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Shear Strength of Beams without Shear Reinforcement
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SUMMARY
Strengths of shear compression failure in prestressed concrete beams can be predicted by the
finite elements method analysis, in which a main shear crack is modelled as a discrete crack.
Compression failure of concrete in the maximum moment region causes shear failure of the
beams. A narrower compression zone is considered to make the shear strength less than the
flexural strength. Force transferred along the main shear crack does not affect the shear strength
of the beam too much.

RÉSUMÉ
La résistance ultime au cisaillement des poutres en béton précontraint peut être prévue à l'aide
d'une analyse non-linéaire par la méthode des éléments finis, où chaque fissure de cisaillement
est modélisée comme une fissure discrète. La rupture en compression du béton dans la zone de
moment maximum est responsable dans les poutres de la ruine par cisaillement. Une zone
comprimée plus étroite rend la résistance au cisaillement plus faible que la résistance flexionnelle.
La force transmise le long de la fissure principale d'effort tranchant n'a qu'un faible effet sur la

résistance au cisaillement de la poutre.

ZUSAMMENFASSUNG
Die Tragfähigkeit von Spannbetonbalken mit Schubdruckbrüchen kann mit einer Finite Element
Berechnung ermittelt werden, bei der ein Hauptschubriss diskret modelliert wird. Betondruck-
versagen im Bereich des grössten Biegemoments verursacht den Schubbruch. Kleinere
Druckzonenhöhen vermindern die Schubtragfähigkeit stärker als die Biegetragfähigkeit. Die Kraftübertragung

längs des Flauptschubrisses beeinflusst die Schubtragfähigkeit nur gering.
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1. INTRODUCTION

Shear strength of reinforced concrete beams has been clarified by many studies,
most of which were of experimental approach. Studies on shear strength of beams

subjected to axial force, such as prestressed concrete, however, have not been
conducted sufficiently yet. Since the accuracy m the shear strength prediction
is poor in the case with axial force, a rational prediction method is urgently
required. In this study, therefore, prediction of shear strength of prestressed
concrete beams without shear reinforcement was done by a nonlinear finite element
method FEM In the FEM constitutive laws, which have been greatly developed

in recent years, were implemented. As

results of the FEM analysis, several
intersting and useful points were newly

16 found on the shear strength prediction.
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Fig. 1 Specimen

Actual Cracking Pattern of Beam A-5

*

Idealized Cracking Pattern of Beam A-5

(a) Observed and analyzed cracks

^17 Prestressing bar 2. OUTLINE OF FEM ANALYSIS
Unit (mm)

The program used for the FEM analysis was
"C0MM2"1 ' m which Maekawa model is applied
for concrete element. The bond link
elements which are available in C0MM2 were
used for force transfer along shear crack
and for bond force between concrete and
steel. The force transferred along shear
crack was calculated by Li & Maekawa
model2' for the case that slip occurred
6>0.001mm and Reinhardt et al's model31
was used for the case of no slip
S<0.001mm The model for the bond force
was Shima et al's model41. The main shear
crack was modeled as a discrete crack whose
location and configuration were determined
according to the observed shear crack in
the previous study5'. The details of nine
specimens5' which were analysed are shown

in Fig. 1 and Table 1. An example of
observed cracking pattern and the
corresponding meshing pattern were given in
Fig.2. All the concrete elements adjacent
to the discrete crack were assumed not to
crack, while the other concrete elements
were ordinary one in which crack was
modeled as smeared crack. The prestressing
force was applied by imposing the force at
a node of a steel element for the anchor
plate in the actual beam5'. The magnitude
of the imposed force was equal to the
observed effective prestressing force5'.

discrete crack 3. ANALYTICAL RESULTS

(b) Meshing and discrete crack 3.1 Effect of Prestressing Force on Shear
Fig. 2 Observed and modeled cracks Strength
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Specimen fc' P« r r XI X? X3 Vs u.e x p Vsu F En Vs u cal (7) (7) Vf u ca 1 Vsu ca12 Vs u c a 1 3

