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THEME 7

Cables, Prestressing Strands, Composite Structures
Cables, cables de précontrainte, constructions mixtes

Kabel, Vorspannlitzen, Verbundbauwerke
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Fatigue Behaviour of a Composite, Steel-Concrete Girder
Comportement a la fatigue d’'une poutre mixte acier-béton

Ermudungsverhalten eines Stahl-Beton-Verbundtragers

P.C. BHASIN
Ministry of Shipping and Transport
New Delhi, India

D.S. PRAKASH RAO M.G. TAMHANKAR S.P. SHARMA
Structural Engineering Structural Engineering Structural Engineering
Research Centre Research Centre Research Centre
Roorkee, India Roorkee, India Roorkee, India
SUMMARY

Tests were carried out to determine the behaviour of a steel-concrete composite girder, with basket
type shear connectors, under pulsating loads. Shear connector capacity was calculated according to vari-
ous codes of practice and compared with the test results. The girder was only loaded beyond the
computed elastic limit after one million cycles had been applied below yield. Full composite action

was exhibited up to failure.

RESUME

Des essais ont été effectués pour déterminer le comportement d'une poutre mixte, acier-béton, avec
des connecteurs de type ,,basket”, sous charges pulsatives. La résistance ultime des connecteurs a été
calculée selon différentes normes et comparée aux résuitats d’essais. La poutre a été sollicitée au dela
de la limite élastique calculée aprés avoir subi un million de cycles de charges en dessous de la plastifi-
cation. L'effet mixte complet a été observé jusqu’a la rupture.

ZUSAMMENFASSUNG

Der Beitrag behandelt dynamische Versuche an einem Verbundtrager mit halbkreisfdrmigen Schub-
dibein. Der Schubwiderstand der Diibel wurde unter Anwendung verschiedener Normen berechnet und
mit den Versuchsresultaten verglichen. Nach einer Ermiidungsbelastung von einer Million Lastwechse!
im elastischen Bereich wurde der Versuchstrager zyklischen Belastungen oberhalb des rechnerischen
elastischen Bereichs unterworfen. Es wurde volles Verbundverhalten bis zum Bruch beobachtet,
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1. INTRODUCTION

Steel concrete composite construction is extensively used in buildings as well
as bridge superstructures. Of late, the composite construction is finding
application in long span bridges too. The second Hooghly bridge in Calcutta,
India when completed is expected to be the longest composite structure with

its 457 m cable stayed main span. The interface connection between concrete and
steel forms an important feature of the design in composite structures.
Basically the connection has to ensure composite action through the longitudinal
shear at the interface at all the stages of loading. This feature assumes added
importance in bridge structures subject to varying loads in their life time.
Several tests are reported on composite beams. However, most of them pertain

to the stud connectors and under static loads. Tests are carried out on basket
type connector shown in Fig.1 to determine its capacity in longitudinal shear.
The test results are compared with the values predicted by various codes of
practice.

T

i

2. STRENGTH OF SHEAR CONNECTORS Fig.1 Basket type shear connector

These results are verified to check
the integral action between steel
beam and concrete slab in a composite
girder. The girder was subjected to
one million loading cycles, the
amplitude varying upto the working
load, then subjected to cyclic
loading beyond elastic limit and
loaded to failure.

2

2.1 Specifications in various codes of practice

Emperical or semi-emperical formulae are available in several codes of practice
to assess the capacity of the shear connectors subject to longitudinal shear.
However, the formulae are not usually of general nature and have rather limited
applications. These formulae have to be necessarily conservative to prevent
the failure in longitudinal shear before the advent of the flexural failure of
the structure. Specifications for standard tests are also not available in
many codes of practice.

BS 5400, Part 5 [1J and CP 117 Part 1 [2] specify tests on standard specimen.
The lowest value of the failure load of three standard specimen is to be taken
for design purposes. The specified live load factor against connector failure
is to be at least 2.5 as per CP 117 and the average force on shear connectors
should not exceed 80% of the ultimate capacity as per CP 117 as well as

BS 5400. The Canadian Standard [3] specifies a factor of safety as a functionof
the live load and dead load shears and moments. The AASHO specifications (4]
incorporate a factor in the strength formula to account for the number of
loading cycles. However, these are available only for channels and studs.

The German code of practice [5] insists on making computations with the ultimate
load factors even for constructional loads. The shear stress on the possible
failure plane around the shear connector should not exceed the values specified
in the code. The capacity of the shear connector is estimated by consideriqg
the enlarged area of the connector upto the next connector at an angle tan 1/5.
These values are to be reduced by a factor 2/3 for structures subjected to
dynamic loads like bridges. The concrete cover requirements according to the
German standard are rather liberal. Whereas the British code requires a
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minimum cover of 25 mm at the top of the connector, the German standard allows
the studs to be flush with the concrete surface if corrosion is not a problem.
The Indian Roads Congress code of practice [6] provides a formula to estimate
the strength of the shear connector based on the strength of concrete and as a
function of the cube root of the ratio of area of failure plane and the enclosed
area of the connector.

2.2 Tests on the shear connector

Tests on standard specimen based on BS 5400 were carried out to assess the
ultimate capacity of the basket type shear connectors. One shear connector
was welded to each side of the central steel I-section. The slip of the
central steel girder relative to the concrete blocks during the push out tests
on the specimen 51, S2 and $3 is shown in Fig.2. Mould oil was applied on the
steel girder surface to

prevent the bond at the

interface. All the three

specimen exhibited more or 180
less the same load displa-

cement characteristics

in the initial stages.

The specimen $2 and $3

were subjected to about 100
30,000 cycles of load
varying from 20 to 80 kN
before conducting the test
to failure. The fourth
specimen Sk did not show
any change in load displa- 0
cement characteristics

after 50,000 cycles of

load varying from 38 to

80 kN. The typical failure

of the specimen is shown 0
in Fig.3. The failure in

LOAD (kN)

S2 and $3 was through Bllfl.AC!M;nt

crushing of concrete 0 09 O2mm

whereas the shear connector

gave way in S1. The Fig.2 Load displacement curves of the standard
changes in concrete block specimen 51,52 and $3. The figures in
in the vicinity of the the brackets indicate the failure load

shear connectors was

sought to be monitored by

measuring ultrasonic pulse velocity through the blocks and the steel section.
However, this was not successful as the ultrasonic tester was showing erratic
readings and hence not pursued further.

The capacity of the shear connectors computed according to various codes of
practice is given in Table 1 for comparison. It can be seen that there is
wide disparity in the values predicted by various codes of practice. The
IRC code of practice appears to be the most conservative, whereas the values
computed as per the German code appear to be on higher side than the test
results.
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Table 1 Strength of the shear connector based on various codes of practice

S.No. Code of practice Allowable load (kN)
during working at ultimate

1 BS 5400 [1] 37.0 74.0
2 CSA Standard [3] 41,8 =

3 DIN 1078 [5] = 123.9%
4 IRC Code [6] 25.6 63.9
5 Laboratory tests = 92.5

(as per BS 5400)

* 82.6 kN for structures subject to dynamic loads, such as bridges

3. DESIGN OF THE TEST BEAM

The test beam was designed based on working
stress method for a live load of 150 kN
over two points as shown in Fig.4. The
average strength of three concrete cubes

of 150 pm cast along with the beam was
17 N/mm™ . The yield strength of the
steel girder was assumed to be 260 N/mm
and the allowable strength as,per IRC
code of practice was 140 N/mm“. The top
slab had a nominal reinforcement of 6 mm
bars at 160 mm in the transverse
direction and 8 bars of 6 mm in the
longitudinal direction, Fig.4.

2

The steel girder was greased well so
that the bond between steel and concrete
was effectively prevented. The integral
action was possible only through the —
shear connectors provided at 160 mm Fig.3 Typical failure at the inter-
spacing throughout the length of the face of the standard specimen
girder. The ratio of Young's modulii

of elasticity for steel and concrete was assumed to be 9 for calculation
purposes. |t may be mentioned, however, that variation in the value of the

LOADING JACK
LOADING JACK

,[ / LOADING BEAM 64 ¢ 180 LOADING llll
D e e _}Qo
| ¢ ¢ LONGIT
! ij_l BARS 300
K ' poeooe—2
ks el T

Fig.4 Longitudinal-and cross-sections of the composite girder
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Young's modulus of concrete affects the computed stresses and deflections to a
small degree.

L. TESTS ON THE COMPOSITE GIRDER

The composite girder was tested
under static load at the start
of the test as well as periodi-
cally during the fatigue loading.
The deflections of the girder
were measured by means of dial
gages. These values compared
well with the predicted defle-
ction profile. The girder was
then subjected to one million
cycles. of load varying from

40 to 150 kN at a frequency of
250 cycles per minute. This
range of loading produces an
average computed force varying
from 19 kN to 36 kN on the

shear connectors. The upper
limit of the average force on

the shear connectors is more
than the value predicted by

the IRC code but close to the ' '

value as per BS 5400. This Fig.5 Test set up showing the girder
range of loading was adopted and the pulsator

to simulate the effects of

force on shear connectors in

a bridge structure which will

be subjected to a constant

force under dead load and a
varying force due to live loads.
The test set up is shown in Fig.5.

The deflections of the girder

at mid span and one metre from
the supports are shown in Fig.6
at the start of the test and 180
after application of the cyclic
load. The cyclic load does not

seem to alter the behaviour of z

the beam appreciably. The g 100

concrete slab did not show any <

signs of distress at the inter- |

face.

The girder was then repeatedly sor =-= Al THE 57“‘;‘0' THE TEST
loaded beyond the computed :'_"": ::::': ?’o':'cvci:‘;"a’
elastic limit as shown in Fig.7. % DEFLECTIONS AT MIDSPAN
The first load cycle of 250 kN o DEFLECTIONS AT 1m FROM THE
produced a residual mid span 4

deflection of about 0.2 mm ' CHEE 5 & 7 o
compared to the elastic deflec- DEFLECTION(mm)

tion of 5.1 mm under 150 kN at )
the end of one million cycles Fig.6b Load deflection curves of the girder
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300
THIRD CYCLE

b $ECOND CYCLE ,
FIRST CYCLE

FIFTH CYCLE
( LOADED TO 390 kM)

LOAD (kN)

I { Lo i 1 Lol

. _ ‘ A
] 2 3 4 1 N 8 4 8 ) w0 N ”
DISPLACEMENT (mm)

Fig.7 Mid span load deflection curves of the girder
during cyclic loading beyond elastic limit

of loading. The residual mid span deflection was almost zero after another
three cycles upto 270 kN,

The horizontal displacement of the concrete slab relative to the steel beam was
monitored during the cyclic loading by means of dial gages set up at the ends of
the girder, Fig.8. The relative displacements were very small in the beginning
but grew at a large rate beyond 200 kN load. However, the recovery was almost
full when the load was removed. During subsequent loadings the behaviour was

similar, indicating that the average behaviour of the shear connectors was still
elastic.

During the ultimate load test the

left end of the slab started show- 3ot
ing larger relative displacement
than the other end. The right end DURING ULTIMATE
of the slab showed no increase in , LOAD TEST
'~ the displacement between 200 kN ;
and about 300 kN when the. - ~ e
displacement started increasing = 200} 2
at a larger rate than initial, & Pt
The left end. showed a steady g o 2:::;::;::'". cycL
increase upto about 310 kN 1 o~ A
when the relative displacement ~ ,/, { OISPLACEMENT.IN mm x10)
showed an increasing rate. 280} ¢
The failure of the girder took ‘
place at 435 kN with the X LEFT END OF THE SLAB
concrete in the vicinity of ) ®  RIGHT END OF THE SLAD
the shear connectors at the ]
left end giving way. The — J L
concrete slab split in the 01 032 03 04 05 08 07
longitudinal direction over
the interface and the girder DISPLACEMENT (mmd
could not take any more load, Fig.8 Horizontal displacement of the

Fig.9. concrete slab relative to beam
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5. DISCUSSION

The chief objective of the
tests was to study the
behaviour of basket type
shear connectors under
fatigue load by simulating
the conditions in a
composite bridge deck.

The capacities of the
shear connector at working
and ultimate loads as per
various codes of practice
differ considerably from
each other. The codes of
practice usually refer to
limited types of connectors

and actual tests are Fig.9 Longitudinal cracks on the concrete
required for other types. slab surface along the line of shear
The capacity of the shear connectors at the ultimate load

connector was adopted from

the standard tests in this

case. The composite girder exhibited usual behaviour even after one million
cycles of loading and subsequent cyclic loading beyond computed elastic limit.
This indicates that the shear connectors behaved well though the integral action
was solely through shear connectors as the bond between steel beam and concrete
slab had been destroyed by application of grease. The final failure was brought
about by the splitting of the concrete slab along the line of shear connectors.
The average load on the shear connectors at the failure stage works out to be
about 170 kN, almost double that of the standard test value. It is likely that
the capacity of the shear connector gets influenced by the presence of other
connectors apart from the interaction between longitudinal shear and flexural
compression. Influence of the connector spacing is taken into account by the
German code of practice [5]. However, the average load per connector is still
higher than the value computed as per the German code, Table 1. Further
investigations into these aspects are necessary.
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Comportement a la fatigue des poutres mixtes préfiéchies
Ermiidungsverhalten vorverformter Doppelverbundtrager

Fatigue Behaviour of Composite Preflexed Beams

G. FIRQUET
Directeur Technique
PREFLEX SA
Bruxelles, Belgique

RESUME

Les poutres mixtes préfléchies, judicieusement présollicitées lors de leur fabrication, présentent
I'avantage que les amplitudes de variation des contraintes sous charges variables y sont beaucoup plus
faibles que dans les poutres non présollicitées, Par une analyse de I'évolution des contraintes dans
chacun de ces deux types de poutres, on montre I'incidence de cette réduction sur |a résistance a la
fatigue. La description de deux essais en laboratoire et |'analyse du comportement des poutres d'un
ouvrage réel étayent |’argumentation alors que la conclusion montre I'économie obtenue par I'emploi
de ce type de poutres.

ZUSAMMENFASSUNG

Vorverformte Verbundtrager, sinnvoll vorbelastet wahrend ihrer Herstellung, haben den Vorteil, dass
die Spannungsdifferenz zwischen ruhender und voller Belastung im Vergleich mit dem nicht vorver-
formten Tréager wesentlich verringert wird. Mit einer Spannungsuntersuchung beider Arten Trager wird
diese Auswirkung auf den Ermidungswiderstand dargelegt. Die Ergebnisse zweier Dauerversuche und
der Bericht liber das Verhalten eines ausgefiihrten Bauwerks untermauern die Berechnungen. Die
Schlussfolgerungen zeigen die Wirtschaftlichkeit solcher Tréger.

SUMMARY

Composite beams properly preflexed during their fabrication offer the advantage that the range of
stress variation under live loads is much smaller than in non-preloaded beams. The resulting effect on
the fatigue resistance is shown by analysis of the development of stresses in both types of beam. This
analysis is supported by the description of two laboratory tests and the examination of the behaviour
of real beams in situ. The conclusion shows the economies made possible by these types of beams.
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1. INTRODUCTION

Dans le début des années 1950, lors des recherches en vue de la mise au point
d'un nouveau type de poutres €lancfes associant 1'acier et le béton et bien qu'id
cette &poque le probldme de la résistance en fatigue n'était pas encore & lordre
du jour comme il 1l'est aujourd'hui, Monsieur A. Lipski, Ingénieur—Conseil 3
Bruxelles, inventeur de la poutre PREFLEX,a créé une poutre dont la résistance
en fatigue dépasse largement celle des poutres mixtes déj3 connues.

Par le procédé de fabrication lui-méme, il a obtenu une réduction sensible de la
variation des contraintes tout en continuant 3 utiliser au maximum la capacité
de 1l'acier utilisé.

Ce procédé consiste en une mise en charge d'un profilé métallique suivie de Texé-
cution du béton d'enrcbage de sa semelle tendue, les charges appliquées n'étant
relachées qu'aprés durcissement de ce béton.

2. DESCRIPTION DU PROCEDE

La poutrelle nue, posée sur ses deux appuls d'extrémité est soumise 3 des charges
dont la position et 1'intensité sont choisies de telle sorte que le diagramme
des. contraintes de traction & la fibre extréme tendue soit 1'enveloppe de celui
des” contraintes de service (Fig. 1-a)

Dans cet &tat chargé, la semelle tendue de la poutre est enrobée de béton
(Fig.1-b) puis, lorsque le béton a atteint une résistance suffisante, les charges
appliquées sont enlevées. La poutre revient partiellement vers sa position de
départ tandis que le béton entourant sa semelle tendue se met en compression

(Fig. 1-c).
P P

Fig.1-a

df’/, Contraintes en service
,%:;1?7'Contraintes de présollicitation

P il

P P

} |
Fig.1-b w
Fig.1-c \:E: :_;I rEEn E

Aprés la mise en place de la poutre dans 1l'ouvrage, son enrcbage est éventuelle-
ment complété par du béton entourant 1'Ame et par 1l'ex€cution d'une dalle colla-
borante au niveau de la semelle comprimée.
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3. COMPARATISON DES EVOLUTIONS DES CONTRAINTES

Dans 1l'exposé& qui suit, nous nous référons & un cas concret : une poutre de pont
route, en acier AE 355 D, qui servira & &tablir une comparaison au point de vue
fatigue entre une poutre préfléchie et une poutre identique mais non présolli-

citée.

Les sollicitations maxima auxquelles cette poutre doit résister en service sont

les suivantes : - Moment dli au poids propre du tablier : M, = 2.733 Kim
— Moment dii aux surcharges fixes : M2 = 783 Kim
— Moment dii aux surcharges mobiles : M3 = 2.565 Klm

3.1 Evolution des contraintes dans la poutre préfléchie

Le diagramme de la figure 2 donne, en trait plein, 1l'évolution des contraintes
de traction & la fibre extrme tendue & mi-portée de la poutre

¢ N/mm®
Présollicitation
avec A sans

ok | 248
2&6’5 k[T enansanms

ACy . ////
x .
c
21 o —— A - /’//
w5 | 70 2 ©

92,5
.
i KNm
L i | i »
0] M& M_+ M2 M? M1+ Mé+ M3
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La poutre non enrobée est tout d'abord soumise & un moment de préflexion

Mp = 5664 KNm choisi de fagon telle que la contrainte induite dans 1'acier soit
égale & la contrainte de service résultant, pour cet ouvrage, du profil choisi,
soit 247 N/mm2® Lors de 1a mise en charge, le point représentatif de la con-
trainte parcourt la droite (:) du diagramme.

Aprés durcissement du b&ton d'enrobage de la semelle tendue, les charges de pré-
flexion sont annulées, la contrainte &volue le long de la droite pour attein—
dre la valeur de 92,5 N/mm2 sous charge nulle.

Sous l'effet du poids propre de la poutre et de celul du b&ton d'enrobage, le
point représentatif remonte le long de la droite Jusqu'au point correspon-
dant au moment M1; la contrainte vaut alors 167,2 T /mm?

A partir de ce point, la droite G = f(M) s'écarte de la droite (:>puisque la
présence de la dalle collaborante a modifié les caractéristiques de la section.
Aux sollicitations précédentes s'ajoutent d'abord 1l'effet des surcharges fixes
(Moment My, trajet Ef) ) faisant passer la contrainte & 18 N/mm? puis finale-
ment. celui dll aux surcharges mobiles (Moment M3, trajet (;; ) qui nous améne &
la contrainte maximum de service : 246,5 N/mme. L'amplitude maximum de variation
des contraintes sous surcharges mobiles vautAG;= 60,8 N /mm? .

3.2 Evolution des contraintes dans la poutre non préfléchie.

Le point_représentatif de 1'état (= f(M) se déplace d'abord le long de la

droite Jusqu'au point d'abscisse My correspondant & une contrainte de
119,2 N/mm?. Compte tenu de la présence de la dalle de compression, il
sult ensuite la droite . Nous voyons gque sous l'ensemble des charges fixes,

G vaut 149.3 N/mm2 et que la contrainte maximum vaut 248 N/mm?. TL'écart de
contrainte a0 aux surcharges mobiles vaut donc ici[)g; = 98,7 N/mm?.

3.3 Comparaigson des deux types de poutres

On remarque immédiatement la différence fondamentale entre les deux systémes de
poutre. ©5i la contrainte maximum de service est quasi la méme dans les deux cas,
il n'en va pas de méme en ce qui concerne 1l'amplitude de la variation de con-
trainte qui n'attsint que 60,8 N/mm? pour la poutre préfléchie alors gu'felle
monte & 98,7 N/mm” soit 62% de plus pour la poutre non présollicitée.

8i on reporte ces valeurs sur les courbesfMi . N telles qu'elles apparaissent
dans les normes suisses par exemple, on trouve les nombres de cycles maxima
sulvants

- Poutre préfléchie : Détail constructif E : Ne = 1,6 x 106

D: Ne = 3,3 x 10° (& comparer aux
2 x 10é cycles imposés pour les
routes principales)

Ap, A, B, C : on se trouve sous la li-
mite d'endurance, donc pas de pro-
bléme de fatigue.

- Poutre non présollicitée : Détail constructif E : Ne = 0,375 x 106
D: Ne = 0,700 x 10
C: Ne = 1,50 x 10
Ay,A1,B : méme conclusion que
ci-dessus,

* .
N.B. I1 est a noter que les normes belges autorisent pour les poutres préfléchies
une contrainte maximum de service égale 3 0,8 x Re.
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La démonstration est nette, si besoin en &tait, du meilleur comportement en fa-—
tigue des poutres préfléchies.

