These and similar subjects concern
mainly the physicist, the chemist and the metallurgist. Neither is it intended
to touch on problems connected with heat removal and heat transfer, power
production, reactor control, or instrumentation. These are questions dealt
mainly by the mechanical and electrical engineer. The present Paper is intended
to give a summary survey on the various problems in the design and construc-
tion of nuclear reactor structures, that is, it will deal only with subjects which
are the concern of the civil and structural engineer. Some of the principal
problems discussed here deal with siting, containment, location of reactors
underground, foundations, pressure vessel, reactor shielding, engineering con-
siderations, research and development.

Siting

Some of the main factors in the siting of nuclear power stations are: the
distance from the place of power requirements, a good supply of cooling
water, good load bearing soil to carry the heavy loads of reactor structures,
considerations of safety and public opinion on the hazards of nuclear radiation.

The three basic principles of protection from nuclear radiation are: distance,
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time and shielding. The influence of distance is given by the inverse square
law caused by radiation in all directions. Considerations of time may be due
to the decay of the active material, or by restricting the time of exposure.
Shielding as a means of protection must not be restricted to direct beams of
radiation, but also take account of scattering. The degree of success of the
protective measures taken should always be assessed by a stringent control
system.

Containment

If a failure of the emergency shut-down system be postulated and a con-
siderable excess of heat release over heat removal (caused by sudden rise of
power or failure of cooling), the reactor fuel elements may melt and possibly
release a radioactive cloud of fission products into the air. This cloud may
drift downwind and contaminate a considerable area.

Although a double fault of the kind postulated is highly unlikely it cannot
be entirely rejected as a possibility. Since the consequences of a serious acci-
dent in a populous area would be severe, reactors have either to be sited in
nonpopulous areas or the less safe reactors provided with an external container
which will prevent any significant escape of activity in the event of the most
serious accident which could occur. The design of such reactor containers
presents many interesting problems.

The magnitude of credible potential nuclear excursions is difficult to esti-
mate, because any credible combinations of circumstances that might lead
to a nuclear excursion will be specifically designed against.

However, disregarding consideration of any specific mechanisms that could
lead to such an excursion, it appears reasonable to suppose that the excursion
energy would not exceed that which would be just enough to melt all of the
uranium fuel in the core. This energy may be considered as the maximum
reasonable nuclear contribution to the post-accident internal pressure.

It is not suggested that melting of the entire core would be the actual
mechanism whereby the core is disrupted, thereby terminating the nuclear
reaction. Vaporisation of the highest-neutron-flux (central) portions of the
core while the lower-flux regions are still in a solid state appears to be a more
likely mechanism of disruption. The full-core melting model merely provides
a convenient way of expressing a reasonable upper limit to the magnitude
of a potential nuclear-excursion energy contribution.

Setting the design basis for a reactor enclosure represents a task quite
unique in engineering experience. For here we are dealing with a structure
designed for a function that it will almost certainly never be called upon to
fulfill. This surrounds the specification of that function with quite unique
uncertainties.

The containment vessel will provide highly reliable assurance that the
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public will not be afflicted with a disaster even in the unfortunate event that
the extremely improbable should happen.

A concern of the atomic industry in designing such enclosures is that, in
view of the uncertainties surrounding the functional specifications, these should
not be set with unrealistic pessimism. The direct and indirect costs of an
enclosure represent a substantial contribution to the total cost of nuclear
power plants, in addition to imposing inconvenient restrictions on plant layout.

In an attempt at finding a compromise solution between the costly pro-
vision of a separate containment vessel and the alternative extreme of making
no provision for containment at all, the practicability of semi-containment is
now being considered and discussed. According to this proposal, the biological
shield shall be capable of being effectively sealed against a nominal pressure
within a period of a few minutes, with a view to containing fission products
subsequent to a pressure vessel failure.

The Location of Reactors Underground

At various occasions the positioning of reactors underground has been
discussed and there is at least one project where an experimental reactor has
actually been placed in solid rock, namely, at Halden, Norway. There is also
a Swiss project, still in the design stage, in which the reactor, the primary
heat exchangers and auxiliary reactor equipment are placed in one cavern
while all secondary equipment, turbines, heat plant, electric supply and
distribution plant, and control room are placed in a second cavern.

The main reasons for giving serious consideration to the underground loca-
tion of reactors are probably three: first, the matter of containment; secondly,
safety from the point of view of military operations; and thirdly, the appearance
of the landscape after the power station has completed its service.

