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Zur Zeitfestigkeit der Verdiibelung bei Verbundtragern mit Profilblechen
Fatigue Strength of Headed Stud Connections for Composite Beams with Profiled Steel Sheeting
Résistance a la fatigue des goujons dans des structures mixtes

H. BODE

Prof. Dr. -Ing.

Universitat Kaiserslautern
Kaiserslautern, BR Deutschland

J. KRETZ

Dipl. -Ing.

Universitat Kaiserslautern
Kaiserslautern, BR Deutschland

ZUSAMMENFASSUNG

Dieser Beitrag beschéftigt sich mit dem Tragerverbund zwischen Betongurten und Stahltragern, der durch
Verwendung von Stahlprofilblechen beeinflusst wird. Die Untersuchungen betreffen die Tragfahigkeit der
Verdlbelung unter nicht runender oder dynamischer Belastung. Die gunstigen Zeitfestigkeiten bei Verwendung
von Profilblechen lassen flr Verbundtrager einen grésseren Anwendungsbereich im Industriebau erwarten.

SUMMARY

This paper deals with the composite action between concrete flanges and steel sections, which is influenced by
the use of profiled steel sheetings. The study concerns the connector strength in case of dynamic loading. The

relatively high fatigue strengths even in case of profiled steel sheetings crossing the steel section form the basis
for a wider use of composite beams for industrial buildings.

RESUME

Cet article traite de la liaison entre la section de béton et la poutre métallique. Cette liaison est influencée par
I'emploi de téles profilées. Les essais concernent la résistance des goujons sous charge mobile ou dynamique.
L'effet favorable de I'emploi de téles sur la résistance & la fatigue de la structure mixte permet d'en prévoir une
plus grande utilisation dans les batiments industriels.
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1. TRAGERVERBUND, DYNAMISCHE FESTIGKEIT

1.1, Allgemeines

Verbundtrdger und Verbunddeckenkonstruktionen im Industriebau werden nicht immer
nur vorwiegend ruhend belastet. Oft treten nicht vorwiegend ruhende Belastungen auf, z. B.
aus Gabelstaplerbetrieb, bei Kranbahnen, bei Hinge- und anderen Férdersystemen. Auch
stoBartige Belastungen kénnen auftreten.

An der Universitidt Kaiserslautern wurden 21 Versuche mit dynamischer Einstufenbelastung
durchgefiihrt, Sie waren vom DASt und der AIF geférdert und finanziell unterstiitzt worden
/7/. Die Untersuchungen wurden im Zeitfestigkeitsbereich bei Lastspielzahlen um 100.000
und mit einer hohen Ausnutzung der Verbundmittel bhis zu 82 % der tatsichlichen
statischen Festigkeit durchgefiihrt. Dies trigt der hohen Diibelbeanspruchung im
Gebrauchszustand bei plastischer Bemessung im Hoch- und Industriebau Rechnung. Im
einzelnen handelt es sich um

- 6 Trdgerversuche und

- 15 Scherversuche.

1.2 Scherversuche
Fiir die Scherversuche wurden Versuchskérper nach Bild 1 verwendet.

Die Darstellung in Bild 2 zeigt die
auch fiir die anderen Scherversuche
typische Zunahme der Relativver-
schiebungen zwischen Betongurt und
Stahlprofil mit der Lastspielzahl N
beim Versuch S 2/5.

Zu Beginn der Versuche betrug der
Anfangsschlupf 1.1 mm, dann erfolgte
der Bereich stabilen Schlupfwachstums,
in dem der Beton vor dem Diibelfu3
wegen der konzentrierten Belastung
langsam zerstort wurde. Von etwa 100
Lastspielen an nahmen die Relativver-
schiebungen {iberproportional zu, bis
der Bruch der Bolzen oberhalb

des Schweifiwulstes eintrat,

420 Um die Wéhlerlinie, die bei doppelt-
logarithmischer Auftragung
niherungsweise eine Gerade darstellt,
zu erhalten,werden die Spannungs-

Bild 1: Scherversuchskorper differenzen und Lastspielzahlen bis

zum Bruch aufgetragen und statistisch

ausgewertet. Die Neigung der
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Wohlerlinie wird durch den aus den Versuchen berechneten Exponenten k = 8,26 bestimmt
und betrédgt 1/k.
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Bild 2: Schlupf im Versuch S 2/5

Im Diibel und in seiner Umgebung stellt sich ein komplexes Kriftespiel ein, was nur global
durch ADg oder durch eine Schubspannungsdoppelamplitude A7 im Bolzenschaft als MaB3
fiir die Hohe der Beanspruchung erfafit werden soll.

