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This paper presents a study on the flexural performance of Reinforced Concrete (RC) beams strengthened with
Hybrid Bonded (HB) Carbon Fibre Reinforced Polymer (CFRP) laminates. Single-shear tests and flexural tests on
RC beams strengthened with CFRP are examined, comparing both Externally Bonded (EB) and HB strengthening
techniques with different anchor spacings. Results show that hybrid bonding improved the bond and flexural
capacity in single shear and beam tests, respectively. A numerical model is developed to predict Intermediate
Crack Debonding (ICD) in RC beams strengthened with HB CFRP laminates. The methodology is based on
considering two different bond-slip laws, one for the EB and another for the HB CFRP portions. The proposed

model is validated applying the bond-slip laws calibrated from the EB and HB CFRP single-shear tests to the
flexural test results, demonstrating accurate prediction of ICD failure for both EB and HB CFRP specimens.

1. Introduction

In the last decades, there has been a growing acceptance on the use of
Fibre Reinforced Polymer (FRP) composites as strengthening solution
for existing reinforced concrete (RC) structures due to their several ad-
vantages over traditional materials [1]. The Externally Bonded (EB)
reinforcement technique is widely used to effectively improve the RC
structural performance in terms of bending, shear, torsion, and axial
capacity [1,2]. However, existing literature experiments often observed
a premature failure in flexural applications due to composite Interme-
diate Crack Debonding (ICD), originated at an intermediate section of
the beam due to flexural or flexural-shear cracks and propagating to-
wards the support [3,4]. This led to a severe underutilization of the FRP
material properties. In order to account for ICD, current design guide-
lines [5-7] have adopted various analytical models involving different
levels of approximation. Reviews assessing some formulations in the
literature revealed that design models accurately predict ICD failure.
However, their reliance on the direct calibration of empirical expres-
sions against experimental results makes them sensitive to variation in
certain parameters, such as the fracture energy of the interface where
debonding occurs [8].

* Corresponding author.

Various anchorage methods, such as mechanically fastened (MF)
metallic anchors, FRP anchors, hybrid anchors, IT-anchors, and U-jacket
anchors, have been investigated to enhance the efficacy of FRP
strengthening by delaying debonding failure [9,10]. A promising
approach, named hybrid bonded (HB)-FRP, has emerged from the
combination of MF and EB-FRP, demonstrating effectiveness in
providing additional resistance against debonding and contributing to
the load-carrying capacity of the RC beams [11]. In this strengthening
technique, a sequence of metallic plates is installed on top of the EB-FRP
reinforcement and fastened to the concrete substrate. This method offers
an advantage over alternative anchorage systems by using the torque
applied to the fasteners to enhance frictional resistance [12].

Research efforts have been directed towards the development of
methods for predicting the bonding capacity of HB joints. Several studies
have investigated factors influencing the bond capacity, such as the
bonded length, the number of anchors [13,14], and the exerted pressure
on the fasteners [15]. These studies have led to the development of
analytical [12,14,16] and numerical [13,17] models aimed at esti-
mating the bond capacity of the joint. Zhang et al. [17] conducted a
numerical analysis of the single-shear tests carried out by Gao et al. [13],
applying different bond-slip laws to each strengthening system. This
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methodology allows the prediction of the bond capacity of HB
single-shear specimens. The bond-slip laws derived from [13] were in-
tegrated into the numerical model, yielding to good correlation between
the experimental data on the single-shear tests and the outcomes of the
numerical simulations.

However, design methods providing load limits directly developed
from single-shear test configurations are not suitable for predicting ICD
in RC beams due to the presence of pulling forces at both ends of the FRP
between flexural cracks, instead of just one, as in the case of single-shear
tests. In the studies conducted by Teng et al. [18] and Chen et al. [19], an
analytical model was developed to investigate the behaviour of an
FRP-concrete element subjected to pulling forces at both sides. Never-
theless, the analytical model proposed yielded closed-form equations
that are not suitable for including different bond-slip laws in the same
specimen, which is the case of the HB system.

Few models have been developed to predict the flexural behaviour of
HB-FRP-strengthened RC beams, including analytical [20], Finite
Element Method (FEM) [21,22] and simplified bond strength models
[20,22-25]. Analytical models provide a simple description of the
phenomena, but they do not allow for changes in the bond-slip laws,
which may be necessary with further research into HB-FRP joint
behaviour. In contrast, FEM models offer the advantage of allowing the
introduction of different bond-slip laws at each location, although their
complexity can be a potential drawback. Simplified bond strength
models, on the other hand, present a concise approach using few
equations that consider both the adhesive bond contribution of the EB
reinforcement and the frictional contribution of the anchor. However,
these models rely on empirical coefficients calibrated with a limited
number of tests, potentially reducing accuracy in predictions when
altering parameters.

