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Abstract: With the assessment of intermediate crack debonding (ICD) being a subject of main
importance in the design of reinforced concrete (RC) beams strengthened in flexure with externally
bonded fibre-reinforced polymer (FRP), several approaches to predict the debonding loads have been
developed in recent decades considering different models and strategies. This study presents an
analysis of formulations with different levels of approximation collected in the fib Bulletin 90 regarding
this failure mode, comparing the theoretical predictions with experimental results. The carried-out
experiments consisted of three RC beams strengthened with carbon FRP (CFRP) tested under a
four-point bending configuration with different concrete strengths and internal steel reinforcement
ratios. With failure after steel yielding, higher concrete strength, as well as a higher reinforcement
ratio, lead to a higher bending capacity. In addition, the performance of the models is assessed
through the experimental-to-predicted failure load ratios from an experimental database of 65 RC
beams strengthened with CFRP gathered from the literature. The results of the comparative study
show that the intermediate crack debonding failure mode is well predicted by all models with a mean
experimental-to-predicted failure load ratio between 0.96 and 1.10 in beams tested under three- or
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Externally Bonded FRP. Polymiers The strengthening of reinforced concrete (RC) structures with fibre-reinforced polymer
2023, 15, 769. https://doi.org/ (FRP) materials has been extensively performed in construction during the last two decades
10.3390/polym15030769 due to the advantages in the mechanical and durability properties of these materials over

traditional techniques such as reinforcement with steel plates. FRPs are composite materials
made of a polymeric matrix (resin) reinforced with continuous fibres of glass (GFRP), carbon
(CFRP), basalt (BFRP), or aramid (AFRP). Some of the reasons why these materials are
increasingly used are their durability and resistance to corrosion, high tensile strength-
and stiffness-to-weight ratio, low weight resulting in ease of installation and reduction
in labour costs, and large availability of sizes and geometries [1-3]. CFRP strengthening
has been shown to increase the stiffness and strength performance of flexural members. It

is currently a widespread strengthening methodology for RC members with a variety of
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applications, for example, the strengthening of sea sand RC members [4].

Two techniques are typically used to retrofit the RC structures with FRP materials:
externally bonded reinforcement (EBR) and near-surface mounted (NSM). The EBR method
This article is an open access article 15 Widely used to effectively strengthen RC structures in flexure, shear, and torsion, as
distributed under the terms and  Well as to introduce favourable confinement effects [5]. However, members with flexural
conditions of the Creative Commons  reinforcement often suffer from premature debonding of the FRP from the concrete surface
Attribution (CC BY) license (https://  before the sectional failure due to FRP rupture or concrete crushing [1,2,6], leading to a high
creativecommons.org/licenses /by / underutilisation of the FRP reinforcement mechanical properties. The utilisation rate of the
40/). tensile strength may be improved by prestressing the CFRP plates before bonding them to
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the substrate. In the latter, the choice of the end anchorage system will be of importance to
avoid a significant loss of the prestressing forces [7,8].

In the system FRP/adhesive/concrete, debonding may take place within the concrete
(cohesive failure), the adhesive (cohesive failure), the laminate (delamination failure), or
in the interfaces between these materials (adhesion failure). If a proper application of the
strengthening system is carried out, the weakest part of the system is the concrete layer near
the interface with the adhesive as the tensile strength of the concrete is usually much lower
than the adhesive strength [9]. Considering the origin of the debonding, failure modes can
be classified as intermediate crack debonding (ICD), starting at an intermediate section of
the beam due to flexural (or flexural-shear) cracks and propagating to the support, and
end debonding (ED), which occurs at the curtailment region of the FRP reinforcement. As
observed from experiments in the literature, ICD is usually the governing failure mode in
flexural applications [9,10].

In an EBR FRP-concrete joint, normal stresses in the FRP are transferred to the concrete
through shear stresses applied to its surface. When these stresses attain the value of
the bond strength, the debonding process initiates. The bond behaviour of the interface
can be described in terms of the shear stresses (7;) and the slip (s) of the laminate from
the substrate. Several models can be found in the literature coming from experimental
assessment and simplifications [11-18]. The bond behaviour is often well represented by
a bilinear bond law (Figure 1, Equation (1)) with an initial ascending branch up to the
maximum shear stress 7,1 (bond strength), followed by a linear descending branch (due to
the damage of materials) until the maximum slip sy. The fracture energy Gy of the system
is defined as the area under the bond stress-slip curve, which, for a bilinear law, can be
expressed by Equation (2).
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Figure 1. Bilinear local bond-slip law.

This bilinear bond behaviour is usually described using direct shear tests [19,20].
Although in flexural applications (i.e., beams), curvature may cause peeling stresses per-
pendicular to the FRP surface, shifting the shear failure mode II to a mixed mode I-1I, the
normal component is usually neglected, and, as a simplification, debonding is treated as a
pure shear (mode II) failure [9].
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Several analytical models have been developed to predict ICD failure and adopted
by codes of practice [1,2,6,21], involving different levels of approximation. There is still
uncertainty in the precise role of the influencing parameters in the debonding phenomena,
hence simplified design formulations based on the direct calibration of empirical expres-
sions against experimental results are often presented in the literature. Usual models are
based on different approaches: a limitation of the stress or strain in the FRP strengthening
at the critical section of the beam [2,6,22-24]; a limitation of the maximum mean bond
stress [25]; or a limitation of the increment of tensile force/stress in the FRP [21,26-29].

In the fib Bulletin 90 [1], different approaches to predicting ICD are presented, address-
ing different levels of approximation and parameters defining the bond-slip law, which
may lead to different predictions. This paper aims to assess these proposals in order to
understand their basis, highlight their differences, and compare their predictions with
experimental results.

In this study, a detailed description of the different approaches is presented along
with an experimental campaign that was performed to compare the theoretical predictions
with experimental results. The experimental results are presented and discussed in terms
of modes of failure, flexural capacity, load-deflection response, and load-strain response
in the CFRP. As a further element of assessment, a database of 65 EBR CFRP RC beams
that failed by ICD gathered from the literature is analysed using the different proposals.
Experimental-to-predicted failure load ratios are presented, and the differences in the
approaches are highlighted.

2. Analysis of the Current Formulations for ICD

Three main approaches are presented in the fib bulletin 90 [1] to predict ICD failure.
All of them are based on the transfer of bond stresses in an FRP-strengthened concrete
element between two cracks. However, the limiting value is established by following two
different approaches, either the maximum stress or the maximum increment of tensile force
in the FRP reinforcement.

The transfer of bond stresses is limited by the maximum transferrable (anchorage)
stress in the FRP, which can be derived from a non-linear fracture mechanics (NLFM)
analysis of direct shear tests [11,12,14,30-32]. Equation (3) is suggested to calculate the
anchorage strength, where Ef and f are the elastic modulus and thickness of the FRP,
respectively, and B; (Equations (4) and (5)) is the reducing factor for bonded lengths (1)
lower than the effective length (I,), thus taking into consideration that the full bond-slip
law will not be developed, and the maximum anchorage force will not be attained. The
effective length for a bilinear bond law can be calculated using Equation (5).

fro(ly) = Billy)y/ 2Eifo ®)

g — %(2—%)<1forlb§le 4)
! 1 for I, > I,
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e = 3\ T (5)

Two proposals to calculate the model parameters of the bilinear local bond-slip law
(Table 1) are indicated. Considering that debonding takes place in the concrete, the bond
strength is determined by using the Mohr-Coulomb failure criterion, assuming that in a
pure shear stress state, normal stresses are null. The differences between both proposals are:

e  The dependence on the concrete strength in the formulation for the shear strength;
e  The value of the maximum slip;
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e  The influence of the relationship between FRP and concrete surfaces, introduced by
the shape factor k;, (Equation (6)), where by and b represent the widths of the FRP
reinforcement and of the strengthened element, respectively.

Table 1. Suggested mean values for the parameters in the bilinear bond law [33,34].

