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ONE-WAY SLABS IN TRANSITION BETWEEN ONE-
WAY SHEAR AND PUNCHING: EXPERIMENTS
AND RECENT INSIGHTS FOR EVALUATION

ALEX DE SOUSA!, EVA LANTSOGHT??, and MOUNIR EL DEBS!'

Sédo Carlos School of Engineering, University of Sdo Paulo, Sdo Carlos, Brazil
2Politécnico, Universidad San Francisco de Quito, Quito, Ecuador
3Delft University of Technology, Delft, The Netherlands

Bridge deck slabs are members on which one-way reinforced concrete slabs are found
frequently loaded by concentrated loads. Although the one-way shear failure mechanism
has gathered more attention in the past years, both one-way shear and two-way shear
mechanisms may be critical for such loading conditions. This paper addressed the
ultimate capacity of thin one-way reinforced concrete slabs subjected to concentrated
loads and yielding of the flexural reinforcement. In practice, the test setup studied was
devised to represent short-span rural bridges frequently found in Brazil. The
experimental program included 12 tests performed on 6 slabs applying the concentrated
loads at varied positions. All tests started to fail by punching shear. Nevertheless, both
one-way shear and punching shear cracks were observed at ultimate states after shear
redistribution. The reinforcement yielding followed by excessive flexural cracking
hampered the arching action activation for loads closer to the support. The comparison
of experimental and calculated resistances using standard code-based expressions
suggests that improvements in unitary shear capacity could be supported as a result of
slabs' transverse load distribution capacity. Alternatively, increasing the effective shear
width can help estimate one-way shear capacity for loads near to the support.

Keywords: Concentrated loads, Effective shear width, Reinforced concrete, Arching
action, Shear redistribution.

1 INTRODUCTION

The road network infrastructure is getting older, and the service life of many bridges and box
culverts is reaching the design value of 50 years. Besides, the demands on these structures have
increased in the last decades. Consequently, it is frequently required to investigate if slabs designed
for a past design load support the new and heavier loads. In this context, many European solid slab
bridges were rated as critical in shear capacity assessments even though no distress signal could be
detected under inspection (Lantsoght et al. 2013, de Sousa et al. 2021).

In the last decade, several studies conducted on this topic revealed that commonly used
approaches could lead to overly conservative estimations of the shear capacity of slabs under
concentrated loads. For instance, Henze et al. (2020) observed that the unitary shear capacity vz in
one-way shear assessments could be increased to consider the favorable effect of transverse load
distribution in one-way slabs under concentrated loads. In his approach, the unitary shear demand
ve to be compared with the unitary shear capacity should be determined based on the use of linear
elastic finite element analyses (LEFEA). Using a different approach, de Sousa ef al. (2021)
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concluded that the effective shear width b, could be increased close to the support to consider the
enhanced transverse distribution of slabs under concentrated loads. In this approach, bey is the
length that shall be multiplied by a given unitary shear capacity vz to determine the one-way shear
capacity Vz (in force units).

The presented studies provide important contributions to assessing one-way slabs under
concentrated loads. Nevertheless, they addressed only over-reinforced slabs designed to achieve
shear failures without reinforcement yielding. Therefore, it is not clear if the main conclusions
drawn from these studies apply to slabs subjected to possible reinforcement yielding or excessive
flexural cracking at failure.

The aim of this study is to describe a series of experiments that were carried out on spanning
slabs subjected to concentrated loads, where both shear and punching shear failure mechanisms
were observed, along with yielding of reinforcement. Besides, this paper describes a comparison
between experimental and calculated resistances using LEFEA to determine the unitary shear
demand and also based on the approach using the effective shear width concept.

2 APPROACHES TO ASSESS THE ONE-WAY SHEAR CAPACITY

Two approaches were tested in this study to evaluate the one-way shear capacity of one-way slabs
under concentrated loads close to the support. In both approaches, partial safety factors were
removed. Approach I is a fully analytical and based on the concept of an effective shear width, on
which an even distribution of shear demand and shear resistances along the control section for
verification can be assumed. The shear demand V., was determined at the average distance
between the support and the load (a,/2). The shear capacity Vz was calculated by multiplying the
unitary shear capacity vz (calculated according to the EN 1992-1-1:2005 (CEN 2005)) by the
effective shear width b,y (calculated based on the load position - Figure 1a). The factor Cr st Was
assumed to equal 0.15 based on Lantsoght et al. (2015), and arching action was considered by
multiplying the unitary shear capacity by 1/fzc to consider the favorable effect of direct load
transfer to the support when a, < 2d,.