Pour obtenir, avec une poutre non préfléchie, la méme résistance en fatigue, il
faudrait diviser toutes ses contraintes de traction dans le rapport

98,7/60,8 = 1,62.

C'est-i-dire qu'il faudrait renforcer sa section de fagon telle gue son module
de résistance soit multiplié par ce méme facteur, ce qui abaisserait sa con-
trainte maximum de service a 153 N/mm?. Ce serait 12 bien mal utiliser un acier
ayant une limite d'élasticité de 355 N/mm<.

4. ESSAIS EN LABORATOIRE
Plusieurs essals de résistance 4 la fatigue ont &té faits par diverslaboratoires
officiels pour confirmer le bien—fondé des conclusions tirées de la comparaison

de 1'évolution des contraintes dans chaque type de poutre.

L.1 Essai de Bruxelles

Une poutre HE 750, préfléchie, d'une portée de 14,50 m, compl&tement enrobée de
béton et munie de butées d'adhérence soudfes sur les semelles tendues et compri-
mées résiste aux sollicitations suivantes
- 2.000.000 cycles de sollicitations entre O,4 et 1 fois la charge de
service.
- 1.180.000 cycles de sollicitations entre 0,85 et 1,5 fois la charge de
service.
Aucune altération des qualités de résistance et d'8lasticité de la poutre n'a
£t& relevée au cours de l'essai.

11 est utile d'ajouter qu'il s'agissait d'une poutre en grandeur réelle analogue
& celles devant servir 4 la couverture d'un tunnel destiné & supporter un trafic
lourd (surcharge utile 25 KN/m2).

4,2 Essai de Stuttgart

Une poutre HE 260 A complétement enrobée a subi sans dommage significatif les
mises en charge suivantes :
- 2.030.000 cycles de mises en charge & la charge de service avec une
amplitude de variation des contraintes de 46 N/mm2.
- 2.053.000 cycles de mises en charge & 1,25 fois la charge de service
avec une amplitude de variation des contraintes de 57,5 N/mm® .

Elle fut ensuite soumise & une nouvelle mise en charge dynamique poussée jusqu'a
1,5 fois la charge de service avec un &cart des contraintes de 69 N/mm<.

La rupture due & 4 cratdres de soudage situés dans la méme section transversale
(les détails de soudage ont &t& modifiés suite & cet essal) est intervenue aprés
1.277.000 cycles supplémentaires de mise en charge.

5. EXAMEN D'UN OUVRAGE REEL

Une série de poutres préfléchies ont &té utilisfes dans la construction d'une
rampe pour tramways. Elles n'ont re¢u aucun enrobage de bé&ton &4 1'exception du
béton précomprimé entourant leur aile tendue. Chaque passage d'un essieu sur

une poutre y provegualt un accroissement de 29,9 N/mm2 de la contrainte de trac-
tion; le croisement de deux essieux sur une méme poutre augmentait cette contrain
te de 59,8 N/mm°.
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Le décompte du nombre de passages de vEhicules sur la rampe permet d'affirmer
qu'au moment de sa mise hors service, suite & des transformations de 1'ouvrage
dont elle faisait partie, chague poutre avait subi environ 13.000.000 de mises
en charge totales (deux essieux) et 26.000.000 de mises en charge partielles
(un essieu).

Aprds démontage de la rampe, les poutres ont &té réutilisées comme &léments
porteurs couvrant un tunnel construit i cet endroit en—dessous de la voirie.

6. CONCLUSIONS

Les considé€rations th&oriques, les constatations faites lors des essais en labo-
ratoire et les observations sur des ouvrages réels, en service depuis de nom-—
breuses annfes montrent 1'inté&rét au point de vue comportement & la fatigue du
recours & des procédés de fabrication qui réduisent 1'amplitude des variations
de contraintes en service.

Depuis la mise au point du procédé PREFLEX en 1951, plus de 300 ouvrages d'art,
ponts—-rails et ponts-route, ont été construits rien qu'en Belgique avec ce type
de poutres, sans qu'aucun désordre ne se soit jamais produit. Il est d'ailleurs
4 souligner que dans les colloques consacrés 4 l'entretien et 3 la gestion des
ouvrages d'art, i1 n'a jJamais €t& question de ponts construits avec des poutres
préfléchies.

La comparaison &tablie dans le paragraphe 3 montre clairement que le procé&dé de
préflexion confére aux poutres une résistance en fatigue beaucoup plus grande
par rapport & celle des poutres non préfléchies et, dans la plupart des cas,
1'auteur de projet peut ignorer les réductions de contrainte imposées par la
considération des phénoménes de fatigue. I1 est libre d'utiliser des aciers de
meilleure qualité su maximum de leur résistance, avec toute 1'incidence que cela
a sur l'économie du projet.
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SUMMARY

Although the concrete-filled, steel grillage is a popular form of highway bridge deck, there is little in-
formation avaitable on its fatigue strength. With this in mind, three sets of fatigue tests were carried
out. The test procedure and results are presented and the fatigue strength of I beams in the floor, in-
cluding the effect of the infill concrete, is discussed. On the basis of the discussion the fatigue security
of an actual bridge is evaluated and some recommendations made for floor design.

RESUME

Bien que les tabliers de ponts-routes mixtes constitués d'une grilte de poutres métalliques enrobées de
béton soient trés répandus, il y a actuellement peu d'information sur leur résistance a la fatigue. Dans
cet esprit, trois séries d'essais de fatigue ont été effectués. Ce rapport présente le dispositif d'essai et les
résultats, ainsi qu’une discussion sur [a résistance & la fatigue des poutres en double-té incorporée dans
le tablier, en incluant |'effet du béton. Sur la base de cette discussion, on évalue la sécurité a la fatigue
des ponts existants et on propose quelques recommandations pour le dimensionnement de ce type de
tabliers.

ZUSAMMENFASSUNG

Obwohl Fahrbahnplatten aus Beton aus gegossenen Stahlrosten weit verbreitet sind, ist noch wenig {n-
formation Uber ihr Ermiidungsverhalten vorhanden. Aus diesem Grund wurden drei Serien Ermidungs-
versuche durchgefihrt. Die Versuchsdurchfihrung sowie die Resuitate werden vorgesteilt und die Er-
midungsfestigkeit der in der Fahrbahnplatte einbetonierten I-Trigern diskutiert. Basierend auf diesen
Ergebnissen wird einerseits die Sicherheit gegeniiber Ermiidung einer bestehenden Briicke bestimmt und
andererseits werden Empfehlungen fiir die Dimensionierung solcher Fahrbahnplatten vorgeschlagen.
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1. INTRODUCTION

Concrete Filled Steel Grating Floor is one of com-
posite bridge decks. It has a large load-carrying
capacity in spite of the thinner thickness than
conventional RC-slabs[1l]. The inner steel grid
consists of specially rolled small I-beams and
cross bars. The steel grid pannel as illustrated
in Fig.l is completely prefabricated at a shop.
In Japan, a lot of serious damages of RC-slabs ol Sitder
have been reported with a recent remarkable in- =A0R ERECeE
crease in traffic. Under these circumstances, the Fig.1 Sketch of floor.
grating floors are getting to be frequently used not o
only for newly constructed bridges, but also for the re- Z107.8} #
placement of damaged RC-slabs as seen in Fig.2, which [

Lower cross
bar

A Bottom form

shows the past records of use. The floor has already 49.0 ; lgtal
been recognized officially as a useful bridge deck. A 3.2 ¥ AN
design method, though it is yet in draft, is also pro- g — 1/

posed officially[2,3]}. However, the authors have noticed
that a more reasonable design method than the present
proposed has to be established for the floors. There are 951273 74 75 76 17 78 19
two main problems to be considered, such as interaction Year

between a steel grating and concrete from the point of
plate behavior and fatigue strength of the floors. Re-
garding the former one, the authors have derived reasonable design bending moment
formulas considering their orthotropic plate effects which would be caused by
concrete cracking [4].

9.8 —Replackment o

—y

Weight of I-beam (
~
el
$~

Fig.2 Past records of use of
I-beams for bridge decks.

This paper covers discussions on fatigue of the floors. Fatigue fractures have
been occasionally found in steel I-beams under large loading in our past labola-
tory tests. Generally, places of the fracture may be predicted to be located in
the neighbor of edges of the loaded area as shown in Fig.3. Both bending and
shear force in this region are very high. In addition, the I-beam has punched
holes in the web, through which cross bars are placed, as shown in Fig.l. At the
corner of the hole located in the region, a high stress occurs under simultaneous
action of primary bending and secondary bending due to shear force as indicated
in Fig.4. Furthermore, the effect of stress concentration due to the web opening

is added to the previous stress. Accordingly, some points Supported_edge
around the corner seem to be a crack initiation point. 1 Loaded
From the above experiences, three series of fatigue tests,

such as isolated steel I-beam tests, concrete —encased I- i
beam tests and full-sized deck tests, were carried out. }}L
The first series are to clarify structural behaviors and fun- D Y

i-b F t
damental fatigue features of the steel I-beams. The second o racture

serlies are to investigate the effects of concrete on the fa-
tigue strength. The last are aimed at finding out the rela-
tion between the beam—type and the deck-type specimens.

Through the tests the evaluation of the fatigue safety o
pf the floor can be made. (1

Fig.3 Cracking
points in a deck.

C{@=UM +UQ
2. DESCRIPTION OF SPECIMENS AND TEST PROCEDURES Fig.4 Stress at the
corner of a hole.

2.1 Isolated Steel I-beam Tests

The two types of hole arrangements within an I-beam are typical for the practical
usage. The first type has holes ina line along the lower side of the web. It is

available in case upper cross bars are placed on the I-beams as shown in Fig.5(a).
The second one has holes in a zigzag along the both sides of the web. It is use-
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also have to be placed through the web as seen
in Fig.5(b). The first is named S~type and the
second is W-type. (a) s-type (b) W-type
Fig.5 Types of I-beam.

Configurations of all the specimens are indi-

cated in Fig.6. In the shop fabrication, cross bars are Span 1 b 100
tack welded to I-beams so that the panel can have suffi- 3 -
cient stiffness during its transportation and erection. O D D @' I

Therefore, the influence of the welding on the fatigue _d_n PO JJ.OO
strength at the welded points of the web is expected, The (2) S(s1)
specimens of 5-DB and W-DB in which 10 cmlong deformed

bars are welded, are also tested. Material properties of oS OS I
the I-beams are the same as those of structural carbon 5
steel SS41 designated by the Japanese Industrial Standards. e REOL 2 SA=S00 S
The static coupon tests of the steel showed 311 MPa, 483 () S(s2)

MPa, 199 GPa, and 25.3 %, respectively, for its yielding O & & D Dl‘g_

2 ¢
stress, tensile strength, Young's modulus and elongation. = :
$0° 3@150=450 1100
A test apparatus for the beam-type specimens is illustrated (¢) S-DB

in Fig.7. The span length is exactly 1.0m. A great number sqg 200 ___200

el

of strain gauges of Zmmor 5 mmgauge length were placed to ) 'Tb

measure strain distributions. I R T I
5

If the same repetition of loading is continued after the I;OOJ_ 2@200=400 100,

initiaction of a crack, the crack will easily propagate to (d) w D16

the bottom surface of the lower flange, and the I-beam loses

) .\i
its load-carrying capacity. Hereafter, such a phenomenon is P O 6

called the fracture of an I-beam. The above mentioned test () W-DB | -

procedure gives only one kind of 1nf01-‘mat10n for a single Fig.6 Isolated I-beam
specimen. Therefore, the authors devised a procedure to ob- ElEs0 specimens

tain many data from a single specimen in order to save the
time and the number of specimens by repairing each Fixed e“d—’aﬁ__mad cali

cracked hole. A repairing method by H.T.-bolts as shown Loading
in Fig.8 gave the most favorable results for the crack :
propagation arrest. As a matter of course, it was proved ¥

that the repairing scarcely gave an influence on the =

stress distribution at the adjoining cracking points. L=‘53

Thus, three or four data related to the life of initiation
of a crack can be obtained from a single specimen.
Afterward, one of the H.T.-bolts on the cracked points
were released, and the repetition of the loading was Pulsator
continued until the fracture of the I-beam has been ob- l— —Span=1000mmn —
served. By such a procedure, a remaining fatigue lifeup Fig.7 Test apparatus of
to the fracture can be also obtained. beam test.

2.2 Concrete —-Encased I-beam Tests @ H.T=bolt
| g;::) gijlii- AN

The encased I-beam are essentially of S-, W-, S-DB~,and FZFroorAsc T
W-DB-types. The specimens are classified into three Fig.8 Repairing by H.T.-bolt.
groups having the symbols of NC, NCC and COM as seen in

Fig.9. NC means a specimen in which an I-beam is completely encased in concrete.
NCC means a completely cast beam, but has artificial cracks in concrete up to the
neutral axis of the composite section. These cracks are created by inserting thin
plastic plates of 1mmthickness and are uniformly distributed along the spanwith
10 cmto 15 cm intervals. COM means a composite beam which consists of one I-beam
and concrete section only in the compression side.

In this series, the fatigue life is defined by the number of cycles of loading
when a fracture of the I-beam has just occurred. It is named a fracture life.
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2.3 Full-Sized Deck Tests

Two types of specimens as shown in Fig.1l0
were prepared. The decks are supported so
that the two opposite edges can be simply
supported and the other two be free. The deck
span is 1.8 m. A single load is applied
through a rectangular plate of 20 cm in length
and 50 cm in width, which corresponds te the

contact area of a rear wheel specified in the (c) coms 1 coww ()
Specifications for Highway Bridges in Japan. Fig.9 Concrete -encased I-beam specimens.
Since it is impossible to repair a cracked o Iy
I-beam in a deck, a loading point is changed e oo e aa
alternatively after each occurrence of frac- 200 | 260 | 200 1150) 300 [L50 |
ture in the I-beam to obtain several data R S 5
from a single specimen. In a deck specimen, ". —_be-\——-} ,§]m L “Xx-?——:“-*‘ 2 T
since its load-carrying capacity does not M :J_\S O,_TL_‘_“}' E __Q@\__L }
decrease with only one fracture in the I- L gkm___f 2 1 N SE 1‘
beam beneath a loading point, the fracture [H%--r----+ 2 3 [1] T g! 8‘
time of the I-beam was detected accurately [ "_‘;W?f%_"_‘_—ﬂg'n'\ a ﬁ‘i"‘"@@*—j S gi'
by an electric imstrument. e . /Tﬁ g M — i ; é;u‘ |
( _ Lp .: = i f : i
[l TpR T T | BT |
O £ U Y R HJT_ 4 Q}i
3. TEST RESULTS AND DISCUSSIONS 01 nnnnwn B ) T 18
@ Wy o *
hetgo ] i el
3.1 Fatigue Crack Patterns 100 100, f{rm) point
2000 2000
(a) IBG (b) IBR

Fig.11l shows patterns of fatigue cracks ob-

served at the prototype I-beams. All crackingf:—i—ug- Deck specimens.

points in the tensile region are labeled by circled alpha-
bets as seen in Fig.1l2. Hereafter, these labels will be used ~N O Q o
for explanations. When the circular part of a hole faces to a =

support, the first crack occurs at (@ of the nearest to a (a) S, S-DB @ '
loading point. Then, fatigue cracks successively appear at —
the same part of outer holes with decreasing stresses. In S OP0S.

‘the specimen S(s2), an initial cracks occurs at the point ®, z o
because stresses at (® are higher than at (@. In W-type spe- () 5(s2) @ '

cimen, the point ® and @ are also cracking points under a @b \Qj
large load, since large stresses due to shear forces occur 2 Q\ @

around these points. In W-DB-type which has deformed bars, ) W @ @ -
fatigue cracks appear at the toe (©) of weld instead of @

owing to the effects of heat and notch due to welding. @D@;\Dﬁ
The I-beams of the composite z

. )M . (f‘m\ @ webs

beams or decks showed the "(q,[ N\ @@ m
fracture of flanges caused 1 @.(— © 'Q %Q Fig.11 Fatigue crack
L—L——J——— : |

by a crack from (@) as al- : ] ] ] pattern
ready shown in Fig.10. Fig.12 Labeling of cracking points.
P=9800 kN

3.2 Stress and Strain Distributions :

O D D
Fig.13 shows a typical strain distribution measured at 0
the lower flange of an I-beam. The zigzag distribution 2 [ ]
indicates how large an influence of secondary bending 5 B ‘I
due to shear force is in an I-beam having web holes, S L J— y
Fig.1l4 is an example of stress distribution in the web 500 o Exp.value

of W-type beam by FEM. A large tensile stress appears in

the neighbor of the points @, ®,© and @. Especially, 2:1 f:]g Egg%g&;bgﬁiggc%fg?gi“
the stress at the point (@ is extremely high proving tensile flange of S-type beam.
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P=9800 kN ___l ;_\_ ‘,11 : 1,=285.7c¢m", Igu=291.3cm", Lgo=293.7cm"

" G s "ﬁ Lyy =17.096cm"

). » I XL.'T : o ,//ETL = 3.0%cn

D //©r’ 2 | L P 4 —
@\ e @ I yl ‘ = 1.417¢n"
v = i ,
"X

<
N

,// / ;F_A—_

4 | o S I =yy (om)
£75 MPa 2102 MPa B-B A TE{ Agg=10.475¢cm?
Fig.14 Egéng}pﬁlt;;gegzaﬁSt”bUtm” in the Fig.15 Cross sectional properties of the

I-beam at a hole.
that the first crack would start at this point,
As a result of the detailed investigation, the following simplified formulas for
normal stresses can be derived for the points @, ®, f) and @} in Fig.15.

M yT It
i - = ——— —'—_'_"—"'_'b' l
For an isolated I-beam, o aIs y'+‘BIT Tr + Trg Q (L
M yT Ag ITL
For an encased I-beam Oyp=0—y +B=— . bQ (2)
’ X IV IT Bx + A ITU + ITL

where,
o,B : the coefficients of stress concentration due to the web opening,
b : the distance from the inflexion point of secondary bending moment at
a hole due to shear force to the referring point, and is at the tests
2.5cmand 5.5 cmfor the points @, €) and ®, €2 , respectively,

Is,Iy : the moments of inertia of I-beam and composite beam at the referring
cross section, respectively,
ITy,ITL, : the moments of inertia of the upper and lower T-sections at the

inflexion point, respectively,
IT ¢+ the moment of inertia of the lower T-section at the referring point,
the distance from the neutral axis to the referring point for the
whole section and for the lower T-section, respectively,
the bending moment at the referring point,
the shear force at the inflexion point,
the cross sectional area of an I-beam at the inflexion point,
the width of concrete section,
x : the effective concrete depth at the inflexion peint,
n : the modular ratio of Eg/Ec.

g
-
~
=]

o
e sr ae e

The coefficients of stress concentration for each specimen Table 1 Coefficiant of

and the above mentioned sectional properties are listed in stress concentration
Table 1 and in Fig.l15, respectively. The coefficient at the T-beam | Point] a B

bottom surface of the flange becomes 1.0 except in W-type. S a [2.1412,47
The value of B for W-type becomes 0.4 due to the effect of S-DB f‘:z i'gg i‘gg
a diagonal portion of the web, because the behavior of W-type [ a [2.19]1.35
is similar to a Warren truss. The effect appears also on W-DB a 12,1011,52
B-value at (@). Comparing with the results obtained by FEM, W,W-DB ) f£,,21.00(0.40

proof of the accuracy of Egqs. (1) and (2) is shown in Fig.16
and 17. In a concrete l% ;‘_*:y;e"ﬁ e St
~encased I-beam specimen, an -ou00 : C’—~—J1 [ C}tﬂ)e—/

amplitude of the zigzag S(STQ o 5{ | fL
' % g [ 1]

strain distribution becomes

smaller, because the concrete /\:/‘ | ’ H L? N
section can carry some part ar \\\,/" i L - !
of the shear force as known  §[ 4 \\ ; i Fﬁ%%’ \Qkiéj}
in Eq.(2). Eq.(2) is also 81 — rEm k sin Exp valiue
applicable to deck speci- soor L Tr% T |
: - . . , Fig.17 Di i j i
mens. However, M and Q in Fig.16 Distribution of strain ;f%msD;i?{ﬂ,g“ﬁ;ﬁﬂoﬁfsﬂﬁlgg"&
the deck have to be deter-— gftthe lt;ottom surface of the flange under a hole of an
Ype beam. encased I-beam.
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mined by an orthotropic plate theory. % L [S-'typfa] - N\ ‘(S‘bﬂl
In a deck, since a wheel load iswell _ 0 NEN e ccracio] & { \ F'ralctur
distributed in the transverse direc- 5392 AN ‘,:‘/ (Crack) %392 > e
tion, the influence of the second & AL @ \)‘
term in Eq.(2) becomes much smaller %294 e N \u:—: 5294 Crlack M~ N
than that of encased beam specimen & (Grack) | N H 0
due to a decrease in the shear force. 34 o A
3196M_—ﬁ — 4 f_."l96=
4901~ - 8 T~ W-DB
3.3 S-N Relations 5 ‘\-\: [Ww-typel P390 I AR - rP !
392 s W(Crack) 1 \:g ek
All the data from the fatigue tests AR o] 294 N
gy (Crack) Crack ~3
and the resulting S-N curves ob- 294 s N ﬁ\
tained by the method of least square BB T 2k B
are shown in Figs.18 to 21. The 158 (Alﬁim;‘mal' q* [ AR 0.51 2 5
vertical axis shows the magnitude [welding) g b Number of cycles(x10%)
of stress range at a cracking point Fig.19 S-N relations for
given by the Eq.(l) or Eq.(2). 0.1 0.51 2 5 fracture life.
Investigating these figures, the Number of cyeles(%10°) ]
following features are able to be  Fig.18 S-N relations for 490} —aizack] b
pointed out: isolated I-beams. %_ [S(s2)]
(1) From Fig.18, the effect of weld- R w392 ~ ®
[1BR] | & N
ing can be seen comparing features 490 . T (s-oB) S 204 it
for S and W with those for S-DB and g 39| [*. Fracture ™
W-DB, respectively. The reduction = \\ |- Crack @ ~|
of fatigue lives due to welding is g-__’ozgz, | 5196 + |
remarkable. Especially, an abnormal- g 6 _ ! 1 294~ i 4
1v 1 490 1 fw]
ly large size tack welding gives a N [IBGr 3 L @
worse results as seen in W-DB-type. ¢392 SNSRI Tae “{\
(2) Fig.19 is a diagram to show how & e ‘ﬁ’\Fracture Lie “\ | N
long the remaining fatigue life is. 294 ‘(g;ggl)( T o i
It is worth to note that the re- \\ PRdaNy
maining 1ife after a crack has been ) [W=DB S~
196 !
initiated, is nearly equal to the 0.1 0.51 2 5 98
initial crack life. Number of cycles(x10%) . 0;)1 2'5 11 i (x1505
(3) The results from the deck tests Fig.20 S-N relations for _. mber oF eyetes )
are compared with the ones from the deck specimens. Fig.2] S-N relations at

- » and at di-
isolated I-beam tests in Fig.20. The test results in the aggga? ;{?ﬁwﬁg 0? web

decks, which are plotted at the fracture lives of I-beams, in W-type.

lie properly on S-N curves obtained for the fracture life of beam specimen within
experimental errors. Such a good agreement gives the proof that M and Q in the
decks can be evaluated accurately by the orthotropic plate theory. Also, the re-
sults from the deck tests have been modified considering cumulative damages due
to the above mentioned multi-point loadings. '

(4) The results in Fig.2l were prepared for discussions in the next section.

