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General Report.

Generalreferat.

Rapport Général.

Dr.Ing. W. Petry T,

Geschiftsfihrendes Vorstandsmitglied des Deutschen Beton-Vereins, Berlin.!

Two of the many subjects which fall under the heading of reinforced concrete
engineering — namely surface structures and long span bridges — have been
selected for treatment at the fifth meeting, with a view to indicating the trend of
their development. The justification for treating them together is the fact that
both give rise to the same problems: — the need for a more penetrating analysis
of the true conditions of stress so as to mininuse the material required while
still ensuring adequate safety, and, on the other hand, the need for construc-
tional measures designed to ensure that the material is so stressed that ifs
capacity for carrying load is utilised to the utmost.

The categorv “‘surface structures” may be subdivided into shells (or structures
consisting of thin plates of uniform curvature) and folding structures (in which
the thin curved plates are replaced by a polyhedron of facets).

The latter type has hitherto been applied mainly to bunkers and silos, to the
chimney walls, of cooling towers and to roofs. Since the Paris Congress these
applications have repeatedly been the subject of papers in the Publications of
the LLA.B.S.E. The strict theory underlying them, taking account of bending
stresses, has been trated bv Gruber. Griining and Ohlig. Gruber's work is
contained in Vols. 2 and 3 of the Publications, and m Vol. 3 Craemer has
dealt with the stresses in continuous bunker walls due to dead load and to friction
of the contained material.

Nothing arises here regarding applications of this tvpe of structure, but, as
Dischinger has pointed out in his paper, they are a less economical form of
roofing than shell structures, in view of the higher bending stresses.

Under the heading of shells a distinction must be drawn between those spanning
" with simple curvature between supporting girders and those with compound
curvature. In the first group, considerable increases in span are to be reported;
thus Valette refers to a design by Boussiron for a roof of cvlindrical shape in
which the span both of the arches and of the girders is to be 51.5 m, and
Dischinger gives an account of the construction of a roof in which the girders
span a distance of 60 m and the arches 45 m; also of roofs over halls in which
the spans of the arches are up to 100 m with the trusses at relatively short

1 The author died shortly before the Congress and his report was read by Mr. Bornemann.
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intervals. In France, besides cylindrical shells, skew shells have been developed,
the conical shell being a special case, and applications have also been made to
cantilever roofs, saw-toothed roofs, and roofs over halls extending up to 60 m
span. These have been described by Lajaille in Vol. 3 and by Fauconnier in Vol. 2
of the Publications. Finally, under this heading of simply curved shells, there
should be mentioned pipes simply supported between girders.

The most notable example of this form of construction as mentioned by
Valette is a diffuser for the wind channel at Chalais-Meudon, conical in shape
with an elliptical cross section, the axes of the ellipse at the open end being
respectively 23 and 15 m in length, and the structure being supported at points
34 m apart. For large spans such shells are nearly always stiffened by means of
ribs in order to increase their resistance to buckling. The recent tendency as
regards the shape of the arch is to adopt a segment not of a circle but of an
ellipse, with a higher camber than the corresponding catenary since in this
way a more effective girder effect and more favourable distribution of stresses
is obtained in the shell, and since, moreover, this type of arch with its increased
height ensures a very considerable reduction in bending moment; also it has been
shown by Finsterwalder in his contribution to the discussion that the elliptical
cross section is less unfavourably affected by creep than a circular cross section.

In Vol. 1 of the Publications, Finsterwalder put forward his theory of cylin-
drical shell structures in which account is taken of the bending moment in the
direction of the arch, but in which moments in the direction of the genatrix are
neglected. An alternative theory, in which these bending moments also are taken
into account, was published by Dischinger last year in Beton und Eisen, and in
his present paper Dischinger observes that it has meanwhile been found possible
to develop an accurate theory which holds good also of shells in which the height
1s considerably increased and in which the cross section is elliptical or similar;
this theory is about to be published as a dissertation for the Doctorate.

In the case of a simply curved shell, in which the spans of the arches and
girders are large, special attention must be paid to safety against bucklmg this
contingency must be examined both in the direction of the arch and in that of
the genatrix at the same time, for the simultaneous action gives rise to con-
siderably less favourable conditions than would be indicated by separate cal-
culations for the two directions. The problem of a cylindrical shell which is
continuous over several spans has been treated by Dischinger in Yol. 4 of the
Publications.

A general theory for skew shells has been explained by Laffaille in Vol. 3 of
the Publications and has been confirmed by experiment. In Vol. 2 Fauconnier
has described tests to destruction carried out in France to check the validity of an
approximate solution as applied to conical shells. The special case of the parabohc
hyperboloid has been dealt with by Aimond in Vol. 4.

Whereas, in Germany, the mathematical treatment of the design of shell struc-
tures has been pursued to an ever increasing degree of refinement with the object
of arriving at as exact as possible an understanding of the true conditions of
stress, in France greater emphasis has been laid on liberating the designer as
much as possible from the restraint of difficult calculations. The recenciliation
of these two points of view will be mentioned again later in this report.
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In the matter of shell structures with compound curvature no special advances
since the Paris Congress call for mention, but the theory underlying these forms
has been carried a great deal further with the aid of differential equations. The
spherical shells for the large market hall at Dresden, mentioned by Petry in his
paper at that time, have unfortunately not been carried out. Some notable appli-
cations of compound curved shells are mentioned by Dischinger in his paper.
The reports by Aimond and Granholm are concerned with theory; Aimond deals
with the geometrical significance of the general conditions of equilibrium in shells
which are free to bend and hence deduces those marginal conditions which imply
definite and stable conditions of equilibrium with different shapes of shell
structure; Granholm aims at obtaining as simple a solution as possible, in the
place of badly convergent infinite series; he considers the cupola as an elastic
network, and treats the meridian strip as being throughout elastically supported.
In this way the investigation of cupolas with varying thickness of walls mayv be
carried out in a simple manner, and good agreement is obtained with a more
rigorous solution.