Bond-Slip Reinforcement Gy Tp1 So
Approach Type (MPa-mm) (MPa) (mm)

Laminates 0.056/ fem: fetm 0.530+/ fem: fetm 0.210
Sheets 0.086+/ fem- fetm 0.720+/ fem- fetm 0.240

Design-by-testing Laminates and
[34] sheets

Note: fo; and fer, are the mean compressive and tensile strength of the concrete, respectively.

2—b/b
N i
ky = 1+0bs/b 21 ©)

The two approaches are compared in Figure 2 through the resulting fracture energy for
a typical range of values of the factor k;. It can be observed that according to the approach
from [33] Gf is higher in specimens with sheet reinforcements than in those with strips. By
using the approach from [34], Gf increases proportionally to kbz, and, therefore, decreases
proportionally to the ratio bg/b.

Bilinear [33]

0.063k3-£2/3 0.500k2-£2/3 0.250

1.6

1.4+

127

Gf (N/mm)
f=]
oo

—Bilinear: Laminates
0.2¢ — Bilinear: Sheets
— Design-by-testing: Laminates and Sheets

1 L L

O L J
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35

K,

Figure 2. Fracture energy according to the suggested bond-slip approaches (values of fo; and ferm
equal to 44.76 MPa and 3.6 MPa, respectively).

2.1. Simplified FRP Stress Limit Method (S1, S2)

This approach limits the ultimate FRP tensile stress at the most unfavourable section to
a certain value fg, ;c, which depends on the end anchorage capacity of the FRP (Equation (3),
considering f; equal to 1). In flexural applications, the transferred force in the FRP is higher
than the end anchorage capacity due to the gradient of stresses in the FRP reinforcement.
This phenomenon is considered through the calibration factor k., which has been defined
with a value of 2.10 according to the assessment of the database described in [1].

froic = ker fro @)

Bilinear and design-by-testing approaches (Table 1) will be used for calculating Grand
designated as S1 and S2, respectively.
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2.2. More Accurate Method (MA1, MA2)

The proposal of the German committee DAfStb was adopted, consisting of a more
accurate method in which the maximum allowable increase in tensile force in the FRP
reinforcement between two adjacent cracks is computed, considering a modified version
of the bilinear bond law (Figure 3). According to the analysis of the experimental tests
performed in [35,36], a significant increase in the bond force with respect to the typical
bilinear bond law represented in Figure 1 was achieved, due to the contribution of friction
(Tpr) and curvature components (Tyc).

’CbA

Figure 3. Modified bond law for the more accurate method.

The calculation of the maximum allowable increase in tensile force in the FRP (AFR)
can be performed in a detailed manner as in Equations (8)—(15) or in a simplified one as
in Equation (22). Both formulations involve the calculation of FRP stresses at each crack,
which implies the solution of equilibrium and compatibility equations at each iteration.
Moreover, the resisting increment of force in the detailed analysis is dependent on the level
of FRP force, changing at every crack and iteration, whereas in the simplified analysis, a
unique value of AFg needs to be computed, which was determined through a numerical
approach to the more accurate method [22].

In the evaluation of the different methods, the detailed analysis will be addressed as
MA1, whereas the simplified analysis will be MA2. Bilinear approach (Table 1) will be used
for calculating the bond-slip parameters in both analyses.

2.2.1. Detailed Analysis of FRP Force Difference (MA1)

As mentioned before, the bond resistance to change in the FRP force between cracks
(Equation (8)) is the result of the addition of three components:

AFsg = AFsp+ AFfp + AFjc )

where AFp is the bond strength from the bilinear bond stress-slip curve, AF¢r is the term
due to the frictional bond in the already debonded surface, and AF;( is the contribution of
the curvature of the member.

The term related to the adhesive bond (AFy3) is calculated using Equation (9). The
first linear branch represents the cases where the stresses are not high enough to develop
the whole bond stress-slip relationship in the crack spacing, as the value of sy has not been
attained (line G-D in Figure 4). Point G is obtained from Equation (10) assuming that the
stress in the lower stressed crack is zero, and point D is calculated by Equations (11) and (12)
when the required transfer length (I,) is equal to the crack spacing. The second branch of
Equation (9) considers the cases in which sy has already been attained (line beyond point D
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in Figure 4). In the latter, as a certain area of FRP reinforcement has detached, crack spacing
becomes not relevant.

Ay AFG, - WFf for Ff < FP, o
\/b}-fbl ~sO-Ef-tf—|—FJ%—Ff forFfD,B < Ff < Ffu
where Fj, is the ultimate force of the FRP reinforcement and:
AFEg = fpp(sr)-by-tg (10)
AFPy = \/b}.rhl-so-Ef-tf +FP2 — PPy (11)
F}?B _ so-EfS-rbf~tf 4 Srff 12)

AF,, (kN)

F, (kN)
Figure 4. Maximum resisted increment of FRP force due to bond contribution.

For this approach, according to [1], the term f4,(s/) is calculated through Equation (3),
considering /; equal to s, and the bond parameters of approach [33] (Table 1).

The term related to the bond friction (AFgr) is calculated using Equation (13). This
term considers the friction that is produced in the surfaces where the debonding process
starts, before the failure of the whole element between cracks.

When the tensile stress in the FRP is lower than F }?B' the slip is lower than the maxi-
mum slip sy; therefore, debonding cannot happen, and friction is not produced (first branch
of Equation (13)). After attaining the maximum slip, the friction stress developed in the
debonded area will increase the bond strength. The debonded length is calculated by

deducting from the crack spacing an effective length, derived from the bilinear bond law
(second branch of Equation (13)).

0 for Fr < F7y

2t Ey TS i Fr D (13)
pr-bf lsr - g’;t}) + b}_t}_E% T B for Ff,B < Ff <Fpy
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The bond friction strength is obtained by calibration from the experimental results [27].

In Equation (14), a.. considers long-term loading effects with a value between 0.8-1.0. In
this study, a = 1.

Tr = 175000 [0 (14)

The term related to the contribution of the member curvature (AFyc) is calculated
using Equation (15). Due to the curvature of the beam caused by deflection, a pressure
is applied onto the bottom of the concrete element so that the FRP can transfer higher
stresses before debonding. Based on experimental tests [36], an empirical coefficient
Km = 33.3 x 103 N/mm multiplies the curvature of the concrete element between cracks
to compute the increment of transferred force due to the effect of curvature, where & and
¢ are the strains in the FRP reinforcement and concrete at the lower stressed crack of the
intermediate crack element, respectively.

‘C'f_‘C'C

h

AFf,C = Sy'Km bf (15)
where tensile strains are considered positive and compressive strains, negative.

For determining the crack spacing at the ultimate limit state, the formulation in
Equations (16)—(21) is proposed, where [, g is the transfer length of the reinforcing steel,
M., is the cracking moment, z; is the steel lever arm approximated to 0.85 i, W, is the
section modulus of the uncracked concrete gross section, Fyg,, is the bond force per unit
length, ng ; is the number of steel rebars with diameter o ;, fjsy, is the mean bond stress, and
the parameters «,51 and 42 can be assumed equal to 1.0 for good bond conditions and
K1 = 0.7 and %37 = 0.5 for medium bond conditions.

sy = 1.5l,9 (16)

My
l,op = 17
0 Zs*Fyom ( )
My = Kfl'fctm'WC,O (18)

h

= 66— — >

Kfl <1 6 1000) >1 (19)
Fysm = 2?:1ns,in‘®s,i‘fhsm (20)

/3 -
From = { 0.43k,p1- fa>  for ribbed bars 1)

0.28%,p2°\/ fem  for ribbed bars

2.2.2. Simplified Analysis of FRP Force Difference (MA2)

Based on a numerical analysis from the previous detailed procedure [22], a constant
value for the increment of resisting the tensile force of each element between cracks is
proposed. This formulation, also accounting for the three terms related to bond resistance,
friction, and curvature is deemed to be more conservative than the detailed approach,
providing a simpler methodology and reducing the computational effort.

