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Abstract: Concrete flat plate structures are exposed to the risk of progressive collapse, which is
normally triggered by an initial failure at a single slab-column joint (SCJ). Using post-tensioned slabs in
flat plate structures is a practical and efficient strengthening method. Current studies have given less
attention to post-tensioned concrete slabs, especially their performance in the post-punching large-
deformation stage. To thoroughly investigate the pre- and post-punching failure mechanisms,
preliminary numerical studies on post-tensioned slab-column joints (PT-SCJs) were conducted. Seven
finite element models were established in LS-DYNA to study the influence of three variables including
the prestressing level, the reinforcement ratio, and the quantity of through-column tendons on the
mechanical behaviours of the PT-SCJs. Numerical results show that compared with the non-prestressed
SCJs, prestressed ones achieved higher punching shear and post-punching capacities. These
capacities were also increased with the increasing prestressing level. Both prestressing tendons and
reinforcing bars can contribute to the post-punching resistance and arrangement of more tendons going
through the column lead to a higher post-punching strength.

Keywords: Post-tensioned concrete flat plate structures, progressive collapse, slab-column joints,
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1. Introduction

Concrete flat plate structures are a type of structural system consisting of only slabs and columns. This
type of structure is broadly used in Australia and worldwide due to its noticeable economic and
architectural advantages such as ease of formwork, low construction cost and increased usable space.
However, the inherent drawbacks of this type of structure cannot be ignored. The deformation capacity
of flat plate structures is generally low and the slab-column joints (SCJs) are prone to brittle punching
shear failure. Due to the lack of force transfer elements (beams), once punching failure occurs at a SCJ,
this localised damage is likely transmitted to the adjacent joints which may eventually lead to the
progressive collapse of the structure (1), resulting in huge loss of property and life. It is therefore
essential to strengthen the SCJs in flat plate structures, thereby reducing the probability of progressive
collapse. Due to their advantages, prestressing tendons have been widely used in flat plate structures
as a popular strengthening method. In Australia, more than 80% of high-rise residential buildings are
constructed using flat plate structures and 60% of them are strengthened by prestressing tendons (2).
Architecturally, using tendons can achieve longer spans with lower slab thicknesses and fewer columns,
thus providing more usable space with less concrete volume, which reduces undesirable slab deflections
and optimises foundation design. Tendons allow for improved continuity and punching shear strength
by compressing the concrete slab and high compressive strength of the concrete is utilised to counteract



the external loads. Moreover, tendons are expected to develop high post-punching capacity at the large
deformation stage, which is regarded as the second defence against progressive collapse. The existing
research mainly focused on flat plate structures with reinforced concrete slabs (3-4) while post-tensioned
concrete slabs received less attention (5-6). Among the limited studies on the PT-SCJs, the punching
shear failure behaviour was highlighted but their post-punching behaviour was neglected (7). To fill this
research gap, a pilot numerical study on six post-tensioned concrete SCJs and one non-prestressed
SCJ was performed to offer a preliminary understanding of the behaviour of the test specimens before
conducting the experiments. With the proposed modelling approach, the mechanical behaviours of the
SCJs before and after punching are studied and the effects of three structural-related parameters
(prestressing level, reinforcement ratio, and quantity of tendons going through the column) on the
punching and post-punching resistances are quantified.

2. The test specimens

The prototype structure is a 3-story 4x4-bay post-tensioned concrete flat plate structure which was
designed according to the Australian Concrete Standard (8). The prototype had a storey height of 3000
mm and a centre-to-centre span length of 6000 mm. The columns had a squared shape with a size of
450 x 450 mm. The slab thickness was chosen as 200 mm. The normal ductility deformed bars with a
characteristic yield strength of 500 MPa was adopted as reinforcement. For the tendons, 7-wire ordinary
strands with a nominal yield strength of 1860 MPa were used. The nominal concrete strength was 32
MPa.

