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II

RAPPORT INTRODUCTIF/EINFÜHRUNGSBERICHT/INTRODUCTORY REPORT

C.F. CASADO
Professor de Puentes
E.T.S.I.C.C.P. Madrid

Espagne

INTRODUCTION

Les trois phénomènes qui nous occupent: changement de

température. retrait et fluage. se caractérisent par des variations de

volume, c'est-â-dire par des variations de dimension et de forme
des éléments estructuraux. Leur reconnaissance, d'abord, et l'étu
de des conditions dans lesquelles ils affectent nos structures, —

après, se sont développés dans le même ordre dans lequel nous les
avons énumérés, car l'ingénieur avait été instruit des variations
de température par les structures métalliques, et le retrait se -
manifeste vigoureusement dans les premiers ,iours de vie du béton,
tandis qu'il est difficile d'observer le fluage lent sous des .—

charges, lorsque celui-ci se produit peu à peu et reste masqué —

par le retrait ayant lieu simultanément.
L'héritage des structures métalliques a été très effectif --

pour les variations de température, car, bien que les coefficients
de dilatation thermique de l'acier et du béton soient presque —
égaux (ce qui a été une condition sine qua non pour la réalisation
du béton armé), la moindre inertie thermique des structures
métalliques fait que celles-ci accusent le phénomène avec plus de

virulence. Il a été nécessaire de modifier les points de vue en ce

qui concerne le rapport rigidité-résistance des éléments verticaux

(comme c'est le cas des piliers élancés) et l'énergie therm!
que mise en jeu particulièrement dans le cas des couvertures.
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Le retrait, quoiqu'il s'avère spontanément, n'était pas dans

l'idée des ingénieurs, habitués à 1'imperturbabilité des maçonneries,

car le béton, bien qu'il soit employé depuis les temps des

Romains, était élaboré â base de liants 4 faible activité chimique
et réduit en dimensions, ou confiné entre des maçonneries de
moellons ou en pierre de taille.

Par contre, le fluage lent sous des charges est un phénomène

qui est passé inaperçu au début,- et a été, en collaboration avec

le retrait, la cause pour laquelle les premières tentatives de —
réaliser la précontrainte ont complètement échoué Il a fallu ——

s'habituer â l'idée que tout élément en béton soumis à des actions
externes permanentes, non seulement il subit une déformation
initiale, qui met quelques heures à se produire, mais aussi, pour le
simple fait que les charges persistent, il continue à se déformer

lentement, pendant des années, Jusqu'à ce que le béton ait un cer
tain âge (environ cinq années, pouvant se réduire â deux ou trois
pour les applications pratiques). L'observation du phéhomène était

difficile du aux conditiones de présentation, et dams l'analyse -
experimental il faut tenir compte a deux cas extremes: realisation

a longeur de pieçe constant, et réalisation a effort total —

constant.
Les résultats correspondant à l'intervention des caractéris

tiques objet de notre étude se traduisent, comme nous l'avons dit,
par des variations de volume qui, d'abord, n'auront pas une

importance structurale pour les variations thermiques ou le retrait,
si elles ne sont pas limitées par les supports, tandis que les —
choses sont plus complexes pour le fluage, même dans des conditions

d'isostatisme, puisque il'y a touyours une redistribution -
d'efforts entre le béton et l'acier quand il s'agit du béton armé,

lequelle est beaucoup plus compliqué, par le fait des pertes de -
prècontrait dans les pièces avec armatures actives. Mais ce en —

quoi les deux autres diffèrent, c'est de donner lieu à des effoits
complémentaires si la structure est hyperstatique. Dans le fluage
ces efforts n'ont pas lieu, a moins qu'il se produise un changement

dans le type structural, ou bien, qu'on mit a considérer les
efforts de second ordre dûs au changément de forme.

Bien que le développement des phénomènes n'aie pas importance

structurale directe dans le cas des structures isostatiques,
é'est pf-écisément le fait d'assurer que cet isostatisme soit
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effectif, qui revêt une grande importance, et des dispositions —
convenables seront à prendre a fin d'en rendre le fonctionnement -
appropié aux suppositions du calcul. C'est là le problème de réa
lisation des Joints et des articulations qui, d'ailleurs, ne doivent

pas perturber les conditions d'emploi de l'ouvrage.
Dans le cas du fluago, face à l'activité qui caractérise —

l'intervention des deux autres causes, il existe une passivité —

qui se manifeste par le fait de céder à l'action des charges. Les

déformations augmentent progressivement et se maintiennent entre
elles dans les mêmes proportions si le fluage linéaire est admis,
arrivant même à quintupler avec le temps. Ces 'déformations
peuvent, par elles-mêmes, annuler l'ouvrage, ou en perturber le
fonctionnement, et enlaidissent en tout cas son aspect si les pfé
cautions opportunes ne sont pas prises.

Pour analyser les problèmes de fluage, nous pouvons envisager

ces déformations dans le cas général de pièces courbe comme -
un reccourcisseraent de la directrice en ce qui concerne la compre
ssion longitudinale et Gomme une redistribution de rotations qui
augmente flèches dans les sollicitations de flexion. Ces augmenta

tions successives des flèches sont très dangereuses s'il existe -
une compression longitudinal simultanée et si nous sommes près de

l'instabilité élastique, du fait qu'elles peuvent provoquer le —
flambement des pièces. C'est le cas des arcs et piliers très élan
çéis.

Un cas intéressant pour notre thème est celui du réajustement
des flexions dues à un état de déformations produites par des —
tassements différentiels des appuis, ou provoquées par l'ingénieur
visant à améliorer les conditions de travail définitives de la —
structure. Comme, dans les deux cas, le développement du fluage -
donne lieu à une relaxement de l'état tensionnel initial, il sera
favorable dans le second cas produit naturellement, et défavorable

dans le premier cas, car, alors, il-s'opposera à mos fins.
Le fluage devienne aussi favorable dans le cas de pièçes en

béton armé chargés en compression, puisque si l'acier ést dans sa

phase élastique, le cédiment du béton par fluage, entrainne une -
augmentation de la partie de charge correspondante a l'acier, du

fait de l'égalité de la deformation d'ensemble. Cette redistribution
des efforts, conduite a une meilleur utilisation de lacapaci

té resistant de l'acier, puisque, si le mechanisme esquissé contj.
nue celui-ci atteindra son limite élastique.
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Quant aux problèmes de fluage de l'acier» moud attirons
l'attention sur l'importance des étriers y cercos et dos enrobages

aux pièces fortement chargées pour éviter le flambement local
des barres dans le béton. Pour ce qui est du fluage en traction -
eu relâchement. il importe seulement lorsque l'acier travaille --
près de sa limite élastique, comme c'est le cas des éléments
précontraints. Comme la durée effective de ce phénomène est beaucoup
plus réduite que celle du fluage du béton, son importance est —
moins grande, et il est très effectif, pour la réduire au minimum,
de procéder à la remise en tension des armatures si le système —
appliqué le permet, dans l'instant le plus éloigné possible de la
mise en tension initiale; c'est ainsi done que les pertes tant de

l'aceir que du béton produites jusqu'à ce moment sont éliminée«.
Les effets hyperstatiques sont toujours défavorables dans —

les deux premières actions, parce que s'ils sont favorables dans

certaines zones, il n'est pas alors possible de compter toujours
sur eux et il existe, en plus, une polarité de sens dans les
variations thermiques, tendis que ceux de fluage peuvent, comme —
nous l'avons vu, être favorables dans le cas de tassement
différentiel des appuis.

Leur importance relative dans l'ensemble des actions
sollicitant une structure a été la pierre de touche dans la première
décision à prendrm par tout projeteur de structures: isostatiame
ou hyperstatieme. Dans une première optique lorsque le calcul —
était peu développé ainsi que la techique des fondations, la
préférence pour les structures isostatiques était très marquée. Des

effets désastreux s'y manifestaient à cause des fissurations et -
du mauvais entretien des structures continues construites dans la
première époque d'après une mentalité de monolithisme uni à la —
continuité. Il a fallu passer à une autre mentalité de subdivisién
en parties et de limitation des dimensions, favorisée par la
préfabrication, et qui a donné lieu à l'apparition du joint. Bais ce
lui-ci est un élément faible qui compense en partie les avantages
positits de 1'isostatisme en bon nombre de cas. D'autre part,
l'effet favorable du fluage en tout état des déformations, produit

dans la structure d'une manière naturelle, comme c'est le —
cas des tassements des appuis, a posé à nouveau le problème des -
derniers temps, lorsqu'il a éprouvé, par surcroit, une notable —
amélioration la technique des fondations. D'ailleurs il n'existe
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pas aujourd'hui l'autre obstacle que était la difficulté du calcul

des structures hyperstatiques, car, si compliquées qu'elles
soient, elles sont résolues grâce aux ordinateurs électroniques.

Nous allons passer reviste aux dispositions de project et -
precautions qu'il faut prendre dans les types de structures plus
usuelles, mais en avant nous ferons quelques remarques générales
au point de vue de la construction.

La préfabrication a une grosse avantage, d\i a la reduction
des effects de retrait et du fluage, puisque le developement de

çes phenomena dans une premiere phase (la plus active) ne produit

pas des contraintes apreciables.
La disposition de joints temporaires, pour obtenir une

premiere étape de comportement isostatique c'est très interesant —
pour notre problème de reduction des effects. Dans les archs des

ponts on de converture, c'est classique commancer par un système
a trois articulationes, que sont bouclés au dernier moment.

Dans un grand nombre de cas il s'agit d'une structure evolu
tive que començe isostatique avec des elements préfabriqués de -
moindre poids et resistance, que devienne en différents étapes,-
par adition d'autres parties construites "in situ" arrivant au -
final a une structure composite hyperstatique.

11 faut estudier la redistribution des contraintes dues au

retrait et fluage, entre les différents elements.
Un cas examplaire de la difference de comportement d'une mê

me structure construite par deux systèmes diferents, correspond -
aux ponts précontraintes construits par encorbellements successi
ves, avec char et betonnage "in situ", ou par vousso.irs prefabri
qués.Dans le premier cas le béton est mis en charge a moins d'une

semaine d'âge, par son poid propie et une précontrainte partielle
Dans le second case l'âge de mise en charge des voussoirs est —
presque toujours supérieur au mois. L'évolution des deformatio-
nes et de la redistribution des contraintes doivent être très di
fferents dans les deux cas. Dans certaines ocassions il'y'a aussi

un changement dan3 le type structural.
REVETEMENTS

Les structures que nous pouvons considérer comme étant les
plus simples sont les revêtements rutiers et ceux des aéroports.
Les premiers revêtements mis au point ont été en béton, suivis -
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par caus réalisés en béton armé, et complétés, en dernier lieu,
par ceux exécutés en béton précontraint. Les premières applications

effectuées vers le milieu de la deuxième décennie de ce «—

siècle ont mis en relief les conséquences du retrait, en donnant
cours é ce phénomène dans une disposition structurales ayant une
surface importante en contact arec l'atmosphère. L'apparition de

fissures orientées principalemente en direction transversale, —

avec quelqu'une presque continue en direction longitudinale et -
d'autres en directions irrégulières, ont imposé leur classement
préalable suivant un modèle comportant des joints transversaux,
auquel s'ést ajouté après un joint longitudinal qui était confer
me à la division du trafic.

Dans les années successivee, on a étudié des distances
entre les joints transversaux et leur disposition pour éviter,
autant que possible, les troubles dans le trafic et pour en assurer

l'étanchéité, permettant l'ouverture et la fermeture
correspondantes au retrait et au cycle thermique. Plus tard, des joints
spéciaux ont été créés pour la dilatation, la contraction et même

le voilement. L'introduction d'armatures, sous forme, de grille
de barres a amélioré les solutions permettant d'augmenter —

les distances et de parvenir même à des revêtements presque
continus. L'effet le plus important est celui du retrait et de la -
baisse de tempétature que est résolu en disposant de joints de -
coupe incomplètes, introduits dans un bétonnage continu par
interposition préalable d'un élément séparateur, ou bien en les —
sciant lors du premier durcissement. C'est ainsi qu'est établie
la condition de bords nivelés et d'étanchéité par l'existence —
d'ouvertures très faibles sur une partie de l'épaisseur.

Finalement, nous avons les revêtements avec des unités acti
ves, dans lesquels la précompression du béton résout presque —
tous les problèmes de fissuration et d'élimination de joints, —
mais dans certaines cas la fluage et la disminution de teaperatu
re, peuvent réduire extraordinairement.la efficacité du système.

Les effects de dilatation que produisent des compressions -
tout au long du revêtement ne pourraient donnerlieu qu'à un flarn
bernent de celui-ci tout en relevant ses bords, comme c'est le —
cas courant des revêtements des trottoirs urbains, liais, étant -
donné l'épaisseur et, par conséquent, le poids d'un revêtement
routier ou d'aéroport, ce phénomène est à peine probable, du —

fait, d'ailleurs, que l'augmentation de longueur propre à l'in-
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curvation ascendante de la dalle freine automatiquement la pro—
duction de ce phénomène.

PONTS

Ce sont les ponts que ont soulevé un débat plus important à

propos de 1'isostatisme ou hyperstatisme des structures. Les pro
blêmes se posent avec le maximun d'ampleur de dimensions et de -
charges, mais, en plus, avec la caractéristique spéciale du
passage de véhicules rapides et lourdes, dont les roues agissent -
directement sur le tablier en battant toutes les discontinuités
qui altèrent la surface du revêtement.

Les points clé on été les suivants: du côté du calcul les -
tassements différentiels des appuis, et du côté de la construction,

les joints du tablier. Les décisions dans une ou outre
direction on été affectées par l'évolution tant des processus de -
calcul que des processus technologiques et, très particulièrement,

de ceux que correspondent à l'exécution des fondations. En

fin de compte, el s'agit, comme toujours, d'un problème économique,

dans lequel il faut tenir compte des frais d'entretien et -
évaluer les améliorations effectives dans le service.

Du point de vue contructif, comme le processus d'un pont im
portant dure quelques mois et que le béton perd, au cours de cette

période, son activité rétractive, ainsi que la capacité de -
fluage, il est très important de créer des structures évolutives
qui commencent à fonctionner isostatiquement et qui, seulement -
au moment le plus proche possible de leur mise en service,
deviennent hyperstatiques. On y parvient donc en laissant des arti.
culations provisoires qui sont fermées à ce moment.

Nous allons analyser ensuite les modalités que se présentent

lors de la consideration des ponts en arc et à travées droi
tes.
PONTS A TRAVEES DROITES

Four ce type de ponts, nous avons, face à la solution isos-
tatiqué des travées simplement appuyées à travée indépendante —
par portée, les structures hyperstatiques à travées continues, -
le portique simple d'une portée et les solutions dégénérées du
portique multiple. Cést précisément l'inadaptation de ce dernier
type structural qui est due au fait que les variations thermiques
de la traverse introduissent, dans les piles et culées solidaires,

des flexions tellement importantes qu'elles dépassent d'une

Bg. 11 Schlüssbericht
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manière écrasante 1 économie qui pourraient être réalisée par -
la solidarité des éléments. Les structures de ce type de ponts
que nous appelons dégénérées sont: Le portique en TT, la cellule

en T appuyée simplement sur les extrémités et- la succession
de cellules en T unies par des articulations glissantes. Ces —
deux dernières variations ne seront pas affectées, dans leur
comportement structural, par les changements thermiques, pourvu
que des articulations et des joints soient disposés afin que -
les dilatations et les contractions se réalisent librement. La

traverse continue jouit également de la même immunité.
Toutes les solutions hyperstatiques que nous avons énoncées

ont été entravées par la menace des tassements différentiels
des appuis et il a fallu, comme nous l'avons déjà indiqué

procéder à l'étude du fluage tant dans le béton que dans les ar
giles, afin de réduire les choses à leur propre limite.Lorsqu'il
^âgit de terrains sableux, dans lesquels les tassements se
produisent presque d'un seul coup lorsque le terrain est chargé —
quand a la construction, les contraintes qui en résultent ne dé

passent pas la dixième du valeur initial, la réduction étant -
plus petite, de 50 à 60%, quand le terrain est fondamentalement
argileux et que le tassement se développe graduellement à cause
du fluage des argiles.

Nous avons déjà signalé que ce mécanisme d'adaptation conduit

à des résultats défavorables lorsque l'état de déformation
est introduit par nous, par exemple, en élevant à l'aide de vé

rins une série d'appuis, la neutralisation s'opposant à notre -
but. C'est là un procédé qui a été parfois employé pour améliorer

les conditions de flexion établies, ou bien pour ramener -
les conditions de continuité à charge permanente, lorsque les -
tabliers ont été constuits à l'aide de poutres préfabriquées
ayant la même longueur que la portée et qu'ils son solidarisés
après leur mise en place.

L'avantage de la travée continue sur les travées simples -
Isolées a toujours résidé dans l'économie réalisée par la réduç
tioa de poids et par la compensation de flexions. Mais au fur -
et à mesure que l'importance du trafic s'accroît un nouveau
facteur s'y est ajouté: c'est l'économie dans le nombre de joints,
de deux seulement pour la travée continue, à deux par portée —
peur la travée isostatique. D'autre part, un avantage, celui de

permettre la construction par préfabrication, qui était attri-
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bué â ces dernières en portées moyennes, peut être utilisé, comme

nous l'avons déjà indiqué, pour les travées hyperstatiques en
assurant leur continuité après leur mise en oeuvre.

Une autre des exigences de deux phénomènes, retrait et
variations thermiques, est celle d'articuler les pieds au portique
simple surles portées importantes obtenues grâce à l'utilisation
de la précontrainte. Gela, en plus, annule les effets de tassements

différentiels lorsqu'ils se produisent verticalement. Ces

deux avantages ont donné lieu à un nouveau type dans cette struç
ture, car la silhoutte triangulaire qui correspond aux piliers -
articulés, décomposée en deux cordons, l'un vertical à la compre
ssion et l'autre incliné à la traction (celui-ci réalisé en unités

actives), a donné naissance à la traverse appuyée sur des ce
llules triangulaires. Ce type, conçu par Finsterwalder avec la -
cellule en équerre que nous avons décrite, s'est généralisé pour
des triangles dont les cotés ont les inclinaisons les plus appro
priées aux conditions d'appui. Ces éléments avec une rigidité si
faible, pratiquement nulle dans celui de traction, et avec la —
possibilité d'obtenir le même pour celui de compression en dispo
sant des articulations à leurs extrémités, réduisent extraordi-
nairement les effets thermiques, conservant l'immunité déjà
signalée pour les tassements verticaux.

La réalisation de joints et d'articulations a considérablement

évolué avec l'application des produits élastomériques, résj^
nés synthétiques et chlorures de polyvinyle. Pour les joints
extrêmes, nous avons les solutions des ponts métalliques, où le —
jeu de dilatations et de contractions est beaucoup plus important,

parmi lequelles la plus utilisée étant le joint à double -
peigne, et les solutions proprement dites de ponts en béton à —
éléments tubulaires souples entre des réglettes métalliques dont
le nombre s'adapte à l'ouverture à réaliser. La plus simple
consiste a interposer un produit élastique qui, mis en plaçe a l'état
visqueux, se durcisse après et reste parfaitement adhéré aux sur
faces du béton.

La mise au point de joints efficaces pour des tabliers de -
ponts a été résolue au cours de ces dernières années à cause de

la pression du trafic aux autoroutes des divers pays, dont
l'entretien posait des problèmes importants. Ce sont des éléments —
coûteux, bien qu'ils ne représentent pas un enchérissement pour
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le total du budget, mais l'amélioration du service impose la
réduction du nombre de joints qui marquera un nouveau point favora
ble aux structures hyperstatiques.

Les articulations qui ont également hérité des solutions dé

veloppées aux ponts métalliques, comme celles à rouleau types —

glissants, ont eu, en seconde étape, des solutions propres au bé

ton armé, comme celles d'étranglement de la section dans celles
à rotation et les bielles par double étranglement, ou des piliers
à béquille, dans celles glissantes.

Actuellement, les systèmes d'articulationes d'une traverse
continue répondent, soit à la disposition classique d'une articu
lation de rotation et les autres de glissement, soit à celles de

toutes homogènes permettant des rotations et des glissements en

toute direction. Dans le premier système classique, l'articulation
fixe transmet toute la poussée du freinage et des actiones

sysmiques et tous les autres piliers restent libres d'effets dus
à la température. Dans cet cas pour y parvenir d'une manière près
que parfaite, nous avons les articulations mixtes en néoprène —

pour les rotations et en tefflôn pour les glissements. £ar contre,

les articulations homogènes en néoprène facilitent la rotation

parfaite et ont une capacité limitée pour les glissements.
C'est ainsi qu'à elles toutes, elles absorbent les efforts de —

freinage, mais elles sont affectées par des variations thermiques

et résistent aux efforts de tous les deux par distorsion en

fonction de leur épaisseur. Mais il est très important de soulig
ner que dans les deux cas tant les rotations que les glissements
peuvent s'effectuer suivant n importe quel axe ou quelle direction

sur le plan de l'articulation, ce que est fondamental pour
les ponts courbes ou de grande largeur.

Dans les solutions structurales de portiques dégénérés avec
des piliers solidaires de la traverse, les pieds de ceux-ci sont
encastrés dans des fondations dans la plupart des cas, mais ils
peuvent être également articulés de diverses façons. L'une deltas
est l'articulation de rotation assuré par étranglement de la sec

tion que se prolonge transversalement, avec des goujons ou avec
une plaque de néoprène et, quand les charges transmises sont —
très fortes, l'extrémité du pilier est garnie d'une recouvrement
en tôle d'acier inoxydable. On peut également procéder à

l'articulation glissante avec rotation, grâce au système de bielle in-
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tercalée, ou bien glissante avec encastrement à l'aide de jeux -
de rouleaux permettant le déplacement de toute la section
inférieure, mais non la rotation.

Bien des fois, quand la rigidité du pilier est réduite à'—
cause de sa grande hauteur, il peut être encastré en traverse et
semelles, car, pour cette cause, il ne prendra pas de flexion —
appréciable de la traverse, ni les déplacements de celle-ci ne -
lui en produiront, non plus pour variations thermiques.

Pour la construction de ponts précontraints de grandes
portées, cas extrême ceux à éléments en T réalisés par encorbellements

successifs, il est nécessaire d'étudier très soigneusement
l'évolution des flèches tant au cours de l'exécution que jusqu'à
la disparition du fluage afin d'adapter progressivement la direç
trice pour arranger la situation définitive. Cela exige des calculs

iteratives compliqués, pour lesquels soit pris en compte -
tout l'historique des sections successives bétonnées tant en ce
qui concerne l'évolution du module de deformation que l'introduc
tion successive des charges. Ces calculs peuvent être effectués
avec toute la précision nécessaire grâce à l'ordinateur électronique

PONTS EN ARC

En ce qui concerne les variations thermiques, cette structu
Te fut l'objet d'une grande attention de la part des ingénieurs
nord-américains qui se sont vivement occupés de l'interdépendance

arc-tablier (années 1930-1934). On a étudié, du point de vue
théorique et profitant des expériences en modèle réduit, d'arcs
simples et composés de ponts à l'Université d'Illinois, et même

de quelque expérience directe sur des ponts à être démolis, quel
était le comportement optimal de cette structure complexe lors -
de la considération des variations de longeur de tous ses
éléments. On a essayé divers systèmes de joints tant en traverse —
qu'en piliers, types d'union d'arc et traverse dans la zone
centrale et influence des rigidités relatives des deux éléments. On

n'en est pas arrivé à des conclusions définitives, mais, vu à la
lumière des connaissances actualles, la faille rigidité de
piliers relativement à arc et traverse, fait que ces éléments
prennent peu de flexion pour toutes les sollicitations, y compris -
les variations de longeur d'eux tous, et que la collaboration —
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d'arc et traverse ayant une continuité totale est. la meilleui
solmtion dans tous les cas. Les seules prévisions consistent à -
assurer des piliers à béquille immédiats à la clef si la rigidité

correspondant à leur courte longueur peut y produire la
cisaillement.

C^uant au retrait, le programme constructif peut diminuer —
grandement se3 effets. La construction se fait toujours par
voussoirs longs et une solution intéressante sous cet aspect con
siste à mettre en place des voussoirs courts préfabriques comme

au pont de Parramata.
La disposition de joints pour fermer lors de la dernière —

phase de construction de l'arc est traditionnelle. Sont toujours
classiques les joints de clé et de naissances pour commencer la
structure avec isostatisme d'origine qui neutralise les effets -
de retrait jusqu'au moment du décintrement. Cela permet, d'aille
urs, le décintrement à l'aide de vérins sur la clé qui séparent
graduellement du cintre les deux moitiés de l'arc, déjà en mesure

de fonctionner en tant que tel.
L'autre intervention sur l'arc lor3 du décintrement est celle

de l'utilisation des mêmes vérins pour 1'introduction de

déformations sytématiques provoquant un état tensionnel pour amé-

liocer les conditions de travail dans l'usage de la structure. -
Comme nous l'avons déjà averti au cours de l'introduction, les -
effets de cette intervention restent extraordinairement réduits
en raison du développement du fluage. Par conséquent, si nous dé

sirons obtenir le résultat recherché avec une seule action en —
origine, il faudrait augmenter considérablement la quantité des
déformations initiales, ce qui produirait la sollicitation de la
structure à l'origine d'une manière incompatible avec sa modalité

définitive de travail. Ce que convient est d'agir par phases
successives au délai de plusieurs mois afin de restaurer les —
pertes qui se succèdent au cours du processus de fluage. C'est -
là le cas du pont de Parramata.

Pour le fonctionnement de l'arc en tant que structure soumi
se à des compressions importantes et avec des déformations trans
versales que le fluage augmente, la précision la plus importante
est de vérifier les conditions de possibilité de flambement. —
Pour cela, les études de Dischinger sont toujours fondamentales.
Ce problème est d'autant plus important que la flèche est plus -
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réduit, du fait qu il augmente dans ce sens la poussée et, en —
plus, les termes hyperstatiques dus à nos agents et à l'affaisse
ment des appuis. Pour supprimer ces termes, il y avait pour norme

courante d'avoir recours à l'arc à trois articulations, mais
Cela aggrave les conditions d'instabilité, car son coefficient -
de flambement dans la théorie de Dischinger est environ le tiers
de celui correspondant à celui de l'arc encastré. En outre, la -
déformabilité par fluage donne lieu à une réduction relative de

la flèche plus »grande que pour les surbaissements normaux, raison

pour laquelle les conditions d'instabilité s'aggravent dans une

plus grande proportion. Cela a été l'une des epériences les plus
vives et dramatiques que Freyssinet a éprouvée en 1905 lors de -
l'exécution de ses ponts de la Veurdre, où il a appliqué, pour -
la première fois, le décintrement à l'aide de vérins, lesquels -
ont sauvé la structure. Crâce à ceux-ci, il a pu, lui-même, une
année plus tard, redresser la clé, dont l'affaissement lent
aurait eu pour effect l'effondrement du pont.

Une autre advertissement de nos phénomènes est celle d'appor
teraux arcs très surbaissés la solution d'arcs tympans qui, en
donnant des sections beaucoun plus grandes, réduisent les
déformations unitaires, d'où le raccourcissement de la directrice.

Les articulations des ponts en arcs en béton ont égalément
dérivé des ponts métalliques mais il'y'a aussi la disposition en

étranglement de la section. En général, comme les forces transmi^
ses sont très importantes, lesrevêtements métalliques sur les —
surfaces de transmission, et même sur les parements, sont bien -
appropriés. Une précontrainte dans les deux directions perpendiculaires

à l'axe peut être également fort utile.
EDIFICES

Pour les structures du bâtiment, type réticulaire spatiale,
la solution adoptée a été d'atténuer les effets de nos phénomènes

par la subdivisiôn en parties, découpant l'ensemble en halls
où les élongations ne s'accumulent pas jusqu'à produire des
flexions importantes aux piliers et poutres. En réalité, l'effet im

portant réside aux niveaux inférieurs et atteint presque exclus^
vement les piliers, l'effet maximum se manifestant aux piliers -
périmétraux. Gi la structure émerge du sol, l'influence s'exerce
presque uniquement sur ceux du niveau inférieur, dont les pieds
restant pratiquement immobiles du fait qu'ils sont encastrés
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dans les fondations, tandis que leurs extrémités sont soumises -
aux elongations subies par les planchers à partir du centre élas
tique de l'ensemble de leur sections. Si la structure comporte -
des niveaux.au-dessous du rez-de-chaussée, nous aurons une situa
tion intermédiaire en passant des zones en sous-sol, où le cycle
thermique est plus réduit, aux niveaux supérieurs dé,jà soumis au
cycle normal.

Aux niveaux intermédiaires, comme tous les planchers se ——

trouvent dans des conditions analogues, les piliers ne sont pas
sollicités à la flexion, les déplacement de pieds et de têtes
pratiquement égaux.

Par la subdivision en halls ayant des longueurs qui dépendent

des conditions climatologiques et, très particulièrement,
des conditions hygrothermiques (en Espagne, la longueur type est
de 40 m.), les effets de nos agents peuvent être négligés avant
de les prendre en considération pour le calcul, mais il est
nécessaire de vérifier la régularité des réticules et la situation
de creux dans les planchers. Un cas typique de manque de précaution,

qui ne passe pas inaperçu à nos actions, est de laisser de
côté les piliers courts intercalés, pour irrégularité de hauteurs
particulièrement aux niveaux inférieurs. L'effort tranchant qui
correspond à la flexion pour déplacement des têtes peut être
tellement ample qu elle suit metériellement le pilier en question.

Dans quelques cas exceptionnels, il convient de parvenir à
des longueurs de planchers supérieurs à la longueur type, par
exemple, lorsqu'il faut déplacer les efforts du vent à des
noyaux spécialement destinés à leur résister. Dans ce cas, il sera
nécessaire d'étudier 1 ossature spatiale et de déduire les efforts
en poutres et piliers, ce qui est réalisé, en toute son ampleur,
à l'aide des ordinateurs électroniques.

La manière la plus simple d'effectuer la subdivision en
halls consiste a utiliser les plans d'union entre les différents
corps d un édifice, ou bien couper transversalement l'un de ces
corps, lorsqu il sera excessivement long. Le plus normal, c'est
que les plans de coupe coincident avec ceux de quelque portique,
qui devient double, bien qu'en réduisant les largeurs de poutres
et de piliers. Lorsque 1 apparition d'un pilier coupé par la moi
tié ou apparemment plus gros n'est pas compatible avec le bon —
aspect de l'intérieur, on a alors recours à ]a coupure entre pi-
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liers, en divisant les poutres par la section moyenne et en

laissant, si possible, les deux moitiés en console, ou, quand la
portée est importante, en coupant les poutres vers le quart de -
la portée, et en effectuant l'asemblage à mi-bois tout en laissant

une articulation de glissement, qui doit être proprement —
placée, car, sinon, des déchirures peuvent se produire, lesquelles

enlaidissent l'aspect, bien que cela n'ait pas d'importance
structurale.

Les plans de joint doivent être matérialisés, tant à la
structure qu'à tout autre élément additionnel. Si cette condition

n'est pas observée, la division se ferait automatiquément
par de fissures irrégulières.

Dans les bâtiments en tour, des problèmes de fluage peuvent
se presenter dans le cas de noyan central de grand hauteur, si -
la distribution de charge permanent n'est pas symmetrique. Le —
problème est plus grave dans le cas de tour avec planchers suspen
dus, du fait de que toutes les charges sont transmises par le —
noyau.
COUVERTURES

Pour les grandes couvertures isostatiques, il est nécessaire
d'assurer leur fonctionnement correct à partir des supports, les
mouvements étant très importants quand les portées sont considéra
bles. A Madrid, une couverture à fermes métalliques s'est effondrée

sur salle de théâtre quelques jours avant son inaguration,
du fait qu'un parcours insuffisant avait été prévu pour les arti
culations de glissement qui, lors d'une baisse brusque de

température, épuisèrent complément la zone d'appui des poutres de

support. Un motif pareil a donné lieu à grande catastrophe de la
gare de Lisbonne, il y a peu d'années.

Dans le cas le plus gène-rai de structures hyperstatiques et
particulièrement dans le cas de voiles minces, le problème le —
plus important est de faire face à des variations excessives de

forme par l'action du fluage. Il est évident que dans une structure

que nous pourrions désigner comme résistante par la forme,
la perte lente de celle que nous aurious conçue et construite au

début, avec des contre-flèches normales, mettra en état défavora
ble de travail à la structure obtenue au bout de deux ou trois -
ans.
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Le problème s'est posé, dans la première décade de cette -«
type de structure, quand le fluage avait déjà surgi comme une aç
tion importante dans le domaine des structures en béton, bien --
qu'à peine dominée seulement pour les structures linéaires. Et
les conséquences de son action étaient d'autant plus dangereuses
qu'elles pouvaient conduire à des situations catastrophiques
lorsque la structure serait en usage, sans pouvoir être sûrs de

son fonctionnement par un essai de sa résistance lors de sa mise
en service. Le cas s'aggrave pour les surfaces à courbure simple
comme les voiles cylindriques, puisqu'un aplatissement local *—

peut provoquer le flambement de la structure lorsqu'il se répand
de long d'une de ses génératrices. Sous cet aspect, ce sont les
surfaces à double courbure qui résultent les plus efficaces, dans

lesquelles non seulement les déformations tant élastiques que de

fluage sont plus réduites, mais encore tout voilement local
serait confiné dans un contour fermé. Une solution très efficace -
pour les structures à courbure simple consiste à disposer des —
nervures en direction des génératrices.
BARRAGES

Dans les structures volumétriques, comme les murs et les —
barrages, les effets de nos sollicitations sont maximaux et l'ener
gie mise en jeu est extraordinaire, raison pour laquelle il faut
suivre rigoureusement le développement du phénomène. Pour les —
wurs, il est nécessaire d'adopter un système de joints de

contraction placés à des distances relativement courtes (moins de -
8 m. en Espagns), qui peuvent être les Mêmes joints de construction

à surfaces délimitées pour qu'ils se manifestent a l'exte-
rieur en lignes verticales, rendus étanches généralement à leur
intérieur.

