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Hybridstatik — Computerberechnung von elastischen Tragwerken
aufgrund experimentell gewonnener Einflussfunktionen

Hybrid Structural Analysis — Computer Aided Investigation of Elastic
Structures Based on Experimentally Generated Influence Functions

Analyse hybride de structures — Calcul eiectronique des structures
elastiques base sur des fonctions d'influence obtenues par l'essai

W. SALATHE
Laboratorium H. Hossdorf

Basel, Schweiz

Das hier kurz skizzierte neue Verfahren zur Berechnung des
Verhaltens komplexer Tragwerke im linear-elastischen Bereich stellt
eine optimale Symbiose zwischen experimentellen Verfahren der
ehemaligen Modellstatik und dem digitalen Computer dar. Daher die
Bezeichnung "Hybridstatik". Die Verflechtung zwischen der nach wie

vor aus dem Modell gewonnenen analogen Information mit der durch
den Computer zusätzlich errechneten ist so eng, dass der Aussenste-
hende die Herkunft der Ergebnisse kaum mehr feststellen kann.

Der Computer wird sowohl als numerische Rechenmaschine als auch

als Prozessrechner eingesetzt. Ihm werden die folgenden Aufgaben

übertragen:

1. Er steuert den Versuchs- und Messablauf,

2. reinigt die Messdaten mit statistischen Methoden und rechnet
die Werte aufgrund der Aehnlichkeitsgesetze in entsprechende
statische Grössen am Tragwerk selbst um,

3. und führt mit Hilfe der so gewonnenen Information die stati¬
schen Berechnungen durch.
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Vergleich Modellstatik - Hybridstatik

Die Formulierung des statischen Problems setzt sich immer aus

den drei folgenden Schritten zusammen:

1. Wahl der geometrischen Form des Tragwerkes

2. Wahl der Lagerungsbedingungen

3. Wahl der anzuwendenden Lastfälle

In der reinen Modellstatik werden die geometrische Form des

Modelles und seine Lagerungsbedingungen jeweils durch einen
individuellen Versuchsablauf erfüllt. Die Ergebnisse für die einzelnen
Lastfälle werden normalerweise durch mechanisches Aufbringen von

spezifischen Lastanordnungen erzeugt. Diese Umstände lassen die
Modellstatik als ein sehr schwerfälliges Werkzeug erscheinen, welches

deshalb nur in Ausnahmefällen verwendet wird.

In der Hybridstatik wird nach wie vor ein Modell hergestellt.
Es soll uns ja Auskunft über das elastische Verhalten des nicht
exakt berechenbaren Körpers liefern. Die Verwendung eines Computers

zur Steuerung des Versuchsablaufes und zur direkten Registrierung

der Messdaten ermöglicht jedoch, das Modell in Verbindung mit
einer hierfür entwickelten Versuchstechnik programmgesteuert
beliebig zu belasten und Informationen allgemeinster Art über dessen

Tragverhalten zu gewinnen. Für viele Modellpunkte werden Steifig-
keits-, Flexibilitäts- und Einflusswerte gemessen. Man kann sich
das Modell als grosses Finites Element mit sehr vielen Knoten
vorstellen, welches überall belastet werden kann, wobei aber die
Spannungsfunktion von Natur aus exakt erfüllt ist. Sind zusammengehörige

Gruppen von Einflusswerten in genügend dichter Anordnung
bekannt, so lassen sie sich numerisch als Funktionen (Einflusslinien,
Einflussflächen) behandeln. Diese ortsabhängigen Beziehungen
enthalten alle Verhaltensweisen des elastischen Körpers und damit
sämtliche durch lineare Kombination errechenbaren Lösungen des gestellten

Problems. Die verschiedenen, später zu berechnenden Lastfälle
sind daher vollständig vom Modellversuch entkoppelt und die
Versuchsauswertung wird weitgehend unabhängig von den bei der Messung
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vorliegenden Lagerungsbedingungen. Durch diese Eigenschaften
verliert die Hybridstatik die Schwerfälligkeit der reinen Modellstatik

und wird zu einem Werkzeug für den entwerfenden Ingenieur,
welches er mit ähnlicher Leichtigkeit für die Lösung täglicher
Probleme einsetzen kann, wie die uns geläufigen Computerprogramme.

Versuchs- und Messtechnik

Die oben angedeuteten analytischen Operationen, welche mit der

grossen Menge von Messwerten später durchgeführt werden sollen,
setzen numerische Genauigkeiten der Grundwerte voraus, welche weit
über die Forderungen der klassischen Modellstatik hinaus gehen. An

die mechanische und elektrische Versuchstechnik werden daher
ungewöhnlich hohe Ansprüche hinsichtlich Präzision und auch Geschwindigkeit

gestellt.

Das Modell wird auf einem massiven Aufspannboden auf modularen
mechanischen Elementen aufgebaut. Diese Elemente erfüllen klare,
eindeutige Lagerungsbedingungen; ihre Modularität ermöglicht, alle
denkbaren Auflagerbedingungen mühelos herzustellen. Alle
Komponenten von räumlichen Kräften oder Verschiebungen, Aktionen
genannt, werden durch programmgesteuerte Geräte auf das Modell
aufgebracht. So wird das Modell beispielsweise in vertikaler Richtung
durch ein über dem Aufspannboden montiertes, koordinatengesteuertes
Gerät punktförmig belastet. Jedes Auflager wird abgesenkt, oder,
im Falle eines Lagers mit komplexeren Auflagerbedingungen, werden

die entsprechenden Verschiebungen als Aktionen ausgeführt. Solche
Aktionen werden mit pneumatischen Zylindern programmgesteuert
erzeugt.

Die jeder Aktion zugeordneten Reaktionen, Verschiebungen oder
Dehnungen, als Effekte bezeichnet, werden mittels moderner elektronischer

Messtechnik erfasst. In der Regel dienen Dehnungsmessstreifen

zur Umwandlung der mechanischen Grössen in elektrische
Spannungen. Während des Messablaufes registriert der Computer mit Hilfe
eines Messstellenumschalters und eines hochauflösenden, integrie-

g. 45 Vorbericht
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renden Digitalvoltmeters diese Spannungen. Die Abfragegeschwindig-

keit beträgt dabei ca. 20 Kanäle pro Sekunde.

An allen Lagerstellen wird die Information gemessen, welche

die spätere rechnerische Aenderung der Lagerbedingungen ermöglicht.
Die Steifigkeit des Modelies am Ort eines vertikalen Auflagers,
beispielsweise, wird durch die Messung der Auflagerkraft einerseits
und der Auswirkung einer erzwungenen vertikalen Lagerverschiebung

andrerseits ermittelt.

Da alle Lagerelemente mit Kraftmesszellen ausgerüstet sind,
schwimmt das Modell auf lauter bekannten Kräften. Dies lässt eine
einfache Kontrolle des Kräfte- und Momentengleichgewichtes zu.
Daraus ergibt sich auch eine Möglichkeit, über die Fehler der
Messungen etwas auszusagen; sie betragen zur Zeit ca. 1%.

Form der Daten

Für jede aufgebrachte Aktion werden jeweils die Werte der selben

Messstellen abgefragt. Die Gesamtheit aller so aus dem Experiment

gewonnenen Daten kann offenbar als Matrix dargestellt werden,
wobei die Matrixspalten sämtliche gemessenen Effekte für eine
Aktion und die Zeilen den gleichen Effekt für alle Aktionen
(Einflusswerte) enthalten. Diese Matrix hält alle Eigenschaften des

untersuchten Tragwerkes fest.

Sämtliche Lagerkräfte infolge jeder Aktion sind bekannt. Mit
Hilfe eines Ausgleichsprogrammes, das die Methode der kleinsten
Quadrate benützt, wird für diese, mit Messfehlern behafteten Kräfte,
Gleichgewicht erzeugt. Ein bei diesem Vorgang hergestelltes Protokoll

informiert den Benutzer über die beim Hybridversuch vorhandenen

Messfehler. Unter Berücksichtigung der Aehnlichkeitsgesetze
wird aus den Modelldaten die Informationsmatrix für den Tragwerks-

prototyp erzeugt und auf Magnetband gespeichert. Diese Werte dienen

als Grundlage für die statische Berechnung des Tragwerkes im

Computer. Das physikalische Modell hat damit seinen Zweck erfüllt.
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Statikprogramm

Für den Benutzer erscheint das Statikprogramm als ein leicht
handzuhabendes, flexibles Computerprogramm zur Berechnung des

Tragwerkes, für das der experimentelle Versuch durchgeführt wurde.

Das Programm hat die Fähigkeit, die gewünschten Aufgaben in
die korrekten linearen Operationen, die auf die Informationsmatrix
angewandt werden müssen, umzuwandeln und sie durchzuführen. Dank

der vorliegenden Daten lässt sich jedes statische Problem erster
Ordnung auf diese Aufgabe reduzieren; deshalb kommt das Programm

ohne jegliche Integration von infinitesimalen Elastizitätsbeziehungen

aus.

Beispielsweise lässt sich jede Lastgruppe an beliebigen Stellen

des Tragwerkes als Summe von geeignet gewichteten Punktlasten
an den Orten, wo eine senkrechte Einheitslast am Modell als Aktion
angebracht wurde, darstellen.

Da, wie einleitend erwähnt, linear-elastische Tragwerke
betrachtet werden, gilt das Superpositionsgesetz. In Matrizenform
geschrieben, kann das Ergebnis infolge eines Lastfalles als Produkt
aus der Informationsmatrix und der als Vektor geschriebenen
Lastgruppe verstanden werden.

Die üblichen Möglichkeiten, die das Statikprogramm bietet, können

in drei Gruppen eingeteilt werden:

1. Erweiterung der Informationsmatrix

Die Informationsmatrix kann durch Einflussfunktionen von zusätzlichen

Effekten, wie Schnittkräften an beliebigen Stellen von

stabartigen Tragwerken, erweitert werden. Ebenso können

Spannungen in gewünschten Richtungen oder Verschiebungs- und

Verdrehungseffekte erzeugt werden, soweit sie sich aus der ursprünglichen

Matrix errechnen lassen.
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2. Modifikation des statischen Systems

Das ursprüngliche beim Modellaufbau verwendete statische System

kann auf drei verschiedene Arten modifiziert werden:

a) Die Einflussmatrizen für einen Teils des betrachteten Trag¬

werkes können erzeugt werden. Dazu wird die ursprüngliche
Informationsmatrix so transformiert, dass die Schnittkräfte
an den Schnittflächen des Teiltragwerkes identisch verschwinden.

Bauzustände lassen sich damit einfach behandeln.

b) Tragwerksteile können zu einer monolithischen Gesamtstruk¬

tur verbunden werden. Auf die Konsequenzen dieser Möglichkeit
wird später eingegangen.

c) Die Lagerungsbedingungen lassen sich weitgehend verändern.
So können Auflager neu eingeführt, entfernt, verschoben oder

elastisch gemacht werden. Bei räumlichen Lagern kann auch

der Einspanngrad gewählt werden.

3. Berechnung der Lastfälle

Die geläufigen Lastfälle können in problemorientierter Sprache

mit Leichtigkeit behandelt werden. So lassen sich Ergebnisse
für Einzel-, Linien- und Flächenlasten, von erzwungenen
Verschiebungen und von gleichmär-sigen und ungleichmässigen
Temperatureinflüssen berechnen. Für Flächenlasten und längs frei
wählbarer Linien sich bewegender Lastenzüge können zusätzlich
Grenzwerte abgefragt werden. Bei der Vorspannung räumlich
gekrümmter Kabel wird die Reibung und das Spannprogramm

berücksichtigt. Schliesslich können alle so gerechneten Lastfälle,
mit Proportionalitätskonstanten versehen, zu neuen Ergebnissen
kombiniert werden.

Die Berechnung der Wirkung von vorgespannten auch räumlich
gekrümmten Kabeln wird dank der zur Verfügung stehenden Daten äusserst
einfach. Der Einfluss der Vorspannung wird auf Umlenk- und Reibungskräfte,

die einzig von der Kabelgeometrie abhängig sind, und auf
einen Normalspannungsanteil reduziert. Diese rein rechnerisch
bestimmten Kräfte werden dann wie alle übrigen Lastfälle behandelt;
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deshalb kann die Kabelgeometrie beliebig vorgegeben werden.

Alle Matrizen von modifizierten Strukturen und Ergebnisse der
Lastfälle werden auf Magnetband gespeichert. Deshalb können mit
geringem Aufwand jederzeit zusätzliche Lastfälle untersucht werden.

Wie aus dem bisher gesagten hervorgeht, bestehen die Elemente
der Informationsmatrix aus statisch sinnvollen Zahlenwerten, welche
sich ausschliesslich auf das zu untersuchende Tragwerk beziehen
und von der ursprünglichen Quelle, dem Modell, völlig unabhängig
geworden sind. Sie haben genau die Form und Werte, welche aus einer
rein numerischen Berechnung des elastischen Körpers hervorgegangen
wären, falls diese möglich gewesen wäre.

Diese Tatsache eröffnet der Hybridstatik eine weitere Möglichkeit,

welche der Modellstatik bisher verschlossen blieb. Die Fähigkeit

des Programmsystems, verschiedene Teiltragwerke an Nahtstellen,
wo die Steifigkeitswerte bekannt sind, analytisch zu monolithischen

Gesamtstrukturen zusammenzufügen, ermöglicht es nicht nur,
modellstatisch untersuchte Tragwerksteile untereinander zu verbinden,

sondern auch experimentell untersuchte Teiltragwerke mit rein
analytisch berechneten Konstruktionen zu vereinigen. Damit ist ein
weiterer Schritt zur "Entmaterialisierung" der Modellstatik unter
Wahrung ihrer Vorzüge getan. Ein Modell wird nur für Tragwerksteile

hergestellt, welche sich analytisch nicht befriedigend
erfassen lassen. Deren Tragverhalten wird dann im Computer als
Element mit bekannten statischen Eigenschaften in die Gesamtstruktur
integriert.
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Fig. 1 Ueberblick über die hybridstatische Versuchsanlage im
Laboratorium H. Hossdorf.
Erkennbar ist die Computeranlage (Hewlett-Packard 2116B) mit
Plattenspeicher und Magnetband, sowie die durch ihn gesteuerten Mess-
und Versuchseinrichtungen, wie koordinatengesteuerte Belastungsmaschine,

pneumatisch bewegte Verschiebungsgeber, die anwählbaren,
elektrischen Messkanäle mit integrierendem Voltmeter (VIDAR 521B)
als Analog-Digital-Wandler, u.s.f.

Fig. 2 Universelles
räumliches (6-Komponen-
ten-) Auflagerelement,
mit welchem, in Verbindung

mit dem Computer,
die 36 Steifigkeitswerte

an einem Strukturknoten

experimentell
bestimmt werden.

P.
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Ein Beispiel aus der Praxis
Hybridstatisch berechnetes,
frei geformtes Brückentragwerk.

