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Critical Appraisal of the Moment-Shear-Ratio
Considérations critiques sur le rapport moment fléchissant-cisaillement

Kritische Betrachtungen iiber das Momenten-Schubverhdlinis

R. WALTHER
Dr., Basel-Stuttgart

1. Introduction

In the last few years an extensive investigation into the problem of shear
in reinforced concrete has been carried out by Prof. Dr.-Ing. F. LEONHARDT
and the author at the Otto-Graf-Institut of the Technische Hochschule Stutt-
gart. The results of these tests conducted so far have been reported in several
publications [1, 2, 3]. The limited space allotted to the present publication does
not permit here a detailed description of all these tests or findings. We there-
fore treat only one of the many problems dealt with, namely, the question
whether it is the bending moment or the shear force or both together which
decisively govern the shear strength of reinforced concrete.
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As is well known, mainly from early investigations in the U.S.A. the ulti-
mate shear force of a given member is by no means a constant (Fig. 1), but
increases very rapidly with decreasing shear span a (i.e. distance of the load
from the support). As a result it was and is often concluded, that the shear
force ¢ or the shear stresses = alone could not be a suitable criterion for the
shear strength. Many investigators, therefore, have formulated the shear
strength as a moment capacity, sometimes even completely disregarding the
magnitude of the shear force. In fact the ultimate shear moment of a given
member varies less than the shear force, but it is also not a constant (Fig. 2).
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Opposed to this point of view, warning voices were raised in many places,
particularly in Germany, by those who wanted to adhere to the traditional
truss analogy founded by Morsch, according to which moment and shear are
to be treated independently and the shear stresses are the only criterion for
the dimensioning of the web and the web reinforcement. The high shear
strength for loads near the supports are considered as local effects, which occur
so pronounced only in the case of rectangular members and only for loads
applied from the top and near the supports. These effects are believed to be
insignificant for practical purposes.
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As is often so in the case of such extreme views, both overlook a few signi-
ficant aspects important for the general understanding and the practice.
Undoubtedly some premature and too far reaching conclusions were drawn
from recent investigations, but there are, just as definitely, many cases in
which the new findings can positively be applied. To derive these and to limit
the possible fields of application shall be the task of this paper.

In place of shear span, which after all is clearly defined only for the members
with symmetrical two point loading, predominant in shear testing, the more

. M .
general term “moment-shear-ratio’’ - is used mostly nowadays.

Qh

2. Simply-supported Rectangular Beams

2.1. Experimental evidence

The results of some test series on rectangular beams without web rein-
forcement are summarized in Fig. 1. They all show that in case of loads near

the support, i.e., for small shear spans or for small moment-shear-ratios the
— Qu

relative shear stresses 7, = 3, at ultimate are very high and attain sometimes
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ten times the value of the allowable stresses. Undoubtedly this phenomenon
has led to the conclusion, that the shear stresses are not a suitable criterion

for the shear strength. Therefore many mostly empirical formulae were pro-
M

Qh’

The same test results are plotted over again in Fig. 2 as a function of

posed which give the shear strength as a function of

su
bh2B,
(ultimate shear-moment | cross. sectional properties). In case of loads close to
the support M, corresponds to or exceeds the ultimate bending moment even

though the mode of failure was that of shear. In all the test series the ultimate

shear-moments show a minimum for M values between 2 and 3. After that,

Qh
M, increases continually up to the point where failure is due to bending. The

transition from shear to flexural failure depends largely on the percentage of
longitudinal reinforcement.

Similar conclusions were observed for beams with uniformly distributed
load, where the ultimate shear resistance decreases with increasing slender-
ness l/h.

2.2. Interpretation and objections

The results of such tests were hardly ever doubted, but they were inter-
preted quite differently. Some take it as a clear proof that the shear failure
results from the combined action of moment and shear, a notion which is
decidedly disputed by others.

Let us first consider some arguments of the latter.

2.2.1. Vertical load stresses. The most important is probably the fact that
loads and support reactions acting directly on the beam produce vertical
compression stresses o,, which in turn reduce the inclined principal tensile
stresses according to the well known relationship

o,+0 (0, —0,)?
oy = 22 yi}/ m2 Ut

Thus they delay the formation of shear cracks and consequently the shear
failure. Since these o, may be pretty big close to the supports or load points
and fade away with increasing distance from these points, it is conceivable to
attribute the high shear strength for small values of M/Q#A to this favorable
effect of local stress concentration.

As a further proof for this school of thought, an investigation by FERGUsSON
[4] is often cited. In these tests it was observed, that the ultimate load drops
considerably, when the loads are not applied from the top as usual, but over
crossmembers. In the extreme case, where not only the loads but also the
support reactions are introduced indirectly over crossmembers, the shear
strength was found to be only about one third of that for normal load and
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support conditions; this may be traced back to the lack of the favourable
vertical load stresses o, !).

These considerations seem to substantiate the view, that beams without
web reinforcement fail in shear, when the principal tensile stresses reach the
tensile strength of concrete. Since these tensile stresses outside the region of
loads or supports are equal to 7, in the neutral axis of cracked sections, one
can conclude, that the shearing stresses are after all the governing factor for
shear failures, and that there is no need or justification of considering the
bending moment.

2.2.2. The influence of the percentage of longitudinal reinforcement. There are
however other aspects of the problem, which cannot be explained by the
favourable effect of vertical loads stresses o, mentioned above. Fig. 3, for
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example, shows the results of a test series of simply supported slabs without
web reinforcement. The only parameter of this series was the percentage of
longitudinal reinforcement p. Accordingly the shear strength can increase by
more than 100%,, when u increases from 0.5%, to 1.59,. One can thus presume,
that the bending moments do have an influence on the shear strength and
that it might be appropriate to relate the carrying capacity to a moment
rather than to the somewhat uncertain shearing stresses.

2.2.3. The dowel-action. However, also this argument has lately been dis-
credited, owing to recent investigation into the dowel-action of the longi-
tudinal reinforcement.

It has always been sensed, that the longitudinal bars crossed by an inclined
crack carry a certain amount of shear force, which however was considered
negligible compared with the total shear. Yet according to tests by W. J.
KreFELD and C. W. THURSTON [5] this does not seem to be the case.

1) Fergusson’s test specimens had, however, no reinforcement in the cross-members
and very short anchorage lengths of the longitudinal main reinforcement, thus preci-
pitating failure for other reasons than shear.
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In these tests (see Fig. 4) a central concrete block, separated from the rest
of the concrete beams, permitted to apply the loads to be applied directly on
the longitudinal reinforcing bars; the whole load had thus to be carried by
dowel action. In order to give an idea about the magnitude of this dowel-
action, we have evaluated the results of these tests in terms of nominal shearing
stresses at ultimate. Fig. 4 shows that they amount to about one third of the
ones obtained in normally loaded beams. The dowel-action increases with the
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thickness of the concrete cover, the percentage of the longitudinal reinforce-
ment and last but not least with decreasing shear span or M/Qh. The dowel-
action follows, therefore, quite closely the tendencies of the phenomena men-
tioned so far, and one could be tempted, to consider it as their major cause.

2.2.4. The influence of bond. However, other points of view have still to be
considered. In the course of our investigations two beam series were tested
with the purpose to check the influence of the bond of the longitudinal rein-
forcement (see [1], Ch. 3 and 5). The variation of bond was obtained by placing
only a few but thick bars in one set of beams or slabs and more but thinner
bars in the others in such a way that both sets had the same total area of steel.
Consequently the distributed reinforcement had a higher ratio of surface to
area than the concentrated one and thus a better bond. The results are sum-
marized in table 1. It shows that the shear strength in case of distributed
reinforcement is up to 289 greater than in case of concentrated reinforcement.
In our opinion this increase can only be the result of better bond because the
effect of dowel-action, if any, should exhibit an inverse trend since the spacing
and the proper stiffness of the bars are smaller for distributed than for con-
centrated reinforcement.
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Table 1. Influence of Bond

Beam Dimensions of test beams Long. steel (%) Py (Mp)
P4 92 12 mm 1,40 20,0
P6 47 18 mm 1,43 17,4
P7 J 27 26 mm 1,48 15,0

32 16 mm
EA 2 1,87 15,2
+22 14 mm
22 24 mm
EA1 1,88 11,9
+12 16 mm
200 -

Now if the bond of the longitudinal reinforcement does play an important
role, which can hardly be doubted, then so do the deformations of the tensile
zone and consequently the bending moment.

2.2.5. Cut-off-bars. This can also be seen from our tests with simple and con-
tinuous slabs [6] with partially cut-off main reinforcement. The most essential
data is presented in Fig. 5. The reinforcement consisted of two layers of welded
wire meshes; one layer extending over the support, while the other was cut-off
in the tension zone. The main variable of that series was the anchorage length
v, i.e., the distance between the point where the second layer is theoretically
not anymore needed as bending reinforcement and the last lateral wire at the
end of the mesh.

As follows from Fig. 5, the strength of these slabs decreases appreciably
with decreasing anchorage length v even though there was everywhere sufficient
reinforcement to cover the flexural stresses. It is further to be noted, that the
ultimate shearing stresses can be much lower than in comparable beam tests
with the same concrete strength of 8, 300 kp/cm? and without bar cut-off.
This is especially true for continuous slabs, where even for ample bond length
the flexural capacity was not attained. Therefore, the deformations in the
tension zone do have an important influence on the shear strength. It proves
once more, that the shearing stresses alone are indeed a very uncertain criterion
for the prediction of shear failure.

Aside from the problem treated here, careful attention should be payed to
the low shearing stresses causing shear failure, which were even smaller than
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the ones presently allowed in the German Code for service load [1]. Since it is
fairly common practice in slab construction to have the wire mesh partly
overlapping similarly to these tests, a reduction of the allowable shearing
stresses is recommended for such slabs.
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2.3. Consideration of the mode of farlure

We distinguish here the following modes of failure:

. flexural failure,
. shear-compression failure,
failure of the web,

a) by yield or rupture of the stirrups,
b) by destruction of concrete due to inclined compression

In case of rectangular cross sections the so-called shear-compression failure
predominates, with shear cracks generally originating from the bottom and
progressing continuously towards the compression zone.