Dans le cas de barrages, il est indispensable d'effectuer -
une construction par des tranches transversales avec des joints
radiaux en tant que système principal, complété, lorsque les
épaisseurs l'exigent, par des joints longitudinaux, ou dans 1# -
plus général, par une construction de chaque tranche èn blocs -
parallélépipèdes qui s'imbriquent entre eux conformément à-un —
programme de construction très étudié. La distance entre les —
tranches ne dépasse pas généralement 15 m., et la grandeur des -
blocs 9 * 9 m.
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Les tranches restent isolées jusqu'à la fin de l'ouvrage —
pour se férraer par injection dans tour les cas, lorsqu'il s'agit
de barrages-voûte, puisqu'elles doivent se prêter, comme des

voussoirs, au système de travail en arcs horizontaux. S'il s'agit
de barrages-poids, deux critères s'avèrent pour le traitement —
des tranches, seit l'injection des joints comme ceux des
barrages-voûte formant un seul bloc face à la poussée de l'eau, soit
le fait de les laisser libres; dans ce cas, ils fonctionnent com

me des tranches indépendantes. Il ne faut pas attirer l'attention
sur l'importance que correspond l'étanchéité des joints, assurée
à l'aide de couvre-joints en caoutchouc synthétique ou polyvinyls.

En réalité, le ton de ce système de joints ordonnés dans —
les directions principales avait été déjà donné par la Mature —
dans la formation des systèmes de diaclases lors du refroidissement

des roches ignées.
Le phénomène du retrait d'un massif est si important, qu'on

a été poussé à l'attaquer, dés le début, dans sa production elle
même, en fabriquant des ciments à faible chaleur de prise et en
réduisant la température de la masse par réfrigération de l'inté
rieur*â travers un réseau de tuyaux qui, en dégageant de grandes
quantités de chaleur, abaissent la température maximale atteinte.
FINAL

Nous allons terminer par un résumé de l'état actuel de la -
question au point de vue de3 fheilités du calcul.

Changements de temperature et retrait sont considérés dans
le calcul, presque toujours, conjointement, comparant le second
a une diminution de temperature, çet item a été toujours classique

dans le calcul des structures hyperstatiques.
La mise en consideration du fluage dans le calcul normal —

des ouvrages apartient a une epoque beaucoup plus récente. Dans

une prêmiere etape aux années 30 on a eu compte mais d'une façon
plutôt qualitative, qoique la consideration de la redistribution
dans les piliers de béton armé a conduit a un premier calcul a
la rupture de çes elements dans quelques reglaments nordiques.
Dans cette première etape les travaux de Freyssinet a partir du

pont de Plougastel et ceus de Faber, Whitney, Davis et Shank ont
conduit a des diagrammas expérimentales, utilisables.

Après, dans une seconde etape nous devons mentioner les —
etudes de Dischinger, Leonhardt et A.D. Boss qui ont été très in
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teresants dans le projet du béton précontraint.
Au moment present l'incorporation au calcul normale est de—

finitivament acompli avec la publication des Reconandations pour
le calcul et Execution des ouvrages en béton du Comité CEB-FIP.
On étudié l'évolution du phe'nomene au moyen du coefficient de de

formation, lequel est fontion d'autres cinq coeffients que sont:
conditions climatiques, durçisement a l'âge de la mise en charge,
composition du béton, épaisseur fictive et variation en fonction
du temps. Ceux cinq coefficients son donnés en diagrammas,
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The opening remarks at this morning's session pointed out the
desirability and the hope that, as a result of interchange of experience,
it might be possible to develop reasonably simple mathematical techniques
for designing structures to cope with the effects of creep, shrinkage and
temperature changes that would be as well agreed upon and at least as
simple to apply as the well established and somewhat complicated methods
for dealing with gravity loads.

Theme II for this second session is to consider how to apply the
results of observations and measurements as previously discussed to the
practical design of structures. This would deal not so much with the
computational methods, because those are for tomorrow's program, but rather
the influences these different parameters have in the design of structures.

You have heard Mr. Casado's introduction to this theme in which
he summarized the current state of the art and many of the problems and
gaps in our knowledge. It is my task to give you a summarization of the
contributions for Theme II.

Professor Leonhardt of Stuttgart, Germany, following his own
successful practice, recommends that by care in selecting materials,
proportioning, and curing, the volumetric changes in the concrete can be
minimized. He mentions gap-grading, small cement content, efficient
curing, prohibiting loading of young concrete and other excellent suggestions.

He also mentions selection of sections that behave well, guarding
against excessive prestress. In difficult cases, compression reinforcement
can be added. Many other practical suggestions are brought together in
this excellent summary.

Mr, J. Aichhorn of Austria also has practical suggestions, such
as selection of suitable sections, columns in framed bridges, amount of
prestressing force, thermal insulation, cantilevered construction, and
numerous similar precautions and design possibilities.

K. Ohno and M. Obata of Japan analyze multi-legged bents with
buried tie beams, the former subjected to a single uniform temperature
change and the latter to a different temperature change. Short term and
long term effects are compared with measured values with good results

M. F. Bauer of Austria selected the problem of a cantilevered
beam with sometimes one, but usually two diagonal hangers, the beam
carrying a uniform load for all or a part of its length for extended
times. He concludes with suggestions that variations in tensioning can
minimize the effects of shrinkage.
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Two papers, one by B» Bresler, D. Helmick and L. V.
Ramakrishna of California, U.S.A. and the other by K. Cederwall,
L. Elfgren and A. Losberg of Sw'eden, concern themselves with
analytical and experimental studies of eccentrically loaded relatively slender
columns and compare the results quite satisfactorily.

H. Trost of Hannover, Germany develops a time-dependent
relationship for the effects of creep and shrinkage in concrete and compares
the results with test data. He suggests methods of application to actual
structures.

C. A. Miller of Illinois, U.S.A. presents expressions for
calculating deflections of beams due to creep and shrinkage and offers
simplifying as sumptions.

S. K. Gosh and M, Z. Cohn of Waterloo, Canada offer a
nonlinear analysis of structural concrete from time-dependent stress-strain
relationships. A computer program appears to predict moment curve,
time and deformations for long-time loads that agree with measured
results.

M. A, Saeed and J. B. Kennedy of Windsor, Canada combine the
various approaches including a fictitious modulus of elasticity to compute
rotations and deflections for a simply supported prestressed concrete
structure.

R. B. Warner of Australia also studies time-dependent stresses
and deformations under sustained moment. Moment redistribution with
time in double reinforced continuous beams is considerable even to the
point that the ordinate of the stress block might reduce to zero or even
become tension.

B. Fas s el of France comments on problems of instability under
sustained loading that this effect is not sudden failure but gradual yielding.
Creep does sharply reduce this critical load.

J. Fauchart of France discusses the effect of creep and shrinkage
on prefabricated, prestressed continuous girders.

It can be seen that we do know quite a bit about the behavior of
beams and columns and something about frames, sometimes analytically,
sometimes experimentally and sometimes by a combination. We could,
therefore, hope to formulate procedures and agree upon design methods.

At the same time, we have available a considerable number of
methods for by-passing or avoiding the more serious problems. Readers
of the prepublications and these prepared discussions will doubtless agree
m the following conclusions.

First, that the effects of volumetric changes can be very important.
Structures have, and do, tear themselves apart. Engineers do

attempt to cope with the problem, but mathematical procedures are
not as well established as those for gravity loads.
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Second, that there are several ways to minimize the problem,

(a) One is to cut the building into sections which can accommodate
the anticipated changes.

(b) Another might well be to contain the entire structure within a
prestressed ring, inducing internal compressions roughly comparable
to the tensions anticipated from creep, shrinkage and temperature.

(c) Still another might be to free the structure entirely so that
columns may move on their bases, beams slide upon their supports,
even slabs upon their beams, so as to make the structure s elf-relieving.

(tjjstill another way is to specify certain ranges of parameters and
thereby certain unit values that would permit a reasonably close
estimate of the volumetric changes which must be accommodated
and then establish accepted mathematical procedures to determine
the forces which must be resisted internally by the structure and
transmitted from support to support.

If our Symposium brings to the attention of designers, and especially
those who occasionally overlook these phenomena, the necessity for thinking
about volumetric changes and trying to make some provisions to cope with
them and not simply blithely forget about them, perhaps half of our task
will have been accomplished. It is possible that experts never will agree
upon just how to design for these volumetric changes but would prefer to
keep it a highly individualized matter of judgment. It is, however, more
likely that as the interchange of information goes on, we will be able to
formulate our methods and procedures quite clearly, taking into account
at least all of the major parameters and being able to develop calculations
which another engineer in another country can understand and verify. Then
it will no longer be necessary for building codes simply to say "take account
of the effects of creep, shrinkage and temperature."

To draw what lessons we can from the American Concrete Institute's
Symposium on the same subject held in New York last March, Bob Philleo,
Chief of Concrete Research, Civil Work, U.S. Army and Chairman of
ACI's Technical Activities Committee, will present a report of the principal
accomplishments in New York.
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Hie purpose of the New York symposium was to identify the problem

area in design of concrete structures produced by the effects of creep,

shrinkage, and temperatures; to report and organize the research

information available to assist in coping with the problem; and to outline

practical design techniques. Accordingly, nine designers were invited

either to discuss structures in which the effects of creep, shrinkage,

or temperature had produced distress or to present design procedures

for preventing the problem. In addition, ACI Committee 209 on Creep and

Shrinkage in Concrete presented two state-of-the-art papers: one on the

effect of concrete constituents, environment, and stress on the creep and

shrinkage of concrete; and one on the prediction of creep, shrinkage and

temperature effects in concrete structures. The list of papers and authors

is given in the Appendix.

The first committee report on mechanisms of creep reported specific

data or theories from 78 of the more than 1,500 references in the

literature on the subject. Concrete was considered as consisting of

aggregate, unhydrated cement, solid products of hydration including

crystals and crystallites, and void space containing both strongly adsorbed

and capillary water. The effect of each on creep and shrinkage was examined.

Since it has been observed that dry concrete does not creep appreciably

at normal stress levels, creep, like shrinkage, was attributed to the

presence and movement of water. Since free water and most of the capillary
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water are relatively mobile and respond rapidly to pressure changes,

creep was attributed to the water which is bonded to the hydrophillic

solids comprising the gel. Such water responds slowly to mechanical or

thermodynamic stumuli, but it tends to return to its original position

upon removal of the stimuli unless the return is inhibited by permanent

changes in the solid. The effect of aggregate and unhydrated cement

particles is to restrain the movement. The effects of temperature and

humidity, both as they affect hydration and moisture transfer between

the concrete and its environment were considered. The section on the

effect of stress on creep was largely a presentation of a large amount

of empirical data although it was concluded that non-linearity of creep

is attributable to bond-crack propagation.

The fact that volumetric changes do occur in concrete having been

established, the second paper De Serio established the fact that such

changes can damage structures. In a survey of case histories he described

a parking garage in which a large seasonal temperature differential
produced recurring cracks throughput the structure, a school on a clay

foundation in which drying out of both the soil and the lower portion of

the structure produced extensive structural damage, a school in which the

walls were subjected to unanticipated torsional loading as a result of

thermal and shrinkage volume changes in connecting members, and storage

silos in which the large possible temperature changes between the inside

and outside had not been adequately provided for.

The second report by Committee 209 was a synthesis of data from 56

sources presented as equations to predict creep or shrinkage strains for

Bg. 12 Schlussbericht
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54 conditions of age, loading, environment or concrete properties or con¬

figurations. The equations were supplemented by curves providing correction

factors for yet other conditions.

The remaining papers were reports of practicing designers giving

actual design techniques which they have found to be effective or of

researchers reporting the actual behavior of structures to provide data

for verifying design techniques.

Fintel and Khan presented a procedure for analyzing frames of multistory

structures. The elastic and inelastic shortening of supports of each

slab from the time of the casting were computed throughout the remaining

construction period. An equivalent one-bay frame was used to facilitate
the analysis. Charts were given to estimate the residual differential

shortening for a practical range of ratios of axial column stiffness to

flexural stiffness of the horizontal slab elements. From the residual

differential movements the corresponding moments in the frame could be

computed. Creep of the slab, it was noted, substantially reduced the frame

moments due to differential shortening of supports.

Raths presented a method for computing stresses due to volume change

in a multi-bay frame by repeatedly solving a reference single-bay frame

in which the force build-up was varied from bay to bay in a systematic

manner. He recommended the use of shearwalls for lateral stability since,

when a frame is required to provide its own lateral stability, the required

frame stabilityproduces an excessive build-up of axial volume change forces

in the columns and beams.

Pauw reported on a method for predicting long-time deflections of

a five-span continuously reinforced concrete box girder highway bridge
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which consisted essentially of dividing the instantaneous modulus of

elasticity by 3 and by reducing laboratory shrinkage data by one-third.

Calculated deflections agreed well with those of the prototype.

Pfeiffer and Magura reported the results of instruments mounted on

columns and core walls of two very high concrete frames. They confirmed

the validity of parallel laboratory tests.

Roll had been called upon to compute the deflections in an office

building in which the beams were steel beams designed to act in a composite

manner with the concrete floor above. His approach was a step-by-step

calculation of long time increments of deflections produced by each step

in the construction process. It was assumed that the principle of

superposition was valid and that the increments were, therefore, additive.

Deflections resulting from differential shrinkage and creep were calculated by

the'bomposite section method"of Branson Results agreed well with the

performance of the prototype.

Khan and Fintel discussed vertical creep, shrinkage and temperature

effects which can occur in frames in excess of 30 stories in height. They

recommend that :

1. By utilizing similar percentages of vertical reinforcement

in adjacent columns, differential shortening can be kept to a minimum.

2. Where columns are located close to the shearwall, it is

sometimes advisable to connect them by deep beams designed for load transfer

from the shearwall to the adjacent columns;

3. Where the floor slab between the exterior columns and the

interior shear-wall is expected to be greatly overstressed due to the
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combined effect of creep, shrinkage and temperature of supports, a

possible solution is to hinge the entire floor slab around the shearwall

core in the upper floors;

4. It is usually desirable to detail the partitions to avoid

cracking and loss of acoustical properties even if overstressing of the

structure is not indicated;

5. Particular attention must be paid to the details for the

exterior wall cladding and window frames, both vertically and horizontally

to compensate for the effect of creep and shrinkage.

Martin and Àcosta proposed an equation, taking into account environmental

conditions and rigidity of frame members for determining the maximum

allowable length of one-story concrete structures. The equation serves as

a guide for joint spacing.

Rogers reported on the technique used to design for temperature

changes in a reinforced concrete frame of a 540 foot long two-and-four

story bakery structure in which no joints or cracks were permitted. By

substantially increasing the design horizontal forces over those normally

considered adequate and by casting floors in a checkerboard pattern to

minimize the effects of early shrinkage and creep, a satisfactory structure

was obtained.

CONCLUS IONS

That there is need to take into account in design the effects of

creep, shrinkage, and temperature on concrete structures is no longer

debated. The existence of these two symposia bear general witness to the

proposition, and the papers by De Serio, Raths, and Roll offer specific
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testimony. Structures have been designed without regard to these

phenomena to the distress of the owners.

Having recognized the problem, the purpose of the New York symposium

was to provide guidance for designers. The papers submitted suggest

that there are two available approaches:

(1) Design so as to avoid the problem;

(2) Learn to live with it.
Avoiding the Problem.

Virtually all designers have made some use of the first approach

for years by including expansion or contraction joints in structures which

extend more than a few dozen meters horizontally. The paper by Martin

and Acosta helps to establish quantitative boundaries for the region in

which this approach is necessary.

One of the most fascinating developments in the New York symposium

was the approach recommended by Fintel and Khan in their paper on

conceptual details. They deal with ultra-high-rise frames, which of all
structures must be among those most vulnerable to the disease of differential
volume changes. Yet even here they suggest that it is possible and expedient

to design around the problem. To avoid the problem posed by

differences in vertical movements between the exterior columns and the

shearwall core, the slabs connecting them can be hinged around the shear-

walls, at least in the upper stories. Differential movement among interior
columns can be prevented if all such columns are designed to have identical

steel percentages and volume-surface ratios. The only remaining unsolved

problem is that of large interior columns close to shearwalls, and that
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one can almost be avoided in design by connecting them with a deep beam

which, in effect, makes the columns part of the shearwall.

Raths discusses such items in precast-prestressed construction as

avoiding tee-to-column fixity. If a tee is free to slide at one end,

volume changes can be accommodated and, therefore, ignored. He also

makes one of the significant generalizations of the symposium; excess

frame stability conditions attract and result in the buildup of axial

volume change forces in the columns and beams; there should be no more

stability connections than required by design.

Finally, the approach of Rogers in designing a long horizontal

structure, in which no joints were permissible, by over-reinforcing the

members, may be considered a case of designing around the problem.

Living with the Problem.

Unfortunately, it is not possible to handle all design situations

by clever techniques which circumvent the problem of volume changes.

In all bridge design and in much building design it is necessary to

control camber or deflections. Hinging slabs, adding steel, or providing

sliding joints does nothing to tell the designer how much a member will
deflect. Thus, it apparently is necessary to learn how the volume of

concrete reacts to load, time, and environment and to organize the

knowledge in a form useful to the designer. The greater part of the

symposium was devoted to the second objective: learning to live with the

volume change problem.

In its review of available knowledge Committee 209 explains in its

first report that research on creep and shrinkage has been twofold:
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(1) attempts to understand the basic mechanisms and causes

of creep and shrinkage, and,

(2) attempts to develop empirical design methods. Accordingly,

the review begins with a summary of the existing knowledge of hydrated

cement as deduced by the methods of physical chemistry, reinforced by the

latest scanning electron micrographs. The hydrate is seen as a colloidal

material of high internal surface available to water which, therefore, is

sensitive to volume changes under changing load or humidity. Aggregate

is seen as an unyielding inclusion which restrains volume changes within

the cement paste but which introduces other volume-change effects as a

result of microcracks at paste-aggregate interfaces. These mechanisms

are reasonable and, no doubt, correct. But when it comes to presenting

data, all information is empirical. Apparently the 1500 papers on creep

research in the literature have been unable to describe more than

qualitatively the mechanism of creep. When useful data have been requited,

it has been necessary to test concrete containing aggregates of interest

with various water-cement ratios, loads, ages of loading, and environments.

Thus, the bulk of the review is a marshalling of these empirical

data. Each of the succeeding papers is based on the authors' choice of

the available empirical data.

Required Data.

An important question to the designer is: what data are necessary

for a given job? In their paper on column analysis Fintel and Khan

suggest that it is highly desirable to obtain creep and shrinkage data

from specimens of the concrete mix to be used in the structure stored
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under job-site conditions. All of the authors, however including Fintel

and Khan, assume that such a Utopian ideal will seldom be realized and

have devised design techniques based on data available in the literature.

In its second report Committee 209 assembled its voluminous data

in a group of equations, ready for direct application by designers, cover¬

ing a comprehensive list of problems from camber of shored composite

beams to prestress loss. The equations tend to be complicated, but the

terms are well catalogued so that the paper can serve a handbook function.

Presumably, if one has a computer available he need write any given

complicated equation only once. The preferred starting point for a designer

is the modulus of elasticity of his concrete. If it is unknown, it can

be estimated from the equation in the ACI Building Code which relates

modulus of elasticity to unit weight and compressive strength. Information

is provided to apply corrections to standard creep and shrinkage curves

for age of loading or exposure) humidity, cement content, slump, air

content, aggregate fines, and thickness of section.

The approach of Fintel and Khan is similar in principle but is based

on different data and utilizes different techniques for adjusting the data
(2)

to non-standard conditions. They rely on Hickey's work at the Bureau

of Reclamation for relating creep to modulus of elasticity and on the

(3)
CEB recommendations for correcting for size of member. Rath s relies

primarily on the data developed by Reichard^^ at the National Bureau of

Standards with corrections for size of member as given by Hansen and

Mattock^

Pauw, in a problem devoted entirely to calculation of deflections,

adopts a somewhat different approach. He uses a lower "equivalent"
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modulus of elasticity to account for the effects of shrinkage and creep.

Having selected the appropriate value of E, the problem can be solved

by elastic methods. Roll, in another deflection problem, concludes that

the "effective modulus of elasticity method" is not applicable to his

problem because it involves shored construction. Although his work

related to a structure in place, no reliable data on concrete properties

were available other than core strength. Using that as a start he

proceeded, essentially by the methods of the second report of Committee

209, to deduce the other properties needed for the analysis.

Perhaps the detail on which there is most disagreement among the

contributors to the symposium is how to correct length-change data from

small laboratory specimens to make them applicable to large structural

members. Pauw arbitrarily reduces laboratory shrinkage by one-third.

Martin and Acosta make a similar reduction for temperature length-change

effects. Fintel and Khan use a curve which relates the correction to

volume-surface ratios, but the relation is assumed to be independent of

time. Raths uses a time-dependent correction factor which, within a

single problem, varies from 0.48 to 0.92. Committee 209 steers a middle

course by providing two curves related to minimum thickness of member.

One is applicable for ages up to a year, while the other is applicable

to ultimate creep or shrinkage. Raths' approach is the most realistic.

The effect of large size is primarily to delay volume change by increasing

the distances through which water must diffuse. The difference

between length changes in large and small members is, therefore, time-

dependent
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Choice of Design Approach

With the variety of approaches demonstrated, the questions arise:

which approach is best, or does it make any difference? One means for

evaluating different approaches is to solve the same problem by more

than one method. In their paper on column analysis, Fintel and Khan

analyze a 20 x 49 inch (50 x 125 cm) column constructed of 5,000 psi

(36 megapascal) normal-weight concrete to which a load of 1335 kips

(6 meganewtons) was added during a 293-day period beginning at an age

of 28 days. Given below are the results obtained by Fintel and Khan

and those obtained for the same column from the equations given by

Committee 209:
Total Creep

Creep Strain Shrinkage plus Shrinkage

Fintel & Khan 265 x 10~6 590 x 10"6 885 x 10"6

Subcommittee II 329 464 769

Although the agreement for creep and shrinkage alone leave something to

be desired the two values for total inelastic shortening agree within

10% even though the estimates are based on different data and the

methods used to correct for age of loading and size of member are

entirely different. The actual structural significance of this differ¬

ence is reduced considerably when the effect of reinforcement is introduced

Another significant observation is the conclusion of Pauw that in

using the effective-modulus method the deflection results are rather

insensitive to the exact choice of modulus. He notes that in computing

creep deflections a six-fold increase in the assumed ratio of the modulus

of elasticity of steel to that of concrete increases the computed
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deflection by less than 75% and that shrinkage deflections are even

less sensitive. He makes the further interesting observation that

initial dead load deflections are more difficult to predict than longtime

deflections. It is also noteworthy that with practically no data

available Roll was able to reproduce analytically deflection performance

in the field. Like Pauw he found that for certain purposes it made no

difference whether calculations were based on assumed properties at an

age of 14 days or 493 days.

Thus it may be concluded, at least tentatively, that although 6-

inch (15 cm) cylinders made of different concretes may behave somewhat

differently in the laboratory, by the time the results are modified to

apply to structural-size members and the effect of reinforcement

introduced, the differences are reduced to a tolerable level.

Recommendations.

The final question to be answered is : where do we go from New

York? If, as has been suggested, it is advisable to have data on

concrete to be used in the project before the design can be carried

out with confidence, the traditional American system, which separates

design and construction responsibilities is threatened, and the time

required to execute a structure is increased. If so, the paper by

Fintel and Khan on conceptual details should be required reading for

all designers since it largely avoids the volume-change problem. But,

as has been pointed out, such techniques do not deal with the deflection

control problem. To provide complete control of inelastic volume

changes, either the designers must assume a control over the selection

of materials which is not normal American practice at present or the
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specifications must be complicated by inclusion of shrinkage and creep

provisions.

Happily, the results reported at New York suggest that such

advance information is not necessary. While the ignoring of creep,

shrinkage, and tèmperature effects can lead to serious trouble, the

results almost justify the generalization: "It makes no difference what

you do as long as you do something." It is perhaps significant that

the symposium only included techniques that worked. We did not hear

from those who tried solutions that did not work. However, in all
cases in which it was possible to check calculations against actual

structural performance agreement was satisfactory. A variety of

approaches based on a variety of data has demonstrated that actual

behavior is only mildly sensitive to the considerable scatter in concrete

volume change data. It is necessary only that the data be reasonable

and the design procedure rational.

The question "where do we go from New York?" must be answered

separately franthe two interest groups: those who gather creep and

shrinkage data, and those who must apply it in design. After 1500

research papers, one would like to conclude that we have all the basic

data that are required. And in view of the conclusions stated above,

perhaps enough information is now available to satisfy the requirements

of reinforced concrete design. In the field of unreinforced mass con¬

crete, however, where the long-time ultimate tensile strain is a matter

of concern if cracking is to be avoided which might impair the stability
of a structure and where the mitigating effect of reinforcing steel is

not available, differences between materials are important. The empirical
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data available are not yet adequate. Hydrated cement paste is known

to be the active ingredient in creep and shrinkage. A fairly inexpensive

investigation should becapable of providing a comprehensive understanding

of the behavior of paste takiig into account quantitatively the available

data from surface chemistry. Then, the relevant properties of

aggregate may be introduced as they relate to the role of aggregate

as an inclusion in the matrix. For the restraint function of aggregate,

modulus of elasticity and Poisson's ratio are the relevant properties.

For determining an aggregate's contribution to microcracking these same

properties, or other equally easy to determine, maybe adequate. While

several investigators have approached the latter problem, the

comprehensive study of paste is missing. Ideally, a one-day aggregate test

should permit an accurate prediction of creep and shrinkage of concrete

of any given quality under any set of load and ambient conditions. Not

only would the needs of the mass concrete designer be met, but the

designer of reinforced concrete would acquire the knowledge to permit

him to set limiting values on pertinent properties of aggregates to

insure that the concrete in the project is sufficiently like that assumed

in the design.

As for the design techniques themselves, the New York symposium

placed before designers several available procedures. Presumably the

fittest will survive. It appears that design methods do not have to be

elegant to be effective. Some of the methods might justifiably be

simplified. The relatively simple approach of Committee 209 might also

include relatively simple equations by elimination of some of the minor

terms.
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Finally, it is safe to predict that, no matter how firmly the

engineering profession becomes committed to ultimate strength design,

engineering students of the future will still have need to learn about

transformed sections and the other essentials of working stress design

in order to assure proper behavior of structures under service loads.
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Appendix

List of papers at New York ACI Symposium on "Designing for Effects
of Creep, Shrinkage and Temperature," April 17, 1970.

1. "Effect of Concrete Constituents, Environment, and Stress on
the Creep and Shrinkage of Concrete" - Subcommittee I, ACI
Committee 209.
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2. "Thermal and Shrinkage Stresses - They Damage Structures" -
James N. De Serio, consulting engineer, Buffalo, New York.

3. "Prediction of Creep, Shrinkage and Temperature Effects in
Concrete Structures" - Subcommittee IX, ACI Committee 209.

4. "Effects of Column Creep and Shrinkage in Tall Structures:
Analysis for Differential Shortening of Columns and Field
Observation of Structures" - Mark Fintel, director, Engineering
Design and Standards Department, Research and Development
Division, Portland Cement Association, Skokie, Illinois; and
Fazlur R. Khan, chief structural engineer, Skidmore, Owings
and Merrill, Chicago, Illinois.

5. "Designing for Axial Concrete Volume Changes" - Charles H.
Raths, president, Raths, Mees and Johnson, Inc., Structural
Engineers, Hinsdale, Illinois.

6. "Time-Dependent Deflections of a Box Girder Bridge" - Adrian
Pauw, professor, Department of Civil Engineering, University
of Missouri-Columbia, Columbia, Missouri.

7. "Measuring Performance in High-Rise Structures" - Donald W.

Pfeifer, principal research engineer, Structural Research
Section, Research and Development Division, Portland Cement
Association, Skokie, Illinois; and Donald D. Magura, ABAM

Engineers, Inc., Tacoma, Washington.

8. "Effects of Differential Shrinkage and Creep in Composite
Steel-Concrete Structure" - Frederic Roll, professor of civil
engineering, Towne School of Civil and Mechanical Engineering,
University of Pennsylvania, Philadelphia, Pennsylvania.

9. "Conceptual Details for Creep, Shrinkage and Temperature in
Ultra High-Rise Buildings" - Fazlur R. Khan, chief structural
engineer, Skidmore, Owings and Merrill, Chicago, Illinois;
and ïïark Fintel, director, Engineering Design and Standards
Department, Research and Development Division, Portland Cement
Association, Skokie, Illinois.

10. "Effect of Thermal Variations and Shrinkage on One-Story
Reinforced Concrete Buildings" - Ignacio Martin, partner, and
Jose Acosta, structural engineer, Capacete-Martin & Associates,
Consulting Engineers, San Juan, Puerto Rico.

11. "Temperature Changes on Reinforced Concrete Frame of a Bakery
Structure" - Paul Rogers, structural engineering consultant,
Chicago, Illinois.

12. "Summary" - Robert E. Philleo, chairman, Technical Activities
Committee, and civil engineer, Office, Chief of Engineers,
Washington, D. C.
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SUMMARY

Nine designers were invited either to discuss structures in which the effects of
creep, shrinkage, or temperature had produced distress, or to present design
procedures for preventing the problem. An ACI committee presented available
pertinent research data. The papers presented justified the conclusion that for
reinforced concrete sufficient data and adequate design methods are now available to
permit safe efficient design.

RESUME

Neuf ingénieurs ont été invités soit à présenter des constructions endommagées
par les effets du fluage, du retrait ou de la température, soit à exposer des procédés
de conception pour prévenir ces influences. Un comité de l'ACI a apporté d'utiles
résultats de recherches, qui prouvent que l'on dispose maintenant de suffisamment de
données et de méthodes de conception pour construire d'une manière sûre et efficace.

ZUSAMMENFASSUNG

Es wurden neun Ingenieure eingeladen, entweder um über Bauwerke zu diskutieren,
in denen Kriechen, Schwinden oder Temperatur Verspannungen hervorgerufen hatten,
oder um Berechnungsmethoden für solche Probleme darzulegen. Ein ACI-Ausschluss

legte verfügbare Forschungsdaten vor..Die eingereichten Beiträge rechtfertigten
die Schlussfolgerung, dass für Stahlbeton genügend Daten und entsprechende
Entwurfsmethoden verfügbar sind, die einen sicheren und wirksamen Entwurf erlauben.
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Effect of Aggregate Properties on the Strength and Deformation of Concrete

L'influence des caractéristiques des agrégats sur la résistance à la compression
et à la déformation du béton

Der Einfluß der Eigenschaften der Zuschlagstoffe auf die Druckfestigkeit und
die Formänderung des Betons

PICHAI NIMITYONGSKUL R.B.L.SMITH
Asian Institute of Technology

Thailand

Introduction
The effect of aggregate properties on the strength and

deformation of concrete is of particular importance in pre-
stressed concrete, since it influences the ultimate flexural
capacity, the loss of prestress, and the camber and deflection
of members. It also has implications for continuous
reinforced concrete structures as it affects the distribution of
moments and the rotation capacity of members. Previous work
by Troxell, Raphael and Davis*, Kaplan^, and Kordina^ has
investigated the effect of aggregate properties on deformation
and strength independently. In this study a direct comparison
is made, the influence on workability is taken into account,
and comparative tests of prestressed concrete beams are reported.
Details of Investigations

a) In the first series^'-', compressive strength and
sustained loading tests were carried out on concrete made from
four types of aggregate available in Thailand. These were
limestone, sandstone, andésite, and gravel. The selection was
based on availability in Thailand, extent of use and uniformity
of supply. Natural river sand was used as fine aggregate and
the cement was Type I Normal Portland (Elephant Brand)
manufactured by the Siam Cement Co. The mix proportions by
weight for all specimens were: water-cement ratio 0.5;
aggregate-cement ratio 4.0; sand-aggregate ratio 2/3. In
order to allow a precise determination of the water content of
the mixes, the aggregate was used throughout these tests in an
initially dry condition. Nine 150 x 300 mm. cylinders of
each mix were tested at 28 days for compressive strength. In
the creep tests, 100 x 300 mm. cylinder specimens were loaded
at an age of 40 days over a period of 40 days at stresses of
6.9 and 13.8 N/mm** under conditions of 21°C and 70% R.H.
Deformations were measured along three 200 mm. gauge lengths
at 120° about the axis by means of a Demec gauge. The results
of these tests are summarised in Table I and Fig. 1.

Bg. 13 Schlussbericht
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Table I
Type of

Aggregate
Source Density of

Concrete
(gra/cc)

Cylinder
Strength
(N/mm2)

Aggregate
Absorption
Capacity (%)

Slump*
(mm)

Limestone Rajburi 2.40 35.1 0.63 89
Sandstone Korat 2.32 39.2 4.52 13
Andésite Saraburi 2.42 37.6 1.46 76
Gravel Rajburi 2.37 34.1 1.33 200

Measured on Standard 300 mm. slump cone.

