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Abstract

RC slabs can be subjected to transverse loads and in-plane tensile forces simultaneously, as it occurs in
top slabs of continuous box girder bridges at intermediate supports, or in floor slabs supported on col-
umns, due to skew in-plane compressions or imposed deformations as shrinkage. Tensile forces can
reduce the punching capacity of the slabs, however, few studies have been carried out to quantify this
effect. An experimental, numerical and theoretical investigation has been carried out, in which 5
1.65x1.65x0.12 m slabs have been tested under a point load and different degrees of unidirectional
tensile force. Numerical predictions were made with FEA software ABAQUS and, from the theoretical
point of view, the Compression Chord Capacity Model (CCCM) was extended to take into account the
effect of in-plane tensile forces in the punching strength of the slabs. The experimental results showed
that the ultimate punching load decreases linearly with the applied tensile force, and if that tensile force
cracks the slabs, such reduction is higher. Results obtained with FEA and CCCM are in agreement with
the observations made at the laboratory.

1 Introduction

The phenomenon of punching-shear has been extensively studied over the years, both theoretically and
experimentally, but as far as the authors are aware, few studies have been carried out regarding punch-
ing-shear when there are tensile forces in the mid-plane of the slab [1]-[4]. Punching shear provisions
included in the most frequently used design codes contemplate the effect of in-plane normal stresses in
a different way. Model Code 2010 [5] formulation includes the load-rotation curves of the cross-section
of the slabs, which are affected by in-plane normal stresses. ACI 318-14 [6] does not consider the effect
of in-plane forces on the punching strength. However, ACI 349-06 [7] has a particular expression for
the case of concrete slabs subjected to in-plane tensile stresses. Finally, EC-2 [8] includes the effect of
axial stresses on punching shear by including the term k;-ocp, but it does not differentiate between ten-
sion and compression, despite the response of concrete in one case or in the other is radically different.

RC slabs subjected to the simultaneous action of transverse concentrated loads and in-plane tensile
forces can be found in continuous box girder bridges, at intermediate supports, where tensile stresses
arise in top slab as result of hogging bending moments and may act together with a heavy vehicle load.
Another common situation where this phenomenon takes place is on floor slabs supported on columns
and subjected to a horizontal load, due to wind or earth pressure, on one of their sides. Skew compres-
sions going from that side to the restraining columns of the opposite side may generate tensile stresses
in the perpendicular direction, as can be seen in Fig. 1.

Fig. 1 Common situations where in-plane tensile stresses and a concentrate load may act together.
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In this context, an experimental campaign has been carried out at the Laboratory of Technology of
Structures and Materials of the Universitat Politécnica de Catalunya (UPC). The main objective of this
program was to identify and quantify the effect of in plane tensile forces on the punching-shear strength
of reinforced concrete slabs. On the other hand, it is intended to provide experimental results to con-
tribute to extend the mechanically-based punching-shear resistance model “Compression Chord Capac-
ity Model” (CCCM) [9], developed by some of the authors, to the case of in-plane tension.

From the 5 specimens tested, one was a control slab without in-plane forces (slab A0), whilst
the other 4 slabs were subjected to different levels of tensile force. This article presents some results of
the experimental campaign, such as load-displacement curves, crack patterns, and the decrement of the
punching strength due to the tensile force applied. Experimental results have been compared with those
obtained with the numerical simulations and the CCCM mechanical model.

2 Experimental campaign

21 Test specimens

A total of 5 slabs of 1650 x 1650 x 120 mm were cast at the laboratory. The dimensions of the slabs
tested in the context of this experimental campaign are based on the punching-shear tests performed in
[10]. The slabs were supported on 8 points placed at the vertices of a regular octagon, equidistant 765
mm from the point load’s vertical axis, applied on its center.

The specimens were subjected to tension in their plane, in only one direction, through 10 post-
tensioning bars 25 mm in diameter and 600 mm in length, partially embedded in two opposite faces (5
bars on each side) (see Fig. 2). These bars were connected to the tensioning system to apply the tensile
force to the slab. The value of the external tension applied during test is measured in relation to the
tensile force producing the cracking of the slab’s cross section or Tcr = Acfer, With Acbeing the compo-
site concrete and steel area of the cross section and f.r the tensile concrete strength.
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Fig. 2 Position of the post-tensioning bars inside the specimens.