In this study, the results of an experimental campaign based on
single-shear tests and RC beams strengthened with EB and HB-CFRP
pultruded laminates are presented. The effectiveness of HB-FRP
method in delaying debonding failure is analysed both in single-shear
and flexural configurations. Experimental results are presented and
discussed in terms of modes of failure, bond and flexural capacity for
single-shear tests and beams, respectively, load-displacement response,
and load-strain response in the CFRP. A numerical methodology for
predicting ICD applicable to RC beams strengthened with FRP rein-
forcement is presented. The proposed model can be applied to any type
strengthening technique, provided that the bond-slip law of the interface
between external reinforcement system and concrete is known. The
experimental results from single-shear tests are used to obtain the bond-
slip law of the CFRP-concrete joints, which is then used to validate the
model with the experimental results from flexural tests.

2. Experimental programme

The experimental programme comprised single-shear tests and beam
flexural tests. The single-shear tests were used to characterise the bond-
slip laws of the CFRP-concrete joint for the applied strengthening con-
figurations (i.e., EB and HB) that were subsequently used for the
calculation of the ICD failure loads of the beams. The main parameters of
the programme were the strengthening technique (EB and HB) and,
specifically in HB beam tests, the anchor spacing. Fig. 1 shows the an-
chor used in HB specimens.

t Steel plate
23 95 23 Thickness (t) 5 mm

QI @\\\ @ ﬂ Steel S275

= Steel rods

08 x 110 mm

(80 mm in the concrete)
Steel 10.9

Fig. 1. Anchor details (dimensions in mm).
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Six concrete blocks and three beam specimens were cast from the
same concrete batch. The concrete average compressive strength (fem),
tensile strength (f.m) and modulus of elasticity (E.) were determined
from three cylinder tests of 150 mm diameter and 300 mm high ac-
cording to UNE-EN 12390-3 [26], UNE-EN 12390-6 [27] and ASTM
C469/C469M-10 [28] standards, obtaining 45.98 MPa (with a Coeffi-
cient of Variation, CoV=5.59 %), 3.94 MPa (CoV=2.93 %), and
36.21 GPa (CoV=0.60 %).

The mechanical properties of the steel bars used for internal rein-
forcement were determined from tensile tests according to UNE-EN ISO
15630-1 [29], which provided an average yielding strength (f,), yielding
strain (ey) and modulus of elasticity (Es) of 569.96 MPa (CoV=2.18 %),
0.27 % (CoV=0.76 %) and 208.58 GPa (CoV=1.80 %), respectively.

The CFRP pultruded laminates used in this experimental work were
the S&P C-Laminates, consisting of unidirectional carbon fibres with a
fibre volume fraction higher than 68 %, 50 mm width (by), and 1.4 mm
thickness (tf). The mechanical properties provided by the manufacturer
(S&P) were a tensile strength (f,) of 2800 MPa, a tensile strain (ef,) of
1.60 % and a modulus of elasticity (Ep) of 170 GPa.

The two-component epoxy resin used to bond the CFRP laminates
was the thixotropic, solvent-free adhesive, S&P Resin 220 HP with a
density of approximately 1.6-10% kg/m>. The tensile strength of this
epoxy resin was 15 MPa and the modulus of elasticity is 7.10 GPa, after a
curing time of 7 days, according to the manufacturer data sheet.

For the EB technique, surface preparation involved the removal of
the weak outer layer of concrete through bush-hammering [30], fol-
lowed by cleaning with compressed air. Besides, in the HB technique,
holes of 10 mm diameter and 80 mm depth were drilled into the con-
crete and cleaned with compressed air. The holes were then filled with
the polyester hybrid mortar Fischer FIS P Plus 300 T, and the steel
threaded rods were immediately placed inside the holes. In both tech-
niques, the CFRP laminate was bonded onto the concrete surface by
applying a thin layer of epoxy resin. After 24 hours of curing the epoxy
resin, S275 structural steel plates (see Fig. 1) were bonded onto CFRP
laminates in the HB specimens using the same epoxy resin. One day after
bonding the steel plates, washers and nuts were fastened with a torque of
10 Nm. The torque used was selected based on the torque range found in
the available literature [15,20,24]. Preliminary test results confirmed
that this torque provided a significant contribution to the joint capacity.
Before testing, the strengthening system was cured for 11 days at lab-
oratory conditions.

In the following sub-section, the setup and instrumentation of both
testing configurations are presented.

2.1. Test setup and instrumentation

2.1.1. Single-shear tests

Six concrete blocks externally strengthened with one CFRP laminate
50 mm wide and 1.4 mm thick were tested under the single-shear test
configuration as shown in Fig. 2. The concrete block dimensions were
200 mm x 200 mm x 370 mm. Three different bonding configurations
were tested: EB (Fig. 2a), HB in which one anchor was placed in the
middle of the EB bonded length (Fig. 2b), and HB in which only the EB
part under the anchor (placed in the middle of the EB bonded length)
was bonded onto the concrete (Fig. 2¢). The bonded length considered is
reported in Table 1, specifying the lengths of the non-anchored parts at
the loaded and free ends, as well as the anchored length. An EB bonded
length of 250 mm was chosen to ensure that it was higher than the
effective bonded length computed according to various analytical
models [6,7,31,32,33]. A distance of at least 50 mm was left unbonded
beyond the laminate loaded end to avoid concentration of stresses in the
concrete [34]. The characteristics of the single-shear specimens are re-
ported in Table 1. The specimens were designated as X-Y-A, where X is
the strengthening technique (EB or HB), Y is the laminate bonded length
(50 or 250 mm) and A indicates the number of the test within the series.