K

AFsrm = (1.841;,1,,1\/5 +0.095Ty 543 + f-s}“)bf 22)
where xj, = 2739, s, is the crack spacing, limited to 400 mm, and /, the member height, is
greater than 100 mm. The maximum strain in the FRP reinforcement should not exceed the
value of 0.01.
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3. Experimental Campaign
3.1. Layout and Instrumentation

An experimental campaign was performed to assess the different approaches pre-
sented above. Three CFRP-strengthened RC beams from two different series were tested

under a four-point bending configuration (Figure 5). The differences between series I and
II were the concrete strength (properties are reported in Table 2) and the concrete cover.

P
l Spreader
beam
Test
beam
. 100 | 900 —=— 400 |t 900 L 100 |
1 1 PA_L:" FAJLW 1 1
100
| 1950 CFRP50x14
2200
2400

< < <
< x <
CFRP strip CFRP strip CFRP strip
50 x 1.4 mm” 50 x 1.4 mm’ 50 x 1.4 mm”
Figure 5. Specimen details (dimensions in mm).
Table 2. Material properties.
. .. Ultimate A . .
Concrete Compressive Yielding Tensile Yielding Ultimate Elastic
Material Age at Test Strength Strength Streneth Strain Tensile Modulus
Day (Days) (MPa) (MPa) 8 (%) Strain (%o) (GPa)
(MPa)
Concrete 28 23.881 - 2462 - - 29313
series |
Concrete 46 44761 - 3.602 - - 36.21°
series II
Steel 569.96 4 2734 209.76 4
CERP - - 2800 ° - 16° 170°
laminate
Resin 220 HP - - 15° - - 7.1°

! Determined according to [37]. 2 Determined according to [38]. 3 Determined according to [39]. 4 Determined

according to [40] ® Provided by the manufacturer (S&P).

The dimensions of the specimens are shown in Figure 5. The total length of the
beams was 2400 mm, with a distance between supports of 2200 mm and a shear span of
900 mm. The beams were designed with a relatively high ratio between the shear span
and the effective depth to induce failure by ICD [41]. All beams had a cross-section of
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140 x 180 mm. The tensile steel reinforcement consisted of two bars of diameter 8 mm
or 10 mm (depending on the beam, see Figure 5) and two bars of diameter 6 mm in the
compression zone to hold the internal shear reinforcement. The latter consisted of steel
stirrups of diameter 8 mm with a spacing of 100 mm placed along the beam length. All
beams were externally strengthened with a CFRP laminate of 50 x 1.4 mm. The properties
of the steel and CFRP are reported in Table 2.

The specimens were designated as EBR-X-dY, where X is the series (I or II) and Y is
the diameter of steel tensile reinforcement (8 mm or 10 mm).

To ensure a sufficient bonding between the concrete and the CFRP laminate, the outer
layer of concrete in all beams was removed by bush-hammering the surface and then
cleaned with compressed air. After this procedure, a thin layer of a two-component epoxy
resin was applied onto the CFRP laminate, which was immediately placed on the concrete
surface. The adhesive used in this study was S&P Resin 220 HP, a thixotropic and solvent-
free adhesive. Its properties after a curing time of 7 days, according to the manufacturer
data sheet, are reported in Table 2. The specimens were cured for 135 days, in the case of
series I, and 37 days in the case of series II, in laboratory conditions.

The test was performed under a displacement-controlled mode with a rate of
0.60 mm/min. The load was applied by a hydraulic jack to a spreader beam, which
transmitted the load to the beam specimens within the span of 400 mm.

A 200-kN load cell was placed under the actuator to measure the applied force. Three
linear variable displacement transducers (LVDT) were placed to measure the mid-span
deflection: one LVDT was located at the central section of the beam, and the other two were
located at each one of the two supports. The concrete strain at the mid-span was measured
in beams of series II using two strain gauges (SG): one at the concrete top section and
another at 2 cm from the top, attached to the beam face. The CFRP strain at the mid-span
was measured using one SG attached to the CFRP surface.

3.2. Experimental Results

The values of the load, mid-span deflection, and CFRP strain and concrete strain at
failure are reported in Table 3. All beams failed by the intermediate crack debonding of the
laminates within a thin layer of the concrete surface (Figure 6a) initiated in the central zone,
where the widest cracks were identified (Figure 6b).

Table 3. Experimental results.

Series P m" (11:131) (rgfn) i b Node
I EBR-I-d10 46.19 23.11 6.25 -1 IC
EBR-II-d10 51.35 20.76 6.14 -1.70 IC
I EBR-II-d8 41.89 18.40 5.04 -1.77 IC

1'SG damaged during the test.

Figure 6. Failure of beam EBR-I-d10: (a) Failure surface and (b) ICD failure and crack pattern.
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60

Analysing the experimental values of maximum CFRP and concrete strains, the pre-
mature nature of the debonding failure mode can be observed. Considering the ultimate
CFRP strain of 16 x 1073 according to the manufacturer, the tested laminates were working
at between 30% and 40% of their tensile capacity. As for the concrete, the maximum
compressive strain in series I was approximately 50% of the design compressive strain
(3.5 x 107%) [42]. The maximum concrete strain in specimen EBR-I-d10 could not be
recorded due to damage in the corresponding SG during the test.

Experimental load versus mid-span deflection and maximum CFRP strain are rep-
resented in Figure 7a,b, respectively, along with the theoretical predictions. The theoret-
ical behaviour was calculated considering force equilibrium and strain compatibility in
the cross-section. The EC-2 [42] parabola-rectangle diagram for concrete (g9 = 2%. and
€y = 3.5%0) and a bilinear diagram for steel were considered. The shrinkage effect was
taken into account in the calculations through a value of the shrinkage strain of 2.30 x 1074,
gathered from the characterisation of the concrete, following the methodology of [42]. The
values of the ICD failure load predictions were calculated according to the approaches
presented above. As the interest of this study was to compare the theoretical with the
experimental results, mean values were considered; therefore, strength reduction factors
were not taken into account (yc = ys = 77 =1p = 1).

80

- o 70+ - ¥

—— EBR-1-d10: Experimental
- — —EBR-1-d10: Predicted
———EBR-II-d10: Experimental
- = —EBR-I[-d10: Predicted
——EBR-I[-d8: Experimental
= = —~LBR-II-d8: Predicted

——EBR-I-d10: Experimental
— - —EBR-I-d10: Predicted
——EBR-II-d10: Experimental
= = —EBR-1I-d10: Predicted
——EBR-II-d&: Experimental
= = —~LBR-II-d8: Predicted

Load (kN)

* Concrete crushing * Conerete crushing

o ICD:S1 o ICD: 81

o ICD: 82 o ICD: 582

A ICD: MAL A ICD: MAL

O ICD: MA2 & ICD: MA2

1 L 1 I () 1 L L 1 1
15 20 25 30 35 40 0 2 4 6 8 10 12 14
Mid-span deflection (mm) FRP strain (%)
(a) (b)

Figure 7. Behaviour of tested specimens: (a) load-deflection curves and (b) load-strain curves.

As was expected, all beams followed a trend with three branches defined by the
cracking, yielding, and failure loads. The predicted behaviour agreed well with the ex-
perimental one. In all specimens, ICD took place after the yielding of the internal tensile
steel reinforcement, which is one of the desirable flexural failure modes [1]. Debonding in
series I occurred near the theoretical concrete crushing failure load, whereas in series II,
the difference between the debonding and theoretical concrete crushing was much higher.
This shows that a higher concrete strength, which is the case of the beams in series II,
improved the bending capacity of the beam, yet concluded in a higher underutilisation of
the CFRP reinforcement.