9800

9800
3.4 Fatigue Diagrams [Crack]\_ 5(s2) W-DB

"E? \/ '_E 0\, Fracture
It is difficult directly to find the dif- & \adA z2 N rack
ference between S-type and W-type in the = \ = 1900 -
S-N diagrams. Comparing these two types AN
in term of fatigue diagrams, the differ- N A
ence is then clearly detected. The fatigue N \\ \
diagrams at 2x10° cycles are obtained using oy Fractuse: .
Egs. (1) and (2) as shown in Fig.22. The re- 9.8 19,6 19.6 39.2
sults lead to the following discussions: (a) Isolated ?f'gﬁam (b) Encased 19.(,“;13?,1

(1) Since W-type has more holes than S-type, . . i Y
the former has less stiffness than the lat- Fi9.22 Fatigue diagrams at 2x10°cycles.
ter. However, in reality, the fatigue strength of W-type is much larger than that

of S—type. It depends on the decrease of o and B as discussed in Section 3.2.
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(2) One limit of the wvalues of shear force exists in an isolated I-beam of W-
type. In case the shear force becomes larger than the limit, a crack will occur
in a diagonal portion of the web.

(3) The fatigue strength at the point (® in S(s2)-type is much larger than that
at the point @ in S-type. Therefore, if an I-beam has holes facing in the same
direction, the first crack will be sure to be initiated at the point @).

(4) Even though the fracture life is two times as large as the crack life, the
difference of fatigue diagrams between fracture and crack is not so large.

(5) The effect of concrete on the fatigue life is extremely great. It depends
not only on stresses decreasing due to the composite action, but also on a dec-
rease in shear force due to a share with concrete.

Jable 2 Axle load spectra

Weight NHW UEW

4. EVALUATION OF FATIGUE SAFATY OF ACTUAL FLOORS (kN) [T5) )
Q~ 20]73.03 79.54

: 20~ 39 ]110.61 9.60

4.1 Procedure for Derivation of Safety Factor 5= 551 8.00 16
59 ~ 78 | 3,32 2,21

Using the above mentioned S-N curves, it is possible to 78~ 981 2.12 1.35
evaluate the fatigue safaty of actual floors under traffic | 98 ~118 1-62 8-78
load. Now, the fatigue safety of five decks, of which the i;g:ig; 8:213 Ozg;g
span length are 1.5, 2.0, 2.5, 3.0 and 3.5m, is derived 157 ~176 | 0.091 0.028
under the combination of the following conditions: 176 ~196 | 0.038 0.028
(a) Employed I-beam: S-DB and W-DB, (b) Traffic load spec- ;gg:g;z 8‘8331 g'géz
trum: two actually measured spectra of rear axle loads of [37; 314 | 0.00092 | ———ec

NHW and UEW as listed in Table 2, where, NHW
means a spectrum on a national highway in Japan Table 3 Probability function of

and UEW means one on an urban expressway in passing position of vehicles
Japan[5]. (c) Probability functions of passing Mean | Standard |L=width of
positions of vehicle wheels on a road surface: value | deviation| one lane
two actually measured functions of NHW and UEW NHW {0.73L | 0.09 L Right lane
as shown in Table 3. (d} Daily traffic volumes mark
of vehicles on a single lane: 10,000, 15,000 and | VEW [ 0.77L | 0.065L \\_

20,000. (e) Design life of bridges: 50 years.

The fatigue safety is evaluated by the following processes:
(a) Calculate Neq of Eq.(3) based on the Miner's linear damage hypothesis. (b)

Find the fatigue stress (0f) corresponding to the cycles Neq on a S-N curves.
(c) Obtain the maximum stress (0g) acting at a referring pognt under a specified

axle load including impact with a plate analysis. (d) Finally calculate the
safety factor given by the ratio of of to 03. Fig.23 is a block

diagram of the procedure for the explanation. S
O(Q‘p
T L Ofj— e
max T /X Jﬁ 1/K g
= of e ) [ . d (3) db———— a2
Neg thTmin (p(Tzgg) 4T )y (pG)-Inf(a) ™" ) dx \
where, Fig.23 Neq

Neq : the effective number of cycles which is converted from the total number
of traffic loading cycles Nt by the cumulative damage law,
Nt : (design life in year of the bridge) X 365 days x (daily traffic volume),
T : the rear axle load of a vehicle in the unit of kN,
156.8 : the specified rear axle load in the unit of kN,
p(T) : the axle load spectrum,
p(x) : the probability function of passing position of wheels,
Inf(o) : the influence value of stresses along a referring I-beam with regard
to a referring point,
K : the absolute value of a slope of a S-N curve,

4.2 Results, Discussions and Recommendations

Discussions on the fatigue safety have to be done with optimum cross sections
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designed by the conventional formula[2]. Table 4 gives an optimized design cross
section of each deck. The maximum design stress in the bottom flange of I-beams
is almost equal to the allowable stress. Figs.24 to 26 show the resulting safety
factors regarding the referring point apart 10 cm from the midspan of each deck.
Each figure leads to the following discussions:

(1) Generally, W-type seems to have sufficient fatigue strength as seen in Fig.24.
S-type is not suitable for a deck whose span is less than 2.3 m.

(2) Both load spectra and daily traffic volumes significantly influence on the
safety. Therefore, NHW spectrum still has to be used for the assessment of fatigue.
The daily traffic volume of 20,000 is probably the largest in Japan. However, it
may be desirable to use the number for the fatigue design of decks.

(3) Two safety curves associated with Table 4 Cross section of decks and design stress
the fracture life and crack life are .Span_length

illustrated in Fig.26 for a comparison. T 1ig‘“ 212‘“ zig‘“ 3ig“‘ 3;;“
The difference between the two safety B (cm) |26.5123.5(19.5(17.0115.00]. ;"
factors can not be observed in S-type, g (MPa)y | 133] 136 [ 137 [ 136 | 137 |
because the slope of the S-N curve for 0,=137.2 MPa
the fracture life be- 2.9 2.0 2.0
comes larger than that [N{?ﬁCr:ck] 1. {‘é;jgg‘])m / b Egﬁé?ocol g
for the crack life. So, l'g._gﬁg— o § ifetype A 8| w-typel 7
in an actual design it & %0:000§/,_’ - NHW\\/’Y” & | “Fracture e
seems to be desirable 2 5 2 %, » —Crack A
to use the crack life P A @ i / @ />/
o 'y //’ - 't" P = o -
even for W-type. Z “ Il o /4/{,— W / /
A ] o 2 N -3
e 15,000 .- S_tvne )>< Crack
5. CONCLUSIONS s lrvpd 20,000 y Fricture
1.5 2.5 3.5 1. 2.5 .5 1.5 2.5 3.5
Through three of tests, Span (m) 3 Span(m)3 Span (m)
the effect of cracks Fig.24 Safety factors Fig.25 Comparison of Fig9.26 Comparison of
and the fatigue safety for crack life. load spectra used for fatigue life used for
safety factor. safety factor.

of Concrete Filled Grating Floors were

made clear. The followings are concluded from the present study:

(1) Fatigue strength of the floors is governed by that of encased I-beams.

(2) I-beams of W-type are more reliable than those of S-type.

(3) The floors designed by the present design method have generally sufficient
fatigue strength.

(4) The fatigue safety of the floors is influenced by vehicle loads, position
spectra, and traffic volumes.

(5) The fatigue safety of the floors has to be evaluated by the initiation lives
of cracks

(6) Eqs.(1) and (2) are useful stress formulas for I-beam having holes.
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Concrete Placing Methods and Fatigue of Shear Studs
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SUMMARY

In many steel-concrete composite applications, other than ordinary beams and girders for bridges or
buildings, water “bleeding”’, in the fresh concrete, has an important effect on fatigue and static strength
of shear studs. This strength behaviour is discussed with relation to the means and direction of con-
crete placing and examined by way of push-out tests.

RESUME

Dans de nombreuses constructions mixtes acier-béton, autres gue les poutres ordinaires utilisées dans
Jes ponts ou les batiments, I'eau de resuage dans le béton frais a une influence importante sur ia
résistance statique et & la fatigue des goujons soumis a un effort tranchant. Ce comportement de la
résistance est discuté en relation avec la mise en place du béton et est examiné au moyen d’essais
“push-out”.

ZUSAMMENFASSUNG

In vielen Anwendungsbereichen der Verbundbauweise hat das Ausscheiden von Wasser aus frischem
Beton einen grossen Einfluss auf die dynamische und statische Festigkeit der Schubdibel. Eine Aus-
nahme bilden dabei gewdhnliche Balken und Trager des Briicken- und Hochbaus. Der Einfluss der Art
und Richtung der Betoneinbringung auf das Festigkeitsverhalten wird aufgezeigt und mit “'Push-Out’’
Versuchen untersucht,
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1. INTRODUCTION

Since 1956, many valuable results of studies on the design of the stud shear
connectors have been reported [1]. The purpose of these studies is mainly to
facilitate the application of stud shear connectors for the ordinaly composite
steel beams or girders in bridges and buildings, and as matter of cource, the
problems of the effect of water bleeding in concrete to the bearing surface of
stud connectors were not discussed ( only in the push-out tests by J.W.Fisher et
al. [2], the effect was considered ). When the stud connectors are applied in
various steel-concrete composite constructions such as the concrete encased
steel beams and girders or columns, and in steel-concrete mixed structural sys-
tems [ see Fig.l ], the problems of the above effect become very important. In
these cases, because, there are several placing directions of concrete relating
with the shearing directions of stud connectors. In this paper, therefore, the
static and fatigue behaviors of studs in relation to the placing directions of
concrete are studied.

2. TEST SPECIMENS AND CONDITIONS

The specimens were of the push-out type. As shown in table 1, the specimens
were classified into four types denoted by A, B, C and D. To unify the proper-
ties of concrete for four types of the specimens, it was necessary to make all
type specimens at a time. The web plate of H-shape steel in A and B type were
separated at the time of concrete placing. In order to ensure the natural bond
between concrete and flanges of H-shape steel, the steel surfaces were not co-
vered with a layer of cup grease which was employed in the previous studies [1],
prior to concrete placing. Fig. 2 shows details of specimens, in which four
studs are embeded in each slab.

The push-out tests of each type were carried out dividing into five series. Di-
mensions of studs and properties of concrete in each series are listed in table
2. Experimental parameters in series 1 to 3 and series 3 to 5 are heights of
stud and strengths of concrete, respectively. H-shape steel and stud materials
of all specimens were structural carbon steel of S5S41 designated by JIS.

In static loading tests, the load was intermittently released to observe the re-
sidual slips. B8lip between H-shape steel and concrete portions was measured by
four dial gages ( 1/1000 mm ) and four displacement meters ( 1/100 mm ) at the
level of the studs. On the other hand, in fatigue tests, the frequency of
repeated loading was 5.5 Hz., and minimum shear stress level of stud was kept
constant of 15 N/mm2, Relative slip between steel and concrete was observed by
two non-contact type displacement meters.

3. STATIC TEST RESULTS AND PROPOSED DESIGN FORMULAE

Load-residual slip curves of push-out specimens are shown in Fig. 3. 1In this
figure, it is clearly indicated that the residual slips for C-type specimens are
extremely large in comparison with the specimens of other types at early stage
of loading. This seems to be influenced by the bleeding of water in concrete to
the bearing surface of studs.

The measured values of the ultimate loads of studs are protted in Fig. 4, and
the design values in AASHTO, BS and DIN are also illustrated. On the ultimate
loads of the 100 mm height studs, the values by the AASHTO specification give
good agreement with test data.

From the static test results, the static strength of studs are proposed as
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follows:
The nominal static strength of the stud at the ultimate limit state is given by;

For all-types, Pqg=0.126 d h v f ( kKN ) oD
And the static strength at the serviceability limit state is given by

For A, B and D-types, Ps

0.50 Pq ( kN ) (2)

For C-type, Ps = 0.35 Py ( kN ) (3)
These formulae can be applied in the range of h/d = 3.0 to 5.0. The coefficient
in equations (2) and (3) were determined on an assumption that a serviceability
limit state of studs is defined as the load at a residual slip of 0.5 mm. Where
, the load-residual slip relationship generally became nonlinear as shown in
Fig. 3.

4. FATIGUE TEST RESULTS AND CONSIDERATIONS

Fig. 53 shows a typical example of the relationship between number of cycles of
loading and relative slip at the stress range of 150 N/me? in series 3. Fatigue
life of B-type is extremely short than the other types, and fatigue failure
occurs when relative slip reaches about 1.0 mm.

At-N relationships in five test series are summarized in Fig. 6. 1In all test
series, it is recognized that the fatigue lifes of B-type specimens are clearly
shortest. But in series 5, namely, at high level of concrete strength as 40
N/mm?2, these tendency is not so remarkable. As the reason of decrease of the
fatigue life on B-type specimens, it is considered that water bleeding in fresh
concrete gives bad effects at the contact surface between the H-shape steel
flanges and the slabs, especially around the bottom of the welded studs.

From the test results, the fatigue strengths of all type studs at cycles of N =
2 x 10% are estimated, and are protted in Fig. 7. As the matter of course, the
correlation between the fatigue strength and the concrete strength is observed.
It can be observed that the stud heights have no effect to fatigue strength.

AT-N relations of each type specimens included from series 1 to 3 are shown in
Fig. 8. The recommended design values of CEB-ECCS-FIP~IABSE Joint Committee on
Composite Structures [7] are also illustrated in Fig. 8. The code gives very
conservative values to the studs such as A-type specimens. But, it satisfacto-
rily coincides with the B-type studs.

For the reliability analysis of the studs under the repeated loading, the co-
efficients of AT-N relations and parameters of Weibull distribution of each type
stud in series 1 to 3 are given in table 3. Design ranges of shear stress of
the studs under constant amplitude loading can be calculated from the equations
in table 3 if the reasonable probability of fatigue failure and the number of
load cycles are specified. On the other hand, the fatigue life of the studs
subject to random loading can be also determined by Miner’s linear cumulative
damage rule.

5. CONCLUSIONS

Throughout the push-out tests by using forty specimens in static and eighty



A

620 CONCRETE PLACING METHODS AND FATIGUE OF SHEAR STUDS

specimens in fatigue, some remarkable results which support the assumption were
obtained. The conclusions are as follows:

1) Water bleeding in fresh concrete gives a bad effect both to C-type studs in
static behavior and to B-type studs in fatigue strength.

2) In standard push-out test method such as British Standards, the placing dire-
ction of concrete at the time of making the specimens should be noted.

3) One of the reason of the scatter of fatigue test results in previous studies
[1]-[3] is considered due to the difference of concrete placing directions.

In the future, it is necessary to test also the studs have the height of 100 mm
over. And the interaction problems of the studs under the shear and temnsion
would be the subject for further study.
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NOTATIONS

Py = design shear strength at ultimate limit state, ( kN )

PS = design shear strength at serviceability limit state, ( kN )

d = diameter of the stud, ( cm )

h = overall height of the stud, ( cm )

fck = characteristic cylinder strength of concrete at age considered ( N/cm?).
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(a) Preflexed beam

Table 1 Classification of specimens

Fig. 1
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(b) Composite column

(c) Composite shell

Applications of stud shear connectors
in various steel-concrete composite constructions
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properties of concrete in five test series
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AT-N Relation Probability of failure
Type Coefficient Parameter
L -
a b Shape(m)| Scale(B) t?gﬁ(xo)
A 37.621 14.384 3.706 1.596 =1.446
B 23.672 8.749 3.784 1.222 -1.109
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Fatigue Strength of Grouted Tubular Steel Connections for Offshore Structures

Résistance a la fatigue des assemblages scellés au mortier de tubes en acier pour les structures
"offshare””

Ermiidungsfestigkeit von mit Mortel vergossenen Stahlrohrfiissen bei ,,Offshore”-Konstruktionen

C.J. BILLINGTON I.LE. TEBBETT

Wimpey Laboratories Ltd. Wimpey Laboratories Ltd.
Hayes, Middlesex, England Hayes, Middlesex, England
SUMMARY

Grouted connections form the primary structural connections between large steel jacket structures and
their foundation piles and are essential to the integrity of the offshore installation. These connections
are subjected to cyclic loading due to environmental conditions during grouting, curing and subsequent
life. This paper describes and presents the results from tests simulating cyclic loading during early life
and long term fatigue loading. Results include relationships of the S-N form and measured displace-
ments. Implications for design and offshore construction are discussed and recommendations are made.

RESUME

Les scellements au mortier constituent les principales liaisons structurales entre les grandes structures
en tubes minces et leurs piles de fondation, et sont essentiels pour |'intégrité d'une installation ,,off-
shore”. Ces liaisons sont soumises a des charges cycliques dues aux conditions environnantes aussi bien
durant "opération de scellement que pendant la cure et la période d'utilisation postérieure. Cet article
décrit et présente les résultats d’essais simulant des chargements cycliques & un 4ge jeune ainsi que les
sollicitations de fatigue au cours du temps. Les résultats sont constitués de relations de la forme S-N et
des déplacements mesurés. On discute des conséquences pour le dimensionnement des constructions
,,offshore” et des recommandations sont faites.

ZUSAMMENFASSUNG _

Die wichtigsten Verbindungen zwischen der Stahlkonstruktion und den Fundationspfahlen werden bei
,.Offshore”-Bauten mit Zementmartel sichergesteltt. Diese Verbindungen sind wahrend des Vergiessens
mit dem Mértel, wahrend der Erhartung sowie wahrend der Nutzungsdauer Wechselbelastungen ausge-
setzt. Der Beitrag beschreibt die Resultate von dynamischen Versuchen, die die Belastungen im An-
fangsstadium sowie die spatere Ermiidungsbelastung simulieren. Es werden die gemessenen Verschie-
bungen sowie Wohlerkurven vorgestellt. Vorschlige fiir die Bemessung von ,,Offshore”-Konstruktionen
werden unterbreitet und Folgerungen daraus abgeleitet.
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1. INTRODUCTION

Cement grouted connections are used between large steel jacket structures and
their foundation piles. Adequate static strength and long term integrity of
these connections, which due to environmental conditions are subjected to
continucus dynamic loading throughout their life, are essential. The UK
Department of Energy has funded a comprehensive experimental programme at
Wimpey Laboratories to generate design data for grouted connections. This
paper presents the results of investigations into the behaviour of connections

subjected to cyclic loads. i

TEST RIS. f'|'l

I
2.  EARLY AGE CYCLIC LOADING TESTS ACTUATOR. | it ! 'Eﬁ
[ -

2.1 Objective L—OA_D'EE—% :
During grouting, relative axial displacements |
between the pile and sleeve can exist due to
wave action, particularly for the first piles
to be grouted. Reduced scale tests have '
investigated subsequent ultimate strength and
performance. These tests were carried out at f
real time wave frequency.
2.2 Details of programme INFLATABLE -1

SEAL. I
A total of eight tests were carried out using ool
tubular geometries which represent approx- LOAD | il
imately 1/5th scale of prototype connections LIMIT '
on major North Sea installations. The grout- DEVICE. |
ed length (L) was equal to two pile diameters. {1 |
Three specimens were plain pipe, the remaind- SPECIMEN.| | ]} i1
er having mechanical shear connectors in the H-
form of weld beads. Two different cement- DETAIL. |
itious grout mixes were used: an Oilwell 'B’ AI
mix in general use for structural grouting Fig. 1 Early age cyclic load
applications in the North Sea and a High arrangement

Alumina Cement (HAC) mix which may be used
when an early high strength is required.

2.3 Input displacement and load limits

The applied cyclic loading was designed to represent the effects of a 7.5 m
wave on a typical jacket. For the example structure this produces a relative
movement of ¥ 0.0035D before grouting or an equivalent bond stress of 0.06 N/mm’
when the grout is set. The frequency of input was 0.1 Hz (approximate North
Sea wave frequency) and a sinusoidal wave form was used. One test was carried
out with input displacement of * 0.0017D.