Eisenbahnbrücke in Killwangen, Schweiz
Bauherr: Schweiz. Bundesbahnen
Projekt: Ingenieurbüro Dr. H. Hugi

und P. Schuler, Zürich
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Fig. 3 In einem Modellplan werden die im Versuch verwendeten Aktionsvektoren (Kräfte, Verschiebungen)

sowie die Effektvektoren und -tensoren festgehalten und relativ zu einem Koordinatensystem
beschrieben. Damit wird dem Computer ermöglicht, Gleichgewichtsberechnungen durchzuführen und die
ermittelten Einflusswerte als Ortsfunktionen (z.B. Einflussflächen) aufzufassen.
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Fig. 4 Versuchsaufbau der Brücke Killwangen.
Der Aufbau der mechanischen Präzisionselemente auf einem massiven
Aufspannboden garantieren die exakte Erfüllung der angenommenen
Lagerungsbedingungen und die genaue Eintragung der Kraft- und
Verschiebungsvektoren
Aufgrund der an dieser Brücke gemessenen Einfluss- und
Steifigkeitswerte (total ca. 40'000 Messwerte) wurden mit dem Programmsystem

HYBRAN neben dem Lastfall Eigengewicht die Grenzwerte
infolge von Normzügen auf zwei Geleisen, sowie der Lastfall Vorspannung

(die Kabel sind hier räumlich gekrümmt) untersucht. Zudem
wurde das Tragverhalten der Brücke unter modifizierten Randbedingungen

(Entfernung von Stützen durch Anprall entgleisender Züge)
nachgerechnet.
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Zusammenfassung

In der Hybridstatik liefert das analoge Modell, in Verbindung
mit einer prozessgesteuerten, präzisen Versuchstechnik,
Einflussfunktionen, Flexibilitäts- und Steifigkeitswerte von geometrisch
beliebig komplizierten elastischen Körpern. Aufgrund dieser
Information lassen sich für die Praxis leistungsfähige Computerprogramme

entwickeln, welche sich um die schwierige Integration der
infinitesimalen Elastizitätsbeziehungen nicht mehr zu kümmern

brauchen und so die Computerkapazität wesentlich wirkungsvoller
ausschöpfen.
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Nouvelles tendances dans la recherche sur modele pour grandes structures

Neue Tendenzen in Modelluntersuchungen für grosse Bauwerke
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Prof. Ing.

Polytechnic Institute, Turin
Technical Adviser, ISMES, Bergamo

F. ASCE

ALDO CASTOLDI
Dr. Ing.

Manager, Dynamic Department, ISMES

Italy

FOREWORD

The design of a civil engineering structure of importance usually goes
through two successive stages.

In the first stage, the basic choiee of the structural scheme to be

adopted in relation to the technical problem under consideration is carried
out, so as to set then roughly up the sizes of the structure. The designer,
at this time, thus operates on a structure that is set up only along general
lines and is, therefore, likely to be changed and improved in its component
parts.

Thereafter, a detailed check of the behavior of the structure up to
determining, if possible, its factor of safety is performed on one or sever_
al alternative designs already well defined on the basis of the above study.

At the outset, therefore, only mathematical analysis and especially
personal experience are available to the designer. In fact, quite obviously
a model study, though useful, is at this stage rather costly (both in time
and money) and is seldom appropriate in the design of a structure which is
still undergoing modification.

Instead, it is during the second stage that experimentation is profitably
associated with the most refined mathematical methods.

Recently both experimentation and mathematical analysis have greatly
advanced. In fact, on the one hand, efficient calculation procedures based
on the finite elements method and made possible by the advent of the new
digital Computers have been developed. On the other hand, the introduction
of the modern electronic techniques has enormously improved the measurement

accuracy, while the use of small process Computers has made possible
the handling of large quantities of data.

It seems, therefore, appropriate to try to define, even in so rapidly an
evolving Situation, the perspectives and application field of the experimental
method as compared with the analytical one by both summarizing the oper-
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ational techniques and available facilities, and illustrating two recent model
studies carried out at the ISMES.

TESTING EQUIPMENT

A thorough understanding of the possibilities and also present-day
limitations of the experimental techniques requires at first a description,
though a brief one, of the equipment presently available to the experimenter.

The criterion followed below consists in mentioning, on the basis of
their functions, the various component parts used. We thus have:

JLoading equipment
The loading is applied, using a conventional technique, by one or more

oil-controlled jacks.

II i _/•

i...-

- V
^v '",

,.«.

*«*

However, it is today possible to have an automatic control of the
loading by means of a force transducer inserted between the structure
and the jack. The transducer generates a feedback signal which,
compared with a reference one, then acts on a servopump that controls the
pressure of the oil and, hence, the load value.

The accuracy of this system is nowadays enormous; suffice it to
consider the Performances of the materials testing machinery operating
in a like manner.
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Data acquisition Instrumentation
Data acquisition instruments (transducers) of any type, size and

characteristics are presently available in commerce. Their accuracy is
very high (about 1%).

For example, the displacement measurement problems are solved by
using capacitance or inductance type transducers. Strains are easily
measured by various types of extensometers (foil grid strain gages for a

great stability or semiconductor strain gages for a large sensitivity).

Moreover, a wide variety of electrical instruments sensitive to different
mechanical quantities (force, pressure, moment, etc.) is based on the use
of extensometers.

In the dynamic field, the use of materials with piezoelectric properties
has brought about lightweight accelerometers, force picloips, etc., working
very well in any environment (in water, under pressure, at high temperature
or in the presence of radiation).

Each transducer then is connected to a data logger by means of a signal-
-conditioning device whose task it is to raise the level of the electric signal
of the transducer to a value that is sufficient for the following processing
and datum acquisition phases.

The data logger commutates the various Signals at the input of a digital
reading instrument which furnishes a numerical indication of the performed
measurement.

The data acquisition time substantially depends on the adopted scanning
method, on the reading system and on the type of Instrumentation available
for the data storage. It generally ranges from a few points per second to a
few hundred ones.

Data processing Instrumentation
The Operator who elaborated a few data has now been replaced by the

process Computer.

This Computer is charged with all the test control Operations. In
particular, it regulates the various loading cycles, it controls the data logger
in the commutation phase (with possible selection of the gage point), it Orders
the measuring system to read the datum and, finally, it commits the
indication to memory.

3. EXPERIMENTAL TECHNIQUES ON ELASTIC MODELS

a) Test criteria in the static field
In elastic ränge tests, the conventional procedure usually required ä

complicated equipment capable of reproducing simultaneously over the
entire structure a certain loading condition (e.g., dead load, working loads,
live load, wind effect, etc.). This equipment, made up of a reacting frame
and a series of jacks, was constructed to be used on a model of a given size
and shape, and necessarily had to be redesigned if the model under study
was changed and sometimes even when the type of loading applied varied.



718 VIb- NEWTRENDS IN MODEL RESEARCH ON LARGE STRUCTURES

It is, therefore, obvious that under such conditions the number of tests
was kept as low as possible and, likewise, the cost of a manual data
elaboration limited the number of instruments used.

The present trend, sponsored by Hossdorf,is rather to use a more
general method consisting in determining appropriate influence coefficients.
When these coefficients are known, it is simple to calculate the "response"
of the structure to any system of acting forces.

The method can be summarized as foUows.

A series of n points capable of describing accurately enough the state
of deformation (or stress) of the structure is chosen. The structure is
then loaded only by one jack in the position i, while the measuring equipment
reads, for all the n points, the value of the quantity 8\, under study
(displacement, strain, moment, shearing stress, etc.). The influence
coefficients

' i.

are thus obtained.

The jack is then applied to each of the remaining points.

The set of n • x values of <5j; forms the matrix [&] of the influence
coefficients for the given quantity. The values M of this quantity for a
certain loading condition P is then given by

W - M-M (1)

Quite clearly, this investigation method is very efficient, especially
when the rapidity with which the testing equipment can determine the
matrix [5] is taken into aecount.

However, it seems appropriate to point out some disadvantages which
in practice may limit its use.

1) The method makes use of the principle of superposition of effects and
is, therefore, applicable only to structures with a linear behavior. It
cannot rigorously be used in all those cases where, though the stress
remains in the elastic ränge, the strain is not proportional to the
acting load because of the geometry of the structure (e.g., Suspension
bridges).

2) For a number of massive structures (such as dams, nuclear reactor
vessels, etc.) the possibility of measuring accurately enough the
influence coefficients depends on the possibility of increasing the
applied load without locally damaging the model. This possibility is
determined solely by the elastic properties of the model material and
frequently does not exist.
Difficulties in evaluating the influence coefficients appear also in all
the cases where it is necessary to measure a mechanical quantity that
is superposed by an undesired quantity of the same type having a very
high value. Such cases are found, for instance, when it is necessary
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to measure the displacement in a certain direction while a large
displacement exists in the orthogonal direction (case of a diverted
flexure or a flexure accompanied by torsion) orwhen the axial stress
in a cross-section loaded also by a large moment is to be found.

3) The final result of the analysis is always obtained, on the basis of
equation (1), as the sum of the results of numerous independent
measurements. Quite obviously, this sum contains the errors of
all the measurements made and, therefore, this method is intrinsi-
cally less accurate than the conventional one.

b) Test criteria in the dynamic field
The experimental study of the dynamic behavior of a structure is

correctly made when the dynamic actions on the prototype (or the antic_i
pated ones) are applied to a model faithfully simulating all the essential
details.

In such a study, the difficulty of having an excitation equipment repro
ducing the characteristics of utmost interest (spectral density function,
probability density function, r.m.s. value) of the dynamic actions is added
to the difficulty of manufacturing a model responding to the similitude laws.

The instruments available at present (shaking tables, electrodynamic
or electrohydraulic exciters, etc.) have partly met the request but are
very expensive and require skilled Operators.

On the other hand, modal analysis theory shows that the dynamic
behavior of a structure in the elastic ränge is entirely Icnown when its Vibration
modes (i.e., natural frequency, shape and damping of each mode) are
determined. It is, therefore, natural that the experimenter prefers to look
for the prineipal Vibration modes and then obtain by calculation the response
of the structure to any excitation, rather than simulate such an excitation
on the structure.

The evaluation of the prineipal "modes" is presently based on the
foUowing considerations.

The osciUations of a structure, produced by a system of external forces,
can always be expressed as the sum of the oscillations relative to the various
modes. It is also obvious that a particular choiee of the excitation forces
can render negligible or even nullify the contribution of a Single mode to the
response of the structure.

Therefore, the problem of exciting a dynamic system according to one
only Vibration mode is reduced to determining the particular force system
for which the response of all the modes, except the desired one, is nil.

The problem cannot be solved directly because it would require an
advance knowledge of the frequency and shape of the mode under
examination. Nevertheless, a technique has been developed, based on an
iterative process which permits at each successive step to render ever
more negligible the response of the undesired modes.

In practice, each iteration permits, on the basis of the results obtained
in the previous test, to apply a certain number of exciters (capable of gener
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ating sinusoidal forces having a frequency equal to the one of the supposedly
known desired mode) to the most suitable points of the structure, and, at
the same time, to regulate the value of the force generated by them. It
should be:

|(" I E.l^-O(Fj »!>]{*]
where {*} are the accelerations resulting in the (i - l)th iteration.

Although extremely efficient, this method requires complex equipment
and is not too easily applicable, especially when the higher Vibration modes
are also to be determined.

At present, in this field, too, the advent of the test techniques described
under point 3 a) has produced a considerable simplification and a cost
reduction.

Suffice it to observe that the influence coefficients for the displacement
are but the coefficients of the structure's flexibility matrix. Therefore,
when the structure is considered as a lump system of Springs and masses
(concentrated in the points chosen for the experimentation), the problem of
the mode determination is turned into the rather simple problem of calculating

the eigenvalues and eigenvectors relevant to the matrix [m] '[8]
where [&] is not affected by calculation or schematization errors as it has
been obtained experimentally.

The dynamic problem has thus been changed into a statical one and,
therefore, can be handled by numerous laboratories.

Some limitations of this type of analysis will be pointed out here, too.
They are:
1) the structure has to be schematized by a lump system of masses. This

involves inevitable errors which experience alone can reduce to a
minimum;

2) the number of masses (or degrees of freedom) of the system chosen
to schematize the structure must be fixed in function of the modes
which one wishes to derive. An accurate description of the modes
may, therefore, require a large number of masses, and this very
much increases the amount of work necessary to determine the
flexibility matrix;

3) the flexibility matrix must be known very accurately. In fact, the
errors affecting the coefficients greatly influence the calculation of
the higher modes.

TEST CRITERIA BEYOND THE ELASTIC RANGE UP TO FAILURE

The superiority of the experimental method over the analytical one is
unquestionable when the structure's behavior has to be checked beyond the
elastic ränge until determining its factor of safety. However, serious
problems still exist about the construction of a model reproducing the
prototype with complete faithfulness. In this case, the data acquisition
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and processing techniques have not basicaUy changed the testing scheme
in a way similar to the one of experimentation in the elastic ränge.

The main reason is that, because of the impossibility of applying the
principle of superposition of effects, the Operator is not free to choose
the type and value of the loadings, which must be the same as those
predicted for the prototype.

Nevertheless, the Computer can in this case, too, be of a very great
use, mainly because the rapid elaboration on line of the acquired data
enables it to readily indicate the arising of yielding zones, fractures, etc.

However, the greatest developments of the experimental technique are
to be expected in the modeling field by producing materials most respond-
ing to the similitude laws.

5. EXAMPLES

The above techniques are iUustrated below by two examples, one high-
-rise building and one Suspension bridge, recently tested at the ISMES in
the elastic ränge under seismic action.

a) Parque Central building, Caracas, Venezuela
Fig. 2 shows the 1 : 40 scale resin model. The number of gage points

chosen was 32, and the model was successively loaded in each of them so
as to furnish a series of deformed surfaces (fig. 4). Simultaneously with
the displacements, recordings were made also of the indications of numerous

strain gages applied to the base.

The results obtained permitted to calculate the Vibration modes (fig. 3),
and these were later found experimentaUy by placing the model on a shake
table excited in resonance.

At this point it was possible to check the seismic performance of the
structure by calculating the response of each mode to the design earthquake
and determining the resulting distribution of the forces of inertia. Having
thus obtained the system of horizontal forces P equivalent in its effect to
the earthquake, it was easy to also calculate the stresses at the base as a
superposition of effects.

b) Bosphorus Suspension bridge
A 1 : 200 scale resin model was made, using appropriate artifices for

a correct reproduction of aU the parameters of interest (fig. 5).

As the influence coefficient method could not be applied to this structure,
a first test was made to determine the importance of the nonlinearity of
behavior. The conclusion was that in this case, too, the load-deformation
curve, for loads of not too great a magnitude, could in a first approximation
be assimilated to a straight Une.

The above-described criteria were, therefore, used by determining at
first the deformed surfaces of the deck (fig. 6) and also of the cäbles for
different positions and directions of the load and, hence, the natural
Vibration modes (fig. 7).

Q. 46 Vorbericht
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7. CONCLUSIONS

In concluding the above considerations, a comparison between the
experimental and analytical investigation methods can be attempted.