2-o - Sustained stress 6.9 'mm

O
x

24J
Sustained stress - 15.8 N/rnm1

unloaded

reloaded

Kr> I o -

2o 3o Ao Days
Duration of load

Fig. 1

IO 20 Jo AO Days
Duration of load

b) The remaining tests were concerned with the two
aggregates giving the most marked contrast in the first series,
i.e. limestone and sandstone. As a preliminary, mixes of
aggregate ratio as before but with four different water cement
ratios were prepared using the above two aggregates, and the
resulting workability and compressive strength at 7 days were
investigated as given in Table II. From these tests the effect
of the high absorption capacity of the sandstone is evident in
reducing the effective water-cement ratio of the matrix, with
consequent increase of strength and reduction of workability.
From this work it was possible to design mixes for the second
series of relative strength and deformation tests which had
the same workability and mix proportions for limestone and
sandstone aggregates but differing water-cement ratios to allow
for this.

c) The second series of tests was carried out in a
similar manner to that in a), except that only limestone and
sandstone aggregates were used, with water-cement ratios of
0.375 and 0.475 respectively, and four different stress levels
were used for the creep tests. The compression tests and the
start of the sustained load tests were at an age of 7 days.
The results are summarised in Table III and Fig. 2.
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Table II
w/c Aggregate Slump Compacting VB Density Comp.strength

Factor sees. gm/cc N/ 2mm"

0.50 Limestone 89 0.965 2 2.44 31.5
Sandstone 13 0.827 7 2. 29 33.2

o.w Limestone 70 0.950 3 2.46 36.5
Sandstone 8 0.824 8 2.32 37.3

0.35 Limestone 0 0.750 12 2.47 47.2
Sandstone 0 0.694 75 2.33 48.9

0.325 Limestone 0 0.700 30 2.49 40.8
Sandstone 0 0.684 180 2.22 19.5

Table III
Type of Density of Cylinder Compacting VB Aggregate

SpeciAggregate Concrete Strength Factor sees. Absorption fic
(gm/cc) (N/mm2) Capacity(%) Gravity

Limestone 2.45 39.8 0.73 10 0.80 2.65
Sandstone 2.32 43.0 0.73 10 4.38 2.275

r
y
2(

/•sh

Limes tone a.f$re.$afe

J I«-
<0

OS

•A

's
X

?.o

1-5]

c
Si.

^r>

05

- SanJstone aggregate

lO
duration

X
10 20

DuraKon o
3ö 40 Dxyg

if loaJI

d) In addition, six pretensioned concrete beams of which
three contained limestone, and three sandstone, aggregates
were tested for camber and ultimate flexural capacity. The
beams were cast in long-line pairs so that initial prestress
was identical for the members of each pair. Prestress was
transferred at 7 days, and the camber was measured for 3 days
before loading test. The cross-section of the beams was 127 x
178 mm; overall length 3 m. The prestressing force was
applied bv nine 5 mm indented wires, initially stressed to
1100 N/mm whose resultant acted 60 mm from the bottom of the
section. The effective span Tinder center point loading was
2.44 m.

A summary of test results is given in Table IV and load
deflection curves for the beams are plotted in Fig. 3. For
beam pairs 2 and 3i 150 x 300 mm cylinder specimens of the
concrete were subjected to compressive strain measurement to
failure using Demec reading at 120° as for the creep specimens.
The results are shown in Fig. 4.
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Table IV
Beam Mark IL IS 2L 2S 3L 3S

Concrete Strength at 10 days,
N/mm

Camber on release, mm

29.0 31.6 29.7 44.2 25.6 40.0

2.3 3.3 1.8 2.8 2.5 3.2Camber 3 days after release
mm

Ultimate center point load,
kN

2.5 4.1 2.9 3.6 3.4 4.2

33.4 39.0 31.8 41.6 30.5 40.5
Ultimate moment at failure 18.6 20.8 17.8 23.3 17.1 22.6

cross section, Mj>, kNm

Calculated ultimate moment* 18.5 18.9 18.5 21.6 17.1 20.4
Mm kNm

Ratio Mt/Mu H e oH H e H O O.96 1.08 H e 00 H • H H

*Based on Hognestad et al.^



P. NIMITYONGSKUL - R.B.L. SMITH 197

e) Tests on slender reinforced concrete columns
subjected to load eccentric about the major axis, which
were performed by Tharasak,' included three pairs of
specimens in which the effects of limestone and sandstone
aggregates were compared. The results for these tests,
given in Table V, indicate the reduction in flexural
rigidity Bj about the minor axis, corresponding to the
lower effective modulus, for the columns made with
sandstone aggregate concrete, although there is littledifference in the calculated ultimate load Pu (ignoring
the effects of slenderness) based on the concrete
compressive strength. All the columns represented in
the Table failed by lateral buckling at loads less than
Pu and also less than the theoretical buckling load Pcj,
about the minor axis, calculated from the values given.

Detailed analysis is presented in a report on the
complete test series, and it is only intended here to
draw attention to the reduced failure loads of the
sandstone aggregate columns of series 2 compared with
their limestone companions. From this it follows that
in the estimation of the strength of structures affected
by slenderness, it is not safe to base the effective
modulus value on the compressive strength, which was also
the case for the camber deflections of the prestressed
beams reported above.

Table V

Specimen details: overall length 2.08 m
Cross-section: overall depth 254 mm

" breadth 76 ®® (Series 1)
" " 51 mm (Series 2)

Specimen Mark
(Serie
11

s 1)
12 21

(Serie
22

s 2)
23 24

Aggregate type L S L S L S

Concrete Strength
(N/mm2)

30.3 30.4 30.7 28.8 26.2 31.2

Load eccentricity
(mm)

203 203 203 203 254 254

Flexural rigidity B1
(kNmm2)

647 612 169 132 218 172

Calc. buckling load
Pci (kN)

592 535 154 121 204 157

Calc. ult. load
Pu (kN)

208 209 163 159 130 134

Test load P.
(kN)

182 187 109 91 88 67
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Discussion

The following table gives a comparison of the effectivemoduli for short and long term loading from tests (a) and (c)with the values proposed by some design codes of practice.The values are based on the instantaneous deformation under
the stress level of 13.8 N/mm^, and E^. on the creep (i.e.,total deformation minus shrinkage) at 28 days after
commencement of test. The draft British Standard Code9 and
the new ACI proposals10»11 give good agreement with the
results for limestone aggregate concrete, but for other
aggregates, particularly sandstone, the test results give
substantially lower effective moduli values, whilst the
calculated values are marginally increased or unchanged.
Both codes refer to the possibility that certain types of
aggregates may give deformations greater than predicted by the
formulae without giving any specific guidance. It is hopedthat this paper will be regarded as providing some data, but
further evidence is required to enable a more comprehensive
equation to be developed.

Test Aggregate

Test
Results

B.S. Code
1959

ACI 318-63
Proposed

Revision 197°
CP 115
1959

Ei
kN/mm2

Et
2kN/mm

Ec
kN/mm'*

Eet2
kN/mm

Ec
kN/mmE

Ect
kN/mm

Ec
kN/mm'*

Ser. I Limestone
Sandstone
Andésite
Gravel

29.3
16.4
23.4
22.6

11.9
7.0
9-3
9.6

29.8
31 • 5
30.8
29.5

7.9
8.3
8.1
7.8

29.8
30.0
31.6
28.8

11.9
12.0
12.6
11.5

36.0
38.2
37.4
35.2

Ser.11 Limestone
Sandstone

36.0
19.4

18.2
11.5

31.8
33.0

9.1
11.0

32.9
31.5

13.2
12.6

38.6
40.6

In the tests of prestressed concrete beams, the relative
cambers and deflections are as expected, and the high ultimate
load of the sandstone aggregate beam is caused not only by
the concrete strength but more significantly by its high
ultimate strain capacity. This has important implications in
the study of moment-rotation capacity of continuous structures
and in stability problems as in the test of reinforced concrete
slender columns.
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SUMMARY

The effect of variation in the physical properties of coarse aggregate between
commonly used types as exemplified by limestone, sandstone and others, on the
compressive strength and deformation of concrete under sustained loading, was
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studied (a) by keeping all other quantities constant and (b) by adjustment of the water-
cement ratio to give constant workability. The results are of significance in the
design of prestressed concrete and of continuous beams and slender compression
members in reinforced concrete.

RESUME

On a étudié l'influence des propriétés physiques des agrégats de grandes
dimensions par rapport aux agrégats couramment utilisés (p. ex. le calcaire ou le
grès) sur la résistance à la compression et sur les déformations du béton soumis à une
charge constante, (a) sans varier les autres proportions, (b) en adaptant le rapport
eau-ciment pour obtenir la consistence habituelle. Ces résultats sont importants pour
le calcul du béton précontraint, des poutres continues et des colonnes élancées
comprimées en béton armé.

ZUSAMMENFASSUNG

Der Einfluss der Veränderung der physikalischen Eigenschaften der Zuschlagstoffe
zwischen gewöhnlichen Sorten (zum Beispiel Kalkstein und Sandstein)

auf die Druckfestigkeit und die Formänderung des Betons unter ständiger Belastung
wurde untersucht: (a) durch Konstanthalten aller anderen MengenVerhältnisse und (b)
durch Berichtigung des Wasserzementfaktors. Die Ergebnisse sind wichtig für die
Berechnung des VorSpannbetons und der durchlaufenden Balken sowie der schlanken
Säulen aus Stahlbeton.
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Prestressing of Edge Members in Long Buildings to Restrain Shrinkage,
Creep and Temperature Changes

Précontrainte des poutres latérales des bâtiments de grande dimensions,
pour réduire les effets du retrait, du fluage et de la température

Vorspannung von Randbalken in langen Gebäuden, um Schwinden,
Kriechen und Temperaturspannungen entgegen zu wirken
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1. GENERAL CONSIDERATION'S

It is well known that temperature changes, shrinkage and creep greatly
affect cracking of long reinforced concrete buildings. The development of such
cracks cannot be completely excluded without prestressing, though it can be
minimised when contraction and expansion joints are provided. This may be
further improved by the provision of rigid columns suitably spaced and heavy
reinforcement so that all theoretical secondary stresses are taken up by the
frame construction. Obviously, even in such a case the development of fine
cracks cannot be avoided altogether in non-prestressed constructions, although
Hogers^- claims that "after nine years of operation the structure is virtually
crackless". This relates to a bakery at which very large temperature variations

apply, and for a length of 520 ft. (158.5 m. no joints were provided
except for the roof. Temperature variations of - 60°F (- 33°C) were considered
in addition to a temperature drop of 15°F (8.4°0) which had to be taken up by
the stiffness of the framework, the bending moments of the columns being
increased by 200As already stated, it is quite impossible to obtain a
completely crackless reinforced concrete construction in spite of heavy reinforcement,

as the development of fine hair cracks cannot be prevented except by the
provision of an effective prestress. The avoidance of cracking becomes more
important when precast outer surfaces (usually exposed, even polished) are
used which badly show any cracking. 2The first mentioned author designed in 1957 a construction at which 80 m
(240 ft.) long edge beams of a six-storey building were to be prestressed.
This related to single-bay composite floors containing precast prestressed
beams. Although the thickness of the in-situ concrete was reduced to a minimum
it formed in each floor together with the beams and edge members a large
monolithic area over the entire building without interior columns and without any
expansion or construction joints. The main purpose of prestressing was to
avoid cracking. Particulars are described in Section 2.

The magnitude of the prestressing force to offset such tensile stresses
which would cause visible cracking would be very large if the losses due to the
rigidity of long buildings were fully taken into account. This would be greatly

reduced if the prestressing of edge beams could be carried out at the cold
period after which only a small further contraction would apoly. This is, how-
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ever, normally impracticable. In practice, the most unfavourable conditions
must be taken into account. If e.g. a temperature difference of - 27° (15°C)
,is considered together with an equal amount of shrinkage, this would amount to
a contraction, corresponding to a compressive strain of 30 x 10 if a
temperature strain of 10~5 per 1 C temperature difference is taken into account.
For a modulus of elasticity of Ec » 4«5 x 10^ psi (3.5 x lo5 kp/cm^)*, a tensile

stress of 1350 psi (94-5 kp/cm2) would occur, though heating of the
interior introduces further complications. If a tensile stress of, say, 600 psi
(42 kp/cm2) is assumed as permissible to avoid visible cracks, it would still
be necessary to ensure an effective precompression of 750 psi (52.5 kp/cm
However, a considerably larger prestressing force would have to be applied at
both ends of long edge beams if an effective prestress of the above nature
were to be obtained at the centre of the building. The first named author
decided on the magnitude of prestress at the first construction, discussed in
Section 2, on an arbitrary basis for an average prestress of the edge members
of 460 psi (32 kp/cm2). This has proved quite satisfactory. Appreciable
compressive stresses are introduced towards the centre of long outer members at
temperature rise, when normal elongation is prevented by the rigidity of the
construction and thus it may be assumed that the prestress, effective near the
ends, is gradually transferred to the centre.

Leonhardt3 suggests the provision of a limited prestress and states that
an average compressive stress of 5-15 kp/cm^ (70-210 psi) should be sufficient.
However, even for such an insignificant minimum effective prestress appreciable
prestressing forces would have to be applied at the ends to overcome the losses
due to rigidity. In the example shown by Leonhardt, it would be interesting
to know how large a prestressing force had to be applied at the ends to overcome

the friction of the 71 m (232 ft) long wall (fig. 3)
Obviously the provision of a partially prestressed construction is quite

satisfactory, either according to Class 2 of FIP-CEB at which visible cracks
do not occur (e.g. with a permissible tensile stress as mentioned before); or
a construction according to type (ii), as described by the second author in
1950 and at the 8th AIBS Congress 1968', which was also included in the "First
Report on Prestressed Concrete" of the Institution of Structural Engineers 1951.
This type (ii) (which unfortunately has been completely ignored in the FIP-CEB
classification) presents a fully prestressed construction under normal loading
with the possibility that fine hair cracks may develop occasionally under
temporary extreme loading; this applies in the present circumstances to severe
frost. These cracks would, however, be completely closed under ordinary
conditions.

The experience with the first buildings (see Section 2) was very
satisfactory in as much as cracks were not noticed and a contraction at the ends of
the building of a magnitude of j? in. (12.5 mm) was noticed when the building
was not heated in winter. This indicates that the prestressing force was
overcoming the rigidity of the framework. The firm of Consulting Engineers, Jan
Bobrowski and Partners, has continued with the provision of prestressing edge
beams of long multi-storey buildings. In order to ascertain this, it was
considered important to carry out strain measurements. This was first done at a
parking garage in Bristol® at which photo-elastic stress meters were embedded
in the concrete (see Section 3). In another parking garage in Reading the
longitudinal non-prestressed, central beam was interrupted by transverse ramps,
and in the roof transverse cracks developed which stopped at a distance of
about 6 ft. (1.8 m) from the prestressed edge beams, as described in Section 4»
Cracking was avoided altogether at another garage in Reading at which also the
longitudinal centre beams were prestressed. In another building, at present
tinder construction (Section 5),vibrating wire strain gauges are being embedded
in the concrete which should enable the authors to study the gradual develop—

* The stresses are given in psi (lbf/in^) and in kp/cm^ (kgf/cm^) rather than
in N/mnr which fortunately has not yet been introduced internationally.
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ment of prestress in the edge beams and the influences of temperature changes;
there being thermo couples provided which allow the measurements of the
temperature inside the concrete. It is hoped that a more detailed report after
temperature movement during the two coming winters can be presented at the
Amsterdam Congress 1972.

Finally it is pointed out that the design should allow great flexibility
in longitudinal direction while still ensuring full stability of the building.
Such a solution has been embodied in a design for a proposed building at which
some of the rigid corner supports are on rollers.

2. WATSON HOUSE. FULBAM, LONDON

2
As described in paper there are two 6-storey wings (see cross-section

Fig. l), 15 m (51 ft) wide and 50 m (96 ft) high. The 0.6 m (2 ft) deep floors
are of composite design, comprising precast pretensioned beams spanning the
entire width and an in-situ concrete topping placed on prefabricated concrete
shuttering between them. The edge members in each floor (detail A of Fig. 1,
as seen in Fig. 2) were prestressed. They are of composite nature, the lower
part being precast with pretensioned tendons, the upper part cast in-situ at
the same time as the topping to the main floor deck. The precast part which
carries the dead weight of the floor contains a chase in which one of the two
19-wire strands 1 1/8 in. (28.7 mm) dia. was placed, the other being located in
a duct of the upper part. The minimum breaking force ofthesewas 362 x 10^ lbs
(162 x 103 kp) the initial prestressing force being 70/ of this value and an
average effective force of 60% (allowing t\0% losses has been considered,
resulting in an average effective prestress of 460 psi (32 kp/cm^), as indicated

in Fig. 3» which shows the various stress conditions. Slender reinforced
concrete columns supported the beams. Though this design was only experimental
it has proved to be quite satisfactory and, as already stated, shortening of
approximately l/2 in. (12.2 mm) occurred at each end over a length of 80 m

(260 ft). This would correspond to a temperature reduction (including shrink-
-age) of 33°C (59°F).
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5. CAR PARK AT THB UNICORN HOTEL. BRISTOL

This and the following two car parks, described in Section 4» axe based on
similar designs inasmuch as precast structural diamond frame wall units formed
the outer walls, whereas precast reinforced concrete frames were used for the
central spines, the first two car parks containing one central spine and the
third car park having two such constructions. In each case long span,composite
floors were used similar to the building described before. This is, in the
author's view, advantageous from the production point of view because of the
reduced number of columns and it is often also more economical. The composite
floors were propped in all the designs, which with inverted T units greatly
improves the economy.

Pig. 4 shows the elevation of the car park adjacent to the Unicorn Hotel,
Bristol. The main element in the external walls is the precast "double diamond"
unit, mentioned before, which incorporated an integral ring beam, as indicated
in Pig. 5« Each upper ring beam contains five post-tensioned tendons of 1 1/8
in. (28.5 mm) dia. At the first floor level there are six such tendons provided.

Each of the tendons was tensioned to JOfo of its strength. The precast
"double diamond" units have steel shoes with locating studs, which were removed
before stressing. There was little friction at prestressing since the steel
shoes were lubricated with graphite and only afterwards connected by welding.
Finally they were protected by a 1 is. (25.4 mm) thick layer of Pyrok (a.cem-
entitious gypsum mixture). A relatively high prestress was introduced in the
precast concrete, since prestressing was carried out, before the in-situ
concrete was added.

The floor construction, already described, is seen in Pig. 7. External
support at ground level is obtained by five V-shaped members 40 ft. (12 m)
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apart each carrying approximately 1,700,000 Ibf (770,000 kgf); each arm
containing three tendons of 12 wires 0.276 in. (7 mm) dia., anchored in the foundation

pile cap and carried through the first floor ring beam. Post-tensioning
of these V-shaped supports was carried out after completion of the first floor.
All external structural elements are of white concrete with Capstone aggregate.

This system is highly statically indeterminate and was designed by the
first named author by analogy to rigid walls and anchorage zones which allowed
dimensioning of the "double diamond" element. It was subsequently checked by
Professor Z.S. Makowski and Professor J.R. Bussey, who developed a computer
programme based on statical indeterminacy of 362, as stated in paper", requiring

990 simultaneous equations. The building was self supporting during
erection,and each stage was analysed separately.

In view of the complexity of the design it was decided to check the actual
stresses by means of photo-elastic stress meters. These are bi-axial glass
gauges which, when bonded to the material subsequently subjected to stress, allow
the magnitude and directions of the applied principal strains to be obtained
from photo-elastic fringe patterns visible on the gauge if it is observed with
polarised light. Fifty such stress meters, produced by Horstman Ltd., Bath,
England, were embedded in diagonal and horizontal precast concrete and in-situ
concrete members at first and second floor levels and two at the bases of "V-
shaped" columns. Principal particulars of positioning are shown in Fig. 6.
This construction was built in 1965 and the stresses were assessed for the
fully erected building under dead load only, based on the strains from the
photo-elastic cylindrical plugs. The stresses obtained for the bases of the
"V-columns" agreed very well with the calculated values. Most of the compressive

stresses, obtained from the stress-plugs inserted in precast concrete,are
in some agreement with the calculated stresses. Some are as close as 94$ of
the calculated values, others fall down to 60$, whereas in two cases the
difference is even greater. This seems to indicate that there were secondary
stresses and/or friction influences at prestressing, in spite of the provision
of sliding. Most of the stress plugs inserted in the in-situ concrete did not
function satisfactorily, probably in consequence of imperfect bond. A number
of plugs did either not work at all or gave -unreliable results particularly
when in tension. It is claimed by the manufacturer of the stress plugs that,
in the meantime,improvements have been made which should give better results
in future.

In March and August 1970 further strain measurements were made. The
temperature in March was + 42°F (+5.5°C) and in August + 68°F (20°C) respectively.
A number of stress meters indicated variations in the stress level at several
points along the length of the girder, relevant to the ambient temperature of
concrete.

Generally the stress meters located in the compressive zone of the beam,
near the supports, reflected the restrained expansion of the girder by the
definite increase in the compressive stress.
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4. CAR PARK. YIELD HALL. READING

The construction of this car park is similar to that in Bristol, exceptthat instead of the V-shaped columns, single columns were provided at 5 ft.(1.50 m) centres. Moreover, in this two-bay building of similar width to theBristol design, the arrangement of the ramps was different and the centre spinebeam was interrupted. As already stated in Section 1, transverse cracks
developed in the roof construction, as indicated in Fig. 8. These cracks extended
across the building and terminated at a distance of about 6 ft. (1.8 m) fromthe prestressed edge beams. This clearly shows the efficacy of prestressing ofthe selected construction. The car park was completed in 1966.

Based on this experience the centre beams of a second car park in Reading,
having three bays, were prestressed. Otherwise, the construction is in principle

the same. This building, which was completed in 1968, does not show anytransverse cracks.

5. OFFICE BUILDING, WESTMINSTER. LONDON. 1970

This is a four-storey building, 192 ft. (58 m) long and 108 ft. (32.8 m)
wide, as seen in the photograph, Fig. 9, whereas Fig. 10 shows a typical plan.There are two staircases at the ends and the walls enclosing them are providedwith sliding joints to facilitate prestressing in longitudinal direction. The
external walls are precast, and all surfaces have exposed polished concrete.
The precast ground floor columns have cantilevers and are 12 ft. (3.6 m) apart.They are separated from each other, as indicated in the picture, Fig. 9. The
columns are connected with the upper floors by reinforcement so placed as to
give minimum stiffness in longitudinal direction, but appreciable stiffness
transversely. The upper floors contain precast load bearing box frames which
are connected to the edge beams to achieve a similar effect to that at firstfloor. The floor construction is similar to that of the previous buildingswith the difference that the prestressed beams of 21 in. (O.53 m") depth are
4 ft. (1.2 m) apart. There are two outer bays of approximately 50 ft. (15 m)
span. Along the spine,precast reinforced concrete H-frames are provided 20 ft.(6 m) apart. Cross-section of the edge beams are seen in Fig. 11: "A" refersto a normal case at which the in-situ slab is connected with the edge beam. Itcontains two tendons, each of them comprising two cable of four No. 0.6 in.(15.3 mm) dia. strands. Section "C" refers to a part adjacent to the staircase
(where a strain gauge has been placed) without slab, whereas the horizontalSection "B" indicates that the joints between adjacent precast parts remains
open for 6 in. (15 mm), which means that the prestress at the joints is greaterthan within the edge beam of relatively large section. This design had been
completed before the car parks at Reading became operational, however, it wasstill possible to incorporate the post-tensioning of the transverse edge beams
in full appreciation of its advantages clearly demonstrated in these car parksdescribed in th« preceding section.

Since such a design is very complex with regard to determining the inherent
rigidity, causing loss of prestressing, more reliable strain measurements

were introduced to investigate the development of the prestress in the various
edge beams and to study the effects of temperature changes.

Vibrating strain gauges were embedded in the edge beams; generally,three
gauges were provided at each edge beam (one approximately at the centre and oneeach about 20 ft. away from the ends). At the roof two more strain gauges arebeing provided at the two longitudinal edge beams at intermediate positions.These gauges were developed by the Building Research Station and are manufact-
ured by Deakin Instrumentâtion Ltd., Walton—on—Thames. The type is a pre—tensioned transducer and allows measurements of internal slowly varying strains(e.g. due to temperature change) in the concrete. The gauges and the measuring
equipment, including that for determining the internal temperatures by means ofthermo couples, were provided by the Building Research Station, which is co-
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operating1 in these investigations,

and the assistance
of Mr D.W. Bryden-Smith is
gratefully acknowledged.

At the time of writing
this paper, a limited number
of measurements only have
been made: however, they
have already revealed some
interesting results. For
example, in the east facade
edge beam of the ground floor,

the gauges at 21 ft
distance from the ends showed
after prestressing compressive

strains of 26 x 10 and
41 x 10~" respectively,
whereas near the centre the
strain was only 15 x 10~".
The difference near the two
ends can be explained by the
fact that the second strain
relates to a rectangular
section ("C" in Fig. ll)
wherea.s at the first ("A" in
Fig. ll) the slab of the
floor co-operates and takes
up a part of the prestress.
These strains would correspond

to respective stresses
of 117 and 184 psi (i.e. 8
and 12.9 kp/cn)2) at the ends
and 67 psi (4.7 kp/em at
the centre for Ec,= 4.5 x
10 psi (315 x 10* kp/cnr).
The nominal compressive
stresses for the entire cross
section of the longitudinal
edge beams was at prestressing

270 psi (19 kp/cm^) at
the ends. It should be noted

that the edge beams carrying

the ground floor were
propped at the time which
must have contributed to the
losses, and it will be
interesting to ascertain the

changes after removal of the props, and of course proper allowance will also
have to be made for proportion of prestress taken by heavy reinforcing bars in
the first floor beams which is particularly concentrated towards the corners of
the building, A later measurement at higher temperature shows an appreciable
increase in the compressive strain at the centre, elongation being hindered by
columns.
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6. CONCLUSIONS

Experience described in the foregoing, has shown that the development of
cracks in long multi-storey buildings without expansion and/or contraction
joints can be satisfactorily controlled by prestressing. This is preferably
applied to longitudinal edge beams and, in wide buildings, to longitudinal
spine beams and transverse edge beams. Provisions should be made to allow con-
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traction of the teams during prestressing to ensure compatibility between design

assumption and actual behaviour of the building construction. The maximum
advantages aire possible if only precast parts of edge beams are prestressed,
as in the car parks described above, before in-situ concrete is added. Moreover,
if the precast edge teams are made of lightweight concrete their efficiency
could be almost doubled ih view of its lower Young's Modulus, thus using to
advantage what is normally regarded as an inherent drawback of lightweight
concrete.
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SUMMARY

In this paper the advantage of prestressing edge beams of long multistorey
buildings are discussed so as to avoid cracking due to contraction. This includes
description of five examples. Specific considerations are necessary at the design
stage to permit longitudinal deformation at prestressing in order to reduce the losses
of prestress due to rigidity of the building. Strain measurements at two of the
buildings are briefly described, which are necessary to clarify the great complexity of the
problem.

ZUSAMMENFASSUNG

In dem vorliegenden Artikel werden die Vorteile von Vorspannung langer
Randbalken in mehrstöckigen Gebäuden, um Rissbildung infolge Verkürzung zu
verhindern, diskutiert und 5 Beispiele beschrieben. Besondere Ueberlegungen beim
Entwurf sind nötig, um Verluste der Vorspannkraft infolge der Steifheit der
Konstruktion zu verhindern. Dehnungsmessungen an zwei der Gebäude werden kurz
beschrieben, die nötig sind, um die Kompliziertheit des Problems klarzulegen.

RESUME

On expose dans le présent article les avantages de la précontrainte des poutres
latérales dans les bâtiments à plusieurs étages, dans le but d'éviter la formation des
fissures dues à la contraction. On décrit ensuite 5 exemples. Certaines considérations
sont nécessaires au stade du projet, afin de permettre les déformations longitudinales
provoquées par la précontrainte, qui doivent réduire les pertes dues à la rigidité de
la structure. On présente rapidement les mesures d'allongement sur deux des
bâtiments, ceci pour essayer de clarifier ce problème complexe.
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1. Introduction
The problem of creep instability of eccentrically loaded reinforced

concrete columns become increasingly important with the use of more slender
columns in building and bridge structures. Host of the available analytical
(usually qualitative only) and experimental studies are aimed at determining
the maximum load a column can sustain for an indefinite period of time. Less
attention has been paid to the equally important problem of the influence of a
sustained loading period on the residual strength or load carrying capacity
(Pu2> Fig. 1) as obtained in a short time test following a sustained load
period. Some experimental and analytical results pertaining to this problem
are available [1, 2, 3, 4, 5, 8].

The present study is analytical and was undertaken to gain further
insight into strength characteristics of columns under sustained loading
(Fig. 1) and hopefully to provide a basis for rational design procedures for
reinforced concrete columns under such load actions. The columns considered
are unrestrained and loaded at constant end eccentricities (Fig. 2). The cross
section is rectangular and symmetrically reinforced (Fig. 3). Further, only
bending in one plane is considered.

2. Analysis
2.1 General

Only the main features of the rather involved rheologlcal model and
the analytical procedure employed are outlined in the following. More detailed
information is available elsewhere [7].

Concrete is considered to be nonlinear visco-elastic material with
time variant material properties, and also exhibiting shrinkage. The instantaneous

or shorttime stress strain diagram is approximated by an exponential
relationship, Fig. 4, in which unloading and reloading take place along a
path given by the 'modulus of elasticity', E0 » E0 (fe>£e)' The effects on
modulus of elasticity and concrete strength (f£) of hydration (beneficial
effects) and of high sustained stresses (detrimental effects, noted previously
by Rüsch [9]), are considered through a nondimensional 'strength variation

Bg. 14 Schlussbericht
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function', 0, The adverse effects are taken a function of the stress intensity
and the time over which the stress is maintained. Only stresses in excess

of 70 per cent of the standard short time strength (at the time considered in
the stress history) are assumed to have adverse effects on the strength. The
strength variation model may be applied to any stress history, constant or
variable.

The creep strains are accounted for by associating the specific creep
(creep per unit stress as obtained at low stress levels) with a creep non-linearity

function, dependent upon stress level and time (through the strength
variation 0), and chosen so as to represent the large creep strains at high
stress levels and stresses on the descending branch of the stress-strain
diagram. Micro cracking beyond that taking place in a standard 2-minute
test, is considered a part of the creep strain. The 'rate of creep' method
is used to predict creep under variable stresses.

Predictions using the rheological model compare favourably with
experimental results [9, 10] of plain concrete in uniform compression.
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2.2 Problem Formulation
The equation of. state representing the rheological model is (with all

arguments deleted for convenience),

ê-è + è+ è. (1)
e c sh v '

where e, ee, ec and are total, instantaneous, creep and shrinkage strains
respectively. Dots indicate differentiation with respect to time.

The equilibrium equations governing the quasi-static problem become

p dr(z,x,t)dA + l ö ,(x,t)A (2)
J

i 1

2
P (y(x,t) + e) + Py(x,t) d(z,x,t)z dA + J (s ,(x,t)e .A (3)

I i=1 51

Here CT and Os± are the concrete and steel stress respectively, the load
rate P has a given value and coordinates y, x and z are defined in Figs,
2 and 3. Navier-Bernoulli's hypotheses is assumed for total strains,

* (x,t) fc(z,X,t) - ê(z=0,X,t) {h)

where <f> is the curvature.
Eqs. 1 through 4 are reduced, in a similar fashion previously

employed by Mauch [6], to a set of linear equations in discrete stress rates
over the column midheight section. They may be written in matrix form as

[F] [CT] [U] (5)

2Small displacements were assumed (y'') « 1) and further no 'slip' in the
interface concrete-steel. The integral terms were approximated by
Simpson's rule and half a sine wave was assumed for the deflected shape (one
point collocation). Eq. 5 was solved, on an IBM 360/75 digital computer, as a
propagation problem in time using Euler's extrapolation formulae to yield both
the short time and sustained load response. A set of initial conditions were
obtained from a static analysis at a small load value. The preloading strains
(induced by shrinkage prior to loading) were included in that analysis.
Instability, indicated by negative deflection rate, was checked after

each propagation step.

Predictions using the analysis compare favourably with experimental
results [3, 7].

3. Numerical results
3.1 Input Data

The input data include a concrete strength at initial loading off'' 4600 psi (324 kg/em^ at an instantaneous strain e0 0.00225 (Fig. 4).
The corresponding values in tension were taken CTt 0.05 f£' and eot
0.1 e0. The ideally elasto-plastic steel considered had a yield stress
of fy= 59000 psi (4150 kg/cm^)and a modulus of elasticity Es 30.6 x lO^psi
(2.15 x 106 kg/cm2). The steel is placed at a distance of 0.325D from the
centroid. The creep magnitudes chosen yield a creep coefficient (ratio of
limiting creep to initial instantaneous strain) of approximately 2.5 at low
stress levels.
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The complete set of Input data for the material laws are available
17].

3.2 Load Carrying Capacities
The variables considered were
- end eccentricity of applied load (e/D - 0.1 and 0.4),
- slendemeBs of the column (L/D « 15 and 30)
- steel percentage (p » 1.26 and 3.54 per cent),
- concrete age at Initial loading (tQ - 14 and 56 days),
- sustained load period (t3 131 and 3000 days) and
- sustained load intensity (Ps).
The influence on a column's load carrying capacity of intensity and

duration of a sustained load is illustrated, for some of the columns investigated,

In Figs. 5 through 8. The load capacity, Pu2 (Fig. 1), after a
sustained load period, ts, is plotted versus the corresponding sustained
load, Ps. The coordinates are nondimensionalized with respect to the short
time capacity, Pui» st initial loading. The curves are limited to the right
by the line Pu2 Ps» i.e. by the case of creep instability taking place under
the constant load Ps. The change in Pu2 with increasing ts at Ps - 0.0 is
mainly due to the continued hydration alone (effects of preloading strains
are negligible).

Hydration effects, causing a concrete strength increase, may,
depending upon column geometry, yield a considerable increase in load carrying
capacity (Pu2) at low and intermediate load levels. On the other hand, a
significant decrease in load carrying capacity results at high sustained load
levels, this being mainly due to the large deflection increase at these load
levels (see Fig 10). This decrease is, for all columns except those becoming
unstable at low stress levels (e/D » 0.1, L/D » 30), further accentuated by
adverse effects to the concrete strength from high sustained stress levels
at the most strained portions of the column section.

