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IABSE SEMINAR on:

AIPC «CONCRETE STRUCTURES SUBJECTED TO TRIAX.IAL STRESSES»
IVBH 17th-19th MAY, 1974 - ISMES - BERGAMO (ITALY)

Détermination des contraintes dans la console et les arcs du
barrage de Frera moyennant témoins sonores placés dans des
cubes de béton préalablement soumis & étalonnage triaxial

Calculation of the Stresses on the Console and on the Arches of the Frera dam by
means of Electro-Acoustic Strain Guages placed within cubes
of concrete tri-axially calibrated previously

Feststellung der Beanspruchungen im Kragstein und in den Boegen des Frera-
Staudammes mittels Elektroakustischen Dehnungsmessern, die in Vorher
Dreiachsig Geeichten Beton-Wuerfeln untergebracht Wurden

Luigi CARATI, ex-Directeur Note rédigée sur la base du mémoire R 36 de la Question n. 29,
du Service Electrique de la présenté au VIIIe Congrés des Grands Barrages - Edimbourg,
Sté. - Falck mai 1964 - Vol. IT au nom de: L. Carati et E. Del Felice

Une intéressante application des mesures triaxiales
a été menée a bien sur des cubes de béton plus tard noyés
dans la mag¢onnerie du barrage de Frera, des "Acciaierie e
Ferriere Lombarde Falck".

Ce barrage, construit dans la province de Sondrio de
1956 a 1959, est du type poids-vofite. Sa hauteur atteint 137 m,
entre les cotes 1348,00 et 1485,00; sa longueur développée en
créte, 315 m; son épaisseur, 33 m & la base et 5 m en créte; son
cube de béton, approximativement 400.000 m3,

L'ouvrage en question (cf. Fig. 1) a été calculé par la
méthode de TOlke et contrdlé spyr des modéles & 1'échelle de
1:70 et de 1:40, représentant 1l'ensemble du massif ainsi que
la console pringipale et des arcs isolés.

En vue d'un contrdle ultérieur des valeurs fournies par
le calcul et les modéles, un nombre considérable d'appareils
de mesure ont été installés dans le massif du barrage, aux fins
de 1'évaluation des contraintes effectivement exercées sur 1'ou-
vrage par les accumulations,  les vidanges, les variations thermi-
ques et autres actions extérieures éventuelles,

L'installation de cet ensemble d'appareillages est
indiquée par la Fig. 2, ou chaque instrument est représenté
- conformément & la symbologie internationale,



Les appareils installés s'énumérent comme suit: 3
pendules spatiaux - 3 alignements de collimation du couron-
nement — 3 clinométres et 4 chalnes clinométriques; - 2
stations photoclinographiques — 34 dilatométres mécaniques
et €lectriques - 38 thermométres électriques - 41 piézométres-
enfin 32 points de mesure pour 1l'enregistrement des "variations
des déformations élastiques locales" qui se manifestent, en
ces points, sous 1l'effet des variations de température, mais
surtout sous l'effet des variations de contraintes dérivant
a leur tour de la variation de la charge hydrostatique causée
par les alternatives d'accumulation et de vidange du réservoir,
ainsi que pour l'évaluation des contraintes résultantes. Ces
- points de mesure ont été réalisésmoyennant installation de trois
témoins sonores susceptibles d'enregistrer de 1 a 2 milliémes
de mm sur la longueur de la corde incorporée et sui la longueur
de base de 200 mm. Les appareils en question ont été disposés
dans la masse de 1l'ouvrage, l'un vertical, l'autre tangentiel -
autrement dit paralléle aux parements - et le troisiéme normal
aux deux premiers, et par conséquent axial vis-a-vis des arcs
du barrage.

Deux autres extensométres, placés de fagon a former avec
les autres un angle de 45°, ont été installés auprés de quelques—
uns de ces points de mesure, a des fins de contrdle. On dispose
ainsi, dans 1l'ensemble, de plus de 100 extensométres.

Un réseau semblable d'instruments avait été déja réalisé
dans trois autres barrages, précédemment construits par la
Société Falck. La, toutefois, les appareils avaient été directe-
ment noyés dans la coulée de béton - toujours conformément aux .
modalités nécessaires - au moment ol le bétonnage atteignait
le point prévu pour leur pose.

Les résultats cobtenus par les instruments ainsi instal-
1és avaient toutefois donné das valeurs entachées de plusieurs
incertitudes et méme de quelques contradictions. Cette situation .
a été imputée a une incorporation imparfaite de 1l'appareil dans
la masse du béton et, de ce Fait, a une signalisation irréguliére,
de.la part de 1'appareil, des microdéformations de la masse
sous l'effet des variations des conditions de charge ou de
température du barrage.

Vu ces résultats décourageants, la décision a été prise
de procéder différemment pour le barrage de Frera: a savoir, de
positionner d'abord les instruments dans des cubes de béton
d'un métre de coté, d'étalonner ces instruments une fois mis en
place dans les cubes et d'installer enfin les cubes ainsi
préparés dans le béton frais, a 1l'endroit préalablement fixé.



Pl 1

Le barrage de Freva, va d' amont. = View of the Frera dam from the hill,
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Les cubes en question ont été construits au laboratoire
du chantier du barrage, avec emploi d'un béton identique a
celui de l'ouvrage comme composition, dosage, vibrage, etc.
Une fois réalisés, ils ont été envoyés a 1'ISMES y OU les
instruments ont été étalonnés en soumettant chag e face du
bloc & une charge unitaire jusqu'a 40 kg/cm2, moyennant
Presse de 2000 tonnes.

On a ensuite obtenu, pour chacun des trois ou des
¢cing appareils noyés dans le bloc, la courbe représentant
les variations des déformations élastiques en fonction de
la variation de la charge et, plus directement, les variations
lues a la station extensométrique au fur et & mesure des
variations de la charge, sans passer par le module d'élasticité
du béton.

Notre Fig. 3 reproduit, a titre d'exemple, le graphique
de ces courbes, On a plus tard employé, pour les mesures Sur
1l'ouvrage, une station extensométrique identique a celle de
1'ISMES, avec contrfle répété de la parfaite identité d'étalon-
nage des deux stations.

Les cubes étalonnés ont été mis en oeuvre - nous
l'avons dit - dans la masse du béton, au point prévu, et at-
tentivement incorporés a l'intérieur de cette masse, compte
tenu de toutes les précautions estimées nécessaires afin
d'obtenir une adhérence parfaite entre cube et béton frais.

A cet effet, des clapets et des tuyaux en fer pour injections
ont été prévus tout autour du cube, et des injections répétées
de coulis de ciment ultra-fluide ont été exécutées sur chaque
face par étapes progressives, avec contrdle de 1'adhérence

au bétonnage frais.

La Fig. 4 représente, justement, cette installation
mise en oeuvre dans le barrage en construction.

~ Les reésultats ont été, nous le verrons, vraiment
satisfaisants.

a

Passons maintenant & 1l'examen des résultats obtenus
par cette installation d'extensométres dans le barrage, sans
illustrer ici les données fournies par les autres instruments,

données pour lesquelles nous renvoyons a la publication R 36,
Q. 29 déja citée.

- Tous les appareillages ont réguliérement fonctionné deés
le début de leur installation & 1'intérieur dé la masse de

(°) ISMES: Istituto Sperimentale Modelli e Strutture, Bergame
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Exemple de cube avec trois extensométres ¢lectroacoustiques (témoins sonores):
An example of a cube with three electro-acoustic strain gauges:
Beispiele eines Wlirfels mit drei elektroakustichen Dehnungsmessern:

1

I

étalonnage avec charge dans la direction de 1' instrument n, 37 - calibration
with the load in the direction of the no. 37 strain gauge - Eichung mit
Belastung in Richtung des Messgerltes Nr, 37

&) courbe de 1' instrument n. 37 - curve of the no. 37 instrument - Kurve
des Messageriites Nr. 37 '

b}, ¢ courbes des extensomeétres n., 38 et 39 dans la direction normale
A celle de 1' extensométre n. 37 - curves of the no. 38 and 39 strain
gauges in the normal direction, and that of the no. 37 strain gauge -
Kurve der DehnungsmessenNr. 38 und. Nr. 39 in normaler Richtung und
Kurve des Dehnungsmessers Nr. 37

étalonnage avec charge dans la direction de 1' instrument n. 38 - calibration
with the load in the direction of the no. 38 strain gauge -  Eichnung mit
Belastung in Richtung des Dehnungsmessers Nr. 38

a) courbe de ]' instrument n. 38 - curve of the no. 38 instrument - Kurve
des Messgeriites Nr, 38 '

b}, «c) courbes des extensomeétres n, 37 et n. 39 dans la direction normale
a celle de 1' extensométre n. 38 - curves of no. 37 and no. 39 strain
gauges in the normal direction, and that of the no. 38 strain gauge -
Kurve der Dehnungsmessern Nr. 37 und Nr. 39 in normaler Richtung und
Kurve des Dehnungamessers Nr. 38

¢talonnage avec charge dans la direction de 1' instrument n. 39 - calibration
with the load in the direction of the no. 39 strain gauge - Eichung mit
Belastung in Richtung des Dehnungsmesasers Nr. 39

a) courbe de I’ instrument n. 39 - curve of the no. 39 instrument - Kurve
des MessgerHtes Nr. 39

b}, «¢) courbes des extensométres n. 38 et n. 37 dans la direction normale
4 celle de 1' extensométre n. 39 - curves of the no. 38 and no. 37 strain
gauges in the normal direction and that of the no. 39 strain gauge -
Kurve der Dehnungsmessern Nr. 38 und Nr. 37 in normaler Richtung und
Kurve des Dehnungsmessers Nr. 39



l'ouvrage. En particulier, les extensométres ont enregistré
les dilatations dues au développement de chaleur résultant
de la prise du béton et de son refroidissement ultérieur,
1l'augmentation de poids motivée par 1'élévation des plots
au fur et a mesure des progrés du betonnage, etc.

Ce n'est qu'a partir de 1960 qu'on a estimé que la
masse de l'ouvrage avait atteint son équilibre général et
que, par conséquent, les données obtenues étaient désormais -
exemptes de l'influence des effets secondaires indiqués - d'ou
la possibilité d'enregistrer isolément l'effet di aux variations
de la charge hydrostatique par suite de 1l'accumulation et de la
vidange du réservoir.

Il serait intéressant de pouvoir examiner ici toutes
les données enregistrées par les instruments incorporés, et
analyser de ce fait séparément - selon notre intention de
départ ~ le comportement de la console principale et des arcs
aux cotes 1495-1450-1410-1370-1357, ainsi que les effets sur
les parements amont et aval.

Les limites de la présente note nous imposent de nous
borner a illustrer ici en détail un seul cycle complet d'ac-
cumulation et de vidange, et précisément le cycle allant
d'avril 1960 & avril 1961, et de ne considérer en outre que
les données intéressant la console principale et l'arc a la
cote 1410,

s

Nous reproduisons justement, & titre d'exemple (Fig.5),
le graphique des valeurs lues aux extensométres installés au
point de rencontre entre console et arc & la cote citée, avec
indication, pour chaque extensométre, des valeurs des écarts A
lus & la station extensométrique entre le debut et la fin de
l'accumulation et entre le début et la fin de la vidange.

Aprés élaboration relative, les valeurs des contraintes
résultant de la seule charge hydrostatique motivée par la seule
accumulation et par la seule vidange ont été groupées dans 1le
tableau ci-aprés, exprimées en kg/cm2 et affectées du signe -
pour les efforts de compression et du signe + pour les efforts
de traction: ‘

A) Dans la console principale (selon l'allure indiquée par la
Fig. 6), nous avons: :

cote valeurs constatées valeurs constatées val.moyennes
en phase d‘'accum, en phase de vidange
Paremenc parement parement
amont aval amont aval amont - aval
1485 19.6 16.3 , 17.9
1410 -13.3 +1.2 - -8.0 +7.5 =10.6 +4.3
1370 +14s4 =11.3 +4.7 —-6.7 +3.0 -9.0
1357 +8.8 -14.9 +7.5 - =11.0 +8.1 -12.9




FIG. 4

Mise en oeuvre de deux cubes dans le massif du barrage; on appergoit
clairement les tuyaux et les clapets servant aux injections de ciment

autour du cube. - Two cubes in the body of the dam are set running:
the tubes and valves for the injection of concrete around the cubes are
clearly seen. - Installation von zwei Wlirfeln im Staudammkd&rper.

Man sieht eindeutlich die Leitungen und die Ventile flir die Zementein
spritzung um den Wlirfel.
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Diagrammes des extensomeétres placés dans les cubes XIII et XIV,
d' avril 1960 & avril 1961,

Diagrams of the strain gauges attached to cubes XIII and XIV from
April 1960 to April 1961,

Diagramme der Dehnungsmessern, die vom April 1960 bis zum
April 1961 in den Wlrfeln XIII und XIV untergebracht wurden,
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FIG, 6

Diagramme des efforts mesurés a 1' aide des appareils dans la consg
le principale et dus & 1' accumulation (trai continu) et & la vidange
{trait interrompu) - Période 1960-1981. - Diagrams of the stress
es measured by the instruments in the main console due to the sliding
(continuous stretching) and the counter-sinking (intermittent stretch
ing) made in 1960-1961, - Diagramme der mit den im Haupt:
kragstein untergebrachten gemessenen Ansprlichen bei der Stauung
(laufende Linie) und bei der Entleerung (unterbrochene Linie), die
1960-1961 durchgefllhrt wurden,

FIG, 7

Diagramme des efforts dans 1' arc a la cote 1410, par suite de 1' accu
mulation {trait continu) et de la vidange (trait interrompu) - Pério
de 1960-1961. - Diagrams of the etresses on the arch at level 1,410
due to the sliding (continucus stretching) and the counter - sink{ng
(intermittent atretching) made in 1960-1961, - Diagramme der
Beanspruchungen im Bogen in Hbhe 1410 durch die Stauung (laufende
Linie) und Entleerung (unterbrochene Linie), die 1960-1961 durch-
gefllhrt wurden,




10.

B) et dans l'arc & la cote 1410 (selon l'allure indiquée par
la Fig. 7) nous avons:

a) en phase b) en phase c) valeurs
d'accumnul. de vidange moyennes
. ameont aval amont aval amont aval
TAVS -2.3 =34.0 -9.0 -=25.4 -16.0 =29.7
droite
axe mé- _29.6 _9,8 -25.9 =4.0 —27.7 6.9
dian
HLVE -12.4 =26.9 -11.2 =20.4 -11,6 =23.6
gauche

Les différences entre valeurs obtenues en phase
d'accumulation et valeurs obtenues en phase de vidange trouvent
leur justification dans la valeur différente de la température
de 1l'ouvrage entre le début et la fin des deux phases.

Comme déja précisé, nous n'avons indiqué que les
données concernant la console principale et l'arc a la cote
1410; néanmoins, tous les autres résultats obtenus sur les
arcs aux cotes 1485, 1450, 1370 et 1357 ont été logiques et
dignes de foi, ce qui a permis une comparaison effective avec

les valeurs fournies par le calcul et les modéles. .

Aprés les constatations satisfaisantes dérivant de
1'élaboration des données recueillies en 1960-61, les mesures
ont été poursuivies et continuent encore actuellement,

A titre d'exemple, nos Fig. 8 et 9 donnent les diagrammes
des lectures effectuées pour les appareils intéressant la
console principale et l'arc a la cote 1410, considérés plus haut.

Ces graphiques confirment notamment la régularité des
observations et le fonctionnement satisfaisant de toute
l'installation -~ bien que certains appareils aient été mis
hors d‘'usage.

Parmi les valeurs en question, nous avons estimé
opportun d‘'élaborer celles qui concernent l'accumulation et
la vidange de la période 1969-1970, & 1l'instar de ce qui avait
été fait pour 1960-1961.

En appliquant 1l'échelle définie au cours de cette
derniére période pour le rapport divisions lues a la station
de mesure (déformations) - contraintes, et en établissant,
pour simplifier, la moyenne entre les valeurs collectées
pendant la phase d'accwmulation et celles de la phase de
vidange, nous obtenons les valeurs suivantes de contraintes:

A) dans la console principale (selon 1l'allure indiquée par la



11,

Fig. 11 - valeurs en kg/cm?):

cotes amont aval

1485 (=)

1410 -3 (e)
1370 +4.5 -7.0
1357 +8.1 =10.5

(°) appareil reconnu hors de service

B) dans l'arc & la cote 1410 (selon l'allure indiquée par la
Fig. 12 - valeurs en kg/cm?)

amont aval
rive droite -3 -1.8
axe médian =14.5 -5.5
rive gauche =7 -13

Ces valeurs concernent, nous l'avons dit, 1'étalonnage
effectué en 1956 pendant la construction du barrage, au cours
de laquelle il a été déterminé que le module d'élasticité du
béton atteignait, au moment de 1'étalonnage des blocs, 230.000
kg/cm2. (Fig. 10). .

Quatre éprouvettes cylindriques de 50 cm de hauteur et
de 20 cm de diamétre, prélevées en 1971 dans le béton du barrage,
ont accusé une valeur moyenne du module d'élasticité de 360.000
kg/cm2,

En corrigeant les valeurs indiquées ci-dessus selon le
rapport entre les modules, nous obtenons pour les contraintes
citées les valeurs suivantes:

A) dans la console:

cote amont aval
1485 (°)
1450 -4.8 ' +8.6
1410 -4,8 (°)
1370 +7.0 -10.9
1357 +12.6 -16.5
B) dans l'arc a la cote 1410:
) amont aval
rive droite -4,6 -28.0
axe médian -22.8 -8.6
rive gauche -10.9 -20.2

Les indications des instruments placés dans les autres
arcs ont également fourni, méme aprés 10 ans de service, des
€léments logiques d'évaluation, dignes de foi et analogues a .
ceux que nous venons de mentionner.
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Diagrammes des lectures effectuées i la station extensométrique sur les appareils intéressant 1' arc A la cote 1410,
pendant la période 1060-1970. - Diagrams of the readings taken at the strain gauge station of the instruments per
taining to the arch at level 1, 410 during 1860-1870, - Diagramme der an den Dehnungsmessatation erhaltenen
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Ihagrammes des efforts mesurds sur les appareils existant dans la console
principale, pendant la periode d* accumulation et de vidange 1969-1970,

Inagrams of the stresses measured with the existtng  -nstruments in  lhe
main censole in the shiding and countler-sinking period 19649.1470,

agranmime der Leansprucheungen n dern Hauptkragstein, «die mit den
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Nous ne prétendons pas avoir résolu par les observations et con
sidérations citées, le probléme de la mesure des efforts a 1' intérieur d’ un
barrage, mais nous avons néanmoins signalé‘ un systéme qui a donné, i no-
tre avis, des résultats positifs.

RESUME

Aprés avoir décrit 1' installation des instruments dans le massif
du barrage de Frera, 1' Auteur illustre, en particulier, le positionnement
des témoins sonores installés en vue d' enregistrer les contraintes qui se
produisent dans cinq arcs et dans la console principale de 1' ouvrage par sui
te du remplissage et de la vidange du réservoir,

Pour la premieére fois, les extensometres ont été préalablement
noyés dans des cubes de béton, puis étalomnés triaxialement, ¢' est-aA-dire
dans les trois directions spatiales.

Une fois noyés dans le bétonnage, les cubes ont été soigneusement
injectés,

Les instruments ainsi installés ont enregistré des valeurs qui se
sont avérées logiques, réelles et \dignes de foi, dans toute . la mesure permi
se par une installation de ce genre,

‘ A titre d' exemple, 1' Auteur mentionne les contraintes constatées,
dans la console principale et dans 1' arc a.la cote 1410, lors de 1' accumula-
tion et de la vidange effectuées en 1960-1961, ainsi que pendant 1 accumula-
tion et la vidange de neuf ans plus tard.

L' installatien décrite est encore en service a 1' heure actuelle,

SUMMARY

The author, after having described the positioning of the instruments
into the body of the Frera dam, illustrates, in detail, the positioning of the
electro-acoustic strain gauges, put there for the purpose of recording the
stress that is produced on five arches and on the main console, due to the
effect of fillings and emptying the reservoir,

-For the first time, in this dam, the strain gauges had been placed
beforehand in cubes of concrete; then calibrated in the three spacial directions
i. e. tri-axially.

, The cubes were immersed in the dam's stream and accurately im-
pregnated. C
These instruments recorded logical, expected, actual resulting val
ues, in so far as could be hoped for from a similar installation, -

As an example the resulting strains on the main consocle and on the
arch at level 1, 410 are reproduced, for sliding and counter-sinking which
came out in 1960-1961 and for the same, repeated nine years later,.

The installation is still functioning,

ZUSAMMENFASSUNG

Nachdem der Schriftsteller die Installation der Messgeraete in
K8rper des Frera-Staudammes erklirt hat, beschreibt er hauptsichlich die

Installation der elektroakustischen Dehnungsmessern, die zur Reglstrlerung
der Beanspruchungen bei dem Flllen und Leeren der Behilter in den Haupt-
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kragstein und in den 5 BYgen dienen.

Zuerst wurden die Dehnungsmesser in Beton Wlirfel eingetaucht,
die dann dreiachsig geeicht wurden. Daraufhin wurden die Wlrfel in Stau-
dammguss eingesenkt, ‘

7 Diese MessgerHte haben logische Risultate registriert, wie von
einer derartigen Installation erwartet werden konnte,

Beispielsweise wurden die erreichten Beanspruchungen in dem
Hauptkragstein und in den BBgen bei einer H8he von 1410 wHhrend der 1960-
1961 durchgeflihreten Stauung und Entleerung angegeben, die neun Jahre -

" spHter wiederholt wurde.
Die Installation ist noch heutzutage in Betrieb.
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1) GENERAL

Only two of ENEL's arch and gravity-srch dams now
in service, the Vaiont and the Val Gellins dams, are equipped
with a set of triexisl strein gsuges in addition to ordinery
instrumentation. The Place Moulin dam on the river Buthier,
Vel d'Aosta, 1s 8lso equipped with four sets, each of which
consists of seven strein gauges. But since the instruments
were installed only in the radisl and the tangentisl planes,
the measurements cannot be very useful in determining stresses
in three dimensions.

Both the Vaiont and the Vel Gallina dems are part
of the Piave-Boite-Vaiont hydroelectric development.

The Vaiont dem, which spans # deep gorge immediate
ly upstream of the confluence of the river Vaiont snd the
river Piave, was completed in 1961, Tt is 2A1.5 m high, its
thickness at the crown section verying from 21.5" m st the
base to 3.40 m at the tap. ‘

The Val Gallina dem, which wes constructed in a
mruntainous farmetion »n the left bank ~f the river Piave,
forms s weekly compensating reservoir for the regulation »f
the water used by the S»verzene power station, and is there-
fore subject t» freguent, though partisl, fill-ups and

{*) A- REBAUDL foniner Director of «Centro Progettazione © Gostruzione Idraulica ed Eletiricas - Venice



drawdowns. The structure, which was completed in 1952, 1is
92 m high. 1Its thickness at the crown section varies from
15.24 m at the base to 2.54 m at the top.

The two triaxial sets were installed along the
centre lines of the crown sections of the twn dems. The set
in the Vaiont dem is loceted at »ne third of the totwl height
of the structure where thickness is 14.00 m. The set in the
Val Gnallina dem is located in the upper part of the plug
where thicknesgss is 15.00 m.

Wheremss the pasitinns of the tw~ sets in the struc
tures are almaost analognus, the layocut and the sensitivity
»f the instruments vary considerably, which results in the
measurements having a different degree »f reliability.

2) Layout 2f the strain gauges in the sets

The Val Gallina set consists of six electroacoustic
strain gauges, three of which lie on the edges of & cube while
the other three are inclined in the direction of the disgonsls
of the faces. ‘

Thus the number of instruments is the lesst required
for the determination of stresses in three dimensions.

The Vaiont set consists of seven electroacoustic
strein gauges, three »f which lie 2n the edges of a cube while
the other four are inclined in the direction of the disgounls.

This particular layout ensbles sn immediste check
to be made of the theoretical conditiocn requiring the sum of
the stresses "n the sxes to be equsl t2 374 ~»f the sum >f the
stresses "»n the diagonals.

For this reasso>n as well ss for the higher sensitivity
of the instruments, the information sbtained from the Vaiont
strain gauge set was hsndled before the data from the Vel Gal-
line strain gauge set, to which all the devices that emerged
in the process were equally spplied.

3) Theoreticsl determination of the results

The deta furnished by the two stirain gsuge sets con-
tinously in time were hendled following the procedures suggested
by the theory of elasticity for the purpose of determining:
~ the principsl stresses in three domensions end their time

variations;
~ the secondary stiresses in the three planes and their time
veriations.




By these procedures (1) the above results can gener-
ally be achieved only nfter the stresses 0x Oy and Oz on the
¢ rdinate axe: nand the shear stresses Txy, Tyz and Tzx have
.en determined. In the present case these six values were
derived from the i1nformation obtained from the strain gauges
of known orientation by application of the necessary geometric
properties. (2)

4) Adeptation of measurements to theory

As strain gauges are instrument for messuring lengths
end not stresses, the correspondig 2 were substituted for the
stregsses 0 end? . These values werd derived from the straines
41 taking into account lateral contraction for which Poisson's
ratio was assumed to be equal to 0.2,

This substitution will be implied whenever the stresses
OorT are mentioned hereunder.

Tn expressing the change in length 41 the substitution
of lengths for stresses i1is possible if 41 = 1t - 12 - Alc where
1t = length messured at time t:
1n length at zero stress:

Alc = change in length due to anelastic phenomensa.

These phenomena include shrinkage, free thermal ex-
pansis and thermel effect >n istruments, which are generally
comprised in the measurements made with a specimen instrument
incorporated in a small concrete bloack "isoclated" from the
structure.

With regard to the values of 19, they are necessary
for determining the absolute srigin of magnitudes and consese-
quently the meaning of non-linear functions, especislly of
angles.

When determining these values no direct reference
can ve made to the measurements carried out in the initial stage
when snelastic snd especially non-isotropic changes occur which
practically invelidate the meassurements. This initial anelastic
stege, however, was considered through examination of the daily
data starting from the time of installation of the instruments
for the purpose of establishing when tke elastic phenomenon
had begun. Admittedly, if a phenomenon is elastic and its

(1) Obert Duvall: Rock Mechesnics and the Designer of Structures
in Rock - "Whiley & Sons".

(2) C.Bellucci: Determination of Strains by Means of s Triaxisl
Strain Gauge Fosette. %nergia Flettrica, Vol. XL, 1963




anelastis comp nnts are 1~ tripts ke vajue 4+ =241 ~xog -
- 2 2141 inclinad Fawr2a, shhuld eaus: zary ar, 17 the vialues
Af Hﬁ are not kn~wn, sh-uld reamein -~ nstant in time. (%)

Teh prerind immediately f-ollo>wing the setting-in »f
the elastic phen~menon is characterized by significant 1l-ad
variations due t> the concreting ~f the »verlying lifts and oy
measurement variations thet can be correlated with the 1load.

Based »n these correlations and assuming the existence
of a single force vertically directed (a reasonable sssumption
considering the pronounced verticality of the part of structure
that was concreted during the short period under investigation)
it was eventually possible to determine the values »f lo.

With these values the phenomenon i1nvestigated will
conform to theory if the values of As defined above remsin equal
to zero.

Yet, considering the experimentael nature of the data,
random and systematic errors might be enccuntered in time.
Wheress randon errors are due to measurement errors inherent
in the instrumentation, systematic errors can be imputed to
non-isotropic enelastic phenomena. In this respect, it should
be kept in mind that, being applied equally to sll instruments,
compensation for enelastic phenomens ( Ale) is valid only where
the phenomena are isotropic. In any case, original data should
always be modified so as to verify the condition A4s = O.

Similerly, for the theorems to be applicable the sum
of the angles measured in a triangle should be made equal 23 .
If the difference .is noticesble tle measurement is meaningless:
if it is negligible, mAny compensati-n princiole mny be accent-
able. In the case in hand As was made t» equal zero by assuming
the sum »f the modified date to be equal t» the sum of the
sriginal data.

The standard deviati»n nf the mhdified data from the
original data was considered as "error in the data" (&v) inher-
ent in the instrumentation and hence the same for all the indi-
vidual components. As will be seen further on, this value is
of primary importance for the determination of the uncertainty
in the results (€g). (**)

(*) In the present case this condition occured with good
approximation a few days after installation.

(**) During the period investigated the value of ' v never
exceeded 8 x 10-6, :



S) Computati ~ of the results

As th numerical elaboration of the messurements
involved, among nther things, the s»>lution of a cubic equation
and » number »f inverse funtions for each set of data, recourse
was had to a computer.
The input data of the programme were the reedings
from the seven strain gesuges end the dats obtained from the
isolated one, associsted with the instrument constants so as
to obtain the strains.
The first part of the programme determined the values
of 6 and ¥ 1in relation to the location of the individusl instru
ments in the set.
The second part of the programme, of & more general
nature, calculated the following results, ¢ and ¥ being known:
- principal stresses in algebrsic order (maximum, intermediate,
minimum);

- engles of each of the principsl stresses with respect to the
X, ¥y and z eaxes;

-~ pecondary stresses (maximum and minimum) in the xy, yz end
zx planes;

- angles of the secondary stresses in each plane.

6) Uncertainty in the results

It is to be nnted that, though the results of this
procedure are always real, the resulting velues pre reliable
to a different degree depending nn the error in the data end
on the way the data contribute t» the results. Hence, it is
essential that the uncertainty in the results be determined
as an indication 2f the sccuracy with which the phenomensn
can be expressed by the instrumentation.

If we apply the theory of errors in the present case,
the seven input data will be the variables V; with uncertainty
€y: and the uncertainty in a result R will be expressed by

£k o Ei: (6R/8V;)?

To avoid conceptual errors when formulating the par-
tiel derivatives, these were determined numerically (incremen-
tal ratio) using e loop for esch variable which is incremented
only once.

Not to complicate computetion unnecessarily, this
iterative method was applied only to the determinstion of




stresses and angle components. The error for each angle was
obtained analytically as a function of the errors in the com-
ponents and of the partiasl derivatives of their inverse func-
tion, which was easy to formulate.

It should be observed that the error in the data
(ev) was defined and employed as P random value while it was
partly systematic. It fsllows from this that the trend »f
the results in time often appears to be mare regular than
indicated by the band >f uncertanties {(ER).