The paper by Parvopassu deserves special mention as forming a transition
between the two parts of this meeting. In that paper a brief historical account
is followed by a cross section (as it were) through the whole field of reinforced
concrete construction as applied to buildings and bridges, and the close connec-
tion that exists between research and effective engineering is demonstrated, each
of these activities both stimulating the other and requiring its aid. It is, indeed,
a conspicuous fact at the beginning of any discussion on long span bridges that
spans admit of increase only if the principles of calculation, design and con-
struction are susceptible to check and only if the assumptions — which must
inevitably be made — are found to hold good when extended to cases out of
the ordinary. We need to decide, therefore, the directions in which these assump-
tions require to be clarified and their validity guaranteed.

In the papers grouped under the heading of “long span bridges” those which
refer to arched forms of construction predominate, because arch bridges are those
which offer the greatest promise of notable increases in span, whether from an
economical or a technical point of view. Here the term “arch bridges” is taken
to include all curved structures which are stressed mainly in compression, regard-
less of whether the thrust of the arch is resisted by the abutments or is relm\ed
by tie bars.

There are two conditions to be satisfied on which all others depend; namely
that of minimising the dead weight of the arch and floor structure, and that of
minimising the cost of falsework. The former condition requires a decision as
to the permissible stresses to be adopted, which will affect the working stresses
and the sizes of cross section. Opinions differ considerably on the subject of
permissible stresses, according to the strength of the concrete which may be reliea
upon with certainty on the job; the point can be decided only on the merits of
each particular case, depending on what methods are deemed to be economical for
producing the concrete and, above all, for ensuring its density. In the case
of the Traneberg bridge at Stockholm, as Kasarnowsky explains, a stress of
120 kg/cm? was allowed under the least favourable conditions of loading. Boussi-
ron says that under normal conditions 100 kg/cm? represents a maximum which
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should not be exceeded unless the concrete is hooped, but if this is done he has
no hesitation in doubling the permissible stress. In such a case the section of the
concrete i1s made up of numerous hooped lamellae, the bond between which
must be ensured by the provision of transverse reinforcement.

For the present these limits of stress may be high enough, for it appears from
the papers of Boussiron and Gaede that an increase in the permissible stresses
becomes advantageous only in the case of spans still regarded as exceptional for
reinforced concrete bridges. For every span there is a limit of stress beyond
which an increase is attended by hardly any reduction in weight. If, then, the
limits here given are accepted, the problem becomes that of so designing the
arch that the maximum stress is kept low and oocurs in as large a portion of the
arch as possible; at the same time, the range of variation in stress between the
maximum and the minimum must be kept as small as possible over the cross
section, having regard to fatigue effects and to the elimination of tensile stresses;
that is to say, the absolute values of the moments should be as nearly equal as
possible in every cross section, and they should differ as little as possible over the
length of the arch; apart from this their maximum values should be such that
the line of thrust remains within the core of the arch.

There are three possible ways of approaching this objective: namely by suitable
choice of shape for the axis of the arch, the flow of the moments of inertia
between the springing and the crown of the arch, and by influencing the position
of the line of thrust when striking the falsework. As regards the shape of the arch
the rise is the governing factor and the choice of the rise is usually confined
within narrow limits determined by the span, by the constructional depth available
(in cases where the roadway is above the arch) and by aesthetic considerations (in
the case of a roadway suspended below the arch).

Hawranek, in his paper, discusses the possibilities of influencing the moment
by choosing a line of thrust which deviates from the axis of the arch, and he
shows that it is not possible in this way to obtain complete equalisation of the
absolute values of the moments at all cross sections in the case of a built-in
arch. Boussiron makes an exhaustive investigation into the variation of the
moments of inertia, and refers to the papers by Chalos and Valette which are
printed in Vol. 2 of the Publications. He shows that in this way a considerable
degree of equalisation of moments along the axis of the arch may be obtained.
in Bauingenieur, 1935, Dischinger has made suggestions as to how the extreme
fibre stresses might be equalised by the use of temporary hinges or jacks placed
eccentrically. The proposals made by Fritz in Schweizerische Bauzeitung, 1935,
are similar. A diagrammatic representation of the amount of material to be used
has been found very useful in deciding upon those values which allow for
a free choice. .

The urge towards reduction in weight and towards large radii of gyration has
universally tended towards the adoption of hollow sections. On the question of
hinged versus built-in arches, the bending moments arising in wide spans are
weighing the balance ever more in favour of the built-in type. This, however,
entails an increase in the degree of uncertainty, because no absolutely rigid
fixation is obtainable even in rocky ground, and the lack of absolute rigidity
increases with the magnitude of the load and of the moments at the springing.
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None of the methods mentioned above for designing the arch can attain its
objective unless the moment and thrust are correctly estimated. In the case of
long span bridges it is no longer sufficient to calculate the stresses in the arch
by reference to its undeformed axis, hoping that the arrangements for striking
the centering will ensure that the axis of the arch lies in the intended direction;
it is necessary to go further and check the stresses that may arise both in the
elastic system and in the permanently deformed system that will result from
creep and shrinkage, and to take these effects into account when designing the
cross sections. With this object Hawranek, in his paper, has developed methods
of calculation which take account of varying moduli of elasticity of the concrete
according to its age, and also of the elastic deformation undergone by the axis
of the arch. The same problem has been dealt with by Freudenthal in Vol. 4
of the Publications. Kasarnowsky explains how the secondary stresses brought into
play by deformation were taken into account in the design of the Traneberg bridge.