With larger steel percentage, more stress transfer (due te creep and
shrinkage) from concrete to steel takes place. High concrete stresses thus
prevail for shorter periods of time with adverse effects to Pu2 becoming less
pronounced.

It was found [7], for the columns investigated, that the ratio of the
sustained load capacity, defined as the load that causes creep instability at
ts » 00 (here approximated by t8 - 3000 days), to Pui decreases with increasing
slenderness, increases with increasing end eccentricity, decreases with decreasing
steel percentage, and is not significantly influenced by the age of
loading.

4. Design Considerations
4.1 Safety Aspects

The load capacity, Pu2> of a column was found to vary with.time under
a given sustained load. Design procedures may be based on the lower bound
values, Pu min (Schematically illustrated in Fig. 9) and related to the allowable

service loads by a set of load factors, A and B, such that

u mi n
A P- + B P. (6)
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Fig. 9

where Pd is the dead load and P^
the live load.

These load factors,
or more conveniently an 'overall
load factor' (LF),

LF P /(P^ + P. (7)
u min D L

can be examined in terms of a set
of given 'nominal' factors, a and
b, related to the short time capacity
by

Pul - aPD + bPl (8)

A 'nominal overall load factor' is
obtained by replacing Pu min with
PU1 in Eq. 7.

If a typical building structure is considered with the dead load
equal to the live load (PL » Pjj) and with half the live load essentially
permanently applied throughout the life of the building, the total sustained
load beomes Ps - Pd + Pl/2 0.48 Pu^ (Eq. 8), with load factors a 1.4 and
b 1.7 suggested in the proposed revision of ACI 318-63 [11]. With
Ps 0.48 Pu2 and the column in Fig. 6 as an example, Pu min becomes
0.73 Pu2 (at ts =3000 days) and the overall load factor 1.14 (Eq. 7). This
represents a 26 per cent reduction of the nominal overall load factor of 1.55.

In long span bridges the dead load is the predominant load. Using a
live load of 6 percent of the dead load, the dead load becomes Pq 0.60 Pui»
Eq. 8, with a=1.5 and b=2.5 (AASH0 load factors [12]). For the column in
Fig. 6, failure (creep instability)takes place under this dead load only at about
ts 131 days. Thus while the nominal overall load factor is 1.56, the one
based on Pu min is below unity. Thus, the load factors used above may not
be sufficient for the sustained loading case of this slender column. Comparison

with the other columns investigated [7] indicates that all the columns but
those very slender (L/D 30) and with small end eccentricities (e/D 0.1)
would remain stable under the allowable loads, although with actual load factors
smaller than the nominal ones.

These examples reinforce the need for careful consideration of
sustained load effects in column design.

4.2 Serviceability and Aesthetic Aspects

It may be desirable, both from serviceability requirements and
aesthetic viewpoints, to limit the column deflection to an amount at which it
is not particularly apparent to the eye. Deflections in excess of about
L/360 to L/300 are noticeable.

Typical results showing sustained loads versus the corresponding
midheight deflections after various time periods are given in Fig. 10. A
deflection of L/360 is indicated.

It was found, for all the columns investigated, that a sustained
load Ps^ 0.48 Pui resulted in deflections at ts 3000 days in excess of L/360.
Thus, deflection limitations rather than safety aspects may tend to become a
design criterion for this class of columns.
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5. Conclusions

Perhaps the principal conclusion to be drawn from this study is that
the load carrying capacity of a column may be significantly reduced under
sustained overload conditions and also under service loads for some combinations

of end eccentricities and slenderness ratios.
Indications were further obtained that present design provisions

in terms of load factors, may not provide adequate safety for very slender
columns (L/D 30) with relatively small end eccentricities (e/D 0.1).
It should be noted, however, that columns in actual structures are usually
subjected to more favourable boundary conditions than those considered here
(unrestrained). End restraints provided by beams and footings will usually allow
a gradual moment transfer from the column to the restraining elements
during the sustained loading period.

Lastly, serviceability and aesthetic considerations, seeking to limit
deflections, may call for smaller service loads than those obtained from load
capacity considerations.
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SUMMARY

This study has been concerned mainly with the influences of a sustained load on
a column's load carrying capacity. Attention was restricted to unrestrained,
eccentrically loaded columns. Most emphasis was placed on the column strength
characteristics at low and intermediate load levels. The limiting case of loads causing
creep instability at the end of the time periods considered was also obtained, however.

It was found that the load carrying capacity may be significantly reduced under
sustained overloads, and also under sustained service loads for slender columns with
small end eccentricities.
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RESUME

Dans cette étude, les auteurs examinent l'influence d'un effort permanent sur la
résistance des colonnes en béton armé. Ils examinent seulement les colonnes libres
soumises à des charges excentriques. On détermine les caractéristiques de la
résistance des colonnes soumises à des efforts réduits ou moyens et on obtient les
valeurs des charges dont le fluage du béton entralhe l'instabilité au bout d'un certain
temps.

L'étude montre la réduction considérable de la résistance des colonnes soumises
à des excès de charges permanentes, et des colonnes élancées soumises à des
charges de service légèrement excentriques.

ZUSAMMENFASSUNG

Die vorstehende Studie gilt hauptsächlich dem Einfluss der Dauerlast auf die
Tragfähigkeit einer Säule, wobei die Betrachtungen auf freie exzentrisch belastete Säulen
beschränkt waren. Das Hauptgewicht wurde auf die Aenderung der Tragfähigkeit
zufolge geringer und mittlerer.Dauerlasten gelegt. Ebenso wurde der Grenzfall der
Belastungen bestimmt, welche Kriech-Instabilität am Ende des betrachteten Zeitinter-
valles bewirkten.

Als Ergebnis konnte festgestellt werden, dass die Tragfähigkeit durch Dauerlasten

über dem zulässigen Lastwert beträchtlich reduziert wird; dies gilt auch
für schlanke Säulen mit kleiner End-Exzentrizität unter geringer Dauerlast, wie etwa
übliche Gebrauchsbeanspruchung.
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II

Das Kriechen betrachtet von der Seite der Bauplanung

Creep as a Factor in the Design of Structures

Le fluage au point de vue de la conception des constructions

E. ÉLIÂS
Budapest
Ungarn

Die Ursachen des Kriechens, die Einflüsse der Baustoff-
Umgebungseigenschaften werden von den Versuchsanstalten laufend
untersucht. Der Ingenieur, der ein Bauwerk zu entwerfen hat,
jedoch diese Untersuchungsergebnisse kaum unmittelbar anwenden,
da jene keine solche Hinweise sind, die in die Berechnung der
Wirkungen des Kriechens auf eine Beton- oder Stahlbetonkonstruktion

einsetzbar währen. Die Versuche geben nämlich — zwecks der
Vergleichbarkeit — die rheologischen Eigenschaften von
verhältnismässig kleiner und einfacher Probekörper an, von denen
der unmittelbare Ubergang zu den grossen und verwickelten
Konstruktionen unmöglich ist.

Es ist deshalb Hotwendig, dass die Bauplanung für ihren
Bedarf, auf Grund der Laborversuche, ein Modell konstruire, das
die tatsächlichen Verhältnisse womöglich gut wiederspiegelt, ohne
jedoch solche rechentechnische Schwierigkeiten zu bereiten, deren
Überwindung durch die erreichten oder erreichbaren Vorteile nicht
gerechtfertigt werden können.

Unserer Ansicht nach, können die wesentlichen und die
weniger wichtigen Eigenschaften, dessen Berücksichtigung bzw.
Vernachlässigung für zweckmässig scheint, wie nachstehend
zusammengefasst werden.
1. Es besteht zwischen den Spannungen und den Verzerrungen die

Boltzmann'sche Linearität.
2. Die belibenden — plastischen — Verformungen die unmittelbar

nach der Belastung auftreten, können vernachlässigt werden.
3« Der Wert des Elastizitätsmoduls ist zeitunabhängig.
4» Die Kriechverformung strebt mit abnehmender Geschwindigkeit
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- monoton zunehmend - einem Endwert zu.
5» Bei der Entlastung kann die sogenannte Erholung -vernach¬

lässigt werden.
6. Die obererwähnten Bedingungen bringen es mit sich, dass der

Beton kein "Gedächtnis" hat. Das bedeutet, dass der
zeitliche Ablauf der Formänderung von dem momentanen Spannungszustand

abhängig ist, und die Art und Weise der vorangegangenen

Belastungen keinen Einfluas hat. Nach völliger Entlastung

hat der Betonkörper nur bleibende Formänderungen und es

treten keine nachträgliche Bewegungen mehr auf.
7. Das Kriechen ist irreversibel. Unter dem Einfluas von zeit¬

unabhängigen Zwangsverformungen nehmen die Spannungen
all mähl ich bis zu einem nicht verschwindenden Endwert ab.

8. Die Kriechfähigkeit des Betons nimt mit der Zeit ab.
So einfach auch die oben angeführten Bedingungen sind,

werden doch einige davon bestritten.
Bei der Entlastung des Betons zeigt sich eine gut

wahrnehmbare Erholung, damit ist die "Gedächtnissfreiheit" wiederlegt

und das Kriechen ist deshalb teilweise reversibel.
Eine Kriechfunktion - das Verhältniss der Kriechverformung

zu der elastischen Verformung - lässt sich im Allgemeinem durch
eine zweiparametrige Funktion ausdrücken.

C t, TT X Zeitpunkt der Belastung

t Zeitpunkt der Verformung
Es wird verlangt dass t, t 0

Wenn man die angeführten Bedingungen annimmt gestaltet sich
die Kriechfunktion

f (t, tri -fet >-f (T)
und für die kleinen Veränderungen gilt die Dischinger»sehe
Differentialgleichung:

d£=i-[dG + Sd'f]
Wenn man aber die Teorie den Versuchen besser anpassen will,

muss man eine mehr verwickelte Form nehmen etwa

f(t,t)-k(t)f(t-t)
und es lässt sich für die kleinen Veränderungen keine Differenti—
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algleichung mehr anschreiben.
Im ersten Palle führen die Kriechaufgaben auf

Differentialgleichungen, die zum Beispiel durch die Laplace'sehen
Transformation sehr bequem behandelt werden können.

Im zweiten Palle führen die selben Aufgaben auf
Integralgleichungen und die rechentechnischen Schwierigkeiten werden
kaum erträglieh.

Die sorgfältige Peststellung einer Kriechfunktion anhand

einer Beihe von Messungen an vorhandenen Probekörper ist an
sich schon eine schwierige Sache. In der Bauplanung müssen aber
die Kriecheigenschaften des Betons vorhergesagt werden, und

diese Vorhersage ist noch immer, und bleibt trotz der sorgfältigsten

Laborversuche noch lange mit groben Pehlern behaftet.
Bs besteht also die Präge, ob eine feinausgebildete Teorie mit
einer Biesenrechenaufwand bei diesen Umständen gerechtfertigt
angesehen werden darf.

Der Dischinger 'sehen Differentialgleichung entspricht kein
strenges Naturgesetz. Sie ist halb Erfahrung und halb Zwecks-

mässigkeit. Venn man sie, und ihre Polgerungen nnimmt, ist sie
widerspruchsfrei und man benötigt keine weiteren Ansätzen.

Ich meine sie wird noch lange umentbehrlich sein, und

gute Dinste leisten.
Bs wurde öfters versucht, die elastischen und Kriechvorgänge

des Betons durch ein viskoelastisches Modell darzustellen,

es kann jedoch nachgewiesen werden, dass ein Modell, das

die obenerwähnten Bedingungen erfüllt, aus zeitunabhängigen
rheologischen Elementen nicht zusammensteilbar ist.

Venn jedoch gelingt es aus zeitabhängigen Elementen ein
Modell, des Betonkriéhens, das die Kriecherscheinungen treu
wiedergibt, zusammenzubastein, das beweist nichts mehr als
die ungeheuere Anpassungsfähigkeit der Teorie der Bheologie
und ist nur ein Brigehen der Tatsache, dass die Kriechteorie
zur Zeit noch eine vorwiegend fenomenologische Wissenschaft
ist.

ZUSAMMENFASSUNG

Bei der Modellbildung der Kriecherscheinungen ist es zweckmässig, die nach
der Entlastung entstehende Erholung zu vernachlässigen. Diese Annahme bringt es
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mit sich, dass der Beton kein Gedächtnis hat, und die Kriechformänderungen völlig
irreversibel sind. Dadurch kann die Lösung der Kriechaufgaben auf Differentialgleichungen

zurückgeführt werden, was rechentechnisch sehr vorteilhaft ist.

SUMMARY

In the development of creep models it is useful to neglect the phenomenon of creep
recovery, which occurs after unloading. This assumption implies that concrete has
no memory and that the deformations caused by creep are completely irreversible. In
this way the solution of creep problems can be reduced to the form of differential
equations, which is quite suitable from the point of view of computation.

RESUME

Au cours de la construction des modèles de fluage, il semble raisonnable de
négliger le phénomène de recouvrance du fluage survenant après la suppression de la
charge. Cette simplification implique que le béton n'a pas de mémoire et que les
déformations causées par le fluage sont complètement irréversibles. Par conséquent,
la solution des problèmes de fluage peut être réduite à celle des équations
différentielles, ce qui est favorable pour le calcul.
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Die Berücksichtigung des unterschiedlichen Kriechens bei den
"Viaducs de la Plaine du Rhône"

Influence of Differential Creep in the Construction of the
"Viaducs de la Plaine du Rhône"

Prise en considération du fluage différentiel dans la construction
des "Viaducs de la Plaine du Rhône"

BENNO BERNARDI
Zürich, Schweiz

1. Einleitung
Lie "Autoroute du Léman" führt am obern Ende des Genfersees bei
Villeneuve in einer Höhe von 7 - 18 m über die Rhoneebene. Die
geotechnisch sehr ungünstigen Untergrundverhältnisse machten hier
die Ueberbrückung durch die "Viaducs de la Plaine du Rhône" mit
einer Gesamtlänge von 1170 m' erforderlich. Es handelt sich um
zwei in der Querrichtung durchgehend getrennte Bauwerke mit einer
Breite von je 15.20 m. In der Längsrichtung sind in einem Abstand
von ca. 4-00 m Bewegungsfugen angeordnet. Somit ergeben sich 2x5

6 Brücken mit einer Grundrissfläche von total ca. 51'000 m2 -
eines der grössten Brückenbauwerke in der Schweiz.

Lie "Viaducs de la Plaine du Rhône" wurden auf Grund eines
Submissionswettbewerbes vergeben. Unter den 59 Angeboten war
dasjenige der Firma Losinger am preisgünstigsten und stellte den
Bauherrn sowohl in bautechnischer wie ästhetischer Hinsicht
zufrieden.

Bei der Projektierung war die Wirtschaftlichkeit ein primäres
Anliegen. Dieselbe wird wesentlich bestimmt durch die Baumethode

und die Grösse der Spannweiten. Auf der Grundlage von
Vergleichsuntersuchungen wurde eine vorfabrizierte Spannbetonkonstruktion

für den Ueberbau gewählt. Bei Berücksichtigung der
Fundation ergab sich in Funktion der Spannweite ein Kostenminimum
für L 26 - 50 m. Die gewählte Spannweite von L 29.8 m kann
über die ganze Brückenlänge konstant durchgenommen werden und
ergibt zudem eine günstige Einteilung im Grundriss, wobei alle
vorgeschriebenen Lichtraumprofile eingehalten werden.

2. Brückenüberbau

Der voll vorfabrizierte Brückenüberbau besteht aus 2 Elementtypen
Längsträger und Fahrbahnplatten, und zwar pro Feld aus 5 Längs-
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trägem und 6 grossformatigen, konstant 22 cm starken
Fahrbahnplattenelementen mit den Grundrissabmessungen von 94-5 x 615 cm.
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Diese Elemente erstrecken sich auf die halbe Fahrbahnbreite und
sind im Bauzustand statisch bestimmt auf dem Obergurt des Mittel-
und eines Randlängsträgers gelagert. Die Länge der Elemente von
9.4-5 m wurde so gewählt, dass sich pro Brückenfeld nur drei
Querfugen in der Fahrbahnplatte ergeben; diejenige in Brückenmitte
befindet sich in der Druckzone, die beiden andern etwa im
Momentennullpunkt des Durchlaufträgers. Die Fahrbahnplattenelemente
sind somit so angeordnet, dass sich im Stützenschnitt keine Querfuge

befindet.

Die 2 Platten im Stützenschnitt erhalten zudem vor der Verlegung
eine zugbandartige Vorspannung in Brückenlängsrichtung. Die
Fahrbahnplatte ist in Querrichtung nicht vorgespannt.
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Durch den Verguss der Längs- und Querfugen sowie der
Ortsbetonquerträger in den Stützenschnitten entsteht eine monolithisch
wirkende Verbundkonstruktion: 3-stegiger Plattenbalken (ohne
Feldquerträger) und in Längsrichtung fugenlos durchlaufende
Brücken über 12 Felder (Länge 357-60 m), bezw. 15 Felder (Länge
447 m).

3. Die Auswirkungen des unterschiedlichen Kriechens

3.1 Der Kriechvorgang
Im Bauzustand (t o) sind die Längsträger als einfache Balken
statisch bestimmt aufgelagert und stark vorgespannt. Die
Fahrbahnplatten dagegen sind nicht (im Feld) bezw. nur leicht (über
den Stützen) vorgespannt und wirken vorerst nicht im Verbund.

Durch den Verguss der Fugen sowie des Ortsbetonquerträgers
wird im Zeitpunkt ti einerseits der Verbundquerschnitt (3-stegi-
ger Plattenbalken) und anderseits in Brückenlängsrichtung der
statisch unbestimmte Durchlaufträger hergestellt.

Die stark verschiedenen Beanspruchungen der benachbarten
Fasern unterkant Fahrbahnplatte und oberkant Längsträger bedingen
ein unterschiedliches Betonkriechen. Diese Kriechverformungen
können sich nicht frei auswirken, sondern es tritt eine
gegenseitige Behinderung auf. Dadurch wird in der Fuge zwischen der
Fahrbahnplatte und den Längsträgern stufenweise eine Umlagerungs-
kraft aufgebaut, die den Längsträger entlastet (exzentrischer
Zug) und die Fahrbahnplatte unter Druck setzt. Diese Umlagerungs-
kräfte sind im Gleichgewicht und ergeben einen Eigenspannungs-
zustand am Verbundquerschnitt; sie bewirken jedoch gleichzeitig
Verformungen in Längsrichtung und erzeugen somit statisch
unbestimmte Zwängungsmomente am Durchlaufträger. Diese Zwängungs-
momente sind prinzipiell zu unterscheiden von jenen, die durch
die Vorspannung verursacht v/erden und schon im Zeitpunkt t o
auftreten ("Parasitärmomente").

3.2 Die statische Berechnung
Die theoretische Lösung der Kriechumlagerung wird gefunden durch
die Formulierung der Formänderungsbedingungen des Verbundquerschnittes,

wonach in jedem Zeitpunkt t in jedem Querschnitt die
Verformungen des untern Randes der Fahrbahnplatte und des obern
Randes des Längsträgers gleich sein müssen.

Für die praktische Berechnung machten wir die folgenden
Vereinfachungen: als statisches System wird anstelle der durchlaufenden

Verbundkonstruktion ein ebenes Stabwerk gewählt (Veeren-
deelträger).

I
J L \-Untargurt£ Trögar
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Die Kriechberechr.ung wird als Stufenverfahren aufgebaut, indem
der ganze Kriechbereich in einzelne Kriechintervalle zerlegt
wird, wobei innerhalb eines Intervalls die Umlagerungsspannungen
linear mit dem Kriechen anwachsen.

Beim Veerendeelträger werden dem Untergurt die Querschnitts
werte des Längsträgers und dem Obergurt diejenigen der Fahrbahnplatte

zugewiesen. Die biegesteif angeschlossenen Vertikalstäbe
entsprechen dem Steg des Verbundquerschnittes. Für jeden Stab
v/erden als Belastung die Normalkräfte und Momente mit den Kriech
werten des betreffenden Intervalles eingeführt. Hiefür wurde ein
spezielles Programm entwickelt, wodurch die umfangreichen
numerischen Berechnungen elektronisch durchgeführt werden konnten.

Die Kriechberechnungen wurden unter der Annahme einer
Endkriechzahl von ir 35 - OO 1.8 sowohl für den Träger- wie den
Fahrbahnplattenbeton durchgeführt. Beide Elemente wiesen im mass
gebenden Zeitpunkt des Ortsbetonvergusses der Fugen ein
Erhärtungsalter des Betons von ca. 35 Tagen auf. Der Einfluss des
unterschiedlichen Alters des Fugenbetons wurde vernachlässigt.

Die durch die Kriechumlagerungen verursachten statisch
unbestimmten Zwängungsmomente ergeben sich aus den Auflagerreaktionen

der vorstehend beschriebenen elektronischen Berechnungen.

5.3 Ergebnisse und Erkenntnisse
Aus dem Verlauf der Betonspannungen zufolge ständiger Belastung
(g + V) je in einem charakteristischen Feld- und Stützenschnitt
im Zeitpunkt t o und t OO ist der erhebliche Einfluss der
Kriechumlagerungen ersichtlich. Im Feldschnitt ist es für die
massgebende Betonspannung G~^ am untern Querschnittsrand günsti

f &H
1.8
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dass die Umlagerungskraft als exzentrischer Zug oberkant Längsträger

wirkt; damit wird für (jy wegen dem negativen Zusatzmoment
der zentrischen Zugspannung noch eine Druckspannung überlagert.
- Im Stützenschnitt wird die initiale Druckvorspannung an der
Fahrbahnplattenoberfläche durch das Kriechen vergrössert; dies
ist für den Durchlaufträger im Bereich mit negativen Stützenmomenten

infolge Verkehrslasten günstig, weil damit die Rissesicherheit

verbessert und die Dauerhaftigkeit des Belages günstig
beeinflusst wird.

Zur Ermittlung der Umlagerungskräfte wurde die Kriechkurve
mit ir ^ _QO 1.8 in 3 gleiche Intervalle mit ,4^= 0.6 unterteilt.

Tabelle 1: Entwicklung der Umlagerungskraft N in der Fuge zwi¬
schen Fahrbahnplatte und Längsträger in einem
Feldschnitt

NPlatte ^Träger I4H
t 0

A Np für Af\ 0.6
57

+ 467

1460

- 467 467 ~ 61 %

nach 1. Schnitt
A N2 für Alf2 0,6

524
+ 208

993

- 208 675 ^ 88 %

nach 2. Schnitt
A N3 für 0.6

752
+ 92

785
» 92 767 100 %

nach 3. Schnitt
A % für A'fu, 0,6

824

+ 41
693

- 41 808 ~105 fo

nach 4. Schnitt 865 652

* extrapoliert; N in Tonnen, + Druck

Aus der Tabelle No. 1 ist ersichtlich, dass das erste Kriechintervall
schon 61 °6 der gesamten Umlagerung ausmacht, das zweite

noch 27 % und das dritte nur noch 12 %, Die Berechnungen bei
analogen Brückensystemen mit Spannweiten von 24 - 38 m zeigten
ähnliche Ergebnisse. Daraus kann allgemein geschlossen werden,
dass das anfängliche Kriechen die grössten Auswirkungen zeigt.
Ein Grossteil der Kriechumlagerungen wird somit schon nach einem
Jahr stattgefunden haben. - Eine fehlerhafte Einschätzung der
Endkriechzahl hat einen relativ kleinen Einfluss; gegenüber der
angenommenen Endkriechzahl von & - 1.8 ergäbe eine solche von

2.4 eine nur 5 % grössere und eine solche von 1.2 eine
lediglich 12 % kleinere Umlagerungskraft.
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VERLAUF OER UMLAGERUNGSKRAFT

Im Bild 7 ist der Verlauf der endgültigen Umlagerungskraft
N für das Innenfeld eines Durchlaufträgers mit unendlich vielen
Spannweiten dargestellt. Die erste Ableitung der Umlagerungskraft

dN ergibt.die Verdübelungsbeanspruchung der Fuge zwischen
dx

Fahrbahnplatte und Längsträger. Aus dieser Verdübelungsbeanspruchung
v/erden die schrägen HauptZugspannungen zufolge der

Kriechumlagerungen errechnet, welche im vorliegenden Fall im Stützenbereich

und zwar für den Schnitt 1-1 (vergl. Bild 1) massgebend
wurden.

^.4- Die Berücksichtigung beim Bruchsicherheitsnachweis
Für Konstruktionen, bei denen im Laufe der Bauausführung
Systemwechsel vollzogen werden, ergeben sich Probleme beim
Bruchsicherheitsnachweis. Bei den meisten Brückenbauten treten Systemwechsel
auf, z.B. für Freivorbauten zuerst Kragarme, dann Durchlaufträger;

für feldweise nach Taktverfahren hergestellte Brückenüberbauten

etc. Im vorliegenden Fall lagerten die Fertigelemente im
Bauzustand als einfache Balken statisch bestimmt; im Endzustand
wirken sie als statisch unbestimmte Durchlaufträger.

Wird die Sicherheit des ganzen Bauwerks, die sogenannte
Systemsicherheit nachgewiesen, so haben die Auswirkungen des
Kriechens zufolge Systemwechsel keine Bedeutung; denn es entstehen

lediglich Umlagerungen vom Feld- auf die Stützenschnitte; so
ergibt z.B. eine Zusatzbelastung des Feldes eine entsprechende
Entlastung der Stützenschnitte und umgekehrt. Es kann auch
argumentiert werden, dass die Zwängungsbeanspruchungen zufolge
Kriechumlagerungen, analog wie für die Wirkung ungleichmässiger
Temperaturverteilungen, am Gesamtsystem für sich im Gleichgewicht
sind; zudem würden diese Zwängungen im Bruchzustand durch die
grossen plastischen Verformungen sowieso schrittweise abgebaut.

Anders verhält es sich, wenn die sogenannte
Querschnittbruchsicherheit nachzuweisen ist. Nach den schweizerischen SIA—
Normen No. 162 (1968) ist bei Spannbeton die Sicherheit gegen
Biegebruch in jedem gefährdeten Querschnitt zu erbringen, wobei
von den wie folgt vergrösserten, nach der Statik elastischer
Systeme ermittelten Schnittkräften aus Hauptbelastungen des
Gebrauchszustandes auszugehen ist:



BENNO BERNARDI 229

M' Sq (Mg + p) + 0.8 Mz

Eine ausreichende Bruchsicherheit ist vorhanden, wenn in
jedem Schnitt die folgende Bedingung erfüllt ist:

MBr ^ s2 • M' sq ' S2 + P) + °*8 * S2 * Mz

S^ Lastfaktor 1.4
Sg Querschnittsfaktor 1.3
S1 * s2 s2 * ^*8
Mg Biegemoment aus ständigen Lasten
Mp Biegemoment unter Nutzlasten
Mz Zwängungsmoment aus initialer Vorspannung (t o)

Dieses Prinzip wurde für den vorliegenden Pall wie folgt
erweitert: es wird unterschieden zwischen den Zwängungsmomenten
zufolge Systemwechsel (einfache BalkenDurchlaufträger) und
jenen, die durch die Herstellung des Verbundquerschnittes (Orts-
betonverguss der Fugen zwischen den Längsträgern und den
Fahrbahnplattenelementen) entstanden sind. Der zuletzt genannte
Anteil entspricht einem Eigenspannungszustand und wird beim
Bruchsicherheitsnachweis nicht berücksichtigt. Der durch den Systemwechsel

verursachte Anteil wird einerseits durch das Eigengewicht
und anderseits durch die Vorspannung erzeugt; im Bruchsicherheitsnachweis

werden die Wirkungen des Eigengewichts und der Vorspannung
mit unterschiedlichen Sicherheitsbeiwerten von Sq 1.4 bzw.

0.8 berücksichtigt. Die Bruchsicherheit wurde somit wie. folgterrechnet:
im Zeitpunkt t o

im Feld MBr ^ ^Mgl + Ms2 +

über der Stütze M-gr Z 1.3 1.4 (Mg2 + Mp)

im Zeitpunkt t =oo
im Feld MBr - 1,5 ^*1.4 (Mg-^+Mg2+Mp+Mzg) + 0.8 Mzv J
über der Stütze MBr £ 1.3^1.4 (Mg2+Mp+Mzg) + 0.8 MzvJ

Mg-^ Biegemoment infolge dem Eigengewichtsanteil, der
im Bauzustand statisch bestimmt wirkt.

Mg2 Biegemoment infolge dem Eigengewichtsanteil, der
am Durchlaufträger wirkt.

Mzg Zwängungsmoment durch Systemwechsel, infolge Eigen¬
gewicht.

Mzv Zwängungsmoment durch Systemwechsel, infolge der
Vorspannung.

PS Es gibt Fälle, bei denen sich ungünstigere Werte ergeben,falls im Bruchsicherheitsnachweis die Wirkungen des
Eigengewichts und der Vorspannung mit dem gleichen Sicherheitsbeiwert

S^ 0.8 berücksichtigt werden.
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3.5 Konstruktive Vorkehren
Den üblichen Schub- und Verbundbeanspruchungen infolge der
Wirkungen von Querkraft und Torsion werden durch das Kriechen
erhebliche Zusatzbeanspruchungen überlagert. Der monolithische
Verbund zwischen den vorfabrizierten Längsträgern und Fahrbahn-
plattenelementen wird durch den Ortsbetonverguss der Längs- und
Querfugen sowie der Stützenquerträger gewährleistet, sowie durch
vorstehende Armierungen, die Aufrauhung der Flanschoberfläche
der Längsträger und die speziellen Vertiefungen in der Stirnfläche

der Fahrbahnplatten (Verzahnung). Die an den Trägerenden
aus dem Flansch vorspringenden Nocken (vergl. Bild 3) wurden
besonders_zur Abtragung dieser Verdübelungsbeanspruchungen
angeordnet; sie ermöglichen zudem die erwünschte möglichst hoch
liegende Lage der Verankerungen der Vorspannkabel.

ZUSAMMENFASSUNG

Der Brückenüberbau der "Viaducs de la Plaine du Rhône" wird vollständig
vorfabriziert. Die 78 Brtickenfelder bestehen, aus 2 Elementen konstanter Abmessung: den
Längsträgern und den grossformatigen Fahrbahnplattenelementen. Durch ein
neuartiges Verfahren ergibt sich im Endzustand eine monolithische bis zu 447 m lange
und fugenlose Brücke.

Die unterschiedlichen Beanspruchungen der stark vorgespannten Längsträger im
Gegensatz zu der nicht bzw. schwach vorgespannten Fahrbahnplatte verursachen ein
unterschiedliches Kriechen und entsprechende Kräfteumlagerungen.

SUMMARY

The superstructure of the "Viaducs de la Plaine du Rhône is entirely precast. The
78 spans are made of 2 units with constant dimensions: the longitudinal beams and the
large size slab units. The new method results, in the final stage, in monolithic
jointless bridges with a length up to 447 m.

The variations in stress in the longitudinal beams, which are highly prestressed,
and in the slab, unprestressed or with very little prestress, produce a
differential creep and consequently a redistribution of forces.

RESUME

La superstructure des "Viaducs de la Plaine du Rhône" est entièrement
préfabriquée. Les 78 travées consistent en 2 éléments de dimensions constantes :les
poutres longitudinales et les plaques de grand format pour la chaussée. La
méthode originale utilisée permet d'obtenir, dans l'état final, des ponts monolithiques
allant jusqu'à 447 m de longueur, sans aucun joint.

Les sollicitations différentes de la poutre longitudinale fortement précontrainte
et de la chaussée non précontrainte ou relativement peu précontrainte, produisent
un fluage différentiel et, par conséquent, une redistribution des forces.
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The San Francisco Bay Area Rapid Transit System, known as BART,
comprises 75 miles of double-track construction. As shown on Fig. 1, one-
third of this length is comprised of "Aerial Structures", including a single
structure 10 miles long between Oakland and Hayward.

The typical aerial structure (Fig. 2) consists of twin precast, post-
tensioned concrete box girders, each carrying a single track. The girders
are supported on cast-in-place reinforced concrete piers. Simple span
construction was chosen to simplify manufacture and erection of the girders, and
an average span length of 70 feet was used to permit truck transportation from
the casting yard to the site. Spans up to 98 feet long were used for street
crossings, and required special permits and equipment to handle their 140-ton
weight. The girders are connected by cast-in-place concrete closure strips,
which also encase special earthquake anchorages. A uniform girder depth of
4'-0" was used for all spans to produce a "ribbon structure" architectural
effect.

In order to eliminate the weight and cost of ballasted deck construction,
as well as to secure a thin structure for architectural design, it was decided
to fasten the running rails directly to the concrete deck. This made control of
deformations of great importance, in order to provide a smooth-riding profile
and to minimize future maintenance adjustments.

The history of concrete structures in the San Francisco area indicated
that both shrinkage and creep would cause unacceptable deformations unless
special precautions were taken. The predominant sources of concrete aggregates

in the area are sandstones which form high-strength concrete, but with
relatively large deformability.

Theoretical considerations indicated that limiting the free water content
of the concrete mix would significantly reduce shrinkage, and using an
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aggregate with a high modulus of elasticity would reduce both shrinkage and
creep. Since no accepted standards for these matters exist in the United States,
it was necessary to devise special limitations and testing methods for the BART
project. The aims were to screen out unacceptable materials without incurring

excessive costs, and to set up performance tests that could be consistently
repeated to provide a clear measure of acceptability.

The BART Standard Specifications for concrete include a limitation on
free water content in pounds per cubic yard, with the allowable amount
increasing with greater slump and smaller size aggregate. For the prestressed
concrete box girders, both air-extraining and water-reducing admixtures were
required. Both these ingredients promote workability of the mix, and this was
recognized by further reducing the allowable free water content when admixtures

were used.