The values of the CFRP strain at failure were similar among specimens EBR-I-d10 and
EBR-II-d10, despite the differences in concrete strength. However, specimen EBR-II-dS,
with a lower steel reinforcement ratio but higher concrete strength than EBR-I-d10, achieved
a lower maximum value of CFRP strain. This implies that a higher amount of internal
tensile steel reinforcement was more effective in terms of the use of FRP reinforcement
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than a high concrete compressive strength. It should be noted that the experimental CFRP
strain in Figure 7b corresponds to the SG that gave the maximum value in each beam,
which, due to the nature of crack patterns, was in a different location depending on the
specimen. The appearance of cracks in the tensile face of the beam may change the CFRP
strain distribution, which inherently implies a certain lack of precision in capturing the
maximum value along the laminate.

Experimental failure load and CFRP strain have been compared with the predicted
values in Table 4. For this experimental campaign, values of ICD load are well predicted
by all approaches, with a mean experimental-to-theoretical ratio between 0.93 and 1.09
and a coefficient of variation (CoV) between 0.03 and 0.08. The variation in the CFRP
strain values is higher, probably due to the difficulty of capturing the maximum value as
mentioned above.

Table 4. Experimental results versus theoretical predictions for tested beams.

S1 S2 MA1 MA2
Specimen Label Efu,exp p u,exp Efuexp p u,exp Efuexp P, uexp Efuexp P, u,exp
T€fu,th Py 1€f,th 1Py 1€f,th 1Py lefu,th Pyt
EBR-I-d10 1.57 1.18 1.30 1.07 1.06 0.98 1.26 1.06
EBR-II-d10 1.20 1.05 1.03 0.98 1.02 0.97 1.42 113
EBR-II-d8 0.99 1.04 0.85 0.95 0.69 0.84 1.07 1.09
Mean (-) 1.25 1.09 1.06 1.00 0.92 0.93 1.25 1.09
StDev (-) 0.30 0.08 0.23 0.06 0.20 0.08 0.18 0.04
CoV () 0.24 0.07 0.21 0.06 0.22 0.08 0.14 0.03
Approaches S1 and MA2 are shown to be the most conservative, with a mean
experimental-to-predicted failure load ratio of 1.09. On the other hand, MA1 has been the
least conservative approach (0.93), over-predicting the ICD load in terms of average values.
The parameters of the bond law used for the predictions in the different approaches
are reported in Table 5. When using [34], higher values of the maximum shear stress and
ultimate slip are attained, resulting in a higher fracture energy than in the former. This is
the reason why, comparing both simplified approaches, S1 is more conservative than S2.
Table 5. Theoretical parameters of the bond law used in the different approaches.
S1, MA1, MA2 [33] S2[34]
Specimen Sr
Label (mm) le Gy Tp1 so le Gy Th1 S0
(mm) (MPa-mm) (MPa) (mm) (mm) (MPa-mm) (MPa) (mm)
EBR-I-d10 115.56 173.75 0.43 4.08 0.21 171.03 0.63 5.02 0.25
EBR-II-d10 111.37 133.73 0.72 6.90 0.21 138.71 0.95 7.63 0.25
EBR-II-d8 139.22 133.73 0.72 6.90 0.21 138.71 0.95 7.63 0.25

The bonded length is not taken into account in the simplified methods as it is con-
sidered that the effective length, and, therefore, the full anchorage capacity, are attained
between the point of maximum strain in the CFRP laminate and the support. On the
contrary, in MA1, the effective length is compared with the crack spacing, using the most
restricting value of both for the calculations. In MA2, the value of the crack spacing is
used without considering the effective length. This means that in cases where the crack
spacing is lower than the effective length (reducing the anchorage capacity of the CFRP
reinforcement according to Equations (3) and (4)), as in beams EBR-I-d10 and EBR-1I-d 10,
the bond strength considered in the accurate approaches is lower than in the simplified
ones. However, due to the contribution of the bond friction and beam curvature, MA1
is still less conservative than the simplified approaches. Regarding MA2, as it is devel-
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oped from a simplification of the detailed model MA1 on the safe side, it gives similar
experimental-to-predicted failure load ratios as S1 and S2.

4. Models Assessment
4.1. Database

A database of 65 FRP-strengthened RC beams that failed by ICD [43-59] has been
analysed, in addition to the 3 specimens described in the previous section, thus giving
a total of 68 specimens. The geometrical and material properties of the beams are listed
in Table 6, as well as the debonding failure load (P, exp) and bending moment (M exp).
The specimens were externally strengthened with bonded CFRP reinforcement; 36 (55%)
of them were pre-cured, and 30 (45%) of them were wet laid-up. Most of the beams
were tested under three- or four-point bending tests, the most common configuration
found in the literature due to the simplicity of the test and the advantage of being able to
separate moment and shear failure modes, with the exception of specimens LP4SP1000
and LP8SP1000 [55], which were tested under six- and ten-point bending configurations,
respectively. With the purpose of having the same conditions in all specimens in the
database, none of them had anchorages.

All beams have rectangular sections with a geometry defined by the distance between
supports (Lpe;), the shear span (Lg,,,), the sectional width (b) and total depth (&), the
effective depth (d), the tensile and compression steel reinforcement (As;, As2), and the CFRP
width (by), thickness (t;) and type (P for pre-cured and W for wet lay-up).

Concrete properties are given by the mean concrete compressive strength (f.;;) and the
mean tensile strength (ft;). The values of f.;, range between 16.8 MPa and 55.8 MPa. Where
fetm is not defined, it has been computed as specified in the fib Model Code [60] (Equation
(23)). Steel properties are given by the yielding strength (f,) and the elastic modulus (E;).
Where f;, and Es were not defined, 500 MPa and 200 MPa have been considered, respectively.
CFRP properties are given by the tensile strength (fg,), the ultimate strain (eg,), and the
elastic modulus (E;). According to [1], in cases of wet lay-up systems where the geometrical
and material properties of the CFRP sheet were not specifically detailed, only the properties
of the fibres in its cross-section have been considered. The properties of the adhesive are
not listed as they are not used in the calculations.

fctm = 0-3(fcm _8)2/3 (23)

4.2. Discussion

Predictions based on the models described in the previous section are reported in
Table 7 for all beams in the database. The results are presented in terms of failure load (P, ;,)
and experimental-to-predicted failure load ratio (Py,exp/ P, 11,)- Furthermore, the theoretical
location of the initiation of debonding (), as well as the tensile force in the FRP at
failure (Fgz) for the simplified methods and the increment of force for the accurate ones
(AF) are also reported in Table 7 as further elements of comparison. The mean values of
the ratio Py exp/ P, 4., standard deviation (StDev), and CoV are shown in Table 8. Moreover,
theoretical predictions and experimental results are presented in Figure 8. White circles
represent theoretical ICD failure, while black triangles represent beams that, theoretically,
should have arrived at their rupture load (either concrete or FRP) before ICD.
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Table 6. Geometrical and material properties for the specimens in the database.