Calculations of this kind nevertheless remain unsatisfactory unless it is possible
to ascertain the true relationship between modulus of elasticity, age of concrete,
and constructional procedure adopted. Knowledge of this modulus is also neces-
sary for determining the resistance of the arch to buckling, and it is generally
acknowledged that in the case of long span bridges safety against buckling is
a factor which requires to be checked. Measurements which have been carried
out on finished bridges more and more frequently in recent years with a view
to determining the modulus of elasticity have brought no clarification of the
problem, because they have been concerned only with local conditions and with
a limited period of time. It is now established that deformations due to creep
represent much the largest proportion of the total deformation arising, unless
special measures are taken to reduce the creep, which is not always possible.
Dischinger explains that the detrimental effects of creep can be eliminated if
the arch is so shaped that no bending moments arise under dead load, because
under that condition no additional moments can result from creep. This require-
ment can never be strictly fulfilled in the case of a built-in arch, for creep
develops over a long period of time, during which seasonal variations of tem-
perature may cause moments to persist for a long period although the arch
axis coincided exactly with the funicular line for dead weight immediately after
striking the centres. The best that can be done is to ensure that at points where
creep strains may give rise to heavy additional moments. the permanent moments
and the thermal moments persisting over long periods are kept as low as possible.
These difficulties must not, however, be allowed to engender any temptation to
undervalue exact calculations. The latter desideratum is countered by the urge
to simplify the work of calculation, and both these tendencies are reflected in the
paper by Morsch dealing with the effect of braking loads on solid bridges, in
which it is shown how braking effects may beconsidered simultaneously with the
vertical loads in the resulting influence lines. The paper by Valette in Vol. 2 of
the Publications, relating to the validity of calculations for arched types when
applied on a different scale, is relevant here.

In arch bridges wherein the roadway is suspended below the arch it is possible
considerably to reduce the bending moments in the latter if the suspension bars
between the arch and the floor are given the form of a triangular arrangement,
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by being made inclined, that only those hangers come to act which are in tension.
In Vols. 1 and 4 of the Publications, Nielsen has dealt with various systems of
this kind. Boussiron in his paper describes the largest structure with inclined
suspension bars which has hitherto been built, namely the Castelmoron bridge,
which has a span of 143 m.

Let us now turn to the second of the main requirements, namely that of
minimising the cost of the falsework. This is dealt with in the papers by Boussi-
ron, Hawranek and Kasarnowsky. A successful choice of construction for the
falsework is in fact often decisive as regards the feasibility of a long span arch
bridge, or as regards the competitive power of a solid arch against a steel arch.
The maximum reduction in the cost of falsework in relation to the unit price of
the superstructure is obtained when the falsework can be re-used several times,
a notable example of this being the bridge at Plougastel which has three equal
openings and also the Traneberg bridge in Stockholm which has two twin spans.
But conditions as favourable as this seldom arise, and the possibility of limiling
the span of the falsework by dividing it into a number of separately supported
portions becomes less as the span of the bridge increases. The problem which
generally arises is that of building the falsework in a single span which can be
only slightly shorter than that of the completed bridge. When it is remembered
that rigorous conditions have to be imposed upon the accuracy of the intrados
of the arch, and upon deformability of the falsework while the load is being
imposed, it will be clear that the design and construction of the latter entails
difficulties no less formidable than those appertaining to the design and con-
struction of the bridge itself.

A simple and reliable solution as regards the conditions of a satisfactory
deformation is provided by the use of a steel falsework arch, as adopted
for the Traneberg bridge. For still greater spans, however, this type would
rapidly become too heavy and uneconomical, on account of the necessary re-
sistance to buckling. Hawranek suggests that such an arch should be strengthened
by a suspension cable, but as a rule a timber falsework will be more economical,
especially if used in conjunction with a suspension cable, and indeed this often
provides the only means of constructing the work. Apart from suspension cables,
prestressed tension members may often be used with advantage. Arrangements
whereby the desired shape of the centreing can be reproduced and maintained
during the process of loading and striking may also be useful. Finally, forms
of centreing have been proposed which remain in place as part of the finished
structure, somewhat after the manner of the Melan system. In the pure form
of the latter the rigid reinforcing frame constitutes the whole of the falsework,
but for large spans this ceases to be economical.

With a view to reducing the amount of material required for the falsework
it has often been suggested that the latter should be loaded with only a portion
of the weight of the arch; in other words the arch should be built up in the
form of rings, only the lowest of which would have to be carried by the falsework,
the successive rings being supported on those already in position with or without
the aid of the falsework. This very attractive idea is exposed to the disadvantage,
however, that the conditions of stress in the separate rings during the process
of construction cannot be accurately ascertained without difficulty, and that even
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if the desired shape of the finished arch can be ensured by this method uncer-
tainties will still remain on account of variations in the modulus of elasticity
of the different parts which have been concreted at different times, and which have
been subjected to different amounts of pre-stress before being freed from support.

With the striking of the falsework for long span arch bridges the object
pursued is usually that of conferring a definite shape of axis on the arch after
elastic compression has taken place. This objective cannot be attained by merely:
sinking the falsework from below the arch; it is sometimes mnecessary to make
use also of hydraulic jacks inserted at suitable places, so that such loads can be
introduced into the arch as will give rise to the desired conditions of stress and
strain. The object cannot, however, be realised unless it is possible accurately to
calculate the state of deformation beforehand.

The technical limit of span for solid arch bridges is fixed by Freyssinet at
1000 m and by Boussiron at 800 m, the attainment of these spans dependmg
on increased permissible stresses which at present generally lie beyond what is
economically practicable. At the same time spans of between 200 and 300 m.
such as come into question in practice, are already easily obtainable with the
present permissible stresses.

