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Die Theorie der Brauchbarkeit veranderter Tragwerke
Theory concerning the application of changed structures

Possibilité d'utilisation d'une construction modifiée
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Prof.Ing.DrSc.
TU Prag

Prag, CSSR
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Fakultat fir Bauingenieurwesen TU
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ZUSAMMENFASSUNG

Bei Rekonstruktionen oder Havarien von Stabtragwerken andert sich das statische Modell des Tragsys-
tems und dadurch auch die Beanspruchung von einzelnen Elementen. Der Einfluss der Abschaffung eines
Stabes des urspringlichen Systems auf die Verdnderungen der inneren Kréafte in den restlichen Staben
ist analysiert worden. Es hat sich herausgestellt, dass bestimmte Gesetzmassigkeiten der Ausbreitung
dieser Veranderungen festgestellt und die entsprechenden Veranderungsbereiche geometrisch definiert
werden kénnen.

SUMMARY

In reconstructions or during failure of frame systems the statical model of the bearing structure and thus
also the stress state in the individual elements undergoes a change. An analysis has been carried out of
the influence of releasing one of the beams of the original system on the changes of the internal forces
in the remaining beams. It has been shown that certain rules governing the distribution of these changes
can be determined and their range of applicability defined.

RESUME

A la suite de reconstruction ou de dommage sur des ossatures, le modéle statique du systéme porteur
change de méme que I'état de contraintes des différents éléments. L'influence de la disparition d'un
élément du systéme original est étudiée avec les modifications des efforts intérieurs dans le reste du
systéme. Certaines regles relatives a la distribution de ces efforts peuvent étre détérminées de fagon
géométrique.



472 DIE THEORIE DER BRAUCHBARKEIT VERANDERTER TRAGWERKE

1. EINLEITUNG

Bei Rekonstruktionen oder Havarien von Rahmen andert sich das statische
Modell des Tragsystems. Die Beanspruchung von einzelnen Elementen wird also
auch gedndert. Jedenfalls ist das modifizierte Tragsystem neu zu berechnen.
Fir grosse und komplizierte Tragwerke kann die neue Berechnung sehr zeit-
raubend und kostspielig sein. Die Beurteilung der Tragfahigkeitsvermin-
derung oder die Entscheidung, ob ein Teil des Tragsystems rekonstruiert
werden soll, kann durch eine vorldufige Abschdtzung von Beanspruchungsver-
anderungen wesentlich erleichtert werden. Dadurch werden Zeit und Kosten
gespart. Wir haben uns deswegen bemiiht, die Gesetzmassigkeiten der Aus-
breitung von Beanspruchungsverdnderungen in einzelnen Stabelementen nach
der Abschaffung eines Stabes zu finden. Die Berechnungen haben wir fir mehr
als vierzig ebene und rdumliche Stabtragwerke durchgefilhrt. Die Ergebnisse
wollen wir an zwel Beispielen von ebenen Tragwerken demonstrieren. Es
werden dabei zwel Gruppen von Tragsystemen unterschieden: sgn. "hohe"
Systeme und "breite" Systeme (nach der Proportion der Geschossanzahl und
der Anzahl der Felder). Wir haben nur prismatische Stdbe, gleichmdssige
Belastung der Querriegel und einseitige Windbelastung in Betracht gezogen.
Systeme, die nach der Abschaffung eines Stabes instabil werden, haben wir
ausser Betracht gelassen (d.h. statisch bestimmte Systeme oder Systeme mit
nur einem Feld, in dem z.B. eine Stiitze im ersten Geschoss beseitigt ist
usw.) .

Es hat sich herausgestellt, dass fiir die Verdnderung von Biegemomenten und
Normalkrdften bestimmte Gesetzmdssigkeiten festgestellt werden konnen. Bei
der Auswertung von Veranderungen wurden prozentuale Differenzen benutzt. Es
wurden die Differenzen von 2%, 5% und 10% im Vergleich mit dem urspriing-
lichen Zustand ausgewertet. Es ist dabei zu unterscheiden, ob eine innere
oder dussere Stiitze oder ein Querriegel beseitigt wurde.

In den Bildern sind die Verdnderungsbereiche in folgender Weise markiert:
Volle Linien schliessen Bereiche der Verdnderungen von mehr als 10%, ge-
strichelte Linien von mehr als 5%, punktierte Linien von mehr als 2% ein.
In den restlichen Stdben ergeben sich nur bedeutungslose Veranderungen. In
Fig. 1-3 bezeichnet das Symbol x positive Veranderungen von Biegemomenten
in Endquerschnitten, das Symbol + positive Verdnderungen von Normalkraften,
in den restlichen Stdben des Bereiches sind die Verdnderungen negativ. Der
beseitigte Stab wird durch Pfeile bezeichnet.

2. VERAENDERUNGEN VON BIEGEMOMENTEN

2.1. Erste Gruppe

Es wurde eine dussere Stiitze beseitigt. In diesem Fall erfolgt die 10%
Veranderung der Biegemomente im ganzen oberen Bereich des Tragwerkes lber
der beseitigten Stiitze. Unterhalb dieser Stiitze traten die Verdnderungen
hochstens in einem Geschoss ein. Die Bereiche von 5% und 2% Verdnderungen
verlaufen analog. Die graphische Darstellung des Verdnderungsbereiches hat
eine ovale Form. Der beseitigte Stab befindet sich im rechten oder linken
Teil eines Ovals, das sich lber das ganze Tragwerk oberhalb des beseitigten
Stabes erstreckt. Dieser Bereich wird als "Ovalbereich" bezeichnet (Fig. 1)
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2.2. Zweite Gruppe

Die Lage eines beseitigten Querriegels in der Konstruktion spielt keine
Rolle. Unabhdngig von ihr hat der Ver&dnderungsbereich von Biegemomenten
eine naherungsweise elliptische Form. Diese Ellipse schliesst hochstens ein
Geschoss oberhalb und ein Geschoss unterhalb des beseitigten Stabes ein.
Die Breite der Ellipse ist gleich der Breite des gesamten Tragwerkes.
Dieser Bereich wird "der elliptische Bereich" genannt (Fig. 2).
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Fige1 Der Ovalbdereich Fig.2 Der elliptische Bereich

2.3. Dritte Gruppe

Es wurde eine innere Stitze beseitigt. In diesem Fall ist der Veranderungs-
bereich der Biegemomente am interessantesten. Die beseitigte Stilitze be-
findet sich in der Achse der Gebiete, die sich nur in unmittelbar benach-
barten Feldern erstrecken. Die HShe des Bereiches reicht bis zu den letzten
Etagen. Unter dem entfernten Stab erfolgen die Verdnderungen nur etwa zweil
Etagen unterhalb des Stabes. Es ist erstaunlich, dass die unmittelbar be-
nachbarten Stitzen unter und Uber der Stiitze kaum beeinflusst werden.
Diesen Bereich bezeichnen wir als "Fliigelbereich" (Fig. 3).

Alle bisher diskutierten Ergebnisse sind nur fiir regelmdssige Tragwerke
giltig. Fir Tragwerke mit z.B. nicht durchlaufenden Stiitzen oder Quer-
riegeln gelten die obigen Schlussfolgerungen nicht.
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Fir rdumliche Stabwerke sind
dhnliche Schlussfolgerungen
giltig. Nach den Abbildungen ist
klar sichtbar, dass man auch fir
die Vorzeichenveranderungen
bestimmte Regeln finden kann.
Z.B. fir den elliptischen Be-
reich (Fig. 2) andern sich die
Differenzvorzeichen nach einem
"Diagonalsystem".

3. VERAENDERUNGEN VON NORMAL-
KRAEFTEN

Um die Bereiche der prozentualen
Verdnderungen von Normalkrdften
analog den Verdnderungen von
Biegemomenten definieren zu
konnen, sind die Veranderungen
von Normalkraften getrennt in
Stitzen und in Querriegeln zu
untersuchen.

3.1. Erste Gruppe

Beim Ausfall eines der Quer-
riegel kann der Veranderungsbe-
reich der Normalkrafte in Saulen
als ein "Rechteckbereich" be-
zeichnet werden. Die Normal-
Fig. 3 Eine innere Stiitze wurde krafte andern sich in den Sta-
beseitigt - der Flugelbereich ben unter dem entfernten Quer-
riegel (Fig. 4). Bei hohen Sys-
temen konnen auch zusadtzliche
Verdnderungen auftreten. Diese Anomalien sind dadurch verursacht, dass
gleichzeitig eine senkrechte und eine waagrechte Belastung aufgenommen
werden (Fig. 5).
Die Verdnderungen von Normalkrdften in Querriegeln beschrdnken sich auf
einen "elliptischen Bereich" (Fig. 6). Bei breiten Tragsystemen befindet
sich der beseitigte Stab ungefahr im Brennpunkt (Stadabe in den Mittel-
feldern) der Ellipse. Normalkrdfte dndern sich im Bereich von ca. zweil
Etagen oberhalb und unterhalb des beseitigten Querriegels. Wenn ein Quer-
riegel im Randfeld beseitigt wird, kdnnen die Veranderungen bis in vier
Feldern erscheinen. Fiir hohe Tragsysteme sind praktisch die gleichen
Schlussfolgerungen giiltig (Fig. 7).

3.2. Zweite Gruppe

Die Lokalisierung der Verdnderungsbereiche im Falle einer beseitigen Stiitze
ist ziemlich kompliziert. In diesem Fall dndern sich die Normalkrdfte in
den meisten Stdben des Systems. Trotzdem konnen bei breiten Tragsystemen
die Verdnderungsbereiche als "Rechteck"- oder "Doppelrechteckbereiche”
charakterisiert werden. Dies hdngt davon ab, ob eine innere Stiitze be-
seitigt wird. Die Veranderungen erfolgen in zwei bis drei Etagen und
Feldern. Die Verdnderungen von Normalkrdften in Querriegeln erfolgen in
mehreren Feldern (Fig. 8, Fig. 9).
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Die angegebenen Kriterien konnen selbstverstdndlich

die genaue Berechnung des modifizierten Tragsystems

nicht ersetzen, die Verdnderungsbereiche konnen jedoch katalogisiert werden. Man
kann jedoch auf diese Weise z.B. im Falle einer Beschadigung der Tragwerke schnell
beurteilen, welche Teile der Konstruktion sofort zu sichern sind, um eine weitere
Beschddigung zu vermeiden. Angaben iiber die Topologie und Steifigkeit des
Tragwerkes und liber die Lage des beschddigten Stabes sind dafiir ausreichend.
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Alternative Bridging Systems in Precast Concrete Structures
Systémes porteurs alternatifs dans les structures préfabriquées en béton arme

Alternative Uberbriickende Systeme in Geb&duden aus Stahlbeton-Fertigteilen

iorn ENGSTROM Bjérn Engstrém, bom 1950, re-
Rl Research Ass. ceived his M.Sc. degree in Civil En-

. gineering 1974 at Chalmers Univer-
Chalm%%tégl;.{;f ;?;;;A‘ sity of Technology. He is now res-

ponsible for a research project on
structural connections in precast
concrete structures.

SUMMARY

Building structures should be designed to prevent pro?ressive collapse. Primary damage of the
structural system can be accepted as long as the overall stability remains and an alternative load-
bearing system bridges over the damaged area. An approach for the design and analysis of alter-
native bridging systems in precast structures is exemplified by means of rotation mechanisms. It is
shown how the non-linear behaviour of tie connections affects the dynamic resistance.

RESUME

Il faut construire les structures des batiments en vue d'éviter un rupture progressive. Un dégat
primaire du systéme structural peut étére accepté si la stabilité générale est garantie et si un sys-
téme porteur alternatif peut remplacer la partie détruite. Une méthode pour la construction et I'ana-
lyse des systemes porteurs alternatifs dans les structures du béton armé est illustrée par des
mécanismes rotatifs. On montre comment la résistance dynamique est influencée par le comporte-
ment non-linéaire des assemblages.

ZUSAMMENFASSUNG

Gebdude missen so dimensioniert werden, dass ein fortschreitender Zusammenbruch verhindert
wird. Primdre Schdden am Tragsystem konnen akzeptiert werden solange die Gesamtstabilitat
erhalten bleibt und ein alternatives lasttragendes System den Schaden tberbriickt. Eine Methode
der Dimensionierung und Analyse von alternativen Uberbriickenden Systemen in Gebduden aus
Stahlbeton-Fertigteilen ist mit Hilfe von Rotationsmechanismen erklért. Damit kann gezeigt werden,
¥|vie die nichtlineare Wirkungsweise der Zugverbindungen die dynamische Tragfshigkeit beein-

usst.
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1. INTRODUCTION

For a certain presupposed local damage in a precast structure, possible collapse
mechanisms and the corresponding alternative bridging systems will be determined
by the actual joint locations and detailing. The deformations which follow the
primary failure may be concentrated to the joints. Accordingly, the resistance
of the bridging system will mainly depend on the behaviour of the structural
connections which are strained during the transition, for instance tie connec-
tions across joints which open up, see Fig. 1.

o)

1

N(D)

SASNAON.

a b

Fig. 1 A wall panel forming an alternative load-bearing system by cantilever
action at large plastic deformations of a tie connection
a) example of detailing
b) model for the collapse mechanism

In this paper an approach for the design and analysis of alternative load-
bearing systems in precast concrete structures is presented. The aim is to show
how the non-linear behaviour of tie connections will affect the dynamic resis-
tance of alternative load-bearing systems. The presentation is limited to
systems which can be characterized as rotation mechanisms, as in Figs. 1 and 3.
The resistance of the system should be determined by the tensile acticn of tie
connections only. The imposed elongations of the tie connections should be
caused by the rotation of the system around one well-defined axis.

It is important to design and detail elements, connections, anchorages etc. in
consequence with the intended collapse mechanism. By that means the behaviour
can be controlled to a considerable extent. Anchorage failures and brittle
ruptures of other components than the ductile ones should be prevented by a
proper design and detailing.

When the system is composed from interacting structural elements, as in Fig. 3,
the connections between the elements must have sufficient strength and rigidity
to keep the integrity of the system.

The design approach, as it is presented, is not applicable on collapse mech-
anisms including joint slips or suspension action, as in catenary systems.
However, the method can be extended to cover also those cases if the design
formulas are expressed in accordance. The design of catenary systems with the
proposed method is exemplified in [2].

2. NON-LINEAR BEHAVIOUR OF TIE CONNECTIONS

The basic behaviour of different types of tie connections between concrete
elements has been examined in previous investigations at Chalmers University of
Technology [1]. It was then of special interest to study the connections at
large imposed deformations resulting in a non-linear behaviour. The test
methods and test results are presented in [1] together with proposed formulas
which can be used for estimation of the ultimate deformation capacity of tie
connections.
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It was concluded that the behaviour of simple tie connections could be charac-
terized by schematic bilinear relationships between the tensile force N and the
elongations 6§, as exemplified in Fig. 2a. The relationships are valid for tie
connections where the fractural load of the tie bar is wholly anchored by bond
or by end-anchors.

The area which is bounded by the tensile force graph in the load-displacement
relationships represents the strain energy Wj,.. The efficiency of tie connec-
tions under imposed elongations will depend on the strain energy development.
The efficiency for a certain elongation 8 can be expressed by a dimensionless
parameter £(§).

wint(a)

N *8
max

E(6) = (1)

where Nmax = fractural lcad of the tie bar.

For the schematic load-displacement relatiorships presented in Fig. 2a, the
corresponding efficiency functicns are illustrated in Fig. 2b.