The slabs were reinforced with two steel meshes arranged on the upper and lower faces. The tensile
reinforcement ratio and effective depth of each slab are shown in Table 1. The punching load was
transmitted to the slabs through a 145 x 145 x 30 mm steel plate located on its center. Due to the
configuration of the experiment, all the slabs were tested face down with respect to their real position
in a building, in which the reaction of the column goes upwards and the tensile reinforcement is ar-
ranged on the upper face.

Table 1 Reinforcement ratios and effective depths of the tension side reinforcement.

Parallel to tension Perpendicular to tension

Reinforcement | Reinforce- | Effective Reinforce- | Reinforce- | Effective

area (mm?) ment ratio | depth (mm) | ment area | mentratio | depth (mm)
(mm?)
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1810 0.0108 99 1810 0.013 87

To characterize the materials before the control slab (A0) test, standard compression (UNE-EN 12390-
3), splitting (UNE-EN 12390-6) and elastic modulus (UNE-EN 12390-13) tests were performed. The
age of the concrete at that time was 160 days. The results of which are shown in Table 2.

Table2  Mean values of material properties.

Concrete Steel
fc (MPa) fct (MPa) Ec (GPa) | fy (MPa) Es (GPa)
37.0 3.3 29 535 215

22 Testsetup

Four of the five tested specimens were subjected to different levels of tension, whilst the control slab
was tested un-tensioned. To apply the tensile force to the slabs, an auxiliary steel structure, whose plan
dimensions were 2500 x 2840 mm was built. This structure consisted of a rectangular steel frame sur-
rounding the slab (Fig. 3)
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Fig. 3 Steel frame used to apply tensile force to the slabs

On one of the faces, a passive anchor for the tensioning bars was used, meanwhile bars were prestressed
from the other end, with the help of hollow jacks connected to the protruding bars. The force applied
to the slab was measured by a set of hollow load cells placed at both anchorages.

The steel structure was set at the appropriate height with the help of four height-adjustable supports
designed for the experimental campaign and located under each of the four corners of the frame. For
safety reasons, once the desired external force value was reached, the extension bars were anchored and
the jacks were disconnected from them. The tensile force applied to the slabs in each test is presented
in Table 3.

Table 3 ~ Values of tensile forces applied on each test

Test # T/Ter at failure
1 0.00
2 0.44
3 0.69
4 1.02
5 1.26
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To introduce the punching load, a hydraulic jack anchored in a loading frame, rigidly fixed to the
floor slab, was used. Eight 120 x 120 mm load cells were placed at slab supports to measure the reac-
tions, arranged in a circle centered with respect to the center of the loading frame. A piece of rubber
was placed over each of the cells to allow free rotation in the supports. The 8 load cells were supported
on 4 rigid easels arranged in such a way that the distance between the axis of two opposite supports
was 1530 mm (Fig 4).
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Fig. 4 Support schema of the slabs (left and center) and final positioning of all the elements under
the loading frame (right)
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3 Mechanical model. Extension of CCCM

31 Shear and punching models

The Compression Chord Capacity Model (CCCM) is a simplified shear strength mechanical model
derived from a more general model called Multi-Action Shear Model (MASM), developed by A. Mari,
et al. [11] and Cladera et al. [12]. It considers, as it is widely accepted, that the shear strength (Vid) is
the sum of: the shear resisted in the un-cracked compression head (V.), the shear transferred across the
web cracks (Vw), by aggregate interlock and residual stresses, the shear resisted by the longitudinal
reinforcement, due to dowel action (V.1), and the contribution of the transverse reinforcement (Vs),
providing explicit expressions for each component. The CCCM model, groups the three first compo-
nents into a single one, V., called concrete contribution.