2.4 Test arrangements

The cyclic loading was applied by a servo hydraulic actuator within a stiff
frame as shown in Figure 1. The actuator was operated in displacement control
and an adjustable load limiting device was placed in series with the actuator.
The input load was measured by load cell in series with the actuator and load
limit device. Relative displacement of the tubulars was measured by independ-
ent transducers. Data from the load cells and displacement transducers were
recorded on an X-time plotter.
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2.5 Test procedure

The surfaces of specimens to be in contact with grout were shotblasted and the
tubulars were then assembled concentrically. An inflatable rubber tube was used
to effect a grout seal and tubular concentricity at the lower end. The specimen
was placed in a cooling jacket and the whole assembly was placed in the test
rig, as shown in Figure 1.

o !l

Water at 8°c representing North Sea temper- =
atures was circulated through the cooling
jacket. The cyclic movement was then intro-
duced, the grout seal checked and the

annulus filled with seawater. Grout was then
injected into the bottom of the annulus dis-
placing the seawater. Grout cubes were also
cast and cured at 8°C for determination of
grout compressive strength on completion of
the test. Cycling was continued for a
number of days after grouting with continuous
monitoring of load and displacement. On
completion, the specimen was subjected to
ultimate load test using the procedures
described in Reference 3.
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SHAPE OF TYPICAL CYCLE.

2.6 Test results

TIME AFTER GROUTING (HOURS)

SINUSOIDAL INITIAL DISPLACEMENT.

2.6.1 Displacement and loads during curing

)
Tams
[ ]

Typical displacement-time and load-time
results are given in Figure 2. During the
setting period the displacement reduces 4
quickly with a corresponding increase in T
load. Thereafter the results indicate
generally stable conditions, although some
further reduction in displacement may occur. 1-8.1. 0 -lL-I'B.
The shapes of the displacement and load RELATIVE 40 O -40
cycles show very small elastic movements at MOVEMENT . LOAD(KN)
the lower load range with larger rapid BETWEEN -
movements on or shortly after load reversal. I;I“—NDSLEEV! (mm)

N\

OILWELL B
OILWELL B

2.6.2 Setting times & residual displacements Fig. 2 Load-time and displace-

ment-time graphs
Initial set, as determined from the displacement-time graphs, occurred 3 hours
after grouting for HAC specimens and 7 hours for Oilwell 'B' specimens. The
HAC specimens reached a stable condition (minimum displacement, maximum load)
by 8 hours after grouting, whereas Oilwell °*B' specimens did not reach this
condition for approximately 24 hours.

All specimens exhibited a reduction in displacement during grout setting. How-
ever, displacements were not completely eliminated. 'Typical residual displace-
ments were:-

Specimen type Displacements as multiple of pile diameter
Input Residual
Oilwell 'B' with shear connectors + .0035 + .0003
Oilwell 'B' plain pipe + .0035 * .0002
HAC with shear connectors + .0035 + .0004
HAC plain pipe + .0035 + .0018
Oilwell 'B' with shear connectors + .0017 + .0001
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For a ¥ (.0035D input displacement it is found that residual displacements of
the order of 10% of the input displacement occur except for HAC plain pipe
specimens which exhibit much larger residual displacements (50%). This
behaviour was not observed during some preliminary work carried out at
approximately 1/20th scale and indicates that reduced scale tests may not fully
represent prototype behaviour. For } 0.0017D input displacement, very small
residual displacements are recorded, these being comparable with typical
elastic displacements.

2.6.3 static strength after cycling

Plain pipe specimens gave average strengths 19% greater than predicted by the
general formula (1) and specimens with shear connectors gave 10% greater
strengths than predicted. Given the degree of scatter in the strength of
grouted connections, these increases are not considered significant.

2.6.4 stiffness during static loading tests

The general shape of the load-displacement curve was as expected. However the
stiffness of the specimen and the displacement at which ultimate load was
achieved were significantly greater than those recorded for comparable
specimens not subjected to early age cyclic loading. Typical results are:

Specimen type Displacement at ultimate load (mm)

Static only After early age c¢ycle
Oilwell 'B' with shear connectors 8 18
Oilwell 'B' plain pipe 18 45
HAC with shear connectors 8 15
HAC plain pipe 18 30

Similarly, at working load (one sixth of ultimate) the stiffness is significant-
ly reduced by early age cycling.

3. FATIGUE TESTS

3.1 Objective

This programme was designed to investigate the performance of grouted connect-
ions under long term sinusocidal loading and to determine whether a relationship
of the S-N form exists for such connections.

3.2 DbDetails of programme

A total of thirteen specimens, including both plain pipe connections and
connections with shear connectors, were tested. A single tubular geometry
identical to that used for the early age investigation was used. To eliminate
the effects of early age cycling and to enable the test on any one specimen to
be carried out under near uniform grout compressive strength, specimens

were prepared under zero load and cured for a minimum of 28 days at 8YC. 1In
this case the grouted length of specimens with weld beads was restricted to
give L/D = 1 because of load capacity limitations. Plain pipe specimens had
L/D = 2.

3.3 BApplied loading

Ten of the thirteen specimens were subjected to fully reversible sinusocidal
loading at single amplitude. The magnitude of applied loads are expressed here
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as a proportion of the estimated ultimate strength of the connection {(based

on grout compressive strength determined from 76 mm cubes subjected to identical
curing regime) and varied between I 0.2 and } 0.6 times ultimate strength.
Initially tests were conducted at the extremes of this range to determine
general trends in the results and establish the failure mechanism. High load
tests giving short lives were carried out at 0.1 Hz and longer life tests at

3 Hz.

One specimen was subjected to unidirectional loading with zeroc minimum load and
up to a maximum of + 0.8 times ultimate strength. Since failure of the grouted
connection did not occur, this was subsequently tested under static conditions.
Similar results were found for the plain pipe specimens under fully reversible

load and these were also subsequently tested under static conditions.

3.4 Test arrangements

The cyclic lecading was applied by a 1000 kN capacity servchydraulic actuator in
a test arrangement similar (except with no load limit device) to that shown in
Figure 1. The actuator was operated in force control with displacement and
force responses monitored as load-deflection graphs on an X-Y plotter.

3.5 Specimen preparation

After shotblasting of surfaces to be in contact with the grout the tubulars
were assembled concentrically on a timber and rubber base designed to seal the
annulus and centralise the tubulars at the lower end. The specimen was placed
in a large curing tank containing water at 8°C and the annulus filled with
water. Grout was then injected from the lower end of the annulus displacing
the seawater. Grout cubes were also prepared and cured in an identical
environment; these were used to determine grout compressive strength at start
and completion of the fatigue test.

Q

3.6 Test results for specimens fbuc l

with shear connectors 10

subjected to reversible

loading o8
3.6.1 S-N relationships 08

L b

For each specimen an estimate of ..
the ultimate bond strength (fp,o) 04 . o
was calculated from measured grout
compressive strengths and grouted o2
lengths. The applied bond stress [T] NTIRECOMMENDE WOﬂKIqu
amplitude (fp3) was also calculat- o &
ed. 10° 10! 16?2 10 10* 10® 1&® 107 1P

FATIGUE LIFE(CYCLES)

The available test results are
presented in S-log N form in Fig. 3 Fatigue test results in S-log N form
Figure 3 in log S - Log N form in

Figure 4.

The results form two groups: one group with lives in the range 10! to 104
cycles and the second group with lives in excess of 106 cycles. In the second
group only one specimen actually failed, two others having been tested to 107
cycles without apparent deterioration.

The results indicate a value for fpa/fhuye of 0.4 below which no failure occurs
at less than 107 cycles (and possibly failure does not occur at all). Above
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fra/fpue of 0.4 a linear FATIGUE LIFE (CYCLES)
relationship has been 0 Al (A2 (A3 1A% (A3 A8 AT ,~8
found to describe the o 10 ’O 10 |IO 107 107 10 10° 10
lower bound to the test -
results. Figures 3 and 4 <0 l [
also indicate the maximum ~—TCHARACTERISTIC
permitted bond stress used -0-2 -"_TAT,'C STRENGTH.
in current design. This ('bd) ]
gives a safety factor of LO@ -0-3 L hd
§ on mean strength giving bue .0-4 &
i.e fpa/fbue=0.166, which
is less than half the -0-8 / $_.
identified endurance limit. 7
-0-6 LOWER BOUND TO ¢ l_,

3.6.2 Measured displace- I TEST RESULTS. |~ NO DETERIORATION

ments, hysteresis -0-7 J

loops and form of i

failure ——CURRENT RECOMMENDED

WORKING STRESS LEVEL
The connections failed

by fatigue of the grout Fig. 4 Fatigue test results in log S - log N form
rather than of the steel

tubulars. For specimens with

fpa/fpye less than 0.4, a linear
load-displacement is found through-

out the applied load range with no
measurable hysteresis loop. For

more highly loaded specimens the -10mm.
maximum loads cause departure from

the linear load-displacement relat-
ionships and since the load was

fully reversible a significant
hysteresis effect is present. A
typical hysteresis plot showing the - 800 KN,
complete life for a specimen with
approximately 80 cycle life is
given in Figure 5.

+800 kN.

+1Omm.

Fig. 5 Hysteresis of connection with
mechanical shear connectors

When the measured displacement amplitudes for each cycle are plotted as shown
in Figure 6, it can be seen that failure is sudden, with no loss of stiffness
occurring before approximately the final five percent of the life. The form of
failure of the more highly loaded specimens and the absence of any significant
hysteresis effect when fp5/fhye is less than 0.4 ¢an be understood by reference
to the known failure mechanism under static loads (3). Only when the peak loads
are sufficient to create a void adjacent to the weld bead can impact occur on
load reversal leading to fatigue failure.

3.7 Test results for specimens with shear connectors subjected to
unidirectional loading

One specimen with shear connectors was subjected to cyclic loading between zero
and a maximum tensile load. This was initially subjected to approximately 106
cycles of load at cyclic stress varying between zero and 0.8 times estimated
ultimate load without deterioration. A single large load well into the non-
linear region was thén applied. A further application of 2.8 x 108 cycles of
fatique loading was then applied without deterioration of the connection. The

specimen was then subjected to ultimate load test to confirm the estimated bond
strength.
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The displacements under the single application of L?o

static load were sufficient to generate voids FAILURE —.._M_F
behind the shear connectors. However, since the 80 CYCLES.
load was not reversible impact effects did not B

occur and no further deterioration of the connect- 70

ion was recorded. T

3.8 Test results for plain pipe specimens 1530

A programme of tests to determine an S-N relation- 180

ship for plain pipe specimens was originally

envisaged and three specimens were prepared for a0
testing under reversible loading. The first

specimen was subjected to a total of 105 cycles of

load at 0.1 Hz over a range of maximum loads up Tso

to 0.5 times the estimated strength with no 20
deterioration of the connection. The specimen was T

then subjected to 3 x 106 cycles of load at 3 Hz

between 0 and 0.63 times estimated strength, again

with no deterioration.

The mode of failure of a statically loaded plain .25

pipe connection does not involve significant

degradation of the grout such as that which occurs DISPLACEMENT (mm}
adjacent to a shear connector and it is generally Fig. 6 Displacement amplitude
found that the post ultimate strength of a plain against number of cycles for
connection is close to the original value until connection with mechanical
very large displacements have been introduced. shear connectors

The load-displacement characteristics of a plain

pipe connection are also different in that failure is more sudden with very
little non-linear behaviour before sudden slip of the connection. This and

the results of the fatique tests lead to the conclusion that fatigue of the
grout was only likely to occur at very high bond stresses (perhaps greater than
0.8 times bond strength) and further testing was not undertaken in this
programme. The two specimens already prepared were subjected to static loading
to obtain improved estimates of ultimate strength.

4. CONCLUSIONS AND DESIGN IMPLICATIONS

4.1 Early age cyclic loading

(1) For the input displacements tested, the ultimate strength of a grouted
connection subjected tc cyclic movement during grouting and curing is
comparable to that of specimens cured without movements.

(2) The test results indicate a significant reduction in stiffness both at
working load and at ultimate load compared with specimens cured without
movement. This has the following implications for design -

- unequal distribution of loads between piles in a group if the piles are
not all grouted at the same time

- the designer may choose to limit environmental conditions in which
grouting may proceed to keep displacements/applied loads to a level
where significant residual displacements under cyclic load do not occur.

Alternatively temporary mechanical devices could be used to restrict
movements
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residual displacements may affect the long term fatigue performance

Specimen size may influence test results and it is recommended that
full scale tests are carried out t6 confirm the above conclusions.

Long term fatigue loading

(1)

(2)

(3)

(4)

(5)

(6)

Grouted connections can fail by fatigue of the grout rather than of the
steel tubulars. Failure is sudden with no loss of stiffness occurring
until approximately the final five percent of life.

An 5-N relationship can be identified for grouted connections with
mechanical shear connectors subjected to reversible loading.

There would seem to be a stress range endurance limit (at approximately
0.4 times ultimate strength) below which failure does not occur and
which has negligible influence on the life when subsequently subjected
tc higher stress ranges.

Whilst the -above endurance limit is greater than permissible stresses used
in static design, fatigue has only been investigated for short

connections (L/D = 2). 1In practice, connections are much longer (L/D
between 8 and 16). Static design formulae are derived by factoring
ultimate load which, because of the inherent ductility, occurs after
complete redistribution of elastic peak stresses. Situations may arise
where elastic peak stresses lead to local fatigue failure; the residual
capacity and capacity for redistribution would be low and progressive
failure might result. Further testing of longér specimens is required.

Plain pipe connections and connections subject to unidirectional loads
are less susceptible to fatigue failure than connections with shear
connectors subjected to reversible loading.

The interaction of early age cyclic loading (during grouting and curing)
and long term fatigue loading has not been investigated. The effect of
impact due to the presence of voids adjacent to weld beads is such that
the subsequent fatigue performance of connections subjected to reversible
loading may be affected by early age cyclic loading and this requires
further investigation.
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Méthode de dimensionnement des cébles & la fatigue
Methode zur Bemessung von Drahtseilen auf Ermiidung

Design Selection of Wire Ropes Based on Fatigue

UGO ROSSETTI
Professor
Palitecnico Torino
Torino, ltalie

RESUME

Le calcul des cables est actuellement effectué a I'aide d’un coefficient de sécurité fixe rapporté a I'effort
de traction. La méthode illustrée, inspirée d’une conception probabiliste de {a sécurité, considére
comme critére de calcul 'endommagement par fatigue-usure et I'hypothése de Miner en employant une
courbe d'endurance appropriée ainsi qu’'un spectre réaliste des charges en service.

ZUSAMMENFASSUNG

Die Dimensionierung von Drahtseilen erfoigt heute mit einem Sicherheitskoeffizienten bezogen auf die
Zugkraft im Seil. Die vorgeschlagene Methode beruht auf einem probabilistischen Sicherheitskonzept.
Die Schadigung durch Ermidung und Abniitzung dient als Bemessungskriterium unter Anwendung der
Paimgren-Miner-Hypothese mit einer Ermiidungsfestigkeitskurve des Seils und einem realistischen Be-
triebslastspektrum.

SUMMARY

At present, wire ropes are designed on the basis of a fixed safety coefficient related to the axial load.
The method proposed considers the fatigue-wear damage as a design criterion. It is based on a probabil-
istic safety concept and uses Miner’s hypothesis applied to a realistic endurance curve of the rope and
an appropriate service load spectra.
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1. INTRODUCTION

Le c@ble d'acier constitue une structure assez compliquée dont 1le
calcul rigoreux est sans aucun doute un probléme extrémement lourd
méme en présence d'hypothéses simplificatrices.

En réalité le c@ble est aussi & considérer comme une machine tran-
smettant une énergie a distance, avec les problémes dynamiques des
machines: donc structure et machine & la fois.

Le projet des c8bles et la vérification de leur sécurité sont ef-
fectués par des Régles basées sur une limite fixe de 1l'effort axial
maximum rapportée a l'effort de rupture statique sur brin droit;sur
des rapports minimaux du diamétre de la poulie ou galet avec le dia
métre du céble, et/ou des fils; sur une durée maximale de vie fixée
a priori par les Normes; sur un contrdle périodique des ruptures
des fils extérieurs et/ou sur des inspections périodiques magnéin-
ductives. (*)

Quant aux essais de réception, ils sont purement statiques (trac-
tion, flexion, torsion des fils et traction sur brin droit) en dé-
pit du fait que les cébles sont soumis, au passage sur poulies et
galets, & des contraintes dynamiques donnant lieu & des phénoménes
de fatigue et d'usure.

D'autre part le principal critére de dimensionnement prévu par les
Regles est le coefficient statique de sécurité A traction, qui n'a
aucune liaison directe avec les effort répétés subis par les cibles
Les autres critéres se rapportent plutdt & la surveillance périodi-
que ou bien fixent une durée de vie (5, 10, 15 ans) dont il n'est
pas facile trouver une Jjustification raticnelle.

Cette situation trouve une explication dans la difficulté d'une part
de déterminer les actions appliquées au cible en mouvement, d'autre
part de calculer les contraintes dans les fils sous ces actions et
enfin de mettre au point des essais de réception reproduisant mieux
les conditions de service.

Par ailleurs, au cours des derniéres années de concepts nouveaux se
sont développés (dommage cumulatif en fatigue, spectres de charge,
critéres '"safe-life'" et "fail-safe'", méthodes probabilistes aux
états limites, évaluation statis:ique des actions et des résisten-—
ces) que nous nous sommes proposés d'employer pour présenter une
méthode nouvelle de calcul des cibles et de vérification de leur sé
curité, compte tenu aussi des récents remarquables progrés dans le
domaine des recherches d'endurance sur cibles.

Ces recherches ont non seulement permis d'améliorer nos connaissan-
ces sur cette structure si compliquée gqui est le céble, mais aussi

(*) Nous nous rapportons ici aux c8bles de téléphériques a passa-
gers ou aux cdbles de levage de mines ou ascenseurs: pour les au-
tres cas les reégles sont simplifiées.
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d'affirmer que:

a) deux cBbles apparemment analogues, présentant des résultats sem-
blables aux essais classiques de réception peuvent donner lieu a
des comportements trés différents soit & l'essai de fatigue soit en
service: ceci parce que la durée d'un cBble dépend de plusieurs pa-
ramétres que les essais actuels ne sont pas & méme de contrdler ou
de mettre en évidence, ce gqui peut &tre fait d'une fagon synthéti-
que par l'essai de fatigue qui reproduit au mieux les conditions de
travail du céble;

b) les durées maximales de vie fixées par les Normes sont en géné-
ral trop reduites et 1'endurance restante du céble, mesurée aprés
dépose avec essai de fatigue, est souvent assez élevée; ceci n'em-
péche pas d'observer que dans certains cas la durée a été inférieure
& celle prévue par les Régles;

c) la courbe de fatigue du cidble peut &tre exprimée par une équa-
tion du type Wholer - Weibull mais sans limite de fatigue;

d) les essais en charge progressive et par blocs ont confirmé la va
lidité de 1'hypothése de Miner dans la fatigue des cébles.

2. PRINCIPES DE LA NOUVELLE METHODE

2.1 Etat limite ultime de la structure-ciable.

Nous établissons de choisir comme état limite ultime la durée jusqr'a
rupture sous sollicitations de fatigue-usure au lieu de la rupture
par effort axial statique prise en compte actuellement.

2.2 Etats limite de service

On peut prévoir les états limite suivants: de déformation par allocn
gement axial excessif, de rupture de fils extérieurs (critére fail-
safe), de diminution excessive du diamétre.

2.3 Critére de sécurité

La sécurité sera rapportée a 1l'endurance du c8ble. Par l'analyse sta
tistique des actions et de la résistance a la fatigue il est possi-
ble de mettre au point un critére probabiliste de sécurité.

En premiére approxXximation on pourra adopter un critére déterministe
en utilisant un coefficient de sécurité fonction des caractéristi-
ques de l'installation: la durée du cible sera calculée en divisant
par ce coefficient 1l'endurance déterminée par notre méthode.

2.4 Actions

Supposons de nous rapporter au cible tracteur d'un téléphérique.

De l'examen du tracé on peut localiser facilement la zone de cible
que subit le plus grand nombre de flexions sur poulies et galets:
dans les sections correspondantes on devra calculer l'effort axial
du c8ble dans les combinaisons les plus défavorables (charges perma
nentes, vent, nombre de passagers en montée et en descente).
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2.5 Contraintes dans les fils

Les actions donnant lieu a 1'effort axial, l'effet de flexion sur
poulies et galets ainsi que la pression Hertzienne sur les gorges
et les éventuels effets de torsion produisent dans les fils des con
traintes dont le calcul rigoreux est assez complexe, compte tenu de
la complexité de la "structure-cible".
En accord avec d'autres auteurs / 1 /7 / 2 7 nous proposons la for-
mule conventionelle élastique: - T T

T

6 2

= o+ o= + E— cos (g, + ¢2) (1)

A cos @, cos@ D

1 2

ou:
o = contrainte de référence (MPa)
0., O, = contraintes théoriques de traction et de flexion (MPa)
T = effort local de traction / N /
A = aire de la section du céble

¢1, ¢2 = angles de toronnage et de ciblage
6

D diamétre de la poulie; au cas de flexion ponctuelle sur
galet, D = 2R ou R est le rayon de courbure minimal déterminé en
fonction de la situation locale & 1'aide des résultats d'essais
préalables de raideur. (°)

diamétre des fils considérés

2.6 Bloc de charge

Le bloc de charge représente la succession des valeurs de la con-
trainte de référence correspondantes & une course du clble. Dans
cette détermination les valeurs des contraintes de référence sont
considérées uniquement en correspondance des passages du c@ble sur
de poulies ou galets; (dans un téléphérique étudié par nous, un
bloc typique pourrait €tre le suivant: 8 valeurs de ORp sur galets
d'un appuis, 12 valeurs de Op sur galets d'un autre appuis, 4 va-
leurs différentes au passage sur les poulies de la station motrice,
8 valeurs sur galets d'un appui en descente).