5
L S—
J <
N ~— — N
y Ribbed bar Ks40 E(5) = Nt (0]
Nmax , Smooth bar Ss.26 Nmax(6)  Ribbed bar Ks 40
1,0 - i Smooth bar Ss 26
- o
. Strand | . <
| } i Strand
0,2- | 0,2-
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0,2 10 By 02 1,0 ‘
a b

Fig. 2 Characteristic relationships for simple tie connections provided with
wholly anchored tie bars from smooth bars (Ss26) or strands anchored by
end-anchors or ribbed bars (Ks40) anchored by bond*

a) relationship between tensile force N and elongation §
b) efficiency function

* The tie bars were made from ordinary reinforcement bars of type Ks40 or Ss26
according to Swedish Standards. Type Ks40 stands for a high bond, ribbed,
hot-rolled bar with a minimum yield stress of 390 MPa. Type Ss26 stands for a
smooth, hot-rolled bar of mild steel with a minimum yield stress of 260 MPa.

3. ANALYSIS OF ROTATION MECHANISMS

Consider a precast building with a partial damage of the structural system. A
system of interacting precast elements forms a composed cantilever above the
damaged area. A driving force Q is acting in the centre of gravity of the
cantilevering system. The driving force is constituted by gravity forces, i.e.
the weight of the elements and working loads.
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Under the action of the driving force, the cantilevering system tends to rotate
but the rotation is counteracted by tie connections when they are forced to
elongate. Such a cantilever system is exemplified in Fig. 3. Full-scale tests
on this type of alternative load-bearing systems were reported in [3].

A

4 ‘

Fig. 3 Example of an alternative load-bearing system acting as a composed
cantilever above the damaged area
a) assumed partial damage in a stabilizing gable wall
b) model for the alternative load-bearing system. Two interacting tie
connections 1 and 2. Rotation axis 3-4

In the design approach, the elements are now assumed to be perfectly rigid.
Hence, there will be a simple geometric relationship between the vertical
displacement a,, of the driving force and the elongations §; of each tie con-
nection i. For small rotations the following approximative expression can be
adopted

1.

51 a Ti_ ay (2
q0

where 1. = radial distance between the rotation axis and tie connection i
1;0 = horizontal distance between the rotation

axis and the driving force Q in the undeflected state

The bridging effect of the alternative load-bearing system can be regarded as a
resistance R(ay), defined as the ability to withstand a driving force acting in
the centre of gravity. For a certain rotation of the cantilever system and a
corresponding vertical displacement a_ of the driving force, the static resis-
tance will be v
R, ,(a) = = I N,(§)-1 (2)

stat'"v 1 it i

q

where 1 = actual horizontal distance between the rotation axis and the driving

force Q
Gi is determined by (2)

For estimation of the dynamic resistance it is now favourable to introduce a
formal value Rmax of the maximum static resistance in the undeflected state

1
R = e—
max 1qo

1. = LR ; (3)
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where R . = contribution to R from tie connection i

max,i max
This value is formal as the tie connections are contributing with maximum
capacities simultaneously and without any displacement of the cantilever
system. In the real situation the tie connecticons may fracture one after the
other depending on the locations and the mutually deformability.

The dynamic resistance must be related to a certain state of displacement.
Hence, the designer has to chcose a maximum displacement ay,max, for which the
deflected state of equilibrium should be obtained. The value of ay max, must be
established with due regard to free space for displacements, elcngation capac-
ities of the respective tie connections and a desired safety level. The dynamic
resistance Rdyn(av,max) states the maximum driving force Qdyn which can be
bridged in case of a sudden support removal, if the maximum displacement should
be limited to a .

v, max
In order to analyse the dynamic effects during the deflection course, the
collapse mechanism is regarded as an one-degree-freedom system. On the safe
side the support is assumed to be lost suddenly. The system is exposed to the
driving force ¢, which acts with constant intensity during the deflection
course. The motion of the rotating element is counteracted by the action of the
tie cornnections. This action varies during the deflection course, and the
compcsed effect of the interacting tie connections is represented by the
resistance R(av) according to (2).

A deflected state of eqguilibrium can only be possible if the velocity of the
rotating system equals zero. This is the case when the internal energy of the
system equals the external energy during the deflection course, i.e.

int ext (4)

The internal energy which is related tc a certain displacement ay of the
driving force will be constituted by the strain energy of the tie connections
under the corresponding imposed elongations §j. The external energy can be
expressed as the driving force times its vertical displacement. By means of (1)
the condition of energy equilibrium (4) can now be expressed as

= I E(S, )N ) (5)

C "a ; :
dyn v,max i,max  i,max i,max

where 6, is determined by (2) for a, = a

1,max v,max’

By introducing the geometrical relationship (2), the dynamic resistance

R (a ) can be derived from (5)
dyn v,max

1.

i
Rdyn(av,max) = & E(Gi,max) lqo Ni,max (6)
or by means of (3)
Rdyn(av,max) = o E(‘Si,max )Rmax,i (7)

Hence, the dynamic resistance can be regarded as a reduced value of the maximum
static resistance according to (7), where the contributions from the respective
tie connections have been reduced by efficiency factors £(8j pax). The effi-
ciency &(68) will always, according to the definition (1), be less than or equal
to 1. The actual value depends on to what extent the elongation capacity Gi u
of the respective tie connections is utilized. ’
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In addition to (7) the following condition of static equilibrium must be ful-
filled in the deflected state. Otherwise, the system is under acceleration and
will continue to deflect.

) (8)

>
Rstat(av,max = Qdyn

where R (a ) is determined by (2).

stat  v,max
The formulas (7) and (8) are appropriate to use in the design of alternative
load-bearing systems. Examples of application are presented in [2] and [4].

4. CCMPARISON WITH TEST RESULTS

In order to check the applicability of the theoretical approach a series of
tests concerning a simple well-defined collapse mechanism was carried out [5].
The test specimens were formed by strips of precast hollow core floors on three
supports, see Fig. 4. A collapse situation was simulated by a sudden removal of
an exterior support. Thus, one panel was transformed to a cantilever and the
adjacent tie connection was loaded in negative bending. Normally, the yield
strength was reached in the connection, resulting in large plastic rotations.

In most of the tests it was
possible to take advantage of
the ductility of the tie con-
nection and receive a de-
flected state of equilibrium.
The theoretical analysis was
made in accordance with the
principles presented above.
The calculated values of the
dynamic resistance were

L1 4 3000 always in good agreement with
the actual driving forces.

Fig. 4 Test arrangement
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Bending Tensile Strength of Steel Fibre Concrete under High Thermal Loads
Résistance a la traction-flexion de béton de fibres sous sollicitation thermique élevée

Biegezugfestigkeit von thermisch hochbeanspruchtem Stahlfaserbeton

Ulrich DIEDERICHS
Physicist
TU Braunschwei
Braunschweig, FR

SUMMARY

The use of steel fibre concrete offers considerable advantages with elements and constructions which
are exposed to high thermal loads during service or catastrophes (e.g. energy technology, shelters, fires
in buildings, LNG-tanks during leakages etc.). To obtain the relevant material data for the design of such
elements bending tensile tests have been conducted. Then investigations were mainly concentrated on
high temperatures up to 800°C. The low temperature region down to —196°C was investigated to elucidate
the fundamental effects of steel fibre reinforcement in microstructurally damaged concrete.

RESUME

L'utilisation de béton de fibres d’acier présente des avantages pour les éléments de construction et les
batiments soumis a des sollicitations thermiques élevées, soit en permanence lors de |'utilisation, soit en
cas de catastrophe (p.ex. en technique de I'énergie, abris, coffres-forts, éléments de construction lors
d’'un incendie, réservoirs a gaz naturel liquéfié lors de fuite). Pour obtenir les données nécessaires sur les
matériaux, des essais de traction-flexion ont été faits. Les recherches ont surtout porté pour des tempé-
ratures jusqu’a +800°C. Les basses températures allant jusqu’a —196°C ont aussi été incluses pour mettre
en évidence l'influence des fibres d’acier dans un béton a microstructure détériorée.

ZUSAMMENFASSUNG

Die Anwendung von Stahlfaserbeton bietet erhebliche Vorteile bei Bauteilen und Bauwerken, die hohen
thermischen Belastungen — entweder dauernd im Betrieb oder in Katastrophenféllen — ausgesetzt sind
(z.B. in der Energietechnik, Schutzraume, Tresore, Bauteile bei Schadensfeuern, LNG-Tanks bei Lecka-
gen). Um die fur die Bemessung solcher Bauteile notwendigen Materialdaten zu gewinnen, wurden Biege-
zuguntersuchungen durchgeflhrt. Hauptsachlich wurde der Bereich bis +800°C erforscht. Die tiefen Tem-
peraturen bis —196°C wurden mit einbezogen, um die grundsatzliche Wirkung von Stahlfasern in mikro-
strukturgeschéadigtem Beton zu erhellen.
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1. INTRODUCTION

Since a number of years the effect of steel fibre reinforcement on the strength
and deformation properties of concrete has been quite extensively studied. The
results have shown that the incorporation of steel fibres in the relatively
brittle concrete or mortar matrix improves the tensile strength properties and
ductility of the unreinforced matrices. Because of these particular properties
stec]l fibre reinforced concrete has already got a wide spread application in
practice, although, it is a rather expensive material and requires more care in
mix designing and concreting.

The results of various studies conducted at the Institute fiir Baustoffe, Massiv-
bau and Brandschutz /1, 2, 3/ led to the conclusion that steel fibre reinforced
concrete also indicates at high as well as at low temperatures, respectively af-
ter low temperature cycling a considerable higher ductility and an improved post
maximum load behaviour than plain concrete. Obviously the response of construc-
tions and elements exposed to extreme thermal loads under certain service condi-
tions as well as during accidents (1ike fires in buildings or leakages in LNG-
tanks) could be markedly improved by using steel fibre concrete. For instance,
slender normal concrete elements like prestressed double-T-girders or beams with
thin webbs are, in general, endangered by destructive spalling during a fire
attack. On the other hand, composite elements possibly could be manufactured
more economically with steel fibre concrete instead of stirrups and longitudi-
nal reinforcement.

The objectives of the research program reported here /4/ were to study the mecha-
nical behaviour, especially bending tensile properties, because they are decisive
for ductility and crack formation. The main emphasis was laid on the experimental
investigation of the high temperature region up to 800°C. Low temperature inve-
stigations down to -196°C were involved, too. It was anticipated that the results
of such investigations gain the general understanding of the specific effect of
steel fibre reinforcement in microstructurally deteriorated concrete.

2. EXPERIMENTAL

The test programme contained besides the testing temperature and loading condi-
tions the following variables:

- concrete composition (mineralogical type of aggregates (gravel, limestone,
diabase), cement content, type of binder (Portland cement, Portland cement +
micro silica), W/C-ratio),

- steel fibre content, type of fibres (cut wires (WIREX); @ = 0,4 mm, & = 25
and 40 mm, resp. crimped cut wires (DRAMIX) ; P 0,5 mm, & ~ 30 mm, machined
fibres (HAREX, made of massive steel blocks by milling, with sickle-shaped
cross-section)).

The test specimens were small concrete beams (64 mm x 72 mm x 280 mm) sawed out
of small concrete slabs, which were stored after concreting for at least 28 days
under water. After cutting, the small beams were again stored under water until
testing. The basis mix proportions and some concrete data of the various batches
are given in Tab. 1.

The test equipment is shown in Fig. 1. The specimen is simply supported. The
load is applied by a steel frame which is connected with a steel rod and via

a load-cell with a servohydraulic jack. The bending movements are transferred

by two fused silica rods through the hot oven and measured by the aid of a mag-
netic transducer as the difference movement of both the silica rods. The obtain-
ed electrical signal is used for controlling the displacement of the hydraulic
piston.during the bending tensile test. The test procedure is shon in Fig. 2.
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basis concrete mix SF-Q | SF-D | Ko Do | Quo |[Qm0,55/Qm0,65| Mo
cement content [kg/m3] 340 340 340 340| 340 340 340 500
silica fume [kg/m3] 60 60 - - - - - -
aggregate content [kg/m?) 1824 | 1854 | 1884 | 1854[1847 | 1847 | 1847 | 1500
sand (crushed stone) 0/2 mm - {35 %120 |30 % - - - -
crushed stone 2/8 mm - - |40 % - - - - -
crushed stone 8/11 mm - |25 %115 % | 30 %) - - - -
crushed stone 11/16 mm - 140 %125 % |40 %{ - - - -
sand 0/2 mm| 34 % - - - 134 % | 384%| 34% |69%
gravel 2/8 mm| 26 % - - -126% | 26 %) 26% |31 %
gravel 8/16 mm | 40 % - - - 140 % | 40 % | 40 % -
water [kg/m*] | 191 200! 153 | 153| 165 221 221 250
w/C *) 0,57(0,59(0,45|0,45|0,485| 0,55 | 0,65 0,5
plasticizer *%) 2% 3%1 1% 1,5%) 1% 2 % 1% 1%
density [kg/dm?] 2,3512,48 | 2,47 [ 2,48(2,40 | 2,45 | 2,43 | 2,3
cube strength [N/mm? ] ,

28 d 51 54 51 52 | 54 54 42 55
when tested 59 59 53 59 | 65 59 46 64

*) related to cement weight; **) fresh concrete
Table 1 Mix proportions and data of the concrete basis mixtures
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The specimens are heated in an
electrical oven with a heating
rate of 2 K/min to the desired
maximum temperature (Tphax)-.

Then this temperature is kept
0; //”” constant for nearly 2 hours.

At the time t* the specimens
are loaded with a constant de-
80 flection rate of about 0.2 mmymin.

L // Simultaneously the resulting

——= temperature in°C
3 =~
=)
\\

-120 load response is measured. The
- "low-temperature-specimens"

-160 were rapidly cooled down to

200- ’ -196°C by spraying liquid ni-
5 PR = = 3 g trogen into the sample contai-

Virm e ner (Dewar vessel), held for
A= 18 h at -196°C and subsequent-
ly slowly warmed up to room
Fig.3 Temperature exposure of "low-temperature- temperature (Fig.3), tested in
specimens" the same way like the 20°C-re-
ference specimens.

3. RESULTS AND DISCUSSION

From the deflection-load response measurements bending force-deflection relation-
ships are obtained as shown in Figs.4 and 5 for Portland cement concrete made
with siliceous aggregates tested at high temperature and after low temperature
cycling. The y-axis indicates the measured bending forces; the x-axis the deflec-
tion in mm, noteworthy, after the onset of matrix cracking the crack mouth open-
ing is nearly half of the measured deflection. The dotted Tines in Fig.4 belong
to the plain concrete and the full lines represent the response of steel fibre
concrete. In this case the fibre content was 3-weight-% of smooth cylindrical
fibres with a diameter of 0.4 mm and a length of 25 mm. With other mixtures com-
parable deflection-bending force characteristics have been obtained. The maximum
bending forces - in terms of "bending tensile strength" Bi. (defined by the equa-
tion Btg = 1.5 - F . 1/b - h®, F = maximum bending force, ﬁ,b,h = length, width
and height of the specimens) - of the various mixtures are compiled in Figs.6-9.

z Ly -—--series Qo Z L gravel S_TI: ;:\r,'" un;::;r,:.m‘c'
x without steel fibres < concrete I 3werght -% Wirex QL0
£ 8 —— series Om o B8 s—a| Gm1 Tweight -YeWirex OL/25)
8 steel fibre oddition g | ke s—a| am2 2-e.gm-v.w..;..m
& Iwegnt-vWrex0c/2s |2 bl 2| g
8. ‘8 6 .I NN hL R __.0‘13 weght -%Wirex 04L/25
3 2 T B
% ,20°C . if P e S E—
I P" 7 \-\__"‘o‘.
1
S0 A/ 1> A-\_‘. * =
K150°0) 2 /o’ I e N
oo 0
05 06 o7 08 09 0 0 02 Q3 04 05 06 Q7 08 09
deflection 1n mm _— - deflection n mm
Fig.4 Bending force-deflection rela- Fig.5 Bending force-deflection rela-
tionships of steel fibre rein- tionships of various steel fibre
forced gravel concrete at high reinforced gravel concretes af-

temperature ter low temperature cycling
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In the initial parts of the curves obtained at ambient temperature (20°C) hardly
any difference between plain and fibre concrete occurs. Both curves run nearly
linear up to deflections of about 0.2 mm, then follows a plateau indicating the
onset of cracking. A further small increase of the deflection leads to collapse
of the plain concrete due to unstable crack propagation.
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Fig.8 Effect of type of steel fibres Fig.9 Effect of binder on the bending
on the bending tensile strength tensile strength of steel fibre
of concrete concrete

The steel fibre specimens show a slightly more extended plateau. However, with a
deflection of nearly 0.25 mm unstable matrix cracking occurs. This causes simul-
taneously debonding of fibres and their activation to bridge the gross crack and
to transfer tensile loads by frictional forces. The related unstable transition
(onset of matrix cracking - continuously cracked matrix) runs too rapidly to be
reliably controlled and recorded by the testing equipment, therefore the tran-
sient response is indicated by the dashed line in Fig.4.