As is known, the analytical method deals with a structure whose
behavior has been schematized by weU-defined mathematical laws. In
general, both by the conventional Solution methods and the one of the
finite elements, one arrives at a system of Unear algebraic equations
which in a matrix form is of the type:

MH {B] (2)

System (2) contains the foUowing three matrices:
1) "column matrix" {x} whose elements form the unknowns of the problem

(sometimes the displacements and sometimes the forces);

2) matrix [K] whose coefficients depend on the geometry of the structure
and the elastic properties of the material;

3) column matrix (Bj of the known terms containing the data of the problem
(external loads, restraint Settlements, temperature variations, etc.).
The Solution of system (2) leads to the relation

W-W'-W (3)

Relation (3) shows that the investigation of the unknowns is, in any case,
directly or indirectly connected with the problem of inverting the matrix [k]

The detailed description of the Solution procedure shows that the most
serious and significant problems are as foUows:

a) Format ion_of jriatrix J HC J_

The calculation of the coefficients of the matrix [k] can in the simplest
cases (beams, plane or space frames, etc.) be easily set up. It is
more compUcated for three-dimensional structures, and the simplifications

which must be introduced make frequently the results Uttle
reliable.

b) Inversion error
As was already mentioned, there is, explicitly or implicitly, the problem
of inverting a matrix.
However, as the number of unknowns increases, this inversion may
become too laborious even with Computers of great power. This is so
because the propagation of the rounding-off errors, when the direct
Solution methods are used, or the "cutoff errors" when the "iterative
methods" are resorted to, make in any case the final error sometimes
so appreciable as to annul the advantage of a better schematization.
The attempt to obviate these inconveniences by conducting the
calculations with a great number of significant figures can lead to economi
cally almost prohibitive computation times.
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c) Cost

The treatment of complex problems in which an accurate description
of the structure requires a large number of unknowns involves not
only Solution difficulties but also great cost increases in using the
Computer for both forming and inverting the matrix [Kl
It should also be pointed out that.in the case of unusual structures,
very heavy economic problems may arise in adapting existing programs
(especially as regards the input and output of the data) and in checking
the quaHty of the adopted schematizations.

In the experimental method, the construction of the model is the equivia
lent of the matrix [K] It should, however, be observed that, at least in the
elastic ränge, no particular difficulties exist and the simiUtude laws can
easily be complied with when a suitable material and geometrie scale are
chosen.

Of utmost importance is, moreover, the fact that, in this case, there
is no matrix inversion problem.

The model functions as an analogie Computer and furnishes the exaet
Solution (if the model is exaet) with no approximations of any kind.

The cost of the model test is rather high even in simple cases despite
the fact that the new data acquisition equipment has appreciably reduced the
time required.

Likewise expensive is stiU the construction of the model, on whose
accuracy and fideUty of Operation depends the quaHty of the results.

In view of all the above, we may cone lüde that the experimental and
analytical methods have complementary fields of employment. The problems
relating to structures that are plane or symmetrical with respect to their
axis, and to plane or space frames wiU advantageously be studied on a

Computer, whereas recourse to model testing wiU be more economical
(and accurate) for complex structures.

SUMMARY

Some general considerations on the usefulness of model studies in both
the design and verification stages of large tridimensional structures are first
outUned.

The new testing techniques in both the static and dynamic fields, based
on the use of modern data acquisition Systems in association with a Computer,
are then analyzed. As regards the dynamic field, emphasis is placed on the
considerable simpHfication of the excitation equipment with consequent cost
reduction.

In this connection, the results of some elastic model tests conducted at
ISMES, Bergamo, Italy, by using the above criteria are ülustrated.
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1 - INTRODUCTION

Plusieurs tentatives ont ete faites pour resoudre par un procede d'analogies
electriques des systemes d'equations lineaires sans tenir compte de leur origine
(V) et (VI). Le but de la presente etude est de resoudre, par de semblables
analogies, les systemes d'equations lineaires qui interviennent dans le calcul du

comportement de nombreux systemes physiques, en s'attachant ä developper un
modele analogique qui suive d'aussi pres que possible la structure meme de

1'exemple physique propose: la construction d'une maquette simulatrice est ainsi
substituee ä l'ecriture, toujours laborieuse pour un ensemble complexe, des
equations du probleme. Un tel dispositif elimine de ce fait tous les phenomenes
d'instabilite parasites qui peuvent eventuellement resulter, meme lorsque le
Systeme physique est parfaitement regulier, des transformations effectuees sur
les equations dans les procedes classiques de resolution. D'interessants travaux
(I), (II), (III), (IV) ont d'ailleurs ete menes avec ce souci concernant le
probleme particulier des structures hyperstatiques, sans toutefois fournir ä

notre avis un outil definitif, adapte aux diverses hypotheses effectuees clas-
siquement en resistance des materiaux ainsi qu'ä une geometrie quelconque
d'ossature.

Bien que les matrices inherentes aux systemes envisages soient en general,
et pour des raisons physiques evidentes, definies positives et symetriques et
qu'il soit possible par consequent de rendre tous leurs coefficients positifs
dans un Systeme de coordonnees approprie, 1'usage des variables naturelles a ete
juge, dans ce travail, preferable: outre 1'interet que le technicien peut avoir
ä ne manipuler que des grandeurs directement transposees de celles auxquelles
il est habitue dans les systemes reels, on evite ainsi tout changement artificiel

et parfois dangereux de variables et toute ecriture d'equation, c'est ä

dire pratiquement tout travail d'attention fastidieux et source d'erreur. En

contrepartie de ces avantages, on est cependant tenu de faire face ä certaines
difficultes; d'une part, il faut surmonter le probleme en acceptant des coefficients

des deux signes dans la matrice correspondante, ce qui conduit ä utiliser
pour constituer les reseaux analogiques, non plus des resistances passives
auxquelles devraient necessairement etre associes des dispositifs ä resistances
negatives, de realisation delicate et coüteuse, mais des selfs et des capacites
alimentees par une source alternative ä frequence stabilisee: nous pensons
montrer clairement dans ce qui suit que ce type de reseau, tres peu employe
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jusqu'ä present en calcul analogique, donne d'excellents resultats. D'autre part,
les coordonnees naturelles presentent en general 1'inconvenient de nepas etre
independantes, mais liees par des relations lineaires homogenes inherentes ä
certaines proprietes internes des systemes physiques: la traduction analogique
de cette dependance s'acquiert aisement ä l'aide d'un reseau complementaire su-
perpose au reseau constitutif proprement dit. Ces deux difficultes resolues dans
leur generalite, on appreciera les avantages resultant de la Simulation fidele du
modele physique; en particulier, 1'edification du reseau general ä l'image de la
construction reelle ä partir des elements analogiques de chaque barre, permet des
montages tres rapides et une analyse poussee des phenomenes.

2 - PRINCIPE DE L'ANALOGIE

Le comportement d'un reseau de conductances electriques lineaires excite
harmoniquement ä la pulsation <u est caracterise par la matrice symetrique d'ad-
mittance C.. (C C reliant les potentiels q>. de ses noeuds aux intensites
d'excitatibh I imposees de l'exterieur selon les relations:

(1) I, cn ¥j

Reciproquement, toute matrice symetrique C peut conduire ä l'elaboration d'un
reseau eiectrique verifiant les relations '(1) de la maniere suivante:
- chaque couple de coefficients non diagonaux C et C.. C est represente par

le reseau elementaire "C

- chaque coefficient diagonal C est represente par la conductance C. reliant
le noeud I ä la masse. '

Le reseau obtenu est ainsi compose des conductances r - zC reliant chaque noeud

I ä la masse et des conductances r =-C reliant les noeuds I et J.
De meme tout Systeme physique discret lineaire excite statiquement ou harmoniquement

voit son comportement decrit par des relations du type (1) et est donc
susceptible d'etre simule electriquement par un reseau elabore comme il vient
d'etre dit ä la condition de disposer des conductances r et r imposees par le
Probleme ä un arbitraire d'echelle pres. Les composants electriques classiques
se reduisent aux r§sistances, aux selfs et aux capacites et ne permettent, quelle
que soit leur combinaison que la realisation d'admittances ä partie reelle positive,

ce qui semble une entrave au procede, la realisation de conductances ä

partie reelle negative etant possible gräce ä l'utilisation de circuits actifs
mais compliquee et onereuse. Toute une classe de systemes echappe cependant ä

cette limitation: il s'agit en 1'oecurence des systemes lineaires statiques,
lesquels sont decrits par une matrice symetrique ä coefficients reels, laquelle
peut etre toujours representee par un reseau purement reactif de capacites et de
selfs si on convient d'adopter un coefficient d'echelle analogique imaginaire
pur reliant les composantes matricielles C fournies par le Systeme reel etudie
et les admittances reactives de Simulation utilisees, ceci se traduisant par un
simple dephasage de n/2 entre intensites et potentiels electriques. De meme, les
systemes physiques en oscillation harmonique libre ou forcee sans pertes peuvent
etre directement simules par un reseau purement reactif (§ 4). Enfin, tout
Systeme lineaire discret en oscillation forcee avec pertes peut etre simule mais
le formalisme retenu, c'est-ä-dire le choix des variables s'identifiant aux potentiels

du reseau simulateur doit etre effectue de maniere que le reseau associe
ne comporte que des conductances r et r ä partie reelle positive (§5)
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3 - CARACTERISATION ET SIMULATION D'UN SYSTEME DISCRET LINEAIRE (VIII)
Une ossature hyperstatique chargee statiquement.

- La description d'un tel Systeme conduit au choix d'une collection de n variables

naturelles cp. "permettant par exemple d'atteindre les deplacements et
rotations des noeuds.1
- Si nous supposons provisoirement que les effets exterieurs ne sont exerces qu'
au niveau des noeuds, l'energie elastique de la structure somme des energies de
chaque element constituant s'ecrit selon la forme quadratique

(2) w=|Aij?. <p.

ce qui permet d'associer aux variables de position <p. les variables de tension

(3) A A.. cp.

la matrice symetrique A.. s'exprimant sans ambiguite ä partir de la forme
quadratique (2). "
Les charges sont caracterisees par le travail elementaire qu'elles developpent
dans la deformation elementaire <p -»- cp. + du?

(4) dW Bj dcp.

Ce travail s'identifie § la differentielle de l'expression (2), soit compte tenu
de la symetrie des A.. :" dW 7 Aü K^j + 'j d<pi Aidcpi

soit encore
(5) (B. - A d9j =0

Deux cas se presentent alors:
- les cp sont independantes et B A les equations

(6) B, =AU?J
constituent la relation matricielle caracteristique du Systeme.
- cas beaucoup plus frequent, la collection de variables cp est surabondante et
celles-ci sont reliees par p relations de dependance lineaires homogenes

(7) a, <p. o 1 1, p < n

le Systeme ne possedant en fait que n - p degres de liberte.
On ne peut plus alors identifier les donnees de Charge B. aux variables A. con-
juguees des cp mais 1'introduction de p parametres de 'Lagrange cp permet
d'ecrire compte tenu de (5) et (7): (B - A cp - a cp) dcp =0
et d'aboutir aux (n + p) equations D A nv r/^ B Acp+a<p 0 a cp

i i j j i l yi ' i l Yi

lesquelles constituent la correspondance matricielle symetrique caracteristique
du Systeme

B
i

A..
• j °il ">i

0 "ü 0 *1

La Simulation des A conduit ä l'elaboration du reseau constitutif dont l'energie
associee ou la puissance dissipee, pour parier en termes de conductances

reelles, s'identifie ä l'energie elastique de la structure. Naturellement, la
construction de ce reseau peut s'effectuer ä partir de l'assemblage de reseaux
plus elementaires representatifs de chaque element de la structure. La Simulation
des a{i conduit ä l'elaboration du reseau de transmission auguel aucune energie
n'est associee. En termes de conductances reelles, ce reseau ne " dissipe rien "

et se contente de transmettre au reseau constitutif les intensites A( ä partir
des intensites B injectees au reseau total.
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Charge equivalente - Si les charges exercees ne s'appliquent pas directement aux
noeuds, ce qui est d'ailleurs le plus frequent, on se ramene au cas precedent pour
determiner les cp en remplagant les charges reelles par une charge equivalente
appliquee aux noeuds, en ce sens qu'elle provoque la meme deformation generalisee
<pf de la structure. Un raisonnementelementaire n'invoquant que la linearite de la

reponse de la structure ä la charge exercee montre qu'une teile charge equivalente

est constituee par les efforts opposes aux efforts de blocage qu'il faut
developper pour annuler toute deformation generalisee en presence de la charge
reelle. Cette Charge equivalente se determine ensuite ä partir de chaque element
Charge suppose bloque ä ses extremites.
4 - L'ANALOGIE DU POINT DE VUE ENERGETIQUE

Nous venons de montrer que dans le cas tres general oü la representation est
surabondante, les dependances lineaires homogenes reliant les variables utilisees
sont traduites par le reseau de transmission. A chaque relation et cp. 0 est
associee une etoile de conductances:

Souvent ces relations sont de la
forme simple cp - <p. et (« - <p.,ab cdet peuvent etre imposees alors par
un transformateur de rapport ot qui
se substitue ä 1'etoile. Un tel
Circuit de transmission, etoile ou
transformation, est caracterise
essentiellement par le fait que.re-
tenant toujours le langage des
conductances reelles,il ne " dissipe "

aucune energie. Ainsi dans le cas de

Tetoile:
pi F h, 'i2_ ai i ((pi ''i)2) + (iIai i} f.2 2 \ iZai i *.= °

Cette propriete essentielle du reseau de transmission fait que l'analogie est
preservee entre la puissance dissipee par le reseau constitutif.