The use of a large, well-equipped precasting yard was economically
mandated by the size of the project — some 3,000 individual box girders
comprising over 200,000 cubic yards of concrete. This implied careful layout of
the prestressing tendons and the mild steel reinforcement in order to facilitate
concrete placement, and efficient use of internal vibrators to ensure complete
filling of the forms. In addition, the box girder webs were deliberately made
a uniform 10 inches thick, and the bottom slab a uniform 8 inches thick, which
exceeded the stress requirements, specifically to promote placement of the
concrete.

By these means, the use of a relatively dry mix was secured despite
the confined spaces inherent in a highly reinforced box girder section, with a
great reduction in the free water content and resultant shrinkage. The actual
mix used is shown in Table 1.

Table 1

BART SPECIAL CONCRETE

Mix Proportions
(Quantities)

Material 1 Cubic Yard 1 Cubic Meter
Cement
Water
Fine Aggregate (1/4 inch max.)
Coarse Aggregate (3/4 inch max.
Air-entraining admixture
Water-reducing admixture

699 pounds
298 pounds

1,163 pounds
1,775 pounds

9. 0 fluid ounces
1.49 pounds

415 kilograms
177 kilograms
691 kilograms

1, 054 kilog reams
264 milliliters
850 gacams

Beyond the general specification limits on proportions and on cleanness

and soundndss of materials, the construction contractors were permitted
to select their own material sources and propose their own concrete mix. The
proposed mix was tested against a control mix consisting of selected materials,
with respect to compressive strength, modulus of elasticity, shrinkage, and
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creep. Specimens of the proposed mix were required to be within certain
percentages of the performance of the control specimens. (Details of the tests
are given below in Part II.

Setting the limits on relative performance requirements was a delicate
matter. If the limits were set too high, all local material sources would be
excluded and the premium costs for importing aggregate from distant sources
would be excessive. If the limits were too low, many sources could be qualified,

and the lowest cost (and probably poorest quality) material would be used,
with resulting increased deformation and its associated problems.

By judicious accommodation between desirable and practical limits,
two relatively economical local aggregate sources (one granite, and one
basalt) were qualified, and several proposed sandstone aggregate sources
were rejected. An interesting development was a proposal for an alternative
design using light-weight concrete made with expanded shale aggregate. This
design showed economic advantages and adequate strength, but was eventually
rejected because the proposed mix was greatly deficient in creep resistance.

In addition to requiring special control of materials, the designers
limited creep deformations by providing substantial amounts of nonprestressed
mild steel reinforcement in the top slab, which resist any tendency toward
upward bowing. The girder forms were also cambered downward by an amount
calculated so that after elastic deformation under its own weight and that of
track construction, plus an allowance for creep deformation, the girder would
be approximately level. The calculation of creep allowance was based on the
assumption that total creep deformation would be about three times the elastic
deformation. Provision was made to adjust this allowance when experience
had been obtained with the first girders cast using the approved concrete mix.
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Finally, it was recognized that despite controlled pre-casting, the
practical tolerance in girder manufacture would exceed the allowable tolerance
in rail profile. Accordingly, the running rails were independently set to final
profile slightly above the concrete deck, as shown on Fig. 3, and the variable
intervening space was filled with a "second pour" of concrete to take up any
variations.

The cost of the BART shrinkage and creep control program, including
premium charges for special aggregates and all costs associated with developing

and carrying out the special testing program, was somewhat less than 2%
of the cost of the girders using the special concrete, or about 1% of the total
cost of the aerial structures.

SUMMARY

For 25 miles of the BART system, twin precast, prestressed box girders are
made of concrete conforming to special creep and shrinkage tests. Reduction of water
content and use of aggregates with high elastic modulus were primary control
methods. Running rails were independently set to accurate profile, and then attached
to the girders through a "second pour" of concrete. The cost of creep and shrinkage
control was 1 % of the total cost of the structures using special concrete.

RESUME

Sur quarante kilomètres, le système BART se compose de structures aériennes:
poutres en caisson jumelées, préfabriquées en béton précontraint soumis à des
essais de fluage et de retrait. Les premières méthodes de contrôle ont été la
diminution de la teneur en eau, et l'utilisation des agrégats â module d'élasticité élevé.
On a posé indépendamment les rails sur le profil exact; ensuite, ils ont été fixés
aux poutres au moyen d'une deuxième coulée de béton. Le coût du contrôle du fluage et
du retrait s'est élevé à 1% du coût total des structures utilisant le béton spécial.

ZUSAMMENFASSUNG

Für 40 Kilometer der BART Anlagen wurden doppelt vorgegossene, vorgespannte
Kastenträger aus Beton hergestellt, die auf besondere Prüfungen für Kriechen und
Schwinden abgestimmt waren. Die wesentlichsten Kontroll-Methoden waren Reduzierung
des Wassergehaltes und Verwendung von Aggregaten mit hohem elastischem Modul.
Die Schienen wurden unabhängig genau nach Profil gelegt und dann durch einen zweiten
Betonguss mit den Trägern verankert. Die Kosten der Kontrolle Uber Kriechen
und Schwinden bei Verwendung dieses Spezial-Betons beliefen sich auf ein Prozent der
Gesamtkosten für das Bauwerk.
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The reliability and reproducibility of concrete tests have been
questioned since their advent. Test procedures for determining shrinkage and
creep characteristics have been used in the United States for many years.
However, none of these procedures has attained a degree of acceptability
comparable to the standard compressive strength test. In the United States
this standard test is defined by the American Society for Testing and Materials
as ASTM Designation C 39. The test is performed on a cylindrical specimen 6

inches in diameter by 12 inches high, and at an age of 28 days. The coefficient

of variation of the results of this test is about 15 percent when applied to
field produced specimens. The results of shrinkage and creep tests show
considerably greater variation.

The most widely accepted shrinkage test in the United States is ASTM
Designation C 157. This test was developed for use in a laboratory, and its
application as a control test to field situations is questionable. In recent years
the Division of Highways of the State of California has used a shrinkage test
similar to ASTM C 157 as one test for the acceptability of set retarding, water
reducing admixtures. The test is applied to determine the laboratory
characteristics of a product. Once these have been determined, the product is
accepted or rejected and no attempt is made to control its field performance.
All of California's work is performed in their own laboratory using their own
trained technicians. Such an ideal laboratory situation is enviable, but
unrealistic for a private consultant to contemplate.

In the San Francisco area a number of shrinkage tests using a variety
of test specifications and different sized specimens have become popular in
the building industry. Most of these have been performed by privately owned
laboratories. While the general quality of the work done by these laboratories
has been good, the reproducibility of the shrinkage results produced by them
has been notoriously poor. Part of the fault lies in the fact that large storage
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facilities with controlled temperature and humidity are extremely expensive.
In 1964 the only private facilities available were small make-shift boxes. In
addition, no private laboratory had attempted a creep test.

Since BART was committed to using private testing laboratories, it
was necessary to develop test procedures and also to stimulate the development

of the laboratories to implement them. To accomplish this goal, it was
necessary to develop a test which provided enough consistency so that it could
be reproduced by several private laboratories. Also, the test had to be simple
enough to be economically feasible and sophisticated enough to provide
satisfactory results.

It was decided to use a comparison test rather than an absolute value
test. That is, the results of the test mix, the concrete proposed by the
contractor, were compared with those of a predetermined control mix. This
procedure helped to eliminate the differences between the various laboratory
facilities and their personnel. Unfortunately, it doubled the work and the cost
of each test.

A specific aggregate source was used for the control mix. The aggregate

is nearly pure quartz. It is rounded, river-run aggregate with a bulk
specific gravity of 2. 62, and an absorption capacity of 0. 5 percent. The sand
produced relative mortar strengths in excess of standard Ottawa sand mortar.
Because of the unusually tight control at the source, gradation was maintained
within plus or minus two percent with minor rescreening in the laboratory.
The cement used was a blend of three local Portland Cements. The cement
factor and slump were set at the same values as those of the test mix.
Proportions for a typical 7.5-sack control mix with a 3. 5-inch slump were as
follows:

Material Quantity

Cement 705 lb
Water 289 lb
Sand 1,342 1b

Coarse Aggregate 1, 574 lb

It was decided that because of the time and costs involved in testing,
testing would be limited to a qualification test at the beginning of the job and
follow-up tests every six months. The specification called for comparisons
of compressive strength, modulus of elasticity, shrinkage, and creep as
follows:

Performance of
Test Mix versus

Control Mix
Property (Percent)

Compressive Strength:
at end of curing cycle 95 minimum
at 28-day age 90 "
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Performance of
Test Mix versus

Control Mix
(Percent)

95 minimum
95 "

130 maximum

110 maximum

Property

Modulus of Elasticity:
at end of curing cycle
at 28-day age

Shrinkage, 14 days after
end of curing cycle

Creep, 28 days after
end of curing cycle

The overall quality of the concrete, or Class, was specified by cement factor
and slump. Provided that the mix was not changed, only standard compressive
strength tests were required during construction. The tests for compressive
strength and modulus of elasticity are standard ASTM tests and will not be
discussed here.

The shrinkage test developed was patterned very closely after ASTM
C 157. It specified prismatic specimens 3 inches by 3 inches by 11 inches
long. Length changes were measured over the full 11-inch length. Three
specimens were required for the reference mix and three for the test mix.
The curing procedure used for the test specimens was that method proposed
by the contractor for field use. Generally, the contractors used an 18-hour
steam curing cycle consisting of 5 hours of set time, 11 hours of steam at
140 degrees Fahrenheit and 2 hours of cooling. The control mix was cured for
seven days in a controlled atmosphere consisting of a relative humidity of
90 percent or greater and a temperature of 73. 4 plus or minus 3 degrees
Fahrenheit. The shrinkage of the control mix and test mix were compared at
an age of 14 days after curing.

The creep test was developed with the help of Professor Milos Polivka
at the University of California at Berkeley. It specified cylindrical specimens
6 inches in diameter by 16 inches high. Length changes were measured along
three 10-inch gauge lines located 120 degrees from one another around the
cylindrical surface. Six specimens were required for the reference mix and
six for the test mix. Three specimens were to be loaded in the creep frame
and the other three were to act as shrinkage adjustment specimens. The
curing procedures were the same as those discussed under the shrinkage test.
The specimens in the creep frame were subjected to compressive stress of
1,200 pounds per square inch. After adjustments for elastic strain and shrinkage

strain, the creep strain of the control mix and test mix were compared at
an age of 28 days after curing.

About 3,000 girders were cast for the job. The majority of these were
produced by a single contractor at a precasting yard which was completely
rebuilt for the job. The girders were cast in steel forms on a concrete bed.
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The concrete was placed by a belt conveyor and vibrated internally and externally.

The fresh concrete was steam-cured and the girders were stressed in
place before storing at the yard. Stressing was done with 1-1/4-inch diameter
high strength alloy steel rods. The girders were transported to the job by
truck and placed by crane. Field control consisted of the compressive
strength tests discussed previously and controlling the camber of the steel
forms.

The camber of the forms was shown on the contract drawings for each
girder. These camber dimensions were originally calculated on the basis of
the properties of the control mix. After the first 100 girders had been placed
in the field, a survey was made of the amount of camber in each girder. The
survey indicated that the finished girder camber varied by plus or minus 3/4-
inch from the average camber. It also showed that the average girder camber
was approximately 1/2-inch greater than the calculated camber. Camber
surveys made at different ages indicated that elastic and shrinkage strains
Were higher than anticipated while creep strains were lower. No attempt was
made to explain the discrepancy between the calculated camber and observed
camber, but the specified form camber was lowered to produce the desired
finished product.

While it might be argued that the field control, mainly compression
tests, did not constitute field control of the elastic and inelastic strain
properties, the finished product results indicated otherwise. Before track was
laid on the structure, a profile of the girders was made. On one four-mile
section which was studied in detail, the mean difference between calculated
and observed cambers was less than 1/8-inch while the standard deviation
was less than 1/4-inch.

The resulting structure will provide a safe and comfortable surface for
the passengers of the 1970's to travel throughout the San Francisco Bay Area
at speeds of 80 miles per hour.

SUMMARY

The reliability of concrete testing has long been questioned. Test procedures for
shrinkage and creep characteristics are usually too time consuming and expensive
to apply to field applications. The field performance of the BART aerial structures
provides evidence that the tests developed for BART were effective in solving these
problems.

RESUME

On a longtemps discuté de la validité des essais sur le béton. Les procédés des
essais de fluage et de retrait sont généralement trop longs et coûteux pour être
jutilisés sur le chantier. Le comportement sur place des poutres de la structure
laérienne du "BART" prouve que les essais développés pour le "BART"'ont résolu ces
problèmes de manière efficace.
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ZUSAMMENFASSUNG

Die Zuverlässigkeit von Betonpriifungen hat immer schon in Frage gestanden.
Kriech- und Schwind-Untersuchungen für individuelle Betonbauwerke sind normalerweise

zu zeitraubend und zu teuer. Die Leistungfähigkeit von BART's aufgestelzter
Fahrbahn beweist, dass die speziell für BART entwickelten Prüfverfahren erfolgreich
waren und dazu beigetragen haben, Kriech- und Schwind-Probleme vorteilhaft zu lösen.

Bg. 16 Schlussbericht
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Effet du fluage et du retrait dans les constructions en béton partiellement précontraint

Auswirkung der Kriech- und Schwinderscheinungen in Bauten aus teilweise vorgespanntem
Beton

Effect of Creep and Shrinkage in Partially Prestressed Concrete Structures

S. CHAIKES
Ingénieur-Conseil A.I.G.

Directeur du Bureau d'Etudes PRECO
Belgique

I. INTRODUCTION

Les pièces en béton précontraint intégral subissent à l'état
permanent de fortes contraintes de compression, surtout dans les
sections à grand rendement? ce qui entraine un fluage considérable
et des déformations différées souvent indésirables. Dans bien des
cas, celles-ci nuisent à l'aspect, provoquent des contre-flèches
inégales dans les éléments juxtaposés et créent des perturbations
dans les liaisons, de nature à entraver le développement du béton
précontraint dans le bâtiment.

Ces fortes contraintes de compression présentent en outre un^
danger latent de microfissuration possible du béton lors de la
précontrainte, pouvant entrainer dans les pièces ainsi affaiblies des
contraintes de traction non négligeables, voire même une fissuration

sous charges totales.
Dans d'autres cas, la fissuration de ce matériau, en principe

non armé, par le retrait ou par le gradient thermique durant le
durcissement et autres effets atmosphériques ou purement accidentels,

comme un tassement d'appui avant la précontrainte, font en
sorte que sous charges les fissures risquent de s'ouvrir pour un
léger dépassement de ces charges si les pertes de précontrainte
ou le frottement des câbles dépassent les prévisions du calcul.

La précontrainte partielle permet de remédier à cette situation.
En effet, la précontrainte réduite atténue dans les proportions
désirées la valeur du fluage et de la déformation différée,

et l'armature ordinaire améliore les propriétés d'allongement du
béton tant avant la précontrainte que sous charges et permet de
résister aux effets atmosphériques et autres effets imprévisibles.

Ce dernier avantage diminue cependant en cas de forte concentration

de l'armature ordinaire. En effet, celle-ciperturbe
l'évolution du retrait d'abord et du fluage dû à la précontrainte
ensuite. Le raccourcissement par le retrait moindre se solde par une
contrainte de traction dans le béton tandis que le raccourcissement
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par le fluage également moindre, se solde par une diminution de la
compression du béton.

Il est donc essentiel de connaître avec une précision suffisante

l'influence directe exercée par les deux armatures, de
précontrainte et ordinaire, sur l'évolution du fluage et du retrait
des pièces en béton partiellement précontraint pour pouvoir rendre
cette solution intéressante par une utilisation équilibrée des
deux armatures.

Dans cette communication, nous nous attacherons d'abord à évaluer

les effets du fluage et du retrait en fonction des deux armatures

pour tout le champ compris entre le béton précontraint intégral
et le béton armé classique. Des formules pratiques permettront

un calcul de ces effets d'après la compression induite dans les
deux armatures.

L'intervention de ces effets dans la perte globale de
précontrainte à la longue sera ainsi déterminée.

Ce calcul nous permettra ensuite de déterminer la zone du
rendement optimum de la précontrainte, zone où les avantages procurés
par l'armature ordinaire à concentration modérée sont prépondérants.

Ce faisant, nous aborderons le champ de la version dite "béton
précontraint armé", procédé utilisé notamment pour de nombreux
ouvrages d'art construits en Belgique. Conception de synthèse de la
précontrainte et de l'armature, cette solution répond aux critères
généraux de la Classe II du béton partiellement précontraint définis

par le Comité Mixte F.I.P. - C.E.B.
Une comparaison des valeurs des effets du fluage et du retrait

et de leurs conséquences pratiques pour des ouvrages d'art identiques
réalisés en béton précontraint intégral, Classe I, et en béton

précontraint armé clôturera l'exposé.

II. EFFET DU FLUAGE

L'effort de traction induit dans le béton par le fluage est
égal à l'effort de compression induit dans les deux armatures,
active (de précontrainte) et passive (ordinaire).

Dans l'hypothèse du fluage linéaire, cet effort peut être
déterminé par l'expression suivante :

A Ff s <T'bt A-t |5f (1)

ipm; : coefficient d'équivalence acier-béton pour la
déformation différée; étant le coefficient du fluage

et Ea/ E b le coefficient d'équivalence
instantané

contrainte de compression initiale du béton sous charges
permanentes au niveau du centre de gravité des

deux armatures.

aire totale des deux armatures.
A

: degre d'induction < 1 de l'effort
i + de compression dû au fluage dans

les deux armatures.

avec m ^

Ht :

At :

P f
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«t 1 + —4" ®tant le coefficient d'influence de l'excentricité ré
* sultante et des deux armatures à ce même niveau

(fig. 1), t le rayon de giration et U)t le pourcentage géométrique
total des deux armatures.

Cet effort induit peut être
transféré au centre de gravité de
l'armature active. Il devra alors
pour conserver le même effet à la
fibre extrême, être majoré par un
coefficient de transfert y qui est
le rapport des coefficients
d'influence des excentricités de
l'armature résultante et de l'armature

active, à cette fibre extrême. p ep + A.

lFiG.1l Ap + A

A Ff y mf (T'bt A t (2>f y (2)

ï "
Kpv

' tv " e ' pv t1

L'effort ainsi majoré, rapporté à la section de l'armature
active Ap et à sa contrainte de traction initiale d'api peut être
considéré comme étant la perte de précontrainte par fluage, soit :

P, - ^ (««) pf j m
opi api

avec ex A/Ap rapport des aires des deux armatures.
Le premier terme du facteur 1 + ex est relatif à la perte

directe dans l'armature de précontrainte, le deuxième terme est
relatif à la perte indirecte dissipée dans l'armature passive.

Dans les cas courants des sections avec armature de précontrainte

disposée au voisinage immédiat de l'armature ordinaire, le
coefficient de transfert y peut être pris égal à 1. La valeur de

Peut être prise égale à 2 x 5 1 10 pour les bons bétons.

III. EFFET DU RETRAIT

Pour les constructions post-contraintes, il faut distinguer :
1°- la phase avant la mise en précontrainte durant laquelle la pré¬

sence de l'armature passive est seule à considérer.
2°- la phase après la mise en précontrainte où les deux armatures

passive et active interviennent.
Ici également, l'effort de traction induit dans le béton par

le retrait est égal à l'effort de compression induit dans les deux
armatures active et passive.

Cet effort de compression peut être déterminé par l'expression
suivante :

AFr AFm + A Frl Fa A £m (3m + Ea At pr2 (0
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avec £M £r2 retraits correspondants du béton non armé et ßri ßr2
degrés d'induction de l'effort de compression durant ces phases.

ß M -

£r : retrait total.

n i
4 + Ka mr, coa i + Ktmr2cut

Ka 1 + Ak- ; Kt 1 + 4^
K a et Kt étant les coefficients d'influence des excentricités de
l'armature ordinaire et de l'armature résultante à leurs niveaux
respectifs, mr4 m r2 les coefficients d'équivalence moyens acier-
béton et Cl>0 cot les pourcentages géométriques correspondants
durant ces phases.

Toutefois, vu la faible importance de l'effort de compression
induit dans l'armature passive durant la première phase par rapport
a l'effort induit dans les deux armatures durant la deuxième phase,
on peut dans un but de simplification en cette matière, libérer le
calcul de la sujétion aux deux phases, avec des valeurs de £r< £r2
m ri et m r2 somme toutes assez aléatoires et effectuer le calcul en
une phase comme si l'armature active était présente dès le début.

En procédant ainsi, on accepte un léger excès de sécurité,
excès qui devient tout à fait négligeable pour la Classe III par
exemple, où l'armature active est de plus en plus réduite par
rapport à l'armature passive.

L'expression devient dès lors :

à FP Ea At £r pr (2)

avec pr _! ; degré d'induction de l'effort de com-
A + K^mru>t pression dû au retrait dans les deux ar¬

matures et mr coefficient d'équivalence
moyen acier-béton durant le retrait.

Cet effort de compression induit, transféré au centre de
gravité de l'armature active tout en conservant le même effet à lafibre extrême et rapporté à sa section Ap et è sa contrainte de
traction initiale ffapi peut être considéré comme la perte de
précontrainte par retrait:

Pr - (<") ßr y (')
^api 6api "

Ici également, comme pour le fluage, le coefficient de transfert
y peut très souvent être pris égal a 1.
La valeur de £r est à considérer en fonction de la compositionet de la qualité du béton ainsi que du degré d'exposition à l'air.Dans les régions tempérées par exemple, £r est généralement de l'ordre

de 0,25 mm/m pour les constructions exposées et de 0,^0 mm/m
pour les constructions protégées. mr varie de 30 à 60 suivant laqualité du béton. Il est de l'ordre de 50 pour les bétons normaux.
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IV. EXEMPLE D'APPLICATION

PONT NEEROETEREN

PONT

Ce calcul des pertes de précontrainte par fluage et retrait
dans les constructions partiellement précontraintes, fonction de la
concentration globale des deux armatures, permet de déterminer la
zone du rendement optimum de la précontrainte et le choix d'une
solution rationnelle.

Nous allons
l'illustrer à la
lumière d'un
exemple de deux
ouvrages d'art
identiques, réalisés^
l'un en béton
précontraint intégral
Classe I, l'autre
en béton précontraint

armé,
conception de synthèse

de la
précontrainte et de
l'armature répondant
aux critères généraux

de la Classe
II.

La figure 2
montre le pont de
Neeroeteren
intégralement précontraint,

à 3
travées continues de
50 et 2 x 2? m de
longueur. Les
poutres à semelle
inférieure de 1 m 10
de largueur,
forment caisson au
voisinage des
piles. La précontrainte

se compose
de 5 câbles de
35- 0 7 continus
plus 1 câble de
15- 0 7 dans la
section du milieu.

1/2 COUPE 2-2
La figure 3

montre le pont de
Gervoort partiellement précontraint de mêmes dimensions extérieures.
La largeur de la semelle inférieure est de 55 cm seulement. La
précontrainte se compose de 3 câbles de 35- 0 7 continus plus 1 câble
de 16 0 7 dans la même section, soit 36 % en moins, compensés par
une armature passive de 6 0 1,27" A52.

L'indice de précontrainte tpr,rapport de l'effort permanent de
précontrainte à l'effort total des deux armatures, vaut ici 0,78
tandis que l'indice des charges permanentes 1 Mq rapport du moment
permanent au moment total,est de 0,5-9 dans cette section.
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SECTION DU

MILIEU
PRECONTRAINTE INITIALE

+ POIDS PROPRE

(41) 27 kg/cm1

CHARGES PERMANENTES TOTALES

AU DEBUT A LA LONGUE

(41) 53

53 (Ml)

(43) 55 kg/cm*

40 (M)

< >

I
FIG.4

La figure W- donne le régime des contraintes dans la section.
A la

précontrainte, la
compression à la
fibre inférieure est
de 1M+ kg/cm2 pour
le pont intégralement

précontraint
contre 93 kg/cm2
pour le pont
partiellement précontraint.

La compression
sous charges

permanentes au début

vaut respectivement
111 kg/cm2

et 53 kg/cm2. Elle
est de 88 kg/cm2
et de *+0 kg/cm2 à
la longue.

'»i-âf1

PONT DE NEEROETEREN

•ETON PRECONTRAINT INTEGRAL}

PONT DE CERV00RT

(BETON PRECONTRAINT ARME)

CHARGES MAXIMA A LA LONGUE

SECTION HOMOGENE (ETAT 1 SECTION 3UPP05EE PISSUREE (ETAT 2)

126 kj/cm*(104) 116 kg/un1

A
S3 H)

M.
z

1720 t X/
I 2100/(0

| *.»0 t - F„

Calcul des pertes de précontrainte
Pont de Gervoort :

Ap 227 cm1 d'où of ~ 1.B 3,71 m2 ; I s 0,75 m*; V 0,83 m ; A 2 33 cm2 ;

Wt 0,0125; ea.0,7t m ; ep 0,72 m; et 0,74 m d'où Kt 3,70 et y ~ 1.

rrip » 10 ol'ou (3^=0,68 ; Ö"^t 53 kg/cm2 0,53 kg/mm2 ; ffapi 85 kg/mm1;
£r 2,5 x 10"4 et mP 50 d'où (îr =0,30Ea-

Soit

('où

2 x 10 A kg/mm1 ;

Pf

P'

m. cribt

apt
Ea Cr

(1 + et) f3f y
10 X 0,55 (1 + 1) 0,68

85
0,085

'api
4 \ (1 2 x 10* x 2,5 x 10"*
1 + tx [3r y (1+1) 0,3 0,035

85
0,120

soit 12 % de perte dont 6 % de perte directe dans l'armature active
et 6 % de perte dissipée dans l'armature passive.

Vu la valeur réduite de la contrainte de traction initiale Gapi
dans^la section du milieu, par suite du frottement, par rapport à
la résistance garantie Rg la perte par relaxation de l'acier de
précontrainte est voisine de zéro dans cette section^ Rg 150 kg/mmJ).

Pont de Neeroeteren :

B 4,15 m2 ; I 0,95 m*; V 0.74- m ; Ap =354 cm' ; W? 0,0085 ; ex 0.

ep 0,35 m d'où Kp 2,85 ; mf 10 d'où (if 0,80 ; <fapi 83 kg/mm*;
<T£t 104 kg/cm* 1,04 kg/mm2 ; £r 2,5 x 10~4 et mr 50 d'où ßr 0,45.

Soit F' ^ h-"Pt

Pr
Ea eP

'"Pi
?r -

10 x 1,04

83

2 x 10* x 2,5 x10"4

83

0,80 0,100

0,45 0, 027
0, 1 27
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La figure 5 montre pour la même section la variation de la
perte globale de précontrainte par fluage et retrait en fonction
de la concentration totale des deux armatures et également en

On voit que
la perte par fluage

diminue avec
tpret s'annule en
Classe III pour
ipr 0,6 .valeur-
correspondante à
la décompression
sous charges
permanentes, tandis
que la perte par
retrait augmente
rapidement à partir

de ce moment
et devient
considérable avec
l'augmentation de la
concentration des
armatures en Classe

III.
Le choix d'un i pr > 0,6 pour le pont partiellement précontraint

est conditionné ici par les considérations de sécurité à la
fissuration sous charges totales.

Remarquons que la perte directe par fluage et retrait dans
l'armature de précontrainte est moitié moindre ici que pour le pont
intégralement précontraint. La perte globale qui comprend la perte
dissipée dans l'armature passive est du même ordre pour les deux
ouvrages.

V. CONCLUSIONS

On aperçoit ainsi tout l'intérêt d'une précontrainte et d'une
armature passive modérées. Avec l'élimination des effets nuisibles
du fluage et du retrait, la solution équilibrée des deux armatures
entraine des conséquences toutes favorables à la sécurité durant
toutes les phases de sollicitation et notamment :

1) Avant la précontrainte : sécurité à la fissuration améliorée
vis-à-vis des effets du retrait, des variations atmosphériques
ou des sollicitations accidentelles, grâce à la présence de
l'armature passive.

2) Lors de la précontrainte : sécurité quant au danger d'une micro-
fissuration possible du béton par compression excessive, grâce
à la précontrainte modérée.

3) Sous charges permanentes : sécurité accrue par l'absence d'un
fluage et des déformations différées excessives.

à) Sous charges totales : sécurité à la fissuration mieux assurée
grâce aux deux armatures par suite du bon comportement sous les
trois phases précédentes et également en cas d'un léger dépassement

des surcharges ou en cas de pertes de précontrainte ou
de frottement des câbles supérieures- aux prévisions.

fonction de l'indice de précontrainte.
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RESUME

L'auteur détermine l'effet du fluage et du retrait dans les constructions en
béton partiellement précontraint à partir de la valeur de la compression induite par
ces phénomènes dans l'armature de précontrainte et dans l'armature ordinaire.

Le calcul des pertes globales de précontrainte qui en résultent permet ensuite, à
la lumière d'un exemple numérique d'ouvrages d'art réalisés, de déterminer la
zone du rendement optimum de la précontrainte et le choix d'une solution rationnelle.

ZUSAMMENFASSUNG

Der Autor bestimmt die Auswirkung der Kriech- und Schwindeerscheinungen in
Bauten aus teilweise vorgespanntem Beton auf der Grundlage des Kompressionswertes,
der durch diese Erscheinung in der Vorspannbewehrung und in der normalen
Bewehrung verursacht wird.

Die Berechnung der sich daraus ergebenden totalen Vorspannverluste erlaubt
dann, mit Hilfe eines Zahlenbeispiels von bereits ausgeführten Bauten, die optimale
Vorspannzone und die Wahl einer rationellen Lösung zu bestimmen.

SUMMARY

The author determines the effect of shrinkage and creep in partially prestressed
concrete on the basis of the compression induced by these phenomena in the
prestressing steel and in the ordinary reinforcement.

The calculation of the resulting total loss of prestress is then used, with the help
of a numerical example from a completed structure, to determine the optimum
efficiency range of prestress and the choice of a rational solution.
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Das Konstruktionsprinzip der Flutbrücke der vierten Donaubrücke in Wien:
Feldweiser Aufbau eines Durchlaufträgers

Design Principle used for the fourth Danube Bridge in Vienna:
Span-by-Span Construction of Continuous Girders

Le principe de construction du quatrième pont sur le Danube à Vienne:
Construction par travées d'une poutre continue

MANFRED WICKE
Dr.-lng.

Wien, Oesterreich

Die vierte Donaubrücke liegt im Zuge der Nordostautobahn im
Stadtbereich von Wien. Die Flutbrücke am linken Ufer umfaßt ca.
23.000 m2 Brückenfläche; sie gliedert sich in die Flutbrücke 1

und in die Flutbrücke 2 einschließlich der 4 Rampenbrücken.

Die Flutbrücke 1 ist ein.Spannbetontragwerk von 6 x 51,20 m

Stützweite und von im Mittel ca. 34,0 m Breite. Je Richtungsfahrbahn
wurde ein dreistegiger Plattenbalkenquersehnitt von 3,60 m

Konstruktionshöhe angeordnet. Die Flutbrücke 2 weist sieben
Felder zu je 28,50 m Stützweite auf. Ihre Konstruktionshöhe
beträgt 1,80 m. Der Querschnitt ist je nach Brückenbreite ein zwei-
oder dreistegiger Plattenbalken. Im Bereich der abzweigenden
Rampen ist eine untere Druckplatte angeordnet. Die Rampenbrücken
sind wegen ihrer starken Krümmung im Grundriß als Hohlkastenquerschnitt

ausgebildet. Ihre Spannweiten betragen im Mittel ca.
30,0 m. Alle Tragwerke sind in Längsrichtung nach dem Dywidag-
Spannverfahren voll vorgespannt. Die Fahrbahnplatte, die Stege
und die Querträger sind mit Rippentorstahl RT 50 schlaff bewehrt.

Bauherrin ist die Republik Österreich, vertreten durch das

Bundesministerium für Bauten und Technik bzw. durch das Amt der
Wiener Landesregierung. Projekt und Ausführung lagen in Händen

der Arbeitsgemeinschaft Ing.Mayreder,Kraus & Co, Wien und Ed.

Ast & Co, Graz.



252 II - KONSTRUKTIONSPRINZIP DER VIERTEN DONAUBRÜCKE IN WIEN

Das Tragwerk wurde abschnittsweise auf Lehrgerüst hergestellt.
Wegen der stark veränderlichen Brückenbreite schied der Einsatz
eines Gerüstwagens aus. Die Wirtschaftlichkeit der Herstellung
auf Lehrgerüst war auch in der geringen Höhe über dem Gelände von
etwa 10-12 m begründet. Vergleichende Kostenberechnungen von
seiten der Arbeitsvorbereitung ergaben einen wirtschaftlichen
Vorteil bei Anordnung der AbSchnittsfuge über den Pfeilern.
Dies war unter anderem in dem geringeren Einsatz von Lehrgerüstmaterial

über die ganze Baudauer begründet.