7) Graphical presentation of the results

The »utput data, in a grasphicel form, are a func-
tion »f time. All the values are den-oted by crnsses whoage
upward strokes, symmetrical with the resulting values, repre-
sent their uncertainty.

For the hydraulic load, the scale is in metres end
has an arbitrary origin.

For the stresses 0, the scale is in units 2 = 10-5,
the negstive certesian direction indicating compressibn.

For the angles O repre-
senting the direction of s generic
O with regard to sn axis, the
graph should be regarded as the
development of & semicylinder
whoee length is the time abscis
sa, while the estremity of =
dismeter of the cylinder rotated
by the engle & is plotted as the
ordinate. '

The diameter is symme-
tricelly bounded by two opposed
circular sectors with openings —o0°
equal to the uncertesinty Eq whnse develhpment is als> repre-
ganted by the nrdinate. ,

With regerd t» the lay~ut »f the strain gauge set
in the dam, the coordinated exes are oriented in the following
directions:

x : lateral (left-right)

y : redial (downstream-upstream)

z : vertical (base-top)

The positive cartesian direction of the exes is given by the
second indication. ("Left-right" refers to the structure




seen from d-wnstream).

For the secondary § in the plane, the angle @
represents the direction »f Omax (algebraically maximum) in
respect »f the axis relating t» the first »f the twh indices
that define the plane. Onmin i8 at right sngles to Opax.

8) Results >f the Vaiont strain gauge set

The period investigated goes from the date of instal
lation of the instruments (June 1959) to September 1963. For
each month in this period a measurement was considered which
was the mean of the most significant data obtained in that
month snd was compared with the average hydraulic load.

The results, in a graphical form obtained directly
from the plotter (see par. 7), can be seen in Tables 1) and 2).

Table 1 - Vaiont strain gauge set
Stresses in three dimensions

Q = hydraulic load (m)

O, = principsel stresses in slgebraic order (maximum, interme-
diate, minimum for n = 1, 2, 3)

ang = engle between On end the ¢ exis ( g= x, y, 2)

It will be convenient first to define as minimum
hydraulic load the one active in March 1960, when the dem had
virtuslly been completed, which scarcely exceeded the elevation
of the strain gauge set.

The value »>f O appear to be correlated with the
hydraulic laad. A small sinusonidal component with an annual
perind was probebly due to thermal stress.

The variation »f 03 (maximum compression) in the
initial stage during which e ncreting was in progress, is no-
table and s» i1s the trend of 62 which appears t» be strictly
correlated with the hydresulic 1load. Its values approximate
thoge of Ot at minimum hydreulic load and those of 03 at
meximum hyarsulic load.

With regard to the trend of the angles@, all the
show mr tendency towards following the directionsg of the axes
(@ =0°or t 90°). In particulasr, one at least of the O slways
lies on one of the nxes.

As the trend of the angles is not lineer, it will be
well to examine some of the most significent situations of the
hydreulic load.



At minimum hydraulic 12ad, @3 (maximum compressin,
is markedly vertical (@4, =20), Hence, the plane on which
0, and 02 lie is ¢concurrent with the h-or:zoyntal xy plane t»

a comsideracle extent.

The scalar values ~f 01 and G2 are very near, which
s-metimes gives rise t> uncertainties (*) as t> their directinn
in the plane. 1In any case, 0; (minimun c-mpressinn) clearly
fr11ows the lateral directi-n (x axis’.

At a slightly higher hydraulic l-ad 0, and O, rotate
by 909 >n the horizontal plane. Hence, 0y lies in the radial
direction while Oz lies in the lateral directi»n. The situa-
tion remains practically unchanged till the hydraulic load
becomes intermediate.

' When the hydraulic load rises from intermediate to
maximum, 0, and 03 rotate in a plane near the vertical-lateral

zx plane, which 1s clearly defined by the constant and precise
value of the angle a,y:z 0. 9n the other hand, the values of

the angles in this plane ere more uncertain owing to the nearness
of the scaler values of 0, end 03 (*). Anyhow, at smximum
hydreulic losd the directions of 02 and of 04 are nearly verti-
cal and nearly lateral respectively.

Table 2 - Veiont strain gauge set
Stresses in the planes (11 10'5)

Q hydraulic load (m) E

Ot = stress on the ¢ axis ( g=x, y, z)

0§s§"= maximum end minimum stresses in algebraic order in the
E' E" plene (&', &" = x, y, 2z)

 grgn= angle between the meximum stress snd the §' exis (or
between the mimimum stress and the ¢" axis).

The 0 »n the axes are markedly c¢c-ncurrent with the
principal stresses in three dimensions. Hence, the trend of
the principal stresses in three dimensinons taken by pairs is

(*) When the scalar values ~f a pair ~f 0 are very near, the
quadratic surface of the stresses in the plsne containing
the peir of O tends towerds a circle. Thus, i1f the two
are equal thier direction in the plane is indeterminate.
Generally speaking, the uncertainty in the direction is
a function of the probability of the two O being equal as
a conseguence »f thlier scalar uncertainty. By definition,
however, they remain perpendicular t» each other.
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the same as the trend »f the secondary stresses in the planes.

Here, however, uncertninties are fewer ond the interpretatinn

is more immediate. '

In the horizontal xy plane:

- at minimum hydraulic 1>ad the minimum c mpressisn (Omax) is
latersal;

- 8t a slightly higher hydraulic 1»cad the pair Ompax, Omin

rotate by 90° an remoain there till the maximum hydrzsulic
1oad sets in.

In the radial-vertical yz plane:

- the maximum compression (Opin) in always vertical.

In the vertical-lateral z x plane:

- the meximum compression (Opip), which is vertical till in-
termediate hydraulic load, becomes lateral at maximum
hydraulic load.

9) Results of the Val Gallina strain gauge set

As was mentioned above, for the Val Gallina straln
gauge set it was impossible to ascertain whether measumere-
ments corresponded with theory. Consequently, no compensation
could be introduced.

Moreover, the behaviour of the isolated strain geuge
wes found to be unreliable, which prevented the compensation
of anelastic phenomena.

An attempt, however, was male to compensate that
part »f the anelastic component Alc thet is & function »f tewm-
perature. T» this purnnse, a cnefficient was derived from the
strain-temperature correlation for the »~ther 1snlated strain
gauges in the dam. The values »f 1, were determined almnst
st rand-m, as the data »btained after the installation »f the
instruments d»> n»ot seem t» indicate any trend that could be
correleted with the increase in dead weight. Most probaoly,
this trend was concealed by »~ther concurrent effects that
were not compensated.

Thus, for 1, conventional values were assumed that
were the means of observations made from the fifteenth to the
thirtieth day after installation.

Of course, the assumption of lncorrect values for
1, and Alc may have hed some consequences on the results.
Whereas an error in 1,, which 1s an 1initial reference, does
not affect the time variations of the results, which are linear
functions »f the data, 1t affects non-linear functions, espe-
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¢ lly angles. & error in Jdlc, which 15 a value variable
v.th time, affects the time variations of the linear results
but does not affect the angles whose determination is 1inde-
pendent of this value.

As to the error in the data (&,) an estimated value
€y = 10-5 was assumed for it.

The results can be seen in Tables 3 and 4 which are
very similer to Tables 1 and 2.

The first period investigated goes from the date of
the instaellation of the instruments to about three years later.
The second period starts about ten years later and coincides
with the only total drawdown of the reservoir.

Apart from the tension values imputable to an error
in the formulation of the initisl velues and in the subsequent
thermel compensations, the interpretation of these results is
far from being easy. From January to May 1951, when concreting
was stationary, compression appears to have decreased.

A greater decrease in compresaion occurred from February to
April 1953 when the reservoir level was drswn down, but the
successive fill-up did nnt produce the contrary effect.

Ten years leter s creep towards compression can be
2bserved tngether with A better correlestion with the hydraulic
11ad.

It is t2 be noted, however, that the scalar values
nf 0 do not differ from one ensther very much. In this situa-
tion the quadratic surface of the stresses tends towards a
spherical from: hence, the uncertainty in the angles is consid
erable. ‘

A slight tendency of 05 towards the z axis can also
be inferred, and this is perhaps the least baffling aspect of
the whole phenomenon.

At any rate, it is reascnable to believe that for
this strain gauge set the elaetic theory was applied to phenom
ena that were mostly anelastic.

10)} Considerations

All the results of this investigation seem to point
out how important it is that each result should be associated
with its own uncertainty. Among other things, uncertainties
indicate which results are not sufficiently reliable and
should be discarded before interpretation.
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The velues of the errors in the data, on which the
uncertainty in the results depends, csn either be estimated
or, as for the Vaiont strein gauge set, be derived from s
comparison of measurements with theory.

With regerd to instrumentation, the investigastion
has stressed the importance of a relisble isolasted instrument
or eny other means for the compeunsstion of anelastic components.
That applies not only to the time during which the phenomenon
is in progress, but alsy to the initial stage when these com-
ponents ere prevailing and the determination of the lengths at
zero stress depends on the determination »f the elastic behav-
isur of the structure. As nnted, these values enable an
absolute »rigin to be established for the scalsr and anguler
values.

Owing to the lack of meens necessary for ful-filling
these conditions, the Vel Gellina strein gauge set has failed
to yield setisfactory results. The results achieved at the
Vaiont dem, on the other hand, may be regerded not only es
reliable, but also as corresponding with the ectuasl behaviour
of the structure. '

Exemingtion of these results shows that one at least
of the principsl stresses in three dimensions lies in the
direction of one of the exes. Under these conditions the
phenomenon cen be represented almost as thoroughly by the
gecondary stresses in three dimensions.

Moreover, the results reveal thet T is sensibly
equal to zero in the x y plane.

If this asumption were extended to the Place Moulin
dam which, as was mentioned at par 1), is also equipped with
strain geuge sets, the procedure for the determination of
stresses in three dimensions could be applied also to this
structure.
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Summar:

As a prelim‘nary remark, it i~ nated that the
avilable experimental data ara limited to the strain mesrsu: e
ment8 furnished by two spacial sets respectively »¢ ( angd 7
stroin T ures, ever: el iy Toevy]led in v toaret dam,

After the correction of the experimental data,
which is permitted by the 7 strain rfaure set, to obtain
correspondance between phenomena and theory, the value and
the direction of the principal strrsses are determined.

The research is also extended te the determinetion
of the value and direction of the secondary stresses in the
three planes established bty the reference axes.

After stressing the importance of knowing the
reliability of results, which is a function of the errors
through which gauges can express physical phenomena, the
uncertainty in every result is calculated.

The values ohtained are represented in a series
of graphs as a function of time and compared with the hy-
draulic load.

Considerations on the triaxial measurements and
comparisons with the measurements in the planes are made.

Résume

On reléve, d'abord que la disponihilite des don
nees experimentales est limitee aux mesures de deformation
fournies par deux grouves a trois dimensions de six et seot
extensométres places chacun dans un bharrage-voilte.

Aprés avoir corrigé les données experimentales
pour obtenir la correspondance entre -henomene et theorie,
(ce qui est permis par le seul grourede sept extensométres)
on va déterminer la valeur et la direction des contraintes
principales.

la recherche est aussi elargie & la determination
de 1a valeur et de 1la direction des contraintes secondaires
situees dans les trois plans, indignués par les axes coordon
nées.

Apres avoir relevé 1'importance de connaftre 1a
prébision des résultats, fonction de 1'erreur nar 1a quelle
la strumentation est 4 m8me d'exprimer le ohenomene phisique,
on procéde a4 la valutation de l'erreur gue chaque résultat
comporte.

Les résultats obtenus sont représentés en diasgram
mes en fonction du temps et romparés & 12 charge hvdrasia-
tique.

On deduit ensuite quelaue considerazti ms sur les
mecures A trois dimensions et des comparaiscre de ces mesures
avec celle qui sont dans les plans,



asomrenfacounc

s wird voramaeseset L, duss die Verfurharikeit,
experimentaler Verte nuf die ebnungsmescungsen zwed raum-
licher We<sergruppen beschrankt ‘st, denen die eine aus 6
und 4ie andere 2us 7 Messern heasteht; die zwei Gruppen sid
in zwe’ veraciedener Rogenmauern verlegt.

Nach der Korrektur der experimentalen Werte (die
durch die 7 - Messer-Gruppe armglicht ist) werden Grosse
und Richtung der Hauptspannungen ermittelt, um die ﬁherein_s_
timmune zwischen PhAnomen und Theorie zu erh=lten

Die Porschung ist Uberdies auf die Bestimmung von
7roese und Richtung der Sekundd@rspannungen erweitert die
auf den drei durch die RBezugeachsen ermittelten Ebenen liegen.

Nachdem bemerkt wird, wie wichtig es ist,die Zuver
1assi keit der Ergebnisse zu kemnen - sie ist eine Punktion
des Fehlers, mit welchem die Gerate das physikalische Phéno
men wiedergeben - wird die Messunsicherheit fur jedes
einvelne Ergebnis berechnet.

Die erhaltenen Werte werden in einer Reihe von
Diagrammen als Punktion der Zeit und mit Bezug auf den
hydrostatischen Druck dargestellt.

Es werden darsus Retrachtungen Uber die raumlichen
Nessungen und Vergleiche mit den Nessungen auf einzelnen
Etenen gezogen.
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Desing and Structural Behavior of Nagawado Dam
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1. Preface

Nagawado Dam, located on the Azusa River - the name given to the
upper reaches of the Shinano River which flows through the central
part of Japan into the Japan Sea -~ was completed in 1969. It is an
arch dam, 155 m high above the bedrock and built from about 66x10*n?
of concrete. ;

Three arch dams were constructed across the Azusa River by Tokyo
Electric Power Company, Inc. in order to generate 900 MW of electric
power, including pumped storage generation, to meet the load demand of
the Tokyo metropolitan area.

Nagawado Dam is the main structure of the scheme and is the up-
permost of three damg, creating a reservoir with a total storage
capacity of 123x10*w? . This reservoir stores and regulates the flow
of river water and also serves as the upper reservoir of the pumped
storage power plant.

This paper is to observe and compare the results of theoretical
analyses - both trial load and finite element methods were applied -,
of model tests using plaster models and of observations of the actual dam

after filling, in order to determine guide lines for future structural
design.

2. BStress Analysis
2-1 General Features of dam
Nagawado Dam is a double curvature arch dam and the horizontal
cross section is formed by a single-centered circular curve on the
upstream face, and a three-centered circular curve on the downstream
face, provided with fillets at the abutments.
The main dimensions of Nagawado Dam are as follows:
height: 155 m
crest length: 356 m
crest thickness: 5 m (theoretical), 10 m (actual)
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Tab.1 Dimensions of Nagawado Dam

Typical Cross Section



base thickness: 35 m

concrete volume: 66x10* m®

high water level: EL.982 m

low water level: EL.927 m

total storage capacity: 123x10'm’
effective storage capacity: 94x10'm’

The foundation rock of the dam consists mainly of biotite granite,
and hornfels over it. Dikes of lamprophyre also exist at some places.
The foundation rock is generally sound, and the modulus of elasticity
(ER) was assumed to be from 30x10’ to 200x10’kg/cm® corresponding to
the position from the crest to the bottom of the dam. Because of a
gentle slope fault in the right abutment around EL.950 m, an open joint
was provided at the upper right side of the dam, so that thke arch
thrust would not be carried directly to the part above the fault.
Therefore, the upper half of the right abutment was made thicker than
that of the left part of the dam, so that the stability of the dam and
foundation of both banks would be balanced.

Since a group of faults almost parallel with the river course
existed in the foundation rock of both banks, foundation treatment work
was carried out on a large scale by means of replacing with concrete,
grouting the surrounding rocks, and prestressing with steel rods.

General plan, developed upstream elevation, typical cross section,
and dimensions of Nagawado Dam are shown in Fig.l and Tab.l.

2~2 Trial lLoad Analysis

In analysing by the trial load method, a conventional analysis of
an arch dam, five arch elements and eleven cantilever elements were
used (see Fig.3); three adjustments of the assymmetrical, three-center-
ed, variable thickness arch dam were carried out by radial displacement,
tangential displacement, and rotation about the vertical axis.

The load division to the arch and cantilever elements was not
obtained by trial and error method, so called trial load procedure, but
by simultaneous linear equations of many unknowns expressing the load
distribution. S
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The upper arch elements were chosen, taking into consideration
the design conditions imposed to avoid carrying arch thrust to the
right bank higher than EL.950 m. Radial displacement and principal
stress obtained from this analysis, using Ec=250x10’kg/cmﬁ, Y¥-0.2, are
shown in Fig 2,3.

2~3 Finite Element Analysis
In the finite element analysis, two types of isoparametric curved
elements were used, a hexahedron and a pentahedron. The number of the
elements were 65 - 26 in the dam, 39 in the foundation - as shown in
Fig 4.
Radial displacement and principal stress cbtained from this analy-
gis based on the above-mentioned design conditions are shown in Fig.2,5.

2=4 Model Test

Model tests using plaster models, scale 1/300, were carried out.
The model was made from a mixture of plaster of Paris, diatom earth,
and water. The proportion of plaster of Paris, diatom earth, and water
was varied to meet the variation of elasticity modulus of foundation
rock and the ratio to that of dam concrete and the elasticity modulus
of the model was brought to represent one fifth of that in prototype in
accordance with laws of similitude.

Wire-strain gauges were used for the strain measurement. Dial-
gauges and differential transformer type displacemeter were used for
the displacement measurement.

During the design stage of dam, model tests were carried out on
eleven models of six shapes. Radial displacement and principal stress
obtained from the model tests are shown in Fig.2,7.

2-5 Comparison
Fig.3.,5 and 7 indicate the distribution of the principal stresses
on the upstream and downstream faces of the dam obtained from the three
analvsis methods above-mentioned. Comparing these results, the follow-
i may be noteds
n?l) The maximum principal stress on the upstream face appears at the
crown around midheight approx. EL.950 m, and the direction is
nearly horizontal. The maximum values are 56 kg/cmz in the trial
load analysis, 65 kg/cm® in the finite element analysis and 80
kg/cm®in the model tests.

(2) The maximum principal stress on the downstream face appears at
the abutment of the lower part of the dam and the direction is
nearly at right angles to the abutment. The maximum values are
55 kg/cm® in the trial load analysis, 63 kg/cm’ in the finite
element analysis and 73 kg/cnfin.the model test

(3) As described above, the maximum stress in the model test is a
little larger than that of theoretical analysis. But, as a
whole, the results of all three methods coincide relatively well
and none of the methods shows a specific tendency to offer greater
value than another. This can be seen in Fig.8 which shows the
maximum principal stresses at crown and abutment.

Tab.2 indicates the comparison of tri-axial stresses at the crown by
these three methods, and Fig.6 indicates tri-axial stress by F.E.M..
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3. Measurement of the Dam Behavior
3-]1 Instrumentation
At Nagawado Dam, several measuring facilities were installed for
the control of the dam construction work, for the maintenance of the
dam after completion and also for analysis of the behavior of the dam
and foundation.
The kinds of instruments installed are as follows:
l) Carlson type instruments (thermometer, strain-meter, etc.)
2) Water pressure gauges
3) Plumb lines
4) Inclinometers
5) Drainage-discharge-meters
6) Others
The number of installed instruments totals about 1400. Most of these
instruments can be read and recorded remotely and automatically from
the control center.

3-2 The Result of Observations
3-2-1 General Descriptions
Filling of Nagawado Dam was started in March, 1969, and the water

level reached the designed high water level in August of the same year.
After that, as this plant is a pumped storage plant to meet daily peak load,
the reservoir was kept around high water level, except during the

summer season when the stored water is used for irrigation purposes.

In 1973, the water level of the reservoir notably decreased, because

of -an unusual water shortage in the downstream area. (see Fig.10)

Measurements of the dam after completion have proved that the
behavior of the dam and foundation is quite normal and no trouble has
been noticed.

It can be said generally that the behavior
of an arch dam is indicated typically by the
stress and displacement. At Nagawado Dam,
therefore, 243 elements of strain-meters and
nine sets of plumb line were installed to
measure strain and displacement. Stress analysis
of the dam by strain measurement is now under
investigation, so that the structural behavior
of the dam based on the displacement is described
in this paper. The arrangement of plumb lines at
the crown is shown in Fig 9.

Observed value of the radial and tangential
displacements of the dam is shown in Fig.ll.

The maximum-radial displacement, to date, is
61 mm toward downstream.

As the water level has been kept nearly
constant, after having reached its maximum,
variation of the displacement would be caused
mainly by annual temperature variation.

£
i

3-2-2 Temperature
Air temperature and water temperature
of the reservoir are shown in Fig 10,

EEEREREE R EEEEEEER]

Fig.9 Arrangement of
Plumb Lines at Crown
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and can be approximately expressed as follows:

T = Tasin(F(T-«)) + Ty

where T,: amplitude of annual temperature variation (°C)
Tyt annual mean temperature (°C)
T ¢ time in days after January 1st
o ¢ phase difference
o

Tas Tmy and of air and water temperature are shown in Tab.3.

EL(m) Ta(°C) Tm(°C) o (month)

air
temperature T Rl Bl 4.3
978 9.9 10.6 5.0
946 5.8 10.6 5.9

water
temperature 914 5.2 9.0 5.5
882 4.7 8.4 5.7

Tab.3 Values of Ta’ Tm and o

The authors previously investigated the temperature distribution
in Sudagai Dam which is a concrete gravity dam with a height of 73 m.

The amplitude of annual temperature variation in a dam decreases
as the distance from the concrete face becomes greater. This relation
was approximately expressed at Sudagai Dam as:

T - 124/(x+3)°

where x is the distance from the concrete face (m)
This relation can also be applied to Nagawado Dam. (see Fig.12)

3-2-3 Displacement
As it is assumed that the displacement of the dam is brought
about by three factors, i.e. temperature effect, water pressure effect
and time effect, the authors attempted factor analysis with respect to
the radial displacement at the crown of the crest arch, that is in
general one of the most important measurements, using the following
expression:

§ : radial displacement = f, (t, 8) + f» (h) + f, (t) +K

fl(t, ©): temperature effect - alt978 + 82t946 + a3t914 + a4t882
P18967 * 28946 * P31y * Pyfesp
£ (h) : water pressure effect = °1h2+ eoh + e

£ (z) & time effect = dj(1l-exp(-0.1t)) + d»(1-exp(-0.01T))
+ d3(1-exp(-o.001t))

+
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where

ays a5 33, 34, bl, b2, b5t b4, Cys Coo 03, dl' d2, d3, K
constants
= mean temperature at crown of EL. i m

temperature gradient at crown of EL. i m

ti
&i
h water level of reservoir
T = time in days after the start of filling reservoir

Mean temperature and temperature gradient at cross section are
determined following the conventional procedure shown below.

Actual Diogrom AB : actual diagram
A CD : equivalent linear diagram
Equivalenl Lineor Diogram AB and CD are equal in area and
C B in geometrical moment of area.
4 t : mean temperature
g 1 Jtond <0 8 : temperature gradient
-«
g D
g
Upstreom Downstreom

Thickness

As a result of calculation by least square method, the following
values are obtained as coefficients:

a,= =0.79454 aa= 1.47466 az= -0.57538

a4= -1.17459 b= -0.95341 ba= -2.38942

by= 50.77273 1bg= -11.28073¢,= 0.00400

cy= =7-09773 cy= 3149.8873d,= 3.70546

d;= 1 87414 a,= 15.54632 K = 3.89437

The calculated values of f3(t,8, f2(h), and f3(T) using the above
coefficients, are plotted in Fig.13.

It can be seen that the variation of displacement due to annual
temperature variation shows approximately a sinusoidal curve with an
amplitude of 11.5 mm and a period of 1 year.

In this case, the phase of the annual dis- e
placement variation lags 2 months behind
the annual temperature variation.

As for fa(h), the relation between water
level and displacement are shown in Fig.l4.
According to this figure, the displacement
at high water level is 43 mm.

£3(t) shows that the displacement due
to time effect gradually approaches the
maximum of 21 mm which is expected from the
asymptote, in Fig.13. At the present time, T L § o4 55 a1
four and a half years after starting to fill Distonce trom Downstream Face
the reservoir, f;(T) is 18 mm. Therefore,
displacement has reached about 90% of the
expected terminal value.

Amptilude of Temperature Veriation
*
Vil

: ‘\~\4?5‘_ .

Fig.12 Amplitude of Temperature

Variation in the Concrete
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4. Comparison between Observation and Analysis
The radial displacement of the crest crown, due to water pressure

(‘ncluding s°1t opressure}, at high water level, is as follows:

Trial load met'od 24 mm
Finite element method 44 mm
Model test 45 mm
Observation 42 mm

which well coincide with each other.

As for the displacement due to water pressure variation, the
comparison between observed value f,(h) and computed value by finite
element method, is shown in Fig.15. Both likewise coincide well.

As for the displacement due to temperature variation, an amplitude
of the annual variation shows 11.5 mwm in observation and 10 mm in com-
putation by finite element method.

As mentioned above, the structural behavior of the dam as indi-
cated by f;(t,8) as well as by f,(h) is quite similar to what was
expected from the analysis.

5. Conclusion

During the design stage of Nagawado Dam, the theoretical analyses
meking use of trial load and finite element methods, and also model
tests were carried out for the estimation of the dam stress. The
results of these different procedures of andlysis have been proved to
be well coincident each other.

Moreover, the investigation of the observation of the actual dam
has shown that the behavior of the dam is quite similar to expectations
at the design stage.
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Summary

This paper briefly describes the design and the structural beha-
vior of Nagawadc Dam, an arch dam 155 meters high, being in service
since 1969, The design of the dam was carried out on the basis of
theoretical calculation and experimental study including both static
and dynamic model tests. Numerous measurements of the dam make it
clear that the structural behavior of the dam, after the filling of
the reservoir has been similar to expectations at the design stage.



14.

Résumé

Ce rapport donne une explication bréve sur le calcul et le
comportement structural de Barrage de Nagawado, barrage-VSute de
hauteur de 155 m, mis au service de 1l'année 1969. Le calcul de
barrage a été exécuté par le calcul théorique et 1l'etude expéri-
mental suivant les essais statiques et dynamiques sur modéle réduit.
De nombreuses measures sur le barrage ont montré que le comportement
structural du barrage aprés le remplissage du réservoir est approx-
imativement égal 4 celui qu'on a estimé au stade de calcul.

Zusammenfassung

Dieser Aufsatz beschreibt einen Entwurf und Gefigeverhalten von
Nagawado Talsperre, die als 155 meter hoher Bogendam seit 1969 in
Betrieb ist. Der Entwurf dieser Talsperre wurde gemacht, auf der
Basis der theoretischen Berechnung, und der statischen und auch
dynamischen Modellversuchen, Durch die Ergebnisse von vielen
Messungen wurde klar gemacht, dag das Gefligeverhalten der Talsperre
nach dem Einlaufen des Reservoirs aus dem Entwurf erwarteten
Verhalten etwa entspricht.
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1.0 INTRODUCTICN

In this world of automation,

mass production and renovation,

the engineer has little time

to test, retest and redesign.

Indeed, he needs computer assistance

to shape, to view and check resistance,

It is with assistance of this kind

the engineer turns artist with a scientific mind.

These few words summarize both the purpose and the product of the
research outlined herein. The purpose was to develop a comprehensive
design system which would allow a rapid preliminary design of an arch or
arched gravity dam. That is, within a work week the designer should be
able to complete the design cycle a sufficient number of times to produce
his preliminary structure. In order to do sc the system must be easy
to use in the sensc of preparing input data. It must perform a thorough
stress analysis and provide visual output for rapid evaluation. Such a
system has been the subject of a co-operative research effort between a
Canadian company and University of Waterloo personncl. Although the
final product is scheduled not to be finished before the fall of 1974,
the major components arc now operative and these will be described briefly
in the following scctions. Of particular interest is the three dimensional
stress analysis portion oi the system aud the development of physical
wodels for both architectural and test purposes.



2.0 THE FREE FORM CONCEPT

The arch dam is one of the few structures in civil encineering
design that requires the master's hand in shaping it. The design is
assessed through approximate stress analysis techniques and if not
sufficient the shape is altered until the basic design criteria are
satisfied. An experienced dam designer is, in the truest sense of the
word, an artist. He sketches the arches on the site contour map in a
manner that will provide both thickness and double curvature in proper
proportions, resulting in as thin a structure as possible, but with a
stress field that does not exceed the design limits. Obviously, even
an expert designer cannot know absolutely if his particular shape is an
optimum with respect to his criteria. Research has been directed toward
the optimization problem {1}. However, this was a two dimensional
structure only and it has never been shown categorically that such a
model is accurate enough in the lower portions of arch dams. More
important is the fact that most dam designers still prefer to shape the
structure by hand. Consequently, he should be able to do this comfortably
without being confined to specific geometry that may be dictated by the
next design stage such as analysis. Because of the analysis methods
such as simplified cylinder theories [2] or more advanced grillage
techniques like trial load [3], the designer must use a conic section to
describe a horizontal arch. Typical conics in use are circles, parabolae
and ellipses. With computer assistance the processes have been expanded
to multi-centered curves [4] in order to fit the shape to the valley more
closely. The concept of free form shaping alleviates most of these
difficulties and allows the designer to mould the dam more freely to the
valley contour. One must remember, however, that construction practices
and associated changes might also have to be adjusted if radical departure
in shaping is allowed. Recently, a chief engineer of one Canadian firm
who was the first to develop the free form concept {5] has provided
constructional data for immediate use [6]. The approach Stensch used
involved the use of elliptical segments that are overlapped such that at
common free form points they have continuous slopes. Once a set of points
is selected on each arch at the various elevations, elliptical segments
are fitted both vertically and horizontaily. The resulting grid of
segments allows any point of a surface to be determined geometrically.

The FAD system [6] has been used in providing designs for a number of dams
recently [7]. A second free form approach has been developed at the
University of Waterloo [8] in which parametric cubic splines are used to
shape the dam. Figure 1 illustrates a set of typical free form points.
The computer system called STRIDE (STRuctural Interactive DEsign) provides
the designer with the capability of shaping his dam using only free form
point input data. These points are chosen using the contour drawing
prepared for the design. The point co-ordinates are obtained using an
electronic digitizer table shown in Figure 2. The contours are also
digitized and input to STRIDE. The system then fits the dam into the
valley finding the intersection with the valley contours. At the design-
er's discretion STRIDE will provide computer plots of any number of
horizontal and/or vertical sections such as illustrated in Figure 3. If

a composite plot is desired, it can also be requested (sece Figure 4).
Reshaping can be done by simply moving one or more frece form points and
resubmitting the data. Once the shape has been decided upon, a peripheral
outline of the upstream developed view is plotted. This plet is then used
to begin the analysis phase. This is discussed in the next section.