After deflections of nearly 0.35 mm the deflection-load response is again stable
and the load - now significantly lower compared to the maximum level - hardly
decreases in course of a further increase of the deflection up to 1 mm.

In the temperature region from 150°C to 450°C the peak stresses of both the plain
and the steel fibre concrete are already significantly reduced, although, the
peaks are shifted only to a small extent towards lower deflections. As expected,
the plain concrete specimens show the same behaviour as the 20°C-specimens. They
collapse after the onset of gross cracking. A very similar behaviour is observed
after low-temperature-cycling.
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The steel fibre specimens indicate a quite different post-maximum-load behaviour
than the respective 20 °C-specimens: After exceeding the maximum stress, with
increasing deflection the load is decreasing in a stable manner to a certain
lower level. This lower and more stable crack propagation originates from the
more ductile behaviour of the heated concrete. Since the heated concrete con-
tains a great number of critical cracks, satellite and multiple cracking oc-
curs. This enables a stepwise, respectively continuous activation of steel
fibres to bridge the gross crack.

That means both the matrix and the fibres are transferring the tensile stress
during the transient phase.

After reaching deflections of nearly 0.35 mm the load, respectively the stress
level, hardly decreases up to deflections of 1.0 mm. This behaviour could be
explained in terms of steel fibre bridging and stress transfer from the concrete
matrix to the fibres by friction.

At 600 °C and 800 °C the matrix contains a lot of cracks. Already low bending
tensile forces lead to a collapse of the plain concrete. In the fibre
concrete, the steel fibres are partially activated in a very early phase and
fully activated after deflections of nearly 0.2 mm. For the 600 °C-specimens
the stress from the fibres to the matrix is transferred by friction. - The
fibres are pulled-out of the matrix at very high deflections, respectively
crack mouth opening displacements. The 800 °C-specimens show a somewhat diffe-
rent behaviour. At 800 °C the steel fibres are already very soft and the fric-
tion forces are higher than the tensile strength of the fibres, so they fail
in tension, if crack mouth opening of 0.25 mm is exceeded.

4. CONCLUSIONS

From the results obtained it can be concluded: High temperature as well as low
temperature exposure leads to a significant reduction of the bending tensile
strength of both plain concrete and fibre reinforced concrete. This is caused
mainly by formation of cracks especially in the contact zone between the coarse
aggregates and the fine grained mortar matrix due to thermal incompatibilities
of cement paste and aggregates. Steel fibre reinforcement imparts a well defin-
ed post-cracking behaviour to the composite and increases the post maximum duc-
tility. At high temperatures the stress transfer from the fibres to the matrix
is caused mainly by frictional forces, this holds for low temperature damaged
concrete, too. At ambient temperature the main stress transfer mechanism is
friction. Adhesion is relevant only up to the onset of matrix failure.

REFERENCES

1. ROSTASY, F.S.; WIEDEMANN, G.: Festigkeit und Verformung von Beton bei sehr
tiefer Temperatur. Beton 2/80.

2. ROSTASY, F.S.; SPRENGER, K.H.: Strength and Deformation of steel fibre rein-
forced concrete at very low temperature. The International Journal of Cement
Composites and Lightweight Concrete, Volume 6, No. 1, February 1984,

3. DIEDERICHS, U.; SCHNEIDER, U.: Pilotstudie zum Spannungs-Dehnungs- und Warm-
kriechverhalten von Stahlfaserbeton. Bericht aus dem Teilprojekt B 3 des
Sonderforschungsbereichs 148 "Brandverhalten von Bauteilen" der Technischen
Universitdt Braunschweig. Braunschweig, 1979 (unverdffentlicht).

4. KORDINA, K.; WYDRA, W.; DIEDERICHS, U.: Untersuchungen zur Biegezugfestig-
keit von thermisch hochbeanspruchtem Stahlfaserbeton. Bericht des Instituts
fir Baustoffe, Massivbau und Brandschutz, Technische Universitat Braun-
schweig, August 1986.



A 489

Material Properties of High Strength Concrete at Elevated Temperatures
Propriétés d’un béton a haute résistance sous des températures élevées

Materialeigenschaften von hochfestem Beton bei hohen Temperaturen
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SUMMARY

By the use of high strength concretes the economy and safety of the structures in energy technology as
well as in conventional house-building can be enhanced considerably. This involves a knowledge of high
temperature behaviour of these concretes because the structures may — either in normal service or under
catastrophic conditions — be subjected to high temperatures, and they must be correspondingly de-
signed. This paper reports results of experimental investigations of high temperature behaviour of three
high strength concretes.

RESUME

De par l'installation d'un béton a haute résistance comme matériau de construction, il est possible
d’améliorer la rentabilité et la sécurité de constructions et d’éléments de construction dans le domaine
de la technique de I'énergie et celui du batiment. Ceci suppose une bonne connaissance des propriétés
a hautes températures, puisque les éléments de construction sont exposés a des températures élevées,
soit en service normal, soit lors de catastrophes, et qu'ils doivent étre dimensionnés en conséquence.
Les résultats des essais de matériaux sont présentés.

ZUSAMMENFASSUNG

Durch Einsatz von hochfestem Beton als Konstruktionswerkstoff kann die Wirtschaftlichkeit und Sicher-
heit von Bauwerken und Bauteilen der Energietechnik und des normalen Hochbaus erheblich verbessert
werden. Dies setzt die Kenntnis der Hochtemperatureigenschaften voraus, weil die Bauteile entweder im
Normalbetrieb oder bei Katastrophen (z. B. Feuer) hohen Temperaturen ausgesetzt sind und ent-
sprechend dimensioniert werden miissen. Ergebnisse von umfangreichen Materialuntersuchungen wer-
den vorgestellt.
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1. INTRODUCTION

The application of high strength concretes in off-shore-platforms and pre-
stressed reactor pressure vessels arouses special interest because of the in-
creased economy and safety of the structures. Besides, the wuse of high-
strength concretes can be increased also in normal structures, cast in situ as
well as in prefabricated elements - Tlike hollow core slabs and composite col-
umns. In all the cases the high temperature properties of the concrete in
question must be known as the structures may be subjected to high thermal loads
either in their service or catastrophic conditions (reactor accident, fire etc.)
and must be correspondingly designed.

Up to now our knowledge of the high temperature behaviour of concrete is re-
stricted to normal strength concretes (K15...K50). Extending the known data by
linear extrapolation to cover also high strength concretes is not necessarily
relevant, because due to their special composition and microstructure high
strength concretes may be subjected to high temperature phenomena up to now not
perceived (destructive spalling, exceptionally strong destruction of cement
matrix due to thermal exposure etc.).

This paper presents the results of the experimental investigations carried out
on three high strength concretes based on different combinations of binder and
superplasticizers (compressive strengths - 100 mm cubes - at the age of 90 d:
101...112 MPa).

2. EXPERIMENTAL
2.1 Materials

Three different high strength concretes (HSC) were investigated experimentally,
The concretes differed in the composition of the binder (blast furnace slag
cement, series Tr; Portland cement with silica fume, series Si; Portland cement
with class F fly ash, series Lt). The type of aggregates was same in all three
concretes and the grading of the aggregates was similar in Si and Lt concretes
and slightly different in Tr concrete. The mix proportions and some concrete
data are given in Table 1, where also the respective data for a normal
strength concrete (OPC /3/) are given. The aggregate of the high strength con-
cretes comprised granite-based sand and crushed diabase, whereas the OPC con-
crete contained mainly greywacke, sandstone, quartz and quartzite as coarse
aggregates. The preparation and conditioning of the specimens (cubes 100x100x100
mm~ for strength tests and cylinders 80 mm in diameter and 300 mm in length for
high temperature tests) until testing are thoroughly reported in /4, 5 and 6/.

2.2 Test methods

To determine the strength and deformation behaviour at high temperatures stress-
strain, transient creep and restraint tests were performed.

For the o-e-experiments the specimens were heated without external load in a
special testing machine with a furnace using a heating rate of 2 K/min up to the
desired temperatures. After homogenizing for 2 hours at the maximum temperature
o-e-tests were performed with a constant strain rate of about 0.5 Z. /min,

To get information about the transient creep the specimens were loaded with a
certain load level ¢ (a=0/0 1t where 0 is the compressive strength at 20
%) at ambient temperature and heated underuégnstant load with constant heating
rate (2 K/min) wuntil failure. Simultaneously the total deformation and the
surface temperature were measured. Total deformation with & = 0 represents
thermal expansion.
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Concrete series 54 L Tr 0PC
Cement type 4 P40/91 P4a0/7 M40/91 P40/91
- content (kg/m”) 530 472 530 418
Additional bindgr Silica Fly ash - -

- content (kg/m”) 53 157 - -
Water content 129.2 147.0 145.0 188.0
Superplasticizer Scancem Scancem Conflow -

- dosage (kg/m”) 14.6 15.7 15.0 -
Aggregate content (kg/m3) 1876 1729 2002 1754
Water/binder ratio 0.26 0.27 0.30 0.45
Density (kg/m) 2648 2594 2654 2390
Cube strength (MPa)

-28d 114.4 87.3 91.4 48.0
-9 d 100.8 106.9 111.9 36.0
Cylinder strength (MPa)

->904d 106.6 91.8 84.5 32.9

Table 1 Mix proportions and concrete data.

To measure the development of restraint forces the specimens were loaded at
ambient temperature, the initial load levels applied were 15, 30 and 45 7 of
o 4.(20 °C). The measured strain was kept constant during heating (heating rate
2“&7min) and the imposed force as well as the temperature of the specimen were
measured. |

2.3 Test results

Fig. 1 shows the measured c-g-relationships of the high strength Lt concrete at
elevated temperatures. Quite similar curves were obtained also for the other HS-
concretes. They differ distinctly from those of normal strength concrete (0S-
concrete) (Fig. 2). In general, the failure of HS-concrete is more brittle than
that of OS-concrete. HS-concretes show already at 150 °C a very distinct loss of
strength, about 30 %, whereas OS-concrete up to a temperature of 350 °C indi-
cates even slight increase of strength (Fig. 3). Although the modulus of elas-
ticity of OS-concrete at 20 °C is much lower than those of the HS-concretes, its
relative decrease is stronger in the whole temperature range (Fig. 4).

Fig. 5 shows the total deformation of Si- and OPC-concrete measured during heat-
ing. Because of the smaller binder content and the higher thermal expansion of
the coarse aggregate in 0S-concrete also the thermal expansion of the 0S-con-
crete is distinctly higher than that of the HS-concrete. If the specimens are
heated under 1load the thermal expansion is much Tower. With a load level of 20
Z of o t(20 °C) the HS-concretes show nearly no expansion. With load Jlevel of
60 7% 3% o] t(20 °C) heated specimens of Si and Lt concretes failed already soon
after excegé1ng 100 °C, whereas the specimens of series Tr maintained their load
bearing capacity still with a load level of 70 Z up to 110 °C and the specimens
of series OPC with load level of 60 % even up to 450 °C.

The thermal expansions of the high strength concretes differ only slightly; also
the total deformations are almost similar. This was to be expected as the binder
content of the HS-concretes differed only marginally. The 0S-concrete (OPC)
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contains considerably less binder and shows also correspondingly lower tran-
sient creep.

The development of restraint forces (Fig. 6) is mainly determined by the tempe-
rature dependence of the modulus of elasticity, thermal expansion and creep.
Because of the likeness of the corresponding data for the series Si, Lt and Tr
also the developing restraint forces are of the same magnitude. The slightly
lower creep of Tr concrete at temperatures above 200 °C results in higher re-
straint forces especially in that temperature region. As expected, the 0S-con-
crete shows higher restraint forces than the HS-concretes.

Destructive spalling occurred in no specimen heated with a heating rate of 2
K/min, 1ike reported by Hertz /2/. Some cylindrical specimens under load were
heated with a maximum heating rate within reach of the furnace (max. 32 K/min
measured on the surface of the specimen). In some cases, however independent of
the load 1ev§1. slight spalling occurred. With bigger specimens (prisms
100x100x400 mm~) also loaded and heated with the maximum heating rate spalling
occurred in all specimens (Si, Lt and Tr); in the especially dense concretes (Si
and Lt) it caused failure of the specimen. It can be concluded that besides the
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heating rate and the density of the concrete also the dimensions and the shape
of the member are decisive with regard to destructive spalling.

3. CONCLUSIONS

To summarize, the high strength concrete, especially in the temperature region
from 100 °C to 350 °C, show a stronger loss of strength than normal strength
concrete., This is caused by temperature dependent destruction of cement paste.
Its influence on the strength of high strength concretes is bigger than on that
of normal strength concrete, because the cement paste matrix of high strength
concrete must carry higher loads than 1in normal strength concrete (more homo-
geneous stress distribution between the aggregate and cement paste). Because the
cement paste of high strength concrete is essentially denser compared with that
of normal strength concrete it dries also at elevated temperatures relatively
slow and the so called drying hardening causing mainly the increase of strength
in normal strength concrete between 150 and 350 °C does not happen in high
strength concrete. Besides, considering the structures exposed to high thermal
loads (e.g. fire) higher risk of spalling must be taken into account.
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SUMMARY

A mathematical model for simulation of ice under stress is discussed and a method of determining the
hoop stress induced in the wall of a cylindrical tank by an internal ice cap subjected to increasing tem-
perature is developed. These predictions are validated by comparison with test data and it is concluded
that hoop stresses capable of cracking the wall of a non-prestressed concrete tank may be induced by
an expanding ice cap. A number of other defects observed during inspections of water tanks in Ontario,
and attributed to the effects of a freezing environment, are discussed.

RESUME

Un modéle de simulation du comportement de la glace sous I'effet de contraintes est présenté. Une
méthode de détermination des contraintes latérales, provoquées sur la paroi d'un réservoir cylindrique
par un bouchon de glace soumis a une température croissante, est développée. Ces calculs sont compa-
rés avec des résultats d’essais et font apparaitre que les contraintes latérales sont capables de provoquer
des fissures dans la paroi d'un réservoir en béton non précontraint, par I'augmentation du volume du
bouchon de glace. Certains autres dégéts — résultant d’effets de la température — ont été observés lors
de contrbles de réservoirs en Ontario.

