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Abstract: The Australian Concrete Structures Code (AS3600-2018) introduced a new clause referring
to the requirement of integrity reinforcement, which was previously not required. Integrity reinforcement
refers to the use of bottom steel reinforcement located over column supports, which will provide a
secondary loading path in order to avoid the brittle nature of a punching shear failure. The requirement
has caused ambiguity regarding the design and detailing of integrity reinforcement; the clause
incorporated into AS3600-2018 only referred to steel reinforcements being used as integrity
reinforcement and did not consider the use of post-tensioned (PT) tendons and their ability to provide a
secondary loading path after a punching shear failure. Hence, this study aims to investigate the PT
tendons as integrity reinforcement using finite element analysis, and a comparative study will be carried
out to determine the minimum steel reinforcement requirement using other national codes such as ACI
318, CSA A23.3, and Eurocode 2.
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1. Introduction

The use of integrity reinforcement in flat concrete slabs has been implemented to different standards
across the world for several years. The purpose of integrity reinforcement is to increase the resistance
of the structure against progressive collapse in the case of a punching shear failure, as shown in Figure
1.
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Figure 1 Progressive Collapse with Integrity Reinforcement

In 2018, the latest version of the AS 3600 for Concrete Structures was published. This update to AS
3600 requires the provision of integrity reinforcement in reinforced concrete (RC) and post-tensioned
(PT) flat slabs. However, the AS 3600 does not provide any specific guidelines on the requirements for
the design or detailing of integrity reinforcement for PT flat slabs. Integrity reinforcement was not a
design requirement in earlier revisions of AS 3600. This ambiguity regarding the design and detailing
requirements of integrity reinforcement for PT flat slabs creates the need for a project that evaluates the
contribution of post-tensioning strands to the integrity reinforcement requirements. The project will be
based on the analysis of existing international concrete codes/standards and an appropriate numerical
analysis.

Punching shear failures occur at a critical perimeter surrounding the columns. Punching shear failure is
a brittle failure mode with little to no warning of a catastrophic failure. Following punching shear failure,
the strength of the slab to column connection is severely decreased or even lost, which induces extra
load on the adjacent columns. This extra load can induce a punching shear failure in other columns,
which can eventually lead to the collapse of the entire structure (Fernandez et al., 2013). Extensive
research has been conducted into how integrity reinforcement increases a structures’ resistance by



countering a progressive collapse around columns and walls in the case of a punching shear failure
(Sarvari & Esfahani, 2020). Research has also been conducted to assess the effectiveness of bottom
reinforcement based on the equations and design guides given in a number of concrete standards
(Habibi et al., 2012). However, little research exists on the effects of PT strands on integrity
reinforcement. Furthermore, not all codes have a clear definition of the design of PT as integrity
reinforcement or its detailing. Han et al. (2009) have undertaken some experimental research in attempt
to clarify the integrity reinforcement clause of ACI 318 and to determine the effectiveness of conventional
integrity reinforcement in PT flat slabs. However, CSA A23.3 gives a clearer definition of the
requirements and the design procedure for the use of PT strands as integrity reinforcement. Hence, the
main aim of this study is to investigate the contribution of PT tendons as integrity reinforcement in the
post-punching phase, and a comparative study has been carried out to evaluate the stress behaviour of
the integrated reinforcement required by various national codes of standards.

2. Code Comparison for Requirement of Integrity Reinforcement

According to AS 3600-2018, ACI 318-19, Eurocode 2, and CSA A23.3-04, all four codes require a
minimum of two deformed bars to pass through the longitudinal reinforcements of the column. Only ACI
318-19, AS 3600-2018, and CSA A23.3-04 allow deformed bars acting as integrity reinforcement to be
spliced by means of a mechanical, welded, or tension lapped splice. CSA A23.3-04 and AS 3600-2018
both share the same equation for calculating the number of integrity steel required, which is identical to
the formula developed by Mitchell (1995). Otherwise, ACI 318-19 uses the formula proposed by Mitchell
and Cook (1984) and it is worth noting that Eurocode 2 does not provide any formula.