.
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Figure 1 - Free Form Points for Spline Interpolation

Figure 2 - Shaping Dam Using Digitizer Table
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Figure 3 - Computer Plot of Horizontal and Vertical Sections

Figure 4 - Composite Plot of Sections



2.0 FINITE ELEMENT ANALYSIS

The finite element method is used in the analyses of the dams.
A three dimensional medel using curved boundary hexahedron elements is
used since the lower one third of most arch dams are thick compared to
the corresponding span length and three dimensional stress fields are
usuvally present. The trial load method which is still used extensively
is a two dimensional arch grillage method which fails to model stresses
in the thicker regions of the structure. Also, for arched gravity dams,
a three dimensional analysis is mandatory.

The amount of data required for a three dimensional finite element
analysis is often 1large and should not be prepared manually. The data
must contain element numbers, node co-ordinates and element incidences
(20 for each element). The STRIDE system automatically produces this data.
This is done following a selection of a mesh of elements by the designer.
He uses the developed view outline as provided by STRIDE and sketches a
two dimensional mesh of elements such as in Figure 5. With the mesh
selected, the corner ncde co-ordinates are next digitized in a specific
order. The data is input to STRIDE and the system creates the correspond-
ing three dimensional mesh seen in Figure 6. All the necessary data
required from this mesh for the analysis is produced by STRIDE and is given
as input into the finite element analysis system. This system automatic-
ally calculates and applies surface, body and temperature loads, once
the reservoir level along with the water and air temperatures are given.

For boundary support a finite element Vogt boundary model [9] is
employed. This response is based on the same model used in trial load
analysis [3] along with necessary corrections [10]}. The Vogt model
provides stiffness coefficients which simply add into the finite element
structural stiffness matrix.

Once the stress analysis is complete the analysis system will
plot various output in accordance with the selectien made by the designer.
Geometry plots can include single elements, groups of elements or the
entire structure. Viewing angles relative to all three cartesian axis
can be specified freely. Figure 7 illustrates one such plot. The same
structure viewed from a different angle is seen in Figure 8. Here, a
deformation plot is presented showing the original and the deformed shapes.

The most important output plots are those containing stresses.
Although sectional stress plots are available, the most common type is
the principal stresses on developed views of upstream and downstream
surfaces. Figures 9 and 10 illustrate two of the choices available.

That is, stress arrows with or without the element mesh and with or with-
out node nurmbers and stress values. With stress plots such as these,

the designer can assess his design quite easily. Therefore, having these
two computer systems, one for shaping and viewing and the other for
analysis, the engineer can rapidly shape and assess his design without
preparing manual datca,

In addition to the numerical model, a physical model would
provide a final realization and also allow physical testing if desired.
A brief account ol the techniques involved in producing such a model
is contained in the next section.



Figure 5 - 2-D Sketch of Element Mesh Made On
Developed View of Upstream Face

Figure 6 ~ Corresponding 3-D Element Mesh Produced by STRIDE
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Figure 7 Computer Plot of Complete Dam Structure -
Orientation is Optional
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Figure 8 - Computer Plot of Structure Before and After Loading
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Figure 9 - Principal Stress Plot on Developed View of Downstream
Face with Node Numbers and Mesh

Figure 10 - Principal Stress Plot on Developed View of Dowmstream
Face with Stress Valucs and Fithoul HMesh



3.0 PHYSICAL MODEL PRODUCTION AND TESTING

A physical model of the dam serves two purposes. Firstly, in a
preliminary design it can be used for architectural purposes. For a
final design, a larger scale model can be tested in order to check
numerical results provided by the analysis system.

At Waterloo the models are produced using the numerical control
(N/C) machine in Figure 11. The spline description provided by STRIDE is
used on the N/C machine to produce a negative mold as seen in Figure 12.
Both contour and dam geometry are used. This mold is then used to produce
the positive model as illustrated in Figure 13. For architectural purposes
either plaster of Paris or any other appropriate material can be used.
For physical testing, a larger scale model is produced. A photoelastic
material is then used. Using a stress freezing technique, slices of the
structure such as seen in Figure 14 can be used to determine stresses using
photoelasticity. The finite element analysis provides an indication of what
slices should be made. These can be tested and compared with numerical
results. Although, preliminary efforts at producing models and stress
freezing have been very successful, insufficient analyses have been done to
date to warrant additional comment herein. The models do, however, add a
new dimension to the concept of computer-aided design systems.

4.0 ADDITIONAL APPLICATIONS OF THE COMPUTER SYSTEMS

As an example of the versatility of the system, analysis of an arch
similar to the central arch of the Manic 5 dam in Figure 15 was carried out
by finite elements. The automated boundary and load parameters were
calculated by the system without difficulty. A geometry plot is presented
in Figure 16.

A second example that illustrates the potential use of the systen
for rescarch studies is the investigation of construction stresses and
simulation of construction stages. Figures 17 through 20 show four of
seventeen different construction stages that were analyzed for a symmetrical
dam. The object of this research is to compare the incremental construction
stress results with those assumed to exist in the "as built" condition.
Both vertical block and horizontal layered construction are being investigated.

A final example showing direct application to arched gravity dams
is seen in the computer plot of the Hoover dam [11] in Figure 21. At the
time of writing, efforts were being directed toward this type of structure.
The same basic system can be used again.
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Figure 11 - Numerical Control Machine Used tc P
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Figure 12 - Negative Mold of Arch Dam and Valley

oduce Arch Dam Mode

1
40



Figure 13 - Model of Arch Dam and Valley Produced From Negative Mold

Figure 14 - Slices of Model Containing Frozen Stresses
to be Studied Photoelastically
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Figure 15 - The Daniel Johnson Dam (lanic 5)

—m—

Figure 16 - Computer Plot of An Arched Structure with Buttresscs
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Figure 19 - Construction Stage 10 - 24 Elements

Figure 20 - Construction Stage 13 - 31 Elcments






5.0 CONCLUDING RIEMARKS

The research reported herein clearly illustrates the power of
computer systems in dealing with enginecering designs such as arch and
arched gravity dams. The introduction of free form shaping opens new
avenues of providing custom built dams which fit the valley and satisfy
the design criteria more readily. Graphical presentation of data from
three dimensional stress analyses allows a rapid assessment of the design

as well as provides finished drawings which can be entered directly into
design and comstruction reports,

Physical models can be produced quickly and easily using an N/C
machine. These serve as both architectural and test models. In short,
the designer has at his fingertips a set of tools that allow him to be as
creative as he wishes without spending many unproductive hours preparing
manual data, sketches and drawings. For the researcher, these systems
provide a great opportunity to study various aspects of structural
behaviour which hitherto would have been untenable. However, verification
of test results and numerical calculations of stresses can only be made
in accordance with prototype response. Efforts are currently underway to
provide this data on the Idikki Dam in Kerala State, India [12] [13] [14].
The system reported herein has been used extensively for research on that
dam. Some results have been reported in reference [15].

Research into construction stage stresses in arched gravity dams
as well as the stress analysis around openings such as galleries has begun
using the system reported herein.

6.0 REFERENCES

1. Sharpe, R., "The analysis and optimum design of arch dams", Ph.D. Thesis,
University of Southampton, 1968.

2. Hinds, J., Creager, W.P,, and Justin, J.D., "Engineering for Dams",
John Wiley and Son, Inc., New York, 1944.

3. U.S. Bureau of Reclamation, "Trial Load Method of Analysing Arch Dams”,
Boulder Canyon Project Final Reports, Denver, Colorado, 1938.

4. Copen, M.D., "Arch Dam Design: State of the Art", Journal of the Power
) Division, A.S.C.E., Vol. 96, No. POl, January 1970, pp. 39-108.

5. Stensch, W., "Free Form Shaping of Arch Dams, A New Technique",
Proceedings of the Eleventh International Congress on lLarge Dams,
June 1973.

6. Stensch, W. and Gerry, G., "Free Form Arch Dam Design System", Proceeding
of the 6th Conference on Electronic Computation, A.S.C.E., Georgia
Institute of Technology, Atlanta, Georgia, August 7-9, 1974.

7. Arch Dam Design, Brochure by Surveyer, Nenniger and Chenevert Inc.,
Consulting Engincers, Montreal, Canada, 1973.

8. Hartley, G.A., McNeice, G.M. and Stensch, W., "STRIDE-A Computer Oricntec
Design System for Arch Dams", Proceedings of Confercnce on Computer
Orientated Design in Civil Engincering, University of Aston in
Biraingham, England, September 1973.



10.

11.

12.

13.

14.

15,

Hartlev, G.A., McNeice, G.M. and Stensch, W., "Vogt Boundary for
Finite Element Arch Dam Analysis", Journal of the Structural
Division, A.S5.C.LE., January 1974,

Mladyenovitch, V., "Deformhtions des Fondations de Barrages",
Travaux, No. 382, Nov./Dec. 1966, pp. 1215-1222.

U.S. Bureau of Reclamation, '"Boulder Dam', Part 1V - Design and
Construction, Boulder Canyon Prcject Final Reports, Denver,
Colorado, 1941.

Idikki Dam - Trial Load Analysis, Report of May 1969, Surveyer,
Nenniger and Chenevert Inc., Montreal, Canada.

Idikki Dam - Scale Model Tests, Report of February, 1968,
Surveyer, Nenniger and Chenevert Inc., Montreal, Canada.

Idikki Dam - Finite Element Analyses, Report submitted to Surveyer
Nemniger and Chenevert, Inc. by Waterloo Research Institute,
University of Waterloo, February 1971.

Gawdan, I. and McNeice, G.M., "Finite Element Analysis of Arch
Dams - Automated Meshes for Conic Dams', Research Report,
Department of Civil Engineering, University of Waterloo,
November 1972.



18.

Summar

The paper describes computer systems which allow the dam designer
to shape arch and arched gravity dams rapidly and freely. Spline functions
are used to describe curved surfaces established using points in space.
Finite element, three dimensional stress analysis is automatically performed
by a second system that is supplied input from the Free Form system.
Computer plots of stresses and geometry are illustrated. Applications of
the systems to research investigations are also presented. Physical
models of the dams are produced using a numerical contrel machine along
with the data from the previous systems. Photoelastic stress freezing
test techniques are indicated.

- rd
Resume

L'article décrit des syst&mes basés sur 1'ordinateur qui permettent
d un technicien d'effectuer rapidement et sans contraintes le design de
barrage-volte ou de barrage-poids en arc. Des fonctions spline sont
utilisées pour detrire des surfaces courbes a partir de points dans 1'espace.
Le systeme de design & géométrie variable envoie des donnfes 4 un deuxiéme
systéme qui effectue automatiquement l'analyse par &léments finis, des
contraintes tridimensionnelles. Des graphiques de la geométrie et de la
distribution des contraintes sont produits par l'ordinateur. Divers cas
d'application a la recherche sont présentés. Des modéles physiques de
barrages sont produit i partir d'une machine 3 contrdle numérique et des
donnes des systemes precédents. On présente enfin des techniques
djevaluation des contraintes avec des matériaux photoélastique & froid.

Zusammenfassung

Die Arbeit beschreibt Computer-Systeme, die es dem Entwerfer
erlauben, Bogen und Schwerkraftdaemme schnell und unbeschraenkt zu
gestalten. Um an vorgegebene Raumpaukte gebundene, gekruemmte Flaechen
zu beschreiben, werden Spline-Funktionen benutzt. Durch ein zweites
System, das seine Eingaben von dem ersten, die freie Form des Dammes
bestimmenden 3ystem erhaelt, wird automatisch eine drei-dimensionale
Spannungsuntersuchung mittels der Finite-Element-Methode durchgefuehrt.
Computer-Diagramme von Spannungsverteilung und Geometrie werden vorgefuehrt.
Ebenso werden Anwendungen der Systeme auf Forschungsaufgaben gebracht.
Modelle des Dammes werden, unter Verwendung der durch die zuvor erwaehuten
Systeme gelieferten Daten, mittels numerisch kontrollierter Maschinen
hergestellt. Ferner wird gezeipt, wie ein Verfahren zur Pructung der
numerisch gewonneuen Resultate angewendet werden kanu, das auf dem
photoelastischen Einfrierverfahren beruht.
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A finite element study of the triaxial stress state around
an inspection tunnel in an arch dam

Une étude avec la méthode des éléments finis de ’état de contrainte triaxiale
autour d’une galérie de visite dans un barrage-voiile

Eine finite-Elemente-Analysenmethode zur Bestimmung des Dreiachsigen
Spannungszustandes um einen Inspektionsgang in einer Bogenmauer

Prof. Ing. Michele FANELLI, Ing. Gabriclla GIUSEPPETTI
ENEL - Centro Ricerca Idraulica e Strutturale
Via Gattamelata, 34 - 20149 Milano

SUMMARY

Attention is drawn on cases pertaining to particular structures
or loading systems for which experimental techniques aiming at determining
the triaxial stress state suffer from some limitations or difficulties.

In such cases suitable mathematical models can be used in a
complementary way with respect to model {or prototype) tests.

As an example this paper illustrates the application of a F. E.
mathematical model to a three-dimensional problem: the determination
of the triaxial stress field around an inspection tunnel in an arch dam.
This problem would entail serious experimental difficulties if its study
were to be attempted by model tests,

RESUME

On montre que, pour certaines structures {ou certains cas
de charge) les techniques expérimentales visant & déterminer 1'état triaxial
de contrainte souffrent de quelques limites ou difficultés d'application,

A titre d'exemple on illustre une analyse tridimensionnelle a
Eléments Finis pour l'étude du champ de contrainte aux alentours d'une
galerie de visite dans un barrage-voiite : on remarquera que ce probléme
poserait des difficultés trés sérieuse si on voulait l'aborder par des essais
sur modéle réduit.



ZUSAMMENFASSUNG

Der Beitrag zeigt wie im Falle von bestimmten Bauwerken und
Lastannahmen die Versuchsmethoden nicht in der Lage sind, den Spannungs-
zustand genau und chne Schwierigkeiten zu bestimmen,

Unter diesen Umstinden, kann die Anwendung von angepassten
mathematischen Modellen die mit der Hilfe von Modellenversuchen (oder
Prototypenversuchen) erreichten Ergebnisse erganzen.

Es wird beschrieben, als Beispiel, die Anwendung einer Finite-
Elemente-Analysenmethode zur Bestimmung des dreiachsigen Spannungs-
zustandes um einen Inspektionsgang in einer Bogenmauer : dieses Problem
wiirde grosse Schwierigkeiten bei den Versuchen, zum Beispiel auf massstablich
verkleinerten Modellen, bereiten,

1. SOME DRAWBACKS OF PHYSICAL MODELS

The role of model tests in the study of triaxially-stressed structur-
es is undeniably of the greatest importance, However, experimental techniques
meet sometimes definite limitations in the engineer's quest for a clear
understanding of the stress state in said structures under various loading
systems.

The origins of such limitations are manifold; among others,
suffice it to mention the following :

- the difficulty (sometimes amounting to a practical impossibility) of
installing instrumentation in certain points of poor accessibility, in
which it is required to know the stress conditions;

- the still developing state of the art for multi-axial extensometers, whose
measurements often are lacking reliability.

- the finite physical size of said multi-agial gauges, which entails a
perturbation in the stress field, difficult to assess, in their proximity;
such perturbations are especially troublesome in reduced-scale model
tests,

1f, moreover, the tests are carried out on micro-concrete
models, additional difficulties can creep in due to uncertainties in separating
the tensional component of the deformation tensor from the thermal, or
igrometric, components,

2, USEFULNESS AND_ LIMITATIONS OF MATHEMATICAL MODELS

The aforesaid drawbacks of physical models can be - at least
partially - overcome by suitable use of appropriate mathematical models.



The latter can yield, at least in the elastic field in the present state of
the art, the stress state of any point inside the structure under study.
It goes without saying that the mathematical models suffer,
in their turn, from some limitations. If, by way of example, we refer
to the well-known F, E. techniques, the maximum number of nodes
and/or elements in the mesh is, generally speaking, strictly tied to
the memory size of the computer; the same goes for the half-bandwidth,
or for the '"front length'", according to the type of solution technique one
chooses for solving the linear equation system.
It is clear, however, that such drawbacks (themselves of
a strictly practical nature, so that the use e.g. of ""sub-structures'',
suitable numbering of nodes and elements, etc, is sometimes sufficient
to circumvent them) do not detract from the value of mathematical models
in themselves or, more important, as a complementary means of research.
In effect, provided that the mathematical model be able to
faithfully simulate the general behaviour of the displacement and deformation
fields such as given by the physical model on the accessible surfaces, we
are allowed to infer that the same mathematical model will yield reliable
information even for those points laying in inaccessible regions of the
physical models.

3. ADVANTAGES OF A "HYBRID'" PROCESS OF ANALYSIS

In the light of what above said, a design engineer confronted
with a complex structure subjected to a triaxial stress state (prestressed
concrete pressure vessel, underground cavity, arch dam etc.) could well
avail himself of a "hybrid" research procedure, operating both on a physi-
cal and on a mathematical model. From the former he will draw direct in-
formation on the stress state of accessible points, from the latter the same
kind of information both for 'accessible'" and 'inaccessible" points : the
necessary reconciliation of the two models being obviously effected by a
comparison between computed and observed displacement and deformation
fields on the "accessible" surfaces, Moreover, the mathematical model,
if implemented before the physical model, could well yield useful sugge-
stions concerning the optimal location of instruments or particular control
tests and measurements to be carried out in the "accessible' regions of
the physical model.

In effect, by suitable use of the mathematical model the choice
of the physical quantities to be measured (e, g. direction of displacements
and of unit elongations) could be established upon such criteria as to make
more meaningful the comparison between experimental and theoretical
results.



4, AN EXAMPLE OF APPLICATION OF F.E. MATHEMATICAL
MODELS

The present paper concerns the study of stress concentrations
induced by an inspection tunnel in an arch dam. It is hoped that it will
adequately illustrate what above said,

It is well-known that on the inside surfaces of such inspection
tunnels one is bound to find cracks, sooner or later in the lifetime of the
prototype.

If one were to investigate this phenomenon with the sole aid
of a physical model, one would meet serious difficulties. Among others,
suffice it to mention the near - impossibility of installing strain-gauges
capable of reading out the typically triaxial stress state around the tunnel,
as well as the difficulties connected with any attempt to simulate the
thermal loads, which are deemed to be influential in the formation of the
aforesaid cracks.

The present analysis has been carried out by modern F. E,
techniques; these allow, as the following text will show, a satisfactory
"prima-facies" investigation of the question in hand,

4 a). Features of the arch dam under analysis

The main physical and geometric features of the double curvature,
thin, non-symmetrical arch dam chosen for the present study are hereunder
summarized :

- Young modulus for concrete E. = 300, 000 kg cm
- n " for the rock E, = 150, 000 v

- Poisson's ratio vy = .2

- maximum dam height H = 949 m

- maximum dam thickness Syn = 14.2 m

- minimum " M sp = 2.25m

- developed length at crest L = 238 m .

The numerical analysis of the entire dam with the inspection
tunnel would require a mesh sufficiently '"densely packed" around the tunnel,
Such a mesh would have such a number of nodes and elements as to exceed
the present limits of the computer used for applying the F, E, programme,

Recourse was consequently made to a particular trick which,even
if not completely rigorous, allows one to obtain valid results (see further onl.



4 b) . Scheme followed in the numerical analysis

In a first stage the entire dam was subjected to analysis,

without inspection tunnel, which fact allowed one to use a simple mesh,

A sufficiently extended region of foundation rock was included in the

mesh (fig. 1), which was formed by 3-dimensional hexaedric or pentaedric
"isoparametric'" elements (having either 20 or 15 nodes), The nodes to-
talled 871 and the elements 114, )

(The displacements obtained for hydrostatic and thermal loads with this
first - stage model compared extremely well with those measured on the
prototype, so that the mathematical model was considered as satisfactorily
validated).

For a first, rough appraisal of the overall (integral) effect
of the presence of the inspection tunnel on the displacements, a second-stage
analysis was carried out by altering the Young modulus of the elements
through which the tunnel runs in proportion to the ratio of actual cross-
-section (with tunnel) to full cross-section {without tunnel).
1t was immediately evident that the effect of the tunnel on the displacements
was negligible.

This ascertained, a third stage analysis was carried out by
isolating a central portion of the first mesh, within which a finer mesh was
fitted, the latter including the tunnel surfaces,

Fig.2 shows position and size of said tunnel in the crown

section,

Figgs.3 and 4 show - in a perspective view - the 3-dimensional
mesh, respectively from upstream and from downstream, from which the -
central region was isolated for the more detailed investigation,

Fig. 5 shows the new mesh for said central region; this latter
mesh includes 521 nodes and 86 iso-parametric elements either with 20
(hexaedric) or 15 (pentaedric) nodes,

For this central region there remained to be assigned the
boundary conditions, i,e. the displacement or the force values at all nodes
lying on the cutaway surfaces, so as to simulate the action exerted on this
region by all the rest of the dam,

The only practical way to achieve this, due to the lack of a
symmetry plane in the structure, was to assign to every such node the
displacements obtained in the first-stage analysis.

It is evident that in this way one introduces an error, because
the assigned displacements were obtained for a structure geometrically
and physically different {(without tunnel) from the one to be presently



Fig.1 - Total mesh of the arch dam and the foundation rock.
Maillage compléte du barrage et du rocher de foundations.
Masche der gesamten Staumauer und des Felsuntergrundes,
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Fig. 2 - Crown section with the inspection tunnel.
Coupe en clé avec la galerie de visite,
Scheitelschnitt mit Inspektionsgang.



Fig. 3 - Upstream view of the 3-dimensional mesh without the central
region, Vue d'en amont du maillage tridimensionnel sans la
partie centrale., Wasserseitige Ansicht der dreidifnensionalen
Masche, der Mittelteil ausgeschlossen.

Fig. 4 - Downstream view of the 3-dimensional mesh without the central
region. Vue d'en aval du maillage tridimensionnel sans la
partie centrale, Luftseitige Ansicht der dreidimensionalen
Masche, der Mittelteil ausgeschlossen,
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Fig. 5 - Tridimensional mesh of the central region
with the inspection tunnel. Maillage tridi-

Fig., 6 - Tridimensional mesh of the central region

without the inspection tunnel, Maillage tridi-
mensionnel de la partie centrale avec la mensicnnel de la partie centrale sans la
galerie de visite. Dreidimensionale Masche galerie de visite, Dreidimensionale Masche
des Scheitelschnittes rnit Inspektionsgang,

des Scheitelschnittes ohne Inspektionsgang.
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analysed (with the tunnel). Nevertheless, the error is deemed to be
negligible for the points sufficiently remote from the "cutaway" surfaces.

The results hereunder presented pertain, indeed, to points
lying on an intermediate section plane sufficiently far from the cuts.

A second point to be considered is the following : in the finer
mesh, on the cutaway surfaces, there are many more nodes than on the
corresponding faces of the coarser mesh. The problem thus arises of
finding "consistent'" displacement values to assign to these new nodes.

This problem was solved with a sub program which starts
from the global coordinates of the "'new' nodes, computes the local
normalized coordinates and from these, via the shape functions, the
required displacements as functions of the nodal displacements obtained
in the first - stage analysis,

For the 3-dimensional analysis of the entire dam and of
its central region containing the inspection tunnel, use was made of the
F.E. programme TRITEN1 ; all the graphic outputs (see further on)
were obtained by means of the plotting programme DIPLA 13; the per-
spective drawings of the meshes were obtained via the programme
DITRI #1 . (°)

The computer used was an IBM 360/65.

The final comparison was made between the stress states
corresponding to the finer mesh with and without the inspection tunnel;
to this end the finer mesh was further modified (fig. 6) by adding 14
3-dimensional isoparametric elements filling the tunnel, and the stress
analysis was repeated under the same boundary conditions.

The analyses were all carried out for external loads corre-
sponding to hydrostatic pressures such as given by maximum impounding
level on the upstream face of the dam.

4 ¢) , Graphic presentation of results

In figgs. 7 to 18 the results of the above illustrated analyses
are presented, via the automatic plotting of iso-curves for the two cases
considered {central region with and without inspection gallery), at a plane
cross-section lying about half-way between the cuts.

(°) All the above-cited programmes were developed within the CRIS
(Centro Ricerca Idraulica e Strutturale) of ENEL by a joint-venture
team ENEL-ISMES (Istituto Sperimentale Modelli e Strutture},
These programmes are available trough ISMES in Bergamo (Italy).
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From this comparison one can infer that the perturbations
induced by the tunnel in the stress regime due to hydrostatic loads are
not very conspicuous. It seems, thus, probable that the cracks some-
times found around such tunnels are not due to static loads as much as
to thermal loads (and perhaps shrinkage).

A study of thermal stress states would not be outside the
pale of possibilities with the F. E. methods here used; however, in
order to yield meaningful results,such a study would require a detailed
knowledge of the temperature field in the prototype in presence of the
tunnel; lacking which, this second part of the investigation could not
proceed,

5. CONCLUSIONS

It is reasonable to conclude that, in the present state of the
art, the physical as well as the mathematical models suffer from some
limitations,

Whenever the design engineer is confronted with problems of
great complexity, careful consideration should be given, in our opinion,
to the possibility of a "'parallel'" use of both investigation means.

By adopting suitable comparisons and cross-checks, it is possible to
compose a unified picture from these double-source informations.

Such mutual integration appears particularly fruitful in the
regions subjected to a triaxial stress state, where the need for detail
is, generally speaking, more acutely felt,
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Fig. 7 - Contour-lines of the first principal stress
in the cross section shown in fig, 5.
Lignes de niveau de la premiére contrainte
principale dans la section transversale
montrée en fig, 5. Niveaulinien der ersten
Hauptspannung im in Abb. 5 dargestellten
Querschnitt.

Fig, 8 - Contour-lines of the first principal stress in
the cross section shown in fig. 6.
Lignes de niveau de la premiére contrainte
principale dans la section transversale
montrée en fig. 6. Niveaulinien der ersten
Hauptspannung im in Abb. 6 dargestellten
Querschnitt.
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Fig. 9 - Contour-lines of the second principal stress
in the cross section shown in fig, 5. Lignes
de niveau de la deuxidme contrainte princi
pale dans la section transversale montrée
en fig. 5. Niveaulinien der zweiten Haupt-
spannung im in Abb, 5 dargestellten Quer-
schnitt,

Fig. 10 - Contour-lines of the second principal stress
in the cross section shown in fig, 6. Lignes
de niveau de la deuxiéme contrainte princi
pale dans la section transversale montrée
en fig. 6. Niveaulinien der zweiten Haupt-
spannung im in Abb. 6 dargestellten Quer-
schnitt.

‘el



I-.
la. ‘ §
l . * ., - 1

Fig.1l - Contour-lines of the third principal stress
in the cross section shown in fig. 5.
Lignes de niveau de la troisiéme contrainte
principale dans la section transversale
montrée en fig. 5, Niveaulinien der dritten
Hauptspannung im in Abb, 5 dargesteliten
Querschnitt,

Fig.12- Contour-lines of the third principal stress
in the cross section shown in fig. 6 .
Lignes de niveau de la troisiéme contrainte
principale dans la section transversale
montrée en fig, 6. Niveaulinien der dritten
Hauptspannung im in Abb, 6 dargestellten
Querschnitt,
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Fig. 13 - Contour-lines of the maximum shear stress in
the cross section shown in fig. 5. Lignes de ni-
veau de la contrainte maximale de cisaillement
dans la section transversale montrée en fig, 5,
Niveaulinien der maximalen Scherspannung im
in Abb. 5 dargestellten Querschnitt,

Fig. 14 - Contour-lines of the maximum shear stress in
the cross section shown in fig, 6. Lignes de ni-
veau de la contrainte maximale de cisaillement
dans la section transversale montrée en fig, 6.
Niveaulinien der maximalen Scherspannung im
in Abb, 6 dargestellten Querschnitt.
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Fig.15 - Contour-lines of the normal component of
the displacement in the cross section shown
in fig. 5. Lignes de niveau de la composante
normale du déplacement dans la section mon
trée en fig. 5. Niveaulinien der Verschiebun-
gen-Normalkomponente im in Abb, 5 darge-
stellten Querschnitt,
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Fig. 16 - Contour-lines of the normal component of
the displacement in the cross section shown
in fig, 6. Lignes de niveau de la composante
normale du déplacement dans la section mon
trée en fig, 6. Niveaulinien der Verschiebun-
gen-Normalkomponente im in Abb. 6 darge-
stellten Querschnitt,

‘91
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Deformed contour of the cross section shown
in fig. 5.

Contour deformé de la section transversale
montrée en fig. 5.

Verformter Umriss des in Abb. 5 dargesteliten
Querschnittes,

----

DISPLACEMENTS SCALE

LENGTHS SCALE

Fig. 18 - Deformed contour of the cross section shown
in fig, 6,
Contour deformé de la section transversale
montrée en fig. 6.
Verformter Umriss des in Abb, 6 dargestellten
Querschnittes,

A
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1. Einleitung

Zu statischen Berechnungen von Gevdlbesperren werden in der Praxis
am hdufigsten zwei Berechnungsmethoden verwendet: .

Das Versuchslast= [1] bzw. Lastaufteilungsverfahren [2-5] und die
Methode der finiten Elemente [6,7] « Obwohl letzteres Verfahren

in relativ kurzer Zeit eine rasante Entwicklung durchgemacht und
bereits einen hohen Entwicklungsstand erreicht hat, diirfte die An-
wendung des Versuchslast= bzw. Lastaufteilungsverfahrens noch iiber-
wiegen. Es erscheint daher gerechtfertigt, iiber eine Verfeinerung
des Lastaufteilungsverfahrens nachfolgend zu berichten. Diese Ver-
feinerung wurde in einem Rechenprogramm aufgenommen, das von der
Abteilung Bautechnik der Siemens AG Osterreich in Linz vor etwa
zehn Jahren entwickelt und wiederholt erfolgreich eingesetzt wurde.