For slender beams without web reinforcement this type of failure often
occurs suddenly, in all other cases the shear-cracks propagate gradually
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whereby reducing the depth of the compression zone and collapse finally takes
place by destruction of this weakened compression zone. In our opinion, a
close observation of the development of this common failure mode indicates,
that it is the magnitude of the moment rather than that of the shear which
ultimately causes failure, i.e. the destruction of the shear-compression zone.

2.4. The Strength of the Shear-Compression-Zone

For beams without web reinforcement the whole shear force has to be
carried by the compression zone and the dowel-action of the longitudinal
reinforcement after the formation of the shear crack. Since the latter accounts
for only about one-third of the total shear force, as described in 2.2.3, con-
siderable shear stresses have to be sustained by the compression zone in
addition to the flexural normal stress o,. Consequently there is a biaxial state
of stress which, according to the theory of the strength of material reduces
the capacity of the compression zone to resist the normal stresses o,. We have
denoted this resistance by the term shear compression strength 8, . which is
always smaller than the monoaxial compression strength g, (cylinder strength).
This fact was derived theoretically, e.g., by H. Bay [7], S. GURALNICK [8],
Goscuy [9] and the author [10]. Since the mean shearing stresses in the com-
pression zone are about 7,=@/bz (x = depth of the compressive zone) and
the normal bending stresses may be estimated as o,=M/hbz, the expression
M [QPh stands approximately for the ratio of normal to shearing stresses in this
zone. This explains why all these authors have found that 8, depends theoreti-
cally and experimentally on M/Qh. In spite of considerable differences in the
approaches all found about the same relationship as shown in Fig. 6. The
consideration of the moment-shear-ratio can thus theoretically be justified.

£ 1,2 SE——
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w2 1,0 stresses @
5|2 f P 4 ®©
g‘; 0,8 ,I AN =]
alo . [/ —
51 \\_/ ——“/ ® .
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E -
al a A . .
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0 1 2 3 4 5 s (2) Y [7]

.M
Moment -Shear-Ratio an

This holds also true for rectangular beams with web reinforcement as long
as this mode of failure occurs. However, because a part of the shear force is
taken by the web reinforcement. M/@Q% has to be replaced by

M
Q(1—n)h
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where 7 is the relative portion of shear carried by the stirrups. For n=1, i.e.,
for full shear reinforcement this expression becomes equal to oo, which means
that we have the same condition as for pure bending and a flexural failure is
to be expected.

2.5. The Depth of the Shear-Compression-Zone

The theoretical investigations just mentioned have indeed produced signi-
ficant information about the combined action of moment and shear, yet an
even more important question concerns the effective depth of the shear-com-
pression-zone. It has already been stated that with increasing load the diagonal
cracks propagate towards the compression edge of the beam more rapidly
than bending cracks, thus reducing the effective depth of the compression
zone and consequently precipitating shear failure. This propagation is to a
large extent a function of the deformation of the tension chord, which in turn
depends on the magnitude of the bending moment, the percentage of longi-
tudinal reinforcement and the bond. Obviously the moment-shear-ratio alone
does not give any pertinent information here, if not coupled with the deforma-

tion characteristics of the tendon. This is certainly the reason why in the new
ACI-Building Code (1] the term M /@ % is replaced by

a5

1200 4,d
which is the ratio of the approximate steel stress M/4,d (4, = area of longi-
tudinal tension reinforcement, d = effective depth of the beam) to some

arbitrarily chosen tensile stress of 1200 psi. In the shear theory proposed by
the author in [10] M/@Q%, p and the bond characteristic are included.

3. T- and Similar Cross-sections

Beams with strong chords and relatively thin web show an entirely different
shear behavior than the rectangular beams treated so far. The shear failures
occur here in general by destruction of the web zone due to one or mostly a
combination of the following causes:

a) the inclined principal compression stresses exceed the concrete cylinder
strength;

b) the stirrups reach the yield or rupture strength;

c¢) slip in the anchorage of the stirrups.

2) The allowable shear stress v, is specified in the ACI-Code by

— ’ /5 ) Vf_:»'
ve = Ve (fs— 15800psi) ©F |_12004.a°
M

where f, is the concrete cylinder strength and fs the working stress of the tension rein-
forcement.
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Both b) and c) show large deformation and eventual destruction of the
concrete in the web zone, while failure of the type a) may occur suddenly
without excessive deformations.

Our tests have shown that it is primarily the magnitude of the principal
compression stresses o;; which determine the failure of the web. These principal
stresses in turn are a function of the shear stresses and the inclination of the
web reinforcement.

The following relationship was experimentally observed (see 1 and 3):

o = 1.5 to 1.8 7, for inclined stirrups,

oy = 2.1 to 2.5 7, for vertical stirrups.

Fig. 7 gives the distribution of the stirrup stresses for a beam series with the
web thickness as the sole variable. Evidently the stirrup stresses are con-
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/ \U/ Ref. [1].
g

=500

siderably more important for beams with thin web than for rectangular beams,
even though they should theoretically be equal according to the truss analogy.
Since the shear strength and the stirrup stresses depend so much on the web
thickness, i. e., the shear stresses, it is obviously quite incompatible with reality
to ignore the shear stresses in shear problems, as is so often done. The numerous
empirical formulae for the shear strength, which do not include the shearing
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stresses or similar expressions cannot generally be valid and stem mostly from
evaluating tests on rectangular beams only, where compared with other
influencing factors the magnitude of 7 is indeed often of secondary importance.

On the other hand it may be seen from Fig. 7 that for beams with thick
webs the maximum stirrup stresses occur in the vicinity of maximum moment,
whereas the moment has little influence on the stirrup stresses of beams with
thin webs?). This is in agreement with the fact that thin webs fail always in
the zone of maximum shear stresses.

While the shear stresses are an important criterion for such beams they
definitely do not represent a really existing stress after cracking has taken
place, but they give a very simple and practical indication of how much the
web is strained. It is therefore perfectly justified and even recommendable to
replace the theoretically derived term 7,=@Q/bz by = @Q/bh, thus eliminating
the problem of whether the lever arm z of internal forces has to be computed
for working load or for ultimate load.

4. Continuous Members

Further complications but also valuable information result from investiga-
tion of continuous beams. The crack and failure pattern for a two span con-
tinuous beam of rectangular cross-section is shown in Fig. 8. This picture
alone proves that the bending moment really has a significant influence because
no shear cracks at all developed in the region of the point of contraflexure (0)
although the ultimate shear stresses r, =~ 25kp/em? in this region were approxi-
mately twice that observed in similar but simply supported beams without
web reinforcement (concrete strength 8, =~ 350 kg/cm?). Conversely the distinet
shear cracks in the vicinity of the load points and near the middle support
have formed already at about half the ultimate load, i.e., at 7, =~ 12kg/cm?
because not only the shear force but also the moment is simultaneously impor-
tant. The increased shear resistance at the point of contraflexure can neither
be traced back to the effect of vertical loads stresses nor to the dowel-action
but only to the absence of initial flexural cracks which precipitate the forma-
tion of the shear cracks. It can therefore hardly be denied that shear failures
of continuous rectangular beams result from the combined action of moment
and shear.

It is however another question whether or not one should express this
correlation in terms of the moment-shear-ratio. The evaluation of our tests
has shown that for continuous members, there exists a similar relationship
between shear strength and M/Q#% as for simply supported members (Fig. 9),

3) However T-beams with cut-off bars failed at considerably lower loads than similar
beams with the entire tendon extending over the supports.
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yet both here and there, secondary phenomena like dowel-action and vertical
load stresses are involved which do not causally depend on M/QA.

As expected, the statement made earlier according to which, mainly the
shear stresses are to be governing in case of beams with thin webs, holds also
for continuous members. It has to be kept in mind, however, that T-beams
without lower flange act essentially as rectangular beams over intermediate
supports and that the danger of shear-compression-failure is very pronounced
in this zone, especially due to the bad bond characteristics of bars placed at
the top.
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5. Conclusions

It was attempted to clarify how the two cross-sectional forces M and @
influence the shear strength of reinforced concrete beams and whether it is
appropriate to express their combined effect as a function of the moment-

shear-ratio %

Theoretical and experimental evidence leads to the conclusion that the
bending moment does exert a significant influence on the shear strength
particularly in case of beams and slabs with rectangular solid cross-sections,
and that the shear stresses alone are indeed a very unsuitable and uncertain
failure criterion. Even outside the region of vertical normal stresses o, in the
vicinity of loads and supports the ultimate shear stresses can fluctuate more
than 1009, depending on whether the simultaneously acting moment is great
or small. Contrary to the often accepted implication, the scatter of the concrete
tensile strength is not the major cause for these differences. In case of very
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short beams the ultimate shear force can rise to very high values, owing to the
favourable effect of the dowel-action and the load stresses ¢, mentioned before.
For continuous rectangular members, the combined action of moment and
shear must be taken into account, because it can lead to a critical state of
stress over the intermediate supports causing premature shear compression
failure.

On the other hand in the case of beams with thin webs, the shear stresses r

represent the most important criterion as well for determining the shear
strength as well as for dimensioning the web reinforcement, while the magni-
tude of the bending moment is here of minor importance. The widespread
opinion that the notion of shear stresses should be abandoned in shear problems
cannot possibly be maintained for a generally valid approach. The numerous
formulae giving the shear strength without regard to the shear stresses or
similar quantities are therefore inadequate.
M
Qh
with respect to the strength of the shear-compression-zone. Other influencing
factors, which are difficult to derive theoretically, such as dowel-action,
vertical load stresses, percentage and bond of longitudinal reinforcement may
in part empirically be expressed as a function of the simple and practical
notion of the moment-shear-ratio, but one has to keep in mind, that this is a
rather indirect approach depending greatly on the special conditions of the
tests from which pertaining conclusions are drawn.

A direct and theoretically provable influence of could only be found

In view of these circumstances one may thus question, whether it is bene-
ficial and feasible in practice to consider such complex implications or whether
one is not better off to stick to the old concept of allowable shear stresses. In
our opinion this is not the case, on the contrary, the knowledge broadened by
recent investigation can lead to a more practical and more ecconomical design.