An increase in the spans of girder bridges bevond what has hitherto been
obtained 1s scarcely possible, by the methods hitherto in use, merely by
increasing the permissible stresses in the concrete and steel and by improving
the design of cross sections, because crack formation in the concrete (a ten-
dency which grows with every increase in the stress) tends to 1mpa1r the
life of the structure, and because the own weight of the structure increases so
rapidly that very soon the economic limit is passed. These disadvantages mayv be
overcome if pre-stressing of the reinforcement is applied in such a way that
either the concrete is entirely relieved of tensile stress, or the stress is so reduced
that no cracks can be formed. At the same time a greatly improved utilisation
of the cross section of concrete is secured in this way, which leads to a reduction
in the dead load; moreover, by sufflclently heavy pre-stressing, the deflections
may be greatly diminished. Dischinger in his paper lays down the condition that
the cross section should be so designed, and the pre-stressed reinforcement should
be so arranged, that none but concentric compressive forces will occur in a girder
bridge under dead load. If this is secured, bending effects will arise only under live
load and will be purely elastic, so that the life of the structure will be a maximum.

In order to attain this object Dischinger proposes to separate the principal
steel reinforcement from the cross section of the concrete. and to arrange them
inside the box shaped girder as a suspended funicular tensile polygone, so shaped
that the distances from the neutral axis of the concrete will be proportional
to the dead weight bending moment. The reinforced concrete girder is to be
supported from the suspended reinforcing boom at the points of intersection,
in such a way as to allow the girder to move longitudinally. The reinforced
concrete section will then act under dead load only as a continuous girder carried
-on these internal points of support, and will have to cover much smaller spans
than the external span of the girder. In this way the dead load moments of the
reinforced concrete structure will be reduced to an extraordinary extent, the dead
load stresses becoming relatively small by comparison with the pre-stressing
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imposed by the suspended reinforcing boom. The latter is to be stressed by means
of hydraulic jacks until it transfers the whole of the dead load of the reinforced
concrete girder on to the bearings. The reinforced concrete construction may with
advantage be divided up by joints in such a way that only certain specified por-
tions of the cross sections co-operate statically, and so that the neutral axis
assumes the most favourable position.

As a result of creep in the concrete the intended condition of stress in tne
girder would disappear in course of time. In order to avoid this Dischinger
proposes that the suspended reinforcing boom should occasionally be re-stressed
until a stable condition is attained. Besides Gerber girders, and continuous girders
with spans up to 150 m, Dischinger refers to the design of a suspension bridge
with a reinforced concrete stiffening girder. At the present time a girder hridge of
70 m span is being constructed in accordance with his suggestion. The same
object is being pursued, though in a somewhat different way as regards details,
by Freyssinet. It is to be hoped that by the adoption of solutions of this kina
the spans of reinforced concrete girder bridges may, within the limits of the
economically feasible, still be considerably increased.

Reviewing the conclusions that emerge from this discussion, a number of
general results will be evident. The greater the demands made upon reinforced
concrete construction, whether in the form of shells or in that of bridges, with
a view to increasing the span while minimising the amount of material, the more
imperative does it become to check the assumptions on which our theories are
based, and to confirm whether these continue to correspond with the more
exacting requirements made. As responsible and conscientious engineers we ought
to adopt new and bold methods only when their safety is guaranteed to us by
calculation. We are compelled to make assumptions in order to be able to cal-
culate at all, and in every case, therefore, we idealise the properties of the
material and the mechanical conditions obtaining in the structures. There can,
therefore, strictly speaking be no accurate theories, and what are known as
approximate solutions differ from others mainly in the degree of idealisation
applied to their basis. Does this mean that what are called rigorous solutions are
to be ignored? Not at all; for these provide the only means whereby we can
assess the degree of approximation of the solutions used in practice, and the
more rigorous they are the better will they enable us to do so. Moreover they
provide the essential basis for all experiments on finished structures, for work
in the experimental laboratory, for observing what is essential, and for correctly
interpreting observation.

Conversely, it must be insisted that anonyme who develops rigorous solutions
should be particularly careful to check his assumptions, in order that what
appears to be increased rigour may not merely be more difficult mathematical
treatment. But even mathematical proof of adequate safety is not enough, unless
care is taken, in constructing the work, to ensure that its condition shall corre-
spond as far as is possible with the assumptions underlying the calculations.
To stress this inter-relation between all concerned — theorists and practical men,
testers of materials, staticists, designing and constructing engineers — is one of
the most important objects of this Congress. It is a need which the elucidation
of the theme of the present paper throws into special relief.
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Cylindrical Shell Structures.

Zylindrisches Schalengewdlbe.

Les voiles cylindriques.

Dr. Ing. U. Finsterwalder,

Berlin.

During the last few years the construction of shell roofs has been influenced
by the following two factors:

1) Recognition of the plastic properties of concrete.

2) Endeavours to eliminate tension zones from the concrete of tensile members
as far as possible.

Ever since shell roofs were first introducet it has been sought so to improve
the underlying theory that the design (of what are often very bold constructions)
might be placed on the safest possible basis. As Prof. Dischinger has indicated
in his paper, it has been found possible to describe the conditions of stress very
completely, but an important pre-condition for this continues to be the assump-
tion of an elastic material with characteristics corresponding to those assumed
in the calculations.

In this respect reliance has been placed mainly on the official regulations which
prescribe a value of E = 210000 kg/cm? as a basis for the calculation. On this
value being checked by means of measurements when the shuttering was struck
it was found that the deflections actually observed were smaller than those
calculated, and from this circumstance it was deduced that a higher modulus of
elasticity might be assumed, and with it a greater degree of safety against
buckling than had been taken in the calculation.