A hydraulic jack pulled the CFRP laminate under displacement-
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Fig. 2. Single-shear test specimens (a) EB-250, (b) HB-250 and (c) HB-50 (dimensions in mm).

Table 1
Characteristics of the single-shear test specimens.

Specimens Bonded length

Label No Method EB from loaded end HB EB from free end
(mm) (mm) (mm)

EB-250 2 EB 250 - -

HB—-250 2 HB 100 50 100

HB-50 2 HB - 50 -

controlled conditions at a rate of 0.18 mm/min. The applied load was
measured with a 125 kN load cell and one linear variable displacement
transducer (LVDT) was used to measure the relative displacement (slip)
between the CFRP and the concrete at the loaded end. Strain gauges (SG)
were used to acquire the strain profile along the bonded length of the
CFRP laminate (Fig. 2), which also allowed the computation of the slip
at the loaded end. These values were used to cross-validate the mea-
surements of the LVDT.

2.1.2. Beam tests

Three RC beams externally strengthened with one CFRP laminate
50 mm wide and 1.4 mm thick were tested under a 4-point bending
configuration. In two of the specimens, metallic plates were bonded on
top of the EB-CFRP laminate with two different spacings (Fig. 3b and c).
Specimens had a distance between supports of 2200 mm, a shear span of
900 mm and a cross section of 140 mm width and 180 mm depth (Fig. 3
and Table 2). The ratio between the shear span and effective depth, as
well as the length of the CFRP laminate, were chosen to induce failure by
ICD [35]. The internal tensile steel reinforcement consisted of two bars
of diameter 10 mm, two bars of diameter 6 mm as compression rein-
forcement, and stirrups of diameter 8 mm placed along the beam length
with a spacing of 100 mm. The specimens were designated as X-SY,
where X is the strengthening technique (EB or HB) and Y is the anchor
spacing, when applicable (100 mm or 300 mm).

A hydraulic jack applied the load at the centre of a spreader beam
under displacement-controlled conditions with a rate of 0.60 mm/min.
The applied load was measured by a 200 kN load cell. The mid-span
deflection was assessed using three LVDTs: one LVDT located at the
beam mid-span to monitor the vertical displacement and one at each

support to measure possible settlements. The CFRP tensile strain was
obtained through three SG attached onto its surface. One SG was placed
at the mid-span and one under each load application point to measure
the strain in the constant (maximum) bending moment region. The
concrete strain was measured using one SG attached at the mid-span top
section of the beam.

3. Experimental results and discussion

In this section, the results of single-shear tests are reported in terms
of bond capacity, failure modes, and load responses. Then, results of the
flexural tests are discussed in terms of load-deflection and load-strain
behaviour, failure modes, and crack patterns.

3.1. Single-shear tests

3.1.1. Bond capacity and failure modes

Values of the maximum load (Pp,qy) and slip (syqx) measured in the
single-shear tests are presented in Table 3. A notable increase in the
maximum load was observed in the HB specimens compared to the EB.
Specifically, the addition of one anchor to the EB specimen with a torque
of 10 Nm (i.e., specimen HB-250 with 250 mm of bonded length and the
anchor placed in the middle of this length), resulted in a 35 % increase in
the average bond capacity, followed by an increment in the maximum
slip. In contrast, specimen HB-50, with only 50 mm of anchored bonded
length, showed a lower bond capacity, as expected, due to the reduced
bonded length. In all cases, failure occurred within a thin weak outer
layer of concrete (Fig. 4). This failure mode is consistent with that
observed in the EB specimens, indicating that the introduction of an-
chors did not change the failure interface.

3.1.2. Load-slip behaviour

The applied load-slip curves of the specimens tested are reported in
Fig. 5. The EB-250 specimens followed an ascending branch up to
approximately 39 kN. Then, the applied load plateaued, confirming that
the effective bonded length was achieved, until failure occurred at a slip
of approximately 0.50 mm.

The HB-250 specimens, which had the same bonded length as the EB-
250, followed the same behaviour of the EB specimens until they
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Fig. 3. Beam specimens (dimensions in mm).

Table 2 Table 3
Geometrical characteristics of the beam test specimens. Experimental results of single-shear tests.
Specimens Anchors Steel reinforcement Specimen Prax AVg. Ppax Smax
kN kN
Label No  Method Total Spacing Compression  Tension () (N (mm)
No (mm) (As1) EB-250-1 38.02 39.23 0.49
EB-250-2 40.44 0.52
51]133 1 2133 . 200 §¢2 ?18 HB-250-1 50.90 52.93 0.66
5300 o o HB-250-2 54.95 0.70
HB-50-1! 28. 28. 1.21
HB- 1 HB 19 100 206 2¢10 50 8.83 8.83
5100 ! Two specimens were tested, however, due to problems in the data acquisition

system, one of the tested specimens was excluded from the analysis.
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(b) HB-250-1

(c) HB-50-1

Fig. 4. Debonding failure modes of single-shear tests.