iilll/ pressure load = 1kN

2_1 - i -
“control section at ~d/2

effective
shear width,

Figure 1. Approaches to assess the one-way shear capacity of the slabs: a) analytical approach based on
the effective shear width concept; b) LEFEA approach.
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The second approach (approach II), was based on the use of LEFEA to estimate the unitary
shear demand v . at the control section di/2, as suggested in Henze et al. (2020). In this case, the
tested concentrated load at failure Fis was multiplied by the unitary shear demand estimated for a
concentrated load equal 1 kN. The numerical models used shell elements to simulate the slab and
solid elements to represent the support. An interface with free lifting was applied between the
support and the slabs. Further details on the numerical modeling can be consulted elsewhere
(de Sousa et al. 2023b). The unitary shear capacity vz was calculated using Cg ¢ ese = 0.35 based on
Henze et al. (2020), which assumes an enhanced unitary shear capacity due to transversal load
redistribution. No arching action was considered for loads close to the support in this method.

3 EXPERIMENTAL PROGRAM

The experimental program was conducted at the University of Sdo Paulo (Sdo Carlos School of
Engineering). In total, 12 tests were performed on six slabs (two tests per slab). The size of the
slabs was 3.4 m X 1.6 m in plan, and the thickness equaled 0.15 m (Figure 2). The geometry of the
slabs simulates short-span rural bridges frequently found in Brazil in a simplified test setup, using
only one concentrated load as in other publications.
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Figure 2. a) Test layout with the geometry of the specimens and; b) picture of the test setup.
Dimensions in m.

The span length was from 3 m in the first test to 2 m in the second test for each slab, which
allowed for isolating the most damaged region from the first test.

The other parameters that were varied in the tests were (i) the ratio a,/d; (where a, is the clear
shear span and d; is the effective depth towards the longitudinal reinforcement); (ii) and the
longitudinal reinforcement ratio p;, which varied between 0.99% and 1.32%. The reinforcement
ratio in the transverse direction p; was fixed at 0.44%. Bars of 12.5 mm and 8.0 mm were applied
in the longitudinal and transverse direction, respectively, spaced each 100 mm. A concrete cover
of 20 mm was used for all slabs.

The concrete properties varied between the first group of slabs (L1 to L3) and the second group
(L4 to L5). The compressive strength of concrete measured on cylinders (100 mm x 200 mm) fc ¢/
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was 22.0 MPa to the first group and 28.3 MPa to the second group. The concrete splitting tensile
strength f.;sp, measured on diametral compression tests was 2.36 MPa in the first group and
2.63 MPa in the second group. Coarse aggregates of a maximum size of 19 mm were used in the
concrete mix. The yield strength of the 12.5 mm and 8.0 mm bars were 514 and 513 MPa,
respectively. Table 1 summarizes the main information about concrete properties, reinforcement
ratio, load position and span length for each test. Letters N and S indicate the first and second tests
for each slab. Along the experimental program, the following data were analyzed: (i) the evolution
of rebar strains in the spanning and transverse directions near the load, (ii) slab deflection at the
bottom side of the loaded area, (iii) applied load with the displacement-controlled jack, (iv)
distribution of support reactions on the instrumented aluminum beam close to the load and (v)
cracking pattern after failure. In this study only the results of the ultimate loads and cracking pattern
will be discussed. Further details on the other parameters measured can be consulted elsewhere
(de Sousa et al. 2023a).

Table 1. Material properties, reinforcement ratio, and load layout of slabs L1 to L6. The coefficient of
variation is denoted by the number in parentheses.

Test  feeu(MPa)  fu, MPa)  pi(%)  p:i(%)  addi[-]  aldi[-]  Lpan (M)

L1-N 1.00 2.21 3
L1-S 0 536 1.00 2.21 2
L2-N (12'(')%) (11"0%) 0.99 0.44 2.00 3.21 3
L2-S 2.00 3.21 2
L3-N 3.00 421 3
L3-S 3.00 421 2
L4-N 1.00 2.21 3
L4-S 283 263 1.00 2.21 2
L5-N (10.6%) (12'.6%) 1.32 0.44 2.00 3.21 3
L5-S 2.00 3.21 2
L6-N 3.00 421 3
L6-S 3.00 421 2

4 TEST RESULTS AND PREDICTIONS

Figure 3 illustrates the cracking pattern for most of the slabs (10/12). After the development of
punching shear failure near the load (Figure 3a) and significant shear redistribution, most slabs
developed a one-way shear failure similar to wide beams, which were apparent on the slab side
(Figure 3b). This shear redistribution was also detected by the evolution of tensile strains at the
longitudinal and transverse reinforcement located around the load (Figure 3c). In practice, when
the slabs developed the first failure mechanism by punching, the tensile strains at the longitudinal
reinforcement stopped increasing (L1 and L2 in Figure 3c), while the elongation at the transverse
rebar (T1 and T2 in Figure 3c) kept increasing. This indicates that the load moved from the shear
span axis to the lateral sides of the load plate, which posteriorly activated a one-way shear failure.