Im Vergleich zu den Bochumer Versuchen von Roik /3, 5/ mit massiven Vollplatten liegen
die hier mit Profilblechen ermittelten Zeitfestigkeiten niedriger, und zwar um etwa 18 %.
Diese Reduktion mufl man aber im Zusammenhang mit der statischen Diibeltragfihigkeit
sehen, die bei Holoribblechen um ca. 30 % niedriger liegt als bei massiven Vollplatten. Die
Kopfbolzendiibel verhalten sich - trotz der sehr hohen Ausnutzung der Diibel - in
Verbindung mit Profilblechen unter dynamischer Belastung vergleichweise giinstiger als bei
statischer Beanspruchung.

1.3 Trigerversuche

Tréagerversuche haben den Vorteil, daB Betongurt, Diibelzone, Diibel, Schwei3ung und
Stahltriger wie bei einem tatsichlichen Tridger wirklichkeitsnah beansprucht werden
konnen. Das gilt in besonderem MaBe fiir die gleichzeitige Beanspruchung von Diibelful3
und Stahlflansch durch Diibelkrifte und Gurtspannungen.

Neben dem Probelm, mit wenigen Trégerversuchen zu statistisch  aussagekréftigen
Ergebnissen zu gelangen, besteht die Schwierigkeit vor allem in der Ermittlung der
tatsdchlich auftretenden Diibelkrifte, da diese sich nicht direkt messen lassen. Sie werden
deshalb zundchst auf der Grundlage des elastischen Schubflusses mit Hiife der
Q-S/I-Formel berechnet, Zusitzlich wird jedoch eine Versuchssimulation mit einem
leistungsfahigen Computerprogramm durchgefiihrt, welches die nichtlineare Trigeranalyse
einschlieBlich der Nachgiebigkeit der Verdiibelung beriicksichtigt. Damit kann
insbesondere gezeigt werden, daB die Riickrechnung von Diibelkriften {ber starren
Triagerverbund im allgemeinen fehlerhaft ist.
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Weiterhin zeigt sich, daB sich durch diese Korrektur der Diibelkriifte, wie sie mit Hilfe der
Q-S/1-Formel ermittelt worden sind, die Ergebnisse von Scher- und Trigerversuchen
deutlich angleichen lassen.

Bild 3 enthélt den Versuchstriager T2/2 der Serie 2 mit Betongurt in der Zugzone. Die drei
Trédger der Serie T1 waren gleich ausgebildet, aber so angeordnet und belastet, da der
Betongurt in der Druckzone lag. Das Bild enthilt auch die Lage der MeBstellen (DMS und
Wegaufnehmer).

| *
[sR B o 4 03 D4 AT-I
—l 50
I-QT-@*}'@‘:: .z o f ‘:;5
L2 Zi:s ¢“ @ O 0 00 0 1
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Bild 3: Versuchstriger T2/2 Bild 4: Trigerversuch T2/2; Schlupf bei Oberlast

In Bild 4 wird die VergréBerung der Relativverschiebung bis zum Bruch gezeigt, wihrend
Bild § die entsprechenden Dehnungsverliufe wiedergibt.
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Bild 5: Tragerversuch T2/2; Dehnungen bei Oberlast

Aus diesen Last-Schlupf-Verldufen sicht man, daB die Verdiibelung mit der Lastspielzahl N
weicher wird. Auch die hier dargestellten Stahltriger-Randdehnungen lassen das erkennen.
Infolge der abnehmenden Diibelsteifigkeit wird das Zusammenwirken unvollstindiger.
Insbesondere nimmt die Biegebeanspruchung im Stahltrédger zu, und die vormals elastischen
Dehnungen {iberschreiten die elastische Streckgrenze. Das bedeutet gleichzeitig, da3 die
wirklichen Diibelkrifte mit der Zeit kleiner werden. Tatséchlich liegt damit nun keine reine
Einstufenbelastung der Diibel mehr vor.
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Mit dem o. g. Rechenprogramm /6/ wurden dann die rein statischen Ver-
gleichsberechnungen durchgefiihrt, deren Ergebnisse in den Bildern 6 und 7 dargestellt
sind.

