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Abstract

Fiber reinforced polymer (FRP) composites are widely used to strengthen reinforced concrete (RC) structures due to their high
mechanical and durability properties compared to traditional materials. However, intermediate crack debonding (ICD) failure limits
the effectiveness of strengthening RC beams in flexure with externally bonded (EB)-FRP laminates. Anchorage of the FRP can
mitigate this debonding, enhancing the efficiency of FRP strengthening. Hybrid bonding (HB)-FRP emerged as a viable method
for delaying/preventing debonding of EB-FRP RC beams. HB combines adhesive bonding from EB with mechanical fastening
through metallic plates, increasing resistance to debonding. While previous research explored the bonding capacity of the HB
connection using FRP sheets in single-shear tests, few simplified approaches exist for predicting the bending capacity of
strengthened beams. In this paper, the feasibility of HB systems to delay ICD of RC flexural elements strengthened with carbon
FRP (CFRP) pre-cured laminates is assessed through experimental and theoretical studies. For this purpose, three RC beams
strengthened with CFRP are tested, one using EB and two using HB with different anchor spacings. Results include load-deflection
response, flexural capacity and failure mode. Experimental results are compared to literature provisions. Results show that the HB
technique consistently improves the flexural performance of the beam in all considered cases.
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1. Introduction

In recent years, there has been a growing acceptance of the use of fiber reinforced polymers (FRP) for reinforcing
concrete structures due to their inherent advantages over traditional materials. The externally bonded (EB)
reinforcement technique is widely employed to enhance the structural performance of reinforced concrete (RC)
elements in various loading scenarios and was proven to be effective in improving the bending, shear, torsion, and
axial capacities (Bakis et al., 2002). However, a common challenge observed in existing literature is the occurrence
of intermediate crack debonding (ICD), primarily observed in flexural applications (Mazzotti et al., 2016), which
significantly limits the effective exploitation of FRP properties.

To address the issue of ICD, current design guidelines (ACI Committee 440, 2017; Consiglio Nazionale delle
Ricerche (CNR), 2013; fib Task Group 5.1, 2019) have proposed several analytical models with different levels of
approximation. These models can accurately predict ICD failure but are sensitive to parameters such as the fracture
energy of the interface, thereby necessitating careful calibration against experimental data (Codina et al., 2023).
Additionally, researchers have explored various anchorage methods, including mechanically fastened (MF) metallic
anchors and hybrid configurations like the hybrid bonded (HB)-FRP system, which combines MF and EB techniques
to enhance resistance against debonding (Chen et al., 2018; Wu & Huang, 2008).

Efforts have been directed towards developing methods to predict the bonding capacity of HB joints, considering
factors such as bonded length, number of anchors, and pressure exerted by the fasteners. Analytical and numerical
models (Chen et al., 2018; Gao et al., 2019; X. H. Gao et al., 2023; Wu & Liu, 2013; Zhang et al., 2022) have been
proposed to estimate bonding capacity, with some studies achieving good correlation between experimental data and
numerical simulations. However, existing design methods derived from single-shear test configurations may not
accurately predict ICD in RC beams due to the different stress configuration at both ends of the FRP between flexural
cracks.

Few models have been developed to predict the flexural behavior of HB-FRP strengthened RC beams, including
analytical, finite element method (FEM), and simplified bond strength models (Chen et al., 2019; Gao et al., 2023;
Zhang et al., 2021, 2021, 2023). While analytical models offer descriptive insights, they lack flexibility in
implementing different bond-slip laws, which are essential for HB systems. In contrast, FEM models allow for the
introduction of several bond-slip laws but may be complex for designing applications. Simplified bond strength
models provide a concise approach but rely on empirical coefficients calibrated with limited experimental data.

In this study, a detailed description of the different models found in the literature to predict the flexural capacity of
HB-FRP strengthened RC beams is presented along with an experimental campaign including RC beams strengthened
with EB and HB-carbon FRP (CFRP) precured laminates. Experimental results are presented and discussed in terms
of modes of failure, flexural capacity, load-displacement response, and load-strain response in the CFRP. The
experimental flexural capacity is compared with the described prediction models.