The fact is however, that in course of time the deformations considerably
increase and may often reach several times their original values. This increase
in the deformation does not always follow immediately upon the construction,
but more usually it occurs in the warmer seasons of the year when the concrete
is exposed to the sun’s rays and is caused to dry out; in winter time, on the
other hand, only a small amount of movement can usually be observed. Despite
the drop in the modulus for deformation as regards dead loading, an increase in
the stiffness against temporary loading is observed, so that the actual modulus
of elasticity has in fact become greater. If the dead load were to be removed this
deformation would vanish only in accordance with the actual modulus of elasticity
and the greater part of it would remain; it follows, therefore, that the initial
state must have undergone a change.

29
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This phenomenon is important in shell construction, because if the span is
notably large and the thickness is small in proportion to the curvature, a limiting
condition may be reached in which the initial shape undergoes considerable
alteration through bending, this being true of shell construction in much the
same way as of slabs subject to large deflections. Onoe a certain ratio between
the curvature and the thickness (governed, among other factors, by the magni-
tude of the bending stresses) is exceeded, the shell requires to be stiffened by
ribs, just as T-beams are used instead of flat slabs.

The bending stresses in a cylindrical shell can be reduced by the well known
expedient of adopting an increased curvature, made up of sectors of circles, in
the neighbourhood of the springing. This gives small radii of curvature near
the springing where bending stresses mainly occur but where they exert no im-
portant effect, while at the same time the crown portions, where the radius
of curvature is ‘a maximum, are free from bending.

According to its conditions of loading, the shell may be stiffened by cross ribs
in the direction of the arch or in the case of still flatter curvatures by both trans-
verse and longitudinal ribs. The spacing of these ribs will depend on the danger
of buckling in the intermediate portion of the shell, which tends to buckle
into short waves. Since the camber of the shell is very small in proportion to
the length of such a buckling wave, this arch effect is neglected, and buckling
1s calculated as for a flat slab which is stressed in its own plane and fixed along
the edges. The depth of the rib is so chosen that dangerous bending deformations
due to creep are eliminated, and that an adequate guarantee against buckling
~of the ribbed shell between the frames is assured.

On these principles very large arched roofs have been built over aircraft
hangars, covering up to 60 m free span, for the girders with an arch span
of 45 m and very flat curvature. Such a structure is shown in Fig. 1 in the
characteristic one-sided form which offers the simplest possible solution to the
problem in question: The two-storeyed building for workshops and offices was
required to be open on the side of the aerodrome, and to have as flat a roof
as possible, while allowing a free doorway opening of 50 m. Contrary to the
usual arrangement the axis of the arch is placed parallel to the doorway so that
the shell girder with its large moment of inertia spans across the door opening;
at the back it is carried down to the level of the out-buildings and is supported
on a row of pivoting columns, the auxiliary buildings at the back not receiving
any horizontal thrust from the arch. In the end walls and in the central frame
a heavy horizontal thrust from the arch is taken up, and to provide for this the
edge of the arch along the end walls is strengthened to form a tension boom and
is carried on the columns of the wall framing. The central girder is designed as
a two-hinged frame with a pre-stressed tie in the floor, its loading is equal to
the width of the door in one panel, or in the present case 50 m; it is designed
as a twin frame to allow of possible dilatation. The shell is stiffened by thin
ribs at 3.60 m centres which also serve the purpose of transferring point loads
from the crane runways into the arch. In hangars already constructed these
point loads amount to as much as 35 tonmes, and the ribs are thickened
accordingly.

The calculation of stresses due to the point loads was made by the strict
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theory of shell construction, with approximation by means of Fourier series,
and by measuring the deformations on completed structures it was possible to
confirm the results of the calculations.

The carrying capacity of the shell for point loads is remarkably high, a fact
which may be explained by the circumstance that the rib has the effect of
distributing the load, by bending, over a large width, so that the lever arm with
which the internal forces are transmitted to the trusses is a favourable one. The
compressive stresses which arise in all directions due to such a load greatly
outweigh the tensile bending stresses.

Fig. 1.
Aeroplane Hangar Area 35 > 100 m.

The effect of creep on the construction was also examined. Since the heavily
reinforced parts of the structure along the edges are less influenced by creep
than the remaining portions of the shell a not inconsiderable redistribution of
stresses occurs, \\lnch may be estimated with close approximation by repeating
the calculations with the modulus of elasticity reduced to 100000 kg/cm?. It
thus appears, both from theory and from practical observation, that the crown
of the arch subsequently sinks further than the face girders which remain at an

approximately constant level.

The construction of the face girder over the doorway is a problem of some
difficulty and interest. In the first place the illumination of the hangar is effected
entirely at the face girder; lighting from this high level on one side only ensures
uniform illumination over the whole building. In the second place this face
girder, in addition to carrying its vertical load, has to resist a tensile force of
about a thousand tons due to its forming a tie bar for the shell, this force
increasing parabolically from the supports towards the centre of the span.

29*
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In reference to lighting these hangars have furnished some particularly useful
knowledge, indicating that even though the window area is considerably smaller
the same lighting effect may be obtained as with the usual bands of light around
the whole building. The principal reason for this lies in the smaller amount of
glare, allowing the eye to make better use of the available light, and a second
reason is to be found in the light coloured surfaces of the arch which — provided
they lie at a lower level than the band of light — receive direct illumination
and form a very effective additional
source of light for the back portion
of the hangar. Consequently, with
129/p clear lighting area in a hangar
45 m deep, fine mechanical work
can be carried out even with the
doors closed.