M Pa kN mm mm mm kN kN kN — — kN kN kN
(1) (2) (3) (4) (5) (6) (7) (8) (9) (8) (9) (10) (11) (12)

A-0 2R.fi 0 28 55 119 44.1 40.5 40.4 1.08 1.09 75.8 42.7 28.1
A-l 24.6 48 43 85 136 51.5 53.9 54.7 0.96 0.94 76.5 59.1 42.5
A-2 2fi.fi 112 57 90 145 59.3 54.1 61.9 1.10 0.96 84.8 62.8 52.3
A-3 24.fi 152 fifi 115 162 72.6 62.6 69.6 1.14 1.04 83.7 76.8 65.1
A-4 3fi. 5 99 fi2 65 102 63.3 63.2 64.4 1.00 0.98 83.3 75.6 57.8
A-5 3fi. 5 0 34 55 86 46.6 63.5 55.5 0.73 0.84 77.7 64.3 38.5
B-l 57. 5 148 38 55 84 89.2 101.4 87.5 0.88 1.02 118.6 110.1 77.9
B-2 57,5 41 - 40 83 67.7 70.9 65.4 0.96 1.03 117.7 73.9 42.2
B-3 57.5 152 37 60 83 78.5 79.3 94.6 0.99 0.83 102.5 96.3 70.1

Note (2) Cylinder strength at test
(3) Effective prestressing force
(4) Observed depth to shear crack at loading point
(5) Calculated depth to neutral axis at maximum moment region when flexural failure
(6) Depth to neutral axis obtained by FEM at maximum moment region when shear failure
(7) Measured ultimate shear strength
(8) Ultimate shear strength obtained by FEM

(9) Calculated ultimate shear strength using X2
(10) Calculated ultimate flexural strength
(11) Shear strength calculated by the method in the previous study6'
(12) Shear strength calculated by the method in the previous study71

Table 1 Shear strengths

Comparing the analytical strengths, Vsu feu with the experimental strengths,
Vsu exP, shown in Table 1 and Fig. 3, it can be said that the shear strengths of
all the specimens are predicted well by the FEM except specimen A-5. It was found
in the FEM analysis that the ultimate shear strengths were controlled by
compression failure strain softening of concrete element in compression zone
of the maximum moment region. Although the concrete compression failure looked
the same as in flexural failure of the beams, the ultimate strengths are much less
than the calculated flexural strengths as shown in Table 1. The reason for this
fact can be found in concrete strain distribution at a cross-section in the
maximum moment region. As shown in Table 1 and Fig. 4, depths to the neutral axis,
X2, obtained from the concrete strain distribution calculated by the FEM, are much
less than depths, X3, calculated by a conventional method for ultimate flexural
strength using an equivalent stress block. This narrow compression zone leads

Vsu, exp (kN)
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earlier concrete failure in compression zone, which means that the shear strength
is less than the flexural strength. It is also seen in Fig.4 and Table 1 the
depth to the neutral axis at shear compression failure is significantly greater
than the depth to shear crack, xi. Shear cracks penetrated in the compression
zone.

The FEM analysis predicts adequately increase in the shear strength with increase
of prestressing force as observed in the experiment51. Table 1 and Fig.4 indicate
that among specimens A-0 to A-3 the computed depth of compression zone, X2,
increases with increase of prestressing force. This increase of compression zone
depth causes increase of the shear strength.

An observed depth to shear crack tip, xi, was greater in a beam with a greater
prestressing force. Location of shear cracking in compression zone varies as
prestressing force varies. In order to see the effect of depth to shear crack tip
on the shear strength, the shear strengths were calculated by the FEM for two
cases of the depths, 20mm and 70mm. The calculated strengths, however, were not
so different. It seems that the difference in the depth to shear crack tip hardly
causes the difference in the shear strength.