This is, for example, the case for deep beams (Fig. 10), where our tests
have shown that the standard shear reinforcement by means of bent up bars
is quite useless since these bars are subjected to compression and not to tension
as expected from the hitherto accepted theory, whereas a similar deep beam
(W 2) where the same bars extended straight over the supports developed a
209, higher strength and showed smaller crack widths and depths. Similar
conditions occur in cantilevers, short beams, foundation slabs ete. In all these
cases it is of primary importance to have strong and well anchored tendons,
whereas one can often dispense with web reinforcement, and the concept of
allowable shear stresses is of little help. Since such members constitute a large
portion, if not the majority, of all the cases where shear is a problem, it would
be inappropriate not to take advantage of the findings of recent research.
The many investigations of the last decade certainly permit these cases in
modern design without undue complications while for the other cases they
open the way for more slender and daring constructions.
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Summary

The question is treated whether the shear strength of reinforced concrete
beams and slabs is determined by the moment or the shear force or a combi-
nation of both and whether it is appropriate to express their interaction by
means of the moment-shear-ratio M/Qh.

For members of rectangular cross-section the moment is indeed of signi-
ficant influence and the shearing stresses alone do not constitute a suitable
criterion for the determination of the shear strength. For beams with thin
webs, however, the shearing stresses are of primary importance both for
predicting the shear strength and for dimensioning the web reinforcement.

A direct and theoretically given influence of M/Q% could only be found
with respect to the strength of the shear compression zone, while other phe-
nomenae, usually attributed to the influence of M /@A are a function of other
factors such as vertical normal stresses due to support and load conditions
and the dowel action of the longitudinal reinforcement.

Résumé

Il est examiné si la résistance au cisaillement de dalles et de poutres en
béton armé est déterminée par le moment, ’effort tranchant ou une combinai-
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son des deux, et s’il est 1égitime d’exprimer leur action commune par le rapport
moment — cisaillement M/Qh.

Il est montré que pour les piéces de section rectangulaire le moment a une
importance prépondérante et que les efforts tranchants ne peuvent constituer
a eux seuls un critére sr pour la détermination de la résistance au cisaille-
ment. Pour les piéces & A&me mince, par contre, les contraintes de cisaillement
sont déterminantes pour 1’évaluation de la résistance au cisaillement et pour
le dimensionnement de ’armature de cisaillement.

Une influence directe, justifiable théoriquement, du rapport M/@Qh n’a été
constatée que sur la résistance de la zone comprimée soumise au cisaillement,
tandis que d’autres phénomenes, généralement attribués a I’action du rapport
M |@Qh, résultent d’autres facteurs tels que contraintes verticales normales dues
aux appuis et aux charges et effet de cheville des armatures longitudinales.

Zusammenfassung

Der Beitrag behandelt die Frage, welchen Einflul das Moment und die
Querkraft bzw. die Schubspannungen auf das Schubbruchverhalten von Stahl-
betonbalken und -platten haben und ob es zweckméiBig sei, deren gemeinsame
Wirkung gegebenenfalls durch das Momenten-Schub-Verhéltnis M/Qkh zu
erfassen. Es wird gezeigt, dall das Biegemoment vor allem bei Rechteckquer-
schnitten von mafigebender Bedeutung ist und daBl die Schubspannungen
allein hier ein sehr ungeeignetes MaB fiir die Abschitzung der Schubbruch-
gefahr darstellen. Fiir Balken mit diinnen Stegen hingegen ist die Grofle der
Schubspannungen das wesentlichste Kriterium, sowohl fiir die Beurteilung
der Schubtragfihigkeit als auch fiir die Bemessung der Schubbewehrung.

Ein direkter, theoretisch begriindeter Einflul von M /@A konnte nur beziig-
lich der Festigkeit der Schubdruckzone gefunden werden. Die bei kleinen
M[Qh-Werten beobachtete hohe Schubtragfihigkeit ist dagegen weniger eine
Folge der gegenseitigen Wirkung von Moment und Querkraft, sondern es
spielen hier andere Einflisse wie Lasteintragungsspannungen und Verdiibe-
lungswirkung der Lingsbewehrung eine maBgebende Rolle.
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Beitrag zur Schubfestigkeit und Verankerung im Stahlbeton
Contribution to Shear- and Anchorage-failure in Reinforced Concrete

Contribution @ la résistance aw cisaillement et & la rupture par insuffisance
d’ancrage du béton armé

STEFAN SORETZ
Dr. techn.

1. Schubbruch von Stahlbetonbalken ohne Schubbewehrung

Die in Fig. 1 dargestellten Balken aus Beton mit 200 kg/cm? mittlerer
Wiirfelfestigkeit und naturhartem Rippenstahl ASTM-A 305 mit im Mittel
45 kg/mm? Streckgrenze und 70 kg/mm? Zugfestigkeit wurden mit stufen-
weise gesteigerter Belastung bis zum Bruch gepriift. Der Verlauf des Bruches
wurde durch Filmaufnahmen festgehalten, denen die in Fig. 2 fiir den Bruch
kennzeichnenden Bilder entnommen sind. (Die Balken wurden mit obenlie-
gender Zugzone gepriift.)
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Fig. 1.

Die Balken mit 12,5 cm langem Vorkopf sind unter einer Schubkraft von
5,4 t durch Abscheren oder Aufspalten des Betons etwa in der oberen Tan-
gentialebene zu den beiden Stidben der Hauptbewehrung gebrochen. Der
Bruchrifl ging vom Ful} des Schrigrisses aus und verlief gegen die Stirn-
fliche des Balkens. Die Druckzone war unbeschédigt.

Die Balken mit 50 cm langem Vorkopf sind unter einer Schubkraft von
5,5 t durch Abscheren der Betondruckzone neben einer Last gebrochen. Der
im Bild zu sehende Spaltri} war eine Folgeerscheinung.

In beiden Fillen hat sich der Bruch ohne Warnung und nach den auf-
genommenen Filmen beurteilt, im Verlauf von 1 bis 2 hundertstel Sekunden
ausgebildet.
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Fig. 2.

Die Balken mit symmetrischer Druckbewehrung sind unter einer Schub-
kraft von 7,9t so wie die zuerst genannten Balken durch Abscheren oder
Aufspalten des Betons etwa in der oberen Tangentialebene zu den beiden
Stiben der Zugbewehrung gebrochen. Die Zerstéorung des Betons in der
Druckzone war eine Folgeerscheinung. Der Bruch war weniger plotzlich und
hat sich in etwa 3/,,, Sekunden ausgebildet.

Der Schubbruch wird, je nach der Stirke der Druckzone und der Linge
des Balkenvorkopfes, durch Versagen

a) der Druckzone,
b) des Balkenvorkopfes durch Abscheren oder Spalten des Betons etwa in
der oberen Tangentialebene zu den Stidben der Zugbewehrung ausgelost.

Bisher wurde nur das Versagen der Druckzone behandelt.

Der warnungslose, ausgesprochen sprode Bruch sollte in der Bemessung
durch eine entsprechend erhohte Sicherheit beriicksichtigt werden, wie das
auch sonst iiblich ist.

2. Schubbruch von Stahlbetonbalken mit Verbiigelung

Die in Fig. 3 dargestellten Rechteckbalken aus Beton mit 300 kg/cm?
Wiirfelfestigkeit wurden mit stufenweise gesteigerter Belastung bis zum
Bruch gepriift. Die Schubbewehrung der Balken durch Biigel entsprach etwa

S&iﬁ,‘% A ﬁWﬁ y{v WWVWWWM :Lg
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Fig. 4.

409, der nach der MorscHschen Fachwerkstheorie erforderlichen Menge; es
lag daher etwa 409, Schubdeckung vor. Das Versagen ist durch Schubbruch
etwa in der oberen Tangentialebene zur oberen Lage der Hauptbewehrung
eingetreten, wie Fig. 4 an dem Bild eines gebrochenen Balkens zeigt. Unter
der Bruchlast betrug die rechnungsméifige Stahlspannung in den Biigeln in
Ubereinstimmung mit dem angenommenen Schubdeckungsgrad im Mittel
11 000 kg/cm?2.

Mit den in Fig. 5 abgebildeten Rechteckbalken wurde der Einflu3 des
Verbundes von Rippenstihlen auf die Verankerungsbedingungen untersucht,
Durch entsprechende Verkiirzung der Vorkopflingen und oder Steigerung
der Giite des Stahles der Zugbewehrung kann die Zerstérung der Verankerung
der Stdbe der Zugbewehrung im Balkenvorkopf erreicht werden, wenn die
Verbiigelung der sogenannten «vollen MORscHschen Schubdeckung» ent-
spricht und in gleicher Stirke im Balkenvorkopf angeordnet wird. Mit einer
auf die Hilfte verringerten Verbiigelung ist der Bruch unter einer um 309,
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kleineren Belastung durch Schubbruch in der oberen Tangentialebene zu den
beiden Stiben der Zugbewehrung eingetreten. Das Bruchbild war gleich dem
in Fig. 4. In der Nihe des Bruchzustandes haben die herausstehenden Enden
der Zugstibe Gleitungen gezeigt, die aber auf die Verminderung des Ver-
bundes durch den beginnenden Schubbruch in der Tangentialebene an diese
Stidbe zuriickzufiithren sind.

In Balken mit ausreichend starker Druckzone kénnen mit und ohne Schub-
sicherung durch Biigel Schubbriiche in der oberen Tangentialebene zur Haupt-
bewehrung auftreten.

Es erscheint daher notwendig, diese Bruchart bei der Bemessung zu be-
riicksichtigen und die Grenzen fiir die Moglichkeit einer Verminderung der
sogenannten vollen MoOrscHschen Schubsicherung unter Beriicksichtigung
dieser Art des Schubbruches abzustecken.