For the concern about post-tensioning as integrity reinforcement, CSA A23.3-04 specifies that the
variable f, which refers to the steel strength, can be replaced by f,,, which is the yield strength of PT
strands. This formula reduces the amount of integrity reinforcement necessary in the calculation by 30%.
Other codes, on the other hand, make no reference to any equation concerning PT as integrity
reinforcement; only ACI 318-19 mandates a minimum of two tendons to pass through the column’s
capital in each direction. As a result, the contribution of tendons as integrity reinforcement requires more
investigation, and this will be discussed in the following sections.

Table 1: Providing formula for the calculation of integrity reinforcement by different codes.

Code of practice Provided Formula
2N* (1)
AS 3600-2018 Agmin = 57—
’ Ofsy
0.374/fcC2d 2.1¢d (2)
ACI 318-19 4, =¢oms= :
fy fy
2Vse 2Vse (3)
CSA A23.3-04 ZASb=7(for RC) or ZASb=7(for PT)
fy fyp
Eurocode 2 No provided formula

3. Numerical Validation and Parametric Study
3.1 Numerical Techniques

To verify the accuracy of the numerical modelling technique, a comparative study has been carried out
using previously available experimental results. As an important part of numerical modelling for
prestressed tendons, many numerical approaches have been compared by Dinh & Doh (2022).
According to their research, the contact formulation method used for tendon-concrete contact with the
cooling method applied for the prestressing force produces more accurate results and was thus selected
as the main modelling technique in this report.

The contact formulation was first employed by Kang et al. (2015) with duct system models for the tendon-
concrete contact. The surface-to-surface contact accessible in ABAQUS was used to represent the
interface between tendons and appropriate sheathing. The bonded condition was defined by a transition
from frictionless to rough (infinite friction), ensuring perfect bonding between tendons and the
surrounding inner face of duct components. The embedded constraint was used to represent the
interaction of concrete with non-prestressed reinforcement and sheathings; however, the dowel effects
of reinforcement were not considered in this study.

For the prestressing simulation, the ‘temperature field via cooling tendon’ method has been employed
in studies by Ellobody and Bailey (2009); Kang et al. (2015) and Wang et al. (2017). Prestressing is
obtained by manipulating the temperature along the tendon element. This applied approach is based on



the theory of Hooke’s law with thermal effects, in which a change in temperature creates a change in
volume and receives a thermal stress. Hence, the use of a ‘predefined temperature field’ available in
the ABAQUS library was applied to the input of the temperature value. At first, the initial temperature
value was set as zero along the tendon element. Then, the temperature drop value was calculated using
the equation below:

AT i 4
= = @)

where AT is the value of the temperature drop; E is the elastic modulus of prestressing strands; « is the
linear expansion coefficient of the tendon; and o is the effective prestressing value.

3.2 Numerical Validation

The two primary areas addressed in the paper are the effects of tendon-concrete interaction on flexural
behaviour of structures and stress behaviour in prestressing tendons, reinforcing bars before and after
the loading process. Three prestressed models from Dinh & Doh (2022) were used for the verification
of post-tensioning simulation (See Figure 2). The initial stress value shown in Table 2 indicates minor
errors from the numerical and experimental data from 1% to 5%. Otherwise, the effective stress obtained
from the models differed from that of the test by between 6% and 13%, which is still acceptable based
on the actual conditions of test measurement, including stress losses, sliding of supports, and bonding
quality of tendon-concrete. Hence, the mean ratio indicates reasonable values for the validation between
numerical modelling and testing with a 2% difference in tendons’ initial effective stress and a 6%
difference in the tendons’ ultimate stress. Therefore, the standard deviation is 0.04 for both cases.
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Figure 2: Slab-column specimens with various reinforcement types

Table 2: Comparison of numerical results and existing experiment data for models’ verification

Initial effective stress in Effective stress in tendons
Specimens Authors tendons at the flexural strength
(MPa) (MPa)
Exp | FEM | FEM/Exp | Exp | FEM | FEM/Exp




Slab 5 (Cooke et al., 1981) 1154 1164 1.01 1442 1362 0.94
Beam YAL1-left (Lou et al., 2013) 1083 1002 0.93 1493 1403 0.94
Beam YAL1-right (Lou et al., 2013) 1083 1033 0.95 1543 1346 0.87
Slab FP-PT xy (Kim & Lee, 2016) 1488 1503 1.01 - - -