With regard to the problem of containment, it is believed that in solid rock
satisfactory explosion resistance can be obtained. Solid rock is reasonably
airtight and the inside rock faces of the hall can be lined with concrete and
cracks in the rock firmly sealed. Any minor leakage which may occur will be
considerably delayed if the rock cover above the reactor hall is of the order
of 100 ft. or more. A thin gas-tight seal, in the form of a steel plate, can be
added inside the hall if found to be necessary at a later date.

To satisfy the military safety of a nuclear power station, it would be
necessary to base the whole station underground, including the control room
— a layout which has been followed in the Swiss project.

From the point of view of the appearance of the site, it would be only
necessary to place underground the reactor itself, while the steam-raising
plant, turbines and ancillaries may be positioned above ground in the usual
way. This layout is likely to result in the minimum additional cost.
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In Norway, where excavation techniques in rock are highly developed, it
has been found that the underground containment of a reactor differs very
little in cost from that of a conventional building, and is considerably cheaper
than the provision of a separate steel containment such as a spherical shell.

Foundations

A major factor that governs the design of reacvcor buildings is differential
settlement, in particular any movement between the reactor itself and the
gas blowers and between the gas blowers and the heat exchangers. Whereas
the gas ducts are fitted with bellows to accomodate movement, the amount
of movement that bellows, designed for these temperatures and pressures,
can in fact accomodate is not large and is mostly absorbed by the thermal
movements of the ducts themselves.

In the case of Berkeley the balance of movement available to the struc-
tural engineer for differential settlement is a total of 11/, inches with a maxi-
mum settlement of the reactors relative to the blowers of 3/, inch. From soil
mechanics reports and other information the engineers were satisfied that the
differential settlement would lie within the limits prescribed by the bellows.
Actual readings of settlement during construction show that the average settle-
ment under the main reactor raft is 0.48 inch, and that the differential settle-
ment does not exceed 0.41 inch up to November 1958. Nevertheless, it was
decided to include in the design of the foundation for a settlement joint between
the main raft under the reactor and the foundation supporting the blowers and
the boilers.

Irradiation Effects on Metals

Broadly speaking, the abnormal conditions imposed on metals and alloys
under nuclear reactor conditions are the effects of irradiation and, in some
parts, unusual corrosion effects.

Most determinations of creep strength characteristics have shown little
effect of irradiation. Experiments over a limited range have shown either no
change or a slight decrease in creep strength after irradiation. However, the
long-term creep resistance of high temperature alloys working near their upper
limits of creep conditions have yet to be fully determined under strong
irradiation.

Most metals become hardened by irradiation and the hardening may persist
after the metal has been heated to temperatures at which most of the irradia-
tion damage, as shown by other properties, has been annealed out. Many of
the properties of metals which are changed by irradiation can be restored by
annealing. However, irreversible damage such as accumulation of fission pro-
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ducts in fuel metals, creation of new elements, physical cracking, or dimen-
sional changes are not affected by annealing.

The general effect in soft metals is that irradiation raises the elastic limit
considerably and reduces the rate of strain hardening. The yield stress in
copper at room temperature is raised from almost nil to an appreciable figure
by irradiation and the elongation to fracture is reduced.

Neutron irradiation may increase the tendency of a metal to fail with a
brittle fracture. Such loss of ductility can be serious, particularly for instance,
in the design of reactor pressure vessels. The embrittlement effect is most
easily studied by measuring the effect of irradiation on the transition tempera-
ture of the metal, above which it will be ductile and below, brittle. In general,
the effect of irradiation is to raise the transition temperature, thus giving a
specimen a greater chance to fail by brittle fracture at room temperature, say.
The influence of irradiation is markedly affected by temperature of irradiation
and embrittlement effects are less at high temperature. This is again supported
by the fact that it is possible to reduce the tendency to brittle fracture, after
irradiation, by annealing.

Mild steel at normal temperatures is ductile, but at temperatures below
the range —40°C to 0°C behaves as a brittle material. Research on certain
alloy steels has shown that after a prolonged period of irradiation embrittle-
ment may occur at temperatures perhaps 60° C higher than this, i.e., within
the normal working range. A considerable amount of research is now being
carried out to investigate the risk of embrittlement of mild steel under pro-
longed and strong irradiation.