Bekanntlich basiert das Lastaufteilungsverfahren auf folgenden
Grundgedanken: Die GewOlbesperre wird durch horizontale und vertikale
Schnitte in Bogen= und Kragtridgerlamellen unterteilt, die das gesamte
Bauwerk lickenlos ausfiillen. Von diesen Lamellen wird eine begrenzte
Anzahl ausgewihlt, so daB sie ein Rostsystem bilden. Die &uBeren
Lasten werden auf die Bogen oder Kragtrédger angesetzt. Mit Hilfe



von sogenannten Ubertragungsgrofen werden die Verriickungen (Ver-
schiebungen und Verdrehungen) der Bogen und Kragtriger in deren
Kreuzungspunkten durch Lésen eines Gleichuﬁgssystems in Koinzidenz
gebracht (ausgeglichen). Von den sechs modglichen Knotenverriickungen
werden Jje nach Erfordernis hinsichtlich des gewlinschten Genauigkeits-
grades der Untersuchung zumeist nur ein bis drei ausgeglichen; z.B.
Radialausgleich (h#ufig als einfacher Ausgleich bezeichnet) oder
Radial-Tangential- und Torsionsausgleich (bzw. dreifacher Ausgleich).
Die Grofle des zu losenden Gleichungssystems steigt mit der Anzahl
der Ausgleiche linear, die Anzahl der zu ermittelnden Koeffizienten
quadratisch und der Aufwand fir das Losen der Gleichungen etwa mit
der dritten Potenz.

Das in die Rerechnungen eingehende Rostsystem stellt nicht einen
Trdgerrost im iiblichen Sinn dar, denn es wird auch der Zusammenhang
und die Mitwirkung der nicht in den Rost aufgenommenen Lamellen be-
riicksichtigt, somit die Flichentragwirkung der Sperre erfaBt. Dies
wird dadurch erreicht, indem die statisch unbestimmten Ubetragungs-
groBen nicht als Einzellasten in den Knotenpunkten, sondern als
Streckenlasten auf die einzelnen Lamellen des Rostsystems aufgebracht
werden. Dies hat zur Folge, daB die Matrix des linearen Gleichungs-
systems der Ubertragungsgréfien zur Hauptdiagonale nicht symmetrisch
ist.

Die Koeffizienten des genannten Gleichungssystems konnen als Ein-
fluBwerte der Kragtradger und Bogen aufgefaBt werden. Sie stellen
Verschiebungen und Verdrehungen in den Knoten des Rostes zufolge
sogenannter Einheitslasten dar. Zumeist werden dreieckformige Ein-
heitslasten mit linearem Verlauf zwischen den Knotenpunkten ver-
wendet (siehe Fig.1). Daraus resultiert ein polygonaler Verlauf der
Lastaufteilung zwischen den Bogen und Kragtrigern mit Knicken in
den Kreuzungspunkten, wie in Fig.2 schematisch dargestellt. In
Wirklichkeit ist Jjedoch die Lastfunktion stetig in ihrem Verlauf.
Durch eine entsprechend enge Netzteilung des Rostsystems konnten
die Unstetigkeiten wohl gemildert werden (im Extremfall einer
theoretisch unendlich feinen Netzteilung sogar ausgeschaltet werden),
jedoch ist damit eine wesentliche Erhochung der Knotenzahl, somit
auch des Gleichungssystems verbunden, was zu rechentechnischen
Schwierigkeiten fiihrt.

Die Verfeinerung des Berechnungsverfahrens besteht nun darin, daB
an Stelle der Dreiecklasten stetige Funktionen in Form von
Lagrange-Polynomen eingefiihrt werden. Sie erstrecken sich liber die



Gesamtlidnge jedes einzelnen Pogens und Kragtrégers und sind in die-
sen Bereichen stetig wie auch mehrfach differenzierbar (siehe Fig.3).
Wie bei den Dreiecklasten konnen auch die Einheitslastpolynome nach
Vervielfachung mit den aus dem Gleichungssystem erhaltenen Uber-
tragungsgroBen iUberlagert werden, wodurch sich fiir die Lastaufteilung
wieder ein Lagrange-Polynom ergibt und ein stetiger Funktionsver-
lauf erreicht ist (siehe Fig.4). Dadurch wird es nicht erforderlich,
das Rostsystem engmaschiger zu widhlen, im Gegenteil ein grobes Netz
ergibt auch noch hinreichend genaue Ergebnisse, wie das Zahlenbei-
spiel am Ende des Berichtes zeigt. '

2. Finheitslastpolynome

Wie im vorangegangenen Abschnitt dargelegt, werden fiir die Einheits-
lasten (und auch punktweise gegebene Funktionen) Lagrange-Polynome
eingefiihrt.

Sind in n Stiitzstellen x; die Funktionswerte fi gegeben, wobei

i=1,2,...,n0 und 53 paarweise verschieden d.h. xi#xk fir ik, so
lautet das Lagrange'sche Interpolationspolynom

. n
P(x) = 2 fi.L(x) . (1)
k=1
Darin sind die Lk(x) Polynome mit folgenden Eigenschaften:
1 fir i=k
I’k(xi)'sik“{o "oik (2)

worin sik das bekannte Kroneckersche Symbol mit i, k=1,2,...,n;

sie konnen durch das Produkt

n
X-X.
Iy (x) = l I ;—:%—— (3)
1,‘}‘{ k "1
1=

ausgedriickt werden und sind vom Grade m=n-1, wie man nach
Ausmultiplikation und Ordnen erhdlt

m
Be(x) = ap ., + apgx + ak2x2 + eee + akmxm = g y akvxv . (4)



Diese Polynome nach Gl.(4) konnen nun zur Darstellung der Einheits-
lasten herangezogen werden, da sie den gewﬁnschten Forderungen ent-
sprechen, namlich in i=k den Funktionswert bzw. die Lastordinate
Lk(xk) = 1 und in den iibrigen Stiitzstellen (= Knotenpunkten) den
Wert Null anzunehmen (siehe Fig.3). Wie schliefBlich aus Gl.(1) zu
erkennen ist, ergibt sich das Lagrange-Polynom P(x) durch Uber-
lagerung der Polynome Lk(x) nach Vervielfachung mit gegebenen Stiitz-

werten fk. Damit ist ein kontinuierlicher Funktionsverlauf sicher-
gestellt (siehe Fig.4).

In Matrizenform kann P(x) geschrieben werden:
— — / \
840 849 84p +++ Bqp 1
820 821 8pp -+ 8o x,
P(x) = {%1f2f3...f€} 830 831 832 *c+ 83p | (XY o (5)
a: . . a: im
n0 %n1 Z%n2 *°* %um | "

- {fk}'l‘ [akv] {xv} y (k=1,2,e0eyn} V=0,140..,m; m=n-1)

wenn mit { } Spaltenvektoren, mit [j] rechteckige bzw. quadratische
Matrizen und mit dem hochgestellten T Transposition bezeichnet
werden.

Die Elemente 8y konnen aus den Punktionswerten in den Stiitz-
punkten x; (i=1,2,...,n) berechnet werden. Da gemaB Gl.(4)

{s} - o] {)

ist, folgt mit den Funktionswerten Lk(xi) gemdB Gl.(2)
e - praset - P -
a,‘o a11 s ee a1m 1 1 L LR J 1 1 0 0 LR g O
85 Bpq eee 8o :3 X5 eee x5 010 ... 0
330 a51 see aam 1 xs LI xn = O 0 1 sse 0

m m m »

a a L N J a x x L 2R J x O 0 O LN B ] 1
[ "no "n nm | | ™ 2 n| [ ]

bzw. in gekiirzter Schreibweise

)] -

mit £ = Einheitsmatrix.

(6)



Durch Rechtsmultiplikation der beiden Seiten von Gl.(6)
mit der Inversen [%vé]—q erhilt man die Ldsung

—
[ak‘Zl = [ij] ( 7 )
Mit Hilfe von Gl.(5) ist es somit auch mdglich, nur punktweise
durch Werte fk gegebene Funktionen darzustellen, wovon in der

Sperrenberechnung Gebrauch genommen wird, wie im folgenden
Abschnitt gezeigt wird.

3. Anwendung in den Berechnungen der Kragtridger= und Bogenlamellen

Die nachfolgenden Ausfiihrungen beziehen sich auf Sperrenberechnungen
mit dreifachem Ausgleich. Beim dreifachen Ausgleich werden in
Horizontalebenen die radialen und tangentialen Verschiebungen sowie
die Verdrehungen um vertikale Achsen der Kragtrédger und Bogen in
Koinzidenz gebracht.

Die einzelnen Formulierungen konnen ohne Schwierigkeiten z.B.

nur auf den Ausgleich der Radialverschiebungen reduziert oder auch
durch Beriicksichtigung weiterer Verschiebungskomponenten (z.B. Ver-
tikalverschiebungen) entsprechend erweitert werden.

Zur Festlegung der Sperrengeometrie wird ein globales rechtwinke-
liges Koordinatensystem als Linkssystem so festgelegt, dafl mit dem
Ursprung in Kronenhohe die positive x-Achse zum rechten Talhang,
die positive y-~Achse fluBabwdrts und die positive z-Achse vertikal
zur Talsohle gerichtet ist. Die vertikale y-z~Ebene x=0 liege in
der Sperrenachse (siehe Fig.5).

Im weiteren kann aus Platzmangel nur der Berechnungsweg aus

den wichtigsten Ansdtzen aufgezeigt werden, soweit die Verwendung
von Polynomen damit verbunden ist, d.i. im wesentlichen die Er~
mittlung der SchnittgroBen und Verschiebungen zufolge der Einheits-
lasten.

3.1 Kragtricer

Da beim dreifachen Ausgleich die Vertikalverschiebungen unberlick-
- sichtigt bleiben, werden nur radiale, tangentiale und um vertikale
Achsen drehende Einheitslasten P§» Py bzw. Py, bendtigt, die am
Kragtriger die SchnittgroBen M, Q, T und D verursachen (Bedeutung
und positive Richtungen siehe Fig.6). '



In den Berechnungen der Schnittgrofien ist im allgemeinsten Fall
einer doppelt gekrimmten Gewdlbesperre (Gleichwinkelsperren)
neben den liber die Kragtrédgerhdhe variablen trapezfdrmicen Quer-
schnitten auch die Wendelung der Kragtriger zu erfgssen.

Unter Berilicksichtigung der mittleren, iiber die Hohe z variablen
Kragtrédgerbreite ¢ (z) gilt fiir die differentiale Einheitsbelastung
dp (siehe Fig.?7)

dp = ¢ (2).p(z).dz (8)

und unter Beachtung der Kragtrigerwendelung ap gilt mit den Be-
zeichnungen der Fig. 8 fiir die differentialen SchnittgroéBen im
Kreuzungspunkt i zufolge radialer Einheitslast P

dM; = -dp.cos Ap.(zi-z)

dQ; = -dp.cos Ap

dT; = ¢&p.sin ap _

dD; = -dp.sin ap.8; = =dTj .3 (9

zufolge tangentialer Einheitslast Py

dMy = -dp.sin Ap.(zi-z)
dTy = -dp.cos A¢ = dQ; (10)
dD, = dp.cos &p. [Ei-a(zﬂ

zufolge drehender Einheitslast Py

M, = dQ, = 4T, = O

dp, = -dp (11)
Die SchnittgréBen (M,Q,T,D)i folgen dann aus der Integration iiber

den Bereich z = O bis zZ5 -

Der Berechnungsweg wird fir das Biegemoment MiSk (im Horizont i
zufolge der radialen Polynom-Einheitsbelastung mit der Lastordinate 1
in i=k) ndher ausgefiihrt.

Mit Gl.(8) ergibt sich aus Gl.(9)

z
Miax =-jrcosof.(zi-z).c(z).pk(z).dz
und mit LP=p;~9 ° (s.Fig.B) folgt nach einigen Umformungen

Z
Migx = —Zi-C0Sp4 87~°(z)'°°SE'Pk(Z)'dZ -
-zi.sin?i j]é(z).sinp.pk(z).dz +

(12)
o



Z
+COSp; ]‘z.c(z).cosp:pk(z).dz + (12)

z3

(o]

+sin?i ‘z.c(z).sin?:pk(z).dz
o
Nachdem die geometrischen Werte eines Kragtragers in allen Horizonten
i=1,2,...,n vorweg ermittelt werden konnen, ist es auch moglich,
diese durch Polynome gemdB Abschnitt 2 als geschlossene Funktionen
iiber die gesamte Kragtrigerhohe darzustellen. Damit lassen sich

die einzelnen Integrale einfach 1Gsen.

Die in Gl.(12) durch Unterstreichung markierten Produkte unter
den vier Integralen werden durch Polynome, die mit P1 bis P4
bezeichnet seien, ausgedrickt. Sie haben die Form

P'j = 2 Ajv.zv mit j=1,2’-ot’q’ (13)
v=0

Die Koeffizienten Ajv lassen sich mit Hilfe der bereits ermittelten

Matrix [ékv] der Einheitslastpolynome aus der Matrizenmultiplikation

o~ [ 2] “a®

leicht berechnen. Darin sind die Elemente fjkdie Funktiopsverte
der vorgenannten Produkte in den Horizonten k=1,2,...,n.

Die Integrale der Gl1.(12) erhalten mit den Polynomen Gl.(13)
und den Einheitslastpolynomen Gl.(4) die Form

Jy = ’ Sm A, .z’ E a, .z .d (15)
d jv. L] kv' * z
v=0 v=0
0
Das Produkt der beiden Polynome unter dem Integral liefert
das Polynom
2m m m
E : v E : v E : v
bjkv.z = Ajvlz . akv.Z 3 (16)
v=0 v=0 v=0

somit folgt fiir die Integrale Gl1.(15) die einfache Losung

2m b,
k 1
Iy = E :—-iu!-.z?+ - E Bjkv.z;’+1 (17

veo VvV * 1 i e



SchlieBlich kann fiir das gesuchte Biegemoment geschrieben werden
. SR L
Min = {}zicospi -zj8inp; cosp; 51npi} J2 - (18)

I3
Iy

Eine Vereinfachung kann dadurch erreicht werden, wenn nidherungs-
weise die gesamten Ausdriicke unter den Integralen G1{12) zu je-
weils einem Polynom nach Gl.{(15) zusammengefaBt werden. Damit ent-
fdl1lt die Berechnung des Polynomprodukfes nach Gl.(16).

In &hnlicher Weise wie oben ergeben sich die iibrigen Schnittgrélen
aus den Ansdtzen der Gln.(9) - (11), die zum Teil einfachere Aus-
driicke aufweisen. Wird eine vorhandene Wendelung der Kragtricer-
achse vernachldssigt, indem die Winkeldifferenzen sp null gesetzt
werden, so kdnnen wesentliche Einsparungen im Rechenaufwand erzielt
werden. In den Gl.(9) bzw. (10) werden (T,D)s = 0 bzw. (M,Q)& = 03
auBerdem verringert sich die Anzahl der Integrale.

Die in den Berechnungen der Verschiebungen und Verdrehungen aus den
Einheitslasten auftretenden Integrale konnen ebenfalls mittels
Polynome einer einfachen Losung zugefihrt werden. Die einzelnen
Integranden setzen sich aus den zuvor berechneten SchnittgroBen 1)
(M,53,7,D0) zufolge einer am Ort und in Richtung der gesuchten Ver-
schiebung angreifenden Einzellast, ferner aus Querschnittswerten
(Trégheitsmoment bzw. Flidche) und Materialdaten (Elastizitdtsmodul
bzw. Schubmodul) zusammen. Da die Integranden in allen Knoten-
punkten wertmdBig bestimmt werden kénnen, ldBt sich ihr Funktions-
verlauf iiber die Kragtrédgerhdohe wieder durch Lagrange-Polynome

nach Gl.(5) festlegen. Die Integrationen sind hier iiber den Bereich
z; (Ort der gesuchten Verschiebung) bis zn(Kragtrégerfquunkt)

zu erstrecken, so daB allgemein folgt

Z

m m

¢

v E : kv v+1 v+1

I = Zo -ckv.z «dz = m— Zn - Zi )
A V= v=0

m v+l _ v '
=§ Ckv. (zn z5 ) . (1)
V=
Die Formeln fiir die Verschiebungen und Verdrehungen sind &hnlich

wie GL(18) aufgebaut.

Der gleiche Weg kann amch in den entsprechenden Berechnungen
der #uBeren Belastungen eingeschlagen werden.

1) ee.(M,Q,T,D) der Einheitslasten sowie aus SchnittgroBen...



3.2 Bogen:

Es ist beim Rostverfahren allgemein iiblich, die Bogenlamellen

durch Horizontalschnitte festzulegen, so daB deren Achsen nicht
rédumlich gekriimmt sind, sondern in einer Ebene liegen. Dadurch er-
geben sich im Vergleich zu den Kragtrigerberechnungen gewisse Ver-
einfachungen, auf die im Zusammenhang mit der Kragtragerwendelung

bei doppelt gekriimmten Sperren im vorigen Abschnitt hingewiesen wurde.

Auch fiir die Bogenlamellen werden vorteilhaft Einheitslastpolynome
nach Gl.(4) eingefihrt, die sich iliber die gesamte Bogenlinge von
Kéampfer zu Kidmpfer erstrecken.

Sie erfiillen vornehmlich den selben Zweck wie bei den Kragtridgern,
namlich einen stetigen Funktionsverlauf, der den wirklichen Ver-
haltnissen besser entspricht, wiederzugeben. Auf die mathematischen
Formulierungen sel hier nicht ndher eingegangen, da sie wegen ihres
Umfanges den Rahmen der Abhandlung sprengen wiirden.

4, Zahlenbeispiel

Imn Zuge der Entwurfsarbeiten einer rd. 180 m hohen symmetrischen
GewOlbesperre wurde eine Sperrenvariante nach dem vorhin kurz be-
schriebenen Verfahren sowohl mit einer feinen wie auch mit einer
groben Netzteilung berechnet. Da es sich um Variantenstudien handelté,
wurden die Untersuchungen auf Radialausgleiche beschrinkt.

In Fig.9a ist der Berechnungsrost mit enger Teilung dargestellt;
Fig.9b zeigt das grobmaschige Rostsystem, das sich durch Weglassung
der Bogen i = % und 5 und der Kragtrager j = 2 und 4 aus dem engen
Rost ergibt. Die Berechnungen der beiden Rostsysteme bezogen sich
auf den Lastfall Vollstau bis zur Sperrenkrone bei sommerlich
erwidrmtem Mauerkorper.

In den Tabellen 1 und 2 sind die Ergebnisse der beiden Berechnungen
gegeniibergestellt u.zw. die Randnormalspannungen der vier vergleich-
baren Kragtridger und Bogen. Die Lastaufteilung ergab sich in beiden
Fédllen nahezu gleich, was auch in der guten Ubereinstimmung der
Spannungen zum Ausdruck kommt. Die maximale Abweichung betrigt

2,4 kp/cm2 bei den Kragtridgern bzw. 5,2 kp/cm2 bei den Bogen, d.s.
rd. 3,1% bzw. 6,7% bezogen auf die groBte Spannung von 78,0 kp/cme.

Aus diesen Ergebnissen kann gefolgert werden, daB die Anwendung des
Lastaufteilungsverfahrens mit Polynomfunktionen auch eine grobe
Netzteilung des Berechnungsrostes zulidBt.



Tab. 1 Kragtréager - randparallele Normalspannungen 6; kp/cm2
i j=1 j=2 (3) 3=3 (5) j=4 (6)
ﬁw 6L GW 6L 6w GL Gw -GL
::::i::::::::::::::::: F3-E-E 33 F 133 F 3 X3 81-F &5 F -5 0 L F 0 -SR] —R SRRt
1 0 0 0 0 0 0 (0] 0]
2 6, 2,7 74,9 2,0 12,6 -1,2 13,6 -C,8
(818) (Oa5) (9'1) (1y0) (1102) (001) (15'1) (-015)
3 -9,0 39,6 12,9 20,1 14,0 24,1
4 -6,9 | 61,0 2,0 59,8
(6) (—5,1) (6534) (1a4) (6015)
2 -3,8 77,2
(7 (-4,3) | (78,0)
Tab, 2 Bogen - randparallele Normalspannungen 6& kp/cm2
g j =1 =2 (3) i=3 (5) =4 (6)
Oy 5L Sy By, S| S S| 1
=== SErocooes=Seoas==oy ========f=======ﬁ£===============‘.==‘==== ESE==E
40, 63,1 50,0 53,9 61,8 42,0 47.5 i 56,4
1 (35,7) | (67,6){(849,2) | (54,0) | (62,8) | (40,3) | (46,9) | (56,4)
> 36,1 65,1 | #1 29,4 64,8 36,0 45,5 92,7
(36,0) | (66,5)|(u5,4) | (56,9) | (65,1) | (36,9) | (45,4) | (57,1)
3 15,0 73,3 59,0 35,4 21,7 43,1
(4) (15,3) | (73,1) | (59,0) | (35,5) | (50,9) | (44,0}
4 5.2 44 .6 40,7 8,9
(6) ( 5,1) | (#4,3) | (40,8) | (8,4)

Die Klammerwerte beziehen sich auf die Ergebnisse der

feinen Netzteilung (Fig.9a)

Values in brackets refer to results of the fine grid (Fig.%9a)

Les valeurs en parenthéses se reférent aux resultats du
partage étroit de grille (Fig.9a)

W = Wasserseite

Water face

Amont

L =

Luftseite
Air face
Aval

+

= Druck

Compression
Compression

Zug

Tension
Traction
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5. Schlullbemerkungen

Hier konnte nur in kurzen Zigen die Verwendung von Polynomen im
Lastaufteilungsverfahren aufgezeigt werden. Auf eine mogliche
Anderung sei jedoch abschlieflend noch hingewiesen. Als Stiitz-
stellen der Polynome wurden die Knotenpunkte des Rostsystems
gewdahlt. Diese liegen zumeist, im besonderen entlang der Bogen-
lamellen,nicht in gleichen Abstidnden. Werden sie ungeachtet der
Lage derKreuzungspunkte Zquidistant angeordnet, dann brauchen die
Koeffizienten der Einheitslastpolynome nicht fir jeden Berechnungs-
fall neu ermittelt werden. Sie konnen vorweg fiir eine im gebrduch-
lichen Bereich variierende Anzahl Stiitzstellen ein fiir allemal
bestimmt werden. '

Dieser Gedankengang bedarf aber noch entsprechender Untersuchungen.
¥benso wdre eine eventuelle Anwendung von Splinefunktionen an
Stelle der gewdhlten Lagrange-Polynome noch zu priifen.

Schrifttum

[ﬁ] U.S. Bureau of Reclamation: Trial ILoad Method
of Analyzing Arch Dams, Denver, Colorads, 1938

[?] Jurecka, W.: Beitridge zur Berechnung von Bogenstaumauern
nach dem Lastaufteilungsverfahren, 1948, Dissertation.
Technische Hochschule Graz

[3] Jurecka, W.: Die Berechnung bogenformiger Staumauern
nach dem Lastaufteilungsverfahren.
Usterr. Bauzeitschrift, 1949, S. 173-175 und 195-203%

E#] Tonini, D.: Algebraic load method of analyzing arch dams,
6th Congress on Large Dams,New York, 1958, Vol.4,p.313

[5] Mladyenovitch, V.: Calcul des barrages-voiites par résolution
d'équations linéaires, Travaux, Décembre 1958, p.1037-1043

EB] Theory of Arch Dams, ed. by J.R. Rydzewski, 1965,
Pergamon Press

[7] -Arch Dams, A Review of British Research and Development,
London, The Institution of Civil Engineers, 1968



12,

Zusammenfassung

Der vorliegende Bericht befaflt sich mit einer Verfeinerung der
Belastungsverteilung, die der Versuchslastmethode bzw. dem Last-
aufteilungsverfahren zugrunde liegt. Diese beiden Berechnungs-
methoden sind dem Verfahren nach identisch; sie unterscheiden sich
nur dadurch, daB die Lastaufteilung zwischen Bogen und Kragtrigern,
in die das Tragwerk unterteilt gedacht wird, bei ersterem durch
Probieren, also versuchsmidBig, und bei letzterem durch Aufldsen
eines Gleichungssystems ermittelt wird. Es ist allgemein iiblich,
die Belastungen der einzelnen Traglamellen polygonal durch Uber-
lagerung linearer Dreiecklasten anzusetzen. Eine Verfeinerung

wird durch die Wahl stetiger Funktionen und zwar von Lagrange-
~Polynomen erreicht. Dies ermoglicht eine Reduzierung der Netz-
teilung, d.h. man kann mit einer geringeren Anzahl Bogen und
Kragtrégern das Auslangen finden, ohne das Ergebnis zu schmdlern,
wie in einem Zahlenbeispiel gezeigt wird. Mit einer verringerten
Anzahl von Netzpunkten ist auch ein kleineres Gleichungssystem
verbunden, was im besonderen bei mehrfachen Ausgleichen zur
Herabsetzung numerischer Ungenauigkeiten wie auch zur Verminderung
des Rechenaufwandes angestrebt wird.

Ferner kann man in der Berechnung der Kragtrdger, deren geometri-
sche Eigenschaften fast durchwegs nicht explizit darstellbar
sind, ebenfalls Lagrange~Polynome vorteilhaft verwenden, so daf
die geometrischen Werte und Materialdaten nur in den Kreuzungs-
punkten gegeben sein miissen.

Summary

The paper deals with a refinement of the load distribution upon
which the Trial Load Method and the Load Distribution Method

are based. Both methods of analysis are identical with respect

to the procedure, they only differ in that the distribution of
loadé between arches and cantilevers will be found by trial with
the first method and by solving a system of linear equations with
the latter. Generally the loads of the various elements are
approximated polygonally by the superposition of linear triangular
loads. A refinement is achieved by the use of continuous and smooth
functions of Lagrangian polynomials. This allows a reduction of the
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grid, thus a decreased number of arches and cantilevers suffices
without impairing the final results as is shown in a numerical
example. A reduced number of nodes also yields a smaller system
of equations particulary endeavoured in multiple adjustments for
a reduction of both numerical inaccuracies and computation time.
Furthermore Lagrangian polynomials are advantageously applied in
determining functions for geometrical properties which in most
cases for cantilevers cannot be established explicitly so that
geometric and material data only need be given at points of
intersection of arches and cantilevers.

Résumé

Ce rapport s'occupe d'un raffinement de la distribution de charges,
basé sur le Trial Load Method et la méthode de distribution des
charges. Ces deux méthodes de calculer sont identiques & 1'égard

de procédure. Elles ne se dinstinguent que par la fagon de trouver
la distribution de charges entre les arcs et les consoles. Selon la
premidre méthode on trouve la distribution par essai et selon la
seconde par résolution d'équations linéaires. Usuellement on fait

la disposition des charges d'arcs et des consoles polygonales par
superposition des charges triangulaires linéaires. Un raffinement
est obtenu par le choix des fonctions continus, c'est & dire des
polyndmes Lagrange. Ga donne la possibilité de réduire le partage

de grille, c'est 4 dire une plus petite nombre d'arcs et de consoles
sera suffisante, sans amoindrir le résultat comme le montre un
exemple exposé. Avec un nombre rédiut de noeuds le systéme d'équation
devient plus simple comme souhaité dans les multiples ajustements
pour diminuer des inexactitudes numeriques et de la durée de
calculation. En outre, pour la présentation fonctionelle des

valeurs géometriques, lesquelles ne sont pas présentables
spécialement pour les consoles d'une maniére explicite, on utilise
avec avantage les polyndmes Lagrange,pour que les valeurs géometriques
et les indications de materiaux ne sont demandé que dans les noeuds.
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1IABSE SEMINAR on:
AIPC «CONCRETE STRUCTURES SUBJECTED TO TRIAXIAL STRESSES»
IVBH 17th-19th MAY, 1974 - ISMES - BERGAMO (ITALY)

Standsicherheit von Gewolbemauern

Stability of arch dams

Stabilité des barrages en voiite

Dipl. Ing. Dr. techn. Richard WIDMANN
Leiter der Abt. Bauplanung Tauernkraftwerke Akticngesellschaft
) RainerstraBe 29, A-5020 Salzburg

Allgemeines

Die Standsicherheit eines Bauwerkes hidngt bekanntlich bei ein-
wandfreier Planung und Ausfiihrung theoretisch von 2 Faktoren
ab, wenn man von der Sicherheit der Griindung absieht:

a) der Wahrscheinlichkeit des Auftretens und der GrtBe hiherer
Beanspruchungen als der Gebrauchslast (Bemessungsgrundlage)
entspricht,

b) den Festigkeitseigenschaften des Materials, aus dem das Bau-
werk besteht.

Um jedoch einen Sicherheitskoeffizienten ermitteln zu ktnnen,

ist eine Definition des Sicherheitsbegriffes erforderlich, z.B.
Bruchlast zur Gebrauchslasit, Druckfestigkeit zur Druckbean-
spruchurg, vorhandener Reibungswinkel zum erforderlichen Reibungs-
winkel usw., Definitionen, die dann zu nicht vergleichbaren Er-
gebnissen filhren. Im folgenden soll versucht werden, das Problem
der Standsicherheit durch vergleichende Betrachtungen zu kliren,
um daraus einheitliche Sicherheitsfaktoren fiir die verschiedenen
Typen von Talsperren abzuleiten. Abschliefend werden dann fiir
Staumauern die maBgebenden Betonfestigkeiten ermittelt.

Die Belastunz von Talsperren

Im normalen Betrieb ist die Belastung einer Talsperre durch Eigen-
gewicht + Wasserlast, wenn man von einer gewissen Unsicherheit

fiir den Ansatz des Sohlwasserdruckes und einer eventuellen Ver-
landung des Staursumes absieht, genau definiert. Weniger gut er-
faBbar sind Temperaturspannungen in Staumauern, die als Rest-
spannungen aus der Bauzeit und als Folge von AuBentemperatur-
schwankungen widhrend des Betriebes auftreten. Diese Spannungen
sind jedoch fiir die Sicherheit der Staumauer nur von unterge-
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-ordneter Bedeutung, weil sie von nicht nachdringenden Lasten
herrithren und daher ein Bauwerk nicht zum Einsturz bringen
konnen. Der EinfluB dieser Temperatur- und Eigenspannungen soll
deshalb nicht weiter verfolgt werden.

Nun kann der Bestand einer Talsperre auch durch auBergewshnliche
Ereignisse wie Erdbeben und Uberflutungen gefidhrdet werden, deren
Einflul schon wesentlich schw1er1ger zu erfassen ist.