The problem of designing the face
girders was solved by the adoption
of a reinforced concrete lattice girder
of special construction. Such lattice
girders have often been used abroad,
secondary stresses being ignored, just
as 1n steel construction, but in Ger-
many this would not be possible as
all secondary stresses have to be in-
cluded within the scope of the per-
missible stress, and moreover the
anchoring of the steel in the tensile
zone is not permitted. These more
onerous conditions were satisfied by
not covering the bars in the tensile
members of the girder until after the
removal of the formwork (Fig. 2).
Since the tensile members are made
up of bundles of round rods, they can

Fig. 2. freely participate in the mnecessary

Trussed girder ever entrance door, angular deformations. In this way,
shuttering removed. ’

apart from the secondary stresses,

it was possible considerably to reduce the tensile stresses in the concrete, though
high tensile steel (2100 kg/cm?2) was used in the tensile members. The system
of truss adopted comprised tension diagonals and compression verticals, merging
suitably into the stiffening ribs of the shell, so as to perform the additional
function of transferring wind pressure from front of the door on to the arch.
The tensile bars consist of a limited number of large round steel rods which are
anchored into the concrete intersection pomnt by means of nuts and plates. At
each intersection the whole force of the diagonals is anchored, after being carried
over the intersection in a flat bend; the counter force of the lower boom is like-
wise carried through the intersection point and is anchored on the other side.
In this way the intersection point is subject to a heavy compressive stress and is
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enabled to equalise the forces of various members. The forces in the thin diagonal
being anchored inside the intersection, and those in the wider lower boom outside
the intersection, the reinforcing steel can be placed in position without difficulty.
In order to avoid undesirable eccentricity, steel erection plates are built in, enabling
the work to be done with great accuracy, and this being the case the verticals
could be made so slender that they receive no tensile bending stresses due to
secondary stresses. The economy of the trussed design lies in the fact that use
is made of the qualities of the high tensile steel, thus saving considerable weight
whilst at the same time increasing the stiffness in every direction. Through the
introduction of the truss the possible span of a shell girder is considerably
increased.

This particular example has been selected from among the many shell roofs
carried out during the last few years, because it illustrates a particularly notable
form and magnitude of the cylindrical type of shell developed in Germany.
Every increase in the size and difficulty of structural problems must be accom-
panied by an extension of our knowledge of the theoretical principles and of
methods of working — and last, but not least, of constructional materials. It
is particularly in respect of materials that we have received such valuable stimuli
from abroad: one may hope that this effect will be mutual, and will contribute
to the enrichment of the engineer’s art.
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Experiments on Models to Determine the Most Rational
Type of Reinforcement.

Modellversuche zur Bestimmung der zweckmifligen
Anordnung der Bewehrungen.

Recherches expérimentales des systémes d’armatures
rationnelles.

Dr. Ing. V. Tesaf,

Paris.

Compliance with the elementary condition that the reinforcing bars must be
placed in the direction of the maximum tensile stresses is essential for good
work in reinforced concrete construction. Obvious as this condition may appear,
it is too often not satisfied in practice. In the design of thin walled structures
especially, certain assumptions are made which are not entirely justified, and
the results of the calculations can then be only an imperfect representation
of the true conditions of stress. If experimental tests are made, either on actual
work or on models, wherein the reinforcing bars have been arranged in accor-
dance with such calculations, the only result will be to show whether the
reinforcement so provided has in fact been adequate: but it is impossible
to infer from such experiments whether the system of reinforcement is
a rational one. '

The object of this contribution to the discussion is to recall attention to
the possibility of devising rational systems of reinforcement through research
by the method of photo-elasticity. This method has been known in principle
for a hundred years, and was made available in engineering practice thrity-six
years ago by the eminent French engineer and scientist Mesnager, since when,
through the notable work of Coker, Filon and other investigators, the scope
of photo-elasticity has been extended to all branches of construction. For the
bibliography of the subject reference may be made to the author’s recent
article in the fourth volume of the Publications.

Three-dimensional problems, wheter plane or curved, are capable of reso-
lution by means of suitable experimental methods, and this applies to both
thin-walled and massive constructions.

In order to reduce the length of this contribution to a minimum, reference
will be made straightaway to an actual example of experimental investigation.
Fig. 1 is an elevation of the cantilever bridge at Bry-sur-Marne, belonging
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to a type several examples of which have already been built in France, in the
neighbourhood of Paris. The cantilevered portion is 22.5 m long on each
side, and the simply supported central portion is 22 m long, giving a clear
span of 67 m. There are no horizontal reactions. The cantilever is rendered
stable by the weight of the filling over a floor which forms an extension of
the lower girder of the heavy framework in which the cantilever is embedded.
This frame leave a free passage, 3.50 m high by 8.60 m wide, for the roadway
which runs along the river bank.

The bridge is of recent construction, the contractors being the firm of
Schwartz-Hautmont. It was considered desirable by the Service des Ponts et
Chaussées of the Seine Department (under Messieurs Levaillant, inspecteur
général, and Gaspard and Peyronnet, ingénieurs, of that service) that photo-

Fig. 1.

elastic experiments should be carried out on a small scale model in the labora-
tories of the Ecole Nationale des Ponts et Chaussées in Paris, with the object
of checking whether the system of reinforcement as indicated by the usual form
of calculations might not have been the cause of the cracking observal to have
taken place in two instances of similar bridges previously constructed. The
following is a brief description of the researches carried out. The model was
made of xylonite, faithfully reproducing the dimensions of the bridge to a scale
of 1:100 so as to ensure similarity between the conditions of stress in the actual
work and those in the model. The model was strengthened, apart from the
parts in compression, to correspond with the reinforcement as experimentally
provided, wherever the proportion of the latter was in excess of 204. It had
been found in earlier experiments that for ensuring similarity in the elastic
phenomena there is in practice no need to take account of reinforcements if
their percentages are less than 204, when using models of a homogeneous
material such as glass, xylonite, bakelite, etc., as the homogeneous material in
resisting tension automatically compensates for the absence of reinforcement
in the model — always provided that the percentage of reinforcement, indicated
above, is not exceeded.