3. Verankerung der Schubbewehrung im Schubbereich

In Balken nach Fig. 5 wurden einmal die der sogenannten vollen MORSCH-
schen Schubsicherung entsprechenden Biigel in gleicher Dichte bis zur Stirn-
fliche der Balken fortgesetzt. In Vergleichsbalken wurde diese Schubsiche-
rung nur zwischen dem Auflager und der Laststelle angeordnet, so dafl der
Vorkopf dieser Balken keine Verbiuigelung hatte. Die letzteren Balken sind
unter einer um etwa 1/, kleineren Belastung gebrochen als die zuerst genann-
ten. Der Bruch wurde durch Zerstorung der Verankerung im Balkenkopf
ohne Verbiigelung durch Sprengen des Betons ausgelost. Das Ergebnis stellt
sich in gleicher Weise ein bei Zugbewehrung aus Rundstédhlen mit Endhaken
und bei Rippenstidhlen ohne Endhaken. Der Sprengwirkung in der Veranke-
rung ist daher entweder durch eine Verlingerung der verbiigelten Strecke
bis zur Balkenstirnfliche oder zumindest durch die Anordnung von kleinen
Biigeln entgegenzuwirken, die die Zugstidbe einschlieBlich der Endhaken im
Bereich des Balkenvorkopfes umschlieB3en.

4. Schubbruch von Plattenbalken mit Verbiigelung

Die in Fig. 6 dargestellten T-Balken aus Beton mit 350 kg/em? Wiirfel-
festigkeit und mit der angegebenen Bewehrung wurden zuerst mit der ein-
gezeichneten Laststellung einem Biegeversuch bis zum Bruch durch Biegung
in der Mitte der Stiitzweite unterworfen. Hieriiber wurde ausfiihrlich unter
[1] berichtet. Anschlieend wurden die Balken in dem von der ersten Bruch-
zerstorung unbeeinflulten Schubbereich mit M/Qh = 2 nochmals bis zum
Bruch durch Versagen des Schubwiderstandes gepriift, wie Fig. 7 zeigt. Das
neue Auflager bestand aus einem schweren, nicht drehbar gelagerten Stahl-
triger. Uber dem bestimmungsgemiflen Endauflager wurden groBte rech-
nungsméifige Schubspannungen von 58 kg/em? mit rechnungsméfigen Zug-
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spannungen in den Biigeln aus TOR-Stahl 40 von 4300 kg/cm? erreicht, ohne
Anzeichen einer Erschopfung des Schubwiderstandes. Uber dem neuen Auf-
lager mit einer bedeutend schwicheren Schubsicherung durch Biigel haben
sich folgende Verhiltnisse ergeben:

Bei einem Balken ist dort der Schubbruch unter Schubspannungen von
50 kg/em? eingetreten, unter denen die rechnungsmifligen Zugspannungen in
den Biigeln aus TOR-Stahl 7150 kg/cm? betrugen.

Beim zweiten Balken ist dort der Schubbruch unter wesentlich kleineren
Schubspannungen von 38 kg/em? in einer lotrechten Ebene am inneren Rand
des Auflagertrigers eingetreten. Der Bruchquerschnitt liegt zwischen 2 Biigeln
aus Rundstahl @ 8, also in dem am schwichsten auf Schub bewehrten Bereich.
Die rechnungsméBige Zugspannung dieser Biigel aus St 37 betrug 6500 kg/cm?2,
Es ist dabei jedoch zu beriicksichtigen, dafl durch die starke Verformung des
Balkens nahe dem Bruchzustand die Auflagerpressungen bereits stark von
gleichmiBig verteilten abweichen und sich einer dreieckférmigen Verteilung
nidherten. Diesem Zustand entspricht eine Kantenpressung am Rand des Auf-
lagertragers von 190 kg/cm?. Der kombinierte Spannungszustand aus lot-
rechter Schubspannung im sehr schwach bewehrten Beton und Druckspan-
nung hat zum Versagen gefiihrt.

Offenbar fiithren nicht in allen Fillen die Auflagerpressungen zu einer Er-
héhung der Tragfihigkeit auf Schub, wie vielfach angenommen wird. Das
Auftreten einer lotrechten Schubbruchfliche kann damit erklirt werden, daf3
ein schmaler Bereich zwischen ausreichender Verbiigelung und dem Auf-
lagerrand nur mit wenigen waagrechten Stéiben sehr schwach gegen Schub
gesichert war und daher als schwichste Stelle vorzeitig versagte.

Es scheint daher notwendig, bei der Bemessung der Schubsicherung und
der Auflager auf das die Tragfahigkeit des Schubbereiches schwichende Zu-
sammentreffen von Beanspruchungen besonders Riicksicht zu nehmen.
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5. Rippendecken mit Schubsicherung durch Biigel

Die in Fig. 8 abgebildeten durchlaufenden Rippendecken wurden nach der
g
10
Rippendecken wurden mit Beton von 245 kg/em? Wiirfelfestigkeit hergestellt
und mit TOR-Stahl 60 in der angegebenen Form bewehrt. Die Biigel waren
zur Ubernahme der gesamten Querkraft bemessen und im Abstand von 25cm
verlegt. Gemil} Fig. 9 trat der Bruch dadurch ein, dal} sich ein zum Rand des
Mittelmauerrostes durchlaufender Schrigrifl plotzlich o6ffnete, wodurch die
Druckzone abgeschert wurde. Der bruchauslosende Schréagril3 verliuft genau
zwischen zwei Biigeln, die durch strichlierte Linien gekennzeichnet sind und
deren Abstand mit 25 em etwas gréf3er als z = 20 cm ist.

Die Sicherheit der Decke war mit 2,2 anscheinend ausreichend; der Fall
wird jedoch hier warnend zitiert. weil er zeigt. welchen schidlichen Einflul}

Theorie der plastischen Gelenke mit M, = und Mg = % bemessen. Die
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bereits verhaltnisméflig geringfiigige Abweichungen von den Regeln der klas-
sischen Schubsicherung haben koénnen; der schidliche Einflul kénnte aber
auch in der Art des Systemes mit vorgegebenen plastischen Gelenken gelegen
sein, in denen gleichzeitig grof8te Momente und grofite Querkrifte zur Wir-
kung gelangen, was bisher bei der Bemessung im allgemeinen nicht beriick-
sichtigt wurde.

6. RiBbildung im Schubbereich

Der Einflul einer waagrechten Stegbewchrung auf die Riffbildung im
Biegebereich von hohen Rechteckbalken wurde in einer vorausgegangenen
Abhandlung [2] eingehend behandelt. Mit einer Zugbewehrung aus hoch-
haftfesten Bewehrungsstiben treten im Bereich dieser Bewehrung sehr viel
und entsprechend feine Risse auf, die iiber die unbewehrte Hohe des Steges
zu einzelnen sehr weiten Rissen zusammenlaufen. Durch eine entsprechende
waagrechte Stegbewehrung kann eine iiber die ganze Hohe des Steges gleich-
maBig feine RiBbildung erreicht werden. Im folgenden wird aus diesen Ver-
suchen der Einflul} einer waagrechten Stegbewehrung auf die RiB3bildung im
Schubbereich abgeleitet, der zur Zeit noch ungeklirt erscheint.
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Fig. 10.

Die Schubbereiche der in Fig. 10 dargestellten Rechteckbalken aus Beton
mit im Mittel 345 kg/em? Wiirfelfestigkeit unterscheiden sich wie folgt. Auf
der linken Seite wurde die Schubsicherung rechnungsméBig allein durch Biigel
und auf der rechten Seite durch Biigel und Schrigeisen gedeckt. Der erste
Balken (C 1) hatte keine waagrechte Stegbewehrung. Der zweite Balken (C 3)
hatte eine starke waagrechte Stegbewehrung, bestehend aus @ 12 TOR-Stahl 40
in 5 em Abstand auf beiden Seitenflichen. Der dritte Balken (C 4) hatte
eine Stegbewehrung aus 2 iiber die ganze Hohe reichenden, U-férmig gebo-
genen Bewehrungsmatten mit 5 cm Maschenweite und 3 mm Drahtdicke.



784 STEFAN SORETZ IVa?2

Der wirksame Querschnitt der Biigel und Schrigeisen war in allen Balken
mit 12,4 bis 13,6 cm?/m anndhernd gleich. Die waagrechte Stegbewehrung
betrug im Balken (C 3) 45 em?/m und im Balken (C 4) 5,7 ecm?/m. Im Balken
(C 3) war der wirksame Querschnitt der waagrechten Stegbewehrung iiber
3mal so groB als jener der Biigel und Schrageisen, im Balken (C 4) dagegen
nur etwa halb so grof.

Die Balken wurden mit 2 Einzellasten in den Viertelpunkten der Stiitz-
weite stufenweise bis zum Bruch belastet. In jeder Belastungsstufe sind simt-
liche Risse gemessen worden.

Fig. 11 zeigt die am Ende der Versuche an den Balken verzeichnete RiB3-
bildung. Man erkennt deutlich die gleiche Wirkung der Stegbewehrung auf
die Verteilung der Risse im Schubbereich wie im Biegebereich. Die starke
Stegbewehrung des Balkens (C 3) fithrt zu einer bedeutenden Vermehrung
der Risse im Steg. Bei Balken (C 4) bedingt die Netzbewehrung eine gleich-
maflige Zunahme der Risse in allen Hoéhenlagen der Zugzone. Da aber die
Netzbewehrung in waagrechter Richtung schwicher ist als die vorgenannte
Stegbewehrung, war die Anzahl der Risse im Steg des Balkens (C 4) kleiner
als in jenem von (C 3).