2.7 Courbe de fatigue du céble

Le courbe de fatigue en flexion-traction est déterminée en Labora-
toire par un raisonnable nombre d'essais visant a reproduire autant
que possible les conditions de service.

(°) Nous avons mis au point un appareil qui détermine en Laboratoi-
re la "ligne élastique" du c8ble en correspondance d'un galet char-
ge par une force transversale P sous divers efforts axiaux. De ces

essais de raideur ou tire des abaques permettant d'évaluer la cour-
bure du cé8ble dans les situations de service.
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Les contraintes dans les fils lors de l'essai sont calculées par la
méme formule (1).

L'équation de la courbe de fatigue peut &tre exprimée, dans sa for-
me la plus simple, par une rélation du type:

n

o = C

g N (2)

ol n et C, constantes a déterminer pour chaque c8ble par voie d'ex-
périence, N = durée en flexions.
Puisque les résultats des essais ont une distribution gaussienne,il
est possible d'en effectuer 1'élaboration statistique et de définir
une courbe de fatigue caractéristique déplacée vers l'axe des Op
d'aprés le fractile choisi,

2.8 Calcul de 1l'endurance du céble

La (2) permet de calculer les durées Nipour chaque'valeur'cRchAt&oc de
charge et donc 1'endommagement pour chaque bloc. Par la loi de Mi-
ner il est alors possible de calculer le nombre de blocs correspon-
dant & la rupture par fatigue du c@ble en service, soit l'endurance
du céble.

2.9 Sécurité du cable

La vie acceptable du cible sera déterminée en divisant 1'endurance
par un coefficient approprié (voir 2.3).

Avec un critére semiprobabiliste on pourrait définir les valeurs ca
ractéristiques soit du bloc de charge, soit de la courbe de fatigue
et appliquer ensuite un opportun coefficient de sécurité a la durée
ainsi calculée.

2.10 Etude d'optimisation

La méthode permet une étude d'optimisation des colts du téléphéri-
que (diamétres du cédble, des poulies et galets; dimensions des struc
tures) en fonction d'une durée optimale du cédble compte tenu aussi
des états-limite d'exercice, des frais de dépose et de remplacement.

3. OBSERVATIONS

La méthode proposée est sans aucun doute plus rationelle de celle
utilisée & présent et constitue un projet de code de calcul basé
sur la fatigue (fatigue design code).

Du point de vue pratique il faut toutefois observer que des études
ultérieures sont nécessaires soit sur la formule (1) pour le calcul
des contraintes dans les fils, soit sur la formule (2) qui exprime
la courbe d'endurance, que d'aprés les critéres de la fatigue clas-
sique devrait €tre fonction de l'amplitude Ao de la contrainte va-
riable, la contrainte moyenne étant un paramétre mesurant la posi-
tion de la courbe dans le graphique Ao - N,

Quant & l'expression (1) la plupart des auteurs estiment de pouvoir
l'utiliser, tout en tenant compte de son caractére conventionnel.
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En ce qui concerne la formule (2) il y a au contraire une certaine
disparité de points de vue qui a donné lieu & d'autres propositions
telles que, par exemple:

Drucker et Tachau (1936): (_E_Eé_)m N =C (3)
URdD
, . n d m
Giovannozzi (1964): o, (100 —)® N = ¢ (4)
t d +D
or
Meeuse (1976): ( o, + —E—-)m N = C (5)
Gf O'f
Luboz (1978): (—2—-~)m (o6 +—")"N-=C (6)
C 2

Dans la (3) or est la contrainte de rupture de l'acier des fils, d
est le diamétre du cable.

Une discussion de ces formules & été effectuée / 3 7 / 47 /757 et
Se poursuit au sein de 1'0OIPEEC (Org. Internationale ﬁou; 1vétude
de 1'endurance des c8bles); ici nous nous bornons a observer gue
toutes les courbes que l'on obtient par les différentes formules de
(2) a (6) s'approchent assez bien des résultats d'expérience dans
le domaine des essais de Laboratoire, qui couvrent une partie seu-
lement des situations d= service.

Le probléme se pose gquand on doit extrapoler les courbes pour des
situations extrémes de service: trés grands rayons de courbure, soit
au passage sur galets, ou trés faibles tractions axiales. Dans ces
cas les courbes différent entre elles et les calculs du dommage par
fatigue et la durée du cible donnent lieu & des différences sensi-
bles dans les résultats. / 5 /

Des recherches ultérieures ainsi que des observations systématiques
sur des cibles en service dont le comportement & fatigue ait été
préalablement étudié en Laboratoire pourront éclaircir cet aspect
trés important pour les clbles travaillant sur galets.

Pour les cébles de levage en général on peut affirmer que la métho-
de illustrée ne présente pas de problémes.

En conclusion notre proposition montre la possibilité de préparer
un code de régles de réception, calcul et sécurité plus adhérent
aux conditions d'emploi des cibles et cohérent avec les progrés ré-
cents en d'autres domaines de la technique des constructions.
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Fatigue Crack Propagation in Steel Prestressing Wires
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SUMMARY

This paper presents the results of research carried out to determine fatigue crack growth in steel pre-
stressing wires. Measurements were made by using the compliance method and recording continuously
the compliance of the sample by means of a dynamic extensometer. Tests performed at different
frequencies, waveforms, stress ratios and load amplitudes show that fatigue crack growth can be des-
cribed by a Paris law.

RESUME

Cette communication présente les résultats d’une recherche réalisée pour déterminer la vitesse de pro-
pagation des fissures de fatigue dans les fils de précontrainte. Les mesures ont éte faites au moyen de la
méthode de la flexibilité avec un extensometre dynamique. Les essais qui ont &té réalisés a différentes
fréquences, formes d'onde, retations de contraintes et amplitude de charge, ont montré que la propa-
gation des fissures dues a la fatigue peut &tre décrite par une expression de Paris.

ZUSAMMENFASSUNG

Der Beitrag stellt die Ergebnisse einer Untersuchung tber das Ermiidungsrisswachstum in Vorspann-
dradhten vor. Die Messungen wurden mit einem dynamischen Extensometer durchgefihrt. Die Versuche,
die mit verschiedenen Frequenzen, Wellenformen, Spannungsverhaltnissen und Belastungsamplituden
durchgefiihrt wurden, zeigen, dass das Ermuadungsrisswachstum mit einer Gleichung von Paris beschrie-
ben werden kann.
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1. INTRODUCIION

In the prestressed concrete industry, steel tendons may be subjected to tensile
axial fatigue. But despite the importance of this loading the very few publi-
shed axial fatigue tests have been made without adequately distinguishing
between crack initiation and crack propagation in accordance with most prevai-
ling standards. Recent requirements, in particular the Model-Code [1} issued
by CEB (Comite Euro-International du Beton), still specifies for this material
an endurance limit from classical Wohler-type or S-N tests. The purpose of
this paper is to complement classical apprecach by applying fracture mechanics
techniques to techniques to tendons subjected to axial fatigue. Crack
propagation has been measured and is the subject of this paper; work on crack
initiation is in progress and will be published later.

2. MATERIALS TESTED

Three steels have been tested; all are eutectoid cold drawn steels, currently
used in prestressed concrete structures. Steels A and B were stress-relieved
while steel C was stabilized.

Table 1 shows the mechanical properties of all three steels tested. As the
material is produced in the shape of wires, the fracture toughness of these
steels can not be obtained with compact speciments. Therefore Kq values
listed have been determined by testing precracked samples, using single edge
notches as starters of surface precracks produced in 3-point bending or in
tension.

3. TESTS PERFORMED

Axjial loading fatigue tests have been performed in an Instron dynamic testing
machine. The observation of crack growth was made by the method of the
compliance of the samples. First of all, the compliance of all steels tested
has been determined as a function of crack depth by testing in tension several
precracked samples with different crack depths. A 12.5 mm. gauge length
extensometer provides enough accuracy to achieve a calibration curve compliance
vs crack depth.

In fatigue tests, a 12.5 mm. gauge length dynamic extensometer attached to the
precracked sample gives a continuous record of the compliance of the sample.

A Hewlett Packard data acquisition system has been used to collect and compute
compliance data provided by the extensometer and from the calibration curve, to
plot the curves of crack depth vs. number of cycles.

All tests have been performed in air at 20°*1°C of temperature and a relative
humidity of 50%5%Z. Load amplitude and frequency have been held constant
automatically during the test. Three waveforms have been studied: sinusoidal,
triangular and square, and also five frequencies 0.2, 1, 4, 8, 10 and 20 Hz.
The stress range was varied from 250 to 610 MPa and R ratio from values below

0.20 to 0.67.

4, EXPERIMENTAL RESULTS

In order to predict fatigue crack growth in prestressing steels it is worth-
while to ascertain whether the experimental results are based upon some general
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fatigue crack growth law. Among them, the simplest one is the Paris law {2]:

da _ n
an = C(AK) (1)
where da/dN is the crack growth rate, AK the stress intensity factor range and

C and n constants.

The stress intensity factor for an elliptical crack in the surface of a
cylindrical bar in tension is given by the following expression, obtained from

a finite element calculation [3] 5
1/2 _ -1/4
K = ov/ma {0.473 - 3.286 ( 5 ) + 14.797 (%)2} s - (%)2} (2)

where a is the crack depth, D the diameter of the wire and 0 the remote
applied stress.

The stress intensity factor defined by equation (2) has been shown to be a
suitable fracture parameter. For each tested material the critical value of
this parameter was found to be independent on flaw size. This critical value
appears in Table 1 for the three materials as K¢.

From the curves crack depth vs. number of cycles plotted by the system, a
numerical differentiation method has been applied to obtain the crack growth
rates da/dN at different crack depths. Since the stress range AC was held
constant for each test, the stress intensity factor range AK can be calculated
for these crack depths from equation (2). Then it is possible to plot log.
(da/dN) vs. log. (AK) and check if there exists a linear relationship as
equation (1) predicts.

Steel A has been fully tested to crack the influence of load amplitude, wave-
form, stress ratio and frequency on the results.

Figure 1 shows the experimental results of crack growth rate vs. stress
intensity range in a log. log. plot. for steel A and different load amplitudes.
This figure shows that a relationship of the Paris form is able to describe
crack growth in prestressing cold drawn steel wires, independently of the
stress amplitude applied.

Figure 2 includes also the results obtained at different frequencies, with
different waveforms and with different stress ratios. As can be seen, fatigue
crack growth in prestressing steel wires is independent of waveform and )
frequency, as it has been observed for many other alloys {4) . The crack
growth also appears independent of stress ratio R. Finally the figure shows
the best fit by a straight line in the log. log. plot leading to the following
crack growth law:

%% = 11.08 x 10_12 (AK)2'3, where a is in m. and K in MPa m1/2. (3)
Figures 3 and 4 show the experimental results obtained with steels B and C and
the corresponding straight lines fitted. Values of the constants as is shogY
in those figures are C = 13.96 x 10'12, n = 2,3 for steel B and C = 16.05x10

n = 2.3 for steel C. In all cases the correlation coefficient is 0.97.

2

Values obtained for the constants C and n are very close for the three steels
tested within the usual experimental scattering and are in agreement with the
experimental results by Ritchie and Knott {5) for material with K. values
similar to those of steels tested.
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Table 1. Mechanical Properties

Steel A Steel B Steel C
Young's modulus (MPa) 2,01 x 105 2,05 x 105 1.81 x 105
0.2% Proof stress (MPa) 1400 1520 1560
Tensile Strength (MPa) 1620 1740 1800
Elongation under max. load (%) 6.5 5.5 6.5
Reduction in area (%) 40 30 35
Fracture Toughness Kc (MPamllz) 108.8 112.3 101.7

5. APPLICATION FOR DESIGN

Two valuables results have been obtained which permit to propose a simple
method to predict the life of a prestressing steel wire subjected to cyclic
stresses. The first result is that the fatigue crack propagation for these
steels follows the Paris law and is independent on stress ratio, frequency
and waveform within the abovementioned range. The second one is that the
parameters C and n of the Paris law have similar values for all these steels.

If the nominal stress in the wire has a range of variation Ao, the variation
of the stress intensity factor for a crack depth a is given by:

AR = Ao /ma M where / (4)
1/ 2 “1/u

M={0.473-3.286(%)+14.797(%)2} {(%)—(%)2} (5)

By substituting equation (4) in the Paris law (1) and integrating, the
following expression is obtained:

(ho /O™ . %R %
Np C F5—)-F (5} (6)
in which the subscript R indicates values at fracture, a, is the depth of
preexisting flaws in the wire and F the non dimensional function:
X
F (x) =] [V M@} ™ dx (7
o

which has been calculated for n = 2.3 and is plotted in figure 5.

The critical crack depth has to be obtained from equation (2) by equating
the stress intensity factor with its critical wvalue K., the stress O being
the maximum value of the stress applied.

The method proposed can be succesfully applied to wires with surface flaws
of similar size to those used in this work. On the other hand it would be
worthwhile to ascertain whether the method could be applied for the life
prediction of prestressing wires without any defect except those produced
during the steel processing. Therefore the method proposed has been applied
to the fatigue tests results carried out on smooth samples by Elices and
Sanchez-Gilvez [6].



V. SANCHEZ-GALVEZ — M, ELICES — A, VALIENTE 645

From all tests results only
those tests with stress ranges
3 high enough to ensure that ini-
tiation times are negligible

as compared with propagation
n=2.3 times have been selected.

Table 2 shows for both steels

the results of the test

= (each result is the mean value

of four tests) and the predic-
tions obtained from equation (6).

L 1 ] . '5 To apply this equation a value
0 ol 0.2 0.3 0% G a for a, has to be assumed.
Figure 5. 5]

However figure 8 shows that F (a_/D) is much smaller that F (a,/D) for usual
values of a_ (below 50 um) and ag {(which appears in table 2).Therefore

f (a,/D) has been neglected in the calculation. The parameters n and C chosen
have been those from the steel A of this work, n= 2.3 and C = 11,107 2,

Table 2 shows that the values of N, obtained in the tests are in good agreement
with the predicted values from the equation (6). Although Linear Elastic
Fracture Mechanics (LEFM) has been questioned for such high Opg,x, values, it is
hoped that for lower values the agreement should be even better. In consequence
this method could be a valuable aid for the designer.

Table 2. Tests results and Predictions

Data of the steels Steel 1 Steel 2
Tensile strength (MPa) 1630 1720
Fracture Toughness KC(MPamI/Z) 93.5 82.0
Diameter (mm) 7 7
Tests results and Predictions
Ac Gmax. ap NR(measured) NRPredictlon)
(MPa) (MPa) (mm) 105cycles 105cyc1es
330 1300 1.50 3.1 2.8
Steel 1 410 1380 1.41 1.3 1.7
330 1460 1.33 2.3 2.7
340 1370 1.23 2.1 2.4
Steel 2 340 1540 1.03 2.0 2.2

6. CONCLUSIONS

For the first time the crack growth rate in axial loading fatigue for prestres-
sing steel wires has been determined based upon Fracture Mechanics concepts.

Test results show that fatigue crack growth for cold drawn steels can be
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described by Paris law. The results are independent of waveform, frequency
and stress ratio within the intervals used.

From the tests results it is difficult to ascertain the influence of the heat
treatment of the steel on the fatigue crack propagation since the behaviour
of all three steels tested has been very similar taking into account the usual
scattering of this kind of measurements,

Finally an application to design has been made by predicting the life of wires
subjected to axial fatigue. The agreement found with theoretical predictions
seems to validate this approach, based on LEFM, although some plasticity
should be developed. Starting from known values of KC’ fatigue life under
congtant amplitude load can be predicted.
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SUMMARY

A comprehensive analytical formulation of the fatigue behaviour of highway bridge cables under wind
loading is presented in this paper. The formulation includes the deflection and bending stress of high-
way bridge cables under wind-induced vortex shedding vibrations. The fatigue behaviour of bridge
cables resulting from the stress reversals caused by vortex shedding is investigated analytically in this
paper using the methodologies of linear elastic fracture mechanics. An attempt is made to compare the
results of fatigue life obtained from the formulation with the available experimental data.

RESUME

Une formulation analytigue compréhensive du comportement a la fatigue des cables de ponts autorou-
tiers soumis aux actions du vent est présentées dans cet article. La formulation inclut la déformation et
la contrainte de flexion de ces cdbles sous des vibrations dues a des tourbillons alternés de vent. Le
comportement a la fatigue des cables de ponts résultant d’inversions de contrainte produites par des
tourbillons alternés est analysé dans cet article par la méthodologie de la mécanique de la rupture liné-
aire élastigue. Un essai de comparaison des résultats de durée de vie obtenus par la formulation avec

les données expérimentales disponibles, a été fait.

ZUSAMMENFASSUNG .

Der Beitrag behandelt die analytische Formulierung des Ermidungsverhaltens freier Briickenkabel und
-seile unter Windlast. Die Untersuchung beriicksichtigt die Deformationen und Biegespannungen infolge
der durch Wirbel hervorgerufenen Schwingungen. Das Ermidungsverhalten unter Wechselbeanspru-
chung durch die Wirbelwirkung wird unter Anwendung der Methode der {inear elastischen Bruchme-
chanik analytisch behandelt. E£s wird der Versuch unternommen, vorhandene experimentelle Ergebnisse
uber die Lebensdauer unter Ermiidungsbeanspruchung mit der rechnerischen zu vergleichen.
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1. INTRODUCTION

Although the concept that a bridge deck can be strengthened by stay cables was first
conceived by Fanstus Verantius [1] in Italy, during the early seventh century, the
large scale application of this concept to major bridges was quite recent, especially
in the U.S.A. The detailed behavior of cable-stayed bridges and the design and
construction procedures have been well-established and are available in standard
references [1, 2]. However, there are still gaps of knowledge at the present time;
for example, there exists no guidelines for stay cable design for prevention of
fatigue failure of stay cables due to wind-induced vibrations.

Stay-cables are susceptible to Strouhal vibrations. If the prevailing wind velocities
in a geographic location frequently produce resonance conditions in the cable, it is
conceivable, or even probable, that the individual wires in the cable may fail due to
wind-induced fatigue loadings.

Although a number of fatigue tests of wires and cables are available in the litera-
ture, there is a paucity of analysis of wire fatigue through a rational procedure.
Even more difficult is the problem to extrapolate the failure of individual wires
to the probably failure of the cable as a whole.

This paper entails an initial attempt to fill this gap of knowledge.

2. STRUCTURAL CHARACTERISTICS OF STAY CABLES

The fatigue behavior of stay cables depends, to a large extent, on its structural
properties which, in turn, depend on the geometry of the cable configurations.

Under the category of helical wire cables, single strand and multiple strand construc-
tions of a wide variety of configurations are possible. Figure 1 shows the two

types of cable configurations commonly used in bridge structures. These are:

parallel wire cables and helical wire cables.

Cable with Parallel Wires
Figure 1. Cable Configurations

Parallel wire cables are made of uncoated, stress-relieved wires which have ASTM
designation A421-77BA. Helical wire structural strands are made of zinc-coated
steel wires having ASTM designation A586-68, while multiple strand helical cables
are manufactured according to ASTM specification A603-70. The mechanical properties
of these materials are shown in Table 1.
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Table 1. Mechanical Properties of Cable Materials

) Zinc Nominal Minimum Stress Minimum

Material Coating Diameter at 1% Extension Tensile Strength

Class mm MPa MPa

A 586-68 A 1.016-2.794 1477 1517

2.820 1576 1517

B 2.286 1477 1448

E 2.286 1379 1379

A 603-70 A 1.016-2.794 1477 1517

2.820 1576 1517

% }.g}g 1477 1448

. 1379 1379

A 421-77 4,978 1407 1655

(Type BA) 6.350 1407 1655

7.010 1377 1620

When cables are used as structural members, consideration must be given to various
factors which determine their load bearing capacities and performance characteristics.
One of these factors is the end anchorage which connects a cable to other supporting
structural members. End anchorages vary widely in their design and manufacturing
techniques and their selection depends on the sizes and properties of the cables to
which they are attached. An overview of different cable constructions with parti-
cular emphasis on various end anchorages may be found in references [1] and [2].

The reader is also referred to a recent paper on fatigue resistant tendons for cable
stayed construction by Birkenmaier [3].

3. FATIGUE ANALYSIS OF STAY CABLES

3.1 Wind-Induced Fatigue Loading

Stay cables used as structural components in bridges are frequently subjected to
wind forces which result in vortex shedding. If the vortex shedding frequency is
close to any of the natural frequencies of a stay cable, a nonlinear phenomenon
known as synchronization or lock-in occurs, and in unfavorable conditions, the cable
can undergo large amplitude vibrations.

Recently Basu and Chi [4] investigated the dynamic response of stay cables by con-
sidering a simplified vortex excitation model whereby the driving wind force was
harmonic with magnitude proportional to the 1ift coefficient and with frequency
equal to the Strouhal frequency. The analytical procedure was used to determine
the deflections and bending stresses of stay cables.