Specimens Lyeam Lshear b h d Ag Ag bf X tf CFRI; Type fcm fctm fyl fy2 Es1 Es ffu Efu Ef Pu,exp Mu,exp
mm mm mm mm mm mm mm mm X mm MPa MPa MPa MPa GPa GPa MPa %o GPa kN kNm
Al-Saawani et al. (2015) [58]
5-0.5-35-240 3000 1000 400 250 215 3el4 3010 240 x 14 P 35.3 2.7 475 533 200 207 2800 17 165 211.9 106.0
5-0.9-35-240 3000 1000 400 250 215 b5¢l14 4010 240 x 14 P 353 2.7 475 533 200 207 2800 17 165 259.3 129.7
5-0.9-24-240 3000 1000 400 250 215 b5e¢l14 4610 240 x 14 P 23.6 1.9 475 533 200 207 2800 17 165 250.3 125.2
5-0.9-17-240 3000 1000 400 250 215 5014 4010 240 x 14 P 17.4 1.3 475 533 200 207 2800 17 165 249.6 124.8
S-1.3-35-240 3000 1000 400 250 215 7¢l14 4010 240 x 14 P 35.3 2.7 475 533 200 207 2800 17 165 306.1 153.1
SN-0.9-35-240 5000 1640 250 400 362 416 2010 240 x 14 P 35.3 2.7 450 533 190 207 2800 17 165 260.8 213.9
Al-Zaid et al. (2014) [59]
B-0.6-0 5000 2000 500 250 204 416 4e12 480 x 14 P 30.0 2.4 562 533 205 207 2800 17 165 253.8 253.8
B-0.3-0 5000 2000 500 250 204 4eol6 4el12 240 x 14 P 30.0 24 562 533 205 207 2800 17 165 174.2 174.2
Aram et al. (2008) [50]
B3 2000 667 250 150 120 3e8 308 50 x 1.2 P 49.0 3.6 485 485 2002 2002 2000 9 214 62.8 20.9
B4 2000 667 250 150 120 38 308 50 x 1.2 P 52.0 3.7 485 485 2002 2002 2700 17 155 58.4 19.5
Bilotta et al. (2015) [53]
EBR_c_1.4x40_1 2100 925 120 160 115 2010 210 40x 14 P 16.8 1.3 540 540 2002 2002 2052 12 171 36.5 16.9
El-Zeadani (2019) [54]
CFRP-B1 3500 1750 200 300 254 2016 2012 50 x 1.2 P 22.7 2.8 535 535 154 154 2800 17 165 84.3 73.8
Fu et al. (2017) [56]
B1S1 3600 1300 200 450 395 3e@l6 2016 145 x 0.67 w 49.0 3.6 531 531 214 214 3263 13 251 275.4 179.0
B1S2 3600 1300 200 450 395 2016 2016 145 x 0.67 w 259 2.1 525 525 206 206 3263 13 251 242.4 157.6
Fu et al. (2018) [55]
LP2SP1750 4000 1750 200 450 395 2016 2016 111 x 1.0 w 47.0 35 431 431 2002 2002 4654 18 258 151.1 132.2
LP2SP1250 4000 1250 200 450 395 2016 2016 112 x 1.0 w 47.1 35 431 431 2002 2002 4654 18 258 221.0 138.1
LP2SP1000 4000 1000 200 450 395 2016 2016 110 x 1.0 w 48.2 35 431 431 2002 2002 4654 18 258 287.2 143.6
LP4SP1000 4000 1000 200 450 395 2016 2016 110 x 1.0 w 48.5 3.5 431 431 2002 2002 4654 18 258 302.2 151.1
LP8SP1000 4000 1000 200 450 395 2016 2016 110 x 1.0 w 48.5 3.5 431 431 2002 2002 4654 18 258 313.4 151.6
Hong (2012) [45]
BPS60 3000 1500 200 300 270 3010 3013 50 x 1.3 P 20.7 2.2 475 466 201 211 2412 13 180 64.2 48.2
BPS90 3000 1500 200 300 270 3010 3013 50 x 1.3 P 20.7 22 475 466 201 211 2412 13 180 60.5 454
BPD90 3000 1500 200 300 270 3010 3013 50 x 2.6 P 20.7 2.2 475 466 201 211 2412 13 180 73.7 55.3
BPDW90 3000 1500 200 300 270 3010 3013 100 x 1.3 P 20.7 22 475 466 201 211 2412 13 180 92.9 69.7
Kotynia et al. (2009) [52]
B-08S 4200 1400 150 300 269 3012 2610 50 x 1.2 P 323 2.8 490 524 195 290 2915 17 172 96.0 67.2
B-08M 4200 1400 150 300 269 3¢12 2610 120 x 1.4 P 37.3 35 490 524 195 290 2743 12 220 140.0 98.0
Maalej et al. (2005) [44]
A3 1500 500 115 146 120 3010 2010 108 x 0.17 w 39.8 341 547 247 180 180 3550 15 235 77.5 194
A4 1500 500 115 146 120 3010 2010 108 x 0.17 w 39.8 341 547 247 180 180 3550 15 235 75.5 18.9
A5 1500 500 115 146 120 3010 2010 108 x 0.33 w 39.8 341 547 247 180 180 3550 15 235 87.4 21.9
A6 1500 500 115 146 120 3010 2010 108 x 0.33 w 39.8 341 547 247 180 180 3550 15 235 77.5 19.4
B3 3000 1000 230 292 240 3020 2020 216 x 0.33 w 39.8 341 544 544 183 183 3550 15 235 75.5 189
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Table 6. Cont.

Specimens Lyeam Lshear b h d Ag Ag bf X tf CFRP Type fcm fctm fyl fyZ Es1 Es ffu Efu Ef Pu,exp Mu,exp
mm mm mm mm mm mm mm mm X mm 1 MPa MPa MPa MPa GPa GPa MPa %o GPa kN kNm
B4 3000 1000 230 292 240 3020 2020 216 x 0.33 w 39.8 341 544 544 183 183 3550 15 235 87.4 21.9
B5 3000 1000 230 292 240 3020 2020 216 x 0.66 w 39.8 341 544 544 183 183 3550 15 235 85.8 21.5
B6 3000 1000 230 292 240 3020 2020 216 x 0.66 w 39.8 341 544 544 183 183 3550 15 235 263.5 131.8
C3 4800 1600 368 467 384 3032 2032 368 x 0.50 w 41 3.24 552 552 181 181 3550 15 235 260.3 130.2
C4 4800 1600 368 467 384 3032 2032 368 x 0.50 w 41 3.24 552 552 181 181 3550 15 235 294.7 147 .4
C5 4800 1600 368 467 384 3032 2032 368 x 0.99 w 41 3.24 552 552 181 181 3550 15 235 284.3 142.2
Niu et al. (2006) [51]
Al 4200 2100 960 203 173 3e19 - 200 x 1.28 P 31.6 25 452 - 192 - 2446 13 184 127.8 134.2
A2 4200 2100 960 203 173 3019 - 200 x 1.21 P 334 2.6 452 - 192 - 2384 12 195 1304 136.9
A3 4200 2100 960 203 173 3e19 - 300 x 1.35 w 35.2 2.7 452 - 192 - 724 9 80 102.7 107.8
A4 4200 2100 960 203 173 3e19 - 300 x 2.55 w 344 2.7 452 - 192 - 859 8 109 133.7 140.4
A5 4200 2100 960 203 173 3019 - 200 x 2.55 w 359 2.8 452 - 192 - 859 8 109 1074 112.8
A6 4200 2100 960 203 173 3e19 - 200 x 1.35 w 35.1 2.7 452 - 192 - 724 9 80 93.7 98.4
B1 4200 1600 960 203 173 3019 - 200 x 1.28 P 35.2 2.7 452 - 192 - 2446 13 184 143.7 115.0
B2 4200 1600 960 203 173 3e19 - 300 x 1.35 w 34.5 2.7 452 - 192 - 724 9 80 1134 90.7
Cc2 4200 2100 960 203 177 7e13 - 200 x 1.28 P 334 2.6 446 - 196 - 2446 13 184 133.8 140.5
C3 4200 2100 960 203 177 7e13 - 300 x 1.35 w 34.1 2.6 446 - 196 - 724 9 80 107.2 112.6
Cc4 4200 2100 960 203 177 7e13 - 200 x 1.35 w 345 2.7 446 - 196 - 724 9 80 90.5 95.0
Oller (2005) [43]
1D2 2000 1000 300 200 160 2e16 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 112.0 56.0
1C1 2000 1000 300 200 160 2e16 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 104.0 52.0
1B1 2000 1000 300 200 160 2e16 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 100.4 50.2
1A 2000 1000 300 200 160 2o16 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 109.0 54.5
2D1 2000 1000 300 200 158 2620 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 128.0 64.0
2D2 2000 1000 300 200 158 2020 208 200 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 163.0 81.5
2C1 2000 1000 300 200 158 2020 208 100 x 1.4 P 35.2 2.8 500 500 2002 2002 2500 17 150 142.8 71.4
Peng et al. (2014) [47]
PRS-EB 3300 1300 150 350 304 2016 2022 50 x 1.2 P 21.3 1.7 5002 5002 2002 2002 3100 19 165 146.4 95.2
Rusinowski and Téljsten (2009) [49]
Beam 2 1900 950 120 170 135 2010 2610 100 x 1.4 P 55.8 3.8 678 678 2002 2002 2000 13 155 72.6 345
Beam 6 1900 950 120 170 135 2010 2610 100 x 1.4 P 55.8 3.8 678 678 2002 2002 2000 13 155 69.7 33.1
Slaitas and Valivonis (2020) [57]
BS-0 2810 955 180 300 263 2014 20610 50 x 1.2 P 50.0 3.6 569 538 200 200 2628 15 170 120.7 57.6
Turco et al. (2017) [48]
BL_A-w 1524 762 152 305 262 3010 2010 64 x 0.89 w 27.3 22 490 490 200 200 1394 16 87 111.8 42.6
BL_2A-w 1524 762 152 305 262 3010 2610 64 x 1.78 w 27.3 2.2 490 490 200 200 1394 16 87 105.2 40.1
BH_2A-w 1524 762 152 305 262 3010 2010 64 x 1.78 w 42.6 32 490 490 200 200 1394 16 87 117.9 449
SL_A-w 1524 762 356 152 129 3e10 - 64 x 0.89 w 27.3 2.2 490 - 200 - 1394 16 87 499 19.0
SL_2A-2w 1524 762 356 152 129 3p10 - 127 x 0.89 w 27.3 2.2 490 - 200 - 1394 16 87 58.1 22.1
SL_2A-w 1524 762 356 152 129 3e10 - 64 x 1.78 w 27.3 22 490 - 200 - 1394 16 87 55.9 21.3
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Specimens Lyeam Lgnear b h d A1 As2 bf X tf CFRP Type fcm fctm fyl fyZ Es1 Eso ffu Efu Ef Pu,exp Mu,exp
mm mm mm mm mm mm mm mm X mm 1 MPa MPa MPa MPa GPa GPa MPa %o GPa kN kNm