ZUSAMMENFASSUNG

Ein mathematisches Modell fur Eis unter Spannung und eine Methode zur Bestimmung der Ringspan-
nung in einem zylindrischen Behalter infolge Temperaturerhéhung der Eisdecke im Behalter werden vor-
gestelit. Die Berechnungen werden mit Versuchsdaten verglichen. Die auftretenden Ringzugkrafte kbnnen
zur Rissbildung in schlaff bewehrten Stahlbetontanks fiihren. Verschiedene, bei Inspektionen von Wasser-
tanks in Ontario, als Folge von Frostwirkung beobachtete Defekte, werden besprochen.
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1. INTRODUCTION

A study [1] of 53 concrete cylindrical water tanks in the Province of Ontario,
Canada, indicated performances ranging from two failed tanks through tanks
exhibiting distress of varying degrees to tanks which were performing
adequately. The major problems observed could be related to faults in
construction methodology and to inadequate design criteria in view of the
freezing environment during winter in Ontario. Ice formations consisting of a
horizontal ice cap at the top water level and/or a vertical ice tube on the
inside of the wall of the tank were observed during the inspections. Similar
ice formations in water tanks in Finland have been described by Pitkanen [2].

Pressure exerted on the wall of a cylindrical water tank, as a result of
warming and related expansion of an ice cap, is addressed in this paper. A
mathematical model for simulation of ice under stress is discussed and a method
of determining the hoop stress induced in the wall of a cylindrical tank by an
ice cap subjected to increasing temperature is developed. These predictions
are validated by comparison with test data from a model water tank. It is
concluded that hoop stresses capable of cracking the wall of a non-prestressed
concrete tank may be induced by an ice cap. A number of other defects observed
during the inspections of the tanks in Ontario, and attributed to the effects
of a freezing environment, are discussed. It is recommended that ice formations
be prevented from forming in a tank by some appropriate means.

E B,D,n
o = o
2. MECHANICAL PROPERTIES OF ICE LINEAR  NON-LINEAR
SPRING DASHPOT

The mechanical properties of ice depend on

- ; €< +goo"
many factors. The properties of different £

types of ice have been discussed by Michel Fig. 1 Model for ice
[3] and Tuomioja et al [4]. Bergdahl [5]
has proposed the following model, illustrated in Fig. 1, to describe the

behavior of ice under pressure:
& = G/E + BDg" (1)

where & 1is the strain rate, ¢ is the stress rate, E 1is the modulus of
elasticity, D is the self-diffusion coefficient and B and n are coefficients of
viscous deformation. Suitable values of E, D, B and n have been suggested [5].

An 1ice cap in a concrete or steel tank subjected to an increase in temperature
will be subjected to biaxial in-plane compressive stress since the coefficient
of thermal expansion of ice is 4 to 5 times that of concrete or steel. The
relationship between stress and strain, given in Eqn. (1), is nonlinear and the
effect of oombined stresses may be considered using a procedure [6] which
defines the creep strain rate in the form

. % - n
Ecr Go* (2)

where G is a constant and ¢g* is the octahedral stress defined by

1 2 2 2.1/2
* = - - _

0 5 [loy =007 + (o, 03) + (03 o)) (3)
where ¢g,, ¢, and g, are principal stresses. Thus, from Eqn. (1), the creep
strain rate may be expressed as

€ . = BDg*" (4)

cr
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The in-plane stress condition at any level in an expanding ice cap within a
cylindrical tank is analogous to a disc subjected to a uniform radial pressure,
p, around its circumference. For this case, the in-plane principal stresses
have a magnitude equal to p throughout the disc and consequently, from Egn. (3)
with ¢, = g, = pand g, = 0, the octahedral stress in the ice @p is given by
g¥ = p.

A creep strain rate of the form - =
given in Egn. (2) is adopted for e
the analysis of creep under com- -
bined stress in the ABAQUS com-
puter program [7]. Figure 2
shows the variation, with time
and related temperature, of the
pressure in the ice as predicted
by ABAQUS for a test reported by i o TEST oaTa tLmgcnen)
Lindgren [8]. The good agree- /

ment observed between the test 4
data and the prediction of HNE ]

ABAQUS demonstrates the validity Fig. 2 Simulation of Lindgren test [8]
of Egns. (1) and (2). ’

~
T
I s O T 1
3
ICE TEMPERATURE (*C)

o
-
T
°

o
o

PRESSURE IN ICE (MPo)

o
a
T

”\1
3. ANALYSIS OF CYLINDER WITH 77
ICE CAP //mE//
2
Figure 3(a) shows an ice e —
cap contained within a long | —
cylinder. Assuming that a linear
pressure distribution develops f0) CE CAP ‘”Ti;;ggﬁgﬂE “’PngﬁﬁﬂE
(creep of the ice neglected)
when the ice cap is subjected to Fig. 3 Cylinder with ice cap

an increase in temperature,

which varies linearly over its thickness (Fig. 3(b)), the problem reduces to
that of a long cylinder subjected to a band of linearly varying pressure around
its circumference (Fig. 3(c)). This condition may be analyzed wusing an
approach suggested by Timoshenko and Woinowsky-Krieger [9]. It can be shown
[10, 11] that, within the loaded area at a location defined by the parameters b
and ¢ in Fig. 3, the hoop stress, oy, in the wall of the cylinder is given by

0 = Kpd/2t (5)
where the parameter, K, is given by

K = - {c(e"BCcos gc + e7BD cos 8b - 2)/2% + [e”BC(sin Bc - cos gc - 28c cos Be)
- e B0 (sin gb - cos gb - 2Bb cos gb)]/UBL}, (6)

p is the maximum pressure, % is the thickness of the ice cap, d is the diameter
of the cylinder, t is the thickness of the cylinder wall and g“=12(1-vp2)/d?t?
where VT is the Poisson's ratio of the cylinder material. Similar expressions
can be developed [10] for hoop stresses in the portions of the cylinder wall
outside the loaded area. Flexural stresses in the wall of the cylinder can be
determined in a similar manner [10].

The pressure, p, at the top of the ice cap may be found by considering
compatibility of deformations at the location of maximum deformation in the
cylinder wall [10] and is given by
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¢

P=1

AT EI(OtI - GT)/[K 12] + (1 - vp)

C
7] $)

where the location of maximum deformation, is defined by

2

7" 0.667 + 0.018% (8)

and ay 1s coefficient of thermal
expansion of ice, ap is coefficient
of thermal expansion of cylinder
material, EI is modulus of elasti-
city of ice, AT 1is temperature in-
crement at the top of the 1ice cap
and n = Epd/Ept where Ey is the
modulus of elasticity of the cy-
linder material.

A typical variation of hoop stress
in the wall of a tank, as predicted
by the above theory, 1s shown 1in
Fig. 4, which also shows for compa-
rison corresponding variations ob-
tained wusing ABAQUS [7] to model
the ice cap in the tank but neglect-
ing creep in the 1ice. It can be
seen that the hoop stress variations
obtained by both approaches are
similar. An idealized variation of
the hoop stress proposed for design

purposes is also indicated in Fig. 4.

The locations of peak hoop stress
and zero hoop stress in the wall
of a tank are indicated. The =zero
stress locations are a function of
g and §. The magnitude of the peak
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Fig. 4 Variation of hoop stress

hoop stress may be determined using Eqns. (5), (6) and (7). Charts to aid
these computations, as well as those for flexural stresses, have been

developed by Kong and Campbell [11].

b, EFFECT OF CREEP OF ICE

Creep of the ice will reduce the
pressure exerted by an 1ice cap
subjected to a rise in temperature
over a finite time. The maximum
static values of pressure and
related hoop stress, determined as
described previously, can be ad-
Jjusted for creep using charts
similar to that in Fig. 5. These
charts have been developed from a
study [11] of restrained ice discs
under different values of initial
t emperature, heating rate and
parameter n, which is a measure
of the degree of confinement. The

PERCENTAGE OF STATIC PRESSURE

100

INITIAL TEMP. = -20°C

o + + +— + + s

1 2 3 4 s [ 7
HEATING RATE (°C/HA.)

Fig. 5 Effect of creep of ice

peak pressure developed in the ice has been expressed as a percentage of the
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corresponding maximum static pressure which would occur if creep were
neglected. Figure 5 shows that, for a particular 1initial temperature, the
effect of creep diminishes with increasing values of n, and heating rate. These
reduced values of static pressure may be used 1in conjunction with Fig. &4 to
determine the variations of hoop stress 1in the wall of a cylindrical tank.

A maximum tensile hoop stress of 6.5 MPa has been computed [11] for a concrete
tank having a mean diameter of 7140 mm, a wall thickness of 400 mm and
containing an ice cap 1000 mm thick. The initial temperatures in tne ice cap
were -20°C and 0°C at the top and bottom surfaces, respectively, and the
heating rate was 2°C per hour at the top surface.

5. TESTING OF MODEL TANK

Tests [10], similar to those reported by Bergdahl [5], were carried out on a
model steel tank to examine the ability of ABAQUS with Egqn. (1) incorporated
to model the behavior of an ice cap in a water tank. The tank had an
internal diameter of 886 mm, a wall thickness of 14 mm and a height of 1310 mm.
Biaxial electrical resistance strain gauges (aligned circumferentially and
axially) were attached to the wall of the tank. Thermocouples were placed at
various levels within the tank,

as well as on the wall. The

tank was wrapped with 400 mm GBOPZEZZQQE - =0=P=0TT
of fibreglass insulation over 3l ﬁodyp' s
its entire height, and 100 mm 201 Vg \
of insulation was used under- ﬁ L o o
neath the tank. 5 & L
10 4 \

S o 4
The tank was filled with tap 2 ry Y
water to the desired level and of—4 1 L L T ey
the temperature in the cold L TIME (HOURS) o=e
room facility, 1in which the
tank was located, was lowered Fig. 6 Hoop stress vs. time

gradually to around -25°C. Ice

formed initially on the top
surface of the water and the Type Description
ice cap gradually grew in
thickness downwards. After the 1 Wall delamination
ice cap reached the desired 2 Vertical cracks in wall
thickness, the temperature 1in 3 Wall/floor joint deterioration
the room was raised gradually Yy Vertical voids in shotcrete
to 0°C. The test was con- 5 Jack-rod spalls
cluded when melting of the ice 6 Shoterete cover coat delamination
cap occurred adjacent to the 7 Waterproof coating failure
wall of the tank. 8 Cover coat cracking

9 Cold joints and horizontal cracks
Three tests were carried out. 10 Corrosion of prestressing steel
The thicknesses of the ice cap
were 240, 300 and 308 mm and
the heating periods were 14, 16 Table 1 Types of defects in tanks

and 11 hours, respectively.

Typical test data, showing the variation of the hoop stress in the tank
wall with time at a depth of 46 mm below the top surface of the ice cap, are
given in Fig. 6. Good agreement is obtained with a simulation of the test

using ABAQUS.
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6. DEFECTS OBSERVED IN CONCRETE TANKS

Ten of the main defects observed during surveys of concrete water tanks in
Ontario are listed in Table 1. Most of the defects may be attributed to the
influence of a freezing environment and possible mechanisms causing these
defects are discussed in Ref. [1]. Delamination of the wall was prevalent and
has been attributed to radial tensile stresses in the wall. Such stressses may
be induced by either freezing and thawing with related dilation of saturated
concrete in the outer portion of the wall exposed to solar radiation, or by
trapping a lens of unfrozen water between an inward moving freezing front and
the impermeable frozen zone in the interior of the wall section., Vertical
cracking in the wall was attributed to pressure and induced hoop stress from
internal ice formations which have been addressed in this paper.

T.- CONCLUSIONS

A mathematical model for ice has been validated by data from tests on a model
Steel water tank containing an ice cap and has been used to develop a method
for prediction of the hoop stress in the wall of a tank containing an ice cap.
Hoop stresses large enough to crack the wall of a non-prestressed reinforced
concrete tank may be induced by internal ice formations. It is recommended
that internal ice formations be eliminated by suitable means such as providing
insulation to the tank.
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Der Beitrag zeigt, wie bei extrem hohen Pressungen aus Bergbaueinwirkungen Erdbehélter wasserdicht
hergestellt werden konnen, wenn man auf klar erfaBbare Grundsysteme zurtckgreift und die Vertraglich-

keit untereinander durch konstruktive MaBnahmen |6st.

SUMMARY

The exoosition shows that in spite of the extremely heavy rock pressures, the underground tanks can be
made watertight provided one relies on clearly conceived basic systems and brings about mutual com-

patibility by constructive measures.

RESUME

L'exposé demontre comment des citernes souterraines étanches peuvent étre construites en dépit de
pressions extrement élevées dues a des influences minieres. Il recourt a des systémes de base facilement
compréhensibles et résout la compaubilité entre les citernes par des mesures constructives.
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1. EINLEITUNG
1.1 Bergbaueinwirkungen auf Bauwerke

In Gebieten, in denen unter Tage Kohle oder Erze abgebaut werden,
treten durch Nachsackungen in die entstandenen Hohlrdume Verfor-
mungen im Deckgebirge ein, die sich bis zur Geldndeoberfliche
fortsetzen. In den Steinkohleabbaugebieten an der Ruhr und Lippe,
wo der Abbau bereits Tiefen von {iber 1000 m erreicht, addieren
sich aus den Ubereinanderliegenden abgebauten Fl&zen Senkungen an
der Gel&dndeoberkante in Groéfenordnungen von liber 10m., Diese Sen-
kungen sind nicht eben. Sie bewegen sich zwischen null und dem
Maximalwert. Es kommt zu einer Trogbildung (Fig.1). Bezogen auf
Bauwerke in diesen Bereichen bewe-
gen sich diese zwischen einer Wan-

7““?T“®mww%zmmmgﬁﬂﬂgwﬂf nen- und einer Sattellage. Bedingt
I

Sallelluge

,hmm durch die Bodenbewegungen treten
- Dehnungen und Verkiirzungen auf.

N\ Pressu /‘ Bauwerke, eingebettet in diese Bo-
\ / den erfahren aus diesen Lingenin-

\\ i derungen Pressungen (Wannenlage)
TITTITIITIIIIIT—*res (T gg:g;igggnsgg g?iEngﬁgei)m(gé?'1)'
Fig.1 Prinzip der Berg- reich des Kohleabbaues an der Ta-

baueinwirkung gesordnung, d.h. auf 1,00m L3nge

treten Bewegungen von 2-L mm auf.
Bei Zerrungen von 8°%.fiihrt dies zu Bodenrissen seibst. Durch die
Relativverschiebung zwischen Boden und Bauwerk wercen bei Zerrun-
gen auf alle vom Bauwerksschwerpunkt weggerichtete Flichen Zug-
krdfte, und bei Pressungen auf alle zum Bauwerksschwerpunkt hin-
gerichteten Flachen Druckkridfte erzeugt (Fig.1).

1.2 Beispiel: Bergbaueinwirkung auf einen Tiefbehdlter

Die Bedeutung der zuvor dargestellten Bergbaueinfliisse werden
nachfolgend am Beispiel eines Regenriickhaltebeckens gezeigt, wel-
ches die Bergbau AG Westfalen nach den, die Bergbaueinwirkung
erfassenden Berechnungen des Biiros Prof.Zerna, Schulz + Partner,
in Hamm ausfiihren liefl, als Auffangbehdlter bei starken Nieder-
schldgen, um die Kapazitdt der vorhandenen Kanalleitungen nicht
zu Uberanspruchen. Am Standort werden Pressungen von 7,7%cer-
wartet, also einem extrem hohen Wert.