—EB-250-1
- - .EB-250-2
——HB-250-1 ||
- - -HB-250-2
——HB-50-1

Load [kN]

% 02 04 06 08 1 12 14

Slip [mm]

Fig. 5. Experimental load-slip curves of single-shear tests.

reached a slip value of 0.20 mm and 0.30 mm, depending on the spec-
imen (see Fig. 5). In this phase, where the plateau was developed,
debonding of the portion of CFRP laminate between the anchor and the
loaded end was observed. After the plateau, the load kept increasing
until sudden failure due to complete debonding of the CFRP laminate
occurred.

The HB-50 specimen followed the same initial behaviour as the other
specimens. However, due to a shorter bonded length with respect to
other specimens, the initial branch only increased up to an applied load
value of 29 kN. After that, since the bonded length was smaller than the
effective bonded length, the load-slip curve followed a descending path
until it reached a load of 20 kN. Finally, the curve followed a horizontal

Table 4
Experimental results of beam tests.!

branch attributed to the friction provided by the anchor.
3.2. Beam tests

3.2.1. Flexural capacity and failure modes

Table 4 presents the maximum applied load (Py;qx), maximum mid-
span deflection (6mqex), maximum CFRP strain (&fmayx), maximum con-
crete strain (e;max), and failure mode obtained by the beam tests. The
bending capacity increased (APmax ,g) in HB specimens compared to EB.
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 pre-
vented debonding, causing failure by concrete crushing (CC) at the mid-
span cross section top and leading to a 27 % increase in maximum
applied load compared to the EB. Moreover, HB technique led to a more
efficient use of the CFRP laminate, which could attain higher strain
values, which increased from approximately 0.63-0.74 % in specimen
HB-S300 and to 1.23 % in specimen HB-S100.

Regarding the failure modes, in the EB specimen, the laminate suf-
fered ICD, detaching from the surface along with the weak outer layer of
concrete (Fig. 6a). While precisely identifying the exact initiation point
of debonding is challenging, the widest and deepest cracks were
observed far from the end anchorage region and near the load applica-
tion locations.

From visual inspection of specimen HB-S300, it was observed that
the laminate only detached in specific areas near the load application
points, as illustrated in Fig. 6¢. The anchors effectively retained the
remaining portion of the laminate attached to the surface.

In the case of specimen HB-S100, localised debonding was also
observed (Fig. 6d). Nevertheless, anchors succeeded in maintaining the
laminate attached to the beam until failure by CC occurred (Fig. 6b).

Specimen label Prax APpax g8 (%) Smax €fmax A€f max,EB E¢,max A€¢ max,EB Failure mode
(kN) (mm) (%) (%) (%) (%)

EB 53.23 - 24.36 0.63 - —0.16 - ICD

HB-S300 57.68 8 58.57 0.74 17 -0.21 31 ICD

HB-S100 67.77 27 44.54 1.23 95 —-0.30 88 cC

1 where Py = maximum applied load, 8q, = maximum mid-span deflection, €fmax = maximum CFRP strain, & mqx = maximum concrete strain, and APmax £, A€fmax,
EB> A€c max,gg = increase of HB compared to EB in load-carrying capacity, maximum CFRP strain, and maximum concrete strain, respectively. ICD = intermediate crack

debonding, CC = concrete crushing.
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(b) HB-S100 (concrete crushing)

(d) HB-S100
(local debonding prior to concrete crushing)

Fig. 6. Failure modes of tested beams.
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——HB-S100

0 10 20 30 40 50 60
Deflection [mm]

Fig. 7. Experimental load-deflection curves of tested beams.

3.2.2. Load-deflection and load-strain behaviour

Experimental load versus mid-span deflection curves are represented
in Fig. 7. The load-deflection curves of HB specimens were slightly stiffer
than EB specimen after the cracking load, probably due to the
improvement of bond between CFRP and concrete, and presented a
higher peak load value. Additionally, HB-S100 displayed a significant
increase compared to HB-S300 in terms of load-carrying capacity.

Both EB and HB-S300 beams exhibited local debonding at approxi-
mately 53 kN, represented by drops in the load-deflection curves
(Fig. 7). While the EB technique failed to prevent the debonding prop-
agation towards the supports, resulting in beam failure, the anchors in
specimen HB-S300 could retain the laminate attached to the concrete
surface. This allowed for an increase in load, although the beam even-
tually reached failure due to debonding. In the case of specimen HB-
$100, the first local debonding occurred at 56 kN, slightly higher than
in the other beams. Nevertheless, the closer anchor spacing successfully
prevented the propagation of debonding.