2. Theoretical models

Few simplified models have been proposed to predict the flexural capacity of HB-FRP strengthened RC beams
(Chenetal., 2019; Gao et al., 2023; Zhang et al., 2021). The analytical models considered in this paper share a common
framework to evaluate the maximum tensile force in the FRP laminate (Py) involving two integral components (as per
Eq. (1)): the adhesive strength of the EB FRP (Pgp), which is computed using established equations from existing
literature, and the frictional strength of the anchors (Pxg). The anchor contribution is calculated by Eq. (2), where n
represents the number of anchors within the shear-span of the beam, u is the frictional coefficient between two rough
concrete surfaces, and N, denotes the pressure applied onto the FRP strip by a single anchor. The values of the
parameters used by the literature models are reported in Table 1 (Egs. (3)-(13)).

Pf =PEB +PHB SEqufAf (1)

PHB = nuNa (2)
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Table 1. Prediction models for ICD considered in this paper.

Reference Strength model Eq.

Chen et al. (2019) Adhesive strength P (analytical model from Chen et al. (2018))
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Frictional strength Py (analytical model from Chen et al. (2018))

Py = nuN,
u=10.96 (from Wu et al. (2010))
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M, = torque applied to one bolt
k = twisting coefficient calibrated to be 0.001264 m

Zhang et al. (2021)  Adhesive strength Pz (Teng et al. (2003))
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Frictional strength Py (from Gao (2020))
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where

k= twisting coefficient calibrated to be 0.218

d; = fastener diameter

Gao et al. (2023) Adhesive strength Prg (Modifying the model from Teng et al. (2003) to
include the effect of the anchor spacing, denoted as S,)
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Pyg = nuN,
u=10.96 (from Wu et al. (2010))

M,
N, = 2 (13)
where
M, = torque applied to one bolt

k = twisting coefficient calibrated to be 0.001264 m

! Teng et al. (2003) suggest a design value of a = 0.48, while reporting a mean value of a = 0.94 for predicting ICD in EB FRP-strengthened RC
beams.

3. Experimental program

Three RC beams were tested under a 4-point bending configuration with a shear span of 900 mm to induce failure
by ICD, as suggested by (Al-Saawani et al., 2020). The specimens were externally reinforced with one CFRP strip
with width 50 mm x thickness 1.4 mm (by x #). Dimensions are illustrated in Fig. 1, showing a span length of 2200
mm and a cross section with 140 mm width and 180 mm depth. The internal tensile steel reinforcement consisted of
two bars of diameter 10 mm as tensile reinforcement, two bars of diameter 6 mm as compression reinforcement, and
stirrups of diameter 8 mm placed along the beam length with a spacing of 100 mm to avoid shear failure. The
specimens were designated as X-SY, where X is the strengthening technique (EB or HB) and Y is the anchor spacing
in mm, when present (100 mm or 300 mm). The main parameters of the program were the strengthening technique
(EB and HB) and the anchor spacing.
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180
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140 x 50 x 5 mm
Steel S275

Fig. 1. Beam specimens (dimensions in mm).

The experimental compressive strength (f.m), tensile strength (fem), and modulus of elasticity (£.) of the concrete
were determined following the protocols in UNE-EN 12390-3 (2011), UNE-EN 12390-6 (2010), and ASTM
C469/C469M-10 (2010) standards. The results obtained were 45.98 MPa (with a Coefficient of Variation,
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CoV=5.59%) for cylinder compressive strength, 3.94 MPa (CoV=2.93%) for tensile strength, and 36.21 GPa
(CoV=0.60%) for modulus of elasticity.

The mechanical properties of the steel used for internal reinforcement were determined from tensile tests according
to UNE-EN ISO 15630-1 (2011). The average yielding strength (f;), yielding strain (e,), and modulus of elasticity (Ey)
were found to be 569.96 MPa (CoV=2.18%), 0.27% (CoV=0.76%), and 208.58 GPa (CoV=1.80%)), respectively.

The mechanical properties of the unidirectional CFRP pultruded laminates provided by the manufacturer (S&P C-
Laminate) include a tensile strength (f;) of 2800 MPa, a tensile strain (&) of 1.6%, and a modulus of elasticity (£y) of
170 GPa.

The two-component epoxy resin used to bond the CFRP laminates was a thixotropic and solvent-free adhesive,
with a density of approximately 1.6-103 kg/m>. According to the manufacturer (S&P Resin 220 HP) data sheet, the
minimum values of the tensile strength and modulus of elasticity of this epoxy resin after a curing time of 7 days are
15 MPa and 7.10 GPa, respectively.