Table 2 illustrates typical results of deflections and bending stresses for the
main cables of the Intercity Brodge on Columbia River in Pasco-Kennewick, Washington,
U.S.A. Properties of the cables are given below:

Length 154 m

OQuter diameter of cable 15 cm

Wire diameter 6.35 mm BBR-type
Number of wires 283

Maximum moment of inertia 855 cm2

Axial stress 745 MPa

Young's modulus 200 GPa
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Table 2. Computation of Defliections and Stresses

Natural Critical Wind Maximum Maximum
Mode Frequency Velocity Deflection Bending Stress
rad/sec km/hr mm MPa
1 6.5578 2.74 1.082 0.5647
3 19.0608 8.27 1.215 1.7149
5 43.7219 18.98 1.315 3.9064
10 64.5815 28.04 1.093 5.8299
15 96.2724 41.79 1.216 8.8690
29 190.1227 82.52 1.215 18.5110

It is seen that for commonly occurring wind velocities, the magnitude of the maximum
bending stress is less than 25 MPa. Moreover, the maximum bending stress is expected
to occur at end anchorages. It should be noted that this wind induced bending stress
is reversible and cyclic in nature which may cause cables to fail in fatigue.

3.2 Fatigue Life of a Wire

Consider a single wire subjected to wind-induced fatigue loading. The fatigue
initiation life of the wire, Nj, is given by the following relationship:

Nj = C1 (a0)" (1)

where Ac is the nominal stress range, and where C1 and y are two constants which
depend, in general, on the material properties. Basu and Chi [4] computed the values
of C1 and vy by a statistical fit of various test data on the fatigue 1ife of high
strength steel wires, and found that for wires with average tensile strength of

1650 MPa:

¢, = 1.57 x 1026

and y = 7.5
The fatigue initiation 1ife of a single wire can therefore be calculated from the
knowledge of C; and .

The fatigue propagation life of a single wire can be determined from the following
relationship:
da

5= G ()t (2)

where a is the crack size, &K (or equivalently, AK;} is the stress intensity factor
range, and C2 and u are two parameters which depené, among other things, on material
properties. Barsom [5] tested various martensitic steels for fatigue crack propa-
gation and found that:

u=2.25 and 0.27 x 10°8 < 8

C, < 0.66 x 10

2

for steels having yield strength ranging from 550 MPa to 2000 MPa. We therefore
assumed that u = 2.25 and C2 = 0.66 x 10-8 for the fatigue propagation in a single
wire.

The propagation life can be obtained by the direct integration of Equation (2).
For a circumferential crack in a solid cylinder, the stress intensity factor, Ki»
can be approximated as follows [4]:
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2
K; = ofl + .054 () } va (3)
where R is the radius of the wire. Equation {3) may be used to compute the critical
crack size, ag, if the fracture toughness, Kic, and the maximum stress level, opax.
are known. Figure 2 shows the fatigue propagation life of a single wire for
various values of initial crack size, a,, and for a fracture toughness of
100 MPa +/m.
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Figure 2. Fatigue Propagation Life of a Single Wire
3.3 Fatigue Life of Cable

Our model for the fatigue failure of a cable is based on the assumption that when-
ever a wire fails, its load is redistributed equally among the remaining wires.

As the number of brocken wires increases, the axial stress of unbroken wires would
eventually reach the ultimate tensile strength of the wire material at which point
the final failure of the cable occurs. Obviously, the number, m, of wires that
fail by fatigue before the cable collapses is smaller than n, the number of wires
in the cable.

Consider the fatigue life of a single wire is Gaussian distributed with mean life
N and a standard deviation s. Then the probability of a single wire having a
fatigue life of N cycles is given by:

_ (x=W)?
N 2s2
1 2 (4)
N} = e dx
i é Y215

The problem of determining the fatigue 1ife of a cable is now equivalent to computing
the probability of failure of m wires out of a bundle of n wires which is given by:

m-
P(m,n) = (7)¢" " (1-0)" (5)
This type of probabilistic formulation has been developed elsewhere by Andrd and
Saul [6] for parallel wire cables. Assuming now that the joint probability distri-
bution, p(m,n) is also Gaussian, the average life of the cable may be calculated.
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Figure 3 shows typical plots of the average fatigue life of a 7xl wire cable in
comparison to the fatigue 1ife of a single wire.

700 Legend
—0-— 6.35 mm single wire (ou=1650 MPa)

= 600 P —®— 1x7 6.35 mm wire cable (2 wire
= failure)
~ Scatter of singie wire fatigue data
3 500 [
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5 300 | Standard deviation
i = 10% of mean

200 RN RS S BN I W ETT oyl
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Figure 3. Fatique Life of Wire and Cable

4. COMPARISON WITH EXPERIMENTAL RESULTS

Fatigue testing of high tension wires and cables have been reported by a number of
various authors but the varfables in these tests are so different from one another
that a direct comparison between the test results and the analytical results are

not possible. Only an order of magnitude comparison can be made in a meaningful
manner .

Birkenmaier [3] reported test results of dynamic tensile fatigue of 7 mm diameter
single wires and wire bundles subjected to 2 million fatigue cycles at different
stress ranges. The results are shown in Figure 4. The fatigue limits have also
been computed for single wires using the above analytical formulation, and the
results are also plotted in Figure 4. The comparison between analytical and experi-
mental results shows a good agreement for single wires.

700 Legend
600 —o— 6.35 mm single wire (au=1650 MPa)

(MPa)

—®— 7.00 mm single wire (ou=1690 MPa)

—®— 1x19 6.35 mm wire cable (7 wire
failure)

1x19 7 mm wire cable (1 wire

Stress Range Ag
S
o
o
|

300 |- failure, reference 3 )
+ Q.’
200 Lo vl g panl g gl !
10° 108 107 10°8

Number of Cycles N
Figure 4. Comparison of Wire and Cable Fatigue Data [3]
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5. CONCLUDING REMARKS

The analysis shows that there is a correlation between the fatigue 1ife of a single
wire and that of a cable or a wire bundle. In principle, it is now possible to
determine the fatigue behavior of stay cables on basis of the structural character-
istics and fatigue behavior of single wires. Evidently, a complete understanding
and analysis of the same requires an extensive amount of additional research and
the present paper may be considered as an initial effort in this direction.

Conversion of units:

1m=39.37 in. 1 MPa = 1 N/m> = 145 psi 1 GPa = 1 KN/m> = 145 ksi
1 MPa vm = 0.91 ksi vin.
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Zuggtieder aus gebiindelten und verseilten Drahten
Tension Members in Steel Wire Strand and Rope

Membrures tendues en fils d’acier sous forme de toron et de corde

K. GABRIEL

Dipl. -Ing.
Universitat Stuttgart
Stuttgart, BRD

ZUSAMMENFASSUNG

Hergestellt aus verseilten oder geblindeiten hochfesten Stahldrahten zeigen die verschiedenen Zugglie-

derkonstruktionen ein sehr unterschiedliches Gebrauchslast- und Versagensverhalten. Die statisch und
dynamisch ermittelten Kennwerte an normalen kurzen Proben werden zur Bestimmung des Zugglied-

verhaltens bendtigt wie im Bericht dargelegt. Die verschiedenartigen Einflisse von mechanischen Scha-
digungen und Reibung auf die Ermidungsfestigkeit wird eridutert. Sie sind im konstruktiven Entwurf

zu berlicksichtigen.

SUMMARY

The use of high strength steel wire in either strand or rope form leads to very different service and ulti-
mate load behaviour in tension member structures. To understand the behaviour of these forms of
tension members the necessary data from static and dynamic testing of standard, short specimens are
presented in this paper. The various influences of mechanical defects and friction effects on fatigue
resistance, which must be considered for structural design, are also investigated.

RESUME

L'utilisation de fils d’acier a haute résistance en forme de toron ou de corde conduit a un comporte-
ment trés différent sous charges de service et de ruine dans les structures 8 membrures tendues. Pour
comprendre le comportement de ces membrures tendues, les indications nécessaires obtenues a partir
d'essais statiques et dynamiques sur des échantillons standards courts sont présentées dans cet article.
Les diverses influences des dommages mécaniques et du frottement sur la résistance a ia fatigue, qui
doivent étre prises en compte pour le dimensionnement structurel, ont également été examinées.
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1. Einleitung

Die Halbzeugform des metallischen Drahtes ist schon seit Jahrhunderten bekannt.
Buntmetalle waren die ersten Drahtwerkstoffe, bis sie vom Eisen und yom Stahl
zurlickgedrangt wurden. Der Stahldraht mit Festigkeiten Uber 1000 N/mm“ wurde
schon vor hundert Jahren in der Bau- und Fordertechnik verwendet. Die Forder-
technik hat den Stahldraht verseilt und in verschiedenen Konstruktions-und
Macharten im Kran-, Berg- und Schiffbau eingesetzt, widhrend der Draht im Brik-
ken-und Spannbetonbau zur Hauptsache in Bindelform Verwendung fand. In der Bau-
technik Ublich sind heutzutage unlegierte Stahldrahte ( vergiitet oder paten-
tiert kaltgezogen),mit Durchmessern von 3 bis 7mm und Festigkeiten zwischen
1470 und 1670 N/mm“, Fir Seile werden ausschlieBlich patentiert kaltgezogene
Stahldrahte bendtigt, fir den Spannbetonbau missen die patentiert kaltgezogen-
en Drahte angelassen werden.

Die hohen Festigkeiten der Drahte und wirtschaftliche Herstellungsverfahren ha-
ben die Voraussetzung fir eine zunehmende Verbreitung der Drahte im Bauwesen ge-
schaffen. Neben dem groBen Einsatzbereich des Spannbetonbaues werden gebindelte
oder verseilte Dridhte immer hdufiger als freie Zugglieder verwendet, bis hin zu
Tragwerken aus nur auf Zug beanspruchten Bauelementen [ 1] .Entwicklungsgeschicht-
lich betrachtet nehmen die rein zugbeanspruchten Tragwerke eine Sonderstellung
ein. Mit ihnen erschlieBt sich zwar eine groBe Formenwelt (Fig. 1) mit optimaler
Materialausnutzung, sie sind aber in der Anwendungsbreite eingeschrankt[4] . In
der menschlichen Umwelt mit ihrer Enge, ihren Verkehrsbedirfnissen und der Em-
pfindlichkeit des Menschen auf Schwingungen, ist ein kompakteres, rechtwinkliges
und steiferes Tragwerk aus gemischten Traggliedern (Zug-mit Druck-und Biegeele-
menten) erforderlich., Diese "hybriden" Tragwerke mit Zugelementen, welche sinn-
vollerweise den Hauptbinder eines weitgespannten 0bjektes bilden, sind dem Leicht-
bau zu_zuordnen und kénnen demzufolge schwingungsempfindlich sein oder missen
aufgrund des hohen Verkehrslastanteils groBe Spannungswechsel ertragen. Bei der
Wahl des statischen Systems und der Zuggliederkonstruktionsart sowie bei der
Durchbildung der konstruktiven Details und des Langzeitschutzes ist daher die
Ermidungsfestigkeit zu beachten [ 47 .Bisher bekannt gewordene Schiden an Zug-
elementen waren in den seltensten F&dllen allein auf reine Materialermidung zu-
rickzufihren, immer spielten konstruktive Mangel eine Rolle.

Fig.2 Vorgespannter Seilbinder mit Fig.l Netzflachen aus Seilen als
biegesteifer Dachflache als rein zugbeanspruchtes Trag-
Beispiel eines hybriden Trag- wverk mit groBer Formenviel-

verkes falt
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2. Systematische und Einzelfehler - Die Streuung der Drahtkennwerte

Abveichungen in der Zusammensetzung der Legierungsanteile, der GroBe der Kaltum-
formung, der Ausbildung des Ziehsteines und der Temperaturbehandlung sind system-
bedingte Fehler, deren Ausmerzung einen nicht zu vertretenden Aufwand erfordern
wirde. Sie sind in ihren Auswirkungen zu berlicksichtigen [3] . Riefen, Kratzer,
Druckstellen und Uberwalzungen sind Einzelfehler, die mit Hilfe einer ausreichen-
den Uberwachung ausgemerzt werden sollten. Treten sie trotzdem auf, sind ihre Aus-
wvirkungen viel tiefgreifender als die der Fertigungstoleranzen.

In Fig. 3 sind einige mechanische Kennwerte von Seil-und Spanndrihten mit ihren
statistischen Daten angegeben, wihrend Fig. 4 die Haufigkeitsverteilung von Er-
miidungsbrichen an teilweise geschddigten Drdhten angibt, die Uber der Lastspiel-
zahl aufgetragen wurden. Die Kennwerte sind an Proben mit ca. 200 mm L&nge ermitw
telt worden 5-] .

In den folgenden Betrachtungen werden Einzelfehler ausgeschlossen und es wird
davon ausgegangen, daB die systematischen Fehler sich als Streuung einer homoge-
nen Haufigkeitsverteilung erfassen lassen,

Eigenschaften DIN | IS0 |Benennung X s X s
Zugtestigkeit By | Ry | Nimm? 1771 3% 1822 48
FlieNgrenze %2 Rp0,2 N/mm 1580 39 1372 55
GleichmaNdehnung 5gl Agl °loo 34 6 18 4
Reiffestigkeit Briss | . R Nfmm?2 1293 - 1457 -
Steitigkeit E E N/mm2 206 930 3760 192 744 5200
Pritlange im stat. Versuch { l mm 100 - 100 -
Schwingfestigkeit bei 2105 Last- | ¢ R N/mmZ2 log 468 = 267 | log s = . .
el D d g . 0g 5;=0,05 | log 300 =2,48 log s;=0.10

Oberspannung % N/mm2 800 5 1600 -
Probenldnge 1 1 mm 200 - 200 -

Fig.3 Mechanische Eigenschaften von unlegierten Stahldrihten mit ihren
statistischen Daten

3. Hinteneinanderschaltung und Parallelschaltung

Alle Werkstoffkennwerte werden an handlichen, d.h. kurzen Probestiicken ermittelt.
Ein Zugelement im Bauwerk scll jedoch eine groBe Lange haben, um den Aufwand der
Verankerungskonstruktionen gering zu halten (L = n 1,) und wird immer aus mehre-
ren Dridhten zusammengesetzt sein (X A £ m<A.). Der EinfluB der Hintereinander-
schaltung und der Parallelschaltung auf den Hittelwert und die Streubreite von
langen und aus mehreren Einheiten bestehenden Zuggliedern ist der Fig, 5 zu ent-
nehmen]:SJ . Zu beachten ist dabei, daB nicht alle Kennwertverinderungen den
statistischen Begriffen der Hintereinander-und der Parallelschaltung folgen.
Wihrend die reinen Verformungskennwerte (Elastizit&tsmodul, Proportionalitéts-
grenze, Flieflgrenze) mit den Faktoren n und m der Parallelschaltung entsprechen,
muB bei den Versagenskennwerten (GleichmaBdehnung, Zugfestigkeit) zwischen der
Hintereinanderschaltung n und der Parallelschaltung m unterschieden werden.,

Auch die Ermiidungsfestigkeit ist ein Versagenskennwert, der allerdings einem
spriden Werkstoffverhalten entspricht, auf welchen der oben verwendete Begriff
der Hintereinanderschaltung zur Darstellung der Verhaltensveise des einzelnen
Drahtes angewendet werden kann. Der Begriff der Parallelschaltung, der im Falle
des duktilen Gewaltbruches eine naherungsweise Mittelwertbildung der Festigkei-
ten erlaubt, ist fiir die Ermiidungsfestigkeit nicht verwendbar, weil eine Bezieh-
ung zwischen dem Einzeldrahtkennwert und dem Blndelkennwert nicht erkennbar ist,
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Fig.4 Die H&ufigkeitsverteilung von Fig.5 Abnahme von Erwartungswerten
Ermiidungsbrichen bei gleich- an langen und gebiindelten Pro-
artiger Schw1ngun93beanspruch_ ben fur verschiedene Fraktile-
ung, aufgetragen Uber der Last- verte; beriicksichtigt wird die
spielzahl " Hintereinanderschaltung (n)"

und die "Parallelschaltung (m)"
von Eigenschaften, deren GriGe
an kurzen Proben ermittelt wur-
de; die statistischen GroBen

/ = x und s gelten fir die kur-
zen Proben

4. Ermidung von Dridhten

Unter schwingender Belastung kinnen an den Korngrenzen im Bereich mikroskopisch
kleiner Inhomogenitidten RiBkeime entstehen, die mit wachsenden Lastwechselzahlen
groBer werden. Dieses Wachstum kann fortschreiten, einzelne Risse zusammenwach-
sen und diese konnen dann als AnriB den Bruch einleiten. Aber es besteht auch
die Mdglichkeit, daB sich das Werkstoffgefiige stabilisiert d.h.: trotz vorhande-
ner Mikrorisse tritt kein weiteres Wachstum der Risse auf und der Werkstoff wird
als dauerfest bezeichnet.

Wenn die angelegte Oberlast groBer wird als die Widerstandskraft des Restquer -
schnittes, tritt der Bruch ein, Bei kaltgezogenen Stahldréhten werden Anrisse
bevorzugt an der Werkstoffoberfldche entstehen und sowohl die Oberfldchenrauh-
igkeit als auch die Grenzstruktur (z.B. Randentkohlung) beeinflussen die Ermid-
ungsfestigkeit des Stahldrahtes entscheidend.

Die dem Bruch zuzuordnende Lastwechselzahl wird als maBgebliches Resultat fir
die Erstellung eines Wohlerfeldes verwendet (Fig. 6), obwohl hier kein direkter
Zusammenhang zur kurz vor dem Bruch merklich verminderten statischen Sicherheit
beriicksichtigt wird.
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Aber selbst aufbauend auf den Lastspielzahlen bis zum Bruch der Prpbe wurde das
Wohlerfeld bisher nur im Bereich der normenmafig vorgegebenen 2.10° Lastwechsel
untersucht und die davorliegende Zeitfestigkeit einer intensiven Analyse unter-
zogen.Im Dauerfestigkeitsbereich ist iUber die Struktur des Wohlerfeldes noch
sehr wenig bekannt [57 . Das Wissen um diesen Bereich muB aber vertieft werden
wvenn von den Ergebnissen an kurzen Proben auf das Verhalten des langen Drahteé
geschlossen werden soll, was bisher nur in einzelnen Untersuchungen an Biindeln
aus parallelen Drahten gegliickt ist.

Das Verseilen der Drahte und die Verankerungssysteme haben Zusatzbeanspruchungen
zur Folge und beeinflussen auf diese Weise die Drahtkennwerte. Die Ermiidungs-
festigkeit fdllt im Bereich von Beanspruchungen, die nur drtlich begrenzte Um-
formungen erzeugen, auf Mindestwerte ab und Vorgadnge, die als Folge von Last-
§chleifen Energie in den Werkstoff eintragen, wie innere (Gleitungen) und
duBere (Reibkorrosion) Reibung, verhindern den stabilen Gefligezustand, der Vor-
aussetzung fiir die Dauerfestigkeit ist (Fig. 7).

Aufgrund verschiedener Forschungsergebnisse
—Reines Eisen besitzt keinen Bereich strengelastischen Verhaltens
-Menge und Art der Legierungsanteile beeinflussen die Ausdehnung des
streng elastischen Bereiches [:3J
_Thermische und mechanische Nachbehandlung, die keine Kristallumwandlung
bewirken, erweitern den streng elastischen Bereich nicht, sondern schaf-
fen nur eine mehr oder weniger gute quasielastische Erweiterung (Fig. 9)
~aufgrund von Inhomogenitaten (Kerben, SchweiBnihte,...) geschéadigte
Werkstoffe fallen in der Ermiidungsfestigkeit auf einen bestimmbaren
Mindestwert ab, der von der Werkstoffnachbehandlung unabhdngig ist
und ganz gut mit der GroBe des streng elastischen Bereiches iberein-
stimmt
kann die Behauptung aufgestellt werden, daB sich das dynamische Verhalten
eines Werkstoffes mit Hilfe von statischen Feindehnungsmessungen eingrenzen
1503t.

5 Einflilsse der Konstruktion

Infolge der Drahtverseilung sowie im Verankerungs- Umlenk -und Querpressbereich
der Zugglieder aus hochfesten Dréhten treten Zusatzbeanspruchungen auf [47 .
Diese zusitzlichen Einflisse sind zu unterteilen in Schadigungen mechanischer
(Kerben, Spannungsspitzen) und energetischer (Reibung, Oxydation) Art. Lokal
begrenzte mechanische Einfliisse kdnnen die Dauerfestigkeit des Werkstoffes nur
bis auf die Grenze des streng elastischen Verhaltens herunterdriicken, die
energetischen Einfliisse konnen die Dauerfestigkeit ausldschen.

Die mechanischen Einfliisse entsprechen Einzelfehlern, wie sie bei der konstruk-
tiven Detailausbildung, dem Transport und der Montage gemacht werden k&nnen.

Die energetischen Einfliisse kdnnen nur teilweise iiber die konstruktive Durch-
bildung reduziert werden, um sie zu bek&mpfen, muB fir einen einwandfreien
Korrosionsschutz gesorgt werden.

Werden Drihte gebiindelt und als Probezugglieder in Laborversuchen geprift, so
ergeben sich theoretische Idealwerte, die in der Praxis als Folge einer schlech-
ten Verankerung oder einer Betonumhiillung abgemindert werden.

Sind Drihte verseilt, so werden die Laborversuche an den Seilen immeTr schlechter
ausfallen als die Resultate einer gleichartigen schwingenden Beanspruchyng

eines einwandfrei korrosionsgeschiitzen Seiles im Bauwerk.