Resistance of Concrete to Radiation Damage

An early indication that radiation damage in concrete is not very serious
was given by the behaviour of the Oak Ridge reactor concrete shield, which,
though unprotected by a thermal shield, suffered no apparent deterioration
during the course of 5!/, years’ operation. During this time the integrated
dose of radiation at the shield surface amounted to 3 X 108r and 10'® neutrons/
cm?. This behaviour was confirmed by a series of careful measurements carried
out during 1953 to 1956 at Harwell. Forty-eight concrete specimens 2 in. X
2 in. X 8 in., suitable for strength determination by transverse rupture, were
prepared in a 1:3 Portland cement and 3/, in. aggregate mix. Some of these
were broken as received, some were irradiated in the BEPO reactor, and some
were kept as age controls. The blocks were irradiated in a thermal flux of
about 10!2 neutrons/cm?/sec, the fast flux being equal in magnitude; the
gamma dose rate was about 108r/hr. The total energy deposition was approxi-
mately 0.01 watt/cm3 of concrete (density 2.2 g/cm3). If it is assumed that the
total energy deposition is correlated with the radiation damage suffered by
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the materials, then by knowing the energy deposition per cm? in any given
concrete shield, the probable radiation life may be deduced from the data
given in the table which follows.

Table 1. Effects of Irradiation on the Rupture Strength of Concrete

a) Blocks as received: Transverse rupture: 790, 920, 930, 940 and 1000 lb./in2.

b) Non-irradiated blocks, oven-tested for five months and subsequently checked for
weight-loss and broken:
2 blocks at 50°C, 1030 and 1220 1b./in2, 2.29, weight loss.
2 blocks at 100°C, 1030 and 1180 lb./in2, 39, weight loss.

c) Irradiated blocks, irradiation temperature approximately 50°C.

Time of |Thermal flux| Integrated Total rate of | Weight | Rupture
Block | irradiation 1012 x n/ thermal flux |energy deposit. loss stress
months cm? sec 1019 X n/cm? watts/cm3 per cent | Ib./in2
Q 2 1.1 0.5 0.011 2 1073
R 2 1.1 0.5 0.011 2.1 1076
S 6 1.2 1.6 0.012 2.4 918
T 6 1.2 1.6 0.012 2.6 810
U 12 1.3 3 0.013 2.2 810
V 12 1.3 3 0.013 2.6 940
114 24 1.4 7 0.014 — 734
X 24 1.4 7 0.014 —_ 627

(Observations by Chisholm-Batten)

These results suggest that there was no significant change in strength
during the first year of irradiation (integrated thermal neutron flux approxi-
mately 3x10®n/em?2), though the two-year blocks show what might be a
significant decrease. There is no evidence of the loss by irradiation of significant
quantities of water of hydration. It may be inferred from these figures that,
for the majority of the reactors so far built, it is extremely unlikely that there
would be any appreciable change in the properties of the shield due to radiation
damage during the operational lifetime of the reactor. Radiation damage to
concrete is, in fact, a less serious problem in practice than over-stressing due
to nuclear heating. In this respect concrete is markedly superior to organic
materials.

Pressure Vessel
In determining the thickness of the vessel allowances are made for nuclear

heating, for corrosion, for the temperature rise and temperature gradients
resulting from heat generation in the vessel, due to irradiation effects and
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heat transmitted to the shell by radiation, convection or conduction and,
finally, for transient temperature effects and conditions during graphite
annealing. The efficiency of the joints is assumed not to exceed 90 percent.

Particular attention is given to the influence of the temperature of the
vessel and pressure within the vessel on the support system and on the move-
ment of the branches within the shielding system. Equally, the effect of the
support system or other attachments on the pressure vessel is considered, and
the safety of the whole system proved.

After erection the main vessel is stress relieved and this operation also
covers all attachments and fittings welded to the vessel. Finally, the vessel
is subjected to a pressure test in accordance with the requirements of Section 5
of B.S. 1500:1949. In the instrumentation of this test particular attention is
given to the region of the support brackets and openings in the vessel.

A pressure vessel made of prestressed concrete was used for the French
reactor at Marcoule. The vessel is a horizontal 10 ft. thick concrete cylinder
closed at each end by a spherical cupola with its concave face turned towards the
outside. The service pressure of the vessel is 15 ats. and the proof load for the
acceptance test was specified as 30 ats. The prestressing units consist of cables
each designed for a working load of 1200 tons, such as have frequently been
used in dam construction.

The basic point of this proposal appears to be the use of the concrete
thickness which is available for shielding purposes as a storage of strength by
means of prestressing. Three elements of the reactor structure are mainly
involved: the Pressure Vessel, the Thermal Shield and the Biological Shield,
and these three parts are interdependent from the points of view of radiation,
temperature and strength. In any new structural arrangement of these parts,
the distribution and relation of all the three items are bound to change. Thus,
even if a new arrangement may look extremely promising as from the point
of view of strength, it may not be so from the point of view of temperature
and radiation; that means that every new arrangement must be checked for
these three factors: strength, temperature and radiation.