Zhou et al. (2020) [46]

B2 3000 1200 250 300 267 2016 2010 100 x 0.17 w 28.5 2.2 538 401 200 210 3319 14 230 104.0 62.4

Present study

EBR-I-d10 2200 900 140 180 137 2610 206 50 x 1.4 P 239 2.5 570 570 209 209 2800 16 170 46.2 20.8

EBR-II-d10 2200 900 140 180 147 2010 206 50 x 1.4 P 44.8 3.6 570 570 209 209 2800 16 170 51.4 23.1

EBR-1I-d8 2200 900 140 180 148 208 206 50 x 1.4 P 44.8 3.6 570 570 209 209 2800 16 170 419 18.9

Note: Some values have been rounded for a better presentation of the data. Detailed values can be found in the references. 1 CFRP type.

Table 7. Predicted values for ICD failure parameters in the studied beams according to the different approaches.

P = Pre-cured, W = Wet lay-up. 2 Supposed values.

S1 S2 MA1 MA2
Specimens Xfailure Fr Py Puexp  Xfaitwre  Fr Py Piexp Xfailure AFg AFsp AFsp AFsc Py Puexp Xfailure AFg Py Pyexp
(mm) (kN) &kN) /P,y (mm)  (kN) (kN) [Py 4, (mm) (kN) (kN) (kN) (kN) (kN) [Py 4, (mm) (kN) (kN) 1Py 4,
Al-Saawani et al. (2015) [58]
5-0.5-35-240 1000  253.0 200.3 1.1 1000 280.9 213.0 1.0 823 93.8 39.2 20.1 34.5 247.0 0.9 1000 61.9 183.4 1.2
5-0.9-35-240 1000  253.0 2526 1.0 1000 280.9 265.2 1.0 1000 64.4 29.3 10.4 24.7 272.4 1.0 1000 445 230.2 1.1
5-0.9-24-240 1000  208.4 2258 1.1 1000 245.7 241.8 1.0 1000 54.2 23.4 10.1 20.7 245.0 1.0 1000 37.7 221.7 1.1
5-0.9-17-240 1000 1775  206.7 1.2 1000 221.9 2252 1.1 1000 42.8 19.8 6.3 16.7 221.9 1.1 1000 33.3 215.5 1.2
5-1.3-35-240 1000  253.0 303.1 1.0 1000 280.9 315.3 1.0 1000 52.6 314 4.5 16.7 309.5 1.0 1000 36.5 278.5 1.1
SN-0.9-35-240 1640  253.0 253.6 1.0 1640 280.9 265.9 1.0 1537 53.5 19.1 12.8 21.6 347.8 0.7 1640 39.1 271.3 1.0
Al-Zaid et al. (2014) [59]
B-0.6-0 2000 4686  179.7 1.4 2000 532.2 192.8 1.3 1720 156.2 48.0 38.8 69.5 234.6 1.1 2000 102.0 234.6 1.1
B-0.3-0 2000 2343 1322 1.3 2000 269.7 140.1 1.2 1580 77.8 23.5 19.6 34.7 189.5 0.9 2000 51.0 156.1 1.1
Aram et al. (2008) [50]
B3 667 64.5 51.8 1.2 667 84.3 60.3 1.0 667 20.8 10.5 2.0 8.4 50.2 1.3 667 13.8 454 1.4
B4 667 56.4 49.1 1.2 667 73.2 56.5 1.0 667 219 8.9 22 10.8 49.8 1.2 667 14.1 424 1.4
Bilotta et al. (2015) [53]
EBR_c_1.4x40_1 925 29.5 19.2 1.9 925 41.6 25.7 1.4 925 73 21 0.9 4.3 29.7 1.2 925 5.3 29.7 1.2
El-Zeadani (2019) [54]
CFRP-B1 1750 44.0 68.1 1.2 1750 55.3 71.7 1.2 1750 214 4.9 7.6 8.9 74.5 1.1 1750 13.4 714 1.2
Fu et al. (2017) [56]
B1S1 1300 189.3  301.2 0.9 1300 162.0 283.4 1.0 1300 449 249 7.1 13.0 305.4 0.9 1300 37.5 264.2 1.0
B1S2 1300 140.6  204.7 1.2 1300 131.0 198.6 1.2 1300 50.9 13.5 18.2 19.2 248.4 1.0 1300 349 185.5 1.3
Fu et al. (2018) [55]
LP25P1750 1750 1755 1575 1.0 1750 151.0 145.5 1.0 1750 41.8 16.9 9.7 15.3 189.0 0.8 1750 35.8 163.7 0.9
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Table 7. Cont.
S1 MA1 MA2
Specimens Xfailure Fer Py m Puexp  Xfaiture Frr Py Pyexp Xfailure AFgg AFgp AFgp AFgc Py Pyexp Xfailure AFgR Py Puexp
(mm) (kN) (kN) /P,y (mm)  (kN) (kN) [Py 4, (mm) (kN) (kN) (kN) (kN) (kN) /Py 4, (mm) (kN) (kN) 1Py 4,
LP2SP1250 1250 1775  221.7 1.0 1250 152.6 204.7 1.1 1250 46.2 27.2 8.5 10.5 212.6 1.0 1250 36.2 176.9 1.2
LP2SP1000 1000 175.6  276.0 1.0 1000 150.6 254.6 1.1 1000 51.3 35.6 7.2 8.5 238.4 1.2 1000 36.0 213.4 1.3
LP4SP1000 1500 176.3  276.6 1.1 1500 151.1 255.0 1.2 1500 421 13.7 9.8 18.6 374.1 0.8 1500 36.1 3259 0.9
LP8SP1000 1750 176.8  277.0 1.1 1750 151.5 255.4 1.2 876 47.2 29.3 8.0 9.8 373.6 0.8 876 36.2 315.1 1.0
Hong (2012) [45]
BPS60 1500 44.0 52.7 1.2 1500 58.3 58.2 1.1 1500 17.5 4.6 6.7 6.2 60.1 1.1 1500 11.8 52.2 1.2
BPS90 1500 440 52.7 1.1 1500 58.3 58.2 1.0 1500 17.5 4.6 6.7 6.2 60.1 1.0 1500 11.8 52.2 1.2
BPD90 1500 62.3 57.7 1.3 1500 82.5 66.2 1.1 1500 16.1 6.7 5.3 4.1 64.5 1.1 1500 11.8 62.0 1.2
BPDW90 1500 88.0 68.2 14 1500 98.6 72.1 1.3 1004 34.7 10.4 12.6 11.6 116.0 0.8 1500 23.6 78.7 1.2
Kotynia et al. (2009) [52]
B-08S 1400 49.1 77.0 1.2 1400 60.1 81.5 1.2 1400 12.1 7.5 1.5 3.1 75.2 1.3 1400 8.4 72.3 1.3
B-08M 1400 157.7 1172 1.2 1400 165.2 120.0 1.2 1400 33.0 12.8 6.3 13.8 150.2 0.9 1400 23.6 115.3 1.2
Maalej et al. (2005) [44]
A3 500 41.6 74.3 1.0 500 41.6 74.3 1.0 500 324 13.8 1.5 17.1 74.3 1.0 500 20.8 74.3 1.0
A4 500 41.6 74.3 1.0 500 41.6 74.3 1.0 500 324 13.8 1.5 171 74.3 1.0 500 20.8 74.3 1.0
A5 500 69.7 87.2 1.0 500 69.7 87.2 1.0 500 31.8 15.5 1.2 15.1 87.2 1.0 500 20.8 87.2 1.0
A6 500 69.7 87.2 1.0 500 69.7 87.2 1.0 500 31.8 155 1.2 15.1 87.2 1.0 500 20.8 87.2 1.0