Bild 1 Aufbau der Eigengewichtsmomente an einem Sechsfeldträger
mit J const und g const
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Es war somit den Konstrukteuren die Aufgabe gestellt ein
Konstruktionssystem für das Tragwerk zu finden, das den gewünschten
feldweisen Bauvorgang ermöglichte. Eine mögliche Lösung wäre die
Aneinanderreihung von Einfeldträgern gewesen. Dieses System
schied aber aus, weil die Einsparungen beim Bauvorgang durch die
Massenmehrungen im Tragwerk wieder verloren gegangen wären. Es

kam daher nur ein durchlaufender Balken in Frage«

Beim Durchlaufträger besteht die Schwierigkeit darin, daß an der
Arbeitsfuge, und damit im Stützenquerschnitt, zunächst kein
Biegemoment auftritt, während im endgültigen System große
Stützenmomente wirken. Verfolgt man den Aufbau der Eigengewichtsmo-

•o
mente (Mg) am Beispiel eines Sechsfeldträgers, so erkennt man,
daß diese wesentlich kleiner sind als die zugehörigen
Lehrgerüstmomente am natürlichen System (siehe Bild 1)

O

Durch den Bauvorgang entsteht im fertigen Tragwerk eine Zwängung
der Größe (M ® - M^). Diese wird durch das Kriechvermögen

O O &
des Tragwerkes abgebaut und weckt relativ große Kriechumlage-

v» 2 - !P

rungen MZ M e Durch diese wird aber eine Unsicherheit in
O O

das Tragwerk getragen. Wenn man auch heute auf Grund verfeinerter
analytischer Rechenverfahren den Einfluß des Kriechens sehr

gut verfolgen kann, so bleiben trotzdem noch die Unsicherheiten
in der Größe der Endkriechzahlf und im zeitlichen Verlauf des
Kriechens ^(t). Beide hängen von einer Anzahl von Parametern
ab, die dem Konstrukteur zum Zeitpunkt der Berechnung noch nicht
bekannt sind oder auf die er keinen Einfluß nehmen kann. Es ist
daher ratsam ein Tragwerkssystem bei welchen das Kriechen einen
großen Einfluß auf die Schnittgrößen hat zu vermeiden und sich
möglichst unabhängig von der Größe des Kriechbeiwerts zu machen.

Wir haben bisher nur den Lastfall Eigengewicht (g) betrachtet
und die Vorspannung (v) außer Acht gelassen. Es liegt nun der
Gedanke nahe, in der stets vorhandenen gemeinsamen Wirkung der
beiden Lastfälle g und v den Einfluß des Kriechens weitgehend
auszuschalten. Wenn man bedenkt, daß durch die Arbeitsfuge an
der Stütze zunächst dort kein Biegemoment auftritt (MB=0),dann
erscheint es sinnvoll, auch im Lehrgerüstzustand die Biegemomente
an der Stütze null werden zu lassen (Mj=0). Wenn aber
M-k _ |jL + 0 sein soll, dann muß werden,

g v T g
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Durch die Wahl einer geeigneten Spannstrangführung lassen sich
aber tatsächlich Umlagerungsmomente wecken, die negativ gleich
groß den Eigengewichtsstützenmomenten sind. Eine praktisch ver~
wertbare Lösung erhält man, wenn man die Stützendrehwinkelot am

Einzelfeld aus den beiden Lastfällen g und v entgegengesetzt
gleich groß macht, wenn also gilt

<*c -«V

Für den vereinfachten Fall eines feldweise konstanten Trägheitsmomentes

und eines konstanten Eigengewichtes sowie einer
gleichbleibenden Vorspannkraft lassen sich die Bedingungen für eine
derartige Spannstrangführung leicht angeben:

Lastfall Eigengewicht (g)

Jim
X tiJ -VMI

Lastfall Vorspannung (v); parabolische Spannstrangführung

t-«Sfc<0

N/ A
ConSt.

XTX\ V«,St
EJccy - v fcF- e&J l +*zlL

3 6
Ofy

Die beiden Werte fürOCg und "Cv in die Bedingung OCg -Ofa eingesetzt

ergeben:

Jfe.1 - _ VeF.l + V.est.1 oder _ Mg_
3 3 6 V.eF

1 + est
2eF
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Zu derselben Beziehung gelangt man, wenn man nicht vom freidrehbar
gelagerten Ballten als Grundsystem ausgeht, sondern den

beiderseits starr eingespannten Balken wählt. Dann muß

werden.

" v-ey ~ 1
3 3

V-eSt - + - M_ oder

1 + 'St
2eF

welcher Ausdruck mit dem oben abgeleiteten übereinstimmt.
®gtIn der Tabelle 1 sind für verschiedene Werte zu zugehöri-

gen Werte g eingetragen.

Tabelle 1

-% 0,0 o,1 <2,2. 0,*> OA o,S o,& 0,1 o,Ö 99 %o i/o
1,00 99G 0,9a o,&5 Q8o a,& A ?ö o,Q>5 Q6o o>5S 0, SD o,oo

Bei einem Plattenbalkenquerschnitt liegt eg^/e^, zwischen - 0,2
bis - 0,4 und bei einem Hohlkastenquerschnitt zwischen - 0,5
und - 0,8.
Das Vorspannmoment in Peldmi^te Ve^, muß aber einem Anteil des

gesamten Lastmomentes + M das Gleichgewicht
halten. Setzt man für 1,2 Ve^ dann ergibt sich für Plat-
tenbalkenquerschnitte

Mg/M^-0,67 0,75

und für Hohlkastenquerschnitte
%/Mq,- 0,50 0,62



256 - KONSTRUKTIONSPRINZIP DER VIERTEN DONAUBRÜCKE IN WIEN

Im Fall der Flutbrücke 1 betrug Mg/Mg ^0,70 und es konnte
somit bei einem Plattenbalken eine geeignete Spannstrangführung
gefunden werden.

Man sieht aber auch, daß durch den vorgegebenen kleinen Spielraum

von Mg/Mg_ das Anwendungsgebiet des beschriebenen
Konstruktionsprinzip eingeengt ist. Man kann den Bereich etwas erweitern,
wenn man von der Forderung nach voller Vorspannung abgeht und

beschränkte Vorspannung zuläßt, weil man dann etwas freizügiger
in der Spannstrangführung wird.

Hat man die Bedingung M^î - M^ erfüllt in der Form, daß «y
»-Of gemacht wurde, dann hat jedes Einzelfeld unter dem Lastfall

• / ® \ el(g + v) eine horizontal Tangente an der Stütze, + =0.
Diese bleibt aber auch während des Kriechvorganges horizontal,
was man direkt aus der Beziehung

ablesen kann. Bamit passen die benachbarten Felder auch nach dem

Kriechen ohne Klaffung an der Stutze zusammen und es werden
somit keine Kriechumlagerungen geweckt. Weiters erkennt man, daß

während des gesamten Systemaufbaues keine Stützenmomente
entstehen, da die Felder jeweils nahtlos aneinander passen.

(1+f 0

LastfoM g [psiteutv LastfttU g+v
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Die große Zwängung des Lastfalles Eigengewicht M", wird also durchÎg
eine entgegengesetzt gleich große des Lastfalles Vorspannung
kompensiert

Für den resultierenden Lastfall (g+v) stimmen somit Bauendzustand
und Lehrgerüstzustand überein und es entstehen somit keine
Kriechumlagerungen. Das Kriechen wirkt sich nur mehr über den Abfall
der Vorspannkraft AV aus, und zwar in zwei verschiedenen
Wirkungen.

Erstens entstehen die Schnittgrößen AV und AV.e am

statisch bestimmten Grundsystem.
Zweitens weckt der Lestfall AV wiederum ümlagerungsmomente
^ÄV ^eren Größe unter der Voraussetzung eines über die
Spanngliedlänge konstanten Spannkraftverlustes leicht angegeben
werden kann.

Diese Momente sind ein Bruchteil des Eigengewichtsstützenmomente
und daher negativ und entlasten den Feldquerschnitt.
Beim Gebrauchsspannungsnachweis kann der Lastfall (g+v) in seiner
Überlagerung in die Rechnung eingeführt werden und besteht aus
der Aneinanderreihung der Freibalkenmomente der einzelnen Felder.
Die Schnittgrößen der Lastfälle ständige Auflast (Ag) und
Verkehrslast (<pfi) werden am durchlaufenden System ermittelt. Für
den Lastfall Vorspannung kann man jedes Feld für sich getrennt
betrachten, weil durch die horizontale Stützentangente keine
Beeinflußung durch benachbarte Felder erfolgt. Die Spannstrangführung

ist nach den Erfordernissen des Spannungsnachweises so
zu wählen, daß sie der Bedingung Oy - Oc^ genügt.
Beim Bruchsicherheitsnachweis ist hingegen zu beachten, daß die
Schnittmomente aus g und v mit unterschiedlicher Wertigkeit in
die Berechnung eingehen. AUa diesem Grund müssen hiezu die Bau-
zustandsmomente und ihre Umlagerung in Richtung auf die
Lehrgerüstmomente hin berechnet werden.

Bg. 17 Schlussbericht
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ZUSAMMENFASSUNG

Es wird ein Konstruktionsprinzip beschrieben, mit dessen Hilfe es möglich ist,
einen vorgespannten Durchlaufträger feldweise herzustellen, ohne dass dadurch
Kriechumlagerungen ausgelöst werden. Es gelingt dies durch Wahl einer Spannstrangführung,

die Umlagerungsmomente weckt, die negativ gleich gross den Eigengewichts-
stutzenmomenten sind. Die Auswirkung des Kriechens wird damit auf den Einfluss
des Spannkraftverlustes beschränkt.

SUMMARY

A design principle is described which permits the construction of a prestressed
continuous beam in individual spans in such a way as to preclude the occurrence of any
redistribution due to creep. This is accomplished by means of a tensioning strand
arrangement resulting in moments of redistribution which are equal and opposite to
the moments about the points of support resulting from the own weight of the
structure. The effects of creep are thus restricted to the influence exerted by the loss
of prestressing force.

RESUME

Description d'un principe de construction à l'aide duquel on peut construire par
travées entières une poutre continue précontrainte sans provoquer de redistribution
des efforts due au fluage. On y réussit en choisissant une position des câbles donnant
naissance à des moments parasitaires correspondant négativement aux moments du

poids propre sur les appuis. L'effet du fluage se trouve ainsi réduit à l'influence de la
perte de précontrainte.
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Effect of Creep on the Flexural Strength and Deformation of Concrete Beams

Influence du fluage sur la résistance et déformation en flexion des poutres en
béton armé et précontraint

Einfluß des Kriechens auf die Biegefestigkeit und die Verformung von
Stahlbetonträgern

A. HUBER R. RASIA
Institute of Applied Mechanics and Structures (IMAE)

Universidad Nacional de Rosario
Argentina

INTRODUCTION:

Some years ago the writers were engaged in an investigation
of the effect of creep on the deformations and strength of statically

determinate beams of reinforced concrete (l) and arrived at
the conclusion that a previous creep history has little effect on
the flexural strength. From limit analysis it can be inferred that
this will also be true for conti nous beams. The same conclusion
has been reported by Messrs. Ghosh and Cohn in the Preliminary
Publication of this Symposium (2)

A non-linear analysis program was used for solving the stresses
in a rectangular concrete member by successive approximations.

The effect of time dependant deformation was introduced by both
the reduced modulus concept and by numerical integration of specific

creep curves. The experimental program was limited in scope
and included tests of aluminum reinforced resin models and simply
reinforced concrete beams.

More recently the second author extended the method of solution

to unsymmetricaI double-T sections, typical of pre-stressed
concrete (3) and had the opportunity to compare the theoretical
solutions of long-time behaviour with the experimental data of the
investigation under way at the Institut du Genie Civil of the
University of Liege.

SECTION ANALYSIS:

The usual assumption of a linear strain distribution across
the section is made while compressive and eventual tensile stresses

in the viscoelastic material as well as in the reinforcement
may follow arbitrary stress-strain laws (Fig. l). Defining the
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Stress by their secant moduli and corresponding strains and combining

equilibrium and compatibility equations a quadratic expression
for the neutral axis position is obtained.

>

The equations have general validity for any state of stress
up to failure. The solution is obtained by a process of successive
approximations. Moment-curvature relationships are also obtained.
Special cases, as f. i. Iinear•stress-strain laws, abscence of
tensile stresses and combinations thereof are readily obtained. The
failure moment is a limiting condition for which the strain-dependant

coefficients take known values.

TIME DEPENDANT DEFORMATION:

For non-aging materials with linear creep and linear behaviour

under instantaneous loading the stress-strain relation can be
expressed by :

FIG. 1 STRAINS.STRESSES AND NTERNAL FORCES

£t>C0 =Gb(t)
Eb(to)

+ Eo (t,Xo) (i)

where s the specific creep. The term between parenthesis can
be interpreted as the inverse of a reduced modulus. Eq.(l) represents

the first term of the exact solution of the problem by power

series and constitutes in many cases of practical importance

M=304 kgcm

aluminum

118rpm

^23mm

_i i I I I I
^theoretical t'(hours)
" J 1 1 » ' I 111»

241 234 56789 10

DEFORMATION-TIME RELATIONSHIP FOR ALUMINUN-REINFORCED
ED0XY MODEL
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a very good approximate solution (4). Introducing this reduced
modulus in the equations of section analysis an approximate solution
for the redistribution of stresses is obtained.

Fig. 2 shows the results of redistribution obtained with an
aluminum reinforced resin model maintained under a constant moment
and the comparison with reduced modulus solutions.

NUMERICAL SOLUTION:

For linear creep the strain increment can be expressed in
function of the corresponding specific creep curves. From Fig. 3

the following expression is obtained:

-d«.Oi **-0

I .S-Kn-Op.Cti .c.3

FNL 3 FMTE WRKTHN OF CREEP SWAIN

Atb Gb(tl-i)

GbCtl) d(ti /u_,>
EbCtO

(Tb(ti-l) fL-i tG"b(ti)fl (i)

Substituting Eq. (2) into the equilibrium equations it is
possible by iteration to obtain the unknown value of Gb(t0for each

«5*
reduced modulus

linear stress — creep non linear
• stress and creep lirtear

experimental
non linear stress - linear creep

• linear stress - linear creep
- non-linear stress —linear creep

numerical method

b-c (days)

1231.5678910 15 20 25

FIG.4 COMPARISON OF THEORETICAL AND EXPERIMENTAL DEFORMATION
RATIOS OF REINFORCED CONCRETE BEAM
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time increment. This calculation is best performed by a computer.
Fig. 4 shows the experimental and analytical results for a
rectangular reinforced concrete beam, loaded at the age of 7 days
just below its failure moment which was maintained constant for a
period of 25 days when the beam was tested to failure.
ULTIMATE MOMENT Of A BEAM WITH PREVIOUS CREEP HISTORY:

In order to determine the failure moment of a reinforced
concrete section with a previous creep history it can be assumed that
at a certain instant, t, the deformations in both concrete and
steel are known and that the applied moment is increased up to fai
lure in a short period of time such that further creep deformation
is excluded. Maintaining the hypothesis of linear strain distribution,

failure will occur by limiting states of either concrete or
steel reinforcement.

Designating the corresponding values of the limiting state
by a horizontal bar, the following ratios o-f moments with and with
out a previous creep history are obtained:

Failure by steel: -jj|p —
S (underre i nforced)

- - f (3)
Failure by concrete: -Mc - -Sk (overre i nforced)

Mr <Ja 1- ^
where Ga is the steel stress, inferior to its yield stress, but af
fected by the redistribution process. In order to evaluate the
effect, comparative calculations were made for the test beam
section.with different assumptions for the form of the stress-strain
relationship (linear, parabolic, rectangular) and for the ultimate
strength of concrete with (146 and 195 Kg/cm2) and without creep
history (174 Kg/cm2). I t was found that even for extreme combinations

the influence was only of the order of Ï 10 %.

The results are not surprising since it is well known that th
failure moment of underreinforced concrete sections is not influenced

very much by even rather big concrete strength variations.
It is also evident that an experimental determination would be
virtually impossible because of inherent variations of material
properties.

T-SECTIONS OF REINFORCED AND PRESTRESSED CONCRETE:

The calculations of creep deformations by the reduced modulus
concept have been extended to double-T sections typical of pre-
stressed concrete (Fig. 5) subjected to flexural moments applied
in two stages.

The results of calculated deformations for zero prestress areshown in Fig. 6 and 7 by dashed lines for the maximum compressive
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and tensile strain respectively. There is quite a good agreement
between these calculated values and the experimental results (solid

lines) of an investigation under way at the Institut du Genie
Civil of the University of Liege.
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FIG. 7 SPECIFIC DEFORMATIONS IN THE TENSIONED EDGE/REINFORCED BEAM

In the case of fully prestressed concrete, the substitution of
the reduced modulus in the conventional equations for concrete and
cable stresses gives, together with the perfect bond condition
between the cable and the surrounding concrete at all times, the Wanted
solution. Unfortunately, the cable eccentricity has also become a

function of time so that a procedure of successive approximations has
to be used. A computer program was written for these calculations
The same section shown in Fig. 5 was analysed and compared with the
experimental results under way at the Institut du Genie Civi I already
mentioned earlier. Again a very good agreement was obtained between
theoretical and experimental results (Figs. 8 and 9)-
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CONCLUSIONS:

The time dependant deformations of reinforced and prestressed
concrete beams can be predicted with a good approximation by the
reduced modulus concept or numerical integration of specific creep
curves.

A previous creep history has a very small effect upon the flex-
ural strength of reinforced concrete beams and the inheret variations

of material properties make an experimental verification very
diffieu 11.
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NOTATION:
Eb secant modulus of concrete in compression
IY\ applied moment
Mr fai1ure moment
k< compressed area coefficient
k« coefficient for c. g. of compressed area

concrete compressive strain in extreme fi ber
£o specific creep strain
CTb compressive concrete stress in extreme fi ber

neutral axis coefficient
stress in steel reinforcement

T age
t t i me
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SUMMARY

The effect of creep on the deformation and strength of statically determinate
beams of rectangular and T-section of reinforced and prestressed concrete was
studied both experimentally and theoretically. The effect of time-dependant
deformation was introduced by both the reduced modulus concept and by numerical
integration of specific creep curves.

The conclusion was made that a previous creep history has a very small effect
on the flexural strength of reinforced concrete.
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RESUME

On étudie de façon théorique et expérimentale l'influence du fluage sur la
déformation et la résistance des poutres statiquement déterminées de section
rectangulaire ou en T, en béton armé et en béton précontraint. L'effet du fluage a
été introduit de deux manières: en utilisant le concept du module réduit et par
intégration de la courbe de fluage spécifique.

On a pu conclure que l'histoire du fluage a une très petite influence sur la
résistance à la flexion de la poutre armée.

ZUSAMMENFASSUNG

Der Einfluss des Kriechens auf statisch bestimmte Stahlbetonträger mit und ohne
Vorspannung wird untersucht. Der Einfluss der zeitabhängigen Verformungen wurde
mit Hilfe einer reduzierten Elastizitätskonstante und durch numerische Integrierung
von spezifischen Kriechkurven berücksichtigt.

Es wurde die Schlussfolgerung gezogen, dass das vorhergehende Kriechen eine
sehr kleine Auswirkung auf die Biegefestigkeit von Stahlbetonträgern hat.
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Influence of Creep on Column Instability

Influence du fluage sur l'instabilité des colonnes

Der Kriecheinflüß auf das Knicken von Stützen
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Whenever a structural element is required to resist compressive
stresses, the possibi I ity of fai lure due to instabi I ity has to be
taken into account. Mèreover, jf the element i s made of a visco —

elastic material, the analysis should include the consideration of
delayed instability phenomena (creep buckling).

Let's have a slightly bent concrete column under a constant com
pressive load. In the presence of creep, lateral deflexions increase
with time, the action being triggered by the bending moments resulting

from the simultaneous existence of initial deformation and end
load. After a certain time, collapse may occur or, alternatively,
the column may reach a new equii t i br i un position.

An usual definition states that a system in equilibrium is
stable when, subjected to a small disturbance, it returns to its
Original position after the disturbance is removed. This definition
is not of much use in the situations discussed in this work. A non-
conservative system, when disturbed, may never return to its original

position, but if a small disturbance causses only small dis -
placement, it is for practical purposes as safe as a stable conser-
ative system.

A stability concept introduced by Di Stefano en seems more ap -
propriate as a practical criterion: a column is considered stable if,
for times t "»«> its deflexions approach a finite limit, that is

X (*•*) ~ Ï (*•'*>)< oo
£ -*ee "
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Naturally, the deflexions at although finite, could
result larger than the material's allowable strain and stresses. In
these circunstances, other considerations have to be used in addition

to the stability criterion.
The simplest rigorous analysis of creep instability in con -

crete columns has been pionnered by the works of J. N. Distéfano.
In the present discussion, the main results of this approach are
outlined, and compared \with Mr. Faessel's criteria and with
other developments.

Linear case: the most general representation of linear viscoelastic
behavior may be obtained with a stress-strain relation of the form

è(é) » ££>+ f <t(t) J r
in wh i ch

* (i)

(2)
and toltf*) is the specific creep strain function.

There are several different expressions currently used to
represent the ageing of concrete. According to Aroutiounian [2^| the
specific deformation may be written:

-)(i- e J (3)

When the stress-strain relation (l) is introduced into the cIa£
si cal formulation for the equilibrium of a slightly bent bar, the
following equatiionis obtained f '1 :

A zj rfr « o
»«* '-c II (4)

In equation (4) i s the lateral deflexion, the moment
of inertia of the cross section and M(t) the bending moment due to
lateral loads and/or initial excentricity.

In adition to the terms present in the classical buckling analysis,

aquation (4) has the additional term representing the creep
effects. Replacing equation (l) into the equation (4) the following
integro-differentia I equation is obtained:

' rjf f- *> /<*-• (5)
O

- _ -4- /Z Jo

Equation (5) may be solved by expanding the functions £ (xftJ
and is series of orthogonal functions. Thus, the behavior of
deflexions for t i mes may be analyzed. This analysis shows that
deflexions remain bounded provided the axial load P satisfies the
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inequaIity

2 <
Pe

_ p*
I -+• £ lfo

(6)
i n wh i ch Pp is Eu I er's critical load and^repi"esents the asymptotic

value of specific creep for the aged concrete. Similar results
have been obtained by Ost I und 1*33 assuming expressions for the
ageing for concrete other than (3)«

It should be remarked at this point that, when Dischinger's
formulation for ageing creep is considered, the asymptotic value
of specific creep vanishes for aged concrete. Accordingly a limit
loas is obtained which coincides with Euler's load £43 Of course
this result greatly overestimates the column's actual limit load.

Equation (6) applies to non-reinforced concrete elements, for
reinforced members, this expression must be modified. In the parti-
cu I ar case of a column with symmetrical cross section, the condition

for asymptotic stability is written £5}

e. y « ^P < _3- (»+ Eb JT. n) (7)I •+ Et,y> xk
in which lb >and T«, Ee are respectively the moments of inertia
and modulus of elasticity of concrete and steel.

References [" 11 and T53 give the exact expressions for the
deflexions. A close approximation for the final values is obtained
if a reduced modulus

g (<*>)_

I -+ B (*>) fa (8)

is used, together with the equations for instantaneous deflexions.

Non-linear case: when concrete stresses exceed 30-40 % of its
compressive strength, non-Iinear behavior becomes important. In order
to take into account non-Iinear creep effects, a procedure similar
to that one used for the linear theory may be followed, provided
some simplifying assumptions are made £6"3

first, strees-strain relations are expressed in the form £2j
1frr) -fti-TlciX (9)

with

ç it) „ ÇË F 1er) f(t, rjoir

F f(T) « cr* ft* (10)

Second, the actual column cross section is replaced by an ideal
X cross section.
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The analysis indicates that asymptotic deflexions and
buckling load are governed by a reduced modulus

e (co)

in which
l-t-E (to) yo (> + z/i<ro)

(To - PA

(ID

(12)
is the average stress on the cross section.

D<]For the non-Iinear case, Mr. Faessel proposes the use of
reduced modulus that in our notation may be written

a

Bt
(13)/-*

£t being the concrete tangent moduI us which corresponds to the
buckling stresses. This modulus applies to the case in which the
same function represents the non-Iinear effect in both
instantaneous and creep deformations, namely, when we may write

£(*) m £&! + f P(tr) f(t, t) d-c
£ Jo (14)

The above considerations show the great generality of stability
criteria based on the concept of reduced modulus. As this

concept has been greatly abused, it ought to be remarked that
the mentioned results are exact under the assumed hypothesis and
asymptotic behavior (i. E. for t —» °o

On the other hand, these conditions were found to be independent
of excentricity or the existence of lateral loads. For practical

cases, this appears to be not true, except for small excen-
tricities and/or large s tenderness ratios. The main reason for this
discrepancy is the indefinitely elastic behavior assumed for the
instantaneous strains. S nee elastic behavior is limited, it is;
possible that for a given exentricity and a load ?<"^*"the asymptotic

deflexions predicted by the theory could never be reached
because of premature plastic failure.

That is to say, a column whose material is characterized
by a non-Iinear stress-strain curve for instantaneous loading,
has a critical deflexion at which the applied load is the critical
load. This critical deflexion can be calculated from the

instantaneous material. This must be accompanied by a computation of
the critical time necessary to reach the critical deflexion or,
alternatively, the load which Can be sustained during an infinite
time; the latter approach being the more usual in concrete structures

analysis
Several works (besides the one under discussion) follow the
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above mentioned approach. By using digital computers they are
able to introduce close représentâtions of actual material /
characteristics, producing very reliable results. Mauch and Hoi ley

£8lfor instance, perform an analysis similar to NaerIovic's [9l
using experimental creep data. Warner and Thür I imann[7] consider
the diminution in strength cf concrete due to sustained load.Manuel
and McGregor [ 10"j introduce an analysis suitable for restrained /
columns and frames.

A simplified procedure has been introduced in ref.föj In
order to evaluate the actual limiting loads, the non-linear theory
in combination with a suitable P-M interaction curve for the column
cross section appears to be a reasonable approach.

Assume a given P-M interaction curve as shown in Fig. I and
Iet be the asymptotic deflexion. The resulting bending moment

PCyfayP,fr)*9-]can '3e plotted and the load correspond i ng to the
intersection of both curves will give the desired limit load. Deflexions
may be calculated by using the reduced modulus (8).

Experimental results: an experimental program on plain and
reinforced concrete columns has been carried out at I.M.A.E. in the
period 1963-1965- A description of test procedures may be found in
ref. [ I l] Results have been published in refs.[l2~^ t f 13l

The experiments were performed in a controlled environment
with temperature 20°C -l°C, and humidity 50%~\%. Standard deviation
in material properties were estimated in 5-6 %.

Columns with several different initial excentricities were
tested in compression, under loads amounting to 0.95/ 0.90, 0.85*»
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etc. of the instantaneous buckling value. The applied loads were
maintained constant up to the columns failure; time dependent
increments of deflexions and strains were registered.

A typical set of results, plotted as load versus critical

PLAIN CONCRETE COLUM TEST

1 Limiting bad, linear theory
2 Limiting load, linear theory and PM interaction diagram
3 Limiting load, non linear theory and PM interaction

diagram.

-f Experimental data

-^=0,025 Gbr=570hgcm -^-=50 fj =Q003

' * » * I

Time of failure, in days
1 1 1 l_>

0 5 10 15 20 25 30

fig. 2

time may be seen in Fig.2. The results are compared with some of
the above mentioned theoretical conclusions. Line I indicates the

• 'Sustained load

Pcrlœ)

Pcr(t 7days)

F i g. 3
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limit load predicted by the linear theory. Line 2 corresponds to
the consideration of linear creep and the P-M interaction curve,
and line 3 takes account of non-linear creep and the P-M curve.

Deflexions were calculated using the non-linear reduced modulus.

In Pig. 3 a comparison between theoretical and experimental
results for instantaneous deflexions may be seen.

AcknowIedgment: some of the theoretical and all the experimental
results were obtained in an investigation program partially supported
by the C.N.I.C.T. (Consejo Nacional de Investigaciones Cientîficas
y Técnicas).
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SUMMARY

A short review of some simplified methods for the calculation of creep
buckling loads is given.

Theoretical predictions are found in good agreement with experimental results.

RESUME

On donne un bref rappel des quelques méthodes simplifiées du calcul de la charge
de flambement avec effet du fluage. Les résultats théoriques présentent un accord
satisfaisant avec les valeurs expérimentales.

ZUSAMMENFASSUNG

Es wird ein kurzer Rückblick auf einige vereinfachte Verfahren zur Berechnung
des Knickens beim Kriechen gegeben.

Theoretische Knicklasten stimmen gut mit Versuchsergebnissen uberein.
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Kriechknicken von Stahlbetonstützen

Creep Buckling of Reinforced Concrete Columns

Flambage des piliers en béton armé sous l'action du fluage

M. GRENACHER B. THÜRLIMANN
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Schweiz

Einleitung
Die Berechnung der Verformungen und der Nachweis der

Knicksicherheit von. Stahlbetontragwerken ist erschwert durch:
- nicht lineare Formänderungen des Stahles und

hauptsächlich des Betons
- diskontinuierliches Formänderungsverhalten (Risse)
- Kriechen und Schwinden des Betons
- Streuungen der Festigkeits- und Querschnittswerte

Eine Berücksichtigung dieser Einflüsse in der Berechnung ist
allgemein nur auf iterativem Wege möglich, wozu der Computer ein

unentbehrliches Hilfsmittel ist. Um

diese aufwendigen Berechnungen zu
umgehen, werden in den entsprechenden
Normen verschiedener Länder für die
Bemessung von Stahlbetonstützen approximative

Methoden angegeben, die zu
unterschiedlichen und oft sogar unbekannten

Sicherheiten führen. Die Schnittkräfte
der Stützen werden mit den üblichen

elastischen Methoden ermittelt.
Die Bemessung wird dann mit Schnittkräften

durchgeführt, die entsprechend der
Schlankheit, des Armierungsgehaltes,
der Dauerlast und der Lastexzentrizität
modifiziert sind.

Um bessere Grundlagen für eine
zutreffendere Berechnungsweise zu schaffen,

werden zur Zeit an verschiedenen
Forschungsstellen umfassende
Versuchsprogramme durchgeführt. Im Folgenden

Bfld 1 ; Versuchsanlage sollen ein paar Resultate von Versuchen,
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die am Institut für Baustatik, ETH, Zürich, durchgeführt wurden,
erläutert werden, [l] [2], Es handelt sich um Versuche, in denen
der Einfluss der Dauerlasten auf das Verformungsverhalten und die
Traglast von gelenkig gelagerten Stahlbetonstützen untersucht wurde.

Bild 1 zeigt die Versuchsanlage [3], die es ermöglichte, gleichzeitig
fünf Langzeitversuche mit individuell steuerbaren Lasten

durchzuführen.

Nicht lineare Formänderungen

Das Verhalten von Stützen ist entscheidend beeinflusst durch
deren Verformungen. Um etwas über Verformungen aussagen zu können,
müssen die Spannungs- Dehnungs- Diagramme der Materialien bekannt
sein. Diese sind sowohl für den Beton, wie auch für den kaltver-
formten Armierungsstahl nicht linear. Zudem ist besonders das
Betondiagramm sehr stark von der Belastungsgeschwindigkeit und der
Dauer der Belastung abhängig. Versuche zu seiner experimentellen
Ermittlung müssen dehnungsgesteuert werden. Um den Einfluss der
Belastungsgeschwindigkeit zu erfassen, müssen Dehnungshalte gemacht
werden. Bei konstanter Dehnung sinken die Spannungen auf die
sogenannten statischen Festigkeitswerte ab, wobei natürlich der
Einfluss des Kriechens beim Beton nicht eliminiert werden kann. Unter
dem Einfluss von Dauerlasten nehmen die Dehnungen um ein Mehrfaches
der nicht linearen Kurzzeitdehnungen zu. Für verschieden lange
Belastungszeiten müssen deshalb entsprechende Spannungs- Dehnungs-
Diagramme verwendet werden. Die Verformungsberechnungen müssen also
schrittweise für verschiedene aufeinanderfolgende Zeitintervalle
durchgeführt und superponiert werden.

Diskontinuierliches Formänderungsverhalten
Das Formänderungsverhalten von

Stahlbetonstützen ist beeinflusst durch
die Risse und deren Verteilung über die
Stützenlänge. Die Verteilung der Risse
ist stark abhängig von der Dauerlast
und deren Anfangsexzentrizität. Diese
Abhängigkeit ist ersichtlich aus Bild 2.
Die beiden Versuchsstützen sind 433 cm
lang, haben einen Querschnitt von H 15
cm und B 25 cm, eine Schlankheit X von
100 und einen Armierungsgehalt u bezw.
u' auf der Zug- und auf der Druckseite
von je 0,84 % Die Stütze links wurde
mit grosser Dauerlast und kleiner
Anfangsexzentrizität belastet. Bei
Belastungsbeginn wurden sowohl auf der Druckseite

wie auch auf der späteren Zugseite
Betonstauchungen gemessen. Bedingt durch
das unterschiedliche Kriechen nahm im
Laufe der Zeit die Krümmung der
Stützensegmente zu. Mit den wachsenden Auslenkungen

wurde auch die Biegebeanspruchung
vergrössert. Im mittleren Stützenbereich
wurden die Betonstauchungen auf der kon-

Bild 2 : Rissebilder von zwei unterschied¬

lich beanspruchten Versuchsstützen
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vexen Seite abgebaut. In einem beschränkten Bereich dehnte sich
der Beton in der Folge, und die weiteren Verformungsvorgänge
konzentrierten sich in diesem mittleren gerissenen Bereich. Die
Stütze rechts im Bild 2 wurde mit kleiner Dauerlast und grosser
Anfangsexzentrizität belastet. Sie dehnte sich auf der Zugseite
unmittelbar nach der Belastung, und die Risse verteilten sich über
die ganze Stützenlänge.

Bild 3 : Bruchbilder von zwei unterschied¬

lich beanspruchten Versuchsstützen

Bild 3 zeigt die zu denselben Stützen

gehörenden Bruchbilder. Bei der nur
wenig exzentrisch mit grosser Dauerlast
belasteten Stütze links im Bilde ist die
Betondruckzone in einem sehr kleinen
Bereich zerstört worden. Die Druckarmierung

knickte aus. Bei der Stütze rechts
im Bilde, die mit grosser Exzentrizität
und kleiner Dauerlast belastet wurde,
verteilt sich die Zerstörungszone über
einen grossen Bereich. Der Beton wurde
nicht abgesprengt.