Where, however, the reinforcement is heavier than this, it becomes essential
to increase the strength of the tensile fibres in the model made of homogeneous
material accordingly, and this may be accomplished either by increasing the
thickness of the model or by attaching reinforcements to it to correspond with
those In the concrete in excess of 204 of the cross section.
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In the present case, then, the additional thickness in the model served as its
reinforcement, the cross sections so added being made equivalent to between
ten and fifteen times the excess of reinforcement over 20/, in the tension zone
of the concrete.

The model constructed in accordance with these principles (Fig. 2) was
subjected to a system of forces to correspond with full load on the cantilever
with minimum load over the remainder of the structure. Fig. 3 represents the
first experimental stage, the plotting of isoclines, which are the geometrical
loci of those points where the principal stresses are oriented along the plane

Fig. 2.

of polarisation, the arrangement of which is shown in the right bottom corner
of the same figure. From this the corresponding isostalic lines Fig. 4 were
derived. The stresses parallel to the isostatic lines, which are indicated respecti-
vely by broken and full lines, will be designated as v; and v..

The quantitative solution to the problem is furnished by Fig. 5 which gives
the curves of compression (or tension) from which may be determined the
moments, the normal forces and the shears at any desired section. Figs 6 and 7
show the isoclines and isostats for the right hand pier and for the girders
embedded therein to an enlarged scale, together with certain details which
could not be included in Figs. 3 and 4. It will be noticed that in these diagrams
the isostats in the zones corresponding to the compression slabs are omitted,
for as the present experiments were confined to observations in a single horizontal
direction normal to the median plane of the model, they did not enable a detailed
investigation to be made of the phenomena occuring in the compression slab,
where, in addition to the stresses v, and v,, there is a further stress v;, the
effect of which combined with that of the non-uniform distribution across
the thickness of the slab, is to cause perturbations incapable of being analysed
by observation in a single direction. An experimental solution of the stresses
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in the compression slabs would necessitate the use of a glass model made to
a larger scale and the making of observations in several directions.

Fig. 3.
Fig. 4.

Fig. 9 represents the lines of equal stress v,. The numerical values marked
in Figs. 8 and 9 are expressed in tons per linear metre, and provide a means
of obtaining the average values of the stresses across the thickness in kg/cm?2.
This is done by dividing the numerical value v, or v,, as read off the diagram

.
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by 10e, where e denotes the thickness in metres at the corresponding point
in the actual structure.

The lines of equal stress v, have been indicated as chain lines where
they represent tensions and
as full lines where they
represent compressions. It

XTI i will be noticed that v,
) / l' \ 1s always a tension ex-
AN AN cept in the four cross-

hatched zones, where it
1S a compression, but in
Fig. 9 on the contrary, the
stresses v, are all com-

pressive, with the excep-
> tion of one zone which is
3 ® shown hatched to indicate

§“’ . tension.
g : The practical upshot
SES of this is that the iso-
Ny static lines of Figs. b
gL and 8 fail to confirm the
L I = propriety of the system
gl ° of reinforcement derived
m 2 from calculations made in
q; © l—§ I 9 the accepted way. Mo-
Tow : reover, the experimental
g IR \ study discloses the exi-
3 ®7 J o stence of ltensile stresses
A I S T N in the concrete, which are
R Ny AN not negligible, in those
AN NN zones where the usual cal-
! culation assumes the ab-
\§ sence of any such ten-
. sile effect, the supposition

__ being that all tensile for-
N ces are taken by the rein-
forcement close to the ten-
sile surface.

In order to overcome
the risk of cracking — or
at any rate to ensure that

4602 =4

R L L Rl |

- e T D i any cracks thz?t.d(? occur
r | will be so minimised as
' ® | to be practically imper-

ceptible — there is every
reason for arranging the reinforcements along the direction of the tensile
isostats. Apart from the principal reinforcing bars close to the tensile edge,
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which are required by the usual form of calculation, it is of value to add other
bars in the region separating the compression concrete from these principal

T~ 10..

—R——

Fig. 6.

bars, wherever the amounts of tension as determined from Figs. 6 and 7 are
in excess of the permissible tensile stresses in reinforced concrete.

In conclusion it may be apposite to recall the fact that photo-elastic methods
of measurement offer a means for arriving at the proper amount of pre-
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imposed stress to be applied to reinforcing bars with the object of favourably
pre-stressing the concrete, and of judging its effectiveness.

Lines of equal stress v; values in t/m.

10
10 L
50:{/-’/ |L5 0
100r /_\_“‘200 ~100

650

Fig. 9.

Lines of equal stress v, values in t/m.
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The Shuttering and Concreting of Long Span Reinforced
Concrete Girder Bridges.

Riistung und Betonierung bei weitgespannten
Eisenbetonbalkenbriicken.

L’échafaudage et le bétonnage des grands ponts en poutres de
béton armé.

Dr. Ing. L. Pistor,

o. Professor an der Techn. Hochschule Miinchen.

Engineering work in the last few years has proved the possibility of building
reinforced concrete beam bridges on piers of medium height across spans of
30 to 65 metres, without difficulty either from a constructional or an economic
point of view, which are able to compete with steel bridges. By adopting the
special measures discussed in the Preliminary Report! a further considerable
increase in their scope is to be anticipated. This increase in span has hitherto
been attributed by many to the adoption of higher stresses, and it is true that by
adopting higher stresses in the concrete and in the steel the limiting span can
easily be forced up to a high value. To a mruch greater extent, however, the
problem is one of taking suitable statical measures to eliminate excessive bending
stresses, or, ultimately, to eliminate cracks; at the same time, it is a problem
which affects the whole constructional operation.

