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SUMMARY

The influence of plastic strains in the longitudinal reinforcement in presence of high shear
forces in beams and slabs without stirrups was investigated performing a series of tests of
eight ordinary reinforced concrete beams 8.4 meters long with 0.79% reinforcement ratio. The
tests show that the shear capacity of plastic hinges decreases with increasing rotation. The
article presents a description of the tests along with the main preliminary results.

1. INTRODUCTION

Traditionally, the rotation capacity of plastic hinges is expressed as a function of the depth of
the concrete compression zone and the properties of the reinforcing steel, neglecting the
presence of shear forces within the plastic hinge. This approach is not generally applicable in
presence of large point loads, at the fixed end of a cantilever or at intermediate supports. This
article presents the results obtained from beam tests performed within the framework of a
comprehensive study of the shear-bending interaction in deck slabs of highway bridges
currently under way at the Structural Concrete Laboratory of the Swiss Federal Institute of
Technology in Lausanne.

The mode of failure of beams without shear reinforcement is thought to be caused by the
opening of a critical crack under increased deformations. As shown in fig. 1, the shear
capacity of beams without shear reinforcement decreases with increasing longitudinal strains
€, which are correlated both to overall deflection and to the opening of the critical crack
(Muttoni, 2003). Experimental test results (Sozen, 1959; Leonhardt, 1962; Kani, 1979; Niwa,
1987; Collins, 1999; Angelakos, 2001; Elzanaty, 1986) are shown together with the failure
criterion to illustrate its performance in determining the ultimate load for beams without
plastic strains in the reinforcement.

The problem is similar in essence to that of punching shear of flat slabs without shear
reinforcement, where the strong influence of large steel strains, this time correlated to the
overall slab rotation around the column has been demonstrated (Muttoni, 1991; Muttoni,
2003). This approach was recently adopted as part of the Swiss design code for concrete
structures, both for the design of beams without shear reinforcement and for punching shear
(SIA, 2003).
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Fig. 1 Strength as a function of deformations of beams and slabs (punching) without shear
reinforcement (after Muttoni, 2003)

2. EXPERIMENTAL INVESTIGATION

Eight beams have been tested with a constant rectangular section of 0.45 m x 0.25 m and a
total length of 8.4 m, as shown in fig. 2. The top and bottom longitudinal reinforcement
consists of 4 bars of 16 mm diameter, constant along the beam’s length. The reinforcement
ratio is 0.79% for both bottom and top bars for all tested beams. Two loads, Q at mid-span,
and aQ at the tip of the cantilever were applied by 2 hydraulic jacks. The load introduction at
the mid-span (Q) was made by means of a steel plate of 0.1 m x 0.25 m. The beams were
supported on 2 supports, allowing rotation. No shear reinforcement was placed in the
measurement zone, but outside of this region, stirrups were provided to prevent a shear failure.
The ratio a between the applied forces was varied through the 8 beams and kept constant
during each test, allowing different shear forces and shear spans for each beam. Table 1
summarizes the measured material properties for each tested beam. The maximum aggregate
size was 16 mm.
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Fig. 2 Beam dimensions, loads and shear spans a;
Tab. 1 Concrete properties for beams SR-2 to SR-9
Beam N° SR-2 SR-3 SR-4 SR-5 SR-6 SR-7 SR-8 SR-9
£, [MPa] 43.1 50.6 47.6 47.6 527 49.1 49.1 52.8
f.: [MPa] 2.8 3.0 2.6 2.6 33 3.2 32 33
E.[GPa] 31.0 31.9 33.1 33.1 33.6 32.6 32.6 33.8

The reinforcement steel used was cold formed with a proportional limit at 0.2% of 515 MPa
and a tensile failure strain of 14%.



Measurements were made mainly in the region between the applied load Q and the
intermediate support B. Omega-shaped extensometers continuously measured the longitudinal
strains at the top and bottom fibers on the West face, on the concrete surface at the level of the
top and bottom reinforcement (fig. 3). On the East face, 331 manual measures were made at
each load step with a mechanical strain gauge on a triangular mesh with a base length of 120
mm (figs 2 and 3), allowing a complete description of the in-plane deformation of the shear
span. High resolution pictures of the shear span were also taken at each load step, using as
photogrammetric targets the vertices of the triangular mesh, allowing a direct comparison of
both measurements. All the tests were performed under controlled displacements.