0 (kNJ
too.0) 7'7

Niveau /
dyn. Versuch

Bild 6: Verlauf der Diibelkrifte Bild 7: Verlauf der Stahldehnungen

In Bild 6 sind die berechneten Diibelkraftverldufe unter statischer Last bis zur
rechnerischen Traglast dargestellt. Auch im mittleren Tréigerbereich, in dem die
Gesamtquerkraft gleich null ist, treten Diibelkrifte auf.

Die Q-S/I-Formel fiir starren Verbund bei linear elastischem Verhalten sowie Beton im
Zustand 1 wiirde den Maximalwert 73 kN ergeben. Infolge des unvollsténdigen
Zysammenwirkens sind die Diibelkrifte mit Dg =58 kN deutlich kleiner als die mit starrem
Verbund berechneten:

Zustand I: Reduktion von 73 auf 58 kN (79 %)
Zustand II: Reduktion von 67,5 auf 58 kN (86 %)

Tatsichlich nehmen die Diibelkrifte aulerdem mit der Lastspielzahl ab. Deshalb sind hier
iber die MINER-Regel schadigungsgleiche Diibelkrifte berechnet. Dadurch ergibt sich
eine weitere Reduktion der vergleichbaren Diibelbeanspruchung, und zwar im Fall des
Tragers T2/2 von 58 auf 54 kN.

Die Ergebnisse der Trigerversuche sind im Bild 8 in das Diagramm der Scherversuche
eingetragen.

Ohne Beriicksichtigung der Nachgiebigkeit der Verdiibelung liegen die Werte deutlich liber
dem Streuband der Scherversuche: Trigerversuche scheinen giinstigere Ergebnisse zu
liefern! Wir haben jedoch gerade zeigen kénnen, wie wir bei der Auswertung des
Tragerversuches T2/2 die Nachgiebigkeit rechnerisch beriicksichtigt haben.

Bei Versuch T2/2 fiihrt die dadurch verursachte Reduktion um insgesamt 26 % auf eine
Lage im Streuband, dasselbe giit fiir T1/3 und vermutlich auch fiir alle anderen
Trdgerversuche: richtig ausgewertet, werden die Ergebnisse von Scher- und
Tragerversuchen wieder miteinander vergleichbar.
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Bild 8: Zeitfestigkeiten der Scher- und Trégerversuche
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SUMMARY

Tests have been performed in which drilled-out concrete cores were first subjected to an environmental load in
the form of freezing-thawing and then to a functional load in the form of a fatigue or static failure load. The aim
was to study the combined influence of the deterioration factors on the strength of concrete. Measured results
show that a concrete without entrained air which freezes in pure water shows no appreciable loss of strength.
In contrast, if salt is present in freezing medium, strength degradation of up to 50 per cent can occur very quickly.

RESUME

Des carottes de béton prélevées par forage ont été soumises a des contraintes dues au gel et dégel, puis a des
contraintes physiques, sous forme d'essais de fatigue ou statiques, l'objet étant d'étudier l'influence combinée
de ces facteurs de décomposition sur la résistance du matériau. Ces essais on montré qu'un béton sans
adjonctiond'air, qui géle dans de I'eau pure, ne perd que trés peu de sa résistance. Par contre, sile liquide contient
du sel, on note une dégradation rapide de la résistance.

ZUSAMMENFASSUNG

Es wurden Versuche an Betonbohrkernen durchgefihrt, welche nach einer umweltméssigen Beanspruchung in
Formvon Einfrieren/Auftauen einer funktionsbedingten Beanpruchung (Ermidungs- oder Bruchbeanspruchung)
ausgesetzt wurden. Ziel war, die kombinierte Einwirkung dieser Zerstérungsfaktoren auf die Festigkeit des
Betons zu untersuchen. Die Ergebnisse zeigen, dass die Festigkeit von in sauberem Wasser eingefrorenem
Beton ohne Luftzusatz kaum nennenswert nachlésst. In einem Medium mit Salz hingegen kann sich die
Festigkeit sehr schnell um bis zu 50% verschlechtern.
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1. BACKGROUND

In the survey by Ingvarsson & Westerberg [1], it emerged that the interaction between environ-
mentally and functionally caused deterioration was a subject on which research was considered
a matter of importance. In the first instance, this concerned the problem area of fatiguing
of salt- and frost-damaged concrete and fatiguing of concrete with embedded, corroded rein-
forcement steel. As a continuation, tests on the strength and fatigue properties of freeze-thaw
deteriorated concrete have been carried out on behalf of the Swedish National Road Adminis-
tration and the Swedish Transport Research Board. These tests are reported below.