A series of SCJ specimens with a scaled-down ratio of 1 (prototype) to 0.79 (specimen) was taken from
the ground floor of the prototype structure. The dimensions of the test slab were 2000 x 2000 x 160 mm.
The boundary of the specimen was denoted by the line of contraflexure. The periphery of the slabs was
designed by adding boundary beams to better reflect the actual continuity of the SCJ with the
surrounding slab within the prototype structure. The boundary beam provided not only the lateral
restraints to the slabs but also the anchorage to the slab flexural and integrity reinforcement (FR and
IR) (Figures 1 and 2). The sectional dimensions of the boundary beams for all specimens were 300 x
380 mm. The design of the boundary beams can be referred to our previous work (9-13), where the
effectiveness of the boundary beams was also proven. The dimensions of the concrete column stubs
were 360 x 360 mm. A total of seven SCJ specimens were designed (designations are given in Table
1), including six prestressed specimens (Figures 1, 2a and 2b) and one non-prestressed specimen
(Figures 2c and 2d), with three structural-related variables, according to which they can be divided into
three groups. Group 1 includes PT2-2.4-0.33 (control specimen), PT2-1.8-0.33, and PT2-1.2-0.33. In
this Group, the influence of the prestressing level (o, the average effective stress in concrete), which
is between 2.4 MPa to 1.2 MPa, on the collapse resistance was investigated. The influence of the
combination of reinforcement and tendons was investigated through Group 2, which contains PT2-2.4-
0.33, PT2-1.8-0.45, PT2-1.2-0.58 and RC0-0-1.10. Theoretically, all the specimens in Group 2 had the
same section flexural strength. As a result, the specimens with a lower prestressing level were designed
with a higher reinforcement ratio. Note that RC0-0-1.10 (0,.=0 MPa) did not have any tendons, instead,
more rebars were added to this specimen. Group 3 has PT2-2.4-0.33 and PT4-2.4-0.33 where the
influence of the quantity of through-column tendons was studied. PT4-2.4-0.33 has doubled the number
of through-column tendons compared with PT2-2.4-0.33. Sectional sizes and the reinforcement details
are given in Figures 1 and 2 and the material properties of the seven specimens are summarised in
Table 1.
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Figure 1. Arrangement of tendons.
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Table 1. Properties of specimens.
Prestressing Tendons in Rebars Rebars ratio
Specimens level slab in slab Prr & PR
(Opc) (no. x diameter) (no. x diameter)
FR: 8x12 mm FR: 0.33%
PT2-2.4-0.33 2.4 MPa 8x12.7 mm IR 12x12 mm IR: 0.50%
FR: 8x12 mm FR: 0.33%
PT2-1.8-0.33 1.8 MPa 8x12.7 mm IR 12x12 mm IR: 0.50%
FR: 8x12 mm FR: 0.33%
PT2-1.2-0.33 1.2 MPa 8x12.7 mm IR 12x12 mm IR: 0.50%
FR: 8x14 mm FR: 0.45%
PT2-1.8-0.45 1.8 MPa 8x12.7 mm IR: 12x14 mm IR: 0.67%
FR: 8x16 mm FR: 0.58%
PT2-1.2-0.58 1.2 MPa 8x12.7 mm IR: 12x16 mm IR: 0.88%
FR: 8x12 mm FR: 0.33%
PT4-2.4-0.33 2.4 MPa 8x12.7 mm IR 12x12 mm IR: 0.50%
FR: 15x16 mm FR: 1.10%
RC0-0-1.10 0 MPa 0 IR: 18x16 mm IR: 1.31%

3 Numerical modelling

To model the SCJ specimens, explicit FE-based commercial software LS-DYNA (14) was adopted. LS-
DYNA is powerful in solving highly nonlinear problems, making it perform well in simulating structure
behaviours in small and large deformation stages. In this section, the modelling techniques including
element selection, material properties, constraints and contact considerations, boundary conditions,
loading scheme and failure criteria are presented. By virtue of symmetry, only one-quarter of each SCJ
specimen was built.

3.1 Element selection
The element used for concrete including slab, column, boundary beam, top and bottom steel plate was



the default eight-node 3D constant stress solid Lagrangian elements (Figure 3a). As there was only one
integration point located at the centre of the element, using this element can save a lot of computational
time. The potential unrealistic element distortion under large stress concentrations was addressed by
using viscous hourglass control (TYPE 1 in LS-DYNA) with a coefficient of 0.1. The reinforcing bars in
the slab, and those in the column stub and the boundary beams (Figure 3b) were all explicitly modelled
by two-node 1D Hughes-Liu beam elements with 2 x 2 Gauss quadrature integration. Figure. 3c shows
the tendon layout and each tendon is composed of beam elements and thermal elements. To simulate
the anchors for tendons, rigid blocks were adopted by utilising solid elements. Mesh sensitivity for a
similar model was examined by Xue et al. (15), which shows that the mesh dependency of shear failure
was insignificant if the chosen element size was between 9 mm to 30 mm. In the present models, a 15-
mm mesh size was adopted in the region 0.12 m away from the side of the column. For the rest of the
slab, a mesh size of 17.5 mm was used. The 15-mm mesh size was also utilised in the boundary beams
and columns and their interface regions. The mesh size for reinforcement and tendons was set as 18
mm.
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Figure 3. Numerical models.