The prestressed concrete vessel is quite different from the conventional
steel pressure vessel in many respects: in the type of steel used, in the method
of its application, in the method of construction, and in the degree of safety
provided. The cables consist of the usual 0.2 in. dia. high tensile wire of 90 ton
ultimate strength and minimum ductility of 3 percent. To assure gas tightness
of the vessel the concrete cylinder is lined with a welded steel sheet which
forms a permanent formwork and is tied back into the concrete by numerous
anchorages welded to the sheet.

The structure is designed for a proof pressure of 30 ats. internally. It has
also been checked for the various stages of overloading. When the excess load
has increased substantially beyond the proof load, the tensile resistance of the
concrete is brought into play. Although the unit strength is relatively small,
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the total tensile force resisted by the concrete is quite considerable in view
of the great thickness of the vessel. Taking into account a tensile resistance of,
say, 600 lb. per sq.in., the concrete vessel will not start cracking before the
internal pressure exceeds the proof pressure by 509, i.e., at 3009, of the
design pressure.

Reactor Shielding

The unique factors in a nuclear plant, which have the strongest influence
on design and arrangement, stem directly from the fact that the nuclear
process produces ionising particles and rays. This radiation can be biologically
harmful to man, and shielding protection is therefore required.

The outward radiation from the core of a thermal reactor comprises a
current of fast neutrons, a current of thermal neutrons, and a current of gamma
photons. The duty of the reactor shield is to slow down the fast neutrons to
thermal energy, by collision with atoms of light elements; to absorb thermal
neutrons; and to absorb gamma radiation, for which purpose heavy elements
are necessary.

Shielding around the reactor, gas circuits and other active plant must be
designed to attenuate the radiation sufficiently to meet the specified require-
ments under all conditions. Particular attention must be paid to control
radiation leakage at openings in the shield provided for cooling ducts and
services.

For health reasons, the amount of radiation or ‘“dose’’ that the human
body is permitted to receive is limited. The maximum rate of dose permitted
is known as the “maximum permissible level’’ or m. p.l. In the case of gamma
radiation, one m.p.l. is 7.5 mrem per hour. In the case of neutrons, the flux
corresponding to a dose rate of one m. p.l. is taken as 1200 thermal neutrons
per cm?/sec, or 30 fast neutrons per cm?/sec, respectively.

A considerable amount of heat is generated within the shielding material
by radiation in various ways: When a fast neutron is slowed down by scattering,
part of its kinetic energy is transformed into heat and imparted to the nuclei
of the shield. When a thermal neutron is captured in the shield, a gamma ray
is liberated, and the absorption of this gamma ray releases energy, again in
the form of heat.

Concrete of some form is widely used as the main biological shield in civil
reactors. The temperature rise which can be permitted is thought to be about
30°C, which would correspond to an energy current entering the main shield
of about 20 milliwatt per cm?. For typical power reactors, this figure would
be exceeded by something like a factor of 5, and it is therefore necessary to
introduce in front of the main shield a ‘“thermal’’ shield. The thermal shield
reduces the energy current into the biological shield to an acceptable level by
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suppressing thermal neutrons and gamma currents; however, it will have little
effect on the fast neutrons. '

In addition to possessing high density, a high melting point, high atomic
number, and a large neutron capture cross-section, a thermal shield should
also be stable under irradiation, of good thermal conductivity, and cheap and
easy to fabricate. Iron (in the form of steel or cast iron) was for long regarded
as the obvious choice, since it possesses the required nuclear properties, and
is easily incorporated into the mechanical structure of the reactor. A large
number of substances could be used as neutron absorbers, but in practice the
choice rests between boron- and cadmium-bearing materials.

Concrete is by far the most widely used material for the main biological
shield. Its popularity is due to its cheapness, to its satisfactory mechanical
properties, and most of all to the fact that it possesses many of the physical
attributes of an ideal reactor shielding material. It is a mixture of hydrogen
and other light nuclei, and nuclei of fairly high atomic number. It is therefore
efficient both in absorbing gamma rays and in slowing down fast neutrons by
elastic and inelastic scattering; and the hydrogen contained in the water of
hydration of the set cement is sufficient for the rapid thermalisation of the
intermediate energy neutrons. Its density can be controlled within wide limits,
and it lends itself easily to monolithic construction, without the presence of
heterogeneities and, voids. Its principal disadvantage is the low value of the
thermal conductivity which makes it difficult to extract the heat evolved in
the shield as a result of the attenuation of the radiation; for a high-flux reactor
the resulting temperature gradients can be large enough to constitute an
important design problem.