2. TESTS

2.1 Test specimens

The purpose of the tests was to reflect the combined effect of environmentally caused and
functionally caused degradation factors and how this effect varies with different concrete mixes.
To this end, tests were carried out according to Fig. 1 in three subseries. These were:

I W/C = 0.60, without air entrainment
11 W/C = 0.50, without air entrainment
I  W/C == 0.50, with approx. 8 % entrained air

In all cases, use was made of pure standard Portland cement and an aggregate with a maximum
size of 16 mm. The weight ratio cement:gravel:stone was 1:3.5:1.4 in series [, 1:2.3:1.7 in series II

and 1:2.1:1.6 in series III.
i

D) COMPRESSION TEST
(STATIC LOAD)

@

lv E) COMPRESSION
TEST (FATIGUE)
A) DRILLING-OUT OF TEST SPECIMENS B) CUTTING C) FREEZING AND

FROM CONCRETE BLOCK THAWING F) SPLITTING TEST

350

A
b

Fig. 1: Test procedure

Cores with a diameter of 100 mm were drilled out of specially cast concrete blocks. The cores
were cut into three cylinders with lengths of 100 mm, see Fig. 1:A and 1:B. Each subseries
comprised 54 concrete cylinders.

2.2 Environmental load

Half the number of cylinders were frozen in water and half the number in a 3 per cent sodium
chloride (NaCl) solution. The 54 cylinders were divided into 9 groups exposed to 0, 7, 14, 28
or 56 freeze-thaw cycles, with or without NaCl in the freezing medium, see Fig. 1:C. After
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being cast the cylinders were kept continuously moist, until freeze-loading.

2.3 Functional load

After being subjected to freezing and thawing, the strengths and fatigue properties of the
concrete cylinders were tested by means of a static load test until failure in compression (Fig.
1:D), a fatigue test (Fig. 1:E) and a splitting test (Fig. 1:F).

3. TEST RESULTS
3.1 Static load tests
3.1.1 Compressive strength

The static load tests to compression failure were conducted with a constant velocity of 5 um/sec.
The results from these tests formed the basis for the load levels used in the fatigue tests, see
Section 3.2 below. The ultimate stresses measured in the static load tests are shown in Fig. 2.

TEST SERIES I TEST SERIES 1I N TEST SERIES III

o dA.
rdl
A

100 10

75 75

50 50¢ -

25 25

.

v

OSSO

24N

COMPRESSIVE STRENGTH {%]
o2
~2
-
>
o R
-]
o
@»

FREEZECYCLES FREEZECYCLES FREEZECYCLES
| = RANGE OF VARIATION = SPECIMEN FROZEN IN WATER
[] = SPECIMEN NOT FROZEN = SPECIMEN FROZEN IN SALT SOLUTION

Fig. 2: Results of static compressive strength tests

The measured ultimate compressive strengths of the cylinders are shown in Fig. 2 for the
different subseries I, IT and III. The results are presented as mean values for each group. The
columns are grouped two by two according to the number of freeze cycles. The left-hand
columns show the values for the NaCl-frozen cylinders and the right-hand columns those of
the water-frozen cylinders. The thick line at the top shows the range of variation for the
compressive strength of all cylinders in the group. In some freeze groups one or both columns
are missing, the reason being that the specimens did not withstand the freeze-thaw cycles.
Cylinders which had passed the fatigue test without rupturing and then were loaded statically
to failure are not included in the results shown in Fig. 2.

It is evident from the results that the ultimate compressive strength rapidly decreases on
freezing in NaCl solution, if the concrete does not contain an air-entraining admixture. From
series I and II it can be concluded that the ultimate strength has fallen to approx. 50 per cent
of the original value. On the other hand, the ultimate strength is very good in series I1I where
entrained air was added to the concrete. Measured strengths and deformations also indicated
that the moduli of elasticity decreased upon freezing in both water and salt solution. This was

valid for all subseries I, II and III.

An interesting observation that can be made is that those strength values which have decreased
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at only seven freeze cycles tend to become stabilized at this level, or occasionally even to
increase slightly again. See Fig. 2.