3.2 Material properties

The continuous surface cap model (*MAT_159) was adopted to simulate the behaviour of the concrete
material. An isotropic elastic-plastic material model *MAT_PIECEWISE_ LINEAR_PLASTICITY
(*MAT_024) was used for the steel material (rebars and tendons), which was assumed to have identical
behaviour in tension and compression. The load curve was used to define the relationship between the
axial stress versus the effective plastic strain, through which the tested stress-strain curve was input, as
shown in Table 2. Note that the strain rate effect was not considered as the specimens will be loaded
quasi-statically in the actual tests. A temperature-dependent material
*MAT_ELASTIC_PLASTIC_THERMAL (*MAT_4) was applied to model the prestressed tendons in the
SCJ specimens.

Table 2. Material properties of reinforcement and tendons.

Yield strength Ultimate strength  Elastic modulus Ratio of elongation

Type
(MPa) (MPa) (GPa) (%)
D12.7 (tendon) 1670 1869 210 19
D12 (rebar) 448 602 200 23
D14 (rebar) 447 599 203 21
D16 (rebar) 444 592 202 21
D8 (stirrup) 458 677 195 18

Note: Stirrups are used in the boundary beams.

3.3 Constraints and contact considerations
The beam-to-beam contact between orthogonally oriented reinforcing bars in the upper and lower layers



(reinforcement net) at both the top and bottom of the slab was implemented through the keyword
*CONTACT_AUTOMATIC_GENERAL. In this way, the force transferred between the upper and lower
layers of reinforcement during the post-punching suspension stage can be effectively reproduced. The
contact which was applied to the top and bottom steel plates and the column was
*CONTACT_AUTOMATIC_SURFACE_TO_SURFACE. As the reinforcing bars and tendons were
embedded in concrete, the coupling between the beam and solid elements was simulated using the
keyword *CONSTRAINED_BEAM_IN_SOLID. It is worth mentioning that for reinforcing bars, the
coupling direction was set as the default value which means that the constraints were applied along all
directions. However, for tendons, the constraints were only applied along normal directions. There was
no constraint along the beam axial direction as the tendons were unbonded. The bond-slip relationship
between the reinforcing bars and concrete was assumed a perfect bond.

3.4 Boundary conditions

As shown in Figure 3a, the sides of the four corners of the boundary beams were fully restrained.
Moreover, the degrees of freedom (DOFs) of all the nodes on the symmetrical plane of the quarter
models, including those on the solid elements for concrete and the beam elements for steel rebars and
tendons, were restrained accordingly.

3.5 Loading scheme

The loading schemes included tendon prestressing and column stub loading. To load a prestress force
in the tendons, the card *LOAD_THERMAL_LOAD_CURVE was used to define a negative nodal
temperature. By utilising the thermoelastic feature of the thermal element, different levels of prestress
forces were applied to the tendons, as shown in the second column of Table 1. An uplifting load,
controlled by displacements, was applied to the top end of the column stub through the keyword
*BOUNDARY_PRESCRIBED_MOTION_SET. The load cell was simulated with beam elements. The
bottom end of the load cell was connected to a top steel plate built in the solid elements of the stub. The
bottom ends of the column rebars were also tied to the bottom steel plate to prevent bond failure of the
column stub during the lifting process (Figure 3a).

3.6 Failure criteria

The built-in element deletion function in the concrete keyword card was not used in this model as failure
criteria because this function was unable to model shear-type failures. Instead, the keyword
*MAT_ADD_EROSION was employed to address this problem. The failure criteria for the concrete were
determined by the tensorial shear strain. For reinforcing bars, the failure criteria were determined by the
plastic strain. When the tensorial shear strain and plastic strain reached the pre-set values, the element
was then deleted from the calculation.

4 Numerical results

This section presents the numerical results and analyses of seven SCJ models regarding the
mechanical behaviours of these joints under both small and large deformations. The effects of the
prestressing level, the amount of reinforcement and the number of through-column tendons on the
structural responses are investigated. The numerical results of different models are compared in terms
of the load-displacement responses, crack patterns and failure modes.