Am Institut fir Massivbau der Universitét werden die Kennwerte der heutzutage
iiblichen Driahte untersucht und mit ihren statistischen Daten festgehalten.
Die Einfliisse der konstruktiven Durchbildung auf diese Werte werden herausge-
arbeitet und weitgehend mittels konstruktiver MaBnahmen eliminiert, Diese Ar-
beiten werden im Vortrag angesprochen.
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Fatigue Resistance of Large High Tensile Steel Stay Tendons
Résistance & la fatigue des cables de fils a haute résistance

Ermiidungswiderstand von Paralleldrahtkabeln grosser Tragfahigkeit

M. BIRKENMAIER R. NARAYANAN
Dipl. Ing. ETH, Dr. h.c. M. Sc.,

Bureau BBR Ltd. Stahlton AG
Zirich, Switzerland Zurich, Switzerland
SUMMARY

Large parallel wire stay tendons are being increasingly used in major bridge structures. This paper con-
siders the various factors influencing the fatigue resistance of such stay tendons. In the case of HiAm
and DINA tendons designed against fatigue according to the “limited damage’’ concept described in
this paper it is possible to guarantee that all tendons in the construction remain intact and serviceable
throughout their entire service life.

RESUME

Les cables a fils paralléles de type HiAm et DINA de grande capacité portante sont de plus en plus
utilisés pour la construction des ponts haubannés. Les différents facteurs qui influencent la résistance
3 la fatigue de tels cables sont présentés dans cet article. Pour le dimensionnement 2 la fatigue de ces
clbles on a adopté un concept de limitation des dommages, ce qui garantit que tous les cables HiIAm et
DINA conservent toute leur capacité portante pendant la durée de vie de |'ouvrage.

ZUSAMMENFASSUNG

HiAm- und DINA-Paralleldrahtkabel grosser Tragfahigkeit sind in letzter Zeit vermehrt im Grossbriik-
kenbau verwendet worden. |m vorliegenden Beitrag werden die verschiedenen Faktoren beschrieben,
welche den Ermiidungswiederstand solcher Grosskabel beeinflussen. Fiir die Bemessung auf Ermidung
wird ein Schadenbegrenzungs-Konzept vorgestellt, welches garantiert, dass samtliche HiAm- bzw.
DINA-Kabe! einer Konstruktion wahrend ihrer Lebensdauer die volle Tragkapazitat beibehalten.
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1. INTRODUCTION

During the course of the last decade there has been a considerable increase in
the number of cable stayed structures which have been designed and erected. This
form of construction has enabled the structural engineer to provide elegant so-
lutions to large span construction at an economic cost. Figs. 7, 8 and 9 show
examples of recently completed stayed bridges. One of the principal structural
elements in such structures is the tensile stay which transmits the main girder
loads to the supporting pylon. The types of stay tendons commonly used are built
up from parallel strands or parallel wires or locked coil rope. During recent
years there has been an increase in the use of high tensile steel parallel wire
tendons in stayed structures.

Fig.1l shows a cross-section of a typical parallel wire stay- Polyethylene duc

tendon used in bridge construction. The wire bundle consists

of 7 mm dia. cold-drawn, patented high tensile steel wires

with ultimate tensile strengths between 1600 and 1800 N/mmZ.

Max. bundle sizes of 365 wires 7 mm dia. having an outside

diameter of 200 mm have been realised. A robust 3-part pro-

tection system is provided through

@ a film of anticorrosion fluid coated over the wires during
the assembly of the wire bundle,

® a high-density polyethylene duct (wall thickness 8 mm to
11 mm) which also protects the tendon during transport and
erection and permits the tendon to be wound on to a bobbin
for delivery and erection purposes, and

® a resin-enriched cement grout injected into the polyethy-
lene duct after the final force adjustment in the stay tendon.

Shims Bearing plate Bearing plate |
Shims !
DINA compound fa——— 680mm ,1 )
NN Polyethylene duct [ Gasket HiAm compound W
§ Wire bundle
132 dia. 7mm T |
3 -
) |
S = F £ f
3 — SE & S
g ——— g g
B — — L] g
1 7 9 il
T [ I Polyethylene
150mm | duct
'BBRV Cover plate ‘ | |Anchor socket
|
button heads Seal plate BBRV button heads |Wire bundle
Anchor head Steel plate 312 dia. 7mm
Fig.2 Fig.3

Figs. 2 and 3 show the BBRV-DINA and HiAm anchorages used for such stay tendons.

Fig.4 . Fig.5 Fig.6

Figs. 4, 5 and 6 show various stages in the manufacture and erection of a HiAm
stay tendon [1].
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Tendon data for 3 stayed

bridges recently completed

in Europe are given below.
] R Save Bridge Belgrade, YUG
[2], Fig.7:
for double track railway
traffic. Steel box girder
with main span of 254 m.
Total 64 HiAm tendons clus-
tered in groups of 4. Max.

o

s

290 wires 7 mm dia. per
tendon. Max. length of ten-
don 116 m. Tendons arranged
in two planes.

Danube Bridge Novi Sad,
YUG (3), Fig. 8:

for double track road traf-
fic. Steel box girder with
main span of 351 m. Total
48 HiAm tendons clustered
in groups of 4. Max. 312
wires 7 mm dia. Max. length
of tendon 158 m. All ten-
dons arranged in one plane.
Lyne bridge GB (4),

Fig.9:

for double track railway
traffic. Prestressed con-
crete girder with two spans
of 54.9 m each. Total 16
DINA tendons with 79 wires
7 mm dia. Max. length of
tendon 42 m. Tendons ar-
ranged in two planes.

Fig.9

Two typical features of this form of stayed construction are the large tensile
forces directly transmitted by the stay tendons and the fluctuation of tensile
forces in the tendons caused by the live load.

Table 1 shows the maximum and minimum tensile stresses in the stay tendons on
the 3 bridges referred to earlier.

Bridge Type Size of tendon Omax. Omin. (Omax.= 9min.)
with max. stress
variation N/mm?2 N/mm?2 N/mm2
SAVE Rail 4 x 260 dia.7 mm |450 229 221
(YUG)
NOVI SAD |Road 4 x 208 dia.7 mm |703 447 256
(YUG)
LYNE Rail 79 dia.7 mm |[711 587 124
(GB)
Table 1 Tensile stresses in bridge stay tendons

From these figures it can be seen that the fluctuations of tensile stresses in
the stay tendons are quite significant. The stay tendons used for such applica-
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tions should therefore not only be in a position to withstand large direct ten-

sile forces but should also be fatigue resistant.

The designer is interested in the following properties of the stay tendons

which play an important role in the choice of suitable tendon sizes.

® load-elongation characteristics of tendons
In indeterminate structures like a stayed bridge, the tendon forces and struc-
tural deformations are a function of this characteristic. This characteristic
is influenced by the type of wire bundle (i.e. whether parallel wire, paral-
lel strand or locked coil rope), the tendon length and the stress in the ten-
don. The parallel wire tendon possesses an accurately predictable high value
of Young's modulus E which remains constant over an unlimited number of load-
ing and unloading cycles in the stress range encountered in stayed struc-
tures.

® ultimate strength of tendons composed of a large number of wires and the fa-
tigue resistance of such tendons. The former property enables the engineer to
decide on a suitable cross—section for the tendon so that the maximum tendon
forces will be carried safely and the latter property enables him to ensure
that at no time in the life of the structure will the repeated loadings cause
distress in the tendons.

2. BEHAVIOUR OF PARALLEL-WIRE TENDONS UNDER STATIC AND FATIGUE LOADING

The question associated with these properties is how to accurately forecast and
guarantee values for the static and fatigue resistance of stay tendons which
could be as long as 200 m and as large as 365 wires 7 mm dia. in cross-section
taking into account the numerous factors which can have an influence on these
values.

2.1 Basic wire material

One of the most important factors affecting the static and fatigue resistance
of tendons is the quality of the basic wire material used in their manufacture.
The weight of wire used for tendons on a single project can be quite large. For
example, 413 tons of cold drawn high tensile steel wire 7 mm dia. were used for
the tendons on the Save Bridge, Belgrade. This material was delivered as 826
wire coils each of 500 kg weight. To assess the static and fatigue properties
of such a large wire collective it is important to use the correct testing
methods, to devise an adequate sampling procedure, and to employ suitable sta-
tistical methods for the evaluation of test results.

Static resistance:

For the Save Bridge project, a minimum of 2 specimens were taken from each wire
coil and tested to determine the static tensile strength. In addition the yield
stress and elongation after rupture were determined on a limited number of these
specimens. Table 2 shows the results.

Number Average Standard
of tests deviation
Tensile strength (N/mm2) 1800 1733 * 33
vield (0.2 proof limit) (N/mm2) 361 1548 + 39
Elongation after rupture &1 (%) 361 8.1 *+ 0.5
Table 2 Results of static tensile tests on wire

These results clearly show the uniformly high quality of this type of wire in
respect of its static tensile strength properties.
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Fatigue resistance:

In order to define the fatigue behaviour of wire completely it is necessary to
possess information in the finite as well as infinite fatigue life range. This
can then be represented in the form of a WShler curve relating the stress range
A0 = 20a to the number of load cycles N. Since fatigue test results display a
large scatter it also becomes necessary to obtain sufficient information from
tests to enable the various fractile Wohler curves to be plotted. In the case of
a large wire collective this implies that a large number of specimens have to be
tested. There is however a practical limit on the number of test specimens which
is imposed by the time to be spent on the tests and the costs incurred on test-
ing. For the Save Bridge project 210 wire specimens were tested, which works out
to roughly 1 specimen for every 4 wire coils used. The testing was organized to
give a "complete random block". As shown in Fig.l10 this was achieved by choosing
5 equally spaced values of stress range Ao = 20p = 350, 400, 450, 500 and 550
N/mm?2 and testing 42 specimens at each of these values of stress range. Obvi-
ously the Ag wvalues should be chosen in a range where fatigue failures will
occur. Testing was done up to a maximum value of two million load cycles. It was
assumed that practically infinite fatigue life is reached when a specimen en-
dures the applied dynamic load for two million load cycles. Specimens which fail
below this value of N are said to be in the finite fatigue life range. The
values of N at which the specimens ruptured during the test are marked by the
vertical dashes in Fig.10. The numerical values against the circles give the
number of specimens which did not rupture during the test duration over

Ng = 2+10% 1cad cycles. The large scatter of test results is evident from this
figure and this characteristic is displayed by the very same wire whose static
tensile characteristics are remarkably uniform.

Fatigue test results at 5 stress range levels with constant
upper stress agg = 750 N/mm?

j fe S‘PECIMEN RUPTURED P t/n | Pr 1 = specimen length = 200 mm
_ ] 3 n = N® of specimens for each
O = SPECIMEN NOT RUPTURED stress range Ao
550 42 |42 | 100 | 98.4 r = N2 of ruptured specimens
- . " for Ng € 2 x 10°
- ! " 42 138190.5 | 89.0 Pr = Probability of rupture
E 450 it ——H 42 124 [57.1 [55.9 ACE o HELtL]
: ok 2| 7167 17| “HEixe
:400 t (for r = 0, Py = g1 x 100)
o
§ 350 421 0 0O 0.8
g
s Zn=210

05x10°  10x10°  20x10°
Load Cycles (Log M)

01x10°  02x10

Fig.10

Figs.1l and 12 show the methods employed to derive the various fractile values
for the endurance limit (Ng = 2+10°8 cycles) and the fatigue strengths for finite
life. These values have been used to plot the 5 % and 50 % fractile Wohler
curves shown in Fig.13, Ideally it would be desirable to have a Wohler curve
with Pr ¢ 0 which would define the absolute minimum fatigue strength for the
wire collective. It is possible to estimate this value using the [arc. sin /Pr]
Transformation. In the case of the wire used for the Save Bridge such a trans-
formation yields a value of 340 N/mm2 for the finite fatigue life strength

(Ng = 2°10° cycles) compared with the 5 % fractile value of 378 N/mmZ.



668 FATIGUE RESISTANCE OF LARGE HIGH TENSILE STEEL STAY TENDONS
Evaluation of test results to determine fatlgue Evaluatlon of test results to determine fatlgue strength
endurance limit, (Ng = 2 x 106} for finite life
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Cases may arise where only a limited number of specimens are available for

11

Fig.12

test-

ing. In such cases the "staircase" method of testing [5] may be adopted to ob-
tain values of infinite fatigue life strength for the material tested

(Ng

2+10° cycles). This method is however not as accurate as the complete ran-

dom block method described earlier. Fig.l14 shows the results of an evaluation of
such a testing using 25 specimens for each of 2 different lengths 1 200 mm and
1 600 mm. The 2 lines tend to converge to a common point along the line Pr = 0.
For the same number of specimens tested the longer specimens include a greater
amount of wire material and therefore the Ac value for Pr 50 % and the stand-
ard deviation § are smaller than the corresponding values for shorter specimens.

Wohler Curves for Wire St 1500/1700, dia. 7 mm Fatigue strength {(Ng = 2 x 106 cycles) determined
Determined from tests using the complete random block method on difterent speclmen lengths,
7 7
/7 4
»®
95
550 1 —q 74 /
90 4
/
_— sof- oty . e
x /TO__
-70 x e
- P, =50% i " +
= s - 60 X, ’I s
= 2 59 /x /el *
450 e 443 | ‘20 & .
L o &l 7
2] @ 30 ”
E E 50 . % /: &
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2 400 % n? }/q- &
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g 1 =200m Pr= 5% 5 ; VA
=) 350 o I 4 T
g = A V/ 1 = Specimen length
2 3 yaw4 25 tests for each length
fad g 1 +
& £
01x10° 02x10° 05x10° 10x108  20x0° 300 350 400 450 500 550 600
Load cycles (log ) stress range Ao = 20, for N; =2 x 10° cycles (N/mm%)
Fig.13 Fig.14

The fatigue resistance properties of wire described above were established from
tests on 'as-drawn' wire specimens in a non corrosive environment. The necessi-
ty for an absolutely reliable system of protection against wire corrosion is
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evident from Fig.15 which shows the fatigue resistance of wires subject to dif-
ferent environments [6]. Specimens tested in sea water show a large reduction

in fatigue resistance. The protection system described in an earlier part of
this paper ensures that the wires in the tendon are protected from corrosive in-
fluences during service life.

In the search for a reliable corrosion
Fatigue strength of cold drawn 7 mm dia. wire

(St 1500/1700) tested in different environments. protection system to tendons, the pos-
700 sibility of a primary protection by
galvanizing the wire has also been con-
600 M sidered. Recent tests on galvanized,
Nl & cold-drawn high tensile steel St 1500/
g 400 AV S i 1700 wire specimens have yiilded infi-
2 \\\ '\\\\ nite fatigue life (N = 2+10° cycles)
& 00 AN = at a stress range A0 = 20p of at least
~ ® 450 N/mm2. These values lie well above
5 @ \\\ those obtained with ungalvanized wire
8 of the same quality.
s 100
2 @
) 0 0 7 10 oo
@ tnalr Load cycles (log N)
@ 1in water

@ In sea water

Fig.15
2.2 Anchored tendon

In all static and dynamic tensile tests on tendons fitted with HiAm or DINA an-
chorages the wire failure occured in the free length of the tendon. The anchor-
ages did not reduce either the static or the dynamic tensile strength of the
tendons. These tendon properties are therefore primarly governed by the corre-—
sponding properties of the wire bundle alone. This is reflected in Table 3 which
shows the results of static and fatigue tests carried out on various HiAm and
DINA tendons. All tendon specimens were subjected to various fatigue loads as
shown in the table. On conclusion of the fatigue loading, the tendon specimens
were subjected to ultimate static tensile tests to establish the static break-
ing loads. It was thus possible to establish the damage D caused to the tendons
by the foregoing fatigue loading. It is seen that the largest value of damage
observed in these tests was 1.3 % or a loss of 3 out of 295 wires in a tendon.
Even after 2-10° cycles of loading at Ag = 20 kp/mmZ (200 N/mm2) this tendon
was in a position to carry 98.7 % of its static breaking load.

. . . Breaking Test after
Disposition of Bundle Fatigue Test Fatigue
TYPE | NUMBER | STEEL AVERAGE CALCULAT- | UPPER AMPLITUDE | NUMBER | NUMBER REDUCTION | MEASURED | DAMAGE
OF GRADE TENSILE ED BREAK-| STRESS OF OF FAIL-|OF STEEL BREAKING
WIRES STRENGTH | ING LOAD CYCLES | URES AREA LOAD i
- 2y - 34
Bz 2u du bo 24 e
mm kp/mm2 { kp/mm2 Mp kp/mm2 | kp/mm2 N n $ Mp %
HiAM | 29597 |140/160 169 1880 56 20 2x106 3 1.0 1856 1.3
HiAm | 29567 |140/160 178 1980 59 20 2x106 1 0.3 1974 0.3
HiAm | 19¢7 ]150/170 179 128 60 20 2x10% 0 0 128 0
DINA ; 10297 1150/170 179 688.6 60 20 2x108 0 0 588.6 0
DINA | 557 ]150/170 175 363 110 25 2x10% 0 0 363 0

Table 3 Results of static and fatigue tests on HiAm and DINA tendons




670 FATIGUE RESISTANCE OF LARGE HIGH TENSILE STEEL STAY TENDONS ‘

This is an important characteristic of tensile members composed of a multitude
of identically sized and loaded wires. Even after fatigue loading under service,
at the most only a small number of the component wires may fail and the member
itself is still capable of withstanding pratically the entire original breaking
load.

3. DESIGN ASSUMPTIONS

3.1 Static loads

The maximum stresses in the tendons max.0 caused by the design loads should be
limited to the permissible value perm.0 laid down in the specifications. In some
cases it may be necessary to consider additional stresses caused by angular vari-
ations of the tendon in the vicinity of anchorages. In the case of the Save
Bridge, Belgrade [7] and the Lyne St. Bridge [8] the maximum stresses in the ex-
treme wire caused by local bending amounted to 10-20 % of the axial stresses.
Usual practice is to limit the tendon stresses caused by axial tensions to 0.45
of the ultimate tensile strength of the wire. For cold drawn high tensile steel
wire quality St 1500/1700 shown in Table 2 this works out to 765 N/mm2 .

It should be noted that at stress levels of 0.45 Bz in the wire the effects of
creep can be neglected and that the tendon may be considered to behave elasti-
cally up to the design loads.

3.2 Fatigue loads

Stress variations A0, when repeated over a large number of load cycles, lead to
a damage of the material so stressed. In the case of stay tendons the damage
may sometimes result in a small number of wire breakages. The aim of designing
against fatigue in tendons should be to avoid or to limit this damage to a very
small value during the life time of a bridge so that the tendon remains largely
intact even after being subject to the loading which caused the damage.

The designer will therefore need to have a curve relating the permissible stress
range A0 = 20 to the number of load cycles N for which the damage D < say 5 %.
Such a curve is shown in Fig.16 and has been deduced from the 5 % fractile curve
(intrinsic fatigue strength) for the basic wire material used for the tendon.

ASpengon = [AOwire - <l c = 140 N/mm?

Any fatigue load (A0, N) on or below

Wohler Curve for Parallel Wire Tendon . 3 3
this curve will result in, at the most,

INTRINSIC FATIGUE STRENGTH Afwire a loss of 5 % of the number of wires
“”““”l22;$£$;LTsz in a tendon which can subsequently
~ b still resist at least 95 % of its ori-
TP o ginal breaking load.
S | NS> e — Results of a series of tests on short
s xn_‘"f\\ 36 ] 1] (1=3000 mm) HiAm tendons are also
A i I ___}“ || K] % plotted on this figure. It can be seen
; 200 [—~| stress range for D <5 % 1258 that the value of ¢ chosen for these
% - Anmmzrﬂm“u—C_:c=NUsz tendons is adequate. It is worth no-
E 1 ting in this context that tests on
> N4 68 2 . 68 short tendons generally yield lower

5 (3 7
L B 0 values of A0 since they are very sen-

load cycles (Log N)
@© No.1+8 = Results of fatlgue tests on tendon 19 dla.7 mm sitive to small manl‘IfaCturlng toler-
(Dr - 5 % 1,e, fallure of one wire) ances.

Permissible stress range Ag tendon for D <5 Z:
N1 cycles of fatigue loading Agi results
in a maximum loss of 5 Z of the no. of wires
in a tendon, !.e, damage D <5 Z.

Fig.1l6




M. BIRKENMAIER -~ R. NARAYANAN 671

The present procedure when designing against fatigue is to determine the max.
stress range max.A0 in a tendon and to read off the related number of load cy-
cles N from the tendon Wéhler curve. This is compared with a specified value of
N. However, this appears a severe condition to be checked for since the value of
max.AC is only a peak value in a load collective which occurs during the life
time of a bridge.

Using the Palmgren-Miner hypothesis of linear accumulation of damage and the
Wohler curve for constant stress range it is possible to derive a fatigue life
curve {max.Ac, N) for any desired load collective. Fig.17 shows how the Wohler
curve of Fig.16 drawn to a log-log scale can be represented by 2 straight lines.
The curve can be described by the equations

max.Ag , =k 6

N =N < =
p* ( 2op ) (N < Np = 10°)
A0p = constant (N > Np = 10%)

and is valid for a load collective p = 1.0, i.e. constant stress range max.Ad.

A load collective p = 0.5 for a block of 108 cycles is also shown in Fig.17. The
peak value max.A0 of the stress range is the same as for load collective p = 1.0,
but occurs only once (10°). The minimum value of the stress range is 0.5-max.Ag.
The procedure [9] for deriving the fatigue life curve for this load collective
can best be described with reference to, say, the stress range level max.AC =

350 N/mm2. The load-collective is described by the continuous curve which dips
from a maximum value of 350 N/mm2 to a minimum value of C.5 ¢ 350 N/mm2. This
range between 350 and 175 N/mm2 is divided into a convenient number of steps.