3.1.2 Splitting strength

It is evident from the results of splitting tests, as presented in Fig. 3, that the tensile strength of
the concrete, as well as its compressive strength, is considerable decreased when the concrete
freezes in the presence of NaCl. This applies, according to Fig. 3, in the first instance to
subseries I and II where the concrete did not contain entrained air. The results from subseries
III instead indicates an increasing splitting strength, probably due to deviations in the concrete
itself. Also in series III the strengths of the NaCl-frozen cylinders are slightly inferior.

TEST SERIES I

100

 TEST SERIES 1I

100
75
50
25

TEST SERIES 1II

SPLITTING STRENGTH [%]

FREEZECYCLES

FREEZECYCLES FREEZECYCLES

] = RANGE OF VARIATION = SPECIMEN FROZEN IN WATER

D = SPECIMEN NOT FROZEN = SPECIMEN FROZEN IN SALT SOLUTION

Fig. 3: Results of splitting tests. Designation as per Fig. 2

3.2 Fatigue test

The fatigue tests were performed with a compressive load frequency of 7 Hz at night and 15
Hz during the day. The fatigue test results observed are presented in Fig. 4.

In Fig. 4, o is used for the maximum stress to which the cylinder was exposed in each load
cycle, while f, designate the ultimate compressive stress measured at the static load tests, see
section 3.1.1 above. In each load cycle, the load was varied between 0 and . In the diagrams
of Fig. 4, the Wohler curve according to Bennet & Muir [2] is shown in order to make a
comparison possible. From this it can be concluded that the fatigue properties of the concrete
are affected by freezing and thawing irrespective of whether the freezing medium was provided
with NaCl or not. This conclusion is valid for concrete without air entrainment only. With
respect to fatigue, concrete cylinders with air entrainment, series 111, were not affected at all.
These results are somewhat confusing, as they do not correspond to those obtained by Antrim
& Mc Laughlin [3]. In this reference concrete cylinders both with and without entrained air
are subjected to fatigue. No significant differences in fatigue resistance were detected.

For the cylinders which had not ruptured at 2 - 10° load cycles, the tests were discontinued.
Insted these cylinders, which are not included in Fig. 4, were loaded to either static compressive
or splitting failure, These cylinders normally showed a higher compressive and lower splitting
strength than those not fatigue tested. This tendency however, was not discernible throughout.
An explanation may be that these cylinders did not rupture by fatigue due to their high
compressive strength. On the contrary, internal cracking due to the fatigue load caused a
decrease in splitting strength, i.e. tensile strength.
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TEST SERIES 1
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Fig. 4: Results of fatigue tests, series I, Il and III
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4. CONCLUSIONS

The conclusions from the tests can be summarized as follows:

1. Concrete which freezes in pure water retains its strength properties well.

2. Concrete which freezes in the presence of NaCl very quickly loses its strength properties,
unless air is entrained. The strength properties which decrease directly upon freezing in
salt solution tend to become stabilized after a small number of freeze cycles.

3. Concrete which freezes in pure water or in salt solution loses some of its fatigue resistance.
However, if air is entrained the resistance retains.

Older concrete structures which have regularly been exposed to de-icing salts or seawater may
now have deteriorated, resulting in a considerably inferior concrete strength and decreased
fatigue resistance. In determining the load-carrying capacity of older structures it is therefore
essential to drill cores and to examine the strength and fatigue properties of these. It is thus a
doubtful procedure to recalculate older structures in accordance with new codes on the basis
of the strength which the concrete had when the structure was built, taking for granted that
this strength is retained.

5. FUTURE WORK

In addition to the test series described above, the interaction between functionally and envi-
ronmentally caused load impacts will be studied. The planned work will embrace both mild
(non-tensioned) reinforced concrete beams and prestressed concrete beams. The beams will
be exposed either to freeze-thaw cycles or to corrosion of the reinforcement. This will be ac-
complished by giving the reinforcement a positive electric potential in relation to the concrete.
By this means, chlorides will be led in towards the reinforcement and the reinforcement will
corrode. When the beams have been exposed to this environmental load, they will be subjected
to a functional load in the form of a static load test to failure or a fatigue test.
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SUMMARY

In this contribution the results of tests are shown. With the tests the increase of crack widths and deformations
in dependence on load duration and number of load cycles was investigated. Especially considered are the
consequences of the initial stress state caused by shrinkage on the crack width development. Besides simple
tension and bending tests biaxial compression-tension tests were also carried out on reinforced concrete panels.

