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1. Introduction

Flat slabs are an efficient and economical solution for floor systems subjected to relatively light loads.
However, due to the absence of beams at slab-column connections, these slabs may face punching shear failure,
especially under unbalanced moments. In some cases, failure may occur in a flexural mode, depending on the
reinforcement configuration and loading conditions. Alongside load-bearing capacity, predicting the failure
mode is vital in the design process. Despite humerous studies on the load-bearing capacity and failure
mechanisms of flat slabs, the application of the Critical Shear Crack Theory (CSCT) to FRP-strengthened slabs
has received limited attention. This study investigates the effectiveness of CSCT in predicting the failure
behavior of flat slabs externally strengthened with FRP strips using EBR and EBROG techniques.

2. Methodology

This research employs the CSCT model to analyze data from experimental tests conducted by Torabian et
al. (2021). Three reinforced concrete flat slab specimens were evaluated: a reference specimen (REF), a
specimen strengthened with CFRP strips using EBR method, and another using EBROG method. All slabs had
dimensions of 2200x2200x150mm. The strengthened slabs included two layers of CFRP strips per direction,
bonded in a cross pattern in the central region. The difference between EBR and EBROG methods lies in the
installation technique, with EBROG involving groove embedding.
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Fig. 1. Tested slab specimens: a) REF specimen, b) EBR-CR specimen, ¢) EBROG-CR specimen (Torabian et al., 2021)
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Load-rotation curves were extracted for each specimen and used within the CSCT framework to evaluate
failure modes and load capacities. The flexural contribution of CFRP was considered using the approach
proposed by Faria et al. (2014), incorporating an effective depth calculation based on the modulus of elasticity
and cross-sectional properties of the reinforcement elements. Using the moment-curvature diagram proposed
by Faria et al., the contribution of FRP strips to flexural capacity was incorporated into the analysis of the slab.
It is worth noting that in the present study, the analysis was carried out using Octave programming.

3. Results and discussion

The analytical load-rotation curves of the slab specimens using CSCT are presented in Fig. 2 along with the
experimental curves. According to the intersection of the analytical load-rotation curve and the failure
criterion curve in Fig. 2-a, it can be predicted that the REF specimen will experience punching shear failure at
aload of 143.1kN and a rotation of 0.064 rad. Based on the experimental results, the REF specimen underwent
punching shear failure after reaching a rotation of 0.046 rad and a load of 156.3kN. Therefore, CSCT has
provided a reasonably accurate prediction of the specimen’s behavior, with only an 8% error in evaluating the
load-bearing capacity.
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Fig. 2. Results from CSCT and experimental results: a) REF specimen, b) EBR-CR specimen, ¢) EBROG-CR specimen

As shown in Fig. 2-b, the load-rotation curve obtained from the analysis of the EBR-CR specimen aligns with
the experimental load-rotation curve up to the point of failure. Comparison of the experimental load-rotation
curve with the punching shear failure criterion indicates that the failure criterion has correctly predicted the
specimen’s failure mode, as the load-rotation curve experiences a drop in load before intersecting the failure
criterion curve. This means that flexural failure occurred in the slab before punching shear failure took place.
This prediction is consistent with the experimental observations, which reported FRP debonding as the failure
mode of the specimen. It is noteworthy that the analytical load-rotation curve for the EBR-CR specimen
presented in Fig. 2-b was developed based on the study by Faria et al. (2014), which assumes that no FRP
debonding occurs. Naturally, under this assumption, the comparison between the analytical load-rotation
curve and the failure criterion does not provide any information about the load at the moment of FRP
debonding, nor does it help in predicting the actual failure mode of the slab.

The same criterion was used to analyze the EBROG-CR specimen using CSCT. According to the CSCT model
and Faria’s approach, punching shear failure was predicted at 244.8kN and 0.036 rad. However, experimental
failure occurred at a lower load of 189.0kN and a rotation of 0.012 rad due to punching failure. This shows that
the CSCT method, when using the approach of Faria et al.,, has acted non-conservatively in predicting the
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behavior of the FRP-strengthened slab-both in terms of ultimate load-bearing capacity and allowable
displacement capacity. This is because the approach by Faria et al. does not account for the FRP debonding
failure mode.

To estimate the failure mode of the specimens in this study, the punching shear capacities based on CSCT
and design codes, namely ACI 318 (2019), Eurocode 2 (2023), and MC 2010 (2013), were compared with the
flexural strength results obtained from yield line theory. The calculated flexural and punching shear capacities
for each specimen are presented in Table 1. As shown in this table, the observed experimental failure modes
are reasonably predicted by CSCT and MC 2010 (which is based on CSCT).

Table 1. Results of failure mode estimation of tested specimens based on design codes and CSCT

= . ol v ACl 318 EC2 MC 2010 CSCT
. Xperimenta flex il Eail Eail Eailur
Specimen L Failure ailure ailure ailure
(e M mE L) 7 {5 mode 7 {5 mode 7 {5 mode 7 {5 mode
REF F-P 143.6 337.8 F 211.8 F 149.3 F-P 143.1 F-P
EBR-CR D 186.5 366.9 D 2445 D 177.0 D-P 244.8 D
EBROG-CR P 216.8 366.9 D 2445 D-P 177.0 P 244.8 D-P

4. Conclusions

The results confirm the CSCT model's capability in predicting the load-bearing capacity and failure mode of
flat slabs, both unstrengthened and externally strengthened with FRP. When accounting for potential FRP
debonding, the model provides a conservative yet realistic estimation. The study highlights the possibility of
simultaneous or sequential occurrence of debonding and punching shear failures under increasing loads and
degradation of the FRP-concrete interface.
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