4.1 Effect of prestressing level (Group 1)
Punching shear and post-punching strengths with their corresponding displacements measured at the



top of the column stub of all the seven models are summarised in Table 3. A comparison of the load-
displacement responses for Group 1 is shown in Figure 4a. As can be seen from Figure 4a and Table
3, PT2-2.4-0.33 with the highest prestressing level achieves the most punching shear and post-punching
capacity improvements. Load-resistant capacities decrease with the reduced prestressing level (PT2-
1.8-0.33 and PT2-1.2-0.33). In other words, these capacities have a positive correlation with the
prestressing level. Nonetheless, increasing prestressing level leads to a higher stiffness and brittleness.

Table 3. Summary of numerical results.

Specimen Punching shear failure Post-punching failure

A, (mm) Fp (kN) Ap, (Mm) Fop (KN)
PT2-2.4-0.33 21.4 1180 245.6 1196
PT2-1.8-0.33 214 1162 3104 1058
PT2-1.2-0.33 23.2 1116 260.6 1003
PT2-1.8-0.45 21.0 1154 3114 1215
PT2-1.2-0.58 20.7 1200 303.3 1304
PT4-2.4-0.33 22.5 1209 310.1 1613
RCO0-0-1.10 28.0 1012 251.7 800

Note: ‘A'and ‘F’ represent the applied load and the corresponding displacement, respectively, while subscript ‘p’ and

‘pp’ denote the punching and post-punching failure stages, respectively.
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Figure 4. Load-displacement curves for Group 1, 2 and 3 models.

4.2 Effect of reinforcement and tendons combination (Group 2)
The structural responses of PT2-2.4-0.33, PT2-1.8-0.45 and PT2-1.2-0.58 behaviour almost identically
during the flexural and punching failure stages, and their punching shear strengths are very close



regardless of the differences in their applied prestressing forces and the amount of slab reinforcement
(Figure 4b). While the punching shear strength of RC0-0-1.10 is 14.2% smaller than that of PT2-2.4-
0.33, its punching shear failure occurred at a relatively larger displacement compared with those of PT2-
2.4-0.33, which further confirms that the existence of tendons could increase the stiffness and brittleness
of the SCJs. Tendons help to reduce crack development, which could be reflected in the development
of cracks in slabs. Figure 5 shows the comparison of the crack patterns between PT2-2.4-0.33 and RCO-
0-1.10 when punching, which clearly shows that there were more radial bending cracks developed
throughout the whole slab of RC0-0-1.10 (Figure 5b) compared to those of PT2-2.4-0.33 (Figure 5a). In
addition, the post-punching strengths of PT2-2.4-0.33, PT2-1.8-0.45 and PT2-1.2-0.58 are also greater
than that of RC0-0-1.10 by 49.5%, 51.9% and 63.0%, respectively. Although the prestressing level in
PT2-1.2-0.58 is halved relative to PT2-2.4-0.33, the number of through-column tendon remains the
same. In addition, the top and bottom reinforcement ratios of PT2-1.2-0.58 (with 16mm-diameter slab
rebars) are almost doubled than those of PT2-2.4-0.33 (with 12mm-diameter slab rebars). A combined
effect from the prestressing level and through-column slab rebars is the dominating factor for the post-
punching strengths. This explains why PT2-1.2-0.58 could potentially reach higher post-punching
strength than those of PT2-2.4-0.33.
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Figure 5. Crack patterns at the onset of punching shear failure.

4.3 Effect of quantity of through-column tendons (Group 3)

From the comparison of load-displacement curves between PT2-2.4-0.33 and PT4-2.4-0.33 (Figure 4c),
it can be concluded that the quantity of through-column tendons largely affects the post-punching
strength. The flexure behaviours and punching shear capacities are almost the same. However, the
post-punching strength for a specimen with double the number of through-column tendons is
significantly improved (34.9% increase compared with PT2-2.4-0.33), and its post-punching strength far
exceeds the corresponding punching shear capacity.

5 Conclusion

This paper presents a numerical investigation of seven concrete flat plate SJCs with and without
prestressing tendons. Results reveal that SCJs can be effectively strengthened by tendons. Specimens
with tendons achieve higher punching shear and post-punching capacities. Increasing prestressing level
led to an increase in both punching shear and post-punching strengths. The post-punching resistance
is governed by both through-column tendons (prestressing level and quantity) and rebars. The results
confirm the feasibility of strengthening the SCJs with prestressing tendons and provide preliminary
results of the effect of the relevant parameters on the punching and post-punching load-resistant
capacities of post-tensioned flat plate slab-column joints. This study offers a useful guidance to the
subsequent experimental tests of the matching slab-column specimens.
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