RESUME

Gracé a des essais, I'augmentation des largeurs de fissures et des déformations dépendant de la durée et de
la valeur de la charge devait étre clarifiée. Les conséquences de I'état d'auto-contraintes créé par le retrait sur
I'évolution des largeurs de fissures sont prises en considération. Qutre les essais de traction et de flexion, des
essais biaxiaux compression-traction on été réalisés.

ZUSAMMENFASSUNG

Mit Versuchen sollte geklart werden, wie gross die Verformungs- und Rissbreitenzunahmen in Abhangigkeit von
der Belastungsdauer und der Anzahl der Lastwiederholungen sind. Die Auswirkungen des durch Schwinden
verursachten Eigenspannungszustandes auf die Rissbreitenentwicklung wurden besonders berucksichtigt.
Neben den reinen Zug- und Biegeversuchen wurden auch biaxiale Druck-Zugversuche an Stahlbetonscheiben
durchgefihrt.
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1. INTRODUCTION

The durability of reinforced concrete structures mainly depends on crack widths and defor-
mations. The protection against corrosion of the reinforcement is lost when crack widths
are large and the stability is endangered. With too large deformation increases owing to
long-term loads considerable usage restrictions of the building may result. In this con-
tribution the results of about 120 tests on crack spacing, crack widths, and deformation
behavior of reinforced concrete structures under monotonically increasing, cyclic, and long-term
loads are presented.

2. CRACK SPACINGS

The average and maximum crack spacings of the reinforced concrete paneis [, 21, the centrically
and eccentrically reinforced tension specimens (3, 4, 5), and the reinforced concrete beams
{6] are presented in table 1. A dependence of the crack spacing on the concrete compressive
strength and on the related rib area was not observed.

Owing to repeated loads and permanent loads no new cracks occured (not considering a
few exceptions) with constant top load. As a result of unintentional eccentricities with the
regularly and centrically reinforced tension specimens the cracks separated the concrete
only partially at initial loading. Thus, the cracks still developed with repeated and permanent
loads.

The crack development which occured with the eccentrically reinforced tension specimens
(see Fig. 3) and the reinforced concrete beams are to be traced back to the decrease of
concrete tensile strength owing to repeated loads.
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Fig. 1 Crack pattern of Fig. 2 Crack pattern of intended Fig. 3 Crack pattern of
intended centrically reinforced centrically reinforced specimen eccentrically reinforced
specimen § 22 DAUER 4 specimen E 11

In the crack patterns of the reinforced concrete panels [2] without transverse compression
(see Fig. 4) and with 0,6 B_ transverse compression (see Fig. 5) no dependence of the amount
of cracks on transverse compression can be seen.
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Tab. 1 Crack Spacings
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Specimen d, u 5 reinforcement number of crack spacing calculated average
specimens {mm! crack spacing [(mm]
(mmi | lmm] | lim) a_ Y- a =2 (ila(),l-sh 17 - a,,
01 =2
t
10x8,5 10 S0 ribbed bars with 2 134 18O 105 178
transverse reinforcement
ribbed bars 5 136 260
@ ribbed mats 2 107 150
© 3
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E ribbed bars 2 103 200
§ ribbed mats 1 102 125
9
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2
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g LAW 1x16,0 | 64 | 44 2 333 390 22 547
& % 1x220 | 44 | no 20 174 30 180 306
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) f‘_;s 1x220 | 88 [ 198 16 359 630 442 752
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Apw
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3
g
g
3 Y
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c | sl
£
H o
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54

In accordance with the approach in the CEB/FIP requirements [7] for the calculation of the
average crack spacing a_ the following equation resulted for ribbed bars and mats:

a_ = it + -s)+0,1-u—;

k = 0,1 for ribbed bars
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This yields a satisfactory agreement with the experimentally determined crack spacings (see
table 1) for design of buildings. The effective zone of the reinforcement was established as
in Fig. 6 according to Gergely and Lutz (8] as with the eccentrically reinforced tension
specimens no dependence of the crack spacing on the height of the specimen was stated.

Furthermore a differentiation between tensile and flexural load could be neglected with
respect to the CEB/FIP requirements so that it can generally be calculated with k = 0,1 for
ribbed bars. The average crack spacings multiplied by 1.7 are in approximate accordance
with the largest crack spacings of the experiment (see table 1).