For each of these steps the number of load cycles nj is read off and the partial
damage nj/Ni calculated. Cbviously Inj = 10° cycles. The cumulative damage

S = In{/Nji related to the block of 10° cycles can then be calculated. The Miner
condition S = 1.0 is fulfilled by a value N = 10%/s which gives a point (350, W)
on the fatigue life curve. This procedure is repeated for other values of max.Ad.

Load Collectives for i0° cycles

Tendon Fatigue Design Curves for l,/p = 1,0

Load Collectives p * 1,0 and p = 0.5 eff Ag Ol
max Ag 08 =

58 gi—-D = 0,5
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The effect of stress ranges lying below the endurance limit value Aop has been
included by using the fictitious curve shown dashed according to the procedure
suggested by Haibach [10]. The fatigue life curve (max.Ad, N) shows that for
the load collective p = 0.5 shown in Fig.17 values of N are obtained which lie
considerably above the values of N read off the Wohler curve p = 1.0,

4., CONCLUDING REMARKS

It is well-known that fatigue loading causes damage to the material on which it
acts. When designing stay tendons against fatigue, the principle of limiting
such a damage in each tendon to a small value should be adopted and the tendon
construction so chosen that a substantial load carrying capacity is still avail-
able in it even after the damage has occurred.

The parallel-wire HiAm and DINA tendons fulfil these requirements admirably in
that each tendon is composed of a multitude of wires carefully chosen for their
high intrinsic fatigue resistance. Using the limited damage concept outlined in .
this paper it is possible to guarantee that none, or at the most, only a very
small number of wires in any tendon cross-section become ineffective under fa-
tigue loads and the tendon as a whole remains intact during the life time of the
structure.
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Verbesserung des Schwingfestigkeitsverhaltens von Spannkabel- und Seilverankerungen
improvement of the Fatigue Strength of Anchorages for Tendons and Ropes

Amélioration de la résistance a la fatigue des ancrages pour cables de précontrainte et haubans

W. KOHLER U. NORNBERGER
Dipl. Ing. Dr. -Ing.
Otto-Graf-Institut Otto-Graf-Institut
Stuttgart, BRD Stuttgart, BRD
ZUSAMMENFASSUNG

Es wird dber Untersuchungen zur Verbesserung der Dauerschwingfestigkeit von Keil- und Metaliver-
gussverankerungen berichtet. Massgebend fiir das Schwingfestigkeitsverhalten ist die Schadigung der
Drahte durch Reibkorrosion infolge von Relativverschiebungen unter Querpressung. Als Ergebnis der
Untersuchungen werden dynamisch verlustfreie Verankerungen vorgestellt, bei denen entweder die
Relativverschiebungen weitgehend ausgeschaltet werden, oder bei denen der Sauerstoff ferngehalten
wird. Beide Massnahmen verringern die Reibkorrosion auf ein unbedeutendes Mass, so dass die Dauer-
schwingfestigkeit der Dréhte in den Verankerungen nicht abgemindert wird.

SUMMARY

Investigations were performed in order to improve the fatigue strength of wedge shaped and cast metal
anchorages. The fatigue strength is primarily influenced by fretting corrosion of the wires due to rela-
tive displacement whilst under lateral pressure. Dynamic, zero-loss anchorages, in which either the rela-
tive displacements or the oxygen were eliminated, have been developed as a result of the investigations.
Both measures reduce the fretting corrosion to an insignificant level so that the fatigue strength does
not diminish in the anchorage.

RESUME

Des études ont été réalisées pour améliorer la résistance a la fatigue des ancrages a clavettes ou coulés,
La résistance a la fatigue est essentiellement influencée par I'endommagement des fils causé par la
corrosion de frottement due aux déplacements relatifs sous pression transversale. Les ancrages dyna-
miques, sans perte, dans lesquels les déplacements relatifs ou }'oxygéne ont été éliminés, sont présentés
comme résultats de ces études. Les deux mesures réduisent la corrosion de frottement a une valeur
négligeable de sorte que la résistance a la fatigue des fils dans les ancrages n'est pas diminuée.
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1. EINFUHRUNG
Spannglieder fur den Spannbetonbau mit nachtriglichem Verbund werden Uberwiegend in

Keil-, Klemm-, Gewinde-, PreBhulsen- oder K&pfchenverankerungen verankert, wihrend
Seile fur Brucken oder Seilkonstruktionen hdufig durch Metall- oder KunststoffverguBl veran-

kert werden (Bild 1).

.
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Bild V. Beispiele fur Verankerungen von Spanngliedern und Seilen
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In diesen Verankerungen sind entsprechend der hohen Zugfestigkeit der Drithte, Litzen oder
Stdbe neben groflen statischen Lasten, hiufig auch hohe dynamische Lasten zu verankern. So
ist z.B. fur die Dimensionierung der Abspannseile von Schrigkabelbriicken in der Regel die
Dauerschwingfestigkeit der Seil verankerungen maf3gebend. Wie aus der Tabelle 1 ersichtlich
ist, ist die Dauerschwingfestigkeit der herkémmlichen Spanngliedverankerungen und der Me-
tall verguBverankerungen von Seilen deutlich kleiner als die Dauerschwingfestigkeit der Drih-

te und Litzen selbst.

Tabelle 1. Dauerschwingfestigkeit von Spanndrthten und Litzen sowie von
herksmmlichen Verankerungen

Bauteil Dauerschwingfestigkeit 2 g5
in N/mm2
Spanndrthte (kaltgezogen oder vergitet) 250 - 550
Spanndrahtlitzen 200 - 300
Spanngliedverankerungen nach Bild la bis 1d 80 - 150
Metallvergulverankerungen nach Bild e 120 - 140

In den folgenden Ausfuhrungen werden die Ursachen fur die relativ niedrigen Dauerschwing-
festigkeiten der Keil- und MetallverguBlverankerungen aufgezeigt sowie Vorschldge fur Ver-
ankerungen mit verbesserter Daverschwingfestigkeit gemacht. Diesen AusfUhrungen liegen
uvmfangreiche Grundsatzuntersuchungen zugrunde, die im Otto-Graf-Institut durchgefUhrt

wurden.
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2. KEILVERANKERUNGEN

Es herrschte bisher die Meinung vor, daf3 die Daverschwingfestigkeit der Keilverankerungen
in erster Linie beeinfluBt wird durch die Kerben, die von den Keilzthnen in den Spannstahl
eingepridgt werden, und durch die hohe Querpressung am Beginn der Verankerung. Entspre-
chend werden bei den bekannten Keilverankerungen die Zdhne an der Keilspitze stumpf aus-
gebildet. AuBerdem ist die Keilspitze durch abnehmende Zahnhshe ausgerundet oder abge-
fast (Bild 2a). Dadurch daB3 die Keilneigung etwas gréfler gewdhlt wird als die Konusnei-
gung des Ankerkdrpers, erreicht man eine Begrenzung der Querpressung an der Keilspitze
und damit eine gleichmiBigere KraftUbertragung Uber die gesamte Keilldnge. Auch eine gro-
Be Keilldnge fuhrt zu kleinerer Querpressung.

Zthne nicht angeschnitten
grofle Zahnhdrte

Keilneigung =Hulsenneigung Keilneigung =HuUlsenneigung

Bild 2. Herktmmliche (a) und dynamisch verlustfreie (b) Keilverankerung

Um den EinfluB von Querpressung, Kerbwirkung und Reibkorrosion (Relativverschiebung bei
gleichzeitiger Querpressung) auf die Daverschwingfestigkeit einzeln untersuchen zu kdnnen,
wurden die im folgenden beschriebenen Versuchsreihen durchgefuhrt. Das Bild 3 zeigt die
verwendeten Versuchsanordnungen, Die Querpressung wurde jeweils durch angeklemmte
gleichartige Drdhte erzeugt. Der EinfluB der Querpressung allein wurde durch zwei Versuchs-
varianten (Bilder 3a und 3b) untersucht. Im Falle des ldngs angepref3ten Drahtes betrug die

1 1

A - _f 7 mm N Qp=6kN
-~ _’ :
T
Q1 =20kN
_..O L =100 mm
Q=5kN/mm 4
a) b) &) Qq =20kN

4 iy -
Bild 3. Versuchsanordnungen fur die Daverschwingversuche mit Langspressung (a), mit
Querpressung (b) und mit Relativverschiebungen bei gleichzeitiger Querpressung (c)
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Querkraft 5 kN/mm und im Falle der quer angepref3ten Drihte betrug die Querkraft 20 kN.

Die so gepreBten Drihte wurden im Zugschwellversuch (o, = 0,55 Rp,) gepruft. Es zeigte sich,
daB die Drahte die hohen, bereits zu merklichen plastischen Verformungen der Drahtoberfl&-

che fuhrenden Querpressungen ohne wesentliche Abminderung der Dauerschwingfestigkeit er-

tragen kodnnen.

Der EinfluB von Relativverschiebungen bei gleichzeitiger Querpressung wurde durch Versu-
che nach Bild 3c untersucht. Hier wurden Drahte, die im Abstand von 100 mm in einem star-
ren Rahmen gehalten wurden, mit unterschiedlich groBen Querkraften von 6 bzw. 20 kN
quer angepreflt, so daBl sich der Prufdraht im Dauerschwingversuch relativ zu den mit der
kleineren Querkraft angepreften Drahten verschieben konnte. Infolge der sich hier einstel-
lenden Reibkorrosion nahm die Dauverschwingfestigkeit um mehr als 50 % gegeniber jener

des unbeeinfluBBten Drahtes ab. Die Abminderung der Dauerschwingfestigkeit ist kleiner,
wenn die Reibung durch Schmieren vermindert wird oder wenn die Beilagedritihte z.B. galva-
nisch verzinkt oder cadmiert sind.

Der EinfluB von Kerben bei gleichzeitiger Querpressung wurde wie folgt untersucht. Von
quergezahnten Keilen (Zahnwinkel 90°, Radius der Zahnspitze 0,03 mm, Oberfldchenhdrte
ca. 900 HV 1) zur Verankerung von Drihten @ 12 mm wurden sémtliche Zighne mit Ausnah-
me des mittleren Zahns abgearbeitet. Zwei dieser Keile wurden dann gegeniiberliegend mit
20 bzw. 80 kN Querkraft auf Drihte @ 12 mm aufgepre3t. Dabei entstanden Kerben von ca.
0,1 bzw. 0,3 mm Tiefe. Die Drdhte wurden dann mit den aufgepref3ten Keilen im Dauer-
schwingversuch geprUft. Die Drihte brachten unbeeinfluBlt durch die Kerben in der freien
Drahtlange. Das gunstige Ergebnis ist darauf zuruckzufuhren, daf3 der Drahtwerkstoff beim
Einpressen des Keilzahns im Kerbgrund verfestigt wird. Diese Verfestigung und Gefugever-
dichtung verhindert das Entstehen von Dauerschwinganrissen.

Werden die gleichen einzahnigen Keile derart verkantet auf die Drihte aufgepreBt, dal3 ein
Keilende die Drahtoberfldche berUhrt und beim Dauerschwingversuch dort reibt, so brechen
die Drahte an diesen Reibstellen (Bild 4). Die Abminderung der Dauerschwingfestigkeit in-
folge dieser Reibkorrosion betrégt bis zu 50 %.

Bild 4. Dauerschwingversuch mit verkantet aufgesetztem einzahnigen Keil .
Daverbruch an der Reibstelle
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Ahnlich ungunstig verhalten sich herkémmliche Keilverankerungen. Das Bild 5 zeigt die Ver-
haltnisse fur einen 44 mm langen Keil auf einem Draht § 12 mm. Da die Keilneigung gré3er
war als die Konusneigung, gruben sich die Zdhne an der Keilspitze nur ungenugend in den
Draht ein. Entsprechend bildete sich dort withrend des Dauerschwingversuchs Reibkorrosion
aus mit entsprechend ungUnstigem Dauerschwingverhalten.

]7? 7 // 7 Keil
Qso/) | Q5 7 Q

50. Zahneindruck 15. Zahneindruck 2. Zahneindruck

Bild 5. Eindrucke von Keilzahnen im Spanndraht @ 12 mm

Zusammenfassend ist zu den hinsichtlich ihres Einflusses auf die Dauerschwingfestigkeit von

Keilverankerungen untersuchten Faktoren festzustellen:

- Die durch die Keilztthne in die Drahtoberfldche eingeprigten Kerben beeinflussen die
Dauverschwingfestigkeit nicht.

- Die Hohe der Querpressung und das Spannungsgefdlle ldngs des Keiles beeinflussen die
Dauerschwingfestigkeit im Gebrauchslastbereich nur unwesentlich.

- Die Daverschwingfestigkeit wird Uberwiegend durch Relativverschiebungen zwischen
Spannstahl und Keil und der daraus resultierenden Reibkorrosion abgemindert. Diese Ab-
minderung der Dauerschwingfestigkeit ist bedingt durch Anrisse in der Drahtoberfldche
und eine sich unterhalb der Reibflache einstellende Zerruttungszone.

Unter Reibkorrosion ist definitionsgemdl eine Schddigung von Werkstoffen zu verstehen, de-
ren Oberfldchen bei gleichzeitig wirkender Normalkraft Scheuerbewegungen kleinsten Aus-
mafes gegen einen starren Reibk&rper ausfUhren. Bei metallischen Werkstoffen ist die Schadi-
gung durch Reibkorrosion um so ausgeprédgter, je hoher die Fldchenpressung und je gréfler der
Reibweg ist. Die Frequenz der Reibbewegungen ist ebenfalls zu beachten. Mit abnehmender
Frequenz nimmt der EinfluB3 der Reibkorrosion auf die Dauerschwingfestigkeit zu, da dann

der Korrosionseinfluf3 stdrker zum Tragen kommt. D.h. unter praxisnahen Bedingungen ist
eher mit Reibkorrosion zu rechnen als bei der Prufung im Labor. Die Bilder 6 und 7 zeigen
zwei Beispiele von durch Reibkorrosion geschddigten Drahtoberfldchen. Die Pfeile verweisen
auf Anrisse, die senkrecht zur Reibrichtung verlaufen.
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Bilder 6 und 7. Reibkorrosion auf kaltgezogenem Spanndraht

Nach den vorstehenden AusfUhrungen kann die Dauerschwingfestigkeit von Keilverankerun-
gen durch Mafnahmen verbessert werden, die die Relativverschiebungen und damit die Reib-
korrosion beseitigen oder zumindest auf ein unbedeutendes Maf3 reduzieren. Dazu muUssen die
Keilztthne an der Keilspitze tief in den Draht eindringen und auf Dauer in dieser Lage ge-
halten werden. Wie Bild 2b zeigt, kann dies durch folgende MaBnahmen erreicht werden:

- Die Keilzdhne mussen an der Keilspitze scharfkantig und in voller Hshe ausgebildet sein,

- grofle Oberfldchenhtrte der Keilztthne,

- hohe Querpressung an der Keilspitze, diese wird erreicht durch nicht zu grofle Keillange,
geringe Reibung zwischen Keilrucken und Konusfldche und durch eine gegenuber der Ko-
nusneigung geringfugig kleinere Keilneigung,

- der erste tragende Zahn muf3 ausreichend abgestuUtzt sein, d.h. der Keil mu3 vor dem
ersten Zahn noch einen kurzen ungezahnten Bereich aufweisen, der den Draht jedoch
nicht berUhren darf.

Durch zahlreiche Versuche konnte nachgewiesen werden, da8 nach diesen Grundsdtzen ge-
staltete Keilverankerungen dynamisch verlustfrei arbeiten: in Dauverschwingversuchen mit
derart verankerten Drihten brachen die Drithte unbeeinflu3t durch die Verankerungen in der
freien Drahtltnge.

Insbesondere bei Litzen und dunnen Drdhten zeigte sich, daf8 durch derartige Verankerungen
die statische Tragfdhigkeit infolge der Kerbwirkung und hohen Querpressung im Krafteinlei-
tungsbereich abgemindert wird f3 . Hier wurden mit herksmmlichen Keilen hohe Dauver-
schwingfestigkeiten erzielt, wenn die gesamte Keil verankerung mit einem auch bei dynami-
scher Beanspruchung gut haftendem Kunststoff verfullt und abgedichtet wird [l] In diesem
Fall wurde der fur die Reibkorrosion notwendige Luftsauerstoff ferngehalten.

3. METALLVERGUSSVERANKERUNGEN

Als Ursache fur das schlechte Dauerschwingverhalten der MetallverguBverankerungen wurden
bisher angesehen

- Gefugevertinderungen durch die Temperaturbeanspruchung beim Vergiefien,

- plastische Verformung der Drithte beim Herstellen des Seilbesens,

- Aufrauhung der Drahtoberfldche durch das Beizen,

- die sprode Hartzinkschicht der verzinkten Drahte,
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- die hohe Querpressung und die plstzliche Krafteinleitung am Eintrittsbereich des Seils in
die Hulse,

- Relativverschiebungen zwischen Draht und Vergufimetall und

- Reibkorrosion.

In Daverschwingversuchen mit auf 4009C angelassenen, hin- und zurickgebogenen, gebeiz-
ten bzw. feuerverzinkten Spanndridhten zeigte sich keine Verschlechterung der Dauverschwing-
festigkeit gegentuber dem unbeeinfluBliten Spanndraht. In den Fdllen des Anlassens und Feuver»
verzinkens war sogar eher eine Verbesserung der Dauerschwingfestigkeit festzustellen. Auch
hohe Querpressungen und eine pldtzliche Krafteinleitung wirken sich nicht nachteilig auf die
Dauerschwingfestigkeit aus, wie im Abschnitt 2 bereits dargelegt wurde. Als dominierender
Einflu auf die Daverschwingfestigkeit ist die Reibkorrosion infolge der Relativverschiebun-
gen zwischen den Drihten und dem VerguBimetall unter Querpressung anzusehen.

Der Einflu3 von Relativverschiebungen unter Querpressung wurde mit der im Bild 8 dargestell-
ten Vorrichtung untersucht. Infolge der grolen Dehnsteifigkeit der Vorrichtung entstehen
Relativverschiebungen zwischen Draht und Reibkdrpern bei Spannungstinderungen im Draht.

Querschnitt
e 20 2,7
Reibsticke aus

Vergufimetall ! I
o
T

et |
o — ]

140

Reibstuck

Q=5kN ﬂ;‘_s_
- -]

A7t
Mafle in mm

Bild 8. Versuchsanordnung fur die Dauerschwingversuche mit Reibk&rpern aus
Vergufimetall

Es wurden Reibkdrper aus einer Bleilegierung (PbSn 10Sb 10) und einer Zinklegierung
(ZnAl6Cul) untersucht. Bei der Verwendung von Reibkdrpern aus der Bleilegierung wurde
keine Abminderung der Dauerschwingfestigkeit festgestellt, wihrend die Zinklegierung ei-
ne etwa 50 %ige Abminderung der Dauerschwingfestigkeit bewirkte. An den gepruften Drah-
ten zeigte sich, dal3 die Reibktrper aus der Bleilegierung am Draht keine oder nur eine sehr
geringe Reibkorrosion bewirkten. Dieses gunstige Verhalten ist im wesentlichen auf die gu-
ten Schmiereigenschaften der Bleilegierung und auf die geringe Hirte der entstehenden
Bleioxide zurUckzufUhren. Hinzu kommt, daf sich die Drahte in die weiche Bleilegierung
besser einbetten konnten, so dafl die spezifische Pressung bei konstanter Querkraft Q klei-
ner war als bei der hirteren Zinklegierung. Dieser gunstige EinfluB wird in wirklichen
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Verankerungen weniger ausgepriigt sein, da dort das Vergufimetall weniger gut ausweichen
und daher hohere Pressungen Ubertragen kann. Die Reibkdrper aus der Zinklegierung bewirk-
ten dagegen eine erhebliche Reibkorrosion.

Diese Zusammenhiinge wurden fUr eine Metallvergulverankerung mit hoher Dauerschwing-
und Daverstandfestigkeit wie folgt angewendet (Bild 9): Der Eintrittsbereich der Drihte in die
Hulse wird auf wenige cm Ldnge mit einer Bleilegierung vergossen, die keine Reibkorrosion be-
wirkt. Die Ubrige Verankerung wird dann mit einer Zinklegierung vergossen, die eine ausrei-
chende Dauerstandfestigkeit besitzt. Versuche mit derart vergossenen Litzen und Parallel-
drahtbundeln ergaben bei hohen Schwingbreiten Daverbriiche in der freien Lange auBlerhalb
der Verankerungen. Die hohe Dauverschwingfestigkeit des zweischichtigen Vergusses gegen-
Uber dem Ublichen VerguBl mit Zinklegierung ist darauf zuruckzufuhren, da der Bleivergul
den Saverstoff der Atmosphire von den Reibstellen zwischen Draht und ZinkverguB fernhalt.
Eine Oxidation des Drahtes und Zinks mit Bildung harter Zinkoxide ist nicht mdglich. Somit
ist die Schidigung des Drahtes durch Reibkorrosion ganz wesentlich kleiner. Der Eintrittsbe-
reich kann an Steile der Bleilegierung auch mit einem Kunststoffvergu, z.B. Polyurethan-
Zinkchromat oder Epoxidharz~Zinkstaub, abgedichtet werden .

Vergu3 mit Bleilegierung

% (i .‘s;w‘-,///
. D
Zkiogrens 77N Hﬁ\\%,/%

Uberlauf fur Zinklegierung

L

T

Vergufl mit Zinklegierung

Bild 9. Zweischichtige Metallvergulverankerung
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