B3 1000 168.6  296.9 0.9 1000 152.2 296.9 0.9 1000 68.5 28.6 8.8 31.1 296.9 0.9 1000 47.0 271.2 1.0
B4 1000 168.6  296.9 0.9 1000 152.2 296.9 0.9 1000 68.5 28.6 8.8 31.1 296.9 0.9 1000 47.0 271.2 1.0
B5 1000 253.0 3351 0.9 1000 215.2 335.1 0.9 1000 67.3 32.6 8.1 26.6 345.1 0.9 1000 47.0 299.3 1.0
B6 1000 253.0 3351 0.8 1000 215.2 335.1 0.8 1000 67.3 32.6 8.1 26.6 345.1 0.8 1000 47.0 299.3 1.0
C3 1600 372.0 740.1 0.9 1600 321.3 740.1 0.9 1600 1114 53.9 20.1 37.4 741.8 0.9 1600 85.6 683.8 1.0
C4 1600 3720 740.1 0.9 1600 321.3 740.1 0.9 1600 111.4 53.9 20.1 37.4 741.8 0.9 1600 85.6 683.8 1.0
C5 1600 526.0 808.8 0.8 1600 454.4 808.8 0.8 1600 1184 75.6 16.7 26.1 794.1 0.8 1600 85.6 760.8 0.9
Niu et al. (2006) [51]
Al 2100 202.1 94.0 14 2100 277.4 107.8 1.2 1330 1191 27.0 322 59.8 167.8 0.8 2100 69.9 105.3 1.2
A2 2100 207.6 95.3 14 2100 282.9 109.1 1.2 1320 115.4 32.0 30.1 53.4 160.4 0.8 2100 70.8 105.8 1.2
A3 2100 269.7 1079 1.0 2100 272.7 108.5 0.9 1837 200.4 49.5 47.6 103.2 112.2 0.9 2100 124.1 112.2 0.9
A4 2100 426.0 1332 1.0 2100 432.1 134.3 1.0 1577 190.3 64.2 449 81.2 173.2 0.8 2100 123.1 170.0 0.8
A5 2100 289.7 1103 1.0 2100 313.8 114.7 0.9 1836 132.6 35.8 30.9 65.9 137.0 0.8 2100 83.4 121.0 0.9
A6 2100 179.6 92.1 1.0 2100 194.7 0.0 1.0 1837 132.6 39.9 30.3 62.3 95.0 1.0 2100 82.7 95.0 1.0
Bl 1600 2126  126.6 1.1 1600 287.6 144.7 1.0 1075 119.9 34.7 28.8 56.4 202.0 0.7 1600 71.7 124.4 1.2
B2 1600 2672 1409 0.8 1600 270.9 141.8 0.8 1338 200.1 62.4 45.2 92.5 147.1 0.8 1600 123.3 147.1 0.8
Cc2 2100 2074 101.1 1.3 2100 282.6 114.9 1.2 1286 77.5 27.3 16.6 33.7 174.2 0.8 2100 50.9 119.6 1.1
C3 2100 265.8 113.0 0.9 2100 269.8 113.7 0.9 1773 132.3 47.7 26.6 58.0 117.9 0.9 2100 89.6 117.9 0.9
C4 2100 178.1 97.7 0.9 2100 193.9 100.7 0.9 1936 92.1 28.5 18.4 45.2 101.0 0.9 2100 60.1 101.0 0.9
Oller (2005) [43]
1D2 1000 100.8 93.7 1.2 1000 124.7 102.5 1.1 1000 38.2 141 6.8 17.3 98.3 1.1 1000 243 90.0 1.2
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Table 7. Cont.
S1 S2 MA1 MA2
Specimens Xfailure Fer Py m Puexp  Xfaiture Frr Py Pyexp Xfailure AFgg AFgp AFgp AFgc Py Pyexp Xfailure AFgR Py Puexp
(mm) (kN) (kN) /P,y (mm)  (kN) (kN) [Pyt (mm) (kN) (kN) (kN) (kN) (kN) Py (mm) (kN) (kN) IPy s
1C1 1000  100.8 93.7 11 1000 1247 102.5 1.0 1000 38.2 14.1 6.8 17.3 98.3 1.1 1000 243 90.0 1.2
1B1 1000  100.8 93.7 1.1 1000 1247 102.5 1.0 1000 38.2 14.1 6.8 17.3 98.3 1.0 1000 243 90.0 1.1
1A 1000  100.8 93.7 1.2 1000 1247 102.5 11 1000 38.2 14.1 6.8 17.3 98.3 1.1 1000 243 90.0 1.2
2D1 1000  100.8 121.3 1.1 1000 1247 129.7 1.0 1000 328 144 4.6 13.8 123.1 1.0 1000 21.1 117.6 1.1
2D2 1000 201.6 1534 1.1 1000  223.0 160.3 1.0 883 67.4 26.8 9.7 30.8 181.6 0.9 1000 423 149.3 11
2C1 1000  100.8 121.3 1.2 1000 1247 129.7 1.1 1000 328 144 4.6 13.8 123.1 1.2 1000 21.1 117.6 1.2
Peng et al. (2014) [47]
PRS-EB 1300 38.1 100.4 1.5 1300 51.2 107.1 14 1300 9.5 52 1.9 24 100.7 1.5 1300 7.2 99.3 15
Rusinowski and Téljsten (2009) [49]
Beam 2 950 124.5 65.7 11 950 132.2 67.9 11 867 31.6 12.2 2.5 16.9 84.3 0.9 950 21.6 73.2 1.0
Beam 6 950 124.5 65.7 1.1 950 132.2 67.9 1.0 867 31.6 12.2 2.5 16.9 84.3 0.8 950 21.6 73.2 1.0
Slaitas and Valivonis (2020) [57]
BS-0 955 58.1 123.5 1.0 955 71.7 131.9 0.9 955 17.5 104 2.4 47 117.9 1.0 955 123 114.0 1.1
Turco et al. (2017) [48]
BL_A-w 762 43.1 98.0 1.1 762 42.0 97.2 1.2 762 20.3 5.7 4.6 10.1 106.6 1.0 762 125 85.5 1.3
BL_2A-w 762 60.9 109.8 1.0 762 59.4 108.7 1.0 762 18.9 11.3 2.7 49 102.1 1.0 762 12.5 94.3 1.1
BH_2A-w 762 75.0 123.1 1.0 762 68.8 118.4 1.0 762 22.8 13.8 2.7 6.3 113.2 1.0 762 15.9 99.1 1.2
SL_A-w 762 431 48.9 1.0 762 49.5 51.4 1.0 620 37.3 9.3 53 22.7 62.2 0.8 762 18.0 449 1.1
SL_2A-2w 762 85.5 64.0 0.9 762 86.9 64.5 0.9 620 72.1 14.3 11.9 459 81.7 0.7 762 35.7 69.2 0.8
SL_2A-w 762 60.9 54.9 1.0 762 69.9 58.3 1.0 620 31.7 11.6 45 15.6 68.0 0.8 762 18.0 49.2 1.1
Zhou et al. (2020) [46]
B2 1200 48.4 108.8 1.0 1200 47.5 108.4 1.0 1200 50.7 9.1 114 30.2 112.0 0.9 1200 25.7 104.6 1.0
Present study
EBR-1-d10 900 47.3 38.0 1.2 900 57.4 425 11 900 17.3 49 35 8.9 45.6 1.0 900 10.5 421 1.1
EBR-1I-d10 900 60.9 48.5 1.1 900 70.7 52.1 1.0 900 17.3 7.5 2.0 7.8 51.6 1.0 900 11.7 454 1.1
EBR-1I-d8 900 60.9 39.7 11 900 70.7 434 1.0 761 20.0 8.7 2.6 8.7 484 0.9 900 13.3 36.9 11
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Table 8. Statistics of experimental vs. theoretical results for all specimens in the database.