Experimental load versus CFRP strain curves at the beam mid-span

80 . :

—EB
10 ——HB-S300
——HB-S100

0 02 04 06 08 10 12 14
FRP Strain [%]

Fig. 8. Experimental load-strain curves for beams.

are represented in Fig. 8. A similar behaviour was observed in the
load-strain curves of the different specimens, with variation in the
maximum values at failure only. The difference in the strain value
associated with the cracking moment at approximately 10 kN was due to
the different positions of the cracks with respect to that of the strain
gauges.

3.2.3. Crack patterns

Fig. 9 displays the crack patterns of the tested specimens at failure,
with the indication of the load point positions. The minimum (sy,min),
maximum (S;,max), and average (s;qyg) experimental crack spacings are
detailed in Table 5, alongside the predicted crack spacing at the ultimate
limit state (ULS) (s,) according to the model presented in [36]. This
prediction model proposes the formulation in Eq. (1) to (6), where [,
o represents the transfer length of the reinforcing steel, M. is the
cracking moment, z is the steel lever arm (approximated to 0,85 h), W,
o is the section modulus of the uncracked concrete gross section, Fpgp, is
the bond force per unit length, ng; is the number of steel rebars with
diameter ¢y, fysm is the mean bond stress, and the parameters «,5; and
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Fig. 9. Beam experimental crack patterns at ultimate load.

Table 5
Experimental and theoretical values of crack spacing at ultimate load." CoV (%)
of the average values is reported in parenthesis.

Specimen no of Sr,min Sr,max Sr,avg Srth Sr,th /Sr,avg
label cracks
) (mm) (mm) (mm) (mm) (dimensionless)
EB 30 18 140 68 120 1.76
(50)
HB-S300 33 13 136 59 120 2.01
(57)
HB-S100 44 7 117 46 120 2.62
(52)

1 where Sr,min> Sr,max> Sravg @re the minimum, maximum and average experi-

mental crack spacings, and s, is the predicted crack spacing at the ULS ac-
cording to Ref. [36].

Kk.b2 can be assumed equal to 1.0 for good bond conditions and x,p; = 0.7
and k52 = 0.5 for medium bond conditions.

5 =15k, o)
M,
= 2
le.,O zs'Fbsm ( )
M, = Kﬂ'fcnn'wc,O 3
— (16— )21 (4
= \*" 1000/ =
Fbsm = Z:Zlns,i”'gs,i'fbsm (5)

0.43k,51 ff,{lz for ribbed bars ©)

Som =
o 0.28x,p2-\/fem for smooth bars

In all cases, closer cracks were found in the constant bending
moment region, while higher crack spacings were observed near the
supports. Moreover, the introduction of anchors contributed to narrower
crack spacings around them, resulting in a less uniform crack distribu-
tion. As the anchor spacing decreased, the values of minimum,
maximum and average crack spacings also decreased. Fig. 9 illustrates
this phenomenon, showing that there is at least one crack near each
anchor, either in the middle or the sides.

Upon comparing experimental values with theoretical predictions (s,
), it is observed that the latter are consistently higher, with the dif-
ference becoming more obvious as the spacing between anchors reduces.

4. Calibration of bond-slip law parameters

To obtain the parameters of the bond-slip law, a numerical procedure
based on the finite differences method [37] was used considering the
load-slip curves obtained in the single-shear tests. The model is specif-
ically designed to solve the governing equation of the bonded joint,
allowing the use of various types of local bond-slip relationships. Within
this methodology, the overall bonded length (L) is subdivided into
equally spaced segments of length Ax = L/n (Fig. 10), where n denotes
the total number of divisions. Employing an incremental slip method,
the adopted approach effectively simulates the debonding process.

Starting from the loaded end and progressing towards the free end,

P -

Py

Fig. 10. Discretization of the single-shear specimen for the finite difference
numerical model.
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the procedure calculates the slip and load transfer between adjacent
sections for each analysed point. At a given slip value at the loaded end,
an iterative process is executed. The applied load P; (see Fig. 10) is
utilized to determine the corresponding strains in the FRP (¢f), concrete
(&c), and the bond-shear stress (z) using the corresponding bond-slip law
for each strengthening technique (EB and HB) at the loaded end. At
iteration j, the load, P(j,i), and slip, s(j,i), at each point i are computed
using Eqgs. (7) and (8), respectively, along the FRP.

P(i) = P(j,i— 1) — 7(j,i— 1)-Lper-Ax @)
s(j,0) = s(j,i—1) — (& —&)-Ax (8)

where Ly, is the bonded perimeter between FRP and concrete. A nom-
inal perimeter length equal to the CFRP laminate width was considered
in all cases, for both EB and HB. Increments of P; are applied at the
loaded end until the FRP strain at the free end (¢5,) reaches the specified
boundary condition & greshold. This threshold is set to be a value close to
zero. This iterative procedure is repeated for each increment of slip at
the loaded end until failure occurs.