Die statische UberbeanSpruchung einer Talsperre ist z.B. in ge-
ringem MaBe durch eine Uberflutung im Zuge eines Katastrophen-
hochwassers denkbar und kann dann bei unglinstigsten Annahmen
rechnerisch erfaBt werden. Eine Uberflutung der Talsperre als
Folge von Murenabgéingen und Hangbewegungen in den Stauraum ist
ebenfalls vorstellbar. Die zuléssige Uberflutungshthe ktnnte fiir
die Definition eines Sicherheitsfaktors herangezogen werden. Nun
ist aber bei nicht monolithischen Talsperrentypen das Verhdltnis
zwischen der zuldssigen Uberflutungshshe und der Sperrenhdhe im
betrachteten Schnitt konstant; absolut wird also die zulédssige
Uverflutungshshe von den Talflanken zur Talmitte hin zunehmen.

Fir Vergleichsuntersuchungen scheint daher eine derartige Annahme
weniger geeignet. Fiir die theoretische Definition des Sicherheits-
faktors klarer ist die Annahme einer proportionalen VergriSerung
des spezifischen Gewichtes des Wassers, wie dies z.B., fiir die
Bruchlast von Gewdlbemauern in Modellversuchen allgemein iiblich
ist. Im vorliegenden Bericht wird der Sicherheitsfaktor einer Tal-
sperre flir statische Beanspruchung als mtgliche Erhchung des spe-
zifischen Gewichtes des Wassers bis zum Erreichen der Bruchlast
definijert. :

Fir die dynamische Belastung einer Talsperre durch Erdbeben sind
zundchst zwei FHlle zu unterscheiden: jene, in denen eine Ver-
stellung der Aufstandsfliche der Sperre eintritt und jene, bei
denen das Bauwerk und die gestaute Wassermasse in Schwingungen
geraten. Der erste Fall ist rechnerisch kaum erfaflbar und kann

in diese Betrachtungen nicht einbezogen werden. Eine Schwingungs-
beanspruchung der Talsperre kann jedoch mit den heutigen Verfahren
wenigstens n&herungsweise auch rechnerisch erfaBt werden, aller-
dings sind diesen Beanspruchungen dann vergleichbar ermittelte
Materialfestigkeiten gegeniiberzustellen. Der Sicherheitsfaktor
konnte als Verhidltnis Jener Bodenbeschleunigungen definiert werden,
die einerseits Bemessungsgrundlage fiir die Talsperre sind und
andererseits zum Bruch der Talsperre filhren wlirden.

Die Tragreserven von Talsperren

Als Grundlage fiir die Festlegung von Sicherheitsfaktoren bei Ge-
wilbemauern soll zunichst ein Vergleich mit den bei anderen Tal-
sperrentypen iiblichen Sicherheitsfaktoren gefiihrt werden. Da nun
Sicherheitswerte, die auf verschiedene Materialeigenschaften wie
Reibungswinkel oder Druckfestigkeit bezogen sind, nicht unmittel-
bar verglichen werden konnen, mull diesem Vergleich eine andere
Sicherheitsdefinition zugrundegelegt werden. Weiters ist die Wahl
der Berechnungsverfahren fiir die Festlegung des Sicherheitsfak-
tors von nicht zu unterschitzender Bedeutung.

Im folgenden wird dieser Vergleich unter der fiir Gewdlbemauern

bei Bruchversuchen iiblichen Annahme einer VergroBerung des Wasser-
druckes durch ideelle VergrcéBerung des spezifischen Gewichtes ver-
sucht werden. Dabei soll nur der normale Betriebsfall "Vollstau
im Sommer" herangezogen werden.



3.1 Erd- und Steinschiittddmme

Der Nachweis der statischen Standsicherheit dieser Tal-
sperren wird durch den Gleitsicherheitsnachweis erbracht, wo-
bei gemdR den “sterreichischen Richtlinien nach dem Verfahren
von Fellenius unter Nachweis der Bodenkennwerte im normalen Be-
triebsfall eine Mindestsicherheit von 1,3 erreicht werden mufl.
In Vergleichsrechnungen wurde jenes ideelle g, bestimmt, bei dem
diese Sicherheit auf 1,0 abnimmt. Wdhrend die Boschungsneigung
eines Dammes selbstverstdndlich vom Reibungswinkel des Schiitt-
materials abh8ngt und hier auch die verschiedenen Verfahren ver-
schiedene Ergebnisse liefern, ergibt sich g, einheitlich mit 1,5,
wenn der Damm nach dem gleichen Verfahren auf die Sicherheit 1,3
ausdimensioniert war. Hier scheint also tats&chlich ein ver-
fahrensunabhingiger Bewertungsmafstab vorzuliegen. Es sei noch
erwdhnt, daB die Porenwasserdriicke bei dieser Untersuchung unver-
dndert belassen wurden.

Die Mindestsicherheit fiir Erdbebenbeanspruchung ist in den dster-
reichischen Richtlinien mit 1,1 vorgeschrieben, ohne allerdings
ndhere Angaben iliber das Berechnungsverfahren und die zugehdrigen
Materialkennwerte zu machen,

3.2 Gewichtsmauern

Gewichtsmauern werden iiblicherweise so dimensioniert, daB
an der Wasserseite keine Zugspannungen auftreten, Nachzuweisen
bleiben lediglich die Gleitsicherheit und die Beton-Randdruck-
spannung, widhrend die Kippsicherheit bereits gegeben ist. Setzt
man nun die Gleitsicherheit im normalen Betriebsfall mit 1,5 an
und vernachlédssigt zundchst den EinfluB einer gerissenen Beton-
Zugzone, so ergibt sich wieder g,= 1,5 fiir eine Gleitsicherheit 1,
Die Kippsicherheit betrédgt unter den eingangs erwdhnten Annshmen
2,0 und sinkt fiir g,= 1,5 ebenfalls auf 1,0 ab. Die Beton-Rand-
druckspannungen hingegen steigen auf den 1,9-fachen Wert an,

Beriicksichtigt man bei dieser Sicherheitsbetrachtung den vollen
Auftrieb in der gerissenen Zugzone, so ergibt sich nur ein §, von
1,02 (!) fiur die Gleit- und Kippsicherheit 1,0 und ein Ansteigen
der Beton-Randdruckspannung auf den 1,15-fachen Wert. Selbst wenn
die Gleitsicherheit im normalen Betriebsfall durch giinstigere
Katerialeigenschaften hoher liegen wlirde, so bliebe doch die Re-
duktion der XKippsicherheit, die unabhéngig von der Materialeigen-
schaft ist und damit die theoretische tiberlastbarkeit der Ge-
wichtsmauer begrenzt.

3.3 Gewdlbemauern
3.31 Berechnungsverfahren

Die wirklichkeitstreue Berechnung von Gewtlbemauern ist
auch heute, im Zeitalter der Computer, eine schwierige, viel-
leicht sogar ungeltste Aufgabe. Je nach Art der Berechnung
sind zundchst Berechnungsmethoden filir statische und dynamische
Beanspruchungen zu unterscheiden.

Fir die statische Berechnungsmethode werden derzeit zwei grund-
sdtzlich verschiedene Berechnungsverfahren angewendet: das
Lastaufteilungsverfahren und das schalentheoretische Verfahren.
Ersteres beruht auf der Zerlegung des Fldchentragwerkes in
horizontale Bogen~- und vertikale Kragtrédgerlamellen, die nach
der Stabstatik berechnet werden und auf die die Wasserlast so
aufgeteilt wird, daB sich in den Kreuzungspunkten der beiden
Lamellensysteme gleiche Verformungen ergeben. Je nach dem,



wieviele von den 6 unabhingigen Verformungen eines ridumlichen
Kreuzungselementes in der Berechnung beriicksichtigt werden,
spricht man dann von einem 1- bis 6-fachen Ausgleich. DaB der
Rechenaufwand mit der Zahl der Traglamellen und der beriick-—
sichtigten Verformungsrichtungen sprunghaft steigt, spielt heute
keine entscheidende Rolle mehr. Die zweite Gruppe von Verfahren
beruht auf der Schalentheorie: hier wurden zum Teil geschlossene
Losungen entwickelt, zum Teil wird die Losung wieder durch Zer-
legen des Fliédchentragwerkes in einzelne Elemente und Einhaltung
der Koinzidenzbedingungen in den Eckpunkten dieser Elemente ge~
sucht. In jiingster Zeit werden auch ridumliche Elemente fiir die
Berechnung derartiger Tragwerke verwendet.

Nun 188t sich durch entsprechende Verfeinerung all dieser Ver-
fahren, an denen ja laufend gearbeitet wird, sicher ein zutreffen-
des Bild liber die Spannungen und Verformungen einer Gewilbe-
mauer im normalen Betrieb erhalten. Bei VergroBerung der Bela-
stung treten jedoch zundchst nur an einzelnen Stellen Risse auf,
die zu Kreftumlagerungen im Sperrenktrper, jedoch noch lange
nicht zum Bruch des Tragwerkes filhren. Es wEren daher zwel De-
finitionen fiir den Sicherheitsfaktor méglich: jene einer RiB-
sicherheit, fiir die die derzeitigen Berechnungsverfahren durch-
aus geeignet sind und jene einer Bruchsicherheit, fiir die die
derzeitigen Berechnungsverfahren noch weiterentwickelt werden
miiBten.

FMir die dynamische Beanspruchung von Gewilbemauern wie Erdbe-
ben, Schwingungen durch Hochwasseriiberfédlle oder &hnliches,
wurde bis vor wenigen Jahren die Berechnung unter Annahme des
mitschwingenden Wasservolumens als statische Ersatzlast durch-
gefiihrt, eine Annahme, die naturgemiB nur eine grobe Abschitzung
der tatsidchlichen Beanspruchung liefern konnte. Es vurden jJje-
doch, insbesondere in Lindern mit echter Erdbebengefahr, in
jingerer Zeit Berechnungsverfahren entwickelt, die bei der Fest-
legung von statischen Ersatzlasten das tatsichliche Schwingungs—
verhalten des Sperrenksrpers beriicksichtigen und die ebenfalls
zum Teil auf dem Lastaufteilungsverfahren, zum Teil auf schalen-
theoretische Verfahren aufgebaut sind. Eine wirklich naturge-
treue Behandlung der Erdbebenwirkungen diirfte jedoch auch heute
noch kaum méglich sein, well die analytische Erfassung der zeit-
abhingigen Schwingungsbeanspruchung im Sperrenkdrper, die durch
kurzzeitige Erdbebenbeschleunigungen verschiedener Frequenz und
Stdrke hervorgerufen wird, HuBerst schwierig und noch nicht
theoretisch gekliart ist.

3.32 Tragreserven

Da die wirklichen Tragreserven von Gewolbemauern rechne-
risch kaum erfaBbar sind, werden h#éufig Bruchversuche durch-
gefithrt, aus denen die Uberlastbarkeit des Sperrenkirpers bis
zur 8-fachen Wasserlast (jpw = 8) gefunden wurde. Hier sind offen-
gichtlich Tragreserven vorhanden, die iiber jene anderer Tal-
sperrentypen weit hinausgehen.

Diese Feststellung bezieht sich zundchst ausschliefilich auf den
Sperrenktrper; die Ableitung der Widerlagerkrdfte im Sperren-
untergrund ist ein anderes Problem. Hier sei betont, daB GroSe
~ und auch Richtung dieser Widerlagerkrifte durch die Formgebung
und insbesondere durch die Mauerstidrke nur in sehr geringem
MaBe beeinfluBt werden konnen. Sicherheitsprobleme im Sperren-
untergrund konnen daher nur durch MaBnahmen im Sperrenunter-
grund gelst werden, nicht aber durch Verstarkung des Sperren-
korpers.




Worauf sind diese Tragreserven nun zuriickzufiihren. Zunéchst

ist bei einem derart hochgradig statisch unbestimmten System,
wie es eine Gewdlbemauer nun einmal ist, eine drtliche Uber-
schreitung der Festigkeit des Betons nicht entscheidend. Auch
bei Beton gehen dem Bruch relativ groBe Verformungen voraus,

es ergeben sich Spannungsumlagerungen in bisher weniger bean-
spruchte Bereiche, und erst wenn iiber weite Zonen die Eeanspru-
chung an der Bruchgrenze liegt, kommt es zum Versagen des Trag-
werkes. Alle Bruchversuche zeigen dieses Verhalten sehr deutlich.
Risse im Sperrenktrper treten etwa bei der nach der Rechnung zu
erwartenden Laststeigerung auf. Der Bruch der Talsperre tritt
jedoch erst bei sehr viel hoherer Belastung auf. Mit anderen
Worten: Die RiBsicherheit einer Talsperre kann etwa mit den
iiblichen Verfahren, .die Bruchsicherheit nach dem derzeitigen
Stand nur durch Modellversuche erhalten werden. Geht man nun
davon aus, dal Gewichtsmauern und DiZmme bei f,= 1,5 theoretisch
bereits zu Bruch gehen, so erscheint es zumindest gerechtfertigt,
bei Gewdlbemauern die RiBsicherheit 1 ebenfalls mit4,= 1,5 fest-
zulegen. Da dann immer noch eine groBlere Druckfestigkeitsre-
serve vorhanden ist, bleibt fiir Gewdlbemauern die hthere Trag-
sicherheit auch im Sperrenkdrper gewdhrleistet. Aus Tabelle 1
ist die Spannungserhthung in einigen “sterreichischen Gewtlbe-
mauern bei Einfithrung der 1,5-fachen Wasserlast im Verhéltnis

zu den bei der Betonierung erreichten Betonfestigkeiten zu ent-
nehmen. Es zeigt sich, daB bei 1,5-facher Wasserlast die RiB-
sicherheit nur wenig liber 1 liegt, widhrend die Druckspannung
immer noch kleiner als die Hdlfte der Bruchfestigkeit des Be-
tons bleibt.

Flir Betrachtungen iiber die erforderliche Betonfestigkeit wird
auch die Beanspruchung der horizontalen und vertikalen Arbeits-
fugen im Beton diskutiert, deren Festigkeitseigenschaften im
allgemeinen kleiner als jene des Massenbetons sind. Der Winkel
zwischen der Bogenresultierenden und der vertikalen Blockfuge
dndert sich nun bei steigender Wasserlast iiberhaupt nicht, die
im normalen Betriebsfall vorhandenen Sicherheitsreserven bleiben
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also erhalten. Eine Nachrechnung der horizontalen Arbeitsfugen
fir die in Tabelle 1 angefiihrten Talsperren hat mit steigender
Wasserlast ebenfalls nur eine geringfiigige Inanspruchnahne der
Scherfestigkeit dieser Arbeitsfugen ergeben. Nimmt man den fiir
entsprechend behandelte Arbeitsfugen im Beton vorhandenen Rei-
bungsbeiwert mit nur 0,8 an, so wird die Scherfestigkeit im un-
glinstigsten Fall nur zu etwa 10 % ausgenutzt. Beide Arten von
Argeigsfugen sind daher fiir Sicherheitsbetrachtungen nicht mafB-
gebend.

Ihnliches gilt iibrigens auch fiir die Gleitsicherheitsnachweise

im Sperrenuntergrund. Bei gleichbleibenden Berechnungsverfahren
sinkt die Gleitsicherheit im Sperrenuntergrund nur um etwa 20 %,
wenng mit dem 1,5-fachen Wert eingefiihrt wird. Wie bei der Unter-
suchung der Dimme wurde dabei der Bergwasserdruck nicht erhoht.

Zusamnenfassend 1ld8t sich daher feststellen, daB bei den derzeit
iiblichen Richtlinien fiir die erforderliche Betonfestigkeit unter
1,5=facher Wasserlast mindestens

- die RiBsicherheit 1,2,
bezogen auf die Biegezugfestigkeit und

- die Bruchsicherheit 2,5,
bezogen auf die Wiirfelfestigkeit,

gegeben sind. Da natiirlich auch Erdddmme und Gewichtsmauern eine
ausreichende Standsicherheit aufwelsen, wire eine Neufestlegung
vergleichbarer Sicherheitsfaktoren durchaus vertretvar. So ktnnte
die echte Biegezugfestigkeit des Betons fiir die Ri8sicherheit 1,
die echte Druckfestigkeit fiir die Sicherheit 1,5 fiir den nor-
malen Betriebsfall bel fiktivem g~ 1,5 festgelegt werden. Da-
‘mit wiirde die tatséichliche Standsicherheit des Gewtlbemauerkdr-
pers immer noch iiber jener der anderen Talsperrentypen bleiben.

Was ist nun unter "echter" Festigkeit des Betons zu verstehenl
Im folgenden Abschnitt soll versucht werden, diese Frage zu
kldren.

Die Festigkeitseigenschaften des Betons

4.1 Allgemeines

Wenn auch Beton heute zu den meist verwendeten Baustoffen ge-~
hdrt, so sind doch seine Brucheigenschaften unter den verschiedenen
Belastungsverhdltnissen noch nicht geklidrt. Diese Schwierigkeit
kommt such darin zum Ausdruck, daB alle Normen Priifkorpergrite,
-lagerung und -alter, Belastungsanordnung und Geschwindigkeit ge-
nau vorschreiben, um wenigstens vergleichbare Festigkeitswerte zu
erhalten. Bei den folgenden {iberlegungen seien nun die Auswirkungen
der Lagerungsbedingungen der Probekdrper und der Einfluff der Korn-
groBe relativ zur ProbenksdrpergrdBe vernachlidssigt. Es soll ledig-
lich versucht werden, durch Erfassung des wirklichen Spannungszu-
standes im Priifkorper eine bessere Ubereinstimmung der verschie-
denen Versuchsergebnisse zu erzielen. Derartige Vergleiche werden
jedoch durch die groBe Streuung der Priifergebnisse bei Beton sehr
erschwert.

4,2 Beton unter einachsialer Beanspruchung

Hier gibt es ein sehr umfangreiches Versuchsmaterial; die Be-
stimmung der Kennfestigkeiten ist in den einzelnen Landern genau
genormt. .

4.21 Druckfestigkeit

PFitr die Priifung der Druckfestigkeit des Betons schreibt
die ONORM einen Wiirfel mit 20 cm Kantenlinge vor. Es ist be-
kennt, daB Wiirfel anderer Seitenliénge geringfiigig, prismatische
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oder zylindrische Probvekdrper wesentlich andere Festigkeits-
ergebnisse liefern. Diese Unterschiede sind vorwiegend auf
die behinderte Querdehnung bei der Lasteinbringung zuriickzu-
fithren, Wird diese ndmlich durch entsprechende Lastanordnung
ausgeschaltet, so ergeben sich recht gut ilibereinstimmende
Druckfestigkeiten, die bei etwa 75 bis 80 % der Wiirfelfestig-
keit bel normaler Versuchsdurchfiihrung und Auswertung liegen.
Einen gewissen Einflufl diirfte auch noch die GriéBe der Ober-
fldche relativ zum Volumen des Priifkdrpers heben, weil aus
Herstellungsgriinden der Beton an der Obverfliche wohl immer
etwas anders zusammengesetzt ist als im Innern des Priifkdr-
pers.

4,22 Zugfestigkeit

Die Zugfestigkeit des Betons ist bekanntlich versuchs-
technisch schwierig zu bestimmen. Im sllgemeinen wird daher
ein Biegezugversuch an gedrungenen Probebalken durchgefiihrt;
aus der Bruchlast wird nach den Gesetzen der Stabstatik die
groBte Randzugspannung bestimmt., Je nach dem Verhidltnis von
Balkenhthe : Stiitzweite und der Belastungsanordnung ergeben
sich scheinbar verschiedene Biegezugfestigkeiten. Unter An-
wendung der Scheibentheorie erh&dlt man jedoch ein wirklich-
keitstreueres Bild der Spannungsverteilung im Priifkdrper, die
Biegezugfestigkeiten sind dann kaum mehr abhdngig von der Ver-
suchsanordnung [1], [5], [8], [10].

Wird mit dem gleichen Beton auch die echte Zugfestigkeit unter
einachsiger Belastung bestimmt, s¢ erhdlt man filir diese Zug-
festigkeit einen Wert von etwa 60 % der Biegezugfestigkeit.
Nimmt man nun in der Biegezugzone einen plastifizierten Be-
reich vor Eintritt des Bruches an, wie es in der Biegedruck-
zone im Traglastverfahren durchaus iiblich ist, so erhdlt man
eine maximale Randspannung beim Biegezugversuch in der Hthe
von 70 % der Randspannung bei normaler Auswertung [2]. Der
verbleibende kleine Unterschied dlirfte wohl auf andere Neben-—
einfliisse, wie z,B. teilweise behinderte Querdehnung, zuriick-
zufithren sein [7].

Beton unter zweiachsiger Beanspruchung [4], [6], [9], [11]
Das Versuchsmaterial ist hier wesentlich weniger umfangreich,

doch gdiirfte bei allen Festigkeitsversuchen unter mehrachsiger Be-
enspruchung die Gestaltsabhingigkeit der Ergebnisse wesentlich
geringer sein als bei einachsiger Beanspruchung.

4,37 Druck - Druck

Die vorliegenden Versuchsergebnisse zeigen eine deutliche
Festigkeitszunahme in Abhédngigkeit von der zweiten Hauptdruck-
spannung. Die maximale Festigkeitszunahme scheint bei einem
Spannungsverhédltnis von o,:0,= 1:1,6 mit etwa 40 % gegeniiber
der Druckfestigkeit unter einachsiger Beanspruchung zu liegen,
wobei jedoch eine eventuelle Abhéngigkeit von der Betongiite
noch nicht gekldrt erscheint. Jedenfalls ist die Festigkeits-~
zunahme bel o,= o0, wieder etwas geringer und betridgt nur mehr
ca. 30 % der Druckfestigkeit unter einachsiger Beanspruchung.

4.32 Druck - Zug

Derartige Versuche werden als Spalt-Zugversuche hiufig
durchgefilhrt; das maBgebende Verhdltnis o, :0, betridgt hier
etwa 1:5,25, Auch filir das Verhdltnis Spaltzug- : Biegezug-
festigkeit gibt es eine umfangreiche Versuchsliteratur; die




Spaltzugfestigkeit diirfte, wie die reine Zugfestigkeit, etwa
60 % der Biegezugfestigkeit betragen.

Fir andere Relationen zwischen c; und o, sind nur wenige Ver-
suche bekannt. Diese zeigen jedoch, daB die Bruchlasten einem
eher konvexen Verlauf der Bruchlinie im Zug-Druckbereich ent-
sprechen. So sind Versuche fiir den dickwandigen Ring unter
Innendruck und achsialer Druckbelastung sowie einachsizle Zug-
versuche mit verdnderlichen Druck-Querbelastungen durchgefiihrt
worden.

4.33 Zug - Zug _
Flir derartige Beanspruchungen sind dem Verfasser keine
Versuche bekannt.

4.4 Bruchgrenzkurve [4]

Nach einer erweiterten Gestaltsdnderungshypothese 1ldB8t sich
eine Bruchgrenzkurve als Ellipse gemi8

G o g, © g o

1,2 232 1 72 1 2
(.—.—) +(._.) _A.__........+2(_+__1)=1
31 32 B1 32 B1 32

darstellen, Hierin bedeuten:

4 und o, seses die im betrachteten Punkt auftretenden
Hauptspannungen, '

B8, und 32 seeses die jeweils maBgebenden einachsialen
Bruchspannungen.

Handelt es sich bei o um eine Zugspannung, ist fiir 8 die
Biegezugfestigkeit, handelt es sich um eine Druckspannung,
ist fiir 8 die einachsige Druckfestigkeit anzusetzen.

A eseeses i3t eine Kohstante, die sich zus dem Verhdltnis der
Umschlingungsfestigkeit B, (=Druckfestigkeit bei
o, =0, ) zur einachsigen Druckfestigkeit B; mit

B
A=2(1-2n+-;-n2) mitn:a—d-
u
ergibt.
Y

S G,
Ba 1S B
3 —

(_g':)'. (;"Gé)‘-zn-zm-,ln‘)% Ge. 91-%-1)-1
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Mit dieser Ellipse ist die Bruchgrenzkurve des Betons in den drei
Quadranten (Druck-Druck. und Druck-Zug) definiert. dMangels genauerer
Unterlagen kdrnte im vierten Quadranten, dem Zug-Zugbereich, zu-
nédchst eine geradlinige Verbindung der beiden Eckpunkte der Bruch-
grenzlinie filir einachsige Beanspruchungen angenommen werden (Abt.1)

Die Verwendung der Biegezugfestigkeit als Kennwert fiir die Zug-
festigkeit des Belons erscheint so lange gerechtifertigt, als in der
statischen Berechnung die Gliltigkeit des Hookeschen Gesetzes bis
zum Bruch vorausgesetzt, die Plastifizierung der Zugzone also nicht
beriicksichtigt wird.

S?tzt man in die Gleichung der Bruchgrenzlinie fiir 8; , 8, und By,
die zulédssigen Werte ein, so umschlieBt die entsprechende Ellipse
den zuldssigen Beanspruchungsbereich.

4.5 EinfluB der Belastungsdauer [3], [12]

Nach den allgemein geltenden Normen werden Bruchversuche an
Betonprobekdrpern mit Belastungsgeschwindigkeiten durchgefiihrt,
Gie 2u einem Eintreten des Bruches innerhalb etwa 2 Minuten fiihren.
Die so erhaltene Festigkeit ist zu Vergleichszwecken, a2lso etwa
Festlegung von Giiteklassen und GleichmdBigkeitspriifungen auf der
Baustelle, durchaus geeignet, sollte aber fiir die Festlegung von
zuldssigen Beanspruchungen bezw. "Sicherheitsfakxtoren" nicht un~
mittelbar verwendet werden.
Flir rasch schwankende Beanspruchungen, sei es nun im Druckbereich
oder auch im Druck-Zugbereich, liegen zahlreiche Versuchsergebrisse
vor. So sinkt unter Druck-Schwellbeanspruchurg die Druckfestigkeit
bis auf 60 % des Wertes bei der Normenpriifung, bei Biege-Schwellbe-
anspruchung kann dieser Wert bis auf 50 % der beim genormten Ver-
such erhaltenen Biegezugfestigkeit absinken. Debei ist natiirlich
der Schwellbereich und die Zahl der Lastwechsel (tei diesen Ver-
suchen mit zwei Millionen angenommen) von entscheidendem EinfluB.

Auch fiir Talsperren ist die GroBe der Festigkeit in Abhingigkeit
von der Belastungsdauer von Interesse, handelt es sich hier doch
im allgemeinen um lang dauernde Belastungen, die sich z.B. bel
Jahresspeichern nur langseam innerhalb eines Jahres #ndern, Selhst
die Tagestemperaturschwankungen, die zuferdem nur an der Ober-
fldche der Staumauer rasch wechselnde Temperaturspannungen hervor-
rufen, sind relativ langsam und erreichen z.B. in 100 Jzhren nur
etwa 36.500 Spannungswechsel. Der Einflufl normaler Srannungswechsel
kann daher bei Talsperren vernaschléssigt werden, der Einflufl der
Belastungsdzuer ist jedoch zu beriicksichtigen.

DRUCKFESTIGKEIT IN ABHANGIGKEIT VON DEE'BELASTUNGSDAUER
%4 A
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Die Dauerstandsfestigkeit des Betons diirfte bei 75 % der Normen-
druckfestigkeit liegen; dabei wird der Versuchckdrper sténdig der
spdteren Bruchlast unterworfen. In der Praxis erreicht die Dauer-
last hochstens den zulédssigen Teil der Bruchlast, die erforderliche
Abminderung wird also wesentlich geringer sein.

Seltene Schwingungsbeanspruchungen, z.B. durch Erdbeben, ergeben
Spannungsspitzen in der Staumauer, die nur zehntelsekundenlang
dauern. Fir derart kurzzeitige Spitzenbelastungen wurde in ent-
sprechenden Versuchen eine Bruchfestigkeit von 130 % der Normen-
festigkeit ermittelt.

Festlegung der maBgebenden Betonfestigkeit

Ein Vergleich der in den verschiedenen Lindern giiltigen Richt-
linien zeigt bel oberfldchlicher Betrachtung wesentliche Unter-
schiede, So wird z.B. das maBgebende Betonalter in der Schweiz

mit 90 Tagen, in den USA mit 365 Tagen festgelegt. Die Begriindung
hiefiir liegt darin, daB in der Schweiz im allgemeinen Normalze-
ment fiir den Sperrenbeton verwendet wird, dessen Erhdrtung nach

90 Tagen bereits weitgehend abgeschlossen ist, und in den USA viel-
fach Puzzolan-Zemente verwendet werden, deren Erhdrtung wesentlich
langsamer, aber dafiir iiber einen lingeren Zeitraum vor sich geht.
Piir groBe Talsperren, bei denen der Vollstau meist erst 1 Jahr
nach Betonierende erreicht wird und die unter Verwendung von Ze-
menten niedriger Wirmettnung errichtet werden, ist daher die Be-
gtimmung der Kennfestigkeit im Alter von 1 Jahr durchaus gerecht-
fertigt. Der Festigkeitszuwachs dlirfte dann immer noch jenem eines
Normzlzementes ab dem Alter von 90 Tagen entsprechen.

Ein anderes Problem ergibt sich aus der Streuung der Ergebnisse

von Beton-Giitepriifungen. Wihrend z.B. in der Schweiz die Kenn-
festigkeit auf den Mittelwert der Priifergebnisse bei Einhaltung
einer bestimmten Streuung bezogen ist, wird in Osterreich das 90 %~
Praktile als reprédsentativ errechnet, bei dem die Streuung bereits
beriicksichtigt ist. In der Schweiz wird iibrigens fazllweise auch
noch die Wahrscheinlichkeit, mit der die Betonfestigkeit die tat-
sdchliche Beanspruchung unterschreitet, mit 10°” vorgeschrieben.

Bei dieser Betrachtungsweise muB allerdings der statistischen Unter-
suchung die logarithmische Normalverteilung zugrundegelegt werden,
die bekanntlich kleinere Festigkeitswerte als Null ausschlieBt,
wdhrend in der iiblichen Gaufischen Normalverteilung auch negative
Festigkeitswerte enthalten wéren.