With smooth mats the bond strength is generally transferred by the transverse reinforcement
only. Cracks always form at the transverse reinforcement because of the smaller concrete
cross section in this area. Forces can be transferred into the concrete until only two transverse
reinforcement bars are left between two cracks. Thus the maximum crack spacing corresponds
to the double spacing of transverse reinforcement. With this spacing only one transverse
reinforcement bar is left between two cracks and no more forces can be Introduced into
the concrete.
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~l— —_— T ]
———————y, s
—"" N
S \ —~—
Py
10 « d, = 8.5mm { A 10-d, =8.5mm
Fig. 4 Crack pattern of reinforced Fig. 5 Crack pattern of reinforced
concrete panel B 19 (Q = 0) concrete panel B 11 (Q = 0,6 B)

3. CRACK SPACINGS

It was shown in (4] that the deformations of a reinforced concrete specimen mainly occur
in the cracks and that the average crack w,, widths can be calculated with the equation
stated in (7]:

W, T e A, 2)
The maximum crack width results in approximately:
Wonax = 17 © W, 3)

4. DEFORMATION BEHAVIOR OF CENTRICALLY AND ECCENTRICALLY REINFORCED
TENSION SPECIMENS

The principal correlations between average strain over the cracks and external load related
to the steel cross sectional area resulting from monotonically increasing and cyclic loading
are shown in Fig. 7.

In order to describe the stress-strain behavior of centrically reinforced concrete specimens
loaded in tension neglecting shrinkage of concrete the following idealization for Iinitial
loading,

2
%ﬁ%’: 1 - (22) @

"
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vielded a good agreement. This idealization is also valid for reinforced concrete panels
under transverse load and for eccentrically reinforced tension specimens, if the effective
concrete cross section according to Fig. 6 and the centrncal concrete tensile strength are
taken as a basis for the determination of the steel stress c . The largest average strain at
top load which stabilizes after a certain number of repeated lods can be approximately
recorded with:

OD 1 5
Srmax = E. V1" (03) : 5
-
At compiete unloading a residual strain of about
g. =02 1073 {6)

remains in the specimen. This is independent of the number of load cycles.

It was stated with all tests that after approximately 5000
load cycles or after a 6-months permanent ioad no considerable
deformation increases occured.

<} I The initial stress state caused by shrinkage results, related
to the load beginning. in larger average strains compared
with the specimens without shrinkage. The stress-strain
behavior of specimen SO7 shown in Fig. 8 makes clear that
L. | the average strains can exceed those of the pure steel.

——1 In case the shrinkage influence is considered for the deter-
o B ] mination of the steel stress in the cracked cross section
directly after the first crack, the average strain related to
the mmal load can aiso be calculated according to Eq. {4}
using of

T Aw=2-bid-h)_|

Fig. 6 Effective zone of
reinforcement (acc. to {8])
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Fig. 7 Stress-strain relationships for Fig. 8 Experimental stress-strain
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The largest average strain increase at top load which stabilizes after a certain number of
load cycles resuits to approximately

m,schw ~ Ll - L (8)

Ae®

as with specimens wlthout shrinkage.
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At complete unloading of the specimens a residual strain of

e, =02 1073 o o =
T 20T e . A schw ~ €2 (9)
is left.
S. NOTATIONS
b = width al = steel stress in concrete cross
d = total height sectional area directly after
h = height from center of gravity first crack
of tension reinforcement to 02 = maximum steel stress at cyclic
compression edge or long-term loading
d, = diameter of reinforcement bar ol \chw = steel stress in crack cross
i = smallest concrete cover of sectional area directly after the
reinforcement at pure tension first crack considering shrinkage
= distance between bottom side influence
of reinforcement bar and tension 3 = steel strains at top toad
edge at eccentric tension and En = average strain
flexion
s = distance of reinforcement bar ] = average strain at top load
A (see table 1) ‘ € max - largest average strain owing
N = steel cross sectional area to cyclic or long-term loading
bw = effecti.ve concrete cross section e = residual strain in specimen
A (see Fig. 6) after unioading
b,n = area of concrete (net) Bel  chw ° Strain increase owing to
Ay repeated loads at top load
u T Apw considering shrinkage influence
a = average crack spacing
F = force a o = maximum crack spacing
E, = modulus of elasticity of steei w = average crack width
- . " m
B = cylinder crushing strength e = maximum crack width
G = steel stress
Q = |lateral pressure
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