Distributions of normal and shear stresses are assumed by combining beam and arch effects, so
that the compression chord is subject to a biaxial stress state. It is considered that failure occurs when
the principal stresses at one point of the compression head, at a critical section defined in [9], reach the
Kupfer’s biaxial failure envelope, in the compression-tension branch. To obtain the beam shear
strength, equilibrium of forces and moments between the internal forces (V, M) and the stress resultants
(Fig. 5) at the concrete chord (C, V.), along the crack (Vw), at the stirrups (Vs) and at the longitudinal
reinforcement (T, V1) are taken in the portion indicated by Fig. 5. Then, relating forces with stresses
and taking into account the failure criterion, the ultimate shear is obtained.

This model was extended to punching [9], considering the main differences between both phenom-
ena, in order to incorporate them into the mechanical model. First, taking into account the shape of
radial bending moment law m«(r), the position and inclination of the critical crack were formulated.
Thus the position of the control perimeter was obtained. The second important effect incorporated was
the multiaxial stress state in the slab compressed chord, due to tangential and vertical stresses in the
vicinity of the column, enhancing the concrete capacity to resist shear stresses in the radial vertical
plane. This phenomenon was is incorporated in the model by modifying the compression-tension
branch of Kupfer’s biaxial failure envelope, using the confined concrete strength fec, from the EC-2 [8]
formulation, instead of the unconfined strength fc, so that a higher shear stress is needed to reach failure.
Again, to obtain the punching strength of the slab, the equilibrium between internal forces and stress
resultants is taken in a portion of the slab enclosed by the critical perimeter and the critical section (Fig.
6).

Solving the equilibrium equations, and assuming some simplifications explained in [9], the simpli-
fied expression for the punching strength (2) is derived, where C is the size effect given by Eq. (3) and
x/d is the relative neutral axis depth obtained assuming cracked concrete, zero tensile stresses and
linear stress distribution in the compression chord.
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fexural
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Fig. 5 Shear transfer mechanism and scheme of the equilibrium of the considered forces in the
shear model.
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Fig. 6 Shear transfer mechanisms and scheme of the equilibrium of the considered forces in the
punching model.
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Due to the internal redundancy of the slabs, flexural reinforcement may yield before punching failure
occurs, leading to a flexural-punching failure. First yielding will take place when the tangential moment
reaches the lower yielding moment of the two orthogonal directions, since tangential moment per unit
length is higher than the radial moment, and a redistribution of moments may take place from that point
onwards. Anyhow, the punching strength can’t be higher than the load that equals the radial moment to
the yielding moment per unit length (Vy) at the control perimeter.
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In equation (4) it has been assumed, for the sake of simplicity, a mean value of ro/reri = 5 and a Pois-
son’s ratio for cracked concrete v = 0.3

3.2 Extension of CCCM-punching to in plane tensile forces

Since CCCM is a mechanical model, the effects of the tensile force were accounted for in two ways:
by including it into the equilibrium equations, and using a previously derived reduction of the neutral
axis depth due to the presence of that tensile force [13]. Then, a new simplified expression was de-
rived (6). For the particular case of unidirectional tension, where half of the perimeter is subjected to
tension and the other half remains un-tensioned, shear strength, is given by Eq. (7).

X
Vear =¢ [(1.125 ~085)~+ 0.425] £ u - d (6)
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Where Ter is the force producing cracking in the RC slab due to pure tension. For values of T>Tcr, no
contribution of the concrete to resist tension is considered, being resisted only by the reinforcement.
For this cases, an effective tensile strength of steel fy* =fy-T/As is adopted, and used in Eq. (5). This
reduction provokes that Vy, the punching strength associated to reinforcement yielding, becomes dom-
inant, diminishing even more the strength and stiffness of the slab, as can be seen in section 5.

4 Numerical simulations

In addition to the experimental campaign, a numerical model was developed to contrast the obtained
results at the laboratory and with the mechanical model CCCM. Simulations were carried out with
Simulia Abaqus software, using the Abaqus/Explicit package [14].