Based on different models available in the literature [12-14,22,38],
bilinear and trilinear bond-slip laws were selected in this study to assess
the experimental bond behaviour of the EB and HB joints, respectively
(Fig. 11a). An inverse analysis, using a least-squares approach, was
conducted to identify the bond-slip parameters that best fitted the
experimental load-slip curves [37,39], and the results obtained are re-
ported in Table 6. Initially, the calibration of the EB bond-slip law was
performed considering results of specimen EB-250. Then, the parame-
ters of the HB technique were calibrated using specimen HB-50. Finally,
results were applied in specimen HB-250 (Fig. 11b), in which each of the
two previous bond-slip laws was implemented in the proper position.
The calibrated parameters include the shear stress (z7) and the corre-
sponding slip (s) at the end of the three stages of the bond-slip behaviour
(Fig. 11a): 71 and s; for the linear elastic stage (0-1 in Fig. 11a), 755 and
so for the linear softening stage of the EB specimen (1-2 in Fig. 11a), and
753 and s3 for the linear softening stage of the HB specimen (2-3 in
Fig. 11a), which correspond with the initiation point of the residual
branch with constant stress (point 3 in Fig. 11a). The bond-slip re-
lationships and the comparison between theoretical and experimental
load-slip curves are represented in Fig. 11a and b, respectively.

Analysing the results of the single-shear tests, it can be noted that the
addition of the anchor did not modify the bond-slip behaviour of the EB
but introduces a supplementary contribution that entails for the pres-
ence of friction (anchor contribution in Fig. 11a). Upon initiation of
micro-cracking in the FRP-concrete interface, the anchor starts to
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Table 6
Bond-slip law parameters calibrated from the experimental load-slip curves.
Specimen 751 $1 Tf2 ) 713 S3
(MPa) (mm) (mm) (mm) (mm) (mm)
EB 12.70 0.03 - 0.18 -
HB 12.70 0.03 10.70 0.18 7.40 0.42
Anchor 0.03 10.70 0.18 7.40 0.42

contribute, marking the onset of an initial linear ascending phase until
the initiation of debonding in the EB. Subsequently, the anchor contri-
bution gradually diminishes until complete HB debonding occurs, at
which point it stabilizes to a constant value due to friction.

5. Proposed model for the assessment of the ICD failure in beams
strengthened with HB-CFRP

5.1. Model description

The study focuses on the failure mode by ICD, where the FRP lami-
nate in a strengthened concrete element between cracks is subjected to
tension at both sides (Fig. 12a), which provides a bond scenario different
from that of the single-shear test. To address this, the beam is discretized
in different elements between cracks, and the bonded joint model pre-
viously used for the single-shear test (Fig. 10) is adjusted by introducing
an additional pulling force at the end of the FRP laminate previously free
(Fig. 12b). This model was formerly introduced in a preceding research
paper by the authors and was successfully applied to the Externally
Bonded Reinforcement on Grooves (EBROG) system [40]. In Ref. [40],
the same bond-slip law was implemented along the joint. However, for
the HB-FRP technique, the calibrated bond-slip laws of EB and HB
specimens are assigned to their corresponding Ax portions. Equilibrium
Egs. (9) and (10) establish the relationship between the forces at a
cracked section, including concrete, steel, and FRP forces. The coeffi-
cient @, within the range of 0 < a < 1, represents the ratio between the
pulling forces in the higher (crack 1 in Fig. 12a) and lower (crack 2 in
Fig. 12a) loaded ends. Consequently, it will also relate the values of the
FRP laminate strain at both ends, modifying the boundary condition &
threshold N Eq. (11).

Fn=Fy —Fy =P (C)]
Fro = Fo —Fy = aPy (10)
Ef threshold = Efn = QEfp an
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Fig. 11. Bond-slip relationships identified for the tested specimens.
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Fig. 12. (a) Forces in the beam concrete element between cracks and (b) bonded joint model for predicting ICD.

5.2. Assessment of the influence of anchor position on the bond capacity
in the element between cracks

Given a bond-slip law for each strengthening system, the bond ca-
pacity calculation for the concrete element between flexural cracks
primarily depends on three key parameters: the variation in tensile
forces in the FRP at both sides of the element between cracks («), the
bonded length, represented by the crack spacing s;, and the position of
the anchor in the bonded joint. To assess the influence of the anchor
position, a parametric study was performed. Maintaining a fixed crack
spacing corresponding to the average experimental value in the EB beam
(Sr,avg in Table 5, equal to 68 mm), three anchor positions were consid-
ered (Fig. 13). Given that the numerical model is based on the position of
the cracks, these cases aim to recognize significant differences resulting
from considering the crack at the midpoint of the anchor (Fig. 13a), or at
the higher and lower ends of the plate (Fig. 13b and c, respectively).

The results obtained are illustrated in Fig. 14a for two ratios of
pulling forces. The coefficient @ = 0 corresponds to a single-shear test
and a = 1 represents the case of symmetrical loads. The value of @ = 0.7
was selected based on a theoretical estimation of FRP tensile forces
around the load application points, where debonding most likely initi-
ated according to visual inspection of the beams [40]. The bond-slip
laws calibrated from the single-shear tests (Fig. 11a) were used in this
parametric study (Fig. 14b).