Mean 0.98 0.94
Standard deviation 0.04 0.04

3.3. Model Dimension and Parametric Study

A typical slab-column connection model was constructed based on finite element-based software
(ABAQUS) to examine the effect of post-tensioning, as well as the influence of integrity reinforcement
on the failure mechanism under the column region (see Figure 3). The slab dimensions measure at
3000 x 3000 x 200 mm thick, and the square columns are 500 x 500 mm. The concrete strength in both
the concrete slab and the column was 40 MPa. The boundary condition is configured with a fixed
condition at the bottom face of the column and allows the high pressure loading to increase on the top
face until this system is damaged.

The parametric study is performed based on this slab-column dimension. A total of four cases have
been investigated: Cases 1 and 2 are the conventional RC slabs without and with integrated
reinforcement, respectively. For Case 2, it contains three models (RC-INT-1, RC-INT-2, & RC-INT-3),
with required integrity reinforcement varying from three different standards. Case 3 is the typical PT slab
without integrated reinforcement, and Case 4 is the PT slab with the required integrity bars based on
CSA A23.3-04. The top and bottom mats of N12@200 were provided in all cases for crack control.
Cases 1 and 2 utilised the additional 9.N24 as extra top bars for strength condition, while Cases 3 and
4 used the post-tensioning system with four strands per tendon and kept the spacing at 400 mm under
the column zone.
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Figure 3: Slab-column specimens with various reinforcement types
4. Results and Discussion

4.1 Punching Shear Failure — Punching Perimeter



The punching shear failure is characterised by the slab fracturing in planes that run from the column-
slab contact on the crushed face to the depth of the slab in an inclined direction. For the square columns
used in this report, the punching failure assumes the shape of a pyramid frustum (see Figure 4). The
shear failure plane is defined as being 45 degrees from the bottom slab surface, and different standards
recommend using various critical section perimeters. The control perimeter is set at a specific distance
that differs in individual codes, varying from one half (CSA, ACI 318, AS 3600-2018) to double the
effective depth of the slab (Eurocode 2).

Eurocode 2 ACI 318 fib Model Code 2010
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Figure 4: Punching shear failure and perimeter.

During the slab-column punching failure, the concrete will tend to crack heavily and collapse first as a
brittle element, followed by the reinforcements that work to the yielding limits, leading to the full failure
of the slab system. When the system is falling apart, determining the punching perimeter will help in
localising the critical area where reinforcements will replace the concrete connecting the slab-column
elements (see Figure 5). For the model application in this context, the control perimeter was taken from
d/2 (85 mm) to 2d (340 mm) on the column face, where d is equal to 170 mm as an effective depth of
the modelled slab. Within this range, the stress behaviour of reinforcements, including steel bars and
prestressing strands, was investigated, and discussed in the following sections to clarify their impacts
and highlight the resistance of tendons as well as the integrity reinforcement during collapse.
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Figure 5: Numerical simulations of punching failure zone in slab-column region

4.2 Stress Behaviour of Post-tensioning during Failure

This section examines tendon stress in the punching perimeter region to determine the tendon’s capacity
to operate as a connector during slab-column collapse. According to Figure 6, stress in a tendon is
divided into three stages. The first stage is a phase in which tendons experience increased stress as a
result of prestressing; tendons were tensioned at 1530 MPa, which was equal to 80% of their maximum
tensile capacity. The second stage is the stress loss stage, which is caused by tendon curvature, time-
dependent factors, and friction. After prestressing, stress in tendons was lowered by 15% to 20% to
around 1300 MPa, and tendons with higher curvatures suffered more stress losses. The last stage
occurred when the stress increased again due to the applied loadings. The slab was subjected to a very
high pressure of roughly 150 MPa and deflected more than 200 mm, indicating that the structure failed
completely. The tendon stress reached a peak of 1670 MPa at the end of the process, showing that the



tendon did not reach its tensile limit, which was about 1870 MPa for 12.7 mm strands (AS/NZS 4672),
and proving that tendons can still work as connections to withstand the sudden fall of concrete when the
structure is heavily cracked and detached.
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Figure: 6: Numerical results in stress behaviour of prestressing tendons
4.3 Stress Behaviour of the Bottom Reinforcement During the Failure