P U~ A'i (<pi " "i )Z) + ft 2(iEAü 2 Zi <i Au *• *. =Aü *• ">

et l'energie W associee au Systeme reel simule.
II faut remarquer que, si pour un Systeme statique la definition de l'energie W

ne prete ä aucune confusion (en 1'oecurence, pour un Systeme hyperstatique deforme,

il s'agit de l'energie elastique emmagasinee par le Systeme), eile est moins
evidente pour un Systeme dynamique oscillant sans pertes (ix).Dans ce dernier
cas au moins deux types d'energie reactive. partieipent ä 1'oscillation, par
exemple l'energie elastique et l'energie cinetique pour une ossature vibrante. En

pareil cas l'energie W caracteristique du Systeme est celle transferee par T
excitation exterieure au Systeme dans le quart de periode pendant lequel les
variables cp passent de la valeur nulle ä la valeur extremale. On verifie d'ailleurs

elementairement que cette definition est en accord, dans le cas du reseau
eiectrique simulateur lui-meme reellement utilise, avec la notion de puissance
dissipee par le reseau fictif de conductances reelles positives et negatives.
L'energie W ne represente pas la somme des energies reactives mais en fait
la difference des energies des deux types. Ainsi, dans le cas du reseau, l'energie

selfique et l'energie capacitive apparaissent avec des signes opposes fixes
conventionnellement. Lorsque le Systeme oscille selon un mode propre,le bilan
energetique associe s'annule: W 0

Pour les systemes discrets implicitement consideres jusqu'ä maintenant, les
considerations energetiques qui precedent ne sont pas indispensables quoique fort
commodes dans la pratique. Elles sont par contre essentielles dans la representation

des systemes Continus tels que plaques ou coques. Pour de tels systemes c'est
l'energie (cinetique ou elastique) qui est la plus directement accessible quel que
soit le mode de representation retenu. La methode de Simulation par un reseau
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consiste ä choisir une representation discrete <p. permettant de representer
l'energie ou le bilan energetique W associe au1 probleme de fagon approchee par
une forme quadratique reposant sur les cp. et ä bätir le reseau associe. La
connaissance de l'energie W suffit donc, ou encore celle de la densite volumique
ou surfacique d'energie pour la representation d'un massif ou d'une plaque. De

meme la traduction des conditions aux limites ne'pose pas de difficultes de principe
puisqu'elles ont toujours une interpretation energetique, qu'il s'agisse d'

encastrement, de bord ou d'extremite libre ou encore d'appui elastique. Les cou-
plages ou raccordements de"systemes Continus ä des systemes naturellement dis-
crets tels que coques et ossatures se fönt egalement simplement, l'elaboration
du reseau global se faisant comme la construction du Systeme reel envisage. II
faut toutefois remarquer que, dans le cas d'une etude dynamique, le bilan energetique

W est une forme quadratique des cp. dont les coefficients A.. sont des fonctions

de la pulsation u de 1'oscillation du Systeme, ce qui exigeJ modification du
reseau simulateur quand on varie w ce qui peut rendre la methode inadequate s'il
faut varier trop de conductances. Un cas ideal est celui oü la Variation de la
pulsation co' de 1'excitation du reseau eiectrique entrafne la modification sou-
haitee. On peut alors dire qu'il y a analogie forte et identification totale du
Systeme reel et du Systeme eiectrique simulateur. Une teile circonstance ne se
rencontre malheureusement que dans la Simulation d'autres phenomenes electriques

tels que le rayonnement electromagnetique d'une antenne ou de systemes
mecaniques de ressorts-masses, par exemple representatifs de systemes atomiques.
Dans la plupart des calculs interessant l'ingenieur, la representation de l'energie

elastique interdit l'analogie forte. Restent cependant les cas assez nombreux
oü une representation approchee ou encore la simplicite de la structure permettent
de ne varier qu'un nombre reduit de conductances, ce qui autorise alors l'etude
des fonctions de transfert du Systeme.
5 - ETUDE DES SYSTEMES DYNAMIQUES OSCILLANT AVEC PERTES (XII)

Les systemes consideres precedemment c'est-ä-dire statiques ou vibrant sans
pertes ne relevent finalement que de la connaissance du scalaire W en fonction
de la representation cp. choisie, laquelle est reelle puisque tous les points d'un
Systeme sans pertes vibrent en phase ou en antiphase (ä la condition evidente
de ne considerer, ä chaque calcul, qu'une excitation egalement en phase). II n'en
est plus de meme pour un Systeme presentant des pertes. Pour un tel Systeme, la
representation doit etre complexe, chaque variable devant caracteriser l'amplitude
et le dephasage de la Vibration en un point, et il n'est plus possible de faire
appel ä un scalaire donnant comme precedemment toutes les informations. Par contre
il est toujours possible de traduire la relation matricielle inherente au Systeme
sans necessairement ecrire les equations, ce, toujours par des considerations
energetiques. II suffit en effet d'elaborer le reseau en representant ä un
coefficient d'echelle arbitraire pres la puissance recue de l'exterieur par le Systeme
sous forme reactive des deux types et sous forme dissipative.

FORMULATION GENERALE DE L'ANALOGIE

L'etat du Systeme considere oscillant ä la pulsation forcee etant caracterise
selon la notation complexe habituelle par. les vecteurs. generalises de rang n de
Position et vitesse respectives x X e ' "*

; v =V1= jtux le probleme est
pose par la donnee:
a) de la puissance acceptee ä 1'instant t o par le Systeme sous la forme

(8) pm < P V ,V > ou < A, B >= R A R B
k i r j j j e e

c'est ä dire la donnee de 1'impedance P. propre au Systeme dans la representation
choisie x. ou v.

l>

b) des p couplages lineaires homogenes liant eventuellement les variables de

representation
(9) « V, 0 1=1, p < n

1 1 1
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les a etant tous r£els et adimensionnels;
c) de la puissance fournie ä l'instant t o par le Systeme exterieur sous la
f0rme

(10) pm < F; .V, >

c'est ä dire par la donnee des composantes generalisees f F e ' "* de Vexcita-
tion exterieure. La conservation de l'energie exige naturellement d'egaler les
puissances (8) et (9), mais l'existance des couplages (9) interdit en general
d'identifier les amplitudes F. de l'excitation aux variables A. P V conjuguees
des variables de representati'on. Cependant, cal quant le raisonn'ement1 ' dejä invo-
que en (2), on peut dire que les donnees (8), (9), (10) posent correctement le
Probleme car elles permettent theoriquement de choisir une nouvelle representation

du Systeme ä n - p variables independantes Vs et 1 'identification alors
possible des nouvelles composantes de l'excitation *

aux variables conjuguees des
V conduit ä l'equation

<">F. =A =P,A
qui fournit une Solution unique V si la matrice P n'est pas singuliere, ce qui
est toujours verifie, si on exclu^. naturellement le cas tres particulier des

resonances propres d'un Systeme isole sans pertes.
L'analogie consiste ä associer aux V. les amplitudes des potentiels ^ =¦* e'

de n noeuds electriques I selon la correspondance

(12) * ctV,

et le reseau construit sur ces noeuds et excite ä la pulsation co' est elabore
de maniere ä admettre au temps t o la puissance

(13) pe < r.. (co') *. ,* > - < P.. V. V > - pmv ' r i i j i fl " ' ' n

quels que soient les V. ou les » aV. ce qui impose que 1'admittance du reseau
s'exprime selon '

(14) T., (co1) :-4P, (co)
v ' ij na u

Un tel reseau est construit comme ceux purement reactifs dejä etudies en reliant
les noeuds I et J par les conductances C (co*) - P.. (co)/nai ainsi que les noeuds

I ä la masse par les conductances — EP (co). Ceci n'est realisable simplement
ä l'aide d'inductances, de capacitesna2 et de resistances que si les elements
non diagonaux de P ont une composante reelle negative et si la somme des
elements de chaque ligne ou colonne possede une composante reelle positive, l'usage
systematique des resistances negatives etant interdit par 1'encombrement et le
coüt de ces dernieres: le choix de la representation, toujours effectue en vue
d'obtenir la plus grande simplicite possible du reseau, sera affecte par ces
dernieres restrictions. La donnee (8) etant ainsi traduite analogiquement, les
relations (9) peuvent etre imposees aux * comme aux V. ä l'aide de cireuits
purement reactifs n'absorbant pas globale'ment de puissance et se contentant de

transmettre cette derniere de maniere ä ne pas perturber la Simulation energetique.
Ces cireuits peuvent etre constitues par des reseaux en etoile dejä decrits

ou par des transformateurs creant des pertes negligeables, compenses de maniere
ä n'emmagasiner qu'une energie reactive faible en regard de celle qui affecte
les autres composants. Enfin la donnee (10) est traduite en harmonie avec la
correspondance (6) gräce ä l'injection aux noeuds I d'intensites d'amplitude
I. F /an- Le comportement en phase et en amplitude du reseau permet alors
d1"atteindre la Solution unique satisfaisant aux donnees (8), (9) et (10).

On remarquera que la pulsation co' d'excitation du reseau n'a aucune espece
d1importance dans la mesure oü la correspondance (14) reste satlsfaite: or, dans
certains cas, la loi de Variation P (co) peut etre traduite en conservant les
elements du reseau et en variant la pulsation co' selon une loi co' f(u) qui se
trouve etre dans le cas le plus frequent une simple proportionnalite. Cette Situation

confere alors un avantage incontestable au calcul analogique dans la
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recherche des frequences propres des variations continues de toute grandeur en
fonction de la frequence, etc.; ce cas se presente effectivement dans l'etude
approchee par une representation discrete de la propagation ä symetrie de revolution

ou ä caractere bidimensionnel d'un champ electromagnetique en interaction
avec un milieu, homogene ou non, dielectrique ou jponducteur ä conductibilite
reelle ou complexe comme l'est un plasma (XI). ''¦
Enfin, il est evident qu'on peut traiter dans l'analogie les donnees, conjuguees
dans le plan complexe, des donnees (8) et (10), ce qui a pour effet simplement
d'inverser les phases relatives. Cette Simulation " imaginaire conjuguee "

permet d'intervertir le röle des capacites et des inductances et peut etre
interessante pour reduire le nombre de ces dernieres.

Tout ce qui precede suppose le choix de la representation X. ou V. effectuee

et la connaissance de 1'impedance generalisee P correspondante. 'Or, les
considerations energetiques qui viennent d'etre effectuees permettent d'envisa-
ger une fagon plus naturelle et plus physique de proceder.
Elle consiste d'abord ä detailler les diverses formes E d'energie qui partici-
pent reellement ä un echange dans Voscillation, ä la 'fois suivant la forme
d'energie et suivant l'eiement du Systeme, si ce dernier en comporte plusieurs.
Le bilan energetique du Systeme s'ecrit en sommant les puissances associees ä

chaque forme d'energie E et exprimees ä partir des grandeurs conjuguees appa-
raissant naturellement associees ä E soit pm E < A B >
Les amplitudes A et B( peuvent etre de nature vectorielle et 'reliees entre
elles par une impedance (ou une admittance selon la terminologie adoptee)
matricielle, auquel cas le choix de la representation reste affaire de cas particulier;

mais le plus souvent ce sont des scalaires lies par une impedance (ou
admittance) scalaire A CB ou B CA. On congoit alors que le seul imperatif
dans le choix de la representation est de pouvoir traduire ou la grandeur A ou
la grandeur conjuguee B par une amplitude de potentiel * ou une difference
*j - * qui soit, par definition, en phase ou plus precisement lui corresponde,
gräce a un coefficient o reel. Par exemple si B o (*.-*, la correspondance
energetique sera assuree si j

pe <C (6 «< < CB.,B>-*, )>=•=¦j "" i 1 Tl

c'est 3 dire gräce ä la conductance C (co') C/nctf reliant les noeuds I et J
du reseau. Le paragraphe suivant illustre cette maniere de proceder pour un
exemple de phenomene viscoelastique.

EXEMPLE : SIMULATION D'UN CHAMP BIDIMENSIONNEL DE DEFORMATIONS VISCOELAS-

TIQUES D'UN MILIEU HOMOGENE

Nous traiterons
posee, par un massif
3/3z o dans un repe
leurs seules composan
ne retiendrons pour 1

puissances d'echange

le cas de deformations planes subies, ä la pulsation coim-

verifiant,ainsi que le Systeme excitateur,l'invariance
re cartesien Oxyz. Les deplacements sont alors decrits par
tes selon Ox et Oy, u,v U,V "* Comme precedemment, nous
es diverses grandeurs que leseamplitudes complexes et les
au temps t o. La deformation est caracterisee par le

3U

3x
1 ,9U 3U.
2 ^3y 3x; 0

(16) l (x,y) i (*L + DL)
2 ^3y 3xJ

3U

3y
0

0 0 0

et la contrainte par
(17) 5= 2ue + xei e - e.

3U 3V

3x +
3y

OU X X' (co) + jX'
complexes definissant

(co), y y'(co) + jy"(co) sont les coefficients de Lame
les proprietes viscoelastiques du milieu ä la pulsation co
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envisagee. La puissance associee ä l'energie viscoelastique s'ecrit en densite
volumique:

< o.

< 2y

jcoe > < 5,jcoe> < 2ye,jcoe> + < X8,jco6 >

9U

3x
9V,

• 3U ,„ 3V
Ju 3X

> +<2lJ
3y

i 3V
¦>JüJ

3y

x y ,3U 3V, ,3U 3V, s
,3U ^ 3V, 3U

^ 3V, s+ <
2 (äy + 3y)j Ju (3y + 3^} + x (3^ + 3y)>JU % + 3y}

Le decoupage du champ continu en volumes elementaires reposant sur la surface
elementaire AxAy et l'unite de longueur selon Oz conduit ä expliciter de fagon
approchee la puissance associee ä un tel volume ä partir des accroissements Ax ou
Ay de U,V selon Ox ou Oy sur les longueurs elementaires Ax ou Ay;

AU AU AV AV
p elast.= Ax Ay(< 2y ~ ,jco -^ > + < 2y 4^- jco 44- >

AU A V
(19)

2 "-Ay
+ W^ joJ (Äy

AX

AU A V
V X

+

"ÄST
> + < 2y Äy"

A U A V

äV>+< x(Är + ÄT>' M
Ay
AU A V

Ay 'Ax

De meme, la puissance associee ä l'energie cinetique du meme volume peut s'ecrire,
p etant la masse volumique

(20) p einet. AxAy (<-pu 2U, jcoU > + < -pco2V,jco V >

ce qui conduit ä choisir une representation analogique par des potentiels associes
aux vitesses des deplacements observes aux sommets d'un mai11age AxAy dans la co-
correspondance

* a M -c a M p i (p elast. + p einet.)Ax ' _ " Ay ¦ <= n
La puissance associee ä la maille fundamentale du reseau simulateur devant alors
s'ecrire, en posant y Ax/Ay

p < 2UAXAZ A $> A $ > + < 2y^Ay A > + < y
AxAy

J concr J con er 2Jcona2 Y2

(y2A * t A f), (y2A » + 4 T) > + < XAxAy_ J+A f) (A $+A
v

y x y x Jcoria2 x y x y

+ < JcopAx Ay $j$ > + <
jcopAxAy

y>v >
m n a

On peut preferer utiliser la Simulation conjuguee qui permet de reduire le nombre
des induetances necessaires, ce qui conduit au reseau de la figure 1. La
representation choisie permet manifestement de traduire sans difficultes les deux
premiers et les deux derniers termes. Par contre, les deux autres exigent de faire

appel aux potentiels
4 ^ * + \ Y et Ax * + Ay sv

dependant de ceux dejä retenus et qui
peuvent etre etablis ä l'aide de trans-
formateurs compenses. Cette Situation
justifie le decalage de Ax/2 et Ay/2
du mai11age des * par rapport ä celui
des v qu'on observe ä la figure 1. Le
tableau suivant precise la correspondance

definissant les conductances et
les valeurs des elements avec lesquelles

elles sont realisees ä la pulsation
co' d'excitation du reseau:

R»

*P

iH3

P <P

Figure I

AxAy
na2 -Jiô -jcx.'+Ri

d'oü l'on tire les valeurs de C et R
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et de meme Cy Cx

Ry Rx

On peut de meme envisager de traiter un champ bidimensionnel correspondant ä un
phenomene de revolution, par exemple l'attaque par une force oscillante normale
ä la surface d'un massif semi-infini ä gradient d'inhomogeneite egalement normal
ä la surface, ce qui presente un grand interet pour l'interpretation des sondages
acoustiques qu'on opere de cette fagon, toutes les fois que les longueurs
caracteristiques d'inhomogeneite sont de l'ordre des longueurs d'onde de propagation
dans le solide ou inferieures, ce qui rend inoperente 1'approximation analogue
ä celle de 1'optique geometrique.
6 - BILAN DE NOS ETUDES CONCERNANT LES STRUCTURES

Nous avons recherche les modeles electriques d'un certain nombre de
structures type; nous avons realise un certain nombre de ces modeles; nous avons
verifie leur fonctionnement correct; enfin, nous avons apprecie la precision des
resultats sur des structures particulieres susceptibles d'une analyse mathematique

simple ou existant dans la litterature. Cette precision est excellente
puisque le plus grand ecart que nous ayons observe jusqu'ä present est de 3,4%
sur le moment et la fleche au centre d'une plaque circulaire, appuyee sur sa
circonference et uniformement chargee.