Die Vermehrung der Risse durch die waagrechte Stegbewehrung fiihrte
zu einer gleichartigen Abnahme der Rilweiten, die in allen Fillen sowohl in
der Schwerachse der Zugbewehrung als auch am Ort der grofiten Weite ge-
messen wurden; daraus wurden die Grofitwerte W,,,. sz bzw. W, .. ws SO-
wie der Mittelwert W, g,y fiir den Biege- und Schubbereich der gepriiften
Triger entnommen. Tab. 1 zeigt die Abnahme dieser Werte bei den Trigern
mit waagrechter Stegbewehrung (C3) und (C4), bezogen auf die Werte des
Trégers ohne Stegbewehrung (C1), und zwar unter einer gréBten Beanspru-
chung von 3500 kg/cm?, der zulédssigen Spannung fiir TOR-Stahl 60 und des-
sen gewiahrleisteter Streckgrenze von 6000 kg/cm?2.
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Tabelle 1
c3/C1 c4/C1
Oell
kg/mm? | p s | B S

Wmax. abs 35 0,43 0,42 0,58 0,59
60 0,37 0.47 0,46 0,51
W maz. sanu 35 0,81 0.77 0,70 0.67
60 0,79 0,75 0.58 0.50
W san 35 0,85 0.73 0.58 0.54
60 0,69 0,91 0,58 0.61
im Mittel 0,69 0.68 0,58 0.57

B = Biegebereich S = Schubbereich

Die Verhiltniswerte sind fiir den Biege- und Schubbereich praktisch gleich
und beweisen damit die gleiche Wirksamkeit der waagrechten Stegbewehrung
auf die Verringerung der RiBbildung in beiden Bereichen. Dabei ist aber
noch zu beriicksichtigen, daB3 unter Anrechnung der waagrechten Stegbeweh-
rung auf die Tragfihigkeit der Balken auf Biegung die fiir gleiche Zugspan-
nung in der Hauptbewehrung auftretende Querkraft beim Balken (C 3) um
30% und bei (C 4) um 349, groller war als beim Balken (C 1) ohne waag-
rechter Stegbewehrung.

Die im Schubbereich gemessenen grofiten Rifweiten (W, . sind in
Fig. 12 in Abhingigkeit von der groBten Zugspannung in der Hauptbeweh-
rung (o,;;) und in Fig. 13 in Abhéngigkeit vom Auflagerdruck (@) getrennt
fiir beide Schubsicherungen dargestellt. Eine grofte Riweite von 0,2 mm
wird bei den Balken mit Stegbewehrung (C 3) und (C 4) unter einer um 85
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bzw. 409, hoheren Stahlspannung, aber unter einer um 135 bzw. 909, gréferen
Querkraft erreicht als beim Balken (C 1) ohne Stegbewehrung. Die Wirkung
der waagrechten Stegbewehrung im Sinne einer Verringerung der RiB3bildung
zeigt sich daher fiir die Riflbildung im Schubbereich wesentlich stérker als
fir die Rifbildung im Biegebereich. Die unterschiedliche Schubbewehrung
durch Biigel allein bzw. durch Schrigeisen und Biigel hatte wegen der guten
Aufteilung der Schriageisen keinen gesicherten Einflull auf die Rifibildung.

Die Versuche beweisen daher zumindest fiir die Rillbildung die Notwendig-
keit der Beriicksichtigung des waagrechten Anteiles der Schubkraft durch
eine entsprechende waagrechte Stegbewehrung gemél den Vorschlagen von
RauscH [3] fir die Schubsicherung von Stahlbetonbalken durch Biigel allein.
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1. A. LAzARD: «Essais jusqu’a rupture de poutres armées d’acier TOR 60 et 80.» Mémoi-
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Zusammenfassung

Der vorliegende Beitrag bringt einige mit Versuchsergebnissen belegte
Beispiele fiir theoretisch noch nicht nidher behandelte oder umstrittene Fille
von Schubbruch und Versagen der Verankerung von Bewehrungsstiben sowie
von Beeinflussung der RiBbildung im Schubbereich durch die waagrechte
Stegbewehrung.

Summary

Test results show particular examples of shear and anchorage failure and
the effect of horizontal web reinforcement on the crack formation in the shear
zone. The problems indicated are still under consideration and have not been
solved by the theories and design methods discussed.

Résumé

A la lumiére de résultats d’essais, I’auteur traite quelques cas particuliers
concernant: la rupture par cisaillement, I'insuffisance d’ancrage des armatures
et le role des armatures d’ame horizontales dans la fissuration intervenant
dans la zone de cisaillement. Les problémes auxquels se rapportent ces exemples
font l’objet:de controverses ou n’ont pas encore été soumis & une étude théo-
rique approfondie.
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Shear Strength of Continuous Reinforced and Prestressed Concrete Beams
Résistance aw cisaillement des poutres continues en béton armé et précontraint

Die Schubfestigkeit kontinuverlicher Stahlbeton- und vorgespannter Balken

A. M. NEVILLE
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Calgary, Canada

Notation
] = diameter.
ton = English ton (= 2240 1b.).
r = percentage area of web reinforcement.
. . V
v = nominal shearing stress = TR
a = shear span.
Introduction

Extending previous studies on the shear strength of concrete beams, a part
of which was reported at the 6th Congress [1], continuous beams have been
investigated with a special reference to the moment-shear interaction at the
ultimate. In continuous beams there are regions in which the bending moment
changes from a high positive to a high negative value, with a concomitant high
shear. In the vicinity of the point of contraflexure there exists the unique
combination of a high shear and no applied direct stress. There is thus no
flexural cracking there and shear design formulae derived for a cracked section
cannot be used.

Beams with Orthogonal Web Reinforcement

As a continuation of a study of beams with orthogonal web reinforcement
[2], continuous beams covering two spans of 4'—4 1" each were tested. They
had a cross-section of 4” by 10", with (plain) main tension and compression
reinforcement area ratio, p, of 2.4%,. The shear span-effective depth ratio, a/d,
was 2.2, When 1" & stirrups were spaced at 4” centres no significant increase
in ultimate load was caused by the addition of two }” & horizontal bars at the
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level of the neutral axis, all beams failing in diagonal tension. Nevertheless,
the widening of the diagonal tension crack was delayed somewhat and a better
distribution of cracks was obtained. The initial cracking load was not affected
since, as is well-known, web reinforcement plays no role until diagonal cracking
has started. On the other hand, shrinkage markedly affects the cracking load
and has to be carefully controlled.

When the stirrups were spaced at 2}” centres (which corresponds to
r=0.989%,) in the zone between the load point and the centre support (where
the shear was greatest), and at 4” centres elsewhere, the addition of one layer
of horizontal web reinforcement resulted in practically no improvement when
the concrete strength was 44001b./in.2. However, with a 5500 lb./in.2 concrete
an increase in ultimate load of approximately 159, was observed on addition
of " @ horizontal bars, and a further increase when }” @ horizontal web
reinforcement was used. This beam failed at a load equal to the ultimate
flexural capacity (which is slightly increased by the additional steel) and a
full redistribution of moments had taken place. Fig. 1 shows the failure pat-
terns.

From a series of tests it seems that when stirrups are inadequate because
of too large a spacing the addition of horizontal web reinforcement will not
remedy the situation. With a smaller stirrup spacing [approximately 1/2d
(1—k)] the use of orthogonal reinforcement is advantageous if very high
strength concrete is used: the widening of the diagonal tension crack is delayed
so that the horizontal steel plays a greater role in resisting inclined tension.
The use of larger horizontal bars effects little improvement and in fact these
bars did not yield while stirrups did, but arrangement of small bars in two
layers, one at the level of the neutral axis, the other half-way towards the
tension steel, is more efficient. It is worth noting that the weight of the 1" @
horizontal web reinforcement is less than 189, of the weight of the stirrups
alone, and of course only a small fraction of the total weight of reinforcement.
If the same weight of steel were used in the form of stirrups the influence on
the shear capacity of the beam would be smaller. The fixing of horizontal bars
is extremely simple so that no large labour cost is involved. It should be stressed
though that horizontal bars are not a substitute for adequately spaced stirrups.

Referring to beams with stirrups only, it is interesting to observe that even
though they failed in shear they withstood a higher nominal shearing stress
(600 1b./in.2 when 7=0.619%,, and 670 lb./in.2 when r=0.98%,) than simply
supported beams of similar properties and with the same values of » (500 and
530 Ib./in.? respectively). We should note, however, that for the same applied
shear the bending moment in a continuous beam is smaller than in a simply
supported beam.

Beam B 19 of Fig. 1 failed in shear but reached its flexural load capacity.
In this connection it is interesting to observe that under the action of moment
and shear the concrete is subjected to biaxial compression and hence its
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resistance to compression is higher [3]. Thus failure in shear may occur at an
increased compressive stress, possibly at a load in excess of the theoretical
flexural capacity, and yet truly in shear. Loads acting on the surface of the
beam also have the effect of inducing biaxial compression [1]. If closed stirrups
are present they provide a form of binding of the compression zone, and thus
permit it to develop a considerably greater strain before compression failure:
this allows a greater rotation and may raise the shear capacity of the beam.

Moment-Shear Interaction in Reinforced Beams

Tests on continuous beams with constant longitudinal reinforcement (but
without stirrups) and a/d varying between 1.5 and 3.5 have indicated an
absence of a significant shear-moment interaction. Fig. 2 shows that the higher
the bending moment over the centre support the higher the nominal shearing
stress at failure, all beams failing in shear. The failing load was slightly lower
the higher the a/d ratio (for the shear span nearest to the centre support); this
1s similar to the behaviour of single span beams and also of continuous pre-
stressed beams (see infra).
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Fig. 2. Relation between the bending moment over the centre support and nominal
shearing stress at failure.
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To study the interaction further a continuous beam was tested under two
point loading per span arranged so that the shear in each of the shear spans

adjacent to a reaction was the same. The % ratios were also sensibly equal:

1.72 on the outside of the outer load point, and 1.65 near the centre support.
The elastic point of contraflexure was between the load points, less than 2”
from the inner load point. Fig. 3 shows the crack pattern at failure, which
took place in the shear span with a shear equal to only 2/3 of the shear in the

other shear spans so that %: 2.57. Thus once again the factor equivalent to
a/d appears to be of importance. It may also be noted that a lower moment
gradient means that the zone of flexural cracking extends more rapidly with
an increase in load, and this may lead to inclined cracking. There was no

cracking near the point of contraflexure.

Prestressed Beams of Rectangular Cross-Section

Two-span beams with a varying linear transformation were tested. Failure
occurred in all cases in diagonal tension near the centre support with a second
hinge in the span. The diagonal tension crack formed suddenly and opened
wide over a distance extending to within 1 to 1}in. of extreme fibres. With
one exception this diagonal cracking load represented between 84 and 1009,
of the collapse load on the beam. The sudden character of shear failure in
prestressed beams (which were post-tensioned and grouted), sometimes nearly
explosive in character, is thus apparent, and it is clear that all important
prestressed as well as reinforced beams must have web reinforcement. How
early the warning of failure is, i.e. what is the increase in load between
diagonal tension cracking and collapse (expressed as a percentage of the collapse
load), depends on several factors. As in reinforced concrete beams, the a/d?!)
ratio has an important influence: the higher the value of a/d the less warning
there is, and for high a/d collapse is simultaneous with the opening of the
diagonal tension crack.