Ebenso unterschiedlich sind die Vorschriften in den verschiedenen
Léndern beziiglich der Form und GroBe der Betonprobekorper, an denen
die maBgebenden Betonfestigkeiten bestimmt werden. So sind fiir die
Druckfestigkeiten Wiirfel und Zylinder verschiedener Abmessungen
iiblich, die Biegezugfestigkeit wird an Balken unterschiedlicher

Hohe und Ldnge unter 1 oder 2 Einzellasten bestimmt. Auf Grund der
in Punkt 4) zusammengestellten Uberlegungen wird vorgeschlagen,

die Prismenfestigkeit des Betons unter einachsialer Beanspruchung

und die Biegezugfestigkeit, soferne diese unter Anwendung der Schei-
bentheorie ermittelt wurde, als Kennfestigkeiten beizubehalten.

Es erscheint weiters zweckmiBig, als dritte Kennfestigkeit die Um-
schlingungsfestigkeit, also die Bruchfestigkeit des Betons unter
zweiachsialer gleichméBiger Druckbheanspruchung, einzufithren. Bei

den Sicherheitsbetrachtungen ist dann zumindest die in einem Tl&dchen-
tragwerk vorhandene zweiachsiale Beanspruchung zu beriicksichtigen.
Dabei wird die dritte, in radialer Richtung wirkende Hauptspannung,
die bei vollem Speicher an der Wasserselte dem Wasserdruck entspricht
und an der Luftseite verschwindet, vernachlidssigt. Wahrend sich bei
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diesem Verfahren etwas grdBere zulidssige Spannungen ergeben, wenn
beide Hauptspannungen Druckspannungen sind, ist diese Definition
wesentlich ungiinstiger, wenn eine der beiden Hauptspannungen eine
Zugspannung ist. Ansidtze fiir derartige Uberlegungen sind bereits
in den Schweizer Richtlinien enthalten.

Zugsammenfassung

Auf Grund der vorliegenden Untersuchungen werden folgende Richt-
linien vorgeschlagen:

6.1 Als Kennfestigkeit des Betons ist des 90 %-Fraktile der Giite-
priifungen im Alter von 365 Tagen zu bestimmen.

6.2 Folgende Kennfestigkeiten sind an geeigneten Priifkdrpern zu

ermitteln: g

6.21 die Prismendruckfestigkeit, .

6.22 die Biegezugfestigkeit unter Berilicksichtigung der Schei-
bentheorie,

6.23 die Umschlingungsfestigkeit.

Piir die laufenden Betonglitepriifungen auf der Baustelle geniigt die
Bestimmung der Druckfestigkeit und der Spaltzugfestigkeit an ein-
heitlichen Priifkdrpern (Wirfel oder Zylinder) im Alter von 28
Tagen. Im Zuge der Eignungspriifung sind die erforderlichen Ver-
gleichsversuche durchzufiihren, um gesicherte Relationen zu den
Kennfestigkeiten herzustellen,

6.3 Die randparallelen Hauptspannungen fiir eine um 50 % gegeniiber

dem normalen Betriebslastfall erhchte Wasserlast milssen inner-~
halb des zuldssigen Beanspruchungsbereiches der Bruchgrenzlinie
liegen, wenn die Sicherheit auf Biegezug = 1 und jene im Druckbe-
reich = 1,5 gesetzt wird.

6.4 Im Ausnahmelastfall "Erdbeben" kann die groBte Betondruck-

spannung die H&lfte der um 30 % erhohten Druckfestigkeit er-
reichen; ortliche Uberschreitungen der Biegezugfestigkeit sind
zulissig.
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Zusammenfassung

Im vorliegenden Bericht wird zundchst versucht, die iiblichen
Sicherheitsfaktoren fiir die Bemessung des Sperrenkdrpers ver-
schiedener Talsperrentypen zu vergleichen. Dabei wird fiir alle
Talsperrentypen die mégliche Erhchung des spezifischen Gewich-
tes des Wassers als Sicherheitsdefinition eingefiihrt. Das Er-
gebnis bestidtigt die bekannte Erfahrung, daB Gewdlbemauern die
groBBte Standsicherheitsreserve erreichen. Die iiblichen Sicher-
heitsfaktoren fiir die Ermittlung der erforderlichen Festigkeit
des Betons konnen daher ermdBigt werden. Fiir die Neufestlegung
wird vorgeschlagen

- von den Spannungen in der GewSlbemauer unter 1,5~facher
Wasserlast auszugehen,

- die Festigkeitseigenschaften des Betons unter der in der
Gewdlbemauer tatsédchlich vorhandenen, zumindest zweiachsigen
Dauerbeanspruchung zu beriicksichtigen.

Summary

This Report tries at first to compare the safety factors commonly
used for the design of various types of dams, introducing the
possible increase in the specific weight of the water as a defini-
tion of safety. The result confirms the well-known experience
that arch dams attain the largest stability reserve, which allows
a reduction of the usual safety factors used in calculating the
concrete strength requirements. For a new procedure, we suggest
that
- the calculations be based on the stresses in the dam caused

by 1.5 water load;

-~ the strength properties of concrete under the at least biaxial
permanent stresses actually present in the dam be considered.

Resume

Ce rapport essaie tout d'abord de comparer les facteurs de sécurité
normalement employés pour le calcul de différents types de barrages,
tout en introduisant 1'augmentation possible du poids speclfl ue de
1l'eau comme définition de securite. Le résultat affirme 1'exp rience
bien connue gue les barrages en voute attaignent la plus grande ré-
- serve de stabilité, ce qui permet de reduire les facteurs de sécuri-
té usuels employés pour le calcul de la res1stance nécessaire du
béton. Pour une nouvelle méthode, il est proposé

- de procéder a partir des contraintes causées par 1,5 fois la
charge de 1l'eau;

- de tenir compte des gqualités de résistance du béton sous la
sollicitation permanente au moins biaxiale qui est réellement
présente dans le barrage en volte.
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1. INTRODUCTION

In conventional design, the safety of concrete dams is
usually measured in terms of deterministic safety factors [1,
2, 3, 4, 5].

Nevarthgless, because of various design uncertainties (such
as ones, for example, on the strength and deformation of rock
foundations, on the true distribution of uplift, on the tempe-
rature variations,......) and also because of the fact that
concrete exhibits quite often a considerable degree of space-
wise randomness in its mechanical properties (elastic moduli
and local yield strength), a probabilistic quantity, such as
the probability of failure, seems to be an alternative pre-
ferable measure (or more precisely countermeasure) of the dam
safety [6, 7].

In the present study, aa a preliminary approach to the
question concerning the randommness of concrete properties, an
attempt is made to apply to arch-~gravity dams recent concepts
of probabilistic safety analysis and stochastic continuum
mechanics.

The study consists of two main parts :

1. Evaluation of the probability of functional dam failure
corresponding to a conventional limit state of serviceability,
in which elastically constrained plastic deformations arise in
some selected pointa of the structure. As it will be explained

in that follows, the main idea developed in this part lies in



the interpretation that, as well as the concrete local yield
strength [B, 9] y 8lso the three~dimensional elastic stresses
in the dam are random functions of space variables.

2. Description of a method for obtaining & lower bound, as
large as possible, of the probability of structural dam fai-
lure, corresponding to a limit state of collapse in which the
maximum load that the dam can carry is reached. This method
constitutes a probabilistic modified version, adapted for the
case of arch-gravity dams, of a previous deterministic one,
established in [10] for the case of pure arch dams with one or
double curvature.

2. PROBABILISTIC MODEL FOR YIELD STRENGTH OF DAM CONCRETE

It is assumed herein that a thick arch-gravity concrete dam
can be regarded as a8 three~dimensional random continuum, whose
elastic modull and local yleld strength have to be described
by means of stochastic functions of space coordinates.

_ Being unnecessary, in view of the purpose of the following
analysis, a specific probabllistic characterization of elastic
moduli (whose random effects on the stress state will be im-
plicitly taken into account by later assumptions concerning
the stochastic distribution of elastic stresses), we now deal
with the only probabilistic specification of the concrete
yield strength.

Pollowing earlier works [8, 9, 11, 12] , in that follows we
assune the compreasive local yield strength Y of dam concre-
te to be a homogeneous Gaussian process of the spatial cylin-
drical coordinastes r , 6 , z , with meen value my , standard
deviation DY , and normalized auto-correlation function

2 2
Py = exp(- 47/ 4, ) (2.1)
2 2 2 2

In (2.1), a&° =r°=2r r'cos(0-0') + r'"+ (z-2')" 1e the
square of the distance between two typical points P and P'
of the dam (having coordinates r , 06 , z and r', 9, 2',
respectively), and d; is a resl constant. As it is shown in
Pig.2.1, Py becomes negligible when a4 > 2 do o

Thue, denoting by y and y' <the permissible values of Y
at the pointe P and P' , respectively, the two-dimensional
probability demsity of the concrete yield strength can be ex-
pressed in the form :
—--l-—g' exp(- p°/2 ¢° Ds )
2 ntq DY

pxy.(y.y') = (2.2)

2 2 . . 2 2
Ihfrgg ? = (y-mY) -2 pY(y-mY)(y -mY) + (y —mY) , and gq



With regaxrd to the expression
(2.2), firstly it has to be ob-
served that both By and
are supposed herein to be inde-
pendent of epace variables.

Secondly, 1t has to be noted
that DY must be sufficiently
small by comparison with my 3
this is a necessary condition to
avoid inaccuracies once the nor-
mal probability density for the
compressive (non-negative) yield
strength has been introduced. As
it is clear, being Dy = 0.2
a reasonable value for the stan-
dard deviation of concrete yielad
strength [9, 13] , such a condi-
tion can be considered herein as
sufficiently satisfied.

In that follows, it will be usefull to remember that, as it
is easy to deduce from (2.2), the one-dimensional probability
density of Y is

Fig.2.1

00 2 2
exp ‘("'x) /2 D
pY(y) =‘[ pr.(y,y') ay' = [ VE7?-D .Y] .(2'3)
0 Y

3. ASSUMPTIONS ON THE PROBABILISTIC DISTRIBUTION OF PRINCIPAL
STRESSES

As a consequence of the randomness of the mechanical pro-
perties characteriging either elastic or inelastic response of
dam concrete, also the stress state really exhibits in the dam
a peculiar stochastic nature. Thus, also its components have
to be described as random functions of spatial coordinates.

In the present analysis, it is assumed that, as a general
congequence of all possible causes of material randommess, the
principal stresses X4 (i = 1,2,3) can be considered as un-
correlated normally distributed random functions with mean
values mgii and standard deviations Doy -

el

Then, r joint probability demsity can be expressed as
212223(0 2,03) = pzl(cl) pze(oz) p23(03) (3.1)
where [ ) ]
exp |-(o 2/2 D
p_ (o) = i (3.2)
21 2

01



is the marginal probability density of Zi y and oy is its
permissible value.

In view of the purpose of defining an adequate probabili-
stic criterion for the local failure of concrete, it is now
convenient to introduce the three so-called cylindrical stress
inveriants 11 » Xo 13 » Whose permissible values X7 » X

x3 can be expressed in terms of principal stresses as

As it is well known,
such invariants are the
cylindrical coordinates of
the point having, in the
stress space (Pig.3.l),

Pig.3.1 the principal stresses as
Cartesian ones.
It has been indicated previously [11, 127 that, by assuming

for the sake of simplicity D01 - D02 - D03 = D and setting

1
{2 Y . =n )2]2 (3.3)
ml [3 i>) 010 ‘
m, = arc tan V3 (moz-mo3)(2 n01-m02-m03)-1 (3.4)
m, = (m01+ B+ m03) /3 " (3.5)

the joint probability density of the cylindrical invariants
can be written as :

p111213(11’12’13) = pxlxa(xl,xz) px3(13) (3.6)
where " \ ( ) 5
X, - X cos (X, -m. )+
Py g (X%, = — e,p(_ o ke St - 11_) (3.7)
L.I.x2 ‘ 2n D2 2D

1 —a 3
py (x,) = —=— exp|- v
X, 3 V2m D ( 2 p°

(x,-m e
) (3.8)



With regard to eguations from (3.2) to (3.8), it has to be
pointed out that, in the general cese, n and DOi s 88
well as m and D , are functions depenging on the coordina-
tes of space points and also on time (or on a load parameter
depending on time).

Furthermore, it is interesting to note that, as it is easy
to deduce (1), the marginal probability demsity of 11 can be
rigorously expressed in the form :

2n 2 2

x X+ x
Px (xl) BJ[ Pr x (xl,xz) d12 = _% exp(— . :1 I0 121)
1 0 172 D 2D D
where 2n eee (3.9)
o p cos |
I(p) = —2,[/ e ap
0
is the modified Bessel function of order zero.
In order to express the probability density of in a

simplified manner, more suitable for further elaboratiocns, we
now observe that, if D 1is sufficiently small by comparison

with m; (and this is that we suppose in the present case),

then we can approximately write (ii) :

21™Ye» D !
I°(n2)';/e‘n—qq“"( =

Consequently, from (3.9) it is easy to deduce :

- 1 ("1""1)2
pll(xl) = Vxl/ml E—l; exp(— ——2—]')5- = Vx,/m, &(x,,m,,D)

where g(x,,m.,D) is a Gaussian curve. -+ (3.10)

Therefo e,lbecause of the factor Vxl/ml , the approximate
expression (3.10) of the probability density of xl differs
from a Gaussian curve in such a way that, as shown in Pig.3.2,
we have Px (xl) s g(xl,ml,D) in accordance with the value of
Xy S my . 1

In %his connection, it has to be pointed out that, in the
range Xy >> Iy (which is the most interesting from the point
of view of the safety analysis), the effect produced by the
factor V|x /ml is similar to that caused by an increase of
the standard deviation of g(xl,ml,D).

(1) See, for instance, A. Papoulis, "Probability, Random Va-
riables, and Stochastic Processes", MacGraw-Hill Book Company,
New York, 1965, pp.195-196.

(1) see, for instance, . Boll, "Tables numériques universel-
les", Dunod, Paris, 1957, p.739.



Thus, taking into
account the conside- A
rable uncertainty of
the true value of D
and in view of seve-
ral practical advan-
tages, it seems rea-
sonable to adopt, as
a possible alterna-
tive approximate ex-
pression of the pro-

bability demsity of -~~~ Vx;/m; e(x,,m,,D)
X; , the Gaussian
form : Pig.3.2
2
(x,~m_)
| e
Py (x,) = —— exp(— ——-—) (3.11)
LY o= D, 2 Di

in which a conveniently selected value D1 > D 1is introduced
for the standard deviation,

4. PROBABILITY OF PUNCTIONAL DAM FAILURE

Por simplicity, as failure surface for plain concrete under
complex states of stress, we adopt in the present note a cir-
cular cone having the axis coinciding, in the space of princi-
pal stresses, with the xj-axis (Fig.4.1). Then, such a failure
surface can be expressed by the relation

L+V2(1-0)X,=V23aY (4.1)

in which a 1is a deterministic constant coefficient depending
upon the material.

In connection with (4.1), it is convenient to observe that
such an equation can be regarded e¢ither as & particular case
(in probabilistic version) of the more general (deterministic)
¥ield surface described in [14, 15] or as a consistent genera=-
lization of the well known experimental formule (obtained b
Richart, Brantzaeg and Brown, and recently discussed in [16 )
for predicting ultimate load capacity of triaxially loaded
concrete

o' = my + 4.1 o® (4.2)

in which o' 1is the axiasl (compressive) stress at failure and
o" the lateral pressure.

In order to obtain that (4.1) can coincide with (4.2) for
the case of the triaxial state of stress, it is easy to deduce
that o must be approximately equal to 1/2 .



Let us now denote by B = By u By the union of the region
B, of the stress space, containing all the points with coor-
dinates Xy 0 X5 9 1:3 such that

x1+|/§(1-u)x3<}/2/3 ay and 0=x,=2nx ’
with the set By containing all permissible values O =y =
of Y.

Therefore, the
probability Pp
of the elastic dam
survival, without
reaching in any
material point the
conventional limit
state (4.1) of
functional (or lo-
cal) failure, is
evidently the pro-
bability of the e-
vent that the ran-
dom point with co-
ordinates X,, 12,
X, and Y occurs
in the set B . As
well kmown, Py
can be then ex-
pressed as the 11):-
tegral of the joint probability density (X, X, 0X.,Y
of X, 12 ¥ 13 y Y taken over B : lex2x3r 172"y

Fig.4.1

PE = Pr [(xl,xz,x3,r) € B] = [ pxlxszY d11512d13dy (4.3)
B

and the functional failure probadbility P_ = 1 - P, can be

explicitly written as ¥ E
© h,y 2 h(x3,y)
PF =1 - f dy f dx3 f dxzj pxlx?x:’Y dxl (4.4)
0 -00 0 0

where = a/}3(1-a) and h(x3,y) = V2/3 ay - V2(1-0a) xq .
Agssuning for simplicity the stress state to be stochasii-
cally independent of the local yield strength Y (an analogous
hypothesis, even if somewhat debatable, is habitually employed

in structural safety analysis), namely
P (x,9%,%.,¥) = P (x,,x,,x,) p.(y) , (4.5)
1112131' 172773 x1x2x3 1°72773° Y

and taking into account e-uations (3.6) and (3.9), it is easy



to recognize inat expression (4.4) can be rewritten as

Po=1 —f py(y) dyf Py (13) dx3f pxl(xl) ax,  (4.6)
0 ~C0 3 0

Equation (4.4) unrestrictedly, and equation (4.6) subordi-
nately to assumption (4.5), provide a rigorous expression of
the functional failure probability P, .

In order to obtain an alternative simplified expression of
such a probability, more suitable for rapid calculations, we
now congider a new random variable Z dJdefined as

Z=X + V2(1 - a) X3 - V§7§ aY (4.7)

Assuming as probability densities of X, , x3 and Y the
Gaussian ones expressed by relations (3.11%, (3,8) and (2.3),
respectively, and supposing such relations tc be valid for e-
very value of X3 » X3 and y ineluded between -00 and +oo
(this requires, to avoid inaccuracies, D <<m and D,<<my ,
being Xy and Y both essentially non-negative), also the
probability density of Z is Gaussian @

2
(z-m, )
p,(2) = —l— exp|- ——-—g——
ye n Dz 2 Dz
Moreover, the mean value m and dispersion Dg of 2
can be expressed, respectively, in terms of m o, m3 ’ nY and

ZI):|.,1203==2IL),DY as

(4.8)

m, = m + 1/5(1 -a) n, - V273 o my (4.9)
2 2 2 . 2 2 2 2
D; = Dl + 2(1 -a) D3 + 3« Dy (4.10)
Being in virtue of (4.1) and (4.7) o
PE=1—PP=PI‘(Z<O)=J pz(z)dl i
-0

it is then immediate to deduce @
1 1
P, =3 - ¢ (m,/D,) Pp=5+ ®(m,/D,) (4.11)

where p 3
o(p) = 1 f e~ ¥ /2 dpu
R

is a well Xnown error-type function, for which exhaustive nu-
merical tables are savailable,

5. APPLICATION TO A DAX WITH A SCHEMATIC STRESS DISTRIBUTION

Por the purpose of exemplification, let us consider a typi-



cal cylindrical arch-gravity dam, having a cross-section such
as that shown in Fig.5.1.

Denoting by H the height of the dam and by R the radius
of its upstream face, the vertical variation of the thickness
t , which has been considered herein, is such that

+ z
R = l1-|/1-2=a (5.1)

& H
T T where a = (2 - to/R)to/R
and ¢ is the thickness
at z=H (Pig.5.1).

It has to be pointed
H out that if, as this is
R frequently the case, ty/R
is small enough by compa~
rison with the unit, then
(5.1) can be linearized
¥ and ¢ can be approxima-
tely expressed as

—t — z 4 t‘é’toﬁ-=bz (5.2)
For the simplicity of
Pig.5.1 exemplification, we assu-

me in this section that

in the deterministic ave-
rage elastic case (i.e., in the case in which the elastic mo-
duli of dam concrete are defined as the average values of the
actual ones) the elastic three-dimensional stress state of the
dam can be schematically represented by means of a stress ten-
sor having the following non-zero physical components

l1-=-¢ z
°> "% Ta ~“°»®E
09 --o, 1 +9
2 (5.3)
c = o (E—Q\P)b—z-c (E"'W)
z B H c H
T, = O© £
Tz B b
in which we have introduced the notations
G'A=YWH(1-0)) i GB=ywHu) P GC=YCH
¢ = (1-az/M®ERMZ, v = (R-r1)/t

where Y is the specific weight of the water, vy is the one
of the concrete, and ® is a repartition coefficient for the
load taken by the arch action and by the cantilever one.

It is worthwhile to mention, in connection with (5.3), that
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the case ® = Yo = 0 (for which we have Cp =Yg H and og =
Uc = 0 ) corresponds to an exact three-dimensional axially
symmetric solution, obtained in a previous paper [17] , for a
eylindrical tank having thickness variation similar t¢ one ex-
pressed by (5.1) and subjected to only hydrostatic pressure.

On the contrary, the case ® = 1 (which corresponds to
Oy, =0 , Op= YyH and G = Yo H ) represents the well
known Ldvy's solution for gravity dams, having thickness va-
riation similar to one expressed by (5.2) and subjected both
to hydrostatic pressure and to dead load.

Moreover, it has to be observed that, as it is well known,
the Lévy's solution for dead load can be regarded as an almost
exact solution also for a cylindrical arch-gravity dam, in
consequence of the fact that such a dam is normally built of
blocks separated by vertical joints, which are usually open
during the course of construction,

Por the purpose of demonstration, and in order to avoid
further complications, we suppose at this point that, in eva-
luating m; and m; by means of {(3.,3) and (3.5), respective-~
ly, the mean values myy , Mgp and myy can be calculated as
principal values of the stresses (5.3) :

[ n
a. -1 1 2 12

2
01" 2 (Gr’ cz) * 2 {56r7 cz) 40

' .2 1a1/2
re

1 |, 2
(Gr"' c’z) =2 L(cr- Uz) +4

) [

mo3

Then, if, in view of simplifying numerical computations, we
assume a =b =1/2 and yg /Yy = 2.4 , from equations (5.3),
(5.4), (3.3) and (3.5) we can deduce what follows,

1. At upstream face (for which we have r =R , ¢o=1 - a %
and ¥ = 0 ), the mean values m, and m, are
| 211/2
m = V273 vy B[Oy + 0y(s/) + c,(2/m)?] 559

- V73 vy E [0y + o (z/m)]

where 3 2
co =16 (1 - ©) § 01 ==-2.4(1-0)(9-100) ,
62 = 0,12 (73 - 205 0 + 175 w?) ’
03 =4 (1 -0) " 04 = 2.4 - 30

2. At downstream face (for which we have r=R -t , ¢o=1
and y = z/H ), n, and m, can be written as

m = VE7§ Ty B [DO + Dl(q/H) ¥ Dz(z/H)z] 1/2
m,=- 131, 8 [n3 + D4(z/H)]

(5.6)
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-200(1 - ) , D2= 25m2 ’

=
l

2

If, in addition, we suppose for simplicity a = 1/2 and
B = ml/D1 = m3/D3 = my/Dy , then, taking into account rela-

tions (5.5), (5.6), (4.9) and (4.10) and setting n = yyH/my ,
we can write the failure probability Pp , previously express-
ed by the second of relations (4.11), in the form :

p=1-¢(sl-"‘2'-“) ) (5.7)

F 2
V1 s n2(4 ¥ ¥2)
where, in the case of the upstream face, one must assume

=)
]

2 2
M = CO + C1 z/H + ca(z/H) and N = 03 + 04 z/H ’
while, in the case of the downstream one, it has t0 be assumed
2 2
¥ = D, + D1 z/H + Dz(z/H) and N = D3 + D4 z/H .

In Pig.5.2, t0 illustrate the foregoing results, curves
Pp = Pp(2/H) , deduced by (5.7) for f =4 and n = 1/40 ,
are plotted for r =R (upstream face) and for w=0, 1/4 ,
/2, 3/4 , 1.

In Pig.5.3, analogous curves are plotted for the case of
the downstream face.

0 4 6 8 10 2
\ /” M/ 10° P,
w=
0.25 / é
7
\ w=1
0.75 v
UPSTREAN PACE
B4
1.00 n = 1/40
v

Fig.5.2 '
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0 2 %0 12 -
©=1/4 | 10° P
w=3/4
0.25
0.50 \
. N /// ‘\\\\‘Eli\i\
0.75 /

DOWNSTREANM FACE

1.00 | \ - ;/40

& z/H

Pig.5.3

6. FPROBABILISTIC FORMULATION OF A METHOD FOR OBTAINING A LOWER
BOUND POR THE DAM COLLAPSE LOAD

As it has already been discussed in several previous pa-
pers, lower and upper bounds for the average value and disper-
sion of ultimate load [18, 19, 20] of a structure with random
yield strength, as well as for the probability of its collapse
failure [21, 22, 23, 24, 25, 26] , can be found by employing
the fundamental theorems of the limit analysis theory.

In the present section, defering to a later paper the study
concerning the upper bound (it has to be noted that a research
on such a bound, from the deterministic point of view, has al-
ready been developed in [27] for the c¢ase of arch dams), we
deal only with a probabilistic formulation of a method for e-
valuating a lower bound, as large as possible, of the maximum
hydrostatic~type load that an arch-gravity dam can sustain.

Such a method, whose deterministic formulation has previou-
sly been established in [10] with regard to the case of pure
arch dams, is founded on the limit analysis theorem which sta-
tes that a statically admissible field of stresses and forces
in equilibrium defines a lower bound for the ultimate load
that a structure can carry.

From the mathematical point of view, as it will be explai-
ned in what follows, a stochastic linear programming problem
(with deterministic objective function and random constraints)
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arigses from this procedure.

For the solution of such a problem, appropriate computa-
tions by means of a recent technique of digital simulation
(with random generation of normal variables) are now in pro-
gress and will be presented as soon as possible.

Discretization of the structure. Let us consider the typi-
cal dam portion included between diametral planes 6 = 0 and
0= 92 , shown in Pig.6.1l. Any horizontal cross-section of
such a portion (cantilever) exhibits, at the upstream side,
constant breadth

(6.1)

r <« o — 0=R(92—91)
As indicated in
2 Pig.6.1, let us divide
i-1 z the whole cantilever
1 into n finite ele-
Iy T+ H ments having the same

h] | height h = H/n , and

denote by z; =i h
! (1 = 1,2,..,n) the va-
: lue of the coordinate
7 = z at elevation i .

| R | Thus, the element 1
" is included between
| : z y the horizontal cross-

|
: " | sections 2z = Z;1
(] --‘—-.,_ and z = zi . - }
¢ 2_ _.—-—;ﬁ}51 If the upstream fa-
-\ - | ce of the dam is sub-
91 _- jected in every point
to the hydrostatic

pressure y z , the ho-
rizontal force applied

it

Pig.6.1 on the i-th element is
then the following
(92-91)/2
Ti = 2 J Y(zi- h/2) h Rcosp dp
0

N

and, if the angle 6, - 91 is assumed to be small enough, we
can suppose approximately
w h e
I'i = Y (2 zi- h) ""2— (6.2)

Disregarding for simplicity torsional action of the dam, we
now denote by py the part of Iy +taken by arch action, and
by q the one taken by cantilever action. As a consequence
of this, we can rewrite (6.2) as



14.

Y(2 2,= 1) h/2 2 (pi+ qi)
V= he(2 z,- h)
\' \ \' ¥ j ./ / Taking into aciount the

M fact that, for each possible

value of i , we have

pi+ qi _ pn+ qn (6 3)
2 z,- h " 2z-h * :
I n
2 1 we can express y also in
2 the form
Pig.6.2 n p.+q
2 i i
7=hcnz 2 z.-h (6.4)
i=1 i

Ultimate load capacity of arches. Indicating by t; the
thickness of the dam wgll at horigontal section i and by

A = (ti_1 + ti) h/2
the area of the cross-section of the i-th arch, we now assume

that i-th arch failure occurs when in the whole area A the
mean nominal stress %o reaches the yield value (of random

nature) :
1
Pig.6.3 By l ri Ty = A ]; T aa, (6.5)
' i
KReglecting, for the sake
of simplicity, the tensile
strength of dgn concrete and
///” denoting by p, the maximum
9 9 part of I3 wﬁich can be
- carried by the i-th arch, we
2 2 can write -
where (Pig.6.3) :
- . w
Py =2 ¥ Ay sin (92- 91)/2 =Y, A ¢/R (6.7)

Ultimate bending capacity of cantilevers. Indicating by a!
i
the depth and by
* - ] - ]
A! = af (R t o+ ai/é) c/R

the area of the compressive zone at the downstream side of the
i-th horizontal section (Fig.6.4), it is assumed that the can-
tilever failure at section i , due to the positive limit ben-
ding moment Q! , occurs when in all point of the area A!

the mean nominal stress S,3 reaches the random yield value

1
L S '
Yi = 3 o Y dAi (6.8)

1
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In a perfectly analogous way, denoting by a' and

A} = af (R - a”/2) ¢/R

the depth and the area, respectively, of the compressive zone
at the upstream side of the same section i (Fig.6.5), it is
also assumed that the cantilever fajilure, due to the negative
limit moment Q; » occurs when in all points of the area A"
the mean nominal stress o reaches the yield value

=i
" = - Y daA” (6.9)
Pig.6.4 i A; A,' i °
i

If we now denote by

Pi = Y{ Ai = Y; A; (6.10)

the (deterministic) vertical

Torce applied on the section

i (due to dead weight), by
f1 = ti/3

its distance from the up-

stream face, and by

al al
=50 Ty ar/z)
Q i i
a' a?
e = __(1 - l __*_.Eﬁ___
i 6 R - a"/2

the distances of the forces
Y! A! and YY" A" from down-
stream and upstream face,

" respectively, it is easy to
Fig.6.5 8y obtain, from figures 6.4 and

6.5, the expressions :
2 2, 1
Q= P, (ti- f,- fi) = P ( 3 t- 3 ai) (6.11)
w 1 1
Q; s - ri (ri- r;) = - ri ( 3 ti— a;) (6.12)

in which Q' and QT , as a consequence of the randomness of
a] and a} produces by (6.10), are also random guantities.
In view to determine the maximum part q' and the minimum
one q; of I, which can be carried by the cantilever, it is
now convenient to remember that the bending moment Q, appli-
ed on the i-th horizontal section can be expressed in the form

Q = E (=~ z g+ h/2) ay (6.13)
J=1
Consequently, denoting by {Qi} and {qj} two columm vectors
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having as components the bending moments Q. and the cantile-

ver loads gq4 , respectively, and by [Q..] the low triangularxr
matrix whose elements are 1

(v if i b

Qi "<zi- 24 B/2  if 1= ]

it is easy to recognize that (6.13) can be rewritten in matrix
notation as

{og} =[] {ay} (628

b AR % or also in the alternative
form

-1
{ag}=1D00 7 {o} (625
in which [0, .] -1 jndica-

1)
tes the inverse of [Qijj .
—————— - If, in addition, we deno-~

te by {Qi} and {Q;} the

\ column vectors of the limit
I bending moments, we have

Pig.6.6 for}={o} = {oy} (6.18)

or also

Cog,0 74 {3} = {o;} = [0, ™ {03} (6.17)

By setting for the sake of convenience -

{33} - [oy4] = {o5} mma {7} = - [o;,] =1 {5}

inequality (6.17) can be apparently rewritten as

v A

- aq" o'
qi = qi < qi (6.18)
Lower bound of dam collapse load. In virtue of foregoing
considerations, the problem of finding a lower bound for the

dam collapse load can be reduced to determining the vectors

{r} ana {a;}

which maximize the specific weight y , expressed by the (de-
terministic) objective function (6.4), subjected to the random
constraints (6.6) and (6.18), and to the additional (determi-
nistic) restriction (6.3).