Der Behalter mufBte angelegt werden flir ein Fassungvermdgen von
4000m®. VWegen der begrenzten drtlichen Verhiltnisse muBte in die
Tiefe gebaut werden, was zu einem Durchmesser von 20m und einer
Bauwerkstiefe von 22m filhrte. Dabei bindet das Bauwerk 18m in den
Felsboden ein. Wegen der knappen Grundstilicksverhdltnisse mufBite
eine Pumpstation von 12¢5 m bis zur halben Bauwerkstiefe unmit-
telbar an den Behdlter angebaut werden.

Bei dem erforderlichen Durchmesser von 20m und der zu erwartenden
Pressung von 7,7°%%.ergibt sich eine Zusammendrilickung von 15cm,
die von der Betonkonstruktion nicht ohne besondere MafBnahmen auf-
genommen werden kann, zumal die angehdngte Rechteckkammer das
sonst rotationssymmetrische statische Grundsystem stort. Die
Forderung nach absoluter Wasserdichtigkeit konnte nur durch be-
sondere statische Annahmen und konstruktive MafBnahmen erfiillt
werden.
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2. STATIK UND KONSTRUKTION
2.1 Geologische Verhdltnisse

Fig.2b zeigt das Bodenprofil. Nach 4,00m feinsandigem Uberlage-
rungsboden folgt der Felsboden in Form eines Kreidemergels. Die
Festigkeit, ausgedruckt durch die Steifezahl E;, schwankt zwi-

schen 150-300 MN/m . FUr die Berechnung wurde einheitlich der

Wert E =200 MN/m? festgelegt. Fig.3 zeigt den Ansatz des Fels-

druckes, sowie den Wasserdruck, bei einem Grundwasserstand auf

der H6he =-3,00m unter der Geldndeoberkante.

B8 20MKNIm)

VI¥z 22 KNIm) &£ Zerrung (+) Pressung(-)

Richtung

¥ 25" o

EzG (n.v)
n:es®

N

225 -6.0mm/m -1 1mm/m
45,0 -77 - +0.4

67.5 -70 -~ +00 -~
90.0 =43 - -28 -~

Fig.3 Fels- und Wasserdruck Tabelle 1 Bergbaueinwirkungen

2.2 Bergbaueinfliisse

Die Gebirgsverformungen werden seitens des Bergbaubetreibers fiir
den Endausbauzustand angegeben, gem3B der Tabelle 1. Wie die Zah-
lenwerte erkennen lassen, treten im wesentlichen nur Pressungen
auf. Auch in den Zwischenphasen sind keine groBeren Zerrungen zu
erwarten. Die Pressungskrdfte haben in den verschiedenen Kraft-
richtungen, ausgedriickt durch den Winkel « bezogen auf die Nord-
richtung unterschiedliche GrdfBen.

2.3 Statisch-konstruktives Grundprinzip

Die Behdlterzusammendriickung von 15cm gestattet keine wasserdich-
te Stahlbetonkonstruktion, die aber wegen der besseren Unterhal-
tungsaufwendung gewlinscht wurde. Die Losung der Aufgabe wurde
durch mehrere konstruktive Eingriffe ermdglicht.

Zur Reduzierung der Verformungen aus den Bergbaueinfliissen wurde
eine verformbare Schicht zwischen Behdlterwand und Gebirge ange-
ordnet. Zur Diskussion standen zundchst Einlagen aus Styropor
oder Porenschlacke (Perlite). Bei nidheren Untersuchungen stellte
sich heraus, daf diese Stoffe unter Wasseraufnahme bei schwanken-
den Belastungseinfliissen einen GrofBiteil ihrer Federwirkung ver=-
lieren. Als geeignet stellte sich die Verwendung von faserigem
Torf heraus. Fig.4 zeigt das Last-Setzungs-Diagramm des verwen-
deten Materials. Der in die Berechnung einzusetzende Steifemodul
wurde zu E;=0,5 MN/m* ermittelt.

Im Hinblick auf den fiir die Baudurchfiihrung erforderlichen Ar-
beitsraum und eine entsprechende Kostenoptimierung ergab sich ei-
ne Stidrke der einzubauenden Torfschicht von 80cm zwischen Behdl-
terwand und Gebirge. Diese Schicht wurde in der statischen Berech-
nung des Behidlters durch einzelne Federn diskretisiert (Fig.5),
wobei sich die Federsteifigkeit ergibt aus der Beziehung

C’P d—iﬂ _;%§4g Der in die Berechnung einzufiihrende Elastizitéts-
modul ergibt sich aus den eingangs angegebenen Steigemoduli Es
fiir den Fels und den Torf nach der Beziehung £:F£ [A-2-% [,V :o.3
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Die Lasteinwirkungen wurden an den in Fig.6 dargestellten Einzel-
systemen untersucht. Die Berechnung als geschlossenes Behdlter-
system hdtte zu schwer kontrollierbaren Spannungszusténden ge-
fiihrt, die auch durch Bewehrungen nicht klar abgedeckt werden
konnten.

Die Wechselwirkung zwischen Gebirge, Torfpolster und Bauwerk wur-
de an einem Gedankenmodell von 76,2/76,2m mit Hilfe Finiter Ele-
mente errechnet. Als Auszug aus dieser Berechnung zeigt Fig.7 den
Momentenverlauf an beiden Sgstemen unter dem ungilinstigen Lastfall
"Bergbaueinwirkung unter 45°" und "Wasserdruck". Die Verformungen,
die diesen Momentenbildern analog verlaufen, lassen die unter-
schiedlichen Bewegungen an den Systemrdndern erkennen. Sie betra-
gen bis zu * 4cm.

11.80

1

15.30

=

Schnitt A-A Schnitt B- B Scheutt A - A Schitt B - B
Fig.6 Grundsysteme Fig.7 Momentenverlauf

2.4 Konstruktive Besonderheiten

Un diese Bewegungen aufnehmen zu konnen, muBte der Fugenausbil=-
dung besondere Aufmerksamkeit gewidmet werden. Nach der Abb.1a
sind die systembezogenen Bewegungsilibergidnge zunidchst.vorhanden
oberhalb der Sohlplatte, auf der H6he -11,0 und unterhalb der
Deckenkonstruktion. In diesen genannten Schnittebenen miissen die
Vertikallasten V, die Horizontallasten H und die damit einherge-
henden Verformungen aufgenommen werden. Dariiber hinaus miissen sie
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der Forderung nach Wasserdichtigkeit
genligen. Fig.8 zeigt die L&sung. Die
V und H-Lasten werden durch bewehrte
Neoprenlager mit Abmessungen @ 300/61
im Abstand von 1,95m aufgenommen.Die-
se Lagerktrper haben ein Verschie-
bungsvermdgen von 42,5mm. Die eigent
liche Behdlterdichtigkeit wird er-

" reicht durch ein hinter den Lagern an-
geordnetes Kunststoff-Fugenband mit

Mittelschlauch auf Polymerbasis,aus-
gelegt auf einen Bewegungsspielraum
von 40mm. Da ein auswechseln dieser
Teile nicht mehr mdglich ist, wurde
die Bewegungsfuge zusdtzlich an den
AuBenkanten durch bewegliche Fugen-
badnder verschlossen, um einem Korro-
sionsverfall vorzubeugen. FlUr die be-
triebliche Funktion der Behdlteran-
lage waren Einbauten vorzunehmen
(Fig.1a), die bewegungsfrei von der
Wandkonstruktion zu halten waren. Fur
den Wassereinlauf von der Pumpenkam-
mer in die Verteilungskammer war da-
bei eine verschiebliche Rohrkonstruk-
tion vorzusehen, die die Bewegung von
t40mm mitmacht (Fig.9).

2.5 Auftriebssicherung

Der Behdlter taucht im Endausbau 19,0m
in das Grundwasser ein. Er erfdhrt da-
mit eine Auftriebskraft von 64 MN.
Dieser Kraft konnte kein entsprechen-
des Eigengewicht gegenilibergestellt
werden. Die Wandstdrken konnten zur
Gewichtserhthung nicht verstiarkt wer-
den, da sie im Hinblick auf die Ver-
formungen elastisch gehalten werden
muBten. Eine Aktivierung der Wandrei-
bung war wegen der erforderlichen
Torfpolsterschicht nicht méglich. Die
Restauftriebskraft 4A = A-G muBte da-
her iliber Erdanker von der Sohle aus
auf den Felsuntergrund libertragen wer-
den. Dies erfolgte {iber 14 Stahlanker
@ 90/115mm in St 52, die bis in die
Tiefe von -30,0 in Bohrlécher @ 80cm
eingesetzt wurden mit anschlieBender
Ausbetonierung. Der FufBl der so ange-
legten GroBbohrpfiéhle erhielt zur Ak-

tivierung des Bodengewichtes eine Verbreiterung auf 1,30m (Fig.10
Die Pfdhle sind ringférmig mit einem Durchmesser von 8,18m in der
Sohlplatte angeordnet. Bei der zu erwartenden bergbaubedingten
Verschiebung von 7,7 %.erfédhrt der Ankerkopf eine Bewegung von
32mm. Bei starrer Einspannung wiirde das zum Bruch des Stahlankers
fihren. Wie Fig.10 zeigt, wurde der Ankerstab auf 5,0m Linge mit
einem mit Bitumen gefiillten Plastikrohr ummantelt, um so eine
Verformungsmoglichkeit zu gewdhrleisten.
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Energy Absorption Capability of Slabs with Different Reinforcement Steel
Capacité d’absorption d'énergie de dalles en béton avec différentes armatures

Energieaufnahmeféhigkeit von Betonplatten mit verschiedener Bewehrung

Lars ANDERSSON Lars Andersson, bom 1947, re-
Tekn lic s ceived his civil engineering and li-
Royal Inst. of Technology T centiate degree at the Royal Inst. of

Technology. Since 1969 he has
Stockholm, Sweden been working in the field of building

construction. In 1983 he started re-
search work with the aim of de-
termining debris loads on shelters.

SUMMARY

One-way reinforced concrete slabs with different types of reinforcement steel have been loaded in impact
by a free falling drop weight of steel. The aim was to study how different reinforcement steel influence the
capability of the slabs to absorb energy. The dissipated energy was estimated by comparing the sum of
potential and kinetic energy before and after impact. Positions and velocities of the slab and drop
weight were determined with a high speed camera in order to calculate the energy after impact.

RESUME

Des dalles en béton armeé renforcées dans une seule direction mais avec différentes armatures ont subi
les chocs d’une masse d'acier en chute libre. L'objectif de I'étude était de voir I'influence des différentes
armatures sur la capacité d'absorption d’'énergie de ces dalles. L'énergie dissipée a été calculée en com-
parant la somme des énergies potentielle et cinétique avant et apres le choc. La position et la vitesse de
la masse métallique et de la dalle ont été déterminées avec un appareil photo a haute vitesse, afin de
calculer I'énergie apres le choc.

ZUSAMMENFASSUNG

In einer Richtung gespannte Betonplatten mit verschiedener Bewehrung wurden mit einer fallenden
Masse aus Stahl stossbelastet. Das Ziel war es, den Einfluss verschiedener Bewehrungsstihle auf die
Energieaufnahmeféhigkeit der Platten zu bestimmen. Die kinetische und potentielle Energie vor und nach
dem Stoss wurden mit einer Hochgeschwindigkeitskamera bestimmt. Der Unterschied der Energie vor
und nach dem Stoss ist gleich der Energieaufnahme der Betonplatte.
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1. INTRODUCTION

To protect civil people from damages in war, shelters are built. The shelters
are often placed in the basement of a building. To ign the shelters one first
have to decide what kind of loads the shelter shall be designed for. The Swedish
formula code says that two loads as a result of war actions are to be consider-
ed: first, the shock wave from an exploding bamb and second, the debris load
fram the collapsing buildings.

The author has since 1983 studied how to calculate the debris load. The aim was
to divide buildings into different types depending on their capability to reduce
the debris load.

Briefly one can say that the debris load on the shelter will be a function of
the mass of the building and its distribution vertically above the shelter-roof.
In other words the potential energy of the parts of the building that can be
transformed into kinetic energy is what matters. The collapse of the building is
assumned to start at the top floor. During the fall energy losses will occur when
the building is broken into parts. In the present Swedish code formula used to
calculate the load on the shelter-roof the only energy loss during the collapse
that is taken into account is the energy that is needed to fail the floor slabs
in flexare and energy dissipation at plastic impact.

To estimate and compare the energy loss when slabs are loaded to ultimate
failure, several static and impact tests were performed and reported in [1] and
[2]. In the tests different types of slab strips and loadings were used.

It was found that in slabs with the reinforcement arranged so that membrane
effect could occur the energy dissipation to exhaust the bearing capacity was
very high campared with slabs with anly bending moment.

The consequence of this for calculating the debris load on shelters is that
buildings could be separated into two parts. One with only flexure moments in
the slabs and one where the reinforcement is arranged so that membrane effect
more or less can occur. In buildings with membrane effect the debris load will
be smaller.

Different kinds of reinforcement are used in practice. It would therefare be of
great interest to compare how the choice of different reinforcement steel in-
fluence an the energy dissipation when a slab with membrane effect is loaded to
ultimate failure. Impact tests on slabs with different reinforcement steel were
carried out and are reparted in [3] and [4]. A summary of this research work is
given here.

2. TEST SPECIMEN

Mainly four kinds of reinforcement steel were used. They had the notations
Ss26S, Ks40,KsﬁOmﬂNPsSOmﬂazeerqua1tin&adal.Sstardsfcrplajnzbars,
K stands for deformed bars, sxx stands for nominal yield strength in kp/mm”, S
in the end stands for weldable.

The slabs had the dimensions: length 1,96 m, width 1,20 m and depth 0,1 m. (An
example can be seen in fig 1). The muber of reinforcement bars was chosen so
that the same total tensile force in the slabs was attained independent of the
type of reinforcement steel. The calculation of how many bars each slab should
have was based on the yield force of a single bar. The total force in the slab
was 210-220 kN. Totally 34 slabs were tested.

3. PERFORMANCE OF THE TESTS

The load was a free falling drop weight of steel. The mass of the drop weight
was ane ton which was twice as much as the mass of the slab. The drop weight



L. ANDERSSON 509

1960 'Ih
| P
S S S I I N

| [T

1200
I
ml
.’.

8285150 Ks 40

626 s 300 Ks 40
- —
Steel plate 100x10-1200
A=A Welded to the bars

Fig.l Test specimen.

Slab
¢
930 I

|
Drop we:g];ht of steel

l

O
S /
S

\QA {_'
8 8
k— -—¢ Bolt

l>
AAHETHRITITEHEH I TETEETETE T

R

-—%~—¢ Bolt
=)
2

- Al R R R R
I
M

3
1
|
620 | =0 l 310 [ 620
1860

Fig.2 The drop weight standing on the test specimen.
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standing on the plate is shown in fig 2.

The drop heights were mainly 4, 8 and 11 meters. In the case of 4 m the drop
weight was stopped or nearly stopped if the reinforcement was Ss26S, Ks40 or
Ks60.

4. ANALYSIS OF THE TESTS

The tests were filmed with a high speed camera (~500 pictures/sec). On the films
the course of events could be followed. With help of the films, the kinetic and
potential energy was calculated when positions, velocities and masses of the
drop weight and plate were known. These energies were campared with the initial
total energy for the drop weight slab system to get the energy dissipation
during the time it toock to exhaust the bearing capacity of the plate. See one
example in fig. 3.

The remaining strain of the bars after the impact tests was measured. This
strain was about 15 to 40 % of the limit strain. The limit strain is the strain
at maximum force in tensile tests on reinforcement bars.

The thearetical modelling of the test was done by replacing the real drop
weight/slab system with an eguivalent mass-spring system. The equivalent system
has the same characteristics concerning energies and work done under the
deformation as the real system. Data fram the tests were used to verify the
calculation model.