For a constant value of a/d, the difference between the cracking and
collapse loads is greater the smaller the total prestressing force in the beam,
F,. Thus for a constant stress in wires at transfer, f,, the difference is greater
the smaller the steel area; conversely, for a constant steel area the difference
increases with a decrease in f,. These statements apply of course only to beams
failing in shear but they seem to form a logical pattern as a smaller compres-
sion due to prestress means that cracking occurs under a lower load. This
lowers the rigidity of the beam, and leads to a greater difference between the
cracking load and the ultimate load irrespective of the actual value of the
latter.

1) d is the overall depth of section.
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From the rather insufficient tests on beams with F, constant, and f, and
the percentage steel area, p, variable, it seems that the difference between
diagonal cracking and ultimate load increases with a decrease in f; and there-
fore with the concomitant increase in p. This is because with a high value of p
the loss in effective prestress due to creep of concrete is higher, and diagonal
cracking occurs earlier.

Let us consider the effect on shear strength of f,, p, and F; only two of
these are independent. If f, is sufficiently high a small increase in the load on
the beam will bring the wires into the non-elastic zone and cause flexural
cracking of concrete so that the deflection of the beam will increase at a high
rate, and failure by crushing of concrete will follow. Conversely, if f, is well
below the yield stress of steel the increase in strain due to load is small, the
final deflection is also small and failure takes place in shear before the full
flexural capacity is reached. All beams with f, greater than one-half the 0.1%,
proof stress failed in flexure, and in all of them the yield stress in the wires
was reached. Beams with a slightly lower value of f; failed in shear but at a
load equal to the ultimate load in flexure. Nevertheless, the change in the
pattern of failure from flexure to shear as a result of a reduction in the stress
in the wires at transfer makes the use of beams with too low a stress in wires
undesirable.

If f, is constant and p increases, the flexural capacity of an under-reinforced

Table 1. Influence of Percentage Area of Reinforcement on Failure of Rectangular Prestressed
Concrete Beams

P Fy Ultimate load Mode of

% lb. ton failure
0.196 8,300 20.6 Flexure
0.371 8,210 33.5 Shear
0.371 11,900 31.2 Flexure
0.557 11,870 31.0 Shear
0.196 5,070 20.5 Flexure
0.371 4,640 29.2 Shear
0.371 11,750 39.5 Flexure
0.742 12,030 29.5 Shear
0.371 11,750 39.5 Flexure
0.557 12,630 36.0 Shear
0.371 8,210 33.5 Shear
0.557 11,870 31.0 Shear
0.557 11,750 36.0 Shear
0.742 12,030 29.5 Shear
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section increases. The shear load which can be carried increases at a lower
rate so that the mode of failure changes from flexure to shear (Table 1). For
beams failing in shear the one with a higher value of p fails earlier (see lower
part of Table 1).

In the two cases considered in the preceding paragraphs an increase in the
variable studied resulted in an increase in F,, but F, is not believed to be a
primary factor influencing the type of failure.

A study of the relation between the maximum moment on the beam and
the shear at cracking or at ultimate shows that moment-shear interaction is
very small or absent. Fuller data were obtained from tests on I-beams.

Prestressed I-beams

Symmetrical, rather squat, I-beams of 9000 1b./in.2 concrete (measured on
cubes) were tested under loading shown in Fig. 5: the a/d ratio was 3. The
linear transformation of the cable, which varied between 0 and 2}” downwards
at centre support, reduces the plastic moment of the section over the centre
support but does not affect the ultimate strength of the beam as a whole, as
shown in Fig. 4, where the slope of the regression line is not significant. There
is, however, a secondary effect of transformation in that it decreases the
vertical component of prestress, which reduces the net shear. However, even
at the maximum transformation the decrease was less than 109 of the shear
at failure. It is also worth noting that the vertical component of prestress
affects the shear strength of a beam primarily when excessive principal tension
in the web leads to cracking there [4]. When, however, diagonal cracks develop
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Fig. 4. Relation between ultimate load on the beam and linear downward transformation
of tendon at the centre support.
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from flexure cracks, the inclination of the tendon is of lesser importance than
its position, as the latter governs the moment-capacity of the section.

Determination of the moment-load relation has shown departure from the
“elastic’’ curve when a flexural crack forms over the centre support: the rate
of increase in the moment falls off, i.e. a redistribution of moments takes
place. However, as flexural or shear cracks open in the span the rate increases
somewhat but the average rate remains below the rate prior to the beginning
of the redistribution.

Fig. 5 shows the relation between the measured plastic moment over the
centre support and the shearing force acting in the centre shear span at the
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Fig. 5. Relation between bending moment over the centre support and shearing force
at ultimate.

same stage. The change in the plastic moment is due to the varying trans-
formation of the tendon, and the measured moments agree very closely with
calculated values. An increase in the moment is accompanied by proportion-
ately smaller increase in shear capacity (all beams failing in shear). This does
not establish measurable shear-moment interaction. Furthermore, the failure
in shear occurs perforce away from the section at which the plastic moment is
developed and for the beams of the present series the diagonal tension crack is
usually positioned so that at the level of the centroid of the beam the crack is
half-way between the centre support and the near load point. The magnitude
of the (collapse) bending moment at this intersection of the crack and the
centroidal axis does not seem to affect the magnitude of the maximum shearing
force that the beam can withstand. Moreover, the sign of the bending moment,
positive or negative, at this intersection is of no consequence (see Fig. 6). This
behaviour offers a strong argument against an influence of moment on shear
capacity in continuous beams of the type considered. The influence of an
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applied shear on the moment that can be developed at a section is yet to be
studied.

Determination of principal strains at the critical section has shown that
their orientation changes to the direction of 45° to the beam axis more rapidly
(i.e., under a lower load) in beams failing in shear. However, the magnitude
of the principal tension in a beam is not a direct indication of its mode of
failure. In I-beams with high or moderately high a/d ratios diagonal cracking
occurs at a principal tension approximately equal to the tensile strength, but
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Fig. 6. Relation between the bending moment at the mid-point of the shear span adjacent
to the centre support and the shearing force at ultimate.

in rectangular beams often at a considerably lower stress. The design of these
beams should not, therefore, be based on a permissible principal tension. This
behaviour is due to the influence of flexural stresses and development of
flexure cracks from which the final shear failure develops: the origin of the
shear failure is thus different. Maximum stress occurs nearer to the tension
surface of the beam [4], and principal stress on the centroidal axis cannot
serve as a design criterion. Thus the influence of the bending stresses on the
capacity of a beam to resist shear is explained, but this is not tantamount to
a true and substantial moment-shear interaction.
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Summary

Factors influencing the shear strength of continuous beams, reinforced or
prestressed, are discussed, and it is shown that there is no substantial shear-
moment interaction at failure. Tests on reinforced beams with orthogonal
web reinforcement are described.

Résumé

On discute les facteurs qui influencent la résistance au cisaillement de
poutres continues en béton armé ou précontraint, et on montre qu’il n’y a pas
d’interaction importante entre 1’effort tranchant et le moment fléchissant & la
rupture. On décrit des essais sur des poutres en béton armé avec armatures
de cisaillement du type orthogonal.

Zusammenfassung

Die Faktoren, die die Schubfestigkeit kontinuierlicher Balken aus Stahl-
beton oder vorgespanntem Beton beeinflussen, werden zur Diskussion gestellt.
Es wird gezeigt, dal es beim Bruch keine grofere Wechselwirkung zwischen
Querkraft und Biegemoment gibt. Versuche an Stahlbetonbalken mit ortho-
gonaler Schubbewehrung werden beschrieben.
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Schubverbindung ber zusammengesetzten, vorgespannten Balken
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C.B.E.,D.Sec.,D.ésSec., Ph.D., M.I1.C.E., Ph. D., M. Se., B. Sc. (Eng.), Scott & Wil-
M. I. Mech. E., M. I. Struct. E., University son, Kirkpatrick & Partners, London

of Leeds
Introduction

In the design of composite prestressed concrete beams, when the capacity
of the natural bond between the precast and in-situ members is not sufficient
to resist the horizontal shear at the contact surface of the two concretes, steel
stirrups extending from the precast concrete into the in-situ concrete are
often used. It is not definitely known whether the effectiveness of these stirrups
is due to their action in directly resisting horizontal shear, or due to their
action in indirectly maintaining and increasing the ultimate value of the shear
resistance of the contact surface by tying the precast and in-situ members
together.

To study the performance of stirrup shear connections, load tests were
carried out on composite T-beams with different types of shear connections
between the precast prestressed concrete webs and the lightly reinforced
in-situ concrete flanges.

Load Tests
Test Beams

Fig. 1 shows the four types of beams tested.

In Type A, the stirrups were designed to tie down the flange, while offering
no direct resistance to horizontal shear at the contact surface between flange
and web. Direct resistance of the stirrups to horizontal shear was eliminated
by wrapping them with ten turns of electrician’s insulation tape. The top
surface of the web had an exposed-aggregate finish to bond with the in-situ
flange. A central strip, 1.75 inch wide, on the top surface was painted with
two coats of bitumastic paint, to ensure a primary shear failure at the contact
surface.

In Type B, the stirrups which projected into the flange had open tops,
and the length in the flange was thinly coated with bitumastic paint to eliminate
resistance to vertical separation of the flange from the web.
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Ten turns of electrian’s Length in flonge thinly
insulation lape7 coated with bitumastic paint
o7 1 I . ‘—3/1 1
»—3/8 inch diam. 3/8 inch diam. +— 3/8 inch diom.
at 3inch c/c. at 3 inch c/c; at Jinch c/c.
alternate ones alternate ones
project into project into
flange flange
Stirrups in Type A Stirrups in Type B Stirrups in Type C

External Stirrups

é at 12 inch (:/c7 \I3/4 inch strip bitumastic paint
L& il i i8" -
[ 1 -1/2inch diam. | \? - l?
H bar (with
3/g inch . . g
dian':in strain gauges) 16 :o&AO.Z—Jﬁ 12"
3inchc/k Inch diam. |+ +%
== (5000 Ib. e
each) bk
& o ~4"
Stirrups in Type D Details common fo all Beams

Fig. 1. Details of the four types of test beams (each 10-ft. long overall).