Surface preparation for the EB technique involved removing the outer layer of concrete through bush-hammering
(Iovinella et al., 2013). After that, in the specimens strengthened using the HB technique, 10 mm diameter holes were
drilled into the concrete to a depth of 80 mm, cleaned with compressed air, filled with a polyester hybrid mortar, and
then threaded rods were inserted. Both techniques involved bonding the CFRP laminate onto the concrete surface,
previously cleaned with compressed air, applying a thin layer of epoxy resin. After 24 hours of curing the epoxy resin,
S275 structural steel plates of dimensions 140 % 50 x 5 mm were bonded onto CFRP laminates in the HB specimens
using the same epoxy resin. Washers and nuts were fastened with a torque of 10 Nm one day after bonding the steel
plates. The strengthening system was cured for 11 days at laboratory conditions before testing.

4. Experimental results and discussion

Table 2 presents the recorded applied load, midspan deflection, and FRP strain values at cracking (Pcr, dcr, €rcr)s
yielding (Py, dy, &r,), and failure (Puax, Omax, Efmax), along with the failure mode for each beam. The bending capacity
increased (APax ) in HB specimens compared to EB without significantly affecting the load, deflection, and strain
values at cracking and yielding. With an anchor spacing of 300 mm, there was a delay in the ICD failure mode,
resulting in an 8% enhancement in load-carrying capacity. Nevertheless, reducing the anchor spacing to 100 mm
completely prevented debonding, causing failure by concrete crushing (CC) at the midspan top section and leading to
a 27% increase in maximum load compared to the EB. Moreover, HB technique led to a more efficient use of the
CFRP laminate, which could attain higher strain values with respect to those of the EB technique, increasing from
approximately 0.63% to 0.74% in specimen HB-S300 and to 1.23% in specimen HB-S100.

Table 2. Experimental results of beam tests

Specimen label ~Cracking Yielding Failure (peak load)
P,, Ocr Eer P, oy &y P Omax Efmax AP a5 A&macrs  Failure
&N)  (mm) (%) &N)  (mm) (%) &N)  (mm) (%) (%) (%) mode
EB 9.86 1.54 0.02 4373 1692 042 5323 2436 0.63 - - ICD
HB-S300 9.69 1.49 0.03 43.07 15.04 041 57.68  58.57 0.74 8 17 ICD
HB-S100 9.72 1.64 0.03 4429 1594 043 67.77 4454 1.23 27 95 CC

Regarding the failure modes, in the EB specimen, the laminate suffered ICD, detaching from the surface along with
the weak outer layer of concrete, as expected. While precisely identifying the exact initiation point of debonding is
challenging, the widest and deepest cracks were observed at considerable distances from the end anchorage region
and near the load application locations. From visual inspection of the specimen HB-S300, it was observed that the
laminate only detached in specific areas near the load application points, as illustrated in Fig. 2a. The anchors
effectively retained the remaining portion of the laminate attached to the surface. However, the test experienced a
sudden significant decrease in load capacity after the peak load due to the debonding of the FRP laminate, which the
beam was not able to recover. In the case of specimen HB-S100, also localized debonding could be observed.
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Nevertheless, anchors succeeded in maintaining the laminate attached to the beam until failure by CC occurred (Fig.
2b).

(a) (b)

Fig. 2. (a) ICD in beam HB-S300; (b) CC in beam HB-S100.
5. Comparison with prediction models from the literature

The predicted load capacity, failure mode and ratio of theoretical to experimental maximum load applied to the
beam (Puaxth /Pmaxexp) for each prediction model are reported in Table 3. Calculations for EB tested beam were
performed using both design and mean values of o (0.48 and 0.94, respectively). However, for HB specimens, since
the models are calibrated with o = 0.48, only this value was used in the calculations. The model proposed by Chen et
al. (2019) provided a conservative value for the EB specimen, exhibiting a ratio of 0.34. However, the predicted anchor
contribution significantly increased the load capacity of the HB specimens, resulting in more accurate predictions for
anchored beams with ratios of 0.85 and 0.92 for the anchor spacings of 300 mm and 100 mm, respectively.

Table 3. Comparison between predicted and experimental load capacities.