Figure 7 compares the stress behaviour in three cases to better understand the impact of integrity
reinforcement (models RC and RC-INT) and the post-tensioning method (model PT) on the overall
performance of steel bars during the punching failure. Based on Table 3, it is worth noting that in the
post-tensioning cases, the bottom bars in models PT-1 and PT-2 worked without much difficulty when
these reinforcing bars reached 325 MPa to 350 MPa within the control perimeter area. When the integrity
bars were provided in accordance with CSA A23.3-04 (Case 4), the stress in the bottom bars for the
model PT-2 was close to the stress values found in the model RC-INT-1, but only one-quarter of the
integrity bars were needed. This results in identical outcomes from the numerical results with the
equations provided in CSA A23.3-04, which proved that the integrity bars can be reduced significantly
with the use of post-tensioning. Otherwise, as in Case 1, where only the top extra bars were provided,
the bottom mat of the N12@200 worked harder since most of the yielding reinforcing bars at 530 MPa
were spread around the punching perimeter. For Case 2, when adding the integrity reinforcement at the
bottom, the bottom stress was shared and taken mostly by the integrity bars, ranging from 320 MPa to
495 MPa depending on the number of bars provided. However, with typical extra bars based on AS
3600-2018 and CSA A23.3-04, most of the bottom steel bars did not reach their tensile limits.

In Figure 7d, the stress distribution of the top/bottom steel bars indicates that the integrity reinforcement
had no effect on stress sharing in the column zone during the serviceability stage, only that the stress
of the top bars gradually increased due to the applied loading. Until the structure was extensively
cracked and started to fail, the top bars’ stresses reached their yield strength, and the stress on the
bottom bars suddenly increased to high levels to prevent the slab from falling down. The deflections and
damage parameters of specimens RC and RC-INT also showed no difference, which means again that
there was no integrity reinforcement contributing to the service or strength designs at the column zone.

Table 3: Summary of stress value of the reinforcement in the post-punching stage

Designation Reinforcements Stress of Stress of Stress of
Cases (Standards) Top/bottom | Extratop | Integrity | Prestressing bottom top bars
mat reo reo strand (MPa) | bars (MPa) (MPa)
Case 1 | RC (NOINT) N12@200 9N24 - - 530 530
RC-INT-1
(AS 3600-2018) N12@200 9N24 9N24 - 320 530
RC-INT-2
Case 2 (CSA A23.3-04) N12@200 9N24 8N24 - 340 530
RC-INT-3
(ACI 318-19) N12@200 9N24 6N12 - 495 530
Case 3 | PT-1 (NO INT) N12@200 - - 1670 350 530
PT-2
Case 4 (CSA A23.3-04) N12@200 - 9N12 1670 325 530
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Figure 7: Stress behaviour of reinforcing steel bars in different form of structures

5. Conclusion

According to numerical results from FEM models, the effect of PT as an integrity reinforcement is
obvious when tendon stress remains within an acceptable range that is lower than its tensile limits when
concrete in the slab-column zone fails. The tensile stress at the final stage is around 1670 MPa, which
allows tendons to continue to resist the sudden collapse of the floor under extreme loads. In addition,
the findings of the comparative study reveal that in the case of PT, the bottom mat N12@200, without
any integrity bottom bars works without much difficulty, with yield stress localised only at the column
zone. This evidence corresponds to some standards which suggest that, as a result of PT, the quantity
of integrity reinforcement required for the punching failure is significantly reduced when compared to the
conventional flat plate RC slabs.

The specific analysis of specimens RC and RC-INT in this paper demonstrates that providing integrity
reinforcement at the bottom slab is necessary. This enables the effective sharing of the stress across
the steel bars when these bars are functioning as a link to resist the slab from collapsing. However,
when a huge quantity of steel is added solely to prevent a very unlikely situation, this will have an impact
on economic efficiency. Therefore, the use of post-tensioning might produce an ideal condition for
greater balance between economy and structural reliability.
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