Energy(kNm) Drop height=11.0m

120} E.
E imp

— . — — — — —— — — —

i \ Fig.3 Comparison between the sum of
100k k potential and kinetic energy before and

\? after impact.

B \ Time at impact = 0.

8ok \ AE V = Potential energy. Zero at impact.
T = kinetic energy.

- Einp=V+T at the moment of impact.
60 Eobs E ps=Observed sum of V and T after impact.

- — AE = Energy dissipation. (= Einp - Eobs)
40t
201 T

o
— ]
B $
1 1 1 1 1 1 L 1 1
2% o0 20 40 60 80
time(ms)
Ks40
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5. RESULTS

The relation between energy absorbed in the whole plate (with different kinds of
reinforcement) was, if the energy absarbed in plates reinforced with Ks60 is set
to 1,0:

Drop height Ss26S Ks40 Ks60 NPs50

(m) 28 8 38 &6
11 m 1.9 1,2 1,0 0,65
8 m 2,6 1,4 1,0 >0,45

An estimation of the relation between energy absorbed in the reinforcement bars
was, if the energy absorbed in Ks60 is set to 1,0:

Drop height  Ss26S Ks40 Ks60 NPs50
(m) 38 38 38 36
11 2,7-2,5 1,7-1,4 1,0 0,6-0,5
8 3,0-2,8 1,7-1,5 1,0 -
4 (2,3-2,1)* 2,0-1,7 1,0 0,5-0,4

t Should be higher because the ultimate strain was not reached.

It is seen from the first table that it is possible to rank the reinforcement
after its capability to absorb energy. The plain bar Ss26 is best. The ranking
is the same as if you would have campared the limit strain of the bars. You
could also see fram the two tables that an increased drop height makes the
difference in energy absorption capability smaller.

Energy(kNm)  Drop height=11.0m

120 Eobs=Ecal ]
Fig.4 Camparison between observed (Eobs)
and calculated (Ecal) sum of potential

and kinetic energy. Time at impact = 0.

100

AE = Energy dissipation.
AE Eg = Measured ultimate strain in the
60 reinforcement bars.
40
. £:=93%
20 N
0 1 | 1 1 1 1 1 1 1
-20 0 20 40 60 80
time(ms)
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The extended drop height also gave an increased energy dissipation. The reason
for this is that the plates are broken into smaller parts and therefore the
reinforcement loses the surrounding concrete. Free reinforcement bars have
higher strain capability than bars embedded in concrete.

The theoretical estimation of the sum of kinetic and potential energy shows good
agreement with the energy from the tests. See ane example in fig.4. The calcula
tion of the energy dissipation is stopped when the calculated remaining strain
in the bars is equal to the observed remaining strain in the plates. A high
value of the tensile force of the bars is presumed.
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SUMMARY

Structural design, static and dynamic analysis of a 'Protective Centre’ is described. Special, in building,
explosion-resistance chambers for explosion detection and initiation are designed. The results of dynamic
analysis of a chamber due to a fixed explosive TNT charge is described in detail. The finite element method
was applied using computer programs.

RESUME

Larticle explique les méthodes de calcul statique et dynamique d'une structure d’un centre de protection
comportant des chambres de detection et de mise a feu de colis explosifs. Les résultats de I'analyse
dynamique des chambres sont décrits en détail. La méthode des éléments finis ainsi que des program-
mes de calcul ont été appliqués.

ZUSAMMENFASSUNG

In diesem Artikel ist die statische und dynamische Berechnung von Explosionskammern flr ein Schutz-
zentrum dargestellt. Im Geb&ude sind spezielle Kammern fir die Entdeckung und eventuelle Vernichtung
von Explosivsendungen vorgesehen. Die Methode der finiten Elemente sowie Berechnungsprogramme
wurden angewendet.
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1. THE STRUCTURE

The ’Protective Center’ is a 5-storey reinforced concrete building,
consisting of three dimensional frame type of structure with slabs and
shear—-walls. Position of the shear-walls is determinated exclusively by
functional reasons and less by some structural demands. In this way a
very stiff system was created with relatively regular grids without
greater differences in the positions of the center of stiffness and the
center of mass. On the top floor there are very great masses in a joint
block—-the three rc chambers, for the control of eventual explosive
packages. The chambers are covered with a protective vaulted structure
with some openings in order to protect the surrounding population and
neighboring buildings in the event of an explosion. Above +the roof
openings a suspesion chain net is fixed +to protect the surrounding
area. Some parts are disposable. The floors are rc slabs and beams
where there are greater spans. The foundation is a rc slab, on a gravel

layer.

2. STATIC AND DYNAMIC ANALYSIS OF STRUCTURE

2.1. The whole building

At the first step the whole structure was analysed as a 3D structure
using the SD2A program. In the static and dynamic analysis all load-
bearing structural elements were included in the mathematical model:
columns, beams, girders, shear-walls, with certain restrictions of the
calculation model. The masses are concentrated at the height of the
floor slabs. The great masses of the Blast Resisting Chambers uere
included in the analysis.

The modal analysis method and response spectra analysis were applied to
the dynamic analysis according to the YU Seismic Code. This was done
using the SD2A computer progran.

Maximum member and element forces are obtained for the influence of the
earthquake applied in three independent directions, two in orthogonal
directions and one in a direction at 45 degrees to the building axes,
according to the estimate of the possible greatest effect of torsional
mode. Special program for proportioning of rc members according to the
ultimate strength method, were used on the PC SC328.

2.2. The foundation

The STRUDL program and TOPOLOGY subsystem, generator of data, were used
for the analysis of the foundatin slab. Finite elements were wused to
simulate the slab on Winkler base. The elastic spring constants of the
base are assumed according to the geomechanical report. The cellar
walls and the cores were included in the FEM model.
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3. ANALYSIS OF THE TNT EXPLOSION IN BLAST RESISTING (BR) CHAMBERS

The BR chambers and floor slabs on the third floor where a TNT blast
could possibly take place have been analysed for both, static and
dynamic loading as follows:

- the floor slab for uniform and ckeck distributed load,

- the floor slab for control static load 60 KN/mm,

- the floor slab, walls and roof core of the chamber for explosion
impact load,

— the floor slab and walls for equivalent static load.

The postulated impact wave is shown in the Fig. 1. The values are
obtained from (13) and factorized with the factor

f =p /p X F where:

P — pressure at a distance of from the center of the explosion,

p -~ pressure at a distance of 1.5 meters from the center of the blast
and comes to 400 KN/mm,

F - a surface that belongs to a specific node.

The same method was used for designing the vaulted roof structure and
heavy moving parts (doors etc) as parts of the whole structure.

pkn/m?]

Fig. 1. Assumed impact wave explosion.

For the needs of dynamic analysis in real time the impact wave is
described as 'Time History' in the data storage of the program STRUDL.
It was obtainted in a separate research study.

From (1) and (8) we can conclude that analysis of the ©blast impulse
effect on the entire system is conducted up to the substructures of the
system. For this reason special consideration is given to the effect of
shocks to possible walls, slabs and a sector frame of the whole build-
ing from the roof to foundation, with possible blasts in the inner and
outer chambers. In this analysis the plate bending FE of the slabs and
walls were used.
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Independent of this, the whole system of the chamber, shown in Fig. 2,
is modeled as the FE members model in order to provide a global insight
into effect of a blast on the whole. The impact wave in this case is
divided into three directional components (x, y, 2) and placed to act

at the crosspoints of members which represents the slabs and walls with

corresponding stiffness.

Fig. 2. The chambers divided into substructures.

Characteristic results obtained using dynamic modal analysis are shoun
in Fig. 3. The deformation time history of the point on the wall is
visible during the time of the blast effect.
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Fig. 3. Result of dynamic analysis. The finite element method and

real-time response.
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4. CONCLUSION

All these analyses have shown a relatively small effect of certain
possible amounts of TNT explosive charge to the ©building and its
structural elements. The cause of this is the large mass at the top of
building that provides resistance to the dynamic shock wave. Dynamic
shock of the blast is relatively great in intensity but very ©brief in
duration. The forces that erupt in such a short interval are relativly
small and it is not necessary practically to provide much additional
reinforcement above the normal reinforcing, constructive reinforcments.
Dynamic analysis of this type shouws the lack of reality in today’s
analysis of NU shelters that do not take the sites into consideration,
the speed with uwhich the nuclear impact wave spreads and its intensity.
An obligatory application of real-time dynamic analysis is proposed
when designing explosion resistant or blast protective shelters because
it can provide considerable savings in the amount of building material.
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SUMMARY

Structural behavior of cable-stayed and box girder bridges in fire environments is estimated numerically
on the assumption that the ship runs against the bridge pier, or the ship collides with another ship under
the bridge. Heat radiation from the fire to the surfaces of the girder is calculated by the finite element
method. Thermal deformation of the bridge is evaluated by thermo-elasto-plastic finite element analysis,
in which various combinations of bridge type and location of fire are compared.

RESUME

Le comportement d’'un pont a haubans et d'un pont en poutre-caisson dans un incendie est étudié dans
les cas d'une collision d'un navire avec une pile du pont ou avec un autre navire sous le pont. L'échange
de chaleur par radiation entre la source de chaleur et les surfaces de poutre est calculé par la méthode
des éléments finis. La déformation thermique du pont est évaluée sur la base de I'analyse thermo-élasto-
plastique des éléments finis, dans laquelle combinaisons du type du pont et la location du feu varient.

ZUSAMMENFASSUNG

Unter der Voraussetzung, daB ein Schiff an einen Briickenpfeiler prallt, oder daB zwei Schiffe unter der
Brucke zusammenstoBen, wurde das Tragverhalten von Schragseilbriicken (Zx) und der Kastentrager-
brucken numerisch untersucht. Die Warmestrahlung vom Feuer an den Brickentrager wurde mit der Me-
thode der finiten Elementen berechnet. Die thermische Formanderung der Briicke ist in der thermo-
elasto-plastischen Analyse erfaB3t, wobei die verschiedenen Kombinationen von Brickentypen und Lage
des Brandes verglichen werden.
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1. INTRODUCTION

Due to an increased construction of long span bridges across a channel, the possi-
bility of ship-fire under bridges cannot be ignored. The ship carrying combus-
tibles such as petroleum and |igquefied petroleum gas may run against a bridge
pier, or collide with another ship under the bridge. Bridge deformation under such
circumstances are numerically evaluated here. Object of numerical calculation are
cable-stayed and box girder bridges with central span of 160 meters. Heat radia-
tion from fire to the surfaces of the girder is calculated by FEM. Thermal defor-
mation of the bridge is calculated also by thermo-elasto-plastic FE analysis, in
which various combination of bridge type and location of fire are taken into
account.

2. TYPE OF BRIDGES

Cable-stayed and box girder bridges as shown Fig.1 are considered in the article.
In order to show the difference of stress state and deformation, we assume that
both bridge sections be continuous girder, having span of 60m+160m+60m, with
variable cross-section. These bridges are roughly designed according to allowable
stress design considering dead and traffic loads. Cross-section at the span center
is indicated in Fig.2 as a representative. In the case of cable-stayed bridges,
the effect of cable sag is approximately evaluated by modified Young’s modulus
provided by Ernst, and towers are assumed to be stiff.

1 1 ' TSR ], [
002+ 5.-:‘] F'”_é—{
3sm 0.01m i im (Cable- atayde
@ @ 3.5m (Box Girder
0.02m l Bridge)
ﬁ' X~ — T o -
\‘Zm \“ﬂ 8m
60m =4 160m > 80m——= [l? 20m ﬁ_‘
oy tire lo;":. .
RN
- iSM Fig.2 Cross-section at the
\\Rn \\\T span center of bridges.

Fig.1 Bridge types.

3. HEAT TRANSFER ANALYSIS
3.1 Heat Transfer from Fire to Bridge

Heat transfer from fire source to the structural members in the building fire is
conducted by heat radiation and convection [1-6]. For such cases, heat capacity
can be put into members by "heated air to surface” transition, because the room is
filled with heated air and flame as in a furnace. However, the bridge fire, inflow
of heat is conducted through surfaces of the girder by ”surface (heat-source) to
surface” transition, because the bridge is no more than a strip of plate placed on
an open space. Thus, heat capacity is not constant along the bridge, and should be
determined by the horizontal and vertical distance between different parts of
girder and fire source.

In this work, heat transfer between different parts of girder (called girder seg-
ments) and fire source is conducted only by heat radiation. The phenomenon can be
defined analytically by heat radiation between girder segment and fire source as
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gray bodies; and spatial relation between the two is represented by a geometrical
factor. On the contrary, in recent years, radiation-convection interaction has
been formulated based on the continuum mechanics by limiting to the enclosed space
problem [7]. However the procedure has not yet been so developed to be applied to
the open space problem, even if we ignore the effect of wind.

Let the size of fire source be 20mx20m. Since the width of lower flange member
(8m) is less than the width of fire (20m) as shown in Fig.2, inflow of heat is
conducted by radiation through three surfaces, that is, @ bottom surface of l|ower
flange, @ bottom surface of upper flange which is not screened by webs and lower
flange, and @ side walls of webs.

Let the fire source be placed directly beneath the bridge. Conserning the location
of fire source, two cases are considered as shown in Fig.3, that is, (a) left end
of central span on the supposition that the ship runs against bridge pier, and (b)
center of central span on the supposition that the ship collides with another ship
under the bridge. Also for the distance between bridge and fire source, two cases
are considered as shown in Fig.3, that is, (a) 10m (river) and (b) 30m (channel).

3.2 Heat Radiation between Two Surfaces

Fig.4 shows a spatial relation between girder segment and fire source -for the in-
flow of heat through bottom surface of lower flange. Inflow of heat for the n-th
girder segment Q. is represented by

Qn=cIf(UOEQEf/n)(TfA—TsnA) (1)
in which geometrical factor C.,: is as follows:
C lf=IIII(Zn_XQSin¢n){Zn+tan¢'n(Xn_x ])}COS¢n/R4° dXidX2dy|dy2

In Eq.(1), 00=4.88x10"%kcal/m?h°K* is coefficient of Stefan-Boltzmann, &£ ,=0.5
and € +=0.7 are emissivities of heated air and steel, respectively. X., Z. are
horizontal and vertical distance between center of girder segment and fire source,
respectively, ¢ . is inclination of girder segment, T .., and T ¢ are temperature
of the n-th girder and fire source, which is substituted by the standard fire
time-temperature curve. x,,X2,¥ 1,y 2 are local co-ordinates, R is expressed as

under.
R4={(X+x2c080 n— X 1)°+(y2—y1)2+(Z,— x2sing ,)?}?

Longitudinal and cross-sectional distribution of geometrical factor of lower
flange (C ,¢) are calculated by Eq.(1). The rest of geometrical factors corres-
ponding the upper flange and webs (C .t and C.) are also evaluated in the same
manner as Eq.(1).

of lower flange

I bottom surface
i Ty e

(xy,y1)

51

fire source (20mx20m) : T, €«
Fig.3 Locations of fire.
Fig.4 Heat radiation between

two surfaces.
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3.3 FE Analysis

Prior to a series of calculations, heat conduction in the longtitudinal direction
is compared with that in the cross-sectional direction. The result shows that the
former is negligibly small compared with the latter. It implies that the thermal
distribution inside the girder cross-section can be calculated with good accuracy
by using two-dimensional FE analysis.