Aus der Differenz der auf beiden
Seiten gemessenen Betonverformungen und
der Höhe des Querschnitts wurden die
Krümmungen gerechnet. In Bild 4 sind
die gemessenen Auslenkungen und
Betonverformungen sowie die berechneten
Krümmungen für eine Versuchsstütze
dargestellt. Die ausgeprägten Krümmungsspitzen

sind auf die Risse zurückzuführen.
Auch hier lässt sich die starke Konzentration der Risse im mittleren

Bereich der nur wenig exzentrisch belasteten Stütze erkennen.

Unabhängig von der Belastungsart traten die ersten Risse immer
bei einer Dehnungszunähme gegenüber dem unbelasteten Zustand von
0.2 - 0.3 • 10 "3 auf. Der Ort der primären Risse war immer gegeben
durch die Lage der Bügel. Waren einmal Risse entstanden, so
konzentrierten sich die weiteren Verformungen auf die gerissenen
Querschnitte. Die zwischen den Rissen liegenden Segmente wiesen nur
noch eine geringe Zunahme der Verformungen auf. Bild 5 zeigt
Dehnungsmessungen, die mit Strain Gages über eine Stützenlänge von
20 cm gemacht wurden.

Als Grundlage für die Verformungsberechnung dient die Beziehung

zwischen Moment-Axiallast und Krümmung. Diese Beziehung darf
nicht aus den lokalen Dehnungen berechnet werden, da die Dehnungen
zu stark beeinflusst sind durch die Risse. Es muss deshalb eine
nominelle Krümmung definiert werden, die aus Dehnungsmittelwerten
über eine Länge mehrerer Rissabstände berechnet wird. Mit dieser
nominellen Krümmung wurden die Auslenkungen aus den gemessenen
Dehnungen berechnet und waren in sehr guter Uebereinstimmung mit den
gemessenen Biegelinien.
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Bild 4 : Auslenkungen, Betonverformungen und Krümmungen einer Versuchsstütze

Einfluss des Kriechens auf die Auslenkung und die Knicksicherheit
Bedingt durch das Kriechen des Betons können die Stützenauslen-

kungen unter konstanter Dauerlast um ein Mehrfaches der Auslenkung
unmittelbar nach Aufbringen der Last zunehmen. Bei der Bemessung
muss diesen vergrösserten Auslenkungen und den davon linear abhängigen

Momenten in irgend einer Form Rechnung getragen werden.
Die Auswertung der Versuche ergab drei grundsätzlich verschiedene
Auslenkung - Zeit Kurventypen. Bild 6 zeigt oben eine Auslenkung
- Zeit Kurve einer Stütze, die wenige Stunden oder Tage nach

der Belastung infolge Kriechen versagt. Unten ist die Charakteristik
einer Stütze gezeigt, bei der sich die
Auslenkungen stabilisieren und die
nicht zum Bruch kommt. Die Auslenkungskurve

in der Mitte liegt zwischen den
beiden erwähnten Grenzfällen. Die
zusätzlichen Auslenkungen stabilisieren
sich bis zu einem Wendepunkt. Nachher
nehmen sie wieder vermehrt zu bis zum
Bruch der Stütze.

Das Auslenkung - Zeit Verhalten
hängt von verschiedenen Parametern ab.
In Bild 7 sind einige Versuchsresultate

nach Parametern geordnet
zusammengestellt. Der Einfluss der Dauerlast

Bild 5 : Gemessenes Dehnungsverhalten des Betons

zwischen Rissen
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(Stützenmitte)

Bruch
Typ 1

const.

t

t wenige Stunden oder Tage

(Stützenmitte)

t 5 mehrere Wochen oder Monate

w_ i (Stützenmitte)

t-Monate oder Jahre

Bild 6 : Auslenkung - Zeit Kurventypen

nach der Herstellung belas
rend die Stützen, die nach
nicht zum Bruch kamen.

geht aus Bild 7a hervor. Die Exzentrizität
e/H, der Armierungsgehalt y, das

Belastungsalter t und die Schlankheit X

wurden konstant gehalten. Die Stütze
Nr. 12 mit der kleinsten Dauerlast kam
nicht zum Bruch, während Stütze Nr. 16
mit höherer Dauerlast schon nach wenigen
Tagen versagte.

Aus Bild 7b ist der Einfluss des
Armierungsgehaltes ersichtlich. Alle
anderen Parameter wurden konstant gehalten.
Stütze Nr. 55 mit geringer Druckarmierung
(y ' 0.15 I) versagte schon nach wenigen
Stunden Belastungsdauer, während Stütze
Nr. 64 mit starker Armierung (y y'
2.15 I) nicht zu Bruch kam. Aus diesem
Verhalten der Versuchsstützen lässt sich
ableiten, dass eine erhebliche Umlagerung
der inneren Kräfte infolge des zeitlich
bedingten Kriechens des Betons stattfinden

muss. Durch Aenderung des Stahlquerschnittes

wird die Aufnahmekapazität für
Umlagerungskräfte und damit das Verfor-
mungs- und Tragverhalten einer Stütze
entsprechend beeinflusst.

Bild 7c zeigt den Einfluss des
Belastungsalters auf das Verformungsverhalten

von Stahlbetonstützen. Es sind
drei Auslenkungskurven gegeben, die zu
Stützen gehören, die sich nur im Alter
bei Belastungsbeginn voneinander
unterscheiden. Die Stütze Nr. 54, die 16 Tage

tet wurde, versagte nach 26 Tagen, wäh-
28 Tagen bezw. 56 Tagen belastet wurden,

0 10 20 30
Belastungsdauer

Stütze Nr. 16 r 13 12

Po (t) 33,0 31,1 23,4

e/H 0,1

[%) 0,84
t0 (Tage) 28
A 100

2C 30
Belastungsdauer

Stutze Nr. 55 | 43 | 64

Pb (t) 44
e/H 0,033

H-, f- (%> 0,84/0,15 [ 0,84 l 2,15

t0 (Tage) 28
A 100

0 10
'

20
'

30
Belastungsdauer

Stütze Nr 54 | 51 | 62

PD (t) 44

e/H 0,033

(%} 0,84
t0 (Tage) 16 | 28 | 56

A 100

a) Einfluss der Belastung PD b) Einfluss des Armierungsgehaltes p ^ c) Einfluss des Belastungsalters t0

Bild 7: Gemessene Auslenkung - Zeit Kurven
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Gleichgewichtslagen einer Stutze im Langzeitversuch

Mit den Kriechverformungen nehmen
auch die Momente zu, die wiederum grössere

elastische Auslenkungen zur Folge
haben. Bild 8 zeigt in graphischer
Darstellung das Verhalten einer Stütze bis
zum Bruch im Langzeitversuch. Die
Abhängigkeit der Momente M von der
Auslenkung w ist in Funktion der Zeit t
gezeigt. Der aus den inneren Spannungen
berechnete Biegewiderstand Mj des
Querschnittes ist abhängig von der Dauerlast
Pq und der Belastungsdauer t. Das äussere

Moment Ma Pt) (e+w) ist linear
abhängig von der Auslenkung w und stellt
sich daher als Ebene dar. Die

Durchdringungslinie der Ma - Ebene durch die M^ - Fläche (M& Ma)
ergibt die Gleichgewichtslagen der Stütze. Punkt A stellt die
Gleichgewichtslage unmittelbar nach der Belastung dar. Sie ist stabil,
da die Zunahme des inneren Widerstandes dMa/dw grösser ist als
diejenige des äusseren Momentes dMa/dw. Bei B ist die Stütze im labilen

Gleichgewicht. Jede weitere Zunahme der Auslenkung und damit
des äusseren Momentes führt zum Bruch. Die exzentrisch belastete
Stütze versagt immer vor dem Erreichen des maximalen Biegewiderstandes.

Das Verhältnis von maximal erreichbarem Moment Mmax zum
maximalen Biegewiderstand Mu des Querschnittes hängt von der
Anfangsexzentrizität e der Last ab. Bei kleiner Exzentrizität e wird

die Stütze instabil lange vor Erreichen

Versuchskurve

Gerechneter Vertrouensbereich

(cm)

(Tage)

a) Stabiler Vertrauensbereich

Stutze Nr 25

Belostungsdauer

Betostungsdauer

b) Gemischter Vertrauensbereich

(Tage)

150
Betostungsdauer

c) Unstabiler Vertrauensbereich

Bild 9 Vertrauensbereich und gemessene

Auslenkung - Zeit Kurven

des maximalen Biegewiderstandes Mu,
währenddem für grosse Exzentrizität e der
Querschnittswiderstand eher erreicht
wird.

Vertrauensbereiche für die Stabilität
Jede Berechnung von Tragwerken ist

mit Unsicherheitsfaktoren behaftet. Die
tatsächlich vorhandenen Lasten,
Querschnittswerte und Materialeigenschaften
können stark von den nominellen Grössen
abweichen, die der Berechnung zugrunde
gelegt werden. Schwankungen der
Materialeigenschaften und Ungenauigkeiten der
Abmessungen können als willkürliche Streuungen

betrachtet werden und wurden in [4]
mit Hilfe der Wahrscheinlichkeitstheorie
statistisch untersucht. Der Einfluss dieser

Streuungen auf die Momenten- Krümmungs-
Beziehung und damit auf die Biegelinie
einer Stütze kann ausschlaggebend werden für
das Instabilwerden einer Stütze. Auf Grund
der Streuungen der einzelnen Unsicherheitsfaktoren

kann ein Vertrauensbereich für
die Biegelinie berechnet werden. Bild 9

zeigt drei grundsätzlich verschiedene
Vertrauensbereiche, wie sie sich aus der
Berechnung zu den durchgeführten Versu-
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chen ergaben. Die Wahrscheinlichkeit, dass die Biegelinie einerVersuchsstütze ausserhalb des Vertrauensbereiches liegt, wurde mit
5 % in Rechnung gestellt. Der obere sowie der untere Teil des
Vertrauensbereiches für Stütze Nr. 23 (Bild 9a) ist stabil. Die
Wahrscheinlichkeit, dass die Stütze stabil bleibt ist grösser als 95 I.Bild 9b zeigt einen gemischten Vertrauensbereich, dessen untererTeil teilweise stabil und der obere Teil labil ist. Die Wahrscheinlichkeit,

dass die Stütze Nr. 25 bis zur Zeit t stabil bleibt istweniger als 50 I. Mit einer Wahrscheinlichkeit von mehr als 50 %

wird die Stütze nach der Zeit von ca. 50 Tagen oder später instabil.Bild 9c zeigt den Vertrauensbereich für die Versuchsstütze Nr. 22.
Sowohl der untere wie der obere Teil ist labil, d.h. in der Zeitzwischen 26 und 150 Tagen Belastungsdauer kommt die Stütze mit
einer Wahrscheinlichkeit von 95 I zu Bruch. Die meisten gemessenen
Auslenkungskurven lagen innerhalb des berechneten Vertrauensbereiches.

Dieses gute Resultat bestätigt einerseits das Vorgehen inder theoretischen Untersuchung und erklärt andererseits die Streuungen
der Versuchsresultate. Es wird eindeutig gezeigt, dass esnicht möglich ist, im gemischten Vertrauensbereich der Biegelinien(Bild 9b) eine verbindliche Aussage über die Stabilität der Stütze

zu machen auf Grund von Einzelversuchen oder von Berechnungen ohne
Berücksichtigung der Streuungen. Bei der Festlegung der Sicherheit
gegen Knicken von Stahlbetonstützen müssen neben anderen Faktoren
auch die Streuungen der Materialeigenschaften und der Querschnittsabmessungen

berücksichtigt werden.
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ZUSAMMENFASSUNG

Es werden Resultate von Langzeitversuchen an gelenkig gelagerten Stahlbeton-
stützen erläutert. Speziell wird auf das Problem der diskontinuierlichen
Formänderungen und der Risseverteilung über die Stutzenlänge hingewiesen. Der Einfluss
verschiedener Parameter auf die Auslenkung wird untersucht. Theoretische
Vertrauensbereiche für die Biegelinien werden mit Versuchsresultaten verglichen. Es
wird gezeigt, dass Unsicherheitsfaktoren bezüglich Materialfestigkeiten und
Geometrie einen ausschlaggebenden Einfluss auf das Instabilwerden der Stützen haben
können.

SUMMARY

Results of tests on hinged reinforced concrete columns under sustained loads are
discussed. Special emphasis is given to the discontinuous change of deformations and
the distribution of the cracks over the length of the column. The influence of several
parameters on the deflections is investigated. Theoretical limits of confidence for
the deflections are compared with test results. It is shown that uncertainties
concerning material properties and geometry are very important when considering
column stability.

RESUME

On présente quelques résultats d'essais de longue durée effectués sur des, piliers
à appuis articulés. Il est spécialement fait allusion au problème du comportement
discontinu de la déformation et de la répartition des fissures le long du pilier. On
examine l'influence sur la déformation de différents paramètres. On compare les
résultats des essais avec les limites théoriques de confiance pour les lignes élastiques,
et on démontre que les facteurs d'insécurité des propriétés des matériaux et de la
géométrie peuvent être déterminants pour l'instabilité des piliers.
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Introduction

The advantage of using artificial light-weight aggregates, which is to decrease the weight of
the structural members, is of course significant in structures with long span members, but in
many cases it is also very significant in structures where the base ground is of low bearing
power. Since large cities in Japan such as Tokyo, Osaka and Yokohama are generally built on
weak ground, the use of light-weight aggregate concrete has been intensively studied. For
example, light-weight prestressed concrete railway bridges were constructed on two sites of the
outskirts of Tokyo, and the result have been economically satisfactorily. ^ On one site
lightweight concrete was used not only in the super structures but also in the rigid frame piers.

In designing various prestressed concrete structures using light-weight concrete, it is necessary
to investigate carefully the magnitude of creep and shrinkage to be considered in the design.
Concerning the shrinkage and creep of light-weight aggregate concrete, Tertea et al3) and Okada
et al4) also discussed them in the preliminary publication. The magnitudes of creep and shrinkage

to be considered in the design of light-weight concrete structures are naturally dependent on
the qualities of the light-weight aggregates, especially on their water absorption, mix proportion
and age of concrete and so forth. In addition, the variation of magnitudes of creep and shrinkage

due to the difference of the cross sectional dimensions and moisture conditions of a member
makes the deduction of the magnitudes considerably complicated. That is, creep and shrinkage
strains obtained from laboratory tests with small specimens are apt to differ greatly with those
in actual structures.

This report discusses the magnitudes of creep and shrinkage to be considered in designing
light-weight concrete structures, based on the results of measurements of laboratory tests specimens

and of actual structures.

Measurements of creep and shrinkage in laboratory

Creep and shrinkage strains were measured for two years on concrete using four brands of
typical structural light-weight aggregates now marketed in Japan (denoted by X, O, P and R)
and the results were discussed comparing them with those of normal weight concrete.5)
(a) Concrete

Light-weight fine and coarse aggregates were used in the saturated surface-dry state. The
amount of water absorption of aggregates at the time was almost equal to that of the 24
hours' absorption. The specific gravity, fineness modulus and absorption are shown in Table 1.

The amount of absorption of the aggregates varied from 3.5% to 17.5% when used according

to the brands of the aggregate. Maximum size of coarse aggregates was 15mm.
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High early strength portland cement was used in concrete and the water cement ratio was
maintained at 0.45. Mix proportions of concrete were determined to yield a concrete of slump
about 4 cm and air content about 3% Compressive strengths of 10 X 20 cm cylinder specimens
cured in water of 21°C at the age of 7 days, 28 days and 1 year are shown in Table 2.
Strengths of light-weight concrete using river sand as fine aggregate regardless of the difference
in coarse aggregates were very similar to that of concrete using river gravel and sand. This
tendency is recognized at later ages when the compressive strength reaches 600 kg/cm2. The
reason seems to be that light-weight coarse aggregate particles do not crush until the failure of
mortar occurs and that the bond strength between mortar and coarse aggregate particles is larger
in light-weight aggregates, than in river aggregates. However the strength of concrete using
lightweight aggregate as both coarse and fine aggregates are about 10% less than that of concrete
using river aggregates. This seems to be due to the considerably large effect of the quality of
fine aggregate particles on the strength of mortar.
(b) Drying shrinkage

Concrete specimens of 10 X 10 X 42 cm were placed in a condition controlled room of
21°C and 60% RH and measurements of shrinkage strain were carried out periodically for 2
years, using contact type strain gages of 20 cm length. The strains shown in Fig. 1 is believed
to indicate the shrinkage strains along the axis of specimens, as gage points were embedded
deep in concrete and shrinkage strains shown is< the mean value of the measured values on two
opposite faces.

Normal concrete NN using river coarse and fine aggregates shows rapid increase of shrinkage
at early age of drying, the amount of shrinkage for the first 28 days being 490 X 10~6. On
the other hand, Concrete XX using light-weight coarse and fine aggregates with large water
absorption shows very small shrinkage at early age of drying, the amount of shrinkage being
only 110 X 10~6 for the first 28 days, which is only about 20% of that of normal concrete.
Shrinkage strains of light-weight concrete increase during the first 18 months at a constant rate,
but the magnitude of shrinkage is still smaller than that of normal concrete. This is due to the
difference of water absorption in aggregate particles. Dried concrete absorbs moisture at high
humidity, and the degree of absorption is remarkably larger in light-weight concrete. Therefore,
in the design of prestressed concrete structures exposed to weather, the magnitude of shrinkage
for light-weight concrete may be considerably smaller than for normal concrete.
(c) Effect on properties of light-weight concrete due to drying

Drying shrinkage of light-weight concrete, as a whole, is smaller than that of normal
concrete as described in section (b). In general the inner part of light-weight concrete is more wet
than normal concrete, therefore the undesirable effect of surface drying is much larger in
lightweight concrete. The degree of this effect is not simple, being affected by water absorption
of aggregate, mix proportion and age of concrete, dimension of member, drying speed and degree
of drying.

Fig. 2 shows a comparison of the compressive strengths of concrete specimens cured in
water of 21°C for 7 days and after that dried in a room of 21°C and 60% RH. Compressive
strength increases with increase of age for all specimens, but the degree of increase is larger in
light-weight concrete. It is believed that this is because the hydration of cement continued by
the large amount of water absorbed in light-weight aggregate particles. In usual structures,
concrete is not dried as much as in room, being affected by weather and more increase of strength
at later ages can be expected for light-weight concrete, than normal concrete.

On the other hand, in tensile and bending strength, adverse effect of drying appears in
light-weight concrete. Table 3 shows the results of tensile and bending strength of concrete
cured in water for 10 or 8 days and after that dried in a room of 21°C and 50% RH for
20 days and 14 days respectively. Tensile and bending strength of light-weight concrete decrease
with drying, and the decrease becomes remarkably large in case of using highly water absorbed
aggregates. This is due to the larger moisture gradient between the surface and the inner part
of concrete existing in light-weight concrete. It was ascertained by experiments that the
strength recovered remarkably if dried concrete was moistened again.
(d) Creep

For environments of the creep tests, three cases, which were a condition controlled room
of 21°C and 60% RH, immersion in water of 21°C and natural condition in courtyard were
selected. In case of outdoors, specimens of 15 X 15 X 55 cm were used in addition to those
of 10 X 10 X 42 cm, since the influence of environment varies with the dimensions of
specimens. Specimens were cured in water and stressed at the age of 7 days then placed in the
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TABLE 1. PROPERTIES OF AGGREGATES TABLE 2. PROPERTIES OF CONCRETE

Type Specific
Gravity

Absorption
%

Fineness
Modulus

River Gravel M 2 66 1 1 650

Coarse

aggregate

Lightweight

aggregate

Expanded Shale X

0
P

t 46
1 50

1 45

16 1

105

39

643
6 50

649
FI y-ash R 1 55 51 644

Fine River Sand N 2 63 1 9 305

aggregate Light-weight aggregate X 1 88 175 284

Aggregate Water
Content

kg/m3

Air
Content

%

Unit
Weight,
t/m3

Comp Strength kg/cm1

Coarse Fine 7d 28d ty

H N 158 27 2 39 402 491 574

P M 161 38 1 90 406 491 570
R N 160 2 9 1 95 385 479 596

0 N 159 3 2 1 92 408 472 544-

X N 162 2 9 1 92 383 444 556

X X 178 27 1 70 357 439 524

Remarks

(1 Water cement ratio was 0 45, sand percentage was 40 » slump was 4 cm

800

600

«25!ÎLÇ0!£ÎS«--Sîi

J

/ PN

/ ,#-RN
/

1 H /^.XN
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Fig. 1 Shrinkage strain of concrete specimens

Fig. 2 Compressive strength
of concrete specimens



- MAGNITUDE OF CREEP AND SHRINKAGE FOR DESIGN OF LIGHT-WEIGHT CONCRETE STRUCTURES

pre-determined environment immediately after stressing. Compressive strengths at the age of 7
days were approximately 400 kg/cm2. Creep tests by measuring the strain on a total of 60
kinds of specimens consisting of 6 combinations of aggregates, 3 kinds of environmental
conditions and 5 levels of stress on concrete; were conducted for 2 years.

The concrete specimen was stressed by stretching a high-tensile steel bar placed through a
sheath embedded in the center of section and anchored to anchor plates with ample rigidity at
both ends of the specimen. Load applied on concrete was controlled through the measurements
of two wire strain gages on the bar. Strains on the surfaces of specimens were measured by
contact type strain meter with gage length of 20 cm. In this test method, since the strain of
bar decreases as the creep and shrinkage of concrete increases stress of concrete gradually
decreases with the increase of loading time. Therefore, in order to obtain creep values under
constant stress condition from this kind of test, creep per unit stress should be calculated based
on such assumptions as that creep is in proportion to applied stress. Accordingly, increase of
creep strain per unit stress was assumed to be the quotient of the increment of difference in
strain between loaded specimens and that of unloaded specimens divided by the stress at the
time. This creep strain increase at loading time was added and the creep per unit stress was
determined.

Creep per unit stress of light-weight concrete determined by the aforementioned method
are shown in Table 4. When strength and other conditions are similar, creep of various kinds
of light-weight concrete is very similar with each other during two years, regardless of the
differences of the brands of aggregates. Furthermore, whether in controlled room or in water or
in outdoors, large differences were not recognized between typical light-weight aggregate concrete
and normal concrete. Creep of specimens in condition controlled room of 60% RH were twice
as much as that in water and 1.7 times as much as that in out-doors, that is, effects of
environmental conditions on creep of light-weight concrete are very similar to that of normal
concrete. The reason of a little larger creep strain of light-weight concrete XX seems to be
due to its lower strength.

These resuits indicate that creep phenomenon in concrete with artificial light-weight aggregates

is essentially the same as that in normal concrete and influence of the difference in
absorption and elastic modulus of aggregates on creep of concrete is negligible. However, creep
coefficient of light-weight concrete differs greatly according to the kinds of light-weight aggregates

because the elastic modulus of concrete differs greatly according to the different kinds of
light-weight aggregates. Therefore, it is not proper that magnitude of creep of light-weight
prestressed concrete to be used in design is calculated based on a creep coefficient as in the
case of normal concrete, but it may be proper for example to specify a certain creep per unit
stress according to the compressive strength of the concrete.

Measurements of creep and shrinkage in an actual bridge

Measurements of delayed deformation in Kanamayam Railway Bridge made of light-weight
prestressed concrete girders were conducted by Japanese National Railways. This bridge
(completed in 1965) is the first light-weight prestressed concrete bridge in Japan. The bridge has
six tracks each of them being composed of three simply-supported post-tensioned prestressed
concrete girders, which span length was 15.8 m as shown in Fig. 3.2) Mix proportion of
concrete used in this bridge is shown in Table 5. Compressive strength at 28 days was 565 kg/cm2,
and unit weight was 1.9 t/m3. Light-weight aggregate was used for the size of coarse aggregate
smaller than 10mm, and for 10mm to 20mm crushed stone was used. This was adopted in
order to ensure good durability.

Strains were measured by Carlson type strain gages embedded in the middle of web and

upper and lower flanges of girders. For comparison, measurements of strain were conducted in
normal concrete girders with the same cross sections constructed in parallel to the light-weight
girders. The results are shown in Table 6. Total delayed deformations for 200 days in
lightweight concrete girders were very small compared to that of normal concrete. Especially during
10 days after prestressing rapid increase of deformations are recognized in the girder of normal
concrete. On the other hand, the increase of strain during the same period is not very great
in light-weight concrete girders. This seems to be due to the extremely smaller shrinkage of
light-weight concrete compared to that of normal concrete, and the points of argument described
in the preceding chapter seems to be conformed by the case of the actual bridge. However,
the number of measured data in actual bridges are so few that more data of measurements of
creep and shrinkage in actual light-weight prestressed concrete bridges are still desired hereafter.
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TABLE 3. EFFECTS OF DRYING ON TENSILE AND
FLEXURAL STRENGTH OF
LIGHT-WEIGHT CONCRETE

Coarse Aggregate
Tens. Strength, kg/cm2 Ftd

Flex. Strength, kg/cm2
Fbd

Fbwr- (3)
>~tw Ft/" Ftw r (5)

F bw
C (6)r bd

River gravel N 34.6 35.6 1.03

Light-weight 0 27.2 22.5 0.83 46.8 30.0 0.64

X 25.4 18.6 0.73

Remarks :

(1) Water cement ratio was 0.50.
12) River sand was used.
(3) Cured in water for 10 days.
(41 Dried in air for 20 days after 10 days' curing in water.
(5) Cured in water for 8 days.
(6) Dried in air for 14 days after 8 days' curing in water.

TABLE 4. RESULTS OF CREEP TESTS

Condition
Aggregate Elastic

Strain,Ee.
xlO^kg/cni2

Creep Strain, £c, I0"6/kg/om2 Ratio of

6c at 2y

6c '

6e
at 2y28d 6m

In air

(etWRii

M N 3.49 4.10 7.22 8.10 1 2.32

PN 3.61 3.17 5.40
' 6.75 0.83 1.87

RN 3.54 3.31 5.53 6.79 0.84 1.92

ON 4.13 3.11 5.50 6.63 0.82 1.60

XN 4.29 3.45 5.75 7.03 0.87 1.64

XX 681 4.57 8.08 9.86 1.22 1.45 "

Outdoor

NN 3.54 3.66 5.10 6.40 1 1.80

PN 3.70 2.61 4.43 5 21 0.81 1.41

XN 4.82 3.40 5.68 — — —
XX 6.58 3.82 5.90 6.76 1.06 1.03

In

water

21 *C)

NN 3.58 1.80 3.26 3.45 1 0.96

PN 3.60 1.37 2.48 2.84 0.82 0.79

XN 4.01 1.61 2 49 3.67 1.06 0.91

XX 7.01 1.88 3.68 4.32 1.25 0.62

Fig. 3 Sections of
Kanayama Railway Bridge

cross section

II ' =31H 'Hi II

span 15800
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TABLE 5, PROPERTIES OF CONCRETE

Aggregate Water
Content,
kg/m3

Air
Content,

%

Unit
Weight,
t/m3

Compressive Strength, kg/cm3

25-10 mm Under 10m 3d 7d 28 d

N X 179 4.9 1.92 377 | 519 566
Remarks :

III High early portland cement wasused; water cement ratio was 0.38; sand

percentage was 37; slump was 35 cm.

TABLE 6. RESULTS OF MEASUREMENT IN
KANAYAMA RAILWAY BRIDGE

Measured

Fbsition
Concrete

Elastic
Strain at
Prestressiny,

Delayed Deformation, I0"6

28 d 6m h
Lower flange

Normal

Light-weight

410

630
390
100

500

130 220

Web
Normal

Light-weight

210

220

210

80

290

120 160

Upper flange
Normal

Light-weight

0

-30
130

40

130

100 130

Remarks1

I Prestressed at 5 days' age

Conclusion

The following can be said within the limits of the investigations regarding concrete using
structural artificial light-weight aggregates now marketed in Japan.

(1) Shrinkage strain along the axis of concrete members made of concrete using
lightweight aggregates with high water absorption is extremely smaller than that of normal aggregate
concrete. Therefore, magnitude of shrinkage to be considered in design of statically indeterminate

structures or prestressed concrete members may be considerably smaller for light-weight
concrete.

Concrete used in usual structural members can not dry like small specimens in laboratory.
Therefore, undesirable effect of drying on tensile strength of light-weight concrete is quite
reduced in actual members, and a little amount of shrinkage reinforcement is enough to cope with
the danger of cracking by drying.

(2) Amount of creep strain of light-weight concrete, when the stress and age at loading
are the same, were recognized to be almost the same as that of normal concrete with the same
compressive strength regardless of the kinds of light-weight aggregates used. However, creep
coefficient of light-weight concrete is different according to the kinds of light-weight aggregates
because of the large difference of elastic modulus between the kinds of light-weight concrete.
Therefore, it is not proper to use a constant creep coefficient regardless of the kind of aggregate

used in the design of prestressed concrete. It seems to be a practical method at this
stage that a certain creep per unit stress be specified according to the compressive strength of
concrete.

It is quite natural that careful investigation should be taken whether or not the above
conclusions can be applied to concrete with light-weight aggregate of different quality from
those investigated in this experiment. However, the above conclusions seem to be able to be
applied to considerably wide range of light-weight concrete, since light-weight aggregates used in
this investigation include those with extremely different water absorptions.
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SUMMARY

Magnitude of creep and shrinkage to be considered in designing light-weight
concrete structures is discussed based on the results of measurement in laboratory
tests specimens and in actual structures. The results on concrete using artificial
light-weight aggregates of good quality are as follows, so long as those produced in
Japan are concerned: (1) magnitude of shrinkage can be made smaller than that of
normal weight aggregate concrete, (2) creep may have the same magnitude as that of
normal weight concrete.

RESUME

On applique les résultats des essais effectués en laboratoire et sur le chantier
au calcul des structures en béton léger. On a obtenu les résultats suivants pour
l'examen du béton contenant des agrégats légers produits couramment au Japon: (1)
le coefficient du retrait peut être inférieur à celui pour le béton normal, (2) celui du
fluage peut être égal à celui du béton normal.

ZUSAMMENFASSUNG

Die Grosse des Kriechens und Schwindens, die bei der Bemessung der Bauwerke
aus Leichtbeton berücksichtigt werden soll, wird unter Zugrundlegung der Mess-
ergebnisse von Laborversuchen und an bestehenden Bauwerken diskutiert. Die
Ergebnisse für Beton mit künstlichen Leichtstoffzuschlägen guter Qualität sind die
folgenden, sofern die Herstellung in Japan berücksichtigt wird: (1) Das Schwin'dmass
kann gegenüber jenem für Normalbeton verringert und (2) das Kriechmass in der
gleichen Grössenordnung wie für Normalbeton gehalten werden.

Bg. 19 Schlussbericht
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Non-Linear Creep in Concrete Columns

Fluage non-linéaire des colonnes en béton armé

Nichtlineares Kriechen in Betonstützen

R.F.WARNER
Australia

The constitutive relation for concrete proposed by Gamble [4 ] takes into account
non-linear effects at high stress, as well as effects of limited creep recovery and
varying ambient conditions. Gamble's work is an interesting generalization of the
superposition equation,

e
c (t)=Jj c(t, t) da(t) (1)

Although the integral formulation has proved to be useful in theoretical studies of
viscoelastic behaviour,a differential formulation is often found to be convenient when
practical calculations have to be made for the analysis of structural behaviour [ 5 ]

Details of a differential equation of state which also takes into account effects of
non-linearity, limited creep recovery and time-varying ambient conditions are herein
presented. The equation is, essentially, an extension of the well known Dischinger
creep equation. It is at present being used by the writer in a study of creep effects
in reinforced concrete columns.

A concrete fibre subjected to a stress history a (t) is considered, and it is
assumed that concrete creep is made up of three components,

e=e. + e+e (2)c d v n

The first component, is time-hardening and non-recoverable and is similar in

all essentials to Dischinger creep. The strain rate may thus be expressed as

0Çd(t) cei(t)^d(t) eei(t)[<;d-<pd(t)]-^- (3)
d
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in which t is a creep function of the form

* -t/T
<pd t <p d

1 - e d) (4)
The second component, e is non-hardening and recoverable. The strain rate e

can be expressed as

cv t < cv t - cy t — 5

v
in which the end strain t is fixed by the instantaneous stress [2 ], ie

<el(t <P* (6)
* 0

Depending on the relative magnitudes of ç t and ç t e t can be
either positive or negative.

It will be noted that the two terms e ^
and ç^ are linear with respect to the

stress, and that the total end creep value ip^ obtained from a creep test at

constant low level stress, cp^ ee(°°)/ei 18 separated into two components

which correspond to irrecoverable and recoverable creep, respectively;

«"d ad Vn ' ad < 1,0 7 >

1 ' ad ^n 8 ]

In Eqs. 3 and 5 the time coefficients T, and T have been assumed to be constant.
d v

If greater flexibility is desired, these can be allowed to increase gradually
with time : T, t T tdv ' vx

The strain rate of the third creep component, e is assumed to be zero

whenever the stress a is less than a critical value a • For a > CT a powerc c
• •

function of stress is used to evaluate e ^. A convenient expression for e
Q

is

*Cn< 4 > ed( t + K{ 1 )* f( 0 ] 9 ]

in which

CT < CT î f( CT) 0

10

CT - ctc »
O <CT<CT f CT 0! [ ]

C — — U v ' n CT - CT
U C

In the above relations cru is the ultimate strength of the concrete and an and n

are open parameters defining the function f ct Values of a and n must be
obtained using available test data.
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The total creep strain rate at time t thus becomes

«c *d + év 1 + f a ] > 11 }

with ed and and f a being given by Eqs. 3, 5, and 10, respectively. An

advantage of this incremental formulation is that use has not been made of the
superposition principle for stresses in the non-linear range, as is the case in
many integral formulations [1 ]. For practical calculation purposes the above
Equations can be written in difference form and used in a finite step-by-step
procedure for evaluating structural behaviour.