It has to be noted that, in order to obtain that all the
variables are positive, it is evidently suffisient to assume,
instead of q. , the new variable aq; = q, + qf and to re-

. i i i i
write (6.18) as ] - -

Y ' n
0=aq3 a5 +aj

1A
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Mean value and dispersion of Yi . Because of space limita-
tions, which preclude adequate discussion upon the random
Yield resistances Yy , Yi » Y; previously introduced, we are
now concerned with only two short considerations on the arch
resistances Y. , and we defer to a later work a more extensi-
ve treatment of the matter.

In connection with Y s it has firstly to be pointed out
that, being by assuuption :In independent of space coordina-
tes, it is immediate to obt (by commutating the operations
of mathematical expectation and integration) that

insg[_%;]AiYui]=+ifAiB[Y]dAi=nY

Namely, the mean value of Y; is independent of Ay .
Secondly, remembering that, as well as By , also devia-
tion Dy is independent of space points, we observe that the

dispersion of Y; can be written in the form :

2
1)1,i ( )][ Py dA; dA, (6.19)

in which, by virtue of (2.1), the normalized auto-correlation
function Py can be expressed (being 0 = 0' for all points

of A, ) as
i 2 2
Py = exp(— (r=-r') +2(z == ) (6.20)
do‘ ‘
Inserting (6.20) into (6.19) leads to

D 2 rz 3 2
2 Y i i (z—-2')
D = f—— xp (- K(z,d ) dz dz°
By (‘1)]: L ) ( a2 ) g ’

i-1 i-1 0
where R R (r-r')e
K(z,do) = f exp|- ~——— |dr dr?’
R-bz / R-bz do

can be easlily expressed in terms of the error function.
7. CONCLUSIONS

Probability of local dam failure was rigorously investiga-
ted in the general case. An approximate formula for determi-
ning such a probability was obtained and numerically applied
to0 the particular case of a typical arch-gravity dam with a
schematic three-dimensional stress distribution.

In connection with the structural dam failure, a probabili-
stic formulation of a previous deterministic method for ob-
taining a lower bound of the ultimate load that the dam can
carry was presented.
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ZUSAMMENFASSUNG

Man hat versucht die klirzlich erreichten Begriffe der Wahrscheinlich-
keitsanalyse flir die Sicherheit einer Struktur bei einer GewBlbe-Gewicht-
sperre aus Beton anzuwenden, idem die Vermutung gemacht wurde, dass
diese als "Random''-Mittel betrachtet werden knnte, dessen mechanische
Eingenschaften (elastische Module und Btliche Elastizititsgrenze) als sto-
kastische Funktionen der Raumkoordinaten beschrieben werden kfnnen.

Insbesonders wurde die Yrtliche Bruchwahrscheinlikeit des Staudammes
berechnet und, angesichts der Wahrscheinlichkeit, wurde eine massgebende
Methode, die schon frliher fllr die Bewertung einer Mindesgrenze der Bruch-
belastung eines Staudammes gebraucht, neu formuliert und flir den Fall der
Gewllbe-Gewichtsperren angeeignet.

SUMMARY

Assuming that an arch-gravity concrete dam can be regarded
as a random medium, whose mechanical properties (elastic modu-
1i and local yield strength) can be described as stochastic
functions of space coordinates, an attempt is made to apply
recent concepts of probabilistic safety analysis to such a
structure. '

In particular, the probability of local dam failure is eva-
luated, and a previous deterministic method for obtaining a
lower bound for the collapse load of pure arch dams is refor-
milated from the probabilistic point of view, and adapted to
arch—-gravity ones.

RESUME

En 1l'hypothise de considérer un barrage poids-volite comme
un milieu random dont les proprietés mécaniques (module et
limite locale d'élasticité) peuvent se considérer comme fon-
ctions stochastiaues des coordonnées spatiales, on a essayé
1'application & une structure de telle sorte de ouelqgues
récents concepts de l'analyse probabilistique de la sécurité.

En particulier, on a calculé la probabilité de rupture
locale du barrage, et on a modifié, en l'adaptant & la consi-
dération des barrages poids-volte sous le point de vue proba-
bilistique, une méthode déterministe déja formulée pour
1'evaluation d'une limite inférieure de la charge de ruine
d'un barrage-voliite.
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Observations extensométriques sur des oeuvres en béton
de grande épaisseur (barrage de Place Moulin)
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Par Luigi GOFFI, Professeur de Technique des Constructions a I’Ecole Polytechnique de Turin, Italie

1. = L'étude suivante se propose de développer quelques
considérations sur l'interprétation de lectures extenso-
métriques dans des ouvrages en béton de grande épaisseur
(barrages), avec 1l'analyse, & titre d'exemple, de certai
nes mesures se référant au barrage de Place Moulin (°)
en Valleée d'Aoste,

Les istruments pris en examen sont deux rosettes
(n® 25 et 26 en fig. 2) placées a&u niveau 1908 m, dont
1'on dispose des lectures pendant deux années aprés le
bétonnage.

Chagque rosette est équipée par sept extensométres
linéaires 5lectroacoustique- Galileo (jauge 300 mm,, sen
8ibilité eng O, 33x10~?), préalablement orientés suivant
des directions étab11es et noyés dans le béton.

(°)- Le barrage de Place Moulin (figs. 1, 2, 3), bAti
pendant les années 1959-64, offre les caractéristi-
ques suivantes

= hauteur maximale du barrage 1970 m s.n.d.m.
- nivesu de la retenue 1968 m s,n.d.m.
- niveau du lit 1840 m s.,n.d.m,

- type poids-vofite
- retenue maximale 105,000,000 mc
- cubage de béton 1.510.000 mec
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FIG. 1 Plan du barrage de Place Moulin, - Grundplan des Place Moulin Staudammes. - Place Moulin dam plan,
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L'orientation des extensométres est définie par
rapport 4 un systéme d'axes orthogonaux x,y, z, ol
l'axe z est en direction verticale, 1'axe y en direc
tion radiale aux arcs dans le plan horizontal, 1'axe
x en direction tangentielle aux arcs toujoure dans le
plan horizontal.

Dans le plan x,z nous disposons de 4 extensome-
tree (fig. 4) dont deux selon les axes x et z, deux
selon les dlrectlons a 45° (axes xz et Xz). Nous
appellerons &x, éz . E',, i 6“ les déformations
mesurées dans les directions x, z, xz, Xz.

De la mé&me fagon nous disposons dans le plan ra-
dial y,z des déformations um.talres £, E £, (déja me-
surée dans le plan x,z), &}, , Eﬁz .

2, - Les sept extensométres ci-dessus ne permettent
pas la définition compléte de 1'état de contrainte
dans le point, puisque 1l'on ne dispose pas d'une me-~
sure extensométrique dans une direction qui ne soit
pas parallele aux plans x,z et y,z.

Les informations au contraire sont surabondantes
sur les plans x,z et y,z (4 directions contre les 3
strictement nécessaires).

En effet la disposition des extensométres avait
le but de réaliser deux rosettes planes respectivement
dans les plans x,z et y,z, puisque l'on disposait en
chaque plan de 4 données, susceptibles d'8tre compen—
sees,

En partant de ces données 1l'on a déterminé les
valeure des contraintes dans les deux plans,

3. - Les lectures extensomdtriques peuvent &tre aussi
interpétées comme se référant a une rosette a trois
dimensions, bien que la définition compléte de 1'état
de contrainte ne soit pas possible, comme nous avons
déja remarqué, en référence a la disposition des exten
sométres,

En écrivant les équations qui relient les données
théoriques et experimentales de 1'état de déformation,
nous obtenons des rélations différentes si nous égalons
les expressions (théoriques et expérimentales) des dé-
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formations linéaires suivant les d1fferentes directions

(c'est & dire &,, é Egr Exzr Exz é:,,_, 2)» Ou bien
les expressions des compoaa.ntes .5, du tenseur de
déformation,

Dans le premier cas nous écrivons (avec accent nous
indiquons les déformations mesurdées):

Ex= €
[}
&= &
£, =&,
/ 1
£x2= xz = 2 [8x+£z+sz] (1)
=1 = 1
Exz—exz=5[8x+az-rxz]
/ 1
Eys = Eys =? [ €y + & +ryz:)
’z= £yz=-2- [£y+£z -ryz]

Dans le deuxiéme cas:

E - &
X X
£'. &
Y’ y
O

) ] 1 7
K;z=2&xz' (éx"' 52) sz (2)
i =/ / /
sz ~& £xz + ( Ex"‘ £z) b/xz
/ ! !
—2£yz-(8y+ E.z) = ryz

=1 ! !
2 &y, + (‘Ey + &) = b/yz

L=
NN
rooon

Nous sommes donc en présence de deux systémes i
T equatmns en 5 inconnues, susceptibles d'8tre traités
& 1'aide de procédés de compensation., Mais a différence
du I° systéme , dans le 2° les inconnues £y, 53, Egy
sont immediatement définies & 1l'aide des trois premiéres
équations et le systéme est donc réduit aux gquatre der-



niéres équations:

! / /
2 Exz-(ﬁ + éz)

X

U/xz
¥ xz
/ / !
2 £yz (6y+ ) = K}z
=1 / /
=2 6yz + (£y + 62) Kyz
surabondantes par rapport aux deux inconnues ) b’ .
xZ v
L'élaboration des deux systémes & 1'aide d'un crithé-

rium de compensation aboutira donc & des résultats diffé-
rents dans les deux cas,

=/ ! !
- £xz+(£ + &z)

X

(2)

4. - La compensation se propose la recherche des sBolutions
de compromis les plus croyables d'apres un certain type
d'interprétation des causes d'incompatibilité des équations
surabondantes, c'est a4 dire des causes des erreurs expéri-
mentales.

A titre d'exemple 1l'on & employé la méthode des moindres
carrés par laguelle un sysiéme de m équations, en n inconnues
(m »n), peut 8tre réduit & un systéme de n équations et n in-~
connues, prémultipliant les deux membres de 1'équation matri-
cielle du systéme par la transposée de la matrice des coeffi-
cients des inconnues,

Dans notre cas particulier cette méthode pose plusieurs
réserves parce que 1l'élaboration de données expérimentales
mesurées en différentes directions (et dont la distribution
n'est pas de type gaussien) ne semble pas tout & fait correcte.

L'on doit aussi remarquer la différente confiance des
mesures de grandeurs obtenues immédiatement & l'aide d'exten-
somé tres orientés suivant les directions mémes ( &£x, éi]:*gz )
et de grandeurs obtenues en forme indirecte, soumises aux
hypothéses d'homogénéité du matériau et de continuité des dé-
formations,

L'on doit observer que dans le cas du systéme (2) la
méthode des moindres carrés établit pour les deux seules in-
connues les valeurs suivantes:
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X2 xz X2z
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d'aprés la simple moyenne des 4 derniéree equations,

Dans le cas particulier d'écriture de nos systémes
l'applications des moindres carrés' donne différentes va-
leurs pour les £ et les m2megvaleurs pour les ¥ . in ter
mes de contraintes cela signifie que les O seront diffé-
rentes dans les deux cas, tandis que les T seront les
mémes,

5. = Aprés la connaissance des £,) 1'on peut établir
les valeurs des contraintes ¢, T & l1l'aide des relations
de Hooke:

0'x=2GEx+)9' ’Z;y=(}b/xy
o;=2G£.Y+’A9- ,Z;Z=Gfxz
o;=2cgz+33' %zzGﬁyz
avec
2 ¥ G
2._. 12 Y 9'= Ex+ 6y+£zo

Mais nous ici pouvons établir uniquement les valeurs
de 5 contraintes, tandis que demeure inconnue la sixiétme,
c'est & dire:

=G = |2 -(& + & . G

Ty =% Yoy ( €,y - (&, y)] |
puisque nous ne disposons pas de la valeur de 8x par
faute d'un extensomeé¢tre convenable, Y

Toutefois 1l'on peut raisonnablement supposer que les
valeurs de ’Z;,y soient petites, d'aprés les raisons suivantes:

1) les rosettes sont tris proches aux surfaces (d'extrados
et d'intrados respectivement) et 1l'angle de 1'extenso-
métre vertical avec la tangente & l'extrados de la section
de la consolle est trés petit (4°58°);



2) les rosettes sont proches a ce que l'on peut appeler
en certain sens axe de symétrie du barrage.

L'hypothise Tyy= O en effet nous entraine A considérer
les O; et Oy comme"contrnintes principales secondaires’par
raprort 4 1'sxe z, Pour les mdmes raisons 1'on peut prévoir
jue aussi les valeurs de Txzet Tyysoient tres petites par
raprort aux O, Gy , J; , ce qui”semble 8tre confirmé par
les €laborations des données expérimentales; en consénuence
les directions x, y, 2z seraient pratigquement les axes prin-
cipaux dans le point,

6, — Les diagrammes de fig, 5 et 6 nous donnent les valeurs
des contraintes élaborées 5 1'aide de 12 méthode des moindres
carrés d'apres les mesures des déformations dans les deux

ces des systémes (1), (2) en posant & = 240,000 Kg/emq, V=

= 0,2 et donc & = 100,000 XKg/emq.,

Les diagrammes de 7Txz et 7Zy:dans les deux cas sont les
mémes, comme on a déja eu l'occasion de remarquer,

Les lectures extensomdlrigues débutent & la date du
14.8,1963, c'est & dire 7 jours aprés la pose des instruments
et le bétonnage {7ui en ccrrespondance aux emplacements des
rosettes 25 et 26 a eu lieu le 7.8,1963),

Le zéro instrumental a été donc établi le 14.8,1963,

Les diagrammes des contraintes doivent 8tre associés aux
disgrammes indiquant le niveau de bétonnage et le niveau de
1l'eau jui augmentait progressivement avec la progréssion de
la construction du barrsge (fig, 7). :

Bien sfir 1'interprétation des déformations du béton en
termes de contraintes élastijues est arbitraire; particulie-
rement dans les premiers mois aprés le bétonnage, & cause du
retrait et du fluage,

En tout cas, aussi si nous préferons nous borner a
1l'examen des déformations, sans les traduire en contraintes,
nous pouvons affirmer, avec beaucoup de vraisemblance, gue
les directions x, y, 2z, coincident avec les axes principaux
de 1'etat de déformation, et donc aussi de contrainte dans
nos rosettes, puisque les valeurs des Ty et Tyz se sont
averées tres petites, par rapport aux 0, ce qui permet de
supposer tres petite aussi la valeur de 1'inconnue tay.
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FIG. 6

FIGG. 5 -6

Diagrammes des contraintes d' aprés les élaborations des données extensométriques
suivant les systémes (1) et (2).

Diagramme der Spannungen Infolge der Bearbeitung der Dehnungsmessungen nach
Systemen (1} und {2).

Diagrams of stresses from the elaboration of strain measurements according (1)
and (2) systems.
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FIG, 7 Diagrammes des niveaux du bétonnage et de 1' eau.

Diagramme der Hbhe der Betonierung und des Wassers,

Diagrams of concrete casting and water levels,

RESUME

L' étude se propose 1' analyse de certaines mesures extensométriques
dans le barrage de Place Moulin, avec la discussion des procédés de compen
sation des rosettes a trois dimensions,

SUMMARY

The values of strains measured in Place Moulin Dam are analysed
particularly from the point of view of the compensation of strain rosettes.

ZUSAMMENFASSUNG

Die Werte einiger Dehnungsmessungen in dem Place Moulin Staudamm

'werden analysiert aus dem Gesichtpunkt der Kompensation der Messinstrumente,
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Dr, Ing, G, LOMBARDI : Chairman's introductory remarks

Mesdames, Messieurs, j'ai le plaisir et l'honneur d'ouvrir la qua-
triéme séance de ce symposium sur l'état de confraintes triaxiales,

Le théme d'aujourd'hui est 1'état de contraintes tridimensionel dans
les barrages-gravité épais; ainsi pour le moins le dit le titre, mais en fait,
ce sont sourtout des barrages plut6tot minces qui ont été présentés, Ceci
dépose certainement en 1' honneur des auteurs des projets, mais soulévera
peut-&tre quelques questions,

Nous avons recu sur ce sujet au total 9 communications, Il y en
a 4, celle de M, Mizukoshi et Mimoura, celle de M, Mc Neice, celle de M,
Fanelli et Giuseppetti, et celle de M, Kettner, sur le calcul des barrages.
Nous avons ensuite deux communications, celle de M, Widmann et celle de M,
Berio sur la sécurité des barrages et enfin 3 communications, celle de M. Ca
rati, celle de 1' ENEL et celle de M, Goffi sur la mesure des contraintes dans
les barrages-voate,

Si vous me permettez, je voudrais faire quelques considérations pré
liminaires dans 1' intention peut-&tre d' orienter un peu la discussion,

[l est certain que les barrages-voQte sont des ouvrages a trois dimen
sions et ce sont sans doute les premiers ou les plus anciens ouvrages que l'on
ait calculé en détail, comme structures & trois dimensions. Mais il faut aus-
sitot faire un premiére consideration, a savoir que surtout dans les barrages
minces, des trois contraintes il y en a deux qui sont importantes tandis que la
troisiéme joue un réle un peu secondaire., Ceci explique que la plupart des
méthodes de calcul employées jusqu' a ce jour sont en fait des méthodes adeux
dimension, On calcule en fait une membrane résistante a la flexion, mais en
négligeant en général la troisiéme dimension, c¢' est-a-dire l'épaisseur.

Un calcul complet devrait & la riguer s' étendre effectivement a 1' état
tridimensionnel, c¢' est-a-dire qu' il faudrait en chaque point tenir compte des
trois contraintes principales.

En réalité nous avons plusieurs méthodes de calcul qui ne tiennent com
pte que de deux contraintes et négligeant latroisieme, alors que dans certains
cas on fait des hypothéses simplificatrices sur la troisiéme contrainte que 1' on
introduit ensuite dans un calcul & deux dimensions.

Il y a donc quelques questions qui se posent.

Premiérement, quelle est la valeur réelle de cette troisiéme contrainte
qui est normale, aux parements? Est-ce qu' 4 1' amont elle est vraiment égale
a la pre ssion hydrostatique ? Ou est-ce qu' il y a une certaine réduction? Nous
avons entendu hier une communication de M. Bonnechére qui faisait allusion a
ce probléme, Enfin de quelle facon peut-on mesurer cette contrainte?

ig. 9/19
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Deuxiéme point, est-ce que 1' on peut faire abstraction de cette troisiée
me contrainte dans les calculs? Dans quel cas peut-on le faire? Dans quel cas
ne faut-il pas le faire? Je pense par exemple au probléme des fondations, au
probléme aussi de 1' épaisseur du barrage, Jusqu' a quel point un barrage est
mince? Quand commence-t-il a devenir épais? il y a ici des problémes speciaux

comme celui du tampon dans le fond d'une vallée étroite,
Ensuite une troisiéme question se référe au probléme des dérange-

ments locaux dans 1' état de tension et je pense par exemple & la communica-
tion de M. Fanelli,

Si vous voulez bien nous allons inviter les rapporteurs & exposer leurs
travaux et puis nous pourrons passer a la discussion et tenant compte, si vous
pensez que cela vaut la peine, des suggestions que je me suis permis de faire.

V-1 Prof. E. FUMAGALLI

Monsieur le Président, Mesdammes et Messieurs, M. Carati n' est pas ici
et il m' a chargé de renseigner le symposium sur son rapport. J' essayerai de
le faire le mieux, méme si je ne dispose pas de diapositives.

Le rapport renseigne sur un probléeme d' ordre général qui concern le con-
trole des barrages. A 1' époque de 1' exécution du barrage de Frera (Falck) on
avait discuté s' il était convenable d' accepter les courbes d' étalonnage des exten
sometres & plonger dans le barrage telles qu' elles étaient fournies par le contr6-
le en laboratoire de 1' instrument nu. En effet le comportement de 1" instrument
dans le béton résulte trop souvent irrégulier. Par conséquent, le Prof. Oberti,
ingénieur conseil, avait proposé de plonger auparavant les instruments de mesu-
res (extensometres Galileo) a 1' intérieur des blocs d' un meétre cube de béton,
Par cette technique on réalise deux avantages. Le premier c' est d' obtenir lami
se en place en laboratoire avec tous les soins qu' il n' est pas possible de réaliser
en chantier, 1' autre c' est qu' aprés endourcissement du béton il fut possible d'ob
tenir par la presse de 2, 000 ton disponible 4 1' ISMES une courbe d' étalonnage p]IlS
croyable et souvent déplacée par rapport a4 celle fournie par 1' instrument nu, Avec
un nombre suffisant d' instruments, le bloc mis en place dans le barrage représen-
te un tensometre trés valable pour l1a mesure des contraintes. Par une telle techni
que on est arrivé a évaluer d' une manieére tout a fait satisfaisante les variations
des contraintes & 1' intérieur du barrage. Les mesures ont été effectuées en cor-
respondance de trois consoles et des arcs horizontaux. Pendant plusieurs années
on a pu €valuer les variations des cycles successifs saisonnaires de mise en char
ge du barrage, cycles qui se repeétent toutes les années d' une maniére assez régu
liére,

Ce que 1' on a néanmoins constaté c' est que les variations des déformations
mesurées aprés un certain nombre d' années se reduisaient peu a peu, jusqu' a une
valeur de presque la moitié, par rapport a 1' origine. Une recherche critique du
phénoméne avait permis d' avancer toutes les hypothéses, méme les plus négati-
ves. Enfin le coniréle du module d' élasticité déterminé sur des carotes tirées r¢
cemment du barrage a démontré que la valeur du module, par effet d' endourcisse
ment aprés de nombreuses années, était presque doublée. Cela a permis de justi
fier d' une maniére tout a fait convaincante le fonctionnement des instruments,
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IV-5 Prof, M. FANELLI

Ladies and gentlemen, the paper we presented to this seminar is a classical
exercise on finiteelement analysis of an arch dam having an inspection gallery
through its thickness, As such this problem does not seem to have any peculiar in
terest, but we presented it in order to bring to light some points and I will try now
to outline the interest we think these points can reveal.

First of all I think we showed, at least by way of example, that finite elements
computation can complement physical models in some cases where, by way of com-
plicated or recessed shapes in zones subjected to triaxial stresses, the physical
model could present some difficulties - and I think that this aspect of complementa
rity between two entirely different means could be of some help in such cases., Of
course we tried to gather some information from the particular case we examined,
because this case of an inspection gallery running through the thickness of an arch
dam is of some interest in itself, Very often we find that along the sides of such
inspection tunnels there are cracks - many times horizontal cracks - running for
a considerable length and it is interesting to try to ascertain whether such cracks
are due to loads or to thermal effects.

So we tried first with live loads to find the stress concentrations, if any, a-
round such inspection tunnels and the conclusion we came to is that in the case of
an arch dam the live load, namely water pressure on the upstream face, does not
seem to have any particular adverse effect on stress concentration around this in-
spection tunnel. So that we are left with the suspicion that where we find these
cracks in actual dams, they are probably due to some thermal or hygroscopic ef-
fect. This is an interesting point and of course one should be willing to go further
and analyze such effects by our mathematical model - and at least in the realm of
elasticity there is not any particular difficulty to doing so in principle. But there
are practical difficulties. One of these is that it is very difficult to know in detail
the thermal and hygrometric situation in the material surrpunding such tunnels, So
we are practically left with little or no information at all about the input data that
we should feed into our mathematical model.

The second factor which adversely affects our possibility to do such calculations
is that, as everydesigner of archdams well knows, if we try to do an analysis of
thermal stresses in dam - especially in an arch dam - and we assume the same
elastic modulus that we use for live loads, we will end up with very severe thermal
stresses, which do not appear to have any possibility of occurring in reality. So
much so that many dam regulations, and among them the old Italian regulations on
dam construction, allow the designer to select a very low elasticity modulus, re-
duced by as much as 50%, to calculate his figures for thermal stresses. So you
see that this is a very important problem because for arch dams thermal effects
certainly cannot be neglected and it is very important that we should know which
physical parameters to use for our mathematical model. There is a certain contra
diction here., From our experience of comparing computations of displacements
and observed displacements in actual dams we see that we achieve a fairly good
correspondance between theory and observations and so we cannot draw any infe-
rence from this about how we should differentiate between the material properties
that we should use with one kind of load and the other kind of load. I'll try to make
myself clear,

Whatever value we assume for the elastic modulus for thermal effect, as long
as we do not change the expansion coefficient we wind up - as you well know - al-
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ways with the same results on displacements, but of course we wind up with diffe-
rent results for stresses. It is very difficult to measure stresses directly. Prac
tically the only thing that we can measure directly with any certainty are displace-
ments or unit deformations around some point. Thus in the interpretation it is
very difficult to separate the effects of live loads and thermal loads - and I propo-
se this subject for discussion because it seems to me, at least according to my

own judgement and information, that this is very much an open point.
By way of a parenthesis I would like to show you some results of our compa

risons between computed and observed displacements for arch dams.In'fig. 1 you
see the crown section of a thin arch dam, and on this (Neves} as on a number of
other ones we tried a certain method of predicting displacement values from ob-
served temperature in a certain number of points (from embedded thermometers)
and from water level variations, The results of such computations are given in
Fig. 2: the first diagram represents the water level variations, the second dia-
gram the hydrostatic component of the displacement in a certain point, the third
diagram the time dependent component which was statistically computed from a
comparison between computations and observations, the fourth diagram the ther-
mal component of elastic displacements as from the computations, the fifth dia-
gram the comparison between computed and observed values - you see that they
are very very close and sometimes you cannot distinguish between them - and
the last diagram shows the difference between the two.

I point out the comparison between predicted and observed displacement which
seems to me to be very good. Now for another point (Fig. 3) where the maximum
absolute values of displacement were found, and you see that the comparison is uni
formly good for all points and all I want to infer from this comparison is that an
elastic mathematical model, at least after a certain initial time during which we
observe time dependent effects (but these effects die out after a certain time) can
reproduce quite faithfully the displacement behaviour of such structures. But this
goes only insofar as displacements are involved, As soon as you try to analyze
strains, for instance if you have some embedded extensometers in the concrete,
you wind up with comparisons between computations and observations which are worse
by at least on order of magnitude - and this relates in my opinion to the fact I was
referring to a moment ago.

For this subject of comparison between computations and observations which
can be translated into a very efficient method of continuous control of the safety of
such structures, I can give some more details later on if any of the delegates would
find it interesting.

Closing this parenthesis I would take advantage of this chance to point out the
necessity of developing advanced rheological models for concrete, taking into
account both time dependence and thermal effects. In particular it seems to me
that the different advanced rheological models that we have seen for instance this
morning or other advanced models that one could think of, should be reviewed in
the light of a consistent thermodynamic approach to the behaviour of composite
materials. In particular one should want to explain why apparently thermal effects

produce so little stresses in our structures, a thing which we are unable to explain
at the moment, Anyway such advanced models should retain a fundamental quality,
at least for engineers: they should be simple enough to encourage engineers to
apply them and to incorporate them into their mathematical tools. I think I have
nothing more to say and thank you for your attention.
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IV-6 Mr, R.D. KETTNER

Mr. Chairman, Ladies and Gentlemen, I shall be very brief in giving just a
few additional comments to my paper on the use of Lagrangian polynomials in the
analysis of arch dams by the load distribution method.

In those grid lines having no node points at the end, that is at the boundary
or the abutment respectively, the adjustement loads have to be extrapolated in
some way.

The most critical grid line in this sense i$ for the most part the crest arch:
since it is the longest grid line it generally contains the highest number of nodes
and thus the polynomials have the highest degree compared with other (shorter)
grid lines.

So the polynomial functions may become, at the ends near to the abutments,
wavy or fluttering when the polynomial is of high degree. In order to overcome
this obstacle and to avoid misleading loading distributions in these areas (i.e. in
the abutment zone at the crest) it was found best to equal the function value in the
abutment point with the value in the nearest node point.

In the concluding remarks in my paper 1 therefore mentioned the possibility
of using Spline functions instead of Lagrangian polynomials, which may be an easier
tool with respect to the necessary extrapolation at abutments of the crest arch. But
this still has to be studied,

So much for my contribution - and now, referring to the paper of Dr. Widmann,
who unfortunately could not participate in this Seminar, I can say that he told me
he had no additional comments to his paper.
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CHAIRMAN

Nous allons maintenant commencer la discussion sur les mémoires qui
ont été présentées tout a 1' heure. Nous nous trouvons ici dans un comité tres
restraint. Il s' agit donc d' une discussion qui pourra &tre approfondie si néces-
saire. Le nombre de demandes écrites est trés limité, Mais cela ne fait rien
parce que j' ai découvert tout a 1' heure quelques personnes qui essayent d' obte-
nir des informations sur un plan privé, alors nous allons les inviter a poser ces
mémes questions publiquement,

La premiére communication qui doit étre discutée est celle de M, Carati
qui a été exposée tout 4 1' heure par M. Fumagalli, J' al moi-mé&me une question
a poser: M. Fumagalli a parlé de 1' augmentation du module d' élasticité du béton
dans le temps et a m&me indiqué si j' ai bien compris qu' aprés quelques années
cette valeur avait doublé. Je voudrais lui demander s' il a pu établir pour ce bar
rage-la ou pour d' autres barrages une corrélation entre cette augmentation du mo
dule d' élasticité mis en évidence sur 1' ouvrage et celle constatée sur des éprou-
vettes en laboratoire. Si quélqu' un a encore des questions &4 poser a M, Fumagal
li ¢! est le moment de le faire,

Mr. I. W, HORNBY

This is a question for Dr, Carati; Prof., Fumagalli might have some
comment to make, The question concerns the calibration of the strain gauges for
use in a dam, The calibration of cubes described would, as I understand it, give
a value for the modulus and Poissons ratio- of the concrete in some appropriate
moisture condition. The strain readings which are taken in the dam however in-
clude both elastic strains and non stress raising strains - creep, shrinkage, ther
mal, How are the strains, from which the stresses are to be derived, obtained
from the total strain measured by the recorder?