Central span of the bridge is cut into 32 girder segments, and the typical cross-
section of each segment is discretized by using three node three degrees-of-
freedom triangular elements. Inflow of heat for each segment is evaluated by using
geometrical factors according to the spatial relation between girder segment and
fire source. Coefficient of heat conductivity and specific heat of steel follow
the CTICM’s recommendations. Integration by time is carried by the Crank-Nicholson
method, and the temperature distributions of cross-sections are calculated at in-
tervals of 0.05 hours (3 minutes).

Thermal deformations are calculated numerically in the combined cases of the fol-
lowing three parameters. Table of short signs representing the combination of (1),
(2) and (3) are indicated in the Table 1.

(1) Bridge type . cable-stayed bridge / box girder bridge
(2) Location of fire source . bridge center / pier side
(3) Distance between bridge and fire . 10 meters / 30 meters

Maximum temparature for all cross-sections in the longitudinal direction are in-
dicated in Fig.5. Temperature distribution at the span center in every hour after
a break of fire is shown in Fig.5 for the case of (1) cable-stayed bridge, (2)
bridge center and (3) 10 meters.

4. THERMO-ELASTO-PLASTIC ANALYSIS
4.1 Material Properties

Let the material be SS41 steel whose nominal strength is 41kg/mm® (402MN/m=}. Due
to the previous studies including material tests [3-6], the writers have presented
material properties as function of temperature, which is distinct from CTICM’s
recommendations. That is, modulus of elasticity (E), yield strength (g ¥), work-
hardening parameter (H=do "/de '®; slope of tangent of instantaneous stress-
strain curve) and coefficient of thermal expansion (&) are expressed as follows:

E (6)=Es (8=350%7C), Eo (-0.2606 +271)/180 (6 >350°C)
c'(8)=0Y (68=2000), o7y (0.000202—-0.336 +142)/84 (6 >200C)
H(8,e'?)=H.,(8)/[e'"+exp{-H2(0)/H (6)}]
H,(8)=800/(8 -250)—0.5, H-(8)=10000/(8 -164)—7.3
a(8) =1.45x107°0 +1.32x10°5—13,85x1074/ 6
where E (=198 GN/m3) and o Yo(=281 MPa) are those at room temperature (8 =20°C),
and £ '? is instantaneous plastic strain. By using these properties, and ignoring

the effect of creep, good approximation in deformation analysis using FEM has been
obtained [5].

4.2 FE Analysis and Numerical Results

A three node seven degrees-of-freedom beam-column element is used here under the
Bernoulli-Euler’s assumption and the additional assumptions such as in-plane and
smal| deformation. Thermal and creep (ignored here) deformations are treated as
initial deformation, and the modified incremental method is employed in the non-
linear iterative calculation. Stress increment due to work-hardening is decided by
assuming von Mises-type yield criterion with isotropic work-hardening [4-6].
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Table 1 Endurance time of the bridge.

combination short endurance
sign time (min.)

box girder BC10 165
center,10m

cable-stay CC10 189
center, 10m

cable-stay CP10 222
pier, 10m

cable-stay CC30 >240
center,30m

cable-stay CP30 > 240
pier, 30m

Concerning the external load during the fire, the live load is excluded from
analysis, because no traffic will across the bridge during the fire.

Distributions of vertical deformation in the longitudinal direction are indicated
in Fig.7. Progress of yield region after a start of fire is also shown in Fig.8 in
the same case as the cross-sectional temparature. Endurance time of the bridge
during fire is provided in Table 1.

5. CONCLUSIONS
The following conclusions have been obtained:

(1) Concerning the effect of bridge type on the structural behavior in fire, the
”cable-stayed” type is stronger than the ”box girder” type. However, the
result may not be due to the difference of bridge type directly. It is due to
the difference of temperature caused by the difference of vertical distance
between fire and lower surface of the girder,

(2) Concerning the effect of longitudinal location of fire on the structural be-
havior, "center fire” causes serious effects on the bridge compared with "side
fire”;

(3) Concerning the effect of vertical distance between bridge and fire on the st-
ructural behavior in fire, there is a serious effect on the bridge only in the
case of "height=10 meters”. These results are only valid for a four hour fire.
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SUMMARY

Dynamic water pressure caused by the rapid flood water which hit Nagasaki, Japan, in 1982, took away
the spandrels and railings of the Momotani, Megane and Fukuro Bridges of stone arch, but their arch
stones remained. Six other bridges of a similar type were completely destroyed. To measure the hydro-
dynamic pressure which caused great damage to the stone arch bridges, two stone arch models of the
Fukuro Bridge were tested in a testing channel. Based on the test results, the stability of a stone arch
bridge against flood pressure and its preservation are discussed in this paper.

RESUME

La pression hydrodynamique, engendree par le débit de flots rapides, qui frappa Nagasaki au Japon, en
1982, emporta les voltes et les garde-corps de plusieurs ponts arcs massifs mais leurs pierres d' arche
demeurerent intactes. Six autres ponts du méme type furent complétement détruits. Pour mesurer la
pression hydrodynamique ayant endommage les ponts arcs en pierres, deux modeles réduits d’ arcs en
pierre du pont de Fukuro ont été testes dans un canal d’ essai. Sur la base des résultats des tests, la
résistance des ponts en arcs pierre contre la pression des flots et sa préservation sont discutés dans ce
document.

ZUSAMMENFASSUNG

Die dynamischen Driicke schnell-stromender Hochwasserfluten, von denen Nagasaki, Japan 1982, be-
troffen wurde, rissen die Bogenfullungen und die Fahrbahn der Momotani-, Megane- und Fukuro-Bricken
weg, liessen aber Steinbdgen stehen. Sechs weitere Bricken ahnlichen Typs wurden vollig zerstort. Um
die fur die Zerstérung der steinernen Bogenbriicken verantwortlichen dynamischen Wasserdriicke zu
messen, wurden zwei Modell-Steinbdgen der Fukuro Briicke in einem Testkanal getestet. Basierend auf
diesen Testergebnissen wird in diesem Beitrag die Stabilitat einer Steinbogenbricke gegen Hochwasser-
druck und ihre Instandhaltung diskutiert.
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1. OUTLINE

The present paper is related with exceptional conditions due to extreme
flood flow, and discusses experimentally the stability of a stone arch bridge
against flood pressure and its preservation. A heavy local downpour hit the
Nagasaki area of Kyushu Island in Japan on July 23, 1982, causing a sudden
increase of water flow in many rivers, so that the flow reached the superstruc-
tures of bridges crossing the Uragami, Nakajima, Hachiro and other rivers.!)

In Kyushu, including Nagasaki, Kumamoto and Kagosima prefectures, there
still remain many rivers spanned by stone arch bridges. The stone arch bridges
were constructed by a traditional method which was one of the most reliable
methods of bridge construction, as well proven by many ancient Roman Bridges
still stoutly remaining after some two thousand years.

While such stone bridges are a valuable property in the history of
building techniques, they were appointed important cultural assets in Japan.
In addition, along the River Nakajima, Nagasaki, there are many other stone
bridges like Momotani, Oide, Amigasa, Furumachi, Ichiran, Susukihara, Higasi-
shin and Fukuro bridges, which were rated as the important cultural properties
by the City and have formed the sights of the city.

This Nakajima River, running through the center of Nagasaki City, was
struck by the aforementioned local downpour and the flooding occurred which
submerged the road surfaces of these stone bridges. Dynamic water pressure
generated by the fast flood flow (3.5 m/sec to 4.0 m/sec) took away the arch
spandrels and upper railings of the Momotani, Megane and Fukuro bridges, but
left the arch stones. Six other bridges were completely destroyed and only
some of the bridge foundations were left.

Since these bridges provide the City's road network with arteries, they
have been playing an important role in the city transportation, especially as
escape ways for emergency or as access for the reconstruction works after a
disaster.

The combined forces and moments working on the arch stones, caused by
drag, lift, yawing moment, pitching moment and rolling moment were measured
through an experimentation of the model stone arch bridge. As a result of
calculation of the resistance of the stone arch bridge against flood flow, we
confirmed that as far as the Fukuro bridge is concerned the arch stones were
stable.

Collapse tests of the flood flow pressure on a stone arch bridge model of
the same construction as the actual bridge were also carried out.?)

2. EXPERIMENT ON STONE ARCH BRIDGE MODEL

2.1 Model Dimensions and Experimental Facilities

The experiment was carried out by putting a 1/38.5 scale model of the
existing Fukuro bridge into the test water channel with the width of 40 cm and
the slop of 1/94.14 to reproduce the flood condition. Fig.l shows a beam
instrument used for measuring the loads and Fig.2 shows the construction of
the model stone arch.

Load magnitudes on each arch stone @ ,®@ . . . . (2 were measured by
detecting strains with a strain meter on load converters tied by piano wires
of 0.5mm to the lift measurement points (@), ®, ®and @ and the drag
measurement points @ i @ " @ , and . An alienating paper is inserted in
2mm gap between arch stones illustrated in Fig.l in order to plug water flow
to avoid hydraulic stress and to lower frictional coefficient between stones.
The magnitudes and application points of resultant flow forces working on each
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Load converter  Strain meter Load converter arch stone were thus measured,
and such external forces
determining the limiting

Piano wire 0.|5mmﬁ' hydrodynamic fracture stress
on the stone arch bridge as
.——~Piano wire 0.5mm flow pressure, drag, lift
S —% (static water pressure +
P‘X::I: T block 1ift), horizontal pressure,
i Stone yawing moment, rolling moment
// ne segment and pitching moment were
computed from the measured
\\v/// \\\\// sy s values.
39.5¢cm Table 1. shows the
averge values Fm of the
Alienating paper resultant forces measured
about fifty times at the
Fig.1 lllustration of model measuring points OV(@ for
. sanas the eleven arch stones
experimental facilities ® to @ . In Table 2, the drag
. ©10) Ph(g), the lift + static water
:gaznmg Pv pressure Pv(g), the pitching moment
U Mx(g-cm), the drag coefficient Cd,
®@ y the 1ift coefficient Cl and the
@ 7 Mx static water pressure Ps(g), and the
x CL average flow velocity at 90cm of the
y a | upper stream U(cm/sec), are given as
8 7(S = . % B the values calculated by the three
me()z”4 5YHS ‘ %0 kinds of stresses and the three kinds
3 ! U/ of moments mentioned above. Although
. | the actual measurement values in
11234567 8910111?13141516171'31920212 23 Table 1 and Table 2 were in fact not
36.3cm necessarily symmetrical, these were
averaged for the convenience of the

calculation.

Fig. 2 Fukuro bridge model

Table 1. Values of Fnm

Heasggg%ng
Esg gr 1 2 K] 4 5 6 7 8

2 7.38] 43.7( 2.4/ 7.0( 4.98/6.06| 3.97/6.17
3 9.03| 33.4/ 3.0{15.8]| 8.50/3.22| 6.02|7.76
4 16.27| 24.7) 7.5/16.2| 5.53|4.12| 7.1717.05
5 15.21| 16.3[11.5/13.0| 5.80| 3.85| 7.57[5.34
6 8.29 9.4/ 5.3|12.1( 3.71|3.84] 6.12|6.69
7 7.21| 15.7] 6.4{12.9| 4.15[4.50| 2.44|4.35
7A 4,58| 13.3] 6.0/13.8f 1.16)1.29| 1.49/2.79
8 4,89 18.2| 9.3]16.2| 3.54]3.11]| 4,32|4.35
9 9.84| 11,5/ 14,3(17,0| 5.44(8.60| 4.62(6.62
10 6.50| 17.4/21.0{22.5| 4.22|8.16| 4.86(8.10
11 0.80) 9.1(13.7[37.2| 2.42|4.10|11.54|8.64
12 4.59 9.1 8.9(40.2| 6.32|{4.58| 6.00|5.33

3. STABILITY OF STONE ARCH BRIDGES AGAINST FLOOD FLOW

3.1 Experimental Results and Structural Analysis

A three-dimensional construction illustrated in Fig.2 was analyzed by
F.E.M. using the measurement values of the drag Ph(g), the lift + static water
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Table 2. Py,Py and other parameters (symmetrically rearranged)

Stone Ph Py Mx cd c1 Ha g U
pressure

number (qg) (g) | (g-cnm) fgj (cm/s)
2 21.7 61.6 180.6 1.14 2.01 214.2 85.8
3 26.1 61.0 160.4 1.21 1.15 166.9 90.9
4 24.6 66.0 69.2 1.12 0.59 124.4 87.7
5 23.9 54.4 16.4 0.73 0.23 88.6 106.5
6 17.8 41.9 62.8 0.51 0.16 66.4 111.1
7 11.0 40,0 76.6 0.25 0.13 61.0 111.7

pressure Pv(g) and the pitching moment Mx (g-cm).

Elastic coefficients of the arch stones used for the model arch bridge
were measured as follows:

E=5.76x10 akg/cm % Poisson's ratio v =0,18, G:2.43x10‘4kg/cm2,

The weight of each stone segment was 2.23 g/cm 3and the underwater coefficient
of friction between the arch stones was 0.67. Through the structural analysis
it was observed that the axial force Fx(g), the shearing stress Fz(g) and the
flexural moment My(g-cm) due to the in-plane arch action, and the shearing
stress Fy(g), the torque T(g-cm) and the flexural moment Mz(g-cm) due to the
out-of-plane arch action, occurred as indicated in Table 3.

Table 3. Three-dimensional stresses and moments on arch bridge

Huntee Axial load S%?:gglng ?ipg$;1ng Torque iﬁlﬁ ane ouilgFEE?ane
K 1 Ex (out-pF-plane)y (In-plane)| ~, M Mz
Rl (g) (3) (9) (g-co) | (g-fn) {g-cm)

1 -897.3 119.7 4.2 -163.7 -102.7 -218.2

3 -832.8 98.0 40.5 -25.4 | -130.3 115.1

9 -778.1 71.9 50.3 74.0 -54.1 366.7

7 -735.2 47.3 37.6 13.2 23..1 564.4

9 -710.2 23.4 27.4 7.9 61.2 686.4

11 -699.3 5.5 23.5 -16.4 76.7 728.4

13 -699.4 -5.5 18.3 -27.0 76.7 728.4

3.2 Calculation of Stability of Stone Arch Bridges against Hydrodynamic
Pressures

Bridge stability against shearing stress 1] generated by torque 12 due to
the in-plane arch action and the shearing stress 13 due to the out-of-plane
arch action, can be maintained by frictional stress due to the arch thrust.
The allowable shearing stress
due to the friction is
denoted by rta .

When the resultant
stress of t1 , 12 , and 13
becomes larger than 1, the
T stability of sealing material
between arch stones is lost
so that they may
start rotating or slipping,
354 and finally the bridge will
12 13 collapse. Fig.3 shows the
calculated results, proving
that the stability was
maintained in the model
arch.

50
CL

T (g/cm?)

Fig. 3 Results of stability calculation
with experimental values
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4. COLLAPSE TEST OF MODEL STONE ARCH BRIDGE

For the collapse test under flood flow a model stone arch bridge using
the same number of stones as the existing bridge and scaled down to 1/38.5,
was installed in the experimental water channel with the 1/94.14 flow slope.
The process of collapse was filmed on a video camera.

The road surface and spandrel of the arch bridge were washed away soon
after the bridge was submerged, but the arch stones did not collapse. However,
after being flooded for a long time, the seal started gradually to slip out
and the arch stones to move. Finally, the sealant gap became larger and then
the bridge collapsed. The details are shown in Photos 1-3.

Photo 1 Collase of arch stones Photo 2 Collase of arch stones

Photo 3 Collase of arch stones

Then, providing with an adhesive between arch stone segments, and making
a continuous structure the arch stones may not collapse, and these stone arch
bridge as the cultural properties will be able to be preserved against flood
pressure.