Although Eq. 11 applies only to the case of time-varying stress under
constant ambient conditions, variations in relative humidity, etc., can be taken into
account by regarding the "target" values <pd and <p* as time varying functions of the

ambient history, rather than constants chosen to suit average conditions. Thus, for
a sequence of varying ambient conditions H^, H^, H., ,one can write in finite
form

1>d<k> - 6d Cod0H0' OjHj, o%k: (12

«Cim gvfa>„.«ïHl,..<qHi,.. «kV <13>

d vin which a and a i are weighting factors representing the relative importance of

the i-th stage of the ambient history.

It is interesting to note in passing that the formulation used in Eqs. 12 and
13 can be extended to produce a discrete memory process model in place of the
conventional state model, as represented by Eq. 11. Memory functions similar to
Eqs. 12 and 13 can be introduced for stress increments, ambient conditions and

strains

ga [ao AcV aîAflri' a1Acri- •• < A(yk3 < 14 >

gh[%Ho'aîHi> *?Hi' •• ] < 15 >

gç
C a0e0, a *k k ] 16

and expressions for either the total strain or the strain increment can be

developed in terms of the memory functions,

e k Gx [ gg gh gç ] 17

Ae k G2 [ grf gfa gç ] 18
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As pointed out by Gamble and others, conditions in the early stages of the process
i 0,1,2 and in the immediate past i k - 1, k-2) tend to be of prime

importance. Thus, provided repeated cycling of stress and of ambient conditions
does not occur, the weighting factors might well be expected to approach zero
for 0<<i <<k. If the ambient conditions are assumed to be constant, a
suitable choice of weighting factors, together with a simple summation form for G^,
leads to a difference equation which is equivalent to Eq. 1.

Returning to the differential formulation, we note that the total strain rate in
the concrete fibre is obtained by adding to ê the elastic and shrinkage strain
rates,

* *c + *el + *s < 19 >

In order to obtain an equation of state involving the total strain rate, Eq. 19 is
first differentiated. After substitution and rearrangement one obtains a non-linear
second order equation

bg o cr + bj a t à + b0(<j,t)a + c cr ct ê

a2 V + ax k - e* s t 20

in which the coefficients b^ and b^ are functions of time, b2 and c are functions of

stress, and a and a are constants. The final term on the right hand side accounts
Z X

for shrinkage : e is the end shrinkage strain and s is a known function of time.
S

When a < <7 Eq. 20 simplifies to a linear equation with time-varying
coefficients,

CT + bx t à + bQ t a a2 V + a^^ - e* s t 21

JR>r comparison purposes it is noted that the equation of the standard Burger's
body can be expressed as [ 5]

<f + C^ CT + CQ CT d2 ç + d1 <r 22

in which the coefficients are constants. Eq. 22 has been described as " the
simplest differential constitutive relation capable of describing complex material
behaviour" [5 ]

If now only large values of time t are considered, the coefficient b^ in
Eq. 2L approaches a constant non-zero value, while b and s approach zero, so
that

CT + ^ er a2 V + a1 k 23

Integration of Eq. 23 yields the standard equation for a Spring-Kelvin Body system
in series

er + ^ cr a2 ê + ax c
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If now ad is set equal to unity in Eqs. 7 and 8, Eq. 21 reduces to the
Dischinger equation

• cp • or •
c -f- + «»dir + s <25 >

which is, of course, frequently used in many practical calculations. The simplifying
assumption implied in Eq. 25 is that the component e is similar in form to e^.

An alternative simplification has been suggested by Nielsen [ 6 ] which has much
to recommend it. Nielsen proposes that e be regarded, for approximate calculations,

as an immediate elastic strain. The strain e is thus grouped with ç to
v el

give
• ft • n •
c "E7 + <0d-F + es <26

in which the effective modulus is E' E /( 1 + <p*)

It is of interest, finally, to inspect the non-linear character of the creep
strain rate in Eq. 11. Typical values which have been used for the coefficients in
Eq. 10 are :

0^ 10 n 3 °c ~ a u
•

At a constant stress level S a/ a 0»7, these values produce a non-linearity
factor of

U

N 1 + f a 2« 25

which is comparable to the value of 2• 0 quoted by Gamble. (A value of N =1*0
represents linearity. At a stress level of S 0 • 6 the non-linearity factor
becomes 1*37, which is in fair agreement with data presented by Freudenthal
and Holl [ 3 ]

At high stress, eg S 0*85, Eqs. 9 and 10 predict bounded creep
behaviour. This may well be in error. However, until more detailed test data
become available for this final creep phase just prior to failure, a more accurate
treatment is hardly warranted.

In this respect, it should be noted that a precise treatment of concrete at
very high stress will not always necessarily be a prerequisite for an accurate
study of creep failure in structural concrete. In preliminary calculations made by
the writer for several columns failing under sustained loading, concrete
compressive stresses were found to remain surprisingly small, up until a short
time before failure. This was caused by the "brakeing" action of the compressive
steel reinforcement. The redistribution of compressive force from the concrete to
the steel was found, in these calculations, to be more than sufficient to comp>ensate
for the natural increase in stress corresponding to increased moments caused by
increased deflections. Thus, only when the compressive steel had yielded was there
a relatively sudden and significant increase in concrete stress. The nett result was
that the concrete was subjected to high stress only in the last, late phase of the
loading history. Rather large errors in predicted creep rates in this final, short
phase do not affect significantly the predicted life of the element.
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Owing to space limitations, details of the column calculations cannot be

given 'here. However, typical calculated variations in mid-length deflection w, in
maximum concrete compressive stress a and in the tensile steel stress C7g and

compressive steel stress cr1 are shown in the above Figures for a pin-ended
column failing under an eccentric sustained loading. Deflection is plotted as a

proportion of the section width b, while stresses are plotted non-dimensionally as

proportions of the ultimate or yield stress. The time unit is T^.
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SUMMARY

A non-linear equation of state for the study of creep failure of reinforced concrete
columns is described. Typical variations in concrete and steel stresses with time,
up to the instant of failure, are shown for a reinforced concrete column under
sustained loading.

RESUME

On décrit une relation non-linéaire pour l'analyse théorique de l'influence du
fluage sur la résistance des colonnes en béton armé et on discute des variations
caractéristiques des tensions de l'acier et du béton en fonction du temps pour la cas
des poteaux soumis à une charge excentrique et permanente.

On donne les variations caractéristiques jusqu'à la ruine des tensions de l'acier
et du béton en fonction du temps, pour les colonnes soumises à une charge permanente
excentrique.

ZUSAMMENFASSUNG

Ein nicht-lineares Kriechgesetz für die Untersuchung des Versagens von
Stahlbetonstutzen infolge Kriechens wird beschrieben. Der typische zeitliche Verlauf der
Stahl- und Betonspannungen bis zum Zeitpunkt des Bruches wird für eine unter
konstanter Dauerlast beanspruchte Stahlbetonstutze dargestellt.
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Diskussionsbeitrag zum Einfluß des Kriechens und Schwindens in Stahlbetonkonstruktionen:
Rückkriechen

HELMUT HÖLZENBEIN
Dipl. Ing.

Wien, Oesterreich

Das Rückkriechen (Erhoikriechen) wird in der Regel als
kleiner angegeben als das Kriechen selbst. Es sei hier aber ein
Beispiel wiedergegeben, das scheinbar eine andere Aussage macht.

Vor einigen Jahren wurden von Dr. SORETZ Langzeitversuche
mit Stahlbetonplatton durchgeführt, bei denen sich u.a. folgendes
bei der Durchbiegung ergab.

Stahlbetonplatten (b 115 cm, d 17 cm, h 15.7 cm,

Fe 12^8= 5,86 cm2) mit Bewehrung aus TOR-Stahl 6o und aus

Beton mit ß^28 ^73 kg/cm2, wurden bei konstanter Temperatur mehrmals

bis zu einer Stahlspannung von ^2oo kg/cm2 belastet und

anschliessend wieder entlastet bis sich jeweils bei der Verformung
ein stabiler Endzustand einstellte. Die Belastung erfolgte mit
zwei Linienlasten in den Drjttelpunkten; die Stützweite bdtrug
5,oo m.

Fig. 1 zeigt die Durchbiegung in Plattenmitte in Abhängigkeit

von der Zeit in Tagen. Man erkennt deutlich die Belastungsund

Entlastungsperioden. Bei letzteren wirkte nur das Eigengewicht.
Fig. 2 veranschaulicht die Durchbiegungen in Abhängigkeit von der
Beanspruchung, ausgedrückt durch die Stah1 Spannung. Ab der 3»

Belastung scheint dem Kriechen infolge der Last ein etwa gleich
grosses Rückkriechen bei der Entlastung zu folgen. Im Diagramm

entstehen Schleifen, die ein quasi-elastischos Verhalten andeuten.
Dies wäre jedoch nur möglich, wenn das Rückkriechen gleich gross
wie das Kriechen wäre.

Nach der k. Belastungsperiode wurde bis zum Bruch zügig
belastet (Pfeil).
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Fig. 2
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M.R. HOLLINGTON
Dr.

Cement and Concrete Association
Stough, England

The 1963 edition of the American Building Code Requirements for Reinforced

Concrete (ACI 318-63) states that the additional long-term deflexion is a

multiple of the instantaneous deflexion as shown in the following table :

REINFORCEMENT SECTION

RATIO OF ADDITIONAL
LONG-TERM DEFLEXION
TO INSTANTANEOUS
DEFLEXION

> {/> r> II O

• • • •

2 0

(I)

Asc - osSt
• •

• • • •

ASC

Ast
I 2

12)

• • • • • •

ASC Ast
• • • • • •

O CD

(3) (4)

The results given in the Cement and Concrete Association Technical Report

TEA.442 - "A series of long-term tests to investigate the deflexion of a

representative precast concrete floor component" showed that the provision of

compression steel in a lightly reinforced member did not reduce the long-term

deflexions by the amounts predicted by the ACI Code. This investigation
indicated that it was incorrect to assume that the long-term behaviour of the

lightly reinforced section (4) would be the same as the heavily reinforced
section (3) although the ratio of compression to tension steel areas is the

same in both cases. The tests showed that section (4) behaved in a similar
manner to section (2), and that the amount of restraint to long-term deformation

Was dependent on the arrangement of reinforcement in the compression zone, which

need not be related to the area of tension steel determined by a collapse method

of design as suggested by the American Code.



II

Behavior of Concrete under Variable Temperature and Loading

MUHAMMAD MUKADDAM
Assistant Professor

American University of Beirut
Lebanon

For designing concrete structures subjected to thermal gradients, the structural
engineer requires the complex constitutive time and temperature dependent relations
of concrete. Below, a mathematical model is developed which generates the specific
compliance surface of concrete for temperatures ranging between 68°F - 200°F, age
at loading varying between 28-400 days, and observation time up to 1000 days after
loading. The mathematical model is developed for sealed specimen with stress/
strength ratio of 35-45^ or less.

Terminology:

specific creep time dependent deformation/unit stress
specific compliance instantaneous + time dependent deformation/unit stress
thermal strain d/lT, where

û( coefficient of thermal expansion
AT change in temperature

T.S. material thermorheologically simple material.
* * *

In order to develop the mathematical model the effects of the temperature to
which the concrete is subjected to are first studied. Then the effects of age of
concrete at loading are discussed separately. Finally the effects of varying the
two above parameters simultaneously are determined.

Temperature Effects«

It is demonstrated that concrete under some conditions behaves as a thermorheologically

simple material. In order to decide whether a material is T.S. or not one has
to check whether all experimental curves of creep at different temperatures fit together
by shifting them along the axis of logorithmic time.

Mathematically, the principle of shift function is simple. Let T0 be a known
fixed reference temperature, and T a constant temperature T > T0.

Then as seen from Fig. 1,

cr PûtJ - Cr» fébJ1 pfrJj
or In (t) for T curve corresponds to (&(t)+ ^(T)) for the T curve. Thus t for T
curve corresponds to Exp(Avt+ <p(T)) for T0 curve, but Exp ^nt+ <f>{T)) t Exp( <^(T) /
call Exp T)J 0(T) shift function for temperature T having T0 as
reference temperature.
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loa (T/M£ i^Ooys After Load/rrj)

Hence knowing the specific creep curve at one temperature for T.S material one
can determine the specific creep curves for that material at any other constant
temperature T, by simply replacing the argument t in reference curve by t 0 (T).

The number of reliable published experimental results on creep characteristics
of concrete at high temperatures is limited. Using the available data it is demonstrated

that concrete behaves as a T.S material for temperatures between 60 - 200 °F
and age at loading of 10 days or more.

A.D. Ross (Ref l) presented data for total strain (elastic + creep)/ksi for
uniaxial cylinders loaded for 80 days at different temperatures ranging from 68°F
to 284°F.

All specimens were sealed and loaded at an age of 10 days. Also included in the
data is the instantaneous response on loading for different temperatures. Fig. (2)
shows how good the fit is for different temperatures, ranging from 68°F - 176°F.

Another independent set of data is obtained from Réf.(2) by D. Harmant. In this
case concrete was cured for 24 hours under wet sacks before demolding, followed by
five months under water at 20^ (68°F) and one month in the sealed saturated condition.
The temperature range that the concrete was subjected to, is 27°C - 77°C (80.6-170.6°F).
Figure (3) shows that the shift principle leads to accurate results in this case.

Effect of Age at Loading»

It is known that specific creep is a function of age at loading. Recently,
research has been done on the mathematical form of the function representing the
variation in the specific creep with a change in the age at loading of concrete.

After close examination of the shapes of the specific creep curves at different
ages of loading, and keeping in mind that the rate of chemical reaction in concrete
is affected by temperature as well as by time, the following is proposed!

If C(K.) J, Ct e

represents the specific creep at a certain reference age at loading K0,
where Ci Ai are constant coefficients, and t is time in days
after loading.
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c £ cthen C(t() £ C. e

represents the specific creep of the concrete loaded at a different age K. This is
similar to temperature shift function principle.

$(K) is the shift function for ageing of the concrete»

To check the validity of this proposal, the same data used by Selna Ref. (3)
and presented by A. Ross (4) is used. Figures (4,5) show how good the proposed model
is. In addition to giving good results, this methbd is simple to apply, gives better
interpolation valves than Selna's Model, and much better extrapolation valves for
specific creep. This principle leads to a compatible formulation for the simultaneous
consideration of temperature and age at loading on the creep characteristics of
concrete.

Combined Effects of Temperature and Ageing on Creep
Characteristics of Concrete«

If temperature and age at loading of concrete were independent then the principle
of shift function could be applied simply ast

i. „ 5 ^AitIf */ c represents the specific creep of concrete at
reference temperature T0 and reference age at loading K0 then

â r êKii + trJ
C gives the specific creep for same concrete loaded

at an age of K and temperature T.

However, since it is known that age of concrete (maturity) is a function of
temperature, the following form of shift function is proposed.

TS (K, T) * j*(T) #(K, T)

î
«
I

I

I

400

300

200

/oo

40 eo SO /Û0 /20 /40 /SO /SO 200
OSSSSMr/M T2>0y
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Where TS (K,T) is the total amount the specific creep curve loaded at an age K
and temperature T needs to be shifted to fit the reference creep curve.

0(T) is the temperature shift function as'discussed before.

It is proposed that
^(K,T) £( COAGE (K,T)

where COAGE (K,T) K0 + (K-K0) e~A(T"To)

where K0, T0 are the reference age at loading and temperature respectively.
A - is a constant obtained in such a way that the curve "A, (K,T) gives a

continuous monotonie curve so that interpolation from such curve is possible.

General Procedure for Finding Shift Functions:

1- Calculate the specific creep for each case where C(t,Y) specific campliance
(t,Y). Instantaneous strain (r), where t is observation time, t is age
at loading.

2- Plot all specific creep curves on semi-log papers.

3- Select the specific creep curve corresponding to reference age at loading KQ
and reference temperature T0 as the reference curve.

4- By shifting the specific creep curves eorrespdnding to age at loading K- and
different temperatures T2, Tg etc... determine the temperature shift
function 0(T).

5- By shifting the rest of the specific creep curves corresponding to different
temperatures and ages at loading so that they fit the reference specific creep
curve, determine TS (K,T).

6- Determine y>(K,T) TS (K,T) / 0(T) for each specific creep curve.

7- By trial and error between steps 7 and 8, determine A such that 1f>^( COAGE (K,T))
will be a smooth monotonie curve. Then determine COAGE (K,T) for each case as
COAGE (K,T) K0 + (K-KQ) Exp( A(T-T0)

8- yi; (COAGE (K,T) is determined and plotted.
Thus with the above procedure the specific creep for any temperature and any

age at loading can be determined.

Verification of Above Procedure»

There is extremely limited data on the response of concrete loaded at different
ages and different temperatures.

R. Browne Ref. (5) presented data for concrete loaded at ages of 28, 60, 180, 400
days and for each age some specimens were subjected to 68, 104, 149 and 200°F.

For this concrete, the specific creep curve corresponding to age at loading 28
days and temperature 68°F is chosen as reference. The equation which represents
the reference curve is found.

C (28,68) 919.01 - 46.27 e",2t - 95.08 e",02t - 156.32 e",002t -
197.60 e~-00°2t - 370.22 e"*000021 (l.a)
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where t is time in days after loading.
The shift function 0(1) is found in this case to be

- -3.ss 3383 (à} '/679 (i.b)

where T is temperature in °F.
0(1) is temperature shift function.

Also it is found that in this case
n -jfrrO -TrojJ

COAGE (K,T) fto + Z Ak(tJ e
Is'

J, - o.6 (rt<) -68)
or COAGE (K,T) 28 + £ AkM e (l.c)

/f
where (KQ + s. ^dK(i) gives actual age of concrete in days if no corrections
for temperature, or temperature history are applied.

tf,1 (COAGE (K,T) .056 + .686 e",01(COAGE (K»T))

for COAGE 28.3 days (l.d)

The instantaneous defoimation / ksi is found as a function of age at loading
and temperature.

Instantaneous def. "f )/ksi 210. ^ -.086 (^) + .352 (£§)^ - »019 +

.753ij + ^22 (l.e)
where f is the times at loading in days

T is temperature in °F.

Using the above mathematical Model equations (l.a - l.e) the total deformation/
ksi for all the cases are computed and plotted as shown in Figs. (6.a - 6.d).

The results fit well with the experimental results if one considers the accuracy
of results of experimental work Ref.(5).

To illustrate the capability of the mathematical model two examples in which
simple uniaxial concrete cylinders are subjected to different loads and temperatures
are solved. Also, a study of the behavior of a concentrically prestressed concrete
beam subjected to thermal gradients is done. Finally, in order to simulate the nuclear
reactor pressure vessel, a thick-wall ring structure subjected to internal thermal
gradients, internal pressure and external pressure (Prestressing) is analyzed.

Incremental approach using finite element method is used in the solution of
these structural problems. It is only for the lack of space that the results of
these examples shall not be included here.
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Control of Shrinkage by Laboratory Tests

B. BRESLER
USA

There is general agreement that shrinkage, creep and temperature
changes can no longer be neglected in design of reinforced concrete structures.

Consideration of strength alone is not sufficient as a measure of
serviceability. Various methods for taking into account time-dependent
volume changes in concrete have been proposed and availability of large
digital computers greatly simplifies use of these methods by the designer.

Reliance on such design calculations requires a prescription of
shrinkage and creep characteristics as part of the general specification
for the structure and a subsequent verification of compliance with this
prescription. The prescription and verification must be based on standard

laboratory tests, just as prescription and verification of compressive
strength is based on such tests.

The Structural Engineers Association of California in 1963 appointed
a special committee to study the problems of shrinkage in concrete structures

and to recommend methods of control from a practical point of view.
A report of this committee was issued in 1965"*". One part of this report
deals with control of shrinkage of concrete by proper specifications and
laboratory tests. It is based on the idea that shrinkage of a small
laboratory specimen observed at a reasonably early age is an index of
potential shrinkage of concrete used on the job. Troxell2, based on test
results, concluded that actual long-time shrinkage may be predicted from
short-time shrinkage provided a proper conversion factor for the special test
conditions has been determined.

The SEAOC report proposes to use a h x b x 11 in. prism as a standard
specimen, moist cgred for 7 days, and then dried under 50 percent relative
humidity and 73-^ F (23 c). Measurements of shrinkage shall be made on
a 10 inch gage length at 7, 14, 21 and 28 days of drying. From experimental

studies it was found that shrinkage of such a specimen approaches
its ultimate value in about 6b weeks, that at 28 days the observed
shrinkage is about O.k and at 21 days the observed shrinkage is about 0.33
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of ultimate value. It was then assumed that due to variation in humidity,
temperature, size of members, etc. the "effective" shrinkage of

concrete member in the structure is about 0.5 that of a it x U in. laboratory
specimen. Effective shrinkage is defined as that observed in unre-

inforced member. Thus, should the design of the structural element be
based on effective ultimate shrinkage S, the laboratory specimen after28 days of drying should exhibit a shrinkage of Spo (s/0.5) (0.1+),=
0.8S, or after 21 days of drying it should exhibit a shrinkage of S„,
(S/0.5) (0.33) 0.66s. 21

Three classes of concrete are proposed, as shown below:

Class A B C

Value of S, millionths 1+00 600 800

Due to variability in test results and conditions on which these
relationships are based, a variation of 15 percent in the observed values
can be allowed. It is also recognized that laboratory tests on small
specimens cannot predict the shrinkage of concrete members of all sizes
under widely varying conditions. Future tests on correlation between
laboratory and field shrinkage may show that the above values should be
increased or decreased.

Bie general specifications can be written to require control testsin order to verify shrinkage characteristics of the particular concrete.
Two types of test should be required:

1. For the concrete mix proposed for the project, a "trialbatch" mix shall be prepared and at least three shrinkage
specimens and six compression test specimens should be
tested to verify shrinkage and strength characteristics
prior to placing any concrete.

2. During construction shrinkage specimens for each class
of concrete should be taken at the same time as compression

strength test specimens. At least one set of three
specimens should be taken for each 150 cubic yards of
concrete placed, and in no case less than one set of
specimens should be taken for each day's concreting.

Above remarks focused attention on shrinkage characteristics of
concrete. Other properties, such as creep and thermal coefficient of expansion,

also require attention. Appropriate short term tests to predictthese characteristics have not yet been developed, and it is hoped thatthis' discussion will stimulate efforts in this direction.
References

1. Control of Shrinkage of Concrete, Report of Committee on Shrinkageof Concrete, Structural Engineers Association of California, 1965.

2. Troxell, G. E., "Short-Time Tests for the Effect of Type of Cement
on Concrete Shrinkage," Proc. ACI, Vol. 35, 1939.
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Comparaison des résultats des essais de flambement sous charges soutenues

de MM. Thürlimann, Baumann, Grenacher et Ramu avec les charges critiques calculée

PIERRE FAESSEL
Ingénieur

Professeur au C.H.E.C.
France

REMARQUES PRELIMINAIRES

1°) - Une méthode de calcul est absolument nécessaire dans l'évaluation des charges

critiques de flambement, particulièrement en longue durée.
En effet, trop de paramètres interviennent pour que les laboratoires puissent

étudier toutes les combinaisons de ceux-ci; citons seulement l'élancement, l'excentricité
initiale de la charge, le pourcentage des aciers et leur position, la qualité

du béton et son coefficient de fluage, la limite élastique des aciers, enfin, la forme
géométrique de la section qui peut varier à l'infini.

2°) - Cette méthode doit cependant être contrôlée par des essais rigoureusement
conduits, c'est-à-dire oh ces divers paramètres sont aussi bien connus que possible.
Remarquons en particulier que les excentricités initiales nulles n'existent pas, et
doivent être considérées dans le calcul comme identiques à une très faible excentricité

initiale.
3°) - Réciproquement, cette méthode permet de guider dans le choix des charges

soutenues. En effet, en longue durée, on risque d'obtenir une rupture trop rapide,
ou de se placer trop en dessous de la charge critique.

METHODE PROPOSEE

Le fait que les parties tendues, ou entrant en traction au cours du temps sous
l'influence de l'augmentation de la flèche, peuvent être fissurées et doivent être
considérées comme telles dans le calcul (par sécurité) permet de ne pas se préoccuper

des problèmes difficiles du fluage par déchargement.

Nous proposons donc d'utiliser la méthode qui a déjà été parfaitement vérifiée
par l'analyse de tous les essais connus sous charges instantanées (T). Mais dans
le cas de charges soutenues, on considérera que les déformations du béton sont
multipliées par le coefficient (1 +9), étant le coefficient de fluage. Ce coefficient

ayant été mesuré pour la plupart des poteaux essayés par les auteurs cités
(]|), il nous a été possible de calculer les charges critiques soutenues correspondantes.
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POTEAUX N'AYANT PAS CASSE

Tableau I

ii h.
BH

ÜLL
fï z —r BH

%)

siisee

su

CHARKttlffl

charge

APpuqvéc

CHARSS CRITIQUE

CALCULÉE

51 0.033
11 0.10
12 0.10
21 0.10
23 0.25
25 0.25
52 0.25
32 1.
33 1.
63 0.25
82 0.05
74 0.033

.84
.84
.84
.84
.84
.84
.84
.84
.84

2.15
.85
.84

.84
.84
.84
.84
.84
.84
.84
.84
.84

2.15
0.85
.84

28
28
28
28
28
28
28
28
70
56
28
28

100
100
100
100
100
100
100
100
100
100
150
50

104
93

321
199
186
188
105
138
140
477
265

69

43.8
15.1
23,4
26.6
14.
16.4
18.9
7.
7.3

35.1
10.3
65.1

43.9
23.
27.2
25.6
17.5
18.9
21.5
7.7
8.

37.3
12.3
82.4

Tableau II
M*

POTEAUX AYANT CASSE
EN PLUSIEURS JOURS

f-.I*' BH
%

tt'-^ "
BH

U X JURtE

su
»BaBEXEffT

CHASSE

critique
JE COURTE**

CALCULEE

CHURCH

APPLIQUEE

CHASSE

CRITIQUE

KUMKWME
CALCULÉE

flèche
CRITIQUE
MflURl'f
fem)

FLÈCHE

CRITitUf
CALCULEE

fem)

.84 33 100 10 60.5 41.6 35.5 2.64 2.5

.84 28 100 14 48 31.1 26.4 3.33 3.8

.84 28 100 18 53.5 43.5 29.8 2.5 2.5

.84 Î6 100 26 71.5 44. 42.2 2.62 2.7

.85 28 150 26 7.5 6.2 5.8 6.09 7.7

.85 28 150 27 21.3 14. 10.5 2.53 1.9

.84 28 100 27 80.1 65.9 47.7 1.63 1.8
2.15 28 100 34 95.8 77.5 68.2 1.57 2.5

.15 28 100 39 24.7 18.7 17.7 7. 6.8

.84 28 100 68 23.8 18.9 17. 6.14 6.4
2.15 27 100 80 77.2 64.2 53.2 2.85 3.2

.84 90 100 153 72.5 49.6 44.2 2.79 2.5

42 .033
13
43 .033
54 .033
72 .375
71 .05
61 0.
83 0.
56 .25
22 .25
64 .033
62 .033

.84

.84

.84

.84

.85

.85

.84
2.15
.84
.84

2.15
84
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RESULTATS

Ceux-ci sont donnés dans deux tableaux.
Dans le premier figurent les poteaux qui sont restés stables.
On peut remarquer qu'ils ont tous une charge inférieure à la charge critique

calculée (ou supérieure de 4 $ pour le poteau 21 Il aurait été intéressant de charger

plus fortement certains poteaux qui sont trop nettement en dessous de la charge
calculée.

Réciproquement, tous les poteaux qui se sont rompus avaient une charge supérieure
à la charge critique calculée. Dans le 2ème tableau, nous avons groupé ceux qui se

sont ainsi rompus et qui ont été chargés assez longtemps pour que les auteurs aient
pu mesurer une flèche critique.

On pourra vérifier que cette flèche est correctement prévue pour le calcul, ce
qui est une preuve supplémentaire de la bonne conformité du mode de calcul à la
réalité.

RECTiREWnijiS

(_1_) J.R. ROBINSON et S.S. MODJABI : La prévision des charges de flambement des
poteaux en béton armé par la méthode de M.P.
FAESSEL (Supplément aux Annales de l'I.T.B.T.P.
septembre 1968)

(2) P. EAMU, M. GRENACHER, M. BAUMANN, B. THURLIMAM : Versuche an gelenkig gelager¬
ten Stahltebon'-stützen unter Dauerlast (Institut
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Zur Abschätzung der Kräfteumlagerungen bei abschnittsweise hergestellten
Spannbetontragwerken

H.-J. WOLFF
Dipl.-Ing.

Technische Universität Hannover
Deutschland

Durch das zeitabhängige Verhalten des Betons entstehen bei
abschnittweise erstellten Tragwerken Kräfteumlagerungen für die ständigen

Beanspruchungen. Diese Umlagerungen müssen zusätzlich zu der
Summe der Ausrüstungszustände zur Zeit t o berücksichtigt werden.

Die genauere rechnerische Ermittlung der Kräfteumlagerungen
führt nach der Kriechdifferentialgleichung von Dischinger auf
umfangreiche Differentialgleichungssysteme und auch bei vereinfachten
Annahmen zu einem erheblichen numerischen Aufwand.

Auf der Grundlage einer linearen zeitabhängigen Spannungsdeh-
nungsbeziehung, die auf den in den CEB-Empfehlungen normierten
Kriecheigenschaften des Betons beruht, wurde in Q1] ein Verfahren
zur Ermittlung der Kräfteumlagerungen angegeben.

Die auf diese Weise aus linearen Gleichungen gewonnene
Momentenbeanspruchung ist vom zeitlichen Verlauf des Kriechens, dem
jeweiligen Alter des Betons beim Vorspannen und der Art der Systemänderung

abhängig.
Fig. 1 zeigt die Umlagerungsgrößen an den Mittelstützen eines

Dreifeldträgers, der in drei Abschnitten nacheinander hergestellt
wird. Als Abzisse ist die Zeitdifferenz zwischen den einzelnen
Bauabschnitten oder kurz die Taktzeit At gewählt worden. Als Ordinate
erscheint das Verhältnis der reinen UmlagerungsgrSße MÄ - £M^ zu
der Differenz M^i - EM^. Hierin bedeutet Mj>i den Momentenzustand

".-Ma

M ZI 2t 40 SO At [kg»]

Fig. 1 UmlagTungsgrößf) am Drerfeldträger

IMt Moment tut Z»it f»0

Mm Moment tut Zit ttw
M,, Moment «m

DurchtauftrOgar

At Taktfit
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des in einem Zuge errichteten Trägers und EM^ die Summe der Ausrü-
stungszustände.

Die genaue Lösung für die Kräfteumlagerung entwickelt si.ch für
die beiden Innenstützen sehr unterschiedlich. Während für die jüngere

Stütze (2) das Moment Mgj am Durchlaufträger sogar übersehritten
werden kann, wird es an der Stütze (1) für größere Taktzeiten

At nur zu etwa 7o% erreicht. Die gepunktete Gerade gibt die Größe
der Umlagerungen an, wenn die Kriechfähigkeiten in allen Bereichen
gleich sind oder wenn die Taktzeit At vernachlässigt wird. Für kurze

Taktzeiten At können damit die Kräfteumlagerungen einfach
abgeschätzt werden. Für größere Taktzeiten At sollen mit oberen und
unteren Umlagerungsfaktoren Näherungen vorgeschlagen werden. Diese
obere und untere Näherung bilden eine Grenzabschätzung der entstehenden

Umlagerungen.
In Fig. 2 sind diese Umla-

gerungsfaktoren in Abhängigkeit
von dem Vorspannalter ty und der
Taktzeit At für ein Normalkriechmaß

Ipjj 2,o dargestellt. Als
Ordinate erscheint wie im vorherigen
Bild das Verhältnis der Umlage-
rungsgröße zur Differenz Mjji -
Für At 7 oder 28 Tage und mit
den angegebenen Verhältnissen
erhält man mit den beiden oberen
Kurven den oberen Umlagerungsfak-
tor und mit den unteren Kurven den
unteren Umlagerungsfaktor zur
Grenzabschätzung der Kräfteumlagerungen.

Mit dem mittleren Kurvenzug
für At o ergibt sich die Um-

lagerung bei Systemänderungen in
Tragwerken mit gleichen
Kriecheigenschaften in allen Bereichen wie
beim Zusammenbau von gleichalten
Fertigteilen. Für diesen Fall
stellt die gestrichtlte Kurve die
Lösung von Dischinger dar.

In den angegebenen
Verhältniswerten berücksichtigt der Wert k den Einfluß des Betonalters bei
der Belastung und der Belaxationskennwert p berücksichtigt das
abgeminderte Kriechvermögen, auf das die erzwungenen Spannungsänderungen

treffen. Die Werte k0 und pD ergeben sich für das Betonalter
im Zeitpunkt des Vorspannens und kj und p1 für das Betonalter nach
tv + At Tagen.

Da die Werkstoffkennwerte des Betons, insbesondere die
zeitabhängigen Eigenschaften, gewissen Schwankungen unterworfen sind,
sollte man mögliche Abweichungen der ermittelten Beanspruchungen
berücksichtigen. Deshalb wird dem Konstrukteur mit den oberen
und unteren Grenzumlagerungsfaktoren eine Möglichkeit gegeben,

unter Benutzung der elastisch ermittelten Momentendifferenz
M]ji - EM^ die Einflüsse der Taktzeit und des Belastungsalters auf
die Kräfteumlagerung abzuschätzen.

Ql] H.Trost und H.-J.Wolff: Zur wirklichkeitsnahen Ermittlung der
Beanspruchungen in abschnittweise hergestellten Spannbetontragwerken.

Der Bauingenieur 48 (19To), H. 5, S. 155 - 169.

-ZMA Moment zur Zeit t*0 |

_ Mm Moment zur Zeit t*a> |

M£[ Moment am Durchlaufträger
i

_ At Taktzeit l - -,
i l

I ;
i

_ tv Vorspannalter

: 1 L J_
Fig.2 Umlagerungsfaktoren Pf)
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