The FEM analysis indicates that the depth of compression zone just outside the
maximum moment region is greater than that in the maximum moment region.
Therefore, despite combination of flexural moment and shear force, the principal
compressive stress is much less than that in the maximum moment region. This is
considered to be the reason why the failure of concrete did not occur outside the
maximum moment region. The concrete compression failure in compression zone of
the maximum moment region is failure criterion for the case of shear compression
failure of a beam. To calculate the shear strength, therefore, the depth to the
neutral axis should be evaluated by some means. The shear strengths, Vsu.cai, in
Table 1 and Fig.5 were calculated by a conventional method for ultimate flexural
strength with an equivalent stress block and neutral axis depth given by the FEM

analysis. Similar ways for calculation of the shear strength were proposed by the
previous studies6171. Although simplified assumptions were adopted, the predicted
shear strengths, Vsu.cai, have a good agreement with the experimental ons,
Vsu.exp, as shown in Fig.5 and Table 1, while the values predicted by the previous

studies6171 have less agreements. Figure 5

implies that the ultimate strength for
shear compression failure may be estimated
easily if estimation of the neutral axis
depth is possible.

3.2 Effect of Force Transferred along Shear
Crack

The force transfer model along a discrete
shear crack was varied to see its effect on
the shear strength. There were four cases
in which the stiffness of the model was
varied in such a way that it was 10031, 10%,
1% or 0% of the original model' s stiffness.
The shear strengths for the four cases
were 100%, 91%, 89% and 23% of that with
the original model. With 0% of the

Fig.5 Test and simplified predictions stiffness the shear strength was greatly
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reduced, but with IS! of the stiffness reduction in the strength was only 11%.

Length of the shear crack in the analysis was shorter than the observed one for
every case. For another case, 0% of the stiffness was implemented only along the
shear cracked part in the case of 100% stiffness, while in the vicinity of tip of
the discrete shear crack 100% of the stiffness was implemented. In this case the
shear strength was 95% of that with 100% of the stiffness at all the part of the
discrete shear crack.

From the FEM analysis it was observed that slip 8>0. 001mm takes place at most
of the part along the shear crack. In the analysis, therefore, Li & Maekawa's
model was used for most of the part along the shear crack. Considering this fact,
Reinhardt's model was assumed under any amount of slip to see the effect of type
of force transfer model on the shear strength. The predicted shear strength in
this case was 97% of that of the original case.

From comparison of the predicted shear strengths of the beams with a various force
transfer model along the discrete shear crack, it can be said that effect of the
force transferred along a main shear crack on the shear strength is negligibly
small. Only the force transferred near the tip of the shear crack which is close
to the loading point and in the compression zone affects the shear strength.
Estimated transferred stresses along the shear crack were considerably smaller
than the stresses in concrete near the shear crack. This fact seems to support
the little effect of the force transfer model on the shear strength.

3.3 Effect of Crack Model Type

In this study type of shear failure is "shear compression failure", for which
shear cracking does not mean ultimate state. In this sense tensile strength of
concrete has less significant than in shear tension failure. Furthermore, model
for post-cracking is rather little significant for the ultimate shear strength as
discussed in the previous subsection It was found, however, that whether discrete
crack or smeared crack was assumed for a main shear crack did affect the shear
strength of the beam. In the original FEM analysis a discrete crack was assumed,
and concrete elements next the discrete crack were assumed to be non-cracking
elements. In another case smeared cracking was assumed for all the concrete
elements. The predicted strength in this case was 78% of the original case. It
seemed that more cracking elements in compression zone at the maximum moment

region caused early failure.

4. CONCLUSIONS

(1) The FEM analysis, in which concrete is modeled as nonlinear material subjected
to bi-axial stress state and a main shear crack is modeled as a discrete crack,
can predict the strengths for shear compression failure m reinforced concrete
beams subjected to axial force.
(2) Shear compression failure is caused by compression failure of concrete in
compression zone at the maximum moment region. The depth of the compression
zone is less than that in flexural failure, so that the shear strength is less than
the flexural strength.
(3) Using the depth of compression zone obtained by the FEM analysis, the strength
for shear compression failure can be estimated by the conventional method of
flexural strength.
(4) Cracking and post-cracking models, which is force transfer model along the
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discrete shear crack, affect little the predicted shear strength. Whether
discrete crack or smeared crack is assumed for the main shear crack, however,
influences the prediction of the shear strength.
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