Nous avons ainsi etudie un nombre important d'ouvrages actuellement
construits. Ces ouvrages sont constitues d'assemblages divers de cäbles,de
poutres droites ou courbes et de plaques planes de forme quelconque. La
disposition des appuis, les conditions d'appui et de chargement peuvent etre
absolument quelconques. Les modeles permettent la recherche rapide de l'ouvrage
optimum, la representation de la fondation (sol rigide, sol elastique, pieux),
l'analyse du comportement en cours de construction (ouvrages en encorbellement),
la recherche des reglages ä effectuer (haubans, precontrainte, denivellation
d'appuis)...

Nous avons etudie ä titre experimental les vibrations d'une poutre
Virendeel, des problemes d'elasticite plane...

Nous avons etudie, sans realisation des modeles correspondants, la
representation d'un solide en eiasticite ä trois dimensions, la representation des

coques, la representation d'un massif viscoelastique soumis ä une oscillation
forcee de fagon bidimensionnelle.
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RESUME
Une structure elastique en equilibre statique ou dynamique peut etre

representee par un reseau eiectrique purement reactif; ce reseau est compose
uniquement de capacites et de selfs; il est excite ä frequence invariable.
Les intensites et les tensions electriques sont respectivement proportionnelles

aux deformations et aux efforts subis par la structure representee.
L'energie reactive du reseau (energie capacitive maximum - energie

selfique maximum) est proportionnelle ä l'energie de deformation de la
structure (energie elastique maximum - energie cinetique maximum dans le
cas dynamique).
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Model Study of a Prestressed Concrete Box-Girder Bridge Under Thermal Loading

Etude sur modele d'un pont en beton precontraint ä section en caisson, soumis ä

des variations de temperature

Modellversuch einer vorgespannten Hohlkastenbetonbrücke unter Temperaturbelastung

M.J.N. PRIESTLEY
Dr.-Ing.

M.O.W. Central Laboratories
New Zealand

1. INTRODUCTION

Stresses are induced in bridge structures by diurnal
temperature fluctuations. Although. bridges have long been
designed with expansion joints to cope with axial deformations
due to temperature changes, effects of vertical and horizontal
temperature gradients have largely been ignored, or dealt with
by over-simplified theories.

The non-uniform temperature distribution induced in bridges
by solar radiation has two main longitudinal effects. First,internal stresses are induced due to the non-linear vertical
temperature gradient. Second, the increase in temperature of
the bridge deck with respect to the soffit temperature results
in an upwards hogging of the bridge. If the bridge is
continuous, restraint of the upward deflection is provided at the
internal supports, and the resulting reactions induce continuity
stresses of appreciable magnitude.

Recent examples of distress, particularly in prestressed
concrete box-girder bridges have forced engineers to investigate
the problem in more detail. In New Zealand, damage to the
Newmarket Viaduct, a large urban motorway bridge, caused by
vertical temperature gradients, necessitated remedial action
costing more than US$300,000. In consequence, considerable
interest has been stimulated in New Zealand in thermal stress
problems with the result that research projects have been
initiated at the University of Auckland, and at the Ministry of
Works Central Laboratories, speeifieally investigating thermal
response of box-girder bridges.

Although some measurements made on concrete bridges have
been reported (1,2,3) these have been limited in scope.
Temperatures have been measured at comparatively few points, and
correlations between stress and temperature, deflection and
temperature, or theory and experiment do not appear to have been

47 Vorbericht
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made. The experimental programme described in this paper is
aimed at producing a more comprehensive and cohesive body of data
obtained under laboratory controlled conditions.
2. THEORY

Various simplified design methods exist for calculating
thermal stresses in box-girder bridges. See References 4 and 5
for example. However, the temperature distributions used are
over-simplified, and produce inaccurate results. Further, the
simplifications made are unnecessary as consideration of basic
equilibrium requirements leads to simple equations capable of
handling any form of temperature distribution for any section
shape.

llY

IT

CENTROID \i i_i TEMPse

k
lal GENERAL SECTION ib' VERTICAL DISTRIBUTION ici STRAIN PROFILE

OF TEMPERATURE INCREASE

STRESS

idl STRESS PROFILE

FIG 1. GENERAL SECTION WITH ARBITRARY VERTICAL DISTRIBUTION

OF TEMPERATURE

Consider Fig.1 where an arbitrary section shape (Fig.1a) is
subjected to an arbitrary vertical temperature distribution,
(Fig.1b). Assuming the Euler-Bernoulli 'plane sections'
hypothesis holds, the final vertical distribution of longitudinal
strains will be of the form shown in Fig.1c. The stress induced
by the temperature increase t will be given by

»7

E(e 1 + e2 i--V 1

Consideration of longitudinal force and moment equilibrium leads
(6) to the following equations

d
n ©<

e1 + e2 cT ki wdy

t/ yy-n)vd:y

where oc is the linear coefficient of thermal expansion, A is the
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cross section area, and I is the moment of inertia about the
horizontal axis through the centroid.

Solution of equation 3 directly yields the curvature of
hogging. Substitution into equation 2 and Solution provides
the second unknown, e*. Finally Substitution of e^ and e2 into
equation 1 produces-the internal stresses. For a continuous
bridge the additional stresses induced by continuity may be found
by calculating (a) the notional deflections induced at the
internal supports by the curvature e2/d, (b) the forces necessary
at the internal supports to reduce these notional deflections to
zero and (c) the moments and stresses induced by these forces.
3. THE MODEL

3-1 MODEL DIMENSIONS

A model study offered the advantages over a full-scale prototype
site investigation of a controlled rather than an unpredict-

able thermal input, an accelerated time scale, the Separation of
thermal effects from other load cases, reduced cost, and ease of
Instrumentation and data acquisition. A typical single-cell
trapezoidal box-girder section was chosen for the model. The
section, whose prototype dimensions are given in Fig.2, is typical
of many urban motorway off-ramps in New Zealand.

7 68i

0-700m t| 3795 m

jQ^ ö

u ^^M0l0 •»Ao ¦. "
0-78°m

* El

¦'TiTITJ 0 152x0 152m» r->- O .Etc--*--»-.:e
^

4 045 m

FK3.2. PROTOTYPE SECTION DIMENSIONS

A quarter-scale model representing a simply supported span
of 30.5m was chosen. The scale was dictated by the physical
size of the strong-floor testing area available, and by the
availability of suitable steel to model mild-steel reinforcing.
Fig.3 gives the overall model dimensions.

3-2 MODEL MATERIALS

The model was cast in six 1.22m segments with two solid
0.305m end diaphragms. This segmental form of construction was
chosen to facilitate placing straingauges and temperature
transducers. Each segment weighed about 570Kg. and was cast from a
sealed concrete mix designed to have a 28 day cylinder crushing
strength of 41.3N/mm2. Maximum aggregate size was 4.75mm, and
slump was between 50 and 75mm- Eighteen 300mm x 150mm dia.
cylinders were cast with each segment and cured under the same
conditions as the model, to provide sufficient control specimens
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FIG 3. MODEL DIMENSIONS

for all stages of the testing programme.

Typical mild-steel reinforcing was included in the model by
use of 4.83mm and 3.18mm dia. black annealed tie-wire, and 6.35nim
dia. mild steel rod.

The model was prestressed by ten draped cäbles; five in each
web. A BBR system was used which gave a cable force of 142N
after transfer, and an average prestress of 4.16N/mm At the
centre of the bridge theoretical prestress stresses varied between
0.57N/mm2 tension at the curbs to 10.23N/mm2 compression at the
soffit.

The eight precast concrete sections forming the model were
glued together using an epoxy mortar. Requirements for this
mortar were that it should have a high compression strength, a
high modulus of elasticity, should gain strength rapidly, should
stick to a vertical surface without slumping, should 'wet' the
surface and should have a similar colour to the concrete. A mix
based on CIBA's Araldite AW103/Hardener HY956 was adopted. Mix
proportions were AW103:HY956:Silica Sand-.Talc 1.00:0.19:3*0:1.0.
This mix produced 24- hr. cylinder strengths of about 40N/mm2 with
a 28 day cylinder strength in excess of 60N/mm2. Modulus of
elasticity exceeded 1.24 x 10^N/mm2 at 28 days.

5-3 INSTRUMENTATION

Electric resistance straingauges, resistance thermometers and
thermocouples, and straingauged deflectometers were used to measure
strain, temperature and deflection of the model. Because of
symmetry it was only necessary to gauge one quarter of the bridge
and use a few additional gauges to ensure that behaviour was in
fact symmetrical. Fig.4a shows the distribution of straingauges at
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each of sections S1 to S4 defined in Fig.3. In addition to these
gauges, a large number were located in the vicinity of one end of
the model to check the distribution of prestress stresses. These
have been reported elsewhere (7).

1
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FIG 4. INSTRUMENTATION FOR THERMAL - LOAD TESTS

In Fig.4a L denotes a linear Kyowa KF-20-C8-11 foil straingauge,
B denotes a two-element 90° Kyowa KP-20-B2-11 rosette and R
denotes a three-element 90°-45° Kyowa KP-20-B3-11 rosette. All
gauges had a gauge length of 20mm, and had transparent backingsto ensure that gauge and concrete colours would be as close as
possible, resulting in equal absorption of radiant energy. In
all, 560 straingauge elements were fixed to the model.

Resistance thermometers and thermocouple positions at
sections T1 and T2 of Fig.3 are shown in Fig.4b. The gauges
were located in holes drilled 75mm into the ends of the segments
prior to gluing. A mortar slurry was used to fill the holes
after placing the gauges. Further thermocouples were distributed
over the deckslab surface to provide a means for checking the
uniformity of surface temperature.

Vertical deflections were measured by straingauged deflecto-
meters on the soffit at nine points along the longitudinal centre-
line. All data was monitored by a 200 Channel Dynamco Datalogger
and recorded on paper tape at a rate of two channels/sec. Since
the number of gauges greatly exceeded the capacity of the data-
logger it was necessary to duplicate tests with different batches
of gauges. Data reduction by Computer required the minimum of
control data and enabled data manipulation by matrix commands
through free-format programming.
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4. THERMAL LOADING-

For the thermal load tests the model was enclosed within a
controlled environment box consisting of sides and top of soft-
board surfaced with insulating paper covered with aluminium foil.
One hundred 375 watt infra-red light bulbs fixed to the ceiling
of the box were connected into eight separate banks, each
producing a uniform heat pattern on the deckslab of the model.
Consequently the radiant intensity applied to the model could be
controlled in a step-wise fashion. Convective cooling of the
top surface was provided by two 457mm diameter propeller fans
located at one end of the environment box, capable of producing a
3m/sec wind along the bridge deck. When forced cooling was
required the end wall of the box opposite from the fans was removed
and an exterior roller-door was opened, allowing the hot air
contained by the box to be exhausted to atmosphere.

In all tests the model was subjected to a cycle representing
four consecutive days of identical heat input and. cooling. Heating

and forced cooling were controlled for the first day to produce

deckslab temperatures corresponding with surface temperature
cycles recorded by Dickinson (8,9) on Australian bituminous
concrete surfaces. This pattern of heating and cooling was then
repeated for the next three days. Examination of the scaling
laws for thermal loading (10) indicates that for identical prototype

and model materials a model:prototype time scale equal to
the square of the length scale is required to produce model:
prototype temperatures and stress scales of unity. Consequently
a prototype diurnal cycle required a model duration of 90 minutes,
and the four-day cycles represented required only 6 hours
continuous testing.

box.
Fig.5 shows a photograph of the model within the environment
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Fig.5 ^UARTER SCALE MODEL IN ENVIRONMENT BOX
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5. RESULTS

5-1 THERMAL RESPONSE OF MODEL

Fig.6 shows heat input:time and typical temperature:time
curves in prototype time scale for a simulated four-day test
cycle. As will be seen the heat input, which has only been
expressed as a percentage of the maximum heat input was identical
for the four days. Temperatures are all arbitrarily referred to
a base of 20°C.
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FIG. 6 TYPICAL THERMAL RESPONSE FOR 4-DAY CYCLE
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Despite the convective cooling of the deckslab provided by
the 3m/sec wind the peak temperatures continued to rise throughout
the four-day cycle. This was particularly the case for the deckslab

above the enclosed air cell where temperatures rose to higher
values than in the concrete above the webs or in the cantilevered
areas. The temperature above the enclosed air cell also dropped

more slowly in the cooling periods,
than in the other areas. This
behaviour appears to result from
the insulating behaviour of the
entrapped air cell. There was
more resistance to vertical heat
flow from the bottom of the deckslab

into the stagnant air mass
than down the concrete webs, hence
the higher temperatures above the
air cell. Total heat stored will
be similar in the volume below any
given area of surface. In the
cooling cycle heat could flow up
and down the webs away from maximum

temperature areas, whereas
above the air mass heat flow would
mainly be vertically up, away from
the air mass, and therefore
temperatures remained higher longer
in the deckslab area above the air
mass. This is ülustrated by
comparing the temperature profiles
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FIG. 7 TEMPERATURE PROFILES
DOWN WEB AT 14:00 HRS ON
4 SUCCESSIVE DAYS
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down the web, as shown in Fig.7, with the peak values in Fig.6.
Fig.6 indicates a maximum deckslab temperature, above the air cell,
of 73°C on the fourth day, in comparison with a peak of 66°C above
the webs, as indicated in Fig.7«

5-2 COMPARISON BETWEEN THEORY AND EXPERIMENT

In order to compare experimental deflections and stresses
with those predicted by Equation 1 to 3 above, temperatures
measured at the positions shown in Fig.4b were used to define the
temperature distribution ty. The section of the model was
considered to be divided into a number of different areas, each of
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which contained a temperature transducer. At any given time the
temperature indicated by a particular gauge was considered to be
constant throughout the relevant area. Equations 1 to 3 were put
into summation rather than integral form and solved by Computer,
which produced graphs of theoretical central deflection, and stress
at salient points versus time, for the four-day cycles. These
were then compared with experimental values.

In predicting the theoretical behaviour, experimentally
obtained values for the coefficient of thermal expansion and
modulus of elasticity of 10.65x10~b/°C and 2.34N/mm2 respectively,
were used.

Figs. 8 to 11 show comparisons between theory and experiment
for central deflection, soffit stress, deckslab stress, and web
stress at a prototype height of 870mm above the soffit. In all
cases only the first two days of the four-day cycle have been
compared. Time is expressed in prototype scale, and the stress
Convention used is tension positive, compression negative.

