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Prediction of Punching Shear Strength and

Failure Mechanism Based on 3D FEM Analysis for
Steel-Concrete Open Sandwich Slabs
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Constant need for cost-effective structural forms has led to the increasing use of composite construction.
Significant economy has been observed in this form of construction. Composite steel-concrete structures
are used widely in modern bridge and building construction. A composite member is formed when a steel
component, such as an I-section beam, is attached to a concrete component, such as a floor slab or bridge
deck. In such a composite T-beam the comparatively high strength of the concrete in compression
complements the high strength of the steel in tension. In the composite T-beam the steel top flange,
which the studs have been attached to, has no deformation (local bending) because the web prevents the
deformation from taking place in the flanges. Meanwhile, in the case of open sandwich slab the steel
plate may be affected by the local bending at the position of the studs because there is no web

underneath.

Besides, the strength and behavior of open sandwich slabs are governed by the shear interaction
between the concrete block and the steel plate. The interaction property depends on several factors and
it is not possible to express the relatibnship from a purely analytical basis. As such, analysis and design
methods available today use the interaction property derived from full-scale performance tests. In
numerical modeling, the interaction property is obtained from a variety of elemental push-out tests that,
for the most part, do not represent actual slab bending. Therefore, a series of open sandwich beam
specimens was conduct to propose a numerical model, which simulates the relationship between the

transferred shear force and relative displacement of the stud shear connector.

This research comprises experimental, analytical and numerical investigations of open sandwich slabs.
The central objective of the experimental work is to develop a test method for evaluating the
performance and behavior of open sandwich slabs and also for determining the shear interaction

property of shear stud for use in numerical analysis. The parameters of the slab experimental patch are;
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concrete compressive strength, shear span-depth ratio, thickness of steel plate, height of stud, and stud

spacing.

The analytical study is conducted, using 3D FEM program as a simulation tool, to simulate the punching
shear failure of open sandwich slabs. The stud is modeled by two types of element, bond link element
represents the shear transfer action between concrete and steel plate, and truss element represents the
axial force carried by the stud. The mode of failure (characterized by a localized inclined crack) and the
sequence of cracking are reproduced. Non-linear finite element analysis can predict the ultimate shear
capacity and the deformation behavior with reasonable accuracy and it is shown to be efficient in

simulating punching shear failure for which sensitivify analysis is performed.

The numerical investigation is conducted to demonstrate the punching shear failure mechanism, which
is carefully examined in the analysis results observing predicted concrete cracking pattern and concrete
crushing. Punching shear failure occurs in the compression zone due to crushing of the concrete near the
top surface. Moreover, it was observed that, the concrete layers near the top surface of the slab crushed
earlier than the concrete layer far from the top surface. The failure surface could be identified based on
the numerical investigation and the experimental results. The failure surface is assumed to be a
bi-linear truncated cone. The slope of the part above the neutral axis is 45°, and for the part under
neutral axis is 30°, for simplicity. The neutral axis depth is measured from the analytical results. An
equation to calculate the neutral axis depth is proposed. The proposed equation is based on the bending
theory equation with a certain modification by adding the effect of height of stud and stud spacing. The
applicability of the proposed equation is verified by comparing to the 3D FEM analysis results.

The contribution of the concrete was calculated by integrating the stresses along the failure surface.
Moreover, the stud and steel plate contribution has been investigated. The integrated concrete stresses
under the neutral axis has a slight contribution to the punching shear strength while the vertical
component of the compression zone above the neutral axis and the contribution of the stud as shear
reinforcement have a pronounced effect. The former is characterized by increase of its value with
increase of the concrete compressive strength. The dowel force has a \}ery small contribution, as its value
does not exceed 2% of the resisting forces. The contribution of the aggregate interlocking is proved to be
very small. Parametric study is conducted to determine the effect of each parameter on the punching

shear strength of open sandwich slabs.

Finally, a quantitative study is conducted to develop a simple analytical expression that is suitable for
predicting the punching shear strength of open sandwich slabs. Conséquently and oppaosed to most of the
existing analytical models, the proposed expression is not based on empirical coefficient because the

parameters are derived from numerical simulations of different slabs.

The punching load computed with the developed analytical expression is compared to the one obtained
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with numerical simulation illustrating a good agreement. In addition, a comparison with experimental
results is investigated and it is shown that the analytical expression enables prediction of the punching
shear strength of various slabs. This analytical method can be adopted for design purposes. Safety

factors can be included to reduce the values of the compressive and tensile strength of concrete.
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