In Type C, natural bond was the only shear connection.

In Type D, external stirrups were used (after the natural bond between
the two concretes had been destroyed by loading). The vertical bars of the
external stirrups were tensioned by screwing the nuts at their ends until a
pressure of 300 1b./sq.in. was achieved at the contact surface between the two
concretes. The correct tension was indicated by strain gauges fixed to the verti-
cal bars. Torsional strains in the vertical bars were eliminated by using a
thrust ball bearing for each bar.

Instrumentation and Test Procedure

Fig. 2 shows the loading arrangement for Type D beams. The loading
arrangement for the other types of beams was the same as that for Type D,
except that external stirrups were not used.

Fig. 2. Loading arrangement for type D beams.
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Loads were applied by increments of about !/,, of the ultimate loads.
Deflections, strains, crack widths, slip and vertical separation between flange
and web were measured for each incremental load.

Test Results

Deflection

Typical deflection curves in Fig. 3 show that, at low loads, the behaviour
of all four types of beams was similar, but, at higher loads, deflections and
hysterysis effects were least in Type A. For example, the deflection of the
Type A beam at W =18 tons was less than that of the Type B beam at W =17.4
tons, and less than that of the Type D beam at W =16 tons.
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Fig. 3. Load-deflection curves.

Slip Distribution and Development

The general distribution of slip was the same in all four types of beams,
i.e. least at mid-span and largest between loading points and supports. For
the same loads, slip was least in Type A. The superiority of Type A was very
evident at high loads.

Fig. 4 shows typical load-slip curves.
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Fig. 4. Load-slip curves.

Vertical Separation between Flange and Web

Vertical separation occurred in every type of beam. Fig. 5 shows that
initially such separation was negative, i.e. the flange and web moved towards
each other, showing that a small crack had existed between flange and web
before loading tests started. Such cracking was probably due to differential
shrinkage and creep.

At high loads, vertical separations were all positive and were least signi-
ficant in Type A.

22 i r I I
Type A Beam ==
o |-
16 \ Type D Beam
\ AR ————
14 > i
g /
2 »-—"_'/
12 Type B Beam
= LA
B 10 2 7 -
3

|24'l
al_oﬂ
8 L—lo‘-o“ 1
Type C Beam Looding Scheme
6 :

0 0.002" 0.004" 0.006" 0.008" o.01"
Vertical Separation

Fig. 5. Vertical separation between flange and web measured at end of beam.
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Crack Widths

Fig. 6 shows the average width of the cracks in the region between the
loading points. Up to about 14-ton load, there was no appreciable difference
in crack widths in the different types of beams. After 16-ton load, the superi-
ority of Type A beams became evident. Referring to Fig. 4, it is seen that at
16-ton load the slip in Types B and D beams was very excessive as compared
with slip in Type A beams.
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T ? 3
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0.010 -

& /7_

b e

> P L ) B
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"’”‘g_‘ﬁ

2 4 6 8 10 12 14 16 18 20
Lood W—tons

Fig. 6. Average width of cracks between loading points.

Ultimate Strengths

Test results show that, on average, experimental ultimate strengths were
98.19, of theoretical values (assuming full composite action) for Type A beams,
The corresponding percentages were 88.6 and 87.2 respectively for those of
Type B and Type D. These percentages reflect the degree of composite action
achieved, and show that Type A beams were the most satisfactory.

Conclusions

1. Natural bond plus steel stirrups which effectively tie the precast and in-situ
members together is an efficient shear connection, even when the stirrups
do not offer direct resistance to horizontal shear at the contact surface of
the two concretes.

2. Stirrups which offer direct resistance to horizontal shear but do not tie
the two members together are inefficient.

3. Where natural bond has been destroyed, appreciable composite action can
be achieved again by imposing a normal pressure at the contact surface,
i.e. by creating mechanical friction to resist the horizontal shear.

4. Natural bond by itself is not a satisfactory shear connection, even for low
stresses, because failure occurs with little warning.
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Summary

Load tests were carried out on composite T-beams with the following types
of shear connections between the prestressed precast concrete webs and the
reinforced in-situ concrete flanges: (A) Stirrups which tied the flange and
web together but offered no direct resistance to horizontal shear at the contact
surface of the two concretes. (B) Stirrups which offered direct resistance to
horizontal shear but did not effectively tie the flange and web together. (C)
Natural bond by itself. (D) External stirrups. It was observed that Type A
shear connection was the most efficient and reliable type of connection.

Résumé

Des essais en charge ont été effectués sur des poutres en T composées, en
utilisant les types suivants des dispositifs de liaison entre les nervures en
béton précontraint préfabriqué et le hourdis en béton armé coulé sur place:
(A) Des étriers qui liaient le hourdis et les nervures mais n’offraient aucune
résistance directe au cisaillement le long de la surface de contact des deux
types de béton; (B) Des étriers qui résistaient directement au cisaillement
longitudinal mais ne liaient pas efficacement le hourdis et les nervures; (C)
Adhérence naturelle seulement; (D) Etriers extérieurs. Il a été constaté que
la liaison du type A était le type le plus efficace et stir de tous les dispositifs
essayés.

Zusammenfassung

An Plattenbalken mit vorfabriziertem, vorgespanntem Steg und an Ort
hergestellter Platte wurden Belastungsversuche durchgefiihrt. Steg und Platte
wurden dabei folgendermalBlen miteinander verbunden: (A) Mit gut veranker-
ten Biigeln, die jedoch an der Kontaktstelle von Steg und Platte keinen direk-
ten Schubwiderstand aufweisen. (B) Mit Biigeln mit direktem Schubwider-
stand an der Kontaktstelle, aber mit schlechter Verankerung im Beton der
Platte. (C) Nur mit natiirlichem Verbund ohne Armierung. (D) Mit aullerhalb
des Betons angeordneten Biigeln.

Die Versuche zeigten, dafl Typ (A) die leistungsfahigste Verbindung von
Steg und Platte gewéhrleistet.
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Schubsicherheit schwindender Spannbetonbalken

Shear Strength of Prestressed Concrete Beams — Effect of Shrinkage and
Temperature

Résistance a Ueffort tranchant des poutres en béton précontraint — Influence du
retrait et de la température

BELA GOSCHY
Dr. Ing., Ungarn

1. Einleitung

In dieser Arbeit wird die Schubsicherung der Spannbetonbalken auf Grund
der Schubbruchtheorie untersucht. Der EinfluBl von Schwinden und Tempera-
tur auf das Biegebruch- und Schubbruchmoment wird eingehend behandelt.

Die vorliegenden Zusammenhinge lassen die Bedeutung der Hauptbeweh-
rung, Betonfestigkeit, Vorspannungsgrad und Bruchstauchung des Betons auf
die Schubsicherheit erkennen.

2. Voraussetzungen

2.1. Die Querschnitte bleiben bis zum Bruch eben. (Die Annahme der eben-
bleibenden Querschnitte ist bei kleinen Stahldurchmessern und niedrigen
Bewehrungsgraden nach den Versuchsergebnissen von R. WALTHER als richtig

zu beurteilen [1].)
2.2. Das SchwindmaBl und die Temperaturinderung sind auf die ganze

Balkenlinge konstant.
2.3. Die Schubdruckfestigkeit des Betons wird aus der Mohrschen Bruch-
theorie bestimmt. Die Bruchbedingung wird mit

ausgedriickt [2], wobei:

o, = Normalspannung (Schubdruckspannung),
7y = Schubspannung,

B, = VB, = Zugfestigkeit,

B, = Wiirfelfestigkeit,

1 1
kE = & = —— = — = Verhiltnis von Zug- zu Druckfestigkeit.
Bo VB, B & &
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3. Bruchmoment unter Beriicksichtigung von Schwinden

Bei der Berechnung des Bruchmomentes des vorgespannten rechteckigen
Querschnitts mit normalen Bewehrungsverhiltnissen (u <u,) kann das Ver-
sagen der Betondruckzone vorausgesetzt werden.

Das Schwinden, als eine Begleiterscheinung des Erhirtungsvorganges des
Betons, ist durch eine zeitabhdngige plastische Forménderung gekennzeichnet,
die zur Uberlagerung der inneren Krifte und Spannungsverluste im Vorspann-
stahl fiihrt. Bei der Berechnung der Schwindkrifte hat man bekanntlich eine
statisch unbestimmte Aufgabe zu ldsen und aus diesem Grunde zur Vertrig-
lichkeit der Forménderungen zu greifen.

Da die Nullinie der Spannungen und der Formédnderungen bei Biegung
mit Schwinden nicht zusammen fallen (Fig.la), werden die Verformungs-
gesetze umformuliert.

Die gesamte Schwindverkiirzung (Endschwindmalfl) der Betonkorper e, [3]
wird im Bruchzustand zwischen Stahl und Beton nach dem Gesetz

€3 = €pg+€pg (2)

verteilt, worin

e, = Verkiirzung des Stahls,
plastische Verformung in der Spannstahlhéhe aus der Verlingerung und

Verdrehung der Betondruckzone.

€S8

€ps

o Bw
T ey
7/ Kl :
N 7 N/ Das &
J / il .
5 4
& =
Fe
ERE——
. € b4 Ee Eo-Ee €es ZgsDgs
b
(a)
%,
=2 &
- __
Q Dao
sl 4 Ll 4= |2 4
8| Zd Os2
E fga __h-zxos -
Fe Qge
b =]
€bs e Eo- €e s ZsQ=DgQ
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Die plastischen Schwindverformungen vergroBlern die Durchbiegung des
Balkens. Die Verkriimmung infolge Schwindens betréigt:

1 egte,te,—€, epte,te 1 egte,
Ps h h P h

(eg = Bruchstauchung des Betons, ¢, = Stahldehnung).