This difficulty has also been mentioned in Prof. Fanelli's and Mr. Goffi's
papers.

Prof, E, FUMAGALLI

Le rapport de M, Carati avait le seul bat d' informer sur unems#éthode de
emploi rationnel des instruments de mesure. En tout cas pour ce qui concerne les
effets qui se superposent et dérangent les mesures on peut observer que pour . le
"creep' dans le dépouillement des résultats, on tient compte normalement chez nous,
en entroduisant une valeur de module d' élasticité réduite par rapporta ce que 1' on
obtient en laboratoire. Par exemple, contre un valeur moyennement de 300, 000 -
350. 000 Kg/cm2 qu' on obtient sur éprouvette, on adopte une valeur de 1' ordrede
250. 000 Kg/cmz. Les effets thermiques peuvent étre dépouillés aussi par les me-
sures de variation de température. Quelquefois on place aussi un instrument neu
tre trés proche aux instruments de mesure,
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En tout cas je ne veux pas sous-valuer ici les difficultés qu' on rencontre
dans la détermination des contraintes statiques dans le corps d'un barrage. J'ai
me seulement souligner que 1' allure des contraintes mesurées dans lebarrage de
Frera peut etre considérée satisfaisante, tenu compte des fréquents insuccés que
on a rencontré en plusieurs cas, A ce sujet le Prof. Oberti aura sans doute 1' oc
casion de nous fournir par ses expériences des informations plus exactes et dé-
taillées.

Prof, G, OBERTI

I completely agree with Prof., Fumagalli. I can add only that the question
of putting directly in place the strain meter in the block, and not the isolated in
strument, is also due to the fact that the concrete of a dam is made with & coarse
aggregate of very greatsize, about half a foot; and when you put directly in place an
instrument which has practically the same length you have to take intoaccount the
anisotropy of this material, this concrete, On the contrary, when we put in placea
block which had been directly calibrated in the laboratory taking into account also
the effect of anisotropy, we found that the strain measurements were sometimesve
ry different from those recorded from the instrument alone. This is my opinion
on this very important question,

Furthermore, due really to the possibilities we may have on the spot, due
to the fact that this block has been powered in the same quality as the real concrete,
and moreover that the shrinkage effects are practically finished, in any case it is
necessary to grout all along the surface of the block in such a manner as to have se
curity of continuity, because otherwise the measure changes. But the question is
quite a difficult one,

CHAIRMAN

Y a-t-il d'autres questions au sujet de la communication de M, Carati?
Apparemment pas! Et au sujet de la communication de 1' ENEL sur les mesures

dans d'autres barrages en voate? Non plus! Dans ce cas nous pouvons passer A
la communication de M, McNeice. D' apreés les statistiques ¢’ est 1ui qui a parlé

le plus Iongtemps tout a 1' heure; il a donc droit a la question écrite!

VICE-CHAIRMAN

I have a question from Dr. Kettner: how is the gravity load (self-load)
taken into account in your programme STRIDE? When block joints are grouted
after the dam has been constructed to the crest, stresses due to gravity(dead)load
are the same as for gravity dams: In this feature incorporated in your programme?

CHAIRMAN

J! ai une autre question & vous poser, si vous le permettez, Il s' agit de
la méthode de calcul que vous employez, ou plutét des conditions aux limites,
¢! est-a-dire des problémes soulevés par les fondations, Vous nous avez parlé
tout 4 1' heure du barrage, mais je n' ai pas noté que vous ayez mentionné le pro-
bléme posé par les fondations et en particulier par 1' anisotropie du rocher., Com
ment introduisez-vous ces facteurs dans votre programme? Merci. B
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Proi. G.M. MCNEICE

With respect to the first question the answer is that we have not taken into
account the grouting pressures. What we have assumed and I agree that this is
highly approximate, is that once the block is put in and construction has gone around
that block, that it is completely monolithic with the other blocks. Now this is not
correct of course. The reason why we have not taken that into account was that we
were only trying to see if we could use the system for this type of investigation from
the viewpoint of geometrical convenience, because otherwise there is a lot of data
to produce. We were well aware of the problem and we had thought one attack
would be to introduce an expansion, an internal force system, such as an increase
in temperature or certain variations to simulate the grout pressure, I think the
question is addressed to low dams in which the grouting may not start until the dam
is well up. In cases like that the results of our work would be absolutely meaning-
less,

How we take deadload into account generally is fairly straight forward, we
simply create energy equivalent loads within a block and add this to the system. So
the loads themselves are approximately correct, but the effect of grouting is not
taken into account.

With respect to the second question, as to the boundary conditions used, I
spent many hours. Although I still have hair left I tore much of my hair out trying
to come to grips with what type of foundation model I should use for the very first
dam that we did, We did not have this system then. It was just a dam that happen
ed to come to the university and they wanted analysis done. I had to do it in the h
quickest possible way. At that time, having looked into the trial load analysis, the
type of boundary conditions used was that due to Vogt. When I looked at that parti
cular model and realized that if I were to use finite elements intelligently on the
North American continent, I would have to convince the people using trial load that
at least I could use the same type of boundary condition as they could. Then we have
some base of comparison between the two methods, Incidently, I have not seen any
evidence to show that using large elements for a boundary model comes anywhere
close to the Vogt type of response,

I cannot answer the question either right now, because we have not invest_i
gated it fully, but I felt that at least going the Vogt direction I would end up with a
very simplified boundary model. In fact when you do it you find that the stiffness
coefficients which add into the structural stiffness matrix do not introduce any ad-
ditional equations. They do not even introduce any additional non zero terms.They
add right into the existing stiffness matrix.

I will go through this briefly, I have some slides to explain it. Let me
just very briefly look at the Vogt boundary so that I can show how we made almost
an equivalent model of this into finite elements. Basically if you take a section of
the half space and consider that there are these loads, as Vogt approximated the
behaviour of this little rectangle in here, you basically have translations and rota-
tions concentrated at a single point which he approximates by having average res-
ponse over some little area.

This is of course a well known thing but by those of you who work on arch
dams, the b/a ratio is calculated in an approximate way, but this is the little a-
rea here over which we are going to be dealing with the loads applied at this parti-
cular point. So eventually we will have a series all the way around these little
strips and all the elements that come in contact with this surface will have a num-
ber of these little strips inside. So we have a Vogt boundary in each little stripand
a number of little strips for the face of every three dimensional element.
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The way we calculate the b/a ratio is simply to take the intersection of
the boundary, the intersection of the dam on the rock, take the boundary area and
flatten it out like this, then approximate that area by a series of rectangles and add
up these in order to get the proper b/a. It is a little more refined than what is
usually done in practice, but it is done automatically in the computer,

The model with the Vogt boundary is a flexibility matrix because it rela-
tes displacements to the forces at this point. So the bending moments, and transla
tional forces are related through a flexibility matrix to the corresponding rotations
and displacements. At this point you have a flexibility matrix and you can almost
think of this as being a cantilever beam, This area here is a little strip that I'll
be describing, Since Vogt uses the infinite space equations, then his problem is
already well posed, the boundary conditions are already applied and therefore it is
not a numerically sensitive problem. That is, it is tied down and so you can invert
this matrix and produce a stiffness matrix., This would be the Vogt stiffness matrix
then in the little strip area,

This is the area we have to concern ourselves with., The elements can be
curved like this and we use local curvilinear coordinates, You relate the displace-
ments here to the displacements at the end points and in the center, at the outside
of the strip, by a matrix, let's call it CI1.

Everytime we relate displacements one to another we have a matrix which
relates them, so that Cl relates one set of displacements, R relates these displa-
cements to another set, C2 relates these back to the concerns and so you go through
the process of introducing these into the original stiffness matrix. This simply de-
scribes the displacements at the ends to the Vogt displacements,

Using equality of energy one simply sets up an equivalent set of forces
which simulate the Vogt energy or the total work done, Although it looks a little
complicated, it is really very simple. The original Vogt matrix is only a diagonal
matrix with a few terms in it. These transformations simply expand this little k
up to a large matrix, and of course you add one strip on to the next and accumulate
these and you end up with the same size of stiffness matrix as the face of the three
dimensional element has. That is, if it is an 8 noded face on the side, it would
be 24 x24. That immediately adds in to the structural element that comes on to
the boundary.

In our work we have always used it and until we can research it fully to
see how it responds to other types of derivations and how it compares with a very
complex arrangement of three dimensional elements, I really cannot say whether
it is better or not. I know it is better from the point of view of computation and it
is equivalent to what is used in trial lcad, that much I can say.

CHAIRMAN

Merci M. McNeice pour cette explication que j' ai compris, au moins a
peu prés, Peut-8&tre quelqu' un n' a pas la mé&me opinion que vous i ce sujet, .,

Prof. O.C. ZIENKIEWICZ

[ wanted to comment on the question of including foundation defor-
mability in the analysis. The standard Vogt foundation coefficient method
introduced by the U,S, Bureau of Reclamation in the early’ 30s has per-
sisted till today and it is essentially a Winkler - type approximation where
the influence of one element on another is not taken into account, It
is very efficient computation however, and despite being such a crude ap
proximation it is found to give remarkably good results in much of dam a-
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At a Sympsium on large dams held at the Institution of Civil En-
gineers some years ago, it was found that the influence of foundation de
formability was slight on the general dam displacements and factors of
of two or more on the moduli of foundations made pratically no diffe-
rence in the results of the stress and displacement analyses of the struc
ture itself, Perhaps we are lucky here,

However, Dr., Lombardi indicated that it would be useful to ex-
tend the finite element analyses into the foundations to deal with discon-
tinuities and peculiarities of it,

We find it today, to be reasonably economical to represent the
foundation by a few crude elements of high order extending some distan-
ce into the foundation, The procedure however, is not too economic and
much work will have to be done on new elements to model the foundation
deformations well. Here, perhaps we should think of introducing in
finite elements, or alternatively, coupling the solution with integralpro
cedure which deal well with semi - infinite regions,

I would like to congratulate Prof, McNeice on the excellent work
done on generating the shapes of dams. The matter of shape description
and its incorporation in the analysis and optimisation of dams is of pa-
ramount importance and much work on graphics has to be done,

Prof, G, M. MCNEICE

With respect to using elements in the boundary I agree that it is almost man
datory to use elements if you have anisotropy. If you have slip planes for example
that you must take into account, there is no other way of doing it. The point is that
many dams are designed using the Vogt foundation and this is why I have introduced

it here. I agree that with Vogt there is not a direct mathematical link by coefficient
from one element to another, but the stiffness coefficient on one element is deter

mined and therefore influenced by the physical presence of the infinite media next
door. These values are connected in that sense only,

I do agree that it is not connected sufficiently, Our experience has been, and
we have used as many as 62 elements in one dam, which give a lot of boundary ponts,
that we found no major discontinuity between the behaviour as we came down the
valley. So you can, with respect to anisotropy, use the Vogt effectively in the sen
se that you can put in the modulus of elasticity of different strips, not only at
different elements but throughout different elements, So you can get an approxi-
mation in that way. But coming to the real point of the problem, you mentioned
a very interesting thing. You mentioned the 1 over R functions; we have already
developed an infinite element, We have taken a general series solution to the ba
sic differential equation and you do not have to have a flat or half space. It is of
semi-infinite extent and you can have any topography you like. We create the stif
fness coefficients for this half space by taking the finite element of the dam, pla
cing it on the surface and stating that the traction or the charge between the
two bodies must be equal-the distribution on that body and the distribution on that
body-must be equal within a least square sense, What this does, is to allow yo
to couple the stiffness matrix of the dam and the element if you have one with
the solution in terms of undetermined coefficients, We have all of the mathematic
complete, we have done two dimensional testing and we have some fairly intere-
sting resultsI think, The 3D is currently being computed and unfortunately my Phc
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student who is doing the work was such a brilliant man that a company has hired
him for an extremely large sum and he has perhaps another three or four months
before he finishes his degree. So I hope that within 4-5 months we'll have some
thing published. We are going to write a short precis on the mathematics,

CHAIRMAN

On voit donc qu'il y aun probléme de rigidité. Nous avons deux matri
ces de rigidité, celle du barrage et celle de la fondation qu'il faut mettre en
corrélation. Je voudrais poser une question & M. Fumagalli puisqu'il est 1a,
en premiére file, ‘c'est une victime toute désigneé. Est-ce que vous avez déja
eu l'occasion de déterminer sur modeéle des matrices de déformation du terrain
en tenant compte de 1'hétérogénéité du terrain, de l'anisotropie du terrain etc,
I1 s'agit de matrices dans le sens de celles que vous nous avez montrées hier,
au sujet des coefficients de déformabilité du barrage déterminés en vue d'un
calcul sismique? Peut - &tre d'autres personnes peuvent également nous faire part
de leurs études,

Prof. E. FUMAGALLI:

Pour répondre a la question de M. le Président, je retiens qu'on pourra
bien exécuter des examens de comparaison entre résultats de modeles et de calculs
pour ce qui concerne la déformabilité des fondations d'unbarrage en utilisant les mo

deles de type traditionnel. Dans ces modeles, en effet, le rocher est généralement
reproduit par corps en roche élastique, homogeéne et isotrope, c'est-a-dire en con-
ditions tout a fait comparables aux hypothéses de calcul.

Plus difficile, & ce moment, il me semblerait de pouvoir utiliser les résul
tats des modeéles géomécaniques: ces modéles sont des moyens de controle a la sta-
bilité d'ensemble, Dans ces modeles en effet la rupture de l'équilibre est déterminée
fondamentalement par les systémes de discontinuités, quelquefois assez complexes,
rupture encore difficile 4 vérifier par calculs.

Tout cela pour ce qui concerne une vérification de type statique; pour une
vérification de type sismique, la question doit &tre posée a mon collégue 1'Ing. Ca-
stoldi qui malheureusement n'est pas la,

CHAIRMAN

Y a-t-il encore quelque chose & ajouter sur la communication de M, McNeice?
Si ce n'est pas le cas, nous pouvons examiner celle de M, Fanelli. Pour mapart
j'ai quelques questions 4 poser. M. Fanelli a étudié une galérie tangentielle au bar-
rage, c'est-a-dire une galérie qui se trouve & peu preés dans le plan moyen du bar-
rage et il a trouvé que l'influence sur 1'état général des contraintes était trés faible.
Je voudrais lui demander s'il a eu 1'occasion d'étudier aussi des galéries placées
perpendiculairement au parement, parce qu'on peut supposer que dans ce cas 1'influen
ce serait bien plus forte. D'autre part je voudrais lui demander s'il a fait une compa
raison entre ses études et les formules qui sont données par exemple par le Bureau
of Reclamation au sujet des contraintes secondaires,

Un autre point qui pourrait intéresser les présents c'est de savoir de quelle
fagon - plus en détail, puisque vous nous avez dit 1'essentiel - vous analysez séparé
ment les effets thermiques et les effets statiques du barrage,

Est-ce qu'il y a d'autres questions & poser & M. Fanelli? De cette fagonil

pourrait répondre a toutes a la fois,
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Prof, O,C., ZIENKIEWICZ

I am not sure of the arguments made by Dr, Fanelli for reducing the
thermal stresses, These do not appear to be consistent with the deformation
and temperature drop. Could he perhaps explain.

Prof, M. FANELLI

I'll try to answer the different questions in the order they were put, First
of all, we analyzed the ease of a tangential tunnel in the middle surface of an arch
dam because that is the normal positién for most of the inspection tunnels - and I
think this is logical, because we try to cut the flow of the stresses in the neigh-
bourhood of the neutral axis for bending components, Of course it would have been
very interesting also to study the case of a tunnel perpendicular to the facings. We
did not do that for lack of time and also for the same reason we did not compare our
results with the formulas of the Bureau of Reclamation, but I intend to do so and to
publish the results if they prove to be interesting.

I'1]l answer the question put by Prof. Zienkiewicz before answering the se
cond question put by Prof. Lombardi. What I was trying to say before is this: when
we compare dsplacements measured on actual dams and displacements computed on
a mathematical model we must put together two different components: displacements

caused by live loads and displacements caused by thermal effects. We do this on our
mathematical model - at least that is what we are doing - in the frame of a simplee
lastic model and we assume, to start with, a certain thermal expansion coefficient
and a certain modulus of elasticity, We compute displacements and provided we put
in the right value of our constants they come off pretty well, (they can be pretty well
comparable with what we observe in reality).

But when we come to compute stresses in the structure, then usually we
wind up with thermal components which seem exaggeratedly large. This is a very com
mon experience among arch dam designers, When you are designing an arch dam and
compute the thermal effects, if you use the same modulus of elasticity as for other ef
fects, you obtain very very large thermal stresses, so large that they would lead to
a very critical appraisal of the safety of the structure. And so an empyrical viewpoin
has been developed -but with some justification of course - saying that for computa-
tion of stresses due to thermal effects we are allowed to use a modulus of elasticity
which is far smaller than the one we use for computing displacements due to live load
(for instance) and this is explicitly born out by many regulations, ] was citing the Ita
lian dam regulations,

This is of course an inconsistency. One could reason in a very different way,
one could say, well the thermal stresses develop very slowly in time - at least for
the majority of the mass of concrete - and so there must be an important creep effect
These stresses are stresses which are in equilibrium, they do not have to face any
live load and so they are compatible with the situation in which a certain state of de-
formation appears externally and the stresses tend to dissipate. But in my opinion
this is not very consistent with what we observe on actual structures, because in an
actual dam we have a live load due to water, which in many cases has a cyclic beha
viour, The reservoir is going up and down with fairly large variations and if we look
at a typical curve of a reservoir impoundment we observe that there is a fairly cy-
clical component,
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The same kind of cyclic behaviour is valid for thermal effects. So why does

the one dissipate, and the other not do so? This is very hard to conceive, unless
there is some factor which makes thermal stresses basically different from e

quilibrium stresses. This is what I was trying to say before, I don't know if Iha
ve made myself clear now.

Prof. O.C. ZIENKIEWICZ

Why are computed thermal stresses judged '"too high'?

Prof, M, FANELLI

Well, simply because they would produce in some regions of the
dam very large tensile stresses and normally this would appear to lead to craking.
We know that if the stresses were of such magnitude and of a tensile nature, the
concrete would not withstand them, And so there is a feeling, but no more than a
feeling, I admit it, that those stresses are too large to be actual, to be real, The
re must be something which we do not take account of, Of course one can imagine
many mechanisms that can be taken into account for this, but it is very difficult to
choose between them and to have a consistent model of the material.

If there is some time left I could present some results for the system of
displacement control that we have been developing for some years now for the E
NEL dams.Basically the situation is the following: we have to follow during their
liie a very big number of dams. They are controlled by very different means. Ba-
sically we follow of course the water level variations, which are recorded, the tem
peratures of the air, of the water and at a certain number of points inside tLe con-
crete(this is a common practice for other countries), and we control the displace-
ments of a certain number of points of the dam. All these quantities are plotted and
are given over to the control authorities. Of course this is not an endin itself becau
se all these things must be interpreted and they must be given a meaning in order
to assess the safety of the structure. What we have been trying to do for some years
now is to find a rational basis to give such a critical appraisal of the measurements
we make; and among the different ways one could choose to do so we chanced upon
this scheme. We construct a mathematical model of the dam, which is capable of pro
ducing answers if we subject it either to water level variations or to thermal varia-
tions. We construct by means of this mathematical model the so - cdlled influence
functions, unit influence functions. What do we mean by that? We mean that we pro
duce for every point that we must control displacement-wise functions relating the-
se displacements to water level variations and functions relating their thermal displa
cements to unit temperature variations in each thermometer. This is done by a mg_
thematical trick, but I cannot extend upon that, the only thing I can say is that it
works. I have published some details on other occasions and I can give you the biblio
graphy.

By these unit functions we are able to reconstruct very rapidly or to fore-
cast, if you want, the displacements of every point due to whatever level variation
in the reservoir and whatever thermal situation as indicated by the control thermo
meter., Now we end up with theoretical displacements, because they are drawn
from a mathematical model, given certain assumptions. These theoretical displa
cements must and can now be compared to the displacements we actually observe
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on the structure under the same conditions of water level and temperature. The
feeling that we have is that as long as this comparison gives us a difference which
is contained within a rather narrow confidence band, we must say that the actual
structure corresponds to our mathematical model. So we prove the model by as-
certaining that this agreement happens over a certain number of years, If this is
the case, then we reason in the following way: let us observe the dam in time, let
us forecast its displacements as time progresses, by means of our unfluence func
tions and compare them all along with the observed displacements, If the agree-
ment we had for the past continues in the future, then we are allowed to say that
this model is consistent with reality. As soon as this agreement is impaired and
the difference between the theoretical and actual displacements goes out of the
confidence band, we are allowed to say that something has happened - we do

not know what, but our model no longer corresponds to the reality. Maybe the
material properties have changed, maybe a crack has occurred, maybe the foun
dations have changed - we do not know, but something has occurred, And so we
may sound an alarm, so-to-speak, go and see what has happened, This is very
briefly the principle of our control method and if you allow me some more minu-
tes I can show a few slides to illustrate this principle.

This is just to show you very rapidly what is the basis of the mathemati
cal trick for decomposing temperature variations into unit tempe rature variations
pertaining to each thermometer. Supposing (Fig. 1) each white circle represents
a thermometer, this surface is the image of the unit temperature distribution - or
shape function - that we relate to unit temperature variations for that thermometer
and zero temperature variation in all other thermometers. Fig. 2 is a study we
made of the error we commit in making the assumption illustrated in the previous

slide and this error has been found to be minimum for certain optimal distribution
of thermometers along the thickness, which depends of course on the thickness it-
self, Here the optimal configurations of a thermometer are illustrated and the
errors we commit, which amount to no more than about 10%.

Fig. 3 is another comparison for another dam, very much like the one I
showed you before: see the water level, hydrostatic component of theoretical di§
placement, thermal component, comparison between observed and synthetized dis
placements and difference. I am saving for last an illustration of how you can au-
tomatize the whole thing, Fig, 4 is the crown section of an arch dam in which
there is a pendulum, The main displacement observations are made by means of
this pendulum. In this case we installed on the dam a small analog computer into
which we fed the coefficients of our unit influence functions. Into this analog com
puter we feed the signals from the electric thermometers and from a pressure
transducer which signals the water level, so that the analog computer gives as an
output the synthetized theoretical displacements relative to these two causes. This
can be recorded on a strip of paper. Fig. 5 is the thermometer distribution for
that dam, Fig, 6 is a developed view. Fig. 7 a comparison between observed and
theoretical displacements over some years, Here we had a derangement of the ther
mometer output and after that was corrected we had a perfect agreemeut again, -

Fig. 8 is the analog computer we installed, with 24 potentiometers to ad-
Just the thermal coefficient and 10 diods to adjust the reservoir level function. Fig.
8 is the kind of trace we obtain as output of the analog computer and this can be
directly compared with the trace of the same kind which comes out from the auto-
matic pendulum recorder. Thank you.
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Barrage de Talvacchia. Répartition arcs-consoles pour la préparation du pro-
gramme automatique de calcul des déplacements horizontaux et position
des alignements et du pendule.
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FIG. 8

Barr.aoe de Talvacchia. Elaborateur analogique spécialisé pour Ienregistrement
continu du déplacement d'un point du barrage calculé avec la théorie a priori.
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CHAIRMAN

Merci M. Fanelli. Nous pouvons passer a la communication de M. Kettner,
est-ce qu' il y a des questions‘? Ce n' est pas le cas! M, Kettner a sans doute été
trop clair et explicite - ¢' est une erreur, il faut toujours laisser un peu de suspen

se! Alors passons a la communication de M, le Prof, Berlo quelqu' un a des ques
t10ns a poser? Pour ma part j' ai une question un peu nalve mettons que je sois
1a1que dans le domaine. Vous calculez une probabilité de rupture pour 1' ouvrage
avec un développement mathématique que nous avons lu dans votre communication,
mais avez-vous fait quelques reflexions au sujet de la valeur numérique de la pro-
babilité de rupture que 1' on peut admettre et comment peut-on en déduire un coef
ficient de sécurité dans le sens habituel? -

Prof. A. BERIO

Celle que vous avez posée c¢' est la question la plus difficile dans un cal-
cul probabiliste, Nous n' avons pas songé a cette question, c¢' est une question
trés difficile a traiter parce qu' elle entralne des considérations techniques et des
considérations économiques, et m&me des considérations sociales, parce qu' on
doit calculer la possibilité de perdre des vies humaines. C' est une question que
nous ne sommes pas en conditions de résoudre,

CHAIRMAN

S'il n' y a pas d' autres questions, j' en aurais une question a poser a
M. Goffi, sur la derniére communication; c' est la question que j' avais formu-
lée au début de la séance. Avez-vous pu prouver une corrélation simple entre la
troisiéme contrainte, c' est-a-dire la contrainte normale au parement aumont et
la pression de 1' eau?

Prof., L. GOFFI

Dans la figure n. 6 nous voyons que la contrainte sigma Y est treés fai-
ble; évidemment il n'y a pas de contrainte sur le parement aval, puisque il n'ya
pas de pression hydrostatique. Sur le parement amont on a la pression hydrosta
tique et 1'on devrait avoir la valeur de sigma Y qui devrait étre correspondanté—
la pression hydrostatique maximale qui peut arriver dans notre cas seulement a
50 m environ, car nous avons examiné des lectures qui se référaient & un ni-
veau d'eau qui n'était pas le maximum, Malheureusement les instruments sont
allés hors service avant que le niveau de l'eau eusse atteint le maximum. Alors
nous voyons_que, avec 50 m environ d'eau, il faudrait avoir quelque chose com-
me 5 kg/cm” et ceci est vrai jusqu'a un certain point car nous avons le sigma Y
qui marche trés vite le premier jour apreés le bétonage: évidemment c'estun ef
fet qui h'est pas dQ & la charge. Aprés nous avons le diagramme qui se mantient
& une valeur avec des oscillations peu significative, Ensuite nous avons un ac-
croissement d'environ 15-20 kg/cm2 et peut-&tre ceci est un peu fort par rap-
port & la pression hydrostatique. Il faut tenir compte que dans ce barrage, envi-
ron 10 m au dessous des emplacements des extensiométres, nous avons le joint
circonférentiel qui, peut-8tre, trouble les données expérimentales; alors il faut
prendre ces données avec un certain bénéfice d'inventaire,
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CHAIRMAN

Y a-t-il d'autres questions pour M. Goffi? Non! Dans ce cas je vousre
mercie, Nous avons ainsi terminé la discussion des mémoires qui ont été prése_n
tées, Je crois que nous pouvons conclure cette discussion. Je voudrais remercier
tout d'abord les auteurs des mémoires pour le grand travail qu'ils ont fait et pour
la contribution trés intéressante qu'ils ont apportée, ainsi que les personnes qui
ont partecipé a cette discussion, qui a été fort animée.

Nous pouvons constater que malgré les études faites jusqu'a présent
dans le domaine des barrages depuis des dizaines d' années, le probléme reste
encore ouvert et il y aura matiére certainement pour de nombreux autres sym
posiums - je vois M, Zienkiewicz qui pense déja au symposium de Swansea de
Septembre 1975 et sourit en voyant tous les problémes qu'il pourra résoudre a
ce moment 1a -, Les problémes les plus importants qui restent ouverts ce sont
peut-&tre les suivants:

- un premier probléme est celui des modéles rhéologiques & admettre pour le
béton, car pour ma part je partage les hésitations de M, Fanelli, En effet
nous constatons souvent que les tractions, que les températures devraient
induire dans le béton, ne se remarquent pas, Elles ne se traduisent pas par
des fissures comme elles devraient le faire "logiquement',

- un autre probléme dont nous avons parlé aujourd'hui est celui des fondations,
Comment tenir compte de toutes les particularités souvent trés peu connues
du terrain? De l'anisotropie? Des discontinuités? Et cela sous deux points
de vue: celuidesdéformations, mais aussi celui de la résistence et de la sg
curité de la fondation,

- le troisiéme probléme est celui des sollicitations locales dans le corps du
barrage, Car si on peut avoir assez facilement une bonne idée du comporte-
ment général du barrage, il reste encore divers problémes, tel que celuides
galeries dans des endroits peu favorables, celui des tampons etc, ol des étu
des de contraintes a trois dimensions devront &tre certainement encore en-
treprises ces prochaines années,

Je vous remercie donc tous de votre participation, Si je suis autorisé a
clore cette session de discussion je ne suis pas autorisé a le faire pour le sym-
posium lui-méme, M, Oberti ayant ouvert ces journées trés intéréssantes, Vous
addressera quelques paroles finales,

Prof. G. OBERTI

Only a few words because it is rather late, but I am glade of the success
of this seminar and I thank you wholeheartedly for having contributed to this suc
cess and particularly the Chairmen, Co-Chaimen and the whole staff of ISMES.
Personally I am satisfied and I hope that you are satisfied too.

Only a few words about the work developed at ISMES. I think that in par
ticular structural models even today constitute a powerful means of research that
needs to be refined through modern advances in the methods of reproduction, test
ing and measurements,as you perhaps have seen during the visit to the ISMES la-
boratories.
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Models represent a reliable and above all a safe method of investi-
gation, suitable for you in the elastic range and beyond to failure, as much as
for historical and ancient monuments - I have tested the Duomo di Milano - and
for modern works or structures, with special difficult design and with difficult
boundary conditions. They are available for tests in areas where analytical me-
thods, even the very advanced ones, are maybe usefully helped by experimental
studies.

I thank you and I close this Seminar on concrete structures subjected to
triaxial stresses.
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