Specimens  a Experimental Chen et al. (2019) Zhang et al. (2021) Gao et al. (2023)

Pravin Failure  Puam Failure  Puam P Failure P Praein Failure  Pain
(kN) mode (kN) mode /Pravep  (KN) mode /Praxey  (kN) mode /Prazexp

EB 0.94 53.23 ICD 18.24 ICD 0.34 50.45 ICD 0.95 50.45 ICD 0.95

0.48 53.23 ICD 18.24 ICD 0.34 33.67 ICD 0.63 33.67 ICD 0.63
HB-S300 0.48 57.68 ICD 49.19 ICD 0.85 50.79 ICD 0.88 54.21 ICD 0.94
HB-S100 0.48 67.77 CcC 62.68 ICD 0.92 69.79 CcC 1.03 69.79 CcC 1.03

On the other hand, the models proposed by Zhang et al. (2021) and Gao et al. (2023), using the same formulation
for EB, provided an accurate prediction for the EB specimen, displaying a ratio of 0.95 when using o = 0.94. However,
when using o = 0.48, results become more conservative, with a ratio of 0.63. This difference can be attributed to the
mean value reported by Teng et al. (2003) of 0.94 in contrast with the design value of 0.48.

Regarding the predictions for the HB beam with an anchor spacing of 300 mm, the model of Zhang et al. (2021)
yielded a conservative ratio of 0.88. Comparing the predicted ultimate load (50.79 kN) to the EB prediction for o =
0.48 (33.67 kN), a 51% increase was observed, while only a 1% increase was obtained when compared to the EB
prediction for a = 0.94 (50.45 kN). In contrast, the experimental increase in load capacity of HB-S300 with respect to
EB was equal to 8% (APuax e in Table 2). This highlights the need for more tests to recalibrate the model if an o =
0.48 is considered. On the other hand, the model of Gao et al. (2023) provided more accurate results for the beam HB-
S300, with a ratio of 0.94, experiencing a higher increase in load capacity compared to the EB specimen than in the
model of Zhang et al. (2021). This difference may be related to the calibration of this model, which takes into account
the anchor spacing.

For the beam with an anchor spacing of 100 mm, the predicted failure mode is CC for both Zhang et al. (2021) and
Gao et al. (2023) models, the same as the experimental one, showing a ratio of 1.03. Further experimental tests should
be designed and performed to achieve debonding failure modes when using a high number of anchors, to improve the
model reliability and theoretical results accuracy.
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6. Conclusions

In this paper, an analysis of different models from the literature for predicting the flexural capacity of HB-FRP
strengthened RC beams was conducted, and their outcomes were compared with experimental results from a campaign
comprising three RC beams reinforced with CFRP laminates using EB and HB techniques, with two anchor spacings
for the HB method. From this study, the following conclusions can be drawn:

e HB enhanced the flexural capacity of the EB specimens by providing a residual strength after debonding of the
FRP laminate, with an 8% increase in specimen HB-S300 and a 27% in HB-S100. Additionally, the HB technique
led to a more efficient use of the CFRP laminate, yielding higher strain values, with increases up to 17% in HB-
S300 and 95% in HB-S100.

e The reduction in anchor spacing from 300 mm to 100 mm effectively localized debonding, allowing the load to
increase until failure due to concrete crushing, while in EB and HB-S300 beams failure was attributed to ICD.

e A comparison with existing applicable models from the literature highlighted the absence of general formulations
that accurately predict the load-carrying capacity for both EB and HB techniques. These models tended to
underestimate the capacity of EB, requiring a compensatory high contribution from the anchor to achieve accurate
results in HB specimens. Developing strength models on a combination of EB and HB contributions require
accuracy in predicting the load capacity of the EB specimens. Based on results of the comparative analysis, a
coefficient o = 0.94 for mean values is suggested for the models Zhang et al. (2021) and Gao et al. (2023) instead
of a = 0.48, which was originally intended for design purposes. The formulation for the anchor contribution should
be recalibrated for this new value.

e The model of Gao et al. (2023), which includes the effect of the anchor spacing, yielded the most accurate
predictions, highlighting the importance of investigating the main parameters of the anchorage system. Future
studies should include the effect of the pre-tightening force applied to the bolts in the load-carrying capacity of the
system without having to calibrate the model for every application, as well as the effect of the anchor geometry
and material parameters.
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