The Fukuro bridge, only using an epoxy adhesive at the joint of the
stones of arch spandrel and of pavemant of the road surface, could maintain
the stability of the stone arch bridge against flood pressure. Photos. 4 and 5
show the appearance of Fukuro bridge.

5. CONCLUSIONS

The following conclusions were obtained.
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Photo 4 Collapse of arch spandrel Photo 5 Non collapse of arch spandrel
of downstream side.

(1) The experimental flow volume was calculated to be 216 ma/se for the
actual bridge and this corresponds to 68 % of the flow of 320 m”/ sec estimated
for the flood.

(2) In the test ,to measure the resultant hydrodynamic forces acting on the
arch stones by putting a model stone arch bridge in a reproduced flood flow, a
substantial amount of standard deviation was recorded due to the jet stream
and due to the existence of cavitation down-stream from the arch stones.

(3) Due to the hydrodynamic forces mentioned above, when the shearing stress
caused by torque due to the out-of-plane arch action, the shearing stress due
to the in-plane arch action and the shearing stress due to the out-of-plane
arch action, exceed the frictional resistance produced by the axial torque of
the arch sealing, the sealing between the arch stones will lose the stability,
so that they start rotating or slipping and finally the collapse will take
place. In the experiment, however, such a collapse did not occur and the arch
stones stayed safe.

(4) The arch spandrel of the model stone arch bridge using the same number of
stones as the actual bridge was immediately carried away in the collapse test,
though the arch stones were not destroyed. However, when left in the flow for
a long time, the sealant slipped away, the stone segments also dropped off and
the bridge collapsed.

(5) By providing with an adhesive at the joint of the arch stone segments,
stone arch bridges will be preserved against flood flow.
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Briickenschaden durch Anprall von hohen Fahrzeugen
Damage to bridges caused by collision with tall vehicles

Ponts endommagés par la collision de hauts véhicules
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Dr. techn. seit 1970.

Herbert TRAGER
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Budapest, Ungam

ZUSAMMENFASSUNG

Der Beitrag zeigt einige interessante Schadenfille, die an Briicken und verschiedenen anderen Konstruk-
tionen durch Anprall hoher Fahrzeuge entstanden sind. Er beschaftigt sich mit dem Verhalten der beschi-
digten Bricken, mit den Ausbesserungsmethoden und mit Vorbeugungsmethoden solcher Schaden,
z. B. Schutzbalken, verschiedene Portale, elektrische Einrichtungen, usw.

SUMMARY

The report shows some interesting cases of damage caused to bridges and other constructions by colli-
sion with tall vehicles. It deals with the behaviour of the damaged bridges, with the methods of repair and
with prophylactic methods against such damage e.g. protective girders, different types of portals, electric
devices.

RESUME

Larticle présente quelques cas de dégats dis a la collision de hauts véhicules sur les ponts et d’autres
constructions. Il traite du comportement des ponts endommagés, des techniques de réparation et des
systémes avec lequels on peut prévenir les dommages de ce genre par exemple les poutres de bordure,
differents portails, appareillages électriques.
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1. EINFUHRUKG

Auf den Strassen fahren oft Fahrzeuge, deren Hohe die zugelasse-
ne Hohe von 4,0 m ilibertrifft, Es gibt auch Briicken und andere
Xonstruktionen, wo die lichte Hohe weniger ist, als 4,5 m. Die
hohen Fahrzeuge bediirfen einer Sonderbewilligung, die niedrigen
Konstruktionen miissen entsprechend beschildert werden., Die zu-
stindigen Behorden bemiihen sich einwandfreie Fahrtrouten vorzu-
schreiben, die laufende Zontrolle der hohen Fahrzeuge auf den
Strassen ist aber nicht befriedigend. Im Prinzip ist die Kolli-
sion ausgeschlossen, in der
¥irklichkeit kommen aber Zu-
sammenstosse sehr oft vor,
Die Fahrzeugbesitzer holen
die Sonderbewillizung nicht
ein, die Fahirer sind oft
iber die tailsichliche Hohe
des Fahrzeuges bzw, der La-
dung nicht informiert, oder
sie fghren mit zu grosser
Geschwindigkeit, ohne auf
die Warnschilder zu achten,
Es kam auch vor, dass Kipp-
lader mit hoch stehendem
Plateau gefahren sind,

Die hohen Fahrzeuge gefihr-
den die Windverbinde oder
Querverbinde der Strassen-
briicken mit unten liegender
Fahrbahn, sowie leichte
Briicken, wie kleine Eisen-
bahnbriicken, Fussginger-
bricken, Geriste, Forder-
bandkonstruktionen usw,

In extremen Fidllen kann der
Anprall katastrophale Fol-
gen gaben. In Ungarn kam es
gweimal vor, dass eine Fach-
werkbriicke mit unten liegen-
der Fahrbahn sofort ein-
stiirzte, eine Fussgiinger- . . e "

Briiice &urde weggerissen, Bild l.,u,2.Eingestiirzte Briicke

und etliche Iisenbahnbriicken wurden in der Querrichtung verscho-
ben., Bei den ersten beiden Fillen stirzten auch die hohen Fahr-
zeuge in die Tiefe /Bild 1. und 2./ und man muss es als grosses
Gliick ansehen, dass bisher keine Todesfille oder schwere Verlet-
zungen zu beklagen waren, Der Sachschaden ist natiirlich meistens

betrichtlich,

2. BESCHREIBUNG DER SCHADEN
2.1 Stahlbriicken

Wenn ein Fahrzeug an den Windverband einer stihlernen Briicke
stosst, wird der erste Querstab /oft auch mehrere/ stark ge-~
krimmt, Dadurch werden die Haupttriger zueinander gezogen. Sie
verlieren ihre Stablitit, obwohl die Belastung der Briicke nicht
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kritisch ist. Die Formiinderung der Haupttriger ist manchmal ge-
ring. In einem solchen Fall kann die Brilicke durch Richten der
Haupttriger und den Einbau neuer Windverbandstibe wieder instand-
gesetzt werden. In den erwdhnten zwei Fillen war natiirlich der
Bau neuer Bricken notig. In einem dritten Fall blieb zwar die
Briicke stehen, die Verformung der schon wiederholt beschidigten
Konstruktion war aber so gross, dass ein Richten nicht mdglich
war und die Briicke nach der sorgfilltigen Untersuchung abgerissen
werden muscste, Solche Fille verursachen natirlich grosse St6-
rungen im Strassen_verkehr, weil aligemein langzeitige und weite
Umleitungesn notig sind,

2.2 Stahlbetonbriicken

Die Querverbinde der Stahlbetonbogenbriicken werden durch nicht
sehr hohe Fahrzeuge nur an der Unterkante beschidigt, wo meistens
der Beton abgeschlagen wird, manchmal aber auch die Bewehrungs-
stdbe herausgerissen werden, In den zwel bisher schlimmsten Fzl-
len brach der Stab infolge eines hoheren und schnell fahrenden
Fahrzeuges an der Stelle der Kollision und neben den Bogen, Im
ersten Fall wurde die Stgbilitit der Bdgen provisorisch - mit
Holzbalken - gesichert und ein neuer Querverband eingebaut, Im
zweiten Fall - wo die Briicke schon knapp vor dem Umbau stand -
begniigten wir uns mit dem Zusammenspannen der Bogen durch Einbau
von zwel Spannstiben neben dem gebrochenen Querverba.d.

2.3 Briicken liber Strassen

Menn die Unterkante einer Strassenbriicke durch Anprall angegrif-
fen wird, kanm diese meistens nicht weggeschoben werden, sondern
die unteren Teile werden stirker oder weniger beschiddigt., Zum
Beispiel werden die Stahltrii-
ger deformiert, deren Repara-
tur meist moglich ist., Vorge-
fertigte Spamnbetontriiger er-
leiden oft sehr schwere Schi-
den, Bei einem Anprall rissen
2. B. alle Spanndriéhte des
Randtrigers. Hier mussten
drei Triger der glicklicher-
weise ziemlich breiten Auto-
bahnbriicke ausgewechselt wer-
den, In einem Hhnlichen Fall,
wo die unteren Ebenen der ne-
beneinander liegenden beiden
Briicken in einem Quergefille
angeordnet sind, erlitt der
erste und letzte Fertigteil-  Bild 3, Beschidigter Ferzigteil-
triger Schiden, Am ersten triger

Triger entstanden lange waa-

gerechte Risse im Steg, am letzten wurden nur Abplatzungen an den
Kanten bemerkt. Uber die Methode der Reparatur wurde hier noch
nicht entschieden, /Bild 3./

Eisenbahnbriicken erleiden wiederholt solche Schidern /Bild 4./
und es kommt oft vor, dass das Gleis verschoben wird. Im Ausland
verursachte ein solcher Fall eine schwere Zugkatastrophe. In Un-
garn war einmal die Reparatur der Briicke gerade beendet, als er-
neut ein hohes Fahrzeug die Konstruktion beschidigte,
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3, VORBEUGUNG DER SCHADEN
3.1 Verkehrstechnische l2ssna.hmen

Da die erwdhnten Schiden leider sehr oft vorkommen, bemiiht man
sich natirlich um Massnahmen, solche Unfidlle vorzubeugen. Die
vorgeschriebenen Warnschilder am letzten Strassenknotenpunkt

und bei der Briicke, und das auffdllige Schraffieren der Xonstruk-
tion bleiben meistens erfolglos, man muss also die Briicken "mit
Gewalt" schiitzen,

3.2 Schutzbalken

Es ist relativ einfach, die
leichten Eisenbahnbriicken zu
schiitzen,mit dem Einbau eines
in der waagerechten Ebene sehr
starren Bglkens neben der ge-
fihrdeten Unterkante, einige
Zentimeter niedriger stehend.
Diese Balken sind fest in die
Widerlager verankert und sind
fihig, die Fahrzeuge durch
Verformung abzubremsen bzw,
aufzuhalten.

> 'h“_'\-____;, - —
3.3 Portale Bild 4. Beschiddigter Untergurt

Bei Mehrfeldbriicken und be- ERBAT s el ST e
sonders bei den Windverbédnden und Querverbinden ist es alligemein
nicht mdglich, solche Bglken anzuordnen, in diesen Fidllen sind
Schutzportale notig., Es ist aber nicht einfach, ein prinzipiel-
les System solcher Portale auszuarbeiten.

Ein so widerstandfihiges Portal zu bauen, welches einem Anprall
verformungsfrei widerstehen kann, ist praktisch unmdglich, Das
Absorbieren der Anprallenergie wiirde eine sehr komplizierte, teu-
ere und erhaltungsbediirftige Konstruktion benstigen, wie etwa
die Prallbocke der Kopfbahnhsfe der Eisenbahn, die Anprallkraft
wirkt aber hier cca viermal hdher, So kommt auch diese Lésung
nicht in die Frage.

Ein weniger starkes Portal kann beim Anprall umkip»ren., Das ge-
fihrdet die Pahrzeusze, die in der Goocnrichtung fabhren, Bicher
haben sich solche "ortale bewihrt, wo der starre waagerechte
Balken viel hoher liegt, als die Konstruktion, die zu schiitzen
ist, und von diesem hiingen Teile bis zur entsprechenden Hohe
herunter, Diese Teile konnen Ketten /nur Warnung/, Doppelbleche
/Warnung durch Schalleffekt/ oder deformierbare Elemente sein.
Im letzten Fall wird der Fahrer durch die Deformation dieser
Elenente und der Ladung /Schall- und Bremseffekt/ auf die nicht
zugelassene Hohe des Fahrzeuges aufmerksam gemacht, Die Portale
miissen so weit vor der Briicke aufgestellt werden, dass genligend
Bremsweg vorhanden ist., Hinter dem "¥arnportal" ist eine Aus-
weichspur zweckmissig, auf die das hohe Fahrzeug vor der kriti-
schen Briicke ausweichen kann., Es ist gber meistens nicht mdg-
lich, diese Spur auszubauen. Wenn das Ausweichen nicht mdgiich
ist, so kann das hohe Fahrzeug nur durch Riickwertsfahren oder -
wenn die Fahrzeughthe nur wenig grosser ist, als die lichte Hohe
- durch Weiterfahren nach Verminderung des Luftdruckes in den
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Reifen den Ort verlassen.

Versuchsweise wurde einmal ein
solches Portal aufgestellt, wo
eine abhingende, ziemlich
schwere Stahlkonstruktion beim
Anprall ausschlZgt und dann in
die urspriingliche Lage zuriick-
311t /Bild 5./. Die Erfahrung
zeigt, dass diese Konstruktion
- neben den verhiltnismissig
hohen Baukosten - nicht wirk-
samer ist, als z. B. ein Por-
tal mit herabhiingenden Doppel-
blechen,

o
~

. e Bild 5, Portal mit ausschlagen-
3,4 Elektrische Einrichtungen der Stahlkonstruktion
In den letzten Jahren bemtht
man sich in Ungarn mit der
Konzipierung elektrischer Schutzeinrichtungen., Es bestehen aber
juristische bzw, verkehrstechnische Probleme. I'acn der Vorstel-
lung sollen vor der Briicke - in einer etwas grosseren Entfer-
nung als der Bremsweg - zewi Pfosten mit einer Lichtquelle bzw,
einer Photozelle gufgestellt werden. Wenn der Lichtsirahl durch
dac hohe Fahrzeug unterbrochen wird, erscheint an der Briicke ein
¥arnlicht und ein Schild: "Einfahrt fiir Fahrzeuge mit der HShe
iiber.....m verboten",

Die Probleme sind folgende:

- ein rotes Licht ist nur dann erlaubt, wenn die Ampel im Nor-
malfall gelbes Blinklicht ausgibt;

- die Stromversorgung ist problematisch, wenn die Briicke weit
von den Ortschaften entfernt liegt;

- wie lange soll das rote Licht und das erwihnte Schild leuch-
ten?

- das rote Licht ist auch fir andere Verkehrsteilnehmer giiltig;

- das Erloschen des rotexn Iichtes kann als "Genehmigung" fiir die
Weiterfahrt erkiirt werden,

Die Losung der erwihnten Probleme und im allgemeinen der Schutz
der gefihrdeten Briicken ist eine wichtige zukiinftige Aufgabe,

4, VON DER FAHRSPUR AUSWEICHENDE FAHRZEUGE

Neben den hohen Fahrzeugen méchte ich noch kurz diejenige Fahr-
zeuge erwghnen, die die vorgeschriebene Fahrspur verlassen, Auf
einer stiZhlernen Langer-Konstruktion verursachte ein Fahrzeug
nach einer unzulidssigen Uberholung schwere Schiden an einem Hin-
gestab, An einer Fachwerkbriicke beschidig'e die hohe ILadung nach
dem Abbruch des Schutzportals abrutschend vom Fahrzeug einen
Stab des Haupttrigers,

Das Durchbrechen der Gelinder fiihrt oft zum Absturz des Fahr-
Zeuges, was nicht nur fir das erwihnte Fahrzeug, sondern auch
fiir die Verkehrsteilnehmer der unterem Fahrbahn eine grosse Ge-
fahr bedeutet, Solche Unfille konnen mit technischen Massnahmen
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nicht verhindert werden, weil die Gelinder nicht in der lage
sind, ein schweres P'ahrzeuy guriickzuhalten, Neben den Hiinge-
stiben ist kein Platz fiir eine Schutzeinrichtung vorhanden.

5. SCHLUSSORT

Die hier diskutierten Probleme konnen am besten durch die Ver-
besserung der Verkehrsdisziplin gelost werden. Die Veroffent-
lichung der Schadensfille kann dazu beitragen.

Auslindische Erfahrungen iiber Details der Schadensfidlle und iiber
Schutzeinrichtungen liegen uns nicht vor,
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