A great deal of work has been done on conventional and special shielding
concretes, and a wide variety of compositions are described in the literature.
From a practical standpoint the following facts are important: Gammas,
rather than neutrons, generally determine the shield thickness, even in high-
density concretes. Shield thickness can therefore generally be reduced pro-
portionately to the increase in concrete density; composition is usually un-
important. As far as the costs of materials for concrete are concerned, local
variations of price are liable to be important; but superimposed on these
variations is a general tendency for shields to become progressively more
expensive as their density increases.

Structural concrete should not be exposed to radiation exceeding a flux of
about 2x10!'MeV/cm?/sec. in order to ensure acceptable thermal stresses.
This flux is about 100 BTU/hr/sq. ft. and would cause about a 30°C rise in
the shield. Shielding should then reduce this radiation 108-fold to biological
tolerance level which has been defined above.

For preliminary design, heat generation in a concrete shield may be assumed
to be caused entirely by gamma rays that are absorbed. H. S. Davies has
shown that the differential equation describing the temperature distribution
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caused by this heat generation is similar in form to the differential equation
for determining loads, shears and moments in a beam having a length equal
to the wall thickness. In this analogy, loads, shears and moments along the
ficticious beam correspond to the heat generation rate, heat flux, and tempera-
ture distribution through the wall, respectively. The method can also be used
for determining the most effective way for cooling a shield, since the heat
flux removed at a sump is treated as a concentrated load acting upward on the
ficticious beam.

The determination of the thickness of shield required is a laborious cal-
culation. Removal and diffusion theory are used to determine the distribution
of fast and thermal neutrons in the shield, and hence the currents leaking
from the shield. The distribution of gamma radiation from the core and from
(n,y) capture in the shield is then determined, and hence the leakage gamma
current. This analysis has to include the thermal shield, and is repeated until
the thickness required for the desired radiation level of fast neutrons, thermal
neutrons and gamma radiation at the shield surface is obtained.

Engineering Considerations

Shrinkage cracks that can be tolerated in high-quality concrete work —
those which do not affect the structural strength or the ssthetic appearance
of the finished work — are not such as will cause any hazard from the point
of view of radiation leakage, especially as such cracks are hardly ever along
a straight line.

It seems as though specifications have in the past been too tightly drawn,
and that some relaxation could be made in the requirement for uniformity of
density. This conclusion is confirmed by calculations, based on the assumption
that an infinite plane isotropic emitter was shielded by an infinite plane slab
shield, having an attenuation factor about equal to that of a reactor shield,
i.e., approximately 108. The calculations assumed that the radiation travelled
in a straight line, and that it was exponentially attenuated without build-up;:
consequently they tend to overestimate the effect of the region of reduced
density, which in practice would be somewhat blurred by multiple scattering.
A comparison of the density changes observed near an actual construction
joint and the predicted increase in dose shows that to all intents and purposes
such density changes can be ignored. In short, it appears as though the stand-
ards set for good quality civil engineering are already sufficiently stringent
for reactor shield construction.

The design of any hole through the shield should, if possible, be such that
the liner for the hole does not need to be positioned with very high accuracy.
Although it is quite feasible in casting monolithic concrete shields to work to
tolerances as close as 0.01 inch for the lining-up of experimental holes, to do
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so is expensive, because it calls for a rigid steel framework within the shield,
or elaborate jigging, together with a great deal of supervision. A cheaper
method, which resulted in considerable saving in the construction of the
PLUTO reactor shield at Harwell, is to leave oversize holes in the concrete,
through which the liners are inserted when the concrete is set. After positioning
the liners correctly, the surrounding annulus is pressure-grouted with steel-
shot concrete. With this technique one can rely on having no shrinkage voids
between the concrete and the liner tube.

In designing the sections of buildings contiguous to the reactor shielding
it is always advisable to avoid conditions of restraint because the concrete
shielding is subject to continuous thermal movement once the reactor is in
operation.

Research and Development

In view of the rapid developments in the design and actual construction
of reactor shielding, no experimental verification has yet been carried out of
the various proposals for their analysis. To make good this omission, various
measuring devices have been incorporated in the concrete shield of the last
reactor built at Calder and in various units of the first series of industrial
nuclear power stations. These instruments include thermocouples, strain
gauges, moisture gauges and crack width indicators to determine the tempera-
ture distribution through the shield, the strains in the concrete and reinforce-
ment, the amount of moisture remaining in the concrete during operation
and the rate at which cracks open at selected construction joints.

The installation of the instruments had been, at that time, part of an
ad hoc programme to take advantage of particular circumstances and it was
carried out by the Building Research Station in collaboration with the Atomic
Energy Authority. Since then the programme<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>