s1 S2 MAL1 MA2
Specimens (-) 68 68 68 68
1
Mean ) 1.09 1.04 0.96 1.09
value
StDev ) 0.18 0.13 0.15 0.15
CoV ) 0.17 0.12 0.16 0.14
Specimens 0 62 (91%) 63 (93%) 43 (63%) 57 (84%)
2
Mean O 1.10 1.05 1.00 111
value
StDev ©) 0.18 0.13 0.15 0.15
CoV “) 0.16 0.12 0.15 0.14

! These values have been calculated considering the theoretical failure load as the minimum of ICD or con-
crete crushing (CC)/fibre rupture (FR). 2 These values have been calculated considering only the beams which
theoretically failed by ICD.
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Figure 8. Predicted versus experimental failure load for the analysed beams. Legend: O Theoretical
failure mode is ICD. ATheoretical failure mode is concrete crushing (CC)/fibre rupture (FR).
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For the beams in the present database, the values of the ICD load are well predicted
by all approaches, with a mean ratio of Py exp/P,  between 0.96 and 1.10 and a CoV
between 0.12 and 0.17. As was also observed in the experimental campaign, MAL1 is the
least conservative approach in terms of average values (0.96), whereas S2 is the second
least conservative one (1.04). The latter, although being a very simple method, presents
highly accurate results. The most conservative methods in this study were S1 and MA2,
with an experimental-to-predicted failure load ratio of 1.09.

4.2.1. Analysis of the Location of Initiation of Debonding

Regarding the location of the theoretical initiation of debonding, for the beams anal-
ysed in this study under three- or four-point bending configurations, the maximum values
of bending moments and shear forces are located under the load application point. Con-
sidering this, jointly with a constant increment of the FRP force along the FRP in the shear
span due to a constant shear force, the load application point becomes the critical point in
the beam, as it can be observed from the xg;j,,. values. For this reason, the ratios between
the experimental and predicted failure loads are similar within the different approaches.
However, the critical point might be shifted from the central zone to the shear span due to
a higher increment of force in the FRP caused by the yielding of the steel. This effect will
only be appreciated by the more accurate (or stress increment-based) approaches, which is
the reason for the difference in xg;,. values between those and the simplified approaches.

If a more distributed load is applied (common case in practice), the relationship be-
tween the bending moment and the shear force would change. The maximum moment
region would be located at the same point, leading to the same predictions when con-
sidering the simplified (or strain-based) approaches. However, the shear and increment
of the FRP force would not be constant, being lowest at the maximum moment region
and highest at the support, leading to higher ICD load predictions according to the more
accurate methods. In that scenario, the differences between simplified and more accurate
methods would be greater, the simplified approaches being more conservative than the
accurate ones, as was also observed in [29].

4.2.2. Analysis of Simplified Methods

Similar to the beams in the experimental campaign, S1 predictions were more conser-
vative than in S2 for the specimens in the database strengthened with pre-cured laminates.
The reason for this is that, theoretically, a higher bond fracture energy (Gy) was attained
considering the formulation in [34] (used in S2) instead of [33] used in S1. On the contrary,
in specimens reinforced with wet lay-up sheets, the fracture energy and ICD predictions in
S1 were higher than in S2. By analysing the results, the reason of this fact was found to be
the shape factor k;, affecting the bond parameters in the formulation in [34].

4.2.3. Analysis of More Accurate Methods

Analysing the contribution of bond, friction, and curvature in the more accurate
methods, it can be observed that in MA1, friction was the least contributing factor in all
specimens. Regarding the other components, specimens with high CFRP reinforcement
ratios and/or high concrete strength had a high contribution of the bond component but
lower curvature contribution, whereas specimens with low values of those properties had
the opposite effect. As MA2 is developed from a simplification on the safe side of the MA1
model with calibration factors, this tendency was not that clear.

When one or more of the conditions listed below are met, the predicted failure mode
might be concrete crushing (CC) or FRP rupture (FR) instead of ICD, although beams
experimentally failed by ICD. As reported in Table 8, this mostly happened when using the
MA1 approach, in which only 63% of the specimens theoretically failed by ICD. However,
it was observed that the experimental-to-predicted failure load ratios considering the
specimens that theoretically failed by CC or FR (case 1 in Table 8) were similar to those not
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considering them (case 2 in Table 8). Some possible reasons for this difference in the failure
mode prediction could be the following:

e  The similarity of the experimental failure load due to ICD with the predicted ultimate
capacity of the beam without considering debonding;

e  The value of the concrete strain, which may have exceeded the ultimate value of 3.5 %o
considered in this study;

o  The difficulty of finding the exact position of the cracks and the point where failure
initiates;
The differences in the experimental and predicted parameters of the bond law;
A combination of these with other factors such as concrete strength, steel, and CFRP
reinforcement ratio and the geometry of the beam.

5. Conclusions

In the present study, the formulation published in the fib Bulletin 90 [1] regarding the
intermediate crack debonding (ICD) has been assessed through comparison with a database
of 68 RC beams strengthened with EB CFRP. Moreover, an experimental campaign of three
beams tested under a four-point bending configuration was carried out to have a better
understanding of the ICD failure mode, as well as to be able to compare the results with
the theoretical predictions in more detail. Based on these results, the following conclusions
can be drawn:

e In all specimens, ICD took place after the yielding of the internal tensile steel rein-
forcement, corresponding to the desirable flexural failure modes. The results showed
that a higher concrete strength improved the bending capacity of the beam (series
1I-44.8 MPa vs. series 1-23.9 MPa), yet it was much lower than the theoretical predic-
tion in the absence of debonding. Likewise, a higher amount of steel reinforcement
led to a higher bending capacity with similar CFRP strains at failure;

e  The values of the ICD load were well predicted by all approaches, with a mean
experimental-to-predicted failure load ratio between 0.96 and 1.09 and a CoV between
0.12 and 0.17;

e Predictions more similar to the experimental results were obtained with the more accu-
rate method MA1 (0.96) approach in comparison with the MA2 (1.09) and simplified
methods 51 (1.09) and S2 (1.04), although with more computational effort. However,
for the beams in the database following the usual test configurations with a three- or
four-point bending configuration, the differences between the methods were low;

e The value of the bond fracture energy affects the ICD load. For this database, the
formulations used in S2 considering the shape factor kb were slightly more accurate
predictions than S1.
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