5.2.1. Load-slip curves — maximum load and stiffness

The analysis of Fig. 14 reveals that the inclusion of an anchorage
(HB) significantly enhances the load capacity of the joint, irrespective of
its position, for both @ = 0 (increase of 20 %, 25 % and 8 % for cases A, B
and C, respectively) and @ = 0.7 (increase of 66 %, 99 % and 73 % for
cases A, B and C, respectively). Moreover, it can be observed that the
introduction of a balancing force (@ = 0.7) has a substantial impact on
the load capacity of the joint, both for EB (increase of 57 %) and HB
(increase of 116 %, 150 % and 150 % for cases A, B and C, respectively).

The load-slip curves demonstrate higher stiffness for the specimens
with anchor at the higher loaded end (cases A and B) compared to its

placement at the lower loaded end (case C), corresponding to the higher
shear stress attained by the HB specimens in the softening part.

5.2.2. Influence of anchor position for a = 0

In the case of a = 0, the load capacity of the HB joint exhibits a
downward trend as the anchor is progressively moved towards the free
end. This behaviour occurs due to the difference between the bond-slip
laws of EB and HB for high slip values (Fig. 14b), which take place near
the loaded end. If the anchor is positioned at the loaded end (cases A and
B), the remaining EB portion is subjected to lower load values, enabling
it to transfer shear stresses even when the anchor reaches the constant
residual strength. Conversely, placing the anchor at the free end (case
C), the anchor effect is visible when the EB portion already experienced
significant slips, making the EB interface incapable of transferring shear
stresses as it undergoes debonding when the anchor attains the constant
residual strength.

5.2.3. Influence of anchor position for a = 0.7

In the case of a = 0.7, the HB specimens still exhibit the highest bond
capacity when the full anchor is located at the higher loaded end (case B,
102.2 kN). However, in contrast with the scenario with a = 0, placing
the full anchor at the lower loaded end results in higher bond capacity
(case C, 89.0 kN) than having half anchor at each end (case A, 85.3 kN).
This shift in the behaviour is attributable to the compensating force,
which now activates the longer anchored length at the lower loaded end
when the EB portion already experienced significant slips.

Fig. 15 shows the shear stress distributions at the maximum load
(Pmax, black curves) for each anchor position considered. Curves corre-
sponding to different steps of load are included for comparison. The
green curve Py, corresponds to the residual load after debonding.

In the HB joint, for case B, after the maximum shear stress has
propagated to the lower loaded end of the anchor (black curve, position
=50 mm), the unanchored zone can still develop a significant part of the
shear stress profile (position = 50-68 mm), resulting in a larger area
under the curve and, consequently, a higher load capacity than cases A
and C. For these other two cases, once the maximum shear stress reaches

Crack 1 Crack 2 Crack 1 Crack 2 Crack 1 Crack 2
| s,= 68 mm i I s, =68 mm | i s,= 68 mm |
1

P, aP, P, aP, P, aP,
— - - -

P, Anchor Anchor | aP, P, Anchor aP, P, Anchor aP,

25 43 68 50 68 18 68
(a) HB - Case A (b) HB - Case B (c) HB - Case C

Fig. 13. Studied anchor positions within the bonded joint: (a) one crack at the middle of each anchor (HB-Case A); (b) crack located at the higher loaded anchor end

(HB-Case B), and (c) crack located at the lower loaded anchor end (HB-Case C).
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Fig. 14. (a) Load (P, in Fig. 12b) versus slip for different ratios («) between pulling forces in the element between cracks and anchor positions, using the (b) bond-slip
laws calibrated from the single-shear tests.
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Fig. 15. Comparison of shear stress distributions for EB and HB specimens with different anchor positions, with s, = 68 mm and a = 0.7.

the lower loaded end of the anchor (position = 68 mm), debonding load capacity (position = 18-68 mm).

occurs in the unanchored zone (position = 25-43 mm for case A, posi- Based on the obtained results, in the subsequent application of the
tion = 18-68 mm for case C). While in case A part of the anchor is model, the cracks will be located at the midpoint of the anchor (as in
already under residual stresses after debonding in the higher loaded end case A) when considering an average crack spacing, being this the most
zone (position = 0-25 mm), in case C the whole anchor remains in the conservative option in terms of bond capacity when a = 0.7.

softening branch of the shear stress-slip curve, contributing to a higher

10
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5.3. Application of the numerical model to the tested beams

In order to predict the failure load caused by ICD in the tested beams,
it is necessary to compare the increase in tensile forces within the FRP of
each concrete element between cracks, induced by bending stresses,
with the bond capacity of that element calculated using the proposed
model. The process begins with the determination of the position of the
cracks, followed by establishing the FRP tensile forces at each crack
position through the equilibrium of forces and deformations. Employing
an iterative procedure, the FRP tensile force at the higher loaded end of
each concrete element between cracks is compared to the corresponding
value predicted by the bonded joint model (Fig. 12b), considering
identical geometrical and loading configurations. This iterative step is
repeated until failure is observed. More details of the procedure can be
found in Ref. [40].