4.1 Model generation

Taking account the existing double symmetry, both in geometry and loading, only a quarter of each
slab was simulated, considering the corresponding boundary conditions in each symmetry plane. For
concrete, cubic elements of 8 nodes (C3D8R) were used while for reinforcing bars, linear beam ele-
ments of 2 nodes (B31) were used [15]. The reinforcing bars were considered perfectly bonded to the
concrete. The size chosen for the elements were 20 mm, so that 6 elements were arranged along the 120
mm of the slab’s thickness. The slab supports were simulated by means of non-linear springs (SPRING
A), with a very high stiffness in compression and practically zero stiffness in tension, thus allowing the
partial lifting of the slabs. The introduction of the tensile force was simulated by applying the loads
directly to the nodes located in the area of the anchor plates of the post-tensioning bars, whilst for the
punching load, a displacement was imposed on the nodes located on the upper face of the slab, under
the surface occupied by the load plate.

4.2 Materials

The Concrete Damaged Plasticity model [16] was chosen to simulate the behavior of concrete, which
requires the definition of the uniaxial constitutive equations in compression and tension, in addition to
the definition of a yielding surface. To define the yielding surface default values were used except for
the dilation angle (v =37.5°) and K = 0.8. For compression, the Hognestad parabolic constitutive equa-
tion was selected, with a linear behavior up to 40% of fc (6c0). For the tensile behavior the model pro-
posed in section 5.1.8.2 of the Model Code 2010 [7] has been used. To define the elastic response, only
the modulus of elasticity (Ec) and the Poisson ratio (v) are needed. Ec was obtained in the corresponding
characterization test (see Table 2), while for v, as Abaqus/Explicit considers it a fixed value throughout
the whole simulation process, including post-cracking regime, v = 0 was used [15].

5 Results

In this section, experimental, numerical and theoretical results are compared, focusing on the relative
decrement of the punching strength to the tensile force applied. The numerical model was adjusted to
fit the experimental results obtained in the control test. Once it was verified, simulations were per-
formed for several values of T/Tcr, up to a maximum of T/Tcr = 1.5, in order to obtain a more complete
behavior curve. Figure 6 shows the comparison between the load-deflection curves obtained experi-
mentally and numerically for three of the test carried out at the laboratory. As can be seen, quite accurate
results were obtained in terms of the ultimate load.

Load (kN)
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Fig. 6 Comparison between load-deflection curves obtained with the numerical model and exper-
imentally for T = 0 (left), T/Ter= 0.69 (center) and T/Ter = 1.02 (right)
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Figure 7 shows how the punching strength decreases as T/Tcr increases, and that this decrement is even
bigger for values of T/Ter> 1. A very good correlation between experimental, numerical and analytical
models is observed as summarized in table 4.

Table 4  Relative decrement of the punching strength to the tensile force obtained with each method

Test# | DToatfilure | @fP I | raass9 1) | (perss0 i
1 0.00 1 1 1

2 0.44 0.91 0.92 0.93

3 0.69 0.86 0.87 0.88

4 1.02 0.79 0.81 0.81

5 1.26 0.72 0.72 0.73

2
M @ Experimental = = = Numerica
Fig. 7 Comparison of the relative decrement of the punching strength to the tensile force obtained

numerically, theoretically and at the laboratory.

Finally, different crack patterns obtained numerically are shown in Fig. 8. As can be seen, the radial
pattern obtained for T = 0 evolves into an orthogonal pattern for high values of T/Ter

Fig. 8 Crack patterns (in blue) for T = 0 (left), T/Ter = 0.69 (center) and T/Ter = 1.26 (right). (Ten-
sile force applied in horizontal direction in the pictures)

6 Conclusions
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Based on the observations made during the experimental campaign and the results presented in this
article, the following conclusions can be drawn:

e  The decrease in the punching-shear strength can be well characterized by a bilinear
function of the applied tensile force “7”. The first branch arrives up to a certain value
“Te”, after which a higher reduction of the punching strength is observed.

e  The maximum value of the reduction produced by the presence of a tensile force, for
the tests carried out, was 28% with respect to the reference slab, for a load 7= 1.26
Ter. For the tensile value 7= T¢r, the punching load reduction was approximately 20%

e  Both the numerical model developed and the extended theoretical model CCCM have
been able to accurately reproduce the results of an experimental campaign carried out
by the authors. The experimentally observed behaviour has been captured both qual-
itatively and quantitatively, with an average error on the prediction of the ultimate
load of 5%
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