In work of this kind the question of scaffoldmg and ooncretmg has already
become important and will be more so as the size of the structure is increased
so as to involve greater masses in proportion to area, greater depth of beams,
and correspondingly greater cross sections. The proportions hitherto in use have
varied between 0.6 and 1 m3/m2 of area, and portions of the structure which
were statically and constructionally independent have been concreted in a con-
tinuous process covering 400 to 900 m2 of ground area, the maximum values
being in the case of continuous girders (for instance, the Saubachtal bridge and
the Denkendorf viaduct for the Reichsautobahn, and also the bridge over the
Oder near Oppeln).2 In constructions of this kind the rate of concreting is
limited by technical and economic factors, and difficulties may arise through lack
of space, complication of girder design and overcrowding of the reinforcement.
An output of about 15 m3 of solid concrete per hour might be regarded as the
upper limit. In beam bridges it is indeed not impossible, as in arch eonstruction,

1 Dischinger: Preliminary Report, page 775 foll.
2 See Pistor: Die neuere Entwicklung des Baues weitgespannter Eisenbetonbalkenbriicken in
Deutschland. Die Bautechnik 1936, N°. 43, page 630 foll.
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to subdivide monolithic parts into layers, but in the case of beams which are
stressed mainly by bending and shear the practice is highly undesirable if not
altogether inadvisable in view of the heavy reinforcement against shear, and of
the marrow neck of the beam which increases the practical difficulties; hence
concreting in one integral piece which includes also the roadway slabs is the
desideratum to be sought.

The precondition for continuous concreting is immobility of the falsework.
This, however, is practically unattainable on account of the variations in load
along the length of the girder, deformations will arise which differ both in
magnitude and in the time of their incidence, and these are combined with
questions of ground supports, timber connections and other factors. The false-
work for beam bridges is in itself heavily loaded, and with present practice as
regards bridge design, favouring a limited number of large main girders, the
load on a line of falsework may be between 5 and 8 tons per metre. In large
bridges the deformations which arise as the loading is increased by the depo-
sition of fresh concrete upwards from below, on top of concrete which has
already set and hardened, cause an undesirable distribution of the stresses and
may cause cracking. The measures to be taken for the avoidance of harmful
effects have been known for a long time, and are:

a) Concreting in strips.

b) Continuity of the falsework with a view to avoiding local irregularities
of the supports.

c¢) Pre-loading of the whole of the falsework and elimination of the defor-
mations before concreting.

All these methods are in use. Concreting in strips has mostly been carried
out by closing with shuttering those portions of the beams which are over
the supports and filling in these directly after the girder is finished, or by
closing the gap after an interval of a few days. This method was used in some
of the new bridges — for instance, in the Denkendorf viaduct3 for the Reichs-
autobahn and in the cantilever beams for the Saale bridge at Bernburg4¢ — and
a similar method was adopted for making the suspended girders. In this way
the influence of the varying amount of stiffness as between the supporting piers
and the spans themselves is eliminated — though at the cost of the homogeneity
of the girder, since the resulting construction joints, when they extend into the
tension zone, must be regarded as cracks produced beforehand. Within the span,
if the falsework has been properly designed and is not too heavily loaded, it is
true that fairly uniform settlement may be counted upon, but there can be no
guarantee against local deformations due to yielding of timber connections, etc.

The same difficulties arise when continuous scaffolding is adopted, an ex-
pedient which indeed avoids the presence of working joints in the concrete but
which does not exclude the possibility of local settlements due, in particular,
to concentrations of load at the supporting trestles. Every irregularity in loading,
as, for instance, that which occurs in the neighbourhood of openings left for
navigation and the like, is a possible source of danger. Hitherto this method has

3 Schichterle: Beton und Eisen 1936, N°. 1, page 1.
¢ Nakonz: Bautechnik 1936, N°. 15, page 216.
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been applied only in one instance, namely, the Sophia bridge at Bamberg?®.
(Fig. 1).

The third method, that of pre-loading the falsework, enables the greater part
of the deformations to be made to occur before the introduction of concrete, so
that the concreting can be carried out quite continuously and there is nothing to
prevent the formation of a
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a further advantage in the posicpp | Langitadlnal section
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Fig. 1.
loading is completed. 6
Pre-loading in this way — the first instance of its use on so large a scale
and with such accuracy — was applied by the author, at the instance of

the autorities concerned, in his design for the Reichsautobahn bridge over the
Inn, in which a total of mare than 1000 linear metres of girders were built in
this way (Fig. 2). Boxes were
provided on the inside face of
the shuttering of the girders, and
these were filled with the gravel
to constitute the loads, a weight *’ﬂ;"“"'"‘m —
A res, je 3, Tt

equal to two-thirds that of the ravel esch) "Mj
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girder 0.6 m3 of concrete per
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possible within the time required rive riviére
for the setting of the concrete ; not Fig. 2.

until the latter had been placed
in position was the gravel removed, keeping pace with the progress of the con-
creting. Further relevant details will be found ir the paper cited below® and also
in the section of the Congress concerned with reinforced concrete construction.
Pre-loading on a very simple system was applied in the construction of the
Sophia bridge at Bamberg,® making use of crane rails. Another application,
similar in form to that employed at the Inn bridge, was made with a view to
eliminating the effects of the deflection of the Melan girder built as a suspended
span, 27.0 m long, in the bridge over the Saale at Bernburgt (Fig. 3). The work

5 Berger: Bauingenieur 1932, N°.21/24, page 305 foll. — Berger: Final Report of First
Congress, Paris 1932, page 359.
6 Endros: Beton und Eisen 1935, N°. 3, page 27 foll.
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at the Inn bridge showed that the costs of pre-loading are low and are out of
all proportion to the increase in safety during construction so obtained. The
complete freedom of the bridge from cracking must be attributed largely to the
elimination of the deflections in<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>