To assess the sensitivity of the predicted ICD failure load concerning
crack spacing, different situations were analysed. These include the
actual experimental position of the cracks illustrated in Fig. 9 (sy,faiture)
and the experimental average crack spacing (s,ay). As previously
mentioned, for HB specimens, a crack at each anchor midpoint was
considered more appropriate. For the sake of simplicity, s;q,g for HB
specimens was rounded to the nearest integer value, resulting in the
crack spacing values reported in Table 7. This adjustment had no sig-
nificant effect on the outcomes of the numerical model. Results, pre-
sented in Table 7 in relation to the maximum load before ICD under
different crack spacing values, show that the proposed model consis-
tently provides accurate predictions of the failure load for both EB and
HB techniques when employing the experimental position of the cracks
(S, faiure)- The ratio between theoretical and experimental loads falls
within the range of 1.00-1.06. It is worth noting that, in all cases, the
element that theoretically failed is positioned near the load application
point, where the highest increment of forces occurred.

Upon comparing these results with predictions obtained using the
average experimental crack spacing (s;ayg), minimal differences were
observed, with ratios between theoretical and experimental loads
ranging from 0.97 to 1.03. This observation is valuable as adopting a
constant s, value substantially reduces the computational efforts
involved in the analysis.

6. Conclusions

An experimental campaign including RC beams and single-shear
tests strengthened with CFRP laminates through EB and HB-FRP tech-
niques was carried out. In the HB-FRP strengthened RC beams, two
anchor spacings were examined. In the single-shear experiments, three
different bonding configurations were investigated: EB, HB in which one
anchor was placed in the middle of the EB bonded length, and HB in
which only the EB part under the anchor was bonded onto the concrete.
A numerical methodology for predicting ICD failure in RC beams
externally strengthened with CFRP laminates was developed. Using the
finite differences method, this approach allowed for the implementation
of different bond-slip laws at different positions. Consequently, it is
applicable to the HB-FRP technique, allowing the inclusion of the cali-
brated bond-slip laws for both EB-FRP and anchors at their corre-
sponding positions. From this study, the following conclusions can be
drawn:

1. HB-FRP increased the bond and flexural capacity of the specimens
with EB-FRP by adding a residual strength after debonding of the
FRP laminate. Additionally, the flexural capacity of the beams
improved when reducing the anchor spacing.

2. In the single-shear tests, introducing one anchor to the EB-FRP
specimen with a torque of 10 Nm led to a 35 % increase in bond
capacity. After microcracking of the EB-concrete interface, the an-
chor became active, significantly increasing the load capacity until
complete debonding.

11
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Table 7
Prediction of ICD failure using the proposed model with experimental and
theoretical values of s,.

Specimen label s, fiture Sravg
Sr Prax ,th Prax ,th Sr Prax ,th Prax ,th
(mm) (kN) /Pmax exp  (mm)  (kN) /Pmax ,exp
EB See 53.32 1.00 68 51.39 0.97
HB-S300 Fig. 9 61.11 1.06 60 59.50 1.03
HB-S100 69.79'0  1.01 50 69.79'  1.03

! Load due to concrete crushing failure. ICD does not take place according to the
proposed model.

3. The HB-FRP flexural RC specimens exhibited increased bending ca-
pacity compared to EB-FRP ones, with an 8 % increase in load ca-
pacity for specimen HB-S300 (anchor spacing = 300 mm) and a 27 %
for HB-S100 (anchor spacing = 100 mm). The reduction in anchor
spacing from 300 mm to 100 mm effectively limited debonding in
localised sections, allowing the load to increase until failure occurred
due to concrete crushing, while in EB and HB-S300 beams failure was
attributed to ICD. Additionally, the HB technique led to a more
efficient use of the CFRP laminate, resulting in higher strain values,
which increased by a 17 % in HB-300 and a 95 % in HB-S100.

4. The introduction of anchors favoured the appearance of cracks,
resulting in at least one crack at each anchor. Reducing the crack
spacing may also contribute to delaying ICD failure mode.

5. In the proposed model, the calculation of bond capacity for the
concrete element between flexural cracks in different strengthening
systems relies on three key parameters: the variation in tensile forces
in the FRP at both sides of the element between cracks, the crack
spacing, and the anchor position in the bonded joint. Based on ob-
tained results, for the subsequent application of the model, placing
the crack at the midpoint of the anchor is considered the most
reasonable option.

6. The proposed model gave accurate results (ratio Pmax ,th/Pmax ,exp
within the range of 0.97-1.03) for EB and HB-CFRP RC beams
considering the bond-slip laws obtained from the single-shear tests
and the experimental values of the average crack spacing in the
beams.

7. The study also investigated the impact of crack spacing in the pro-
posed model. Minimal differences were observed when employing a
constant average crack spacing value compared to using the exact
positions of the cracks, resulting in a range of values for the ratio of
theoretical to experimental bending capacities (Pmax ,th/Pmax ,exp) Of
0.97-1.03 versus 1.00-1.06, respectively.
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