Fig. 3 From left to right: omega-shapéd extensometers ( West face), shear span with
triangular mesh (East face), testing facility at EPF Lausanne

3. RESULTS

The main results from the tests are shown in figures 4 and 5 as well as in tables 2 and 3.
Figure 5 shows the final cracking pattern of beams SR-2, SR-3, SR-4 and SR-7. The failure
mode was similar for all specimens that failed in shear, with a brittle opening of a diagonal
crack, in spite of large plastic deformations in some specimens.

Tab. 2 Main results for beams SR-2 to SR-9

Beam N° | o | a;fm] | afm] | Q [kN] | Vi [kN] | Vi/lo-d\[1.) | S [mm] | Og fmrady | Feure | pype
SR-2 | 0.50] 1.50 | 1.50 | 124.1 | 915 0.136 192 5.1 B | Shear
SR-3 | 020 229 | 071 | 1241 | 723 0.099 696 | 287 Q | Shear
SR-4 | 0.00] 3.00 | 0 | 1152 | 595 0.084 1104 | 400 Q | Shear
SR-5 [-0.20] 3.92 S 961 | 437 0.062 1960 | 681 Q |Bending
SR-6 | 0.60] 128 | 172 | 1167 | 89.7 0.121 15.6 6.9 B | Shear
SR-7 | 0.10] 2.63 | 037 | 123.8 | 67.8 0.095 1443 | 639 Q | Shear
SR-8 |-0.10] 3.42 - 1075 | 519 0.072 133.1 | 472 B | Shear
SR-9 | 035 1.86 | 1.14 | 1245 | 83.7 0.113 29.7 49 B | Shear

Vz: shear force in the failure section; d. mid-span deflection at failure; 6: rotation in the failure region,
integrated along a length of 1.75-d
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Fig. 4 Normalized shear stress versus rotation for all tested specimens
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Fig. 5 Crack pattern in the failure region, with relative displacements between the lips of the
critical crack and longitudinal concrete strains at the level of the tensile reinforcement



From the data obtained at each load step with the mechanical strain gauge on the East face of
the beam (fig. 3), it is possible to derive the relative displacement between the lips of the
critical crack (Muttoni, 1991). The relative displacement, the longitudinal strains measured at
the level of the tensile reinforcement and the crack pattern are shown in fig. 5. Beams SR-2,
SR-6 and SR-9 failed in shear, before or at the onset of yielding (see fig. 4). Beams SR-3, SR-
7, SR-4 and SR-8 also failed in shear, but after the formation of the plastic hinge. Beam SR-5
failed in bending with the fracture of the longitudinal reinforcement in tension. Table 3 shows
that the normalized shear VR/(b-dch‘j) was generally smaller with increasing rotation 6, except
for beam SR-7. For a detailed description of the test results, see the complete test report

(Vaz Rodrigues, 2004).

Tab. 3 Failure type, normalized shear strength and rotation at failure for all beams

Failure Crack pattern after failure v, o
type b'd‘\/f [mrad]

SR-5
Flexural
with bar
fracture

0.062| 68.1

SR-8 z
Shear with|

plastic |

strains

SR-4
Shear with| |

plastic
strains

SR-7 [T
Shear with|

plastic
strains*)

SR-3
Shear with
plastic
strains
SR-9
Shear with
few plastic
strains*)
SR-6
Shear with
few plastic
strains*)
SR-2
Shear with

few plastic
strains

| 0072 47.2

0.084|40.0

AL e 0.095 63.9
R D e e

First failure = Second failure

0.099| 28.7

0.113| 4.9

0.121| 6.9

0.136| 5.1

*) Only the first failure is considered here



4. CONCLUSIONS

A series of eight reinforced concrete beams without stirrups was tested at the structural
concrete laboratory of EPF Lausanne. The main parameter of the study was the plastic strain
in the longitudinal tensile reinforcement in the failure region. The results show that the shear
capacity of plastic hinges decreases with increasing hinge rotation. The decrease is similar to
that observed for punching shear, where the punching shear capacity decreases with
increasing plastic strains in the flexural reinforcement.
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