Table 2 shows the experimental and predicted ultimate resistances using different approaches.
The effective shear width method (approach I) was applied in columns #6 to #7, while in columns
#8 to #10, LEFEA was applied together with recommendations from Henze et al. (2020)
(approach II).
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Figure 3. a) First failure mechanism (punching shear); b) second failure mechanism (one-way shear); c)
strain evolution of longitudinal and transverse rebars around the load during the tests.

Table 2. Comparison between tested and predicted resistances using one-way shear expressions based on
effective shear width concepts and LEFEA.

#1 #2 #3 #4 #5 #6 #71 #8 #9 #10
Test I (m) av/ dl F, test Vtext VR @ VE test VR VE Jtest

@GN ) W), W) W)y
L1-N 3 1 273.5 2564 188.9 1.46 195.0 166.0 1.17
L2-N 3 2 282.1 252.3 125.0 2.22 201.1 166.0 1.21
L3-N 3 3 2754 2347 161.3 1.69 196.3 166.0 1.18
L1-S 2 1 332.1 294.5 198.9 1.67 223.1 166.0 1.34
L2-S 2 2 2704 2241 135.4 1.97 181.6 166.0 1.09
L3-S 2 3 253.9 194.9 180.3 1.40 170.6 166.0 1.03
L4-N 3 1 351.5 327.3 227.0 1.56 250.6 198.7 1.26
L5-N 3 2 321.6  286.5 150.8 2.11 229.2 198.7 1.15
L6-N 3 3 267.0 2278 194.5 1.37 190.3 198.7 0.96
L4-S 2 1 374.1 330.8 239.0 1.57 251.3 198.7 1.26
L5-S 2 2 296.3 2449 163.3 1.80 199.0 198.7 1.00
L6-S 2 3 314.8 2399 217.4 1.44 211.5 198.7 1.06
AVG 169 AVG 114

COV 16.8% COV 10.3%

Table 2 shows that even using factors related to arching action f for forces applied near the
support, the ratio Vi../Vz was overly conservative (AVG = 1.69 and COV = 16.8%). On the other
hand, using LEFEA to estimate the shear demand vg., and the recommendations from
Henze et al. (2020) to compute the unitary shear capacity vz, the relation between experimental and
calculated resistances Vgws/ vk achieved an enhanced level of accuracy (AVG = 1.14 and
COV =10.3%).

S CONCLUSIONS

This study investigated the level of accuracy of different approaches to assess the one-way shear
capacity of one-way slabs under concentrated loads close to the support. Different from previous
investigations, reinforcement yielding took place at failure. The results show even after yielding
of the flexural reinforcement, thin slabs may develop significant shear redistribution. In this study,
the shear redistribution around the load activated a one-way shear failure mechanism after local
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punching shear. Besides, it was shown that using traditional rules from the literature based on the
effective shear width concepts can result in excessive conservative predictions of shear capacity,
even considering the favorable effect of arching action in the capacity. In practice, this occurs
mainly because it is necessary to consider the enhanced shear resistance due to shear redistribution
capacity transversely. Using the proposed approach from Henze et al. (2020), based on the
combination of LEFEA and enhanced Ckr. .y, the forecasts of one-way shear resistance fitted better
the test results (Veies/VeHenze With AVG = 1.14 and COV = 10.3% compared to Vi./Vr with
AVG =1.69 and COV = 16.8%). This occurs mainly because the LEFEA allows considering a
more realistic distribution of shear forces over the shear critical regions. Besides that, the enhanced
value of Cr.sr enables consideration of the favorable effect of shear redistribution of slabs.
Regarding the experimental program, it was found that, even after reinforcement yield and large
flexural cracking around the load, the slabs still developed a large capacity of shear redistribution
at failure. This shear redistribution allowed the slabs to develop a shear failure similar to wide
beams at the slab sides after a first punching shear failure mechanism.
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