Fig.8 indicates excellent agreement between theoretical and
experimental deflections. The agreement between theoretical and
experimental stress shown in Figs.9 to 11 is also good, and is in
general within the expected experimental accuracy of ±0.2N/mm2.
However, Fig.11, which shows deckslab stresses, exhibits much
higher discrepancies, though experimental and theoretical curve
shapes are very similar. It is thought that the discrepancy is
largely due to the difficulties in obtaining accurate strain
readings on the surface of the deckslab. Although the straingauges

were compensated for a thermal coefficient of expansion of
10.8x10~°/°C, the differences in surface colour of the gauges and
concrete deck may have induced artifically high temperatures in
some gauges. Nevertheless, in all cases the predicted stresses
exhibit satisfactory agreement with experimental values.

It is of interest to calculate the continuity stresses that
would have been induced in the model if it had had a central
support. At 16:30 hrs. on the second day of the thermal cycle,
the central displacement was 24.2mm. If this displacement were
restrained by an internal support, stresses of 3.40N/mm2
compression at the top of the deckslab and 6.95N/mm2 tension at the
soffit would be induced. These should be added to the internal
stresses indicated by Figs.9 and 11 to give final stresses of
7.60N/mm2 compression at the deckslab and 6.15N/mm^ tension at
the soffit.
6. DISCUSSION AND CONCLUSIONS

The results presented above show that equations developed
from consideration of simple statics accurately predict
longitudinal stresses and curvatures in box-girder bridges. Transverse
stresses resulting from restrained transverse expansion and
hogging of the deckslab can also be of significant magnitude and
should always be considered in design.

The temperatures induced in the model and reported herein
represent extremely severe conditions. Although the surface
temperatures sustained on the first day of the four-day cycle
compare with those reported by Dickenson (8,9), the rather low
wind velocities and the lack of forced cooling on the soffit
during the cooling periods of each cycle will tend to make the
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temperatures on the successive days artificially high.
At this stage of testing, the model has only been tested with

a bare concrete deckslab. Further series of tests with a sealed
bituminous wearing surface, and finally with a white painted
surface will be carried out to investigate the influence of
surface colour on thermal response. This model study is to be
followed by a comprehensive prototype investigation into thermal
stresses in a two-span three-cell prestressed box-girder bridge.
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SUMMARY

A quarter scale prestressed concrete model of a Single cell
trapezoidal box-girder bridge is described. The prineipal aim
of the study is the investigation of structural response to
diurnal temperature fluctuations. Results of temperatures,
stress and deflections induced by thermal loading are reported.
Good agreement is obtained between experimental stresses and
deflections and values predicted by a theory based on simple
equilibrium criteria.
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1) DESIGN

1.1) General (Introduction)
The new structure, including Workshops and Stores, recently accomplished at the
"Leonardo da Vinci" Airport in Fiumicino (Rome) is mainly developping all around
the two main hangars designed for the housing and maintenance of the new jet
Boeing 747. Actually the hangar shape and size perfectly cope with the shape of
the aircrafls. This peculiarity guided the design towards the realization of lar
ge entrance openings, while on the opposite side the structures have been adequa

tely reduced down to a large protruding "corridor" in which the bow of the
aircrafts finds its place. Such Solution has allowed the siting of shops, störes
and operating centees in the back, also using the space resulting between the
two corridors of both hangars.
As far as the vertical dimensions of the two hangar rooms are concerned, the
great height of the B747 vertical rudder size has guided to a dissymmetric roof
structure reaching its highest point at the entrance side, see in corresponden-
ce of the jet tail.
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1.2) The Hangars

Each hangar consists of two adjacent rooms of different shape:

- one back room (the before mentioned "corridor") housing the aircraft bow,

parallelepiped liefe, 45,00 m in length, 20,00 m in width and 16,40 m in height;
- one front room, housing the bow central and back part, the wings and tail;

78,25 m wide, 74,50 m long and varying in height from 20,00 m to a max of 30,00m.
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Fig. 2 Plan
The two rooms are closed all around by mejans of reinforced concrete walls,

with exception of the entrance wall consisting of a large sliding door. The walls
have also a static function: in effect they transfer to the foundations all
actions originated by the roof.

The rear room has a flat ceiling consisting of a number of parallel prestress_
ed concrete beams spaced 4,50 m and joined by precast concrete slabs.The main roofl,
on the contrary, is made by a steel concrete Suspension structure anehored by
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means of ties to the walls at points A,B,C,F,G,H,(see Fig. 4 and 5).
In correspondence of these points are transmitted vertical and horizontal

forces to the walls either longitudinaUy and transversally. All these forces
are transferred to the foundations either through the walls themselves and

through the transversal connections. In effect on the front plan are placed two
connections: one at pavement level, consisting of a prestressed concrete beam

resting on the ground; the other, at 31,00 m of height consists of a reinforced
concrete box compression strut resting on a truss steel girder which, at the sa
me time, gives support to the large sliding door.

In the back, the transversal connection is given partially by the rear con

crete walls and partially by a reinforced box beam, placed between points C and F.
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structure.
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1.3) The Suspension roof

The roof structure of each hangar consists of 19 prestressed concrete cable-
like members, directly supporting the roof plates and linked, at both ends, to
two transverse beams also of prestressed concrete of variable cross section.

The resistant members and transverse beams are, then, linked to the walls by
means of two series of prestressed concrete tendons fanning out from points A

and H in the front, and from points B,C,F and G in the rear. The whole Suspension

structure, whose structural members are the cable-like members, the cross beams

and the fans of tendons, is represented in Fig. 6.
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Plan of the roof

The cable-like members (40x15 cm) are spaced 4,45 m and support the precast

roof plates. These plates allow also the light to pass through because of a

central rectangular hole covered by a dorne of acrylic resin. Each cable-like
member is prestressed by means of three high tensile steel tendons consisting
of eight 1/2" Strands each. The fanning tendons are also of rectangular cross
section: moreover, owing to the different values of the forces to which they
are subjected, both the cross section and the number of prestressing cäbles are
different from tendon to tendon.

The two end cross beams are sited in correspondence of the joints between
cäbles and ties. Both beams are horizontal and present a rectangular section
which is constant for the rear beam and variable for the front beam. Eight more
cross-beams are hanging from the roof. They are truss steel beams of triangulär
section with two upper and one lower chord; such beams are intended to distribute

along the roof the heavy concentrated loads of the bridge cranes. The
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ten cross beams provide s very efficient connecting action between the cable-like
members of the roof.

The Suspension structure is in the shape of the catenary of the dead load
with different values of the tension in the various cable-like members.These mem

bers owing to their small thickness as referred to their length, can be consider
ed perfectly flexible,that is, without flexural rigidity, and so they can under-
go any change in thir center-line curve.

It lias to be pointed out that the structure is a one-way system of cäbles:
therefore, the stability of the roof against the wind suction is due to the dead

weight only, which is considrable because the plates of the actual roof are also
made of concrete. Hereunder are given some values on the design loads:
- dead load of the roof including plates, cäbles, cross beams, crane baams, 230

kg/m
2

- overload 120 kg/m :

- wind load 100 kg/m

1.4) Construction techniques
It has been already told that the initial tensile structure is in the form

of the dead load catenary, for given values of the stresses in the various
members. For the erection was used a steel tube scaffolding, following the structu
re shape, wliich supports the whole roof. Then the prestressed elements have been
subjected to tensioning beginning from the cable-like ones, then the cross and

finally the fan-like tendons.
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Fig„ 7 View of the fan-like tendons,
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2) TESTS ON MODEL

2.1) General characteristics

As it has been previously pointed out, the actual structure is composed of
prestressed concrete members, precast concrete plates and steel trusses. In the
model the corresponding elements were made respectively of steel, aluminium and

an aluminium alloy called anticorodal.
The same alloy was used for the two cross beams.
The reasons of the heterogeneous choiee of materials follows from the requi

rements due to the similitude laws, as well as the technical ones (assemblage)
and the necessity of having, in the proper places, space enough for applying the
straingauges.

In order to establish the sizes of the model various elements, following
the mechanical similitude, it has been assumed the value 0.35x10 kg/cm for con
crete in the^actual^structure; 2.1x10 kg/cm for the steel elements of the model,
and B=0.7xl0 kg/cm for the aluminium ones. The anticorodal modulus of elasticity

was determined by preliminary tests on the actual laminates which were to be

employed in the model.
As far as the various structural member sizes are concerned, the mechanical

similitude laws liave been taken into aecount starting from the representative
equations of the problem. If 0 is the force-ratio and X is the length one, we

obtain the following relationships:
CT 1 (5* A 1 E* A* (tendons); 1 1
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Fig. 8 Plan of the model and straingauges disposition
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given the size of the actual structure, it
has been considered convenient to assume
the values:\ =50 and 0=2,200 from which
follows the ratio for the cross sections in
tansion (cäbles and tendons):

A* 13,200
A

m

The section has been chosen rectangular,
0.5mmxl1.0mm, which is convenient for the
application either of the straingauges and
of the roof plates. From the previously de_

termined parameters the tendons cross see-
tions-made by steel rods having commercial
sizes, wliich vary in steps of 0.5 mm - were
derived. All arising approximations do not
exceed a 4% error in diameter.

Both terminal cross beams were
constructed by means of two bars spaced 2 mm

from each other, assembled by bolts.This
composite section, constant in height for
the raar beam, and variable for the front
beam, has been chosen in order to solve
the problem of an efficient connection
between the beam itself and the other two
structural members converging in every
Joint. The resulting sections follow the
similitude laws either as it refers to
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the areas and the moments of inertia: as a matter of fact, the cross beams are
subinitted to liigh axial force.

In connecting the tendons to the outside walls and columns tliis latter part,
(whose deformations are smaller than the roof ones) has not been realized but
the tendons fixed to rigid steel tubes.

As it refers to intermediate cross beams, actually consisting of a double
steel trusses, they are represented by anticorodal Tees, being impossible to re
produce in detail the rather complicated truss structure.

Six linlcage head ties (tubes) are fiwed to six steel columns of a box profile

composed by HEB I beams. Loads are realized by means of iron cylinders,
2.00 kg each for the dead load and 1.25 kg for the live load.

The loading equipment consists of a table raised and lowered by means of
four hydraulic jacks, acted by a Single hand pump. Through the table raising
and lowering action are applied or taken away only the live load weights, while
the dead load ones are always suspended to the roof.
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2.2) Testing and results

The model tests resulted from the application of the live load to the struc
ture already subjected to the dead load.

Two sets of measurements have been taken, one before the roof plates were
mounted, the second with the plates in place.

Besides it has been tested the effect of the concentrated loads measuring
the effects due to a 3 kg load applied in correspondence of five section every
intermediate cross beam.

In the model, taking X =50, these displacements result in the order of
1 mm.
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The main results of the
model tests are given in Fig.
12 and 13, where the roof de

formations (taken in corre-
spondence of the cross beams)

as well as the bending moments
and the axial force distributions

are represented.
In Fig. 14 the main expe

rimental results are compared
to the analytical ones, as far
as the force distribution
among the front tendons and

the deflections of the transversal

beams are concerned.
It is evident the good corre
spondence existing between
the two results.

Theoretical

Experimental

Fig. 14 Theoretical and experimental
results

Summary

The structures of the new hangar housing the jet Boeing 747 at the "Leßnar
do da Vinci" Fiumicino Airport (Rome) is described. Its main feature is the sus^

pension roof, completely built in prestressed concrete. The structural elements
are a series of parallel cable-like members, tied by transverse beams which are
suspended to columns by me<ans of fan-like tendons.
Stabilization against wind suction is provided by dead weight only.

Tests were made on a 1:50 scale metal model; details of the design as

well as of the construction elements are given. Model tests results are in
good agreement with the theoretical ones.
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1. Introduction

In the design of any structure which will be subjected to water flow, the
magnitude of the hydrodynamic forces may have to be determined, and the dynamic
response of the structure predicted. In certain cases there is also a possibility

of the hydrodynamic forces being increased by interaction with the Vibration
of the structure, causing a condition of hydroelastic instability.

A free-standing hydraulic intake tower is one such structure. This kind of
tower, commonly used in reservoirs to draw off the water, is often tall and
slender and hence liable to vibrate as a vertical cantilever. The section of the
tower is commonly circular or square, and is fitted with intake valves at various
levels to enable water to be drawn off at any required elevation. In Operation
the tower is subjected to the dynamic forces caused by water entering at the
valves under considerable static head, dissipating much of its energy inside the
tower, and flowing out at the base. The magnitude of these forces depends on the
valves that are open and on the height of water in the reservoir. Further the
tower is standing in water and its dynamic response will be influenced by the
water both inside and outside the tower. There has been at least one case of
serious Vibration in a tower of this kind, a condition that might have led to
structural damage if the flow of water had not been eut off.

The purpose of this model study was to establish the stability of a proposed
intake tower design under all possible flow conditions, and to determine if any
design modifications were required in the design to achieve this stability. As

the hydraulic aspects of the tower had also to be studied, a combined hydraulic-
structural model study was undertaken to reduce the total cost and time. The

tower, to be constructed in Southern California, was also designed for seismic
forces,hence it had considerable bending stiffness when considered as a long
vertical cantilever. The stability of the design in this regard made it probable
that it was also adequately stiff to resist the horizontal hydrodynamic forces,
but this had to be established.

2. Description of the Structure

The prototype tower in this study is a 214 ft. high circular tower with an
internal diameter of 32 ft., fitted with thirty six 6 ft. diameter butterfly
valves arranged in groups of four at nine elevations. Each group of four valves
is arranged as two opposing pairs, the groups are spaced at 17 ft. centers vertically

and the lowest is 7 ft. above ground. When the reservoir is füll the water
level will be 158 ft. above ground.

When all valves are finally installed, all four valves at any given level
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will either be open or closed, one or two levels will be open and these will be
fully submerged. The maximum flow with all valves open will be 9600 cub. ft.
per see. During the initial phases of construction there will be only one pair
of opposing valves at each level.

The appearance of the tower above ground will be similar to that of the
model shown in Plate 1. Below ground the internal diameter tapers from 32 ft.
to 19 ft. over a height of 75 ft., and below this there is an elbow section
which joins the outlet tunnel which also has a diameter of 19 ft.

The foundation of the tower is interbedded sandstone and shale which will
be pressure grouted after construction.

3. Considerations in the Design of the Model

Dynamic forces due to hydraulic flow are inertial forces and drag forces,
and these two lead to conflicting similitude requirements. As gravity acts on
both model and prototype, accelerations are the same in both, and this in turn
gives rise to the velocity ratio v 1/L where subscript r denotes a
dimensionless ratio between model and prototype, and L length. Hence the
ratio of inertial forces when water is used as the fluid in the model is
F L To keep the drag forces to the same scale the Reynolds Number has to
be the same in model and prototype, and this leads to a velocity requirement of
v 1/L This conflict in velocities cannot be resolved in such a model study
and hence a decision has to be made regarding the relative importance of inertial
and drag forces. Clearly inertial effects are extremely important, and the only
question is whether or not the drag forces are a significant factor. In this
case it was decided to neglect the drag forces, but to keep the Reynolds Numbers
as close as possible by making the linear scale of the model as large as possible.
For the flow condition causing the maximum Vibration of the tower the Reynold
Numbers were 2.7 x 10' and 1.6 x 10 in prototype and model respectively. The
final effect of this decision will not be known until tests are made on the
prototype tower.