Die Lage der Spannungsnullinie kann aus dem Gleichsetzen der Druck-
und Zugkraft aus

Op X4
fﬁ‘:GO‘FGﬁ (4)

und aus der Verformungsbedingung

€
k.= =_ "B 5
f  h  egte,te (%)

ermittelt werden mit den Bezeichnungen:

op = durchschnittliche Bruchspannung des Betons,
o, = Ausgangsspannung, Spannbettspannung,
o, = f(e,') zusitzliche Stahlspannung beim Versagen der Druckzone,

p = Bewehrungsgrad.

Bei reiner Biegung (@ =0) mit Schwinden wird das Bruchmoment aus

M, = oBbhzks(l—%s) (6)

gerechnet.

4. Bruchmoment unter Beriicksichtigung von Temperaturiinderung

Die zusitzliche Stahlverformung aus den gleichmiBigen Temperaturinde-
rungen wird
Gt = i alt (7)

mit «, als Temperaturdehnungsziffer (gleich grofl fiir Beton und Stahl) und ¢
als Temperaturunterschied gegeniiber der Herstellungstemperatur des vorge-
spannten Balkens: positiv bei Erwarmung, negativ bei Abkiihlung.

Besteht ein Temperaturunterschied der beiden Betonrandfasern, so setzt
man den Temperaturunterschiedswert in der Hohe des Spannstahls in Glei-
chung (7) ein.

Der Nullinienabstand kann aus
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O Ty

und Fﬁ = gyt o,+o0, (9)

bestimmt werden, wo o,=f(¢;) bezeichnet.
Die Temperaturinderung fithrt dementsprechend zu einer Vergréferung
bzw. Verminderung des Bruchmomentes.

5. Schubbruchmoment unter Beriicksichtigung von Schwinden

Die Tragfihigkeit des gleichzeitig auf Biegung und Schub beanspruchten
Balkens wird mit dem Schubbruchmoment (Fig. 1b)

Mo, = o5 510k, (1= ) 4 Mgy = Wiyt My (10)

ausgedriickt, worin die Bezeichnungen:

op, = Schubdruckspannung,

Mp:= Qu L —293@5 tg @ = Momentenanteil der Biigel bzw. Schubbewehrung,
k, = % = Verhiltniszahl des Nullinienabstandes,

« = Neigung der schrégen Bruchlinie zur Lotrechten.

Aus der vorausgesetzten parabolischen Spannungsverteilung in der Beton-
druckzone folgt, dafl die Druckzone auch im Bruchzustande fihig ist, eine
Querkraft aufzunehmen. Die Grofle dieser Querkraft betrigt

Qp1=bfrpydz =75,ba,. (11)
0

Um weitere Schubkrifte in die Druckzone einzuleiten, miissen die Normal-
spannungen nach dem Gesetz des Bruchkriteriums (1) vermindert werden.

Der Verlauf der gerechneten Spannungen ist in Fig. 2 dargestellt. Es ist
zu beachten, dal mit der Abminderung der Druckspannungen die Schub-
spannungen bis zu einem Maximalwert 7, wachsen, und von hier ab verkleinern
sie sich. Um die beste Ausnutzung der Druckzone zu sichern, werden wir nur
den steigenden Anteil der o-7-Kurve in Betracht nehmen und diese Strecke
mit der Geraden

Ops = PCp = (I_Cam) op = @yog = (1-Cs)op (12)
TB2~THB1

anndhern.

Die Schubspannungen sind mit

TBo=1/B—w: TBl=01]/B_w und 7'32:02'//%
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angegeben. Die Beiwerte C,, C, und C; fiir verschiedene Betongiiten sind aus
der Tafel I ersichtlich.

Tafel T

Beiwert B 300 B 450 B 600
Cy 1,48 1,72 1,87
Cs 2,00 2,24 2,34
Cs 0,35 0,40 0,45

Die Nullinienlage wird aus der Gleichgewichts- und Verformungsbedingung
bestimmt nach der {iblichen Annahme der ebenbleibenden Querschnitte.
ag.\? & e
Mit - . = (BT == d bk =208 _ P €p

wird die Gleichgewichtsbedingung

?on N
Ll | 1 . 13
78— (o0 (1+ 555 (13)
18
Teo
-~
Al
7L

1,87
1,72
1,48

2,00 \
i

{

i
/ /
/7

/’/

4

2,24
2,34
V.

T T - op
1,0 0,75 0,65: 0,55 0,25 (¢]
1
0,60
Fig. 2.

Fiir Temperaturinderung setzt man noch den Summanden + o, in Gl. (13) ein.
Bei der Berechnung der Schubsicherheit untersuchen wir lediglich vier

Fille:
3 _ an _ Qu
Fall 1. Tg = ba, _b:cs=TBl

(v = Sicherheitsbeiwert, ), = dullere Querkraft.) Die Querkraft
wird durch die Biegedruckzone allein aufgenommen, ohne daf} eine
Schubbewehrung bendétigt wird.
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Fall II.' R = & > TB]. Ill’ld Tp = Qu

b, bh = TBL
MQH = m+ Qu2( ks)ztgo‘ (14)
mit
Qu = Qub+ Que = Qu ks+ Qu(l _ks)- (15)
Fall I11: > 9y
. Tpe 2 Tp = bh>7'31,
B\ h
MQ'M = (pUBbhzkz 1_? +Qu§(1_k$)2t’ga (16)

Fall IV ™R th > TR92,
k

h
Moy = puog bl (1= ) + (@ =7msbhle) 1~k g (17

Die Bemessung der Schubbewehrung wird mit den folgenden Formeln durchge-
fihrt:

fiir Vertikalbiigel E,, = g‘“’, (18)
F

fir 45° Schrigbiigel K, = Oy BlD e

op COS7y

(19)
(y=a—45° op = Fliellgrenze der Schubbewehrung.)

Fir gekriimmte Spannglieder wird die lotrechte Spannkraftkomponente
aus @u abgezogen.

Die mittlere Neigung der schriagen Bruchlinie zur Lotrechten kann in der
Praxis mit dem bekannten Néherungsverfahren von Rauscy [4]

_ Qa Qe — Qa (1 _kx)
tgo = Z, "%, " Z. > 1 (20)
berechnet werden, wo Z; = —gﬂ L ~VV2+4Q2

die Hauptzugkraft und V, = FE (oy—0,+0)

die Normalkraft aus der Vorspannung + Schwinden + Temperaturidnderung
bedeutet.

Bei reinem Schub (M =0) kann der Beton in der Aufnahme der Querkraft
nicht mitwirken, infolgedessen mul} die ganze Querkraft auf eine Léinge von
»htgor» durch die Schubbewehrung (volle Schubsicherung) aufgenommen
werden.

Der Einfluf} des Schwindens auf das Biege- bzw. Schubbruchmoment kann
aus der Tafel II beurteilt werden.
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Tafel 11

B 300 (o= 0,65) B 450 (o= 0,60) B 600 (g0 =0,55)

Betongiite
Nr: |——— w (%)
Verhiltnis

0,5 0,4 0,3 0,5 0,4 0.3 0,5 0,4 0.3

[

Myu/M, | 0,98 | 0,98 | 0,98 | 0,98 | 0.98 | 0,99 | 0,99 | 0,99 | 0,99
Mi,/M, | 0,67 | 0,67 | 0,66 | 0,62 | 0.61 | 0,60 | 0,56 | 0,56 | 0.55
3 | Mi./M, 0,99 | 0,98 | 0,98 | 0,98 | 0,96 | 0,95 | 0,94 | 0,94 | 0,93

b

Bezeichnungen:

Msu/M, = Bruchmoment + Schwinden / Bruchmoment,

M}, /M, = Schubbruchmoment + Schwinden / Bruchmoment,
M{,/M', = Schubbruchmoment + Schwinden /Schubbruchmoment.

6. Schlufifolgerungen

6.1. Die Schubfestigkeit des Spannbetonquerschnitts ist durch das Schwin-
den vermindert. Die Temperaturinderung hat bei Erwérmung einen giinstigen,
bei der Abkiihlung einen ungiinstigen EinfluB auf die Schubfestigkeit.

6.2. Die Verminderung des Schubbruchmomentes infolge Schwindens be-
trigt 1 bis 7%. Der Verminderungsgrad sinkt bei hohen Betongiiten und
niedrigen Bewehrungsprozenten (Tafel II).

6.3. Die Betondruckzone kann im Bruchzustand bei voller Ausnutzung der
Schubdruckspannung erhebliche Querkriafte aufnehmen, ohne Schubbeweh-
rung zu verwenden. Plattenbalken (T-Querschnitte) sind aus diesem Grund
besonders vorteilhaft.

6.4. Bei zusammengesetzter Beanspruchung (M + @) kann man die «teil-
weise Schubsicherung» nach dem Traglastverfahren verwirklichen; bei reinem
Schub (M =0) dagegen muBl der Spannbalken mit «voller Schubsicherung»
bemessen werden.

6.5. Die Schublinge (h—2zgg)tga verkiirzt sich infolge Schwindens; die
Biigel miissen dementsprechend verdichtet werden. Die Abminderung der
Schublinge ist aber unbedeutend.
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Zusammenfassung

Im Rahmen dieser Arbeit wurde der Einflul von Schwinden und Teinpera,-
tur auf den Schubbruch der Spannbetonbalken untersucht. Es wurde gezeigt,
daB die Schubfestigkeit und die Schublinge durch das Schwinden unbedeu-
tend vermindert werden. Die gleichméflige Temperaturverinderung hat bei
der Erwirmung einen giinstigen, bei der Abkiihlung einen ungiinstigen Ein-

flufl auf die Schubfestigkeit.
Summary

An investigation has been carried out on the effect of shrinkage and of
temperature on the ultimate shear strength of prestressed concrete beams. It
has been shown that both shear strength and shear span are only slightly
affected by shrinkage. Shear strength increases with increase of temperature
and decreases with decrease of temperature.

Résumé

Des recherches on été consacrées a 1'étude de 'effet du retrait et de la
température sur la rupture par cisaillement des poutres en béton précontraint.
On a montré que la résistance au cisaillement et la longueur affectée par le
cisaillement ne sont que faiblement réduites par le retrait. La variation uni-
forme de la température a, pour un réchauffement, un effet favorable, et pour
un refroidissement, un effet défavorable sur la résistance au cisaillement.
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