In using a physical model as part of a design process it is desirable to
construct the model so that modifications to the design can be effected on the
model with a minimum of difficulty to allow for possible design changes in the
prototype. This demands that certain geometrical features be taken as fixed,
and in this case it was the internal geometry of the section. The outside
geometry was left open to modification, hence the mass and the overall bending
and shear stiffnesses of the tower could be modified.

It was assumed that the important structural properties for this study were
those associated with the Vibration of the tower considered as a long vertical
cantilever, hence the overall flexural and shear stiffnesses of the tower section
and its mass distribution had to be correctly simulated. Those modes of Vibration

associated with the local deformation of the cross section corresponded
with frequencies that were considered too high to be significant.

The tower was considered fixed at ground level, and the model supported in
such a way that there was an effectively rigid connection at this elevation.
The prototype design included an access bridge to the tower, but this was not to
be considered unless the response of the model called for design modifications.

The interaction between the vibrating tower and the surrounding water was
assumed to be correctly simulated by the model. The interaction effect is
discussed below. There is some data available for this effect at model scale
(1), but little at prototype scale and it is recognised that the effect may be
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velocity dependent. As any scale effect would likely influence the magnitude
of the coupled mass of water vibrating with the tower, once this scale effect
is known it can be allowed for by the designed mass of the model. In this study
as no information of this kind was available, it was assumed that there was no
scale effect influencing the Virtual coupled mass of water.

4. Design of the Model

The stiffness requirements and frequencies of the model were fixed from the
values of F and v discussed above. To make the model true scale and in prototype

material would have made it too stiff by a factor of L the geometrie scale,
and as a scale of L 1/30 was used this would have meant a model 30 times too
stiff. The stiffness could have been reduced in two ways: (a) by reducing the
wall thickness as local deformation was not being studied, and (b) by using a

more flexible material. The first of these would have resulted in a model with
extremely thin walls and difficult to construct; the second would have required
a lower value of E than can be found in suitable materials. Hence a combination
of the two was used. Acrylic resin in the form of Plexiglas sheet was selected
for the model material, and as this has an effective dynamic E approximately
l/5th that of concrete, the further 6 times reduction is stiffness had to be
effected by reducing the wall thickness of the model to approximately l/6th of
its true-scale value.

There are two properties associated with model material that must be
considered in an elastic dynamic study, stiffness and damping. The value of E

is the dynamic modulus associated with the frequencies expected in the study.
Tests on certain plastics show E to be frequency dependent, and if E varies
significantly over the expected ränge of frequencies, such a material may be
unsuitable._ Dynamic tests on Plexiglas showed that E is effectively constant
at 6.5 x 10 psi above 6 Hz, and as the first natural frequency of the model
in water was approximately 6.5 Hz this was considered suitable. Material damping
presents problems when using certain plastics for dynamic modeling. The damping
of Plexiglas is in the order of 4% critical, and this is somewhat higher than
would be expected in an uncracked concrete tower. Provided that there is no
interaction between the dynamic forces and the Vibration of the structure, the
effect of higher damping can be allowed for; if a feed-back phenomenon is present,
this is not possible. It was decided to use Plexiglas and to recognise the
problem of higher damping in the model.

Having decided on a distorted model, it was found convenient to make the
basic model understiff and to bring it up to the design stiffness with detachable
external ribs. Hence it was possible to increase the stiffness further if
redesign was called for.

The natural weight of the model was approximately 100 Ib., whereas the
Simulation of inertia forces called for a weight of 550 lb. This was achieved
by adding external lead weight rings, bolted to the model in such a way that
they held the section geometry on two normal diagonals (Plate 2). By this means
the problem of the reduced local bending stiffness of the walls was overcome.
The weights were designed not to interfere with the flow pattern external to the
tube, and they could also be increased in value if design modifications required
it.

The valves were modeled in Plexiglas (Plate 3), and were installed with the
axis of the vane vertical. Open and closed valves were modeled and these were
installed according to the required operational conditions. The Situation arising
during the opening or closing of the valves was not studied. The model above

ground without valves or weight .rings is shown in Plate 1.
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Three large tanks were used, a constant head tank and a weir tank to
control and measure the water flow, and an 8 ft. diameter tank (Fig. 1) in
which the model was tested.

5. Instrumentation

Horizontal accelerations were monitored at six points in the tower, two
accelerometers at each of three elevations (Fig. 1). The locations were selected

to monitor the Vibration of the tower simultaneously about two orthogonal
axes and at elevations suited to measuring experimental mode shapes for the
first three natural modes. Samll piezoelectric accelerometers were used with a
frequency ränge down to 1 Hz and a sensitivity of 0.01g. Dynamic stresses were
measured by resistance strain gages mounted in opposing pairs at the base of
the tower.

Provision was made for processing the data in either digital or analog form.
For digital processing the data could be stored on magnetic tape. For diaplay
in analog form the data could be fed to a storage oscilloscope and photographed.
It was found that the latter procedure was ideally suited to the entire program
as it had two advantages: the instantaneous display of dynamic response is
essential in any study where there is a possibility of resonance causing damage;
also it was useful in the preliminary stages for studying the constructional
Problems associated with the dynamic characteristics of the supporting tank
System. Two devices were used in connection with data display. The first was an
operational amplifier which displayed the log of the acceleration vertically
against time horizontally. This was used for damping studies (Plate 6). The
second was a harmonic analyzer which displayed the intensity of any quantity
against frequency, and was used to monitor the harmonic contents of the horizontal

accelerations at the top of the tower (Plate 5).

A digital counter was used to measure natural periods, and this period could
be measured at any preselected interval after initial excitation by the use of a
specially designed zero-crossing counter.

6. Tower-Water Interaction

The principle effect of submergence on the dynamic response of the tower is
the coupled virtual mass of water which lowers the natural frequencies of the
tower as compared with the frequencies in air. This was studied extensively on a
series of small models (2) as well as on the tower model, and the coupled mass of
water determined from interaction graphs of the kind drawn in Fig. 2 for the tower
model. In this graph m mass/unit length of the tower in air, m required
coupled mass of water/unit length, f first natural frequency of the tower in
air, and f frequency of the tower in water. The theoretical curves are based
on a Rayleigh Solution which assumes a constant mode shape and a coupled mass of
water taken as a constant mass m per unit depth.

The mass coupling due to water outside the tower is expressed as a percentage
of the mass per unit depth of the water displaced by the tower. From a series of
tests conducted on tubes of different external diameters ranging from 1.0 in. to
13.44 in. (the latter being the tower model), the coupled mass factor was found to
be sensibly constant at 75%. 100% of the mass of the water inside the tower was
coupled with the vibrating tower.

Fig. 2 shows the results of tests conducted on the model tower with water
rising simultaneously inside and outside. The form of the experimental curve,
which closely follows the theoretical interaction curves, indicates that the
simple interaction concept provides an accurate procedure for Computing the first
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natural frequency of a vertical tube standing in water whose surface is at any
elevation below the top of the tube.

The damping, as measured from decay curves, was not measureably increased
by submergence in still water, even when the water level was at its maximum
and all valves were open.

7. Experimental Results

Data was taken for a wide variety of valve operational conditions; single
valves open at various levels of submergence, two adjacent valves open, two
opposing valves open, all four valves open, and these combinations for more than
one level at a time up to and including all valves being open for the maximum
flow condition.

The Vibration of the tower appeared to be random in form and oecurred
simultaneously about both horizontal axes. The form of movement of the top of
the tower as viewed in plan can be seen in Plate 4, which is the trace formed by
the Signals from the two accelerometers at the top of the tower being fed to the
X and Y plates of the oscilloscope. The most useful display of the acceleration

data was by taking the signal from one accelerometer, passing it through a
spectral analyzer, and recording the resulting acceleration-frequency plot on a
storage oscilloscope. Plate 5 shows the spectral analysis of the accelerations
at the top of the tower about one axis. It was due to two adjacent valves being
open at level 4 with all other valves closed, and the water level outside the
tower being at its maximum elevation. This was the valve condition that
produced the maximum Vibration in the tower. It will be noted that the important
dynamic response of the system was associated with the natural frequencies of the
tower in water, the two major peaks in this particular diagram corresponding to
the second and third natural frequencies. In all cases the maximum acceleration
intensity was associated with the second mode, but the largest displacement
amplitude was associated with the first mode. The acceleration response curves
were all of the general form shown in Plate 5, and it appeared that within the
ränge of frequencies under study the hydrodynamic forces produced something in
the nature of a white noise excitation, the dynamic magnification at the natural
frequencies causing the response peaks. It will be noted that the projected
prototype displacements at the top of the tower are not large, the maximum amplitude

in the first mode for any valve condition being 0.4 in., and this is considerably

less than the design seismic displacements. Displacements in the higher
modes were much smaller.

Considerable time was spent in searching for a more serious resonant condition,

without result. There appeared to be no significant feed-back phenomenon
between the excitation forces and the Vibration of the tower. It was concluded
from the model study that this particular design was dynamically stable for all
possible conditions of hydraulic flow, within the limitations of the model study.

The effect of water depth on two different valve operational conditions can
be seen in Figs. 3 and 4. Fig. 3 shows the effect of the water level outside the
tower on the dynamic response when two adjacent valves were open at level 4 (see
also Plate 5). The Variation of Vibration amplitudes in the first two modes was
approximately linear with water level. This could be expected as the static
pressure at the intake valves increases linearly. However, when valves were open
at more than one level the effect was different. Fig. 4 shows the influence of
water depth on dynamic response when all valves were open. In this case there
was a critical depth of water associated with maximum Vibration amplitudes, and
this was not the maximum possible depth. As the water level outside the tower was
raised above this critical elevation the water flowing into the tower through the
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higher valves either interfered with the excitation caused at the lower valves,
or the random nature of the excitations at the different levels tended to cancel
each other, and there was a resulting reduction in dynamic response.

Similar data was taken for the bending stresses at the base of the tower,
and it was found that the spectral analysis of bending stresses correlated closely
with the values predicted from the modal displacements at the top of the tower
derived from the accelerometer readings.

As a further check on the stability of the tower, effective damping tests
were done both in still water and also during those flow conditions showing
maximum Vibration. These were done by externally exciting the tower during the flow
condition and observing the decay curve while the flow was maintained. Plate 6

is an example using the signal from the top accelerometer. The system damping
can be deduced from the envelope of the first part of the curve which represents
the decay after the removal of the external excitation. The residual signal
after the initial decay represents the dynamic response of the tower to the
hydrodynamic forces. In all such tests the change in system damping caused by
the hydraulic flow condition was minimal.

8. Conclusion

This particular model of a hydraulic intake tower was completely stable
under all possible flow conditions. In using the experimental data to predict
prototype response the limitations of the model are recognized, namely the
effects of drag forces and system damping.

At the time of writing the prototype tower has not yet been constructed.
It is hoped that the structure will be tested under conditions equivalent to
those simulated by the model. Thus it should be possible to study the correlation
between model and prototype dynamic behavior and to determine the extent to which
dynamic model studies of this kind can be used in the design of hydraulic structures.
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11. Summary

Experimental data is presented on the dynamic response of a structural
model of a hydraulic intake tower. The effects of submergence on the natural
frequencies are given together with the response of the system to the
hydrodynamic forces associated with certain valve operational conditions. Using a
combined structural-hydraulic model an attempt has been made to establish the
structural adequacy of a proposed design.
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Plate 1. Model Tower
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Plate 2. Fitted Weight Rings
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Plate 3. Valves Closed and Open
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1. HIGHLIGHTS

As noted by the Reporter, the use of structural models provides a power-
ful aid to analytical design. Models permit direct determination of elastic
behavior of complex structures that must be simplified to permit structural analysis.

Even more important, concrete models provide the only reliable means of
determining the ultimate strength of complex concrete structures.

Planned for construction across the Potomac River near Washington, D. C.,
the proposed Three Sisters Bridge, shown in the artist's rendering in Fig. 1, is
unique in several respects. In addition to its 750 ft. (228. 6 m) main span, it has
curved 440-ft. (134.1 m) side spans and the 110-ft. (33. 5 m) roadway is widest
of any post-tensioned, cantilevered bridge yet constructed. Consequently, it
was decided that this design should be supplemented by the construction and
testincf to destruction of a 1/10-scale model of the prototype.

Fig. 1. Proposed 1-266 Potomac River Bridge

d Development Section, and Director, Engineering Devel-
respectively, Portland Cement Association, Ola Orchard
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* Manager, Structural
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Under contract with the designers Howard, Needles, Tammen and
Bergendoff, Consulting Engineers of New York City, a 1/10-scale concrete model
of the Three SLsters Bridge was constructed and tested in the Structural
Development Laboratory of the Portland Cement Association. Dimensions of the
prototype bridge are shown in Fig. 2. Since the prototype is symmetrical
about the center of the main span, only one-half of the bridge was modeled. At
1/10-scale, the model shown in Fig. 3 was 81-ft. 6-in. (24.8 m) long, 11-ft.
(3.4 m)wide, about 6-ft. (1.8 m) deep at the pier and 1-ft. 3-in. (38 cm) deep
at midspan and at the abutment. Constructed using materials having properties
similar to those of the prototype, the model represented the "Direct method of
structural modeling as described in detail elsewhere. (1)

no'

Jt 3l

750 440440

Fig. 2. Plan and elevation of prototype bridge

This report describes construction of
the 1/10-scale prestressed concrete model,
the testing procedure, Instrumentation and
data processing. Important results of service

load tests, design ultimate load tests,
and tests to destruction are reported. It is
shown that the model supported the design
service load without structural cracking
and safely withstood the severe overload of
1. 5 D + 2. 5 (L + I)* required by "Section
1. 6. 6 - Load Factors," the jAASHO Standard

Specifications for Highway Bridges. (2)
Furthermore, it withstood an overload of
1. 5 + 6.0 (L + I) before the flexural capacity

of the bridge was reached in the main
span at the pier.

2. MODEL CONSTRUCTION

•

9

*<
L.H"

*

si
/~T J
I ZT*V

Fig. 3. Bridge Model

Assembly of Superstructure - Although the prototype is designed to be
cast in place in segments, the model was constructed of precast 3-ft. (91.4 cm)
segments that were sequentially grouted in position and post-tensioned together
to form the complete bridge. This use of precast segments was strictly for
convenience in the laboratory. To simulate field construction, continuity of
non-prestressed reinforcement was maintained across all joints. Dimensions
of a model segment near the pier are shown in Fig. 4. Details of construction
and testing are given elsewhere. (3)

* D effect of dead load
L effect of design live load
I impact of load
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Using the cantilever
method, the model bridge
was constructed so that
the superstructure was
always heavier on the abutment

side of the pier.
Overturning of the partially
completed bridge was
prevented by a temporary support

initially located 5. 5ft.
(1. 7 m) from the pier and
later moved to a position
29.3ft. (8.9 m) from the
pier. This support was
removed when the bridge
was seated on the
abutment. At all times after
the first longitudinal
tendons were stressed, a
3, 000 lb. (1. 36 t) weight

130"

66'72

69

Fig. 4. Dimensions of model segment near pier

representing the 300, 000-lb. (136.4 t) weight of construction equipment on the
prototype, was kept near each end of the model. It is intended that the same
cantilever construction procedure will be used for the prototype.

Construction of Segments - Each precast model bridge segment was
constructed in three Operations. (3) Roadway and soffit sections were precast
separately and then joined together by casting webs and fascias. Figure 5 shows
this procedure schematically.

WEBS AND FASCIAS

CAST T0 COMPLETE
SEGMENT PKECAST ROADWAY

PRECAST SOFFIT

ZEE^£ P
Soffit sections were cast

on a continuous platform built
each side of the pier at the
location where the model bridge
was later to be assembled and
tested. The platform served
initially as a base for casting
soffit sections and subsequently
as a working platform during
erection of the bridge.

Roadway sections were
cast in pairs, deck surface down
on special adjustable platforms.
Continuity of the roadway section
was ensured by aligning
longitudinal ducts with metal tem-
plates and by casting each new
section against a previously cast section.

The precast roadway and soffit sections were placed in an assembly frame
that was adjusted to ensure longitudinal prestressing duct continuity and proper
relative geometry. Web duct continuity between segments was established by use
of adjustable templates. After forms were attached to the web and fascia stubs
on the deck and soffit sections, the bridge segment was completed by casting the
center portions of webs and fascias.

Erection of Segments - The erection of each piece of the bridge model began

with lifting the segment onto an adjustable temporary scaffolding and clamping
it to the completed portion of the bridge. The temporary scaffolding and

Fig. 5. Model bridge segment construction
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clamping were then adjusted until Observation by surveying instruments (4)
indicated that the segment was in its proper position relative to the completed
portion of the bridge.

Once a segment was properly aligned, Joint concrete was placed. To complete

the erection cycle, tendons were stressed and the temporary supports
were removed.

Method of Prestressing and Compensation for Losses - Prestressing
tendons in the deck, soffit, webs, fascias and diaphragms were anehored at the
dead end with a button head and at the stressing end with a friction anchor. (3)
An adjustment device was placed between the friction anchor and the anchor
plate to provide a means for precise tensioning of each tendon.

All tendons were stressed initially to 20 percent above the final desired
value. This overstress was chosen to compensate for calculated losses from
steel relaxation, concrete creep and shrinkage and tendon friction.

Similitude of Reinforcement - Grade 60 deformed bar reinforcement in
the prototype was represented by galvanized welded wire fabric having a yield
stress of about 60 ksi and meeting requirements of ASTM Designation: A185-68
and A82-66. Mesh sizes used were 2x2 in. (5x5 cm) - 12/12 and 2x2 in. (5x5 cm)
14/14. The size and amount of mesh was varied to provide about the same
percentage of reinforcement at each section in the model as in the prototype.

The 32 mm (1-1/4 in.) prestressing bars considered in the design of the
prototype were represented by 5 mm (0. 2 in.) or 1/4 in. (6. 35 mm) prestressing
wire in the model. The total prestressing force rather than the individual tendon
force was modeled. Consequently, the 1/4-in. and 5 mm prestressing wires in
the model represented approximately six and four tendons, respectively, in the
prototype. Details of placement of the reinforcement are provided elsewhere. (3)

Properties of Concrete and Prestressing Reinforcement - A concrete mix
with proportions of 1 part Type lü cement to 5. 25 parts Elgin fine aggregatewas
used to cast the segments. The 28-day strength and elastic modulus measured
by compression tests of 6xl2-in. (15x30cm) cylinders are summarized in
Table 1.

Joints between the segments were made from a low slump mortar of 1 part
Type III cement and 3 parts masonry sand. The 28-day strengths measured by
compression tests of 6xl2-in. cylinders are listed in Table 1.

TABLE 1 - Properties of Model Concrete
at 28 Days

Location
of

Concrete

Test of
6xl2-in.

(15x30 cm)
Cylinders*

Average Values

psi (kg/cm2)

Segments

Segments

Joints

fc
Ec

fc

5,870 (412)

3,350,000 (235,000)
7, 770 (546)

* fc
elasticity

compressive strength; E modulus of
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Diameter
Yield Stress at

1% elongation

ksi (kg/cm2)

Strength

ksi (kg/cms)
5 mm

0.25 in. (6.35mm)

264 (18, 500)

218 (15, 300)

292 (20, 500)

254 (17, 800)

TABLE 2 - Properties of Model Prestressing
Reinforcement

Prestressing wire
met the requirements of
ASTM Designation: A421-
65. Strengths obtained
from tests of representative

samples of wire used
in the model are listed in
Table 2.

3. TESTING PROCEDURE

Application of Loads During Construction - As construction of the model
proceeded, forces were applied to simulate the dead load of the prototype. (1)
At 1/10-scale, the model required application of nine times the seif weight of
each segment to reproduce prototype stresses. Load was applied by means of
temporary hydraulic rams located below the test floor. (3,4) Anchor nuts on the
loading rods were then tightened against the lower side of the floor to hold the
required force. Coil Springs in the System permitted small movements of the
bridge during construction while maintaining the total load within a minimum of
93 percent of that intended.

Application of Dead Load - Hydraulic loading equipment below the test
floor was arranged to apply dead load and live load to the model using
techniques described elsewhere. (3, 4) Two independent hydraulic Systems were
used to apply these loads.

The first step in the test sequence was to transfer the load from the
Springs to the hydraulic system and hold the prototype dead load (1. 0 D), i. e.,
a load ten times the seif weight of the model. A set of initial readings used as
a "zero" reference for all tests was then taken.

Design Service Load Tests - jAfter initial readings were taken under
1. 0 D, lane loads and concentrated loads representing 1. 0 (L + I) for HS20-44
loading (2) were added in 5 equal increments. All electronic instruments were
read and the model was visually inspected at each increment. Under this
design service load condition of 1. 0 D +1.0 (L + I), no cracking due to application

of load was observed.

Dead Load Tests - After completion of the design service load test, the
dead load was increased from 1. 0 D to 1. 3 D in six equal increments. All
electronic gages were read and the model was visually inspected at each
increment. No cracking due to application of this load was observed.

Design Ultimate Load Test - The dead load was first increased from
1. 0 D to 1.3 D in three equal increments. Then four smaller, equal increments

of load were added to bring the total up to 1. 5 D. Finally, live load
was applied in four increments until a total of 1. 5 D and 2. 5 (L + I) was carried

by the model. All electronic gages were read and the model was visually
inspected after each increment.

Under application of the Design Ultimate Load, cracks were observed
both over the pier and near the abutment. Although some inelastic deformation
was evident, the model safely supported this extreme overload.

Test to Destruction - The dead load was first increased from 1. 0 D to
1.3 D in one increment and to 1. 5 D in a second increment. Live load was then

3g. 49 Vorbericht
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applied to bring the total to 1. 5 D +4.0 (L + I) with five stops to take readings.
The live load was then reduced to zero and the model was held at 1. 5 D over-
night.

The next day live load was again increased and another set of readings
was taken at 1. 5 D +4.0 (L + I). Two more increments of 1.0 (L + I) were then
applied and all instruments were read. While maintaining a load of 1. 5 D + 6. 0
(L +1), the flexural capacity of the main span at the pier was reached and the
load dropped off suddenly. When this oecurred, crushing of the concrete over
the entire cross section released all longitudinal prestress and deflections of
the model released all applied load. This completed structural testing of the
1/10-scale model.

4. INSTRUMENTATION AND DATA PROCESSING

Loads, reactions, reinforcement strains, concrete strains, web and fascia
horizontal deflections, superstructure deflections and rotations were measured
during the test using procedures described elsewhere. (3, 4)

Eighteen load cells were used to measure forces. Ten cells under the pier
and two at the side span abutment measured reactions. Applied loads were moni-
tored both with pressure cells in each hydraulic system and with six load cells
distributed through the dead load and live load Systems.

Bonded electrical strain gages and Whittemore mechanical gages were
placed on eleven main deck tendons above the pier and on four soffit tendons at
the calculated location of maximum positive moment. Tendon forces were also
sensed with a load cell at each end of one long longitudinal deck tendon and with
one load cell each on a soffit tendon, a web diagonal tendon and fascia tendon.

Strain gages were placed on the concrete surface at 360 locations. This
included gages on nine heavily instrumented cross sections, two diaphragms,
and on the soffit near the pier. At each heavily instrumented cross section,
longitudinal gages were provided over each web on both deck and soffit, over
the fascias on the deck and at mid-depth of two webs and one fascia. At
sections near the pier, additional longitudinal gages were placed on all webs and
fascias near the bottom of the deck.

Lateral deflection at mid-depth of each web and fascia was measured at a
location midway between the pier diaphragm and the first intermediate diaphragm
in both the main span and the side span. To aecomplish this, a vertical framework

was attached near the top and bottom of each web and fascia td support a
linear variable differential transformer (4) displacement sensor at mid-height.

Deflections of the superstructure were measured at 26 locations including the
quarter points and mid-lengths of each span and the free end of the main span
cantilever. A linear potentiometer connected to the test floor directly below
each measuring point was used to sense the vertical movements.

Rotation was measured over a 24-in. gage length including the first
longitudinal deck tendon cutoff each side of the pier. Both rotation and web lateral
deflection were continuously traced on oscillographic recorders. Selected load
versus rotation, load versus vertical deflection, and load versus web lateral
deflection Outputs were displayed continuously on X-Y recorders with the Y-axis
representing applied load.

At each load increment, all data were recorded. Loads, reactions, strains
and deflections were recorded on printed and punched tape using a high speed
VIDAR digital data acquisition System shown in Fig. 6. The punched tape can be
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used to feed the data directly into
an IBM 1130 Computer. Recording

of 400 Channels of information
with this equipment required about
40 seconds.

As soon as a complete set of
data was recorded on the VIDAR,
selected readings were fed into a
Hewlett-Packard 9100B (H-P
9100B) desk Computer located in
the test control center as shown
in Fig. 6. This Computer was
programmed to give measured
values of reactions, key stresses
and deflections. As the test pro-
gressed, the measured values
were compared with previously
calculated values. This immediate access to important reduced data permitted
the test to proceed rapidly while still maintaining complete control.

VIDAR'*

L _

HP 9100 B

M a
*UL«

A äiM!x

3^v-.

ßZäk.
FIG. 6. Test control center

After each test was completed, the data were reduced and analyzed with
the help of an IBM 1130 Computer. All readings were converted to strain, load ¦

or deflection and tabulated. The data were then analyzed to determine force
distributions in the model, prineipal stresses at selected locations, load versus
deformation relationships and other selected information.

In a separate Operation, the H-P 9100B desk Computer was used in combination

with an on-line calculator plotter to plot load versus deformation data. This
permitted a large amount of data to be plotted and studied in a very short time.

5. TEST RESULTS

Performance During Construction - Observed reactions, strains and
deflections during construction of the bridge model were all within anticipated
limits. The bridge model was observed to respond "elastically" as each new
segment was erected and dead load was applied. In addition, no cracks attri-
buted to applied load were found.

Performance Under Design Service Load - Under the Design Service Load
of 1. 0 D + 1. 0 (L + I), the concrete model was observed to perform as anticipated.
No cracks caused by applied load were found. Strains and deflections measured
at critical locations were observed to be proportional to the applied load,
indicating that the structure remained essentially "elastic." A comparison of
measured and calculated load deflection curves for mid span (end of cantilever)
deflections is shown in Fig. 7. Calculated deflections were based on an un-
cracked section and measured material properties.

Behavior at service load was within limits generally assumed in design.
These experimental results indicate that the serviceability requirements
implied by the AASHO Specifications (2) are met by the design.

Performance Under Design Ultimate Load - After the service load tests,
the design ultimate load of 1.5D + 2. 5 (L + I) was applied to the concrete model.
Under this extreme overload some inelastic strains and deflections were
observed, and cracks oecurred both in the negative moment region over the pier
and in the positive moment region near the abutment. All of the inelastic
behavior observed under application of design ultimate load was within ranges
anticipated.
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I.OD + I.O(L*I)

LOAD

I.OD+0.0(L+I)

0.95D-0.0(L*I)

O.OD+0.0(L+I)

Calculated
Uncracked Section

Measured

0.2

CANTILEVER DEFLECTION in.

0.4

FIG. 7. Cantilever deflection - service load test

Figure 8 shows calculated and measured load versus deflection relationships

for mid span (end of cantilever). Calculated deflections were based on an
uncracked section and measured material properties. As can be seen, the
observed deflections were in satisfactory agreement with those calculated.

I.5D+5.0(L+I) sP^*^ '

Measured^,/'/ /
I.5D + 0.01L+I)

I^-Cracking Load

LOAD
lj^~ Calculated

// Uncracked Section
//
II

l.0D+0.0(L+I)
w -

0 5 10

CANTILEVER DEFLECTION in.

FIG. 8. Cantilever load vs. deflection - test
to destruction

After the overload was removed and the condition of 1. 0 D had been re-
stored, all cracks were observed to have closed until they were barely visible
to the naked eye. This behavior indicated and measured strains confirmed that
the longitudinal prestressing tendons remained "elastic" under application of the
design ultimate load.
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Performance Under Test to Destruction - As overload was added during
the test to destruction, additional flexural and torsional cracking developed.
However, no large cracks were observed either in the webs or the fascias of
the model.

After a total load of 1. 5 D +
4. 0 (L + I) had been applied, it was
observed that an increase in load
caused significant spalling of the
concrete at the first Joint in the
main span. Measured strains
indicated that general crushing of the
concrete oecurred as the load went
from 1. 5 D + 5. 0 (L + I) to 1.5D +
6. 0 (L + I). At this load, the
flexural capacity of the main span
was reached and the test ended.
Fig. 9 shows the pier region after
the test.

A comparison of measured
moment capacity with that calculated

on the basis of Article 1. 6.10
of the AASHO Specifications (2) and using measured material properties gives a
ratio of M (u-mM, (Calc) ^" A similar comparison using moments calculated

on the basis of compatibility of deformations and equilibrium of forces
gives a ratio of M /tes+)/M^ ,caic) 0-99. These comparisons indicate that
measured and calculatea values of flexural strength are in satisfactory agreement.

\-« XlI \
I A ./. .4 ..<

- St *

\
FIG. 9. Pier region after test
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8. SUMMARY

Previous model tests such as those of the Medway Bridge constructed in
Southern England have shown the usefulness of a concrete model to aid in
design. Tests of the Three Sisters Bridge model have carried the design process
another step forward by providing a direct link between the model and. the
Computer.

Results of this test indicate that all of the unusual features of the bridge
are adequately aecounted for in the design. Service load Performance met or
surpassed the design requirements and the required safety against overload
was exceeded.
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